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Newly synthesized semi-quinone derivatives of the ruthenium polypyridyl, covalently linked to a porphyrin core,
show very high € values (59 000—83 500 M~*cm™1) for the absorption band in the near infrared (NIR) region of the
spectrum. Further, complexes 1-4 show an interesting reversible electrochromic behavior as a function of the
redox state of the coordinated dioxolene functionality, and a switching phenomenon between bleaching and the
restoration of the NIR peak could be achieved electrochemically. Thus, complexes 1-4 could be ideal candidate
materials for NIR-active electrochromic devices. Ultrafast studies on 1 and its mononuclear components, 5-(3,4-
dihydroxyphenyl)-10,15,20-triphenyl-21H,23H-porphyrin (HzL;) and Ru(bpy).(bsq)*, reveal that there is no electron
or energy transfer from the porphyrin to the Ru(bpy).sq* (bpy is 2,2'-bipyridine and sq is the deprotonated species
of a substituted semi-quinone fragment) fragment or vice versa in 1. The observed decrease in the luminescence
quantum vyield for 1 compared to that of H,L, can be ascribed to the increased nonradiative pathway due to higher
vibronic coupling because of the direct linkage of the metal center to the porphyrin moiety.

Introduction extended conjugated systems, and some conducting poly-
mers?-¢ However, studies in this area mostly involve discrete
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on/off switching of the NIR absorption band as a function
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absorption in the NIR region include Nidithiolene com- (4) (a) Barthram, A. M.; Cleary, R. L.; Kowallick, R.; Ward, M. @hem.
plexes, some mixed valence complexes, molecules with ﬁiw;;g,l&?aoﬁ?%eﬁ s ooy - Peten b

(5) Blake, I. M.; Rees, L. H.; Claridge, T. D. W.; Anderson, HAngew.

Molecular systems that absorb strongly in the near infrared
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Study of Redox Switchable NIR Dye

Chart 1

M = 2H, R = -CH3; Me,L4
M=2Zn,R= -CH3; Mesz
M = 2H; R = H; HyL4
M =Zn; R = H, HL,

M =2H, R =-CHgz; Mey4L;
M=2Zn,R= -CH3; Meyl4
M =2H; R =4H; Hy4L3
M =12Zn; R =4H; H4l4

Complex 3 (M is 2H) and 4 (M is Zn(ll))

and co-workers were the fifsamong different research
groupg° 1t who could demonstrate that Ru(bpisq)"
complexes (bpy is 2;ipyridine and bsq is the deprotonated
species of the benzo semi-quinone form of 1,2-dihydroxy-
benzene) display an absorption band for thed— 7*psq
metal-to-ligand charge-transfer (MLCT) transition in the NIR
region €sgo= 9000 dnimol~icm?), while their one-electron
reduced [Ru(bpyjcat); cat is the completely deprotonated
form of 1,2-dihydroxy benzene] or oxidized [Ru(bpig)?*;

g is its corresponding benzo quinone form] products do not
have any significant absorption in that region. Since then,
several molecules based on the Ru(b(®g)" fragment (sq

is deprotonated species of the substituted semi-quinone

fragment) have been reported by various workers, which
show very highe values for the redox-active NIR band.
Recently, with an attempt to develop efficient and realistic
electrochromic devices, Ru(bpy)($gnolecules, with high

¢ values for the NIR absorption band, were anchored on
nanocrystalline Sngand showed reversible electrochromic

(11) (a) Shukla, A. D.; Das, APolyhedron 200Q 19, 2605. (b) Ghosh,
D.; Shukla, A. D.; Banerjee, R.; Das, A. Chem. Soc. Dalton Trans
2001, 1. (c) Shukla, A. D.; Whittle, B.; Bajaj, H. Cinorg. Chim.
Acta 1999 285, 89.

behaviort? In both reports, researchers did not observe any
photoinduced interfacial electron transfer between nano-
crystalline semiconductor (Spfparticles and Ru(bpx(bsq)
fragments. It is worth mentioning here that, apart from the
reversible electrochromic behavior, a higher molar absorp-
tivity value is also desirable to design an efficient and
sensitive sensor device. There are only a few examples for
inorganic metal complexé&*available in the literatuf@?6.14

that show exceptionally high molar absorptivity values for
the absorption band in the NIR region; though, no redox

(12) The thermodynamic driving forceAG®) for the electron transfer
process can be evaluated from the expresaiGA = —Eqg + [EX®)

— Eed®)], while for the TPPEggis ~2.0 eV and thefox(0) — Ered(®)]
value for TPP/TPP (D) and Ru(bpysq/Ru(bpyjcat (A) couples is
—0.16 eV. ThusAG°® > 1.8 eV and is thermodynamically highly
favorable.

(13) (a)Lee, S.-M.; Marcaccio, M.; McCleverty, J. A.; Ward, M.Chem.
Mater. 1998 10, 3271. (b) Yoshida, K.; Oga, N.; Kadota, M.;
Ogasahara, Y.; Kubo, YChem. Commurli992 1114. (c) Takahashi,
K.; Gunji, A.; Yanagi, K.; Miki, M. J. Org. Chem1996 61, 4784.
(d) Coe, B. J.; Houbrechts, S.; Asselberghs, I.; Persoongngew.
Chem., Int. Ed1999 38, 366.

(14) (a) Fleischer, E. B.; Shachter, A. NMhorg. Chem.1991, 30, 3763.
(b) Deviprasad, G. R.; Keshavan, B.; D’'Souza) FChem. Soc., Perkin
Trans. 11998 3133. (c) Shukla, A. D.; Ganguly, B.; Dave, P. C.;
Samanta; A.; Das, AChem. Commur2002 2648.
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switching for the NIR absorption band for these complexes
was reportedd2513

In our attempt to utilize the reversible on and off
phenomena of this redox-active NIR band for developing

redox as well as photoactive photochromic dye, we planned

to couple this NIR-active Ru(bpy)(sgjragment to another
redox or photoactive center that can interact with the former

and induce a reversible bleaching of the NIR absorption band.

Preliminary calculations for the thermodynamic feasibility

of the photoinduced electron transfer from the donor por-
phyrin fragment to the acceptor Ru(bpigsq)" unit (based

on the ground-state redox potential values of the porphyrin

Jose et al.

temperature and at 77 K on a Bruker ESP-300 spectrometer.
Electrochemical experiments were performed on a CH-660A (USA)
electrochemical instrument; a conventional three-electrode cell
assembly was used. A saturated Ag/AgCI solution as a reference
and platinum as the working electrode were used for all of the
measurements. Ferrocene was added at the end of each experiment
as an internal standard, and all of the potentials are quoted versus
the ferrocene/ferrocenium (Fc/Fecouple. Spectra of the electro-
reduced/-oxidized species were recorded either using a spectro-
photometer (model: Shimadzu UV-3101 PC) under a dinitrogen
atmosphere or by recording in situ spectra of the electroreduced/
-oxidized species with a fiber-optic deep probe attached to an Ocean
Optics 2000 CCD spectrophotometer. Room-temperature emission

and Ru(bpy)bsq)" centers and the steady-state luminescence Spectra were obtained using a Perkifimer LS 50B luminescence

property for the porphyrin cent&) reveal that it is possible

to achieve photoinduced electron injection from the photo-
active porphyrin center to the covalently linked Ru(bfsq)"
core. This, coupled with the possibility of achieving a fast
charge recombination process in such a system, may mak

spectrofluorimeter fitted with a red-sensitive photomultiplier. The
fluorescence quantum yieldg:] were estimated in the appropriate
solvents (as specified), using the integrated emission intensity of
5,10,15,20-tetraphenyl porphyrin {FPP; ¢; = 0.11 in benzene)
and ZnTPP ¢5s1) = 0.033) as a reference (ed-1)'° for free base

%orphyrins and its metalated derivatives, respectively. The emission

Ru(bpy)(bsq)" and porphyrin fragments ideal candidates for  spectra recorded are not corrected, and hence, we rely on the relative

use in developing an efficient redox or photoactive photo-
chromic dye. On the basis of available information, we have
synthesized mono- and bis-dioxolene derivatives of porphyrin
(Chart 1) for the syntheses of new complexgés4; Chart

1) derived from the Ru(bpy(sq) core with an attempt to
develop a reversible redox/photoactive chromophoric dye.
The dioxolene derivatives of porphyrin used in this study
are either previously reported §H;) or newly synthesized
(H2Lo—HsL,4) (Chart 1}4@Pand are used for the synthesis of
complexesl—4 (Chart 1). Part of the preliminary results were
published in one of our earlier communicatidf.

Experimental Section

I. Materials. H,lL1,%42PRu(bpy}Cly2H,0 15 Ru(bpy)(bsq)(PFk),2
and ferrocenium hexafluorophosphate (FgPf-were prepared
following known methods. [BluNPF; was used as a background

differences in the quantum yields only.

¢f = ¢; (Isamplélstd)(AstclAsamplg(nzsamplénzstd) (1)

In eq 1, ¢; is the absolute quantum vyield for the porphyrin
molecule used as a referendgampe and I are the integrated
emission intensitiesAsample and Asig are the absorbances at the
excitation wavelength, ang%ampie and 7%q are the respective
refractive indices.

Femtosecond transient absorption measurements were carried out
in a femtosecond tunable visible spectrometer, which has been
developed on the basis of a multipass amplified femtosecond Ti:
sapphire laser system from Avesta, Russia (1 kHz repetition rate
at 800 nm, 50 fs, 80@J/pulse), and described earlf@The 800
nm output pulse from the multipass amplifier is split into two parts
to generate pump and probe pulses. One part, withdffulse, is
frequency-doubled in BBO crystals to generate pump pulses at 400

electrolyte for the electrochemical studies and was recrystallized "M- TO generate visible probe pulses, aboytJ3of the 800 nm

from an ethanolic solution before use. Diisopropylamine, pyridine,
and acetonitrile were dried and distilled over GaRyrrole was
distilled under reduced pressure prior to use. All of the reactions

were performed under an argon atmosphere unless stated otherwise!

The water that was used was doubly distilled. All of the other

chemicals and solvents were obtained locally and were used as suc

without further purification.
1. Physical Measurements.Microanalyses (C, H, and N) were
performed using a PerkirElmer 4100 elemental analyzer. Electron-

impact mass spectra were obtained on a Kratos MS9 instrument
and fast-atom bombardment (FAB) measurements were carried ou

on a VG-ZAB instrument, using 3-nitrobezyl alcohol as the matrix.

Fourier transform infrared spectra were recorded as KBr pellets

using a Perkir-Elmer Spectra GX 2000 spectrometer. Absorption

spectra were recorded using a Shimadzu UV-3101 PC spectropho

tometerH NMR spectra were recorded on a Bruker 200 MHz FT
NMR (model: Avance-DPX 200), using CD{CD;CN as the

solvent and tetramethylsilane as an internal standard. Electron

beam is focused onto a 1.5-mm-thick sapphire window. The
intensity of the 800 nm beam is adjusted by the iris size and neutral
density filters to obtain a stable white-light continuum in the 400

m to over 1000 nm region. The probe pulses are split into the

signal and reference beams and are detected by two matched

r[i)hotodiodes with variable gains. We have kept the spot sizes of

the pump and probe beams at the crossing point around 500 and
300 um, respectively. The excitation energy density (at 400 nm)
was adjusted te-2500uJ/cn?. The noise level of the white light

is about~0.5%, with occasional spikes that are due to oscillator

'tfluctuation. We have noticed that most of the laser noise is low-

frequency noise and can be eliminated by comparing the adjacent
probe laser pulses (pump blocked vs unblocked, using a mechanical
chopper). The typical noise in the measured absorbance change is
about<0.3%. The instrument response function was obtained by

fitting the rise time of the bleach of the sodium salhwésetetrakis-
(4-sulfonatophenyl)porphyrin at 710 nm, which has an instantaneous
response.

paramagnetic resonance (EPR) spectra were recorded at roonzﬂ) Hill, R. L. Gouterman, M. Ulman, Alnorg. Chem 1982 21, 1450.

(15) Sullivan, B. P.; Salmon, D. J.; Meyer, T.ldorg. Chem.1978 17,
3334.

(16) (a) Decurtins, S.; Felix, F.; Ferguson, J.;d8lj H. U.; Lud, A.J.
Am. Chem. Sod.98Q 102 4102. (b) Connelly, N. G.; Geiger, W. E.
Chem. Re. 1996 96, 877.
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(19) Beeston, R. F.; Aldridge, W. S.; Treadway, J. A.; Fitzgerald, M. C.;
DeGraff, B. A. E.; Stitzel, SInorg. Chem.1998 37, 4368.

(20) Ramakrishna, G.; Singh, A. K.; Palit, D. K.; Ghosh, H. N Phys.
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Study of Redox Switchable NIR Dye

Table 1. UV—Vis and Electrochemical Data of Ligands and Their Zn Derivatives

dioxolene
Amax(CHCly) porphyrin-based E12(AE mV)a E12(AE mV)2
compound (e x 10 dm¥mol-1cm™?) E12(AE mV)2 sg/cat sg/q
Meoly 419 (298), 515 (15.5), 551(6.9), 0.81 (142),~1.73 (150) 0.5 (qr)
591 (4.6), 647 (4.0) —2.06 (152)
Mesl, 418 (301), 511 (2.6), 547 (19.6), 0.65 (100),~1.86 (100) 0.34 (qr)
585 (3.4)
Hal 4 419 (283), 515 (13.8), 550 (5.7), 0.74 (100),~1.59 (100) 0.47 (ir)
589 (4.0)
Hal, 417 (308), 509 (5.5), 547 (37.5), 0.75 (100),—2.14 (120), 0.29
585 (6.1) —2.36 (120) 0.47 (qr)
Meyls 421 (252), 516 (10.9), 552 (6.0), 0.74,—1.72 (181), 0.47 (qr)
591 (3.4) —2.05 (286)
MeyLy 422 (283), 509 (2.2), 548 (16.2), 0.7 (100),—1.85 (100) 0.36 (qr)
586 (3.2)
HaL b 420 (280), 516 (13.9), 552 (6.2), 1.2,0.62,-1.23,—2.26 —0.34 (qn) 0.19,
591 (4.2) —0.86(qr) 0.35

Hal 4°

a Cyclic voltammograms were recorded in @, in 0.1 M [Bu]4NPFs. The potential values are reported (scan rate of 100 my\rsus those of the
ferrocene/ferrocenium couple. Electrochemical measurements were made with Pt bead as the working electrode, Pt wire as the auxiliary dlectrode, an
Ag—AgCI as the reference electrodevalues are quoted from the square wave voltammogfdnsoluble in common organic solvents.

The geometries of the model biradical (singlet and triplet forms) flask. 3,4-dihydroxybenzaldehyde (3.45 g, 25 mM) was added to
and quinonoid species were optimized following the unrestricted this, the mixture was heated 1660 °C with vigorous stirring, and,
Hartree-Fock UHF method without any symmetry constraint by then, freshly distilled and dry pyrrole (7.0 mL 100 mM) was added

using the UPM3 Hamiltonia?2? in a dropwise manner. The resulting mixture was allowed to reflux
Ill. Syntheses. A. HL;. The synthesis of bL; was achieved for 1 h. Then, the heat was removed, and the mixture was allowed
following two different methodologies. to cool and was left overnight at room temperature. The solid was

lI.A.1. Method 1. The bis O-methylated product (Me;) was separated and removed by filtration, and it was found to be
synthesized, as an intermediate, following a published procEdtire  5,10,15,20-tetraphenyl-21H,23H-porphyrin,[HPP). The filtrate
with some modifications in the purification process. Pyrrole (7 mL, Was collected in a 500 mL conical flask and evaporated slowly on
100mM), benzaldehyde (7.6 mL, 75 mM), and 3,4-dimethoxybenz- an oil bath, which yielded a dark-colored, sticky mass. This was
aldehyde (4.1 g, 25 mM) were used for the reaction. The crude washed with hot water to remove the remaining propionic acid and
product was purified by column chromatography, using silica gel Other undesired polymeric tars. Solid lumps obtained thereby were
(60—120 mesh) as the stationary phase and Ghidlexane (60: dried and subjected to gravity chromatography for purification; an
40 v/v) as the eluent. The desired product was isolated as a secon@thyl acetate/methanol solvent mixture (97:3 v/v) as the eluent and
fraction and was characterized by various analytical and spectro-Silica gel as the stationary phase were used. This resulted in the
scopic techniques. Elem Anal. Calcd: C, 81.88; H, 5.04; N, 8.3. desired product with a minor amount of PP as an impurity and
Found: C, 81.1; H, 5.1; N, 8.0. FABVS: 674 (M*). H NMR was further purified by column chromatography on Sising ethyl
(CDCls, ppm): 0y 8.91 (d, 2H,J = 4 Hz, Hyroid), 8.85 (d, 6H,J acetatal-hexane (80:20 v/v) as the eluent. The purified yield of
= 4 Hz, Hyrold), 8.22 (d, 6H,J = 8 Hz, Hyneny), 7.78-7.71 (m, the product was 1.1 g~6.8%). Analytical and various spectro-
11H, Honeny), 7-26 (d, 1H,J = 8.0 Hz, Huybstituted phen)t 4-18 (S, scopic data are similar to those observed fot Hobtained by
3H, Hoara-metnoxy: 3.99 (S, 3H, Hheta-metnoxy, —2.77 (S, 2H, Hip). method 1.

IR (KBr; vicm™1): 3434 (~NH), 1026 (OCH), 798-702 I11.B.1. Me 4L3. Method 1. A total of 22.4 mL (0.32 M) of
(pyrrole, HG=C). The desired product,;H;, was obtained through  pyrrole was mixed with 0.8 mL (7.9 mM) of benzaldehyde. The
demethylation from Mg ; following the methodology reported  mixture was degassed with argon for 30 min. Then, 0.068 mL of
earlier!#abexcept the reaction temperature was maintaineel#0 trifluoroacetic acid (TFA) was added slowly with a syringe strictly
°C. The final yield for HL; is 1.48 g (9.2%) with respect to the  under an argon atmosphere while the color of the reaction mixture
reactant pyrrole and different aldehydes used. Elem Anal. Calcd: changed to dark orange-brown. About 15 mL of £} was added
C,81.71; H, 4.68; N, 8.66. Found: C, 79.9; H, 4.3; N, 8.7. FAB  to this and was allowed to stir at room temperature~d5 min

MS: 645 (M"). *H NMR (CDCls;, ppm): oy 8.82 (d, 8H,J = 4.8 while the progress of the reaction was monitored by thin-layer
Hz, Hoyrole), 8.21 (d, 6HJ = 8.0 Hz, Hhheny), 7.76-7.73 (m, 11H, chromatography (TLC). Then, the reaction mixture was diluted with

Hpheny), 7.58 (d, 1H, 8.0 Hz, Elbstituted phenpp —2.77 (S, 2H, ). ~100 mL of CHCI,. The organic layer was washed with 0.1 N

IR (KBr pellet; v/icm™1): 3448 (br,—NH and —OH), 1260 (C- NaOH solution followed by distilled water. This organic layer was
0), 798 (pyrrole HE=C). UV—vis andE;; values are summarized  collected and dried over N&O,. After the removal of CKCl,, the

in Table 1. unreacted pyrrole was removed from the concentrated mass at a

IILA.2. Method 2. Benzaldehyde (7.6 mL, 75 mM) was pressure of-0 mbar and a temperature of-585 °C. The product,
dissolved in~200 mL of propionic acid in a two-neck round-bottom  mesephenyldipyrromethane, was identified as having a pale yellow
color with R = 0.46 [on a silica gel TLC plate with CHgh-

(21) Reports on the calculations of porphyrin and its related isomers suggesthexane/triethylamine (68:30:2 v/v/v) as the eluent]. For purification,
that the UHF method seems to be a better choice than RHF for this dark-yellow-colored, sticky mass was subjected to flash
porphyrin systems. (Reynolds, C. Bl.Org. Chem1988 53, 6061). ~  chromatography with 238400 mesh-size silica gel and a cyclo-
Therefore, all of the geometries have been completely optimized . . . .
without any symmetry constraints by using the UPM3 Hamiltonian. hexanes/_ethyl acetate/triethylamine (79:20:1 v/v/v) mixture as the

(22) stewart, J. J. Rl. Comput. Chem1989 10, 209. eluent. Yield: 1.25 g+{70%).'H NMR (CDCls, ppm): oy 7.9 (br

Inorganic Chemistry, Vol. 44, No. 7, 2005 2417
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S, 2H, Hw), 7.35-7.19 (m, 5H, Hheny), 6.7 (d, 2H, Ky, 6.17 redissolved in a minimum amount of CHGInd, then, subjected

(d, 2H, Hyrole), 5.9 (t, 2H, Hyroid), 5.48 (s, 1H, Beso-n)- to column chromatography, using silica gel as the stationary phase
A total of 1.6 g (7.2 mM) ofmesephenyldipyrromethane and  and a CHCJ/methanol (95:5 v/v) mixture as the eluent. The first

1.2 g (7.2 mM) of 3,4-dimethoxybenzaldehyde were dissolved in major deep-purple band was found to be the desired product.

~80 mL of degassed dichloromethane. The solution was stirred in Yield: 0.130 g (90%). The isolated product was characterized by

an inert atmosphere for 30 min. To this, 2 to 3 drops of TFA were various analytical and spectroscopic techniques. Elem Anal.

added as a catalyst. The mixture was stirred vigorously in the dark Caled: C, 74.85; H, 4.37; N, 7.59. Found: C, 74.3;H, 4.2; N, 7.2.

for 15 h, a 4 mol equiv of chlorani7.0 g) was added, and the
mixture was heated to reflux for 1 h. Then, it was cooled to room
temperature and filtered. The filtrate was washed with 0.1N NaOH
solution followed by distilled water to remove TFA. The organic

FAB—MS: 737 (M"). 'H NMR (CDCls, ppm): 8y 9.02-8.93 (m,
8H, prrro|e), 8.2 (d, 6H,J = 8.0 Hz, "bhenybv 7.76-7.48 (m, 11H,
theny)x 7.23 (d1 1H,J = 8.0 Hz, H;ubstitutedphen)l 4.09 (S, 3H,
Hpara methoxs 3:90 (S, 3H, Hetamethox)- IR (KBr pellet; v/icm™):

layer was collected and dried. The desired product was purified by 1026 (-OCHs), 997 (C-0O), 796 (pyrrole, &C). The UV-vis

column chromatography, using silica gel (:2800 mesh) as the
stationary phase and CH@1-hexane (80:20 v/v) as the eluent. The
major purple fraction was found to contain the desired product.
Yield: 0.200 g ¢7.5%). Elem Anal. Calcd: C, 78.47; H, 5.17; N,
7.62. Found: C, 78.6; H, 5.0; N, 7.5. FABAS: 734 (M"). *H
NMR (CDCl;, ppm): 6y 8.91 (d, 4H,J = 4.0 Hz, Hyrai), 8.85
(d, 4H,J = 4.0 Hz, Hynoe), 8.22 (d, 4H,J = 8.0 Hz, Heny),
7.78-7.71 (m: 10H: |‘dhenybu 7.22 (S: 2H: |ﬂubstituted phen)l 4.18 (Sl
6H, Hpara—methox;)y 3.99 (s, 6H, 'T"weta,methox)/, —2.75 (s, 2H, Hn).
IR (KBr pellet; v/icm™1): 3443 (br,—NH), 1510 (aromatic &C),
1259 OCH), 797—703 (pyrrole, HG=C). The UV-vis spectral
data ancE,), values are presented in Table 1.

I1I.B.2. Method 2. In this method, the procedure that was

spectral data an#,, values are given in Table 1.

IIl.LE. H ,L,. This metalated porphyrin was synthesized following
a synthetic methodology similar to that adopted for,Me The
only exception is that 1.4 equiv (0.116 g, 0.52 mM) of ZngH
COO)-2H,0 was used for the reaction with 0.243 g (0.37 mM) of
HoL;. Yield: 0.244 g (93%). Elem Anal. Calcd: C, 74.44; H, 3.95;
N, 7.89. Found: C, 73.9; H, 4.1; N, 7.8. FABAS: 709 (M"). 'H
NMR (CD.Cl,, ppm): 6y 9.03-9.01 (2H, Hyroie), 8.94-8.92 (m,
6H, Hoyrroi), 8.21 (d, 6HJ = 7.4 Hz, Hypeny), 7.78-7.53 (m, 11H,
thenyb: 7.22 (d, 1H,J = 8.0 Hz, Hupstituted phen)h IR (KBI’ peIIet;
vicm™1): 3428 (br,—OH), 995 (C-0), 795 (pyrrole, &C). The
UV —vis spectral data anH,,, values are given in Table 1.

III.F. Me 4L 4. This was synthesized by reacting Zn(§3DO),*

adopted was the same as that mentioned in method 1 for the2H,O (0.062 g, 0.28 mM) and Mgs (0.070 g, 0.095 mM),

synthesis of Mg_,, except the molar ratio for benzaldehyde (5.07
mL, 100 mM), 3,4-dimethoxybenzaldehyde (8.3 g, 100 mM), and
pyrrole (7.0 mL, 100mM) used for the reaction was different.
During the chromatographic separation, a third fraction was
collected. This fraction was found to be the mixture of thg 6i40-
(bisphenyl)-15,20-[bis-(3,4-dimethoxy)]-21H,23H-porphyrand
desired tran§5,15-(bisphenyl)-10,20-[bis-(3,4-dimethoxy)]-21H,23H-
porphyrirt forms. This mixture was further purified by column
chromatography, using a silica gel column (column dimensions:
length 75 cm and diameter 4 cm) and CH@lhexane (95:5 v/v)

as the eluent to start with. The polarity of the eluent mixture was
raised by slowly decreasing the proportionenexane. Eventually,
the desired trans derivative was eluted with pure GH-HThe yield

of the pure product was 0.400 ¢2.2%). TheRs value and other
analytical data for this were found to be similar to those fogMe
obtained by following method 1.

III.C. H 4L3. The procedure adopted for the demethylation of
MeyL3 (0.250 g, 0.341 mM) was similar to the one adopted for
Me,L ;. The yield for HL3; was about 67% (0.155 g). Elem Anal.
Caled: C, 77.87; H, 4.42; N, 8.25. Found: C, 77.2; H, 4.6; N,
8.1%. FAB-MS: 678 (M"). 'H NMR (CDCl;, ppm): oy 8.95 (d,
4H, J = 4.4 Hz, Hyo), 8.84 (d, 4H,J = 4.4 Hz, Hyioe), 8.27—
8.22 (M, 4H, Hheny), 7.85-7.75 (M, 8H, Hheny), 7.57 (d, 2HJI =
8 Hz, Hubstituted phen)l 7.29 (s, 2H, Hubstituted phen)i —2.75 (s, 2H,
Hnr). IR (KBr pellet; v/iem™%): 3396 (br,—NH and —OH), 1272
(C—0), 798 (pyrrole E&C). The UV-vis spectral data an#,
values are summarized in Table 1.

11.D. Me ,L,. A total of 0.150 g (0.222 mM) of Mg ; was
dissolved in~80 mL of N,N-dimethylformamide in a round-bottom
flask and heated to reflux. Then, an excess of Zn{@BIO),-2H,0
(0.200 g, 0.90 mM) was added to that mixture in three parts in
15—-20 min intervals. The color of the solution changed from purple
to deep blue-green. The mixture was allowed to reflux for 1 h, and

following the same procedure as that adopted for the preparation
of Me,L,. Yield: 0.130 g (90%). Elem Anal. Calcd: C, 72.23; H,
4.55; N, 7.02. Found: C, 71.6; H, 4.5; N, 6.8%. FABIS: 797
(M%). IH NMR (CDCl;, ppm): on 9.02-9.0 (4H,J = 4.8 Hz,
Hpyrrold), 8.96-8.94 (4H,J = 4.6 Hz, Hyiroi), 8.22 (d, 4HJ = 8.0

Hz, thenyl ring): 7.79-7.76 (m, 10H, 'ﬂhenyl ring): 7.26 (d, 2H,J =

8.0 Hz, Hubstituted phen)ln 4.18 (s, 6H, |Tlaramethox)y 3.98 (s, 6H,
Hmeta methox)- IR (KBr pellet; v/em™): 1027 (-OCH), 1001 (C-

0), 797 (pyrrole, &C). The UV-vis spectral data anid,,; values

are presented in Table 1.

III.G. H 4L4 This compound was synthesized following the
above-mentioned procedure, resulting in a yield~85%, by
reacting HL3 (0.068 g, 0.100 mM) and Zn(GE800)-2H,0 (0.045
g, 0.2 mM). However, this crude product could not be purified using
column chromatography because of its limited solubility in common
organic solvents. The crude product was washed thoroughly with
CHCI; to remove any unreacted;bs and was used as such for
further reactions. Yield: 85% (0.060 g). Elem Anal. Calcd: C,
71.21; H, 3.77; N, 7.55. Found: C, 70.8; H, 4.0; N, 7.4. FAB
MS: 741 (M. IR (KBr pellet; v/icm™1): 3429 (br,—OH), 995
(C-0), 797 (pyrrole, &C). The UV—vis and redox potential
values are provided in Table 1.

IIl.H. Complex 1. To an ethanolic solution of ligandzH, (0.300
g, 0.464 mM) was added2.1 equiv of KOH (0.054 g), and the
reaction mixture was allowed to warm te60 °C under an argon
atmosphere. Then, Ru(bp®l,-2H,0O (0.248 g, 0.48 mM) was
added to it. The resulting mixture was refluxed ®h in aninert
atmosphere and was allowed to cool to room temperature.~cPF
(0.154 g, 0.046 mM) was added to this, and the mixture was left
exposed to the air with stirring at room temperature for 30 min.
After that, an excess aqueous solution of KRRs added, and the
volume was reduced in vacuo to give a dark-brown precipitate.
This was filtered off, washed with cold water, diethyl ether, and

then, it was cooled to room temperature. The reaction mixture was air dried. Column chromatography with a 26200 mesh-size silica

poured into~300 mL of ice-cold distilled water and kept refriger-

column and CHCN/agNH4PF; (98:2 v/v) as the eluent gave the

ated overnight. The precipitates obtained were filtered off, washed desired product as the first major band. This was dried under

twice with water, and then dried in air. The precipitates were
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Table 2. Electronic Spectral Data and Redox Potential Values for Compléxds

dioxolene based

Amax porphyrin-/bpy-based Erz(AE mv)b Evz(AE mV)b
complex (e x 10*dm3*mol~tcm 1) E12(AE mV)P sg/cat sq/q Ry

1 292 (34), 419 (229), 515 (15.2), 0.46 (110), 0.78 (120), —0.68 (75) 0.227 (80) 1.07 (140)
549 (7.8), 588 (5.4), 927 (6.4) —1.79 (140),~2.17 (145)

2 291 (51.1), 419 (276), 546 (18.1),  0.45 (80), 0.71 (90)--1.82 (120), —0.66 (80) 0.14 (70) 1.05 (100)
584 (4.5), 933 (8.5) —2.19 (150)

[2]red 420 (364), 546 (45.2)

[2]ox 415 (308), 547 (35.1)

3 286 (107), 418 (298), 514 (17), 0.4 (110), 0.74 (80), 1.1 (100), —0.66 (120) 0.14 (125) 1.02 (140)
548 (9.1), 910 (79.2) —1.89 (120),—2.14 (140)

4 286 (142), 420 (302), 545 (18.2),  0.46 (110), 0.8 (85)--1.67 (110), —0.66 (120) 0.30 (135) 1.06 (126)
945 (83.5) —2.0 (115),—2.29 (125)

[4]req 424 (333), 555 (61.3)

[4]ox 408 (289), 558 (43)

a Electronic spectra were recorded in &Hb. Spectra of the electroreduced and -oxidized species were recorded in situ in the presence of GN/ARBu
in CH3CN. P Cyclic voltammograms were recorded in €EN in 0.1 M [BU]sNPFs. The potential values are reported (scan rate of 100 TH\Mersus those
of the ferrocene/ferrocenium couple. Electrochemical measurements were made with Pt bead as the working electrode, Pt wire as an auxidagnélectrod

Ag—AgCI as the reference electrode.

phosphate salt was removed in the aqueous layer by solvent

extraction. The CBCl, layer was dried, and the compound thus
obtained was further purified by additional gravity chromatography,
using grade Il AJO; as the stationary phase and a freshly distilled
CHsCN/toluene (7:3 v/v) solvent mixture as the eluent. The first
major fraction was found to contain the pure desired product.
Yield: 0.390 g (-70%). Elem Anal. Calcd: C, 63.84; H, 3.66; N,
9.31. Found: C, 62.9; H, 3.9; N, 8.9. FAB/S: 1202 (M, ~2%),
1057 (M"—PFR;, 25%). IR (KBr pellet; vicm™1): 1443 (semi-
quinone stretching), 841 (RF EPR spectral data (77 K; GBI,-
toluene glass):g!, 2.058;0?% 1.9885;0°%1.9585;d.,, 2.0016. The

II1.K.2. Method 2. This synthetic procedure is similar to that
adopted for complet. A total of 0.124 g (0.1 mM) of (bpy)Ru-
(H2L3)}sdPFe], dissolved in ethanolic KOH (0.012g, 0.21 mM),
was reacted with 0.057 g (0.11 mM) of Ru(bg®h-2H,0. Yield:
0.143 g (80%). The purification procedure is similar to that followed
for method 1. The analytical and various spectroscopic data are
similar to those of the desired product synthesized following method
1.

Ill.L.1. Complex 4. Method 1. Complex3 (0.110 g, 0.061 mM)
was dissolved in 50 mL of C#DH and allowed to warm te-60
°C; to this, Zn(CHCOO):2H,0 (0.054 g, 0.246 mM) was added,

UV —vis/NIR spectral data and redox potential values are presentedand the resulting mixture was refluxed for 1.5 h under an argon

in Table 2.

L1 {(bpy)Ru(H:L 3)} s[PFe] (HoL 3 is the doubly deprotonated
form of HyL 3). The synthetic procedure for this compound is similar
to that of complexl, except HL; was used as the catechol
derivative. HL3 (0.28 g, 0.412 mM), KOH (0.047 g, 0.84 mM),
and Ru(bpy)Cl,:2H,0O (0.214g, 0.412 mM) were used for the
reaction. Yield: 0.345 g{65%). FAB—MS: 1090 (M", <10%),
945 (Mt—PFR;, ~20%). IR (KBr pellet; vicm™): 1447 (semi-
quinone stretching), 840 (BF

I11.J. Complex 2. The synthetic methodology followed for this
complex is similar to that for complek, except HL, (0.100 g,
0.141 mM), KOH (0.016 g, 0.29 mM), and Ru(bp§),-2H,0O
(0.074 g, 0.14 mM) were used for the reaction. Yield: 0.130 g

atmosphere. Then, the solution was dried in vacuo. The solid residue
was redissolved in a minimum amount of gEN and purified by
column chromatography on a silica column (¥#D0 mesh size),
using a CHCN/agNH4PF; (98:2 v/v) mixture as eluent. The first
major fraction was found to be the desired product and was
collected. This was dried in vacuo and redissolved in@kl excess
NH4,PF was removed in the aqueous layer through solvent
extraction. Yield: 0.082 g (71%). Elem Anal. Calcd: C, 54.38; H,
3.02; N, 9.06. Found: C, 54.3; H, 3.3; N, 9.0. FARIS: 1708
(M*—=PF;, ~25%). IR (KBr pellet;y/cm™): 1447 (semi-quinone
stretching), 840 (Pd. EPR spectral data (77 K; GBl,—toluene
glass): ¢g', 2.0596; ¢, 1.998; ¢°, 1.949; g., 2.0011. Various
spectroscopic data and redox potential values are summarized in

(~72%). This was characterized by standard analytical and Table 2.

spectroscopic techniques. Elem Anal. Calcd: C, 60.65; H, 3.42;

N, 8.85. Found: C, 60.4; H, 3.4; N, 8.6. FABAS: 1120 (M"—
PFs, 10%). IR (KBr pellet;y/cm™1): 1443 (semi-quinone stretch-
ing), 841 (Pk). EPR spectral data (77 K; GBl,—toluene glass):
g%, 2.058;¢%, 1.99;¢° 1.958;g.y, 2.0015. The UV-vis/NIR spectral
data and redox potential values are provided in Table 2.

III.LK.1. Complex 3. Method 1. This synthetic procedure is
similar to that for complex, except HL3; was used as the ligand.
HyLs (0.300 g, 0.442 mM), KOH (0.105 g, 1.2 mM), and
Ru(bpy)Cl,-2H,0 (0.336 g, 0.647 mM) were used for the reaction.

During chromatographic purification, the desired product was eluted

as the first fraction. Yield: 0.26 g (50%). Elem Anal. Calcd: C,
56.31; H, 3.24; N, 9.39. Found: C, 56.0; H, 3.2; N, 9.2. FAB
MS: 1789 (M", ~2%): 1644 (M—PF;, ~15%). IR (KBr pellet;
vicm™1): 1447 (semi-quinone stretching), 840 gPFEPR spectral
data (77 K; CHCl,—toluene glass):g!, 2.0593;g?% 1.9965;¢°,
1.945;0a,, 2.001. The UV-Vis/NIR spectral data and redox potential
values are presented in Table 2.

IIl.L.2. Method 2. This synthetic procedure is similar to that
adopted in method 1 for comple3 except HL, was used as the
ligand instead of kL 3. H4L4 (0.125 g, 0.168 mM), KOH (0.017 g,

2.1 mM), and Ru(bpyCl,-2H,0 (0.175 g, 0.336 mM) were used

for the reaction. Yield: 0.195 g~65%). Analytical and spectro-
scopic data and redox potential values are similar to those observed
for complex4 synthesized following method 1.

Results and Discussion

Ligand 5-(3,4-dimethoxyphenyl)-10,15,20-triphenyl-21H,
23H-porphyrin (MeL ;) was prepared following the standard
“one-pot synthesis” procedure, resulting in a reasonable yield.
Attempts to improve the yield for Mg, by repeating the
reaction in CHCI, in the presence of a catalytic amount of
TFA were not successful. The selective synthesis of trans
bis-substituted porphyrin, 5,15-bis(3,4-dimethoxyphenyl)-
10,20-bisphenyl-21H,23H-porphyrin (Mses), was prepared
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Figure 1. EPR spectra recorded far(A) and 3 (B) at 77 K in CHCly/toluene glass.

by employing a building block approaththrough the
condensation of presynthesizegsephenyldipyrromethane
with 1 mol equiv of 3,4-dimethoxybenzaldehyde. This was
followed by the oxidation of the intermediate product with
p-chloranil. The demethylations of Me; and MeL ; were
achieved in molten pyrridinium hydrochloride saltat60—
165°C in an inert atmosphere. An increase in the reaction
temperature to~170—180 °C resulted in the desired por- : ' ' ' : '
phyrin derivative with a considerably lower yiele$0%). -10 05 00 05 10 15
Attempts to achieve a better yield for the demethylation Potnetial / V
reaction in a CHCI, solvent and with BBy as a catalyst, Figure 2. Cycli_c voltammogram (209 mvd) and dif_ferential-pulse
followina standard or dufé were not ful either voltammetry of2 in CHsCN. The potential scale shown is for the FcfFc
g standard proceduré,were not successful either ;e
(vield < 35%). These free-base porphyrin ligands are
metalated with Zh following standard procedures. Ruthe- Complexesl—4 were found to be paramagnetic and ESR-
nium—dioxolene complexed,—4, are synthesized from reac- active. The paramagnetic nature of these dioxolene deriva-
tions of the completely deprotonated form of 5-(3,4-dihy- tives excludes the possibility of these complexes being
droxyphenyl)-10,15,20-triphenyl-21H,23H-porphyrin(H), present as either catecholate or quinone derivafives.
5,10-bis(3,4-dihydroxyphenyl)-10,20-bisphenyl-21H,23H- These complexes show a featureless room-temperature ESR
porphyrin (HL3), the corresponding Zn derivatives A spectrum consisting of a broadened signal centeregg, at
and HL,, respectively), and an appropriate mol equiv of 2.003 in CHCI,. However, spectra recorded at 77 K are
Ru(bpy)Cl,:2H,0 in absolute ethanol. After refluxing for  anisotropic (Figure 1) because the molecular orbital contain-
4 h, the reaction mixture was cooled and exposed to the airing the unpaired electrons of the semi-quinone fragments is
to ensure the oxidation of the initially formed catecholate partially localized on the ruthenium centér:!! The room-
complex to the corresponding semi-quinone form. Part of temperature spectral features of the mono- (compl&eesd
the oxidative conversion from the Ru(bpfgat*) fragment ~ 2) and biradical (complexe8 and 4) species are similar,
to the Ru(bpyxsq)" fragment (cat* is a substituted catechol except that the spectra for monoradical species are less broad
derivative) may also take place during the workup procedure than those for biradical ones, presumably because of a weak
or during column chromatography as the complexes get interaction between the unpaired electrons of the two semi-
exposure to the air. Si&nd ALOs, used as column material, —quinone fragments.
are also known to act as the oxid&nhin a few cases, to A weak electronic interaction between the two redox-active
avoid any possibility of an incomplete conversion to the Ru(bpy}(sq)" fragments is also evident in the results of
semi-quinone form, a mild oxidant (FcpFwas added to  cyclic and square wave voltammetric studies for complexes
the crude reaction mixture at room temperature. Analytical 1—4 (Table 2). The porphyrin ligands and their Zn deriva-
data (elemental analysis and electrospray mass spectral datdjves showed characteristic features because the porphyrin-
and the results of the various spectroscopic data [viz., based oxidation couple was observed within-0&8 V
vibrational; electroniclH NMR spectral data for Mg, versus that of Fc/Fg while the porphyrin-based reduction
HoLi, HolLs, Meyls, Hsls, and HLgs and electron spin  couple was observed withinl.5 to—1.85 V versus that of
resonance (ESR) spectra data fo2, 3, and4] agree well Fc/Fc'. As expected, 3,4-dimethoxybenzene or 3,4-dihy-
with the formulations proposed for the respective ligands droxybenzene fragments attached to the porphyrin ring and
and the corresponding complexes. showed either quasi-reversible or irreversible dioxolene-based
redox processes (Table 1).For complexesl—4, the

(23) (a) Lee, C.-H.; Lindsey, J. Setrahedronl994 50, 11427. (b) Manka, ~ RU(PPY)}(sq) cores undergo reversible redox processes at

J. S.; Lawrence, D. STetrahedron Lett1989 30, 6989. potentials consistent with that of the individual component

ggg 'l\z"ﬁgf‘g’ Vs, ML W S’ftkﬁ}ﬁravr\‘ﬁd}rg‘slscia \2;4 F%gﬁ? ‘e along with the expected redox processes associated with the

Am Chem. Socl989 111, 1733. porphyrin core (Table 2). The representative cyclic voltam-

Current / mA
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X1 X2
Figure 3. UPMS3 optimized structures of model systeX$s and X2.

mogram for complex is shown in Figure 2. However, the  ~940 nm for the a@gr, — 7*psq transition € = 59 000-
cat/sq and sg/q redox waves f®rand4 are much broader 83 500 dnimol~*cm™). To the best of our knowledge,
[(Epc — Epa) = 120-135 mV; Table 2) than those observed barring two examples available in the literature to défe,
for complexesl and 2, which is understandable if one where thee values reported for the absorption band in the
considers the possibility of overlapping redox waves for the NIR region are~100 000 drmimol-'cm™?, the ¢ values for
two weakly interacting Ru(bpy{sq)" fragments ir3 and4. the NIR absorption band observed for these complexes are
Such behavior is not surprising if one considers that two among the highest known for any inorganic metal complexes.
appended rutheniussemiquinone fragments are separated A red shift of~50 nm forAmax 0f the MLCT (drry — 7% bso)
by ~14.2 A with an orthogonal orientation, with respect to transition band of complexe$—4, compared to that for
the porphyrin plane (an analogous model system is repre-Ru(bpy)(bsq)" species},is observed. An even higher red
sented a1, vide infra)?0-2 shift of ~100 nm was observed by us for this MLCT band,
To corroborate the presumption, we have employed UHF where the coordinated sq functionality is part of an extended
PM3 calculations to optimize the geometry of two possible conjugated systert. Presumably, this higher red shift
isomeric model compoundX,1 andX2, at the UPM3 level observed in the Ru-dioxolene complexes reported earlier
(Figure 3)?1?2 The possibility of X1 being present as is due to the more effective lowering of the energy of semi-
biradical (singlet and triplet) has been considered. The quinone singly occupied molecular orbitals arising from the
energy-optimized geometry for model syst¥th(singlet and extended conjugatiof?!! This also indicates either the
triplet) predicts a planar porphyrin ring and orthogonal sg- absence of any or the presence of little extended conjugation
fragment orientations, withr electron delocalization in the  in complexes1—4 and agrees well with the proposed
porphyrin unit (Figure 3), while the planar orientation of the conformation. A similar shift of~75 nm is reported by Ward
semi-quinone ring iXX2 causes the porphyrin ring to be away and co-workers for the bi-/trinuclear complexes, where two
from a planar structure, with disruption of tteelectron Ru(bpy)(sq) units are linked by a Ru(tpygenter (tpy is a
delocalization. The triplet form of the biradicAlL is more 2,2:6',2"-terpyridyl derivative?® For complexesl—4, sg-
stable thanX2 by 18.7 kcal/mol. Calculations also predict porphyrin or sqg-porphyrin-sqRu(bpyls expected to be a
that the singlet form of biradicaX1 is less stable than the  better electron acceptor than the bsg alone, and this,
triplet form by 1.9 kcal/mol. Thus, the energy-minimized presumably, is responsible for the observed red shift.
structure of the biradical speciesl) suggests an orthogonal Spectroelectrochemical studies with compleke# show
orientation of the semi-quinone fragment with respect to the that ejther oxidation or reduction of the semi-quinone
porphyrin plane in complexes-4 and thereby negates the  fragment causes a complete bleaching of the MLCT band
possibility of extended conjugation and the delocalization j, the NIR region (Figure 4). Spectral changes are found to
of unpaired electrons across the bridging porphyrin core in he completely reversible, and a quantitative recovery of the
complexes2 and4. MLCT band at the NIR region occurs upon the reversal of
Electronic spectral data for the ruthenieitiioxolene  the redox processes. This observation is in agreement with
complexes along with those of the reduced and oxidized the reversible nature of the dioxolene-based redox processes,

forms of2 and4 are presented in Table 2. Electronic spectral \yhich is observed in cyclic voltammograms for complexes
data reveal that bi-/trichromophoric systenis;4, show

expected spectral features of the individual mononuclear (26) Whittle, B: Everest, N. S.. Howard, C.; Ward, M. Diorg Chem.
components along with an unusually strong absorbance at 1995 34, 2025.
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Table 3. Emission Data of Free-Base Porphyrine Derivatives and Their tum yield (@) for the free ligand is~0.1. On the basis of the
Dioxolene Complexesl{-4)* definitions of¢ [¢ = k/(k + Sk.)] and the lifetime {; 7 =

Q(0.0) Q(01) 1/ + Ska)], in terms of the radiativek{) rate constant
compound Amax (NM) Amax (Nm) ¢ and the sum of all of the nonradiativg k) rate constants,
:it;, ggé g?g; ;82 ggg 8-(1)?1; one may conclude th:?gkm > k.. Therefore, if the value for
complexi 652 (91) 707 (6.3) 0.03379 ¢ has to decrease, eithiershould decrease ok(+ k)
complex3 652 (23) 0.0093 must increase. However, if the latter were true, the value

— — for r would have decreased. In the present investigation, the

B(i?m'ss'on Q(oi)emISS(I;?o 5 observed value for is almost the same for both of the

' - ' species (K1 and1). Yk, being the dominant term in the

compound  Amax(NM) ¢ x 10*  Amax(NM)  Amax (NM) o espressign fom, it is) diszicult to Siee how an additional term
:itib 436(84) 137  596(514) 640(262) 003612 Skar (that accounts for a new, fast nonradiative decay)
complex2 433 (21) 032 595(66) 640(31)  0.0054 could be the cause of the quantum yield decrease without
complex4 431 (37) 0.77  595(35) 640(15) 0.00393  any change in the lifetime as well. Thus, our data tends to

suggest that the presence of the Ru(b{®g)" fragment
somehow reduces the value fir Becauser*/t = k; and

) ) o the r values are the same, then the change ireflects a
1-4. Thus, these complexes fulfill the basic criteria for change ink. Because b, and 1 are two different

possible use as redox switchable photochromic dyes.  compounds, it is quite possible that their natural radiative
However, to understand the system better and to investi-jifetimes ¢*) will be different. (This interpretation was

gate the possibility of electron or energy transfer processesgggested by one of the reviewers and is consistent with the
being involved, we looked into the steady-state emission jpserved results.)
properties of all the bi-/trichromophoric systems and the

transient absorption spectra of the excited state of the S|mpleCan be ruled out because the emission spectra of the

bichromophoric systemlj and its individual mononuclear porphyrin core and the absorption spectra of the Rugsg)

]E:ompt(rjlner:ts gn e:nt ultrafas.t time scale. Thf ?at?hObég'Eedfragment do not overlap. However, the possibility of electron
rom the steady-stale emission measurements for (€ DICNTO3, 5 ot from photoexcited porphyrin to the Ru(bysg)

mophoric complexes of interest {4) reveal to us that the moiety may not be ruled out because the process is also

fluorescence quantum yield of the complex is at least 3 times favored thermodynamically. The other factor, which may also
Iesjl_sh(Tablg 3.) thlint.that of the precurtsor mgIeCicuI(i.fgr y cause the decrease in the fluorescence quantum yield, is
€ emission liretime measurements carried out telrs basically a consequence of the aggregation of the porphyrin

gnd_l have shown that_ there 1S no change in the_ EMISSION 1 51eculeg® This possibility of aggregate formation can be
I|fet_|me of the porphyrin core in the_se_ two species Whe_n clarified with the aid of concentration-dependent optical
exc_lted at 408 nm. The excited state I|fe_t|me for the porphyrin absorption and emission measurements. These did not show
moiety was fqund to be .8'& 0.2 ns. This sggggsts that the any red shift in the absorption spectrum with respect to the
process that is responsible for the reduction in the fluores- Soret band, which is the signature of aggregate formafion
cence quantum yield is expected to be much faster than th hese meé\surements have unambiguously nullified tHe

t'_Ir_nCeSrS?“:t'OE (.)f the tlmz-?orrlgflatted single photon counting plausible involvement of aggregate formation for the decrease
( Th ) fr? nlgue US:d or e |rrt1§ Tr:easurgm.eﬂ@(xo ¢ in the quantum yield. To elucidate the actual mechanism for
ps). Thus, the observed decrement in the emission guan “Mhe decrement in the emission guantum yield of the complex

?'eld fmag kt)e dueRto |k:1tra);1+10IeguIar erl1ec_trons .O;. an en_etrgy molecule, excited-state dynamics oflH and 1 have been
ransfer between Ru(bpg” an porphyrin moieties, or 1 studied using transient absorption spectroscopy in shorter
may occur through other nonradiative pathways. The quan-y o ccales

aAll of the spectra were recorded in GEN. P Data could not be obtained
because of its limited solubility in the desired solvent.

The possibility of an intramolecular energy transfer process

(27) DeSilva, A.P.; Gunaratne, H. Q. N.; Gunnaugsson, T.; Huxley, A. J.

M.; McCoy, C. P.; Rademacher, J. T.; Rice, T.Ghem. Re. 1997,
97, 1515 and references therein.
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Table 4. Transient Decay Times of #; and [Ru(bpyibsq]" and Their ComplexX) at Representative Wavelengths Measured after Exciting with a

100 fs Laser Light at 400 nm

wavelength (nm)

H,L1/ACN
7in ps (a%)

1/ACN
7in ps (a%)

Ru—sq/ACN
7 in ps (a%)

470 0.22+ 0.05 (43.5) 0.284 0.05 (32.3)
1.5+ 0.2 (5.3) 1.5+0.2 (24.7)
13+ 2(6.8) 10+2(3.1)
>400 (44.4) >400 (39.9)

550 0.22+ 0.05 (33.8) 0.20- 0.05 (52.6)
1.4+ 0.2 (16.2) 1.5+ 0.2 (15.8)
10+2(8.1) 26+ 2(8.4)
>400 (41.9) >400 (23.2)

670 0.22+ 0.05 (61.3) 0.23+ 0.05 (72.2) 0.27+ 0.05 (62.7)
1.5+ 0.2 (12.5) 1.4+0.2(8.3) 1.5+ 0.2 (7.4)
10+ 2 (1.3) 28+2(8.2) 10+ 2 (7.4)
>400 (24.9) >400 (11.3) >400 (22.5)

710 0.20+ 0.05 (51.1) 0.23- 0.05 (68.9)
1.5+ 0.2 (17.8) 1.4+ 0.2 (12.1)
13+ 2 (12.9) 25+ 2 (10.6)
>400 (18.2) >400 (8.4%)

900 0.21: 0.05 (50) 0.27-+ 0.05 (-83) 0.27-+ 0.05 (-65.7)
1.5+ 0.2 (10.3) 1.6+0.2(-12.3) 1.5+0.2 (-15.7)
10+ 2 (3.1) 23+ 3(—8.9) 19+ 3 (—22.4)
>400 (46.6) >400 (4.1) >400 (3.8)

To understand the relaxation dynamics of the complex at 657 nm can be fitted multiexponentially with time
moleculel, it is crucial to study the excited-state dynamics constants of 200 fs, 1.4 ps, and-120 ps and a very long
of the porphyrin moiety separately. We have recorded lifetime component. They have attributed three fast compo-
transient absorption spectra forlH in acetonitrile after nents, 200 fs, 1.4 ps, and 4Q0 ps, to intramolecular
exciting it with a 400 nm laser pulse (full width at half vibrational energy redistribution, vibrational redistribution
maximum= 100 fs), and we have shown them in Figure 5. caused by elastic collision with solvent molecules, and
The transient spectrum consists of absorption peaks centeredhermal equilibration by energy exchange with the sol-
at 490, 530, 570, 610, and 690 nm, with a dip at 510 nm. vent, respectively. Similarly, we have also attributed the
The observed transients fornlH are assigned to the SS, 300 fs component to intramolecular vibrational energy
absorption bands. The dip at 510 nm is observed because ofedistribution, the 2 ps component to vibration cooling, and
the overlapping ground-state absorption of the Q band of the 13 ps component to thermal equilibration with the
the porphyrin moiety. In addition, all of the sharp structures solvent. To understand and find out the decay time constant
observed in the transient spectra correspond to the overlap-of the longer component, which is the excited-state lifetime
ping Q-band only. Kong and co-worke¥shave estimated  of H,L;, we have measured the fluorescence lifetime using
the internal conversion rate 10 fs from S to S, for H,TPP TCSPC measurements, and it has been found to be-8.8
by the femtosecond time-resolved fluorescence depletion0.2 ns.
method, following excitation at 398 nm in chloroform. The transient absorption spectrum bfat various time
Similar ultrafast or instrument-limited increases of the S delays, after excitation at 400 nm, is shown in Figure 6. The
state have also been observed by Zewail and co-wdfkers transient spectrum at each time delay consists of positive
for H,TPP, and experimental data of the fluorescence up- absorption peaks centered on 490, 550, 610, and 710 nm
conversion measurements suggest that the time duration of

. . L. 12
internal conversion observed for the transition from the S

to S state can be as fast a0 fs for HLTPP. Kinetic decay 10 e
traces (after excitation by a 400 nm laser pulse) of the ] —a—1ps
acetonitrile solution of kL, at 470 nm, 550 nm, and 710 8- —0— 20 ps

nm, measured with femtosecond pungobe spectroscopy, - ]
were obtained. Observed decay traces, at these respective 2 ¢
wavelengths, can be best fitted with a multiexponential
function with typical time constants of 300 fs, 2 ps, and 13
ps and a very long lifetime component for all of the
wavelengths (Table 4). Zewail and co-workéralso had a 24
similar observation while carrying out transient absorption
measurements for AIPP, following excitation with a 397

nm femtosecond laser pulse; the transient absorption kinetics 500 600 700 800 900 1000

x ]
<,
S 4

N\ _gatan
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(TN A s Rhe W ==
-.J.'.—.‘.z-..-._‘.-:

) ) Wavelength /nm
(29) Baskin, J. S.; Yu, H. Z.; Zewail, A. HI. Phys. Chem. £002 106,

9837. Figure 5. Transient absorption spectra oflH in acetonitrile at different
(30) Zhong, Q.; Wang, Z.; Liu, Y.; Zhu, Q. H.; Kong, F. A.Chem. Phys delay times after excitation at 400 nm. The transient absorption has been
1996 105 5377. attributed to the §-S, absorption.
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Wavelength /(nm) Figure 7. Transient absorption spectrum of Ru(bgigsq)" in acetonitrile

. . . L . at a 100 fs time delay after excitation with a 400 nm laser pulse. The
Figure 6. Transient absorption spectrabin acetonitrile at differentdelay  yransjent absorptions at 690 and 570 nm have been attributed to the excited-
times after excitation at 400 nm. (The inset shows the bleach recovery onq yriplet-state absorptions of Ru(bggsq)’, respectively, and the negative
kinetics monitored at 950 nm.) absorption at 900 nm is due to the bleach of the ground-state absorption.

(The inset shows the bleach recovery kinetics monitored at 900 nm.)
along with a dip at 510 nm and strong bleaching in the 935

nm region. The positions of the transient absorption peaks The transient absorption spectrum of photoexcited
matched pretty well with those of the transients ipLH [Ru(bpy)bsq] following excitation at 400 nm is shown in
(Figure 5). It is worth mentioning here that, even though Figure 7. The transient spectrum consists of absorption peaks
the peak positions are similar, the relative intensities and at 580 and 690 nm with a bleach at 900 nm; a similar bleach
width of the bands are markedly different. This is due to the was observed for complekand has been described earlier.
fact that complext is basically a different molecule, with  The transient decay kinetics of the absorption have been fitted
the Ru(bpy)(sq) fragment attached to the porphyrin moiety, multiexponentially, and the respective rate constants are
compared to the individual fragment,H; the attached  provided in Table 4. The transient peaks have been attributed
Ru(bpy}(sq) fragment is expected to have an influence on to the excited-state absorption of therd — 7*ssbased
thee values of different bands. The additional big bleaching MLCT transition of the Ru(bpy[bsq)" moiety. The bleach

at 950 nm can be attributed to the disappearance of theat 900 nm (inset of Figure 7) can be attributed to the electron
absorption peak due to themx@— n*sybased MLCT transfer from the photoexcited Raenter to the semi-quinone
transition of the Ru(bpy$g moiety ofl. The dynamics ol radical, while the recovery kinetics can be attributed to the
have been monitored at various wavelengths (e.g., at 470back electron transfer from the reduced semi-quinone radical
550, 670, and 710 nm), and the respective decay trace haso the RU' center. Spectroelectrochemical studiesland
been fitted with a multiexponential function with different [Ru(bpy)(bsq)]” *'* have already established that, for both
time constants; these data are given in Table 4. It is complexes, the NIR absorption bands around 930 and 890
interesting to note that the decay kinetics at 470 nmlfor nm, respectively, bleach reversibly upon the reduction of the
matched pretty well with those for H; at the same  semi-quinone fragment to the corresponding catechol one
wavelength and can be attributed to the excited-state dynam-and reappear with their original intensity upon the reversal
ics of the photoexcited porphyrin moiety af(vide infra). of the redox process. As we have observed, in the present
However, the decay kinetics fdrat 670 and 710 nm are  investigation, both porphyrin and Ru(bpy$q moieties can
relatively faster than those observed fogplLkl at these be excited by a 400 nm laser pulse. Thus, it is expected that,
respective wavelengths. We have also monitored bleachingin 1, both porphyrin and Ru(bpy(sq) centers will get excited
recovery kinetics at 950 nm (inset of Figure 6), and they when they are exposed to a 400 nm laser pulse. One can
have also been fitted to a multiexponential function; the time expect that the transient absorption spectruri wfll be a
constants that were obtained are provided in Table 4. In our mixture of the excited states of both porphyrin and Ru(gay)
earlier studies’c we carried out a time-resolved transient fragments, unless there is any interaction between them in
absorption ofl in acetonitrile following excitation at 532  the excited states. Although, Figure 6 shows that the transient
nm with a picosecond laser pulse (full width at half spectrum forl is roughly an addition of the transient spectra
maximum= 35 ps). We observed bleaching around 900 nm of two individual components, #; (Figure 5) and Ru(bpy

in the time-resolved spectra, which was attributed to the bsqg™ (Figure 7); slight variation is observed as a result of
forward electron transfer from photoexcited porphyrin to the the differences in the energy amdvalues associated with
Ru(bpy}»sq moiety, while the recovery kinetics of the the MLCT transition for the gr, — 7*srbased transitions
bleaching were attributed to the corresponding back electron-in 1 and Ru(bpy)bsq)". Further, in the transient spectrum
transfer process. Thus, our present in-depth study seems tmf 1, we have observed neither any special transient due to
contradict our earlier proposition based on experiments onthe porphyrin cation radical nor any transient growth in the
a picosecond time domain. To resolve this further, we have absorption spectrum in the wavelength region studied-(460
also studied the excited-state dynamics of [Ru(bmsq] 1000 nm; Figure 6) when it was excited at 400 nm. Thus,
separately, after excitation at 400 nm. we can unambiguously rule out the possibility of electron
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transfer from the photoexcited porphyrin moiety to the observed decrement in the luminescence quantum yield can

Ru(bpy)sq fragment. In the present investigation, the bleach be ascribed to the increased nonradiative pathway due to

at 950 nm is instantaneous, which is due to a direct large vibronic coupling because of the direct linkage of the

photoexcitation of the Ru(bpy(sq) moiety instead of an  metal center to the porphyrin moiety.

excited energy transfer from the porphyrin moiety. Hence,
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