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Abstract: Ultrafast excited-state structural dynamics of [CuI(dmp)2]+ (dmp ) 2,9-dimethyl-1,10-phenan-
throline) have been studied to identify structural origins of transient spectroscopic changes during the
photoinduced metal-to-ligand charge-transfer (MLCT) transition that induces an electronic configuration
change from Cu(I) (3d10) to Cu(II) (3d9). This study has important connections with the flattening of the
Franck-Condon state tetrahedral geometry and the ligation of Cu(II)* with the solvent observed in the
thermally equilibrated MLCT state by our previous laser-initiated time-resolved X-ray absorption spectroscopy
(LITR-XAS) results. To better understand the structural photodynamics of Cu(I) complexes, we have studied
both [CuI(dmp)2]+ and [CuI(dpp)2]+ (dpp ) 2,9-diphenyl-1,10-phenanthroline) in solvents with different
dielectric constants, viscosities, and thermal diffusivities by transient absorption spectroscopy. The observed
spectral dynamics suggest that a solvent-independent inner-sphere relaxation process is occurring despite
the large amplitude motions due to the flattening of the tetrahedral coordinated geometry. The singlet
fluorescence dynamics of photoexcited [CuI(dmp)2]+ were measured in the coordinating solvent acetonitrile,
using the fluorescence upconversion method at different emission wavelengths. At the bluest emission
wavelengths, a prompt fluorescence lifetime of 77 fs is attributed to the excited-state deactivation processes
due to the internal conversion and intersystem crossing at the Franck-Condon state geometry. The
differentiation between the prompt fluorescence lifetime with the tetrahedral Franck-Condon geometry
and that with the flattened tetrahedral geometry uncovers an unexpected ultrafast flattening process in the
MLCT state of [CuI(dmp)2]+. These results provide guidance for future X-ray structural studies on ultrafast
time scale, as well as for synthesis toward its applications in solar energy conversion.

Introduction

Copper(I) diimine coordination complexes (denoted [CuI-
(NN)2]+) have a long, rich history that parallels that of their
transition-metal cousins, polypyridyl ruthenium(II) systems.1-11

Current interest is driven by a desire to employ transition metal
coordination complexes in applications from solar energy
conversion12 to chemical sensing13,14and molecular devices.15-17

To make these applications economical and viable, much
attention is being focused on first-row transition-metal-based
systems. In particular, cuprous diimine complexes have been
considered as potential substitutes for ruthenium(II) and os-
mium(II) systems.18

Pioneering work toward elucidation of the unique photo-
physical and photochemical properties of [CuI(NN)2]+ com-
plexes has been reported by McMillin and co-workers over the
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last ∼30 years.3,19-24 Their steady state and nanosecond
experimental studies have led to remarkable insights into the
properties of these novel excited states. They first observed
room-temperature photoluminescence from this class of com-
plexes and showed that the temperature dependence of the
photoluminescence required the existence of at least two charge
transfer excited states.5,6 McMillin also recognized the potential
for photoinitiated Jahn-Teller distortions that result in a
structural rearrangement from a nearly tetrahedral ground state
to a square planar or trigonal bipyrimidal excited state.3,23-25

McMillin also proposed an exciplex model to rationalize excited-
state quenching by Lewis bases.3,19,26Despite the lack of direct
structural evidence, the exciplex model continues to be widely
accepted and is supported by strong correlations between
accessibility of the copper center to the Lewis base and the
luminescence lifetimes.3,19,27-29 Recent contributions from our
own laboratories using time-resolved X-ray techniques have
confirmed the exciplex model and provide direct evidence for
the presence of additional coordination to the copper center by
a solvent molecule (or counterion) for photoexcited [CuI-
(dmp)2]+ (dmp ) 2,9-dimethyl-1,10-phenanthroline) in both
non-coordinating toluene30 and strongly coordinating acetoni-
trile.31 However, the interaction strength with the solvent
molecule was much weaker in toluene as evidenced by the
differentiation of the average copper-ligand distance in the
thermally equilibrated metal-to-ligand charge-transfer (MLCT)
excited state.

Recently, there appears to be a renewed awareness of the
complicated ultrafast photophysics in [CuI(NN)2]+ molecules
and their derivatives, as evidenced by the variety of articles
that have appeared in the recent literature.18,32-34 In our previous
contribution,31 we combined ultrafast optical transient absorption
(TA), time-dependent density functional theory (TD-DFT) and
LITR-XAS to gain further insight into the dynamics and
structures of the photoexcited [CuI(dmp)2]+ MLCT states in a
strong Lewis base solvent, acetonitrile. The LITR-XAS mea-
surements with 100-ps time resolution provided compelling
evidence for the solute-solvent complexes at the thermally
equilibrated MLCT states. The TD-DFT calculations indicated

a structural dependence manifested by the dihedral angle
between the two dmp ligand planes on the transition energy
gap between the3MLCT state and higher excited states,
implying that a blue-shift of the transient absorption band should
appear when the tetrahedral coordination of the Franck-Condon
(F-C) state flattens.31,35Such a blue-shift was indeed revealed
in acetonitrile by our previous TA spectra in the form of spectral
narrowing on the red edge of the absorption band occurring on
a 10-20 ps time scale following an initial sub-ps rise of a broad
excited-state absorption band.31 It was assumed that intersystem
crossing (ISC) from the F-C 1MLCT state to the3MLCT
manifold occurred on a sub-ps time scale in accord with that
observed in [RuII(bpy)3]2+.36 Without direct structural measure-
ments with a better time resolution than 100 ps, we tentatively
attributed the blue-shift and its associated 10-20 ps time
constant as a signature of the “flattening” distortion of the
phenanthroline moieties based on the TD-DFT results and on
the timescales for internal rotations of groups with similar sizes
in twisted internal charge transfer (TICT) states.37

A much slower ISC process has been proposed by Siddique
et al.34 based on their time-correlated single photon counting
(TCSPC) fluorescence lifetime measurements, which revealed
a 13-ps fluorescence lifetime. Their spectral assignments were
supported by TD-DFT calculations, revealing that the weak-
ened spin-orbital coupling resulting from the structural distortion
from tetrahedral geometry, the “flattening”, was attributed to
the origin of a remarkably slow ISC process.34 In the current
work, we report both ultrafast transient absorption experiments
on [CuI(dmp)2]+ in various solvents (acetonitrile, ethylene
glycol, and toluene), as well as femtosecond fluorescence
upconversion experiments of [CuI(dmp)2]+ in acetonitrile. To
our knowledge, this is the second transition-metal coordination
complex studied by the fluorescence upconversion technique,36

applied to this complex independently by ourselves and by
Iwamura, Takeuchi, and Tahara (Private communication to
E.W.C.).

Fluorescence upconversion is a gated fluorescence method.
As in all pulsed time-resolved fluorescence experiments, a short
laser pulse (in this case, about 65 fs at 417 nm) is used to transfer
population from the ground state to an excited singlet state.
However, rather than adhere to the limitations imposed by
electronic circuitry, the time-resolved detection is achieved by
opening a variable time-delay gate using nonlinear optical sum-
frequency generation. By combining the total fluorescence with
a time-delayed replica of the excitation pulse in a phase-matched
sum-frequency crystal, time gating on the order of the convolu-
tion of the actinic and gating laser pulses is achieved.38-41

Because the time resolution in a gated fluorescence upconversion
experiment can be on the order of 150 fs or less, it is possible
to see the effects of Kasha’s law in play. Specifically, it is
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possible to observe fluorescence emission from singlet states
that are above the primary emitting S1 state, albeit for only the
duration of the internal conversion process. We expect that the
time resolution afforded by the fluorescence upconversion
experiment should define the time scale of ISC with more than
a factor of 100 enhancement in time resolution compared to
TCSPC measurements. Hence, we hope to infer information
about the time scale of the flattening distortion of the phenan-
throline ligands from these measurements and correlate the
structures of the excited states with their photophysical behav-
iors, in particular, their structure dependent nonradiative decay
processes.

The chemical structures of the complexes and the possible
excited-state reaction pathways are depicted in Chart 1. The
[CuI(dmp)2]+ and [CuI(dpp)2]+ (dpp ) 2,9-diphenyl-1,10-
phenanthroline) were selected for this study because they
undergo similar photoinduced flattening distortions of the
phenanthroline ligands, but differ in their ability to coordinate
a fifth ligand and form exciplexes. The phenyl rings of the dpp
ligands appear to protect the copper center from Lewis bases
much more effectively than the methyl groups of dmp. For
example, [CuI(dpp)2]+ has long-lived photoluminescent excited
states in coordinating solvents, like acetonitrile and methanol,
conditions where the [CuI(dmp)2]+* is completely non-emissive.
In addition, X-ray crystallography studies have shown that the
oxidized forms of [CuI(dmp)2]+ are 5-coordinate with a fifth

ligand derived from the solvent or counterion.42,43 In contrast,
[CuII(dpp)2]2+ is 4-coordinate in the solid state for both the Cu-
(I) and Cu(II) formal oxidation states and there is good evidence
that these geometries are maintained in fluid solution.44 There-
fore, we do not anticipate that the “MLCT-Solvent Complex”,
shown on the right-hand side of Chart 1B, represents a
significant relaxation pathway for [CuI(dpp)2]+* , where it is
the preferred pathway for [CuI(dmp)2]+*. It was of interest to
contrast ultrafast photophysical properties of these similar but
clearly unique compounds. Such knowledge will provide
guidance in synthesizing Cu(I) complexes with targeted struc-
tural constraints in order to achieve desirable excited-state
properties for solar energy conversion.

Experimental Methods

Samples.The [CuI(dmp)2](PF6) and [CuI(dpp)2](PF6) were synthe-
sized according to previously published procedures.1,6 The acetonitrile,
toluene, and ethylene glycol were from Aldrich. The first two solvents
were distilled before use. The [CuI(dmp)2](PF6) was metathesized in
the presence of sodium tetrakis(3,5-bis(trifluoromethylphenyl))borate
(Boulder Scientific) with a 1:1 ratio in toluene. The concentration used
for the transient optical absorption sample was about 0.4 mM and used
without degassing.

Transient Absorption Spectroscopy.Transient absorption measure-
ments were performed with an apparatus based on an amplified Ti:
sapphire laser system as described elsewhere.45 The 417 nm excitation
pulses were obtained from the second harmonic of the output from the
Ti:Sapphire amplifier. White light continuum probe pulses were
generated by focusing a fewµJ of the Ti:sapphire amplifier output onto
a sapphire disc. The white light was split into two beams that served
as the reference and the probe respectively. The probe beam and the
pump beam were focused to a 0.3 mm diameter spot at the sample in
a nearly collinear geometry, and with a “magic angle” of 54.7° in
relative polarization directions. For the transient absorption anisotropy
measurements, the polarization of the white light probe was kept in
the horizontal direction (parallel to the laser table) and that of the 417
nm pump rotated to parallel or perpendicular respected to the probe
polarization direction. The pump intensity at each polarization direction
was measured and adjusted to be the same with the half wave plate
before the polarizer that defined the pump polarization. The sample
cuvette path length was 2 mm. The widths of the pump and probe
pulses were about 100 fs, and the total instrumental response for the
pump-probe experiments was about 180 fs. The transient absorption
changes for a particular probe wavelength as a function of time were
analyzed by fitting the data with a multiexponential kinetic model
convoluted with a Gaussian instrument response function with 180 fs
fwhm. In all cases, the samples were excited at 417 nm.

Fluorescence Upconversion Spectroscopy.The fluorescence up-
conversion system has been described previously.38-41 Briefly, the
fundamental beam, centered at 837 nm, of a Spectra Physics Tsunami
femtosecond Ti:sapphire laser was focused into a type I BBO nonlinear
crystal with 1 mm path length, generating 418.5 nm light with an
average power of∼75 mW. The 418.5 nm light was then used to excite
the [CuI(dmp)2]+ sample dissolved in anhydrous acetonitrile with the
remaining fundamental used as the gate for the upconverted emission
using phase-matched sum frequency generation. The sum frequency
was generated in a type I BBO nonlinear crystal with 0.4 mm path
length. The polarization was set to the magic angle (54.7°) between
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Chart 1. (A) Two-dimensional representations of copper(I)
bis-phenanthroline derivatives used in this work and (B) the
photoreaction pathways based on previous studies.3,8,25,30,31,46
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the excitation and probe beams thereby removing any reorientational
dynamics from the fluorescence transient. The upconverted signal was
passed through a monochromator (Acton SP-150) for wavelength
selection followed by detection with a photomultiplier, pre-amplifier,
and photon counter (Stanford SR400). The instrument temporal response
was measured by the cross correlation between the second harmonic
and the fundamental (third harmonic generation-THG) and had a full-
width at half-maximum of∼180 fs. The [CuI(dmp)2]+ sample was
flowed rapidly through a 1 mmpath length cuvette to avoid thermal
lensing. The sample OD was∼1 for the 1 mm path length. Upconverted
transients were measured for 550, 600, and 630 nm. Because of the
very low fluorescence intensity, typically 20 scans were collected and
then summed. All fluorescence transients were fit to a sum of
exponentials convolved with the measured THG instrument response
function.

Results

The Ground-State Absorption Spectra.The ground state
electronic absorption spectra for [CuI(dmp)2]+ and [CuI(dpp)2]+

in acetonitrile are shown in Figure 1 with maxima at 456 and
441 nm, respectively. These bands correspond to MLCT
transitions for each complex.21,22The spectra in ethylene glycol
and toluene showed no differences in peak shape or position
and are thus not displayed. These spectra are in agreement with
those in the literature.2,22,28

The Excited-State Transient Absorption Spectra.Transient
absorption spectra were collected from very early times (<500
fs) through 2 ns after photoexcitation for [CuI(dmp)2]+ in the
three solvents and for [CuI(dpp)2]+ in acetonitrile (Figures 2-4).
For [CuI(dmp)2]+, single wavelength transients were measured
at seven probe wavelengths (475, 500, 520, 540, 560, 580, and
600 nm) to obtain the kinetics in every region of the transient
spectrum. Each of the transients was fit to a sum of exponentials
that was convolved with a Gaussian of fwhm of 180 fs to
approximate the instrument response function for the cross-
correlation between the pump and probe pulses at a given probe
wavelength. The results of the nonlinear least-square fitting are
displayed in Tables 1-3. For [CuI(dpp)2]+ in acetonitrile, single
wavelength transient kinetics were also measured throughout
the differential absorption spectrum (545, 565, 585, 605, 625,
and 645 nm). The exponential time constants obtained from
fitting the transients are reported in Table 4.

1. Transient Absorption Spectra of [CuI(dmp)2]+. Transient
absorption spectra (Figure 2-4) were measured in the spectral
region of 450-775 nm. In the acetonitrile solution, the entire
transient spectrum exhibits a rise without any distinct features
(Figure 2). In the ethylene glycol, the absorption band arises
from the blue side, and then quickly grows in toward the red
(568 nm) (Figure 3). In toluene, the initial absorption arises
from the red side and quickly grows in toward the blue (568
nm) (Figure 4). Although these subtle differences are observed
in the shape and direction of sub-ps spectral evolution among
the three solutions within 1 ps of the excitation, their significance
will be discussed in later sections.

On the other hand, the consistency of the transient spectra at
∼1.2 ps in the three different solvents is noteworthy. Beyond
this point, the similarity of the spectral evolution that takes place
during the first 20 ps for [CuI(dmp)2]+ in these very different

Figure 1. Ground state UV-vis absorption spectra for [CuI(dmp)]+ and
[CuI(dpp)]+ in acetonitrile. The spectra for [CuI(dmp)]+ in ethylene glycol
and toluene perfectly overlaid the spectrum in acetonitrile and thus are not
shown. The 417 nm pump excitation is also indicated for the transient
absorption measurements, whereas the excitation wavelength for the
upconversion experiment is 418.5 nm. Figure 2. Transient spectra of [Cu(dmp)2]+ in acetonitrile from 1.2 ps to

2.0 ns. (Inset) Earlier spectra from 0.3 to 1.0 ps that correspond to the
1MLCT state. The arrows on the inset spectra indicate that the excited-
state absorption band (∼480 to 620 nm) and ground state bleach (<480
nm) are growing during the first picosecond.

Figure 3. Transient spectra of [Cu(dmp)2]+ in ethylene glycol from 1.0
ps to 2.0 ns. (Inset) Earlier spectra from 0.2 to 1.0 ps. The right-hand arrow
on the inset spectra indicates that the initial growth for the transient
absorption is shifting to the red as it grows during the first few hundred
femtoseconds. This initial growth was not seen in the acetonitrile case and
is opposite of the direction in toluene.
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solvents is remarkable. The uniformity of the time it takes for
the broad featureless spectrum to shift to the blue, narrow, and
develop the dual peak structure seems to imply that the
dynamical process(es) associated with this evolution is appar-
ently unrelated to the solvent properties within the first 20 ps
of the photoexcitation, which is an unexpected observation for
dynamics occurring on this time scale. The origin of this spectral
evolution and its associated time scale are addressed in detail
in the Discussion section.

2. Transient Absorption Kinetics of [CuI(dmp)2]+. Kinetics
traces were collected at seven wavelengths across the transient
spectrum (475, 500, 520, 540, 560, 580, and 600 nm). These
measurements sampled every region of the excited-state absorp-
tion band as well as the ground state bleaching (<500 nm).
The results of nonlinear least-squares analysis of the data at
each probe wavelength for acetonitrile, ethylene glycol, and
toluene solutions are presented in Tables 1-3, respectively.
Monitoring the probe wavelengths on the red side of the
absorption band (i.e., the 580 and 600 nm transients) provides
the time scale of the spectral evolution from the initial broad
spectrum to the narrowed, blue-shifted transient spectrum
previously observed for the long-lived3MLCT state of [CuI-
(dmp)2]+.

Examination of the time constants obtained from the fitting
of the kinetics reveals the timescales for the spectral evolution
of the excited-state absorption band. After the sub-ps rise at
560 nm (the peak of the long-time transient spectrum), the
kinetics trace exhibits a slower,∼10-15 ps rise. Following the
initial sub-ps rise, the decay of spectral intensity at 580 and
600 nm which results from the blue-shift and narrowing of the
absorption band also occurs with a time constant of roughly
10-15 ps, independent of the solvent. The corresponding
timescales for the rise of the peak at 560 nm and the decay of
the red side of the absorption band complement one another
and clearly result from evolution of the broad, early spectrum
to the structured, long-time spectrum. Figure 5, Figure 6, and
Figure 7 depict the transient kinetics within the first 40 ps for
[CuI(dmp)2]+ in the three solvents at 560, 580, and 600 nm,
respectively. Despite the differences in bulk properties among

these solvents (see Discussion section), these results indicate
that there is little difference in time scale for spectral evolution
among the various solutions within 20 ps after photoexcitation.

3. Transient Absorption Spectra and Kinetics of [CuI-
(dpp)2]+. In addition to the solvent comparison described above,
we have also performed experiments on [CuI(dpp)2]+ with two
phenyl groups at the 2 and 9 positions. dpp is clearly consider-
ably bulkier than dmp, with the molecular volume ratios for
[CuI(dpp)2]+ to [CuI(dmp)2]+ being ∼1.5:1. The electronic
structure of dpp is also somewhat different than that of dmp
because the phenyl substituents in [CuI(dpp)2]+ help stabilize
the photoexcited electron in the MLCT excited-state though
π-conjugation whereas the methyl groups in [CuI(dmp)2]+ are
electron-donating and serve to destabilize the MLCT state.
Consequently, the transient absorption spectrum of [CuI(dpp)2]+

is located further to the red than for [CuI(dmp)2]+. The transient
spectra from 1.2 ps to 2 ns for [CuI(dpp)2]+ in acetonitrile are
displayed in Figure 8, and the inset depicts the spectra within
the first 1.2 ps. As observed in [CuI(dmp)2]+, a broad, featureless
spectrum appears within∼1.2 ps and evolves to a blue-shifted,
narrowed spectrum that possesses a dual peak structure (pre-
sumably due to the dpp•- absorption). Also, like [CuI(dmp)2]+,
this spectral evolution is complete within∼20 ps.

Kinetics traces for [CuI(dpp)2]+ in acetonitrile were collected
at six wavelengths across the transient spectrum (545, 565, 585,
605, 625, and 645 nm). The results of nonlinear least-squares
fitting of the kinetics data are found in Table 4. As was the
convention for the [CuI(dmp)2]+ data, monitoring the probe
wavelengths on the red side of the absorption band (i.e., the
605 and 625 nm transients) provides the time scale of the
spectral evolution from the initial broad spectrum to the
narrowed, blue-shifted transient spectrum previously observed
for the long-lived3MLCT state of [CuI(dpp)2]+. Following a
sub-ps rise of the transient absorption at 585 nm (the peak of
the long-time spectrum) a slower rise of 10 ps is observed. At
605 and 625 nm, after the initial sub-ps rise, a decay of spectral
intensity due to blue-shifting and narrowing of the excited-state
absorption band occurs with a time constant of 11 ps, and
apparently corresponds to the growth at 585 nm.

This ∼10 ps time scale is also consistent with the spectral
evolution observed for [CuI(dmp)2]+. If we take into account
the slightly different spectral regions for the excited-state
absorption bands of the two molecules, it should be possible to
compare the kinetics involved in the evolution from the initial
broad spectra to the narrowed, blue-shifted spectra. By choosing
a probe wavelength on the red side of the excited-state
absorption peaks, the excited-state absorption kinetics of [CuI-
(dpp)2]+ and [CuI(dmp)2]+ can be reasonably compared between
the two molecules. Such a comparison is displayed in Figure
9. For [CuI(dmp)2]+ in acetonitrile, the probe wavelength is 600
nm and for [CuI(dpp)2]+ in acetonitrile, 635 nm corresponds to
the center of the red edge of the absorption band. Although the
kinetics data for [CuI(dpp)2]+ at 635 nm are not shown in Table
4, the time constants (τR1 ) 1.1 ps andτD1 ) 11 ps) are similar
to those observed at 625 and 645 nm. Moreover, the time scale
for decay resulting from the blue-shift in [CuI(dpp)2]+ is 11 ps
which is nearly identical to the 10 ps time scale for the same
evolution observed in [CuI(dmp)2]+.

The sum of these results shows the dynamical evolution
within the first∼20-40 ps for [CuI(dmp)2]+ in three different

Figure 4. Transient spectra of [Cu(dmp)2]+ in toluene from 1.4 ps to 2.0
ns. (Inset) Earlier spectra from 0.3 to 1.2 ps. The right-hand arrow on the
inset spectra indicates that the initial growth for the transient absorption
peak is shifting to the blue as it grows during the first few hundred
femtoseconds. This was not observed in the acetonitrile results.
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solvents as well as a related molecule, [CuI(dpp)2]+, which
possesses bulkier ligands. However, despite the changes in the
local environments (i.e., solvent and substituent), there seem
to be more similarities than differences as these molecules
evolve from the F-C 1MLCT state to the thermally equilibrated,

flattened3MLCT state. These results were not anticipated and
require further elaboration to explain how they arose.

4. Transient Absorption Anisotropy of [CuI(dmp)2]+ in
Acetonitrile. Transient excited-state absorption anisotropy r(t)
of [CuI(dmp)2]+ in acetonitrile was measured at 560 nm, near
the peak of the excited-state absorption, shown in Figure 10.
The transient absorption anisotropyr(t) as a function of time

Table 1. Time Constants from Nonlinear Least-Squares Fitting of Transient Kinetics at Various Wavelengths for [Cu(dmp)2]+in Acetonitrile

time component (ps) 475 nm 500 nm 520 nm 540 nmc 560 nm 580 nm 600 nm

fasta τD1 ) 0.48 τD1 ) 0.58 τD1 ) 0.50 τD1 ) 0.44 τR1 ) 0.41 τR1 ) 0.55 τR1 ) 0.78
intermediatea τR1 ) 12 τR1 ) 12 τR1 ) 12 - τR2 ) 10 τD1 ) 11 τD1 ) 10
longa,b τR2 ) 1600 τD2 ) 1600 τD2 ) 1600 τD2 ) 1670 τD1 ) 1640 τD2 ) 1550 τD2 ) 1510

a Subscripts R and D (rise and decay) indicate the direction of the transient signal for the given time scale (τ). b This time scale reflects the excited-state
lifetime in acetonitrile.c After the initial fast rise of the absorption, the 540 nm transient exhibited only the slow decay of the excited-state lifetime.

Table 2. Time Constants from Nonlinear Least-Squares Fitting of Transient Kinetics at Various Wavelengths for [Cu(dmp)2]+in Ethylene
Glycol

time component (ps) 475 nm 500 nm 520 nm 540 nm 560 nm 580 nm 600 nm

fasta τD1 ) 0.41 τR1 ) 0.31 τR1 ) 0.34 τR1 ) 0.62 τR1 ) 0.40 τR1 ) 0.24 τR1 ) 0.55
intermediatea τR1 ) 4.0 τR2 ) 8.4 τR2 ) 15 τR2 ) 14 τR2 ) 16 τD1 ) 15 τD1 ) 9.3
longa,b τR2 ) 1375 τD1 ) 1300 τD1 ) 1300 τD1 ) 1210 τD1 ) 1200 τD2 ) 1350 τD2 ) 1100

a The subscripts R and D (rise and decay) indicate the direction of the transient signal for the given time scale (τ). b This time scale reflects the excited-
state lifetime in ethylene glycol.

Table 3. Time Constants from Nonlinear Least-squares Fitting of Transient Kinetics at Various Wavelengths for [Cu(dmp)2]+in Toluene

time component (ps)a 475 nm 500 nm 520 nm 540 nmc 560 nm 580 nm 600 nm

fastb τD1 ) 0.21 τR1 ) 0.30 τR1 ) 0.24 τR1 ) 0.36 τR1 ) 0.35 τR1 ) 0.76 τR1 ) 0.68
intermediateb τR1 ) 2.9 τR2 ) 33 τR2 ) 22 - τR2 ) 13 τD1 ) 10 τD1 ) 10

a The long time constants are not reported because the excited-state lifetime of Cu[dmp]2
+ in toluene (∼98 ns) exceeds our experimental limits and has

been measured in our previous studies.30,46 b The subscripts R and D (rise and decay) indicate the direction of the transient signal for the given time scale
(τ). c After the initial fast rise of the absorption, the 540 nm transient exhibited only the slow decay of the excited-state lifetime.

Table 4. Time Constants from Nonlinear Least-Squares Fitting of Transient Kinetics at Various Wavelengths for [Cu(dpp)2]+in Acetonitrile

time component (ps)a 545c nm 565 nm 585 nm 605 nm 625 nm 645 nm

fastb τD1 ) 2.5 τD1 ) 0.78 τD1 ) 0.60 τR1 ) 0.27 τR1 ) 0.39 τR1 ) 0.94
intermediateb - τD2 ) 9.0 τR1 ) 10 τD1 ) 11 τD1 ) 11 τD1 ) 9.7

a The long time constant is not reported because the excited-state lifetime of Cu[dpp]2
+ in acetonitrile (∼110 ns) exceeds our experimental limits.b The

subscripts R and D (rise and decay) indicate the direction of the transient signal for the given time scale (τ). c After an early decay of the absorption, the 545
transient exhibited only the slow decay of the excited-state lifetime.

Figure 5. Transient signals observed as a function of pump-probe delay
time at 560 nm for [Cu(dmp)2]+ in the three solvents. (The transients are
vertically offset for clarity.) This wavelength is the center of the more intense
transient absorption peak that develops within 20 ps. Independent of the
solvent, the fast and intermediate timescales (Tables 1-3) are∼0.5 and
10-15 ps, respectively. Although the origin of the sub-ps component is
ambiguous, the slower rise time corresponds almost identically with the
decay on the blue side of the absorption band.

Figure 6. Transient signals observed as a function of pump-probe delay
time at 580 nm for [Cu(dmp)2]+ in the three solvents. (The transients are
vertically offset for clarity.) This wavelength is on the blue side of the
main transient absorption band which allows us to obtain the time scale of
the blue-shift and spectral reshaping that occurs within 20 ps. After a fast
(∼0.5 ps) rise, the signal decays with a 10-15 ps time constant (see Tables
1-3).
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can be expressed byr(t) ) [A|(t) - A⊥(t)]/[ A|(t) + 2A⊥(t)],
whereA|, ⊥ (t) are the absorption of the probe light by the sample
in the polarization directions parallel and perpendicular, respec-
tively, to the excitation polarization.r(t) can also be expressed
by a function of the second-order Legendre polynomialP2(x)
) (3x2 - 1)/2, asr(t) ) 2/5〈P2[µa(0)·µa′(t)]〉, whereµa andµa′
are transition dipole vectors.47 At t ) 0, r(0) ) 2/5(3 cos2 (λ -
1))/2, whereλ is the angle between two vectors along the
transition dipole directions induced by the pump and the probe
pulses. In our measurements,µa is for S0 f Sn, and µa′, for
S1 f Sn or T1 f Tn. The measurement was intended to resolve
any fast internal rotational motion due to the structural change
at the MLCT state. The initial anisotropy valuer(0) of -0.16
indicates a near orthogonal orientation of the transition dipoles

for S0 f Sn transition and S1 f Sn or T1 f Tn transition.
Therefore, if the former is a vector from the Cu center along
theC2 axis of dmp ligand as expected for the MLCT transition
and confirmed by the TD-DFT calculations,31 the latter will
be nearly perpendicular from that direction in the ligand plane
(Figure 10). The nonlinear least-square fit ofr(t) results in a
biexponential function with two time constants, 31 and 0.5 ps,
corresponding to the overall tumbling of the molecule in solution
and the internal rotational depolarization. If the two transition
dipoles are nearly perpendicular with each other as suggested
by the value ofr(0) and illustrated in the Figure 10 inset, the
flattening itself will not change the relative orientations between
them. Hence, the 0.5 ps time constant either involves motions
that alter the angle between the two dipoles, such as the rocking
motion bending theC2 axis of the molecule, or is due to changes(47) Szabo, A.J. Chem. Phys.1984, 81, 150-167.

Figure 7. Transient signals observed as a function of pump-probe delay
time at 600 nm for [Cu(dmp)2]+ in the three solvents. (The transients are
vertically offset for clarity.) At this wavelength, there is more spectral decay
(than at 580 nm; see Figure 6) resulting from the blue-shift of the main
transient absorption band. After a fast (∼0.5 ps) rise, the signal decays
with a ∼10 ps time constant (see Tables 1-3). Among the three transients
presented above, the fit for the acetonitrile data has a larger amplitude for
the 10 ps decay component than the other two, which explains its slightly
different appearance. It is our view that the common time scale for the
evolution in the various solvents (not the minor discrepancy in amplitudes)
is relevant to assigning the dynamics.

Figure 8. Transient spectra of [Cu(dpp)2]+ in acetonitrile from 1.2 ps to
2.0 ns. (Inset) Earlier spectra from 0.2 to 1.0 ps. The right-hand arrow on
the inset spectra indicates that the initial growth for the transient absorption
is shifting to the blue as it grows during the first few hundred femtoseconds.

Figure 9. Comparison of the transient decays on the blue side of the
excited-state absorption bands for [Cu(dmp)2]+ and [Cu(dpp)2]+ in aceto-
nitrile. For the [Cu(dpp)2]+ data in this plot, the time constants from fitting
for this 635 nm transient are not listed in Table 4 (τR1 ) 1.1 ps andτD1 )
11 ps). These probe wavelengths are chosen for display because they
correspond to the middle of the blue side of the absorption for each molecule
(to permit a more direct comparison). Although the initial rise of the [Cu-
(dpp)2]+ transient is slower than the [Cu(dmp)2]+ counterpart (1.1 ps vs
0.78 ps, respectively), the time scale for the blue-shift is virtually identical
(11 ps vs 10 ps, respectively). It is not surprising that the ultrafast scale of
the initial rises would be slightly different, because the ligands are very
different (electron-donating methyl groups in dmp versus phenyl groups in
dpp). However, it is unexpected that the intermediate timescales would
match up so well, given that the ligands are so dissimilar. Additionally, an
11 ps blue-shift is essentially the same as for [Cu(dmp)2]+ in ethylene glycol
and toluene (see text).

Figure 10. Transient excited-state absorption anisotropyr(t) measured at
560 nm. The left vertical axis is the anisotropyr(t) and the right axis is the
absorption, or optical density change. The nonlinear least-square fit ofr(t)
results in two decay time constants included in the figure. The arrows on
the molecule indicate the transition dipole directions extracted from the
data.µa andµa′ are transition dipole vectors corresponding to the transitions
from S0 f S1 and S1(T1) f Sn(Tn), respectively.
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in the absorption cross section of the transitions of the excited-
state molecule from the F-C state geometry to the flattened
geometry and from S1 to T1. Because several ultrafast processes,
such as internal conversion, intersystem crossing, and flattening
of the F-C state geometry, could all take place in such a time
scale, it is difficult to determine the exact origin of the fast decay
of r(t) (see below). However, the perpendicular orientation of
the excited to upper excited-state transition dipole respect to
that of the MLCT transition dipole (Figure 10) may also suggest
that the origin of the excited-state absorption is a ligand-centered
transition.

Ultrafast Fluorescence Upconversion of [CuI(dmp)2]+ in
Acetonitrile. Figure 11 shows the fluorescence upconversion
transients for [CuI(dmp)2]+ in acetonitrile solution. Transients
were collected at three different wavelengths 550, 600, and 630
nm. According to the steady-state emission measurements, the
emission band is peaked at 750 nm with its blue edge starting
from 550 nm.34 Therefore, our measurements are on the blue
side of the steady-state emission band. The transients were
obtained in two different time windows∼2 ps (Figure 11A)
for all three wavelengths and 12 ps (Figure 11B) for 600 and
630 nm. The 550 nm transient had fully decayed to baseline,
so longer scans are not reported for this wavelength. Biexpo-
nential fits to the transients are represented as a solid red line
through the data (filled black circles). Reduced residuals are
shown for the fits at the top portion of each transient. As can
be seen from the reduced residuals in all cases the fits are quite
good, but it should be noted that a single exponential cannot

adequately fit the data. The instrument response function (the
cross correlation between the pump beam and the fundamental)
is approximately 180 fs fwhm (instrument response function in
Figure 11A top graph 550 nm emission).

The salient features of the ultrafast fluorescence transients
are as follows. The gated emission intensity is extremely weak
having only about 30 counts/second in the peak channel at 550
nm and only∼10 counts/second in the peak channel for the
600 and 630 nm wavelengths. Thus it was necessary to collect
20 transients and sum them to obtain signal qualities adequate
for convolute-and-compare nonlinear least-squares multiexpo-
nential analysis. The weak gated fluorescence signal strength
agrees with the very weak fluorescence quantum yield of 10-5.34

The emission transients are best fit to biexponential decays and
are strongly wavelength dependent. The upconversion transients
cannot be fit to a rising exponential component for any of the
three wavelengths measured. The time components of the
fluorescence decays become longer with redder detection
wavelengths. The results from the nonlinear fitting are sum-
marized in Table 5. At 550 nm, the time constants derived from
the fit to the data were 77 and 510 fs with∼95% of the decay
clearly residing in the 77 fs time component. Because the
dominant lifetime component is nearly three times faster than
the instrument response fwhm value, we performed numerical
simulations to estimate the uncertainty in this measurement. We
repeatedly convoluted a model function with variable a input
parameter for this fast lifetime, with values ranging from 40 to
130 fs, added random Gaussian noise, and added a baseline (also

Figure 11. Fluorescence upconversion decay kinetics at different wavelengths with (A) a 2 pstime window, and (B) within a 12-ps time window showing
variation of the rate constants with emission wavelength. The excitation wavelength for the fluorescence upconversion experiment was 418.5 nm. Instrument
response function is shown as a solid blue trace in (A) along with the 550 nm emission transient.
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with Gaussian noise) to match the experimentally observed
baseline. On fitting these simulated data sets, we can estimate
that we can recover a 75 fs lifetime component with an
uncertainty of better than(10%. (For shorter values, the
uncertainty rapidly increases; e.g., for a 40 fs lifetime, the
uncertainty becomes(30%.) The rapid 77 fs decay behavior
at 550 nm is very similar to another transition metal complex,
[Ru(bpy)3]+, as studied by fluorescence upconversion, where
the 40 fs emission decay was determined and attributed to ISC
from the 1MLCT to the 3MLCT.36 The fluorescence transient
at 600 nm yielded time constants of 210 fs and 1.1 ps whereas
fits to the 630 nm emission yielded lifetimes of 702 fs and 11 ps.
The 630 nm transient did not completely decay to zero intensity
by the end of the 12 ps time window, so the long time constant
derived from the nonlinear least-squares fit for this transient is
only approximate. The fast component is the major contributor
for the decays at all three emission wavelengths, 550, 600, and
630 nm, but its amplitude is smaller at redder detected
wavelengths than at bluer ones. At 600 and 630 nm, the ratio
between the fast and the slow components remains ap-
proximately 2:1. Even longer time constants may be expected
for longer emission wavelengths, according to the observed trend
of time constant variation observed in the three wavelengths
mentioned above. The longer time constant of 11 ps for the
630 nm transient is very similar with that reported from TCSPC
experiments by Siddique et al. on [CuI(dmp)2]+ where they
found a prompt fluorescence lifetime attributed to the1MLCT
state of 13-16 ps collected at 700 nm (near the peak of the
steady-state emission band).34 It is worth noticing that the values
of the fluorescence decay constants are almost the same as the
two fast time constants observed in the transient absorption
spectroscopy. Therefore, we observed a strong correlation of
the fluorescence lifetime with the emission wavelength, with
longer decay constants observed in longer wavelength of the
emission spectrum. The implication of the time constant
variation with emission wavelength will be discussed below.

Discussion

The Nature of the Flattening Process: Inner Sphere vs
Outer Sphere Structural Reorganization. Because of the
susceptibility of the3d9 configuration to Jahn-Teller distortion,
the 3MLCT state of [CuI(dmp)2]+ with Cu(II) character was
initially suggested to have flattened tetrahedral coordination
where the dihedral angle,æ, defined by the two dmp ligand
planes becomes significantly smaller than 90°.48 However, the
dynamics of the flattening as well as the effects of surrounding
solvent molecules are unclear. In our last contribution,31 we
tentatively assigned the dynamics of the sub-ps time component
for [CuI(dmp)2]+ in acetonitrile to initial charge separation and

the ISC from the F-C 1MLCT state to the3MLCT state, while
the intermediate 10-20 ps time scale, to the structural rear-
rangement, presumably the flattening and thermal equilibration
(vibrational cooling). The assignment for the sub-ps time
constant was based on previous works by Okada and co-
workers36 and by McCusker and co-workers49-51 on [RuII-
(bpy)2]2+ complex in solution where the time constant for the
ISC process is as fast as 40 fs. Considering the similarities on
the structures and the ground state absorption spectra between
the two molecules, as well as Cu being a lighter element than
Ru, it is conceivable that the ISC in the1MLCT state of [CuI-
(dmp)2]+ would be slower than that of [RuII(bpy)2]2+ and fall
within the sub-ps time scale. The assignment for the 10-20 ps
time constant was based on the results from the TD-DFT
calculations and the experimentally observed blue-shift in the
excited-state absorption,31 and on the time scale for the
intramolecular rotational correlation time measured for some
TICT (twisted intramolecular charge transfer) molecules.37 The
internal rotation of the naphthalene group in bis-naphthalene
in the TICT state takes about 15 ps,52 providing an order of
magnitude for the internal rotation of the dmp with a chro-
mophore relatively larger than naphthalene. The TD-DFT
calculations revealed a widening of the energy gap between the
3MLCT state and the upper excited states as the dihedral angle
æ changes from 90° to 68°.31 This result was apparently in
agreement with our experimentally observed blue-shift in the
excited-state absorption band within 10-15 ps after the pho-
toexcitation. In addition, vibrational cooling is also manifested
by blue-shifting and narrowing of transient absorption bands
and is believed to occur on a similar time scale for large
molecules such as [CuI(dmp)2]+ in solution.36,53,54

In the current work, we extend our optical studies to [CuI-
(dmp)2]+ in various solvents as well as one other Cu(I)bis-
phenanthroline derivative, [CuI(dpp)2]+, in an effort to confirm
our model that the flattening of the tetrahedral coordination
causes the blue-shift in the excited-state absorption. If the
reduction of the angleæ (flattening) from nearly orthogonal in
the initial Franck-Condon state were an outer sphere process,
it would occur in concert with solvent displacement and thus
be dependent on the reorganization energetics, dynamics and
viscosity of the solvent. Meanwhile, if the vibrational cooling
by the solvent contributes to the blue-shift in the excited-state
absorption, the time constant for this event should depend upon
the solvent thermal diffusivity. However, we did not observe
apparent trends in the time constants of the sub-ps and 10-15
ps components associated with relevant solvent properties shown
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(54) Myers, A. B.; Rodier, J.-M.; Phillips, D. L.Jerusalem Symp. Quantum
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Table 5. Time Constants from Nonlinear Least-Squares Fitting of
Fluorescence Upconversion Data at Various Wavelengths for
[Cu(dmp)2]+in Acetonitrile.

time constant
(fs)a 550 nm 600 nm 630 nm

fast τf1 ) 77 (95%) τf1 ) 211 (66%) τf1 ) 702 (70%)
intermediate τf2 ) 510 (5%) τf2 ) 1,117 (34%) τf2 ) 10,800 (30%)

a The number in parenthesis show the normalized fractional amplitude
for each component.
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in Table 6 according to the transient absorption spectroscopy
results. Furthermore, there appears to be essentially no difference
in transient spectra collected at the same delay time among the
three solutions during the first 20 ps after the photoexcitation
if the population decay related to the diverse lifetimes for [CuI-
(dmp)2]+ on the nanosecond time scale is neglected. The peak
intensity normalized transient absorption spectra in the three
different solutions collected at∼1.2 ps after photoexcitation
are virtually indistinguishable (Figure 12A). At 20 ps time delay,
some minor differences are noticeable as the weaker band (∼520
nm) shows a somewhat more defined structure and intensity in
the toluene case and the tail on the red side of the main band
at ∼560 nm for the ethylene glycol spectrum is slightly more
intense than the other two (Figure 12B). It is possible that these
minor differences signify the strength of the solvent-solute
interactions in different solvents as revealed by our previous
LITR-XAS results.31 Whether these inconsistencies carry any
significance is unclear, especially given that the position, shape
and apparent width of the main band at∼560 nm are nearly
identical in the three solvents. What does become apparent is
that the excited-state dynamics of [CuI(dmp)2]+ appears to be
a solvent independent inner sphere process during 1-20 ps after
the photoexcitation. In fact, this could be the case for Cu(I)
diimine systems in general, because the results presented here
are complemented by other experimental results on multiple Cu-
(I) bis-diimine derivatives that extend the excited-state dynam-
ics studies to at least four different solvents.32,34,60 Similar
spectral evolution occurring on the same general time scale was
observed in all cases. With such diverse systems and solvents,
the origin of the pervasive∼10-15 ps component can likely
be attributed to a process involving the one common structural
factor among all the systemssthe copper center. The nearly
identical fast time constants of 500-700 fs and 10-15 ps in
all solvents suggest an inner sphere process in early stage of
the excited-state dynamics, which is insensitive to solvent
properties. The solvent-solute complex formation with different
strength of bonding, as detected by our LITR-XAS results,31

may happen after the initial stage of the photoexcitation, which
is ultimately responsible for the differences in the MLCT
excited-state lifetime on the nanosecond time scale.

A recent communication from Gunaratne et al.60 describes
transient absorption experiments conducted on Cu(I)bis-
phenanthrolines withn-hexyl or 4-n-butylphenyl substituents
at the 2,9 positions dissolved in methylene chloride. For the
n-hexyl variant, they observe the same dynamics with nearly
identical transient spectra as ours (suggesting that the alkyl
substituent acts like a methyl substituent, giving the appearance
of the dmp•- spectrum). It is also noteworthy that the transient
spectra for their 4-n-butylphenyl substituted complex bear an

uncanny resemblance to our results for [CuI(dpp)2]+ (Figure 8),
including an isobestic point at approximately 665 nm. Thus, it
seems that the 4-n-butylphenyl substituents possess similar
properties that affect the phenanthroline ligands of the photo-
excited complex in much the same way as the unsubstituted
phenyl rings of the [CuI(dpp)2]+ complex. Interestingly, they
also observe a 15 ps blue-shifting component that is independent
of ligand substituent and occurs in CH2Cl2. Here we present
two more examples of Cu(I)bis-phenanthroline complexes for
which we have different ligands and a fourth solvent system,
yet we observe the same time scale for the blue-shift. The only
constant in our observations and those of Gunaratne et al. is
the fact that both studies are on Cu(I) systems, which supports
assignment of a process that is related to the metal center, such
as intersystem crossing.

How Fast is the Flattening of the1MLCT State of [Cu-
(dmp)2]+? Our goal in this study is to answer a key question
about how fast the tetrahedral F-C excited-state structural
flattening takes place, i.e., how fast is the geometry change that
transforms the dihedral angles between two dmp planes in [CuI-
(dmp)2]+ from 90° to 68°.31 Although the excited-state absorp-
tion blue-shift that occurs within 10-15 ps of the excitation
could be correlated with the energy gap increase between the
lowest energy excited-state to upper excited states that arises
due to the flattening of a tetrahedral geometry, the completeness

(60) Gunaratne, T.; Rodgers, M. A. J.; Felder, D.; Nierengarten, J. F.; Accorsi,
G.; Armaroli, N.Chem. Commun.2003, 3010-3011.

Table 6. Properties of the Solvents Used (20 °C)

dielectric
constant

relaxation times
ps

thermal
diffusivity
10-9 m2/s

viscosity
mPa‚sa

acetonitrile 37.50b 0.089, 0.63c 1.08e 0.39b

ethylene glycol 37.70c 0.187, 4.98, 32c 0.975f 19.9b

toluene 2.40b 0.157, 2.16, 15.21d 0.879f 0.59b

a Pa) Pascal.b See ref 55.c See ref 56.d See ref 57.e See ref 58.f See
ref 59.

Figure 12. Normalized transient absorption spectra for [Cu(dmp)2]+ in
acetonitrile (;;), ethylene glycol (---) and toluene (-‚-). (A) Early
time transient spectra showing a broad absorption band centered at
approximately 568 nm. This implies that the MLCT excited-state at∼1.2
ps after photoexcitation is not affected by the solvent. (B) Transient spectra
at 20 ps show a narrowed, blue-shifted dual peak structure with the more
intense band centered at 560 nm. The difference in peak positions between
the 1.2 ps spectra and the 20 ps spectra corresponds to an energy difference
of 0.057 eV (see text for significance). It is clear that there are some
differences between the 20 ps spectra, with the toluene spectrum showing
a more intense shoulder on the blue side of the main band and the ethylene
glycol spectrum exhibiting a slightly more intense tail on the red side. But
the basic shape and positions of the features are remarkably similar among
the three solvents.
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of this model is called into question by the result of fluorescence
lifetime measurements for [Cu(dmp)2]+ by Siddique et al.34 They
obtained a fluorescence lifetime of 13-16 ps in acetonitrile at
room temperature, implying an unexpectedly slow ISC process
on that time scale for the1MLCT state (S1) of [CuI(dmp)2]+.
The rationale for such a slow ISC process in comparison with
that of [RuII(bpy)3]2+ at 40 fs, according to Siddique et al.,34 is
due to weakened spin-orbital coupling as the result of the
structural rearrangement in the S1 state, namely the flattening
of the tetrahedral geometry of the F-C state via the decrease
of æ.34 On the basis of the TD-DFT calculations and the
fluorescence lifetime measurements by TCSPC, they concluded
that the flattening occurred prior to the ISC process rather than
vice versa. However, the time scale of the flattening is still
unclear because of the time resolution limit of the TCSPC
technique.61 Meanwhile, the ISC process from a higher energy
1MLCT state to the lower energy3MLCT state could also cause
the increase of the energy gap between the3MLCT state and
the upper states, resulting in a blue-shift in the excited-state
absorption as observed in the transient absorption spectroscopy.
Hence, both flattening of the tetrahedral F-C state and the ISC
will cause the blue-shift in the excited-state absorption (Figure
13), and the transient blue-shift in 10-15 ps after excitation is
not necessarily due to the flattening, if Nozaki’s model is correct.

In this report, we intend to investigate the excited-state
dynamics with a much better time resolution than TCSPC by
both femtosecond transient absorption and fluorescence upcon-
version measurements. More importantly, we hope the comple-
mentary dynamic information from the two measurements will
bring new insight into the time scales of the structural

rearrangements, especially the flattening, because the former
samples the transitions from the lowest excited-state to other
upper states, whereas the latter samples the transitions from the
lowest excited-state to the ground state (Figure 13).

Extensive TD-DFT calculations31,33,34have provided valu-
able information about the symmetry, electronic structure, and
energetics of the molecular orbitals and excited states of
photoexcited [CuI(dmp)2]+. The TD-DFT results indicate that
because of orbital symmetry, the [CuI(dmp)2]+ MLCT transition
centered at∼460 nm in the steady state absorption spectrum
does not populate the lowest energy1MLCT state (S1). Thus
the F-C MLCT state is actually a higher singlet that undergoes
internal conversion (IC) to S1, probably on an ultrafast time
scale (<1 ps). These calculations predict that S1 and the one of
the low energy3MLCT states are nearly isoenergetic. Siddique
et al. also calculated the spin-orbit integrals between the
1MLCT and3MLCT states, which provide unique insights into
the ISC mechanism.34 They found that spin-orbit coupling
between the F-C MLCT state and the lowest3MLCT state (T1)
is fairly strong (∼300 cm-1), so IC to S1 probably competes
with fast ISC to T1 at very early times after photoexcitation.
However, when the dihedral angle between the ligandsæ
decreases to the MLCT state geometry, the orbital energies for
higher triplet states lie above the lowest energy singlet. So the
only energetically favorable pathway for ISC to occur is from
S1 to the lower energy3MLCT states. But their calculations
found that the spin-orbit coupling between these states arises
primarily from ligand-centered orbitals and is thus much
weaker (∼30 cm-1). Consequently, once structural rearrange-
ment begins to occur, ISC to the triplet manifold becomes slower
than one might expect.

As displayed in Figure 12, the fluorescence decay kinetics
from the fluorescence upconversion measurements are strongly
emission wavelength dependent. According to Zgierski’s cal-
culation,33 the photoexcitation at 468 nm results in a transition
from S0 f S3, where S3 is an upper singlet state, whereas the
direct transition from S0 f S1 (the lowest fluorescing singlet
state) is symmetry forbidden. Siddique et al. also noted that
the calculated results are very sensitive to the dihedral angle
between the dmp rings. It is worth noticing that a recent review
showed that TD-DFT sometimes incorrectly estimated the
vertical transition energies for certain charge-transfer pro-
cesses.62 This review cautions TD-DFT users to calibrate their
results against other techniques, especially CIS(D) methods. If
Zgierski’s TD-DFT results33 are correct regarding negligible
direct excitation to the S1 and S2 states, the time evolution of
the S1 population probed by fluorescence upconversion can be
expressed as:

whereæ(t) is simplified reaction coordinates representing mainly
the dihedral angle between the two dmp planes;kIC, kr, knr, and
kISC are rate constants respectively for internal conversion from(61) Erdmann, R.; Enderlein, J.; Wahl , M.Time correlated single-photon

counting and fluorescence spectroscopy; John Wiley & Sons: New York,
2005. (62) Dreuw, A.; Head-Gordon, M.Chem. ReV. 2005, 105, 4009-4037.

Figure 13. Illustration of potential energy surfaces for the excited and
ground state [Cu(I)(dmp)2]+ with different transition processes indicated
by arrows as labeled. The origin of the blue shfits in the transient absorption
due to both flattening and ISC is shown by the energy gaps associated with
the two processes. The cluster of dashed potential surfaces for S1 represents
other degrees of freedom in molecular structure besides the dihedral angle,
such as the solvent ligation, which will add additional dimensions of the
complicated potential surface that is beyond the illustration.

d[S1(t)]

dt
) kIC[æ(t)]‚[S3(t)] - {kr[æ(t)] +

knr[æ(t)] + kISC[æ(t)]}‚[S1(t)]

)
[S3(t)]

τIC
-

[S1(t)]

τ[æ(t)]
(1)
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S3 to S1, fluorescence decay from S1 to S0, internal conversion
from S1 to S0, and intersystem crossing from S1 to T1, andτ is
the fluorescence decay time constant. Equation 1 summarizes
the different channels transferring population to and from the
S1 state. Most importantly, it demonstrates complications in
obtaining an analytical solution for a direct comparison with
the fluorescence upconversion results, because all above rate
constants are correlated withæ(t) as an unknown function oft.
Without accurate measurement of the S1(t) at different delay
times, it seems unlikely to be able to obtain the flattening
dynamics directly.

As an approximation, we could extractτ as a function of
æ(t) based on experimental data and a pseudo-harmonic
oscillator model, assumingE(S1) ) (1/2)Dæ,2 whereE(S1) is
the energy on the S1 potential surface (Figure 13), andD, the
“force constant” of the harmonic oscillator. This approximation
considered the path from the initial dihedral angle at the F-C
state at 90° to the final value of 68° based on our previous TD-
DFT calculation.34 AssumingE(S1)1(λ1 ) 550 nm)) 18 181
cm-1, andæ1 ) π/2 as the starting point of the dihedral angle
in the F-C state corresponding to the blue-most emission, the
“force constant”D is 14 740/cm·rad.2 We could then extract
the correspondingæ at 600 and 630 nm emission wavelengths,
and therefore, obtain a numerical relationship betweenτ andæ
(Figure 14). The final value ofæ is 68°, and long component
of τ is 13 ps based on the results from our study31 as well as
that from Siddique et al..34 In spite of limited data points from
the upconversion experiment, Figure 14 already suggests
biphasic dependence ofτ on æ, indicating a more complex
potential surface than the one shown in the previous work.34

At the blue-edge of the fluorescence spectrum, i.e., 550 nm,
the fluorescence decay kinetics has dual-exponential decay
kinetics with a dominant (95%) component of 77 fs, representing
the prompt fluorescence lifetime when the excited-state molecule
has a near F-C state geometry withæ ≈ 90°. The prompt
fluorescence decay is convoluted with the internal conversion
from S3 to S1 which is expected to generate the rise of the
fluorescence from the S1 state population. Although no rise
component could be extracted from the experimental data
(Figure 12), the decay time constant of 77 fs provides an upper
limit for the internal conversion time constant,τIC ) 1/kIC, which
must be shorter than 77 fs to accumulate the S1 state population.
The ultrashort fluorescence lifetime is comparable with the 40

fs fluorescence lifetime of [RuII(bpy)2]2+ revealed by the first
fluorescence upconversion measurement on transition metal
complexes, and can be well-understood considering that a
weaker spin-orbital coupling is expected for Cu(II)* (3d9) in
the excited [CuI(dmp)2]+ than for Ru(III)* (4d5) in the excited
[RuII(bpy)3]+2. However, further complication comes from the
electronic configuration induced structural changes, the Jahn-
Teller distortion in the former, whereas that is absent in the
latter. Because of the significant structural reorganization of the
MLCT state of [CuI(dmp)2]+, the electronic couplings between
the initially excited-state and other states will vary with the
reaction coordinates, resulting in excited-state structural de-
pendent rate constants as shown in eq 1.

The ultrafast fluorescence decay with two components of 77
fs (95%) and 510 fs (5%) time constants at 550 nm, on the
blue side of the emission spectrum, evolves into dual-exponential
decays at longer emission wavelengths with time constants of
210 fs (66%) and 1.12 ps (34%) at 600 nm, and those of 700
fs (70%) and 11 ps (30%) at 630 nm. The trend of increasing
fluorescence decay time constants could continue to longer
emission wavelengths and to conceivably merge to the value
observed by the previous TCSPC measurements with a 13-ps
fluorescence decay time constant.34 At these longer emission
wavelengths, the1MLCT state could have flattened coordination
geometry with weakened spin-orbital coupling as calculated by
Siddique et al.,34 resulting in longer time constants for ISC.

Although the direct measurement of the flattening time is
difficult considering the structural dependent decay rate con-
stants on the excited-state potential surface, the fluorescence
decay kinetics measured by the fluorescence upconversion at
different emission wavelengths revealed much faster components
missed by the TCSPC measurements,34 which provide the upper
limit for the time constants. That is to say that the flattening
must be approximately as fast as the fluorescence decay in order
to enable the survival population of S1 to correlate with the
thermally equilibrated geometry. The fluorescence upconversion
results enable us to realize that the previous tentative assign-
ments on 10-15 ps flattening and 0.5-0.7 ps ISC time constants
from the transient absorption were based on insufficient
experimental results. Our new interpretation is that the flattening
should be occurring on the order of about 100 fs.

The dual-exponential fluorescence decay components ob-
served at 600 and 630 nm emission may indicate a more
complicated potential surface for the excited state. So far, we
mainly focused on the effect of the dihedral angle on the excited-
state decay kinetics. In reality, it may be more complicated due
to the structural relaxation of the excited molecule with other
degrees of freedom, such as concerted rocking of the two dmp
ligands, changes in bond lengths or solvent ligation. Therefore,
it is very likely that the slow component observed in the
fluorescence transients at 600 and 630 nm is due to ISC whereas
the faster component is due to structural relaxation including
the flattening of the dihedral angle that depletes the S1

population.

Why the Biphasic Blue-Shift Was Not Observed in the
Transient Absorption Spectra. On the basis of the above
discussion, both flattening and ISC should cause a widening of
the energy gap between the excited-state to higher-lying excited
states, which should be observed by the transient absorption as
the blue-shift in the spectral region from 480 to 700 nm. The

Figure 14. The plot from numerical values ofτ vs æ generated by a
harmonic oscillator model (see text) to express the biphasic nature of the
dihedral angle dependence of the fluorescence lifetimes in the MLCT state
of [CuI(dmp)2]+ in acetonitrile solution.
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previous calculation suggested a blue-shift of about 80 nm due
to the flattening that changesæ from 90 to 68°.31 However, the
observed blue-shift in the transient absorption measurements is
much smaller than that and is on a similar time scale as the
slow component of the fluorescence upconversion data which
has been assigned as the ISC process, whereas no blue-shift
was observed on the sub-ps time scale, even though the TD-
DFT calculations suggested such a shift.31 Therefore, the
transient absorption measurements did not capture the blue-shift
in the excited-state absorption corresponding to the flattening
whereas the fluorescence upconversion will only probe transi-
tions involving the S1 state. Because of the complicated
structural dynamics and the structural dependent kinetics, the
excited-state absorption spectra include various transitions from
both S1 and T1 to other upper excited states with intertwined
interconversion kinetics. The initial broad and featureless
transient absorption spectra in the three solvents studied here
shows such a possibility. In addition, the three time constants
obtained from the fitting of multiple exponentials is based on a
discrete single species model, which may not be appropriate to
describe the structural dependent kinetics encountered here. The
absorption band in the 1.2 ps spectra (Figure , upper panel) is
centered at approximately 568 nm and the more intense band
in the 20 ps spectra (Figure , lower panel) is centered at 560
nm. This blue-shift corresponds to an energy difference of 0.057
eV. If Zgierski’s TD-DFT calculations on photoexcited [CuI-
(dmp)2]+ is correct, the energy gap between the lowest singlet
excited-state and the highest of the low-energy triplet states is
0.0531 eV.33 This energy change observed in the blue-shift of
the absorption maxima seems to correspond to this energy gap
involved, assuming the energy gap remains approximately the
same with the excited-state geometry.

Conclusions

The MLCT excited states of Cu(I) diimine molecules exhibit
rich photophysics and complicated dynamics, especially at very
early times after photoexcitation. In the current work we have
attempted to clarify the timescales for the various relaxation
processes in these complexes by performing ultrafast transient
absorption experiments on [CuI(dmp)2]+ in various solvents with
distinct physical properties (acetonitrile, ethylene glycol and
toluene) as well as on a closely related complex [CuI(dpp)2]+

with bulkier ligands in acetonitrile. On the basis of our previous
tentative assignment that the blue-shift of the transient absorption
band within 10-15 ps was an evidence of structural reorganiza-
tion involving significant displacement of the ligands as well
as their environment,31 we expected to observe different
timescales for the spectral evolution in the various solvents that
corresponded to their relaxation dynamics and viscosity. How-
ever, we found that the time scale for the spectral evolution
was∼10-15 ps inall casessindependent of the solvent or the
substituent. It appears that the relaxation path from the F-C
1MLCT (where the ligand planes are essentially orthogonal) state
to the thermally equilibrated3MLCT state (where the dihedral
angle between the ligand planes is reduced and the molecule is
“flattened”) is more complicated than portrayed in our previous
model. The irrelevance of the solvent (and substituent) on the
timescales for the spectral evolution can be interpreted in two
ways: (1) the flattening of the molecule is totally an inner sphere
process, thus would not be affected by the bulk solvent
properties because only a few solvent molecules are in the

proximity of the ligands; or (2) the∼10-15 ps time scale of
the spectral evolution is the manifestation of another process.
Our current results, in conjunction with the other experimental
and theoretical31,33,34evidence point to the latter interpretation.
On the basis of the solvent independent kinetics, the observed
spectral evolution and its associated∼10-15 ps time scale are
assigned to ISC from the1MLCT states to the manifold of
3MLCT states. This process is slower than other similar
coordination complexesbecauseof the structural distortion that
occurs in these [CuI(NN)2]+ systems.

Meanwhile, the1MLCT state structural dynamics as probed
by fluorescence upconversion reveals an ultrafast prompt
fluorescence decay near the F-C geometry. The variation of
the dual-exponential fluorescence decay functions with the
emission wavelength suggested a structure-dependent excited-
state dynamics. At longer emission wavelength, the long time
constant agrees with the previous TCSPC results, while the short
time constant that dominates the fluorescence decay is likely
due to the structural relaxation. If the main pathway for1MLCT
state to survive to the thermally equilibrated structure is to have
very fast distortion that would slow down the ISC, such a
distortion, the “flattening” of the tetrahedral F-C state geometry,
must take place on the same time scale as the prompt
fluorescence, i.e., 80 fs. The extra energy that the1MLCT state
possesses enables the torsional motion (“flattening”) between
the two rather large ligands much faster than we expected by
the ligand of similar sizes in the ground state.

Our results show that optical methods are probing the
structural changes indirectly, and the optical signals originating
from different transient species often overlap with one another.
This is exemplified by the fact that the transient absorption at
∼560 nm is aπ-π* transition localized on the dmp•- ligand.63,64

In thesimplestapproximation, there should not be any difference
in this transition that depends on the dihedral angle between
the two ligand planes. Of course, the energetics and symmetries
of the orbitals giving rise to thisπ-π* transition are consider-
ably more complex than this, but it typifies the basic problem
associated with using optical methods to learn about the
structural rearrangement in [CuI(dmp)2]+. Ultimately, we can
extract excited-state structural dynamics through direct structural
determination on the time scale of the structural changes using
pulsed X-rays or electrons. In the previous studies X-ray pulses
from a third generation synchrotron source were used to probe
the structure of the flattened and ligated excited state,30,31,46,65,66

but these pulses are too long (∼100 ps) to follow the fast atomic
motions involved with the structural rearrangement and exciplex
formation in [CuI(dmp)2]+ revealed in this report. When much
shorter pulse ultrafast X-ray sources with sufficient flux are
successfully implemented in the future (There are several fast
x-ray sources being built in the US and abroad which can be
found in several recent workshops in various locations. See refs
65 and 66 for a partial listing.), it will be possible to directly
observe the changing excited-state structures and photochemical
adducts with picosecond to femtosecond resolution.
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