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Abstract: The dinuclear ruthenium
complex [(phen),Ru(tatpp)Ru-

central tatpp ligand is the site of elec-
tron storage and protonation of the

tonation state of P could be followed
as a function of pH and potential.

(phen),]** (P; in which phen is 1,10-
phenanthroline and tatpp is 9,11,20,22-
tetraaza tetrapyrido[3,2-a:2'3'-c:3",2"-
1:2",3""]-pentacene) undergoes a pho-
todriven two-electron reduction in
aqueous solution, thus storing light
energy as chemical potential within its
structure. The mechanism of this reduc-
tion is strongly influenced by the pH,
in that basic conditions favor a sequen-
tial process involving two one-electron
reductions and neutral or slightly acidic
conditions favor a proton-coupled, bi-

central aza nitrogen atoms in the re-
duced products is observed as a func-
tion of the solution pH. The reduction
mechanism and characterization of the
rich array of products were determined
by using a combination of cyclic and
AC voltammetry along with UV-visible
reflectance spectroelectrochemistry ex-
periments. Both the reduction and pro-

Keywords: electron transfer - N li-
gands - photochemistry - reduction -
ruthenium

From these data, estimates of the vari-
ous reduced species’ pK, values were
obtained and the mechanism to form
the doubly reduced, doubly protonated
complex, [(phen),Ru(H,tatpp)Ru-
(phen),]*™ (H,P) at low pH (<7) could
be shown to be a two-proton, two-elec-
tron process. Importantly, H,P is also
formed in the photochemical reaction
with sacrificial reducing agents, albeit
at reduced yields relative to those at
higher pH.

electronic process. In this complex, the

Introduction

The ability to capture and store solar energy as easily usable
chemical energy is an increasingly important research prob-
lem as the human demand for energy continues to grow and
most existing sources are nonrenewable.['! Ruthenium—poly-
pyridyl complexes remain one of the most widely studied
chromophores for molecular light-to-chemical energy con-
version, because of their favorable photophysical properties
and chemical stability.’* Considerable progress has been
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made in the development of antenna-like structures that col-
lect light energy and funnel it to a single site,”! as well as
molecular diad and triad architectures® ' that direct charge
separation within the excited-state complex. Until recently,
nearly all such assemblies were limited to storing a single
photoexcited electron, the notable exception being a Ru-Ir-
Ru trimer reported by Brewer and co-workers in 1994.1°1 In
2002, we reported that the dinuclear Ru” complex P and a
closely related quinone analogue were capable of reversibly
storing two to four electrons, respectively, upon visible-light
irradiation in the presence of sacrificial reducing agents in
acetonitrile.'” The bridging ligands in these complexes have
been shown to play the role of electron acceptor for the
4+

i
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Electron Transfer

photoinduced charge-separation process and the role of the
multi-electron storage unit. Their ability to also accept pro-
tons suggested that these “electron reservoirs” may ulti-
mately be capable of driving proton-coupled, multi-electron-
transfer reactions of the type desired for facile H, produc-
tion or O, reduction, for example.

We identified all of the photochemically relevant redox
and protonation states of the tatpp bridging ligand in P and
showed that the photochemical activity was retained when
water was added to solution in acetonitrile (1:4 H,O/MeCN)
as long as basic conditions were maintained."® Significantly,
P was also shown to store up to four electrons on the bridg-
ing tatpp ligand by means of electrochemical reduction.

In this paper, we show that pure water can be used as the
solvent for multi-electron photochemical processes and, by
means of a combination of voltammetry and differential re-
flectance spectroelectrochemistry, we are able to probe the
mechanism of reduction and protonation of P as a function
of pH in the range 6 to 11. Clearly, water is the most desir-
able solvent to work with and is the ideal substrate for most
light-to-chemical energy conversion schemes with dihydro-
gen and dioxygen as the photochemical products.

Results

Ladder scheme: A ladder scheme for the reduction and pro-
tonation of P is shown in Scheme 1. This scheme contains
not only each individual chemical structure, but also its no-
tation (P, P~, P>, HP, HP ", and so on). The electron-trans-
fer processes are presented vertically, while protonation/de-
protonation processes are presented horizontally. While this
notation is useful, it is worth noting that P is a large metal
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complex (over 2nm long) carrying an overall +4 charge.
Moreover, many of the isomers can exist in multiple tauto-
meric forms; however, the tautomers shown in this scheme
are those chosen from a comparison with the tautomers es-
tablished for various redox isomers of tetraazapentacene.!"!

UV-visible absorption spectra for P and reduction products:
It is critical to have a clear understanding of the absorption
spectra of the species presented in Scheme 1 if we are to
successfully interpret the photochemical and spectroelectro-
chemical data. We have previously reported the absorption
spectra for many of the nonprotonated and protonated spe-
cies in MeCN!"! and can show that relatively minor shifts in
peaks position and intensity occur as water is added to the
mixture. Similarly, the absorption spectra of many of the
redox and protonation states of 5,7,12,14-tetraazapentacene
are known.">?! Figure 1 shows the spectra of [Ru(phen);**,
the Zn" complex of tatpp, and P in MeCN. The absorption
spectrum of P can be seen to simply be the sum of its com-
ponents with two [Ru(phen);]**-type chromophores over-
lapping with the ligand centered transitions observed for
“free” tatpp. In this case, the free “tatpp” spectrum is ac-
tually that of the Zn" complex, as it is necessary to add a
metal ion to solubilize the ligand. The Zn" complex is free
of any MLCT-type transitions and the observed LC transi-
tions are likely only to be slightly perturbed by the Zn" co-
ordination. The molar extinction coefficients for these two
components, [Ru(phen),]** and tatpp, at 445 nm in MeCN
are 19200™ and 17300M~' cm™, respectively. A summation
of the molar extinctions for these three components, two
[Ru(phen);]** and one tatpp, gives an &,s of 55700M ' cm™
that compares reasonably well with the observed extinction
coefficient for P of 65100M 'cm™" at 445 nm in MeCN,™!
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Scheme 1. Ladder diagram for the electronation and protonation processes for P in water at pH 11, 8.5, and 6.

Chem. Eur. J. 2005, 11, 4327 -4339 www.chemeurj.org

© 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim — 4329


www.chemeurj.org

CHEMISTRY:

F. MacDonnell et al.

A EUROPEAN JOURNAL

100 -

=== [Ru(phen)y]”™ (2x)
- m!pp
P

Extinction Coefficient x 10°/w'em™
1] -
= (=]

600 8OO 1000
wavelength /nm

Figure 1. UV-visible electronic spectra (MeCN) of [P][PF],, [Ru(phen)s]-
[PFs],, and tatpp ligand plus excess Zn(BF,), salt.

and the sharp bands with vibronic fine structure characteris-
tic of the free ligand are clearly visible. The fact that all
three chromophores are largely additive suggests relatively
weak electronic coupling. Cyclic voltammetry (CV) data for
P shows a single Ru**"*+ couple supporting the weak elec-
tronic coupling between metal centers, and the absorption
spectra (vide infra) suggest better but still modest electronic
coupling between metal chromophores and the tatpp LC
chromophore. One additional, more intense LC band at
335 nm is observed in the Zn"-tatpp complex as well as in P
and is clearly only slightly perturbed by the coordination of
the Ru" fragments to the tatpp ligand.

As seen in Figure 2 (top), significant changes in the LC
transitions at 335 and 445 nm are observed upon reduction
to P~, P>, and P* in MeCN. The first two were prepared
by chemical reduction and the last one was generated elec-
trochemically in situ (see below). All of the species, show
characteristic Ru—phen-type (dn—n*) MLCT’s at ~440 nm,

Absorbance [ au

400 600 800 1000
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Figure 2. UV-visible electronic spectra (MeCN) of P, P~, P*~, and P*"
(top) and HP~, H,P and HP,>~ (bottom).
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but each is uniquely defined by sharp LC transitions in the
visible region. The singly (P~) and doubly (P*") reduced
forms are characterized by new LC absorptions at longer
wavelengths (855 and 965 nm for P~ and 635 and 685 nm for
P>7), which show vibronic fine structure like the 445 nm ab-
sorption for P. The quadruply reduced complex (P*"), how-
ever, is largely featureless with only a weak broad absorp-
tion at 440 nm, showing that even the intensity of the Ru-
phen (dn—x*) MLCT has been lessened.

Absorption spectra for the protonated complexes HP™,
H,P, and H,P*>" are shown in Figure 2 (bottom). Stoichio-
metric protonation of P>~ gives HP~ and is characterized by
the appearance of a third band in the spectrum of P>~ at
715 nm and a slight blue shift of the other LC bands to 655
and 608 nm. The relative heights of these three components
were found to vary with the proton concentration, with the
715 nm band showing the strongest dependence on the
[H*]. Addition of another equivalent of H* yields H,P, in
which the LC transitions now appear as a broad peak at
580 nm. H,P can be further reduced by two electrons elec-
trochemically, presumably leading to H,P*", and is charac-
terized by the complete bleaching of the 580 nm LC band
and partial bleaching of the 445 nm MLCT band. Appropri-
ate wavelengths were selected from these spectra to follow
the evolution of the absorption spectra as a function of po-
tential in the differential reflectivity measurements in water.
We note that the complex is readily soluble in water when
prepared as a chloride salt, [(phen),Ru(tatpp)Ru(phen),]|Cl,.

Electrochemistry and spectroelectrochemistry of P in water:
In an effort to determine the redox and protonation behav-
ior of P in water, a combination of AC voltammetry and dif-
ferential reflectance spectroelectrochemistry were used. The
AC voltammetry data in MeCN and water (pH 11 and 6) is
shown in Figure 3. The top voltammogram (Figure 3a) was
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Figure 3. AC voltammograms for the electroreduction of P in acetonitrile
(a), and in water at pH 11 (b) and 6 (c). The concentration of P was 2.5 x
107°m (a), 3.5x107°m (b), and 2.1 x10°m (c).
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obtained in dry MeCN and the waves correspond to two
one-electron reductions (C;, Cy) and one two-electron re-
duction (Cy;) to generate P~, P>, and P*, respectively
(vide infra). These data correspond well with the CV and
differential pulse voltammetry (DPV) data obtained previ-
ously in MeCN.'"®! In aqueous solution, the AC voltammo-
grams show significant changes that are dependent on the
pH, as contained in Figure 3b for pH 11 and Figure 3c for
pH 6. The corresponding electroreduction processes are
seen to occur at more positive potentials and in a narrower
potential range, as may be expected for proton-coupled
redox processes in a protic solvent. At pH 11 (Figure 3b),
the first redox process shows three discernible features (C,
Cy, and Cj)) that occur between 0.12 and —0.59V, after
which the doubly reduced product is obtained. The last
redox process (labeled “Cy;”) is observed at —0.84 V and
corresponds to a further two-electron reduction, as demon-
strated by the spectroelectrochemical data.

At pH 6 (Figure 3¢c), only two redox processes (C; and
Cy) at —0.08 and —0.60 V versus Ag/AgCl, respectively, are
detected and both processes involve a two-electron reduc-
tion as determined from a Randles-Sevcik analysis of the
CV data for P (Figure 4). As seen in Figure 5, a plot of the
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Figure 4. Cyclic voltammograms for the reduction of 8.0x107°m P in
water at a 1.0 mm diameter gold disc electrode at scan rates of 10, 25, 50,
100, 150, 200, 300, and 400 mV's™'. Supporting electrolyte: 0.2m Na,B,0,/
0.15m H3;BO; adjusted to pH 6 with 0.1m H,SO,.

peak currents at C;, A}, and Ay for the CV data in Figure 4
versus the square root of the potential scan rate (v'?) shows
good linearity for the defined waves (C;, A}, Ay) and is diag-
nostic of the diffusion-controlled nature of the electroreduc-
tion processes.”! According to the Randles-Sevcik expres-
sion, the slope is proportional to the number of electrons ex-
changed in each process, assuming that both processes share
the same diffusion coefficient (5.5x107°cm?s™"). All three
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Figure 5. Randles-Sevick plots of peak current versus square root of po-
tential scan rate for the data in Figure 4. The plot for Cy; is not shown for
reasons indicated in the text.

waves analyzed (C;, A;, and Ay) yield slopes corresponding
to two-electron processes. As the cathodic portion of the
second wave is poorly defined, it was not included in the
analysis.

Figure 6 contains difference reflectance data between 350
and 800 nm at pH 11. The difference spectra obtained on
changing the electrode potential from 0.2V to —-0.7V
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Figure 6. Modulated (difference) reflectance spectra for 2.5x10°m P at
pH 11 on a mirror-polished gold electrode (area=0.24 cm?). Spectra
were obtained by applying a square potential waveform at 11 Hz using
two distinct potential regions: 0.2 V/—0.7 V (a), and —0.7 V/-1.0 V (b).
The incidence angle of the light was 60°. Supporting electrolyte: 0.2m
Na,B,0,/0.15m H;BO; adjusted at pH 11 with 0.1 NaOH. The inset (c)
contains a AA spectrum processed from data in Figure 11 showing the
difference between the final photoproduct (HP~) and the initial P spec-
trum.
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(curve a) and from —0.7 V/=1.0V (curveb) are shown.
Curve a encompasses the C;, Cy;, and C;; redox process seen
in Figure 3b and curve b encompasses the Cy; redox process.
The AR/R spectrum contains positive and negative contribu-
tions showing the intensity changes from the initial spectrum
of P. The negative band at about 455 nm is the partial
bleaching of the intense P absorbance, while the positive
bands at approximately 650 and 710 nm are related to new
species formed at potentials down to —0.7 V. The inset in
Figure 6 (curve c) was obtained by subtracting the spectrum
of P from the spectrum of HP™ in Figure 2. The similarity of
the two profiles, a and c¢ in Figure 6, suggests the same
chemical species. Clearly the first set of overlapping reduc-
tion processes (C;, Cy, and Cj)) yield the two-electron re-
duced product, predominantly as HP~, with a smaller frac-
tion of P>~ also produced. In the second potential window
(—0.7 to —1.0 V; curve b, Figure 6), the reflectance spectrum
indicates bleaching of the bands at 655 and 715 nm and only
a partial restoration of the 460 nm feature. This last reduc-
tion product shows the same spectral features, or more accu-
rately, lack of spectral features as observed for P*~ generat-
ed in MeCN (Figure 2, top) and can reasonably be assigned
as an additional two-electron reduction of HP™ in which the
protonation state is not defined. This second, two-electron
redox process is not observed photochemically, showing the
photoreduction stops at the 2e™ stage (vide infra).

To probe the energetics of the conversion of P to its re-
duced products, differential reflectance spectroelectrochem-
istry (DRS) was used to follow the absorbance at selected
wavelengths as a function of potential. Figure 7 contains
data for P at pH11 and at two wavelengths, 855 and
685 nm. These two wavelengths are unique for P~ (absorb-
ing at 855 nm) and HP~ and P>~ (both absorbing at 685 nm,
c.f., Figure 2). For the sake of clarity, the potential axis is
now presented unfolded instead of pleated as is normally
done in cyclic voltammetry. The scan starts at +0.15 V (rest

30 a)855nm

b) 685 nm

—_
w
L)

)
s f
:'? 0.0 /\'r \ -
2 b) |

sk

Y T

02 06 -1.0 14 10 06 -02
Potential / V vs Ag/AgCI

Figure 7. In-phase differential reflectance versus potential curves for 3.5 x

10~m P at pH 11 during a cyclic linear potential scan at 2mVs™' on a

potential) to —1.4 V and then back to +0.15 V. The polarity
of the ordinate scale in Figure 7 is such that the appearance
and disappearance of electrochemically generated products
are represented by positive and negative 1/R OR/SE compo-
nents, respectively, irregardless of the direction of the scan
(positive- or negative-going).

As can be seen in Figure 7, the first species to appear is
P~ (characterized by the absorption at 855 nm) and reaches
a maximum rate of appearance at —0.25 V after which the
rate slows considerably. Although the differential reflec-
tance absorbance at 685 nm (curve “b”) is observed to grow
in slowly even while the 855 nm peak grows, its appearance
is accelerated once the 855 nm absorbance begins to dimin-
ish and reaches a maximum absorbance at —0.48 V after
which it begins to diminish. As the potential scan passes
through the Cj; redox process (Figure 3b), only a slight
bleaching of the 685 nm absorbance is observed at approxi-
mately —0.8 V. Upon reaching the negative potential limit
(—1.4 V) the scan is reversed and similar behavior is seen
during the subsequent positive-going scan for both mono-
chromatic curves, albeit with a higher absorbance (right
frame of Figure 7) possibly indicating some adsorption/de-
sorption process at the most negative potentials. The optical
signals have the same sign during the negative- and positive-
going scan, because the differential reflectance signal does
not depend on the direction of the slow potential scan, but
only on the 0E perturbation.

At pH 8.5, the DRS data were acquired at 855 (P7), 715
(HP™), and 580 nm (H,P) as the speciation becomes more
complex (see Figure 8). Additionally, the AC voltammogram
is shown in Figure 8 (black dotted line) to indicate the cor-
respondence between the optical and the electrical signals.
Curve b, formation of HP™, is tracked now at 715 nm in
order to be outside of any spectral tail from the band at
580 nm. The data show that P~ (curve a) is the first species
to be formed, even though a clearly separated voltammetric
wave is not observed. However, as the absorbance at
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Figure 8. As in Figure 7 for 2.3x107 M P at pH 8.5, but three wavelengths
were used: a) 855, b) 715, and c) 580 nm. Additionally, an AC voltammo-
gram is shown superimposed to underline the correspondence between the
optical and electrical signals.

polycrystalline gold disk electrode. Two wavelengths were used to moni-
tor the singly and doubly reduced products from P: a) 855 and b)
685 nm. The switch potential, —1.35 V, was used to separate the plot in
two halves.
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855 nm reaches a maximum, we observe a strong increase in
the 580 nm absorbance as well as in the 715 nm absorbance.
HP~ actually starts appearing at potentials slightly more
positive than H,P and yet its maximum (rate of change of
the OR/OE at 715 nm) does not occur until slightly after the
absorbance change at 580 nm (H,P) has maximized. It is
also interesting to observe that the appearance of the
doubly reduced product, H,P as measured by the 580 nm
trace, is essentially complete by the time the minor voltam-
metric peak Cj; is reached. We suspect that this minor peak
(Cy) is also associated with formation of HP~ (vide infra).
At approximately —0.70 V, both the absorbances at 580 and
715 nm are bleached to some extent, corresponding well
with the voltammetric wave Cy; and the further reduction of
the tatpp chromophore. No further changes are observed up
to the negative potential limit (—1.4 V) and again the
anodic scan is essentially a mirror image of the reduction
except that slightly larger absorbance changes are observed.
To eliminate the remote possibility that small contributions
from the reflectance of the Au surface itself are interfering
with the trends discussed above, the spectral measurements
were repeated with a Pt working electrode, with identical re-
sults (the electroreflectance effect of Pt is known to be neg-
ligible).

Finally the differential reflectance spectra at 855 and
580 nm were obtained at pH 6.0 (Figure 9). At this pH only
two species are observed, P~ and H,P, with the former only
appearing in minor amounts relative to that observed at
pH 8.5 and 11. Furthermore the appearance of both P~ and
H,P occurs nearly simultaneously, both of which are encom-
passed in a single voltammetric wave (C; in Figure 3c). As
the potential for the C;; process (Figure 3¢c) is reached the
differential reflectance signal at 580 nm is almost completely
bleached signaling further electroreduction of H,P to the
quadruply reduced species. The anodic scan (right frame of
Figure 9) again shows the process is completely reversible.

The differential reflectance curves in Figure 8 were inte-
grated and then normalized by the absorption coefficients of
the corresponding species to yield the corresponding interfa-
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Figure 9. As in Figure 7 but for 2.1x10°m P at pH 6. Wavelengths are a)
855 and b) 580 nm. The voltammetric processes are labeled as C;, Cy; in
the left frame and as Ay and A in the right frame, following the notation
in Figure 3.
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cial concentration, c;,, as a function of potential; Figure 10
contains the results. The first process at pH 8.5 is the forma-
tion of P~ (curve a); P~ then disappears to form HP~
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Figure 10. Interfacial concentration versus potential for P~, H,P, and
HP~ at pH 8.5. The inset shows the fate of P~ and P?~ in acetonitrile in
similar conditions.

(curve b) and H,P (curve c). The disappearance of P~ in a
restrained potential domain just after its appearance is re-
sponsible for the bipolar behavior for all the pHs studied.
H,P is formed in a broader potential domain than P, but
then recedes at potentials corresponding to the Cj; wave
(Figure 8). HP is also formed, albeit at lower amounts than
H,P, and is seen to then decrease in the second potential
region (—0.87/—1.4 V). The subsequent bleaching of the H,P
and HP~ bands is presumably related to the formation of
the quadruply reduced H,P*~ and/or HP*~ species. It is in-
teresting to make a comparison with the electroreduction
processes in acetonitrile (Figure 10, insert). Observe that the
formation of P~ and its conversion to P>~ occurs in a more
extended potential domain than in aqueous media, showing
the reduction processes are facilitated in water, because of
protonation. Furthermore, the bleaching of the peaks associ-
ated with the doubly reduced P is also observed in MeCN
when the Cy; (Figure 3a) voltammetric process is reached,
corresponding to formation of P*~ (see corresponding spec-
trum in Figure 2, top).

Photochemistry of P in water: By using triethanolamine
(TEOA) as a sacrificial reducing agent, we can examine the
photochemistry of P in water at a variety of pH values in-
cluding mildly acidic solutions, as the pK;, of 6.2 and
TEOAP" is high enough that an appreciable amount of the
free amine is present even at pH 6. Complex P is photo-
chemically active in water. Figure 11 shows the evolution of
the absorption spectrum of P (16 um) in an aqueous buf-
fered solution containing TEOA (0.10M) as it is irradiated
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Figure 11. Evolution of the electronic spectrum of 15 pm P in water with
added 0.25M of TEOA during photolysisat four different pH values:
pH 11 (a;, a,), pH 8.5 (b}, b,), pH 7.0 (c), and pH 6.0 (d).

with visible light (A>330 nm) at four different pH values:
pH 11 (a;, a,), pH 8.5 (b,b,), pH 7.0 (c), and pH 6.0 (d). At
pH 11, we observe a small amount of P~ is formed prior to
irradiation (see Figure 11a,), with the black line indicating
the solution spectra before addition of TEOA and the blue
line immediately after. Irradiation, however, is required to
complete the reduction and subsequently the long wave-
lengths peaks at 855 and 965 nm begin to diminish as peaks
at 715 and 655 nm with a shoulder at 608 nm grow in (see
Figure 11a,). The second photoproduct can be assigned as a
mixture of singly protonated, doubly reduced HP~ and the
nonprotonated P?~ (c.f., Scheme 1).

At pH 8.5, no thermal reaction with TEOA is observed.
Upon irradiation, the two long-wavelength peaks (855 and
965 nm) associated with P~ are observed to grow in with an
additional broad feature appearing simultaneously at
580 nm. Eventually the long-wavelength peaks reach
maxima and begin to diminish with a corresponding increase
in the peak intensity at 580 nm, indicating conversion to
H,P. The presence of a smaller shoulder at 715 nm shows
that a small portion of HP™ is also formed in this photoreac-
tion.

At pH7.0, a very different picture is observed. Only a
minor amount of P~ is ever formed and the broad absorp-
tion at 580 nm begins to appear immediately, indicative of
H,P. Oddly, this peak never grows in to the same extent as
that seen at pH 8.5. Moreover, the bleaching of the P ab-
sorptions at 370 and 444 nm is incomplete. This is even
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more apparent for the spectra obtained at pH 6.0. As seen
in Figure 11d, no trace of P~ is ever observed and again the
broad peak that appears at 580 nm never grows in to the
same extent as at higher pH. There are several possibilities
as to why H,P does not fully form at lower pH including: 1)
pH-induced aggregation which alters the photophysical be-
havior, 2) protonation events that deactivate the photoexcit-
ed state of the complex in a non-productive manner, and/or
3) the Ru chromophores and the TEOA reducing agent are
unable to deliver two electrons simultaneously. Aggregation
of these™! and related types of complexes®? is well es-
tablished and has been observed to alter some physical
properties. We have yet to systematically determine the ef-
fects of aggregation and electron stoichiometry but note
that these effects may be addressable by synthetic modifica-
tion of the structure (e.g., covalently tethering donor units
to the Ru chromophores; overall charge modification).
While further study is required here, it is clear that some
H,P can be produced under these conditions, demonstrating
a bielectronic reduction and disprotonation of P without an
observable monoreduced intermediate. We note that all of
the photoproducts are cleanly reoxidized to the starting
complex, P, upon exposure of the solutions to air.

Discussion

From both the current data and by comparison with the re-
lated Ru" complexes of dipyridophenazine (dppz)®'~" and
tetrapyridophenazine (tpphz),”**>**4 it is clear that com-
plex P can be viewed as three weakly coupled molecular
components; the two independent “Ru"-trisbipyridine”
chromophores and a central tetraazapenacene acceptor unit
to form a chromophore-acceptor-chromophore triad. The
additive nature of the absorption spectra for all three com-
ponents, observed in Figure 1, reflects this nature. The abili-
ty of the tetraazapentacene ligand to accept multiple elec-
trons stems from three properties:

1) The terminal acceptor orbital is poorly coupled to the
Ru(dm) orbitals, and this ultimate site of electron storage
is not the acceptor orbital initially populated upon pho-
toexcitation.

2) Multiple reduction states are accessible at potentials
more positive than the terminal phen ligands (e.g., com-
pare with Ru" complexes of dppz” and tpphz®").

3) The central aza nitrogen atoms are easily accessible pro-
tonation sites.

By viewing the complex as an assembly of three molecu-
lar components we can interpret most of the observed spec-
tral changes to reduction/protonation reactions of the tetra-
azapentacene unit.

Assignment of absorption spectra: Given the above descrip-
tion of the complex P, we can interpret the absorption spec-
tra of the species shown in Scheme 1 by expanding on the
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molecular orbital (MO) energy level diagram previously de-
scribed, as shown Figure 12.'®) In this picture, all the absorp-
tions in the visible portion of the spectra are either tetraaza-
pentacene ligand-centered transitions (x—n*) or MLCT
transitions of the type Ru(dm)—“bipyridine”(n*). Three
tatpp-based orbitals, the HOMO-1 (x), LUMO (=), and
LUMO+1 (J'L;I< ), and one metal-centered orbital, the
HOMO (dm), are required to develop a plausible MO dia-
gram.

..... b

m" (tatpp) —
LUMO+1 A
2
. (tatpp) \ i
LUMO | +
LC,
LGy LG4
LG,y LCq MLCT, —

e
dn (Ru) --4-____.“—1-+-_ - [
o —

3 P p2-

Figure 12. Partial molecular orbital energy diagram for P, P, P>~, and P*".

The nt" orbital of tatpp is much like the LUMO of a typi-
cal bipyridine or phenanthroline ligand (at both ends of the
bridge) and is the orbital initially populated upon photoexci-
tation in the MLCT band, thus the broad absorption be-
tween 440 and 480 nm can be assigned, in part, to the
Ru(dm)—tatpp(t]') transitions or MLCT,."®! The sharper
transitions at 325 and 445nm are also observed in the
“free” tatpp spectrum (actually the Zn"-tatpp complex in
Figure 1) and are assigned as m-n; (LC;) and m-m; (LC,)
transitions, respectively. Two similarly structured LC transi-
tions are observed in the neutral and reduced forms of
dppz®! and tetraazapentacene.” We note that the =, ac-
ceptor orbital is mainly centered on the tetraazapentacene
portion of the triad and, as the overall LUMO, is the ulti-
mate site of electron storage. The smaller, but not negligible,
shoulder observed at 560 nm for P (see Figure 2, top) may
represent the Ru(dm)—(m)) MLCT, transition. This transi-
tion is not typically observed in Ru" complexes of the relat-
ed dppz or tpphz ligands,” and is clearly not as favorable
as the Ru(dm)—(m]) MLCT, transition for P. The exact
nature of this absorption is still under investigation.

Upon reduction of P to P, the m" orbital is singly popu-
lated and a new low-energy LC transition becomes possible;

Chem. Eur. J. 2005, 11, 4327 -4339 www.chemeurj.org

© 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

FULL PAPER

this is labeled LC,. The peaks at 855 and 965 nm represent
this transition in which the splitting is due to vibronic fine
structure. Further reduction to P*>~ now fills the m; orbital
and results in additional nuclear rearrangements that stabi-
lize the m) orbital at the expense of the m; orbital. This re-
sults in a blue shift for the LC, transition, which is now ob-
served at 635 and 685 nm as a vibronically split pair. We ob-
serve that further reduction to P* in this model would fill
the mt;" orbital and bleach all the LC transitions; this is what
is observed experimentally.

The effect of a single proton-
ation of P?>~ on this energy dia-
gram would likely lead to fur-
ther splitting of the energy
levels associated with the pyra-
zine functions, consistent with
LCa the appearance of a new band
at 715 nm appearing for HP".
The second protonation to form
H,P partially restores the ligand
symmetry and the spectrum col-
lapses and blue shifts to a single
broad peak at 580 nm. More de-
MLCT tailed calculations are required

: to fully explain all the spectral

I,
changes observed upon proton-
ation, but it is clear that most of
the species in Scheme 1 have
unique bands in their absorp-
tion spectrum through which
P their presence can be followed

spectroscopically.

The pK, values for P~, P>~, and

HP : An estimate of the pK,
values of several important solution species indicated in re-
actions given in Equations (1)—(3) was obtained by analysis
of the spectroelectrochemical data as discussed below.

HP=H'+P pK,~38 (1)
H,P = H' + HP~ pK, ~9 2)
HP = H'+ P> pK, ~ 10 3)

First, we observe that the parent complex P shows no ap-
preciable change in its visible spectrum in water even at
pH 0 and can infer that the tetraaza nitrogen atoms of tatpp
are very weakly basic (or conversely the pK, of HP' <0).
At pH 11, the electroreduction of P to P~ is clean and only
after complete formation of P~ are the subsequent products
P>~ and HP™ produced. The fact that both HP~ and P>~ are
present at this pH suggests we are close to the pK,, value
for the reaction in Equation (3) and as the predominant
product is P>~ would suggest a lower value. We estimate a
value of 10. At pH 8.5 (see Figure 8), it is clear that the pre-
dominant pathway for reduction is still through one-electron
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steps, with P~ being the key intermediate. However, a small
but detectable amount of H,P is generated even at poten-
tials positive of —0.25V, at which formation of P~ domi-
nates. In this range, we believe the H,P formed is not a
product of electrode reduction, but instead the result of pro-
tonation of P~ to form HP. This species, HP, is unstable with
respect to disproportionation, as shown in the reaction given
in Equation (4)."

2HP — H,P + P (4)

From these data, we can deduce that a small portion of
P~ is protonated at this pH and then disproportionates,
therefore the pK, for the associated reaction 1 is close to,
but less than, 8.5. Thus we estimate a pK, of ~8 for HP. In-
terestingly, it had been shown that the doubly reduced form
of [Ru(bpy),(dppz)]** is generated in aqueous solution by
means of a disproportionation reaction of the monoionic
complex.[*]

Finally, we observe that both HP~ and H,P are present in
approximately a 30:70 ratio at pH 8.5 (Figure 8) showing we
are close to, but below, the pK,,; for H,P, and therefore we
estimate a pK,, of ~9 for H,P. Finally, at pH 6 the only sig-
nificant product is H,P, showing that we are well below the
pK, values for reactions (1)-(3).

Single and multi-electron proton-coupled electron transfer
(ET): It is clear from the AC voltammetry and DRS data
that the mechanism of first two reductions on the coordinat-
ed tatpp bridge in P is strongly affected by the solution pH
with high pH (>11) favoring sequential one-electron reduc-
tions to P~ [Eq. (5)] and then P>~ [Eq. (6)] or HP~ [Eq. (7)]
and neutral or acidic conditions (pH <7) favoring a proton-
coupled bielectronic process [Eq. (8)].[44/

Pt+e =P 9)
P +e =P (6)
P +e +H"=HP" (7)
P+2e +2H" =H,P (8)

For example, the potentials for reactions in Equations (5)
and (6) in MeCN are observed at —0.20 and —0.75V, re-
spectively, whereas the potentials for these same two reac-
tions are shifted to —0.15 and —0.50 V at pH 11. This re-
versibility in both MeCN and protic environments is not
characteristic of the related dppz-type complexes.”**! The
availability of protons leads to a new couple at the inter-
mediate potential of —0.30 V, which is seen to dominate the
AC voltammogram at pH 11 (Figure 3b) and can be as-
signed to the proton-coupled ET reaction in Equation (7).

It is evident that as the pH is lowered further, all the re-
duction potentials are all shifted to more positive values and
the overall potential window narrows as the voltammetric
peaks begin to merge. At pH 8.5, the merging of the first
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two cathodic processes is nearly complete as only one major
cathodic wave (C,) is observed on the AC voltammogram
(Figure 8) though curiously, P~, HP~, and H,P are all dis-
tinctly observed spectrally (DRS) in the same potential
window (—0.1 to —0.3 V). Stepwise reduction still predomi-
nates here, because of the clear observation of the monore-
duced product in the DRS. Less noticeable, but equally im-
portant, is the broad wave in the AC voltammogram for C,,
which indicates at least two closely associated waves instead
of one. Furthermore, as seen in Figure 10, the plot of species
concentration versus potential clearly shows that most of
the doubly reduced products are derived from the sequential
reduction of P to P~ and then reduction and protonation of
P~ [Eq. (9)]. The appearance of some H,P at potentials
above —0.25 V (see Figure 10) is likely due to the formation
of a small amount of HP at this pH and disproportionation

[Eq. (4)].
P t+e +2H =H,P 9)

We note that the formation of HP~ [Eq. (7)] slightly lags

that of H,P, as may be expected for a sequential process in
which a more negative potential would be required to gener-
ate HP~ than H,P. The minor cathodic wave Cj; in Figure 8
is likely to be associated with this process [Eq.(7)] and,
while not quantitative, corresponds well with HP~ being the
minor doubly reduced product (~30% compared to 70 %
H,P). Additionally, some HP~ may be the product of H,P
losing a proton in solution. At pH 6, the first two reductions
are no longer distinct, but instead, have merged to form a
single two-proton, two-electron wave at —0.05 V (see Fig-
ure 3c), ultimately corresponding to the reaction given in
Equation (8).
Quadruply reduced products (P*~ and protonated ana-
logues): The formation of the quadruply reduced products
from the doubly reduced products of P was observed in
aprotic media as well as aqueous solution and, not surpris-
ingly, the reduction becomes much easier to accomplish as
protons are introduced and the proton concentration in-
creased. We have not been able to unambiguously assign the
protonation state of this product, except when formed in dry
MeCN, and therefore will not attempt to assign it here. We
use H,P** as the generic representation of this family of
compounds, with the understanding that the aqueous species
are most certainly protonated to some degree. Unlike the
earlier reductive processes, the formation of HP** is
always observed as a bielectronic process regardless of the
solution pH or even the presence of protons [Eq. (10)].

P +2e +xH = HP** (x =0—4) (10)

Upon going from aprotic media to pH 6 aqueous solution,
the redox potential for Equation (10) shifts from —1.35 to
—0.60 V. The presence of two bielectronic redox couples on
the tatpp ligand leads to a similar type of ligand-based
mixed valency recently as that reported by Bachmann and
Nocera for zinc-porphyrinogen complexes,* except here
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we see protonation is integral to the bielectronic nature of
the first couple.

As with the formation of P*~ in MeCN, we always observe
bleaching of the tatpp LC transitions in the spectra obtained
for the quadruply reduced species at any pH, as was antici-
pated from the MO description of P presented in Figure 12.
The amount of bleaching can appear small in some of the
differential reflectance spectra, but note that this is decep-
tive and, as shown in Figure 10, the same data viewed in a
normalized fashion with respect to concentration shows the
bleaching is extensive. In no case, were any of the quadruply
reduced products observed under photochemical conditions.

Energetics of the photoreaction: It is interesting to compare
the energetics in this system with some earlier [Ru(bpy),]**
systems that use methylviologen (MV?") as an oxidative
quencher and electron relay and TEOA as the electron
donor." The irreversible oxidation of TEOA prevents
the nonproductive back-reaction and thus the net photo-
chemical reaction in a solution of TEOA, [Ru(bpy);]** and
MV?* can be reduced to Equation (11).

TEOA + MV?+ RUOpEL I TEQ AT 1 MV (11)

In our system, the tatpp bridge replaces the MV?** and
thus acts as an internal acceptor capable of storing two elec-
trons (and protons) giving the net photoreaction 12 at pH 7

[Eq. (12)].
2TEOA + PZ%2TEOA™ + H,P (12)

While the AE is greater for the reaction in Equation (11)
than that in Equation (12) (—1.58 vs —0.95 V, respectively),
the fact that two equivalents of electrons are stored in H,P
means that +183 kImol™' of light energy was harnessed to
drive the endothermic reaction compared to +152 kJmol™!
for MV™*. Of course these numbers do not reflect the bipho-
tonic requirements of Equation (12) and by this criterion
less light energy was harvested. However, the key difference
here is not the efficiency of energy harvesting but the fact
that in H,P both electrons are stored in a single site (or mo-
lecular orbital) and are thus capable of participating in con-
certed multi-electron reactions with certain substrates. Fur-
thermore, protons are intimately involved in the reaction
mechanism and are carried along with the reducing equiva-
lents allowing access to additional proton-coupled electron-
transfer reactions possibly not accessible with reductants,
such as MV'*,

Conclusion

In summary, the electroreduction of P in aqueous media is
much more complex than its counterpart previously studied
in acetonitrile™® and proton-coupled electron transfer clear-
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chemically matches that observed photochemically with sim-
ilar product distributions at similar pH’s and thus we were
able to interrogate the reaction mechanism of the photo-
chemical reduction. The bold purple, green and red arrows
in Scheme 1 summarize the reaction paths observed for P at
pH 11, 8.5 and 6, respectively. For pH 11 and 8.5 distinct se-
quential one-electron and proton-coupled, one-reduction
processes are observed, but begin to merge at pH <7, such
that only a coupled two-electron, two-proton process is
seen. At all pH’s the doubly reduced product undergoes an-
other bielectronic reduction electrochemically but not pho-
tochemically. Importantly, it is possible to photochemically
produce the doubly reduced, doubly protonated H,P at neu-
tral or mildly acidic pH and thus store energy in a product
capable of driving proton-coupled, multi-electron-transfer
reactions. The clean reoxidation of H,P to P by oxidants
such as O,, is evidence that this complex could be used in a
photocatalytic manner to drive such reactions.

Experimental Section

Chemicals: The synthesis and purification of P as the chloride salt are de-
scribed elsewhere.”” Other chemicals were of the highest purity commer-
cially available and were used as received.

Photochemical reduction: All solutions were sealed in a quartz cuvette
with a rubber septum and degassed for 10 min with nitrogen or argon gas
prior to irradiation. 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 photon flux was 1.125x 10° lux as measured by a Lutron
LX101 meter. The progress of the photochemical reaction was monitored
by recording the absorption spectra after periodic removal of the cuvette
from the water bath. Triethanolamine (TEOA) was used as the sacrificial
electron donor.

Electrochemistry and spectroelectrochemistry: The cells for voltammetry
and spectroelectrochemistry experiments have been described else-
where.”!! Gold and platinum discs polished to a mirror finish were used
as working electrodes. A Pt coil used as counterelectrode was placed in a
separate cell compartment with a fritted end. The reference electrode
was Ag|AgCl, satd. KCl and was used with a Luggin capillary to mini-
mize uncompensated Ohmic resistance in the cell. Dioxygen was exhaus-
tively removed from the working electrode compartment by bubbling pu-
rified nitrogen for at least 40 min prior to each experiment.

Reflectance spectroelectrochemistry was performed in two modes: differ-
ence and differential. In the difference mode, the reflectance (R) data
were acquired during square-wave modulation with the potential limits
of the square-function chosen to encompass each redox wave being
probed.”? The data are presented in AR/R versus wavelength format.
Differential reflectance—potential profiles are very useful for the detec-
tion of active electrochemical species as a function of potential.*>*
Monochromatic light (again with the wavelength carefully chosen to be
characteristic of the species being probed) was reflected off the working
electrode surface and the change of the beam intensity in response to an
AC potential modulation was monitored, after demodulation, as a func-
tion of the DC electrode potential. The magnitude of the signal depen-
ded on the capability of the particular species to follow the potential
modulation that was superimposed on the slow DC potential scan. The
optical signal generated by the AC modulation can be represented by
Equation (13),"¥ in which E is the electrode potential and A is the opti-
cal absorbance.

ly plays an important role in the reduction mechanism for 16R 1 0A dcy 10RAq

: _ ROE~ Roc, | OF T RoqoE e (43
aqueous solution. The speciation observed spectroelectro- Cint q
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The first term in Equation (13) accounts for the potential modulation of
the interfacial species at the electrode. It consists of the modulation of
the interfacial concentration (dc;,) of the various species instigated by
the OF potential perturbation. This in turn provokes a corresponding
change in A through Fresnel’s law. In this first term, the gold working
electrode is only participating as a reflecting mirror. The second term ac-
counts for the gold electroreflectance, that is, changes in the optical prop-
erties of the gold due to changes of its free-electron concentration.*>

AC voltammetry®” can be considered as the electrical counterpart to the
differential reflectance spectroelectrochemistry experiment described
above. In this case, the Faradaic current in response to a small-amplitude
potential perturbation was monitored as a function of the scanned (DC)
potential. Both types of measurements were performed at 11 Hz with
either 5mV,, or 50 mV,, sine waves superimposed on a slow (1 mVs™)
potential scan. For the spectroelectrochemical measurements, the radia-
tion reflected from the electrode surface was focused on a photomultipli-
er operating at constant current mode by a feedback system and a power
supply. The resulting optical AC response (in phase component) was de-
modulated with a lock-in amplifier and processed as in-phase signal.l*’!

The electrolyte pH was maintained at 6, 8.5, and 11 with Na,B,0,/H;BO;
borate buffer. All experiments pertain to the laboratory ambient temper-
ature (25+2°C).

Instrumentation: Cyclic voltammetry and AC voltammetry experiments
were performed by using a PC-controlled potentiostat (CH Instruments,
Electrochemical Analyzer). Differential reflectivity/potential (1/R OR/
OF) measurements used a S20 photomultiplier operated at constant cur-
rent mode by a feedback controlled system on a Kepco operational
power supply (Model OPS 2000B). A lock-in amplifier (PAR Model
5210) was used to demodulate the optical AC response.*
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