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Photoinduced Electron Transfer in Platinum(ll) Terpyridyl Acetylide Chromophores:
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A series of luminescent platinum(ll) terpyridyl acetylide complexes, ([Pt(tpsp0®h)]CIQ, (1) and [Pt-
(ttpy)(C=C-p-CeH4R)]CIO,, where tpy= terpyridine, ttpy= 4'-p-tolylterpyridine, R= H, ClI, Me) 2—4)

were studied with regard to excited-state quenching by dialkylated bipyridinium cations as electron acceptors
and triethanolamine (TEOA) as an electron donor and the photogeneration of hydrogen from systems containing
the chromophore, the dialkylated bipyridinium cations, TEOA, and colloidal Pt as a catalyst. The dialkylated
bipyridinium cations include methyl viologen (MV) and a series of diquats prepared from'-hpyridine

or 4,4-dimethyl-2,2-bipyridine. The quenching rates for the diquats for one of the chromoph2yesd

close to the diffusion-controlled limit. The most effective electron acceptor and relay for hydrogen evolution
has been found to be 4;dimethyl-1,1-trimethylene-2,2bipyridinium (DQ4) which on photoreduction by

the chromohore provides the strongest reducing agent of the diquats studied. The rate of hydrogen evolution
depends in a complex way on the concentration of the bipyridinium electron relay, increasing with concentration
at low concentrations and then decreasing at high concentrations. The ratphaftbigeneration also increases

with TEOA concentration at low values and eventually reaches a plateau. The most effective system examined
to date consists of the chromoph@€2.2 x 1075 M), DQ4 (3.1 x 104 M), TEOA (2.7 x 1072 M), and Pt

colloid (6.0 x 1075 M), and has produced 800 turnovers of (67% yield based on TEOA as sacrificial
electron donor) after 20 h of photolysis with> 410 nm.

Introduction SCHEME 1
Artificial photosynthesis and the conversion of sunlight into '}‘LC' A H,0
stored chemical energy in the form of fuels represent one of c X )ma'ys‘(
science’s great challenges in this centurfhe particular p ~\-ct A
reaction of paramount importance in this regard is water splitting Decomposition
into its constituent elements with hydrogen as the fuel. The () trisdiimine complexes to Zn(1l) porphyring;2 cyclometa-
subsequent, efficient recombination of &d Q through a fuel lated [I(C"N)(N"N)]CI complexesi314 methyl acridine or-

cell ther_1 represents an ideal way in which to generate usableange}s and conjugated polymet8.Electron relays have been
energy in a completely carbon-free way. The development of yogified and extended to include other viologéh& various
an artificial photosynthetic system for water splitting has been alkylated pyridines and diquatg;2! Rh diimine complexed,
tackled over the last three decades in numerous ways, beginning:oban(”) complexed223and semiconductor particlés2Other
with Fujishima and Honda’s seminal wérkn water splitting system components have been studied as 3.
over irradiated large band gap semiconductors and the reports ~ go|ution-luminescent platinum(ll) terpyridyl acetylide com-
by Lehn? Kagan? and GrazeP® on a molecular approach to  plexes were first reported in 2001 by Yam and co-work&rs.
the problem, focusing on Hgeneration from aqueous protons | jke the analogous Pt diimine bis(acetylide) compleXeg?
and a sacrificial electron source. The latter are thus detailedthese cationic systems posses3L.CT emissive state and
molecular approaches to the reductive side of the water split‘[ingundergo electron-transfer quenching with both donor and
reaction. acceptor molecules. Since the initial report, papers from different
In the systems pioneered by Lehn, Kagan, andtzetaan laboratories have appeared dealing with these complexes and
approach represented in Scheme 1 was followed in which Ru- related derivatives with respect to (a) vapochromic behavior for
(bpy)?** was employed as a visible light photosensitizer, methyl selected volatile organic compountgb) sensing capabilities
viologen (MV2*) served as an oxidative quencher and electron for simple inorganic catio$353 and (c) photocatalysis of
relay, triethanolamine (TEOA) or ethylenediaminetetraacetic hydrogen generation from Hantsch dihydropyridifes 2006,
acid(EDTA) functioned as the electron source, and a colloidal we reported that comple® can be employed as part of a
Pt catalyst was used to generate the hydrogen. During themultiple component system containing a chromophore, a
ensuing three decades, different steps and components of theacrificial electron donor, an electron relay, and a colloidal
various systems have been investigated in detail. For example catalyst for the light-driven generation of;Hrom aqueous

sensitizers have been extensively varied ranging fdSrRu- protons. The system has both advantages and disadvantages from
previously reported multiple component mixtures for light driven
 Part of the special issue “Norman Sutin Festschrift”. hydrogen generation. In this paper, we describe details and
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TABLE 2: Photophysical Data of the Chromophores in
Acetonitrile/Water (2:3, v/v) at Room Temperature

Aabs(MLCT) T Aem Eoo

cmpd  (e¢/dmPmol~icm™) (usp  (nm) Pem (eV)
1 430 (4980) 1.9 597 0.010 2.46
2 420 (7700) 4.6 609 0.025 2.48
3 424 (6430) 4.7 591 0.024 2.48
4 433, 461 (5165) 0.8 625 0.004 2.46

aTaken from ref 38.

TABLE 3: Excited State Energy, Rate of Quenching, and
Electrochemical Date® of the Pt Chromophores

kg (by TEOAP  kq (by MV2H)b

cmpd x 1°PM-1s1 x1PM-lsl E2H+ E™
1 2.4 5.1 +1.49 —0.63,—1.16'
2 1.4 33 +1.34# —0.59,~1.07
3 1.4 3.4 +1.4F —0.61,—1.0%
4 15 0.4 +15¢ —0.59,-1.0%

a Electrochemical data were obtained in degassed DMF solution with
0.10 MnBusNPF; (TBAH) as supporting electrolyte at room temper-
ature; scan rate 100 mVv-5 Potentials (vs NHE) converted from
internal F¢’ using ref 55 Measured in acetonitrile/water (2:3 v/v).
¢ Irreversible oxidation peak estimated vs NHEReversible reductions

Figure 1. Perspective drawing of complexwith atomic numbering
scheme.

TABLE 1: Selected Bond Lengths (A) and Angles (deg) for

Complex 1 measured with F&® as an internal standard and adjusted to NHE.
PH1)-N(2) 1.9652(15) PY{HN(3) 20211(15)  rakenfrom ref 38.

Pt(1)-N(1) 2.0231(15) Pt(1t)C(1) 1.9734(19) o~
N(1)—C(9) 1.345(2)  N(LyC(13) 1.379(2) well to values of 1.977(6Y and 1.98(1%° for [Pt(tpy)(C=C
N(2)-C(18) 1.345(2)  N(2rC(14) 1.345(2) CeHa-p-N(CHs)2)|BF4 and [Pt(tpy)(G=CPh)]PF, respectively.
N(3)—C(23) 1.345(2) N(3)-C(19) 1.381(2) The crystal structure of shows the cations pack in pairs with
N(2)—-Pt(1)}-C(1)  178.74(7)  N(2yPt(1}-N(3)  80.65(6) head-to-tail stacking and a nearest intermolecularftdistance
SO NG B3 NG RIDNG  ieiass O S A

C(9)-N(1)—C(13) 11'9.05(15) CON(L)-PH(D) 127'.66(12) Steady-State Absorption and Emission Spectr.a.The .
C(13-N(1)-Pt(1) 113.28(12) C(18)N(2)-C(14) 123.69(16) electronic spectra ofi—4 have been reported previously in
C(18-N(2)—Pt(1) 118.24(12) C(14)N(2)—Pt(1) 117.95(12) dichloromethane solutior?§ However, since all of the reactions

for light-driven hydrogen production presented here were carried
aspects of the earlier report and expand the scope of the studyout in a 2:3 acetonitrile/water mixture, the steady-state absorp-
through variation of the chromophore, the electron relay, the tion and emission spectra of the chromophores were remeasured
concentration of sacrificial donor (TEOA) and the concentration in this solvent system (see Figures 2 and 3). As in dichlo-
of electron relay (diquats). The results lead to conclusions aboutromethane solutions, all of the complexes exhibit vibronic-
different steps in the overall energy storing reaction and allow Structured absorption bands at high energy<(350 nm) with
comparison between different systems used to carry it out.  extinction coefficientsd) on the order of 10dm® mol~* cm™*
that are attributable to intraligand transitiois®38 A less
intense, solvatochromic band corresponding toréPd)—s*-
(terpy) metal-to-ligand charge transfer (MLCT) transition is seen
for all of the complexes in the range of 37520 nm withe on

Results and Discussion

The Platinum Terpyridyl Acetylide Chromophore: Struc-

tural Characterization. The synthesis and solution character-
ization of all of the Pt terpyridyl acetylide chromophores used
in the present studyl{-4) have been described in previous work,
as have their absorption and emission spe@tiizne molecular
structure ofl obtained from a crystal grown by acetonitrile
(MeCN) evaporation is shown in Figure 1 with important bond

the order of 18dm?® mol~! cm™L. For2 as an example, Figure

2 reveals that the MLCT absorption maximum in acetonitrile/
water occurs at 23 800 crly which is ca. 700 cmt higher in
energy than that in methylene chloride (23 100-&mnSimilar
solvatochromism of the MLCT band has been reported previ-
ously for the Pt(diimine)(&CAr), complexe® and related Pt-

lengths and angles summarized in Table 1. A complete (diimine)(dithiolate) complexe® consistent with a highly polar
tabulation of distances and angles is found in the Supporting ground state, an MLCT state of reduced (and possibly inverted)

Information in CIF format. As anticipated, the Pt(Il) coordination

polarity, and increasing solvent stabilization of the former with

geometry is a square planar with modest distortion imposed by increasing solvent dielectric constant.

the constraint of the terpyridyl ligand (the cis®t—N angles
average 80.67 (8)and the one trans NPt—N angle is 161.35

The [Pt(terpyridyl)(acetylide)] complexesl—4 exhibit strong
photoluminescence withnax ranging from 595 to 625 nm and

(6)°). For the same reason, the bond distance from Pt to therelative emission quantum yieldgjem, given in Table 2.

central terpy N atom (PIN2 = 1.9652(15) A) is slightly shorter
than that to the other two nitrogen atoms-{Rtl = 2.0231-
(15) A, P=N3 = 2.0211(15) A), which is consistent with the
corresponding bond distances in [Pt(tpyEHC—CsH4-p-N(CHg))]-
BF..3° The PtN2 distance of 1.9652(15) A agrees well with
the values of 1.956(4%,1.969(5)%> 1.97(10)°1.961(13)** and
1.935(6) A2 in other related platinium(ll) alkynyl complexes,
while the P+C (acetylide) distance of 1.9734(19) A corresponds

Complexe and3 give higher quantum yields, 0.025 and 0.024,
respectively, than complexdsand4. The values ofpey, Were
obtained using [Ru(bpy)(PFs). in degassed MeCN as the
reference solutiong( = 0.062)#* The excited-state energy of
the 3MLCT emissive stateE,,, can be estimated most directly
from the onset of the emission at 77*Kin this way, complexes

2 and 3 were found to have the sankg, of 2.48 eV whilel
and 4 were determined to havg,, of 2.46 eV. These values
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Figure 2. Absorption spectra of the Pt chromophores in acetonitrile/waterv&:3) at 1.0x 1075 M.
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Figure 3. Normalized emission spectra of the Pt chromophores in acetonitrile/water=(2/8) at 1.0x 105 M.

compare well withE,, estimates obtained in the same way for
Pt(diimine)(arylacetylide)complexes having similar substitu-
ents. The excited-state energigg of the latter systems were
also estimated independently by Whittle et al., using a single
mode analysig? yielding values that, while 57% lower, were

The reductive quenching 8fin acetonitrile has recently been
studied by Schmehl and co-workérsvho determined a good
estimate of its excited-state reduction potentiabds4 V vs
SCE (+1.6 V vs NHE) using a series of reductive quenchers
including triphenylamine (TPA), diphenylamine (DPA), triethy-

essentially in agreement given the estimated errors on thesdamine (TEA), and diisopropylamine (DIPA), diethyl-1,4-

measurements.
Reductive Quenching.Complexesl—4 were all found to
undergo reductive quenching by triethanolamine (TEOA) which

dihydro-2,6-dimethyl-3,5-pyridinecarboxylate (DHR)N,N',N'-
tetramethylphenylenediamine (TMPD¥;methylphenothiazine
(MPTH) andN,N,N',N'-tetramethylbenzidine. The determined

had been used as a sacrificial electron donor in earlier reportedyalue for the excited-state reduction potential indicates 3hat

Ru(bpy)**-based systems for light-driven hydrogen generation and the other chromophores are strong excited-state oxidants.
(Table 3). For all of the chromophores, quenching studies were Becausel—4 undergo irreversible oxidations, only an estimate
conducted by measurements of steady-state emission intensitiesf the excited-state oxidation potential can be made using the

The quenching of eq 1 is dynamic in nature and was well
modeled by the SternVolmer equatioff (eq 2), wheré, is

the integrated MLCT emission intensity in the absence of
quencher,z, is the excited-state lifetime in the absence of
quencher| andzt are the corresponding values in the presence
of quencherkg is the bimolecular quenching rate constant, and
[Q] is the quencher concentration. Linear plotslgf vs [Q]
together with excited-state lifetimes for the Pt chromophores
yielded values of the quenching rate constdgtshat for2, 3,
and4 were approximately 1.4 10° M~1 s71 and for1 was
slightly greater at 2.4« 10° M~1 s71,

*[Pt(terpyridyl)(acetylide)] + TEOA—
*[Pt(terpyridyl)(acetylide)+ TEOA™ (1)

I/l = 77 =1+ k7[Q] (2)

value of the observed oxidation wave and the excited-state
energyEo... When written as a formal reduction, the estimate
for the excited-state potentidE (compleX™/™) for chro-
mophores1—4 are —0.97, —1.14, —1.07, and —0.96 V,
respectively, versus NHE where the potenfia{complexX™/
) = E (compleX™/T) — (the excited-state enerds, in eV).
Please note that no correction is given for the work term in this
simple estimation.

The related Pt(diimine)(&CAr), complexes are also known
to undergo reductive electron-transfer quenching, and they have
also been studied quantitatively in this reg&¢® In the case
of Pt(dbbpy)(G=CCsHs),, for example, 10-methylphenothiazine
and N,N,N',N'-tetramethylbenzidine were found to give es-
sentially diffusion-controlleds, values of 9.6x 10° M~ s7!
and 1.3x 101°M~1s™1, respectively. Phenothiazine aNgN'-
dimethylaniline gave similar results. It is noteworthy that the
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SCHEME 2

qguenching rate constants for these Pt chromophores is around
3 orders of magnitude faster with these quenchers than are found
with Ru(bpy}?" (6.5 x 18 M~1s1)5

Oxidative Quenching. We previously reported that un- /[
dergoes oxidative quenching by MVwith a rate constari, g <:> =N
of 3.3 x 10° M1 s71 in acetonitrile/water (3:2). This result
was in accord with earlier reported studies of related Pt diimine
bis(acetylide) complexes that exhibit oxidative as well as
reductive quenching of their respective excited states. In those

earlier studies? the rates of quenching using 4-nitrobenzalde- ~ 1:Ry=H,Ro=H ()"
hyde and dinitrobenzene were essentially diffusion controlled 2 21 =p't°:y:’ SFHI S

ith ky values of 1.0x 101 M~* s%, while the rate usin S Rz POV Re=C ) Da#
wit kq values o 0x s, e the rate using 4:R, = p-tolyl, R, = CHg SV Y
nitrobenzene was slightly slower withkg value of 5.2x 10° k)*

M-lst

In the present study, the potential electron re@gxl—DQ4
in addition to M\2" were examined. Specifically, these dica-
tionic diquat systems were found to give essentially diffusion
controlled quenching rates of1.0 x 10 M~1 s™1 with

Hydrogen Production Using Platinum(ll) Terpyridyl
Acetylide Chromophores.In a preliminary communication, we
reported that photolysis of [Pt(ttpy)&8CPh)]CIQ; (2) in MeCN/
H,0 in the presence of M&, TEOA, and colloidal Pt leads to

, o ' - the photogeneration of £4° With a cutoff filter that allows only
complex2. While the oxidative quenching of complexis3—4 A > 410 nm, initial results yielded up to 84 turnovers and a

wasnot examined quantitatively fdQ1-DQ4 in the present 34% vyield based on the initial amount of TEOA used as the

study, similar quenching rate constants may be expected on the S __ ; .
. e . . . electron donor. The reported yield is a lower limit estimate since
basis of the similar reaction chemistry seen in subsequent

studies, particularly with regard to hydrogen generation (vide unreacted TEOA remains in solution, as determined by liquid
infra) P y g ydrogen g chromatographymass spectrometry (LCMS). This multiple

) ) ) ) component system closely paralleled earlier ones based on Ru-
Photoreduction of MV2". While MV2" is an effective () tis diimine sensitizer§® but with some mechanistic
quencher of chromophorels-4, the characteristic blue color  gitfarences. The success & as a chromophore for the
of MV is not observed during simple quenching experiments, photogeneration of ks thought to relate to the long-lived (4.6
presumably because of rapid back-electron transfer. However, cy 3\ CT excited-state oP, its energy (2.48 eV, Table 2),
when the sacrificial electron donor TEOA is also presentin the ang ts ability to undergo both oxidative and reductive quench-
photolysis solutions, the blue color of MVdevelops within 2 jng. The reduction potentials of excited-state redox processes
min and continues to increase in intensity up to a limiting value for 2 can be estimated as1.14 and+1.89 V (vs NHE) for
after ca 50 min. Time dependence of the MVconcentration  oyjdation and reduction, respectively. From quenching studies
in a system containing 5.6 10~ M TEOA, 2.2 x 10> M of using a graded series of electron-donor quenchers, Schmehl has
2and 3.1x 10°* M MV 2* under visible light irradiation( > shown thaB is a strong excited-state oxidant, albeit at a slightly
410 nm) is shown in Figure 4. When irradiation is stopped, the |ower excited-state reduction potential (eel.4 V vs SCE or
blue color persists under an inert atmosphere but dissipates upon g5 v vs NHE)!
exposure of the solution to air within=2 min. The persistence In the present study, the scope of the earlier work has been
of MV™* in solution as judged by the solution’s blue color when - enjarged. A series of experiments using chromophbreshave
TEOA is present is due to the fact that upon oxidation, TEOA peen carried out employing similar irradiation conditiohs=
undergoes decomposition leading to di(ethanol)amine and 410 nm) and the following concentrations: chromophore, 2.2
glycolaldehyde, along with transfer of a second, highly reducing » 105 M: TEOA, 5.6 x 103 M: MV 2+, 3.1 x 104 M: and
electron to another M¥. colloidal Pt catalyst, 6.0< 1075 M in acetonitrile/water (2:3
When MV2* as the oxidative quencher and electron relay is v/v). Quantitative determination of generategiihas conducted
replaced by the diquat®PQ1-DQ4 (Scheme 2), similar by GC analysis with added methane as an internal standard.
quenching is observed with a decrease in the photoluminescencérigure 5 shows the time dependence of hydrogen production
of 2, and in the presence of TEOA, the formation of persistent in this reaction system for the different Pt chromophores. The
solution colors characteristic of the corresponding diquat radical plot shows that hydrogen generation follows the o2ler 1 >
cations (green, tan, yellow-green, and pink @01—-DQ4, 3 > 4, which is dependent on both the absorptivities of the
respectively). chromophores and their quenching rate constants. The molar
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Figure 6. Comparison of hydrogen production using different diquat electron relays at 3 * M (together with 2.2x 10°M 2, 5.6 x 1073

M TEOA, phosphate pH 7 buffer, and 60 10> M Pt colloid).

——[DQ4|=0.0001M

40 —— [DQ4]=0.00031M
35 [DQ4]=0.0013M
30 [DQ4]=0.0051M

—¥— [DQ4]=0.0062M

=]
=
=
~ 25
a:.an 20
E 15
= 10
- _
: 9
0 L
0 0.5 1 1.5 2 2.5 3 3.5
Time/h

Figure 7. Comparison of hydrogen production under different concentratiob@# (together with 2.2x 107° M 2, 5.6 x 107° M TEOA,
phosphate pH 7 buffer, and 6:0 1075 M Pt colloid).

TABLE 4: Quenching of 2 by Different Diquat Electron No such correlation, however, exists between the quenching
Relays Acetonitrile/Water (2:3, v/v) rate constants and the rates of generation. The excited-state
Eue kq (by 2) AE° oxidation potential ol estimated above as1.14 V vs NHE

cmpd (V vs NHE) (x 1M tsY va from Egp and the irreversible oxidation found for the complex
MV 2+ —0.44 3.3 0.67 by cyclic voltammetry indicates that the excited chromophore
DQ1 —0.37 10.0 0.74 2* is capable of reducing all of the diquats. It is evident,
DQ2 —0.55 7.1 0.56 however, that factors other than simple driving force dependence
882 :8:?8 ?:(1) 8:3613 go into determining the quenching rates in light of the absence

of such a correlation. If in fact the driving force dependence of
.aE|E‘Ct|'0Ch.emica| driving fc_)rce for the_quenching reaction estimated thequenching’eaction were the dominant factor in determining
using an excited-state oxidaiton potential-et.14 V. the rate of H production, the order shown in Figure 6 would
be reversed. Instead, it appears that both the effectiveness of
DQ4 and the observed order for,iproduction for the diquats
relate to the reducing ability of the corresponding radical cation
(DQ4™ is most reducing an®Q1™ is least). This suggests
that electron transfer from the radical cation of the electron relay
to the Pt colloid may in fact be a limiting step in the system.

extinction coefficients ) of the MLCT maxima of these
complexes exist in the order 8> 1 > 3~ 4. The observation
that4 is least effective for hydrogen generation may relate to
the smallest quenching rate constant it has for oxidative
qguenching by MV of the four chromophores. The slight

induction periods in Figure 5 relate to charging of the Pt colloid ) )
through transfer of multiple electrons before the onset of H  In astudy of the effect of viologen and diquat electron relays

generation as well as to instrument sensitivity at lowlévels. on the photogeneration of JHusing Zn(ll) mesetris(sul-

In a second series of experiments, the nature of the electronfonatophenyl)porphyrin (Zn(TPBJas the sensitizer, Okura et
relay was probed by using different diqua3Q@1—DQ4) in al., found that the largest rates of Broduction were obtained
place of M\Z*. These experiments were all conducted uging with diquats that were most difficult to reduce, as we find in
as the chromophore with similar concentrations and conditions the present study.The reaction conditions in Okura’s study
to those given above in the previous experiments. The resultswere adjusted so that an excess of the hydrogen evolving catalyst
in terms of H production are shown in Figure 6. The rate of (hydrogenase) was present to make the photoreduction of the
hydrogen generation is greatest @4 with the overall order electron relay rate-determining, but further examination showed
beingDQ4 > DQ2 ~ DQ3 > MV2t> DQ1. In Table 4 both that the competitive back reaction and forward electron transfer
the reduction potential and the quenching rate constant2vith  to the hydrogenase catalyst were clearly involved in determining
are shown for each electron relay. There exists an obviousthe effectiveness of the system for the photogenerationzof H
correlation between the reduction potential©6j1—DQ4 and The results we describe in this paper, while in accord with those
MV2+ and the respective rates of, hotogenerationDQ4, earlier conclusions, show even more clearly that the rate,of H
which is the most difficult to reduce, exhibits the fastest rate of photogeneration correlates most closely with the reducing power
H, generation, whil®Q1, which is most easily reduced, shows of the diquat radical anion generated by quenching or a
the slowest rate. subsequent reduction.
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Figure 8. Comparison of hydrogen production under different
concentrations of TEOA (together with 2210°M 2,3.1x 10*M
MV 2+, phosphate pH 7 buffer, and 6:0 10-> M Pt colloid).

In the preliminary communication describing part of the
present study, it was noted that the rate of évolution in
controlled photolysis varied in nonmonotonic ways for both

MV 2+ concentration and solution pH. The results were explained

based on a reaction scheme in which ¥\and proton-transfer

entered into two or more elementary steps. Examination of the

concentration dependence of the most effective digDax4,
was also carried out and is shown in Figure 7. While the rate
of H evolution increases with increasii2Q4 concentration
below 1 x 1074 M, it appears to reach a limiting value in the
range 3x 104—-1.5 x 1072 M, after which the rate declines
asDQ4 concentration increases further. This finding is similar
to what we reported for M¥" as the electron relay. Possible
reasons for the decline in ;Hproduction rate at higher
concentrations of M¥" included possible association complexes
such as (MV)*™ of diminished reducing abilif?5! and
destructive hydrogenation of the viologé#® when colloidal

Pt is employed as the fyjenerating catalyst. Both factors may
be at work in the system havingQ4 as the electron relay.
The optimal value of the diquat concentration found for the
system composed @TEOA/DQ4 was found to be 3.k 10~4

M at pH 7. With this system and an initial concentration of
TEOA of 5.6 x 1073 M, 64 turnovers of H relative to2 were
generated after 180 min of irradiation with > 410 nm
compared with the corresponding MV system that yielded
32 turnovers.

Examination of the influence of TEOA concentration on the
rate of H production was also examined. As shown in Figure
8, the rate increases up to a value~d.7 x 102 M, beyond
which the rate levels off, which is comparable to the system
photocatalyzed by Ru(bpy) .52 When the TEOA concentration
was 0.11 M, photolysis led to more than 300 turnovers, and in

the absence of a phosphate buffer with a TEOA concentration

of 2.7 x 1072 M, 800 turnovers were achieved with a yield of

67% based on TEOA. A reason for the increased turnover
number in the absence of buffer is unclear and requires testing

but may relate to buffer anion binding to the colloidal Pt surface
thus decreasing the catalyst's effectiveness.

Conclusions

The platinum(ll) terpyridyl acetylide chromophords-4
exhibit fast reductive quenching with TEOA and near diffusion-
controlled oxidative quenching with M and a series of
diquatsDQ1—DQA4. In the simple oxidative quenching experi-

Du et al.

but when TEOA is also present, the color of the respective
radical cation appears within minutes. When a colloidal platinum
catalyst is also added to the system, hydrogen is evolved. The
most effective electron acceptor and relay for hydrogen evolu-
tion has been found to H2Q4 (4,4-dimethyl-1,1-trimethylene-
2,2-bipyridinium) which is also the hardest to reduce and which
on photoreduction provides the strongest reducing agent. The
rate of hydrogen evolution depends in a complex way on the
concentration of the bipyridinium electron relay, increasing with
concentration at low concentrations and then decreasing at high
concentrations. The rate of,Hbhotogeneration also increases
with TEOA concentration at low values and eventually reaches
a plateau. The most effective system examined to date consists
of the chromophore (2.2 x 1075 M), DQ4 (3.1 x 1074 M),
TEOA (2.7 x 1072 M), and Pt colloid (6.0x 10675 M) in pH 7
acetonitrile/water (2:3 v/v) adjusted with concentrated HCI, and
has produced 800 turnovers of K67% yield based on TEOA

as sacrificial electron donor) after 20 h of photolysis with

410 nm.

Experimental Section

Chemicals. All of the chromophores were synthesized
following details reported previousty by the reaction of [Pt-
(R-terpy)CI]CI with different arylacetylenes in the presence of
Cul as the catalyst in triethylamine/DMF and were characterized
by 'H NMR and ESI-MS spectroscopies. The perchlorate salts
were obtained by exchange of chloride with potassium perchlo-
rate. Warning: Perchlorate salts of metal complexes are
known to be explosive and should therefore be handled with
extreme care and proper protection.Methyl viologen (M\2")
dichloride and triethanolamine (TEOA) were used as purchased
(Aldrich). The diquat salts 1Q1—DQ4) were prepared as
publishec?* HPLC grade acetonitrile was purchased from Fisher
and used without further purification.

Physical MeasurementsAbsorption spectra were recorded
using a Hitachi U2000 scanning spectrophotometer {2000
nm). Emission spectra were obtained using a Spex Fluoromax-P
fluorimeter corrected for instrument response. Monochromators
were positioned with a 2-nm band-pass, and solution samples
were degassed by at least three fregaemp—thaw cycles. The
77 K frozen glass samples (1:4 MeOH/EtOH) were prepared
in NMR tubes using a circular quartz-tipped immersion Dewar
filled with liquid nitrogen for measuring the emission spectra
and estimating the excited-state energy of chromophores. Cyclic
voltammetry experiments were conducted on an EG&G PAR
263A potentiostat/galvanostat using a three-electrode single-
compartment cell. A glassy carbon working electrode, a Pt wire
auxiliary electrode, and a Ag wire reference electrode were used.
For all measurements, samples were dissolved in DMF and
degassed with argon. Tetrabutylammonium hexafluorophosphate
(Fluka) was used as the supporting electrolyte (0.1 M), and
ferrocene (ROC/RIC) was employed as an internal redox
reference. All redox potentials were reported relative to the
ferrocenium/ferrocene (FéFc) couple (0.45 V vs SCE and
SCE vs NHE= 0.24 V). All scans were done at 100 millivolts
per s.

Crystal Structure Determination of [Pt(tpy)(C =CPh)]-
ClO4. Crystals were grown by slow evaporation of a concen-
trated acetonitrile solution. A crystal (0.320.32 x 0.28 mn¥)
was placed onto the tip of a glass fiber and mounted on a Bruker
SMART APEX Il CCD Platform diffractometer for data
collection at 100.0(1) K. A preliminary set of cell constants

ments, no evidence of the photochemically reduced radical and an orientation matrix were calculated from 876 reflections

cation of the dialkylated bipyridinium electron acceptor is seen,

harvested from three sets of 20 frames. These initial sets of
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frames were oriented such that orthogonal wedges of reciprocalabsence of quencher, is the excited-state lifetime in the
space were surveyed. The data collection was carried out usingabsence of quencherandr are the corresponding values in
Mo Ka radiation (graphite monochromator) with a frame time the presence of quenchég,is the bimolecular quenching rate
of 5 s and a detector distance of 5.03 cm. A randomly oriented constant, and [Q] is the molar concentration of the quencher.
region of reciprocal space was surveyed: four major sections

of frames were collected with 0.5@teps inw at four different Acknowledgment. This work is dedicated to Norman Sutin
¢ settings and a detector position-e83° in 20. The intensity for his leadership in electron transfer and recognition of the
data were corrected for absorption. Final cell constants were potential of metal complex excited states for solar energy
calculated from thetyzcentroids of 3975 strong reflections from  conversion. We wish to thank the Division of Basic Sciences,
the actual data collection after integration. Additional crystal U.S. Department of Energy for financial support of this research
and refinement information can be obtained from the CIF file (Grant DE-FG02-90ER14125).

deposited as Supporting Information.

Quenching Experiments.For all of the quenching experi-
ments, stock solutions of the chomophores were made in
acetonitrile/water (2:3 v/v) containing 5 mg of the particular
complex. Samples with known quencher concentrations were
prepared by adding an appropriate amount of solid quencher to
10 mL volumetric flasks containing the diluted Pt chromophore (1) Lewis, N. S.; Nocera, A. GProc. Natl. Acad. Sci2006 103
stock solutions (1.0< 1075 M). The solutions were deaerated 15725"1;’7.3% A Honda, KNature1972 238 37-38
by three freeze pump-thaw cycles. Steady-state luminescence 8 Kﬁjéi"mfleﬁn‘ (J)ﬁMa_’; Saﬁv‘;;ee, J.-RAely. Chim. Actal979 62,
spectra were then collected for each sample W\ spectra 1345-1384.
were taken for each experiment to inspect potential photochemi-lg7é4)2 “{'—,29"1(’5‘2"9““ A.; Amouyal, E.; Keller, P.; Kagan, Now. J. Chim.
cal products. In the simple bimolecqlar quenghing reactions, (5)’Ka|yanasundaram’ K.. Kiwi, J.: Gratzel, Melv. Chim. Actal 978
there was no evidence of any change in absorption spectra undeg1, 2720-2730.

all experimental conditions. However, in the presence of both (6) Gréazel, M. Acc. Chem. Red.981, 14, 376-384.

Supporting Information Available: X-ray crystallographic
data of complex in CIF format. This material is available free
of charge via the Internet at http://pubs.acs.org.
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