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As part of an effort to design more efficient dyes for dye-

sensitized solar cells (DSCs), structure–property relationships

are established in the world’s best-performing chemical

series of dyes: 2,20-bipyridyl-4,40-carboxylatoruthenium(II)

complexes. Statistical analysis, based on crystallographic data

from the Cambridge Structural Database, is used to determine

common structural features and the effects of structural

change to its salient molecular constituents. Also included is

the report of two new crystal structures for tris(2,20-

bipyridyl)dichlororuthenium(II)hexahydrate and tris(2,20-

bipyridyl)iron(II)dithiocyanate; these add to this statistical

enquiry. Results show that the metal (M) core exhibits a

distorted octahedral environment with M—N �-backbonding

effects affording the propensity of the metal ion towards

oxidation. The same characteristics are observed in iron-based

analogues. The role of carboxylic groups in this series of dyes

is assessed by comparing complexes which contain or are

devoid of COOH groups. Space-group variation and large

molecular conformational differences occur when COOH

groups are present, while such structural features are very

similar in their absence. The nature of the anion is also shown

to influence the structure of COOH-containing complexes.

These structural findings are corroborated by solution-based

UV–vis absorption spectroscopy and DSC device perfor-

mance tests. The presence of COOH groups in this series of

compounds is shown to be mandatory for dye-uptake in TiO2

in the DSC fabrication process. Throughout this study, results

are compared with those of the world’s most famous DSC dye,

N3 (N719 in its fully protonated form): cis-

bis(isothiocyanato)bis(2,20-bipyridyl-4,40-dicarboxylato)ruthe-

nium(II). Overall, the molecular origins of charge-transfer in

these complexes are ascertained. The findings have important

implications to the materials discovery of more efficient dyes

for DSC technology.
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1. Introduction

The search for highly efficient light-sensitive dyes has been at

the forefront of research in the field of dye-sensitized solar

cells (DSCs) for more than a decade. This field arose from

pioneering work by O’Regan and Grätzel, who showed that a

nanocrystalline structured substrate could significantly

enhance light absorption in a dye and thus produce significant

solar cell efficiency (O’Regan & Grätzel, 1991). To date,

ruthenium-based dyes have shown the best performance in a

DSC, with the N3 dye cis-bis(thiocyanato)bis(2,20-bipyridine-

http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=zb5022&bbid=BB48


4,40-dicarboxylato)ruthenium(II) giving record efficiency of

over 11% (Grätzel, 2005).1 However, even with such results

the cells incorporating ruthenium complexes are still strug-

gling economically to compete with electricity produced from

fossil fuels.

Concerning the metal core of these complexes, iron-based

and copper-based dyes have been considered as an alternative

photosensitizer for DSCs since they are much cheaper than

analogous ruthenium-based dyes, albeit yielding reduced

efficiency (Ferrere, 2002; Bessho et al., 2008; Sakaki et al.,

2002). Meanwhile, it has been a long-held belief that a

photosensitizer containing a carboxylate group is crucial to the

performance of a DSC (Wang et al., 2011; Grätzel, 2003). This

provides effective binding and good electronic coupling to the

nanocrystalline structured substrate. However, this is largely

based on empirical evidence and there are few systematic

studies that focus on justifying this hypothesis. Several groups

have considered alternatives to carboxylate groups such as

phosphonate groups (Park et al., 2006). There is also evidence

that other components of a molecule such as bipyridyl rings,

which are common in the best performing dyes, have elec-

tronic interactions directly with the nanocrystalline structured

substrate (Lee et al., 2011). The bipyridyl ligand is ubiquitous

in the best-performing ruthenium-based complexes, in part

due to their good charge-transfer properties. Better charge

transfer in these complexes provides an absorption spectrum

that more closely matches that of the solar spectrum. The

presence of more �-conjugation leads to an enhancement of

intensity and bandwidth, allowing for the creation of more

efficient solar cells.

Given that crystallography provides a quantitative

description of �-conjugation via bond geometry, this paper

seeks to locate the key patterns of �-conjugation in a family of

bipyridyl-ligated ruthenium/iron complexes akin to N3.

Furthermore, the paper seeks to address systematically the

role of the carboxylate substituents on the bipyridine ligands.

To this end, the molecular geometry of one iron complex and

four ruthenium complexes, containing various carboxylate

substituent levels, are compared statistically. These complexes

are: tris(2,20-bipyridyl)dichlororuthenium(II) hexahydrate (I);

tris(2,20-bipyridyl)iron(II)dithiocyanate (II); cis-bis(2,20-bi-

pyridyl)(2,20-bipyridyl-4,40-dicarboxylato)ruthenium(II) hexa-

fluorophosphate (III) and tris(2,20-bipyridyl-4,40-dicarbox-

ylato)ruthenium(II) dichloride (IV).

The crystal structures of (I) and (II) are presented in this

paper in order to justify their structure–property relationships.

In addition, the crystal structures are used as base motifs for a

statistical analysis. These motifs [Fig. 1, (I) and (II)] were

chosen firstly to test the effect of changing the transition metal

atom and secondly to elucidate the effect of the carboxylate

group on the bipyridyl delocalization. As mentioned before,

and as has already been seen experimentally in the literature,

there is an important contribution of the �-electron density in

the pyridyl ring that is suggested to interact with the nano-

crystalline (titanium dioxide, TiO2) surface (Lee et al., 2011).

Furthermore, the NCS ligands in N3 have also been shown to

interact with TiO2 via spectroscopic techniques (O’Shea et al.,

2001). As we are interested in the effect of the carboxylate

group on the bipyridyl rings and its interaction with the TiO2,

the chosen motifs (Fig. 1) contain no NCS ligands.

The Cambridge Structural Database (CSD; Allen, 2002)

contains many reported crystal structures that have an iden-

tical cationic (main) molecular structure to that of either motif

(I) or (II) in Fig. 1; only the associated counterion differs. This

provides a useful basis set of structures from which to perform

a statistical analysis. Furthermore, the CSD also has multiple

structures whose pyridyl rings possess additional chemical

substitution (excluding the bipyridyl bridge), which connects

via a C atom. This permits further statistical analysis on how

chemical substitution affects the delocalization of the pyridyl

rings.
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Figure 1
Complexes (I), (II), (III) and (IV), and N3 structural motifs (V).

1 Since this paper submission, a report of a zinc porphyrin based dye has been
published (Yella et al., 2011) which breaks this world record, achieving 12%
DSC performance efficiency.



Finally, with many different struc-

tures having identical cationic mole-

cular structures and different

counterions, we are able to assess the

conformational similarity of the

cationic parts to ascertain the effect of

the counterion which has already

been shown to be space-group sensi-

tive (Caspar et al., 2004; Pearson et al.,

2008).

2. Experimental

2.1. Crystallization, diffraction and
spectroscopy

Complexes (II)–(IV) were

purchased from Solaronix, while

complex (I) was purchased from

Sigma Aldrich. Originally in powder

form, each complex was crystallized

via slow solvent evaporation from

methanol. Single crystals were

mounted onto a Rigaku Saturn 724+

kappa CCD X-ray diffractometer,

which is equipped with Mo K�
radiation, SHINE Optics and an

open-flow nitrogen Oxford Cryosys-

tems CryostreamPlus.

UV–vis absorption spectra of all the complexes and N3

were recorded in water on a Hewlett Packard 8453 UV

spectrophotometer.

2.2. Dye-sensitized solar cell fabrication and characteriza-
tion

Dye-sensitized solar cells were fabricated using Dyesol

titanium dioxide (TiO2) DSL 18NR-T paste. The titania was

deposited onto cleaned fluorine-doped tin oxide (FTO)

conductive glass (Solaronix S. A.) via the doctor blade

method. These layers were then sucessively sintered for

10 min at 373 K, 10 min at 423 K, 30 min at 598 K, 5 min at

673 K and 30 min at 773 K and then allowed to cool to 343 K

when it was dipped into a 0.5 mM dye solution using a 1:1 ratio

of acetonitrile:tert-butanol solvent for N3 and 2,2,2-trifluoro-

ethanol for (III) and (IV). The platinum counter electrode was

prepared by spin-coating H2PtCl6 solution (52 mM in 2-

propanol) onto the FTO-coated glass and then annealing at

723 K. The electrolyte used consisted of 50 mM iodide/tri-

iodide in acetonitrile (Iodolyte AN-50 from Solaronix S. A.).

The photoelectrode and counter electrode were sealed toge-

ther using 25 mm Surlyn.

Current-voltage characteristics of the fabricated cells were

measured under the equivalent of 100 mW cm�2 AM 1.5 G

illumination with a calibrated ABET Sun 2000 solar simulator,

corrected for spectral mismatch.

2.3. Database study

Statistical analyses used the Cambridge Structural Database

(CSD, Version 5.32, November 2010; Allen, 2002). ConQuest,

Version 1.13 (Bruno et al., 2002), was employed to search for

structures that have a chemically identical cationic

(main molecular) part of complex (I) and (II); there are

many examples of these with different counter-

ions.

Each search adhered to a few acceptance criteria for the

structures found in the CSD:

(i) determined using single-crystal techniques (no powder

diffraction structures);

(ii) having R � 0:08.

The only exception to this is the CSD entry for the N3 dye

which has an R factor of 0.0809 (Shklover et al., 1997). This

exception was permitted since this compound is still one of the

best performing dyes even after a number of years. Addi-

tionally it is used across the world as a standard industrial

reference dye.

The selected subsets of the CSD from the criteria above

were statistically compared with their corresponding complex

(I) or (II). The crystal packing feature in Mercury (CSD

Version 2.4.5) was used to find the confomational differences

between our investigated complexes and the ConQuest

derived data sets (Weng, Motherwell et al., 2008; Weng,

Motherwell & Cole, 2008).
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Table 1
Experimental details for (I).

For all structures: hexagonal, P6/mcc, Z = 4. Experiments were carried out at 150 K with Mo K� radiation
using a Rigaku Saturn724+ (2� 2 bin mode) diffractometer. Empirical absorption correction (using intensity
measurements) in CrystalClear (Pflugrath, 1999). Refinement was on 57 parameters with 0 restraints. H-atom
parameters were constrained.

(I) (II)

Crystal data
Chemical formula C30H24N6RuCl2�6H2O C30H24FeN6�2NCS
Mr 748.62 642.28
a, c (Å) 13.1383 (12), 20.995 (3) 13.1837 (9), 21.2735 (14)
V (Å3) 3138.6 (6) 3202.2 (4)
F(000) 1536 1216
Dx (Mg m�3) 1.584 1.213
� (mm�1) 0.72 0.20
Crystal size (mm) 0.21 � 0.16 � 0.12 0.18 � 0.12 � 0.10

Data collection
Tmin, Tmax 0.676, 1.000 0.857, 1.000
No. of measured, independent and

observed [I > 2�(I)] reflections
11 174, 1220, 994 26 491, 1259, 1165

Rint 0.086 0.043
� values (�) �max = 27.5, �min = 3.7 �max = 27.5, �min = 3.6
(sin �/�)max (Å�1) 0.650 0.649

Refinement
R[F2 > 2�(F2)], wR(F2), S 0.061, 0.153, 1.09 0.049, 0.115, 1.13
No. of reflections 1220 1259
��max, ��min (e Å�3) 0.98, �0.56 0.32, �0.27

Computer programs: CrystalClear (Pflugrath, 1999), SIR92 (Altomare et al., 1999), SHELXS97, SHELXL97, SHELXTL
(Sheldrick, 2008), WinGX publication routines (Farrugia, 1999).



3. Results and discussion

Crystal data collection and refinement details for (I) and (II)

are given in Table 1.2 The corresponding crystal structures are

illustrated in Figs. 2 and 3.

3.1. Database analysis

3.1.1. ConQuest-derived subsets from the CSD. There were

also 43 structures in the CSD which had a chemically identical

cationic (main molecular) part of complex (I) and that

adhered to our acceptance criteria. This data set including

complex (I) will subsequently be refered to as the set {Ru}.

We found that there were 33 structures in the CSD which

had a chemically identical cationic (main molecular) part of

complex (II) and that adhered to our acceptance criteria. This

data set including complex (II) will subsequently be refered to

as the set {Fe}.

Where these subsets are used, in the text that follows each

relevant CSD entry will be refered to by its six letter unique

identifier, as defined by the CSD; while the reference to the

corresponding study will be cited alongside.

3.2. Metal environment

3.2.1. Octohedral distortion in complexes (I) and (II). The

bite angle between the bidentate ligands and the central metal

atom is a key factor in determining the level of octahedral

distortion in the complexes considered in this study. Given the

multiple presence of bidentate bipyridyl ligands in (I), (II) and

{Ru}, it could be deduced that the metal environment deviates

significantly from regular octahedral symmetry. Table 2 lists

the bite angles of the ruthenium complexes from {Ru} that are

closest to that of (I).

As can be seen from Table 2, even though there is a

significant octahedral distortion, this is a common aspect

among structurally similar compounds in the CSD. The mean

of the N—cRuRu—N bite angle in {Ru} is �xx = 78.8 � 0.5�. All but

one of the structures found (XASZIB; Goforth et al., 2005) lie

within three standard deviations of this mean; XASZIB

subtends an angle of 80.5 (5)� and removing this outlier yields

an overall �þ 3� = 80.2�.

Table 3 shows this similarity in bite angle of two similar

temperature structures to complex (I). A similar bite-angle

trend for similar temperature structures along with the same

trend in Table 2 for different temperature structures provides

evidence for this trend to be temperature-independent

throughout {Ru}.

N3 does not have a third bipyridyl ring and thus no third

bite angle. There the angle between the two (unidentate) NCS

groups and the central ruthenium atom is 88.7 (5)�. Even so,

Table 2 shows that there is good correlation of the first two

bite angles between complex (I) and N3. It should be noted

that a significant fraction of the N3 molecules, when adsorbed
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Figure 2
Molecular diagram of complex (I).

Figure 3
Molecular diagram of complex (II).

Table 2
N—cRuRu—N bite angles and the five closest structures to (I) out of a total
of 43.

Structure ID Bite1 Bite2 Bite3

Complex (I) 79.0 (2) 79.0 (2) 79.0 (2)
KUFDOEa 78.9 78.9 78.9
GENCAEb 79.1 79.1 79.1
BPYRUF02c 78.75 78.75 78.75
GOLROOd 78.79 78.79 78.79
HIRDUH01e 78.8 77.6 79.1
N3f 80 79.1 –

References: (a) Biner et al. (1992); (b) Pointillart et al. (2006); (c) Breu et al. (2000); (d)
Pellaux et al. (1999); (e) Otsuka et al. (2001); (f) Shklover et al. (1997).

2 Supplementary data for this paper are available from the IUCr electronic
archives (Reference: ZB5022). Services for accessing these data are described
at the back of the journal.



on TiO2, have one of the NCS groups interacting with the

substrate (Johansson et al., 2005). This adsorbed dye orienta-

tion along with the less distorted octahedral geometry around

the NCS groups, which allows for better orbital overlap, may

contribute to the superior efficiency of the N3 dye over that of

other dyes without NCS groups.

Similar statistics were found for {Fe}; a mean bite angle of

81� exists. However, these values are slightly skewed due to

two outliers [DOJKET (Li et al., 2008) and OFONON (Wang

et al., 2008)] as these lie well outside a three standard deviation

range from the mean. Without their consideration, �xx = 81.8 �

0.6�.

3.2.2. (Ru/Fe)—N bond lengths. Average Ru—N and Fe—

N bond lengths, where N belongs to a 2,20-bipyridyl ligand, are

2.064 and 1.961 Å, according to the International Tables for

Crystallography (ITC; Prince, 2004).

The {Ru} set of 43 structures in Fig. 4 contains a total of 366

Ru—N bonds with a mean of �xx = 2.058 � 0.015 Å and only

three bond lengths from three different structures lie outside

the 3� range.

Fig. 4 shows that 54% of all the bond lengths lie within the

interquartile range (2.051–2.066 Å) with complex (I) Ru—N

bond lengths [2.065 (3) Å] lying just inside this range. The

Ru—N N3 bond lengths, pinpointed in Fig. 4, vary according

to the two bidentate pipyridyl attachments: 2.01 (1) and

2.06 (1) Å in one bipyridyl ring, 2.03 (5) and 2.04 (2) Å in the

other. Fig. 4 also shows that the Ru—N bonds in N3 are

shorter in comparison to those in complex (I) and the ITC

value. This reveals a resistance of N3 towards oxidation. Also,

the shortest of these bond lengths in N3 are perpendicular to

the NCS groups [see Fig. 1, (V)] and the longest ones trans to

the NCS groups. This effect is attributed to �-backbonding

between the Ru atom and the nitrogen of the NCS group. The

�-backbonding increases the strength of this bond thus

making it shorter; in turn, this weakens the trans-bipyridyl

bond. The bonds perpendicular to the NCS groups are not as

affected by the �-backbonding, thus making them stronger

and shorter than those trans to the NCS group. The trans

influence (Appelton et al., 1973), which is the weakening of a

metal–ligand bond owing to the strong influence of its trans-

ligand, can also account for the two Ru—NCS bonds being

among the longest in the structure. With the Ru—N (bipyr-

idyl) bond having a stronger trans influence than Ru—NCS,

this bond is shorter than the Ru—NCS bond. In contrast,

where the trans ligands are both bipyridines the trans influence

is equal; accordingly, so are their bond lengths.

These features bear strong parallels to the situation for (II).

For {Fe}, the mean Fe—N bond length is �xx = 1.98 � 0.10 Å for

270 bonds. This includes the two structures OFONON and

DOJKET which again are both outliers for this data set.

Without them �xx = 1.97 � 0.01 Å and 55% of the bonds lie

within the interquartile range (1.964–1.982 Å). However, both

the ITC value and complex (II) bond lengths lie just outside of

this range (see Fig. 5).

3.3. Bipyridyl ligand environment

3.3.1. C—C bridging length in bipyridyl rings. The C—C

bonds bridging the two pyridyl fragments in all three

complexes have a significant effect on the delocalization of the

bipyridyl ligand in the structure. The C—C bridging bonds in

complexes (I) [1.454 (9) Å] and (II) [1.460 (3) Å] are much
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Figure 4
Histogram of {Ru} showing the distribution of the Ru—N bond length.
Arrows mark the actual bond lengths of ITC, N3 and (I).

Figure 5
Histogram of {Fe} showing the distribution of Fe—N bond lengths
excluding structures OFONON and DOJKET, and showing the positions
of the ITC reference and (II).

Table 3
N—cRuRu—N bite angles of TIWPEU (150 K; Meier et al., 1997), PELSUV
(153 K; Goforth et al., 2006) and complex (I).

Structure ID Bite 1 Bite 2 Bite 3

Complex (I) 79.0 (2) 79.0 (2) 79.0 (2)
TIWPEU 78.9 78.9 78.9
TIWPEU 79.8 79.8 79.8
PELSUV 79.3 78.8 78.9



shorter than one would expect, cf. the C—C bridging length of

1.490 (3) Å (Chisholm et al., 1981) for 2,20-bipyridine. This

same trend of short C—C bonds is apparent in both {Ru} and

{Fe}. Nonetheless, these bonds in (I) and (II) are shorter than

the majority of similar structures in these two sets (see Figs. 6

and 7).

This shorter C—C bridge bond-length manifestation in (I),

(II), {Fe} and {Ru} in part can be attributed to the bidentate

attachment of the bipyridine to the Ru or Fe ion: the M—N

coordination on each bipyridyl ring will pull on the C—C

bridge in order to best accommodate the octahedral metal

environment. � � � �� stacking is seen in the structure of 2,20-

bipyridine with a centroid–centroid distance of 3.87 Å

between two partially overlapping pyridine rings (Chisholm et

al., 1981), although no such interactions are found in either

complex (I) or (II). This could also contribute to the shorter

C—C bridge bonds in complexes (I) and (II) compared with

that of 2,20-bipyridine.

While the temperature of the crystal structure determina-

tions varied across the sets {Ru} and {Fe}, an analogous

statistical analysis of room-temperature subsets of these data

showed no observable difference. Thus, it is more instructive

to use the larger statistically represented {Ru} and {Fe} sets.

Considering bipyridyl C—C bridging bonds more generally,

their lengths closely resemble that of a C—Csp2 single-bonded

environment, cf. 1.487 Å for biphenyl rings, in contrast to

1.39 Å for a C...C delocalized bond, 1.32 Å for a C Csp2

double bond (Prince, 2004). This implies that the bipyridyl �-

system does not extend between the two pyridine rings.

N3 has one C—C bridge length [1.45 (2) Å] that is similar to

that in complex (I) [1.454 (9) Å] and one which is disparate

[1.50 (2) Å]; the latter length is more comparable to the

quoted ITC value.

The interpyridyl N—C—C—N torsion angle may also affect

the average C—C bridging distance, and this is influenced by

the level of planarity in the bipyridyl rings. In (I) and (II) the

N—C—C—N torsion angle is �4.5 (6) and �5.0 (3)�. This

compares with an average N—C—C—N angle of �xx = 4� 3� for

{Ru} and �xx = 5 � 4� for {Fe}. The standard deviations here

reveal a significant range of twist angles in the statistical

ensemble. This interpyridyl twist is likely to be another factor

causing a short C—C bridging bond in this family of

complexes as this reduces the bond stress otherwise created

from having a small bite angle. This bipyridyl group twisting

will also contribute to hindering the extension of the �-system

between the two pyridyl fragments.

3.3.2. Extent of aromaticity in the bipyridyl rings.
Complexes (I) and (II) each have three bipyridyl groups which

are crystallographically equivalent. Indeed, the entire struc-

ture can be generated by the inherent space-group symmetry

operations on a single pyridine ring, subject to either an Fe or

Ru metal which is present in 1/6th occupancy according to the

overall sixfold rotational symmetry. Furthermore, as shown in

x3.3.1, there is no �-conjugation in the C—C bridge of the

bipyridyl ligand. Thus, we can treat each half of the bipyridyl

group as a single ring in our data analysis.

Based on molecular orbital theory, a pyridine ring should be

aromatic (i.e. contains 4n + 2� electrons) and this should

follow for the bipyridyl structure. According to the ITC, a

pyridine ring has a N—C bond length of 1.337 Å and a C—C

bond is 1.379 Å.

Figs. 8 and 9 display evidence for a slight deviation from

aromatic bonding character in both complex (I) and (II) N—C

bonds. Complex (I) has N—C bonds [1.345 (5) and

1.366 (5) Å] which are longer than the ITC value (Fig. 8). N3

also follows this trend with N—C bonds of 1.38 (2), 1.35 (2) Å

for one half of the bipyridyl ring and 1.38 (2), 1.34 (2) Å for

the other half of the bipyridyl ligand; correspondingly, the N—

C bond pairs, 1.35 (2), 1.43 (7) and 1.29 (2), 1.34 (2) Å for the

other bypyridine ring.

Complex (II) N—C bonds [1.364 (3) and 1.345 (3) Å] are

significantly longer than the ITC value. These effects are
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Figure 6
Histogram of {Ru} showing the distribution of the C—C bridge bond
length.

Figure 7
Histogram of {Fe} showing the distribution of the C—C bridge bond
length.



mainly due to the metal–N coordination or the C—C bond

substitution that bridges the other pyridine ring.

{Ru} has 720 N—C bonds with �xx = 1.35 � 0.02 Å, while {Fe}

contains 588 N—C bonds giving �xx = 1.35 � 0.02 Å.

N—C bond lengths of the structures in {Ru} and {Fe} concur

with the observed trend for (I) and (II): i.e. the majority of the

bond lengths are longer than that expected for a delocalized

pyridine bond (ITC value). 50% of the N—C bonds in {Ru} lie

within the interquartile range (1.346–1.363 Å), but with the

ITC value lying outside. Similarly 49% of the N—C bonds in

{Fe} lie within the interquartile range (1.339–1.359 Å) which

also does not contain the ITC value.

Considering the C...C (delocalized) bipyridyl bond lengths

in {Ru} (1416 C...C bonds) and {Fe} (1152 C...C bonds), a

similar fashion reveals a mean C...C pyridyl bond length, �xx =

1.38 � 0.02 Å for both sets. Such bond lengths and those for

complexes (I), (II) and N3 lie within one standard deviation of

the aromatic ITC value.

3.3.3. Bipyridyl ligand substitution effects. The effect of

ortho-, meta- and para-bipyridyl chemical substitution relative

to the metal–N point of coordination was analysed. This

required new sets to be constructed from the CSD which

contain all structures that correspond to the same substructure

search as for {Fe} and {Ru}, with the exception that an extra C

atom is attached to either the para, ortho or meta position (Fig.

10).

As before we have labeled these as sets for ease of refer-

ence. {Ru-ortho}, {Ru-meta} and {Ru-para} contain 9, 27 and

31 suitable structures with 27, 71 and 126 bond lengths in their

respective positions. {Fe-meta} contains 21 suitable structures;

within these there are 123 bond lengths at the meta position.

Analogous {Fe-ortho} and {Fe-para} sets were not analysed

because only 1 and 0 structures respectively were located in

the CSD.
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Figure 9
Histogram of {Fe} showing the distribution of the N—C bond length.

Figure 10
Diagram of bond labels in the pyridine ring.

Figure 8
Histogram of {Ru} showing the distribution of the N—C bond length.

Figure 11
Histogram of the C—Cmeta bond lengths in {Fe-meta}.



In all sets, the bond lengths shorter than 1.100 Å were

excluded as they were considered to be C—H bonds.

3.3.4. C—C bond distributions for {Fe-meta}. Fig. 11 shows

that 54% of the C—Cmeta bonds in {Fe-meta} lie in the inter-

quartile range (1.488–1.512 Å) with �xx = 1.49 � 0.04 Å. These

distances cover the range of single unconjugated sp2—Car to

single sp3—Car bond hybridizations, given ITC values 1.488

and 1.513 Å. The variation between these values is attributed

to the inductive effects of the meta substituents. There are

outliers (1.62 and 1.305 Å) that both come from the same

structure (NIYYEA; Pichon et al., 2008), but from different

moleules within the asymmetric unit.

3.3.5. C—C and N—C bond distributions for {Ru-ortho},
{Ru-meta} and {Ru-para}. 52% of C—Cortho bond lengths in

{Ru-ortho} (Fig. 12) lie within the interquartile range (1.471–

1.498 Å), where �xx = 1.48 � 0.02 Å. This ortho substitution

renders an elongated N—C bond relative to its expected ICT

value and relative to that found in {Ru}; this is illustrated in

Fig. 13.

For {Ru-meta}, the mean C—Cmeta bond length is �xx = 1.49 �

0.02 Å with 52% of these lying in the interquartile range

(1.482–1.509 Å, see Fig. 14). This is an identical 52% inter-

quartile range distribution to {Ru-ortho}, but with a slight shift

towards shorter Csp3—Car-type bond lengths. The N—C bond

lengths in {Ru-meta} have �xx = 1.35 � 0.01 Å, which is the same

as in {Ru}.

The C—Cpara interquartile range in {Ru-para} is 1.492–

1.521 Å with 52% of bonds lying in this range and �xx = 1.50 �

0.02 Å (Fig. 15). Once again, this bond-length distribution

corresponds well to single Csp3—Car bonding. The N—C bond
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Figure 13
Histogram of N—C bond lengths in {Ru-ortho} and {Ru} and the ITC
value shown.

Figure 14
Histogram of C—Cmeta bond lengths in {Ru-meta}.

Figure 12
Histogram of C—Cortho bond lengths in {Ru-ortho}.

Figure 15
Histogram of C—Cpara bond lengths in {Ru-para}.



lengths in {Ru-para} also have the same mean (�xx = 1.35 �

0.02 Å) as {Ru}.

3.4. The effect of the carboxylate group

Complexes (I), (III) and (IV) were compared to investigate

the effect of the addition of a carboxylate group (COOH) on

molecular structural changes, optical properties and solar cell

efficiencies when used in a DSC. These three compounds were

selected as they both have an identical cationic structure,

except that the number of attached COOH groups may vary.

This cation is a key consideration when relating the structure

of the dye to its subsequent solar cell performance since dye

sensitization of TiO2 leaves a monolayer of only the dye cation

(the anionic component of the dye is discarded via dissolu-

tion).

The difference in anchoring effects of carboxylate groups

and phosphonate groups onto TiO2 has already been investi-

gated (Park et al., 2006). It has also been reported that the

most likely binding modes to TiO2 originate from neigh-

bouring bipyridyl ligands for structures similar to complex

(IV). Furthermore, binding from two carboxylate groups in

the same bipyridyl ligand is considered less favourable as in

the case of (III) (Kilså et al., 2004; Fillinger et al., 2002;

Nazeeruddin et al., 2003).

Here we show that the carboxylate group in the dye

structure not only improves the efficiency of a DSC but it is

also essential for its operation.

3.4.1. Structural variation. Both (I) and (II) have different

counterions and a different transition-metal central ion.

However, they otherwise have a common cationic structure

and this leads them to share the same space group. Accord-

ingly, both (I) and (II) pack in a layered arrangement (Figs. 16

and 17). These two complexes do not possess a COOH group.

In contrast, complex (III) does possess a COOH group and

its cationic molecular structure may exist in one of at least

three different space groups (Caspar et al., 2004; Pearson et al.,

2008): C2, C2/c and P2(1)/c. Here, the anions are 7H2O for C2,

2PF�6 and CH3CN for C2/c and 3H2O and 2PF�6 for P2(1)/c

structures; correspondingly, these crystallographic differences

have been attributed to anionic variation. In turn, the sensi-

tivity of space-group assignment, owing to the nature of the

anion, has prospected that crystal field forces are important;

this may imply that solvation effects are particularly sensitive

in the solution state (Pearson et al., 2008).

The conformational differences between our investigated

complexes and the CSD subsets were investigated via the

crystal packing feature in Mercury 2.4.5 (Weng, Motherwell et

al., 2008; Weng, Motherwell & Cole, 2008).
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Figure 16
Crystal-packing diagram of (I). H2O molecules were omitted in this
diagram via the SQUEEZE routine in PLATON (Spek, 2003).

Figure 17
Crystal-packing diagram of (II). NCS anions were omitted in this diagram
via the SQUEEZE routine in PLATON (Spek, 2003).

Table 4
The five closest structures to complex (I) from {Ru}.

Structure ID RMSD Space group Anion

Complex (I) 0.000 P6/mcc 2Cl�, 6 H2O
KUFDOE 0.080 R�33c 3PF�6
GENCAE 0.114 P4332 nC6Mn2O22�

12 , 0.25nH2O
BPYRUF02 0.116 P�33c1 2PF�6
GOLROO 0.118 P213 nC6NaO12Rh2

2�

HIRDUH01 0.120 C2 C6CrN3�
6 , Br�, 8H2O



As can be seen from Tables 4 and 5 the root mean squared

deviation (RMSD) between the cationic structure of (I) and

(II) are low within the CSD subset chosen (see x2.3). This

RMSD is a direct measure of the conformational difference

between (I) or (II) and its similar structures in the CSD.

It is interesting to note that the conformational similarity of

the cationic structure is good despite quite a variation in space

group in both Tables 4 and 5. There is of course no COOH

group present in these cations.

In order to ensure that a temperature-induced phase tran-

sition is not a possible cause for this space-group variation,

cations of (I) and (II) were compared against crystallographic

data collected at similar temperatures within their respective

data sets (see Tables 6 and 7).

Even though a much larger RMSD value is observed in this

comparison, relative to that of the five closest structures, the

high conformational similarity of the cation is displayed (see

Figs. 18 and 19). Therefore, it is reasonable to assume that a

phase transition is not responsible for this space-group

variation.

Complexes (III) and (IV) (Caspar et al., 2004; Pearson et al.,

2008), however, show much greater conformational variation.

The cation in (III) has three common structures to compare

against each other, while that of complex (IV) (Eskelinen et

al., 2000) has only two. The RMSD values are 0.353 Å

(SIXFUB to FEMGIO) and 0.437 Å (SIXFUB to QAGRIA)

for (III) and 0.324 Å for (IV) when comparing all non-H

atoms.

These conformational differences in (III) and (IV) further

show the susceptibility of space-group variation of complexes

due to counterion effects where COOH groups are present in

the cation. In turn, this indicates the possiblity to exploit this

susceptibility in order to structurally engineer dyes with a

common cation to another but with different anions so as to

effect better solvation and charge-transfer properties. Indeed,

the cationic structure is the part of the dye that plays a key role

in light absorption and charge transfer to the TiO2 for DSC

operation.

3.4.2. UV–vis spectroscopy. UV–vis absorption spectra

were collected on all the investigated complexes, with water as

the common solvent. Fig. 20 shows that the addition of the two

COOH groups to (II) [to yield (III)] red-shifts the absorption

and decreases the absorptivity of the dye. The peak absorption

shifts from 451 to 457 nm. Where carboxylate groups exist on
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Figure 19
Conformational similarity of (II) (black) and PAHNUI (yellow).

Figure 18
Conformational similarity of (I) (black) and TIWPEU (yellow).

Table 7
Confromational similarity of PAHNUI (150 K; Parsons et al., 2004) and
WOBTIQ (150 K; Batten et al., 2000) structures to complex (II) from
{Fe}.

Structure ID RMSD Space group Anion

Complex (II) 0.000 P6/mcc 2NCS�

PAHNUI 0.169 P21/c 2B1F1�
4 , 3C3H7N1O1

WOBTIQ 0.299 C2/c 2Cl1O�4

Table 6
Conformational similarity of TIWPEU (150 K; Meier et al., 1997) and
PELSUV (153 K; Goforth et al., 2006) structures to complex (II) from
{Fe}.

Structure ID RMSD Space group Anion

Complex (I) 0.000 P6/mcc 2Cl�, 6H2O
TIWPEU 0.189 P�33c1 None
PELSUV 0.358 P�11 n,n(Bi3I2�

11 )

Table 5
Five closest structures to complex (II) from {Fe}.

Structure ID RMSD Space group Anion

Complex (II) 0.000 P6/mcc 2NCS�

JAMQIY 0.091 C2/c C3HN3S2�
3 , C10H8N2, 5.5H2O

ISUDEF 0.092 C2/c O12V4
4�, 10H2O

LIPXIS 0.096 P21=c C6FeO12
4�, 12.25H2O

NUZKOI 0.118 P�33c1 2PF�6
XIYCUE 0.126 P212121 C6NbO3�

13 , Cl�, 12H2O



all of the pyridyl rings [complex (IV)], the maximum

absorption red-shifts further to 474 nm. The change of metal

from Ru to Fe [(I) to (II)] affords a very different absorption

profile. The peak absorption in complex (I) lies at 520 nm.

In all of these cases, the broad absorption peaks are due to

metal-to-ligand charge transfer (MLCT), represented by a d–

�	 transition. The absorption spectra also show ligand-centred

(LC) �! �	 transitions around 300 nm. These results are all

generally consistent with previously published literature

values (Kalyanasundaram, 1982; Nazeeruddin & Kalyana-

sundaram, 1989).

The MLCT broad bands in N3 are assigned to the peaks at

411 and 530 nm. The corresponding LC transition (
 330 nm)

is much more red-shifted than those of (I), (II), (III) or (IV).

3.4.3. Solar cell efficiencies. The role of the COOH group

in the DSC operation has been described previously (Park et

al., 2006; De Angelis et al., 2007). Here we show how not only

is the COOH group critical for ultrafast charge injection from

the dye to the TiO2, but it is also essential for dye uptake onto

TiO2 and consequent solar cell functionality. All solar cells in

this study were fabricated in one batch to ensure consistency

in operational performance. Moreover, half the cells were

sensitized with (I), (II), (III) or (IV), while the other half were

sensitized with N3.

Table 8 shows that cells made with complexes (I) and (II)

afforded negligible DSC efficiency. This result owes itself to

the lack of dye adsorption onto the TiO2 as could be seen by

visual inspection (Figs. 23 and 22). This lack of dye absorption

is attributed to the absence of any carboxylate group in these

complexes which would otherwise act as a dye anchoring

group to TiO2.

Contrast the lack of colouration of the TiO2 layer in the Ru-

based complex (II) (Fig. 22) against that of a DSC which

contains a Ru-based dye with COOH groups [complex (III)]:

this gives a light orange colour to the sensitized TiO2 layer

(Fig. 23) and a significant DSC efficiency, as showed by the IV

curve in Fig. 21 and the summary in Table 8.

4. Concluding remarks

Concerted crystal structure analyses, UV–vis absorption

spectroscopy and DSC device performance tests on five stra-

tegically related dyes have been performed. This has afforded

new insights into structure–property relationships in a family

of dyes for DSC technology. Understanding the molecular

origins of dye functionality in currently leading dye families is

very important for future material discovery efforts that aim to

realise more efficient dyes for DSCs via quantum-tailored

design. Our results not only demonstrate the type of ‘mole-

cular lego’ that is needed to build new molecular dyes, but

they also show charge-transfer characteristics which need to

be controlled within the whole device design in order to yield

optimum DSC performance. See, for example, the propensity

of a metal ion towards oxidation, the requirements of the TiO2

anchoring group (COOH in this study), and the effect of

molecular charge transfer in the DSC electron injection

process. Supramolecular crystal structure considerations also

imply a sensitivity of certain dyes towards solvation and dye

aggregation effects. While the cationic part of the dye is the

predominant component featured in the DSC device, we show

that the nature of the anion could nevertheless be exploited in
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Figure 20
UV–vis spectra of the four complexes and N3 in water.

Figure 21
UV curves of the best perfoming cells made with N3, complexes (III) and
(IV).

Table 8
DSC efficiencies with N3 dye and complexes (I)–(IV).

Voc is the open circuit voltage, Jsc is the short circuit current density, fill factor
= max power point/Voc 	 Isc (Isc = short circuit current) and efficiency = max
power point/(1000 W m�2 * cell active area).

Sensitizer Voc (V) Jsc (mA cm�2) Fill factor Efficiency (%)

N3 0.61 19.38 0.68 6.28
Complex (I) 0.28 0.07 0.43 0.01
Complex (II) 0.45 0.56 0.50 0.13
Complex (III) 0.43 7.53 0.67 0.95
Complex (IV) 0.60 7.53 0.69 1.96



the future design of new dyes. The fact that this study focuses

on such a high-profile family of subject materials (relating to

N3) is particularly pertinent to the overall objective of smart

material design of new classes of dyes for DSC technology.
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Figure 23
Complex (III) (left) and N3 (right) electrodes after 12 h of dye
sensitization.

Figure 22
N3 (left) and (II) (right) electrodes after 12 h of dye sensitization.
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