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Abstract: Ultrafast excited-state structural dynamics of [Cu'(dmp).]™ (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(l) (3d'°) to Cu(ll) (3d®%). This study has important connections with the flattening of the
Franck—Condon state tetrahedral geometry and the ligation of Cu(ll)* 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(l) complexes, we have studied
both [Cu'(dmp).]" and [Cu'(dpp).]™ (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 [Cu'(dmp).]™ 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 [Cu'(dmp).]". 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(l) diimine coordination complexes (denoted 'fCu
(NN)2]*) have a long, rich history that parallels that of their
transition-metal cousins, polypyridyl ruthenium(ll) systeimns.
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Current interest is driven by a desire to employ transition metal
coordination complexes in applications from solar energy
conversiof? to chemical sensifig'*and molecular devicés 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(ll) and os-
mium(ll) systemg?

Pioneering work toward elucidation of the unique photo-

physical and photochemical properties of [BIN),]" com-
plexes has been reported by McMillin and co-workers over the
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last ~30 years¥1924 Their steady state and nanosecond a structural dependence manifested by the dihedral angle
experimental studies have led to remarkable insights into the between the two dmp ligand planes on the transition energy
properties of these novel excited states. They first observedgap between theéMLCT state and higher excited states,
room-temperature photoluminescence from this class of com-implying that a blue-shift of the transient absorption band should
plexes and showed that the temperature dependence of theppear when the tetrahedral coordination of the Fra@ndon
photoluminescence required the existence of at least two charggF—C) state flattend!:3>Such a blue-shift was indeed revealed

transfer excited staté$.McMillin also recognized the potential
for photoinitiated JahnTeller distortions that result in a

in acetonitrile by our previous TA spectra in the form of spectral
narrowing on the red edge of the absorption band occurring on

structural rearrangement from a nearly tetrahedral ground statea 10-20 ps time scale following an initial sub-ps rise of a broad

to a square planar or trigonal bipyrimidal excited sfe&25
McMillin also proposed an exciplex model to rationalize excited-
state quenching by Lewis base¥:26Despite the lack of direct
structural evidence, the exciplex model continues to be widely

excited-state absorption bafidt was assumed that intersystem
crossing (ISC) from the FC MLCT state to the3MLCT
manifold occurred on a sub-ps time scale in accord with that
observed in [RU(bpy)]?t.38 Without direct structural measure-

accepted and is supported by strong correlations betweenments with a better time resolution than 100 ps, we tentatively
accessibility of the copper center to the Lewis base and the attributed the blue-shift and its associated—20 ps time

luminescence lifetimed192729 Recent contributions from our

constant as a signature of the “flattening” distortion of the

own laboratories using time-resolved X-ray techniques have phenanthroline moieties based on the-TDFT results and on

confirmed the exciplex model and provide direct evidence for

the timescales for internal rotations of groups with similar sizes

the presence of additional coordination to the copper center byin twisted internal charge transfer (TICT) statés.

a solvent molecule (or counterion) for photoexcited '[Cu
(dmp)y]™ (dmp = 2,9-dimethyl-1,10-phenanthroline) in both
non—coordinating toluer® and strongly coordinating acetoni-

A much slower ISC process has been proposed by Siddique
et al3* based on their time-correlated single photon counting
(TCSPC) fluorescence lifetime measurements, which revealed

trile.3* However, the interaction strength with the solvent a 13-ps fluorescence lifetime. Their spectral assignments were
molecule was much weaker in toluene as evidenced by thesupported by TB-DFT calculations, revealing that the weak-
differentiation of the average copper-ligand distance in the ened spin-orbital coupling resulting from the structural distortion
thermally equilibrated metal-to-ligand charge-transfer (MLCT) from tetrahedral geometry, the “flattening”, was attributed to

excited state.

the origin of a remarkably slow ISC proce¥dn the current

Recently, there appears to be a renewed awareness of thevork, we report both ultrafast transient absorption experiments

complicated ultrafast photophysics in [[@UN),]™ molecules
and their derivatives, as evidenced by the variety of articles
that have appeared in the recent literafd®:34 In our previous
contribution3! we combined ultrafast optical transient absorption
(TA), time—dependent density functional theory (FIDFT) and
LITR-XAS to gain further insight into the dynamics and
structures of the photoexcited [Cdmp)] ™ MLCT states in a
strong Lewis base solvent, acetonitrile. The LITR-XAS mea-
surements with 100-ps time resolution provided compelling
evidence for the solutesolvent complexes at the thermally
equilibrated MLCT states. The TEDFT calculations indicated
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on [Cu(dmp)]™ in various solvents (acetonitrile, ethylene
glycol, and toluene), as well as femtosecond fluorescence
upconversion experiments of [@dmp)]* in acetonitrile. To

our knowledge, this is the second transition-metal coordination
complex studied by the fluorescence upconversion techriifque,
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 achietfetf
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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Chart 1. (A) Two-dimensional representations of copper(l) ligand derived from the solvent or counterit#f2In contrast,
bis—phenanthroline derivatives used in this work and (B) the [Cu"(dpp)k]?T is 4-coordinate in the solid state for both the Cu-
photoreaction pathways based on previous studies.?825:%0.31.46 (1) and Cu(ll) formal oxidation states and there is good evidence

that these geometries are maintained in fluid solutichhere-
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 [(dppy]** , where it is
CH, [Cu(dmp),] the preferred pathway for [G@mp)] ™. It was of interest to
contrast ultrafast photophysical properties of these similar but
clearly unique compounds. Such knowledge will provide

O [Cu(dpp).J* guidance in synthesizing Cu(l) complexes with targeted struc-
2

R= or

tural constraints in order to achieve desirable excited-state
properties for solar energy conversion.

Experimental Methods

B Franck-Condon _ Samples.The [Cd(dmp)z](PFs) apd [CU(dpp)](PFs) were syr_lthe—
Sta sized according to previously published proceddfeEhe acetonitrile,
toluene, and ethylene glycol were from Aldrich. The first two solvents
State— MLCT State— were distilled before use. The [@dmp)](PFs) was metathesized in
Solvent the presence of sodium tetrakis(3,5-bis(trifluoromethylphenyl))borate
Complex (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-
Weakly ments were performed with an apparatus based on an amplified Ti:
interacting sapphire laser system as described elsewfidfee 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 femd 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
Ground State 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 B4irY
relative polarization directions. For the transient absorption anisotropy
. L . measurements, the polarization of the white light probe was kept in
possible to observe fluorescence emission from singlet statesy,e horizontal direction (parallel to the laser table) and that of the 417
that are above the primary emitting State, albeit for only the  nm pump rotated to parallel or perpendicular respected to the probe
duration of the internal conversion process. We expect that the polarization direction. The pump intensity at each polarization direction
time resolution afforded by the fluorescence upconversion was measured and adjusted to be the same with the half wave plate
experiment should define the time scale of ISC with more than before the polarizer that defined the pump polarization. The sample
a factor of 100 enhancement in time resolution compared to cuvette path length was 2 mm. The widths of the pump and probe

TCSPC H h infer inf . pulses were about 100 fs, and the total instrumental response for the
measurements. Hence, we hope to infer information pump-probe experiments was about 180 fs. The transient absorption

about the time scale of the flattening distortion of the phenan- changes for a particular probe wavelength as a function of time were
throline ligands from these measurements and correlate theanalyzed by fitting the data with a multiexponential kinetic model
structures of the excited states with their photophysical behav- convoluted with a Gaussian instrument response function with 180 fs
iors, in particular, their structure dependent nonradiative decay fwhm. In all cases, the samples were excited at 417 nm.
processes. Fluorescence Upconversion Spectroscopyhe fluorescence up-
conversion system has been described previcsty.Briefly, the

The chemical structures of the complexes and the possiblefundamental beam, centered at 837 nm, of a Spectra Physics Tsunami
excited-state reaction pathways are depicted in Chart 1. Thefemtosecond Ti:sapphire laser was focused into a type | BBO nonlinear
[Cu'(dmp)]t and [Cu(dpp)]t (dpp = 2,9-diphenyl-1,10- crystal with 1 mm path length, generating 418.5 nm light with an
phenanthroline) were selected for this study because theyaverage power of 75 mW. The 418.5 nm light was then used to excite

L . . . . the [Cu(dmp)]* sample dissolved in anhydrous acetonitrile with the
undergo similar photoinduced flattening distortions of the remaining fundamental used as the gate for the upconverted emission

ph_enar_lthroline ligands, bL_Jt differ in their ability to coordinate ing phase-matched sum frequency generation. The sum frequency
a fifth ligand and form exciplexes. The phenyl rings of the dpp was generated in a type | BBO nonlinear crystal with 0.4 mm path
ligands appear to protect the copper center from Lewis baseslength. The polarization was set to the magic angle (B4@étween

much more effectively than the methyl groups of dmp. For .
example, [Cl(dpp)y]* has long-lived photoluminescent excited 42 }’;‘g‘l“”l%?fff'gg; M.; Germain, G.; Declercq, JCRyst. Struct. Commun.

states in coordinating solvents, like acetonitrile and methanol, (43) Tran, D.; Skelton, B. W.; White, A. H.; Laverman, L. E.; Ford, Plrorg.
- s . Chem.1998 37, 2505-2511.
conditions where the [G(dmp)]*" is completely non-emissive. (44) Miller, M. T.; Gantzel, P. K.; Karpishin, T. Blnorg. Chem.1998 37,
iti R i 2285-2290.
In Fi(?idltlon, X ray crystallography studies h_ave Sh(?Wﬂ th_at the (45) Greenfield, S. R.; Wasielewski, M. Rpt. Lett.1995 20, 1394-1396.
oxidized forms of [Cl(dmp)]™ are 5-coordinate with a fifth (46) Chen, L. X.Faraday Discuss2002 122, 315-329.
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Figure 1. Ground state UVvis absorption spectra for [(dmp)I™ and
[Cu(dpp)]' in acetonitrile. The spectra for [({dmp)]* in ethylene glycol
and toluene perfectly overlaid the spectrum in acetonitrile and thus are not 500 550 600 650

shown. The 417 nm pump excitation is also indicated for the transient
absorption measurements, whereas the excitation wavelength for the Probe Wavelength (nm)

upconversion experiment is 418.5 nm. Figure 2. Transient spectra of [Cu(dmg} in acetonitrile from 1.2 ps to
2.0 ns. (Inset) Earlier spectra from 0.3 to 1.0 ps that correspond to the
IMLCT state. The arrows on the inset spectra indicate that the excited-

the excitation and probe beams thereby removing any reorientational State absorption band-¢80 to 620 nm) and ground state bleact480
dynamics from the fluorescence transient. The upconverted signal was™™ aré growing during the first picosecond.

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 [Ci(dmp)]* sample was 0.02
flowed rapidly throu§p a 1 mmpath length cuvette to avoid thermal

lensing. The sample OD wasl for the 1 mm path length. Upconverted

transients were measured for 550, 600, and 630 nm. Because of theg 0.00
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 ~ -0.02
function.

00

PR S S S S ST SR SR T N S S S S N S

0.04

Results -0.04 1
The Ground-State Absorption Spectra.The ground state T T e T

electronic absorption spectra for [Qdmp)]* and [Cu(dpp)]* 500 550 600 650

in acetonitrile are shown in Figure 1 with maxima at 456 and Probe Wavelength

441 nm, respectively. These bands CO'tVG‘Spond to MLCT Figure 3. Transient spectra of [Cu(dmg) in ethylene glycol from 1.0
transitions for each compleé®:22The spectra in ethylene glycol  ps to 2.0 ns. (Inset) Earlier spectra from 0.2 to 1.0 ps. The right-hand arrow

and toluene showed no differences in peak shape or positionon 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
and are thus not displayed. These spectra are in agreement Wltlﬁemtoseconds. This initial growth was not seen in the acetonitrile case and

those in the literaturé2228 is opposite of the direction in toluene.

The Excited-State Transient Absorption SpectraTransient
absorption spectra were collected from very early timesQ0 1. Transient Absorption Spectra of [Cu (dmp),] ™. Transient
fs) through 2 ns after photoexcitation for [Qdmp)]* in the absorption spectra (Figure-2) were measured in the spectral
three solvents and for [(dpp)] ™ in acetonitrile (Figures-24). region of 456-775 nm. In the acetonitrile solution, the entire

For [CU(dmp)]*, single wavelength transients were measured transient spectrum exhibits a rise without any distinct features
at seven probe wavelengths (475, 500, 520, 540, 560, 580, andFigure 2). In the ethylene glycol, the absorption band arises
600 nm) to obtain the kinetics in every region of the transient from the blue side, and then quickly grows in toward the red
spectrum. Each of the transients was fit to a sum of exponentials(568 nm) (Figure 3). In toluene, the initial absorption arises
that was convolved with a Gaussian of fwhm of 180 fs to from the red side and quickly grows in toward the blue (568
approximate the instrument response function for the cross-nm) (Figure 4). Although these subtle differences are observed
correlation between the pump and probe pulses at a given probdn the shape and direction of sub-ps spectral evolution among
wavelength. The results of the nonlinear least-square fitting are the three solutions within 1 ps of the excitation, their significance
displayed in Tables-23. For [CU(dpp)] ' in acetonitrile, single  will be discussed in later sections.

wavelength transient kinetics were also measured throughout On the other hand, the consistency of the transient spectra at
the differential absorption spectrum (545, 565, 585, 605, 625, ~1.2 ps in the three different solvents is noteworthy. Beyond
and 645 nm). The exponential time constants obtained from this point, the similarity of the spectral evolution that takes place
fitting the transients are reported in Table 4. during the first 20 ps for [Clgdmp)]™ in these very different

2150 J. AM. CHEM. SOC. = VOL. 129, NO. 7, 2007
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-0.01
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..|....|.‘5-° I|.550. .GE!O vaill
500 550 600
Probe Wavelength (nm)
Figure 4. Transient spectra of [Cu(dmg} 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.

650

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 detai
in the Discussion section.
2. Transient Absorption Kinetics of [Cu'(dmp)]*. Kinetics

traces were collected at seven wavelengths across the transie

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 [CuU-
(dpp)2] ™. In addition to the solvent comparison described above,
we have also performed experiments on'[@pp)] ™ with two
phenyl groups at the 2 and 9 positions. dpp is clearly consider-
ably bulkier than dmp, with the molecular volume ratios for
[Cu'(dpp)]t to [Cu(dmp)]* being ~1.5:1. The electronic
structure of dpp is also somewhat different than that of dmp
because the phenyl substituents in [@pp)y] ™ help stabilize
the photoexcited electron in the MLCT excited-state though
z-conjugation whereas the methyl groups in [@mp)] ™ are
electron-donating and serve to destabilize the MLCT state.
Consequently, the transient absorption spectrum of{fipp)] ™
is located further to the red than for [Qdmp)]*. The transient
spectra from 1.2 ps to 2 ns for [dpp)] " in acetonitrile are
displayed in Figure 8, and the inset depicts the spectra within
the first 1.2 ps. As observed in [@dmp)] ', a broad, featureless
spectrum appears withirl.2 ps and evolves to a blue-shifted,
narrowed spectrum that possesses a dual peak structure (pre-
sumably due to the dppabsorption). Also, like [Cifdmp)]*,
this spectral evolution is complete within20 ps.

Kinetics traces for [Cifdpp)] © 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 [Ci{dmp)]™ data, monitoring the probe
yvavelengths 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

fparrowed, blue-shifted transient spectrum previously observed

spectrum (475, 500, 520, 540, 560, 580, and 600 nm). These'©" the long-lived®MLCT state of [Ci(dppy]*. Following a

measurements sampled every region of the excited-state absor|
tion band as well as the ground state bleachingq0 nm).

pgub-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

The results of nonlinear least-squares analysis of the data at,605 and 625 nm, after the initial sub-ps rise, a decay of spectral

each probe wavelength for acetonitrile, ethylene glycol, and
toluene solutions are presented in Tables31respectively.

Monitoring the probe wavelengths on the red side of the

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.

absorption band (i.e., the 580 and 600 nm transients) provides This ~10 ps time scale is also consistent with the spectral

the time scale of the spectral evolution from the initial broad
spectrum to the narrowed, blue-shifted transient spectrum
previously observed for the long-livetLCT state of [CUr
(dmp)]*.

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 lorgime transient spectrum), the
kinetics trace exhibits a slowex,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

evolution observed for [Cdmp)] ™. 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 df [Cu
(dpp)] ™ and [Cu(dmp)]* can be reasonably compared between
the two molecules. Such a comparison is displayed in Figure
9. For [Cu(dmp)] ™ in acetonitrile, the probe wavelength is 600
nm and for [Ci(dpp)]* in acetonitrile, 635 nm corresponds to
the center of the red edge of the absorption band. Although the
kinetics data for [Cl{dpp)] " at 635 nm are not shown in Table

4, the time constantsg; = 1.1 ps andpi = 11 ps) are similar

the red side of the absorption band Comp]emen[ one anotherto those observed at 625 and 645 nm. Moreover, the time scale

and clearly result from evolution of the broad, early spectrum
to the structured, longtime spectrum. Figure 5, Figure 6, and
Figure 7 depict the transient kinetics within the first 40 ps for
[Cu'(dmp)]™ in the three solvents at 560, 580, and 600 nm,
respectively. Despite the differences in bulk properties among

for decay resulting from the blue-shift in [@dpp)] ™ is 11 ps
which is nearly identical to the 10 ps time scale for the same
evolution observed in [C(dmp)] .

The sum of these results shows the dynamical evolution
within the first~20—-40 ps for [Cl(dmp)] T in three different
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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 nm¢ 560 nm 580 nm 600 nm
fas® D1 = 0.48 D1 = 0.58 D1 = 0.50 D1 = 0.44 TR1— 0.41 TR1— 0.55 TR1— 0.78
intermediaté TR1=12 TR1=12 TR1=12 - TR2=10 1 =11 7p1 = 10
longP TrR2 = 1600 7p2 = 1600 7p2 = 1600 Tp2 = 1670 7p1 = 1640 7p2 = 1550 7p2 = 1510

aSubscripts R and D (rise and decay) indicate the direction of the transient signal for the given time)sédlkig time scale reflects the excited-state
lifetime in acetonitrile.® 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
fas® Tp1 = 0.41 TR1— 0.31 TR1— 0.34 TR1— 0.62 TR1— 0.40 TR1— 0.24 TR1— 0.55
intermediaté TR1 = 4.0 TR2 = 8.4 TR2=15 TR2=14 TR2 = 16 01 = 15 D1 = 9.3
|OI"Iga'b TR2 — 1375 Tp1 — 1300 Tp1 — 1300 Tp1 — 1210 Tp1 — 1200 Tp2 — 1350 Tp2 — 1100

aThe subscripts R and D (rise and decay) indicate the direction of the transient signal for the given time) stalei{ 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).]*in Toluene

time component (ps)? 475 nm 500 nm 520 nm 540 nm¢ 560 nm 580 nm 600 nm
fasP 701 = 0.21 7r1=0.30 TrR1=0.24 7r1 = 0.36 TrR1=0.35 tr1=0.76 7r1 = 0.68
intermediate TR1=2.9 TrR2= 33 TRy = 22 — TR2=13 7p1 = 10 701 = 10

aThe long time constants are not reported because the excited-state lifetime of Cd[dmpJuene 98 ns) exceeds our experimental limits and has
been measured in our previous studie®  The subscripts R and D (rise and decay) indicate the direction of the transient signal for the given time scale
(7). ¢ 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]tin Acetonitrile

time component (ps)? 545 nm 565 nm 585 nm 605 nm 625 nm 645 nm
fast D1 =25 7p1 = 0.78 7p1 = 0.60 TRy = 0.27 Tr1 = 0.39 Tr1= 0.94
intermediate - D2 = 9.0 TR1 = 10 01 =11 1 =11 D1 = 9.7

aThe long time constant is not reported because the excited-state lifetime of Gd[dppketonitrile (110 ns) exceeds our experimental limitShe
subscripts R and D (rise and decay) indicate the direction of the transient signal for the given time)seal&dr an early decay of the absorption, the 545
transient exhibited only the slow decay of the excited-state lifetime.
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Figure 5. Transient signals observed as a function of puipmbe delay Figure 6. Transient signals observed as a function of puipmbe delay

time at 560 nm for [Cu(dmp)* in the three solvents. (The transients are time at 580 nm for [Cu(dmp)™ in the three solvents. (The transients are
vertically offset for clarity.) This wavelength is the center of the more intense vertically offset for clarity.) This wavelength is on the blue side of the
transient absorption peak that develops within 20 ps. Independent of the main transient absorption band which allows us to obtain the time scale of
solvent, the fast and intermediate timescales (Tabte3)lare~0.5 and the blue-shift and spectral reshaping that occurs within 20 ps. After a fast
10-15 ps, respectively. Although the origin of the sub-ps component is (~0.5 ps) rise, the signal decays with a-11b ps time constant (see Tables
ambiguous, the slower rise time corresponds almost identically with the 1-3).
decay on the blue side of the absorption band.

flattened®MLCT state. These results were not anticipated and

require further elaboration to explain how they arose.
solvents as well as a related molecule, '{@pp)]*, which 4. Transient Absorption Anisotropy of [Cu'(dmp)2]* in
possesses bulkier ligands. However, despite the changes in thé\cetonitrile. Transient excited-state absorption anisotropy r(t)
local environments (i.e., solvent and substituent), there seemof [Cu'(dmp)]™ in acetonitrile was measured at 560 nm, near
to be more similarities than differences as these moleculesthe peak of the excited-state absorption, shown in Figure 10.
evolve from the C IMLCT state to the thermally equilibrated, ~The transient absorption anisotropff) as a function of time
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I { ethylene glycol [Cu(dpp),]’
- — - 635 nm
' acetonitrile . blue shift [Cu(dmp),I"
i"'-.;:' ; . 600 nm :
- ] comparison
Ny - A =417
1 600 nm . . e T
0 10 20 30 40
Ii-- 2':mmp =417 nm pump-probe delay (ps)
1 i 1 i 1 i 1 i
0 10 20 30 40 Figure 9. Comparison of the transient decays on the blue side of the
excited-state absorption bands for [Cu(dgip)and [Cu(dpp)]™ in aceto-
pump-probe delay (ps) nitrile. For the [Cu(dpp)* data in this plot, the time constants from fitting
Figure 7. Transient signals observed as a function of pupmbe delay for this 635 nm transient are not listed in Tablerdy(= 1.1 ps andrp; =

time at 600 nm for [Cu(dmg)* in the three solvents. (The transients are 11 Ps). These probe wavelengths are chosen for display because they
vertically offset for clarity.) At this wavelength, there is more spectral decay correspond to the middle of the blue side of the absorption for each molecule
(than at 580 nm; see Figure 6) resulting from the blue-shift of the main (to permit a more gﬂrect comparison). Although the initial rise of the [Cu-
transient absorption band. After a fastQ.5 ps) rise, the signal decays  (dPp]™ transient is slower than the [Cu(dnap) counterpart (1.1 ps vs

with a~10 ps time constant (see Tables3). Among the three transients 0.78 ps, respectively), th_e time sg:ale for the_b_lue—shlft is virtually identical
presented above, the fit for the acetonitrile data has a larger amplitude for (11 ps vs 10 ps, respectively). It is not surprising that the ultrafast scale of
the 10 ps decay component than the other two, which explains its slightly the initial rises would be slightly different, because the ligands are very
different appearance. It is our view that the common time scale for the different (electron-donating methyl groups in dmp versus phenyl groups in

evolution in the various solvents (not the minor discrepancy in amplitudes) dpp). However, it is unexpected that the intermediate timescales would
is relevant to assigning the dynamics. match up so well, given that the ligands are so dissimilar. Additionally, an

11 ps blue-shift is essentially the same as for [Cu(diviph ethylene glycol
and toluene (see text).

0.00,
-0.04
£ oo08f £
-0.12
-0.16
(I) I 2|0 I 4‘IJ ‘ GIIJ . BIIJ .160.12IO.14I10 160'180
T T U N = Probe Delay (ps)
500 550 600 650 700 Figure 10. Transient excited-state absorption anisotroftymeasured at
probe wavelength (nm) 560 nm. The left vertical axis is the anisotrog(y) and the right axis is the

) ) ) o absorption, or optical density change. The nonlinear least-squarerfi) of
Figure 8. Transient spectra of [Cu(dpg) in acetonitrile from 1.2 psto  reqyits in two decay time constants included in the figure. The arrows on
2.0 ns. (Inset) Earlier spectra from 0.2 to 1.0 ps. The right-hand arrow on {he molecule indicate the transition dipole directions extracted from the

the inset spectra indicates that the initial growth for the transient absorption gatq 1, andus’ are transition dipole vectors corresponding to the transitions
is shifting to the blue as it grows during the first few hundred femtoseconds. fqm S — 51 and S(T1) — S(Ty), respectively.

can be expressed hyt) = [A(t) — Aa)I/[ Au(t) + 2A(D)],
whereA g (t) are the absorption of the probe light by the sample
in the polarization directions parallel and perpendicular, respec- ; . o
tively, to the excitation polarization(t) can also be expressed (e Czaxis of dmp ligand as expected for the MLCT transition
by a function of the second-order Legendre polynorfigk) and confirmed by _the TBDFT calcglatpné% the Ia_tter will

= (32 — 1)/2, asr(t) = 2/5P{ua(O)ua (1)) whereua andua bg nearly perpendlculgr from that dlrectlorl in the Ilganpl plane
are transition dipole vectofé At t = 0, r(0) = 2/5(3 cod (A — (E|gure 10).. The ngnlme_ar Ieast.-square fitr@f) results in a
1))/2, whereZ is the angle between two vectors along the biexponential function with two time constants, 31 and 0.5 ps,

transition dipole directions induced by the pump and the probe corresponding to the overall tumbling of the molecule in solution
pulses. In our measurements, is for S — S, andua’, for and the internal rotational depolarization. If the two transition

S, — S, or T, — T,.. The measurement was intended to resolve dipoles are nearly perpendicular with each other as suggested

any fast internal rotational motion due to the structural change by the value ofr(0) and illustrated in the Figure 10 inset, the
at the MLCT state. The initial anisotropy valug0) of —0.16 flattening itself will not change the relative orientations between

indicates a near orthogonal orientation of the transition dipoles thém- Hence, the 0.5 ps time constant either involves motions
that alter the angle between the two dipoles, such as the rocking

(47) Szabo, AJ. Chem. Phys1984 81, 150-167. motion bending th€; axis of the molecule, or is due to changes

for S — S, transition and §— S, or T — T, transition.
Therefore, if the former is a vector from the Cu center along
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Figure 11. Fluorescence upconversion decay kinetics at different wavelengths with 24pstime 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 4ft8rdemh. Ins
response function is shown as a solid blue trace in (A) along with the 550 nm emission transient.

in the absorption cross section of the transitions of the excited- adequately fit the data. The instrument response function (the
state molecule from theFC state geometry to the flattened cross correlation between the pump beam and the fundamental)
geometry and from 3o T1. Because several ultrafast processes, is approximately 180 fs fwhm (instrument response function in
such as internal conversion, intersystem crossing, and flatteningFigure 11A top graph 550 nm emission).
of the F—C state geometry, could all take place in such atime  The salient features of the ultrafast fluorescence transients
scale, it is difficult to determine the exact origin of the fast decay are as follows. The gated emission intensity is extremely weak
of r(t) (see below). However, the perpendicular orientation of having only about 30 counts/second in the peak channel at 550
the excited to upper excited-state transition dipole respect tonm and only~10 counts/second in the peak channel for the
that of the MLCT transition dipole (Figure 10) may also suggest 600 and 630 nm wavelengths. Thus it was necessary to collect
that the origin of the excited-state absorption is a ligand-centered20 transients and sum them to obtain signal qualities adequate
transition. for convolute-and-compare nonlinear least-squares multiexpo-
Ultrafast Fluorescence Upconversion of [Cl(dmp),] T in nential analysis. The weak gated fluorescence signal strength
Acetonitrile. Figure 11 shows the fluorescence upconversion agrees with the very weak fluorescence quantum yield of.30
transients for [Cl{dmp)]* in acetonitrile solution. Transients = The emission transients are best fit to biexponential decays and
were collected at three different wavelengths 550, 600, and 630are strongly wavelength dependent. The upconversion transients
nm. According to the steady-state emission measurements, theeannot be fit to a rising exponential component for any of the
emission band is peaked at 750 nm with its blue edge startingthree wavelengths measured. The time components of the
from 550 nm3* Therefore, our measurements are on the blue fluorescence decays become longer with redder detection
side of the steady-state emission band. The transients werewavelengths. The results from the nonlinear fitting are sum-
obtained in two different time windows2 ps (Figure 11A) marized in Table 5. At 550 nm, the time constants derived from
for all three wavelengths and 12 ps (Figure 11B) for 600 and the fit to the data were 77 and 510 fs witt®5% of the decay
630 nm. The 550 nm transient had fully decayed to baseline, clearly residing in the 77 fs time component. Because the
so longer scans are not reported for this wavelength. Biexpo- dominant lifetime component is nearly three times faster than
nential fits to the transients are represented as a solid red linethe instrument response fwhm value, we performed numerical
through the data (filled black circles). Reduced residuals are simulations to estimate the uncertainty in this measurement. We
shown for the fits at the top portion of each transient. As can repeatedly convoluted a model function with variable a input
be seen from the reduced residuals in all cases the fits are quitgparameter for this fast lifetime, with values ranging from 40 to
good, but it should be noted that a single exponential cannot 130 fs, added random Gaussian noise, and added a baseline (also

2154 J. AM. CHEM. SOC. = VOL. 129, NO. 7, 2007



MLCT Excited State for Copper(l) bis-Phenanthrolines ARTICLES

Table 5. Time Constants from Nonlinear Least-Squares Fitting of the ISC from the FC IMLCT state to theéMLCT state, while
E‘ff(’genfgir]‘f; L/iggfg‘r‘]’frr“se'?” Data at Various Wavelengths for the intermediate 1620 ps time scale, to the structural rear-
rangement, presumably the flattening and thermal equilibration
(vibrational cooling). The assignment for the syis time
constant was based on previous works by Okada and co-
workers® and by McCusker and co-workéfs®l on [RU'-
(bpy)]?" complex in solution where the time constant for the
2The number in parenthesis show the normalized fractional amplitude ISC process is as fast as 40 fs. Considering the similarities on
for each component. the structures and the ground state absorption spectra between

) ) ) ) the two molecules, as well as Cu being a lighter element than
with Gaussian noise) to match the experimentally observed Ru, it is conceivable that the ISC in tABILCT state of [Ctr

baseline. On fitting these simulated data sets, we can eStimate(dmp)z]+ would be slower than that of [Rgopy)]2* and fall

that we can recover a 75 fs lifetime component with an yyiin the sub-ps time scale. The assignment for the 2@ps
uncertainty of better thant10%. (For shorter values, the 1o constant was based on the results from the-DBT

uncertainty rapidly increases; e.g., for a 40 fs lifetime, the .50y jations and the experimentally observed blue-shift in the
uncertainty becomes:30%.) The rapid 77 fs decay behavior g cited-state absorptiéh, and on the time scale for the
at 550 nm is very similar to another transition metal complex, jnyamolecular rotational correlation time measured for some

[Ru(bpy}]", @s studied by fluorescence upconversion, where 1) (wwisted intramolecular charge transfer) molecifebhe
the 40 fs emission decay was determined and attributed t0 ISCjiarnal rotation of the naphthalene group in bis-naphthalene

from the IMLCT to the 3MLCT.36 The fluorescence transient in the TICT state takes about 15 Fsproviding an order of

at 600 nm yielded time constants of 210 fs and 1.1 ps Whereasmagnitude for the internal rotation of the dmp with a chro-
fits to the 630 nm emission yielded lifetimes of 702 fs and 11 ps. mophore relatively larger than naphthalene. The—TIFT

The 630 nm transient did not completely decay to zero intensity .- 1ations revealed a widening of the energy gap between the

by the end of the 12 ps time window, so the long time constant s\, T state and the upper excited states as the dihedral angle
derived from the nonlinear least-squares fit for this transient is ¢ changes from 90to 683 This result was apparently in

only approximate. The fast component is the major contributor 4qreement with our experimentally observed blue-shift in the
for the decays at all three emission wavelengths, 550, 600, andg, cited-state absorption band within406 ps after the pho-

630 nm, but its amplitude is smaller at redder detected ey itation. In addition, vibrational cooling is also manifested
wavelengths than at bluer ones. At 600 and 630 nm, the ratio ,, 1 e-shifting and narrowing of transient absorption bands
between the fast and the slow components remains ap-nq js pelieved to occur on a similar time scale for large
proximately 2:1. Even longer time constants may be expected ., 5iecules such as [(dmp)]* in solution365354

for longer emission wavelengths, according to the observed trend |, the current work, we extend our optical studies to'[Cu
of time constant variation observed in the three wavelengths (dmp)]* in various solvents as well as one other Cufi§—
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 [Qdmp)]™ where they
found a prompt fluorescence lifetime attributed to tMLCT

time constant
(fs)2 550 nm 600 nm 630 nm
fast i1 =77 (95%) 1 =211 (66%) w11 = 702 (70%)
intermediate 7, = 510 (5%) 71, = 1,117 (34%) 71, = 10,800 (30%)

phenanthroline derivative, [(dpp)] ", 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 angle (flattening) from nearly orthogonal in
state of 13-16 ps collected at 700 nm (near the peak of the e injtial Franck-Condon state were an outer sphere process,

steady-state emission barfd)t is worth noticing that the values i \ouid occur in concert with solvent displacement and thus
of the fluorescence decay constants are almost the same as thg, dependent on the reorganization energetics, dynamics and
two fast time constants observed in the transient absorption jscosity of the solvent. Meanwhile, if the vibrational cooling
spectroscopy. Therefore, we observed a strong correlation ofy,y, the solvent contributes to the blue-shift in the excited-state
the fluorescence lifetime with the emission wavelength, with opqorption, the time constant for this event should depend upon
longer decay constants observed in longer wavelength of they,e olyent thermal diffusivity. However, we did not observe
emission spectrum. The implication of the time constant ,narent trends in the time constants of the sub-ps ard 0
variation with emission wavelength will be discussed below. ps components associated with relevant solvent properties shown

Discussion (49) Damrauer, N. H.; Cerullo, G.; Yeh, A.; Boussie, T. R.; Shank, C. V;

. . McCusker, J. KSciencel997, 275, 54—57.
The Nature of the Flattening Process: Inner Sphere vs (50) Yeh, A.; Shank, C. V.; McCusker, J. 6cience200Q 289, 935-938.

Outer Sphere Structural Reorganization. Because of the  (51) Damrauer, N. H.; McCusker, J. K. Phys. Chem. 4999 103 8440~

susceptibility of the8d® configuration to JahaTeller distortion, (52) Onkelinx, A.; De Schryver, F. C.; Viaene, L.; Van der Auweraer, M.; lwai,
3 | + i K.; Yamamoto, M.; Ichikawa, M.; Masuhara, H.; Maus, M.; Rettig, W.

Fh_e_ MLCT state of [CU(dmp)]™ with Cu(ll) character v_vas_ 37Am. Chem. Sod996 118 2892-2002.

initially suggested to have flattened tetrahedral coordination (53) Tan, X.; Gustafson, T. L.; Lefumeux, C.; Burdzinski, G.; Buntinx, G.;

: : ; Poizat, 0.J. Phys. Chem. 2002 106, 3593-3598.

where the dlhedrall a.n_gqu' defined by the two dmp Ilgand (54) Myers, A. B.; Rodier, J.-M.; Phillips, D. Llerusalem Symp. Quantum

planes becomes significantly smaller thart. ¥dHowever, the Chem. Biocheml994 26, 261-278. _

dynamics of the flattening as well as the effects of surrounding ©> gri‘;;'agggg‘;ka‘ggr?“;g"fggf”d Physiegnd ed; Lide, D. R., Ed.; CRC

solvent molecules are unclear. In our last contributfone (56) ;gggég/l-l% fﬁrf7e§'§'7J A.; Papazyan, A.; Maroncelli, MPhys. Chem.

tentatively assigned the dynamics of the sub-ps time COMpPoNents7y Reynolds, L.; Gardecki, J. A.; Frankland, S. J. V.; Horng, M. L.; Maroncell,

for [Cu'(dmp)] ™ in acetonitrile to initial charge separation and M. J. Phys. Chem1996 100, 10337-10354.
(58) Kovalenko, S. A.; Schanz, R.; Hennig, H.; Ernsting, NJRChem. Phys.
2001, 115 3256-3273.
(48) McMilllin, D. R.; McNett, K. M. Chem. Re. 1998 98, 1201-1219. (59) Iwata, K.; Hamaguchi, Hl. Phys. Chem. A997 101, 632-637.
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Table 6. Properties of the Solvents Used (20 °C)

dielectric  relaxationtimes  thermal viscosity

constant ps diffusivity mPas?
10°9m?s
acetonitrile 37.59 0.089,0.63 1.08 0.39
ethylene glycol ~ 37.70  0.187, 4.98, 32 0978  19.9
toluene 240 0.157,2.16,15.20  0.879 0.59
apa= Pascal? See ref 55¢ See ref 569 See ref 57¢ See ref 58f See
ref 59. ! acetonitrile
! - - - ethylene glycol

! —-—--toluene

in Table 6 according to the transient absorption spectroscopy i
results. Furthermore, there appears to be essentially no difference -
in transient spectra collected at the same delay time among the 20 ps
three solutions during the first 20 ps after the photoexcitation _
if the population decay related to the diverse lifetimes for'{Cu
(dmp)]* on the nanosecond time scale is neglected. The peak
intensity normalized transient absorption spectra in the three 37
different solutions collected at1.2 ps after photoexcitation ]
are virtually indistinguishable (Figure 12A). At 20 ps time delay, f
/
r

acetonitrile
— — - ethylene glycol
—-—--toleuene

some minor differences are noticeable as the weaker babl(

nm) shows a somewhat more defined structure and intensity in
the toluene case and the tail on the red side of the main band ) L ) .
at ~560 nm for the ethylene glycol spectrum is slightly more 500 550 600 650

intense than the other two (Figure 12B). It is possible that these probe wavelength (nm)

minor differences signify the strength of the solvesblute Figure 12. Normalized transient absorption spectra for [Cu(difipjn
interactions in different solvents as revealed by our previous acetonitrile —), ethylene glycol ——) and toluene {-—). (A) Early

_ 31 : : : time transient spectra showing a broad absorption band centered at
LITR-XAS results®* Whether these inconsistencies carry any approximately 568 nm. This implies that the MLCT excited-state-hf2

significance is unclear, especially given that the position, shape ps after photoexcitation is not affected by the solvent. (B) Transient spectra
and apparent width of the main band-e560 nm are nearly  at 20 ps show a narrowed, blue-shifted dual peak structure with the more
identical in the three solvents. What does become apparent jsintense band centered at 560 nm. The difference in peak positions between
hat th ited-state d . f T to b the 1.2 ps spectra and the 20 ps spectra corresponds to an energy difference
that the e.XC' ed-state .ynam'cs Y E(dmp)z] al‘?pears 0 be of 0.057 eV (see text for significance). It is clear that there are some

a solvent independent inner sphere process durfZPIps after differences between the 20 ps spectra, with the toluene spectrum showing

the photoexcitation. In fact, this could be the case for Cu(l) amore intense shoulder on the blue side of the main band and the ethylene

diimine systems in general, because the results presented herg:ycol spectrum exhibitin_g_ a slightly more intense tail on the re_d s_ide. But
! e basic shape and positions of the features are remarkably similar among

are complemented by other experimental results on multiple Cu- he three solvents.
() bis—diimine derivatives that extend the excited-state dynam-

ics studies to at least four different solveft$#50 Similar uncanny resemblance to our results for{@pp)]* (Figure 8)
spectral evolution occurring on the same general time scale wasincjyding an isobestic point at approximately 665 nm. Thus, it
observed in all cases. With such diverse systems and solventSgeems that the d-butylphenyl substituents possess similar
the origin of the pervasive-10-15 ps component can likely  roperties that affect the phenanthroline ligands of the photo-
be attributed to a process involving the one common structural gycited complex in much the same way as the unsubstituted
factor among _aII the systemshe copper center. The ne_arly phenyl rings of the [Cidpp)]* complex. Interestingly, they
identical fast time constants of 56000 fs and 16-15 ps in also observe a 15 ps blue-shifting component that is independent
all solvents suggest an inner sphere process in early stage o jigand substituent and occurs in @El,. Here we present
the exc_:lted-state dynamics, which is insensitive to solvent 1o more examples of Cu(Bis-phenanthroline complexes for
properties. The sqlveﬁtsolute complex formation with different  \\hich we have different ligands and a fourth solvent system,
strength of bonding, as detected by our LITR-XAS restits, yet e observe the same time scale for the blue-shift. The only
may happen after the initial stage of the photoexcitation, which ¢onstant in our observations and those of Gunaratne et al. is

is ultimately responsible for the differences in the MLCT  ihe tact that both studies are on Cu(l) systems, which supports

excited-state lifetime on the nanosecond time scale. assighment of a process that is related to the metal center, such
A r_ecent comm_unlcanon from Gunaratne ef@tlescribes as intersystem crossing.
transient absorption experiments conducted on Cob{ How Fast is the Flattening of theIMLCT State of [Cu-

phenanthroling; Witm-.hexyl or .4n—butylphenyl supstituents (dmp)2]*? Our goal in this study is to answer a key question
at the 2,9 positions dissolved in methylene chloride. For the ghqt how fast the tetrahedra-E excited-state structural
n-hexyl variant, they observe the same dynamics with nearly fjatening takes place, i.e., how fast is the geometry change that
identical transient spectra as ours (suggesting that the alkyly;nsforms the dihedral angles between two dmp planes i [Cu
substituent acts like a methyl substituent, giving the appearancegmp)]+ from 9¢° to 68°.3 Although the excited-state absorp-
of the dmp™ spectrum). Itis also noteworthy that the transient {jon plye-shift that occurs within 1015 ps of the excitation
spectra for their 4-butylphenyl substituted complex bear an  qq be correlated with the energy gap increase between the
(60) Gunaratne, T.; Rodgers, M. A. J.; Felder, D.; Nierengarten, J. F.; Accorsi, lowest energy e)_(CIted'State to upper excited states that arises
G.; Armaroli, N. Chem. Commur2003 3010-3011. due to the flattening of a tetrahedral geometry, the completeness
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transient excited

t rearrangements, especially the flattening, because the former
state absorption

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 calculation&!-33-34have provided valu-
able information about the symmetry, electronic structure, and
energetics of the molecular orbitals and excited states of
photoexcited [Cl¢dmp)] ™. The TD—-DFT results indicate that
because of orbital symmetry, the [@mp)] ™ MLCT transition
centered at~460 nm in the steady state absorption spectrum
does not populate the lowest enefdLCT state (). Thus
the F—C MLCT state is actually a higher singlet that undergoes
internal conversion (IC) to §$ probably on an ultrafast time
scale &1 ps). These calculations predict thated the one of
the low energyMLCT states are nearly isoenergetic. Siddique
et al. also calculated the spiorbit integrals between the
IMLCT and3MLCT states, which provide unique insights into
the 1ISC mechanisi#f. They found that spirorbit coupling
between the FC MLCT state and the lowedMLCT state (Tp)
is fairly strong 300 cntd), so IC to S probably competes
with fast ISC to T at very early times after photoexcitation.
However, when the dihedral angle between the ligagds

transient
fluorescence

Energy

Dihedral Angle ¢ "
Figure 13. lllustration of potential energy surfaces for the excited and
ground state [Cu(l)(dmp)* 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 Withd(_:‘cr(:"ases to the MLCT state geometry, the orbital energies for

the two processes. The cluster of dashed potential surfacesfepi@sents higher triplet_states lie above the lowest energy single?. So the
other degrees of freedom in molecular structure besides the dihedral angle,only energetically favorable pathway for ISC to occur is from
such as the solvent ligation, which will add additional dimensions of the 5, to the lower energyMLCT states. But their calculations

complicated potential surface that is beyond the illustration.

of this model is called into question by the result of fluorescence
lifetime measurements for [Cu(dmp) by Siddique et at* They
obtained a fluorescence lifetime of 226 ps in acetonitrile at

room temperature, implying an unexpectedly slow ISC process

on that time scale for th&MLCT state () of [Cu'(dmp)]™.

The rationale for such a slow ISC process in comparison with
that of [RU'(bpy)]?" at 40 fs, according to Siddique et &t.is

due to weakened spin-orbital coupling as the result of the
structural rearrangement in the Sate, namely the flattening
of the tetrahedral geometry of the-E state via the decrease
of ¢.3* On the basis of the TBDFT 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’’ Meanwhile, the ISC process from a higher energy
IMLCT state to the lower energdLCT state could also cause
the increase of the energy gap between3&CT 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 tetrahedrat € state and the ISC
will cause the blue-shift in the excited-state absorption (Figure
13), and the transient blue-shift in Q5 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

(61) Erdmann, R.; Enderlein, J.; Wahl , Mime correlated single-photon
counting and fluorescence spectroscofpghn Wiley & Sons: New York,
2005.

found that the spirrorbit coupling between these states arises
primarily from ligand-centered orbitals and is thus much
weaker (30 cntl). 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?3 the photoexcitation at 468 nm results in a transition
from S — S3, where G is an upper singlet state, whereas the
direct transition from $— S (the lowest fluorescing singlet
state) is symmetry forbidden. Siddique et al. also noted that
the calculated results are very sensitive to the dihedral angle
between the dmp rings. It is worth noticing that a recent review
showed that TB-DFT sometimes incorrectly estimated the
vertical transition energies for certain charge-transfer pro-
cesse$? This review cautions TBDFT users to calibrate their
results against other techniques, especially CIS(D) methods. If
Zgierski's TD—DFT result$® are correct regarding negligible
direct excitation to the Sand $ states, the time evolution of
the § population probed by fluorescence upconversion can be
expressed as:

d[S,(0)]

g~ Ncle®ISs0] — {kle®] +

Kl (D] + kisc[ (01} *[S:(0)]
_[S01  [S.(0)]
tg(0)]

whereg(t) is simplified reaction coordinates representing mainly
the dihedral angle between the two dmp plakgsk:, knr, and
kisc are rate constants respectively for internal conversion from

1)

Tic

(62) Dreuw, A.; Head-Gordon, MChem. Re. 2005 105 4009-4037.
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fs fluorescence lifetime of [Ri{bpy)]>" revealed by the first
fluorescence upconversion measurement on transition metal
\ Short complexes, and can be well-understood considering that a
\ weaker spin-orbital coupling is expected for Cu(ll)* €pdn
\ the excited [Cl(dmp)]™ than for Ru(ll)* (4cP) in the excited
e [Ru"(bpy)] 2. However, further complication comes from the
e electronic configuration induced structural changes, the-Jahn
Long\ Teller distortion in the former, whereas that is absent in the
\ latter. Because of the significant structural reorganization of the
0.14 \ MLCT state of [Cl(dmp)]™, the electronic couplings between
TS the initially excited-state and other states will vary with the
a0 85 80 75 70 reaction coordinates, resulting in excited-state structural de-
o (deg.) pendent rate constants as shown in eq 1.

Figure 14. The plot from numerical values of vs ¢ generated by a The ultrafast fluorescence decay with two components of 77
harmonic oscillator model (see text) to express the biphasic nature of the fs (95%) and 510 fs (5%) time constants at 550 nm, on the
dihedral angle dependence of the fluorescence lifetimes in the MLCT state | e side of the emission spectrum, evolves into dual-exponential
of [Cu'(dmp)]* in acetonitrile solution. . ' L

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
Squorescence 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 constdhiAt these longer emission
é(vavelengths, th&MLCT state could have flattened coordination
geometry with weakened spin-orbital coupling as calculated by
Siddique et al3? resulting in longer time constants for ISC.

104

1t (ps™)
._/

Ssto S, fluorescence decay from & &, internal conversion
from S to S, and intersystem crossing from ® T;, andz is

the fluorescence decay time constant. Equation 1 summarize
the different channels transferring population to and from the
S, state. Most importantly, it demonstrates complications in
obtaining an analytical solution for a direct comparison with
the fluorescence upconversion results, because all above rat
constants are correlated wig{t) as an unknown function df
Without accurate measurement of thgtBat different delay

times, it seems unlikely to be able to obtain the flattening Although the direct measurement of the flattening time is
dynamics directly. difficult considering the structural dependent decay rate con-

As an approximation, we could extractas a function of stants on th_e excited-state potential surface, the fluoresgence

o(t) based on experimental data and a pseudo-harmonicd_ecay klnet_lcs_ measured by the fluorescence upconversion at
oscillator model, assuming(Sy) = (1/2)Dg,2 where E(Sy) is different emission wavelengths revealed much faster components
the energy on the Jotential surface (Figure 13), afi the missed by the TCSPC measureméﬁtmhlch provide the upper
“force constant” of the harmonic oscillator. This approximation imit for the time constants. That is to say that the flattening
considered the path from the initial dihedral angle at thecF~ Must be approximately as fast as the fluorescence decay in order
state at 90to the final value of 68based on our previous D to enable the survival population of %0 correlate with the -
DFT calculatior?* AssumingE(Sy):(11 = 550 nm)= 18 181 thermally equilibrated geometry. The fluorescence upconversion
cm L, andgy = 7/2 as the starting point of the dihedral angle esults enable us to realize that the previous tentative assign-
in the F-C state corresponding to the blue-most emission, the Ments on 16-15 ps flattening and 0-50.7 ps ISC time constants
“force constant’D is 14 740/cnrad? We could then extract  from the transient absorption were based on insufficient
the corresponding at 600 and 630 nm emission wavelengths, experimental resu_lts. Our new interpretation is that the flattening
and therefore, obtain a numerical relationship betweandg should be occurring on the order of about 100 fs.
(Figure 14). The final value of is 68, and long component The dual-exponential fluorescence decay components ob-
of 7 is 13 ps based on the results from our sfiidys well as served at 600 and 630 nm emission may indicate a more
that from Siddique et a4 In spite of limited data points from  complicated potential surface for the excited state. So far, we
the upconversion experiment, Figure 14 already suggestsmainly focused on the effect of the dihedral angle on the excited-
biphasic dependence afon ¢, indicating a more complex state decay kinetics. In reality, it may be more complicated due
potential surface than the one shown in the previous Wbrk. to the structural relaxation of the excited molecule with other

At the blue-edge of the fluorescence spectrum, i.e., 550 nm, degrees of freedom, such as concerted rocking of the two dmp
the fluorescence decay kinetics has dual-exponential decayligands, changes in bond lengths or solvent ligation. Therefore,
kinetics with a dominant (95%) component of 77 fs, representing it is very likely that the slow component observed in the
the prompt fluorescence lifetime when the excited-state moleculefluorescence transients at 600 and 630 nm is due to ISC whereas
has a near £C state geometry witlp ~ 90°. The prompt the faster component is due to structural relaxation including
fluorescence decay is convoluted with the internal conversion the flattening of the dihedral angle that depletes the S
from S to S; which is expected to generate the rise of the Population.
fluorescence from the ;Sstate population. Although no rise Why the Biphasic Blue-Shift Was Not Observed in the
component could be extracted from the experimental data Transient Absorption Spectra. On the basis of the above
(Figure 12), the decay time constant of 77 fs provides an upper discussion, both flattening and ISC should cause a widening of
limit for the internal conversion time constant = 1/kc, which the energy gap between the excited-state to higher-lying excited
must be shorter than 77 fs to accumulate thet&te population. states, which should be observed by the transient absorption as
The ultrashort fluorescence lifetime is comparable with the 40 the blue-shift in the spectral region from 480 to 700 nm. The
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previous calculation suggested a blue-shift of about 80 nm due proximity of the ligands; or (2) the-10—15 ps time scale of

to the flattening that changesfrom 90 to 68.31 However, the the spectral evolution is the manifestation of another process.
observed blue-shift in the transient absorption measurements iSOur current results, in conjunction with the other experimental
much smaller than that and is on a similar time scale as the and theoretic&l33-3%evidence point to the latter interpretation.
slow component of the fluorescence upconversion data which On the basis of the solvent independent kinetics, the observed
has been assigned as the ISC process, whereas no blue-shitpectral evolution and its associated0—15 ps time scale are
was observed on the sub-ps time scale, even though the TD assigned to ISC from théMLCT states to the manifold of
DFT calculations suggested such a sHiftTherefore, the SMLCT states. This process is slower than other similar
transient absorption measurements did not capture the blue-shiftcoordination complexesecausef the structural distortion that

in the excited-state absorption corresponding to the flattening occurs in these [C(NN),]™ systems.

whereas the fluorescence upconversion will only probe transi- Meanwhile, the!MLCT state structural dynamics as probed
tions involving the $ state. Because of the complicated by fluorescence upconversion reveals an ultrafast prompt
structural dynamics and the structural dependent kinetics, thefluorescence decay near the-€ geometry. The variation of
excited-state absorption spectra include various transitions fromthe dual-exponential fluorescence decay functions with the
both S and T; to other upper excited states with intertwined emission wavelength suggested a structure-dependent excited-
interconversion kinetics. The initial broad and featureless state dynamics. At longer emission wavelength, the long time
transient absorption spectra in the three solvents studied hereconstant agrees with the previous TCSPC results, while the short
shows such a possibility. In addition, the three time constants time constant that dominates the fluorescence decay is likely
obtained from the fitting of multiple exponentials is based on a due to the structural relaxation. If the main pathway$dt. CT
discrete single species model, which may not be appropriate tostate to survive to the thermally equilibrated structure is to have
describe the structural dependent kinetics encountered here. Theery fast distortion that would slow down the ISC, such a
absorption band in the 1.2 ps spectra (Figure , upper panel) isdistortion, the “flattening” of the tetrahedraHE state geometry,
centered at approximately 568 nm and the more intense bandmust take place on the same time scale as the prompt
in the 20 ps spectra (Figure , lower panel) is centered at 560 fluorescence, i.e., 80 fs. The extra energy thatMeCT state

nm. This blue-shift corresponds to an energy difference of 0.057 possesses enables the torsional motion (“flattening”) between
eV. If Zgierski's TD—DFT calculations on photoexcited [Gu the two rather large ligands much faster than we expected by
(dmp)] " is correct, the energy gap between the lowest singlet the ligand of similar sizes in the ground state.

excited-state and the highest of the low-energy triplet states is Our results show that optical methods are probing the
0.0531 eV This energy change observed in the blue-shift of structural changes indirectly, and the optical signals originating
the absorption maxima seems to correspond to this energy gagrom different transient species often overlap with one another.
involved, assuming the energy gap remains approximately the This is exemplified by the fact that the transient absorption at
same with the excited-state geometry. ~560 nm is ar—zx* transition localized on the dmipligand$3:64

In thesimplestapproximation, there should not be any difference

) o __in this transition that depends on the dihedral angle between
~ The MLCT excited states of Cu(l) diimine molecules exhibit - {he two ligand planes. Of course, the energetics and symmetries
rich photophysics and complicated dynamics, especially at very of the orbitals giving rise to thig—s* transition are consider-
early times after photoexcitation. In the current work we have ably more complex than this, but it typifies the basic problem
attempted to clarify the timescales for the various relaxation zgsqciated with using optical methods to learn about the
processes in the_se complexes by pe_rform_ing ultrafast tra_‘”Sien%tructural rearrangement in [Gdmp)]*. Ultimately, we can
absorption experiments on [@@mp}] * in various solvents with gytract excited-state structural dynamics through direct structural
distinct physical properties (acetonitrile, ethylene glycol and getermination on the time scale of the structural changes using
toluene) as well as on a closely related complex!(@ap)] * pulsed X-rays or electrons. In the previous studies X-ray pulses
with bulkier ligands in acetonitrile. On the basis of our previous om a third generation synchrotron source were used to probe
tentative assignment that the blue-shift of the transient absorptionie structure of the flattened and ligated excited SXut&46.65.66
pano! withir_1 1(%_15 ps was an evidence of structl_JraI reorganiza- pt these pulses are too longX00 ps) to follow the fast atomic
tion involving significant displacement of the ligands as well  gtions involved with the structural rearrangement and exciplex
as their environmer#, we expected to observe different ¢5rmation in [Cu(dmp)]* revealed in this report. When much
timescales for the spectral evolution in the various solvents that g grter pulse ultrafast X-ray sources with sufficient flux are
corresponded to their relaxation dynamics and viscosity. HOw- gyccessfully implemented in the future (There are several fast
ever, we found _that the tlme scale for the spectral evolution x-ray sources being built in the US and abroad which can be
was~10-15 ps inall cases-independent of the solvent or the  t5ynd in several recent workshops in various locations. See refs
substituent. It appears that the relaxation path from th€F g5 and 66 for a partial listing.), it will be possible to directly

MLCT (where the ligand planes are essentially orthogonal) state gpserve the changing excited-state structures and photochemical
to the thermally equilibrateBMLCT state (where the dihedral  gqqucts with picosecond to femtosecond resolution.

angle between the ligand planes is reduced and the molecule is ) )
“flattened”) is more complicated than portrayed in our previous ~ Acknowledgment. This work is supported at Argonne
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