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Fluorescein dye derivatives exhibit extended optical absorption up to 500 nm,
rendering these compounds suitable as co-absorbers in dye-sensitized solar cells
(DSCs). A molecular engineering approach is presented, which embraces this
intrinsic optical attribute of fluoresceins, while modifying the dye chemistry to
enhance their light harvesting efficiency, in order to effectively tailor them for DSC
applications. This approach first realizes relationships between the molecular
structure and the optoelectronic properties for a series of five a priori known (parent)
fluorescein dyes: 5-carboxyfluorescein (1), a mixture of m-carboxyfluorescein where
m =5 or 6 (2), 5-carboxyfluorescein diacetate (3), 6-carboxyfluorescein diacetate (4),
a mixture of n-carboxy-2',7'-dichlorofluorescein diacetate where n =5 or 6 (5). The
first step in this approach combines, where available, experimental and
computational methods so that electronic structure calculations can also be validated
for representative fluorescein dyes. Such calculations can then be used reliably to
predict the structure and properties of fluorescein dyes for cases where experimental
data are lacking. Structure-function relationships established from this initial step
inform the selection of parent dye 1 that is taken forward to the second step in
molecular engineering: in silico chemical derivation to re-functionalize 1 for DSC
applications. For this purpose, computational calculations are used to extend the
charge conjugation in 1 between its donor and acceptor moieties. These structural
modifications result in a bathochromic shift of the lowest excitation by ~1.3-1.9 eV
(100-170 nm), making the dye optically absorb in the visible region. Further

calculations on dye molecules adsorbed onto the surface of a TiO2 cluster are used to
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investigate the dye sensitization behavior via dye adsorption energies and anchoring
modes. The results of this theoretical investigation lead to two molecularly
engineered fluoresceins being proposed to act as co-sensitizers together with a
rhodamine dye. This combination of three dyes ensures chemical compatibility,
panchromatic absorption, and restores optical absorption dipping otherwise
observed in a DSC device at ~350-400 nm owing to the 1/13 electrolyte. Overall, the
results of this study demonstrate that molecular engineering can be used to identify
suitable chemical modifications for organic dyes with improved light harvesting

properties for photovoltaic applications.

1 Introduction

The development of renewable energy technologies is of the utmost importance, especially
considering the accelerating depletion of fossil fuels [1], the harmful environmental effects
associated with their combustion [2], and the steadily increasing global demand for energy.
Dye-sensitized solar cells (DSCs) represent a promising photovoltaic solution to this problem,
as they are cheaper to produce than their silicon counterparts, exhibit excellent indoor
performance [3], and potentially offer applications in building-integrated photovoltaics (BIPV)

as solar-powered ’smart windows’ [4-6]. However, their power conversion efficiencies (PCES)
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still remain lower than those of other types of photovoltaic devices, and DSCs have therefore

been limited to niche, rather than generic applications.

Nevertheless, recent efforts in the co-sensitization of dyes for DSC applications have
significantly increased PCEs, which place DSCs in a competitive position in the general
photovoltaic market. For example, the PCE of a zinc-based porphyrin dye (~ 9.5%) was
augmented by ~ 3% upon co-sensitization to produce the world-record DSC performance in
2011 [8]. Last year, this benchmark was surpassed by using, for the first time, a combination of

metal-free organic dyes, where co-sensitization yielded 14.3% PCE under one sun illumination

[9].

Despite these successes, rational systematic molecular design strategies based on engineering
co-sensitized DSCs (hereafter called co-DSCs) still remain elusive. Applying such design
strategies to DSC dyes would be particularly helpful since the dye is one of the most important
DSC device components, whose function can be controlled at the molecular level. The dye
fulfills two central tasks in a DSC: light harvesting and driving the initiation of the electrical
current via the dye---TiO2 electron injection process (TiO2 being the most common choice of

semi-conducting mesoporous layer [3]).

Accordingly, the optical absorption profile of a dye, which is determined by the molecular
structure, strongly influences its DSC performance. The optical absorption profile should be as
broad as possible so that the dye can harness the maximum range of the solar spectrum. Ru-

based dyes historically feature as the most commonly used DSC sensitizers, owing to the good
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breadth of their UV/vis absorption spectra [10]. However, given their high cost, toxicity, and
the relative scarcity of the transition metal ruthenium, it is hardly surprising that metal-free
organic dyes have recently received more attention [11], mostly on account of their high molar
extinction coefficients (€) and their low toxicity. Moreover, they are easily available and cost
effective [3]. Relative to metal-organic dyes, though, a major drawback of organic dyes is their
typically narrow optical absorption spectra, which limit the maximum short-circuit density (Jsc)
attainable [12]. However, this problem can be tackled by co-sensitization. Indeed, one of the
key benefits of co-DSCs is that the co-sensitization of multiple dyes allows absorbing light at
complementary wavelengths, so that their combined use results in a device that exhibits a broad

optical absorption spectrum [13].

To this end, we have recently reported four case studies, each prospecting co-DSC applications
for a chemical family of dyes: 4-(1,3-pentadienyl)-N,N-dimethylanilines [14], oxazines, [15],
cyanines [16], and rhodamines [17]. These studies used a combined experimental and
computational approach to successively elucidate and exploit relationships between dye
structure and optical function in a chemical family of molecular chromophores that were a priori
known as dyes for other applications. The structure-function relationships, so formed for the
dyes in three of those studies [14-16], were subsequently used as reference dyes in a molecular
engineering workflow that was designed to generate new, hypothetical chemical derivatives,
via computational calculations. Suitable DSC dyes exhibited attributes such as appropriate
dye---TiO2 anchoring groups and optical absorption spectra that complement those of other dyes

within this hypothetical series, to the extent that the co-sensitization of certain pairs of these
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computationally generated dyes were predicted to afford an overall panchromatic optical

response in a co-DSC device.

The study presented herein, employs a similar combined experimental and computational
approach to uncover relationships between molecular structure and optical function for
fluorescein dyes. The rationale for combining experimental and computational methods for
studying this set of dyes is twofold: (i) molecular properties can be analyzed from an
experimental and theoretical perspective, confirming the results of theoretical calculations via
reliable experiments, and (ii) computational calculations may provide information that might
potentially not be attainable experimentally. Various obstacles commonly faced during
experimental procedures, such as obtaining a required level of purity for a compound,
crystallization difficulties, solubility issues, or limited sample quantities, can be circumvented
by employing a theoretical approach. In this study, we managed to collect only limited
experimental information on fluoresceins, and on two accounts had available only dye mixtures,
which motivated us to employ computational calculations and molecular engineering, i.e.
theoretical structural modifications of these dyes, to predict sensitizers with improved DSC

properties.

Looking ahead, a more general point regarding the availability of experimental data is worth
adding. While the aforementioned experimental limitations have historically been confined to
issues in the chemical production or characterization of a given material, a new type of missing
experimental data is emerging. As the ‘big data’ research field starts to unfold, large sets of data,
sourced from a multitude of different experimental studies, will become available for data-

mining studies. These assembled material databases will contain manifold quantities of missing
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experimental data, owing to their fragmented and diverse origins. Accordingly, molecular
engineering workflows based on in silico computational methods that have been validated by
all relevant experimental data that is available, will become increasingly important to fill the
experimental data gaps in chemical databases with reliable computationally-generated chemical
data; these computational data will also complement experimental information where it exists.
Such molecular engineering workflows that function on a small scale are needed in preparation
for dealing with this nascent ‘big data’ issue. That way, workflows can eventually be scaled up
to overcome missing data from ‘big data’ initiatives. Placing these considerations in the context
of this case study, the molecular engineering of fluorescein dyes for co-DSC applications
represents one of the many examples of this type of development that are needed to maximize
the potential of ‘big data’ analysis for materials chemistry.

Fluorescein dyes are commonly used in biological research, as their high fluorescence
quantum yields render these compounds attractive fluorescent probes for labeling
macromolecules [18]. The high molecular extinction coefficient of fluoresceins and their high
photostability are additional attractive features for DSC sensitizers. Structurally, fluoresceins
consist of a xanthene ring with terminal oxygen atoms that is connected to a benzoxolane moiety

through a quaternary carbon atom (Figure 1).
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Figure 1: Chemical schematic diagrams of the cyclic lactone isomers of 1-5 (common

molecular fragments are highlighted in blue). 2 is an isomeric mixture of 1 and 6-
carboxyfluorescein, whilst 5 is an isomeric mixture of 5-carboxy-2’,7’-dichlorofluorescein
diacetate and 6-carboxy-2’,7'-dichlorofluorescein diacetate. The chemical schematic diagram of

rhodamine R6 is shown in the box inset.

The fluoresceins used in this study may adopt two isomeric forms: lactone and zwitterion
(Figure 2). Our earlier studies on a series of the structurally-related rhodamine dyes revealed
substantially different optical absorption profiles for each isomer [17]. The results of the
computational aspects of that study on rhodamines suggested increased levels of n-conjugation
between the two principal moieties (in this case: xanthene and benzoxolane moieties) of
zwitterionic dyes, resulting in a bathochromic shift of the absorption. This structure-property

relationship can be used to facilitate panchromatic light harvesting in co-DSCs.
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We herein examine experimentally five fluoresceins that contain a carboxylic anchoring
group at different positions and acetyl groups on the terminal nitrogen atoms, in order to
determine their structure, charge conjugation and spectral properties in the lactone and
zwitterionic isomers: 5-carboxyfluorescein (1), a mixture of m-carboxyfluorescein where m =
5 (para) or 6 (meta) (2), 5-carboxyfluorescein diacetate (3), 6-carboxyfluorescein diacetate (4),
and a mixture of n-carboxy-2’,7"-dichlorofluorescein diacetate where n = 5 (para) or 6 (meta)
(5) (Figure 1). 2 and 5 represent isomeric mixtures, which differ in the position of the carboxylic
acid group on the phenyl ring of the benzoxolane (5 or 6). Specifically, 2 is a mixture of 1 and
6-carboxyfluorescein, the use of which is restricted to the study of solvent interactions in
fluoresceins (Electronic Supplementary Information S.1-S.3), driven by the limited availability

of 1, 3,4 and 5.

O U0
O O T
! o0 I

Lactone Zwitterion

Figure 2: Lactone and zwitterion isomers of fluorescein; only the common fragment is shown.
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Crystal structures for 3-5 are determined from single-crystal X-ray diffraction, while
calculated molecular structures shall be presented for 1, 3, 4, and 5. Subsequently, the highest
occupied molecular orbital (HOMO) energy levels for 1, 3, 4, and 5 are determined
theoretically, while UV/vis absorption properties are established experimentally (1, 2, 3, and
5) and theoretically (1, 3, 4, and 5). For 2, a combined *H and 3C{*H} NMR study is carried
out in order to examine the solvent-dependent structural and optical properties, to derive

structure-property relationships.

On the basis of all these results, we show how parent dye 1 is selected for in silico molecular
engineering studies, whereby a range of its chemical derivatives are generated. To this end,
these derivatives are subjected to a theoretical examination of their molecular structure,
energies of the HOMO and lowest unoccupied molecular orbital (LUMO), and lowest-lying
vertical excitation energies (Ev). Based on the results of this examination, we short-list a
selection of these derivatives (1, 1m, 3, 4, and 1ap) that are theoretically examined at the
dye---TiOz interface using a (TiO2)9 model cluster. We show how these results are combined
with those from a molecular engineering study on rhodamine dyes [17] which, in turn, leads
to a short-listing of two fluorescein derivatives (1adp and 1aep) for co-sensitization trials

using rhodamine dye R6 as a co-absorber.
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The overarching molecular engineering workflow used in this work (Figure 3) therefore
provides an internal experimental validation of the predicted co-DSC attributes, and allows the
development of a molecular engineering strategy and, ultimately, the proposal of novel
engineered co-sensitizers. Figure 4 presents a summary of what type of experimental and/or
computational tools were used to extract certain types of information from individual dyes.
Therein, yellow and green boxes discriminate experimental and theoretical results,

respectively.

Figure 3: Molecular engineering workflow employed in this study.
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Figure 4. Experimental and theoretical examination of fluoresceins 1-5 and closely
related derivatives. Molecular engineering modifications on dye-derivatives are color-coded:
dark blue circles (with the greek letter x) represent the n-conjugated version of 1; light blue
circles (with letters a-f) represent molecular modifications that extend z-conjugation on either
the xanthene or benzoxolane moiety; orange circles (with letters p, pp, 0, or m) represent
derivatives that bear different anchoring groups at different positions (p for COOH at the para
position, pp for benzoic acid at the para position, o for COOH at the ortho position, m for

COOH at the meta position).

2 Experimental and Computational Methods

2.1 Materials

Commercially available powders of 1-5 were purchased from Sigma Aldrich.

12
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2.2 Single-Crystal X-Ray Diffraction

Single crystals of 3, 4 and the 5 (para) component of 5, suitable for X-ray diffraction analysis,
were grown by slow evaporation of saturated ethanol solutions of 3-5 at room temperature. 5 is
a mixture of two different chemicals (where the carboxylic acid group is either attached at
position 5 (para) or 6 (meta) of the corresponding phenyl ring), yet the X-ray diffraction
analysis revealed only the isomer containing the carboxylic acid substituent at position 5 was
present in the crystal structure. Despite numerous attempts, suitable crystals of 1, 2 or the 6-
substituted (meta) component of 5 could not be obtained. Single-crystal diffraction data for 3,
4 and the 5-substituted (para) component of 5 were collected at 120 K, using a Rigaku Saturn
724+ CCD diffractometer, equipped with a Mo X-ray source (Amo-k« = 0.71073 A), SHINE
Optics focusing device, and an Oxford Cryosystems CryostreamPlus open-flow N2 cooling
device. Cell refinement, data collection, and integration were carried out using the Rigaku
CrystalClear-SM Expert 2.0 software package [19], while absorption correction was applied
using ABSCOR [20]. Structures were solved by direct methods and refined by a full-matrix
least-squares method on F2. All refinements were carried out in SHELXS [21]. Hydrogen atoms
of residual disordered water molecules were located using peaks in the Fourier difference map.
The rest of the hydrogen atoms were positioned geometrically and refined as riding on their
parent atoms. A full summary of crystallographic data and refinement details is reported in the

associated deposition material.
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2.3 Nuclear Magnetic Resonance Spectroscopy

All NMR measurements were carried out by the NMR service facility in the Department of
Chemistry, University of Cambridge (UK). *H and **C{*H} NMR spectra for 2 (9.3 mM) were
recorded in deuterated acetonitrile (CD3CN), dimethyl sulfoxide (DMSO-ds), or methanol
(CD30D) on a Bruker Avance 500 Cryo Ultrashield NMR spectrometer at room temperature.
Chemical shifts (o) are expressed in ppm relative to the internal standard tetramethylsilane (6 =

0 ppm). NMR spectra are shown in the Electronic Supplementary Information S.2.
2.4 UV/vis Absorption and Fluorescence Spectroscopy

UV/vis absorption spectra for 1, 2, 3, and 5 (0.04 mM) were recorded in methanol (Figure 6) on
an Agilent Cary 300 UV-vis spectrophotometer. The limited sample quantities available for 4
did not allow the measurement of its UV/vis absorption spectrum. Peak molar extinction
coefficients, &, were calculated from the slope of the linear regression obtained from the
measurement of peak absorbances using five different dye concentrations. Peak absorbance
measurements for each concentration were repeated five times in order to eliminate potential

systematic errors and obtain a standard deviation for the measurement.
2.5 Computational studies

Electronic structures were calculated for 1, 3, 4, and both components of 5, as well as for their
molecularly engineered derivatives. These studies included DFT and TD-DFT calculations
carried out using Gaussian 09 [22], as well as ab initio equation-of-motion coupled-cluster
methods (EOM-CC) [23] using Molpro [24] and the local coupled-cluster response method (LT-

DF-LCC?2) [25,26].
14



248

249

250

251

252

253

254

255

256

257

258

259

260

261

262

263

264

265

266

267

268

269

270

The structures of 3, 4 and the 5-substituted (para) component of 5, obtained from single-
crystal X-ray diffraction analyses, were used as the initial input geometries for subsequent
geometry optimizations using the PBEO hybrid functional [27-30] in combination with a 6-
31G(p) basis set [31]. Solvent effects were considered via the polarizable continuum model
(PCM) [32,33] in methanol. Positive vibrational frequencies were calculated for all dyes,
indicating reliable ground-state structures.

Single-point DFT energy calculations were performed on the optimized geometries in order
to determine HOMO energies and spatial distributions of molecular orbitals. These calculations
were performed at the PBE0/6-311+G(2d,p) level of theory [34] in methanol using the PCM
model. Orbitals were processed using cubgen [22] and visualized in Avogadro [35] (isovalues:
0.02). Difference-density plots between the squares of the HOMO and LUMO plots (LUMO?-
HOMO?) were calculated for 1, 3, 4, and both components of 5 (isovalues: 0.0014) and all other
dye derivatives (isovalues: 0.0007). Lowest-vertical excitation energies (Ev) were obtained
using TD-DFT calculations at the CAM-B3LYP/6-311+G(p) level of theory, including solvent
effects. This functional was chosen after benchmark tests including B3LYP, CAM-B3LYP, and
MO06-HF functionals with LT-DF-LCC2 (cc-pVDZ basis set, including CIS solvent-shift
effects) as a reference. LUMO energies were estimated from the sum of Ev and Exomo and the
simulated UV/vis spectra were constructed by convoluting a Gaussian window function to the
excitation energies, weighted by the oscillator frequencies.

The geometry of the dye---TiO> interface was optimized using DFT calculations at the
B3LYP level of theory and 6-31G* basis set in ethanol (PCM). Single-point energy calculations
and excitation energies were generated using DFT and TD-DFT calculations, respectively, at
the B3LYP level of theory and 6-311+G* basis set in ethanol (PCM).
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3 Results and Discussion

3.1 Establishing prerequisites for the molecular design of optimal
dyes

This study of fluorescein dyes employed an analysis of their structural and optoelectronic
properties, via a rational strategy aimed at increasing the performance of fluorescein-containing
DSCs. The plan involved a preliminary experimental and computational study of a priori known
fluorescein (parent) dyes 1-5. The implementation of computation in this preliminary study of
the parent dyes overcame various experimental difficulties and limited sample availability, by
complementing and corroborating the experimental results that were available (Figure 4). The
investigation of 1-5 was aimed at rationalizing the causes of their poor performance when used
in DSC devices [16]. The information gathered from the study was thence used to construct a
set of molecularly-engineered fluorescein derivatives. The molecular design rules were aimed
at: (i) ensuring chemical compatibility between the chemical derivatives, (ii) lowering Ev by
the extension of m-conjugation within the parent dye molecules, (iii) providing a suitably
positioned anchoring group that favors electron injection and sterically allows adsorption of the
dye onto the TiO surface.

A subsequent analysis of the structural and optoelectronic properties of the in silico
generated fluorescein derivatives, modelled in solution and at the dye---TiO> interface, led to
the short-listing of a handful of dyes from the large pool of molecularly-engineered derivatives.
This short-listing procedure employed the following selection rules: (i) the dye must satisfy the

16
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energetic requirements of a DSC, i.e. the energy of the LUMO must exceed the conduction-
band energy of TiO2 (Ecg) and the energy of the HOMO must be lower than the redox energy
of the electrolyte (Eredox). (ii) Short-listed dyes must exhibit a complementary absorption
spectrum in order to increase light harvesting in a co-DSC [36,37]. (iii) Optimal fluorescein
derivatives should display high levels of electron density on the anchoring group, which favors
electron injection and thus ideally prevents unwanted dye aggregation and electrolyte
recombination.

Given the optical absorption of fluoresceins in the UV region of the electromagnetic
spectrum, co-sensitization may also be able to solve a recurring issue caused by the 17173
electrolyte. The optical absorption of DSCs using I”/173 electrolytes is reduced at ~ 350-400 nm
on account of the optical absorption window of the electrolyte. However, previous reports have
demonstrated that this dip may be restored by co-sensitization of dyes absorbing at 300-400 nm
[38,39]. Using molecularly engineered fluoresceins for this purpose may moreover ensure

chemical compatibility.
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3.1.1 Molecular dye architecture and intramolecular charge transfer in 1-5

3 4 para form of B

Figure 5: The asymmetric units of the crystal structures of parent dyes 3, 4 and the 5-
substituted (para) component of 5. Atomic displacement parameters are drawn at the 50%

probability level.

The crystal structures of 3, 4 and the 5-substituted (para) component of 5, determined by
single-crystal X-ray diffraction (see Figure 5), show that these parent dyes adopt the lactone
form of fluoresceins in the solid state. The associated 5-membered ring of the benzoxolane
moiety bears a single-bonded character throughout, judging from its bond lengths (see
Electronic Supplementary Information S.1). The carbon atom (C17) that joins this ring to the
xanthene moiety also evidences that this single-bonded structural environment extends into the
neighboring 6-membered ring, c.f. C4-C17, C12-C17 and C18-C17 bond-lengths are all similar,
averaging to 1.514(6) A. Accordingly, the planes of the xanthene and benzoxolane moieties are
bifurcated by C17, and orient near-perpendicular to each other in the solid-state; c.f. torsion

angles of 87.6(2)°, 89.0(2)°, and 89.1(2)° between these two planes in 3, 4, and the 5-substituted

18
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(para) component of 5, respectively (see Figure 5). The corresponding torsion angles for the
calculated solution-state structures of 1, 3, 4, and 5 (both components), 89.4°, 88.7°, 89.9°, and
89.7° respectively, show the same near-orthogonality; likewise, in the gas phase calculations.
This suggests that the lactone structural form of these fluorescein dyes also persists in the
solution state, and the near-orthogonality between the xanthene and benzoxolane moieties of
this structural form of fluoresceins means that there is poor w-orbital overlap at their interplanar
junction. i.e. an interruption of m-conjugation which will preclude intramolecular charge transfer
from traversing between these two distinct n-conjugated moieties.

The individual arene rings that are separated by this single-bonded intramolecular structural
architecture nonetheless show z-conjugated behavior within themselves. They each bear a
small degree of bond-length alternation; while this pattern is consistent, this trend does not span
a difference of more than 0.03 A, and so one can regard these arene rings as essentially
delocalized structures. Such delocalization seems to be quite isolated from any chemical
substituent effects, judging from its bond-length character being little affected by the presence
of the anchoring group at different positions on the benzoxolane ring, from comparisons of the
C18-C23 rings between 3 with 4 or the 5 (para) component of 5.

Since significant ‘push-pull’ intramolecular charge transfer, which extends across a good
portion of the molecular chromophore, is regarded as a necessary criterion for a functional DSC
dye, these findings show that the molecular architecture of these parent dyes in their lactone
form would present poor applicability for DSC dye functionalization. However, if such
fluorescein dyes could be reconfigured into their zwitterionic form, this would mitigate an
interruption of the m-conjugated pathway across the molecule caused by the single-bonded
internal character of the lactone form. Then, acceptor and donor moieties on opposing sides of
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the zwitterionic molecule would have the opportunity to become m-conjugated via the
benzoxolane ring, exhibiting a quinoidal structure such that a C=C bond forms between this ring
and the formally charged carbocation that joins the xanthene and benzoxolane moieties (c.f.
Figure 2). m-conjugation that spans the xanthene and benzoxolane moieties would also enhance
the ‘push-pull’ nature of the molecular chromophore to the extent that the associated optical
absorption would then likely extend into the visible region of the electromagnetic spectrum. The
COO- anion formed as a result of this zwitterion formation would also offer an extra anchoring
option for dyeTiO2 binding at the DSC working electrode. Meanwhile, the anchoring group(s)
could be connected easily to the intra-molecular charge transfer (ICT) pathway, thus affording
good adsorption prospects for the dye at the dyeTiO. interface that constitutes the DSC
working electrode.

Overall, these findings suggest that a way to molecular engineer fluorescein dyes which
exist primarily in their zwitterionic form is needed, if one is to functionalize fluorescein dyes

for effective DSC device application.

3.1.2 Optical characteristics of 1-5

The UV/vis absorption spectra of 1, 2, 3, and 5 were recorded in methanol (0.04 mM) and are
shown in Figure 6. The optical absorption spectra of the dyes can be divided in two sections:
one in the UV region, and one in the visible region. The majority of the absorption occurs below
300 nm, and this portion of the absorption spectrum is characteristic of all of the measured

fluorescein dyes. 1 and 2 additionally exhibit a small amount of absorption in the visible region;
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368 their absorption features appear very similar. Since 2 is a mixture of 5-carboxyfluorescein (1)
369 and 6-carboxyfluorescein, it would appear that the 5- and 6-substituted carboxyfluoresceins
370  exhibit negligible difference in optical absorption characteristics. Their exhibition of optical
371  absorption within the visible range of the electromagnetic spectrum could suggest dye solvent
372  interactions or dye aggregation effects that may equally occur in 1 or 2 but cannot be present in
373 3-5. Indeed, supporting NMR studies on 2 (see Electronic Supplementary Information S.2)
374  indicate that dyesolvent interactions exist where solvents are hydrogen-bond donors and are

375  absent when non-hydrogen-bond donor solvents surround 2.
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377  Figure 6: UV/vis absorption spectra of 1, 2, 3, and 5 in methanol (0.04 mM). The inset shows

378  amagnification for the 280-540 nm region.
379

380 Computational calculations (LT-DF-LCC2 with solvent-shift correction) on the cyclic
381 lactone structural forms of 1 and 3-5 corroborated these experimentally-determined optical

382  absorption findings, showing Ev values in the UV-region of the absorption spectrum: 4.76 (1),
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4.72 (3),4.69 (4), and 4.60 eV (5), which correspond to the peak optical absorption wavelengths,
Amax: 260 nm, 262 nm, 264 nm, 269 nm, respectively. Ev values of 5 were calculated for both
para and meta components of its mixture, reporting insignificant differences, within 0.03 eV.
Despite the inclusion of an implicit solvent model (PCM, deemed necessary from previously
established benchmarks [17]), computational efforts to model the zwitterionic isomer of 1-5,
via both implicit and explicit solvent models, failed to produce geometrically stable structures.
This suggests that the lactone configuration is markedly the most stable form of 1-5 in solution
as well as in the solid state as judged by the aforementioned crystal structure analysis. Since
dyes in DSC manufacture manifest in the solution state, and their lactone configuration bears
limited ICT on account of the aforementioned interrupted n-conjugation, these parent dyes 1-5
will therefore exhibit poor optical performance in a DSC. Yet, as the crystal structure analysis
concluded, if fluorescein dyes can be molecularly engineered to feature the zwitterionic form
as their most stable configuration, they will likely portray optical absorption characteristics in
the visible region of the electromagnetic spectrum, and thence could be applied as co-DSC dyes
to afford good device performance. Having characterized the structural and optoelectronic
attributes of 1-5, by forming a representative experimental and computational knowledge base

of these fluorescein dyes, this molecular engineering goal was therefore set.

3.2 Molecular engineering of DSC dyes
3.2.1 Design strategy to decrease Ev

The first step in the molecular engineering process involved the creation of a new set of

fluoresceins via structural modifications in accordance with molecular design rules aimed at
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extending the optical absorption observed for 1-5 from the UV to the visible region of the
electromagnetic spectrum. Our studies on the parent dyes, 1-5, revealed the structural
requirements needed to generate this desired optical shift: by creating fluorescein dye molecules
that are most stable in their zwitterionic configuration so that the w-conjugation can span across
the xanthene and benzoxolane moieties; i.e. circumvent the lactone isomer where n-conjugation
is interrupted by the quaternary carbon atom between these two moieties.

Three sets of structural modifications can be distinguished and are labeled XYZ: (i)
extension of the m-conjugation through the xanthene and benzoxolane moieties in order to
simulate the formation of zwitterionic isomers (X); (ii) modifications to the xanthene or
benzoxolane moieties, involving addition of rings or substitution of core atoms (Y); and (iii)
addition of carboxylic or benzoic acid anchoring groups at ortho, meta, or para position (Z).
These sets of modifications can be combined, in order to achieve greater control over the
optoelectronic properties of the dyes and the creation of a wide range of different dyes. The
parent dyes showed similar optoelectronic properties (cf. Section 3.1.2), rendering 1-5 equally
good potential candidates for molecular engineering. Given the similar optoelectronic
properties, structural modifications were carried out on 1, as its relatively small size affords the
most favorable ratio between the extent of modifications and computational cost.

The three sets of structural modifications for 1 are: (i) the addition of a single arene ring
(benzannulation) of the xanthene moiety at two different positions (XaZ and XbZ), twofold
benzannulation of the xanthene moiety (XcZ), benzannulation of the benzoxolane moiety
(XdZz), removal of the double-bonded oxygen from the benzoxolane moiety (XeZ), substitution
of oxygen with sulfur in the benzoxolane moiety (XfZ); (ii) extension of the m-conjugation
between the xanthene and benzoxolane moiety (1Y Z); (iii) substitution of the carboxylic acid
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437

anchor at the para-position (XYp), substitution of the benzoic acid anchor at the para-position
(XYpp), substitution of the carboxylic acid anchor at the ortho-position (XYo0), substitution of
the carboxylic acid anchor at the meta-position (XYm). A complete list of molecular engineering
combinations is shown in Figure 4, while Figure 7 shows the chemical structure schematics of
the engineered derivatives.

Anchoring groups

Benzoic acid

—0
HC
: 0 Carboxylic acid
HO
o] Ro
o O
a
HO I R,
SeoH d
o S
b Ro Ro
Ry Ry

HO o) OH
I - :
e f
Lo

Figure 7: Chemical schematic diagrams of molecularly-engineered derivatives of 1 with
benzannulated xanthene moiety at two different positions (a and b), twofold benzannulated
xanthene moiety (c), benzannulated benzoxolane moiety (d), removed double-bonded oxygen
from the benzoxolane moiety (e), substituted oxygen with sulfur in the benzoxolane moiety (f).
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Different combinations of molecular modifications were applied, where X represents extension
of the m-conjugation through the xanthene and benzoxolane moieties; Y represents
modifications to the xanthene or benzoxolane moieties, involving addition of rings or
substitution of core atoms; Z represents the addition of carboxylic or benzoic acid anchoring
groups at ortho, meta, or para position. The full list of molecularly modified dyes is: XYm (Rm
= COOH, Ro=H, Rr=H), XYp (Rp= COOH, Ro=H, Rv=H) XYpp (Re = benzoic acid, Ro=
H, Rm = H), XYo (Ro= COOH, Ru = H, Rp = H), where XY is: 1, 1a, 1b, 1c, 1d, 1z, 1xa, 1zb,
1zc, 1nd; lep (Rp= COOH, Ro=H, Rm = H), 1lepp (Rr = benzoic acid, Ro=H, Rm = H), 1fp
(Rp= COOH, Ro = H, Rm = H) only carry modifications without addition of arene rings to the

xanthene and benzoxolane moiety. Common molecular fragments are highlighted in blue.

3.2.2 Molecular engineering of 1

The structural, optical, and electronic properties of the chemical derivatives of 1 were computed
using DFT (PBEOQ) and TD-DFT calculations. For the latter, three functionals were tested for
the purposes of comparison: M06-HF, B3LYP, and CAM-B3LYP. These functionals exhibit
different Hartree-Fock exchange values and long-range corrections in order to benchmark their
performance against LT-DF-LCC2 calculations on the parent dyes and to improve the
estimation of their Ev values [16,40] (Figure 9). M06-HF, which exhibits 100% HF exchange,
delivered the best performance; so it was henceforth used in all subsequent theoretical
examinations of the chemical derivatives of 1.

The structures of all derivatives converged to a stable geometry. Torsion angles of ~ 90° were
observed between the formerly xanthenes and benzoxolane moieties, except for 1zxYZ, which
exhibited a substantially smaller torsion angle of ~ 30°. This exception occurs presumably
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because of the change from sp® to sp? hybridization at the juncture of xanthene and benzoxolane
moieties that is enforced by adding a double bond in this in silico chemical derivation (the =
signature as labelled). There is a corresponding increase in the molecular orbital overlap from
1YZ (20%) to 1xYZ (~ 75%); Figure 10). The analysis of the Kohn-Sham orbitals clearly showed
different electronic structures for derivatives exhibiting different levels of conjugation.
Derivatives of 1 exhibit HOMOs and LUMOs located on the formerly benzoxolane and
xanthene units, respectively, while derivatives of 1z revealed overlapping HOMOs and LUMOs
at the formerly xanthene and benzoxolane moieties (Figure 8). Even though a separated
HOMO/LUMO orbital arrangement is usually more favorable for unidirectional ICT, the
resulting lowest excitation energies constitute a more important discriminator for the short-
listing of derivatives. Furthermore, 1z exhibited high electron density on the anchoring group,
which is indicative of an overall anisotropic ‘push-pull’ charge movement towards the
benzoxolane acceptor unit. Charge separation is further considered in 83.3, which analyzes the
modelled dyes at the dye---TiO- interface and shows that it is a more prominent feature in the
dye-adsorbed composite structure. This is as expected since this composite represents the DSC

working electrode.

1 1np
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Figure 8: Difference orbitals (LUMO?-HOMO?) for 1 and 1zp, showing the -conjugation
consequences of the effect of adding a C=C bond between the xanthene and benzoxolane
moieties on the molecular orbitals; difference orbitals calculated at the PBE0/6-311+G(2d,p)
level of theory using PCM (isovalue: 0.0007); high electron density is shown in green, while

low electron density is shown in yellow.

Following the same trend, the low-lying vertical excitation energies, Ev, between
derivatives of 1 and 1z differ substantially. The increased n-conjugation in 1zYZ resulted in a
marked shift in Ev (Figure 9). While in derivatives of 1YZ the energy decreased by ~ 0.7 eV,
shifts of ~ 1.3-1.9 eV were observed for derivatives of 1zxYZ. These results were consistently

observed for all functionals employed in the calculations.
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Figure 9: Calculated vertical excitation energies, Ev, for 1-5 and derivatives of 1, using

different TD-DFT functionals. While absolute energies between the functionals differed

significantly, the correlations between all functionals are high (average: 94.6%). The

significant bathochromic shifts caused by the extension of the n-conjugation is evident in all

functionals for derivatives of 1x.
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donor moiety, and torsion angles between the benzoxolane and the benzoic acid (pp) for 1-5

and derivatives of 1. Values are calculated from DFT results using PBEO.
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An analysis of the HOMO and LUMO energy levels revealed that all examined dyes satisfy

the energetic conditions required for the use in DSCs, which were stipulated in Section 3.1. This

analysis is borne out by Figure 11 which shows that the LUMO energies of all dyes are well

above the conduction band edge of TiO2, while their HOMO energies are substantially below

the energy corresponding to the redox electrolyte.
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Figure 11: HOMO and LUMO energies for 1-5 and derivatives of 1. All HOMO energies are

located below the electrolyte reduction potential (green line), while all LUMO energies are

located above the TiO, conduction band (red line). Calculated LUMO energies were obtained

from addition of Ev to the HOMO energy.
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3.3 Modeling the dye:--TiO: interface

The behavior of fluoresceins at the TiO> surface was examined by DFT and TD-DFT
calculations at the dye---TiO; interface using a (TiO2)s cluster model. Owing to the higher
computational cost of this study, compared with calculations on the isolated dyes, a subset of
dyes was selected for these interfacial studies, based on the convergence criteria of the
calculations. Previous studies had identified the cluster (TiO2)9 as a good compromise between
computational cost and accuracy [41-43], and so this cluster was also used in this work (see
Electronic Supplementary Information S.4).

Three different types of anchoring modes were analyzed in this study: monodentate (m),
bidentate bridging (bb), and bidentate chelating (bc). Calculations involved dyes 1 (m, bc), 3
(bb), 4 (m, bc), 1m (m, bc), and 1zp (bc). Calculations involving 2, 5, and the 1Z dyes (except
for 1m) did not produce a satisfactory optimized geometry to perform further calculations,
whilst 1YZ dyes were too large to be included in this calculation. Owing to the computational
cost of this study, only 1zp was selected from the 1aYZ dyes, due to its size and suitable

anchoring group. The adsorption energies were obtained according to:

Eqas = Edye + ETiOZ - Edye/Tiozi (3)

wherein E refers to the single-point DFT energy calculation for the different anchoring
dye---TiO> configurations [44].

The results did not reveal any significant changes in the structural and optoelectronic
properties relative to the calculations for the molecular dyes in solution. However, a notable
change was observed in the molecular orbital overlap index, A, which decreased (0-10%)
relative to the isolated dyes in solution (13-23%). Such low orbital overlap values for the
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dye---TiO2 composites indicate successful electron injection during the excitation process
(Figure 12). Whilst Ev values remained constant, significantly different oscillator strengths were
observed for 1z:p---TiO2 compared to 1, 3, 4, and 1m (see Electronic Supplementary
Information S.4). Average adsorption energies of -0.5 (m), -0.3 (bb), -1.9 (bc) were calculated,
showing that the bridging chelating mode should represent the most stable anchoring mode for

this set of dyes, regardless of the dye used.

HOMO LUMO LUMO+1 LUMO+2

Figure 12: Molecular orbitals of 1ztp attached to a (TiO2)s cluster. Excited states show a
deposition of charge on the TiO: cluster, which is consistent with successful electron

injection.

3.4 Determining a suitable combination of dyes for co-DSCs

On the basis of the molecular engineering results from the dye solution and dye TiO interface
models, we tried to identify the best dye pairs for potential applications in co-sensitized DSCs.

The selection process thereby considered all the requirements defined at the beginning of
the study. For example, all dyes containing a benzoic acid anchoring group were excluded, as

their Ev values did not significantly differ from those of their parent dyes. Furthermore, the size
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of the benzoic acid anchoring group might negatively influence the anchoring process by
reducing the stability. Dyes with the anchoring group at the ortho position (XYo0) were also
excluded on account of their lower absorption intensity and small Ev changes.

Conversely, enhanced optical absorption intensities were observed for 1cp and 1zcp, which
contain twofold benzannulated xanthene moieties, while 1zdp showed the lowest Ev value of
all the remaining derivatives. Furthermore, 1z dyes also presented excitation energies in the UV
region of the electromagnetic spectrum, i.e. leading towards panchromatic optical absorption.

Despite these positive results of our molecular engineering efforts in designing fluorescein
dyes that exhibit optical absorption in the visible as well as UV regions of the electromagnetic
spectrum, a significant portion of the solar emission spectrum remained uncovered by any
combination of the examined fluoresceins. However, this part of the spectrum (> 500 nm) can
be covered by the closely related rhodamine dye R6 (Figure 13) which we previously
investigated via another molecular engineering study [17]. The chemical structure of
rhodamines is very similar to that of fluoresceins, thus ensuring chemical compatibility.
Furthermore, our previous studies on this dye in combination with 2 showed synergistic
adsorption of both dyes onto a TiO> substrate when co-sensitized for a DSC via either cocktail
or sequential device fabrication methods [17].

Based on these considerations, the following three dyes were selected for DSC co-
sensitization: 1zcp+1adp+R6 (Figure 13). The superimposed absorption spectrum that
emulates the optical range of a co-DSC device which uses these three dyes (Figure 13, black
curve), evidences a panchromatic optical absorption range from ~200-650 nm. To this end, the
contribution of R6 in further extending the light harvesting of the fluorescein-designed co-DSCs
into the visible part of the optical spectrum is significant. Figure 13 also shows high optical
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absorption at ~ 400 nm, thereby evidencing that this dye combination can be used to recover
the dip in the absorption spectrum that is known to occur when forming the full co-DSC device

owing to the I/I3 electrolyte [38,39].
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Figure 13: Calculated absorption spectra for 1zcp, 1zdp, and R6 together with their
superposition. The absorption spectra are calculated by convoluting a Gaussian window
function to the excitation energies, weighted by the oscillator frequencies. The excitation

energies were calculated at the M06-HF level of theory.
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4 Conclusions

A set of fluorescein dyes (1-5) has been examined for their suitability in potential co-sensitized
DSC applications. In order to determine their structural and optoelectronic properties, the parent
dyes were examined experimentally where possible, via X-ray diffraction (3-5), nuclear
magnetic resonance spectroscopy (2) and/or UV/vis absorption spectroscopy (1-3, 5).
Information that was not attainable by experiment was obtained via quantum chemical
calculations. This synergistic application of experimental and computational methods also
helped to validate the theoretical foundation by which the electronic structures of the
molecularly-engineered, in silico generated, dyes were predicted. To this end, having used the
findings of 1-5 to define the molecular design rules needed to create fluorescein-based DSC
dyes, a set of 26 molecularly engineered dyes, based on the core structure of 1, with different
levels of n-conjugation was calculated by: (i) adding molecular fragments to the xanthene and
benzoxolane moieties of 1 (1Z, 1aZ, 1bZ, 1cZ, 1dZ, 1eZ, and 1fZ), (ii) extending the =-
conjugation between these two moieties (1xZ, 1maZ, 1abZ, 1rcZ, and 1xdZ), (iii) adding
anchoring groups at different positions (XYp, XYpp, XYo, and XYm). Their structures and
optoelectronic properties were examined by DFT and TD-DFT calculations, which furnished
HOMO and LUMO energy levels, molecular orbital shapes, and vertical excitation energies, Ev.
A subset of these in silico generated dyes were short-listed for further analysis whereby changes
were explored in their structure, optical and electronic properties upon adsorption of the dye
onto a TiO surface, since the resulting dye---TiO> interface represents the DSC working

electrode. The associated structural models for these calculations involved the dyes being
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anchored onto a (TiO2)e cluster in various binding configurations; the bridging bidentate form
was found to be the most stable as is generally expected for DSC dyes [3,44].

Additional molecular design criteria were then defined in order to predict which of these
fluorescein dyes might be suitable for co-DSC applications. These criteria envisage the
generation of chemically compatible dyes, with extended n-conjugation for lower absorption
energies and suitable anchoring locations for enhanced electron injection. Based on the
objectives required (suitable HOMO/LUMO energy levels, complementary absorption spectra,
and the regeneration of the dip in optical absorption spectrum that occurs when the DSC device
is formed owing to the redox couple), the accumulated data from this study and the results from
a previous molecular-engineering investigation on a closely related dye family, rhodamines
[17], three dyes were selected to be used in concert in a co-DSC: 1zcp, 1zdp and the rhodamine
dye, R6. This produced an overarching spectrum that is panchromatic across the optical
absorption range ~200-650 nm. The three dyes involved showed complementary optical
absorption spectra to each other and are chemically compatible. The two derivatives of 1n
displayed bathochromic shifts of 1.3 eV (100 nm) and a 1.9 eV (170 nm), respectively, while
the rhodamine dye improved the range of optical absorption in the visible region of the
electromagnetic spectrum. Furthermore, the concerted use of these three dyes produced an
overall optical absorption profile that features a peak at ~ 400 nm, which is in the region of I'/I
3 electrolyte absorption, so co-DSCs bearing these dyes could regenerate this otherwise dip in
DSC device optical absorption.

More generally, we have shown that molecular engineering provides a cheap way of
predicting new efficient chromophores for co-DSC applications. The "bottom up" approach
used in this and previous studies [14-16] complements the "top down" approach, which
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envisions large-scale data mining for suggesting new classes of DSC dyes [45]. The necessity
for a molecular engineering approach lies in the flexibility of this method to predict dyes for a
variety of purposes by refunctionalizing them for a new type of device application. By
establishing the prerequisite molecular design rules, different molecular properties can be
targeted and are easily tested for selection. Fine-tuning is convenient to adapt dyes to new DSC
niche applications such as "smart windows™ and, particularly, co-sensitization. This study has
shown that predictive methods such as molecular engineering offer a systematic approach to the

discovery of highly efficient DSC dyes.
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S.1 X-Ray Diffraction
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Figure S.1: Bond lengths for the carbon atoms in the arene rings of (a) 3, (b) 4, and (c) the 5-
substituted (para) component of 5 from the crystal structures. The rings have been identified
by their labels of carbon atoms for all three structures and highlighted in the inset chemical
schematic: xanthene rings (C1-C6 and C9-C14) and benzoxolane ring (C18-C23).
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S.2 Nuclear Magnetic Resonance
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Figure S.2: 'H NMR spectrum of 2 in deuterated methanol.
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Figure S.3: 4 NMR spectrum of 2 in deuterated acetonitrile.
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Figure S.4: 'H NMR spectrum of 2 in deuterated dimethyl-sulfoxide.
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Figure S.5: 13C{lH} NMR spectrum of 2 in deuterated methanol.
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Figure S.7: 13C{lH} NMR spectrum of 2 in deuterated dimethyl-sulfoxide.
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2 was examined by *H and *C{*H} NMR spectroscopy in several solvents. The equilibrium in
solution was influenced by the hydrogen-bond-donating (HBD) properties of the solvent.
While protic solvents such as methanol are HBD solvents, aprotic solvents such as acetonitrile
and DMSO are non-HBD solvents. The NMR analysis of 2 in methanol-ds (HBD),
acetonitrile-ds (non-HBD), and DMSO-des (non-HBD) showed that the HBD solvent
methanol-ds4 interacted with the molecule creating an unaccounted chemical shift (5 = ~ 49
ppm), which is consistent with a tertiary carbocation. In contrast, for the very same atom a
substantially different resonance (6 = ~ 84 ppm) is observed in non-HBD solvents acetonitrile-
d3 and DMSO-d6.

S.3 UV/vis absorption spectroscopy

Spectral analysis of the optical absorption of this dye in a series of HBD and non-HBD
solvents shows that solvent-interactions cause an additional component of the absorption
spectrum in the visible region (~400-500 nm)(Figure S.7). This is caused by an interaction
between solvent and molecules, in accordance with previous NMR results, but the present data
is not sufficient to establish the exact cause of the additional absorption bands. The UV/vis
spectrum of 2 in non-HBD solvents (acetonitrile, DMSO) did not exhibit any optical
absorption in the visible region of the spectrum (Figure S.7). For the absorption band at 240
nm in 1, 2, and 5, molar extinction coefficients of 2.50 x 104, 2.92 x 104, 3.20 x 10* L mol*
cm™! were measured, respectively.

Meth;nol
Acetic acid =———
25 DMSO
Acetonitrile s

Absorbance [a.u.]

0'5- \/\
0- L

250 300 350 400 450 500 550

Wavelength [nm]

Figure S.8: UV/vis absorption spectra of the isomer mixture of 2 (0.04 mM) in methanol
(HBD), acetic acid (HBD), DMSO (non-HBD), acetonitrile (non-HBD). In HBD solvents,
isomer mixtures of 2 exhibit absorption in the visible region, while 2 in non-HBD solvents
exhibits pre-dominant UV optical absorption.
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S.4 Computational Studies

1 3 4
Figure S.9: Difference orbitals (LUMOZ-HOMOZ) of the parent dyes 1-5, generated from
DFT calculations at the PBEO level of theory with 6-311+G(2d,p) basis set and PCM.
Corresponding difference density orbitals are also generated by subtracting the square of the
LUMO orbitals from the square of the HOMO orbitals. Increasing electron density is

represented in green, while decreasing electron density is represented in yellow. Orbitals have
been drawn at an isovalue of 0.0014.

5
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Figure S.10: Difference orbitals (LUMOZ-HOMOZ) of the parent dyes 1-5, generated from
DFT calculations at the PBEO level of theory with 6-311+G(2d,p) basis set and PCM.
Corresponding difference density orbitals are also generated by subtracting the square of the
LUMO orbitals from the square of the HOMO orbitals. Increasing electron density is
represented in green, while decreasing electron density is represented in yellow. Orbitals have
been drawn at an isovalue of 0.0014.
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Figure S.11: Difference orbitals (LUMOZ-HOMOZ) of molecular engineered dyes with
carboxylic acid at the ortho- and meta-position, generated from DFT calculations at the PBEO
level of theory with 6-311+G(2d,p) basis set and PCM. Corresponding difference density
orbitals are also generated by subtracting the square of the LUMO orbitals from the square of
the HOMO orbitals. Increasing electron density is represented in green, while decreasing
electron density is represented in yellow. Orbitals have been drawn at an isovalue of 0.0007.
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Figure S.12: Difference orbitals (LUMOZ-HOMOZ) of molecular engineered dyes with
benzoic acid at the para-position, generated from DFT calculations at the PBEO level of theory
with 6-311+G(2d,p) basis set and PCM. Corresponding difference density orbitals are also
generated by subtracting the square of the LUMO orbitals from the square of the HOMO
orbitals. Increasing electron density is represented in green, while decreasing electron density
is represented in yellow. Orbitals have been drawn at an isovalue of 0.0007.
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Figure S.13: Difference orbitals (LUMOZ-HOMOZ) of molecular engineered dyes of 7,
generated from DFT calculations at the PBEO level of theory with 6-311+G(2d,p) basis set
and PCM. Corresponding difference density orbitals are also generated by subtracting the
square of the LUMO orbitals from the square of the HOMO orbitals. Increasing electron
density is represented in green, while decreasing electron density is represented in yellow.
Orbitals have been drawn at an isovalue of 0.0007.
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Figure S.14: Simulated optical absorption spectra of the dye---TiO2 for the dyes studied at
the TiO2 interface. Excitation energies were calculated at the CAM-B3LYP level of theory
and convoluted with a Gaussian window function to create the simulated spectra.
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Table S.1: Initial atomic positions for DFT geometry optimization of the (Ti02)9 slab

Atom X-position y-position z-position
Ti 15.6181 4.915257 15.538679
Ti 14.656039 6.531828 13.34211
Ti 17.613459 6.270851 13.08594
Ti 14.907321 7.679475 15.89544
Ti 20.75371 6.862666 12.242809
Ti 18.144937 4.270597 15.519405
Ti 20.762607 5.138394 14.77007
Ti 17.901846 7.483138 15.838273
Ti 21.136004 8.061333 15.539596
O 14.320878 4.940144 14.100751
@) 16.506931 3.427434 16.089748
O 15.998929 6.52309 12.119939
@) 16.415538 8.474763 16.506535
O 13.865553 7.895651 14.349067
@) 14.579851 6.088665 16.664016
@) 21.360157 5.298375 13.036662
@) 17.128385 4.584195 13.950862
O 19.874559 3.641029 15.478823
@) 19.05209 5.949794 14.72939
O 21.668387 6.23336 15.834641
@) 18.97042 6.233881 11.96149
@) 17.978321 8.085584 13.904925
o) 20.702593 8.038422 13.60583
O 17.393451 5.716852 16.531218
o) 22.237354 9.17945 15.984697
@) 19.397398 8.19721 16.403101
O] 16.051565 6.719305 14.671194
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