CREATED USING THE RSC LaTeX PCCP ARTICLE TEMPLATE - SEE www.rsc.org/electronicfiles FOR DETAILS

ARTICLETYPE WWW. 15C.0rg/ 3ok | XXXXXXXX

Photophysics and aggregation effects of a triphenylamine-based dye
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The photophysical behaviour of a triphenylamine-based organic dye sensitizer (Carbz-PAHTDTT) attached to alumina and titania
nanoparticles (labelled Carbz-Al and Carbz-Ti, respectively) is examined in the absence and presence of the chenodeoxycholic
acid (CDCA) coadsorber. The experiments are conducted in vacuo by suspending the target dye-sensitized nanoparticles within
a quadrupole ion trap, where they are probed with laser radiation to obtain emission spectra and time-resolved excited state decay
curves. For Carbz-Al, the dye’s emission band is blue-shifted and the excited state lifetime is increased upon the coabsorption
of CDCA, effects attributed to reduced dye aggregation. Compared to Carbz-Al, the Carbz-Ti excited state lifetimes are sig-
nificantly shorter due to excited dye molecules injecting electrons into the titania conduction band. For Carbz-Ti, the electron
injection quantum yields for the surfaces with CDCA (CDCA:dye =25:1) and without CDCA are estimated to be 0.87 and 0.71,
respectively. The gas-phase results demonstrate that Carbz-PAHTDTT dye aggregates are detrimental to the performance of a

dye-sensitized solar cell.

1 Introduction

Dye-sensitized solar cells (DSSCs) are promising devices for
the efficient and economical conversion of sunlight to elec-
trical energy. > Within a DSSC, dye sensitizer molecules an-
chored to a mesoporous, metal-oxide, anode electrode absorb
photons and inject the promoted electrons into the metal-oxide
conduction band.

Recent research has demonstrated significant advantages
in using organic dyes as the sensitizer, rather than tradi-
tional ruthenium polypyridyl coordination complexes; they
are cheaper to synthesize, have higher absorption coefficients,
and can be electronically tuned to match new types of redox
couples. > However, unlike ruthenium dyes, organic dyes do
not form a long-lived triplet state after photoexcitation, so
that the competition between electron injection and ground
state recombination becomes a crucial factor in determining
a DSSC’s overall performance. Dye-sensitized metal-oxide
nanoparticles (NPs) and films serve as useful model systems
for the DSSC anode and the kinetic events occurring at the
dye/surface interface can be explored using time-resolved flu-
orescence spectroscopy. 10
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Recently, Daeneke ef al. synthesized an organic dye sen-
sitizer, labelled Carbz-PAHTDTT, consisting of a tripheny-
lamine donor motif (supplemented with carbazole units), a
dithienothiophene bridge motif, and a cyanoacrylic acid ac-
ceptor motif (Fig. 1).# Dyes that exploit similar organic sub-
unit combinations are currently amongst the most success-
ful sensitizers for DSSCs.? Desirable features of Carbz-
PAHTDTT include its strong absorption across most of the
visible spectrum and compatibility of its redox properties
with ferrocene/ferrocenium-based redox couples, which are
being investigated as non-corrosive alternatives to the pop-
ular iodide/triiodide redox couple. Interestingly, the high-
est solar conversion efficiency for the Carbz-PAHTDTT-based
DSSC (n=7.5%) was obtained with the chenodeoxycholic
acid (CDCA) coadsorber (Fig.1) also attached to the tita-
nia anode electrode.* The beneficial effects of CDCA have
been linked to a reduction in the formation of dye aggre-
gates,$10-12 an upward shift in the metal-oxide conduction
band, '3 and better shielding of the surface against recombi-
nation processes. ' 14

To gain a clearer picture of a dye sensitizer’s intrinsic pho-
tophysical properties, it is useful to study the dynamics of dye-
based systems in a vacuum, eliminating perturbations induced
by solvent or atmospheric environments.'>!¢ In the current
study, we demonstrate that in vacuo spectroscopic data can
be obtained for dye-sensitized NPs by suspending them in a
quadrupole ion trap (QIT) and probing them with laser-based
fluorescence techniques. Fluorescence studies of trapped ions
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Fig. 1 Structures of the Carbz-PAHTDTT dye sensitizer and
chenodeoxycholic acid (CDCA) coabsorber
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Fig. 2 Band edge positions for the alumina and titania metal-oxide
surfaces and the Carbz-PAHTDTT dye sensitizer’s molecular orbital
positions

are challenging due to low ion densities. Nevertheless, this
approach has been successfully applied to molecular ions and
nano- to micron-sized particles suspended within QITs. !"-24

Here, we utilize laser-induced acoustic desorption (LIAD)
to introduce charged Carbz-PAHTDTT-sensitized metal-oxide
NPs (Carbz-NPs) into a purpose-built QIT and characterize
their photophysical properties using emission spectroscopy
and time-resolved fluorescence measurements. Titania (TiO,)
and alumina (Al,O;) NPs are used because DSSCs are com-
monly fabricated with a titania anode electrode, whereas alu-
mina serves as an inert reference substrate. Band edge po-
sitions for the metal-oxide surfaces and the molecular or-
bital levels for the Carbz-PAHTDTT dye are illustrated in
Fig.2; the low conduction band edge of titania allows elec-
tron injection, whereas the high conduction band edge of alu-
mina prohibits electron injection.*? Ultimately, the Carbz-
PAHTDTT lifetimes for excited state relaxation and electron
injection, measured in the absence and presence of CDCA,
allow the effect of dye aggregates on the light-harvesting effi-
ciency to be evaluated.

2 Experimental approach

The Carbz-NPs were prepared as follows. A 0.2mM solu-
tion of the Carbz-PAHTDTT dye (synthesis given in Ref.
4) and a 2mM solution of CDCA (Sigma-Aldrich), both in
chloroform/ethanol (60/40, v/v), were used to make sensi-
tizing solutions with CDCA:dye ratios of 0:1, 1:1, 5:1, and
25:1. To 3mL of the sensitizing solution, 4 mg of NPs was
added (NanoAmor: Al,0O3 20-30 nm gamma, Sigma Aldrich:
TiO; <25 nm anatase) and sonicated for 60 minutes. The
amount of dye/CDCA was sufficient to obtain monolayer
coverage of the NPs; dyes with cyanoacrylic acid anchor-
ing groups generally have ~2 molecules/nm?.%® The solutions
were then centrifuged, with the excess solution removed, fol-
lowed by the addition of 1mL chloroform/ethanol solution
and 10 minutes sonication. This was repeated a further two
times to remove any dye not bound to NP surface.

LIAD has proven to be a versatile matrix-free method for
the soft desorption of microparticles and biological cells into
a vacuum environment.?>?’ For the LIAD technique, a few
drops of the Carbz-NP solution was placed on the front sur-
face of a 0.3 mm thick silicon wafer and then air dried. The
wafer was then placed into the vacuum chamber and held just
above the QIT. The rear of the wafer was irradiated with a
single, focussed laser pulse (532 nm, ~7 ns, 40-60 mJ) from
a Q-switched Nd:YAG (Continuum, Surelight), causing an
acoustic shock that propeled several hundred charged parti-
cles from the front wafer surface into the QIT. Nitrogen buffer
gas (40 mTorr) present in the QIT helped dissipate the initial
kinetic energy of the desorbed Carbz-NPs, enhancing the trap-
ping efficiency, and thereafter collisionally cooled the Carbz-
NPs heated by the excitation laser beam.

The QIT used in this study (Fig.3) is based on the design
of Schlemmer et al?® and has previously been used to investi-
gate single micron-sized particles.?>?3 The QIT consists of 2
conical end-cap electrodes surrounded by 8 thin parallel rods
(which together act as the ring electrode). This open arrange-
ment allows the QIT to be easily loaded by LIAD and provides
facile access for excitation laser beams and fluorescence col-
lection. The QIT was operated in single-phase mode, whereby
an oscillating potential (f = 1 kHz, amplitude =200 V) was ap-
plied to the end-cap electrodes, while the parallel rods were
grounded. The polarity of the ion population was determined
by observing its movement when a potential was applied be-
tween the top two and bottom two parallel QIT rods.

When the trapped ion cloud was illuminated by the laser
beam, clearly visible light was elastically scattered from a
cylindrical region of ~1x4 mm (¢xh) within the QIT, indi-
cating that the majority of the Carbz-NPs were present as
submicron-sized clusters, rather than isolated NPs. Indeed,
the QIT conditions corresponded to ions being trapped that
had 1 charge for every ~2-10 Carbz-NPs, highlighting the

2| Journal Name, 2010, [vol]1-8

This journal is © The Royal Society of Chemistry [year]



Fluorescence Laser beam
collection

lens \ \

Trapped dye-sensitized
nanoparticles

\

|

\

L~
8 rod

electrodes \

End-cap
electrodes

Fig. 3 Quadrupole ion trap (QIT) used to spectroscopically
investigate Carbz-NPs in the gas phase

ability of LIAD to generate low charge species. The trapped
ion cloud usually consisted of negative ions, but occasionally
was composed of positive ions. The spectroscopic data (emis-
sion spectra, fluorescence lifetimes) were independent of trap-
ping frequency (0.5-2.0 kHz) and population polarity (+ or —),
implying that the effect of charge is negligible for Carbz-NP
clusters in this mass-to-charge range.

For the dispersed emission experiments, trapped Carbz-
NPs were probed with loosely focussed 532nm radiation
(~500 mW/cm?) from a continuous-wave Nd:YVO, laser
(Coherent, VERDI-V5). Fluorescence from the Carbz-NPs
was collected by a F/1 lens, passed through a 532 nm long pass
filter, and sent to a spectrometer (Jobin Yvon, Triax 552) inter-
faced with a cooled 2-dimensional charge-coupled device de-
tector (Jobin Yvon, Symphony). For the time-correlated single
photon counting (TCSPC) experiments, trapped Carbz-NPs
were probed with loosely focussed, pulsed 532 nm radiation
(~12ps, ~500 mW/cm?2, 82 MHz) from a picosecond, diode-
pumped Nd:YAG laser (Time Bandwidth Products, Cheetah-
X). Fluorescence was collected by a F/1 lens, passed through
a 532nm long pass filter, and sent to a cooled photomulti-
plier tube (Becker and Hickl, PMC-100) connected to a TC-
SPC card (Becker and Hickl, SPC-630). To record the in-
strument response function (IRF), the 532 nm long pass filter
was removed and the elastically scattered light was monitored.
Emission spectra were recorded before and after the TCSPC
experiments to ensure the sample had not degraded. The time-
resolved fluorescence decay curves were fitted to a stretched
exponential function convoluted with the IRF (FAST software,
Edinburgh Photonics). Errors in the average lifetimes were es-
timated to be £0.02 ns for the Carbz-Al decays and £0.04 ns
for the Carbz-Ti decays. A biexponential function was also tri-
alled to fit the data, but was found to provide poorer fits for the
accurately recorded Carbz-Al data, compared to the stretched
exponential function.

3 Results and discussion

3.1 Carbz-NP photophysics

Before examining the spectroscopic data, it is useful to con-
sider the important photophysical processes that occur when
an organic dye sensitizer assembles onto a metal-oxide sur-
face. Because organic dyes have relatively planar structures,
two or more dyes can bind together through reasonably strong
intermolecular 7-7 interactions to form dye aggregates.’ The
dye aggregate’s properties (e.g., excitation energy, excited
state decay rates) can be quite different to those of the dye
monomer.?’ Dye aggregates are usually defined as being ei-
ther J- or H-aggregates, depending on whether their absorp-
tion band is red- or blue-shifted, respectively, from that of
the monomer. CDCA has been shown to be an effective anti-
aggregation agent when coabsorbed with the dye onto a metal-
oxide surface. 319712 The saturated structure of CDCA means
that it has weak intermolecular interactions with the dye and
does not absorb visible light.

The photoexcited dye molecule/aggregate can decay
through either radiative or non-radiative means. Fluorescence
from the excited state to the ground state is usually the slow-
est relaxation mechanism. Possible non-radiative relaxation
mechanisms include internal conversion to the ground state,
intermolecular resonance energy transfer to an adjacent dye
molecule/aggregate, or injecting an electron into the metal-
oxide conduction band. Electron injection requires that the
conduction band is energetically accessible from the dye’s 7*
lowest unoccupied molecular orbital and that there is adequate
electronic coupling between the two. Intersystem crossing
from the excited singlet state into the triplet state is consid-
ered to be negligible, as this process is slow (~ns) in organic
dyes compared to the other pathways (~ps).’

For the dye-coated NPs investigated in this work, the emis-
sion spectra of the dye monomer and dye aggregates overlap,
rendering it impossible to obtain their individual fluorescence
decay curves when a mixture is present. Therefore, the mea-
sured excited state decays represent the average behaviour of
the dye monomer and aggregate mixture, with the observed
decay rate (k,p,) for each sample representing a sum of phe-
nomenological rate constants for radiative relaxation (kg), in-
ternal conversion (k;), and electron injection (k;,;):

kobs = kr + kic + kin (D

3.2 Emission spectra

For the gas-phase spectroscopic experiments, the suspended
Carbz-NPs are excited with 532nm laser light. As can be
seen from the absorption spectrum of Carbz-PAHTDTT in
solution (Fig.4), light at this wavelength excites the S1<Sp
electronic transition, which has an absorption maximum
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Fig. 4 Normalized absorption and emission spectra of the

Carbz-PAHTDTT dye sensitizer in dichloromethane (top),

normalized emission spectra of the Carbz-Al samples in the gas

phase (middle), and normalized emission spectra of the Carbz-Ti
samples in the gas phase (bottom)

at 4990nm, and is predicted to have m-7* intramolecular
charge-transfer character.*3%-3! Excitation of the solution-
phase Carbz-PAHTDTT at 532nm yields a broad emission
band with a maximum at 645 nm (Fig. 4).

Gas-phase emission spectra recorded for alumina Carbz-
NPs (Carbz-Al) and titania Carbz-NPs (Carbz-Ti) are also
shown in Fig. 4, with emission maxima listed in Table 1. Ex-
periments are conducted using Carbz-NPs prepared from sen-
sitizing solutions with CDCA:dye ratios of 0:1 (i.e., only dye),
1:1, 5:1, and 25:1. Because the number of ions injected into
the QIT with each LIAD shot varies and there is no way to de-
termine the number of trapped ions, the intensity of each emis-
sion spectrum is normalized. However, the fluorescence inten-
sity is considerably weaker for Carbz-Ti compared to Carbz-
Al. The gas-phase emission spectra for all Carbz-NP samples
are similar in appearance, displaying a broad band with a sin-
gle maximum, close to the solution-phase maximum.

For Carbz-Al-0:1, the emission band has a maximum at
680nm, whereas the presence of CDCA in Carbz-Al-1:1
causes the maximum to blue-shift to 660nm. The emis-
sion bands of Carbz-Al-5:1 and Carbz-Al-25:1 are essentially
the same and display a further blue-shift of the maximum
to 645nm. The progressive blue-shift of the maximum is
consistent with CDCA molecules becoming interleaved be-
tween the dye molecules, gradually breaking up the dye ag-
gregates and eventually leaving only dye monomers on the

surface. The blue-shift in the emission arises because the
emission wavelength increases with dye aggregate size. In-
crementally increasing the CDCA concentration in the sen-
sitizing solutions eliminates first the formation of larger dye
aggregates (e.g., trimers), followed by smaller dye aggregates
(e.g., dimers). That multiple emission maxima are not evident
(i.e., one for each dye aggregate size) and that the widths of
the emission bands are approximately the same suggest that
intermolecular resonance energy transfer occurs on the sur-
face, whereby the dye monomers and aggregates funnel their
electronic energy to the longest wavelength absorbing species.
An alternate explanation is that there is only a narrow dye ag-
gregate size distribution in each sample, although this is un-
likely as previous studies have found that even without CDCA
the majority of the dye molecules exist as monomers. ' 3233
Despite similar emission trends and mechanisms being pro-
posed in previous studies,®* a detailed understanding of how
CDCA reduces dye aggregation is still being developed. Re-
cent computational work suggests that intermolecular dye-
CDCA complexes within the sensitizing solution may be im-
portant precursors in determining the surface-bound structures
formed. 336

As the emission spectra of Carbz-Al-5:1 and Carbz-Al-25:1
are essentially the same, it appears that the majority of dye
aggregates are eliminated once the CDCA:dye ratio exceeds
5:1. Therefore, the Carbz-Al-25:1 emission spectrum should
represent that of the isolated dye monomer.

The Carbz-Ti-0:1, Carbz-Ti-1:1, Carbz-Ti-5:1, and Carbz-
Ti-25:1 gas-phase emission spectra display maxima at 705,
690, 685, and 685 nm, respectively. As for Carbz-Al NPs,
the emission bands are blue-shifted with increasing CDCA
concentration, with the Carbz-Ti-5:1 and Carbz-Ti-25:1 bands
being essentially identical due to elimination of dye aggre-
gates. However, there are several notable differences between
the Carbz-Al and Carbz-Ti spectra. First, the magnitude of
the blue-shift accompanying addition of CDCA is reduced for
the Carbz-Ti NPs. This is believed to be due to rapid elec-
tron injection into the titania conduction band, which quickly
deactivates the excited dye monomers, reducing the quantum
yield for intermolecular resonance energy transfer to the dye
aggregates, which emit at longer wavelengths. Therefore, the
emission mainly originates from the dye monomer/aggregate
population initially excited by the laser, rather than from dye
aggregates energized through resonance energy transfer. Sec-
ond, the emission maximum from the dye monomer on titania
(i.e., Carbz-Ti-25:1) is slightly broader and ~0.1 eV lower in
energy than on alumina (i.e., Carbz-Al-25:1). This effect is
attributed to a strong bond being formed between the dye’s
carboxylate anchor and the titania surface; compared to the
p orbitals of aluminium, the dz(ty,) orbitals of titanium have
better spatial arrangement for electronically coupling with the
dye’s m* states.
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It is not possible to determine the nature of the Carbz-
PAHTDTT dye aggregates without measuring the Carbz-NPs’
absorption spectra. A red-shift in the emission band upon
aggregation could arise from either J-aggregates that have
roughly equal or larger Stokes shifts than the monomer, or
H-aggregates that have much larger Stokes shifts than the
monomer. However, for efficient intermolecular resonance en-
ergy transfer, the emission band of the monomer should have
good spectral overlap with the absorption bands of the dye ag-
gregates, a situation more suited to J-aggregates.

3.3 Excited state decays

The time-resolved fluorescence decay curves recorded for the
gas-phase Carbz-Al samples are shown in Fig. 5, together with
the IRF (half-width ~0.25ns). A notable feature for dye
sensitizers attached to metal-oxide surfaces is that the com-
plex nature of the dye/surface interface (e.g., surface inhomo-
geneities, different dye binding modes, dye aggregates) results
in non-exponential fluorescence decays, due to an underly-
ing distribution of numerous first-order processes. ® To analyze
the Carbz-Al decay curves, a stretched exponential function is
employed:

1(1) = fpe )’ @)

Here, [y is the intensity at time =0, 7 is the characteristic
lifetime, and f3 is the dispersion parameter. The stretched ex-
ponential function has been successfully used to model the
kinetics of dye-sensitized surfaces probed by time-resolved
fluorescence. “*19 It has the advantages that it minimizes the
number of variable parameters used to fit the decays and is
compatible with the macroscopic premise of a distribution of
first-order lifetimes, with B giving a measure of the distribu-
tion’s breadth (i.e., B =1 gives a single exponential function
typical of a homogeneous system, whereas 8 < 1 leads to a
kinetic distribution). The fitted parameters are used to deter-
mine the average lifetime, <7>:

<T> = %F <[13) 3)

r(é) — /Omx%‘leﬂdx @)

The fitted and derived parameters for the Carbz-Al samples
are given in Table 1, with the fits (convoluted with the IRF)
presented in Fig.5. Generally, the Carbz-Al decays become
slower with increasing CDCA concentration. Whereas Carbz-
Al-0:1 has a lifetime of 0.14 ns, Carbz-Al-1:1 and Carbz-Al-
5:1 display substantial increases in their lifetimes to 0.33 and
0.41 ns, respectively. Further lifetime increases with higher
CDCA concentrations are only minor, with Carbz-Al-25:1
having a lifetime of 0.45ns. Notably, the § parameter also

..... IRF
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Fig. 5 Time-resolved fluorescence decay curves for the Carbz-Al
samples recorded in the gas phase
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Fig. 6 Time-resolved fluorescence decay curves for the
Carbz-Al-0:1, Carbz-Al-25:1, Carbz-Ti-0:1, and Carbz-Ti-25:1
samples recorded in the gas phase

increases moderately with CDCA concentration, possibly due
to an increase in the relative number of dye monomers.

The increase in the fluorescence lifetime with CDCA con-
centration is presumably associated with a reduction in the
number of dye aggregates on the surface, with the slow de-
cay of Carbz-Al-25:1 representing the dye monomer’s relax-
ation from the excited state to the ground state. On the other
hand, we propose that for Carbz-Al-0:1 both dye monomers
and aggregates are initially excited, followed by the excited
monomers undergoing intermolecular resonance energy trans-
fer to further increase the excited dye aggregate population.
The dye aggregates relax to the ground state more rapidly than
the monomer due to superradiance effects arising from coher-
ent coupling of the interacting monomers’ transition dipole
moments.>’ % An enhanced excited state relaxation rate has
previously been observed for cyanine dye J-aggregates on a
surface, with the radiative component of the decay rate (kg)
predicted to increase linearly with the number of coherently

This journal is © The Royal Society of Chemistry [year]

Journal Name, 2010, [veol], 1-8 |5



coupled monomers.3’#" Changes in the internal conversion
rate (k;) with Carbz-PAHTDTT dye aggregation may also
play a role in modifying the excited state relaxation rate.

As internal conversion and fluorescence are the primary
excited state relaxation mechanisms for the dye monomer,
with alumina behaving as an inert support substrate, the mea-
sured lifetime for the Carbz-Al-25:1 NPs should be close to
the intrinsic lifetime of the Carbz-PAHTDTT molecule. In-
deed, our gas-phase lifetime for the surface-bound Carbz-
PAHTDTT monomer is comparable to the lifetimes of simi-
lar organic dye sensitizers in solution.*!*> However, it is im-
portant to note that the lifetime of an excited state possessing
charge-transfer character is sensitive to the solvent medium. *?
For the Carbz-NPs, the dye’s environment is probably some-
where between that of a non-polar solution, due to the sur-
rounding CDCA molecules, and a vacuum.

The time-resolved fluorescence decay curves recorded for
the gas-phase Carbz-Ti-0:1 and Carbz-Ti-25:1 samples are
shown in Fig. 6, together with the decay curves for the corre-
sponding Carbz-Al samples. It is immediately noticeable that
the Carbz-Ti decays are much faster than the Carbz-Al decays.
This is attributed to the excited dye injecting an electron into
the titania conduction band, a mechanism that is absent for
alumina.

For the Carbz-Ti decays, the fits to the stretched exponen-
tial function were poor, with quite different parameters giving
similar )2 values. To overcome this problem and estimate
lifetimes for the Carbz-Ti samples, the  value was fixed to
that found for the analogous Carbz-Al sample, reducing the
number of variable parameters from three (Iy, T, ) to two (I,
7). This procedure assumes that the kinetic distribution caused
by surface inhomogeneities, different dye binding modes, and
dye aggregates is similar for alumina and titania (for identi-
cal CDCA:dye ratios). Fits to the Carbz-Ti-0:1 and Carbz-Ti-
25:1 decay curves are shown in Fig. 6, with the fitted and de-
rived parameters for all the Carbz-Ti samples given in Table 1.
Overall, the Carbz-Ti fits overestimate the decay data at short
times and underestimate the decay data at long times. The
estimated average lifetimes are 0.04 ns for Carbz-Ti-0:1 and
0.06 ns for the three Carbz-Ti samples containing CDCA (i.e.,
Carbz-Ti-1:1, Carbz-Ti-5:1, Carbz-Ti-25:1). Deriving more
accurate parameters for the ultrafast decay should be possible
by using shorter excitation laser pulses (e.g., fs).

Assuming that the shorter lifetimes for Carbz-Ti, compared
to Carbz-Al, are entirely due to electron injection, with rates
for the remaining excited state decay processes (i.e., kg, kic)
and level of dye aggregation being the same for alumina and
titania NPs, the electron injection lifetimes can be estimated:

1 1o\
- ) %)
<Tri> <Tp1>

<Tinj> ~ (kg — kar) ™' = (

Table 1 Gas-phase Carbz-Al and Carbz-Ti parameters derived from
the emission spectra and fits of the time-resolved fluorescence decay
curves to Eqns. 2-6.

Aonax T B <T> 0 <Tpi> Dpyj
(nm)  (ns) (ns) (ns)

Carbz-Al-0:1 680 0.04 0.39 0.14
Carbz-Al-1:1 660 0.14 046 0.33
Carbz-Al-5:1 645 0.19 048 0.41
Carbz-Al-25:1 645 022 048 0.45
Carbz-Ti-0:1 705  0.01 0.39* 0.04 0.06 0.71
Carbz-Ti-1:1 690  0.03 046* 0.06 0.07 0.82
Carbz-Ti-5:1 685 0.03 048 0.06 0.07 0.85
Carbz-Ti-25:1 685 0.03 048 0.06 0.07 0.87

@ value fixed

The electron injection lifetimes are very similar for all the
Carbz-Ti samples (~0.07 ns), suggesting that the injection rate
for dye monomers and aggregates is comparable. Although
the electron injection lifetimes are short, which is ideal to in-
hibit reductive quenching of the dye’s excited state by the oxi-
dised redox partner within a DSSC, for the dye to provide high
DSSC conversion efficiencies it is also crucial that the injec-
tion efficiency is maximized. The electron injection quantum
yield (®;,;) can be estimated from the derived Carbz-Al and
Carbz-Ti lifetimes:

kinj N <Tri>

Dy = ——— = 1 -
P kr +kie + kinj <Ty>

(6)

The estimated injection yields for Carbz-Ti-0:1, Carbz-Ti-
1:1, Carbz-Ti-5:1, and Carbz-Ti-25:1 are 0.71, 0.82, 0.85, and
0.87, respectively. Ultimately, the lower injection efficiency
for the Carbz-PAHTDTT dye sensitizer without the CDCA
coabsorber is a consequence of dye aggregation, which as
shown for the Carbz-Al NPs, increases kg + k;c, thereby de-
creasing the injection probability.

Our gas-phase data provide zero-order benchmarks for
aggregation, relaxation, and injection phenomena for NPs
sensitized with Carbz-PAHTDTT. Currently, there are no
corresponding photodynamical measurements for Carbz-
PAHTDTT-sensitized NPs or films surrounded by either so-
lution or gas at atmospheric pressure. Significantly, one can
expect that the CDCA:dye ratio at which dye aggregation is
eliminated will be the same for gas-phase and solution-phase.
However, presence of a solvent or gas may affect kg, k;., and
kinj, and also introduce new decay processes (e.g., quench-
ing of the S state by molecular oxygen), thereby altering the
electron injection efficiency.
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3.4 Properties of Carbz-PAHTDTT-based DSSC systems

For the dye monomer (i.e., Carbz-Ti-25:1), the gas-phase elec-
tron injection rate is estimated to be 1.4x10'%s~!, which
is commensurate with rates determined for other organic
dye sensitizers.” For example, the electron injection rate of
the D149 indoline-based dye (S;+-S¢ maximum ~530nm)
has been measured in separate studies to be 3.8x10'! and
3.0x107 s 4

The estimated Carbz-PAHTDTT injection rate com-
plements rates derived for other operational processes
within Carbz-PAHTDTT-based DSSC systems. Specifically,
Daeneke et al. examined Carbz-PAHTDTT-sensitized titania
electrodes in conjunction with several ferrocene/ferrocenium
redox couples to determine the rates for dye cation regenera-
tion by the redox couple and recombination of injected elec-
trons with either the dye cation or the oxidized redox part-
ner.* Despite our finding that the electron injection quantum
yield plateaus for CDCA:dye ratios exceeding 25:1, the most
efficient Carbz-PAHTDTT-based DSSC was obtained with a
far higher ratio of 1:100.# This suggests that although such a
high concentration of CDCA limits the available number of
light-harvesting centers and is well in excess of that required
to prevent dye aggregation, substantial benefits are attained
elsewhere, such as an upward shift in the titania conduction
band or protection of the surface against parasitic recombina-
tion mechanisms.

4 Conclusions

In conclusion, we have demonstrated that the photophysical
properties of dye-sensitized NPs can be explored in the gas
phase by introducing them into an ion trap via LIAD and
characterizing them using emission spectroscopy and time-
resolved fluorescence measurements.

This experimental setup is used to study the Carbz-
PAHTDTT organic dye sensitizer when attached on the sur-
face of metal-oxide NPs, in the presence of varying concentra-
tions of CDCA coabsorber. It is found that a CDCA:dye ratio
of 25:1 is sufficient to prevent dye aggregate formation, leav-
ing only dye monomers on the surface. For alumina NPs, the
dye’s emission band is blue-shifted and the excited state life-
time is increased upon coabsorption with CDCA. An emission
maximum at 645 nm and an excited state lifetime of 0.45 ns is
found for the dye monomer on alumina. For titania NPs, faster
excited state decays result from rapid electron injection, with
the lifetime for this process estimated to be 0.07 ns. The elec-
tron injection quantum yield is lower for the dye-sensitized
titania NPs without CDCA (~0.71) compared to those with
CDCA (~0.87), due to the dye aggregates present in the for-
mer elevating the rate of the competing excited state relaxation
process.

Overall, this study provides a systematic picture of the
Carbz-PAHTDTT dye sensitizer’s intrinsic light-harvesting
behavior within a DSSC and supplies benchmark parameters
for computational simulations, which are more manageable
for in vacuo systems.
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