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ABSTRACT: High performance dye-sensitized solar cells (DSSCs) rely upon
molecular linkers that allow efficient electron transport from the photoexcited
dye into the conduction band of the semiconductor host substrate. We have
studied photoinduced electron injection efliciencies from modular assemblies
of a Zn-porphyrin dye and a series of linker molecules which are axially bound
to the Zn-porphyrin complex and covalently bound to TiO, nanoparticles.
Experimental measurements based on terahertz spectroscopy are compared to
the calculated molecular conductance of the linker molecules. We find a linear
relationship between measured electron injection efficiency and calculated
single-molecule conductance of the linker employed. Since the same
chromophore is used in all cases, variations in the absorptivities of the
adsorbate complexes are quite small and cannot account for the large
variations in observed injection efficiencies. These results suggest that the
linker single-molecule conductance is a key factor that should be optimized for maximum electron injection efficiencies in
DSSCs. In addition, our findings demonstrate for the first time the possibility of inferring values of single molecule conductance

for bridging molecules at semiconductor interfaces by using time-resolved THz spectroscopy.

1. INTRODUCTION

Ever since the seminal work of O’Regan and Gritzel," dye-
sensitized solar cells (DSSCs) have continued to raise
significant interest as promising alternatives for solar-to-electric
energy conversion. DSSCs are particularly attractive since they
are based on inexpensive semiconductor materials (typically
nanoporous TiO,, ZnO, or Sn0,)>"* sensitized to visible light
absorption with dyes covalently attached to the semiconductor
surface by molecular linkers. Photoexcitation of the sensitizer
dye leads to electron—hole pair separation, injecting electrons
through the molecular linkers into the conduction band (CB)
of the semiconductor surface. The photogenerated electron
carriers then flow through the external load toward the cathode,
performing useful electrical work along the way. At the cathode,
electrons reduce a redox mediator (e.g, I;”), generating a redox
species (e.g, I7) which refills the holes left behind on the
sensitizer molecules.”® While significant research effort has
been devoted to the study of DSSCs, the outstanding challenge
is to improve the photoconversion efficiency. Here, we focus on
the transport properties of the molecular linkers as directly
correlated to the efficiency of electron injection into the
semiconductor.

A variety of dyes for DSSCs have been explored beyond the
initially utilized Ru—polypyridyl complexes, including inex-
pensive alternatives such as z-conjugated organic molecules
that bypass the need of precious metals.” "' These organic dyes
are promising because they exhibit large 7—7* excitation cross
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sections and absorb strongly in the visible region of the
spectrum.'>~"® Organic DSSCs with efficiencies up to 11% have
been prepared very recently.'® Zn-porphyrin dyes, which have
been incorporated in some of the most efficient DSSCs to
date,”®*" are particularly attractive since they have high molar
absorptivity. In addition, the spectral and electronic properties
can be tuned by varying both the centrally coordinated metal
ion and the peripheral substituents.”> >* Metal porphyrins can
bind directly to the semiconductor surface via built-in
anchoring groups at the beta- and meso-positions or
alternatively through linkers that coordinate to the metal
center in the axial position (Figure 1a).27%® The advantage of
the axial binding motif is that it separates the design and
synthesis of the linker from the development of the porphyrin
dye, thereby simplifying the design of the chromophore/redox
active center and assembly of the molecular framework to the
semiconductor surface. Nevertheless, axial linkers have been
much less investigated, compared to anchoring groups
substituting at the beta or meso positions of the porphyrin
ring. It is therefore important to analyze the efficiency of
photoinduced electron injection as a function of the linker
structure” and explore structure/function relations that might
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Figure 1. (a) ZnPF -diester bound to TiO, via a pyridyl linker using the modular assembly technique. (b) Cartoon depiction of the modular
assembly method for attaching Zn porphyrins to TiO, via simple molecular linkers with varying anchor groups. The porphyrin sensitizer, linker (L),

and anchors (A) are described in the text.

correlate the resulting interfacial electron transfer efficiency
with the electrical properties of the linkers.

High-potential porphryin dyes have been assembled in
photoanodes for DSSCs™ as well as in photocatalytic cells
for light-driven water splitting when codeposited with a water
oxidation catalyst on TiO, thin films.>* They were found to be
quite versatile since they could be optimized to give sufficiently
positive redox potentials, as necessary to activate catalysts for
water oxidation. Furthermore, when covalently bound to
semiconductor surfaces, they were stable under oxidative and
aqueous conditions, as necessary for photocatalytic water
oxidation. However, the reported cells have shown low
efficiency calling for fundamental studies of the factors
responsible for efficiency loss.

In addition to the optimization of the spectral and
electrochemical properties of the dye, optimum performance
requires assemblies that maximize electron injection into the
semiconductor.*' ~** For metal-porphyrins bound through axial
coordination, electron injection can be optimized through
suitable design and refinement of the molecular linker.*® Two
photoinjection mechanisms are possible: photoexcitation of the
dye, followed by injection through the molecular linker (type-
I), or direct injection from the ground state of the dye to the
CB of the semiconductor (type-II).>’~* While both mecha-
nisms involve ultrafast time scales,*** the type-I process is
usually favored in porphyrin dyes as well as in the molecular
assemblies most commonly used in DSSCs.** Therefore, it is
important to focus on optimization of interfacial electron
injection by design of molecular linkers that provide proper
alignment of electronic states and strong electronic coupling
with the semiconductor CB.

Several experimental techniques have been used to study
photoinjection mechanisms in DSSCs and to determine the
efficiency and time scales of interfacial electron transfer at a
variety of semiconductor surfaces, including transient absorp-
tion spectroscopy, electron paramagnetic resonance, and time-
resolved terahertz (THz) spectroscopy.”™~>° In addition,
analytical studies and computational simulations of interfacial
electron transfer have advanced our understanding of the
complex interrelation between the dye and the semiconductor
surface.”»**>'7? These studies have shown that highly
conductive linkers, such as molecular frameworks with
conjugated double bonds, usually inject carriers much faster
than aliphatic linkers. In addition, several studies have focused

on the differences in electron injection observed for different
anchoring groups.25’60_63 However, a systematic study of the
molecular origin of differences in the efficiency of interfacial
electron injection has yet to be reported. In this work, we
employ a series of modular linker-porphyrin assemblies that
vary in their anchoring group for surface attachment. We find
that the efficiency of interfacial electron injection as probed by
THz spectroscopy correlates with the single molecule
conductance of the linkers binding Zn-porphyrin dyes to
TiO, surfaces. The resulting insight is particulary relevant to
the design of linker-porphyrin assemblies when combined with
optimization of photoabsorption and redox properties by
inverse design techniques.’® These findings also demonstrate
for the first time the possibility of inferring values of single
molecule conductance by using time-resolved THz spectrosco-
py for molecules bridging electron donor adsorbates at
semiconductor interfaces.

2. EXPERIMENTAL AND COMPUTATIONAL METHODS

2.1. Sample Preparation. All compounds were obtained
or synthesized from commercially available starting materials
and were used without further purification unless otherwise
noted. Isonicotinic acid (L1) and 4-pyridyl-boronic acid (LS)
were obtained from Aldrich. The molecular linkers 4-pyridyl-
phosphonic acid (L2), 4-pyridyl-acetylacetonate (L3), and 4-
pyridyl-hydroxamic acid (LS) were synthesized according to a
previously reported literature procedure.®*"®® The high-
potential zinc porphyrin dye ZnPF,-diester was also
synthesized according to a previously reported literature
procedure.***°

Mesoporous thin films of TiO, were prepared using Degussa
Aeroxide P25 titanium dioxide nanoparticles by either doctor-
blading or spin-coating. Films used for absorbance measure-
ments were prepared on microscope coverslips (25 X 25 mm
for spin-coating, 22 X 50 mm for doctor-blading, Fisherbrand,
USA). Films used for time-resolved THz spectroscopy
measurements were prepared on fused quartz microscope
slides (1 X 1 in, 1 mm thickness, GM Associates, Inc., USA).
Bare TiO, thin films were soaked overnight in the dark in a 0.5
mM solution of the desired linker (L1-L5) in ethanol and
thoroughly rinsed with ethanol to remove unbound linker. The
films were dried at room temperature for at least 30 min,
soaked overnight in the dark in a 0.1 mM dichloromethane
solution of the ZnPF -diester porphyrin, and rinsed well with
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dichloromethane to remove any uncoordinated or aggregated
porphyrin.

Absorption spectra were recorded using a Cary 3E UV—
visible spectrophotometer (Agilent Technologies). Thin films
of TiO, were highly scattering so absorbance spectra of all thin
films were taken in diffuse reflectance geometry using an
integrating sphere attachment.

2.2. Time-Resolved THz Spectroscopy (TRTS) Meas-
urements. An amplified Ti:sapphire laser (Tsunami/Spitfire
from Spectra Physics) generated 800 mW of pulsed near-IR
light at a 1 kHz repetition rate. The pulse width was ~130 fs,
and the center wavelength was 800 nm. Roughly two-thirds of
the power was frequency doubled and then filtered to produce
40 mW of 400 nm (3.1 eV) light for the pump beam. The
remainder of the near-IR light was used to generate THz
radiation via optical rectification in a ZnTe(110) crystal and
detect it using free space electro optic sampling in a second
ZnTe(110) crystal. Terahertz data were taken at room
temperature, and the average of two samples was taken for
each data set. Further information on the spectrometer and
technique can be found in the literature.*>%~"*

2.3. Conductance and Electronic Structure Calcula-
tions. The steady state current flowing through the molecular
linker has been computed according to the Landauer—Biittiker
formula””?

2e Hy
I=— T(E) dE
n /,, ® (1)

where e is the electron charge, h is Planck’s constant, y; and iy
are the chemical potentials for the electron in the left and right
leads, respectively (Figure 2), and E is the energy of the
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Figure 2. Scheme depicting the coupling of 4-pyridyl-carboxylic acid
to the semi-infinite leads in monodentate (a) and bidentate (b)
binding motifs.

conducting channel. The transmission function T is calculated
by using the Fisher—Lee formula”™

T = Tr(g) ()L, (E)g;,, ()T (E)) @

where gi.,(E) is the advanced nonequilibrium Green’s function

(NEGF) operator for the system consisting of the device

attached to one-dimensional leads, as shown in Figure 278
The NEGF operator can be written, as follows:

84er () = (28 = Hye, = Ty(2) = Zp(2))™ 3)

where z is the generalized complex energy variable, S is the
overlap matrix, Hy,, is the Hamiltonian of the molecule, and ¥},
and Xy are the self-energy operators corresponding to the left
and right leads, respectively. I is defined as follows:

I = i(Z{R(E) — Z0/R(E)) (4)

where X g (E) and X z(E) are the advanced and retarded self-
energy operators for the left (L) and right (R) contacts,
respectively.

The electronic structure and transport properties of the
linkers were determined by using the semiempirical extended-
Hiickel (EH) Hamiltonian in conjunction with the NEGF
rnethodolog)7.76_78 In the basis of localized atomic orbitals, the
matrices 2,z are assumed to be diagonal with nonzero
elements (Zy /)1, = VZgSL(E) and (Zp/p)nn = fgSR(E) where
the indices 1 — N label the atomic orbitals of the linker that
have significant overlap with the left and right leads. The
parameter y defines the effective electronic coupling with the
contacts and is assumed to the same for s, p, and d orbitals. The
Green’s function for the isolated left and right contacts, gSL/ R
—i/Ipl, are defined to mimic semi-infinite one-dimensional
nanowires as described by a nearest-neighbor tight-binding
Hamiltonian with constant intersite coupling 4.” The value of
7*/IBl = 2.0 eV was chosen to ensure that the conductance of a
linear chain of gold atoms at 0 V bias is equal to the unit of
quantum conductance (i.e.,, Gy = 2¢?/h) when connected to the
model nanowire leads, as recently reported.”® All calculations of
conductance were performed at 0 V bias. Hence

G—z—ezT(E)
T h F )

where G is the molecular conductance (in Siemens), and the
transmission function T is evaluated at the device Fermi level
Ep. The geometries of the linkers (Figure 3) correspond to
optimized minimum energy configurations, obtained via density
functional theory (DFT) at the B3LYP/LANL2DZ level, as
implemented in Gaussian 09.%°
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Figure 3. Linker molecules (L) substituted with different anchoring
groups (A) that covalently bind Zn-porphyrin sensitizers to TiO,
surfaces. Linkers have the structure 4-pyridyl-A, where the anchoring
group A is either carboxylic acid (L1), phosphonic acid (L2),
acetylacetonate (L3) hydroxamic acid (L4), or boronic acid (LS).

dx.doi.org/10.1021/jp408738b | J. Phys. Chem. C 2013, 117, 24462—24470



The Journal of Physical Chemistry C

3. RESULTS AND DISCUSSION

Figure 3 shows the structures of the linkers analyzed in this
study. All the linkers have the form 4-pyridyl-A where the
anchoring group A is either carboxylic acid (L1), phosphonic
acid (L2), acetylacetonate (L3), hydroxamic acid (L4), or
boronic acid (LS). Hydroxamic acid is treated in both of its two
tautomers L4a and L4b.*" These anchoring groups are known
to bind strongly to semiconductor surfaces while the pyridyl
group axially coordinates to the metal center of the prophyrin
ZnPF|, through the pyridyl nitrogen, sensitizing the TiO,
surface (Figure 1).** These surface-bound complexes are
collectively denoted L-ZnPF,,, with L = L1-LS.

Figure 4 shows the UV—vis diffuse reflectance spectra of the
L-ZnPF), assemblies bound to TiO, showing only small

Lll—ZnElFm
L3-ZnPF

L2-ZnPF,
L4-ZnPFi,

Absorbance / a.u.

300 400 500 600 700 800
A/nm

Figure 4. Experimental UV—vis diffuse reflectance spectra for L-
ZnPF,, complexes covalently bound to nanoporous TiO, thin films.

differences in the molar absorptivity of the chromophore-linker
assemblies. In fact, Figure 4 shows that L1-ZnPF,, L2-ZnPF,,,
and L4-ZnPF,, have nearly the same absorbance at around 400
nm, which is the wavelength of the pump pulse in our THz
measurements, while the absorptivities of L3-ZnPF,, (shown)
and LS-ZnPF |, (not shown) are only slightly lower. Therefore,
differences in the observed photoinjection yields of these
assemblies cannot be attributed to differences in light-
harvesting efficiency.

Figure 5 shows the change in transmitted THz amplitude as a
function of time after the TiO, thin-films sensitized with L-
ZnPF |, are photoexcited with a pump pulse at 400 nm. The
attenuation of THz amplitude is a measure of the efficiency of
electron injection, since it is proportional to the concentration

A THz amplitude / a.u.

Figure 5. Change in THz amplitude (thin lines) measured as a
function of time after photoexcitation at 400 nm for L-ZnPF,,
assemblies covalently bound to TiO, surfaces as shown in Figure 1.
Thick lines are best fitting curves determined by the kinetic model
described in the text (eq 6). As a control, the magenta corresponds to
ZnPF,,-diester (Es) physisorbed to the TiO, surface in the absence of
a molecular linker.

of free charge carriers injected into the semiconductor
conduction band (denoted state B in Figure 6)."7"*>%* Ag a

a) Tio, CB
* e-
LUMO xl1'.p—=2¢
k3
HOMO
b =—towo
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e-
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Figure 6. Schematic diagram of photoinjection in terms of the most
relevant energy levels (a) and molecular structures (b). Dgg and D*
correspond to the porphyrin dye ZnPF,, in the ground (S,) and
second excited state (S,), respectively. X represents the carrier
concentration at the TiO, surface prior to injection, B is the
concentration of free carriers injected into the TiO, conduction band,
and C is the concentration of trapped carriers.

control experiment, we note there is no detectable attenuation
of THz transmittance when ZnPF,; is merely physisorbed on
the TiO, surface, whereas all of the L-ZnPF, complexes
covalently bound to the surface show measurable attenuation.
We also performed a seccond control experiment that shows no
injection from porphyrin-free L1-sensitized anatase compared
to the full system (L1-ZnPF,; see Figure S4). Since the
predominant porphyrin excitation near 400 nm (the Soret or B
band) arises from the S, « S, transition, which is 7% « =,
these results suggest that the photoinjected carriers must travel
through the linkers (or through space) in order to be injected
into TiO,. From the THz data alone, however, we see
significant differences in the efficiency of electron injection for
the different anchoring groups. The efliciencies of electron
injection for the various L-ZnPF, complexes can be ranked
according to the order: L4 > L1 > L2 = L3 = LS.

Figure 6 shows a schematic diagram of the photoinjection
process. Upon photoexcitation of the dye, electrons are
transferred through the pyridyl ligand and anchoring group to
the semiconductor surface (D* — X). This is an ultrafast™
electron transmission process that takes a few femtoseconds
prior to the interfacial injection of free carriers into the
conduction band (X — B with an injection rate constant k; of
tens to hundreds of femtoseconds). The kinetic model also
includes trapping (B — C) and detrapping (C — B) dynamics
with rate constants k, and k;, respectively. According to this
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kinetic model, the concentration of free carriers B, as a function
of time ¢, is given by the following equation:

B(t) = X,(6, + gze—klt + 936—(k2+k3)t) ©
where
k
6, =——
ky + ky
g = _ki=k)
e —
_kl + kz + k3
kik,
0, =
(ky + k3)(ky — Ky = k3) .

The derivation of eqs 6 and 7 is provided in the Supporting
Information (SI). Equation 6 provides a description of the
time-dependent concentration of free carriers that should be
proportional to the observed attenuation of THz transmitted
amplitude for the different anchoring groups. The trapping and
detrapping rate constants k, and k; are assumed to depend only
on the nature of the semiconductor and therefore are treated as
global fitting parameters common to all anchoring groups. The
parameter X, which is reported in Table 1 for each linker, gives

Table 1. Calculated Conductance Values (G) for Linkers in
Monodentate and Bidentate Binding Modes and the
Maximum Change in THz Amplitude X,*

conductance, G/10° nS

linker bidentate monodentate X,/arb. units
L1 (2.11) 7.26 6.95
L2 (7.90) 3.99 456
L3 237 (1.16) 376
L4-a 13.36 (3.50) 9.31
L4-b 627 (2.99) 931
LS (5.77) 276 429

“Bracketed values do not correlate with X, since they do not
correspond to the proper binding mode of the ligand (bidentate for L3
and L4 and monodentate for L1, L2 and LS).

a measure of the efficiency of photoinjection as probed by THz
spectroscopy since it is proportional to the THz amplitude at
the time of maximum attentuation, t,, and therefore propor-
tional to the concentration of electrons injected into the
semiconductor conduction band.

For comparison, Table 1 also reports the values of single
molecule conductance computed for each linker by using the
EH NEGF methodology outlined in section 2.3. Values for L3
and L4 were calculated assuming a bidentate binding mode,
while L1, L2, and LS were assumed to have monodentate
binding. The attachment mode (bidentate for L3 and L4 and
monodentate for L1, L2, and LS) is determined for each ligand
according to the DFT minimum energy configuration (Figure
SS, SI). Our results are consistent with the special arrangement
of oxygen atoms, separated by more than two bonds in L3 and
L4 anchoring groups, leading to a configuration that is more
favorable for bidentate binding with Ti*" octahedral sites.*”*°
Monodentate binding is found to be most stable for L1, L2, and
LS, consistent with previous reports for L1* L2,61 and L5.5%%7
Also, crystallographic data for the dyes absorbed onto novel
(TiO,), clusters shows a bidentate chelating mode for L3.%8

The case of L4 has been previouselly modeled showing a
favorable bidentate oxygen vacancy mode.>

The conductance value for L4 was taken as the average
between the conductance values for L4a and L4b®' because the
DFT computed energy diference between the two conformers
is less than 0.1 eV.

Figure 7 shows the correlation of the maximum change in
THz amplitude X, as a function of the linker conductance in

T T T T T

Xo/a.u.

0 2 4 6 8 10 12
G/10%nS

Figure 7. Change in THz amplitude (X,) at the time of maximum
attenuation (t,) versus conductance G computed for the various
linkers. The best linear fit is given by X, = 0.7212G + 1.9943, with R* =
0.9851.

the L-ZnPF,, complexes. The linear relationship (R* = 0.9851),
suggests that the transport properties of the different linkers
have a direct effect on the electron injection and efficiency. The
observed correlation between electron injection efficiency and
calculated molecular conductance provides a valuable guideline
for designing new sensitizers. To understand why different
linkers have different values of conductances, we analyze the
electronic structure/function relations for the different linkers
as correlated to their transport properties.

Figure 8 displays the frontier molecular orbitals of linkers L1
and L3 that are primarily responsible for electron transport.

L1 L3
LUMO LUMO

Figure 8. Frontier orbitals calculated within the EH level of theory for
L1 and L3.

(Analogous frontier orbitals for L2, L4, and LS are provided in
the SI, Figure S2.) Although L1 and L3 are both known to bind
well to the TiO, surface,”*’ L1 has higher conductance and
yields much more efficient electron injection than L3. Figure 8
shows that these differences can be attributed to differences in
the electronic structure since the pyridine ring of L3 is rotated
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nearly perpendicularly to the anchoring group and therefore is
not conjugated with the electronic structure of the anchor as in
L1. Furthermore, the LUMO orbital of L3 is localized on the
anchor and therefore does not provide good electronic coupling
with the pyridine moiety. In contrast, the LUMO of L1 is
delocalized along the entire linker, providing an eflicient
channel for electron transport.

The analysis of L2 and LS suggests that phosphonic acid
(L2) and boronic acid (LS) functional groups decrease the
overall conductance since those functional groups inhibit
electron tunneling when bound to the semiconductor surface.
In contrast, the hydroxamate linker L4 binds as a bidentate
ligand, leading to a more eflicient injection than through the
monodentate L1 linker.”” When compared to the bidentate L3
ligand, L4 also leads to much more efficient electron injection
due to the extended conjugation and delocalization of the
LUMO over the entire linker. EH Frontier orbitals for all the
ligands are ploted in Figure S2 in the SL

The D* — X transport is the primary electron transfer event
in porphyrin type-I modular assemblies following photo-
absorption at 400 nm due to 7% < & photoexcitation. The
photoabsorption and D* — X transport events, however, are
dynamically decoupled since the transition dipole moment of
the Soret band lies in the plane of the porphyrin ring,*” which is
parallel to the TiO, surface. The resulting decoupling with
respect to the adiabatic photoinjection® is consistent with the
observation that the photoabsorption features remain almost
unchanged when using linkers with different electron transport
efficiency. Figure 9 shows the projected DOS (pDOS) for two

DOS L1-ZnPF,,
pDOS LT —— |

Al

DOS L3-ZnPFy,

V/WA
B pDOS L3 —— |
QKX \
| AN
0 -8 -6

-4 2 0
E/eV

DOS/a.u

-1

Figure 9. Total density of states (DOS) of the L1-ZnPF,; and L3-
ZnPF,, assemblies (black) and projected DOS onto the linkers L1 and
L3 (red). The Fermi level is around —4.44 eV. Red arrows indicating
the LUMO for the linker projection. Black arrows indicating the final
orbitals participating in the D¥ — D transition.

of the L-ZnPF,; complexes, revealing that the LUMO of the
pyridine ligand (red arrows) should be the main orbital
responsible for transmission of electrons from the ZnPF,; to
the conduction band of TiO, as it is located right under the
porphirin projected excited state (black arrows). DOS for all L-
ZnPF |, are also shown in Figure S3. These findings suggest that
the axial modular assembling technique should be particularly
useful for isolating the effect of electron transport properties

during electron photoinjection from the photoabsorption
properties of the porphyrin dye.

4. CONCLUSIONS

We have studied the efficiency of interfacial electron injection
from Zn-porphyrin dyes bound to TiO, surfaces via axially
coordinated pyridine ligands with a variety of different
anchoring groups. The photoconversion efficiency has been
characterized by the attenuation of transmitted time-resolved
terahertz (THz) signal after photoexcitation and interfacial
electron transfer. We found a linear relationship between the
interfacial electron injection efficiency and the single molecule
conductance of the linker computed according to the
nonequilibrium Green’s function formalism. This simple
relationship suggests that pyridyl linkers in the surface-bound
L-ZnPF, complexes function as effective molecular wires,
transmitting photoexcited electrons from the light-absorbing
porphyrin sensitizer into the conduction band of TiO,. These
results are particularly relevant for optimization of DSSCs that
rely upon molecular linkers mediating electron transport from
the dye into the conduction band of the semiconductor host
substrate. In addition, these findings demonstrate for the first
time the possibility of inferring values of single molecule
conductance by using time-resolved THz spectroscopy to
probe bridging molecules that covalently bind dyes to
semiconductor surfaces, while keeping constant the other
components of the molecular assembly, such as the nature of
the dye and the semiconductor material.
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