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Abstract: The [ReI(CO)3(4,7-dimethyl-
1,10-phenanthroline)(histidine-
124)(tryptophan-122)] complex, denot-
ed [ReI ACHTUNGTRENNUNG(dmp) ACHTUNGTRENNUNG(W122)], of Pseudomonas
aeruginosa azurin behaves as a single
photoactive unit that triggers very fast
electron transfer (ET) from a distant
(2 nm) CuI center in the protein.
Analy ACHTUNGTRENNUNGsis of time-resolved (ps–ms) IR
spectroscopic and kinetics data collect-
ed on [ReI ACHTUNGTRENNUNG(dmp) ACHTUNGTRENNUNG(W122)AzM] (in
which M= ZnII, CuII, CuI; Az=azurin)
and position-122 tyrosine (Y), phenyl-ACHTUNGTRENNUNGalanine (F), and lysine (K) mutants, to-
gether with excited-state DFT/time-de-
pendent (TD)DFT calculations and X-
ray structural characterization, reveal
the character, energetics, and dynamics
of the relevant electronic states of the
[ReI ACHTUNGTRENNUNG(dmp) ACHTUNGTRENNUNG(W122)] unit and a cascade
of photoinduced ET and relaxation
steps in the corresponding Re–azurins.
Optical population of [ReI(imidazole-
H124)(CO)3]!dmp 1CT states (CT =

charge transfer) is followed by around
110 fs intersystem crossing and about
600 ps structural relaxation to a 3CT

state. The IR spectrum indicates a
mixed ReI(CO)3,A!dmp/p!p*ACHTUNGTRENNUNG(dmp)
character for aromatic amino acids
A122 (A= W, Y, F) and ReI(CO)3!
dmp metal–ligand charge transfer
(MLCT) for [ReI ACHTUNGTRENNUNG(dmp) ACHTUNGTRENNUNG(K122)AzCuII].
In a few ns, the 3CT state of [ReI-ACHTUNGTRENNUNG(dmp) ACHTUNGTRENNUNG(W122)AzM] establishes an equi-
librium with the [ReI ACHTUNGTRENNUNG(dmpC�)-ACHTUNGTRENNUNG(W122C+)AzM] charge-separated state,
3CS, whereas the 3CT state of the other
Y, F, and K122 proteins decays to the
ground state. In addition to this main
pathway, 3CS is populated by fs- and
ps-W ACHTUNGTRENNUNG(indole)!ReII ET from 1CT and
the initially “hot” 3CT states, respec-
tively. The 3CS state undergoes a tens-
of-ns dmpC�!W122C+ ET recombina-
tion leading to the ground state or, in
the case of the CuI azurin, a competi-
tively fast (�30 ns over 1.12 nm)
CuI!WC+ ET, to give [ReI ACHTUNGTRENNUNG(dmpC�)-

ACHTUNGTRENNUNG(W122)AzCuII]. The overall photoin-
duced CuI!Re ACHTUNGTRENNUNG(dmp) ET through
[ReI ACHTUNGTRENNUNG(dmp) ACHTUNGTRENNUNG(W122)AzCuI] occurs over a
2 nm distance in <50 ns after excita-
tion, with the intervening fast 3CT–3CS
equilibrium being the principal acceler-
ating factor. No reaction was observed
for the three Y, F, and K122 analogues.
Although the presence of [ReACHTUNGTRENNUNG(dmp)-ACHTUNGTRENNUNG(W122)AzCuII] oligomers in solution
was documented by mass spectrometry
and phosphorescence anisotropy, the
kinetics data do not indicate any signif-
icant interference from the intermolec-
ular ET steps. The ground-state dmp–
indole p–p interaction together with
well-matched W/WC+ and excited-state
[ReII(CO)3ACHTUNGTRENNUNG(dmpC�)]/ ACHTUNGTRENNUNG[ReI(CO)3 ACHTUNGTRENNUNG(dmpC�)]
potentials that result in very rapid elec-
tron interchange and 3CT–3CS energet-
ic proximity, are the main factors re-
sponsible for the unique ET behavior
of [ReI ACHTUNGTRENNUNG(dmp) ACHTUNGTRENNUNG(W122)]-containing azur-
ins.Keywords: density functional calcu-

lations · electron transfer · IR spec-
troscopy · peptides · pi interactions
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Introduction

Kinetics studies of long-range electron transfer (ET)
through metallolabeled mutants of a blue copper protein
Pseudomonas aeruginosa azurin have greatly advanced our
understanding of electron-tunneling pathways through pep-
tide b strands,[1–5] as well as at protein interfaces.[6] Theoreti-
cal analysis has revealed the roles of molecular fluctuations
and multiple interfering tunneling pathways in tuning intra-
protein-ET rates in Ru-based azurins.[7,8]

Whereas oxidation of the azurin CuI center by electroni-
cally excited or oxidized metallolabels usually occurs on a
ms–ms timescale,[1,2] dramatic ET acceleration into the tens-
of-ns range has been observed[9] in an azurin mutant in
which a tryptophan (W122) is placed next to a [ReI(CO)3-ACHTUNGTRENNUNG(dmp)] label bound to the imidazole group of H124 (this
Re-modified protein is denoted [ReACHTUNGTRENNUNG(dmp)(W)AzCuI]
(dmp=4,7-dimethyl-phenanthroline)).[10] To explain these
observations a sequential tunneling mechanism was pro-
posed (Scheme 1), in which the 3CT-excited Re label is first
reduced by the W122 indole group, followed by a CuI!WC+

ET, effectively splitting the approximately 2 nm ET pathway
into two shorter steps.[9] The reaction mechanism involves
several relaxation and ET events occurring on timescales
ranging from femto- to nanoseconds.

This work has raised important questions about the roles
of the [ReI(CO)3 ACHTUNGTRENNUNG(dmp) ACHTUNGTRENNUNG(W122)] unit and its electronic excit-
ed states in the ET mechanism. By replacing the CuI center
with CuII or ZnII, we remove the long-range charge separa-
tion across the Re-labeled azurin (i.e., the 31 ns step in
Scheme 1), which isolates the reactive [ReI ACHTUNGTRENNUNG(dmp)(W)] unit,
and focuses on the kinetics and mechanism of the primary
ET step from W to the excited Re chromophore. Detailed

structural, kinetic, and spectroscopic studies of [ReI-ACHTUNGTRENNUNG(dmp)(W)AzM] (M= ZnII, CuII, and CuI) using ps–ns time-
resolved IR (TRIR) and emission spectroscopy, combined
with a theoretical time-dependent (TD)DFT excited-state
analysis, provide a comprehensive picture of [ReI ACHTUNGTRENNUNG(dmp)(W)]
photobehavior and identify factors that make this unit a
unique ultrafast ET phototrigger. It emerges that the ET-ac-
celerating role of the tryptophan intermediate goes well
beyond the simple splitting of the ET path, with interesting
implications for long-range hopping in biological systems, as
well as for the design of new molecular schemes for photo-
induced charge separation.

Experimental Section

Materials : [ReI ACHTUNGTRENNUNG(dmp)(A)AzCuII] (A =W, Y, F)[10] were prepared and han-
dled as described previously[9, 11] and in the Supporting Information. The
[ReIACHTUNGTRENNUNG(dmp)(A)AzZnII] samples were made from the corresponding apo-
protein by ZnII addition. TRIR experiments were performed in 50 mm

Na/KPi buffer in D2O (pD�7.2) at 21 8C. Emission experiments were
performed in H2O, 50 mm NaPi (pH�7.1) at 21 8C. Reduction to [ReI-ACHTUNGTRENNUNG(dmp)(A)AzCuI] was accomplished by slow addition of a concentrated
solution of sodium dithionite (Aldrich) in 0.5–1.0 mL aliquots into an
azurin solution under a nitrogen atmosphere until it turned colorless.
TRIR experiments were thus performed in the presence of a small excess
of dithionite. The crystallographic structure determination of [ReI-ACHTUNGTRENNUNG(dmp)W122AzCuII] was reported previously,[9] and the coordinates are
deposited in the protein data bank (PDB, id 2i7o).

TRIR and luminescence spectroscopy : TRIR measurements and proce-
dures have been described in detail.[12, 13] In short, for ps experiments (0–
2 ns), the sample solution was excited at 400 nm, using frequency-dou-
bled pulses from a Ti:sapphire laser of �150 fs duration (full width at
half maximum (FWHM)) and approximately 3 mJ energy, focused at an
area �200 mm in diameter. TRIR spectra were probed with IR (�150 fs)
pulses obtained by difference-frequency generation. The IR probe pulses
cover a 150–200 cm�1 spectral range. For ns–ms measurements, the sample
was pumped with 355 nm, 0.7 ns FWHM, and probed with electronically
synchronized 150 fs IR pulses.[14] The sample solutions were placed in a
round dip approximately 0.75 mm deep, drilled into a CaF2 plate and
tightly covered with a polished CaF2 window. The cell was raster scanned
across the area of the dip in two dimensions to prevent laser heating and
decomposition of the sample. FTIR spectra measured before and after
the experiment demonstrated sample stability.

Emission-lifetime and time-resolved anisotropy measurements were per-
formed using time-correlated single-photon counting (TCSPC) on an
IBH 5000 U instrument equipped with a cooled Hamamatsu R3809U-50
microchannel plate photomultiplier, following the procedures described
previously.[15] The samples were excited at 370 nm with an IBH
NanoLED-11 diode laser (FWHM 100 ps, 500 kHz repetition rate).

TRIR data analysis : TRIR data were analyzed using singular value de-
composition (SVD) followed by fitting to a multiexponential kinetics
equation[16, 17] implemented (EPFL, Switzerland) in the WaveMetrics
IGOR Pro software tool. In brief, this analysis allows us to separate the
stochastic noise from the signal DA ACHTUNGTRENNUNG(ṽ,t) and express the latter in terms of
P spectral el(ṽ) and temporal cl(t) components [Eq. (1)]:

DAðv; tÞ ¼
XP

l¼1

elðvÞclðtÞ ð1Þ

in which DA ACHTUNGTRENNUNG(ṽ,t) is the IR difference absorbance measured at time delay
t and wavenumber ṽ. The cl(t) components are then fitted simultaneously
to the appropriate kinetics equation. Herein, we used a multiexponential
kinetics model [Eq. (2)]:

Scheme 1. Photoinduced electron transfer through [ReI ACHTUNGTRENNUNG(dmp)(W)AzCuI].
Optical population of several 1CT-excited states is followed by a series of
relaxation and ET steps. The sites of the excited electron and hole are
shown in red and blue, respectively. Lifetime values are pertinent to [ReI-ACHTUNGTRENNUNG(dmp)(W)AzCuI].[9]
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clðtÞ ¼ ð
Xn

k¼1

Ale
�t=tk Þ � e½�ð

t
0:6�DIRF

Þ2 � ð2Þ

in which a common set of lifetimes (tk) describes the dynamic behavior
of all the temporal components. This allows us to rewrite Equation (2) as
follows:

DAðv; tÞ ¼
Xn

k¼l

DASkðvÞe�t=tk

 !
� e½�ð

t
0:6�DIRF

Þ2 � ð3Þ

in which DASk(ṽ) is the decay-associated spectrum describing the spec-
tral contribution of the respective decay component with a time constant
tk. The last term describes convolution with the Gaussian instrument re-
sponse function. DIRF =1 ps (or 1 ns) was used for ps (or ns) experiments.
Elementary rate constants were extracted from an analytical solution of
the differential equations describing the kinetics model depicted in
Scheme 1.[9]

Electronic structure calculations : The electronic structure of the model
fragment [ReI(CO)3 ACHTUNGTRENNUNG(phen)(W)]+ (Figure 1, bottom) was calculated by
DFT methods by using the Gaussian 09 program package,[18] employing
the hybrid functionals PBE0,[19, 20] M06,[21] and long-range-corrected
CAM-B3LYP.[22] For H, C, N, and O atoms, 6-31G* polarized triple-z

basis sets[23] were used for geometry optimization and vibrational analysis
and cc-pvdz correlation-consistent polarized valence double-z basis
sets[24] were utilized in TDDFT calculations. Quasi-relativistic effective
core pseudo-potentials and a corresponding optimized set of basis func-
tions were employed for Re.[25] The solvent was described by a conduc-
tor-like polarizable continuum-model (CPCM).[26] Electronic transitions
were calculated by the TDDFT method at the ground-state geometry op-
timized with solvent correction. The structure of the lowest triplet excited
state a3A was optimized by unrestricted Kohn–Sham (UKS) calculations.
The triplet excited state calculation is in satisfactory agreement with ex-
perimental TRIR spectra in the ṽ(CO) region. The electron density dif-
ference plots were drawn using the GaussView program. [ReI(CO)3-ACHTUNGTRENNUNG(phen)(W)]+ was chosen as a computational model instead of [ReI(CO)3-ACHTUNGTRENNUNG(dmp)(W)]+ because of a better convergence of UKS optimizations of
some of the excited-state structures. Ground-state PBE0 calculations of
[ReI(CO)3 ACHTUNGTRENNUNG(dmp)(W)]+ and [ReI(CO)3ACHTUNGTRENNUNG(phen)(W)]+ yield very similar
structural parameters (Table S1 in the Supporting Information), as well
as excitation energies (see the Supporting Information, Tables S2a and
S2b), closely matching the experimental values.

Results

Crystal structures : The crystal structure of [ReI-ACHTUNGTRENNUNG(dmp)(W)AzCuII] (Figure 1) shows that the Re and Cu
atoms are 19.4 � apart. W122 lies between them, at 11.2 �
from Cu and 8.9 � from Re, as measured to the indole Cg

atom. The dmp and W122 aromatic rings slightly overlap,
with one dmp methyl group projecting directly over the
indole ring; the planes of the respective p systems make a
20.98 angle. The average separation of atoms on the over-
lapped six-membered rings is 3.82 �, whereas the W122
indole and the H124 imidazole edges are separated by
4.1 �. Comparison of the structures of [ReI-ACHTUNGTRENNUNG(dmp)(W)AzCuII] and [ReI ACHTUNGTRENNUNG(phen)(K)AzCuII] in Figure 1
shows that the orientations of the [Re(CO)2ACHTUNGTRENNUNG(N,N)] units
(N,N=dmp, phen) relative to the peptide chain and the im-ACHTUNGTRENNUNG(H124) ligand differ by close to 908. The H124 imidazole
ring and the equatorial [Re(CO)2 ACHTUNGTRENNUNG(dmp)] plane in [ReI-ACHTUNGTRENNUNG(dmp)(W)AzCuII] adopt an unusual orientation, in which
the imidazole plane lies close (168) to the symmetry plane
of the equatorial [Re(CO)2ACHTUNGTRENNUNG(dmp)] moiety, bisecting the
plane of the dmp ligand (Figure 1, middle). In contrast, the
plane of the axial ligand is oriented perpendicularly to the
symmetry plane, bisecting the equatorial OC�Re�N angles
in [ReI ACHTUNGTRENNUNG(phen)(K)AzCuII] (Figure 1, top) and in other struc-
turally characterized Re–azurins[2,15,27] (with the exception of
[ReI ACHTUNGTRENNUNG(phen) ACHTUNGTRENNUNG(H83)AzCuII]) the small-molecule analogue[28]

[ReI(im)(CO)3ACHTUNGTRENNUNG(phen)]+ , and various complexes [ReI ACHTUNGTRENNUNG(R-
py)(CO)3ACHTUNGTRENNUNG(N,N)]+ (N,N=phen, bpy).[29–33]

Figure 2 shows that [ReI ACHTUNGTRENNUNG(dmp)(W)AzCuII] is a dimer with
twofold symmetry in the crystal; the dominant interactions
between neighboring molecules involve the dmp ligands,
which cover each other on their outside faces. Unlike the
hooking interactions that interdigitate the phen moieties in
[ReI ACHTUNGTRENNUNG(dmp) ACHTUNGTRENNUNG(H107)AzCuII] (PDB code 1i53)[11,15, 34] and [ReI-ACHTUNGTRENNUNG(phen)(K)AzCuII] (PDB code 2i7s)[15] crystals, the [ReI-ACHTUNGTRENNUNG(dmp)(W)AzCuII] dmp ligands are not constrained by the
axial H124 and thus can align to a greater extent. One six-
membered dmp ring directly stacks with one from a neigh-

Figure 1. Fragments of the [ReIACHTUNGTRENNUNG(phen)(K)AzCuII] (top) and [ReI-ACHTUNGTRENNUNG(dmp)(W)AzCuII] (middle) crystal structures showing the [Re(CO)3-ACHTUNGTRENNUNG(N,N)] label attached to the imidazole group of H124 and the peptide
link to the Cu atom.[9,15] Bottom: Optimized structure of the [ReI-ACHTUNGTRENNUNG(phen)(W)]+ unit used in DFT and TDDFT calculations.
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boring complex. A four-centered weakly interacting
W122···dmp···dmp···W122 stack is apparent in the dimer
structure. The Re(CO)3 unit makes van der Waals contacts
with the peptide chains: one equatorial carbonyl ligand
abuts the methyl side chain of Ala53, whereas the other is
within 3.6 � of the Gln107 side chain. The axial carbonyl
points towards an adjacent molecule in the lattice and is
within 4.0 � of the sulfur atoms of both Met109 and Met56
side chains. The axial carbonyl would point away from the
protein surface in a solvated monomer in solution.

Solution structures : Solution IR spectra in the region of CO
stretching vibrations, u(CO) (Figure 3), show the same pat-
tern for all three [ReI ACHTUNGTRENNUNG(dmp)(A)AzMII] complexes: a sharp
band due to the in-phase A’(1) vibration at 2028 cm�1; and a
broad band at approximately 1917 cm�1 that corresponds to

quasi-degenerate out-of-phase A’(2) and equatorial asym-
metric A’’ vibrations. In the IR spectrum of [ReI-ACHTUNGTRENNUNG(phen)(K)AzCuII], the A’(2) and A’’ bands are split at 1907
and 1924 cm�1, respectively (the symmetry labels assume Cs

local symmetry; the assignment is based on previous
work[35, 36] and the DFT calculations reported below.) We
conclude from the IR spectra that all the [Re-ACHTUNGTRENNUNG(dmp)(A)AzMII] proteins containing a 122 aromatic amino
acid have the same Re-site solution structure, different from
[ReI ACHTUNGTRENNUNG(phen)(K)AzCuII]. The A’(2)+A’’ bandshapes indicate
that the three CO ligands reside in a much more diverse en-
vironment in [ReI ACHTUNGTRENNUNG(phen)(K)AzCuII] than in [ReI-ACHTUNGTRENNUNG(dmp)(A)AzMII]. Accordingly, the crystal structures show
large asymmetry between the two equatorial CO ligands in
[ReI ACHTUNGTRENNUNG(phen)(K)AzCuII], in which one equatorial CO ligand is
directed at Lys122 and Gln107 and the other is solvated,
unlike [ReI ACHTUNGTRENNUNG(dmp)(W)AzCuII], in which both equatorial CO
ligands point against an aliphatic side chain of the same
molecule.

Laser-induced liquid beam ion desorption mass spectra
(LILBID-MS) obtained from aqueous (20 mm NaPi, pH
�7.0) solutions of [ReI ACHTUNGTRENNUNG(dmp)(W)AzCuII] clearly show the
presence of higher azurin oligomers, especially at higher
concentrations, 1–3 mm.[37] Oligomers also are indicated by
relatively high values of protein rotation times t2 that were
determined from the biexponential emission anisotropy
decay of [ReI ACHTUNGTRENNUNG(dmp)(W)AzCuII] in NaPi (20 mm), pH�7.1
(3.7 mm : t1 =5.1�4.3 ns (18 %), t2 = 31.5 (82 %); 0.37 mm :
t1 = 5.1�3.4 ns (36%), t2 =16.5�3.5 ns (64 %)) and [ReI-ACHTUNGTRENNUNG(dmp)(Y)AzZnII] in Na/KPi (50 mm), D2O, pD�7.1
(4.4 mm : t1 = 4.8�0.7 ns (32 %), t2 = 50�2 ns (68 %);
0.44 mm : t1�1 ns, t2 = 30�1 ns (45%)). At the same time,
the t1 values are attributable to Re ACHTUNGTRENNUNG(dmp)–chromophore mo-
tions relative to the peptide, which are slower than those[15]

in Re–azurins that do not contain an aromatic amino acid
next to the Re label.

Photoinduced electron transfer: TRIR spectra and emission
decay : TRIR spectroscopy is the technique of choice for the
study of excited-state behavior of metal carbonyls because
the CO stretching vibrations sensitively respond to changes
in electronic and molecular structure,[38] as well as to the re-
laxation dynamics of the molecular environment following
photoexcitation.[15] The IR spectra were measured at select-
ed ps time delays after 400 nm excitation directed to the
low-energy part of the Re(CO)3!dmp MLCT absorption
band, (see the Supporting Information, Figure S1, bottom).
By exciting into the red part of the band we have avoided
additional vibrational excitation. Excitation at 355 nm close
to the MLCT band maximum was used (for instrumental
reasons) in nanosecond experiments. Spectra measured at
355 and 400 nm overlapped in the 1–2 ns time range, in
which either instrumental setup can be used, excluding any
specific excitation-wavelength effects on the nature of the
populated excited states and their reactivity.

For [ReI ACHTUNGTRENNUNG(dmp)(Y)AzZnII], [ReI ACHTUNGTRENNUNG(dmp)(Y)AzCuII], and
[ReI ACHTUNGTRENNUNG(dmp)(F)AzCuII], TRIR spectra show only the negative

Figure 2. Structure of [ReI ACHTUNGTRENNUNG(dmp)(W)AzCuII] in the metallolabel region.
The red spheres represent water molecules.

Figure 3. Ground-state FTIR spectra of [ReI ACHTUNGTRENNUNG(dmp)(A)AzCuII] (A =W,
F), [ReIACHTUNGTRENNUNG(dmp)(Y)AzZnII] (Y), and [ReIACHTUNGTRENNUNG(phen)(K)AzCuII] (K) in a KPi

(D2O, pD�7.1) buffer.
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bleach bands due to ground-state depletion and three up-
shifted bands attributable[15,27,35, 38–43] to a Re(CO)3!dmp
3CT state, approximately described as [ReIIACHTUNGTRENNUNG(dmpC�)(A)AzM]
(Figure 4 and the Supporting Information, Figure S2). The

excited-state IR features undergo a small ps–ns upshift due
to[15] relaxation processes (Figure 4). On a longer timescale,
the transient- and bleach-bands decay with virtually identi-
cal kinetics (Supporting Information, Figure S2), demon-
strating that the 3CT state decays directly to the ground
state. A 3CT lifetime of 1.36�0.17 ms determined (TRIR)
for [ReI ACHTUNGTRENNUNG(dmp)(Y)AzZnII] is close to the [ReI-ACHTUNGTRENNUNG(dmp)(F)AzCuI] emission lifetime of 1.3 ms.[9] [ReI-ACHTUNGTRENNUNG(dmp)(F)AzCuII] (1 mm in H2O, 50 mm NaPi; pH�7.1)
shows triexponential emission decay with lifetimes of 3.5�
0.3 (12 %), 76.0�2.6 (32 %), and 344�10 ns (55 %). The
longest decay component corresponds to the 3CT population
decay, whereas structural relaxation dynamics and/or oligo-
merization could account for the shorter kinetics compo-
nents. The shorter excited-state lifetime in CuII (as com-
pared with ZnII) azurins is attributed to 3CT!CuII energy
transfer,[44–46] since dmpC�!CuII ET is excluded by the ab-
sence of TRIR signals that would accompany the production
of [ReII(CO)3ACHTUNGTRENNUNG(dmp)]; the oxidation of the excited Re-label
complex (E’��0.9 V)[28] by CuII in azurin (+0.31 V) is ther-
modynamically possible but presumably slow because of the
long distance and large reorganization energy on the Re
side.

TRIR spectra (Figure 5) of [ReI ACHTUNGTRENNUNG(dmp)(W)AzM] (M =

ZnII, CuII, CuI) exhibit the typical three upshifted bands due
to the 3CT state, together with a broad band at about
1885 cm�1 and a sharp band at about 2004 cm�1 that are as-

signed to the A’’+A’(2) and A’(1) vibrations, respectively,
of the W ACHTUNGTRENNUNG(indole)![Re(CO)3ACHTUNGTRENNUNG(dmp)] 3CS state, [ReI ACHTUNGTRENNUNG(dmpC�)-ACHTUNGTRENNUNG(WC+)AzM]; hereafter, these sets of IR bands will be abbre-
viated to 3CT and 3CS bands, respectively. The 3CS band as-
signment is based on the similarity with IR spectra of [ReI-ACHTUNGTRENNUNG(N-L)(CO)3(bpyC�/phenC�)] (N-L=nitrogen-donor ligand
such as MeCN, picoline, or pyridine) generated either elec-
trochemically[47–49] or photochemically[38,48, 50,51] by intramo-
lecular electron transfer. Whereas the spectral pattern con-
sisting of 3CT and 3CS bands is very similar for all three
[ReI ACHTUNGTRENNUNG(dmp)(W)AzM] (M=ZnII, CuII, CuI) derivatives, the ki-
netics and 3CS yields depend on the metal (M). Temporal
evolution of TRIR spectra of the individual [ReI-ACHTUNGTRENNUNG(dmp)(W)AzM] systems in ps and ns–ms time ranges are de-
scribed in terms of exponential lifetimes and their corre-
sponding decay associated spectra (DAS) [Eq. (3)], obtained
by SVD analysis/global fitting. Comparable kinetics data
were obtained on different samples of each azurin and using
varia ACHTUNGTRENNUNGtions of the fitting procedure. For M= CuII and CuI, the
results obtained on 3, 4, and 1.7 mm samples are the same
within experimental accuracy. The resultant TRIR and emis-
sion-lifetime data are summarized in Table 1.ACHTUNGTRENNUNG[ReI ACHTUNGTRENNUNG(dmp)(W)AzZnII]: The IR bands of the 3CT state are
fully developed within the experimental time resolution of
around 1 ps, undergoing relaxation-related dynamic upshifts
in about the first 1.5 ns (Figure 5). The 3CS band at about
1885 cm�1 is also apparent at 1–2 ps, increasing in intensity
by around 60 % during the first 30–50 ps.

In the ns range, formation of both 3CT and 3CS transients
appears to be complete within the 0.7 ns excitation pulse,
followed by biexponential decay with low-amplitude 18 ns
and principal 157 ns kinetics components, the former involv-
ing some 1885 cm�1 band-shape changes (Figure 6). A very
small 3CT population persists on a longer timescale, after
the 3CS bands had disappeared (see the 500 and 1000 ns ex-

Figure 4. Picosecond TRIR spectra of [ReIACHTUNGTRENNUNG(dmp)(Y)AzZnII] measured at
selected time delays after 400 nm, �150 fs excitation. Positive and nega-
tive bands correspond to excited-state and bleached ground-state absorp-
tions, respectively. The experimental points are separated by 4–5 cm�1.
The black arrow shows the dynamical evolution of the excited-state A’(1)
band shifting with time from about 2014 to 2039 cm�1. The ground-state
band occurs at 2029 cm�1. Virtually identical TRIR spectra were obtained
for 1.9 mm solutions of [ReI ACHTUNGTRENNUNG(dmp)(Y)AzCuII] and [ReIACHTUNGTRENNUNG(dmp)(F)AzCuII]
in 50 mm KPi buffer in D2O (pD�7.0) at 21 8C. See the Supporting Infor-
mation, Figure S2 for the ns TRIR.

Figure 5. Picosecond TRIR spectra of [ReIACHTUNGTRENNUNG(dmp)(W)AzZnII] measured at
selected time delays (in ps) after 400 nm, �150 fs excitation. Experimen-
tal points are separated by 4–5 cm�1. The arrows show the relaxation-re-
lated 3CT band shifts (the small 3CS rise is apparent only after back-
ground subtraction). Solution in 50 mm KPi buffer in D2O (pD�7.0) at
21 8C.
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perimental traces and the 1300 ns DAS that copies the 3CT
spectrum, Figure 6).ACHTUNGTRENNUNG[ReI ACHTUNGTRENNUNG(dmp)(W)AzCuII]: Picosecond TRIR spectra show both
the 3CT and 3CS states being formed within the first ps after
excitation (Figure 7, left panel). The temporal evolution on
the ps timescale consists of band shifts, width narrowing,
and intensity variations that make it hard to distinguish pop-
ulation changes from relaxation effects. To address this
matter, we have performed separate SVD/global fitting
analyses in the full spectral range in which the relaxation
strongly manifests itself by spectral shifts above about

1980 cm�1, and in the 1843–
1972 cm�1 range, in which popu-
lation changes prevail. These
analyses have identified 4–5
and about 110 ps upshifts of the
3CT A’’ and A’(1) bands. The
latter component slows to 220–
300 ps when fitted over the
whole spectral range. The nega-
tive DAS in the region of the
3CS 1885 cm�1 band and at
about 2004 cm�1, together with
the relatively large positive
DAS amplitudes corresponding
to hot 3CT bands, indicate that

the ps relaxation processes are accompanied by conversion
of the 3CT state to 3CS, the IR features of which become
more pronounced in the 100–300 ps range. On the nanosec-
ond scale (Figure 7, right panel), there is a major 4–8 ns 3CS
rise/3CT decay followed by a common 40–60 ns decay of
both 3CS and 3CT states. Whereas 3CT bands decay com-
pletely, a weak, long-lived (1000–1500 ns) 3CS signal persists.
In addition to intensity changes, the 3CS band at about
1885 cm�1 undergoes a small upshift to about 1892 cm�1 that
is complete in 150–200 ns.

[Re ACHTUNGTRENNUNG(dmp)(W)AzCuI]: TRIR spectra (Figure 8) show qualita-
tively the same pattern as that of the CuII species, albeit
with much stronger 3CS bands. The 3CT state and part of
the 3CS population are formed within the 1 ps experimental

Table 1. Exponential time constants of TRIR spectral evolution and emission decay of [Re ACHTUNGTRENNUNG(dmp)(W)AzM].
Kinetics data obtained from solutions in 50 mm KPi buffer in D2O (pD�7.0) at 21 8C.

[Re ACHTUNGTRENNUNG(dmp)(W)AzM] M =ZnII M=CuII M=CuII

emission[c]
M =CuI

TRIR
M =CuI

emission[e]

ultrafast CS rise/CT decay <1 ps <1 ps <1 ps
relaxation[a] – 4–5 ps 3–4 ps
CS rise/CT decay relaxation �50 ps 100–270 ps 2.9�0.1 ns[d] 40–100 ps 350 ps
CS rise/CT decay – 4–8 ns 19�1 ns 1.6 ns
CS rise/CT decay – – – 8�1.6 ns
CS rise/CT decay – – – 27�7 ns 25 ns

CS+CT decay
18�4 ns 40–60 ns 63�1 ns –
157�7 ns[a]

CS decay
1.0–1.5 ms[b] 330�172 ns

3.6�0.3 ms

[a] Additional very weak 3CT signal is present, decaying with t of 1.3 ms. [b] Very weak residual signal.
[c] 1.9 mm solution in H2O, 50 mm NaPi (pH�7.1). [d] Likely due to dynamic Stokes shift. [e] From ref. [9].

Figure 6. Top: Nanosecond TRIR spectra of [ReI ACHTUNGTRENNUNG(dmp)(W)AzZnII]
(4.4 mm) measured at selected time delays (in ns) after 355 nm, �0.7 ns
excitation. Experimental points are separated by 4–5 cm�1. Bottom: DAS
obtained by SVD/global fitting. The 1300 ns lifetime was fixed in the
analysis, based on [ReIACHTUNGTRENNUNG(dmp)(Y)AzZnII] emission decay. The spectra
evolve in the direction of the arrows. Solution in 50 mm KPi buffer in
D2O (pD�7.0) at 21 8C.

Figure 7. Top: TRIR spectra of [ReI ACHTUNGTRENNUNG(dmp)(W)AzCuII] measured in the ps
time range after 400 nm, �150 fs excitation (left panel) and the ns range
after 355 nm, �0.7 ns excitation (right panel). The spectra evolve in the
direction of the arrows. Bottom: DAS spectra corresponding to kinetics
components of 4.6�1.1, and 180�90 ps (left panel); 7.1�1, 52.3�6.5,
and 1069�142 ns (right panel). The “infinity” DAS results from extrapo-
lation of the ps measurement to long time delays, which corresponds ap-
proximately to an early-ns spectrum. Solution in 50 mm KPi buffer in
D2O (pD�7.0) at 21 8C.
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resolution. Further picosecond spectral time evolution con-
sists of a 3–4 ps upshift of the 3CT bands, followed by a 40–
100 ps 3CT upshift and small decay, combined with a 3CS
rise. On the nanosecond scale, the 3CS rise and 3CT decay
continue with time constants of 1.6 ns (determined from the
ps experiment), 8 ns (major), and 27 ns (minor). The latter
is manifested by a rise mostly of the high-energy side of the
1885 cm�1 band and a 3CT decay. The 27 ns process leaves
only the 3CS product that decays with minor 330 ns and
major 3.6 ms kinetics components. As is the case for the CuII

species, there is a small upshift and a change in shape of the
1885 cm�1 3CS band after 150–200 ns.

TRIR spectra also were measured from solutions of [Re-ACHTUNGTRENNUNG(dmp)(Y)AzZnII], [Re ACHTUNGTRENNUNG(dmp)(Y)AzCuII], and [Re-ACHTUNGTRENNUNG(dmp)(F)AzCuII] in the presence of a large excess of
Na2S2O4. TRIR bands of [ReI ACHTUNGTRENNUNG(dmpC�)(Y)AzM] (M= ZnII,
CuI) are formed at about 1885 and 2004 cm�1 with lifetimes
of hundreds-of-ns. The absence of such long rise kinetics in
TRIR measurements on [ReACHTUNGTRENNUNG(dmp)(W)AzCuI] excludes any
possible contamination from 3CT quenching by sodium di-
thionite in solution.

Electron transfer kinetics and mechanism : The spectroscopic
and kinetics data for [ReI ACHTUNGTRENNUNG(dmp)(W)AzM] are consistent
with the mechanism outlined in Scheme 1 for [ReI-ACHTUNGTRENNUNG(dmp)(W)AzCuI].[9] The long-range ET is shut out in the
case of M=ZnII, CuII (k5 =k6 = 0), restricting the ET activity
to the [ReI ACHTUNGTRENNUNG(dmp)(W)] moiety. The kinetics data (Table 1)
were analyzed using the model shown in Scheme 1,[9] reveal-
ing the time ranges of individual reaction steps and estimat-
ing values of the 3CT–3CS equilibrium constant K.

ACHTUNGTRENNUNG[ReI ACHTUNGTRENNUNG(dmp)(W)AzZnII]: The 3CS state is produced in <1 and
<50 ps (Figure 5, S2). No 3CT/3CS equilibration is seen on
the ns timescale, indicating that 3CS formation occurs only
from 1CT and unequilibrated 3CT states. By deconvolution
of the 3CT and 3CS spectra and comparing their ratio with
[ReI ACHTUNGTRENNUNG(dmp)(W)AzCuII], K was estimated to be 0.34. The
major 157 ns decay component corresponds to the 3CS
decay that is in a fast equilibrium with the long-lived
(1.36 ms) 3CT state. The minor 18 ns component probably re-
flects conformational changes in the 3CS state since the cor-
responding DAS indicates shape changes of the band at
about 1885 cm�1.ACHTUNGTRENNUNG[ReI ACHTUNGTRENNUNG(dmp)(W)AzCuII]: By using the time constants from
Figure 7, we estimate K to be 1.6. The 4–8 ns lifetime
(Table 1) reflects 3CT/3CS equilibration, k3+k4.

3CS decays
(together with 3CT) with about a 60 ns lifetime that is relat-
ed to k8. The small residual 3CS signal (apparent in Figure 7,
the 1000 ns spectrum and the 1070 ns DAS) that decays with
a 1–1.5 ms lifetime is tentatively attributed to the deproton-
ated species [ReI ACHTUNGTRENNUNG(dmpC�)(WC)AzCuII] produced by a slow
side reaction from the 3CS state [ReI ACHTUNGTRENNUNG(dmpC�)ACHTUNGTRENNUNG(WC+)AzCuII].
WC+ deprotonation is expected to occur with a time constant
of 100–200 ns.[52] Consistent with this expectation, the 3CS
band at about 1885 cm�1 reshapes and shifts to about
1990 cm�1 between 50 and 150 ns.ACHTUNGTRENNUNG[ReI ACHTUNGTRENNUNG(dmp)(W)AzCuI]: Empirical rate constants determined
herein by SVD/global fitting (Table 1) of the TRIR data
generally agree with the results of our previous analysis
(Scheme 1).[9] The IR spectra of the 3CS state [ReI ACHTUNGTRENNUNG(dmpC�)-ACHTUNGTRENNUNG(WC+)AzCuI] and the ET product [ReI ACHTUNGTRENNUNG(dmpC�)(W)AzCuII]
are very similar, belonging to the same chromophore,
[ReI(CO)3ACHTUNGTRENNUNG(dmpC�)], albeit in a different protein environ-
ment. The main 1.6 ns kinetics component corresponds to
3CT/3CS equilibration k3+k4 (K�3),[9] whereas the 8–9 ns
lifetime probably belongs to the same process in a less reac-
tive conformer or an oligomer. The approximately 27 ns ki-
netics component is related to CuII!WC+ ET in the 3CS
state (k5), because the corresponding DAS indicates reshap-
ing of both 3CS bands. The lifetime of approximately 330 ns
could be related to structural changes of the [ReI-ACHTUNGTRENNUNG(dmpC�)(W)AzCuII] product. The ground state is regenerat-
ed by 3.1–3.6 ms dmpC�!CuII ET (k6) that is exergonic by
approximately 1.8 eV.

Re-label excited-state character and dynamics: TRIR spec-
tra : The Re chromophore in [ReI ACHTUNGTRENNUNG(dmp)(A)AzM] shows the
typical 3CT broad emission band peaking at 540–550 nm and
three excited-state u(CO) IR bands that are shifted to
higher wavenumbers relative to the ground-state bands (Fig-
ures 4–8 and the Supporting Information, S2). The A’’ and
A’(2) bands become well separated upon excitation, shifted
from their common ground-state value of 1917 cm�1 to ap-
proximately 1960 and 2014 cm�1, respectively, as observed
for other ReI–azurins and ReI carbonyl–diimine com-
plexes.[15,27, 35,38–43] The A’(1) bands of [ReACHTUNGTRENNUNG(phen)(K)AzCuII]

Figure 8. Top: TRIR spectra of [ReIACHTUNGTRENNUNG(dmp)(W)AzCuI] measured in the ps
time range after 400 nm, �150 fs excitation (left panel) and the ns range
after 355 nm, �0.7 ns excitation (right panel). Bottom: DAS spectra cor-
responding to kinetics components specified in Table 1. The 5470 ps DAS
(bottom left, green) results from extrapolation to long time delays, which
corresponds approximately to an early-ns spectrum.
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A. Vlček, S. Z�liš, H. B. Gray, J. R. Winkler et al.

www.chemeurj.org


and [Re ACHTUNGTRENNUNG(dmp)(K)AzCuII] shift by +38.5 and about
+25 cm�1, respectively, on going from the ground state to
the relaxed 3CT excited state, indicating a smaller degree of
Re(CO)3!N,N charge separation for N,N= dmp. Further
differences concern the dynamical behavior of the A’(1)
band after excitation (Figure 9). For [ReI ACHTUNGTRENNUNG(phen)(K)AzCuII],
A’(1) undergoes an “instantaneous” (i.e., <1 ps) shift of
+9.4 cm�1, followed by a triexponential dynamical upshift
with time constants of 2, 7.8, and 539 ps, and a total ampli-
tude of +29 cm�1; the slowest (539 ps) component corre-
sponds to structural motions relocating the ReI-chromo-
phore relative to the peptide chain.[15] The excited-state
A’(1) IR band of [ReI ACHTUNGTRENNUNG(dmp)(K)AzCuII] is much broader;
the “instantaneous” shift is slightly negative and the dynam-
ic blue shift is still apparent between 2 and 3 ns, although it

cannot readily be quantified. The Re–azurins containing ar-
omatic amino acids at position 122 show a common excited-
state IR pattern that is different from that of [ReI-ACHTUNGTRENNUNG(dmp)(K)AzCuII] and other Re–azurins (Figure 9).[15] The
excited-state A’(1) band partly overlaps with the bleach
band and tails toward higher energies. At 1–2 ps after exci-
tation, the A’(1) band is shifted to lower energies by at least
�12 cm�1. This negative “instantaneous” shift is followed by
a dynamic upshift across the bleach region that is apparent
until about 2 ns. The band maximum of the relaxed excited
state is upshifted from the ground-state position by only 8–
10 cm�1 for W122 and 10–13 cm�1 for Y122 and F122. The
relatively small A’(1) upshift points to a smaller Re(CO)3!
dmp MLCT contribution to the excited state if an aromatic
amino acid is placed next to the Re chromophore; this con-
clusion is further supported by DFT and TDDFT calcula-
tions below.

Re-label excited-state character and dynamics: Electronic
structure calculations : DFT calculations were performed on
a model peptide fragment [ReI ACHTUNGTRENNUNG(phen)(W)]+ with L125 and
M121 replaced by CH3NH- and CH3C(O)-, respectively
(Figure 1, bottom). The H2O solvent was described by
CPCM. Calculations with three different functionals (PBE0,
M06, and CAM-B3LYP) were compared, each of which pro-
vides an optimized [Re ACHTUNGTRENNUNG(phen)(W)]+ structure that repre-
sents the relevant part of the protein (Figure 1 and the Sup-
porting Information, Table S1). However, M06 overesti-
mates the ground-state WACHTUNGTRENNUNG(indole)–phen interaction, which
results in the distances and the angle between the indole
and phen planes being too small. The long-range corrected
B3LYP functional (CAM-B3LYP) reproduces well the
ground-state structure (see the Supporting Information,
Table S1) and models the 3CS state in accordance with the
M06 result (see the Supporting Information, Figure S3), but
predicts that the lowest allowed electronic transitions are at
much higher energies than observed in the experimental ab-
sorption spectrum.

According to PBE0, the three LUMOs are localized on
phen, whereas the HOMO and HOMO-1 are W122 indole-
ring p orbitals (Figure 10). Re d-p orbitals occur slightly
lower in energy, as HOMO-2, which contains a large H124-
imidazole p contribution; and HOMO-3. The orbitals
HOMO-4 and HOMO-5 are p-peptide (W122) orbitals.

TDDFT positions of singlet electronic transitions of [ReI-ACHTUNGTRENNUNG(phen)(W)]+ are summarized in the Supporting Information
(Tables S2–S4). The simulated and experimental spectra are
also shown in the Supporting Information (Figure S1). The
two lowest transitions calculated (PBE0) at 465 (b1A) and
424 nm (c1A) have W ACHTUNGTRENNUNG(indole)!phen charge-transfer charac-
ter, originating in HOMO!LUMO, LUMO+1 excitations,
as documented by the accompanying electron-density
change shown in Figure 11 (see the Supporting Information,
Figure S3 for PBE0 (M06 and CAM-B3LYP) results). Oscil-
lator strengths of these two transitions are very low
(Table S2), precluding observation in the spectrum. Other
weak W ACHTUNGTRENNUNG(indole)!phen transitions were calculated around

Figure 9. TRIR spectra of [Re ACHTUNGTRENNUNG(N,N)(A)]-labeled azurins in the high-
energy part of the u(CO) region. From top to bottom: [Re-ACHTUNGTRENNUNG(phen)(K)AzCuII], [Re ACHTUNGTRENNUNG(dmp)(K)AzCuII], [ReIACHTUNGTRENNUNG(dmp)(Y)AzCuII], [ReI-ACHTUNGTRENNUNG(dmp)(F)AzCuII], and [ReIACHTUNGTRENNUNG(dmp)(W)AzCuII] (3–4 mm in KPi-D2O, pD
�7.1, 21 8C) measured at selected time delays (see the top panel) after
400 nm, �150 fs laser-pulse excitation. The dotted line shows the position
of the highest excited-state band of [ReI ACHTUNGTRENNUNG(dmp)(K)AzCuII]. Experimental
points are separated by �5 cm�1 for [ReIACHTUNGTRENNUNG(dmp)(Y)AzCuII] and
�1.9 cm�1 for all others. * = spectral feature due to the 3CS formation.
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380 nm. Two intense transitions from HOMO-2,3 to LUMO
and LUMO+1 calculated at 350 (g1A) and 335 nm (i1A)
give rise to the experimentally observed broad 300–400 nm
shoulder. Calculated electron-density differences demon-
strate their respective predominant ReI(CO)3!phen MLCT
and mixed [ReI(imidazole)(CO)3]!phen MLCT/LLCT
characters (Figure 11). Both these transitions are excited by
355 and 400 nm laser pulses in the time-resolved spectral ex-
periments. Another intense, predominantly 1CT, transition
was calculated at 329 nm.

TDDFT calculations at the ground-state geometry reveals
two nearly degenerate triplet states: the charge-transfer
state, 3CT, has major ReI!phen, and minor imidazole!
phen, W ACHTUNGTRENNUNG(indole)!phen, and p!p*ACHTUNGTRENNUNG(phen) contributions,
whereas the charge-separated state, 3CS, has a W ACHTUNGTRENNUNG(indole)!

phen character, 3 ACHTUNGTRENNUNG[ReI ACHTUNGTRENNUNG(phenC�)-ACHTUNGTRENNUNG(WC+)]+ (Figure 12, top and
Table S5 in the Supporting In-
formation). UKS (PBE0/
CPCM-H2O) triplet-state struc-
tural optimization identifies the
lowest relaxed triplet excited
state of [ReI ACHTUNGTRENNUNG(phen)(W)]+ as
3CT, demonstrated by the spin-
density distribution (Figure 12).
Predicted ṽ(CO) differences be-
tween the 3CT and the ground
state of +42 (A’’), +75 (A’(2)),
and +8 (A’(1)) cm�1 agree well
with the experimental values of
+40, +94, and �+10 cm�1 (see
the Supporting Information,
Figure S4). The unusually small
A’(1) ṽ(CO) shift is caused by
the very small CO electronic
depopulation, which is mainly
restricted to the axial CO
ligand (Figure 12). The extent
of ReI(CO)3!phen charge
transfer in the 3CT state is lim-
ited by two effects: admixture

of the p–p*ACHTUNGTRENNUNG(phen) intra ACHTUNGTRENNUNGli ACHTUNGTRENNUNGgand excitation and partial charge
transfer from the W122 indole ring. The similarity of the
[ReI ACHTUNGTRENNUNG(dmp)(A)AzM] (A=W,F,Y) TRIR spectra (Figure 9)
suggests that the phenol and phenolate groups also donate
electron density to dmp in the 1CT excited states of [Re-ACHTUNGTRENNUNG(dmp)(F)AzM] and [ReACHTUNGTRENNUNG(dmp)(Y)AzM], respectively. UKS
(M06/CPCM-H2O) predicts that 3CS of a W ACHTUNGTRENNUNG(indole)!phen
character, 3 ACHTUNGTRENNUNG[ReI ACHTUNGTRENNUNG(phenC�)ACHTUNGTRENNUNG(WC+)]+ (Figure 12), will be the
lowest triplet, allowing us to optimize its structure and per-

Figure 10. Frontier molecular orbitals of the [ReI ACHTUNGTRENNUNG(phen)(W)]+ fragment calculated by DFT (PBE0, CPCM-
H2O).

Figure 11. TDDFT (PBE0, CPCM-H2O)-calculated electron-density dif-
ference between the lowest W ACHTUNGTRENNUNG(indole)!phen 1CT state (left, b1A) and
the two optically populated 1CT states (g1A and i1A, see the Supporting
Information, Table S2) and the [ReIACHTUNGTRENNUNG(phen)(W)]+ ground state. Colors
show regions where the electron density decreases (blue) and increases
(red) upon excitation.

Figure 12. Top: Electron density differences between 3CT- and 3CS states
and the ground state at the ground-state geometry calculated by TDDFT
(CPCM-H2O). Bottom: spin density distributions in structurally opti-
mized 3CT and 3CS states (DFT UKS CPCM-H2O). PBE0 and M06 func-
tionals were used for the 3CT and 3CS calculations, respectively.
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form vibrational analysis. The 3CS A’’+ A’(2) ṽ(CO) vibra-
tions (M06/H2O, see the Supporting Information, Figure S5)
are downshifted from ground-state values by �30 and
�23 cm�1, respectively, because of the increased p-electron
density on the phen ligand. Indeed, TRIR spectra show
bands at about 1885 (A’’+ A’(2)) and 2004 cm�1 (A’(1)),
that is about 33 and 26 cm�1 lower than corresponding
ground-state bands. The sensitivity of the calculated elec-
tronic structure of the lowest triplet states to the computa-
tional details is in agreement with the experimentally deter-
mined energetic proximity of the [ReI ACHTUNGTRENNUNG(dmp) ACHTUNGTRENNUNG(W122)AzCuI]
3CT and 3CS states, about 0.028 eV.[9] The good match be-
tween experimental and calculated excited-state IR spectra
demonstrates that UKS, PBE0, and M06 calculations in
water provide good models for the 3CT and 3CS states, re-
spectively.

Discussion

The [ReI(CO)3ACHTUNGTRENNUNG(dmp) ACHTUNGTRENNUNG(H124) ACHTUNGTRENNUNG(W122)] moiety of the azurin
mutant emerges from this study as an electronically coupled
active site that can be regarded as a single photoactive unit.
The X-ray crystal structure (Figure 1) clearly demonstrates
an interaction between the nearly parallel WACHTUNGTRENNUNG(indole) and
dmp rings that is strong enough to rotate the [ReI(CO)3-ACHTUNGTRENNUNG(dmp)] label relative to its position in [ReI ACHTUNGTRENNUNG(dmp)(K)AzCuII]
by about 908 and change the orientation of the H124 imid-ACHTUNGTRENNUNGazole ligand relative to the [ReI(CO)3ACHTUNGTRENNUNG(dmp)] symmetry
plane. DFT calculations and both ground- and excited-state
IR spectra indicate that the intramolecular WACHTUNGTRENNUNG(indole)-dmp
interaction persists in solution. A similar interaction occurs
between dmp and F122 (or Y122) in [ReI ACHTUNGTRENNUNG(dmp) ACHTUNGTRENNUNG(F or
Y)AzM]. Although azurins, including [Re ACHTUNGTRENNUNG(dmp)(W)AzCuII],
form oligomers in solutions,[37] the kinetics data can be inter-
preted in terms of intramolecular ET and relaxation steps
only. Intraprotein ET is much faster than ET across protein–
protein interfaces in oligomers, especially when the proteins
are bound by nonspecific forces, as indicated[37] by LILBID
mass spectra. Intermolecular ET would not be competitive
even if the indole–dmp–dmp–indole interaction found in
[ReACHTUNGTRENNUNG(dmp)(W)AzCuII] dimers in crystals (Figure 2) were pre-
served in an oligomer core, since each dmp ligand is coupled
to an indole of the same azurin molecule, being separated
from that of the second molecule by another [Re ACHTUNGTRENNUNG(dmp)]
unit.

Photoinduced charge-separation to give the [ReI ACHTUNGTRENNUNG(dmpC�)-ACHTUNGTRENNUNG(WC+)AzM] 3CS state involves several ET steps that occur
on timescales ranging from fs to a few tens-of-ns (Scheme 1
and Table 1). The ET reactivity can be understood in terms
of the electronic structure, energetics and relaxation dynam-
ics of electronic excited states of [ReI ACHTUNGTRENNUNG(dmp)(W)]. Optical
excitation populates 1CT excited states (* ACHTUNGTRENNUNG[ReII ACHTUNGTRENNUNG(dmpC�)(W)],
Figure 11) that undergo intersystem crossing with a time
constant of approximately 110 fs,[16,17, 53] producing a hot 3CT
state. The approximately 110 fs 1CT lifetime allows for ultra-
fast exergonic W!ReII ET to produce the 1CS state, fol-

lowed by fs intersystem crossing to 3CS. This pathway is re-
sponsible for sub-ps 3CS formation, observed by TRIR
(direct optical excitation into W!dmp 1CS states is improb-
able because of the very low oscillator strengths of corre-
sponding transitions: see the Supporting Information,
Table S2 and Figure S1). The 3CT state is initially “hot”: it is
both vibrationally excited and in an unequilibrated solvent
and protein environment.[15] Relaxation (complete in 1–2 ns,
as follows from the dynamical shift of the excited-state
A’(1) u(CO) band) involves a multitude of structural move-
ments, which optimizes the electrostatic interactions be-
tween the excited Re label, the peptide, and the solvent
molecules.[15] Concomitantly with structural relaxation of the
Re site, the hot 3CT state undergoes W!ReII ET to the 3CS
state [ReI ACHTUNGTRENNUNG(dmpC�)ACHTUNGTRENNUNG(WC+)] in tens-to-hundreds of ps, slowing to
about 1 ns upon 3CT relaxation. The relaxed 3CT state is the
principal precursor of charge separation. Electronic interac-
tion between W ACHTUNGTRENNUNG(indole) and dmp in the predominantly
Re!dmp/p–p*ACHTUNGTRENNUNG(dmp) 3CT state is evident from calculated
electron-density changes and excited-state spin-density dis-
tribution that partly extends over the WACHTUNGTRENNUNG(indole) moiety
(Figure 12). The 3CT to 3CS conversion can be viewed either
as a W ACHTUNGTRENNUNG(indole)!dmpC�!ReII electron-density shift or a
W!ReII ET mediated by dmpC� (and its p–p interaction
with the indole). An alternative ET pathway through pep-
tide bonds is less likely because of much longer length and
negligible electronic involvement of peptide and imidazole
orbitals in the 3CT state (Figures 10 and 12). DFT calcula-
tions show that the relaxed 3CT and 3CS states are nearly
isoenergetic. Accordingly, the kinetics analysis points to an
equilibrium between these two states, with 3CS only 0.028
(0.012) eV below 3CT for CuI (CuII), whereas 3CS is
0.027 eV above 3CT for ZnII. The [ReI ACHTUNGTRENNUNG(dmpC�)ACHTUNGTRENNUNG(WC+)AzM]
3CS state decays to the ground state by dmpC�!WC+ charge
recombination, which takes place with a 30–60 ns time con-
stant for CuII or CuI and about 160 ns for ZnII. This is a
highly exergonic process (2.0–2.5 V) occurring in the
Marcus-inverted region. The ET and relaxation dynamics
within [ReI ACHTUNGTRENNUNG(dmp)(W)] are similar for CuI and CuII, with the
equilibrium constant K being slightly larger for CuII (3) than
CuI (1.6). [ReI ACHTUNGTRENNUNG(dmp)(W)ZnII] is distinctly different, because
the 3CS state is formed only by ultrafast processes in a
close-to-equilibrium ratio. W!ReII ET (3CT!3CS) is slight-
ly endergonic (K�0.34), in contrast to the CuI and CuII en-
ergetics. The different ZnII azurin behavior could be attrib-
utable to more extensive oligomerization of [ReI-ACHTUNGTRENNUNG(dmp)(Y)ZnII] than [ReI ACHTUNGTRENNUNG(dmp)(W)CuII], as indicated by
longer rotation times of approximately 50 and 30 ns, respec-
tively (see above). Oligomerization could shield the binding
site and change its structure and energetics by intermolecu-
lar interactions. The energetic proximity of the 3CT and 3CS
states contrasts with the approximately 0.4 V difference be-
tween the Re-label excited-state reduction potential (E’�
+1.4 V vs. NHE)[28] and the indole oxidation potential (E’
�1.01 V),[54] suggesting that the binding site energetics are
strongly affected by the interaction between dmp indole
groups and the protein environment.
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The full potential of the [ReI ACHTUNGTRENNUNG(dmp)(W)] ET phototrigger
is revealed by the dramatic acceleration[9] of long-range
CuI!ReII ET in 3CT-excited [ReI ACHTUNGTRENNUNG(dmp)(W)AzCuI]. CuII for-
mation is complete in a few tens-of-ns, whereas no reaction
is found for analogous azurins with phenylalanine or tyro-
sine at position 122. In the long-range ET mechanism of
[ReI ACHTUNGTRENNUNG(dmp)(W)AzCuI] (Scheme 1), the rapidly established
3CT/3CS equilibrium feeds the productive CuI!WC+ ET
step from a long-lived 3CT population, whereas the 3CS
dmpC�!WC+ charge recombination is energy wasting, thus
decreasing the reaction yield. Productive CuI!WC+ ET is
remarkably fast, (31 ns) over a 1.12 nm distance, likely be-
cause the indole group is electronically well coupled to the
peptide. The efficiency of any light-harvesting or photocata-
lytic system based on this type of mechanism will increase
upon increasing the inherent 3CT lifetime, slowing dmpC�!
WC+ recombination, and accelerating the final ET step.

The interaction between WACHTUNGTRENNUNG(indole) and dmp is a prereq-
uisite for rapid charge separation in [ReI ACHTUNGTRENNUNG(dmp)(W)] through
the 3CT/3CS equilibrium. Indeed, W!ReII ET is much
slower in analogous systems without a direct indole-N,N
contact. Photoinduced ET reactions in [ReI(pyridine-
W)(CO)3ACHTUNGTRENNUNG(N,N)]+ and [ReI(imidazole-W)(CO)3ACHTUNGTRENNUNG(N,N)]+

(N,N=bpy, phen) occur with a time constant of about 30 ns
in MeCN solutions, without any ultrafast kinetics compo-
nent.[14,51] Flash-quench generated [ReII(CO)3ACHTUNGTRENNUNG(phen)-ACHTUNGTRENNUNG(H107)]2+ oxidizes W108 in [Re(CO)3ACHTUNGTRENNUNG(phen)-ACHTUNGTRENNUNG(Q107 H)(W48F/Y72F/H83Q/Y108W)AzZnII] with a 360 ns
time constant,[34] which is much slower than the similar reac-
tion in 3CT-excited [ReI ACHTUNGTRENNUNG(dmp)(W)AzM]. The phen and
W108 indole rings in these modified proteins are oriented
away from each other, therefore disfavoring any direct elec-
tronic interaction.

Phototriggering by the [ReI ACHTUNGTRENNUNG(dmp)(W)] unit in azurins is
similar to the 30 ps primary electron transfer in DNA photo-
lyase that occurs over about 1.5 nm involving several p–p in-
teractions: between the W382 indole group and electronical-
ly excited flavin radical, whose aromatic rings partly overlap
4.2 � apart, followed by a “nanowire” of three p–p interact-
ing tryptophans.[55–60] Ultrafast charge-separation is also ac-
complished in a tight-binding antibody–protein pocket con-
taining tert-stilbene p-stacked to tryptophan. Stilbene photo-
excitation produces a strongly luminescent 1[stilbeneC�/WC+]
charge-separated complex with biosensing functions.[61] This
type of p–p interaction can also mediate ET at protein–pro-
tein interfaces: fast equilibration between oxidized Zn–por-
phyrin and a nearby tryptophane has been demonstrated to
facilitate charge recombination following photoexcitation of
a Zn–cytochrome c peroxidase:cytochrome c complex.[62, 63]

We suggest that the principle underlying ET acceleration
in [ReI ACHTUNGTRENNUNG(dmp)(W)AzM] azurins, namely, ultrafast photoin-
duced charge-separation between a p-stacked electron
donor and acceptor, can guide the design and construction
of more efficient light-energy harvesting systems. Rhenium
carbonyl–diimine/tryptophan assemblies could be exploited
in such constructions.
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