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Abstract

The examination of surface charges within dye sensitized solar cells (DSCs) containing
copper(I)-based dyes has proved to be difficult due to the instability of these systems compared
to existing commercial dyes. We report the use of scanning electrochemical microscopy (SECM)
in a setup in which homoleptic [Cu(L,,..),.]" complexes are used as the electrolyte to

investigate a series of [Cu(L,,..)(L )]" sensitizers. The ligands L, and L are 6,6'-

ancillary ancillary

disubstituted 2,2'-bipyridines. By incorporating sensitizers and electrolytes containing the same



ligands, changes in the diffusion layer around the scanning electrode have been used to map the
substrate surface both in the dark and under controlled illumination. Examination of the changes
in current as a constant potential is applied shows the formation of stable surface charge as the
cell components equilibrate. Comparison of the time taken for this stabilization to occur as
ancillary or anchoring ligands within the dye and electrolyte are varied shows a significant
dependence upon the aliphatic substituents in the 6,6'-positions of the ligands which surround the

copper(I) center.
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Introduction

Scanning electrochemical microscopy (SECM) is a technique used for the examination of
surfaces with high sensitivity at and below the micrometer scale.'” Application of this scanning
methodology has resulted in the development of techniques allowing for the investigation of
surfaces, both in terms of their topology and their reactivity.” Recently, SECM has also been
used to investigate photophysical processes on catalytic and reactive surfaces*’ and
investigations of local activity independent of topology within a catalytic system has been
reported.® These studies have demonstrated the possibility of monitoring changes in the
electronic properties of functionalized semiconducting substrates under variable conditions, with
the potential for examining the effect of illumination upon active substrates present at the

surface.



In our experimental setup, a non-earthed substrate is submerged in a redox-active electrolyte
and an ultramicroelectrode (UME) placed within micrometer distances of the electrically floating
surface. The UME is then used as the working electrode in a three electrode electrochemical cell
configuration; a potential is applied between the working and reference electrodes and the
current flow at the UME is measured. The current flow observed in the diffusion layer around
the microelectrode tip is either enhanced or decreased depending upon the conductivity of the
substrate surface (Figure 1). In the case of an insulating surface, electron regeneration is
hindered, leading to a decrease in current at the microelectrode tip. If, however, the surface is
conducting, an enhancement of electron flow occurs and higher currents are measured. These
variations can be used to map conductivity by holding the UME at constant distance from the
substrate and scanning the surface. Changes in conductivity with respect to distance from the
substrate can be used to study the effect of diffusion within the electrolyte.” By systematically
examining changes in the diffusion layer under irradiation over time, the effect of illumination
on photoactive surfaces can also be studied. From this, information about the surface interactions

with the electrolyte, as well as sensitizer stability, can be measured."
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Figure 1. Diagrammatic representation of the changes in diffusion layer observed around the

UME tip under light off and on conditions.



Related studies on DSC-SECM setups have shown the complexity of the surface interactions
with variations resulting from multiple factors including temperature, viscosity and electrolyte
makeup.'”"? Previously we have described the use of SECM for the study of both charge carrier
effects and surface-electrolyte equilibrium in DSCs containing commercially available
ruthenium sensitizers."”> We have now extended our investigations to include the
characterization of copper(I) sensitizers in DSCs. The application of dyes containing earth
abundant metals such as zinc, copper and iron with a view to lowering the cost and
environmental impact of device manufacture without sacrificing performance is a topic of
considerable interest in modern materials chemistry."*'” Copper(I) complexes have been
proposed as potential alternatives for use in DSC’s because of similarities between their
photophysical similarities and those of established ruthenium(II) sensitizers." We have
previously discussed the DSC properties of a number of copper(I) dyes in which bis(phosphonic
acid) substituted 6,6'-dimethyl-2,2'-bipyridines (6,6'-Me,bpy) are used as anchoring ligands
(L

) to tether heteroleptic [Cu(L,, ) (L )]" dyes to titanium dioxide surfaces (Scheme 1).

anchor. ancillary

Recently, we reported how changing the steric properties of the substituents in the 6,6'-positions
of the ancillary ligand affected the performance of the dye in devices. Of the
[Cu(Lehor) (Lineinary)]” complexes shown in Scheme 1, the dye with the isobutyl substituents
(Lncitiary = 3) gave the best performance.'” We also confirmed that DSC performance is enhanced
by an aromatic spacer in the anchoring ligand.* We now present initial investigations into the
effect of irradiation on these [Cu(L ;o) (Lyncinary) ] Systems using SECM.

In a standard DSC, a redox active electrolyte is injected between two electrodes (usually made

from FTO coated glass), one of which contains dye adsorbed upon a nanoparticulate titanium

dioxide (anatase) surface. Upon illumination, power generation occurs as a result of electron



injection from the photo-excited dye into the TiO, layer and resultant transport of electrons
through the anode to the circuit load. The oxidized dye is reduced by the redox electrolyte in the
cell, and the oxidized form of this couple migrates to the cathode where it is regenerated in its
reduced form. In the SECM, it is possible to exclusively monitor the interactions between the
excited dye and the electrolyte by measuring changes in the effect on the surface as illumination
conditions are varied.

In previous DSC-SECM studies, electrolytes including the I/I;” redox couple have been
examined.*"” Unlike the commonly employed Ru(Il) dyes, the ligands of [Cu(L,yeo)(Loneitiary)]*
complexes are labile in solution and in the open cell methods required for SECM studies,
interactions with the I'/I; electrolyte leads to stripping of the sensitizer from the anatase surface.
To circumvent this problem, we have used an electrolyte solution in which the homoleptic
[Cu(Lpcitary)2]” complex is present. This allows the investigation of the build-up of charge on the
unearthed substrate surface while also permitting the complex to undergo ligand exchange with
the electrolyte. The latter leads to reformation of the dye. Although this ignores any interactions
occurring at the cathodic part of a DSC, it permits the examination of the electronic effects at the
anode surface in an innovative and highly revealing manner. Temperature gradient studies
showed minimal thermal effects as a result of illumination indicating that only electronic effects

are observed within the setup.
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Scheme 1. Schematic representation of the copper(I) sensitizers [Cu(L,,cnor) (Lanciniary) ] [PFs] used in

this work.

Experimental section

Anchoring ligands A and B and homoleptic [Cu(L ),][PF,] complexes (L = 1-4) were

ancillary ancillary

prepared as previously reported.” Electrolyte solutions [Cu(Lncitiary)2]” (Lncinary = 1-4) containing

[Cu(Lpcittary)2][PFe] (1 mM) and ["Bu,N][PF¢] (5 mM) in 3-methoxypropionitrile were prepared.

Substrate preparation TiO, paste was prepared adapting the procedure of Gritzel and co-
workers;** changes to the published procedure were the use of a porcelain (in place of alumina)
mortar, sonicator bath in place of an ultrasonic horn, terpineol (CAS: 8000-41-7) rather than a-
terpineol, and the omission of the three roller mill treatment. The FTO glass (Solaronix TCO22-
7, 2.2 mm thickness, sheet resistance =7 Q square™) was cleaned by sonicating in acetone,
EtOH, Hellmanex® surfactant (2% in water), water and EtOH baths sequentially for 10 min.
After treatment in a UV-0O, system (Model 256-220, Jelight Company Inc.), the FTO plates were

immersed in aqueous TiCl, solution (40 mM) at 70 °C for 30 min, and washed with H,O and



EtOH. FTO/TiO, substrates were made by doctor blading TiO, paste* onto a conducting glass
slide and kept at room temperature for 10 min to allow the paste to mature in order to minimize
surface irregularities. The substrate was then gradually heated under an air flow at 70 °C for 30
min, 135 °C for 5 min, 325 °C for 5 min, 375 °C for 5 min, 450 °C for 15 min, and 500 °C for 15
min. After annealing, the TiO, film was treated with 40 mM TiCl, solution as described above,
rinsed with H,O and EtOH and sintered at 500 °C for 30 min. The substrates possessed similar
thicknesses and topologies with a thickness of between 11 and 12 um for all cells. The electrodes
were cooled to ca. 80 °C and immersed in a 1 mM DMSO solution of anchoring ligands A or B
for 20 h. The white electrode was removed from the solution, washed with DMSO and EtOH and
dried under a stream of N,. The electrode was then immersed in a 1 mM MeCN solution of

[Cu(Lpeittary)2 ] [PFe] (L = 1-4) for four days to produce red colored electrodes. The electrodes

ancillary

were removed from the solution and washed with CH,Cl, and dried under a stream of N,.

Cell illumination setup In order to deliver light effectively over a small area of the surface of

the substrate, a modified SECM cell in which a controlled light source irradiates part of the dye
functionalized surface has been constructed (supplemental information, S1 and S2). A
commercially available Thorlabs OSL1-EC halogen lamp source was coupled to Thorlabs
BFH48-1000 optical wiring (@1 mm core) using an SMA adaptor. This was then placed through
a 1.1 mm diameter hole in the bottom of the SECM cell and a circular piece of Laseroptik UV-
FS glass (refractive index Na = 0.48) of thickness 6.35 mm placed above it in a custom made
Teflon base which fitted into a standard SECM p-holder. The glass has a cut off range (200-2100
nm) allowing only for light between these wavelengths to affect the substrate surface. Lateral

high resolution SECM scans of a test substrate under illumination shows a conical profile of



diameter 4 mm affected by the application of light. This is consistent with the area in which light
is expected to be observed based upon the wire core, glass size and refractive index (calculated
as 4.2 mm). Calibration at different light intensities was carried out using a Thorlabs PM100
power meter fitted with a Thorlabs model D3MM detector head, to measure the total light hitting
the surface. From this the light intensity (per cm?) was calculated and calibrated relative to the
amount of light emitted from the source lamp at different variable settings. Temperature
gradients were investigated using a 3-methoxyproponitrile solution of 5 mM ["Bu,N][PF,]; a Pt-
100 resistance thermometer was placed over the point of illumination both in the dark and under
illumination at 80 mW cm™. Multimeter detection of cell resistance was converted to
temperature change and in both cases showed an increase of 0.5°C in the first 5 minutes,
attributed to equilibration of the detector head, followed by maintaining a stable temperature for

at least one hour (supplemental information, S3).

Electrochemical experiments All SECM was performed with a Uniscan 15 wm Pt UME close

to the substrate surface, using a Uniscan M370 SECM operating in feedback mode. The
experiments were performed over FTO with a copper dye sensitized TiO, layer. UME tips were
acid cycled,” polished and checked under an optical microscope before use. Before the SECM
measurements, the substrate surface was levelled using a Wyler high precision (type 72) circular
spirit level and checked by measuring line scans for tilt in both the X and Y directions. Approach
curves were run at appropriate potentials, using the desired electrolyte, in small increments (2
pm every 5 seconds) in the dark, until the current reached 50% of the bulk current. For the
surface examination, a three electrode setup consisting of a Pt UME working, Pt counter and

printed Ag/AgCl reference electrodes was employed.



Results and discussion

We have previously described the synthesis of ancillary ligands 1-4 and anchoring ligands A
and B (Scheme 1) for use as sensitizers in DSCs."” Each of these ancillary-anchor pairs was
prepared via anchoring ligand (A or B) adsorption onto an FTO/TiO, surface followed by
immersion in a solution containing the homoleptic [Cu(L,iiury)2][PFs] (Lypciary = 1-4) complex.
Depending on the ligands used, this resulted in the formation of the heteroleptic copper(I)
complexes [Cu(A)(L,ciary) I[PFs] or [Cu(B)(L, i) I[PFs] with L, ., = 1-4 (Scheme 1) on the
surface. Red electrolyte solutions containing a homoleptic [Cu(L,,j.ry)»][PFs] complex (L,ciary =
1-4) with a five times excess of ["Bu,N][PF;] were prepared. As an initial test of suitability for
SECM analysis, optimization of the electrolyte concentrations was carried out. The results
showed that absorption of light by the homoleptic [Cu(L,,.y),][PFs] complex in solution leads
to significant shifts in the background currents around the UME tip. Thus, significantly lower
concentrations of redox active electrolyte were required compared to those employed in a
conventional DSC setup with an electrolyte such as I'/I;". It was important, however, to ensure
that sufficient electrolyte was present to observe current flow within the SECM cell to allow
valid observations. We determined that the optimum electrolyte compositions comprised 1 mM
of [Cu(L,inay)2][PF¢] with 5 mM ["Bu,N][PF]. From cyclic voltammetry analysis, this
electrolyte composition is stable within the region —-0.75 to +0.70 V (vs. Ag/AgCl) with
irreversible reduction observed below —0.75 V. In solution the copper(I) homoleptic complexes
establish a statistical equilibrium with the two heteroleptic complexes and no electrochemical
studies have been reported for such systems; however their stability when surface bound has

been established within the studied potential region. The potential applied between the working



and reference electrodes for all initial studies was —0.4 V; this was found to support sufficient
current to allow for detection of changes resulting from the excitation of dye on the substrate
surface at nA levels. The system was calibrated using standard SECM techniques' and the tip
held 30 pum from the surface. The FTO/TiO,/sensitizer substrates were irradiated (70 mW cm™
intensity) from underneath and a 6 x 6 mm” area of the surface scanned at intervals of 33.3 um.
Upon excitation of the copper dye on the surface, electron-hole pairs are formed, leading to
fast injection of excited electrons into the semiconducting titanium dioxide layer. As a
consequence, an excess of holes becomes concentrated at the surface. These can undergo
recombination with the redox active electrolyte to reform ground state sensitizers; however the
timescale for this process is slower than that of electron injection.”* Equilibrium is established
between the surface charge and the electrolyte as the TiO, layer fills with charge injected
electrons, leading to a concentration of positive charge at the substrate surface. This can be
detected by a working UME close to the surface when the SECM operates under a negative tip
potential.
We first consider the sensitizer [Cu(A)(1)]" containing the 6,6'-dimethyl substituted
ancillary ligand 1 and anchoring ligand A (Scheme 1). Upon irradiation and scanning at -0.40 V,
a conical area of increased current is detected centered on the focal point of irradiation (Figure

2).

10



-1.43

-1.57

-1.72

-1.86

Current

[nA]
g -
= -1.6
S J
E 174
-

O -
-1.8 1

¥ || ¥ T L T ¥ T b || g 1

0 1 2 3 4 5 6

X-Axis [mm]
Figure 2. Area and profile scan of a substrate surface of surface-bound [Cu(A)(1)]* under

localized illumination (70 mW cm™) in the presence of electrolyte [Cu(1),]* scanned under

negative tip bias (-0.40 V).

The shape of the contours is due to the fact that light is refracting through the glass under the
substrate, resulting in an apex of current at the center of a cone of diameter 4 mm. This is
consistent with the area (calculated as having diameter 4.2 mm) in which light is expected to be
observed based upon the wire core, glass size and refractive index. For each electrolyte solution,
a small shift in current far away from the surface is detected; for the electrolyte solution

[Cu(1),]", this is from —1.43 nA in the dark to —1.40 nA under illumination. This results from the
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absorption of light leading to some charge separation within the bulk electrolyte and a resultant
small variation in redox active species within the diffusion layer of the UME. Similar changes
are observed for the other systems with shifts between —0.03 and +0.05 nA.

Given the low current responses observed, we decided to examine the change in current as the
UME moves away from the substrate surface by an electrode retraction study. Here, under
illumination, the UME was placed above the position of maximum current and then slowly
retracted and current measured every 5 um. The system was first calibrated in the dark via an
approach curve and as the UME moved to within um distances of the surface, the predicted fall
off in current due to surface-blocked diffusion to the UME was observed for [Cu(A)(1)]", in the
presence of electrolyte [Cu(1),]" (Figure 3a, dotted line); when the current reduced to 50% of the
bulk, the UME was assumed to be within 5 um of the surface.' The substrate was then irradiated
continuously for 10 minutes in order to maintain stable surface-electrolyte equilibrium.
Subsequently the electrode was slowly retracted from the surface while the potential between the
working and counter electrodes was held at 0.4 V under continuous illumination of 70 mW cm™
(Figure 3a, dashed line). By subtracting the retraction curve run in the dark from the curve run
under illumination and modularizing we obtain an indication of the variation in current response
to incident light with respect to increasing distance between the electrode tip and the surface
(Figure 3a, solid line). In order to establish the reproducibility of this methodology, a series of
retractions at different speeds and retraction distances were carried out in the more responsive I
/1y electrolyte using the commercially available ruthenium(Il) N719 sensitizer (supplemental
information S4). Each showed similar current enhancements close to the surface under

illumination.
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Retraction curves were then measured for each of the four copper sensitizers and corrected

with the respective dark retraction data to give the variation curves seen in Figure 3b.
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Figure 3. a) Currents in the dark (dotted line) and under illumination at 70 mW cm™ (dashed
line) upon retraction from the surface at a tip potential of -0.4 V along with the modularized
difference (solid line) for [Cu(A)(1)]", in the presence of electrolyte [Cu(1),]" b) Variations for
[Cu(A)D)]", [Cu(A)2)]", [Cu(A)B3)]" and [Cu(A)4)]" in the presence of electrolytes

[Cu(Lancillary)2]+ (Lancillary = 1-4)

For the four sensitizers [Cu(A)(1)]*, [Cu(A)(2)]*, [Cu(A)(3)]" and [Cu(A)(4)]" containing the
anchoring ligand with no spacer, an area of increased current flow is seen as far as 300 um from
the surface: at distances of 0-30 wm, the current falls off due to the close proximity of the UME.
In all cases, an increase in current is seen with a maximum value corresponding to 50-100 um
from the surface. This results from the increased electron flow within the UME diffusion layer
due to the charge present at the surface. The intensity of these changes is consistent with those
seen in the area scans, with the highest response for the methyl and n-butyl containing sensitizers
[Cu(A)(1)]" and [Cu(A)(2)]" respectively. In the case of the isobutyl and n-hexyl substituted

systems [Cu(A)(3)]" and [Cu(A)(4)]", a significant decrease in current near the surface compared
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to the other sensitizers is observed. This is due to the increased chain bulk which results in lower
concentrations of sensitizer on the substrate surface as well as more localized surface charge. It is
also worth noting that in all four cases, at distances 1 mm from the surface the effect of
electrolyte absorption of light can be seen. This was similar to the changes observed in the area
scans, with shifts of between —0.05 and +0.05 nA between the illuminated and dark currents
detected as far as 1 mm from the surface for the retraction studies.

We now look at the effect of introducing a spacer into the anchoring ligand (Scheme 1) by
comparing the retraction curves for [Cu(A)(2)]" and [Cu(B)(2)]*. The nature of the anchor can
have an effect on the dissipation of charge within the electrolyte around it. Taking [Cu(A)(2)]"
and [Cu(B)(2)]" as a representative pair of dyes, the maximum increase in current falls from 0.32
nA in [Cu(A)(2)]" to 0.27 nA in [Cu(B)(2)]" (Figure 4). However the extended conjugation in
anchoring ligand B results in an increase in the distance from the surface at which higher
concentrations of charge can be observed. This is consistent with the results seen under DSC
conditions where the extended charge region close to the surface results in an increase in the

short circuit current density and a resultant higher DSC efficiency."
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Figure 4. Variation from dark current around the UME tip upon retraction from the surface of
[Cu(A)(2)]" and [Cu(B)(2)]" in the presence of electrolyte [Cu(2),]", under illumination at 70

mW cm™ at a tip potential of 0.4 V.

Once the optimum configurations for the surface charge-electrolyte equilibrium were known, a
chronoamperometric investigation of current under a constant applied potential as light is turned
on and off was carried out. Firstly, the tip was placed at a distance within the region of maximum
current response to the substrate surface and allowed to equilibrate for 30 minutes at -0.4 V. For
each sensitizer-electrolyte pair, the current at the UME was then measured as light (70 mW cm™)
was applied for 30 min and then switched off. In order to establish the reproducibility of this
methodology, a series of measurements were first carried out for the more responsive I7/1;
electrolyte using the commercially available N719 sensitizer (supplemental information S5). In
all cases these showed values that were reproducible with all computationally fitted half-lives
within 10% of each other.

For the copper sensitizers, given the small changes in current involved, each experiment
showed some linear drift in current as potential was applied resulting from small variations in the
UME tip position over longer time periods. This can best be seen in the case of [Cu(A)(4)]" in

which the relative drift observed is largest (Figure 5, red). This was corrected by computationally
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fitting the linear drift after the system has stabilized under illumination (Figure 5, dashed blue
line) and subtracting it from the data, leaving only the changes in current resulting from the

surface-electrolyte interactions (Figure 5, black).
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Figure 5. Raw data, computationally fitted drift and drift corrected changes in current at the
surface of sensitizer [Cu(A)(4)]" in the presence of electrolyte [Cu(4),]* (irradiation 70 mW cm,

scans run at —0.40 V bias).

This correction also allows for easier comparison of different setups as it sets the current with
light on to a value of 0 nA. To allow for clearer comparison of the four systems, the time scales
were also corrected relative to the instant of initial light variation. Comparing the light on/off
chronoamperometry for the four non-spaced anchor systems [Cu(A)(1)]" to [Cu(A)(4)]" three

features are observed in each (Figure 6).
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Figure 6. Changes in current at the surface of [Cu(A)(1)]", [Cu(A)(2)]*, [Cu(A)3)]" and
[Cu(A)(4)]" substrates as light is turned on and off in the presence of electrolytes [Cu(L, )2 ]"

(Lncitiary = 1-4), corrected for linear drift (irradiation 70 mW cm, scans run at —0.40 V bias).

Initially when the potential is applied in the dark, a slow increase in current is observed. This is
similar for three of the dye/electrolyte combinations, with exponentially fitted half-lives between
219 - 361 s determined for [Cu(A)(D)]/[Cu(1),]", [Cu(A)3)]"/[Cu3),]" and
[Cu(A)(4)]"/[Cu(4),]" (Table 1). As these are dark conditions, these values depend only upon the
electrolyte, with stabilization of the charge taking the shortest time for the least sterically
hindered electrolyte [Cu(1),]". In the case of [Cu(A)(2)]"/[Cu(2),]" which contains the n-butyl
substituents, a longer half-life of 583 s was determined. This is attributed to the instability of this
system under constant applied potential which results in the formation of doped degradation
products on the UME and the subsequent lack of clear exponential variations as light is turned on

or off.

Table 1. Fitted half-lives (error +/- 10%) for chronoamperometric variations close to sensitized

substrate surfaces as light is turned on and off in the presence of electrolytes [Cu(L,jur)a]"
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(Lyncitiary = 1-4), after correction for linear drift (irradiation 70 mW cm, scans run at —0.40 V

bias).
Dye/electrolyte pair Initial half life Light on time to Light on half life  Light off half life
[s] maximum [s] [s] [s]
[Cu(A)D)]/ [Cu(1),]" 219 48 333 51
[Cu(A)(2)]"/ [Cu(2),]" 583 - - -
[Cu(A)(3)]"/ [Cu3).]" 361 196 117 23
[Cu(A)(4)]"/ [Cu(4),]" 320 272 116 70

In all cases an increase in negative current is observed upon irradiation (Figure 6); for three of
the sensitizers this reaches a maximum which then decays leaving a stable current. The speed at
which this maximum is reached depends on the 6,6'-substituents in the ancillary ligand. The
fastest time is observed for the least sterically hindered system [Cu(A)(1)]*/[Cu(1)(2)]" with a
maximum reached within 48 seconds. For the isobutyl system [Cu(A)(3)]"/[Cu(3)(2)]", the
maximum is reached after 196 s and for [Cu(A)(4)]"/[Cu(4),]” which contains the n-hexyl
substituents, it takes 272 s. This indicates that the longer the alkyl chains (which envelop the
copper(I) center) the longer it takes for the charged titanium dioxide layer to reach equilibrium
with the electrolyte. Upon reaching this maximum, the dye/electrolyte systems stabilize to a
constant current with the substituent chain length again affecting the half-lives. In the systems
with the isobutyl and n-hexyl chains the current stabilizes in approximately the same timeframe,
while the less encumbered methyl-substituted system takes nearly three times as long (Table 1).
This indicates that once a maximum is reached the system becomes stable in a shorter period of
time if more sterically demanding alkyl substituents are present.

When light is turned off (Figure 6) the [Cu(A)(2)]"/[Cu(2),]" system with the n-butyl
substituents appears distinct from the other systems. It exhibits a much slower change in current,

again indicating the formation of doped degradation products on the UME. For the other three
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systems (with ligands 1, 3 and 4), a slow exponential decay of charge occurs, indicating
recombination between the electrolyte and the charged surface as charge is removed from the
surface. Here the fastest decay is seen for the isobutyl system with a half-life of 23 s compared to
51 s for the methyl and 70 s for the n-hexyl systems. These decay half-lives are similar to those
we have reported for other electrolyte-dye systems within DSC-SECM experiments where in all
cases current has fallen off within 600 s."

A comparison of the changes in current upon illumination for a set of sensitizers [Cu(A)(3)]"
and [Cu(B)(3)]" in which the ancillary ligand remains the same and the anchoring ligand is
changed, shows that the time taken to reach maximum current is much faster when a spacer is
present in the anchoring ligand. It takes 5 s for the system containing [Cu(B)(3)]" to reach a

maximum compared to 196 s for [Cu(A)(3)]" (Figure 7).
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Figure 7. Changes in current at the surface of [Cu(A)(3)]" (solid) and [Cu(B)(3)]" (dashed)
substrates as light is turned on and off in the presence of electrolyte [Cu(3),]", corrected for

linear drift (irradiation 70 mW c¢m™, scans run at —0.40 V bias).
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This indicates the presence of a longer lived excited state in the spaced anchor, leading to
faster charge injection into the titanium dioxide layer. Upon continuous illumination [Cu(B)(3)]"
takes a longer time to equilibrate than was seen using the unspaced anchor (164 s, compared to
117 s for [Cu(B)(3)]"); however given the faster time taken to reach maximum current both

setups level off within similar timeframes.

Conclusion

SECM has been used to investigate homoleptic copper(I) electrolytes combined with
heteroleptic copper(I)-based sensitizers for DSC applications. By utilizing homoleptic
[Cu(L,ciniary).]” complexes that contain the same ligands as the heteroleptic sensitizers
[Cu(Lpehor) (Lincinary )] it has been possible to examine the equilibrium between the charge on the
substrate surface and the electrolyte under illumination and to map changes in the diffusion
layer. All the ligands are derivatives of 2,2'-bipyridine, and the effects of introducing (i) 6,6'-
substituents with different steric demands into L,,,, and (ii) an arene spacer into L, have
been examined. Changes observed close to the surface resulting from equilibrium with photo-
generated charge and further away from the surface due to electrolyte absorption of light have
been measured as the SECM tip is retracted from the surface.

Looking at the changes in current with time when the UME tip is close to the surface and
illumination varied has allowed for the comparison of half-lives for stabilization of the systems
and the dependence of stability times on both the anchoring and ancillary ligands. These
techniques have been applied to a series of four sensitizers containing different aliphatic chains
within the metal coordination sphere and indicate a significant current dependence on the

aliphatic chain present.
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