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Substitution of a hydroxamic acid anchor into the
MK-2 dye for enhanced photovoltaic performance
and water stability in a DSSC†

C. Koenigsmann,a T. S. Ripolles,‡b B. J. Brennan,‡a C. F. A. Negre,a M. Koepf,a

A. C. Durrell,a R. L. Milot,a J. A. Torre,b R. H. Crabtree,*a V. S. Batista,*a

G. W. Brudvig,*a J. Bisquert*bc and C. A. Schmuttenmaer*a

An efficient synthetic protocol to functionalize the cyanoacrylic acid anchoring group of commercially

available MK-2 dye with a highly water-stable hydroxamate anchoring group is described. Extensive

characterization of this hydroxamate-modified dye (MK-2HA) reveals that the modification does not

affect its favorable optoelectronic properties. Dye-sensitized solar cells (DSSCs) prepared with the MK-

2HA dye attain improved efficiency (6.9%), relative to analogously prepared devices with commercial

MK-2 and N719 dyes. The hydroxamate anchoring group also contributes to significantly increased

water stability, with a decrease in the rate constant for dye desorption of MK-2HA relative to MK-2 in

the presence of water by as much as 37.5%. In addition, the hydroxamate-anchored dye undergoes

essentially no loss in DSSC efficiency and the external quantum efficiency improves when up to 20%

water is purposefully added to the electrolyte. In contrast, devices prepared with the commercial dye

suffer a 50% decline in efficiency under identical conditions, with a concomitant decrease in external

quantum efficiency. Collectively, our results indicate that covalent functionalization of organic dyes with

hydroxamate anchoring groups is a simple and efficient approach to improving the water stability of the

dye–semiconductor interface and overall device durability.

1. Introduction
There has been considerable recent interest in the development
of efficient, durable photoelectrochemical devices with the
overarching goal of effectively converting solar energy into
electricity and solar fuels.1–5 Dye-sensitized solar cells (DSSCs)
are a particularly promising device architecture owing to their
ease of manufacture and relatively low cost in comparison with
silicon solar cells.4,6–9 However, widespread commercialization
of DSSCs has been hindered by their poor long-term durability

resulting from a variety of degradation processes, especially
upon exposure to heat and humidity.10–12 Several mechanisms
leading to performance loss have been identified, including corro-
sion of the sealing materials, evaporation of the electrolyte solvent,
and instability of the sensitizer molecules. Despite improvements in
the durability of sealant materials and the use of high boiling point
solvents in electrolyte formulations, the degradation of sensitizer
molecules continues to be a key technological shortfall.11

In DSSCs, mesoporous wide-band gap semiconductor films
are sensitized to absorb light in the visible solar spectrum by
covalent attachment of inorganic or organic chromophores.9,13

Under illumination, photoexcitation of the dye results in a rapid
interfacial electron transfer (IET) into the conduction band of the
semiconductor, leading to charge separation.14–16 DSSC sensitizers
have traditionally relied on a class of inorganic complexes consist-
ing of Ru-polypyridyl frameworks, such as the well-studied N719
[di-tetrabutylammonium cis-bis(isothiocyanato) bis(2,20-bipyridyl-
4,40-dicarboxylato) ruthenium(II)] dye.17–19 However, the high cost
and low earth abundance of noble metals has stimulated interest
in a growing class of organic dyes based largely on a donor–linker–
acceptor (DLA) structural framework.20–25 Compared with
Ru-based analogs, organic dyes typically have higher absorption
coefficients, are considerably less costly, and are relatively easy
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to synthesize.22,26 In addition, the ability to tailor the structure
of organic dyes has led to advances in solving the inherent
challenges of dye aggregation and short lifetimes of the charge-
separated state.23–25 Collectively, over one-hundred examples of
organic dyes have been developed that attain reasonable efficien-
cies in DSSCs.9

Organic dyes relevant to DSSCs typically employ a cyano-
acrylate moiety which serves as both the electron acceptor and
covalent anchor to the metal oxide framework of the semi-
conductor nanoparticle.27 In a fashion analogous to Ru-dyes,
covalent attachment to the surface is formed by a carboxylate
group leading to a bridging bidentate interaction with the
surface.7 The carboxylate linkage affords rapid IET rates that
have been measured on the sub-picosecond time scale, leading to
efficient electron injection.28–30 However, the carboxylate linkage,
especially in the case of cyanoacrylate linkers, is susceptible to
hydrolysis and subsequent detachment of the dye. This renders
the dye–semiconductor interface vulnerable to degradation in the
presence of trace quantities of water within the electrolyte.29,31,32

The poor water stability of the interface has necessitated complex
manufacturing procedures to exclude moisture, and limits long-
term durability due to the water seepage into the electrolyte
during operation.11,33 For example, hydrophobic Ru-dyes have
lower than expected performance in water-based electrolytes due
to dye desorption, poor wetting of the mesoporous film and high
rates of recombination.34 In the case of organic dyes, recent
results by Sun and co-workers have demonstrated in the case of
MK-2, a well-studied organic dye, that its desorption from the
semiconductor surface is significantly increased by even trace
amounts of water.27 Water stability is also a fundamental concern
in the context of developing artificial photosynthetic cells, which
by definition operate under completely aqueous conditions.2,35,36

Thus, the realization of stable and durable dye–semiconductor
interfaces based on organic dyes requires the development of new
anchoring moieties that promote favorable electron-transfer
kinetics and are stable toward hydrolysis. Recent results from
our group suggest that hydroxamate linkers lead to considerable
enhancements in water tolerance as a result of their stronger

interaction with the surface of TiO2.31,32,37,38 On the basis of equally
strong binding of their N-aryl derivatives,39 we now believe that the
hydroxamic acid precursor binds in the mono-deprotonated or
hydroxamate form, and not the bis-deprotonated hydroximate form
that we favored in earlier work.

In this article, we demonstrate for the first time an efficient
synthetic protocol to modify the existing cyanoacrylate moiety
of organic dyes with a highly water-stable hydroxamate anchoring
group via a condensation reaction. This approach is particularly
advantageous since it is synthetically facile, resulting in high yields,
and more importantly, the chemo-selectivity and mild reaction
conditions allows wide application of this strategy to the broad
range of common organic dyes possessing cyanoacrylate or carboxyl-
ate anchoring groups.9,40 Thus, this approach is broadly applicable
in increasing the water stability of the dye–semiconductor inter-
face of organic dyes.

As a prototypical example, we employ the commercially available
MK-2 dye since it is well characterized, chemically stable and
maintains high performance in DSSC devices. Due to prior results
demonstrating the poor durability of the MK-2–TiO2 interface,
we have modified the as-received commercial MK-2 dye with a
hydroxamate anchoring group (MK-2HA, Scheme 1) and have
performed a systematic investigation of the performance of this
dye in comparison with its as-received, commercial analog.
Characterization of the modified dye confirms that the opto-
electronic properties of the dye, including the high molar absorp-
tion coefficient, are retained. DSSCs sensitized with MK-2HA
and MK-2 achieved efficiencies of 6.9% and 6.6%, respectively,
compared to 6.3% for the commercial N719 dye. Spectroscopic
characterization of the DSSC devices and sensitized films reveals
that the hydroxamate anchoring of the MK-2HA dye contributes to
significant increases in the recombination resistance and lifetime
of the charge separated state.

Modification of the MK-2 dye with a hydroxamate anchoring
group dramatically improves the water stability. Dye desorption
experiments performed in the presence of water confirm
that the MK-2HA is significantly less susceptible to desorption
than the commercial MK-2 dye. Surprisingly, exposure of the

Scheme 1 Structures of the relevant MK-2 analogs.
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MK-2HA film to a 1% water–DMF solution results in a 3-fold
increase in the lifetime of the charge-separated state with no
measurable decrease in the electron injection efficiency. Under
operating conditions, DSSC devices prepared with MK-2HA dye
suffer essentially no loss in efficiency when water is purpose-
fully incorporated into the electrolyte formulation, whereas
devices prepared with the commercial MK-2 dye undergo
declines of up to 50% in efficiency with added water. Thus,
our functionalization strategy allows for the high photoelec-
trochemical performance of the MK-2 dye to be retained even in
the presence of water.

2. Experimental procedures
2.1 Synthesis & characterization

The synthesis of the MK-2HA dye (Scheme S1, ESI†) is described
in detail in the ESI.† In the first step, the commercial MK-2 dye is
modified with a protected hydroxylamine species by a peptide
coupling reaction carried out at room temperature in dimethyl-
formamide yielding the protected MK-2THP dye. The MK-2THP
is deprotected by acetic acid catalyzed hydrolysis, which is
performed at 60 1C in an aqueous solution of tetrahydrofuran
(THF), to yield the desired MK-2HA. In order to characterize the
electrochemical and photophysical properties, we have also
prepared the ester form of the commercial MK-2 dye (MK-2E).
The esterification of the commercial acid (Scheme S2, ESI†)
was accomplished by reacting the commercial MK-2 dye with
iodomethane in the presence of potassium carbonate. Details of
the characterization including NMR, UV-visible, photolumines-
cence spectroscopy and mass spectrometry are presented for the
MK-2E, MK-2THP, and MK-2HA dyes in the ESI.†

2.2 Characterization of photoelectrochemical performance in
dye-sensitized solar cells

Fabrication of DSSCs sensitized with MK-2 and MK-2HA was based
on previously reported methods and the details are described in
the ESI.† 41 Devices in Section 3.2 were prepared with Electrolyte A
(Table 1), which was optimized for the MK-2 dye. However, in
Section 3.6, the concentration of DMPII (Electrolyte B) was
increased to suitably co-solubilize the electrolyte components
with water, which was added to study the stability of the devices.
The DSSCs were characterized by electrical methods including
current density–voltage ( j–V) curves and impedance spectro-
scopy (IS) under simulated 1 sun irradiation corresponding to
AM1.5G (1000 W m!2) sunlight. All measurements were per-
formed without a mask. The measurements were carried out
using a PARSTAT 4000 potentiostat (Princeton Applied Research)

and a solar simulator equipped with a 1000 W ozone-free Xenon
lamp and AM1.5G filter. The light intensity was adjusted with a
diode calibrated by Newport to ASTM E948-09 and E1021-06
standards. IS measurements were performed from 0 V to Voc at
intervals of 50 mV, using a range of frequencies between 1 MHz
to 100 mHz. These data were fitted using the equivalent circuit
models for DSSCs proposed by Bisquert and co-workers.42

2.3 Spectroscopic characterization of TiO2 films sensitized
with MK-2 and MK-2HA

Transient absorption measurements were performed with a com-
mercial LP920 laser flash photolysis spectrometer (Edinburgh
Instruments). Sample excitation was achieved using an optical
parametric oscillator (Spectra-Physics basiScan-M, B1 cm beam
diameter, 200 mJ per pulse), pumped by the third harmonic of a
Nd:YAG laser (Spectra-Physics Quanta-Ray INDI 40-10, 5–8 ns
pulses, operated at 1 Hz). A pulsed 450 W Xe arc lamp provided a
white light probe pulse. Transmitted light was focused on a
0.3 m focal length monochromator and detected with a photo-
multiplier tube (PMT, Hamamatsu R9105). The PMT current was
amplified and recorded with a transient digitizer (Tektronix TDS
3032C). A combination of short- and long-pass filters was
employed to remove scattered light. Transient absorption mea-
surements were carried out on sensitized TiO2 films that were
placed at a 451 angle in a 1 cm " 1 cm quartz cuvette containing
acetonitrile or mixtures of acetonitrile and water. Samples were
excited at 560 nm, and single wavelength decays were averaged
over 100 laser pulses.

Time-resolved THz spectroscopy (TRTS) measurements were
performed following established experimental procedures.15,43,44

Approximately one quarter of the output of an 4 W amplified
Ti:sapphire laser system (Spectra Physics: Mai Tai SP, Empower
30, Spitfire Ace) with a 35 fs pulse duration, 800 nm center
frequency, and 1 kHz repetition rate was used for THz generation
via optical rectification in a ZnTe(110) crystal and THz detection
via free-space electro-optic sampling in an additional ZnTe(110)
crystal. Another quarter of the power was frequency doubled to
400 nm in a b-barium borate (BBO) crystal and dedicated to
photoexcitation of the sample. The change in peak amplitude
of the time-domain THz pulse was then monitored as a func-
tion of its delay with respect to the optical pump pulse to
measure the time and efficiency of electron injection. Samples
consisted of a 15 mm thick layer of transparent TiO2 deposited
onto 1 mm thick quartz plates (1 cm " 1 cm) according to the
methods described in Section 2.2. The quartz was pre-treated
before deposition by immersion in a solution consisting of 75%
sulfuric acid (Fisher Scientific) and 25% hydrogen peroxide
(30 vol% in water, Fisher Scientific) for a period of 30 minutes
to improve adhesion of the films.

2.4 Durability and stability testing of TiO2 films sensitized
with MK-2 and MK-2HA

The water stability and durability of TiO2 films sensitized with
MK-2 and MK-2HA were studied by systematically investigating
the rate of dye desorption when soaking in solutions of dimethyl-
formamide (DMF, Sigma Aldrich, o0.005% H2O, 99.8%) and

Table 1 DSSC electrolyte formulations

Electrolyte [DMPII]a [LiI] [I2] [TBP]b

A 0.6 0.1 0.2 0.5
B 2.0 0.1 0.2 0.5

a 1,2-Dimethyl-3-propylimidazolium iodide. b 4-tert-Butylpyridine. Elec-
trolyte solutions were prepared with anhydrous acetonitrile and all
concentrations are reported in units of molar (M).
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water (18.2 MO cm). MK-2 and MK-2HA sensitized TiO2 films
were prepared with a single 5 mm thick layer of transparent TiO2

deposited onto TEC15 FTO glass utilizing the procedure
described in Section 2.2. The geometric area of the sensitized
film was measured from optical images utilizing the ImageJ
software.45 Prior to studying the desorption kinetics, the molar
absorption coefficients were determined for MK-2 and MK-2HA
in solutions of DMF–H2O by diluting standardized solutions of
the dyes in pure DMF. Subsequently, desorption experiments
were performed by immersing the sensitized film into a solution
containing 0.1, 0.5, or 1.0 vol% water dissolved in DMF. The
time-dependent desorption of the dye was measured in situ by
UV-visible spectroscopy over the period of 240 min to determine
the quantity of dye desorbed into the DMF–H2O solution.
Control experiments were performed on the MK-2 and MK-2HA
films by immersing electrodes into anhydrous DMF. In this case,
time-dependent desorption of the dye was measured from five
discrete sensitized films in separate desorption experiments after
45, 90, 135, 180 and 240 min. Each experiment was performed
in tightly sealed vials prepared under Ar, in order to avoid
contamination by moisture from the atmosphere. After desorption
in DMF–H2O, the electrodes were blown dry under a stream of
nitrogen and placed into a solution consisting of 50 mL of a 1 M
tetra-n-butylammonium hydroxide (TBAH, 1 M in methanol,
Acros Organics) dissolved into 15 mL of THF which thereby
desorbed all dye remaining on the surface.

In addition to measuring the rate of dye desorption, the
effect of dye desorption on the IET efficiency by was examined
by means of TRTS. In this study, as-prepared films were aged at
a relative humidity of 85% at room temperature (21 1C) for a
period of six days. Subsequently, the films were immersed into
solutions of 1% H2O–DMF for a period of four hours. The IET
efficiency determined by TRTS (cf. Section 2.3) was measured
for the films to determine the effects of aging conditions and
desorption.

3. Results & discussion
3.1 Synthesis and characterization of MK-2 and MK-2HA dyes

Modification of commercial MK-2 dye with a hydroxamate
anchoring group was accomplished in two synthetic steps.
The structures of the relevant MK-2 analogs are provided
in Scheme 1. Our synthetic strategy has several advantages.
First, the addition of the hydroxamic acid anchoring group is

efficient and leads to greatly improved water tolerance and,
thus, can be applied to a broad range of organic dyes bearing the
cyanoacrylate anchoring group. Second, the synthetic procedure is
readily scalable and maintains high yields. Third, the formation
of the tetrahydropyran (THP)-protected hydroxylamine enables
purification of the product prior to deprotection.

After isolation, MK-2HA dye was subsequently re-dissolved
in toluene for sensitization of TiO2 nanoporous films. However,
preliminary results suggest that MK-2THP can undergo an in situ
catalyzed deprotection at the surface of the TiO2 substrate to
form a dye monolayer. We believe that the hydroxylated surface
of the TiO2 substrate can act as a local acidic medium catalyzing
the deprotection of MK-2THP which is followed by subsequent
adsorption of the hydroxamate anchoring group to the substrate.
Although additional experiments are underway to better char-
acterize this process, the ability to perform the deprotection
step in situ may render the process more appealing for practical
application.

Extensive characterization of the MK-2HA and MK-2 dyes
confirms that the anchoring group has minimal effects on
the advantageous physicochemical properties of the dye itself.
UV-visible spectra obtained in toluene (Fig. S1A, ESI†) confirm
that the main peak of the MK-2HA is centered at 490 nm, which
is essentially identical to the main peak of MK-2 (494 nm). The
extinction coefficients of the MK-2 and MK-2HA are also
essentially identical (Fig. S1, ESI†), when measured in either
toluene or THF. Deprotonation of the MK-2 and MK-2HA dye in
basic media (Fig. S1, ESI†) reveal that both dyes undergo
comparable blue shifts of B50 nm.

Quantitative determination of the optical and electrochemical
parameters (Table 2) was performed with the ester- and THP-
analogs of the MK-2 and MK-2HA dyes, respectively, because
of their more ideal behavior (cf. ESI†) in comparison with the
acid analogs. The fluorescence spectra (Fig. S2, ESI†) show that
MK-2THP and MK-2E have nearly identical fluorescence peaks
centered at 679 nm and 684 nm, respectively. The fluorescence
lifetimes of the dyes in dichloromethane were found to have a
bi-exponential behavior and the measured lifetimes (Table 2) are
similar for the two dyes. The MK-2E had a major component of 665
ps (92%) and minor component of 1.45 ns (8%), while those for
MK-2-THP were 712 ps (89%) and 1.30 ns (11%). The bi-exponential
fluorescence decay has been observed previously in analogous
dyes.46,47 More importantly, these values are considerably larger
than the sub-picosecond time scale of electron injection into TiO2

as measured by THz spectroscopy (cf. Section 3.3).

Table 2 Physicochemical properties of the protected MK-2E and MK-2THP dyes

Dye Absorptiona (lmax/nm) Emissiona,b (lmax/nm) E0–0 (eV) tS
c (ns) Eox1

d Eox2
d (V vs. NHE) Eox*,e

MK-2E 309, 384, 493 684 2.16 0.665 (92%) 1.01 1.26 !1.15
1.45 (8%)

MK-2THP 307, 384, 489 679 2.18 0.712 (89%) 1.03 1.27 !1.15
1.30 (11%)

a Experiment performed in dichloromethane solvent. b Excitation occurred at 459 nm at absorbance values below 0.08. c Excited using LED with
peak emission at 459 nm. d Values for E1/2. Electrochemistry performed in dichloromethane containing 100 mM TBAPF6 electrolyte with ferrocene
as internal reference. Oxidations were reversible. e Calculated Eox1–E0–0 using experimental data in dichloromethane solvent.
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Electrochemical characterization of MK-2E and MK-2THP
shows two reversible oxidation waves (Fig. S3, ESI†). The
potentials for the first oxidation of MK-2THP and MK-2E were
measured at 1.03 V and 1.01 V vs. NHE, respectively. Using the
excited state energy of the dye and the measured potentials for
oxidation, the excited state reduction potentials were calculated
to be !1.15 V vs. NHE for both MK-2E and MK-2THP. Thus, the
driving force for photo-induced IET into the conduction band
of TiO2 is identical.

3.2 Photoelectrochemical performance & impedance
spectroscopy of MK-2 dye as a function of surface linker

The electrical properties of the devices fabricated with MK-2 and
MK-2HA dyes were analyzed by j–V measurements. In the case
of the novel MK-2HA dye, DSSCs were prepared with working
electrodes immersed in the dye solution for periods of 16 and 24 h
to explore the effects of adsorption time on device performance.
The resulting j–V curves and accompanying photovoltaic para-
meters are summarized in Fig. S4 (ESI†) and Table 3, respectively.
The performance of these organic dyes was compared with the
N719 dye (Fig. S5, ESI†) because it is a well-studied benchmark for
the performance of Ru-based sensitizers.

The cells based on MK-2HA undergoing 16 h of adsorption
and those based on MK-2 evince essentially identical efficien-
cies of 6.5% and 6.6%, which are higher relative to analogously
prepared devices with N719. In contrast, a 30% loss in device
efficiency upon modification of the MK-2 dye with a phosphonic
acid anchoring group to promote increased heat stability was
recently reported.48 Thus, our results demonstrate that the high
performance of MK-2 dye is retained upon modification with
the hydroxamate anchoring group. The hydroxamate anchored
MK-2HA devices show an increase in the short-circuit current
density ( jsc) by as much as 17% with respect to the commercial
MK-2. The increased jsc values measured in the MK-2HA cells
likely arises from the increase in the dye loading achieved with
the MK-2HA dye compared to the MK-2 dye (Table 3).

Our theoretical findings (cf. Section 3.4) reveal that the
orientation of the hydroxamate linked dye with respect to the
TiO2 surface is favorable for higher packing densities and is
consistent with the higher dye loading. However, the MK-2 and
MK-2HA devices exhibit comparable efficiencies as a result
of the larger fill factor (FF) observed in the MK-2 devices.

It is interesting to note that the jsc value for the MK-2HA dye
(16 h adsorption) is essentially identical to that of the N719
benchmark cell, even though dye loading of the latter is 28%
higher. This is attributed to the nearly three-fold higher molar
absorption coefficient of the MK-2HA dye (29 400 M!1 cm!1)
relative to that of the N719 dye (12 800 M!1 cm!1).

The devices all have comparable Voc values of roughly 0.67 #
0.02 V. This is not surprising since the Voc is determined by the
difference of the Fermi level of electrons in the TiO2 and the
redox potential (Eredox) of the electrolyte (qVoc = EF,n ! Eredox).
The slight variation in the measured values can be attributed to
the fact that in practice the Voc depends on several factors
including the energy mismatches between Eredox and HOMO
levels of the dye, and between the conduction band Ec of
the semiconductor and the LUMO of the dye.49 A detailed
investigation of the Voc behavior was performed by means of
impedance spectroscopy as described below.

In order to optimize the adsorption time of our modified
organic dye, devices prepared with MK-2HA after 16 h and 24 h
adsorption times were examined. The device prepared after a
24 h adsorption time yielded the highest overall efficiency
among all of the devices of 6.9%. In previous reports, it was
found that the coverage of MK-2 dye increases with increasing
adsorption time; however, beyond 12 h the increase in coverage
is accompanied by the corresponding formation of dye aggre-
gates with diameters of up to 10 nm.24,50 Accordingly, we
observe a significant increase in the FF from 49% to 60%.
The increase in the FF can be attributed to several plausible and
previously observed mechanisms such as an increase in the
coverage of the TiO2, aggregation of the dye molecules at the
interface, and re-organization of the structure of the dye
monolayer with increasing adsorption time.24,50 On the other
hand, the jsc decreases from 19.6 mA cm!2 to 17.7 mA cm!2 as
the adsorption time is increased, which is also likely a result of
dye aggregation on the TiO2 surface. Previous work found that
dye aggregation decreases the conversion of incident photons
to charge carriers due to shorter excited state lifetimes and also
increases electron recombination with the oxidized dye mole-
cules.9 In the present case, the improvement in the FF (22%) is
more significant than the decline in the jsc (11%), and leads to
the best overall performance.

Electrochemical impedance spectroscopy (IS) was employed
as an alternating current (AC) technique to further characterize the
devices prepared with MK-2 analogs and N719 as a reference.42,51

IS measurements are based on the electrical response of the DSSC,
and are analyzed to provide insight into device parameters such
as charge transport, recombination, carrier accumulation, and
diffusion. Here, we focus on the recombination resistance (Rrec)
and chemical capacitance (Cm) extracted from fitting impedance
spectra measured under simulated one-sun illumination over a
range of applied voltages.49,51 These parameters are presented as
a function of Fermi level voltage (VF) in Fig. 1. When comparing
different devices, it is important to account for the voltage drop
due to series resistance (Rseries) arising from the FTO conducting
glass, electrolyte diffusion, and platinum counter electrode.
Thus, we can obtain the Fermi level voltage VF, as the difference

Table 3 Photovoltaic performance of DSSCs prepared with electrolyte A
and sensitized with the N719, MK-2 and MK-2HA dyes obtained under
simulated one-sun illumination

Dye
Adsorption
time (h)

Dye loading
(nmol cm!2)

jsc
(mA cm!2) Voc (V) FF (%) Z (%)

N719 16 292.7a 19.6 0.69 46 6.3
MK-2 16 198.7b 16.7 0.66 60 6.6
MK-2HA 16 228.0b 19.6 0.68 49 6.5
MK-2HA 24 — 17.7 0.65 60 6.9

a The dye desorption was performed in a basic solution of 0.1 M NaOH
in water for the ruthenium dye. b The dye desorption was performed in
10 mL of a 1 M tetrabutylammonium hydroxide solution dissolved into
15 mL of THF for organic dyes.
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between the applied voltage (Vapp) and the voltage drop at the total
series resistance i.e., VF = Vapp ! Vseries, where Vseries is defined
in eqn (1).

Vseries ¼
j

jsc ! j

! "ðj

jsc

Rseriesdj (1)

The dependence of Rrec and Cm on VF is shown in Fig. 1A
and C, respectively. In both cases, the Rrec and Cm exhibit
an exponential dependence at biases between 0.2 and 0.4 V
according to eqn (2) and (3), respectively,

Rrec = R0e(!qbVF/kBT) (2)

Cm = C0e(qaVF/kBT) (3)

where C0 and R0 are constants, q is the magnitude of the
electron charge, a is the exponential electron trap distribution
parameter, b is the electron transfer coefficient from TiO2 to
the electrolyte (b o 1), kB is Boltzmann’s constant, and T is the
temperature (K). At biases outside of the 0.2–0.4 V range, the
Rrec and Cm are essentially independent of the voltage.

The chemical capacitance Cm is typically employed to estimate
the position of conduction band edge of TiO2 (Ecb).51 For the
purpose of comparing different devices, we use the exponentially
rising or falling region, rather than the flat region at higher
voltages, which is associated with partial pinning of the Fermi
level. It is observed that Cm at about 0.3 V is essentially identical
for all of the devices, except the MK-2HA (16 h) cell. The shift in
the band may attributed to the adsorption time; however, further
experiments that are beyond the scope of this report are necessary
to determine the origin of this shift.

In order to evaluate recombination rates, it is important to
shift the recombination resistance by the same amount that the
band moves (DEcb).52 Taking into account that the N719, MK-2
and MK-2HA (24 h) devices have a similar TiO2 conduction
band position, the DEcb value was calculated for the MK-2HA
(16 h) and was determined to be +163 mV. The Rrec and Cm can
be replotted with respect to the equivalent common conduction
band voltage (Vecb) in Fig. 1B and D, respectively, taking into
account the definition of the Vecb as VF ! DEcb/q.52 It is now
observed that the MK-2 and the MK-2HA (16 h and 24 h) have
nearly the same Rrec values at low voltages (Fig. 1B), indicating
that the charge recombination rate in these organic dyes is
independent of adsorption time (16 h or 24 h). Additionally, the
lower charge recombination rate (i.e. higher Rrec) observed in
Fig. 1B for the N719 device with respect to the other DSSCs is
reflected in the highest Voc value shown in Table 3.

3.3 Injection and recombination dynamics of MK-2 and
MK-2HA sensitized films

The recombination and injection dynamics of TiO2 films
sensitized with the MK-2 and MK-2HA dyes were studied by
means of transient absorption (TA) spectroscopy and time-
resolved THz spectroscopy (TRTS), respectively. TA spectroscopy
was employed to observe the decay of the charge-separated state
resulting from recombination of the oxidized dye with conduc-
tion band electrons following electron injection. The resulting
TA profiles (Fig. 2A) demonstrate that the recombination rate is
measurably slower in the MK-2HA (16 h) sensitized film than
that of the MK-2 sensitized film. To quantitatively determine the
recombination kinetics, the lifetimes of the charge-separated
states were determined from the profiles (cf. ESI†) utilizing
methods previously described in the literature.53 The lifetime
of the charge-separated state in MK-2HA was determined to be
82 ms, which was nearly 3.5-fold higher than the corresponding
value of 24 ms for the MK-2 dye. This result confirms that the rate
of recombination is slower in the MK-2HA than MK-2 and is
consistent with the higher measured Rrec in the MK-2HA dye
relative to MK-2.

Electron injection dynamics were studied by using TRTS.
In TRTS, the dye-sensitized TiO2 film is illuminated with a 400 nm
pump beam leading to photoinduced electron injection. The
electron injection rate and efficiency is measured by a THz probe
beam, which is affected by mobile electrons in the conduction
band of TiO2. The TRTS results for MK-2, MK-2HA and N719
bound to TiO2 nanoparticles are shown in Fig. 2B. It is apparent
in the inset of Fig. 2B that electron injection for each of the
sensitizers is completed within the B300 fs response time of
the instrument. Interestingly, the MK-2 and MK-2HA organic
sensitizers exhibit more efficient electron injection than N719,
and this provides further evidence that the MK-2 organic dyes
outperform the Ru-based N719 dye. Amongst the organic
sensitizers, the injection efficiency of MK-2 is measurably
higher than that of MK-2HA. It is important to note that the
differences in injection efficiency cannot be attributed to
differences in absorption efficiency because both samples
absorb nearly all of the light at 400 nm and have similar

Fig. 1 Recombination resistance (Rrec, A & B) and chemical capacitance
(Cm, C & D) with respect to the Fermi level voltage (VF, A & C) and with
respect to the equivalent common conduction band voltage (Vecb, B & D)
for solar cells prepared with electrolyte A and sensitized with N719, MK-2
and MK-2HA after 16 h and 24 h of adsorption.
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absorption coefficients (Fig. S1, ESI†). Therefore, these results
suggest that the MK-2HA has a lower overall injection efficiency,
which is consistent with the time-dependent IET simulations pre-
sented in the next section. Finally, the recovery of the THz signal
shown in Fig. 1B can be attributed to electron trapping (femtosecond
to tens of picosecond timescales),54,55 rather than recombination,
which was measured to occur on a timescale of B20–80 ms.

It has been recently demonstrated in the case of analogous
coumarin dyes that recombination of injected electrons with
both the oxidized dye and the redox couple in the electrolyte
solution contribute to a significant limitation of overall perfor-
mance in functioning devices.56 Thus, optimization of the dye–
semiconductor interface to promote slower rates of recombination

even at the expense of reduced electron injection efficiency
has led to significantly improvements in overall device perfor-
mance.57–59 Collectively, our injection and recombination
results suggest that the hydroxamate-modified dye promotes
slower rates of recombination and higher measured recombination
resistances. However, the gains in recombination are balanced
by a corresponding decrease in the injection efficiency. Thus, it
is not surprising that the MK-2 and MK-2HA dyes maintain
comparable DSSC efficiencies.

3.4 Computational results

To complement our experimental characterization of the injec-
tion and recombination dynamics of the MK-2 dyes as a function
of the anchoring group, we have investigated the IET time-scales
for the MK-2 and MK-2HA dyes using time-dependent
IET simulations. The details of our computational methods
including the geometric optimization of the dyes and the IET
simulations are described in the ESI.† 31,60 Initially, the struc-
tures of the frontier orbitals of the MK-2 dye with carboxylate
and hydroxamate anchoring groups were obtained by perform-
ing geometry optimizations at the density functional level of
theory. These calculations show that the shape and electron
density distribution of the HOMO and LUMO frontier orbitals
(Fig. S8, ESI†) are not significantly affected by the introduction
of the hydroxamic acid moiety. In addition, the HOMO–LUMO
gap is also essentially unaffected by the anchoring group, with
both dyes maintaining a gap of B2.1 eV. The UV-visible spectra
of MK-2 and MK-2HA were calculated utilizing time-dependent
DFT (TDDFT) calculations in vacuum. The resulting spectra
depicted in Fig. S9A (ESI†) show two broad bands, consistent
with the experimentally measured spectra (Fig. S1, ESI†).
Although the peak positions obtained in vacuum are red-
shifted in comparison with the experimental spectra, the relative
intensities and positions of both peaks are well reproduced. The
orientation and strength of the transition dipole moments for
the first excitation are essentially identical for both original
(Fig. S9B, ESI†) and modified (Fig. S9C, ESI†) dyes. To simulate
the structure of the dye–semiconductor interface, the MK-2 and
MK-2HA dyes were anchored to an anatase TiO2(101) surface
utilizing the optimized anchoring configurations calculated
from benzoic acid and phenyl-hydroxamic acid.60 In the case
of the MK-2 system, the optimized geometry of the dye mole-
cule is tilted with respect to the surface normal vector, which is
depicted in Fig. 3B. In contrast, the tilt-angle for the MK-2HA
dye is smaller (Fig. 3C). Based on prior results, differences in
the tilt-angle of surface adsorbed dyes can modify the IET
dynamics as a result of factors such as strain and the relative
orientation of the transition dipole moment respect to the TiO2

surface.60,61 Herein, the slight difference in the orientation of
the MK-2 and MK-2HA molecules may lead to their distinctive
IET properties, although additional work beyond the scope of
this report is necessary to fully explore this issue.

Time-dependent IET simulations of the full anatase
TiO2(101) sensitized surface slabs were performed to compute
the IET time scales for both the MK-2 and MK-2HA dyes.60

The calculated survival probability, which represents the

Fig. 2 Transient absorption traces (A) measured at 800 nm for the decay
of the charge-separated state after photoinduced electron injection in
films sensitized with MK-2 and MK-2HA dyes. Time-resolved THz results
(B) show the relative electron injection efficiency of MK-2, MK-2HA and
N719 sensitized films following photoexcitation at 400 nm. The insets
highlight the first 320 ms and first 15 ps after photoinduced electron
injection, respectively.
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relative probability for the electron to remain on the photo-
excited adsorbate (Fig. 3A) suggest that both dyes exhibit
ultrafast, sub-picosecond IET. However, the unmodified MK-2
dye shows a considerably faster rate of IET, and at 50 fs nearly
80% of the electron density is injected. In contrast, only about
20% is injected at 50 fs for the case of MK-2HA. The slower
injection rate of the MK-2HA dye is consistent with the mea-
sured injection efficiency results experimentally determined by
TRTS measurements.

In addition to calculating the IET dynamics, we also include
a representation of the initial electronic charge distribution
for both systems (Fig. 3B and C), in order to rationalize
the difference in IET rates of the two dyes. Differences in the
calculated injection rate could arise from differences in the
coupling of the initial state with the anatase (101) surface. The
electron dynamics simulation shows that two-electron density
pathways are available for the case of MK-2 while MK-2HA
shows only one.

Collectively, the results in Sections 3.3 and 3.4 suggest that
the photoelectrochemical performance arises from a balance
between the rates of recombination and electron injection
efficiency in the MK-2 and MK-2HA dyes. We find that MK-2
has a larger number of charge-transfer pathways leading to
increased injection efficiency and faster recombination,
whereas the MK-2HA establishes only one charge-transfer path-
way and has correspondingly lower injection efficiency and
slower recombination. Thus, it is evident that these competing
trends balance in both cases, and leads to essentially identical
overall performance when these dyes are employed in DSSC
devices (cf. Section 3.2). This interesting finding highlights
the importance of the anchoring group not only in terms of

long-term durability but also in terms of tailoring the IET
dynamics of dye molecules.

3.5 Water stability and durability of sensitized films as a
function of anchoring group

In this section, we demonstrate that the modification of the
cyanoacrylate acceptor group with a hydroxamate surface
anchoring group dramatically improves the water tolerance of the
dye–semiconductor interface. The water stability of the modified
MK-2HA dye was compared to the as-received, commercial MK-2
dye by immersing sensitized films into solutions of DMF containing
0.1, 0.5 and 1 vol% water. DMF was chosen (cf. ESI†) as the
desorption solvent because of its unique ability to co-solubilize
both water and the MK-2 dyes. As a control experiment, the
sensitized films were also immersed into anhydrous DMF
containing only trace quantities (o0.005%) of water.

The measured desorption curves (Fig. 4A–C) reveal that
the MK-2HA dye desorbs at a considerably slower rate than
the MK-2 dye over the course of each experiment. Fig. 4D provides
a comparison of the percentage of dye retained on the TiO2 surface
after a period of four hours when immersed in DMF with varying
water content. The results conclusively demonstrate that 30–50%
more MK-2HA than commercial MK-2 remains on the surface
under each condition. Desorption curves were fit assuming a
first-order desorption model (cf. Fig. S10, ESI†), in order to
determine the relevant kinetic parameters summarized in
Table S1 (ESI†). Not surprisingly, the measured desorption rate
constants are 30–60% lower in the case of MK-2HA dye. We also
demonstrate below that the MK-2HA films retain larger per-
centages of the dye monolayer that most efficiently contributes
to IET under each of the desorption conditions. These results

Fig. 3 Survival probability (A) as a function of time for MK-2 and MK-2HA. Schematic representations of the anchoring geometries and snapshots of the
electron density calculated at 0 fs (left) and 1.5 fs (right) are shown for the MK-2 (B) and MK-2HA (C) dyes. In this depiction, the Ti, C, N, O, S and H atoms
are represented by pink, light blue, blue, red, yellow and white spheres, respectively and blue arrows indicate charge-transfer pathways from the dye to
the semiconductor.
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confirm that tailoring the anchoring group of the MK-2 dye
results in considerable improvements in the water stability of
the dye–semiconductor linkage. The enhanced water tolerance
can be attributed to several factors including: (i) a higher pKa

and (ii) a less strained chelate bite angle in hydroxamic acids
compared with carboxylic acid analogs.31,32

Our findings suggest that water promotes desorption by
hydrolyzing the carboxylate and hydroxamate linkages to the
TiO2 surface, as opposed to degrading the dye backbone itself.27

First, the UV-visible spectrum obtained from the solution of
desorbed MK-2 dye in 1% H2O in DMF was essentially identical
to the spectrum obtained from the as-received dye in the same
solution (Fig. S11, ESI†). Similar results were noted with the
MK-2HA dye, suggesting that the structure and optical properties
of the dyes remain unchanged upon desorption. Second, we
demonstrate that the desorption process for both MK-2 and
MK-2HA reaches equilibrium, since simultaneous immersion of a
dye-sensitized and a pristine TiO2 film result in essentially equiva-
lent dye loading on both films. In all cases, the fraction of dye
remaining on the electrode is measurably higher in the case of the
MK-2HA films, indicating that the hydroxamate anchoring group is
less susceptible to hydrolysis and desorption.

To examine the effect of desorption on electron injection
and recombination, we have measured the IET dynamics of TiO2

films sensitized with the MK-2 and MK-2HA dyes before and
after desorption. Fig. 5 compares the electron injection efficiency
for the MK-2 and MK-2HA sensitized films before and after
immersion in a solution of 1% water in DMF.

Surprisingly, the MK-2HA film shows essentially no change
in the electron injection efficiency upon exposure to the
desorption solution (Fig. 5B). On the other hand, the initial
injection efficiency decreased by nearly 65% in the MK-2 film
(Fig. 5A), highlighting the sensitivity of the dye–semiconductor
interface toward water.

The effect of dye desorption on the lifetimes of the charge-
separated state was examined by TA spectroscopy. Fig. 5C
reveals that for both the MK-2HA and MK-2 dye the lifetime of
the charge-separated state increases with increasing immersion
time in the DMF–water solution. In the case of the MK-2HA, the
lifetime of the as-prepared film (54 ms) is increased nearly 3-fold
to 145 ms. Since there is no loss in overall injection efficiency
upon desorption of the dye, the soaking and desorption
represents a potentially effective treatment for improving the
recombination dynamics of the sensitized film itself. The
increased lifetime of the charge-separated state in both cases
can be attributed to the removal of dye aggregates from the
surface, among other plausible mechanisms.24 For example,
these results are in agreement with recent results by O’Regan
et al.62 suggesting that the exposure of the TiO2 surface to
various treatments particularly after dye desorption can greatly
influence the recombination of injected electrons with the redox
couple in the electrolyte solution.

To evaluate the dyes in an environment more closely resembling
that of a functioning DSSC device, we also examine the effect of
the concentration of water on the lifetime of the charge separated
state. The results (Fig. 5D) show that the MK-2HA exhibits longer

Fig. 4 Desorption curves (A–C) of the MK-2HA and MK-2 dyes from sensitized TiO2 films immersed into DMF containing 0.1%, 0.5%, and 1% water,
respectively. The percentage of dye retained on the electrode surface (D) is shown after an immersion time of four hours in DMF solutions.
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lifetimes when up to 30% water is purposefully added to the
acetonitrile solvent. In a broader sense, the spectroscopic
results confirm that the MK-2HA maintains better performance
than the commercial dye in the presence of water, which is a
strong indication that incorporation of hydroxamic acid in the
dye design can lead to better water tolerance in actual devices.

3.6 Long-term water stability and durability of DSSC devices
as a function of anchoring group

The infiltration of water into the electrolyte of DSSCs has been
of particular concern in the context of long-term stability, since
the covalent bonds between the dye and TiO2 surface can be
hydrolyzed in the presence of water.10 On the basis of the
promising water stability of the hydroxamate modified MK-2
dye presented in Section 3.5, we investigate the water stability
under operating cell conditions of MK-2HA dye in comparison
with the commercially available dye and the N719 benchmark.
DSSC devices were prepared as described in the ESI† with
electrolytes containing increasing amounts of water and the
performance of these devices was measured over a period
of 200 h. For these studies, electrolyte formulation B was
employed in order to co-solubilize the TBP, iodine and water.
The significant difference in the composition of electrolyte B
from electrolyte A, which is optimized for the MK-2 dye, renders
it impossible to directly compare the performance of devices in
this section with those in Section 3.2.

The external quantum efficiencies (EQEs) shown in Fig. 6
highlight the effect of water on charge generation and collec-
tion of the MK-2 and MK-2HA-based solar cells with the
concentration of water carefully controlled in the electrolyte.
It is noteworthy that the EQE increases in the MK-2HA DSSCs
(Fig. 6B) as the water content is increased from trace levels in
the control cell to the cells possessing 10 and 20% water. This
surprising result shows that 10% water can measurably
increase the number of photogenerated electrons per photon
of a given wavelength (by nearly 20% at 500 nm, for example).
In contrast, the devices sensitized with commercial MK-2
undergo B20% decline in the EQE signal at 500 nm, which is
consistent with the corresponding decrease in the measured jsc

for these devices (Fig. 7).

Fig. 5 Time-resolved THz measurements highlighting the relative electron
injection efficiency of MK-2 (A) and MK-2HA (B) sensitized films before and
after immersion in a solution of 1% water in DMF for a period of four hours.
The trend in the lifetime of the charge-separated state (tww) as a function of
soaking time (C) in a 1 vol% solution of water in DMF. The lifetime of the
charge-separated state as a function of the percentage of water present
(D) in the acetonitrile–water mixture used during the TA experiment.

Fig. 6 External quantum efficiency (EQE) spectra for the MK-2 (A) and MK-2HA (B) DSSCs prepared with 0%, 10% and 20% water incorporated
into electrolyte B.
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The photovoltaic results collected over the eight-day durability
test of the MK-2 and MK-2HA devices are summarized in Fig. 7
and Fig. S12 (ESI†). The devices were aged in the dark at ambient
conditions and photovoltaic measurements were obtained peri-
odically under one-sun irradiation (AM1.5G). Each point in the
graphs represents an average of three devices. Fig. S13 and S14
(ESI†) include the same graphs with error bars, which are omitted
in Fig. 7 for clarity. On the basis of a statistical analysis (cf. ESI†),
we consider the overall trends in the solar cell parameters as a
function of time and not deviations of single data points since
the sometimes large point-to-point variations are associated with
inherent noise in the experiment.

In the case of the commercial MK-2 dye (Fig. 7A), the results
conclusively demonstrate that the devices with 10% and 20%
water in the electrolyte have decreased efficiency by 15% and
50% compared to the anhydrous control. Reduced performance
is primarily associated with the 50% decrease in the jsc value
(Fig. 7B) from 12 mA cm!2 in the control cells to 6 mA cm!2 in
the cells with 20% water. The remarkable decline in the jsc

values is consistent with the decreased IET efficiency and lower
EQE upon exposure of MK-2 films to water. Fig. S12A (ESI†) also
reveals that the addition of water results in lower Voc values in
the cells containing water at the start of the test. Over the

course of the test, the Voc of the cells with 10% and 20% water
in the electrolyte are stable at 737 mV and 675 mV, respectively.
However, the anhydrous cell undergoes a 6% decrease from
740 mV to 690 mV suggesting that the addition of water may
serve to stabilize the Voc in the devices sensitized with commer-
cial MK-2. In terms of the FF results shown in Fig. S12B (ESI†),
the anhydrous and 10% H2O electrolytes possess identical values
of approximately 65%, while the FF for the 20% cell is B75%.
Although it is difficult to rationalize the trend in the FF, the
increase may be associated with a lower series resistance as
water is added to the cells.33

In stark contrast with the commercial MK-2 devices, the
efficiency of the hydroxamate modified MK-2HA cells is signifi-
cantly less sensitive to the presence of water in the electrolyte.
At the conclusion of the test, there is no significant difference
in the efficiencies (o5%) measured from the cells containing
water in the electrolyte and the anhydrous cell (Fig. 7C). In this
case, the increase in performance is correlated with the FF and
Voc parameters, which are both increased by the addition of
water (Fig. S12C and D, ESI†). On the other hand, there is no
significant difference between the measured jsc values (Fig. 7D)
by the conclusion of the test among the three types of cells. An
interesting trend is noted in the evolution of the efficiency and

Fig. 7 Time evolution of the efficiency (A & C) and jsc (B & D) photovoltaic parameters under one-sun simulated illumination for the MK-2 (A & B) and
MK-2HA (C & D) devices containing specified amounts of water in electrolyte B.
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jsc and in the case of the cell prepared with 20% water.
Specifically, these parameters were found to increase by 30%
and 25%, respectively, over the course of the first 96 h of the test.
While it is difficult to determine the origin of this trend, our
desorption and injection efficiency results suggest that the water
content in the electrolyte may serve to accelerate the desorption
of aggregates leading to more favorable IET dynamics.

4. Conclusions
In this article, a straightforward and efficient synthetic protocol
is employed to modify the existing cyanoacrylic acid moiety of
the state-of-the-art MK-2 organic dye with a highly water stable
hydroxamic acid anchoring group. Extensive characterization
of the resulting MK-2HA dye confirms that the hydroxamate
anchoring group modification does not significantly affect the
favorable optoelectronic properties of the dye. In fact, DSSC
devices prepared with the MK-2HA dye evince the highest
overall efficiency (6.9%), when compared with devices prepared
with the commercial MK-2 dye and N719 dyes. Results from IS
and TA spectroscopy suggest that the hydroxamate anchoring
group yields a higher recombination resistance and accordingly
slower recombination rates of the injected electron leading to
the observed increase in device efficiency.

We have also extensively studied the water stability of the
dye–semiconductor interface as a function of anchoring group.
Desorption experiments conducted in the presence of water
confirm that the covalent interaction between the MK-2HA dye
and TiO2 is significantly more stable toward desorption than
the commercial MK-2 dye. Given the promising results from the
desorption study, the water stability of the MK-2HA and MK-2
dyes were studied within working DSSC devices with known
quantities of water incorporated into the electrolyte. The results
demonstrate that the hydroxamate anchoring group leads to
essentially no loss in device efficiency over the course of the
eight days, which is in stark contrast with the decline in
efficiency of up to 50% for cells prepared with the commercial
dye. Collectively, these results demonstrate the modification of
organic dyes with hydroxamate anchoring groups utilizing the
simple synthetic protocol described herein can lead to signifi-
cant increases in long-term device durability and increased
overall device performance.
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1. Synthesis & Characterization of the MK-2THP, MK-2HA and MK-2E dyes 
Materials: MK-2 dye (2-Cyano-3-[5′′′-(9-ethyl-9H-carbazol-3-yl)-3′,3′′,3′′′,4-tetra-n-hexyl-
[2,2′,5′,2′′,5′′,2′′′]-quater thiophen-5-yl] acrylic acid, 95%) was obtained from Sigma Aldrich. 
O-(Tetrahydro-2H-pyran-2-yl)hydroxylamine (THP) was synthesized according to the procedure 
previously described by Patel and co-workers.1 N,N,N′,N′-Tetramethyl-O-(1H-benzotriazol-1-yl) 
uronium hexafluorophosphate (HBTU) was purchase from Alfa Aesar (99%). N,N-
diisopropylethylamine (DIEPA) was distilled over KOH prior to use. Tetra-n-butylammonium 
hexafluorophosphate (TBAPF6) was obtained from Alfa Aesar and purified by recrystallization from 
boiling ethanol. Other chemicals and reagents were obtained from commercial sources. Silica gel 
chromatography was performed using SiliaFlash F60 (40-63 µm, 60Å) obtained from Silicycle. 
 

 
 
Scheme S1. Synthetic steps for the production of MK-2THP (B) and MK-2HA (C) from the 
commercial MK-2 dye (A). 
 
Synthesis & Characterization of MK-2THP: The synthesis of the protected hydroxylamine 
derivatized MK-2 (MK-2THP) dye from commercial MK-2 dye is summarized in Scheme S1. Initially, 
the MK-2 dye (30 mg, 0.032 mmol) was dissolved in N,N dimethylformamide (2  mL) in presence of 
DIEPA (10.2  μL,  7.6  mg,  0.059  mmol).  HBTU  (15  mg,  0.040  mmol)  was  added  to  the  solution  and  the  
mixture was stirred at room temperature, for 5 minutes before adding NH2-OTHP (18 mg, 0.154 
mmol). The reaction mixture was then stirred at room temperature in the dark. After 1 h, the mixture 
was poured into water (50 mL). Brine was added (15 mL) and the aqueous phase was extracted with 
diethyl ether (3 x 50 mL). The organic layers were combined, washed with water (3 x 50 ml), dried 
over anhydrous Na2SO4, filtered and the solvent was evaporated under reduced pressure. The crude 
residue was purified by column chromatography using dichloromethane eluent. The desired product 
MK-2THP (28 mg, 77%) was obtained as the fourth eluted band.  
1H NMR (400 MHz, CDCl3, G) 8.89 (1H, br s), 8.50 (1H, s), 8.31 (1H, d, J = 1.8 Hz), 8.14 (1H, d, J = 
7.6 Hz), 7.72 (1H, dd, J = 8.5, 1.8 Hz), 7.51 – 7.47 (1H, m), 7.42 (1H, d, J = 5.7 Hz), 7.39 (1H, d, J = 
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5.6 Hz), 7.28 –7.24 (1H, m), 7.20 (1H, s), 7.08 (1H, s), 7.02 (2H, s), 5.09 – 5.07 (1H, m), 4.39 (2H, q, 
J = 7.3 Hz), 4.05 – 4.00 (1H, m), 3.71 – 3.67 (1H, m), 2.88 – 2.80 (8H, m), 1.98 – 1.80 (2H, m), 1.76 – 
1.61 (12H, m), 1.48 –1.44 (9H, m), 1.39 – 1.31 (18H, m), 0.92 – 0.88 (12H, m). Omax(CH2Cl2)/nm 307, 
384, 489. HRMS–MALDI-TOF (m/z): M+ calcd for C63H79N3O3S4, 1053.5004; found, 1053.4979. 
 
Synthesis & Characterization of MK-2HA: The preparation of MK-2HA from the MK-2THP 
precursor is summarized in Scheme S1. MK-2THP dye (26 mg, 0.025 mmol) was dissolved in a 
mixture of tetrahydrofuran (THF) / water / acetic acid (7:2:1, 15 mL) and the solution was purged with 
argon (3 vacuum/argon cycles). The solution was stirred under argon in the dark at 60 ºC. The reaction 
progress was followed by TLC (SiO2, CH2Cl2). When no starting material remained (ca. 12 h) the 
tetrahydrofuran was evaporated and the residual aqueous phase diluted with 20 mL of a 5% NaHCO3 
aqueous solution. The aqueous layer was extracted with diethyl ether (3 x 25 mL). The organic layers 
were combined, dried with Na2SO4, filtered, and the solvent was evaporated under reduced pressure to 
yield the desired product MK-2HA (22 mg, 92%). 
1H NMR (400 MHz, CDCl3, G) 8.88 (1H,br s), 8.45 (1H, s), 8.31 (1H, d, J = 1.8 Hz), 8.14 (1H, d, J = 
7.6 Hz), 7.72 (1H, d, J = 8.4), 7.52 – 7.47 (1H, m), 7.43 –  7.40 (2H, m), 7.28 –7.24 (1H, m), 7.20 (1H, 
s), 7.09 (1H, s), 7.02 (2H, s), 4.39 (2H, q, J = 7.2 Hz),  2.89 – 2.80 (8H, m), 1.76 – 1.63 (8H, m), 1.48 
–1.43 (9H, m), 1.37 – 1.33 (18H, m), 0.93 – 0.91 (12H, m). Omax(toluene)/nm 310 (ε/dm3 mol-1 cm-1 18 
800), 385 (19 500), 490 (29 400). HRMS–MALDI-TOF (m/z): M+ calcd for C58H71N3O2S4, 969.4429; 
found, 969.4275. 
 
Synthesis & Characterization of MK-2E: The synthesis of the MK-2E is summarized in Scheme S2. 
Potassium carbonate (0.072 mmol) and 20 µL (0.015 mmol) of a 5 vol% iodomethane solution 
prepared in DMF was added to a solution consisting of 14 mg (0.015 mmol) MK-2 dissolved in 4 mL 
of DMF. The mixture was stirred at room temperature for 3 h and subsequently transferred to a 
separatory funnel with 20 mL of chloroform. The organic layer was washed with 20 mL of aqueous 
citric acid, twice with 20 mL H2O, and dried under reduced pressure. The crude mixture was purified 
by silica gel chromatography using dichloromethane eluent, and the first eluted band was dried under 
reduced pressure to obtain MK-2E (9 mg, 63%) as a red solid. 
1H NMR (400 MHz, CDCl3, G) 8.40 (1H, s), 8.31 (1H, d, J = 1.6 Hz), 8.13 (1H, d, J = 7.7 Hz), 7.72 
(1H, dd, J = 8.5 Hz, 1.8 Hz), 7.49 (1H, m), 7.41 (2H, m), 7.26 (1H, m), 7.20 (1H, s), 7.09 (1H, s), 7.02 
(2H, s), 4.38 (2H, q, J = 7.3 Hz), 3.91 (3H, s), 2.89 - 2.79 (8H, m), 1.79 - 1.62 (8H, m), 1.51 - 1.36 
(8H, br m), 1.46 (3H, t, J = 7.2 Hz), 1.42 - 1.29 (16H, m), 0.94 - 0.89 (12H, m). Omax(CH2Cl2)/nm 309, 
384, 493. HRMS–MALDI-TOF (m/z): M+ calcd for C59H72N2O2S4, 968.4477; found, 968.4476. 
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Scheme S2. Synthetic steps for the production of MK-2E (B) from commercial MK-2 dye (A). 
 
Characterization Methods: UV-Visible spectroscopy was performed using a Shimadzu UV-2600 or 
Cary 50 spectrometer. Extinction coefficients of MK-2, MK-2HA, and N719 were obtained in toluene, 
DMF, DMF/water and THF for the protonated acids. Spectra of deprotonated dyes were obtained by 
adding 10 µL of 1 M tetra-n-butylammonium hydroxide (TBAH) in methanol to the protonated dye 
solution in 4 mL of solvent. Extinction coefficients are reported with a precision of ± 10% of the 
measured value. Proton NMR spectra were collected on a 400 MHz instrument in CDCl3 with internal 
TMS standard. Coupling values (J) are reported in Hz and chemical shifts are reported as G ppm from 
TMS. Mass spectrometry was performed with an Agilent Voyager DE Pro MALDI-TOF mass 
spectrometer. 
 Steady-state and Time-Correlated Single Photon Counting (TCSPC) spectrofluorimetry was 
performed in dichloromethane solvent using a Horiba FluoroLog (FL3-21) instrument with Fluorohub 
TCSPC accessory and TBX-04 detector. Uncorrected steady-state spectra were obtained by 
illuminating at 459 nm with sample absorption below 0.08 absorbance units. TCSPC was performed 
using a 459 nm nanoLED pulsed excitation with 1.2 ns instrument response time. Fitting of the data 
was performed with the DAS6 software provided by Horiba.   
 Electrochemistry was performed with either a Pine WaveNow-XV or Gamry Reference 600 
potentiostat. Working and counter electrodes were platinum, with a pseudo Ag/AgCl reference. 
Electrolyte consisted of 100 mM tetra-n-butylammonium hexafluorophosphate in dichloromethane. All 
data are referenced to the normal hydrogen electrode (NHE) using the ferrocene redox couple (0.72 V 
vs. NHE) as an internal reference. Electrochemical characterization was performed on the protected 
MK-2THP and MK-2E analogs to avoid deleterious interactions of the carboxylate groups in MK-2 
and MK-2HA molecules with the platinum electrode. 
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Figure S1. UV-visible spectra of the MK-2 (black trace) and MK-2HA (red trace) obtained in toluene 
(A) and THF (B). Spectra were obtained in pure solvent (solid traces) and in solutions of 
tetrabutylammonium hydroxide (dashed traces).   
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Figure S2. UV-visible (solid traces) and fluorescence (dashed traces) spectra for the MK-2E (black 
traces) and MK-2THP (red traces) obtained from solutions of the dyes prepared in dichloromethane. 
Spectra were normalized to the maximum measured absorbance and emission values for ease of 
comparison.   
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Figure S3. Cyclic voltammograms obtained from solutions of MK-2E and MK-2THP at a scan rate of 
50 mV/s. The vertical lines denote the oxidation peak potentials of the MK-2E dye for the purpose of 
comparison. 
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2. Characterization of Photoelectrochemical Properties in Dye Sensitized Solar Cells 
The assembly of the functional dye sensitized solar cell devices was based on previously reported 
methods.2 Transparent conductive fluorine:SnO2 glass  (FTO,  7  Ω/square,  Hartford  Glass)  was  used  as  
electrodes for the TiO2 thin film working electrode and the counter electrode. Prior to deposition of the 
TiO2 films, the FTO was pre-treated by immersing in a solution of 40 mM titanium (IV) chloride −  
THF complex (Acros Organics, 99.9%) at 75 °C for a period of 30 min. The treated films were 
calcined at 370 °C and 570 °C for periods of 5 min and 30 min, respectively. The TiO2 films were 
prepared with two different TiO2 nanoparticle pastes with sizes of 15 −  20 nm (transparent TiO2 layer) 
and up to 450 nm (scattering TiO2 layer) obtained from Solaronix (14411, T-SP) and Dyesol 
(18NR-AO), respectively. The deposition of the films was accomplished by doctor-blading yielding 
reproducible thickness of 15 µm for the transparent TiO2 layer and 10 µm for the scattering TiO2 layer 
after annealing at 370 °C for a period of 10 min and 470 °C for a period of 30 min. The as-prepared 
films were subsequently treated with TiCl4 in an analogous fashion to the pre-treatment of the FTO 
glass. As-prepared films were sensitized in solutions consisting of 0.3 mM of the appropriate organic 
dye dissolved in anhydrous toluene for a period of either 16 or 24 hrs forming the final working 
electrodes. The N719 films were prepared by immersion into a solution of 0.7 mM N719 dye and 
0.7 mM chenodeoxycholic acid prepared in anhydrous ethanol. Counter electrodes were prepared on 
FTO glass by depositing a solution of chloroplatinic acid (H2PtCl6) prepared in ethanol onto the 
surface followed by a heat treatment to crystallize the platinum at 450 °C for a period of 30 min.  

Functional devices were prepared by sealing the working and counter electrodes together 
utilizing a 60 µm thick hot-melt film spacer (Surlyn) serving as both a sealant and spacer. In Section 
3.2, Electrolyte A was prepared from a combination of 1,2-dimethyl-3-propylimidazolium iodide 
(DMPII, TCI, 0.6 M), lithium iodide (anhydrous, 99.95%, Alfa Aesar, 0.1 M), iodine (pure, Acros 
Organics, 0.2 M), 4-tert-butylpyridine (TBP, Sigma-Aldrich, 0.5 M) and anhydrous acetonitrile as the 
solvent (Omni Solv, EMD Millipore). This electrolyte formulation is based on previously reported 
results with the MK-2 dye and is optimized to give the best cell performance for the MK-2 dye. For the 
sake of consistency, we employ this same electrolyte formulation for the control cells based on the 
N719 dye. However, it should be noted that the high I2 concentration of 0.2 M in electrolyte A is 
higher than the concentration typically utilized for N719 (0.03 – 0.05 M) and is known to cause a 
limitation of electron transport by the I3

- species, which contributes to lower than expected fill-factor (FF) for 
this dye. The electrolyte solution was introduced into the cell by means of vacuum back-filling through 
a hole pre-drilled into the counter electrode. Prior to use the hole in the counter electrode was sealed 
with a glass cover slip and hot-melt film. The active area of each cell was 0.25 cm2 (i.e. 0.5 x 0.5 cm2). 
In this report, the j-V curves were performed without a mask and therefore, the measured Jsc values in this 
report will be 10 – 15% higher than those typically obtained if a mask were to be employed. 

In the case of the water durability studies presented in Section 3.6, the electrolyte formulation 
B contained 2 M methyl-3-propylimidazolium iodide (MPII), 0.1 M LiI, 0.2 M I2, 0.5 M TBP in 
acetonitrile. The concentration of the methyl-3-propylimidaolium iodide (MPII) was increased from 
0.6 M in the standard formulation to 2 M in the water stability studies because of its ability to act as a 
surfactant and suitably co-solubilize the 4-tert-butylpyridine (TBP), iodine and water. Although useful 
for studying water content, the electrolyte employed in the water studies is significantly different from 
the optimized electrolyte for MK-2 dyes3 employed in Section 3.2 and, thus, the measured efficiencies 
are considerably decreased. However, the overall trends in the device parameters are useful for 
evaluating the performance of functioning devices with up to 20% water purposefully added to the 
electrolyte.  
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3. Photoelectrochemical Performance & Impedance Spectroscopy of MK-2 Dye as a Function of 
Surface Linker 
 

 
 
Figure S4. Current density vs. voltage curves (j-V) for DSSC devices prepared with electrolyte A and 
sensitized with N719 (gray), MK-2 (black), MK-2HA after adsorption for 16 h (red) and MK-2HA 
after adsorption for 24 h (blue), with organic electrolyte, under simulated one-sun illumination 
(AM1.5G). 
 
 
 



S10 
 

 
Figure S5. Structure of the N719 (di-tetrabutylammoniumcis-bis(isothiocyanato)bis(2,2’-bipyridyl-
4,4’-dicarboxylato)ruthenium(II)) dye.  
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4. Injection and Recombination Dynamics of MK-2 and MK-2 Hydroxamate Sensitized Films 
Analysis of Transient Absorption Spectroscopy Data: The lifetime of the charge-separated state was 
determined from the transient absorption (TA) data utilizing methods previously described in the 
literature.4 The (TA) profiles were fit with a stretched exponential function shown in Equation 1 to 
determine the W and  β  parameters.  The  refined  parameters  were  then  used  to  calculate  the  first  moment  
of the Kohlrausch-William-Watts function wwW  using Equation 2, which provides a representative 
lifetime of the charge-separated state. 
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Where * is the gamma function. 
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Sensitizer W β Www 
 µs  µs 
MK-2 3.01 ± 0.06 0.311 ± 0.003 23.9 
MK-2HA 7.9 ± 0.1 0.293 ± 0.002 81.9 
N719 1.18 ± 0.02 0.212 ± 0.001 87.2 

 
 
Figure S6. Fits of the MK-2 (A) and MK-2HA (B) transient absorption traces collected in acetonitrile 
utilizing a stretched exponential function. Immediately below is a table summarizing the lifetime (W) 
and  stretching  (β)  parameters  determined  from  the  fits.  These  values were utilized to calculate wwW  
utilizing previously reported methods.4   
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5. Computational Procedures  
Geometry Optimizations: In order to study the anchoring mode of MK-2 and MK-2HA onto TiO2 
nanoparticles, we employed Density Functional Theory (DFT) calculations of the Dye sensitized TiO2 
anatase (101) surface. Benzoic acid and phenyl-hydroxamic acid were employed in the case of the 
MK-2 and MK-2HA to model how these dyes anchor to the surface, while also minimizing the 
corresponding computational cost. The resulting anchoring configurations were then used as a template 
to attach MK2 and MK-2HA dyes, respectively. We base this approach on a similar previously used 
approach,5 wherein a defect  bidentate  “O-vacancy”  adsorption  mode  was  employed for the attachment 
of both benzoic and phenyl-hydroxamic acid. Prior results demonstrate that this anchoring geometry 
minimizes the steric interactions between the adsorbate and the surface and is the most energetically 
favorable binding mode.5 In the case of the carbonyl anchoring group, the Ti-OH bond that is formed 
is necessary in order to maintain a zero formal charge since an H atom is removed from the COOH 
anchoring group and O atom is removed from the Ti-O-Ti row. In the case of the hydroxamic acid 
anchoring  group,  we  employ  the  “double  deprotonated”  anchoring  mode  (i.e.  both  OH  and  NH  groups  
are deprotonated). A detailed computation analysis in a prior report5, 6 has demonstrated this to be the 
most energetically favorable adsorption and in this case an H2O molecule coordinates with a surface Ti 
atom. 

The TiO2 NP was modeled as an anatase (101) slab consisting of four layers of Ti4+ ions and 
eight layers of O2- ions. An initial slab was constructed employing the crystallographic parameters (a = 
b = 3.7845 Å and c = 9.5143 Å) and crystal structure based on a previous report,7 and was periodically 
replicated in two dimensions employing periodic boundary conditions.  The super cell dimensions are 
10.239 Å u 15.137 Å in the ]110[  and ]010[  directions, respectively. A vacuum spacer of 10 Å was 
included to separate periodic slabs in the ]110[  direction. The periodic DFT calculations were 
performed using the SIESTA computational package.8 Electron exchange and correlation were 
described using the PBE implementation9 of the generalized gradient approximation (GGA) functional, 
and a 200 eV mesh cutoff was employed. Only the Gamma point was used to integrate over the 
Brillouin zone. The geometry of the adsorbate and TiO2 slab where relaxed to its minimum energy 
configuration (0.04 eV/Å cut off). The lower layer of Ti4+

 plus the O2- layers beneath them where fixed 
during all the optimization (Figure S7A).  

MK-2 and MK-2HA where optimized separately using the DFT(B3LYP/631-G) level of theory 
as implemented in Gaussian0910 and further attached following the patterns of the model anchoring 
groups. Frontier orbital analysis shows that both HOMO and LUMO symmetries as well as the 
E(LUMO)-E(HOMO) energy gap changes are minimal with the incorporation of hydroxamic anchor in 
MK-2 dye. These orbitals are shown in Figure S8.  
 
IET simulations: A concise overview of the methodology employed to simulate the interfacial 
electron transfer (IET) is provided herein; however, a detailed discussion can be found in prior 
reports.11 The electronic structure was represented via the Extended-Hückel (EH) Hamiltonian. The 
ground state electronic structure of the system is obtained after solving the time-independent 
Schrödinger  equation  in  the  Slater  atomic  orbital’s  basis  set }{ iF , where H is the EH Hamiltonian and 
S is the overlap matrix (Equation 3). Q and Eq represent the eigenvector and eigenvalues, respectively, 
of the qth molecular orbital: ii i χQ¦ q . 
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The prepared initial state is expanded as a combination of molecular orbitals and can be further 
expanded with atomic orbitals (Equation 4). The propagation of the initial state was performed as 
shown in Equation 5, where Equation 6 is employed for Bi (t).  
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We have employed an integration time step of 1 fs for all the calculations in this work. In order to 
obtain the survival probability, the time dependent wave function was projected onto the atomic 
orbitals of the molecular adsorbate. In this case, the summation over ‘i’ runs through the atomic 
orbitals of the adsorbate, and the simulation over ‘j’ runs over the complete basis set. The function P(t) 
(Equation 7) is the probability that the photoelectron remains in the adsorbate  molecule  at  time  ‘t’.   
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Figure S7. DFT optimized anatase TiO2 (101) slab (A). Optimized structures for the anatase with 
benzoic acid (B) and phenyl-hydroxamic acid (C) are also depicted. The fixed layer of atoms is 
indicated by the curly brackets in A. 
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Figure S8. Frontier orbitals for MK-2 (top) and MK-2HA (bottom) are shown with the corresponding, 
calculated HOMO-LUMO energy gap values. The C, N, O, S, and H atoms are represented by light 
blue, blue, red, yellow and white spheres, respectively. 
 
 
 
 
 
 
 
 



S17 
 

 
 
 
Figure S9. TDDFT calculated UV-visible absorption spectra for the MK-2 (black trace) and MK-2HA 
(red trace). The calculated transition dipole moment for the lowest energy band is shown in  magenta 
overlaying the structure of the MK-2 (B) and MK-2HA (C). 
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6. Water Stability & Durability of Sensitized Films as a Function of Anchoring Group 
Additional Details on Desorption Method: Examining the water stability of organic dyes can be 
challenging since the solubility of the MK-2 dye is minimal in acetonitrile and valeronitrile, which 
represent the principle components of the electrolyte in DSSCs. Thus, the hydrolysis of the surface 
anchoring groups in acetonitrile results in aggregation of the desorbed dye on the surface of the 
semiconductor and renders accurate measurements of the desorption rate difficult.12 We overcome this 
issue by rationally employing DMF as the desorption solvent owing to its unique ability to co-
solubilize the MK-2 dyes and water. In fact, spectroscopic analysis of mixtures of MK-2 dye and water 
confirm that the dye can remain soluble without measureable aggregation at concentrations of up to 
35% water. In essence, the DMF/H2O solvent system represents   a   “worst-case-scenario" since the 
hydrolysis of the surface anchoring group results in rapid desorption and solubilization of the dye into 
the solution.  
 
Analysis of Desorption Data: The desorption data plotted as the concentration of dye desorbed with 
respect to desorption time (Figure S10) were fit assuming a first-order desorption process described by 
Equation 8. Specifically, the desorption is modeled by the ideal first-order desorption equation, i.e. 
[Dye]Total•Feq(1 – e-kt)  with an accompanying term i.e. [Dye]Total•FNS, which accounts for the fraction 
of dye that is aggregated or non-specifically bound to the surface. In this case, the total dye loading 
was determined from the sum of the dye desorbed by the first desorption after 240 min in DMF/H2O 
and the remaining dye desorbed in the TBAH/THF desorption (c.f. Section 2.4). The [Dye]Total 
determined experimentally was employed as a constant during the fitting process in order to determine 
the relative mole fraction of dye present at equilibrium in the solution (Feq) and the relative mole 
fraction of dye non-specifically bound to the surface (FNS).  
 

� �[ ] [ ] 1 [ ]kt
Total Total eq Total NSDye Dye e DyeF F� � �       (8) 

 
In prior reports, the structure of the MK-2~TiO2 interface was found to consist of a combination 

of strongly bound chemisorbed dye molecules forming a sub-monolayer with accompanying “non-
specifically adsorbed” aggregate particles.3, 13 The fraction of dye that is non-specifically adsorbed has 
been determined to be approximately 15 – 25%,3 which is in excellent agreement with the results 
found herein (Table S1, FNS). The physisorbed dye is anticipated to rapidly dissolve into the solution 
upon immersion of the film into the water/DMF solution and can be considered as an offset to the 
overall desorption curve of the strongly bound dye layer. Therefore, it is also important to consider the 
percentage of the strongly bound dye that is desorbed in each experiment, since the strongly bound dye 
is expected to maintain the most efficient IET dynamics. Based on our experimentally determined 
kinetic parameters, the percent of the strongly bound dye desorbed in 0.1, 0.5 and 1.0 vol% of water in 
DMF is shown for the MK-2 and MK-2HA films in Table S1. Collectively, the results are consistent 
with the overall desorption results and suggest that the MK-2HA sensitized films are more stable to the 
presence of water. In addition, [Dye]Total and FNS are similar between the MK-2 (0.110 ± 0.003 
µmol/cm2 & 0.17 ± 0.02) and MK-2HA (0.082 ± 0.002 µmol/cm2 & 0.21 ± 0.03) confirming that 
electrode preparation is reproducible. 
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Figure S10. Desorption data with the associated fits to equation 6 overlaying the data in DMF with 0.1, 
0.5 and 1% water (A – C), respectively.  
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Table S1.  
 
 
 
 
 
 
 
 

Water 
Content (%) 

Sensitizer k (min-1) Feq FNS Bound Dye 
Desorbed (%) 

0.1 % 
MK-2 0.029 0.49 0.17 59.0 
MK-2HA 0.021 0.372 0.210 47.1 

      

0.5 % 
MK-2 0.0323 0.556 0.142 64.8 
MK-2HA 0.0204 0.434 0.170 52.3 

      

1.0 % 
MK-2 0.0312 0.619 0.194 76.7 
MK-2HA 0.0243 0.47 0.240 61.8 
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Figure S11. UV-visible spectra obtained from the solution obtained after desorbing a sensitized TiO2 
film in 1% water in DMF after a period of four hours, in comparison with a solution of the as-received 
commercial dye separately dissolved in 1% water in DMF. 
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7. Water Stability & Long-Term Durability of DSSC Devices as a Function of Hydroxamate and 
Carboxylate Anchoring Groups 
 
Statistical Analysis of Long Term Stability Data: Each point in Figures 6 and 7 represents the mean 
obtained for measurements on three separate DSSC devices (that is, not merely multiple measurements 
on the same device).  The associated standard deviations are shown in Figure S13 and S14. Our 
interest is in the overall trends in the photovoltaic parameters over the course of the 200 h test in order 
to compare the effect of increasing water content on solar cell performance when using different 
anchors. In some cases, a single data point deviates significantly from the overall trend, which could 
possibly be interpreted as either due to rapid changes in the actual solar cell parameters or due to 
random noise in the measurements.  

We have employed a series of tests to determine if these point-to-point variations are 
statistically valid or are a result of inherent experimental noise. There are 24 data sets, each consisting 
of one photovoltaic parameter (efficiency, Jsc, FF, or Voc), one percentage of water added (0%, 10%, 
20%), one anchoring group (carboxylate or hydroxamate), and measurements taken after eight or nine 
different soaking durations.   

Each data set was screened for potential outliers by determining if the mean value of a given 
point differed by more than one standard deviation from its adjacent points. Based on this screening, 
we employed the T-test to determine if the mean and standard deviation of an identified point indicated 
that it was drawn from a statistically different population from the rest of the points in the entire data 
set. Three points were identified in this manner: Jsc at 96 h for the anhydrous MK-2 cell, efficiency at 
96 h for the anhydrous MK-2 cell, and the FF at 120 h for the 20% water MK-2 cell. The question then 
becomes whether or not the point in question truly is drawn from a statistically differing population. 

To answer this, a Q-test was performed on all of the measurements in the data set containing 
the point in question (24 or 27 measurements depending on whether the length of the test was 168 or 
192 hr) to determine if one of them is a statistical outlier. If so, that measurement was removed and the 
T-test described above was repeated on the point in question. In all cases, we find that removing a 
single individual outlier measurement results in a data set in which all points are drawn from a single 
population. Thus, we conclude that any large point-to-point variations in the plots shown in Figures 6, 
7, S13, and S14 are due to random noise and not due to statistically meaningful differences. 
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Figure S12. Time evolution of photovoltaic parameters including the Voc (A & C) and FF (B & D) 
under one-sun simulated illumination for the MK-2 (A & B) and MK-2HA (C & D) devices containing 
specified amounts of water in electrolyte B.  
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Figure S13. Time evolution of photovoltaic parameters under one-sun illumination for the MK-2 solar 
cells prepared with electrolyte B. After the j-V measurement, the devices were stored under dark 
conditions and at room temperature. Error bars are calculated from the standard deviation of the data 
collected from a minimum of four devices. 
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Figure S14. Time evolution of photovoltaic parameters under one-sun illumination for the MK-2HA 
solar cells prepared with electrolyte B. After the j-V measurement, the devices were stored under dark 
conditions and at room temperature. Error bars are calculated from the standard deviation of the data 
collected from a minimum of four devices. 
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