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Following Ré — dppz (dppz is dipyrido[3,2:2',3-c]phenazine) metal-to-ligand charge transfer (MLCT)
excitation offac-[Re(dppz)(CO)py-PTZ)]" (py-PTZ is 10-(4-picolyl)phenothiazine), there is a dynamic
competition between intramolecular electron and energy transfer. Laser flash photolysis at 420 nm in 1,2-
dichloroethane produces the MLCT excited stiaie[Re" (dppz~)(COx(py-PTZ)I™*. It undergoes intramo-
lecular energy transfer to give the dppz-localizett excited state [R€dppz)*(CO}(py-PTZ)]" (GCza*) in
competition with electron transfer to give the redox-separated state (REJIPBE )(CO)x(py-PTZ)]*. The

sr* state decays to the ground state withs 1.7 x 10* s7* (z = 60 £ 15 us) and the RS state decays with
k=9.1x 10f s ! (r = 110+ 10 ns). The competition ratio for formation of the two is [RSHf*] ~ 2.4.
Subsequentzz* — RS interconversion is slow even though the process is favored by 0.43 eV.

Introduction SCHEME 1: In CH3CN at 295 K
There is an extensive chemistry of chromophegeencher fac{Re'(bpy")(CO)s(py-PT2)]"
(C—Q) complexes in which electron or energy transfer donors kq=4.8x10°s"
and/or acceptors are covalently linked to metal-to-ligand charge
transfer (MLCT) chromophoréest An example isfac-[Re- o || ko~ a7x10°s" fac-[Rel(bpy Y CON(py-PTZ )"
(bpy)(COX(py-PT2)I" (bpy is 2,2-bipyridine and py-PTZ is
10-(4-picolyl)phenothiazine) in which Re—~ bpy MLCT .
excitation is followed by—PTZ— Ré' intramolecular electron ko= 40x10"s
transfer as shown in Schemé With both donors and acceptors fac-{Re!(bpy) CONa(py-PT2)]"

present, these complexes begin to mimic some of the functional
elements of the reaction center of photosynth&si€—Q

complexes have also proven to be extremely valuable in the fac-[Ré(dppz)(COJCI]. To a solution of 90.8 mg (0.251
study of intramolecular electron and energy transfer. mmol, 1.0 equiv) of Re(CQEIin 12 mL of toluene was added

In an earlier paper, we demonstrated competitive quenching
of the Ré-Mebpy~ MLCT excited state ofac-[R€ (Mebpy-

CH,OCHAN)(COR(MQ™)]?" (Mebpy-CHOCHAN is 4-[(9-

anthrylmethoxy)methyl]-4methyl-2,2-bipyridine, MQ" is

N-methyl-4,4-bipyridinium) by energy and electron transfer. N S
Energy transfer occurs to giveac[Re[Mebpy-CHOCH,- o Y = N
(BAN%)](CO)3(MQM)]2*. It is in competition with electron N N NQ—/ \©
transfer to give fac-[Re'(Mebpy-CHOCH,An)(CO)(MQ- (opY)

)]2t*.13 (py-PT2)

In this manuscript, we explore a second competition, in this
case between electron and energy transfeiati[Re (dppz)-
(COX(py-PT2)T" (1, dppz is dipyrido[3,2a:2',3 -c]phenazine).
Ligand structures are illustrated below.

Experimental Section
. . . (dppz)
Materials. Spectroscopic measurements were performed in

high purity solvents purchased from Burdick & Jackson. The O
supporting electrolyte [NitC4Ho)4](PFs), TBAH, was purchased

from Aldrich, recrystallized from hot ethanol twice, and dried

in a vacuum oven at 80C for 72 h.

[¢]
Preparations. The preparation of the dppz ligand was \ — O
described elsewhefé 16 / \
—N N
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85 mg (0.355 mmol, 1.2 equiv) of dppz. The stirred solution Measurements.UV —vis spectra were recorded either on an
was heated at reflux under argon for 2.5 h. Upon cooling the HP8452A spectrophotometer in 1-cm quartz cuvettes with a
solution to @ C, a yellow precipitate appeared and was isolated solvent-subtracted background or on a Cary 14 upgraded by
by suction filtration. It was washed several times with colgCEt On-Line-Instrument Systems in matching 1-cm quartz cells.
and dried in vacuo to yield 120 mg (0.204 mmol, 81.4% yield). Cyclic voltammograms were measured by using a Princeton
The product was used without further purification. Elemental Applied Research model 173 potentiostat. Electrochemical

analysis: Calculated for Re@H10CIN4Os: C, 42.9; H, 1.71; experiments were performed in one compartment cells with 0.1
N, 9.53. Found: C, 43.8; H, 2.20; N, 9.3H NMR (CD,Cly): M TBAH as the supporting electrolyte in spectrogradesCH
9.85 (2H; dd,J = 1.5 and 7.9 Hz; ki Hg); 9.40 (2H; dd,J = CN. The working and counter electrodes were a Pt bead and Pt

1.5 and 4.8 Hz; Kl Hg); 8.44 (2H; ddJ = 3.4 and 5.6 Hz; ht, coil, respectively. All potentials were recorded versus a saturated
His); 8.04 (2H; dd,J = 3.4 and 5.6 Hz; Hh, Hio); 8.02 (2H; sodium calomel electrode (SSCE) and were uncorrected for
dd,J = 4.8 and 7.9 Hz; K Hy). junction potentials. Solutions were deaerated by purging with
fac-[Re(dppz)(COYOT)]. (OTf™ is trifluoromethanesulfonate ~ Ar or Nz for at least 5 min prior to cyclingEy, values are
anion.) To a solution of 125.5 mg (0.213 mmol, 1.0 equiv) of reported as an average of cathodic and anodic peaks with
fac-[Re/(dppz)(CO)CI] in dry tetrahydrofuran (THF) was added = AEp~60—-90 mV for most couples unless otherwise noted.
62 mg of AgOTf (0.239 mmol, 1.18 equiv). The solution was Samples for emission and excitation experiments were
heated at reflux under argon for 2.5 h. The precipitated AgCl prepared as optically dilute solutions (ca.”10/) in CH;CN
was filtered off and THF removed by rotary evaporation to yield or 1,2-dichloroethane (DCE) and freezaump-thaw degassed
a yellow oil. It was redissolved in Ci€l, and slowly added to  for a minimum of four cycles (ca. 10 Torr), then sealed under
an excess of cold, swirling pentane to precipitate the desired vacuum. Measurements at 77 K were made with a liquid N
yellow-green salt. The salt was collected by suction filtration quartz finger Dewar (made from nonemissive Supracil quartz)
and washed with copious amounts of@&tto yield 0.143 g of and 8 mm diameter glass sample cells.
product (0.203 mmol, 95.3%) which was used as an intermediate  Continuous wave (CW) emission spectra were obtained with
without further purification. a SPEX Fluorolog F212-A photon-counting spectrofluorimeter
fac-[Ré(dppz)(COY(py-PTZ)](PFs). To a stirring solution of equipped with either Hamamatsu R636 red sensitive or Hamamat-
53 mg (0.075 mmol, 1 equiv) dac-[Re(dppz)(COYOTH)] in su R928 photomultiplier tubes (PMT). Optical response char-
12 mL of degassed methanol was added 41.6 mg of py-PTZ acteristics for the Spex Fluorolog and PMT detectors were
(0.143 mmol, 1.9 equiv). The mixture was heated to reflux with corrected with a calibration curve generated with 1.0 mm slits
stirring for 2.5 h under argon in the dark. Seven milliliters of by using a National Institute of Standards and Technology
aqueous saturated NPIRs was added and the solution was (NIST) calibrated 250 W tungsten lamp (Optronics Laboratories,
cooled to O C. The desired salt precipitated and was collected Inc., model 220M), controlled by a precision current source at
via suction filtration and washed with cold#x. It was purified 6.50 W (Optronics Laboratories, Inc., model 65). No corrections

twice by redissolving in a minimal amount of GEl, and for self-absorption were made; overlap between absorption and
precipitated by adding into swirling cold isooctane. The emission spectra was insignificant. Relative emission quantum
precipitate was chromatographed on alumina with 2: 3@ yields, ¢em, Were measured in optically dilute solutions employ-

toluene to yield 29 mg of product (0.03 mmol, 40% yield). ing fac-[Re(bpy)(CO}(4-Etpy)I" (pem= 0.18 in CHCN) as a
Elemental analysis: Calculated for RgB24FsNsOsPS: C, standard-’

47.42;H, 2.45; N, 8.51. Found: C, 46.76; H, 2.73; N, 847. Emission lifetimes were obtained with instrumentation de-
NMR (CD,Clz): 9.98 (2H; dd,J = 1.3 and 8.2 Hz; i Hg); scribed earliet® Emission decay profiles were acquired by
9.58 (2H; dd,J = 1.2 and 5.2 Hz; ki Hg); 8.48 (2H; dd,J = employing a PRA LN 1000/LN 102 nitrogen laser/dye laser

1.3 and 8.2 Hz; kb, Hi3); 8.27 (2H; dd,J = 5.3 and 8.3 Hz; combination for exciting the sample. Emission was monitored
Hy, H7); 8.19 (2H; d,J = 6.7 Hz; 2,6-pyCH,—PTZ); 8.105 at 90 to the excitation source by using a PRA B2l

(2H; dd,J = 3.4 and 6.6 Hz; land H»); 7.31 (2H; dJ=6.7 monochromator and a cooled, 10-stage, Hamamatsu R928 PMT
Hz; 3,5-pyCH,—PTZ); 7.05 (2H; ddJ = 1.35 and 7.35 Hz;  coupled to either a LeCroy 9400 digital oscilloscope or a LeCroy
py-CH,-PTZ-1,9; 6.83 (4H; dddJ = 1.2, 6.6 and 8.0 Hz; py- 6880/6010 transient digitizer interfaced to an IBM PC. The
CH,-PTZ-2,3,7,8, 6.41 (2H; d,J = 8.1 Hz; py-CH-PTZ-4,6; absorbance of the sample wa8.1 at the excitation wavelength.

and 4.94 (2H; s; py-8,—PTZ). Transient absorption measurements were conducted with a
Purification. Metal complex salts were purified by cation-  system described elsewhéfeThe experiments used either the
exchange HPLC on a Brownlee CX-100 Prep 10 column by third harmonic of a Nd:YAG lasel{x = 354.7 nm) or the third
utilizing a 4 mMKBr, CH3CN/KH,PO, (pH = 7.0) buffered harmonic was coupled to a PDL-2 pulsed dye laser to produce
linear gradient controlled by a Perkin-Elmer Series 4 pump 420 nm pulses for excitation@ mJ/pulse). The excitation beam
control unit and monitored with a Perkin-Elmer LC-95 variable was at a right angle to an Applied Photophysics laser kinetic
UV —vis spectrophotometer detector fitted with a 4l5flow spectrometer. The spectrometer consisted of a 250 W pulsed
cell. Metathesis of the resulting Bisalt to the corresponding  Xe arc probe sourcé/3.4 grating monochromator, and a five-
PR~ salt was achieved by addition of saturated aqueousNH stage PMT. The output was collected by using either a LeCroy
PFs followed by slow removal of CECN, causing precipitation ~ 9400 digital oscilloscope or a LeCroy 6880/6010 transient
of the desired product. To ensure complete metathesis, salts wereligitizer interfaced to an IBM PC. Electronic control and
redissolved in a minimal amount of GEN, an equal volume  synchronization of the laser, probe, and digitizer were provided
of saturated aqueous NP was added, and GJEN was by electronics of our own design. Samples were prepared as
slowly removed. The Rf salts were collected on glass frits, described for emission experiments at a concentrationsok
washed with copious amounts of,Bt and thoroughly dried in 105 M. To avoid sample degradation, a cell was employed
vacuo. Complexes purified in this manner were analyzed for that allowed for replacement of the solution after the acquisition
contaminants by analytical HPLC in the same manner as of three data points¥{60 shots). Decay rate constants evaluated
described above. by single wavelength kinetics were calculated by analysis of
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Figure 1. UV—vis absorption spectrum déc-[Re/(dppz)(CO)(py-
PTZ)]" in CH:CN at 298 K with the inset showing the difference
spectrum betweefac- [R€(dppz)(CO)(py-PTZ)I" and dppz.

20
the average of 20 decay traces. Lifetimes by transient absorption %
measurements were calculated by least-squares analysis of plots =
of In(l/1p) vs time wherd andlg are the transmitted intensities
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The absorption spectrum &dc-[R€ (dppz)(COXpy-PT2)I" I
(1) in CHsCN is shown in Figure 1 and the structure of the a0 u’m — ‘4;0‘ ‘5:)0 PP a——

complex is illustrated below. Wavelength, nm

Figure 2. Transient absorption difference spectra flaec-[Re (dppz)-

0 (CO)3(py-PTZ)]*(A_) obtained at various times arfmb—[Ré(dppz)(CO;—
m (4-Etpy)]"(B) obtained 1000 ns after the laser pulse in DCE at 298 K.
‘ =0 Excitation at 420 nm, 3 mJ/pulse.
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N/ | C§O 100t 4
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On the low energy side of the absorption manifold, there are
bands arising from overlapping MLCT amd— 5* transitions.
The presence of the latter is shown by the appearance of vibronic
components at 362 and 380 nm. The difference spectrum
between the €Q complex and free dppz is shown in the inset
in Figure 1.

Emission from 1 displays vibronic structure typical of
emission from azzr*state, but the emission quantum yielbh
= 0.0036) is less than that for the model compléac-[Re-

Normalized AO.D.
o
&
b

(dppz)(COY(4-Etpy)] (2, pem= 0.0244) which is known to be &

a 3rr*(dppz) emittert42021n cyclic voltammograms ofl in %

CH3CN (0.1 M TBAH vs SSCE), reversible waves appear for &

reduction of dppz (aEy, = —0.89 V), oxidation of PTZ (at . _ y , oy o
0.84 V), and irreversible oxidation of R® Ré' atEp .= +1.60 0 500 1000 1500 2000

\V/ Tims, ns

In Figure 2A are shown transient absorption difference spectra Figure 3. Fit of transient absorption decay for the fast procesadn
for 1 acquired in DCE at a series of times following laser flash [R€/(dppz)(CO)(py-PTZ)]" in DCE at 298 K to first-order kinetics
excitation at 420 nm. For comparison, the difference spectrum With k= 9.1 x 10°s™(z = 110+ 10 ns) with excitation at 420 nm (3
for 2 acquired 1000 ns after the laser pulse is shown in Figure MY/Pulse) and monitoring at 500 nm.
2B. Transient IR measurements were used to demonstrate that
the lowest excited state bis adzz* state!*?°The absorption ~ DCE at 298 K. The same 470 nm absorption feature appears in
feature atlmax ~ 470 nm arises from a* — x* transition in the transient spectrum af Decay kinetics in this case, Figure
Sza*(dppz). It decays withr = 40 us k= 2.5 x 10*s71) in 2A, are nonexponential and wavelength-dependent. The absor-
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SCHEME 2: In DCE at 298 K
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bance-time transients can be fit to two components. One decays (dred®(* 4ppy)*, @and electron transfer to give the redox-separated

rapidly and concomitantly with the loss of the PTZbsorption

at 520 nm. The second decays slowly with the loss of -
(dppz) absorption at 470 nm. A fit of the decay data for the
faster process to the exponential functidin- A. (= AO.D.)

= (Ao — As) exp(kt), with A, Ao, and A, the absorbances at
timest, 0, and 1us at 500 nm, respectively, is shown in Figure
3, withk; = 9.1 x 10° s71 (11 = 1104 10 ns). Decay kinetics
for the slower process were also first order with= 1.7 x
10%s71 (72 = 60 4 15 us).

Discussion

From the absorption spectrum in Figure 1, absorptiofely
[RE/(dppz)(COY(py-PT2)I" at the exciting wavelength of 420
nm is dominated by Re~ dppz MLCT excitation. Compared
to the model .2, 37z2*(dppz) emission is partly quenched and
both —PTZ" and3zz*(dppz) appear as products as shown by
the transient absorption features @510 and ~470 nm,
respectively. They form during the5 ns laser pulse and decay
on different time scales.

The photophysical properties &fcan be accounted for by
the sequence of reactions in Scheme 2.-Ralppz excitation
at 420 nm is largely MCLT in character producifag-[Re'-
(dppz™)(COX(py-PTZ)I™*. Absorption is dominated by transi-
tions which give MLCT states largely singlet in character
(*MLCT) and emission by a closely spaced manifold of states
which are largely tripletjMILCT).?2 Based on the lowest energy
feature in the difference spectrum in the inset in Figure 1, the
energy of!MLCT is < 3.2 eV. There is some contribution to

the absorption spectrum on the low energy side from bands

arising from direct excitation tSMLCT with the absorption
gaining intensity by spirorbit coupling-induced mixing of
singlet and triplet states by ther?(R€') core. The spir-orbit
coupling constant for Reis 2900 cm1.22 The conversion from
singlet to triplet stateskf. in Scheme 2) is presumably rapid
(<100 fs in [Ru(bpyj]?")?2 and the MLCT triplets are the states
in which the competition occurs.

The competition is between internal conversion to dive*-
(dppz), by the transitionsupp)?(dre)>(7* dppd* — (Tdppd*-

(RS) statdac-[Re/(dppz~)(COR(py-PTZ )], by (mpr2)X(dmre)®

(77* dppd* — (TP12)H(d7RE)® (71* 4ppd . The energy ofr*(dppz)

is < 2.2 eV on the basis of the highest energy vibronic
component in the emission spectraladnd?2. It is 1.73 eV for
the RS state from the difference betwegn, values for the
PTZ° and dpp#* couples by cyclic voltammetry.

Schematic energy diagrams for the three states along a
coupled, averaged solvent coordinate are shown in Figure 4.
The transition3MLCT — 3zz*(dppz) is nonadiabatic and
interconverts different excited states of the same Hamiltonian.
It is a vibronic transition induced by vibrational coupling and
the matrix element,

'y w0

hwk)lIZ O

Vk = h(ﬂk

In this equationuy, wk, andQy are the reduced mass, angular
frequency, and normal coordinate, respectively, of a vibration
of appropriate symmetry to mix the electronic states, the
promoting mode)' andy are the final and initial electronic
wave functions. This transition is largely spin-allowed because
the final state is a dppz triplet and the initial state is largely
triplet with some singlet character mixed in by sporbit
coupling.

The transition3MLCT — RS, is an electron-transfer reaction
betweensprz and drgre Orbitals which are weakly coupled
electronically given the interveningCH.- bridge. The electron-
transfer matrix element interconverting these states is of the
form

Hoa = ' [H|y0 2)
in which H is an electrostatic operator. In this transition, the
largely triplet character of the MLCT excited state should also
be transferred to the products with the triplet compon#R§,
greatly in excess of the singléRS. Writing the wave functions
' and vy as the product of electroniaje, and spin wave
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Figure 4. Schematic energy diagram along a coupled solvent
coordinate illustrating the relative energies’afr*, °RS, andPMLCT.

functions,is, the spin wave function foiMLCT can be written
as

Ps="0 + o'p ©)
with the ground state a spin singlet.

In eq 3,3 and ¢ are the pure triplet and singlet wave
functions andx is the mixing coefficient of¢ in ys. The rate
constant for théMLCT — RS transition varies withipa?, and
the fractional composition of singlet products in the RS state is
o?. Even witha as high as 0.2, only 4% of the RS states formed
would be singlets.

The relative amounts dfrr*(dppz) and RS in the competi-
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relative rate constants for intramolecular electron tranddgr (
in Scheme 2) and energy transfég{ with Ky/ken ~ 2.4. In a
previous study, it was shown thaPTZ— Ré€' electron transfer
in fac-[Re" (bpy)(CO%(py-PTZ)[™ is rapid with k = 4.8 x
10° s%, 7 = 0.21 ns in CHCN at 295 K&

The lifetime of thezz*(dppz) state inl (60 us) is slightly
longer than therw*(dppz) state in2 (40 us) and there is no
evidence for the reactichrz*(dppz) — °RS. This is an electron-
transfer reaction in which the change in electronic configuration

IS (Tapp) (TP AR (T appdt - (appd (P12 (TR

(7* gpp*. It is favored by~0.5 eV but is slow, at least on the
60 us time scale for decay Gtr*(dppz), and k < 2 x 10°

s L. As illustrated in Figure 4, this is presumably a reaction in
the normal region. Factors that contribute to slow electron
transfer in this region are a large classical solvent barrier and
weakprz—mdppz €lectronic coupling through the CH,-bridge.
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