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ABSTRACT: This study probes a series of linkers and
anchoring groups for direct interfacial electron transfer (IET)
from high-potential porphyrins into semiconductor surfaces.
Eight different linker—anchor combinations of CF;-substi-
tuted, high-potential porphyrins were designed, synthesized,
and characterized. Specifically, a series of four anchors was
examined (carboxylate, hydroxamate, phosphonate, and
silatrane), along with two different linkers (phenylene and
benzanilidylene), which differ in terms of their electronic
conjugation and overall length. The electrochemical and
photophysical properties of the porphyrins were evaluated by
steady-state and transient spectroscopies in solution and on
mesoporous SnO, substrates for use as dye photosensitizers in
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aqueous photoelectrochemical cells. IET dynamics were measured using time-resolved terahertz (TRTS) and transient
absorption spectroscopies. From TRTS measurements, injection yields were determined relative to a commonly used
phosphonated ruthenium(II) polypyridyl complex, which is reported to have near quantitative injection yield. We find that IET
occurs through space rather than through the linkers, due to the tilted orientation of the adsorbed porphyrins in direct contact
with the metal oxide surface. As a result, the anchoring groups have a less significant effect on IET dynamics than for adsorbates
exhibiting through-linker injection. Experiments are supported by DFT calculations, including the analysis of different electron-
injection pathways. Direct IET offers the advantage of the selection of anchoring groups based solely on chemical/
photoelectrochemical stability and synthetic viability, irrespective of the electronic coupling of the anchoring group to the metal

oxide surface.

B INTRODUCTION

Rising global energy demand and greenhouse gas emissions
from burning fossil fuels have resulted in an increased interest
in developing cost-effective, renewable energy resources.' Solar
energy technologies that are efficient and comprise earth-
abundant materials are at the forefront of renewable energy
research. Solar energy technologies can be broadly categorized
into those that generate electricity such as silicon-based
photovoltaics,” dye- sens1tlzed solar cells (DSSCs)," ™ and
perovskite solar cells’™” and those that generate a reduced
chemical fuel using solar energy'’”"® (e.g, dihydrogen
(H,)"*7'® or methanol'”"®). Solar fuel provides energy storage
that can later be harnessed to produce electricity, or useful
work.

Water—splittlng dye sensitized photoelectrochemical cells
(WS-DSPECs)' utilize molecular chromophores and
catalysts to produce H, under illumination. A typical WS-
DSPEC drives water oxidation at a photoanode and proton
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reduction to generate H, at a dark cathode, though other
examples of WS-DSPECs using photocathodes have been
reported.”””>° Because water oxidation is kinetically and
thermodynamically challenging, considerable effort has been
put into photoanode development. A typical WS-DSPEC
photoanode consists of molecular photosensitizers and water-
oxidation catalysts supported on a mesoporous metal oxide
substrate, such as nanostructured TiO, or SnO,. Photo-
excitation of the molecular photosensitizer and subsequent
electron injection into the metal oxide yields an electron in the
conduction band of the metal oxide and a hole on the
photosensitizer. The electron in the conduction band can then
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travel to a transparent back contact and be shuttled to the
cathode where proton reduction generates H,. The hole on the
oxidized photosensitizer moves across the surface via
intermolecular hole transfer until encountering a water-
oxidation catalyst, where water oxidation occurs,”?120728
Regarding the energetics of the photoanode in WS-DSPECs,
the photosensitizer needs a ground-state potential that is
sufficiently positive to oxidize a water-oxidation catalyst and an
excited-state potential more negative than that of the
semiconductor conduction band to facilitate interfacial electron
transfer (IET).*”

Options for photosensitizers in WS-DSPECS are more
limited than traditional DSSCs, because the photosensitizers
must be stable under oxidative conditions in an aqueous
electrolyte.”® The most commonly used photosensitizers are
phosphonated ruthenium(II) polypyridyl dyes, but there is
rising interest in porphyrins and other organic dyes to
circumvent the need for ruthenium, a precious metal.””'~*
Porphyrins are of particular interest, because they have a highly
tunable, broad absorption across the visible region and highest
occupied molecular orbital (HOMO) levels that can be
modulated to facilitate hole transfer to a water-oxidation
catalyst.”** In addition, synthetic strategies for modifying
porphyrins have been widely studied, allowing for photo-
physical, electrochemical, and structural properties to be readily
tuned.*>~*' However, selecting suitable linkers and anchoring
groups for efficient electronic coupling with the semiconductor
surface is challenging, particularly when IET requires suitable
energy level alignment.

In this work, a series of eight high-potential, CF;-substituted
porphyrins with different linkers and anchoring groups (see
Chart 1) were designed, synthesized, and characterized when
attached to semiconductor surfaces using spectroscopic and
theoretical methods. This class of high-potential porphyrins
utilizes electron-withdrawing 3,5-bis-CF;-substituted phenyl
groups at the meso positions of the porphyrin ring to tune
the ground- and excited-state potentials while avoiding the
sensitivity to nucleophilic substitution of the para-fluoro
substituent common with pentafluorophenyl groups.** Specif-
ically, the influence of anchor and linker on IET dynamics and
injection yield was studied. Variation of linkers and anchors is a
common molecular design strate§y to optimize photosensitizers
for DSSCs and WS-DSPECs.**" Four of the porphyrins bear a
phenylene linker (Ph) but differ in the anchoring group:
carboxylate (Carb), hydroxamate (Hydrox), phosphonate
(Phos), or silatrane (Sila). The other four porphyrins have
longer benzanilidylene linkers (Bzd) and the same series of
anchors. The electrochemical, photophysical, and IET proper-
ties were studied by steady-state absorption and emission
spectroscopies as well as time-resolved transient absorption
(TA) and terahertz (THz) spectroscopies. DFT calculations
were also performed to evaluate the injection pathway between
the porphyrin and metal oxide.

Overall, our results challenge the commonly accepted view
that the anchoring group significantly influences IET character-
istics."”*~** Our combined experimental and theoretical study
demonstrates that the anchor group exerts little influence on
the IET characteristics of molecular chromophores unless it is
unusually highly coupled to the excited state of the
chromophore. We find that through-space IET is the most
likely scenario because the through-linker IET pathway is
energetically inaccessible, and similar porphyrins adsorb to the
surface with different tilt angles depending on the linker and

Chart 1. Series of CF;-Substituted Porphyrins Investigated
in This Work
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anchor (making the IET pathway through space shorter by
moving the porphyrin donor states closer to metal oxide
acceptor states).”® These results imply that the choice of
anchoring group may be based primarily on chemical/
photoelectrochemical stability and ready synthetic availability
rather than perceived IET advantages of the anchoring group in
such systems.

B EXPERIMENTAL SECTION

Porphyrin Characterization. '"H NMR spectra were
recorded on an Agilent 400 MHz NMR instrument in CDCIl,
unless otherwise noted. Chemical shifts are reported as ppm
from the internal reference tetramethylsilane. Absorption
spectra were recorded on a Varian Cary 50 Bio UV-—visible
spectrophotometer. Fluorescence emission spectra were
recorded on a Horiba Scientific FluoroMax Plus Fluoropho-
tometer. The mass spectral data were obtained from a Thermo
Scientific LTQ Orbitrap ELITE mass spectrometer. The sample
was directly infused into the mass spectrometer via a syringe
pump at S uL/min. 4-boronic ester-phenylsilatrane (1)," 4-
aminophenylsilatrane (2),*” PhCarb,”* and PhPhosEster’*
were prepared according to reported procedures. The synthesis
and characterization of the other compounds shown in Chart 1
are given in the Supporting Information.

Time-Resolved THz Spectroscopy (TRTS). The spec-
trometer and experimental method used for TRTS measure-
ments are described in detail elsewhere.*** Briefly, the 800 nm
fundamental of a chirped-pulse, regeneratively amplified
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Ti:sapphire laser (Spectra Physics Spitfire Ace, 35 fs pulse
width, 1 kHz repetition rate) was split into three beams for
THz generation, detection, and photoexcitation, respectively.
The THz generation beam was frequency doubled, and the
second harmonic and fundamental were focused to generate an
air plasma.””*" The generated THz pulse was collimated and
focused using off-axis paraboloidal mirrors and was detected via
free-space electro-optic sampling in a ZnTe (110) crystal using
the aforementioned detection beam.”” The photoexcitation
pump beam was frequency doubled to 400 nm and attenuated
to 100 mW cm™2 (100 pJ cm™> pulsefl, 4 mm diameter spot)
using a variable neutral density filter. The 800 nm fundamental
was filtered out using dichroic mirrors. The time delay between
the photoexcitation pump pulse and THz pulse was controlled
using a mechanical delay stage.

TRTS measurements were fit using a multiexponential

function
()]
fexpl === 1[¢ ® Gr
£ (1)

ATHz = {Z A
i=1

where 7 is the number of exponentials included in the fit, A; is
the amplitude of a given component, 7; is the lifetime of a given
component, Gy is a Gaussian instrument response function
(fixed at 0.5 ps full-width-at-half-maximum), and ® represents
a convolution. The injection was modeled using a double
exponential function, and a third component was added as
necessary for trapping.”® A scaling factor was calculated from
the sum of injection component amplitudes, representing the
total change in THz amplitude, and was used to normalize the
values of A, Weighted lifetimes, 7;,;, were calculated using the
formula 7,,; = A7) + A7y,

Sensitized SnO, samples were prepared as previously
described.”* Briefly, about 4—6 pum thick mesoporous SnO,
films were treated with a single pulse of TiO, by atomic layer
deposition (ALD) to passivate any nonmobile surface states.”*
The films were then sensitized by soaking in a 0.5 mM solution
of dye in toluene for 4 h at 60 °C, except harsher conditions
(16 h at 90 °C) were used for PhSila. Films were then sealed in
0.1 M Na,SO,(,q) (pH 6) between another piece of quartz with
a ~60 ym Surlyn spacer.

Relative injection yields were determined from TRTS
measurements from the scaling factor based on a calibration
using RuPhos on a nommally identical substrate to that used
for the porphyrin samples.”® At pH 6, the injection yield for
RuPhos on SnO, is estimated to be 100%.°*>> The injection
yield, @, is defined as @, = N / Nyjoron) Where N, is the total
number of electrons injected into the semiconductor
conduction band from dye molecules, and Ny is the total
number of photons absorbed by dye molecules. Although we
anticipate that N, is underestimated because of injection into
THz-silent states,54 56 this error should be systematic across all
samples and is corrected for by the use of RuPhos on identical
substrates. The use of a single TiO, ALD pulse also helps to
passivate nonmobile, THz-silent states.””” Although this has
the potential to shift the energy levels of surface states, we
expect that this is negligible compared to the mobile states
probed by TRTS. Our calibration was constructed by
photoexciting a series of RuPhos samples at a number of
different fluences such that we could control Nphen also
ensuring that the loading was high enough that the dependence
on Npjpoton Was not saturated. From the scaling factor values
extracted from the fits, which are proportional to N,, and by
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assuming that @, is approximately unity for RuPhos, we
produced a calibration curve for N, versus scaling factor with a
slope of (1.47 + 0.4) X 10" electrons cm™ (see Figure S4 for
the calibration curve). From this calibration curve, we estimate
N, using the scaling factor and Njj,qo, by measuring the loading
of the porphyrins per unit area (for each linker—anchor
combination) compared to the fluence per unit area. With the
use of this method, a value for @, relative to RuPhos was
calculated for all eight porphyrins used in this work.

Nanosecond Transient Absorption (TA) Spectroscopy.
SnO, films were doctor-bladed on glass using one layer of
Scotch Magic Tape as a spacer layer. TA samples were also
coated with one pulse of ALD TiO,. TA measurements were
performed using an Edinburgh Instruments LP920 TA
spectrometer. Samples were photoexcited at 505 nm (3.82 m]J
cm™?) using the output of an OPO (Spectra Physics basiScan
M) pumped with the third harmonic of a Nd:YAG laser
(Spectra Physics INDI-10). The probe source was a pulsed 450
W Xe arc lamp, which was passed through the sample and
detected at 470 nm using a monochromator and photo-
multiplier tube.

TA traces at a given wavelength were fit with a six-
component exponential function with fixed decadic lifetimes
going from 0.01 us to 1 ms. The lifetimes were held constant,
and the amplitudes of each component were the fitting
parameters. From the lifetimes and corresponding amplitudes,
the weighted recombination lifetime, 7, was calculated
according to the eq 2 below.

Az,
z (2)

Quantum Chemistry Methods. All eight porphyrin
structures were optimized in vacuum usmg density functional
theory (DFT) at the B3LYP58/ def2SVP™ level using the
Gaussian09 software package.”” This was followed by frequency
calculations to confirm that a stable minimum energy structure
had been found for each dye. Single point energy calculatlons
with an implicit water-polarizable continuum solvent®' were
performed to obtain more accurate orbitals and energetics for
the species in solvent. Electron density 1sosurfaces were
generated using the GaussView $ software program.®” Electron
density isosurfaces shown in this work were generated using an
isovalue of 0.0025. Potential binding modes for the different
anchoring groups were obtained by partial DFT optimization. A
phenyl-anchor species for each of the four anchor types was
allowed to relax on a 48 atom slab of SnO, at the B3LYP®/
def2SV level. All but the nearest 4 Sn and 9 O atoms were
frozen during this partial optimization. Computational costs
prohibited the full dye systems from being optimized on the
slab.

ecomb’

Trecomb —

B RESULTS AND DISCUSSION

Molecular Designs. In a previous study, we successfully
demonstrated the redox tunability of porphyrin photosensi-
tizers by varying the number of electron-withdrawing CF;
groups on the porphyrin core.”* Here we adopt the same
porphyrin framework with three bis-CF;-substituted phenyl
units, leading to a first oxidative potential of ca. 1.5 V vs NHE.
This potential is sufficiently positive to transfer holes to most
water-oxidation catalysts.””®" This chromophore framework
also has an excited-state potential of about —0.4 V vs NHE,
offering sufficient driving force for interfacial electron injection
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Table 1. Electrochemical and Photophysical Properties of Eight Porphyrins in CH,CI,

porphyrin abs (nm) ems (nm) o
PhCarbEster 418, 513, 547, 588, 644 647, 712 0.066
PhHydrox 418, 514, 548, 589, 644 647, 711 0.067
PhPhosEster 418, 512, 547, 588, 644 647, 712 0.065
PhSila 418, 512, 548, 589, 644 647, 712 0.080
BzdCarbEster 419, 512, 549, 588, 644 647, 712 0.063
BzdHydrox 419, 514, 547, 589, 644 647, 712 0.059
BzdPhosEster 418, 512, 549, 589, 644 647, 712 0.072
BzdSila 418, 513, 547, 589, 644 647, 711 0.069

Ist E, ,” (V vs NHE) 2nd E, ," (V vs NHE) S, (V vs NHE)

153 173 —0.39
1.53 1.74 —0.39
1.52 1.72 —0.40
144 1.67 —0.48
1.58 1.82 —0.34
1.5S 1.76 -0.37
1.58 179 —0.34
1.52 171 —0.40

“Determined in CH,Cl, relative to that of PhCarbEster. bOxidative midpoint potentials determined in 0.1 M TBAPF, in CH,Cl,. “Excited-state

(S,) potentials. “From ref 34.

into the conduction band of SnO, (0.05 V vs NHE, pH 6) from
both the S; and S, excited states. We utilized four of the most
widely studied anchoring groups (carboxylate, hydroxamate,
phosphonate, and silatrane) in DSSCs and WS-DSPECs and
covalently linked them to the porphyrin framework. These
anchoring groups are more chemically and electrochemically
stable than others, such as catechol and acetylacetonate, which
can undergo oxidation and deacetylation, respectively, in
aqueous media.”” We also utilized a pair of linkers with
different electronic conjugation and length (phenylene vs
benzanilidylene) to connect the porphyrin framework and
different anchoring groups (Chart 1). Two of the four
anchoring groups are in their protected form. The hydroxamate
group is protected by tetrahydropyranyl (THP) to facilitate
purification and increase chemical stability, and the THP-
protecting group is spontaneously hydrolyzed in situ during
deposition on metal oxide surfaces, as we have previously
shown.® For a silatrane, the siloxane unit, which is vulnerable
to oligomerization, is protected with a triethanolamine unit that
is removed in situ during deposition.*®

Photophysical and Electrochemical Properties in
Solution. The absorption and fluorescence emission spectra
were collected for each target porphyrin or its ester precursor
(Table 1). The ester precursors, instead of the acids, were used
for studying photophysical and electrochemical properties to
preclude possible side effects or side reactions due to the
presence or absence of protons, such as aggregation of the
porphyrin acids via hydrogen bonding in nonpolar solvents. All
eight porphyrins exhibited characteristic porphyrin spectral
features, including an intense Soret band absorption at ca. 418
nm and two Q-bands paired with two vibronic bands in the
range of 500—700 nm (Figure 1). The fluorescence quantum
yields (@) of these porphyrins were calculated using

——— PhHydrox abs n
BzdHydrox abs ||

— — PhHydroxems |1
— — BzdHydroxems | |

Normalized Absorbance

300 400 500 600 700
Wavelength (nm)

Figure 1. Absorption and fluorescence spectra of two representative
porphyrins, PhHydrox and BzdHydrox, in CH,Cl,. The spectra were
normalized to their most intense bands.
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PhCarbEster with a known @®; as the reference compound.®
The spectra of two representative compounds (PhHydrox and
BzdHydrox) are displayed in Figure 1. These nearly identical
spectra and similar ®; (0.059—0.080) indicate that the variation
of linkers and anchoring groups does not significantly alter the
electronic structure of the porphyrin core.

The electrochemical properties were investigated by cyclic
voltammetry (CV), and the half-wave potentials (E,,,) of the
radical cations and dications are listed in Table 1. Due to the
presence of three strong electron-withdrawing bis-CF;-phenyl
substituents, which destabilize the cations, the porphyrins
exhibit very high potentials around 1.44—1.58 V vs NHE for
the first oxidation and 1.67—1.82 V vs NHE for the second
oxidation, corresponding to the radical cation/porphyrin couple
and the dication/radical cation couple, respectively. The
ground-state potential of PhSila is approximately 100 mV
lower than the other porphyrins, presumably due to the lower
electron-withdrawing ability of the oxo-silyl group compared to
the strongly electron-withdrawing carbonyl or phosphonate
units for the other seven compounds. While the ground-state
potentials for the porphyrin radical cations were obtained from
direct CV measurements, the excited-state (S;) potentials were
calculated based on the ground-state potentials and the
transition energies, which were extracted from the intersection
of the normalized absorption and fluorescence spectra. All the
parameters of ground-state and excited-state potentials as well
as the conduction band energy level of SnO,, are depicted in
Figure 2. The excited-state potentials of all eight porphyrins lie
0.29—0.43 V higher than the energy of the conduction band of
Sn0O,, indicating sufficient driving force for IET to SnO,.

Steady-State Emission Measurements on Metal
Oxides. Steady-state emission measurements were performed
for all eight CFj-substituted porphyrins on both SnO, and
ZrO, mesoporous thin films in 0.1 M Na,SO,(aq) (pH 6).
Because the conduction band edge of ZrO, lies well above the
S, singlet level of the porphyrins, injection into ZrO, cannot
occur.””*® The emission spectra of the porphyrins in addition
to bis(2,2’-bipyridine) (4,4’-diphosphonato-2,2'-bipyridine)-
ruthenium(II) bis(hexafluorophosphate) (RuPhos) on both
Sn0O, and ZrO, are included in the Supporting Information (SI,
Figure S1). RuPhos was our reference compound, because it
has near unity injection yield on SnO, at pH 6,”""° serving as a
standard for injection yields. From emission measurements, it is
seen that RuPhos exhibits essentially no emission on SnO, and
strong emission on ZrO,, consistent with quantitative injection
into SnO,. The eight porphyrins measured exhibit emission on
both ZrO, and SnO,, suggesting injection yields less than unity.
However, the emission intensity on SnO, is always less than

DOI: 10.1021/acs jpcc.7b12405
J. Phys. Chem. C 2018, 122, 13529-13539


http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.7b12405/suppl_file/jp7b12405_si_001.pdf
http://dx.doi.org/10.1021/acs.jpcc.7b12405

The Journal of Physical Chemistry C

A
1.0  (SnOy) (PhCarbEster) (PhHydrox) (PhPhosEster) (PhSila) (BzdCarbEster) (BzdHydrox) (BzdPhosEster) (BzdSilg
S*/s* S's* S"/s* oS+;;S:/ S*/s* S*/s*
T -0.4 S*/s* S*/s*
o -0.39V -0.39 V -0.40 V 034V 037V 034V 040V
T 0.05V —_— —_—
B N | B ikl It bieieiebl Heiieieieieieieh Heieieiiieh Itk Rl Ineieiehieiiiieieh Rl Rty
[7]
>
a E00 = oo
W T E*0 = E%0= E*0= 192V E00 = E00 = £00 = E™0 =
192V 192V 192V To2v 192V o2V 192V
1.0 —
T 1.44V N —_— 1 -
1e8V oA AR C 158V 155V 1ssv AV
2.0 Y S SIS SYS S*S
Figure 2. Energy level diagram illustrating the ground- and excited-state (S,) potentials.
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Figure 3. TRTS scans of (a) Carb, (b) Hydrox, (c) Phos, and (d) Sila CF;-substituted porphyrins on SnO,. Phenylene linker (Ph) traces are shown
in red, benzanilidylene linker (Bzd) traces are shown in blue, and fits using eq 1 are shown in black.

that observed on ZrO,, implying some degree of electron
injection.

Electron-Injection Dynamics and Yield. IET dynamics
and injection yields of the eight porphyrins on SnO, were
studied using TRTS. Because TRTS measurements directly
probe mobile electrons in the conduction band, this method
provides a more direct measurement of injection vyield
compared to transient absorption actinometry.”” THz radiation
is attenuated by the presence of mobile electrons in a material,
e.g., conduction band electrons in SnO,, by a process involving
excitation of low-energy intraband transitions.”” TRTS is a
valuable spectroscopic tool, because it can interrogate charge
carrier dynamics in metal oxides on ultrafast time scales by
directly probing the complex permittivity and, therefore, the
conductivity of the sample without perturbing the sys-
tem.***”° Because conductivity is the product of carrier
density and carrier mobility, changes in the amplitude of the
THz pulse can be considered proportional to a change in
carrier density, assuming that the carrier mobility is constant.
Because all porphyrins were deposited on mesoporous,
nanoparticulate SnO, films with nominally identical particle
size, the carrier mobility can be considered constant.”’

SnO, was used exclusively in this work rather than TiO, for
two primary reasons. First, at pH 6, SnO, has a conduction
band edge poised at ca. 0.05 V vs NHE, which makes electron
injection from both the S, and S, states of the CF;-substituted
porphyrins energetically favorable, as can be seen in Figure 2.
Second, carrier mobility in SnO, is much greater than that of
TiO,, which affords a larger attenuation in THz radiation for a
given carrier density associated with injected electrons.”’ A
single monolayer of TiO, was deposited on the surface by
atomic layer deposition to passivate nonmobile surface states
and give a more accurate injection yield.”*
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Figure 3 shows the TRTS scans for the four anchoring
groups studied (Carb, Hydrox, Phos, and Sila) with the traces
for the phenylene linkers (Ph) shown in red and the
benzanilidylene linkers (Bzd) shown in blue. The TRTS traces
were fit with the function described in eq 1 (Experimental
Section). Injection was described using two exponential
functions, and a third exponential function was included to
describe trapping (i.e., electron transfer to low mobility, THz-
silent states) as needed. A summary of the fit parameters
obtained is presented in Table S1.

Previous work on the injection of electrons from axially
bound, T-shaped Zn porphyrins into TiO, showed a strong
correlation between the electron-injection efficiency as
measured by TRTS and the calculated conductivity of the
linker—anchor group.”” Although not directly applicable to the
systems studied here, it adds important context to the
fundamental experimental result of the study: that the dynamics
of electron injection for the porphyrin systems studied here
were not significantly different among the anchoring groups
investigated. Intuitively, it is expected that the use of a longer
linker (Bzd instead of Ph) should result in lower injection
yields as observed, but other clear trends in the dynamics are
difficult to infer from the individual injection components.

One readily discernible difference is found in the trapping
observed for some of the different linker—anchor combinations.
A trapping component was measured in most of the Ph—linker
samples but was not resolved in half of the PhCarb samples.
For the Bzd—linker samples, a discernible trapping component
was only observed in two of the samples (one BzdHydrox and
one BzdPhos). Trapping lifetimes are consistent with each
other, which implies that the trapping mechanism is likely a
property of the metal oxide,”" the exception being PhCarb,
which exhibited a slower trapping lifetime. However, because
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the amplitudes of trapping vary greatly, and the dye loading
differs, there may be an effect on the surface chemistry of the
metal oxide due to the anchoring group, thus facilitating a
surface-trapping mechanism.

A more insightful analysis of the injection dynamics comes
from the weighted injection lifetimes and the injection yield.
Rather than comparing individual components of injection
lifetimes, the weighted lifetime, 7;,, provides an appropriate
metric for comparison. We found that using linear weighting
did not skew 7;,; toward long lifetimes, so it was not necessary
to use a logarithmic weighting as described by Zhang et al.”” In
previous TRTS studies involving the comparison of different
linkers and anchoring groups, only the relative change in THz
amplitude was used to quantify relative injection yields among
dye photosensitizers.””>”* In this work, we also accounted for
the variable dye loading of each porphyrin photosensitizer and
calculated the injection yield relative to RuPhos based on the
procedure discussed in the Experimental Section. A comparison
of 7;,;; and the calculated relative injection yields for all eight
porphyrins is shown in Figure 4.
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300F o Bzd %
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Carb Hydrox Phos Sila
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Figure 4. Comparison of (a) 7;,; and (b) injection yield of CF;-
substituted porphyrins. Phenylene linkers (Ph) are shown in blue, and
benzanilidylene linkers (Bzd) are shown in red. Uncertainties are the
standard error from a set of independent trials.

Comparing the injection dynamics and yield of the
porphyrins reveals that while there are some differences, they
are relatively small, and no clear trend emerges with respect to
the anchoring groups. Increasing the linker length (ie., Ph to
Bzd) increases the injection lifetime, as expected, by anywhere
from 50 to 150 ps, and decreases the injection yield by
anywhere from 0.25 to 0.38. Modifying the anchoring group
from a phosphonate to a carboxylate to a hydroxamate
increases the injection yield as had been previously observed.””
However, the silatrane injection yield is abnormally high for an
anchor thought to have poor electronic coupling similar to
phosphonate,*”® making a through linker—anchor IET
mechanism inconclusive. For the long linkers, it appears that
BzdCarb and BzdSila inject slightly faster than BzdPhos and
BzdHydrox, but this trend is not mirrored in the Ph
porphyrins, which show much smaller statistically significant
differences.

As described in the DFT Calculations section and in previous
work,”** IET must proceed either through space directly from
a core porphyrin orbital to the metal oxide or through higher
excited states (i.e., electron transport orbitals), which are almost
entirely localized on the linker—anchor (LUMO+2 for Carb

and Hydrox, LUMO+6 for Phos, and LUMO+9 for Sila). In
the latter case, the electronic coupling between the porphyrin
ring and metal oxide orbitals is relatively weak, and the linker—
anchor acts as an energetic barrier to electron injection.
However, the calculations show that the transport orbitals are
energetically inaccessible, and there is no discernible trend
between the magnitude of the energetic barrier and 7,,. If the
energetic barrier were to mediate IET, it is expected that Carb
and Hydrox would have similar injection lifetimes that are
faster than Phos and Sila as discussed further in the section on
DFT Calculations.

Previous work by Ye et al.*® suggested that IET may occur
through space, which would cause injection lifetimes to be
dependent on the geometry of the porphyrin adsorbed to the
surface, ie., its distance from the interface, rather than the
linker—anchor used. The porphyrins used were functionalized
with trimethylphenyl groups at the meso positions, rather than
the CF;-substituted phenyl groups used in this work.
Specifically, they used polarization-dependent sum frequency
generation measurements of a nitrile tag opposite the linker—
anchor to determine that the porphyrins used in their study
were adsorbed to a TiO, surface at tilt angles between 40 to
70°.* Therefore, it is reasonable to conclude that the
porphyrins used in this work bind to the surface over a similar
range of angles, which implies that the through-space distance
from the LUMO and LUMO+1 orbitals to acceptor states in
the metal oxide is smaller than the through-linker distance.
Given that through-linker IET is energetically unfavorable, and
the porphyrins adsorb to SnO, at an angle, our combined
results suggest that injection for these porphyrins likely occurs
through-space rather than through the linkers.

The anchoring group typically has an effect on the binding
geometry of the linker and can lead to different tilt angles on
the surface.*®”” From the results shown in Figure 4a, it can be
inferred that BzdCarb and BzdSila bind to SnO, at larger tilt
angles than BzdHydrox and BzdPhos based on the differences
in 7y (slow injection times imply a small tilt angle). Likewise,
the binding geometry of the Ph—linker porphyrins is likely very
similar due to the smaller range of 7, values. However, the
binding geometry is a notoriously difficult parameter to
precisely determine, as it is dependent on a number of factors
including dye loading, linker—anchor identity, and dye
deposition conditions.”

The results shown in Figures 3 and 4 indicate that for longer
linkers, there is little benefit to choosing a particular anchoring
group, because injection is through space. Injection yields vary
by only a factor of ~0.3 between different linkers and ~0.3
between different anchors. This is in agreement with previous
work by Gust and coworkers, which has shown that porphyrins
have comparable performance in DSSCs regardless of linker
identity (carboxylate, phosphonate, or silatrane) when the dye
loadings are comparable.”” Choi and coworkers have shown
that anchoring group effects can differ depending on the
solvation conditions, for both nonaqueous DSSCs’® or aqueous
WS-DSPECs,”” because this leads to different dielectric
environments around the dye—metal oxide interface.”” The
fact that these results agree with those reported by Gust and
coworkers suggest that, although the solvent may affect IET
dynamics, the mechanism by which IET occurs is dependent on
the adsorbed %eometry and electronic structure of the
photosensitizer.””

Other work on DSSCs and WS-DSPECs that assert large
differences in performance as a function of anchoring group do
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not take into account different surface Ioading,‘%’n’74 which
affects the overall number of electrons injected into the metal
oxide, or comparison to ruthenium(II) polypyridyl dyes, which
have stronger electronic coupling between the metal oxide and
MLCT excited state through the anchor and near unity IET
efficiency.”’ In dye photosensitizers where IET proceeds
through space and the electronic coupling between the dye
and metal oxide through the linker—anchor is poor or
energetically inaccessible, such as porphyrins, the choice of
anchoring group will inevitably have little effect on IET
properties unless changes in adsorption geometry are extreme.

Electron Recombination Dynamics. Electron recombi-
nation dynamics between SnO, and the oxidized dye were
monitored using TA spectroscopy. In particular, the peak of the
transient absorption feature at 470 nm was monitored,”* which
is a measure of the concentration of the radical cation of the
porphyrin.*” Monitoring the change in absorbance of this
feature serves as a good probe for monitoring electron
recombination. The dynamics were fit as described in the
Experimental Section, and T,eomp values are plotted for the
series of eight porphyrins in Figure S. A summary of
representative TA traces and 7., values can be found in
Figure S2 and Table S2.

regoms (1S)
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Carb Hydrox Phos Sila
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Figure S. Recombination dynamics for CF;-substituted porphyrins.
Phenylene (Ph) linkers are shown in blue, and benzanilidylene linkers
(Bzd) are shown in red. Uncertainties are the standard error from a set
of independent trials.

Although there is a clear difference between Ph and Bzd
recombination lifetimes, it is difficult to extract a statistically
significant trend from the different anchoring groups. Statisti-
cally insignificant differences among anchoring groups in terms
of recombination dynamics have been previously reported,”
and the difference in terms of the linker is consistent with work
performed by Hanson et al.*> However, Bzd is significantly
longer that the methylene linker used by Hanson et al,, causing
a more noticeable effect in 7, o, The ground-state potentials
of all eight porphyrins are within 80 mV of each other, so the
thermodynamic driving force is likely not the cause of the
substantial increase in 7,y from Ph to Bzd. The measured
increase in 7., from Ph to Bzd is the result of different linker
lengths (see SI for calculated linker lengths), rigidity, and
adsorbate tilt angle,74 which is consistent with our assessment
that IET likely proceeds through space.

DFT Calculations. DFT calculations were performed on the
porphyrins with phenylene linkers (Ph) to investigate the
effects of the linker—anchor groups on porphyrin core
electronic structure and through-linker IET. DFT calculations
of binding geometries are often prohibitively expensive and
plagued by metastable geometries, so the calculation of tilt
orientations was not performed. The orbital energies and
shapes calculated by DFT show that the different anchoring
groups have very little effect on the four Gouterman®* orbitals
as would be expected given their distance from the porphyrin

core. Figure 6 shows these orbitals for the representative
PhCarb. In order to investigate the effect that the anchoring
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Figure 6. DFT calculated frontier orbitals for the model PhCarb
porphyrin.

group has on through-linker IET, the virtual orbitals of the Ph-
series porphyrins were scrutinized in further detail (see Table
S3 for the energetics of several orbitals for all four dyes). If IET
were to occur through the molecular linkers, the Bzd-series
porphyrins would follow the same injection trends as the short
linker series with the caveat that the longer linkers are further
isolated from the anchoring groups, and there are additional
unoccupied orbitals spanning the extra length of the linkers.

For porphyrin dyes such as those considered in this study,
electronic excitation and subsequent relaxation leaves the
excited electron in the degenerate LUMO and LUMO+1
orbitals. Through-linker injection events can then potentially
occur through unoccupied 7* orbitals in the linker and into the
semiconductor conduction band. For many similar porphyrin
dyes,”® the lowest lying potential transport orbital is the LUMO
+2, which tends to be largely localized on the linker and is the
most energetically accessible. For the carboxylate and
hydroxamate anchoring groups, this trend holds, and
through-linker injection would most likely occur through the
LUMO+2 orbitals. However, for the silatrane and phosphonate
anchoring groups, the lack of an electronegative oxygen atom
close to the phenylene ring increases the phenylene z* orbital
energy. Figure 7 shows the lowest lying potential transport
orbitals for each of the four dyes, and Table 2 shows the
energies of these orbitals relative to their respective LUMO+1
orbitals.

If the transport orbital is approximated as an energetic
barrier, higher energies will result in slower and less efficient
injection. Though the energy differences in the height of this
barrier caused by the different anchoring groups is relatively
small, (ca. 0.5 eV in the most extreme case), we would still
anticipate observable differences in the injection times and
amplitudes. Accordingly, the simplest explanation is that
injection is occurring dominantly through space rather than
through the molecular linkers. Through-space injection for
these porghyrins is consistent with what has previously been
reported*® and is consistent with the high energetic positioning
of the DFT-calculated potential transport orbitals (Table 2).
Even with photoexcitation at energies 0.5 eV higher than the S,
state of the dye molecules, it is unlikely that a significant
fraction of the excited states will be able to reach the transport
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Figure 7. DFT calculated virtual orbitals localized to the linker and
anchoring group for each of the phenylene-linked dyes. These linker
7% orbitals are the most likely candidates for through-linker IET.

Table 2. Calculated Energetic Positions (in eV) of the Linker
a* Orbitals relative to the LUMO+1 Orbital (0 eV)

anchors “transport” orbital 1 “transport” orbital 2
Carboxylate 1.23
Hydroxamate 1.31 -
Phosphonate 1.47 1.69
Silatrane 1.77 1.85

orbitals identified via DFT, all of which are at least 1.20 eV
higher than the excited-state energy. Further, no trend is
observed between the energetic positioning of these transport
orbitals and the electron-injection rates. That these results have
been observed for two different bridge types and four different
anchor types suggests that injection occurs predominantly
through space rather than through the linker group.

Bl CONCLUSION

A series of eight novel high-potential porphyrins were
synthesized, and their IET to SnO, was studied by a
combination of spectroscopic techniques and DFT calculations.
The effect of linker (Ph and Bzd) and anchoring group (Carb,
Hydrox, Phos, and Sila) on IET in this series of CF;-
substituted porphyrins was investigated and determined to have
less impact than for molecular assemblies where IET is through
the linker/anchor. Unsurprisingly, the electrochemical and
photophysical properties of the porphyrins did not differ
significantly as a function of linker and anchoring group.

This study suggests direct, through-space IET occurs rather
than electron transfer through the linker for this particular set
of linkers and anchoring groups. The conventional under-
standing in dye photosensitizer design posits that the anchoring
group plays a large role in IET properties, but our spectroscopic
and computational results suggest that there is little difference
in IET among our porphyrin photosensitizer systems with
different anchoring groups.

Because the different anchoring groups affect dye loading on
SnO,, we calculated injection yields relative to RuPhos based
on TRTS measurements, thereby taking into account dye
loadings. This new methodology provides a direct measure of
injection yield with respect to mobile conduction band
electrons and serves as an alternative to TA actinometry.”” In
addition, injection dynamics (z,,) determined from TRTS and
recombination dynamics (Trecombs determined from TA showed
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insignificant differences in lifetimes between anchoring groups.
Some appreciable differences were apparent in trapping
dynamics, but this is likely attributed to changes in surface
chemistry caused by the anchoring group.

We explain these phenomena by considering the electronic
structure using DFT calculations of the porphyrins synthesized
in this work. These calculations show that if the injection were
occurring through the molecular linker groups, a significant
difference in injection and recombination lifetimes would be
expected. The through-linker transport orbitals (at LUMO+2
for PhCarb and PhHydrox, LUMO+6 for PhPhos, and LUMO
+9 for PhSila) are shown to be 1.2—1.8 ¢V above the LUMO
+1 orbital, further suggesting the unlikely possibility of through-
linker injection.

In light of these results, we suggest that the anchoring groups
of porphyrin photosensitizers that inject through space should
be chosen based primarily on stability and synthetic viability,
bypassing the challenge of energy level alignment. Although
through-space injection could be less efficient than injection
through the molecular linker, it might simplify the rational
design of dye photosensitizers for constructing stable WS-
DSPECs and related photoelectrochemical cells.
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