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Abstract: The dinuclear ruthenium(ll) complex [(phen).Ru(tatpp)Ru(phen).][PFe]s (P) (where phen is
1,10-phenanthroline and tatpp is 9,11,20,22-tetraazatetrapyrido[3,2-a:2'3'-¢:3",2""-/:2'"",3""|pentacene) is
shown to accept up to four electrons and two protons on the central tatpp bridging ligand via a combination
of stoichiometric chemical reductions and protonations and spectroelectrochemistry (SEC) in acetonitrile.
The absorption spectra of seven distinct species related by reduction and/or protonation of the central
tatpp ligand were obtained and the two sequential photoproducts obtained from visible irradiation of P in
acetonitrile (with 0.25 M triethylamine (TEA)) thus identified as P~ (singly reduced, nonprotonated P) and
HP~ (doubly reduced, monoprotonated P), respectively. Importantly, the photochemical activity is maintained
in mixed water—acetonitrile (1:4) solutions under basic conditions, and the protonation state of the
photoproducts is readily controlled by varying the solution pH between 8 and 12. Absorption spectra obtained
by SEC under similar solvent conditions were virtually identical to those obtained photochemically, and
thus the doubly reduced photoproducts were identified as P?~ (pH 12), HP~ (pH 10), and HzP (pH 8). This
last photoproduct, H,P, is particularly promising with respect to solar hydrogen production in that it can be
produced in the presence of water and its dehydrogenation under appropriate conditions could yield H;
and regenerate P. A qualitative MO diagram is presented as a framework for understanding the observed
optical transitions as a function of oxidation and protonation state.

Introduction Aside from polymeric assembli@sBrewer and co-workers
Ruthenium-polypyridyl complexes are one of the most Were first to demonstrate that a single supramolecular assembly,
widely studied chromophores for molecular light-to-chemical comprised of a Retir—Ru polypyridyl triad, could store two
energy conversion because of their favorable photophysical €lectrons on the two polyazine bridging ligands within its
properties and chemical stability. A huge variety of mono- structure upon photoirradiation in the presence of a sacrifical
meric, oligomeric, dendrimeric, and polymeric assemblies of donort? Substitution of Rh(lll) for the Ir(Ill) resulted in a Ru
the [Ru(bpy)]2* complex or closely related complexes have Rh—Ru assembly in which the photoreduction is centered at
been prepared and, in many cases, shown to efficiently capturethe Rh(ll) site, leading to the possibility of catalysis using a
and collect light energy3-7 This has clear relevance to solar Rh(III/) couple!*2
energy conversion schemes. However, nearly all such assemblies Recently, we reported that the dinuclear Ru(ll) compleies
are limited to driving one-electron proces&@n the other hand, ~ @ndQ (Figure 1) were capable of reversibly storing a maximum
important practical reactions such as dioxygen reduction and©f two or four electrons, respectively, upon visible light

hydrogen generation require concerted multielectron transfer. irradiation in acetonitrile and in the. presence of sacrificial
reductant agents.In both complexes, it was proposed that the
(1) Balzani, V.; Juris, A.; Venturi, M.; Campagna, S.; SerroniC8em. Re.

1996 96, 759-833. central part of the bridging ligand plays both the role of the

(2) Kalyanasundararam, KPhotochemistry of Polypyridine and Porphyrin  electron acceptor subunit for the photoinduced charge-separation
ComplexesAcademic Press: London, 1992.

(3) Balzani, V.. Scandola, FSupramolecular Photochemistryforwood: process and the role of the multielectron storage unit. Reduction
Chichester, U.K., 1991.

(4) Balzani, V.; Ceroni, P.; Maestri, M.; Saudan, C.; Vicinelli, Wop. Curr. (9) Worl, L. A.; Strouse, G. F.; Younathan, J. N.; Baxter, S. M.; Meyer, T. J.
Chem.2003 228 159-191. J. Am. Chem. Sod.99Q 112 7571-7578.

(5) Balzani, V.; Campagna, S.; Denti, G.; Juris, A.; Serroni, S.; Venturi, M. (10) Molnar, S. M.; Nallas, G.; Bridgewater, J. S.; Brewer, KJ.JAm. Chem.
Acc. Chem. Red.998 31, 26—34. Soc.1994 116, 5206-5210.

(6) Baxter, S. M.; Jones, W. E., Jr.; Danielson, E.; Worl, L. A.; Strouse, G. F.; (11) Swavey, S.; Brewer, K. Jnorg. Chem.2002 41, 4044-4050.
Younathan, J. N.; Meyer, T. £oord. Chem. Re 1991, 111, 47-71. (12) Holder, A. A.; Swavey, S.; Brewer, K. horg. Chem.2004 43, 303—

(7) Dupray, L. M.; Devenney, M.; Striplin, D. R.; Meyer, T.J.Am. Chem. 308.
S0c.1997 119, 10243-10244. (13) Konduri, R.; Ye, H.; MacDonnell, F. M.; Serroni, S.; Campagna, S.;

(8) Watts, R. JComm. Inorg. Cheni 991 11, 303-337. Rajeshwar, KAngew. Chem., Int. E®2002 41, 3815-3187.

10.1021/ja047931l CCC: $27.50 © 2004 American Chemical Society J. AM. CHEM. SOC. 2004, 126, 11621—-11629 = 11621



ARTICLES Konduri et al.

o~ dppz

N
C

-

1 . O =
ereiie
H,P

@ = [Ru(phen),*"
fragment

Figure 1. Structural drawing of the complex&andQ and the related redox and protonation isomer$dfhe structures of the related DPPZ and TPPHZ
ligands are also shown.
of the tatpp bridging ligand i was observed directly using  HPLC grade) was kept over molecular sieves (3 A) and passed through
transient absorption spectroscopy and, remarkably, showed thag column packed with neutral chromatographic alumina just before use.
the charge-separated intermediate had a lifetime ofu$.t The complexP was prepared as described previou§ljl redox and
dichloromethané?4 protonation titrations were carried out in a nitrogen atmosphere

Here we report on the reduction behaviorofimportantly, ~ 910vebox. Stock solutions d? (1.09 x 107 M), Co(Cp} (0.011 M),
we show that the photochemical ability Bfto undergo two and trlfluoroacetlc_ a_cm{(TFA) (9.013 M) were prepared in thoroughly

. . . degassed acetonitril®~ and P>~ were generated by adding 1 and 2
sequential one-electron redu‘?“ons_ (to .form. the.SIneg reduced equiv of Co(Cpy, respectively. The protonated isomers were generated
P~ and the doubly reducelf") is maintained in mixed water by stoichiometric addition of TFA to solutions d®~ and P?.
acetonitrile solutions under basic conditions. The photochemical Reductions with sodium borohydride (0.5 M in diethoxy ether) were
activity of P in agueous media considerably expands its potential done using a 10-fold molar excess of reductanPtm 20% watet-
use toward a number of important substrates, including water, acetonitrile.
and its environmental adaptability. The absorption spectra of  Cyclic voltammetry (CV) and differential pulse voltammetry (DPV)
the two reduced specieB, andP2-, were found to depend on  experiments were performed using a PC-controlled potentiostat (CH
the solution pH, indicative of protonation(s) at the central Instruments, electrochemical analyzer). Either glassy carbon (1.5 mm
reduced sites. To determine the identity of these solution speciesdiameter disk) or Au (1.0 mm diameter disk) working electrodes from
we first undertook an extensive analysis of the absorption spectraCYPress Systems were used. Immediately before use, the electrodes
of the redox and protonation isomers Bfas generated by were po"She.d to-a mirror f.'r!'Sh W'th. wet alumina (Buehler, O‘m)’.
. . . . followed by rinsing with Millipore Milli-Q water, dried, and stored in

chemical, spectroelectrochemical, and photochemical means in

both d itril Ut d mixed itril acetonitrile during the preparation of the electrochemical cell. A Pt
oth dry acetonitrile solution and mixed wateacetonitrile wire and a premium “no leak” Ag/AgCl reference electrode (Cypress,

solutions. The notation used in Figure 1 will be used to identify mo4el EE009) were used as counter and reference electrodes, respec-
these isomers, which are related by one-electron reduction/tively, and potentials are quoted with respect to this reference.
oxidation vertically and by protonation/deprotonation horizon- Experiments were conducted in dry acetonitrile (Aldrich, 9998

tally. It is important to realize thaP itself is a large metal HPLC grade) with 0.1 M NByPF; (Sigma) as supporting electrolyte,
complex (over 2 nm long) carrying an overat-£harge from and in 20% wateracetonitrile mixtures at four selected pH values in
the two Ru(ll) ions coordinated to the tatpp bridging ligand. the range 412. In these cases, the aqueous portion contained 0.1 M
We note that many of the isomers can exist in multiple NarbPQ/0.1M KHPQ; buffer, and the pH of the wateacetonitrile
tautomeric forms, and we lack the necessary data to distinguishS°'ution was adjusted with 0.5 M NaOH or 0.5 MRO, as measured

between them. The tautomers shown reflect our current bestby""Stan.Olard glass electrode and pH meter. Prior to each measurement,
. . . . . the solutions were deoxygenated by bubbling with argon, and this
guess which is based, in part, on a comparison with the

. . - atmosphere was maintained over the electrochemical solution through-
tautomers established for various redox isomers of tetraaza-qt the course of the experiment. The cell ohmic resistance was always

pentacené> compensated. All experiments pertain to the laboratory ambient
temperature (26t 2 °C).

Spectroelectrochemical measurements were performed in transmis-
sion mode using a Hewlett-Packard diode array spectrometer (model

Experimental Section

Cobaltocene (Alfa), trifluoroacetic acid (Alfa), and sodium borohy-

dride (Aldrich) were used as received. Acetonitrile (Aldrich, 99:98 8453). A quartz thin-layer cell containing a gold mesh as working
(14) Chiorboli, C.; Fracasso, S.; Scandola, F.; Campagna, S.; Serroni, S.;
Konduri, R.; MacDonnell, F. MChem. Commur2003 1658-1659. (16) Kim, M.-J.; Konduri, R.; Ye, H.; MacDonnell, F. M.; Puntoriero, F.; Serroni,
(15) Sawtschenko, L.; Jobst, K.; Neudeck, A.; DunschElectrochim. Acta S.; Campagna, S.; Holder, T.; Kinsel, G.; Rajeshwainrg. Chem2002
1996 41, 123-131. 41, 2471-2476.
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Figure 2. (a) Absorption spectra d? (ca. 12uM, solid line) after addition
of 1.0 molar equiv of cobaltocene (dashed liRe) and 2.0 molar equiv of
cobaltocene (dotted lin®2") in dry, degassed acetonitrile. (b) Absorption
spectra oP?~ (ca. 12uM, dotted line) after addition of 1.0 molar equiv of
TFA (dashed lineHP~) and 2.0 molar equiv of TFA (solid ling;l,P) in
dry, degassed acetonitrile. (c) Absorption spectr&@ofafter addition of
1.0 equiv of TFA (solid line, HP”) in dry, degassed acetonitrile. Spectrum
of P (dashed line) andH,P (dotted line) overlaid at same concentration.

1000

electrodé’” was placed inside a 1-cm-path quartz cuvette containing
ca. 0.5 mL ofP solution (2-10 uM). The P solution filled the thin-
layer space where the gold mesh was located by capillary actitime
counter electrode (platinum wire) and the AgfAgjuasireference
electrode were laterally located in the quartz cuvette and next to the
capillary slit.

For the photochemical experiments, all solutions were sealed in a

a strong one-electron reducing agentl(0 V vs Ag/AgCl in
acetonitrile}® and thermodynamically capable of generating both
P~ and P2~ (Ey, of —0.22 and —0.71 V vs Ag/AgCl,
respectively) but noP*~ (Ey, = —1.28 V (vide infra)). The
cobaltocenium ion produced is light yellow in color and adds
no appreciable absorptighto the visible and near-IR portion
(350-1100 nm) of the absorption spectra. Bd®h and P2~
show new, strong ligand-centered (LC) bands in the visible and
near-IR portion of the spectrum. Formation Bf yields two
new absorptions in the near-IR at 860 nm (weak) and 970 nm
(strong) which appear to be vibronic bands of the central reduced
aromatic unit (tatpp radical anion) plus a partial bleaching of
the absorption at 325 nm. We also observe that the maximum
of the 445 nm peak i is blue shifted to 415 nm; however, a
strong shoulder remains at 445 nm which is attributed to the
Ru-phen type MLCT. Addition of a second equivalent of
cobaltocene generatB$~ and results in a blue shift of the near-
IR peaks to give a strong band at 685 nm with a shoulder at
635 nm (see Figure 2a). This second reduction also results in
the complete bleaching of the tatpp LC bands at 325 and 445
nm.

The absorption spectra for protonated compleX&s and
H,P, formed by addition of 1 or 2 equiv of TFA t®%",
respectively, are shown in Figure 2b. The most noticeable
change upon formation ¢#P~ is the appearance of a third band
at 725 nm and a slight blue shift of the nearby bands to 655
and 608 nm (sh). Addition of the second proton gike® which
has a broad, strong absorption centered at 580 nm. We note
that the process is reversible and that stepwise deprotonations
of H,P with NaOMe vyielded the spectra fddP~ and P?2-,
respectively H,P can also prepared by reduction with excess
NaBH;, in acetonitrile and 5% acetic acid, and spectroscopic
monitoring of this process shows no sign of any singly reduced
intermediates. The U¥visible spectroscopic data for the
complexes are gathered in Table 1.

Protonation ofP~ with TFA presumably would yielHP;

quartz or glass cuvette with a rubber septum and degassed for 10 minhowever, the resulting absorption spectrum, shown in Figure

with nitrogen or argon gas prior to irradiation. Typical solutions were
16 uM in P and 0.25 M triethylamine (TEA). The cuvettes were
immersed in a water bath (18 2 °C) and irradiated using a 100-W

tungsten bulb with a 360-nm-cutoff UV filter. The source-to-sample

distance was approximately 3 cm, and the measured photon flux at the

sample was 1.125 10F lux (as measured by a Lutron LX101 meter).
The progress of the photochemical reaction was monitored by periodi-
cally removing the cuvette from the water bath and recording the
absorption spectra (HP 8453A W\Wis system). For the 20% water
acetonitrile solutions, the pH of the solution was adjusted by adding
acetic acid. The solution composition for electrochemical and photo-
chemical reactions in 20% wateacetonitrile could not be made
identical due to the requirement for NBBFs in the electrochemical
experiments and for TEA in the photochemical experiments and the

2c, suggests thaHP may disproportionate as indicated in
reaction 1. We observe two features in the spectruntief

2P 4+ 2H" — 2“HP" — P + H,P (1)
supporting this hypothesis: a strong, broad absorption charac-
teristic ofH,P at 580 nm, and the reappearance of some intensity
to the bands at 445 and 325 nm characteristicPofFor
comparison, the spectra & and H,P at the same molar
concentration are overlaid with that afiP” in Figure 2c. The

fact that the peak at 580 nm foHP” is one-half as intense as
the same peak observed in a pure sampld 81 is particularly

occasional set of conditions where the water and acetonitrile components'€Vealing. Also, a 1:1 mixture dP and H,P gives the same

underwent phase separation.
Results

Chemical Reduction and Protonation.The singly f~) and
doubly (P?") reduced forms oP were generated in situ via
stoichiometric reductions with cobaltocene in acetonitrile, and

their absorption spectra are shown in Figure 2a. Cobaltocene is

(17) Jang, G.-W.; Tsai, E. W.; Rajeshwar, K.Electrochem. Sod.987, 134
2377-2380.

spectrum a$iP. So either these two do react to gid®, which
coincidentally has a spectrum much like the sum of its
components, or the two do not comproportionate and the
resulting spectrum is simply that of the 1:1 mixture. The latter
explanation seems far more reasonable, especially when one
considers that a 400 nm blue shift of the peaks in the near-IR

(18) Gubin, S. P.; Smirnova, S. A.; Denisovich, LJ1Organomet. Cheni971,
30, 257-265.
(19) Koelle, U,; Infelta, P. P.; Gratzel, Mnorg. Chem.1988 27, 879-883.
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Table 1. Spectroscopic Data of the Dimeric Complexes in Deaerated Acetonitrile

compound absorption at 298 K, Anax, NM (¢, M~ cm~?)
[(phen}Ru(tatpp)Ru(phen)** (P) 325 (72 900), 425 sh (42 600), 445 (54 300)
[(phen}Ru(tatpp)Ru(phen)]3+ (P-) 325 sh (37 600), 415 (54 800), 445 sh (46 100), 860 (14 100), 970 (35 600)
[(phen}Ru(tatpg~)Ru(phen)]?* (P?") 430 sh (40 000), 445 (41 900), 635 (25 900), 685 (55 400)
[(phenyRu(Htatpp)Ru(phen)]** (HP™) 418 (43 600), 444 sh (38 000), 608 (27 600), 655 (38 000), 725 (43 600)
[(phen}Ru(Htatpp)Ru(phen)*" (H2P) 580 (37 400), 445 (34
[(phen}Ru(tatpg-)Ru(phen)] (P*") 448 (23 400)

solution and scanning in the potential window shown in Figure

3 starting at+0.4 V. The top three frames (Figure 4e)
correspond to the negative-going scan, and the three frames at
the bottom (Figure 4¢if) were obtained during the subsequent
positive-going scan. The arrows in each frame indicate the
evolution of the corresponding spectral peaks, and it is clearly
seen that for those frames aligned vertically, virtually identical
processes occur, only in opposite directions.

Describing each frame in detail, we can see that, in Figure
4a, the first spectrum correspondsRdbearing a dark yellow
color) as the starting material with a sharp band at 445 nm and
a small shoulder at 425 nm. During the first electroreduction
ool = process (voltammetric peak C1), the sharp band at 445 nm
5_1_6 "z 08 _0'_4 * ofo 04 (which we now recognize as a signature peakFpdecreases

Potential / V vs. Ag/AGCI at the expense of the development of thrt_ee spectral peaks: a
Figure 3. Cyclic (a) and differential pulse (b) voltammograms of 0.03 rather broad S|gnatur_e at41s nm-anc-j a palr-Of sharper_ bands at
mM P in acetonitrile containing 0.1 M NBPFs. (a) Potential scan rate 860 gnd 970 nm. This spectrum. is virtually |dent|gal with that
50 mV/s. (b) Pulse amplitude 0.05 V, step size= 0.004 V, pulse duration obtained by cobaltocene reduction®fto P~ (see Figure 2a)
= 0.05 s, and pulse periogk 0.2 s. The working electrode for both  and corroborates that the two processes yield the same product.
measurements was a glassy carbon disk (1.5 mm diameter). Despite the large spectral changes (mostly in the near-IR), we
note that the solution does not undergo a visible color change
during this process and maintains a yellow hue throughout this
first process.

Figure 4b shows the spectral evolution encompassing volta-
- TR X ) mmetric peak G with a visible yellow-to-green transformation.

M NBu,"PFs—acetonitrile solution in the potential region from  gpectrally, we observe that the band pair at 860 and 970 nm is
0.4 to —1.6 V is shown in Figure 3. The voltammetric scan .,nyerted into another pair at 635 and 685 nm, respectively.
was started at 0.4 V and scanned in the negative direction downAgain, the agreement of the cobaltocene reduction data is clear,

to —1.6 V. Three quasi-reversible tatpp-centered reductions arej,qicating that these latter peaks are associated with formation
observed and are indicated ag/@y, A/C,, and A/Cs in the of P2—.

voltammogram. These voltammetric peaks reflect two mono-
and one bi-electronic processes Wik, potentials of—0.22,
—0.71, and—1.28 V vs Ag/AgClI, respectively. Previously, we
reported that the third (bi-electronic) process was not reversible
and half-wave potentials were0.18 and—0.56 V for the A/

0.5

o
=}

o
2]

Current / pA

to give a new maximum at 580 nm upon a single protonation
step is unlikely2%-21

Cyclic Voltammetry and Spectroelectrochemistry of P in
Acetonitrile. The cyclic voltammogram for 0.03 m¥ in 0.1

In the third potential region (Figure 4c) and encompassing
the voltammetric peak £ all the spectral features from Figure
4b are seen to decrease significantly in intensity, bringing about
a bleaching of the green solution color to a pale yellow hue.

i X There is an almost complete disappearance of the band pair at
Ciand A/C; processes, respectivefyThe discrepancy appears  gas and 685 nm, leaving only a broad band at 445 nm of low

to be a concentration/aggregation effect which is notuncommonintensity_ The bands at 635 and 685 nm are likely to be

for this class of compounds. Our earlier reported data were basedassociated with LC transitions of the doubly reduced #tpp
on measurements made with 0.5 mRisolutions and are jioanq (inp2-). The fact that these two peaks are bleached upon
reprqdumble under thes'e condmons. Only upon dilution of the an additional two-electron reduction (see Figure 4c) suggests
solution (0.03 mMP in _th's_ work) do we observe_ the  hat the tatpp bridging ligand is reduced to tatpp Such
voltammogram presented in Figure 3. DPV data (see Figure 3, o onsjve reduction of the tetraazapentacene framework would
inset) corroborate the information provided by CV and show disrupt any extended conjugation across the tatpp ligand and

thﬁ AdCs eroceis to involve t(‘j"g?? asl mzny glectrons as the could easily be expected to bleach any low-energy LC transi-
other two. Not shown are an additional reduction process at ca.j,nq Thjs Jast redox process, reductiorP8f to P4, has never
—1.92 V, which is likely related to the reduction of the terminal

phenanthroline ligands, and a bielectronic oxidative process at

+1.36 V corresponding to two weakly coupled®RE" centers.
Figure 4 shows how the absorption spectr® efvolve during

a CV performed at 5 mV/s in 0.1 M NBWPFR—acetonitrile

been observed in the photochemical process. As shown in frames
d, e, and f of Figure 4, the three reductive processes are
completely reversible, and all of the redox intermediates are

seen to reappear and disappear in order dhig§ completely

regenerated.
(20) Long, C.: Vos, J. Glnorg. Chim. Acta1984 89, 125-131 The potentials at which the various species appear and
(21) Haga, M.-A.Inorg. Chim. Actal983 75, 29—35. disappear in the spectroelectrochemical experiment can be
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Figure 4. Spectroelectrochemistry of 0.02 mi®lin acetonitrile containing 0.1 M NB{iPFs using a capillary slit cell. Spectra were collected during a cyclic
potential scan at 5 mV/s in the 0.4 t61.6 V potential range. For the sake of clarity, only a selected subset of spectra is shown during a negatjve- (a
and positive-going (etf) potential scan direction.
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Figure 5. Evolution as a function of potential of bands peaking at 970 nm 8.0
(P~; solid line) and at 685 nmR&~; dashed line). Thg-axis is presented L (9
as normalized absorban@¥Anax for each band. Data were obtained from 40 |
the spectra depicted in Figure 4. L
0.0
correlated with the CV data by plotting the normalized intensity -
for the peak at 970 nnP() and at 685 nmR2-) as a function A0
of the electrode potential, as shown in Figure 5. We observe 80 L
that the peak associated wkh reaches a maximum at ca0.3 -
1206 " o0y

0y — _ i i

V (vs !El/z(P ) = 0.22 V in the CV data). The §I|ght|y more 20 15 10 05 00 05 10 15 20

negative potential for the spectroelectrochemical data is not Potential / V vs. Ag/AgClI

unreasonable _Sm(_:e not all the complé)s reduced at thé,,. Figure 6. Effect of water on the cyclic voltammograms Bf (a) 0.5%

As the potential increases more negatively, we observe thewater, (b) 10% water, and (c) 20% water. These voltammograms were

appearance of a peak at 685 nR?{) at the expense of the  obtained at 50 mV/s with a glassy carbon disk (diametdr.5 mm) in 0.2

970 nm peak, reaching a maximum-at.0 V (vs—0.71 V for mM P in acetonitrile containing 0.1 M NB{PFs. The solutions were purged
PR - T with argon for 30 min before recording the voltammograms.

the Ey, for P~/27). Finally, at potentials more negative than

—1.0V, the 685 nm peak begins to bleach, indicating formation ~ Aqueous Electrochemistry and Spectroelectrochemistry.

of P (Ex(P?*) = —1.28 V). At—1.6 V, the scan is reversed  The reversibility of the electrochemical processes is strongly

andP?- and therP~ are seen to reappear and disappear in order affected by added water, as shown in Figure 6. All four redox

until P is regenerated ak0.4 V. The intensities of the 685 and  processes (left to rightP4/2-, P2/~ P~/0, RU#*3*) are still

970 nm peaks are rather higher on the return (positive-going) clearly observed upon addition of 0.5% water (Figure 6a);

scan, which indicates that the electroreduction processes conhowever, the processes are noticeably less reversiitg (,

tinued formingP*~ even during the switch of the potential scan of 99.8, 80.1, and 175 mV for processegAG, C,/A,, and G/

at —1.6 V, thus providing a higher yield d??~ and thenP~ As, respectively), and the peak begins to split. In a 10%

during the positive-going scan. water—acetonitrile solution (Figure 6b), all of the redox

J. AM. CHEM. SOC. = VOL. 126, NO. 37, 2004 11625
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Figure 7. Spectroelectrochemistry &f in 20% water-acetonitrile at pH 12 (a,b) and 9.5 (c,d). Frames a and c correspond to the first electroreduction
process, and frames b and d to the second electroreduction process at the corresponding pH’s. Spectra were collected during a cyclic poténtial scan at
mV/s, but only those obtained during the negative-going potential scan are shown in this figure for the sake of clarity.

processes are still discernible, but none are reversible, and at
20% water in acetonitrile (Figure 6c), the two peaks associated
with PZ=/~ andP~"° couples are barely observed and have shifted
to slightly more positive potentials. As the photochemical
activity is still observed in 20% watefacetonitrile (vide infra)
and the individual redox processes are still discernible in the
CV, we chose to examine the spectroelectrochemistry of
this mixture. The solution pH, as recorded by a standard glass
electrode, was varied in order to examine the range of species
that could be formed in the presence of water.

Figure 7 compares spectroelectrochemical data at pH 12 and
9.5 as obtained during a potential scan from 0.4-tb6 V.
The columns of the left (Figure 7a,c) show the initial one-
electron reduction product, and the columns on the right (Figure
7b,d) show the disappearance of the one-electron product and
appearance of the doubly reduced product. At pH 12 (Figure
7a,b), we can assign the one-electron reduction produet as
and the two-electron product as a mixture of maiRfy and
someHP~. At pH 9.5 (Figure 7c,d), unprotonatd? is still -
the favored one-electron product, wheret™ is the dominant 400 600 800 1000
form of the doubly reduced product (as judged by the appearance . Al nm -
ofthe 725 nm peak, see Figure 7). with scfe il apparent 70416, Seecteeiseocienion & 2o ety sesonele
as the 725 nm feature is not fully developed (see Figure 2b). 3ng'0'4 to—1.4 V for pH 4. Others details as in Figure 7.

Contrasting with the previous spectroelectrochemical profiles,
an interesting change in the absorption spectra of the singly appreciable concentration of HP is generated, a disproportion-
reduced product was observed at pH 7 (Figure 8a). S&mie ation to H,P and P (reaction 1). AnyP formed in the
initially formed, as indicated by the appearance of the 970 nm disproportionation reaction would be immediately re-reduced
band, but this peak quickly reaches a maximum at a value muchby the electrode, and thus th&P is the only stable product
less than that observed at higher pH (see Figure 7a,c). As theobtainable under these conditions. As the electrode is biased
band at 970 nm approaches its maximum value, a new broadmore negatively, we eventually see the rapid appearance of the
peak at 580 nm begins to appear which is consistent with the 580 nm peak associated with,P and the complete bleaching
appearance oH,P (also Figure 8a). The relatively rapid of the 325 nm peak associated wkh(Figure 8b).
appearance of this peak under potentials where only the singly As shown in Figure 8c, the spectroelectrochemistry it
reduced product is formed at higher pH (see Figure 7a,c) could pH 4 shows only the appearance of the doubly reduced product
be explained by protonation oP~ to HP and, once an H2P and no trace of the one-electron produetsor HP. The

Absorbance [ au
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Figure 9. Evolution of the visible spectrum of 16M P in deaerated
acetonitrile containing 0.25 M TEA during photoirradiation: (a)Dmin
and (b) 2-12 min.
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Figure 10. Evolution of the visible spectrum of 16M P in deaerated

20% water-acetonitrile: pH 12 (a), pH 10 (b), and pH 8 (c). Frames

numbered wit a 1 correspond to the initial irradiation period (approximately

3—6 min long) and frames whita 2 correspond to the appearance of a distinct

second photoproduct over the time period ranging from 3 to 15 min.
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clean isosbestic points at 345, 380, and 490 nm showRhat
undergoes a concerted two-proton, two-electron reduction at this
pH. Identical behavior is observed for the chemical reduction
of P to H,P with excess NaBllin 20% watefr-acetonitrile at

pH 4.

Photochemistry in Acetonitrile. Visible irradiation of P
results in the appearance of two photoproducts, as shown in
Figure 9a,b. Under these conditions, it is known that protons
are generated in solution via the thermal decomposition of the
coproduct, the TEA radical catidd,leading to uncertainty in
the protonation state of the two products. We note that the first
trace is for the spectrum & without added TEA and the second
trace with the added TEA already shows the formation of a

(22) Delaive, P. J.; Foreman, T. K.; Giannotti, C.; Whitten, DJGAM. Chem.
Soc.198Q 102 5627-5631.

small amount ofP~ even prior to irradiation. This represents
either a small but reversible thermal reaction or a charge-transfer
complex between the TEA aril Higher concentrations of TEA
can lead to a complete thermal reductionPoto P~ but no
further. We chose a concentration of 0.25 M TEA because here
only a small amount of thermal reactivity is observed and the
photochemical reaction still proceeds rapidly. Ofcels fully
formed, continued irradiation leads to the gradual disappearance
of the P~ peaks and the appearance of three new bands at 725,
655, and 608 nm (Figure 10b), which are characteristic of the
singly protonated, doubly reducétP—. A comparison of the
absorption data with those obtained by stoichiometric chemical
reduction and protonation corroborates these assignments.

Photochemistry in Mixed Water—Acetonitrile. The pho-
tochemical activity ofP is maintained when water is added to
the system. Specifically, we examined the photochemistfy of
in thoroughly degassed solutions of 20% watacetonitrile at
different pH values to mimic the spectroelectrochemical condi-
tions. In general, the spectra obtained photochemically, shown
in Figure 10, closely match those obtained by electroreduction
at similar pH; however, no photochemical activity was observed
at pH 7 or below. At each of the three pH’s examined, two
distinct photoproducts are observed sequentially and are clearly
assignable to one- and two-electron reduced products. At pH
12 and 10 (Figure 10al,a2,b1,b2), the first photoproduet is
At pH 8, we observe an additional band at 580 nm during the
first reduction which we attribute to formation bf,P, presum-
ably via the disproportionation of a small amount idP
generated from protonation & at this pH. However, once
all the P is consumed, we observe complete conversion of the
remainingP~ to H,P (Figure 10c2). The photochemical activity
is not always as well behaved as the spectroelectrochemical data,
as typified by the lack of clear isosbestic points in the data
collected at pH 12.

Discussion

We have identified seven distinct speciesRyfdepicted in
Figure 1, that are interlinked by electron transfer and/or
protonation/deprotonation processes. Of these, 8ftydoes
not play a role in the photochemistry Bf and onlyHP appears
to be unstable with respect to disproportionation. Fortunately,
all of these species show unique absorption spectra, which
provide a quick and reliable way to determine both the oxidation
and protonation states &fin solution. It is also the absorption
data, summarized in Table 1, which provide the common link
between the titration, spectroelectrochemical, and the photo-
chemical data.

In an attempt to understand the underlying electronic reasons
for the observed spectral changes, we examined the absorption
spectra in detail. As is common to these types of complexes,
the absorption spectra of the species in Figure 1 in acetonitrile
are dominated by very intense spin-allowed ligand-centered (LC)
transitions in the UV and visible region and by intense spin-
allowed metal-to-ligand charge-transfer (MLCT) transitions in
the visible. In particular, all the species show broad bands around
445 nm which are similar in energy and shape to the lowest-
energy absorption band of [Ru(phgjd) and can be assigned,
in part, to the spin-allowed Rufd — phen@*) MLCT
transition, which is responsible for the luminescent behavior of

J. AM. CHEM. SOC. = VOL. 126, NO. 37, 2004 11627



ARTICLES

Konduri et al.

[Ru(phen)]?".23-25These MLCT bands are constant throughout
all the spectra and are not bleached upon reduction. From its
structured shape and high molar extinction coefficient, it is clear
that the band at 445 nm fét also receives contributions from

a LC (w — «r*) transition involving the tatpp bridging ligand.
The 445 nm band i® has a molar absorptivity of 54 250 cth
M~ compared to the anticipated molar absorptivity at 450 nm
for two [Ru(phenj]?" MLCTs of 36 000 cm! ML As the
extinction coefficients for weakly coupled MLCTs are generally
additive26 we can assign the “extra” molar absorptivity of ca.
18 250 cmt! M1 to a tatpp LC transition. A second LC band
is observed at 325 nm and is assigned to a tatpp™* transition,

as this peak is absent in [Ru(phgAj. Chiorboli, Gourdon,
and co-workers have observed a similar overlap of low-energy
LC bands (a-n*, 7—x*) with the Ru-phen MLCT in related
TPPHZ and bpy-pyrene-bpy bridged diméfs3® Upon reduc-
tion, we observe the bleaching or movement of these LC

transitions and see new LC bands that are characteristic of the

reduced forms of the parent hydrocarbon, tetraazapentaeene.
We note that vibrational fine structure is seen as associated peak
or shoulders for the LC transitions in most of the complexes
and that the energy difference between the first and second
vibronic states is approximately constant at 1330 tifior P

(445 and 425 nm), 1320 crh for P~ (860 and 970 nm), and
1242 cnr? for P2~ (635 and 685 nm), as would be expected
for aromatic ring breathing modés:3° The slight decrease in
vibrational energy upon going frofito P~ to P2~ is consistent
with reduction of the tetraazapentacene unit.

A qualitative but fully self-consistent interpretation of these
data is obtained by expanding on the MO picture developed
previously forP.16 Figure 11 shows a MO energy level diagram
in which we adopt a localized view of the electron distribution
in which three tatpp-based orbitals, the HOMO (), LUMO
(710*), and LUMO+1 (11*), and one metal-based orbital, the
HOMO (dr), play significant roles in the visible absorption
spectra. As with related DPP¥7 and TPPHZ26538 type com-
plexes, we can attribute the various MOs as being largely
localized on specific portions of the tatpp ligand and being
“bipyridine-like” (;z1*) or “tetraazapentacene-like’(andmy*).

(23) Croshy, G. A.; Perkins, W. G.; Klassen, D. W.Chem. Phys1965 43,
1498-1503.

(24) Lytle, F. E.; Hercules, D. MJ. Am. Chem. Sod.969 91, 253-257.
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Figure 11. Qualitative molecular orbital energy diagram showing the
important optical transitions and orbitals involved for related redox and
protonation isomers dP.
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For P (Figure 11, far left), three of four possible transitions,
Pabeled LG, LCo, and MLCT;, would correspond to the peaks
at 325 nm and two overlapping sharp and broad transitions at
445 nm, respectively. The overlap of the $@nd MLCT;
transitions is apparent by the structured narrow peak)ba@d
the latter being the usual broad transition between 440 and 480
nm typically observed for Ruf@d — bipyridine¢r,*) type
transitions (MLCT). In this case, ther;* “bipyridine-like”
acceptor orbital on tatpp is strongly coupled to the Ri(d
orbitals and is the site initially populated upon MLCT.
Importantly, the possible MLCY transition, Ru(ad) —
tatpp@o*), is not observed, which is typical for this and related
DPPZ and TPPHZ complexes and is related to the poor
electronic coupling of thesd and zp* orbitals29:30.36-39

Upon reduction td®—, theso* orbital is singly populated and
a new transition, Lg becomes possible which we assign to a
pair of vibronic peaks at 860 and 970 nm. The energy of the
vo—o band 10 300 cnT?) in P~ is reasonably close to the
estimated energy difference between these two level® in
(LC;—LCp & 8300 cn1?), considering the expected increase
in AE betweens;* and zg* upon reduction. Addition of a
second electron to forA?~ would fill the 7zo* orbital and lead
to additional nuclear rearrangement to stabilize Ageat the
expense of ther;* orbital. This would result in a further blue
shift of the LG transition. There is a clear shift of the vibronic
pair associated with L&from 860, 970 nm irP~ to 635, 685
nm in P2~, consistent with this interpretation. The fact that the
first reduction leads to an apparent red shift of the 445 nm peak
to 970 nm and the second reduction results in a blue shift to
685 nm suggests they are not the same type of transition, as is
suggested in our model with lg&ssigned to the 445 nm A
and LG assigned to the transitions at 970 and 685 nr®in
andP?-, respectively. The bleaching of the 325 nm peak{L.C
in P~ andP?~ is likely due to a blue shift outside our spectral
window (<300 nm) and would be expected from the model in
Figure 11.

Assuming protonation further stabilizes the now fal*
orbital in P2~, we could expect thatP~ andH,P should show
a continued blue shift in the LQransitions. FoH,P, this is
clearly seen by the appearance of the broad band at 580 nm at

(39) Campagna, S.; Serroni, S.; Bodige, S.; MacDonnell, FIndrg. Chem.
1999 38, 692-701.
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the expense of the peaks at 635 and 685 nm. Upon protonationthe MLCT acceptor orbitalz£*) is not the ultimate site of

of P2~ to HP~, the vibronic pair at 630, 685 nm blue shifts to  electron storage is key to this behavior. Currently, we are unsure
608, 655 nm, which is smaller than that observed Wi, as if the loss of photochemical activity at pH 7.5 or below is due
expected, and a new low-energy transition at 725 nm is to deactivation of or loss of free TEA through formation of
observed. The origin of this last transition is less clear, but it is triethylammonium ion. The observation of clean two-electron,
clearly diagnostic of monoprotonation B¥~. While this model two-proton reductions at lower pH’s (by both chemical and
does not explain all the observed spectral changes, the gros®lectrochemical means) may signal a change in the reduction/
changes in the LC transitions seem adequately represented irprotonation mechanisms involved and also highlights the ability

this picture. of P to participate in concerted two-electron processes.
Spectroelectrochemistry and PhotochemistryComplexP While the multielectron photoreduction &f in acetonitrile
is photochemically active but it is not luminescéhThis result is intriguing and important, it is the retention of this multielec-

has been interpreted as efficient quenching of the (inherently tron photochemical activity in the presence of water that really
emissive PMLCT; excited state by triplettriplet energy transfer ~ shows promise from a practical standpoint. We observe two
to a3MLCT state involving population of the LUMQ1(*). 16 distinct photoproducts in watemacetonitrile (1:4, pH> 7.5)
Another way to view this process is as an intramolecular electron solution whose absorption spectra are virtually identical to those
transfer between a weakly coupled “bipyridine-like” unit and a generated by sequential electroreduction under similar solvent
central “tetraazapentacene-like” unit. This latter view emphasizes conditions. Furthermore, a comparison of the absorption spectra
the spatial separation of the electramole pair. As mentioned  with those obtained in acetonitrile clearly indentify the photo-
previously, theeMLCT state is poorly coupled with the Rurd products as one- and two-electron-reduced species. The photo-
orbital, which apparently leads to long-lived excited states and chemical activity in the presence of water is surprising because
ultimately to facile reduction of the transient Rucenter by protic solvents efficiently quench the luminescent activity of
the sacrificial reductant. While reductive quenching of a the closely related DPPZ and TPP¥Z80.38.39.41complexes of
photoexcited Ru-bpy type chromophore is not unusual for a Ru(ll). We are currently using time-resolved absorption spec-
single reduction, the ability to repeat this process and doubly troscopy to elucidate these unusual photophysical properties and
reduce the acceptor orbital is unprecedented. A similar situation will communicate these results separately.

with a different outcome is seen in the related dimer, Regardless of the detailed photophysic®pive observe that
[(bpy).Ru(bddpz)Ru(bpy]*" (where bdppz is the bridging bis- it is possible to couple protonation with photoreduction, a feature
DPPZ ligand, 1,%tdipyrido[3,2a:2',3-c]phenazine), in which that has been proposed as essential in most natural light-activated
all luminescent activity (as opposed to photochemical activity) energy-storing process&%s*3Most importantly, we can photo-

is lost upon reduction to [(bpyRu(bddpz )Ru(bpy}]®*.4° In chemically generatél,P at pH 8, which carries two protons
this case, the presumed mechanism of quenching is rapidand two electrons, or effectively one;holecule, within its
intramolecular reduction of the excited [Ru(lll)(bpy] fragment structure. We are currently exploring methods of dehydroge-
by the bridging bddpz radical anion. The observed reduction nating this complex in order to establish a catalytic cycle in
potential for theP~/2~ couple at—0.71 V suggests that the  which hydrogen is produced.

tatpp~ ligand will still be the preferred site of charge injection,
considering that reduction of the terminal phen ligands comes
at far more negative potentials (cal.9 V). Protonation of the
central tetraazapentacene nitrogens (formatiofiej would
relieve some of the Coulombic repulsion during the second
charge injection, but it does not appear to be an absolute
necessity, as the second photochemical reduction occurs readilyyA047931L
in 20% water-acetonitrile at pH 12 and yields main§?-.

Acknowledgment. This work was supported by the NSF
CHE-0101399 (F.M.M.), ACS-PRF, Type AC (F.M.M., K.R.),
Robert A. Welch Foundation (F.M.M.), and Sigma Xi-GIAR
fellowship (R.K.). We thank Professors Sebastiano Campagna
and Franco Scandola for useful comments and discussions.

(41) Bolger, J.; Gourdon, A.; Ishow, E.; Launay, J.2.Chem. Soc., Chem.

Clearly, the unusual electronic structure tatpp ligand in which Commun1995 1799-1800.
(42) Tommos, C.; Babcock, G. Acc. Chem. Red998 31, 18—-25.
(40) Staffilani, M.; Belser, P.; De Cola, L.; Hartl, Eur. J. Inorg. Chem2002 (43) Kirmaier, K.; Holten, D.The Photosynthetic Bacterial Reaction Center
2, 335-339. Structure and Dynami¢$lenum: New York, 1988.

J. AM. CHEM. SOC. = VOL. 126, NO. 37, 2004 11629



