Photosensitizers

Angewandte
itermationalediion. CHEIMIIE

DOI: 10.1002/anie.201204341

Highly Efficient Ultrafast Electron Injection from the Singlet MLCT
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Photoinduced electron transfer (ET) from transition-metal
complexes into semiconductor nanoparticles (NPs) has been
studied extensively in recent decades on account of its
relevance to photocatalysis, solar fuel generation, and dye-
sensitized solar cells (DSSCs).!) One of the most common
DSSC systems utilizes ruthenium polypyridyl complex-sensi-
tized TiO, NP electrodes, which provide a relatively high
light-to-electron energy conversion efficiency (ca. 11%) in
DSSCs.”! The high cost and low abundance of ruthenium,
however, inhibit applications of ruthenium dye-based DSSCs
on a large scale. Therefore, dye sensitizers of abundant first-
row metal complexes have long been sought. A recent report
on porphyrin sensitizer-based DSSCs is one example.”!
Polypyridyl Cu' complexes are also being considered as
a replacement for ruthenium complex sensitizers!* owing to
their striking similarities in absorption spectra and photo-
physics. However, the efficiencies and stabilities of the
devices based on these dyes to date are still inferior in
comparison to those of the ruthenium dye-based solar cells.
Because many factors can influence the DSSC device
efficiency, such as light harvesting, driving force for charge
separation and recombination, and excited-state lifetime, an
understanding of how these factors can be optimized at
molecular and electronic levels is required. In contrast with
Ru" polypyridyl complexes, the MLCT states of Cu' diimine
complexes undergo a pseudo Jahn-Teller distortion with
significant structural reorganizations and exhibit solvent-

dependent lifetimes.”) More importantly, the intersystem
crossing (ISC) rate/yield and thus the '"MLCT state lifetime
can be influenced by the coordination geometry of the copper
center as well as solvent accessibility.!*” Thus, there will be
two possible routes to transfer an electron from the photo-
excited Cu' polypyridyl complex to the TiO, NPs: 1) from the
'MLCT state with a higher energy and ET driving force but
very short excited-state lifetime (that is, ca. 10 ps or shorter);
and 2) from the *MLCT state with a lower energy and ET
driving force but much longer excited-state lifetime (a few ns
to a few hundred ns). While the excited-state photophysical
properties and structural dynamics of several Cu' complexes
have been studied in solution,®™7*%! the electron injection
dynamics and its interplay with the sensitizer structure of Cu'
complexes have not been established to date.

Herein, we present highly efficient ultrafast electron
injection from the excited state [Cu'(dppS),]* (dppS =2.9-
diphenyl-1,10-phenanthrolinedisulfonic acid disodium salt) to
TiO, and correlate the dynamics of charge separation and
recombination with the molecular structure (Figure 1) using
electron paramagnetic resonance (EPR), optical transient
absorption (TA), and X-ray transient absorption (XTA)
spectroscopy.”] The sulfonated phenyl groups at the 2.9
positions of the phenanthroline ligands force the ground state
of [Cu'(dppS),]* to adopt a flattened pseudo-tetrahedral
coordination geometry where the spin—orbit coupling is
weakened and the copper center is fully shielded from the
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Figure 1. UV/Vis absorption spectrum of [Cu'(dppS),]" in H,O. Insets:
the molecular structure of [Cu'(dppS),]* and the electron-injection and
recombination model in the [Cu'(dppS),]"/TiO, hybrid.

solvent, resulting in an ISC rate constant of about 14 ps (see
below). Moreover, the two sulfonated phenyl groups also
block solvent access to the Cu center to prevent the formation
of an exciplex, which would lower the energy gap between the
SMLCT and the ground states and accelerate the ground-state
recovery.”*!% Consequently, these structural factors result in
longer "*“MLCT lifetimes and higher emission quantum yields
in water. Meanwhile, the sulfonate groups also serve as linkers
to TiO, NP surfaces through electrostatic or covalent link-
ages.' Details of the experimental setup and sample
preparation are described in the Supporting Information.
The dppS ligand, as a mixture of meta/meta (70 %) and meta/
para (30 %) isomers, was synthesized following a procedure in
the literature.l'”! The [Cu(dppS),]*-PFs~ complex was isolated
in 73% yield by mixing the dppS ligand with [Cu-
(MeCN),]PF, in a MeCN/H,O solvent at room temperature
under a N, atmosphere. The oxidation potential of the MLCT
state was —1.57 V vs SCE. Compared with the conduction
band (CB) edge of TiO, NPs (—0.5V vs SCE),” the
estimated upper limit of the Gibbs free energy change AGgy
for ET from the MLCT excited state of [Cu'(dppS),]" to the
CB of TiO, NPs is —1.07 V.

Steady-state EPR spectra of the [Cu'(dppS),]*/TiO,
hybrid at 5 K were measured to verify the electron injection
from the MLCT state of [Cu'(dppS),]™ to TiO, NPs (see the
Supporting Information for details). A Xe lamp with a long
pass filter (cut-off wavelength =440 nm) was used to ensure
selective excitation of [Cu'(dppS),]" not TiO, NPs. As shown
in Figure 2, the EPR spectrum of the [Cu'(dppS),]"/TiO,
hybrid under the light illumination shows distinct features at
3341 and 3388 G, corresponding to g, =1.990 and g, =1.958,
which agree well with the signals for Ti'" centers™ and thus
can be assigned to the electrons localized in the TiO, NP
lattice. The remaining broad features (g, =2.078, g, =2.397,
and A;=120 G), are characteristic of a Cu" ion in a tetrag-
onally distorted structure,™” resulting from [Cu"(dppS),]**
formed after the electron injection. The intensity of both Ti'"
and Cu" signals decreased after the lamp was turned off,
indicating the recombination of injected electrons in the CB
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Figure 2. EPR spectra of [Cu'(dppS),]"/TiO, hybrid under visible light
(A >440 nm) illumination (thick line) and after the light was turned off
(thin line). The background spectrum collected before illumination has
been subtracted from both spectra.

of TiO, with the oxidized [Cu"(dppS),]*". The characteristic
spectral features of the charge separated state, although
gradually faded, still remained visible several minutes after
the Xe lamp was turned off, suggesting a super-slow charge
recombination at 5 K. The results confirm the photoinduced
ET from the '"MLCT state of [Cu'(dppS),]" to the CB of TiO,
NPs and the subsequent recombination of the electron in the
CB of TiO, with [Cu™(dppS),]*" in the dark.

Because the electron injection into TiO, NPs opens a new
decay route for the *MLCT states of [Cu'(dppS),]t, the
interfacial ET processes can be monitored via the MLCT
state absorption signals using TA in the presence and absence
of TiO, NPs under 415nm excitation from an ultrafast
Ti:sapphire laser system. TA spectra of a reference [Cu'-
(dppS),] /A1, O; hybrid system, where the electron injection is
not feasible, were measured first to account for the MLCT
state dynamics of surface-bound [Cu'(dppS),]™ (Figure 3a). A
broad positive feature was observed in the entire TA spectral
range similar with the MLCT state transient absorption of
[Cu'(dppS),]" in an aqueous solution (Supporting Informa-
tion, Figure S4), and it can thus be assigned to the same origin
in this reference system. At early delay times (< 50 ps), the
broad initial TA at 1 ps delay time grows in the 480-515 nm
region and 660-680 nm region, respectively. The growth
kinetics in these two regions and the decay dynamics in the
530-650 nm region bordered by the two isosbestic points at
518 and 657 nm correlate well with each other, suggesting that
the same dynamic process is associated with the spectral
evolution in the three regions. The kinetic traces in the 480—
515 and 660-680 nm regions (Figure3c), fit by single-
exponential rise and decay functions, both show a fast rise
(13.7 ps) and a slow decay (>3 ns) time constants, which
correlate well with the two decay time constants of ¢, = 13.7 ps
(25%) and t,>3 ns (75%) in the 530-650 nm region fit by
a bi-exponential decay function. The shorter time constant
t;=13.7 ps is consistent with the ISC time constant previously
observed after the excited-state flattening owing to the Jahn—
Teller distortion as the Cu center changes from 3d'° to 3d°.[6¢]
The long decay time constant of >3 ns is attributed to the
*MLCT state decay, which is too long to be determined
accurately in the femtosecond TA time window. In the delay
time window of about 50 ps to 3 ns, slight deviations of the
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Figure 3. a,b) Femtosecond TA spectra of a) [Cu'(dppS),]"/Al,O; and
b) [Cu'(dppS),]"/TiO, hybrids under 415 nm excitation. c,d) Transient
kinetics curves at different probe wavelengths as labeled for c) [Cu'-
(dppS),]T/Al,05 and d) [Cu'(dppS),]t/TiO, hybrids. The curves are
displayed with the y axis offset for clarity. The symbols are experimen-
tal data and the solid curves are the fits. e,f) Nanosecond absorption
kinetics of e) [Cu'(dppS),]"/Al,O; at 500 nm (black), 570 nm (red), and
700 nm (blue) with the fit (cyan) to all the curves, and f) of [Cu"
(dppS),]*/TiO, at 700 nm. Inset: nanosecond absorption spectra of

e) [Cu'(dppS),]|*/Al,0;5 and f) [Cu'(dppS),|"/TiO,. The absolute ampli-
tudes of the kinetic traces in (e) were scaled for comparison purposes.

kinetic traces in the 480-515 nm region and in the 660-680 nm
region was observed; the origin of this difference is unclear.
To accurately measure the long decay time constants for the
SMLCT state, we collected the kinetics traces in a time
window of several hundred nanoseconds using a nanosecond
photolysis apparatus at three different probe wavelengths,
namely 500 nm, 570 nm and 700 nm, and observed consis-
tency among the three kinetic curves (Figure 3 e). Fitting the
individual kinetics at the three probe wavelengths by
exponential decay functions yields the same decay time
constant of 99.6 ns, which agrees with the result from previous
studies on [Cu'(dppS),]* in solution."*!

Compared to the reference TA spectra of [Cu'(dppS),] "/
Al,O; (Figure 3a), the TA spectra of [Cu'(dppS),]'/TiO,
measured under the same conditions (Figure 3b) are drasti-
cally different in spectral shape and show much faster decay
kinetics at early times. As the delay time ¢ increases, a valley-
like feature centered at 570 nm becomes more pronounced
and then evolves into a broad bleach band centered at 550 nm
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at r> 1.5 ns. This feature, assigned as the ground-state bleach,
is sustained in the nanosecond TA spectra (inset of Figure 3 f)
and becomes more clear after the MLCT state absorption
signal decays substantially owing to the electron injection. All
of these facts suggest ET from the excited [Cu'(dppS),]" to
TiO, NPs, which is consistent with the EPR measurement
discussed earlier.

In principle, the ET and CR (charge recombination) rates
can be measured by the TA signals of [Cu”(dppS),]*", but
such measurements have been proven to be difficult because
of the low extinction coefficient of [Cu"(dppS),]** compared
to the ground state [Cu'(dppS),]* and its spectral overlap with
the ground-state bleach and excited-state absorption. To
circumvent this difficulty, the ET rate in this study was
extracted quantitatively by global fitting the kinetics traces at
different probe wavelengths. At probe wavelength A, the TA
signal (S(4, 1)) is given by the sum of the TA signals of the
MLCT excited state absorption, the ground-state bleach, and
the ET generated [Cu"(dppS),]*" state absorption:

S(4,t) =e (AN () + & (AN (1) :

—e" (AN (1) + N*(1) + N* (1)) + e (A)N" (1) .
where (£!(1), N'(1)), (*(A), N°(¢),), and (e*(1), N'(¢)) are the
extinction coefficients and concentrations of '"MLCT, *MLCT,
and the ET generated [Cu"(dppS),]*" states, respectively.
Assuming that the ET rate is much faster than the *MLCT
state intrinsic decay and the charge recombination rate, we
can use the following equations to express the concentrations
of the above species:

]\]l (l) — Noef(k}w*klsc)f

k 1 3
N =N IsC o Kby Hase)t _ kit
=N = — ] @
i 1 k 5
N* (1) = N.[— ET e~ (kerthisc)t _ IsC e Kert
® ol iy + kisc kir + kisc ]

where k., and k3, are rate constants for ET from singlet
MLCT and triplet MLCT states, respectively. kisc is the
intrinsic ISC rate constant determined by fitting the TA decay
of the [Cu'(dppS),]" MLCT excited state in the reference
[Cu'(dppS),]T/ALO, hybrid. N° is the total excited state
concentration at time 0. If multiple binding configurations
exist, such as [Cu'(dppS),]" binding with a single or double
sulfonate linker(s), multiple sets of Equation (2) can appear
in the TA signal fitting. According to this model, we can
satisfactorily fit the kinetics at 525, 548, 614, 650, and 681 nm
simultaneously by using the same rate constants while varying
the extinction coefficients, as shown in Figure 3d. Restriction
is given by the known extinction coefficients of ground-state
and oxidized-state absorption at different wavelengths. The
time constants with the best fit (Supporting Information,
Table S1) for ET process are 0.4 ps and 12 ps for ET from
'MLCT state, and 1000 ps for ET from *MLCT. These results
suggest an efficient ultrafast electron injection from 'MLCT
state to the TiO, NPs.

The CR dynamics of the [Cu'(dppS),]/TiO, hybrid was
also measured by the nanosecond TA setup. In the absence of
the ET to TiO, NPs, the TA spectra of [Cu'(dppS),]*/ALO;
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(Figure 3e, inset) are mostly due to the *MLCT state
absorption in the nanosecond regime. In contrast, the TA
spectra of [Cu'(dppS),]*/TiO, (inset of Figure 3f) show
a broad ground-state bleach feature in the 480-620 nm
region and an absorption at > 620 nm, which are mainly due
to the absorption features from both [Cu"(dppS),]*" and CB
electrons of the TiO, NPs as seen in the ground state
[Cu"(dppS),]*" (Supporting Information, Figure S5) and
other DSSC mimics, respectively.'”! Therefore, these absorp-
tion features can be used to monitor the CR process; that is,
back ET from CB of the TiO, NPs to [Cu"(dppS),]*", which
will cause the decay of these signals as shown in Figure 3 f.
The decay kinetics can be adequately fit by a three-exponen-
tial function with time constants of 270 ns (44%), 1.2 us
(19%), and >9 ps (37%), corresponding to kinetics of the
CR process that are several orders of magnitude slower than
the ET process, suggesting efficient charge separation pro-
cesses in this hybrid system.

The ET process in [Cu'(dppS),]"/TiO, can also be
monitored by probing the oxidation state of the Cu center
using XTA at the CuK-edge with and without the laser
excitation (for details, see the Supporting Information).
Figure 4 shows XANES (X-ray absorption near-edge struc-
ture) spectra of [Cu'(dppS),]*/TiO, with the ground state and
laser initiated state, as well as the oxidized state after electron
injection to TiO, NPs. The oxidized-state spectrum was

124
104
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< 64
=4
41 — Ground State
—— Laser Initiated
2 Oxidized state
0+

8970 8980 8990 9000 9010
E (eV)
Figure 4. The XANES spectra of [Cu'(dppS),]" in the [Cu'(dppS),]*/
TiO, hybrid at the CuK edge. The laser-initiated scan was collected at
a laser time delay of 9 ns.

obtained by subtracting the contribution of about 75% of
the remaining ground state from the laser initiated spectrum.
The laser initiated spectrum was taken at 9 ns delay time well
after the electron injection, when only a negligible fraction
(<0.1%) of the MLCT state population remained according
to the TA results. Therefore, the contribution of excited state
to the XANES spectral changes caused by the laser pump
pulse can be excluded. Three distinct changes are observed in
the laser-initiated XANES spectrum compared to the ground
state spectrum: 1) a reduced shoulder feature at 8.979 keV;
2) a reduced intensity at 8.987 keV; and 3) an increase of the
intensity at 8.998 keV. These features are seen when [Cu'-
(dppS),J*" is generated electrochemically or photochemical-
ly®*7280dl and hence further confirm the ET to the TiO, NPs,
consistent with the EPR and TA results. Compared to
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previously studied [Cu'(dmp),]*,®*? the shoulder feature in
the XANES spectra of [Cu'(dppS),]* at 8.979 keV, assigned as
the 1s to 4p, transition, has a higher intensity owing to
a flattened tetrahedral coordination geometry for the copper
center in the ground state (Figure 4 inset),!'®! where the spin-
orbit coupling is significantly weakened and thus results in
a much slower ISC process with a time constant of 13.7 ps,
which is more than a factor of 200 slower than the ISC process
in the well-studied ruthenium based dye sensitizers.'*"!
Therefore, we have demonstrated that the coordination
symmetry of [Cu'(dppS),]" effectively modulates its excited-
state properties, facilitating a direct electron injection path-
way from the 'MLCT state of [Cu'(dppS),]" to TiO, NPs
before its ISC generates the low-energy *MLCT state. With-
out the steric hindrance of the two phenyl groups in the 2 and
9 positions of phenanthroline ligands, the two dppS ligands in
the complex will be nearly orthogonal to each other, resulting
in a stronger spin—orbit coupling and thus a much faster ISC
process may take place.”

In summary, a highly efficient and ultrafast interfacial
electron injection from the '"MLCT state of surface bound
[Cu'(dppS),]" to TiO, NPs has been observed in EPR, TA,
and XTA studies, with the charge separation and recombina-
tion dynamics correlated with the ground- and excited-state
structures. These studies confirmed the formation of [Cu"-
(dppS),]*", resulting from an efficient charge-transfer process
in [Cu'(dppS),]/TiO, where electrons are injected into TiO,
NPs. The flattened tetrahedral geometry of the ground state
[Cu'(dppS),]” in the hybrid system as detected by the XTA
effectively prolongs the ISC time to enable ET from the
'MLCT state. Further studies in tuning the HOMO-LUMO
levels of these complexes by structural constraints will be
conducted in the future. This research not only demonstrates
the structural control necessary for effective ET processes,
but also shows the potential of using low-cost copper
complexes for the dye-sensitized solar cells in the future.
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