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zole half-squaraines: model
chromophores to study dye–TiO2 interactions in
dye-sensitized solar cells†
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Anthony Lewis,a James McGettrick, a Dawn Geatches,b Kakali Sen,b

Sebastian Metz,bc Graham J. Tizzardd and Simon J. Coles d

We report the synthesis of 9 new half squaraine (HfSQ) dyes; 5 containing a benzothiazole moiety and 4

containing an indolenine moiety. X-ray single crystal structural and characterisation data have been

correlated with device data to understand the widely reported but poorly understood influence of S

heteroatoms on DSC device performance. The S heteroatom in these new dyes has also been used as

an atomic probe of the dye–TiO2 interface to dye binding and orientation. Thus, for the first time, using

the S heteroatom probe, angle-resolved X-ray photoelectron (AR-XPS) data have shown these dyes sit

horizontally at the dye–TiO2 interface confirmed by DFT computer modelling of novel and analogous

HfSQ dyes with a benzoindole backbone.
To provide affordable and secure energy in a sustainable
fashion, renewable energy sources like solar cells are expected
to play a vital role. Given that the cost effectiveness is a key
requirement for success, dye-sensitised solar cells (DSCs) are
considered to be in a strong position to contribute to this
development. The rst major breakthrough in dye-sensitized
solar cell (DSC) technology was reported in 1991 by using
a high surface area, mesoporous TiO2 photo-anode to vastly
increase dye loading and photo-current.1 Recently, there have
been several reports of DSC devices with efficiency (h) > 12%2–6

leading to the highest DSC efficiency report of 14.7%.7 All these
preceding reports assume that optimised devices utilise
a monolayer of dye molecules on the TiO2 surface, leading most
to add co-sorbents (e.g. chenodeoxycholic acid – CDCA) to
minimise dye aggregation.8 In addition, many recent DSC
reports have used co-sensitisation of the TiO2 photo-anodes
using two9 or even three10 dyes to maximise light harvesting.
And yet, despite the crucial importance of the dye:TiO2 inter-
face, the binding mechanism and dye conguration remain
poorly understood.
niversity, Bay Campus, Swansea SA1 8EN,

el: +44(0) 1792 513758

resbury Laboratory, Warrington, UK

tem ISE, Heidenhofstrasse 2, D-79110,

hemistry, University of Southampton,

K

ESI) available. CCDC 1908056–1908060.
F or other electronic format see DOI:

f Chemistry 2020
The most studied area of DSC technology is the development
of new dyes – oen containing expensive metal ions. Ruthe-
nium bipyridyl-based complexes (e.g.N3,1N719,11 C106 (ref. 12))
were reported rst, and remained the focus of research until ca.
2009, leading to efficiencies over 11%. To achieve better spectral
efficiencies and cost effectiveness, interest also turned towards
metal free organic dyes with higher extinction coefficients (3)
such as perylene,2,3 porphyrin4 and carbazole/coumarin dyes5

generally based around a donor–spacer–acceptor motif to
improve electron injection into TiO2.6,13 All these dyes possess
a group that enables effective adsorption to the TiO2 surface.
Generally, these “chemical linkers” are carboxylate based
allowing the dye to chemisorb to TiO2 through ester-like link-
ages.14,15 In this context, the TiO2 adsorption of Ru-bipy dyes has
been studied with IR data suggesting bidentate binding16 of two
of the four available carboxylate groups.17 By comparison,
atomistic modelling correlated with vibrational spectroscopy
suggests dye binding through three of the four available
carboxylate groups.18 In addition, dye HOMO–LUMO levels are
oen calculated using techniques such as density functional
theory (DFT) where the energy level data are used to understand
electronic spectra, and the HOMO–LUMO locations indicate the
potential for electron injection into TiO2.19.

DFT calculations are computationally time intensive.
Generally, single dye molecules are modelled in the gas
phase,20–22 or attached to a few TiO2 units,22–24 or as cluster
models18,25–30 to represent interactions of dyes with TiO2

surfaces. As such, fewer DFT studies have been reported where
the energy levels of the entire dye:TiO2 system are considered.31

By comparison, in terms of experimental data and from the
J. Mater. Chem. A, 2020, 8, 22191–22205 | 22191
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Scheme 1 Synthetic pathways to (a) half-squaraine (HfSQ) dyes and
(b) vinyl dicyano HfSQ dye derivatives.
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perspective of the mesoporous TiO2 photo-anode, reports have
included studies to optimise particle crystallinity,32 surface area
and electrode thickness,33 and processing.34

Overall, the surface interaction of dyes with TiO2 surfaces
remains poorly understood, including dye orientation, surface
organisation and inter-molecular interactions (e.g. between
dyes and co-sorbents). It is well established that having
different molecular species on the photo-anode can have
a profound effect on device performance; negatively for aggre-
gated dyes,35 or positively on adding the CDCA.8,9,36 Given the
strong effect they have on the device performance, these topics
are astonishingly rarely studied.19

In this paper we address the dye–TiO2 orientation issue
through a systematic study using a half-squaraine (HfSQ) dye
chromophore where we have incorporated a sulphur atom into
the indole moiety as an atomic tag. We have studied this class of
dyes previously and found them to be synthetically versatile,
reasonably efficient in DSC devices for single (h ¼ 5.0%)37 or
double linker group (h¼ 5.5%).38 We have also found these dyes
to be positively inuenced by CDCA co-sorbent and capable of
effective co-sensitisation with squaraine dye (h ¼ 6.1%).37 Here,
we have synthesised two novel but analogous families of HfSQ
dyes using benzyl indoles linked to squaric acid moieties. One
family of dyes has a sulphur heteroatom opposite the indole
nitrogen (dyes (4), (6–8), (16)) whilst the second family has
a dimethyl-derivatised carbon in this position (dyes (11), (12),
(14), (15), (17)). These data have been correlated with DFT
calculations of selected dyes on anatase TiO2 (1 0 1) surfaces.
The overall aim of the paper is to report the rst, combined
synthetic-theoretical–experimental-device study of the orienta-
tion and surface organisation of dye molecules on TiO2

surfaces.

Results and discussion
Dye synthesis

The synthetic routes used to produce the Hf-SQ dyes in this
work are show in Scheme 1. The overall aim of the synthetic
work was to produce dyes based on the same half-squaraine
chromophore, either with a C(CH3)2 group or a sulphur atom
opposite the indole nitrogen. In part, this was to compare the
effect of a sulphur atom within the dye structure on device
performance because previous work suggests a sulphur moiety
in the main dye structure interacts with triiodide electrolytes
thereby increasing recombination and reducing cell efficiency.39

Hence, here we have synthesized dyes that are structurally
analogous apart from the variation of a S atom or a C(CH3)2
moiety in the indole ring. However, we have also used this S
atom as an atomic tag to study dye orientation on a TiO2 surface
using a combination of experimental data (angle resolved XPS)
and theoretical DFT modelling.

Scheme 1 shows three main synthetic routes to the various
dyes. Materials (1), (5), (9), (10), (11), (13) and (15) have all been
synthesised previously37,38 and our characterisation data match
the published data. Dyes (4) and (11) have an acyloin linker on
the squaric acid group and these were produced by rst adding
an alkyl chain to the N atom of a benzyl indole (containing
22192 | J. Mater. Chem. A, 2020, 8, 22191–22205
a sulphur atom or methylene unit, respectively), followed by
reaction with squaric acid ester and nally de-esterication with
base to produce the carboxylic acid dyes. The second route
followed a similar strategy but produced dyes (7) and (15) with 2
linkers; a carboxylic acid and an acyloin group. This was ach-
ieved by reacting 3-bromopropionic acid with the initial indole
and then reacting this with squaric acid ester and de-esterifying
in the same way. The nal synthetic strategy was to convert the
squaraine group of the 4 esteried dyes (i.e. the sulphur/
methylene indoles along with N-indole alkyl/propionic acid
dyes) into vinyl dicyano acyloin moieties ((8), (12), (16), (17)).
The 1H and 13C NMR conrm the identity of the precursors and
This journal is © The Royal Society of Chemistry 2020
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nal dyes with the expected number of signals and coupling
constants.

Whilst indoles (1) and (9) and the propionic acid-derivatised
indoles (5) and (13) only differ by swapping a S atom for
a C(CH3)2, the S compounds has drastically lower yields (ca.
20%) compared with their C(CH3)2 counterparts (ca. 90%).
Changing the solvent from anhydrous CH3CN to anhydrous
CH3CH2OH doubled the S indole yields to ca. 40%, which we
ascribe to improved reactant solubility. The remaining differ-
ence in yields is ascribed to the S atom shiing electron density
to make the indole N less likely to undergo nucleophilic
substitution. Interestingly, the opposite effect is observed when
these alkylated indoles ((1), (5), (9), (13)) react with squaric acid
to form half-squaraine dyes. Thus, the sulphur dyes had much
better yields than their C(CH3)2 counterparts. Thus, the S dyes
exhibited a rapid colour change to red with no blue impurity
(full squaraine dye) while the C(CH3)2 dyes turned green due to
a mixture of half- and full squaraine (see ESI Fig. 1†). Hence, the
full squaraine by-product lowered the yield which was
conrmed by thin layer chromatography (TLC). Finally, de-
esterication of (3) and (10) using tBu4NOH produced the
long chain dyes (4) and (11), respectively. Easy purication was
possible as the starting material was soluble in petroleum
ether:ethyl acetate whereas the product dissolved in CH2Cl2:-
CH3OH. By comparison, the esters and acids of dyes (6)/(7) and
(14)/(15) had similar solubilities making them difficult to
separate. However, using ash chromatography increased the
acid yield thereby improving purication of the desired
product.

Dyes (11) and (15) have been previously reported and have
been conrmed by 1H, 13C NMR and mass spectrometry. To the
best of our knowledge dyes (4), (6–8), (12), (14), (16) and (17)
have not been reported in the literature and were identied
using several analytical techniques. The resonances in the 1H
NMR spectra suggest that (8), (12), (16) and (17) have all been
isolated as the triethylammonium salt (e.g. quintet and triplet at
ca. 3.2 and 1.3 ppm, which integrate to 6 and 9 protons
respectively, and at 46 and 9 ppm in the 13C NMR data). These
are caused by the ethyl group of this cation. The other proton
signals and coupling constants are similar to those reported for
the previous half squaraine dyes.38 High resolution mass spec-
trometry identies the M� ions that correspond to the target
molecules in non-salted form and infrared spectroscopy
conrms the presence of nitrile and carbonyl groups at 2852,
2198, 1738, 1644 (m) and 1484 (m) cm�1 (please see data in
Experimental section).
Fig. 1 X-ray crystal structures of (5), (6), (10), (13) and (14). Displace-
ment ellipsoids are shown at 50% probability and minor disorder
components are shown ‘ghosted’.
Spectroscopic analysis

Fig. 2 shows the UV-Vis spectra of HfSQ dyes in solution and
aer sorption onto TiO2 electrodes. The solution spectra
(Fig. 2a) show that the absorption maxima of the sulphur-
containing dyes (dotted + circle lines) are bathochromically
shied relative to the C(CH3)2 dyes (solid lines). Modication of
the squaric acid moiety by replacing a carbonyl group with
a vinyl dicyano group causes a further bathochromic shi,
which is particularly clear for the sulphur-containing vinyl
This journal is © The Royal Society of Chemistry 2020
dicyano dyes (8) and (16) compared to (4) and (7), respectively.
This reects a smaller HOMO–LUMO gap for these dyes when in
solution. Higher 3 are observed for the esteried squaraines; e.g.
J. Mater. Chem. A, 2020, 8, 22191–22205 | 22193
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Fig. 2 UV-Vis spectra of (a) HfSQ dyes in solution and (b) dyes
adsorbed onto a transparent TiO2 surface. For clarity, structurally
related dyes have same colour and C(CH3)2 dyes have solid lines, whilst
S dyes have dashed lines with circle markers.

Fig. 3 DFT-calculated HOMO (green: isovalue 0.04 e Å�3) and LUMO
(blue: isovalue 0.02 e Å�3) of horizontally oriented dyes on TiO2.
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(3), (10) and (14), where 3 ¼ 47 000–71 000 M�1 cm�1, a similar
behaviour was observed previously for other half-squaraine
dyes.37,38 For the de-esteried (carboxylate) dyes, the S-
containing versions ((4), (6) and (7)) all have lower 3 compared
to their C(CH3)2 counterparts ((11), (14) and (15)), respectively.
The exceptions here are the vinyl dicyano modied dyes where
the sulphur-containing versions ((8) and (16)) have higher 3

than the analogous C(CH3)2 dyes ((12) and (17)), respectively.
This is very interesting as it shows that sulphur plays an
important role in the photochemistry and is involved in the
HOMO and/or LUMO of these dyes.

Fig. 3 shows the electron density distribution of the HOMO
and LUMO for selected half-squaraine dyes adsorbed on a TiO2

surface with the HOMO–LUMO energy gaps listed in Table 1.
The data have been generated using Kohn–Sham orbitals so the
data show relative rather than absolute energies. The data show
several important features. Firstly, the data in Fig. 3 clearly show
that the HOMO is located on the dye and that the LUMO is
located on TiO2. This is essential for electron injection from the
dye into the TiO2; otherwise the devices would not work. In
22194 | J. Mater. Chem. A, 2020, 8, 22191–22205
addition, because we have modelled the entire dye:TiO2 system
rather than just the gas phase dye molecules, the data also show
how sterically close the HOMO is to the dye surface. For most of
the dyes, the HOMO is also situated on, or close, to a linker
group so that charge separation occurs from this into the TiO2
This journal is © The Royal Society of Chemistry 2020
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Table 1 I–V for liquid DSC devices prepared using HfSQ dyes; energy
levels for DFT-calculated dye molecules in the gas-phase (M) and in
the horizontal orientation on the TiO2 surface (M + S)

Dye Voc (V) Jsc (mA cm�2) Fill factor h (%)

DFT HOMO–
LUMO
energy (eV)

M M + S

14 0.49 7.72 0.58 2.2 2.36 2.09
6 0.40 5.36 0.56 1.2 2.27 1.29
11 0.47 9.34 0.59 2.6 — —
4 0.50 8.68 0.51 2.2 2.35 1.38
12 0.52 3.84 0.58 1.2 — —
8 0.47 6.32 0.63 1.9 — —
15 0.52 10.13 0.57 3.0 2.41 1.33
7 0.42 7.07 0.52 1.5 2.42 2.10
17 0.58 7.43 0.53 2.3 — —
16 0.35 2.92 0.49 0.5 3.07 1.75
N719 0.67 15.02 0.61 6.1 — —
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rather than from one part of the dye to another as is oen
presented when themodelling of gas phase dyes is presented. In
terms of the HOMO–LUMO gaps (Table 1) and UV-Vis spectra,
although the energies of the theoretical data (ESI Fig. 11†) differ
from the experimental, they show similar trends. So, Table 1
shows that, as expected, the DFT HOMO–LUMO decreases on
dye adsorption to the TiO2 surface. Thus, compared to either
pristine TiO2 or isolated dye molecules, the dye:TiO2 system is
more semi-conducting which benets device performance. Dye
(16) is themost red-shied, dyes (4), (6) and (7) absorb at similar
wavelengths, and dyes (14) and (15) are most blue shied. The
simulated spectra of (16) has one dominant p–p*, whereas the
rest have a low intensity n–p* and a dominant p–p* band.
Solvatochromic shis in protic solvents like alcohols are
different for n–p* and p–p* transitions which could explain the
differences with the experimental data in ethanol. However, the
DFT data do not highlight consistent differences caused by the
S-atom alone.

Fig. 2b shows the UV-Vis data for dyes absorbed onto
transparent, mesoporous TiO2 lms. The data show peak
broadening compared to dyes in solution. Interestingly, all the
HfSQ dyes (other than (11) and (12)) show greater absorbance
compared to N719. In part, this can be explained by higher 3.
However, dyes (6) and (17) have similar 3 to N719 yet showmuch
higher absorbance, which appear to reect higher dye loading
on the TiO2 surface. The low absorbance of (12) might be due to it
having the lowest 3 of all the dyes (10, 835 M�1 cm�1). However,
dye (11) has lower absorbance despite an 3 ¼ 38 218 M�1 cm�1.
This suggests the low absorbance of (11) and (12) is due to low dye
uptake, which might be because (11) and (12) both adsorb mainly
using the single linker of the acyloin moiety, while the C(CH3)2
group and the alkyl chain on indole N stabilise the dissolved dye
and don't interact strongly with the TiO2 surface.

Attenuated total reectance (ATR)-infrared spectroscopy of
pure dye and TiO2 adsorbed dye powders has been used to study
the interaction between the dyes and TiO2. Focussing on the key
features of the spectra, the O–H stretch (>3000 cm�1) becomes
This journal is © The Royal Society of Chemistry 2020
less intense on dye adsorption and the sharp, intense carbonyl
stretch (ca. 1750 cm�1) also becomes less intense and shis
slightly (ca. 1764 cm�1). This suggests the formation of an ester
link between the TiO2 surface and the dye. A N–H peak is also
observed for the TiO2-sorbed dyes. Considering there is only
a single nitrogen atom this suggests that the dyes orient hori-
zontally and the N atom is interacting with O–H groups on the
TiO2 surface.
Device testing

Table 1 shows I–V data for all HfSQ devices. To study the
inuence of S atom on device performance, dyes (4), (6–8) and
(16) were synthesized with a S atom incorporated into the
indolenine group, whilst dyes (11), (12), (14), (15) and (17) were
identical but with a C(CH3) group. One hypothesis was that, if
the dyes (6), (7) and (16) oriented themselves vertically so that
the S atom became situated at the furthest distance away from
the TiO2 surface, this might produce a positive interaction
with the triiodide electrolyte increasing the speed of dye
regeneration and therefore improving DSC device
performance. However, there is no evidence for this in the
device data (h ¼ 0.5–1.5%). By comparison, if dyes (4) and (8)
oriented themselves vertically by adsorption through the
squaraine moiety, then the S atom should sit much closer to the
TiO2 surface. Whilst the S atom should still interact positively
with the triiodide, it would also increase the concentration of
iodide near the TiO2 surface, which would increase recombi-
nation by pulling injected electrons out of the TiO2. The
performance data doesn't support this hypothesis as dyes (4)
and (8) are more efficient (h ¼ 2.2 and 1.9% versus 0.5–1.5%)
and exhibit higher Voc (0.47–0.50 V versus 0.35–0.42 V)
compared to dyes (6), (7) and (16). Furthermore, on average the
device performance for S dyes were lower than the average
power conversion efficiency (PCE) which for the S dyes is h ¼
1.3% compared to h ¼ 2.2% for the C(CH3)2 dyes. Also, (15),
which has no S, is the best dye (h ¼ 3.0%), whereas the S-
containing (16) is the worst (h ¼ 0.50%) one. The consistently
lower Voc for the S dyes suggests that, for all these dyes, the S
atoms are located close to the TiO2 surface which increases
recombination from iodide into the TiO2. Thus, the device
testing data suggest that, when designing DSC dyes, it is
important to ensure that sulphur atoms are not located close to
the TiO2 surface because these do seem to increase recombi-
nation with the electrolyte.

Five groups of dye with single or double linkers have been
tested; single linkers include carboxylate from the indole N
(14) and (6), squaraine (11) and (4), vinyl dicyano-modied
squaraine (12) and (8), the double linkers include carbox-
ylate plus squaraine linkers (15) and (7), and carboxylate plus
vinyl dicyano-modied squaraine linkers (17) and (16). From
these examples, the most efficient dye is (15) which has 2
linker groups and the highest photocurrent (10.12 mA cm�2).
The least efficient dye was (16) which had the lowest photo-
current. This dye also had 2 linker groups but one was the
vinyl dicyano-modied squaraine, which we previously found
binds very poorly to TiO2.37 This was further evidenced by dyes
J. Mater. Chem. A, 2020, 8, 22191–22205 | 22195
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Fig. 4 EQE of DSC devices using HfSQ dyes. For clarity, structurally
related dyes have same colour and C(CH3)2 dyes have solid lines, whilst
S dyes have dashed lines with circle markers.
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(11) and (12) which differed in the presence of a vinyl dicyano
group on the squaraine moiety for (12). Dye (12) bound so
weakly to TiO2 that it was desorbed by ethanol washing (ESI
Fig. 13†). These trends also apply to the other dyes; i.e. dyes
binding through the squaraine moiety give rise to higher
photocurrents than those binding either through the carbox-
ylate or vinyl-dicyano-modied linker (or combinations of
these 2 linkers). This is most likely because dyes bound
through the acyloin moiety follow the typical structure of
organic dyes (donor–p bridge–acceptor–linker–TiO2), whereas
the dyes bound through the carboxylate linker follow a slightly
different architecture with the linker group in the centre of the
dye rather than on the end.

Fig. 4 shows the spectral response of the HfSQ dyes. Dyes (15)
and (4) show the highest external quantum efficiency (EQE) (ca.
80%) between 400 and 500 nm, which correlates with higher Jsc
(10.13 and 8.68 mA cm�2) for these dyes. The data also show
that all the vinyl dicyano-modied dyes have their spectral
response red shied by ca. 60 nm. Of these, dye (17) responds
most strongly (EQE ca. 65%) between ca. 480 and 550 nm (where
solar intensity is highest) corresponding to Jsc of 7.43 mA cm�2.
The lower EQE for dye (12) (ca. 20%) is in line with the lower
light absorption for this dye which we ascribed to low dye
uptake. We have observed this effect before despite seeing
effective electron injection for vinyl dicyano-modied HfSQ
dyes and linked this with dye desorption in the electrolyte
solution.37
Dye orientation studies (DFT
modelling)

Using density functional theory (DFT) we have gained insight
into the orientation and binding of single dye molecules on the
(1 0 1) surface of anatase TiO2, at zero kelvin (0 K). We explored
six of the nine dyes: four benzothiazole – (4), (6), (7), and (16);
22196 | J. Mater. Chem. A, 2020, 8, 22191–22205
two dimethyl-derivatised – (14) and (15), and found the dye
molecules preferentially adsorb to lie near-planar and hori-
zontal to the surface.

From a sub-section of orientations – including vertical and
edge-on – we allowed the dye molecules to relax to their energy
minima; further details of the modelling method and DFT
parameters are in the Modelling procedure section and the ESI
S2.† We calculated absolute adsorption energies and found the
lowest energy minima (i.e. preferentially adsorbed orientations)
corresponded to molecules lying horizontally to the surface;
additionally, we simulated the corresponding angle resolved-
XPS data to compare with experimental data.

The DFT modelling of the six individual dyes as neutral gas
phase molecules is in good agreement with the available crystal
structure data (Fig. 1) for all the dyes (Fig. 5). The common
surface-bonding motif to under-coordinated Ti sites (i.e. Ti5c) is
via the linker groups: squaraine, carboxylic acid and the cyano
group. Carboxylic acid and squaraine – when not directly
bonded to the surface – can form hydrogen-bonds to 2-coordi-
nated surface oxygen. Table 2 provides the details of the surface
bonding motifs and the orientations are given in Fig. 5. These
hydrogen bonds in a physical system are dynamic and are
inuenced by ambient energetics; the hydrogen will ‘hop’
between the surface and dye. The simulated hydrogen bonds
range in length from 1.76 Å to 2.16 Å, implying they are rela-
tively strong. These secondary bonding phenomena enhance
stability of these dye congurations on the TiO2 surface. All six
dyes exhibit all or a selection of bonding features: linkers,
hydrogen bonds and electrostatic interactions between the
planar rings of the dye and the TiO2 surface.

The images on the right of Fig. 5 show the dyes in plan view,
which gives an indication of the surface area they occupy and
what the electrolyte or hole transport material “sees”. We esti-
mated the surface area of TiO2 covered by a single dye, and
found dyes occupy a surface area between 72–119 Å2. For dye (4)
the surface area occupation in a physical system could be larger
because it was truncated for modelling (see ESI S2†). If an
average 10 mm thickmesoporous, anatase TiO2 photoanode lm
has a density of 3.78 g cm�3, this represents 3.78 mg of TiO2 per
cm2. If the TiO2 has a surface area of 50 m2 g�1, there should-
be enough surface area for 2.56 � 1017 molecules of (6),
1.59 � 1017 molecules of (14) and in-between for (7), (15), (16).
We emphasize that these are crude approximations based on
0 K, DFT-optimized geometries, allowing for complete occupa-
tion of the available surface area (Table 2).
Simulated AR-XPS

The DFT calculations enabled the probing of the orientation of
the dyes on the surfaces at 0 K, but the experimental tempera-
ture was ambient and so higher (ca. 298 K) and could provide
sufficient kinetic energy to the dyes to change their orientation.
The adsorption energies of these orientations would be close to
the 0 K-calculated adsorption energies. Although probing the
size and effect of the thermodynamic energy is outside the
scope of this work, instead we considered a selection of the DFT-
optimised orientations with the largest (in magnitude)
This journal is © The Royal Society of Chemistry 2020
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Fig. 5 DFT modelling of the relaxed configurations of the most probable
orientations of (from top to bottom) dyes (4), (6), (7), (14–16). Left: gas
phase neutral dyes; middle: dye on anatase (1 0 1) TiO2 surface, where
‘most probable’ means largest (in magnitude) adsorption energy; right:
plan views of dyemolecules showing their van derWaals outlinemode on
the TiO2 surface.

This journal is © The Royal Society of Chemistry 2020
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adsorption energies for each dye and distinctly different
orientation (e.g. horizontal, vertical and/or ‘side’) and calculated
AR-XPS data. As stated in the DFT modelling section, irre-
spective of the chemical nature of the dyes, the horizontal
orientation resulted in the most favourable adsorption energy;
the corresponding AR-XPS data are provided in Fig. 6. The AR-
XPS data for the other orientations of each dye are provided
in the ESI.†

The calculated AR-XPS show a smaller spread of data for the
dyes containing the S atom probe – (4), (6), (7) and (16) – due to
these dyes orienting themselves more horizontally to the
surface than the dyes without the probe – (14) and (15). In the
horizontally-orientated dyes the S and N atoms lie within 1–2
a.u. (z-distance) of one another, whereas in the vertically-
orientated dyes they lie within 3–5 a.u. (z-distance) of one
another (see ESI†). These variations in z-distances between S
and N (corresponding to horizontal and vertical dye orienta-
tions) is a clear marker for experimental probing.
Experimental dye orientations (angle resolved XPS)

Data for dyes (4), (7), (11) and (16) are shown in Fig. 7. The data
are presented with the vertical axis (ln(I/Io)) representing the
vertical distance moving away from the surface. The different
functional groups are then presented starting with the C 1s
signals, then the N 1s, then the O 1s, then S if it is present and
nally Ti. The labels show the element rst, followed by the
chemical environment. For example, C(C]O) is a carbon signal
for a carbon in a carbonyl or squaraine moiety whilst C(CxHy) is
a carbon from an alkyl chain etc.

Looking at dye (4) rst, the data show signals for oxygen
(metal oxide: MOx) and Ti (TiO2) species at the lowest point (ca.
�2.5) for the titania single crystal as expected. The data then
show C–O and C]O signals (ca. �1.7) in line with the acyloin
linker moiety being the closest part of the dye to the TiO2

surface. Interestingly, the signals corresponding to the other
part of the dye molecule (including reduced N and S atoms from
the indole moiety) are at comparable distances (�1.5 to�1.0) to
the Cx–Hy alkyl group furthest from the TiO2 (�1.0). This
suggests that the dye is orientated approximately horizontally to
the TiO2 surface. This is an important result because, although
the referenced prior work discussed in this paper does not
explicitly state a perpendicular dye orientation, where graphics
are presented, they all show a perpendicular dye orientation
relative to TiO2. In fact, with the exception of some reports of
lateral anchoring dyes,40–42 most DSC papers do not state any
dye orientation at all (i.e. either perpendicular/at). These
experimental data for a TiO2 single crystal dyed from solution
over a period of hours are also in agreement with the DFT
modelling data (Fig. 5) suggest that (4) positions itself hori-
zontally to the surface with the alkyl group furthest from the
TiO2 surface. Interestingly, NR3 and NR4 signals are also
observed for dye (4). These signals are assigned to tertiary butyl
amine and ammonium ions from the dye counterion which are
present because Bu4NOH is used as the de-esterication base
during synthesis (Scheme 1). Similar signals are also observed
for the other dyes.
J. Mater. Chem. A, 2020, 8, 22191–22205 | 22197
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Table 2 The dyes, their groups, the linkers to the surface, angle of inclination of the squaraine moiety and the planar rings to the surface; the
estimated projected surface area of the molecules on the surface, based on their van der Waals outline

Dye
Group opposite
indole N Number of (linking modes)a

Approx. angle to TiO2 surface
(degrees)

Projected surface
area of dye on surface (Å2)Squaraine moiety Planar rings

(4) S 2 � Sq (O) 40 10–15 72
1 � Sq (O)–Surf (HO)

(6) S 1 � Sq (O) 45 15–20 73
1 � COO
1 � Sq (O)–Surf (HO)

(7) S 2 � Sq (O) 30 0–5 86
1 � Sq (OH)–Surf (O)
1 � COOH–Surf (O)

(14) C(CH3)2 2 � Sq (O) 35 15–20 119
1 � COOH–Surf (O)

(15) C(CH3)2 2 � Sq (O) 30 0–5 83
1 � Sq (O)–Surf (HO) 1 � COOH–Surf (O)

(16) S 1 � Cyano (N) 5 5–10 109
1 � COOH–Surf (O)

a Sq (O): squaraine O bonds directly to Ti5c; COO: carboxylic O bonds directly to Ti5c; Sq (O)–Surf (HO): hydrogen bond between squaraine O and
hydroxylated surface; Sq (OH)–Surf (O): hydrogen bond between hydroxylated squaraine and surface O; COOH–Surf (O): hydrogen bond between
carboxylate group and surface; Cyano (N): cyano-N bonds directly to Ti5c.

Fig. 6 Angle resolved-XPS for the dye orientations on TiO2 with the
largest (in magnitude) adsorption energy. The y-axis shows the
perpendicular distance above the highest Ti in the surface in atomic
units of: indole nitrogen (N), cyano nitrogen (Ncn), sulphur (S), oxygens
of the squaraine moiety (Os), oxygens of the carboxyl group (Oc). (In
dyes other than (16) the dicyano moiety is replaced by an oxygen i.e.
Os.) The AR-XPS graphs of the additional low-energy configurations
are in ESI S2.†

Journal of Materials Chemistry A Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

0 
O

ct
ob

er
 2

02
0.

 D
ow

nl
oa

de
d 

on
 6

/1
4/

20
26

 1
1:

34
:0

5 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online
By comparison, dye (7) has 2 linker groups but still shows
a similar trend to (4) with metal oxide signals at the lowest point
(�2.5), then C–O and C]O signals for the 2 linker groups (�1.5
to �1.0) and then signals for other parts of the dye (including S
atom) in a horizontal line at around �0.7. The structure ob-
tained from DFT calculations (Fig. 5) also reveals that the alkyl
22198 | J. Mater. Chem. A, 2020, 8, 22191–22205
group of the carboxylate side chain is within the same plane as
the bulk of the rest of the dye molecule and corroborates the AR-
XPS data.

Dye (15) follows the same trend as the other (4) and (7) with
metal oxide signals followed by C–O and C]O linker groups
and the CxHy alkyl group showing the same pattern despite this
dye containing no S atom. The DFT data support experimental
observations for the horizontal orientation (Fig. 5).

Finally, dye (16) contains a vinyl dicyano unit on the squar-
aine unit, a S atom in the indole and 2 linker groups. As such,
the AR-XPS data contains more signals complicating interpre-
tation, although it is clear that the metal oxide signals are the
lowest followed by the C–O and C]O linker groups as expected.
Two S signals are observed for (16); one is organic S for the
indole as expected, whilst the second peak is shied towards
where sulphate would typically appear. We ascribe this to some
initial dye degradation via oxidation. The data for (16) also
differ from the other dyes in that the S and N signals are further
away from the surface than the CxHy unit of its carboxylate side
chain. This corresponds to the fact that the alkyl group that
forms part of the second linker group points towards the TiO2

surface. This is again in agreement with the DFTmodelling. The
AR-XPS data for all the dye systems consistently indicate hori-
zontal orientation of the dye which is important new informa-
tion which should be considered for future DSC dye design. Our
DFT calculations provide us the additional validation that the
largest adsorption energy for these dyes are those with hori-
zontal orientation (Fig. 5). Hence providing support that hori-
zontal orientation of the dyes is favourable. A further support to
this observation comes from the simulated AR-XPS data too.
Though an exact one-to-one mapping of the simulated (Fig. 6)
and experimentally observed AR-XPS data (Fig. 7) is not possible
technically, however, the trends on the position of the atoms are
This journal is © The Royal Society of Chemistry 2020
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Fig. 7 Atomic positions in the z-axis (perpendicular to TiO2 single
crystal surface) of dyes (a) (4), (b) (7), (c) (15) and (d) (16) calculated from
angle resolved XPS data.
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in agreement with horizontal orientation of the dyes on the
surfaces. Modelling studies of dyes on clusters also indicate
orientation of dyes other than vertical ones.25,27
This journal is © The Royal Society of Chemistry 2020
Dye loadings have also been measured. The data show the
lowest loadings for dyes (4), (11) and (12) with loadings of 3.6,
0.2 mg cm�2 and below detection limit, respectively. Dyes (6), (8)
and (17) show the highest dye loadings at 38.1, 24.5 and 32.9 mg
cm�2, respectively. Dyes (7), (14), (15), and (16) show interim dye
loadings of 9.4, 9.0, 14.3 and 17.0 mg cm�2, respectively. Whilst
the low dye sorption of (12) was noted during the device testing,
there is little correlation between dye loading and device
performance. For example, dye (16) has a dye loading consistent
or higher with most of the other dyes and very similar to dye
(15). However, dye (16) has by far the lowest DSC device
performance while dye (15) has the highest. So whilst it is clear
that, for successful DSC device operation, dyes must chemisorb
to the TiO2 surface, increasing device efficiency does not rely on
simply increasing the dye loading.

Experimental
Instrumentation and chemicals

All chemicals were purchased from Aldrich and used as
supplied unless otherwise stated. Anhydrous solvents were used
as supplied. NMR spectra were recorded on a Bruker AC500 at
500 MHz for 1H and 125 MHz for 13C. Chemical shis (d) are
given in ppm relative to (CH3)4Si and J values (in Hz) refer to JH,H

unless otherwise stated. Mass spectra were recorded at the Mass
Spectrometry Service at Swansea University. Infrared spectra
were recorded on a PE1600 series FTIR spectrometer using an
ATR attachment. UV-visible spectroscopy was measured on
a Perkin Elmer spectrometer.

X-ray photoelectron spectra (XPS)

XPS data were recorded on dyed planar single crystal TiO2

samples using a Kratos Axis Supra XPS with a monochromated
Al Ka source and large area slot mode detector (300 � 800 mm
analysis area). Data were recorded using a charge neutralizer to
limit differential charging and binding energies were calibrated
to the main hydrocarbon peak (BE 284.8 eV). Survey scans were
performed using a pass energy of 160 eV and high-resolution
spectra were recorded using a 0.1 eV step size and a pass
energy of 40 eV at angles of 0, 40, 55, 63 & 70� relative to the
substrate plane. Data were tted using CasaXPS Version
2.3.23rev1.1K soware with Shirley backgrounds.

X-ray crystallography

In each experiment a suitable crystal was selected and mounted
on a MITIGEN holder in peruoroether oil on a Rigaku FRE+
equipped with either HF Varimax confocal mirrors (6) or VHF
Varimax confocal mirrors (5, 10, 13 and 14) and an AFC12
goniometer and HG Saturn 724+ detector (5, 6, 10 and 13) or
HyPix 6000 detector (14). The crystal was kept at T ¼ 100(2) K
during data collection. Using Olex2 (ref. 43) the structure was
solved with the ShelXT44 structure solution program, using the
Intrinsic Phasing solution method. The model was rened with
ShelXL45 using Least Squares Minimisation. All non-hydrogen
atoms were rened anisotropically and all hydrogen atom
positions were calculated geometrically except those bonded to
J. Mater. Chem. A, 2020, 8, 22191–22205 | 22199
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heteroatoms which were located from the difference map and
rened using a riding model. The solvent water molecule
present in (6) was rened with rigid body constraints.

5. a ¼ 14.2803(3) Å, b ¼ 10.7176(2) Å, c ¼ 16.7845(4) Å, a ¼
90�, b¼ 108.662(2)�, g¼ 90�; V¼ 2433.81(9) Å3, monoclinic, C2/
c, Z ¼ 8, Dcalc./g cm�3 ¼ 1.906, m/mm�1 ¼ 2.788 T/K ¼ 100(2),
qmax ¼ 27.485�, 10 576 measured reections, 2789 independent
reections [Rint¼ 0.0203], 2606 reections used, wR2 (all data)¼
0.0406, R1 ¼ 0.0168 (I > 2(I)), CCDC 1908056.

6. a ¼ 9.4467(7) Å, b ¼ 9.8579(7) Å, c ¼ 10.8912(8) Å, a ¼
114.208(7)�, b ¼ 113.622(7)�, g ¼ 91.306(6)�; V ¼ 826.02(12) Å3,
triclinic, P�1, Z¼ 2, Dcalc./g cm

�3¼ 1.461, m/mm�1¼ 0.231; T/K¼
100(2), qmax ¼ 27.484�, 10 889 measured reections, 3776
independent reections [Rint ¼ 0.0429], 2693 reections used,
wR2 (all data) ¼ 0.1309, R1 ¼ 0.0531 (I > 2(I)), CCDC 1908057.

10. a ¼ 9.2092(4) Å, b ¼ 10.9301(4) Å, c ¼ 12.2653(5) Å, a ¼
100.390(3)�, b ¼ 99.578(4)�, g ¼ 92.170(3)�; V ¼ 1194.49(9) Å3,
triclinic, P�1, Z¼ 2, Dcalc./g cm

�3¼ 1.178, m/mm�1¼ 0.075; T/K¼
100(2), qmax ¼ 27.485�, 15 143 measured reections, 5441
independent reections [Rint ¼ 0.0428], 3949 reections used,
wR2 (all data) ¼ 0.1478, R1 ¼ 0.0486 (I > 2(I)) CCDC 1908058.

13. a ¼ 7.3991(2) Å, b ¼ 13.6384(4) Å, c ¼ 29.8148(10) Å, a ¼
90�, b ¼ 90�, g ¼ 90�; V ¼ 3008.67(16) Å3, orthorhombic, Pbca, Z
¼ 8, Dcalc./g cm

�3¼ 1.586, m/mm�1¼ 2.124; T/K¼ 100(2), qmax¼
27.486�, 25 790 measured reections, 3452 independent
reections [Rint¼ 0.0760], 2583 reections used, wR2 (all data)¼
0.0628, R1 ¼ 0.0336 (I > 2(I)), CCDC 1908059.

14. a ¼ 12.5207(3) Å, b ¼ 10.7016(2) Å, c ¼ 26.8410(5) Å, a ¼
90�, b¼ 90�, g¼ 90�; V¼ 3596.47(13) Å3, orthorhombic, Pca21, Z
¼ 8, Dcalc./g cm

�3¼ 1.313, m/mm�1¼ 0.095; T/K¼ 100(2), qmax¼
27.485�, 39 507 measured reections, 8244 independent
reections [Rint¼ 0.0257], 7642 reections used, wR2 (all data)¼
0.0887, R1 ¼ 0.0344 (I > 2(I)), CCDC 1908060.

Preparation of 3-((3-dodecylbenzothiazol-2-ylidene)methyl)-4-
ethoxycyclobut-3-ene-1,2-dione (3)

2.00 g (5.02 mmol) of 3-dodecyl-2-methylbenzothiazol-3-ium
bromide (1) and (0.86 g, 5.05 mmol) of 3,4-diethoxy-3-
cyclobutene-1,2-dione (2) and triethylamine (2 ml) were dis-
solved in ethanol (25 ml) and was vigorously reuxed for
30 min. The solvent was removed in vacuo and the crude
product was puried by column chromatography (SiO2) with
ethyl acetate and petroleum ether (80 : 20) as eluent. Yield
(1.03 g, 46.61%).

1H NMR (400 MHz, DMSO): d 7.81 (1H, d, J 7.8), 7.48 (1H, d, J
8.2), 7.40 (1H, t, J 7.7), 7.22 (1H, t, J 7.6), 5.54 (1H, s), 4.75 (2H, q,
J 7.0), 4.16 (2H, t, J 7.3), 1.72–1.59 (2H, m), 1.43 (3H, t, J 7.1), 1.22
(16H, s), 0.84 (3H, t, J 6.7).

13C NMR (126 MHz, DMSO): d 180.93, 180.47, 154.81, 136.34,
122.14, 122.05, 118.71, 117.22, 106.15, 74.26, 64.90, 41.05,
27.16, 24.85, 24.78, 24.71, 24.58, 24.52, 22.16, 22.01, 17.94,
11.17, 9.37.

MS (FTMS+) [M+] calc.¼ 441.13, [M+] observed ¼ 441.13,m/z.
FT-IR (ATR) n/cm�1 2957 (m), 2920 (s), 2851 (s), 1724 (s), 1675

(s), 1470 (m), 741 (s), 718 (s).
UV-visible lmax 441 nm (47 804 M�1 cm�1 � 2175 M�1 cm�1)

in ethanol.
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Preparation of 3-((3-dodecylbenzothiazol-2-ylidene)methyl)-4-
hydroxycyclobut-3-ene-1,2-dione (4)

3-((3-Dodecylbenzothiazol-2-ylidene)methyl)-4-ethoxycyclobut-
3-ene-1,2-dione (3) (1.00 g, 2.27 mmol) was dissolved in ethanol
(10 ml) and was heated to reux. Tetrabutylammonium
hydroxide solution (2 ml, 40%) was added and the solution was
reuxed for 1 h and the resulting mixture was puried by
column chromatography (SiO2) with ethyl acetate and petro-
leum ether as eluent to remove impurities. Pure product was
then be run off the column with a dichloromethane: methanol
mix (90 : 10). Yield (0.29 g, 19.46%).

1H (400 MHz, DMSO) d 7.44 (1H, d, J 7.6), 7.17 (1H, t, J 7.7),
7.03 (1H, d, J 8.1), 6.91 (1H, t, J 7.5), 5.39 (1H, s), 3.83 (2H, t, J
7.5), 1.23 (14H, s), 0.85 (3H, t, J 6.7).

13C (101 MHz, DMSO) d 208.61, 194.54, 179.30, 147.80,
142.16, 126.31, 126.00, 121.17, 120.79, 109.26, 81.67, 57.52,
43.94, 31.29, 28.99, 28.95, 28.83, 28.69, 26.23, 25.79, 23.06,
22.09, 19.21, 13.95, 13.49.

MS (FTMS�) [M� TBA]� calc.¼ 412.19, [M� TBA]� observed
¼ 412.20, m/z.

FT-IR (ATR) n/cm�1 3334 (br), 2958 (m), 2923 (s), 2872 (m),
2851 (m), 1748 (s), 1670 (s), 1524 (m).

UV-visible lmax 446 nm (31 225 M�1 cm�1 � 231 M�1 cm�1)
in ethanol.

3-(2-((2-Ethoxy-3,4-dioxocyclobut-1-en-1-yl)methylene)
benzothiazol-3-yl)propanoic acid (6)

2.00 g (6.62 mmol) of 3-(2-carboxyethyl)-2-methylbenzothiazol-
3-ium bromide (5), 1.13 g (6.64 mmol) of 3,4-diethoxy-3-
cyclobutene-1,2-dione (2) and triethylamine (2 ml) were dis-
solved in ethanol (25ml) and reuxed under N2 for 30min. Aer
cooling the solvent was removed was removed in vacuo and the
crude product was puried by column chromatography (SiO2)
with dichloromethane and methanol (90 : 10) as eluent. (Yield
1.46 g, 63.76%).

1H NMR (400 MHz, DMSO) d 7.80 (1H, d, J 7.8), 7.48 (1H, d, J
8.2), 7.39 (1H, t, J 7.3), 7.21 (1H, t, J 7.3), 5.59 (1H, s), 4.75 (2H, q,
J 7.1), 4.37 (2H, t, J 7.2), 2.67 (2H, t, J 7.2), 1.43 (3H, t, J 7.1).

13C NMR (101 MHz, DMSO) d 185.22, 184.68, 172.19, 171.89,
158.97, 140.63, 127.11, 125.74, 123.53, 123.33, 112.10, 79.27,
69.29, 41.19, 31.15, 15.69.

MS (FTMS+) [M + H]+ calc. ¼ 346.07, [M + H]+ observed ¼
346.07, m/z.

FT-IR (ATR) n/cm�1 2925 (br), 1770 (s), 1710 (s), 1676 (s), 1496
(s), 1410 (s).

UV-visible lmax 424 nm (18 411 M�1 cm�1 � 510 M�1 cm�1)
in ethanol.

Preparation of 3-(2-((2-hydroxy-3,4-dioxocyclobut-1-en-1-yl)
methylene)benzothiazol-3-yl)propanoic acid (7)

3-(2-((2-Ethoxy-3,4-dioxocyclobut-1-en-1-yl)methylene)
benzothiazol-3-yl)propanoic acid (6) (1.00 g, 1.45 mmol) was
dissolved in ethanol (10 ml) and heated under reux. Tetrabu-
tylammonium hydroxide (1 ml, 40%) was added and the
mixture was reuxed for 1 h. Aer cooling the solvent was
removed in vacuo and the solvent was removed in vacuo and the
This journal is © The Royal Society of Chemistry 2020
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resulting mixture was puried by column chromatography
(SiO2) with dichloromethane and methanol (90 : 10) as eluent.
Aer purication the solution was concentrated, and the pure
product precipitated with ethanol. (Yield 0.32 g, 39.51%).

1H NMR (500 MHz, DMSO) d 7.44 (1H, d, J 7.6), 7.18 (1H, t, J
7.7), 7.09 (1H, d, J 8.1), 6.93 (1H, t, J 7.4), 5.42 (1H, s), 4.09 (2H, t,
J 7.4), 2.58 (2H, t, J 7.4).

13C NMR (126 MHz, DMSO) d 209.39, 195.06, 179.61, 172.84,
147.78, 142.22, 126.71, 126.50, 121.63, 121.44, 109.87, 82.37,
58.00, 31.36, 23.53, 19.68, 13.96.

MS (FTMS�) [M � H]� calc. ¼ 316.03, [M � H]� observed ¼
316.03, m/z.

FT-IR (ATR) n/cm�1 2958 (m), 2930 (s), 1750 (s), 1523 (m),
1424 (s).

UV-visible lmax ¼ 446 nm (36 409 M�1 cm�1 �
455 M�1 cm�1) in ethanol.

Preparation of 3-(dicyanomethylene)-2-((3-
dodecylbenzothiazol-2-ylidene)methyl)-4-oxocyclobut-1-en-1-
olate (8)

A mixture of 3-((3-dodecylbenzothiazol-2-ylidene)methyl)-4-
ethoxycyclobut-3-ene-1,2-dione (3) (0.5 g, 1.13 mmol) and
malononitrile (85 mg, 1.25 mmol) were dissolved in ethanol (15
ml). Triethylamine (0.20 ml, 1.47 mmol) was added dropwise to
the solution and it was allowed to stir for 2 h at room temper-
ature. Aer the reaction had completed the solvent was removed
in vacuo and the product was obtained as an orange solid aer
purication by column chromatography (SiO2), rst with ethyl
acetate and petroleum ether as eluent to remove impurities.
Pure product was then be run off the column with a dichloro-
methane: methanol mix (80 : 20). Yield (0.20 g, 38.46%).

1H NMR (500 MHz, DMSO) d 7.64 (1H, dd, J 7.8, 0.6), 7.28
(2H, ddd, J 20.9, 11.0, 4.2), 7.11–7.00 (1H, m), 5.89 (1H, s), 3.90
(2H, t, J 7.6), 1.70–1.58 (2H, m), 1.40–1.33 (3H, m), 1.33–1.28
(3H, m), 1.23 (13H, s), 0.85 (3H, t, J 6.9).

13C NMR (126 MHz, DMSO) d 190.96, 186.34, 174.44, 168.48,
153.89, 141.82, 127.05, 126.44, 122.62, 122.29, 119.86, 118.95,
111.01, 81.88, 68.86, 46.20, 45.32, 35.51, 31.78, 29.48, 29.34,
29.18, 26.50, 22.58, 16.18, 14.42, 9.08.

MS (TOF MS ES�) [M]� calc. ¼ 460.21, [M]� observed ¼
460.21, m/z.

FT-IR (ATR) n/cm�1 3448 (br), 2920 (s), 2852 (s), 2196 (s), 2180
(s), 1744 (m), 1624 (m), 1486 (s), 1356 (s), 738 (s).

UV-visible lmax 480 nm (28 148 M�1 cm�1 � 881 M�1 cm�1)
in ethanol.

Preparation of 2-(2-((1-dodecyl-3,3-dimethylindolin-2-ylidene)
methyl)-3-hydroxy-4-oxocyclobut-2-en-1-ylidene)malononitrile
(12)

A mixture of 3-((1-dodecyl-3,3-dimethylindolin-2-ylidene)
methyl)-4-ethoxycyclobut-3-ene-1,2-dione (10) (0.50 g, 1.11
mmol) and malononitrile (95 mg, 1.44 mmol) were dissolved in
ethanol (15 ml). Triethylamine (0.2 ml, 1.44 mmol) was added
dropwise to the solution and it was allowed to stir for 2 h at
room temperature. Aer cooling the solvent was removed in
vacuo and the product was obtained as an orange solid aer
This journal is © The Royal Society of Chemistry 2020
purication by column chromatography (SiO2), rst with ethyl
acetate as eluent to remove impurities and then with dichlor-
omethane : methanol (80 : 20) to obtain the pure product. Yield
(0.28 g, 53.85%).

1H NMR (500 MHz, DMSO) d 7.32 (1H, dd, J 7.3, 0.9), 7.20
(1H, td, J 7.7, 1.2), 6.97 (1H, d, J 7.9), 6.94 (1H, td, J 7.5, 0.6), 5.92
(1H, s), 3.73 (2H, t, J 7.5), 1.62 (2H, dd, J 14.5, 7.2), 1.56 (6H, s),
1.38–1.26 (5H, m), 1.22 (14H, s), 0.85 (3H, t, J 6.9).

13C NMR (126 MHz, DMSO) d 192.24, 185.73, 177.64, 167.90,
163.06, 143.52, 140.60, 127.96, 122.18, 121.34, 119.64, 118.64,
108.20, 84.70, 46.79, 42.49, 36.20, 31.75, 29.44, 29.31, 29.27,
29.18, 29.14, 28.41, 27.54, 26.39, 26.35, 22.55, 14.42.

MS (TOF-MS-ES�) [M]� calc. ¼ 470.28, [M]� observed ¼
470.28, m/z.

FT-IR (ATR) n/cm�1 3382 (br), 2921 (s), 2852 (s), 2198 (s), 1738
(s), 1644 (m), 1484 (m), 1316 (s).

UV-visible lmax 460 nm (10 835 M�1 cm�1 � 52 M�1 cm�1) in
ethanol.
Preparation of 3-(2-((2-ethoxy-3,4-dioxocyclobut-1-en-1-yl)
methylene)-3,3-dimethylindolin-1-yl)propanoic acid (14)

2.00 g (6.41 mmol) of 1-(2-carboxyethyl)-2,3,3-trimethyl-indol-1-
ium bromide (13), 1.09 g (6.41 mmol) of 3,4-diethoxy-3-
cyclobutene-1,2-dione (2) and triethylamine (2 ml) were dis-
solved in 25 ml of ethanol and reuxed under nitrogen for
30 min. The solvent was removed in vacuo and the crude
product was puried by column chromatography (SiO2) with
dichloromethane and methanol (90 : 10) as eluent. (Yield
0.80 g, 35.09%).

1H NMR (400 MHz, DMSO) d 7.42 (1H, d, J 7.3), 7.28 (1H, t, J
7.7), 7.18 (1H, d, J 7.9), 7.06 (1H, t, J 7.4), 5.39 (1H, s), 4.81 (2H, q,
J 7.1), 4.15 (2H, t, J 7.0), 2.61 (2H, t, J 7.0), 1.54 (6H, s), 1.44 (3H, t,
J 7.1).

13C NMR (101 MHz, DMSO) d 192.08, 188.09, 186.61, 172.75,
167.35, 142.02, 140.26, 127.79, 122.53, 121.90, 109.25, 81.08,
69.82, 47.37, 45.66, 30.95, 26.49, 15.68.

MS (FTMS+) [M+] calc.¼ 355.14, [M+] observed ¼ 355.04,m/z.
FT-IR (ATR) n/cm�1 3425 (br), 2976 (m), 2933 (m), 2682 (w),

1770 (vs), 1722 (s), 1702 (s), 1535 (s), 1309 (s) 1175 (s), 1035 (s),
930 (s), 754 (s).

UV-visible lmax 423 nm (51 672 M�1 cm�1 � 1519 M�1 cm�1)
in ethanol.
Preparation of 3-(2-((2-hydroxy-3,4-dioxocyclobut-1-en-1-yl)
methylene)-3,3-dimethylindolin-1-yl)propanoic acid (15)

3-(2-((2-ethoxy-3,4-dioxocyclobut-1-en-1-yl)methylene)-3,3-
dimethylindolin-1-yl)propanoic acid (14) (0.5 g, 1.41 mmol) was
dissolved in ethanol (10 ml) and heated to reux. Tetrabuty-
lammonium hydroxide solution (1 ml, 40%) was added and the
solution was allowed to reux for 1 h. Aer cooling the solvent
was removed in vacuo and the resulting mixture was puried by
column chromatography (SiO2) with dichloromethane and
methanol (90 : 10) as eluent. The solution was then concen-
trated, and pure product precipitated aer ethanol was added.
(Yield 0.04 g, 5.00%).
J. Mater. Chem. A, 2020, 8, 22191–22205 | 22201
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1H NMR (500 MHz, DMSO) d 7.23 (1H, d, J 7.2), 7.14 (1H, t, J
7.5), 6.84 (2H, dd, J 15.7, 7.9), 5.50 (1H, s), 3.99–3.92 (2H, m),
2.45 (2H, m), 1.55 (6H, s).

13C NMR (101 MHz, DMSO) d 195.84, 179.17, 157.83, 144.00,
140.32, 127.77, 122.06, 120.09, 107.19, 84.78, 57.99, 49.06,
46.20, 28.00, 23.53, 19.68, 13.96.

MS (FTMS�) [M�] calc. ¼ 326.10, [M+] observed ¼ 326.10.04,
m/z.

FT-IR (ATR) n/cm�1 2960 (m), 2932 (w), 2874 (m), 1752 (vs),
1733 (m), 1546 (s), 1310 (vs).

UV-visible lmax 423 nm (42 671 M�1 cm�1 � 824 M�1 cm�1)
in ethanol.

Preparation of 2-((3-(2-carboxyethyl)benzo[d]thiazol-2-ylidene)
methyl)-3-(dicyanomethylene)-4-oxocyclobut-1-en-1-olate (16)

A mixture of 3-(2-((2-ethoxy-3,4-dioxocyclobut-1-en-1-yl)
methylene)benzothiazol-3-yl)propanoic acid (6) (0.50 g, 1.45
mmol) and malononitrile (106 mg, 1.6 mmol) were dissolved in
ethanol (15 ml). Triethylamine (0.22 ml, 1.10 mmol) was added
dropwise to the solution and it was allowed to stir for 2 h at
room temperature. Aer cooling the solvent was removed in
vacuo and the product was obtained as an orange solid aer
purication by column chromatography (SiO2) with dichloro-
methane and methanol (80 : 20) as eluent to obtain the pure
product. (Yield 0.25 g, 47.17%).

1H NMR (500 MHz, DMSO) d 7.63 (1H, d, J 7.7), 7.35–7.24
(2H, m), 7.07 (1H, t, J 7.2), 5.85 (1H, s), 4.15 (2H, t, J 7.1), 2.64
(2H, t, J 7.0).

13C NMR (101 MHz, DMSO) d 190.77, 185.86, 174.21, 167.88,
153.05, 141.13, 126.49, 125.87, 122.22, 121.79, 120.16, 119.32,
118.37, 110.85, 81.53, 9.03.

MS (FTMS+) [M + H]+ calc. ¼ 366.05, [M + H]+ observed ¼
366.05, m/z.

FT-IR (ATR) n/cm�1 3056 (br, w), 2198 (s), 2178 (s), 1749 (m),
1737 (m), 1716 (s), 1663 (s), 1500 (s), 1411 (s), 1359 (s), 1308 (s),
1164 (s).

UV-visible lmax 478 nm (35 374 M�1 cm�1 � 386 M�1 cm�1)
in ethanol.

Preparation of 2-((1-(2-carboxyethyl)-3,3-dimethylindolin-2-
ylidene)methyl)-3-(dicyanomethylene)-4-oxocyclobut-1-en-1-
olate (17)

A mixture of 3-(2-((2-ethoxy-3,4-dioxocyclobut-1-en-1-yl)
methylene)-3,3-dimethylindolin-1-yl)propanoic acid (14) (0.5 g,
1.41 mmol) and malononitrile (102 mg, 1.55 mmol) were dis-
solved in ethanol (15 ml). Triethylamine (0.22 ml, 1.10 mmol)
was added dropwise to the solution and it was allowed to stir for
2 h at room temperature. Aer cooling the solvent was removed
in vacuo and the pure product was obtained aer column
chromatography (SiO2) with dichloromethane and methanol
(80 : 20) as eluent. (Yield 0.12 g, 22.64%).

1H NMR (500 MHz, DMSO) d 7.31 (1H, d, J 7.2), 7.19 (1H, t, J
7.6), 7.02 (1H, d, J 7.8), 6.93 (1H, t, J 7.2), 5.84 (1H, s), 3.97 (2H, t,
J 6.5), 2.93 (2H, dd, J 14.0, 6.8), 1.56 (6H, s).

13C NMR (126 MHz, DMSO) d 185.73, 177.82, 167.87, 162.84,
143.23, 140.48, 133.47, 127.93, 122.11, 121.40, 119.61, 118.57,
108.57, 84.82, 46.75, 45.74, 27.49, 9.38.
22202 | J. Mater. Chem. A, 2020, 8, 22191–22205
MS (FTMS+) [M]� calc. ¼ 374.11, [M]� observed ¼ 374.11, m/
z.

FT-IR (ATR) n/cm�1 3412 (br, w), 3056 (br, w), 2198 (m), 1742
(m), 1544 (w), 1486 (m), 1312 (vs), 742 (s).

UV-visible lmax 456 nm (22 544 M�1 cm�1 � 491 M�1 cm�1)
in ethanol.
Modelling procedure

Computational details. The crystal structure of anatase TiO2

available within Materials Studio46 was used as the parent TiO2

surface structure, whose lattice, atomic coordinates and elec-
tronic structure were optimised using the plane wave, pseudo-
potential code, CASTEP47 within the formalism of density
functional theory (DFT).48–50 The exchange–correlation density
functional was the generalised gradient approximation of Per-
dew, Burke and Ernzerhof (GGA-PBE),51 and for all systems
(including those containing the dye molecules) the electron–ion
interactions were generated on-the-y using the PBE functional
to create consistent, norm-conserving pseudopotentials.52 The
corresponding valence electron wavefunctions were expanded
by a plane wave basis set corresponding to a kinetic energy cut-
off of 990 eV, giving an error bar of 5 meV between same-
molecule-plus-surface systems.

For optimisation of the unit cell of TiO2, the Brillouin zone
integrations were performed on a 7 � 7 � 9 Monkhorst–Pack53

grid with 16 symmetry constraints, and for the surface-plus-
molecule and gas-phase systems the single sampling point
corresponded to the gamma point. We used the pairwise, semi-
empirical dispersion correction (SEDC) term of Tkatchenko and
Scheffler54 when modelling the TiO2 surface, molecule, and
surface-plus-molecule systems to account for long-range
dispersions. Following the work of Martsinovich et al.55 no
Hubbard value was applied to Ti, which is further justied by
our focus being the orientation of dye molecules on an anatase
surface (rather than band gaps for example).

For all model systems (unless stated otherwise) the geometry
was optimized using the method of Broyden–Fletcher–Gold-
farb–Shanno (BFGS)56 and the self-consistent electronic mini-
misation method was density mixing. Further convergence
details per BFGS iteration are as follows: electronic energy
tolerance: 10�8 eV; energy change per ion: dE/ion 5 � 10�6 eV;
maximum force: |F|max 0.01 eV Å�1; change in displacement:
|dR| 5 � 10�4 Å. All calculations were non-spin polarised.

Anatase (1 0 1) TiO2 surface. The tetragonal unit cell of
anatase TiO2 available within Materials Studio has dimensions,
a, b ¼ 3.78 Å, c ¼ 9.49 Å and following relaxation in accordance
with the convergence criteria, the tetragonal dimensions
became a, b ¼ 3.81 Å, c ¼ 9.71 Å. The expansion seen on
relaxation is at most 2.4% which lies within the 1 to 5%
expansion expected for the GGA-PBE density functional. The
relaxed cell was cleaved (in Materials Studio) to build a series of
in vacuo (1 0 1) surface slabs containing two to ve layers. The
energy differences per atom between layers were converged to
less than 5 meV for the three-layered slab, which previously was
shown to be sufficient to represent the relaxed atoms of the
anatase surface.55
This journal is © The Royal Society of Chemistry 2020
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For the three-layered slab the vacuum space above the
surface was tested, to determine the optimum c-length that
would reduce artefactual electrostatic interactions between
periodic images. A c-length of 15 Å was found to be well within
the energy convergence criteria of 5 meV, although the cell was
further increased to 20 Å to accommodate the dye molecules.

Finally, the optimum supercell size was determined whereby
the three-layered slab of 20 Å (c-length), was increased both in
the x- and y-directions. The dye molecule with the largest planar
length (molecule 16) was placed on top of the surface of
variously-sized slabs, and total energies were calculated without
relaxation of the model system's atomic structure. Maximum
forces were converged for 2X–4Y supercells producing a nal, (1
0 1) anatase TiO2 slab of dimensions: 20.86 Å � 15.23 Å � 29.02
Å (see ESI Fig. S2†).

Anatase (1 0 1) TiO2 surface-plus-dye. To generate the six
half-squaraine dye molecules (see ESI S2†), we manually
modied the crystal structures of structure (6) to generate the
starting geometry of (4), (7) and (16) and structure (14) to
generate the starting geometry of (15). These structures were
then pre-optimised using the B3LYP hybrid functional57–60 in
combination with the def2-SVP basis set and the def2-SVP/J
auxiliary basis sets61,62 using the RIJCOSX63,64 approximation
as implemented in the ORCA package.65

To obtain a representative structure of a dye molecule on the
surface, as many congurations as possible should be checked.
However, this requires a faster methodology than DFT, that can
take the energy of the relative congurations into account. We
used ‘AutoDock’ (release 4.2.6)66,67 as a cheap pre-screening
methodology for this, acknowledging its limited application to
solid-state systems. We chose ve or six different dyes cong-
urations from the pre-screening results, which were placed on
clean TiO2 (1 0 1) surfaces and optimised using DFT. The
surface-plus-dye congurations with the lowest energy (i.e.
largest-in magnitude-adsorption energy) were identied as the
most probable orientations of the dyes on the TiO2 surface. For
further details see ESI S2.†

For each of the relaxed surface-plus-dye models we calcu-
lated the perpendicular, z-distance of oxygens, nitrogen and
sulphur atoms above the highest surface-Ti; the results
comprise simulated angle-resolved X-ray photoelectron spec-
troscopy (AR-XPS) for comparison to experimental results.

Finally, we calculated the absolute adsorption energies of the
molecules on the dye surfaces to determine the most probable
orientation of the dye in the TiO2 surface.
Device manufacture and testing

DSC devices were prepared using 1.0 cm2 (2 � 0.5 cm) TiO2

working electrodes by doctor blading one layer of transparent
paste (Ti-Nanoxide T/SP, Solaronix) onto TEC8™ FTO glass
(NSG). The TiO2 layer was sintered (500 �C, 30 min) before
TiCl4:THF2(aq) treatment (50mM, 70 �C, 30min), rinsing with de-I
H2O and resintering (500 �C, 30 min). To prepare counter elec-
trodes, aer washing (iPrOH) and air drying TEC8™ glass (NSG)
Pt colloid (Pt-1, Dyesol) was deposited and then sintered (400 �C,
30 min). Aer sealing the counter and working electrodes
This journal is © The Royal Society of Chemistry 2020
together with Surlyn™ (DuPont) at 120 �C, the devices were fast
dyed according to the method described previously68 aer which
acetonitrile-based electrolyte was added (50 mM I2, 50 mM LiI,
50 mM guanidinium thiocyanate, 800 mM 1-methyl-3-
propylimidazolium iodide, 300 mM benzimidazole and 50 mM
tBP). Conductive Ag paint (Agar) was applied to ensure good
electrical contact. Device performance was measured using I–V
data using a Class AAA Solar Simulator at 100 mW cm2 or 1 Sun
between 0 and 1 V (Oriel Sol3A). Spectral response was measured
inDCmode using a Keithley 2400 sourcemeter at a scan rate 0.1 V
s�1. Lamp calibrated to 1 Sun (100 mW cm2) using a KG5 IR-
ltered silicon cell (Newport Oriel 91150-KG5).

To study dye loading, one layer of transparent paste (Ti-
Nanoxide T/SP, Solaronix) was doctor bladed onto a series of
plain glass slides (1.0 cm � 5 cm). The TiO2 layer was sintered at
500 �C for 30min. Aer cooling, the TiO2 coated slides were placed
in dye solutions (0.5 mmol) for 18 hours. The slides were then
rinsed with ethanol and dried under N2 before the dyes were
desorbed with tetrabutylammonium hydroxide solution (1.0 M in
methanol). Solutions were then measured using UV-Vis
spectroscopy.

Conclusions

This paper shows, we believe, the rst combined theoretical
(DFT) and experimental (AR-XPS) study of dye:TiO2 orientation
for a family of structurally related dyes. As such, the data need to
be considered in the context of the strengths and limitations of
the methods used. For example, atomistic modelling provides
detailed insight into the structural features and energetic trends
of a dye on an ideal TiO2 surface; AR-XPS provides structural
information of a non-ideal, i.e., “real” dye–TiO2 device.
However, the DFT calculations are limited to single dye mole-
cules on the surface and carried out at 0 K; the AR-XPS
measurements are an average of many dye molecules on TiO2

surfaces at ambient temperature. Nevertheless, bearing these
factors in mind, we believe that this paper shows, for the rst
time, that organic DSC dye molecules orient themselves hori-
zontally on TiO2 surfaces rather than perpendicularly as is
widely implied in the prior DSC literature.

Though these ndings have important implications for the
future design of DSC dyes both in the context of liquid and solid-
state DSC devices, they warrant further theoretical modelling of
higher concentration of dyes on the surface as the orientations can
alter with concentration of dye on the surface. These ndings also
have potential implications for dye loadings because the space
occupied on the surface is directly related to the orientation of the
dyes. An in-depth understanding of the orientation ofmultiple dyes
will facilitate future design of co-sensitised dyes, devices with co-
adsorbents, and the donor–spacer–linker approach to dye-design.
Ultimately, consideration of dye surface area will add an extra
dimension to the dye design process that already includes rapid
injection, higher extinction coefficients, and more stable dyes.
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