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1. Introduction  

Arsenic and its adverse effects on the environment and society impose a serious risk as it can 
be observed in cases such as India, Bangladesh, Vietnam, Nepal, and Cambodia. These 
problems can arise from geochemical processes but also man-made activities like mining and 
processing of minerals (Copper, Gold, Cobalt, Nickel and Uranium) that may further 
contribute to the risk of environmental disasters. In either case, problems and environmental 
disasters maybe prevented if a detailed chemical identification and understanding of the 
arsenic species and their chemical properties such as solubility is understood. The processing 
of these mineral ores (containing various metals) generates arsenic-containing solid wastes 
which are disposed in tailings management facilities outside in the environment (Riveros et al., 
2001; Dymov et al., 2004; Defreyne et al., 2009; Mayhew et al., 2010; Bruce at al., 2011). Most 
often the phases that are produced after the process is completed is often a multicomponent in 
nature and contains a variety of elemental and individual phases (often ≥ 3-10 phases are 
expected to be present at the end of the process) produced produced along the chemical 
process. To complicate the understanding of these phases even more, depending upon the 
processing conditions, the produced unwanted materials (from an economic and recyclable 
aspect) may also be of a poorly crystalline nature (nano-scale order) in addition to being multi-
component in nature and as such, simple tasks such as identification and then inferring 
understanding of its chemical properties (such as arsenic release into the environment) 
becomes very difficult if not nearly impossible. In general, as a result of their multicomponent 
nature, and perhaps due to historical relation, the use of lab based XRD has been the main tool 
to tackle the identification of these phases via the use of peak matching and Rietveld type of 
phase fitting analysis. Recently, synchrotron based soft and hard X-ray techniques (XANES 
and EXAFS) have been used in a similar fashion to overcome the poorly crystalline (lack of 
long range order) and multicomponent barrier of these industrially produced complex 
samples using similar types of mathematical types of fitting routines (Principal Component 
Analysis and Target Transformation) which still have limitations in identifying mixtures (>2-3) 
of similar phases with various coordination numbers/environments for the same probing 
atom of interest.  
The need to develop alternative energy storage devices has become one of the main focuses 
in North America and around the World as a result of the fact that as the population of the 
world increases, our oil energy supplies are steadily and quickly decreasing with time. 
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Therefore intensive research, publications and funding have been mainly invested in 
Hydrogen energy, Li-ion types of batteries and Photovoltaic types of energy cells, although 
geothermal and wind type of alternatives are also being explored, the latter remain the focus 
for an alternative energy solution. To overcome technological plateaus in the development 
of technologies for energy (Peter, 2011; Scrosati & Garche, 2010), a deeper understanding of 
the processes, interactions and properties of the materials is needed to tailor the material to 
our benefit. However, in reality, the overall identification of the electrochemical process and 
physical aspects of the materials is nearly impossible due to their multicomponent and 
complex nano structure. As a result a number of multiple analysis techniques and methods 
such as X-ray and electron tomography, diffraction, and spectroscopy’s, have been 
employed to investigate the structural and electronic nature of these types of systems. Yet, 
the complex nature of the multicomponent systems in devices such as Li-ion batteries or 
Dye Sensitized Solar Cell (DSSC) Photovoltaic’s still push the boundaries of the 
understanding (much that still remains unknown or in some cases debated) of these systems 
and the analysis methods/techniques that are employed. 
In this chapter, no detailed outline of the vibrational techniques, no instrumentation or 
theory is discussed in this chapter rather the reader is referenced to the numerous published 
works in journals and books on these subjects from various publishers (Harris and 
Bertolucci, 1989; Coates, 1998; Hollas, 2004; Nakamoto, 2009). Rather, this chapter describes 
three individual case studies in two different research areas: Arsenic species formed during 
the processing of minerals and the biding interactions in Dye Sensitized Solar Cells. In these 
sections, a description of the importance of the problem at hand and the use/application of 
vibrational spectroscopy in correlation with other information from other complementary 
techniques or studies is reported. From these case studies, the great advantages and most 
importantly disadvantages/limitations of the use of vibrational spectroscopy arise (in 
addition to other techniques). This is especially true in the case of muti-component systems 
such as those found in nature or industrially produced materials for which vibrational 
spectroscopy and other techniques (even the standard XRD) become limited.  

2. The synthetic and natural Ca(II)-Fe(III)-AsO4 (yukonite & arseniosiderite) 
system 

2.1 Introduction 
The hydrothermal Ca(II)-Fe(III)-AsO4 system has been actively investigated (Swash, 1996; 
Becze & Demopoulos, 2007; Becze et al., 2010) given its relevance to precipitation that occurs 
in industrial arsenical processing liquors (such as those found in the Uranium industry in 
Northern Saskatchewan, Canada) upon neutralization with lime (CaO). More recently, the 
presence of these types of phases has gained interest as a result of their formation as 
secondary mineral in the mining tailing operations of Gold operations. 
Among the various calcium ferric arsenate minerals out there, yukonite and arseniosiderite 
are the most common ones. Yukonite has been reported to occur most often as fractured, 
gel-like aggregates of dark brownish color. The chemical composition of this rare mineral 
has been reported to vary substantially in terms of its Fe, Ca, As and H2O content, as can be 
observed from previous reports (Tyrrell & Graham 1913; Jambor, 1966; Dunn, 1982; Swash, 
1996; Ross & Post 1997; Pieckza et al., 1998; Nishikawa et al., 2006; Paktunc et al., 2003, 2004; 
Becze & Demopoulos 2007; Walker et al., 2009; Garavelli et al., 2009). X-ray diffraction 
analysis of this material gives broad reflections typical of a mineral with poorly ordered 
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(semi-crystalline) structure (Ross & Post 1997; Garavelli et al., 2009) while electron 
diffraction measurements (Nishikawa et al., 2006) suggested single crystal diffraction 
domains with an orthorhombic or hexagonal symmetry. As K-edge EXAFS measurements 
(Paktunc et al., 2003, 2004) proposed a local molecular structure of yukonite with As-O, As-
Fe and As-Ca coordination numbers of 4, 3.24 and 4.17 respectively; but the molecular and 
structural nature of this phase still remains largely unfamiliar. In terms of environmental 
arsenic stability, Krause & Ettel (1989) found ~ 6-7 mg/L As released at pH 6.15 after 197 
days; Swash & Monhemius (1994) found it to give approximately 2-4 mg/L As over the pH 
range 5-9 after 7 days, while recently Becze & Demopoulos (2007) found it to give an arsenic 
release of 1.16- 5.11 mg/L over a pH range of 7.5-8.8 after 24 hrs of TCLP-like testing. 
Extension of these tests (Becze et al., 2010) to longer period of time (> 450 days) was carried 
out both in gypsum-free and gypsum-saturated waters at various pH conditions where the 
environmental arsenic release was found to be significantly higher in gypsum-free (8.96 
mg/L at pH 7, 47.8 mg/L at pH 8, and 6.3 mg/L at pH 9.5) tests compared to gypsum-
saturated waters (0.75 mg/L at pH 7, 2 mg/L at pH 8, and 6.3 mg/L at pH 9.5.  
Arseniosiderite is another closely related hydrated calcium ferric arsenate mineral relevant 
to these studies; it was first reported by Koenig (1889) as Mazapilite from the Jesus Maria Mine 
in Zacatecas, Mexico but was later shown by Foshag (1937) to be Arseniosiderite by 
comparison with a specimen from Mapimi in Durango, Mexico. This mineral is commonly 
found in other regions of the world such as Greece, Namibia, Spain, France, Austria, Germany, 
England, USA, Bolivia and Australia. Paktunc et al. (2003) reported the occurrence of 
arseniosiderite (Ca2Fe3(AsO4)3O2·3H2O) and yukonite (Ca2Fe3(AsO4)4(OH)·12H2O) in the Ketza 
River mine tailings produced from the operation of a former gold mine/mill in south central 
Yukon, Canada while in 2004 the same authors (Paktunc et al., 2004) found its presence in 
the gold ore from the Ketza River mine location. In a separate, study Fillipi et al. (2004) 
investigated the arsenic forms in contaminated soil mine tailings and waste dump profiles 
from the Mokrsko, Roudny and Kasperke Hory gold deposits in the Bohemian Massif found 
in the Czech Republic. It was reported based on chemical composition (EDX) and XRD 
analysis that arseniosiderite and pharmocosiderite [KFe4(AsO4)4(OH)4·6-7H2O] were the 
only phases present at the Mokrsko location in soils above the granodiorite bedrock. Later 
on Filippi et al. (2007) published an extensive report on the mineralogical speciation (via 
SEM-EDS/WDS, Electron microprobe, XRD and Raman spectroscopy) of the natural soils 
contaminated by arsenic found in the Mokrsko-west gold deposit (Czech Republic) where 
pharmacosiderite and arseniosiderite (in addition to Scorodite and jarosite) were identified 
as products of arsenopyrite (FeAsS) and/or pyrite(FeS2) oxidation-weathering.  
Several authors have commented on the properties of arseniosiderite (Larsen & Berman 
1934; Chukhrov et al., 1958). Palache et al., (1951) and listed the crystal system of 
arseniosiderite as hexagonal or tetragonal, based on optical data. Moore & Ito (1974) 
reported arseniosiderite to have the following chemical formula [Ca3Fe4(OH)6(H2O)3(AsO4)4] 
and to belong to a monoclinic crystal system [A2/a], eight molecular formula units per unit 
cell (Z = 8) and to be isostructural with robertsite [Ca3Mn4(OH)6(H2O)3(PO4)4] and 
mitridatite [Ca3Fe4(OH)6(H2O)3(PO4)4]. However, the precise formula of the mitradatite 
could not be unambiguously defined without detailed knowledge of its crystal structure. 
Therefore, Moore and Araki published (Moore & Araki, 1977a) an extensive crystallographic 
study on mitridatite (and as an extension on arseniosiderite) where they reported mitridatite 
(Ca6(H2O)6[Fe9O6(PO4)9]·3H2O) to possess a monoclinic structure [now with a space group, 
Aa] and Z = 4. Briefly, mitridatite is built up with compact sheets of [FeIII 9O6(AsO4)9]-12 
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oriented parallel to the {100} plane (at the x ~ 1/4 and 3/4 crystallographic positions). These 
sheets are built up from octahedral edge sharing nonamers each defining trigonal rings 
which fuse at their trigonal corners to the edge midpoints of symmetry equivalent nonamers 
and are decorated above, below and in the plane by the PO4 tetratehedra. In addition to 
these octahedral sheets, a thick assembly of CaO5(H2O)2 polyhedra and water molecules 
occur as open sheets parallel to the {100} plane (at the x ~ 0 and ½ positions). The water 
molecules in these CaO5(H2O)2 polyhedra define an OW-OW’edge, which is shared by two 
calcium atoms resulting in the formation of Ca2O10(H2O)2 dimers that contribute to the 
destruction of trigonal symmetry when they are placed on the octahedral sheets. This 
arrangement leads to the monoclinic cell symmetry of mitradatite. Arseniosiderite is an 
isotype of mitradatite, where arseniosiderite obtained from isomorphic replacement of 
PO4↔AsO4. This replacement results in dilation along the “a” crystallographic direction 
because of the contribution in this direction by the larger arsenate tetrahedra is not 
constrained by the relatively rigid octahedra ∞[Fe9O33] sheets. It is also worth noting that 
same year Moore & Araki (1977b) published a short synopsis where they stated that 
mitradatite (and as an extension arseniosiderite) had the same structure as previously 
mentioned but reported the space group to be A2/a. Finally, it is worth noting that to date 
no real crystallographic structure on arseniosiderite has ever been fully reported/published 
as in the case of isostructure mitradatite. Paktunc et al. (2003) reported via As K-edge EXAFS 
that the coordination number and bond lengths of the As-O and As-Fe units were essentially 
identical in yukonite and arseniosiderite, and that at the local structural level, the only 
difference between yukonite and arseniosiderite was the As-Ca coordination number (4.17 
and 2.44, respectively). It should be noted that Paktunc et al. (2003) failed to reference any of 
the extensive work done by Moore & Ito (1974), and later Moore & Araki (1977a,1977b) on 
the structure of mitridatite (and as extension arseniosiderite) but still somehow managed to 
fit the EXAFS structure of arseniosiderite and came up with a As-Ca coordination number of 
2.44. However, Moore & Araki (1977a) clearly stated that“each Ca unit is coordinated to four 
phosphate/arsenate oxygens” thus rendering the previous EXAFS results inaccurate. Moreover, 
in a subsequent publication, the same researchers (Paktunc et al., 2004) reported different 
As-Ca coordination numbers for the same phase (arseniosiderite), namely 2.44, 3.60 and 5.5, 
thus creating more uncertainty as to the true molecular identification of arseniosiderite and 
how it is distinct at the local molecular level to yukonite. The stability of arseniosiderite in 
terms of arsenic leachability was first investigated by Krause & Ettel (1989) who found that 
after 197 days in water, ~ 6-7 mg/L As was released into solution at pH 6.85. Swash & 
Monhemius (1994) also tested the arsenic release of arseniosiderite samples for 7 days and 
found them it to give release ~0.5-0.7 mg/L As over the pH range 5-9. No further arsenic 
stability tests for arseniosiderite exist to date but due to its crystalline nature they should 
perform similar or better than yukonite under the same conditions. 
Since these Ca(II)-Fe(III)-AsO4 phases (Yukonite and Arseniosiderite) were some of the most 
important arsenic phases found to occur in the Gold mining tailing operations around the 
world {Yukon territory,(Paktunc et al., 2003, 2004) and Nova Scotia, Canada (Walker et al. 
,2005 and 2009)] as well in the Mokrsko-west gold deposits, Czech Republic (Filippi et al., 
2004; Filippi et al., 2007; Drahota et al., 2009; Drahota & Filippi 2009)} and as a result of the 
fact that our experimental evidence showed that synthetic Ca(II)-Fe(III)-AsO4 produced 
phases (in particular yukonite) resulted in excellent environmental arsenic retention 
properties (Becze & Demopoulos, 2007; Becze et al., 2010) under similar industrial 
conditions used in the Uranium industry disposal sites such as those found in Northern 
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Saskatchewan, Canada. Yet, in spite of all these studies and important relevance in 
academia as well as industry, the true molecular nature of these Ca(II)-Fe(III)-AsO4 phases 
(yukonite and arseniosiderite) and how these phases were related was still not yet well 
understood. Therefore, a series of studies was conducted and published in this system via 
the use of several analytical structural and molecular techniques, of which vibrational 
spectroscopy was in particular an invaluable tool (Becze & Demopoulos, 2007; Becze et al., 
2010; Gomez et al., 2010a). 

2.2 Results and discussion 
In the beginning of this work, no synthesis method for these Ca(II)-Fe(III)-AsO4 phases had 
yet been developed in the academic or industrial literature, in spite of their great 
importance, unlike in the case of other industrially relevant arsenic phases (e.g. Scorodite). 
Some attempts were conducted and reported by P. M. Swash (1996) during his Ph.D. period 
under the supervision of A. J. Monhemius but no successful results were ever reported or 
published. These unsuccessful results were largely due to the fact that most of the syntheses 
conditions investigate by this research group were largely conducted in acidic media but as 
it is shown in the synthesis procedure developed by Dr. Levente Becze (Becze & 
Demopoulos, 2007; Gomez et al., 2010a; Becze et al., 2010), these phases are only stable at 
higher pH conditions (~ 8) and as such their formation also favours these environment. 
Once a reproducible and stable method of synthesis of these phases was developed we 
further investigated how the chemical distribution of the Ca, Fe, AsO4, OH and H2O were 
distributed among each of these Ca(II)-Fe(III)-AsO4 phases.  
 

Sample 
Chemical Composition (w.t. %) 

As Fe Ca (H2O + OH) 
Synthetic 21.60 ± 0.55 26.52 ± 2.68 8.75 ± 0.63 14.8 

Tagish Lake 23.08 ± 0.40 29.12 ± 0.58 6.90 ± 0.12 19.9 
Romanech Arseniosiderite 23.86 ± 1.13 21.73 ± 1.01 10.35 ± 0.37 8.4 

Table 1. Elemental analysis of several synthetic yukonite, natural yukonite and natural 
arseniosiderite. (Gomez et al., 2010a)  

From our work (Becze & Demopoulos, 2007; Gomez et al., 2010a; Becze et al., 2010) on the 
synthetic and the natural specimens of these mineral phases, it was concluded that yukonite 
could accommodate a wide range of chemical composition (while still retaining the same 
phase) according to the general formula Ca2Fe3–5(AsO4)3(OH)4–10xH2O as shown in our 
studies (Table 1) and previous literature works. Arseniosiderite is very similar in terms of 
chemical composition to yukonite (Table 1) but as mentioned previously is a distinct mineral 
phase. Arseniosiderite has been indicated to be more crystalline counter part of yukonite 
(Garavelli et al., 2009) and generally has slightly more calcium content in both natural and 
synthetic (Paktunc et al., 2003, 2004; Garavelli et al., 2009; Gomez et al., 2010a) samples then 
yukonite. More interesting, it was noted that the chemical formula commonly used in the 
literature (Paktunc et al., 2003, 2004; Fillipi et al., 2004, 2007; Garavelli et al., 2009) 
Ca2Fe3(AsO4)3O2·3H2O had a peculiar form in that the use of peroxide types of molecular 
groups were used but also no hydroxyl groups were included in the formulas as in 
yukonite. Interestingly, most of these works where the formula was written in that fashion 
had no reference given to the earlier work of Moore and co-workers (Moore & Ito, 1974; 
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Moore & Araki, 1977) who determined the crystallographic structure of its phosphate 
isostructure-mitradatite. In both reports, the authors consistently reported that oxo-anions 
(O2-) and/or hydroxyl units (OH-) existed in the structure but certainty no peroxo anions 
(O2)2-. Moreover, even among the crystallographic reported works, the formulae also varied 
from Ca3Fe4(OH)6(H2O)3(XO4)4 in 1974 to Ca6(H2O)6[Fe9O6(XO4)9] �3H2O in 1977 and 
expressed in many alternative ways to describe its crystallographic arrangement but in no 
case was the use of peroxide expression used to describe its molecular formulae. 
Therefore we decided to examine the vibrational structure of arseniosiderite to examine and 
verify if indeed these groups (O2, OH, H2O) were expressed in the molecular structure of this 
mineral phase. Peroxo or superoxo vibrational bands are known to be strongly Raman active 
and occur at 825-870 cm-1 or 1131-1580 cm-1 as in phases such as studtite (UO2(O2)·4H2O) 
(Burns & Hughes, 2003; Bastians et al., 2004). The Raman spectra of arseniosiderite in our work 
and previous others (Filippi et al., 2007) did not appear to contain peroxo groups and as such it 
was determined that expressing the formulae as Ca2Fe3(AsO4)3O2�3H2O was incorrect because 
it gives the wrong impression that peroxo units exist in arseniosiderite structure which is 
untrue. In addition, the question of whether hydroxyl groups occurred in the structure arose 
from the previous work reported by Moore and co-worker earlier work (1974) in which in the 
use of oxo-anions and hydroxyl anion were included in the formulae but in the later work 
(1977) only the use of oxo-anions was employed. Essentially, they arrived at this option by 
investigating bond length-bond strength variations by XRD. On the basis of this investigation 
they concluded that no hydroxyl (OH-) anions occur in the structure and treated all anions as 
oxo-anion (O2-) because they were all undersaturated (according to Baur’s fourth rule Δp = 
pdonor-pacceptor). Thermo Gravimetric Analysis could only show us how much OH+H2O existed 
in our sample but not could tell us if one or both definitely existed in the structure of this 
phase; more over previous X-ray crystallographic works had no additional information due to 
their lack of Hydrogen atom sensitivity (unlike neutron based diffraction).  
 

 
Fig. 1. ATR-IR spectra of arseniosiderite at 25 °C, 450 °C and 650 °C in the arsenate (left) and 
hydroxyl (right) stretching regions. (Gomez et al., 2010a) 

Thus, in order to clarify this issue, we decided to conduct annealing/heating analysis (450 
°C, 600 °C and 750 °C) of arseniosiderite similarly to that done by Garavelli et al. (2009) but 
this time using a molecular sensitive technique (ATR-IR) to determine whether there were 
indeed structural hydroxyl units present. From this analysis as shown above, it was 
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confirmed that this structure have water molecules, hydroxyl groups that were found to still 
exist even after heating the sample to > 600 °C (Figure 1). Therefore, based on all this 
vibrational evidence our preference for a “new”(similar to work by Moore & Ito, 1974) 
expression formula Ca3Fe5(AsO4)4(OH)9·8H2O was adopted for this mineral rather than 
Ca2Fe3(AsO4)3O2�3H2O. It should be noted that in the case of yukonite similar heating test 
were also conducted to verify that indeed both OH and H2O groups are included in the 
structure, in agreement with previous works (Tyrrell & Graham, 1913; Jambor 1966; Ross & 
Post 1997; Pieczka et al., 1998; Paktunc et al., 2003, 2004; Nishikawa et al., 2006; Becze and 
Demopoulos 2007; Walker et al., 2009; Garavelli et al., 2009). Finally, in this work it was 
observed that for arseniosiderite, and additional arsenate IR and Raman active vibrations 
occurred ~ 900 cm-1 indicative of protonated arsenate groups. Another such possibility for 
the existence of additional vibrational bands at such higher wavenumbers is the possibility 
of more than one type of crystallographic arsenate group which would add extra 
contributions to the arsenate vibrational region of the spectra. However, this latter 
possibility is unlikely from inspection of the lack of splitting to the v3 arsenate modes which 
should be additionally splitted if more than one distinct crystallographic arsenate molecule 
occurs in the crystal structure (for example in Ferric Arsenate sub-hydrate in section 3.2); 
more over from the crystallographic data of Moore and co-workers (Moore & Ito, 1974; 
Moore & Araki, 1977a) only one distinct arsenic position is described in its structure. 
Therefore, the presence of this band in the Raman and IR spectra of arseniosiderite clearly 
indicates that not only do arsenate groups occur in the structure of this phase but also 
protonated arsenate groups, something that no previous works on this phase have ever 
mentioned or notice. Although one brief Raman report was published (Fillipi et al., 2007), 
the focus of this study was not to investigate the molecular structure of this phase and as 
such the use of Raman spectroscopy was employed only as a fingerprint tool. However in 
our case, as a result of the combination of vibrational techniques (IR and Raman) along with 
a detailed crystallographic knowledge of the structure, new molecular information was 
obtained. 
As can be observed from the brief analysis above (the chemical composition coupled with the 
vibrational work) it is apparent that a molecular formulae/composition was obtained in both 
phases (yukonite and arseniosiderite) but their molecular arrangement and local structure was 
still unknown. This was largely as a result of the fact that although arseniosiderite is a 
crystalline material, its actual crystal structure has not yet been actually determined (only 
inferences from its isostructures such as mitradatite have been actually reported).  
 

  Coordination Number Bond Length (Å) 

Arseniosiderite 
As-O 4.25 1.71 
As-Fe 3.66 3.29 
As-Ca 2.44 4.24 

Yukonite 
As-O 4.00 1.71 
As-Fe 3.24 3.28 
As-Ca 4.17 4.21 

Table 2. Arseniosiderite and Yukonite’s first three shell (As-O, As-Fe and As-Ca) 
coordination numbers and bond lengths  based on fitting of As K-edge EXAFS data. 
(Paktunc et al., 2003, 2004) 
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Yukonite is a semi-crystalline unordered type of phase whose structure at the macro or nano 
level also still remains unknown. From previous literature data (Paktunc et al., 2003, 2004) 
on As K-edge EXAFS measurements of yukonite and arseniosiderite, the local As-Ca 
coordination of these two closely related phases which is the only significant difference at 
the local coordination level to distinguish these two phases arose to question. Moreover, the 
reports of two distinct As-Ca coordination numbers for arseniosiderite by the same author 
on subsequent years (Paktunc et al., 2003, 2004) gave rise to even more confusion on this 
subject (Table 2). Although vibrational spectroscopy can offer us qualitative insight into the 
coordination of molecules in a crystal structure, most often this occurs as an average of all 
the molecules. Moreover, its probing range of the structure resembles that of a long range 
probe due to the size of the wavelength radiation used in these techniques (IR and Raman) 
and as such, element specific local coordination information is not possible to attain with 
vibrational spectroscopy.  Based on this latter fact and as a result of the contradictory results 
from previous works (Paktunc et al., 2003, 2004) we decided to conduct our own XAS 
analysis at the As K-edge and at the Fe and Ca L-edges. From the As K-edge and Fe L-edge 
X-ray Absorption Spectroscopic analysis (refer to Gomez et al., 2010a) it was determined 
that in fact the local molecular environment of arsenic and iron of yukonite and 
arseniosiderite was almost identical (in terms of bond lengths and coordination numbers) to 
each other, in agreement with that of previous reports.  
In complicated systems such as arseniosiderite and yukonite, the Ca L-edge XAS (in 
particular the XANES region) provides a sensitive probe to determine the local coordination 
structure at the selected atomic site within 4–5A˚(Borg et al., 1992) from the core atom (in 
our case Calcium). Therefore it can provide specific information on the local character of the 
3d0 unoccupied states via the 2p53dn excited electronic state (de Groot et al., 1990; de Groot, 
2005). The multi-peaks (a1, a2, b1, b2) observed in the Ca L-edge XANES spectrum have been 
attributed to the crystal field arising from the symmetry of the atoms surrounding the Ca2+ 
ions leading to atomic and charge transfer multiplet effects. These effects have been shown 
to add extra features and redistribute the intensity over all the lines in the XANES spectrum 
(Naftel et al., 2001; de Groot, 2005). Moreover, the splitting of these features can be related 
nonlinearly to the value of the crystal field splitting parameter, coordination and site 
symmetry around the calcium atoms as well as spin-orbit splitting at the 2p level. Therefore 
in our studies, the use of the Ca L-edge XAS was employed to determine if in fact the As-Ca 
coordination was distinct in yukonite and arseniosiderite as previously reported. If indeed 
the calcium local As-Ca coordination was different in yukonite and arseniosiderite, then the 
Ca L-edge XANES spectra that should be observed should also be distinct (Naftel et al., 
2001; de Groot, 2005; Fleet & Liu, 2009). As may be seen from the Ca L-edge data (Figure 2), 
the calcium exhibits the exact same spectra indicating that the same type of calcium 
coordination and crystal field is observed both yukonite and arseniosiderite. Thus, from the 
Ca L-edge XANES spectra (Figure 2) it may be inferred that the electronic and local calcium 
coordination state (As–Ca) and thus coordination number in yukonite is very similar or 
exactly the same as in arseniosiderite, in contrast to previously reported EXAFS data 
(Paktunc et al., 2003, 2004). Therefore based on this information and that of previous works 
on arseniosiderite and yukonite (Moore and Araki, 1977; Paktunc et al., 2003, 2004) it was 
concluded that “each Ca unit is coordinated to four phosphate/arsenate oxygen’s” in both 
structures (Moore & Araki, 1977). 
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Fig. 2. Ca L-edge XANES of yukonite and arseniosiderite. The spectrum of Ca (OH)2 is also 
shown for reference as a Ca+2 standard in an octahedral crystal field. (Gomez et al., 2010a) 

From these above findings it can be inferred that from a chemical point of view and local 
coordination structural aspect (XAS results), it was apparent that these structures were only 
different from the fact that one was a crystalline (arseniosiderite) counter part of the other 
(yukonite) but aside from this both appeared to be identical in every respect.  
SSo, the questioned remained: what exactly makes these two distinct mineral phases not 
related structurally (aside from crystallinity) or molecularly?  
By further investigating the nano structure of these closely related minerals, it was observed 
that although yukonite was a semi-crystalline composed of glass like micro aggregates, at 
the nano-scale under the TEM, yukonite was remarkably found to be composed of nano-
domained structures which actually showed order at the nanometer level. In case of 
arseniosiderite, as expected, it was composed of micro ordered domains and showed 
electron diffraction typical of single crystal domains (Figure 3). Raman spectroscopic 
measurements indicated that even yukonite’s and arseniosiderite’s Raman structure of 
arsenate groups and lattice vibrational modes appeared similar for both phases except for 
the appearance of the IR and Raman active protonated arsenate bands (HAsO4) for 
arseniosiderite. The Raman vibrational bands were found to be broader in the case of 
yukonite (synthetic and natural) versus the sharper bands observed for arseniosiderite, 
confirming that the AsO4 molecules in arseniosiderite were in higher long range order than 
in yukonite. This of course is in agreement with data and conclusions observed from the 
XRD and TEM data. Looking at the ATR-IR spectra of these two such closely related phases 
it was apparent that although their arsenate and Fe-OH/OH2 structure was similar in 
nature, there was an additional feature that only IR spectroscopy allowed us to observe. 
The infrared hydroxyl region (3000-4000 cm-1) has the advantage of giving us insights into 
the intermolecular hydrogen bond nature of minerals (Sumin de Portilla, 1974; Hawthorne, 
1976). For example in Scorodite, where two distinct types of intra-molecular hydrogen 
bonding occurs between the crystal water molecules of metal octahedra and the arsenate 
groups of the form MO – H---OAs; it is possible to relate each specific water (OH) stretching 
to a particular vibrational band of the two distinct crystallographic water sites (Hawthorne, 
1976; Gomez et al., 2010b). The relative strength of H-bonding interactions between the two 
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Fig. 3. Transmission Electron Micrograph and Selected Area Diffraction of yukonite (left-
top) and arseniosiderite (right-top). Raman (left-bottom) and ATR-IR (right-bottom) spectra 
of yukonite and arseniosiderite is also shown below. (Gomez et al., 2010a) 

distinct water molecules may be inferred by observing their relative vibrational positions 
and calculating their H-bond distances using Libowitzky’s correlation functions 
(Libowitsky, 1999). In general, OH stretches at lower wavenumbers are stronger in bond 
strength (smaller H-bond bond distances) then those at higher wavenumbers. In the case of 
arseniosiderite two hydroxyl stretches (3100, 3576 cm-1) are observed, almost identical to 
that found in Scorodite (Hawthorne, 1976; Gomez et al., 2010b, 2011b). These two OH 
stretches in arseniosiderite are indicative of two distinct types of H-bonding environments 
(one strong and one weak); yukonite on the other hand exhibits only a diffuse band (3111–
3215 cm-1) indicative of a disordered type of H-bonding, typical of its glassy disordered 
nature. This latter distinct feature of ordering at the molecular level via H-bonding is a 
characteristic of each phase; this latter fact gave for the first time, a molecularly based 
difference between these two closely related phases (yukonite and arseniosiderite) that did 
not derive from their crystallinity. Based on the Ca 2p, Fe 2p and As-K edge XANES, it is 
apparent that yukonite exhibited the same local calcium, iron and arsenic local structural 
environment and units encountered in arseniosiderite but with less long range order in the 
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crystal lattice domains (as observed via X-ray and TEM). Therefore, the lower long range 
order in yukonite is proposed to arise from lack of developed hydrogen bonding 
environment (observed via ATR-IR) giving rise to poor long range order and is then 
expressed physically as nano-domain size randomly oriented lattices. In contrast, 
arseniosiderite displayed a well ordered H-bonding system in its structure giving rise to 
long range order and a crystalline structure which was physically manifested via micro-
domain single crystal lattices (TEM). Therefore, based on these results, a molecular and 
structural link between these two otherwise similar phases (yukonite and arseniosiderite) 
was proven via the use of vibrational technique coupled with other analysis techniques. 

3. The hydrothermal Fe(III)-AsO4-SO4 synthetic system and their relation to 
industrially produced phases 

3.1 Introduction  
The ferric arsenate waste solids produced from the hydrometallurgical chemical processing 
of mineral feedstock’s from various metal ores (Au, Co, Mo, Zn, U) can be split into two 
groups depending on their degree of crystallinity (Riveros et al., 2001). At ambient 
temperature and pressures, poorly crystalline Fe(III)-As(V) solids (Krause & Ettel, 1989; 
Langmuir et al., 1999; Jia & Demopoulos, 2005, 2007) are produced by co-precipitation, 
which consist of ferric arsenate and arsenate-adsorbed onto ferrihydrite. (Langmuir et al., 
1999; Jia & Demopoulos, 2005, 2007) These co-precipitates are produced from high Fe (III) to 
As(V) molar ratio solutions (typically >3) by lime neutralization (Riveros et al., 2001). Today, 
this method is still considered to be the most suitable method to treat low arsenic containing 
process effluent solutions. 
In the case of arsenic-rich and iron deficient solutions, crystalline phases such as Scorodite 
(FeAsO4· 2H2O) can be produced. This can be done for example at elevated temperatures, 
near the boiling point of water (80-95 °C) and under controlled supersaturated conditions. 
(Singhania et al., 2005; Demopoulos, 2005; Fujita et al., 2008) Crystalline Scorodite is at least 
100 times less soluble than its amorphous counterpart (FeAsO4 · xH2O[am]) (Krause and 
Ettel, 1989; Langmuir et al., 2006; Bluteau & Demopoulos, 2007) and given its high arsenic 
content (in comparison to the Fe (III)-As(V) co-precipitates as mentioned above) has been 
advocated for the fixation of arsenic-rich wastes. (Filippou & Demopoulos 1997; Fujita et al., 
2008) At even higher temperatures (>100 °C, the hydrothermal precipitation range) during 
autoclave hydrothermal processing of copper (Berezowsky et al., 1999) and gold (Dymov et 
al., 2004) sulphide feedstock’s, other crystalline phases than Scorodite are reported to form 
some of which exhibit equal or better stability than Scorodite (Swash & Monhemius, 1994; 
Dutrizac & Jambor, 2007, Gomez et al., 2011a).  
Swash & Monhemius (1994) were the first to report on the precipitation and characterization 
of Fe(III)–AsO4 compounds from sulfate solutions under industrial like autoclave processing 
conditions. In their work, four distinct crystalline phases were found to form which were 
Scorodite, FeAsO4·2H2O; Basic Ferric Sulfate, FeOHSO4 (BFS); Type1”, Fe2(HAsO4)3·zH2O 
with z=4; and “Type 2”, Fe4(AsO4)3(OH)x(SO4)y with x+2y=3. The formation of these phases 
was correlated to two formation variables: temperature and Fe(III) to As(V) molar ratio 
using a fixed retention time. “Type 2” (0.34 mg/L As) was found to meet the TCLP 
leachability criterion exhibiting similar behavior with Scorodite (0.8 mg/L As). A decade 
later, Dutrizac & Jambor (2007) published an extensive experimental program involving the 
precipitation of Fe (III)–AsO4–SO4 phases. In their program, the effects of time, initial acidity 
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and variable Fe(III), As(V) concentrations were considered. The characterization results via 
elemental analysis and XRD identified two new phases in addition to Scorodite 
(FeAsO4·2H2O) and basic ferric sulfate (BFS: FeOHSO4). The two new phases, were labeled 
as “Phase 3, Fe(AsO4)x(SO4)y(OH)v(H2O)w where x+y=1 and v+w=1” and “Phase 4, 
FeAsO4·3/4H2O. Short term (40 h) leachability tests yielded 0.1 mg/L As for Phase 3 and 1–
3 mg/L As for Phase 4 indicating that Phase 3 might be an acceptable carrier for the disposal 
of arsenic. In these studies, the new phases and results were found to be completely 
different than in the studies of Swash & Monhemius (1994). 
Therefore since the true characteristics, conditions/mechanisms of formation, and long term 
arsenic environmental stability had not been unequivocally established or determined; a 
series of synthetic, characterization and environmental arsenic stability tests were conducted 
and published via the use of several techniques with vibrational spectroscopy being 
particularly important as will be shown below (Gomez et al., 2010b, 2011a, 2011b). 

3.2 Discussions and results 
The first portion of this work was to synthesize and chemically analyze these Fe(III)-AsO4-
SO4 phases under the conditions conducted by previous studies (Swash & Monhemius, 
1994; Dutrizac & Jambor, 2007) but also using our own distinct reacting conditions and 
reaction variables (Gomez et al., 2011a). From our work and comparison to those previously 
studied, it became apparent that in spite of the various reaction conditions and variables 
that each study employed, there was a general agreement in all studies which indicated the 
formation of similar separate phases from a chemical and structural perspective. However, 
most of the previous works on this system (Swash and Monhemius, 1994; Dutrizac and 
Jambor, 2007) have largely based their attention to chemical and structural type of analysis 
(ICP-OES, XRD, and SEM) and no real consideration of molecular analysis was ever 
undertaken. This lack of molecular analysis on the previous works part is due to the fact that 
these bulk-structural types of techniques are the most frequently encountered in these 
research areas/fields (hydrometallurgical process engineering). It should be pointed out 
that although one work was published on the IR spectra of some of these phases, little or to 
no molecular information was ever inferred from the published works available nor any 
complementary Raman analysis was ever conducted to analyze these types of materials 
(Swash, 1996; Ugarte & Monhemius, 1992). 
 

 
Table 3. Elemental composition of the three main phases of interest found for our work 
(Gomez et al. 2011a) in comparison to the other previous (Swash & Monhemius, 1994) and 
“new” reported phases (Dutrizac & Jambor, 2007).  
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Fig. 4. Powder XRD (left) of the three main phases produced in our studies (Scorodite, Ferric 
Arsenate sub-Hydrate and Basic Ferric Arsenate Sulfate) (Gomez et al., 2010b, 2011a). The 
FTIR spectra of scorodite, Type 1 (same as FAsH) and Type 2 (same as BFAS) using 
transmission collection mode and KBr pellets(Swash, 1996; Ugarte and Monhemius,1992).  

This lack of molecular information from previous works (Swash, 1996; Ugarte and 
Monhemius,1992) was a result of the fact that these previous authors did not bother to 
investigate which collection mode of Infrared spectroscopy (Transmission, Diffuse Reflectance, 
Attenuated Total Reflectance or Photo acoustic) would be best to analyze the vibrational 
structure of these phases and as such they decided to go with the use of the Transmission 
mode (KBr dilution). As can be observed in Figure 4 above, the IR spectra of the phases 
relevant to these studies lacked the fine structure and resolution necessary to extract any 
vibrational and molecular information for the various iron arsenate phases produced. 
It is noted here that the mode of collection is very important to consider as different samples 
give rise to better signals for detection in different IR collection modes. In our work (Gomez 
et al., 2010b, 2011a, 2011b) care was taken to analyze these opaque types of powders in both 
transmission as well was reflection modes; after careful evaluation of the spectra for each of 
these phases it was decide that the Attenuated Total Reflectance (ATR) mode would give us 
enough of an energy range as well as the required spectra resolution to be able to extract 
useful molecular information of these phases. The ATR mode is especially suited for opaque 
powders, thin films and solutions, while the transmission mode often tends to ‘smear’ 
vibrations due to the less light transmission or detection in opaque solids, (i.e. poorer signal 
is collected by the detector). Indeed, comparison between the previous IR transmission data 
(Swash, 1996; Ugarte and Monhemius, 1992) and our work (via ATR) for the same type of 
phases (Figure 4 and 5) we can clearly see that not only is there more vibrational structure in 
the regions of interest (arsenate and sulfate ν3 modes) but we also get the advantage of 
getting much more additional structure in the hydroxyl region, something that will become 
important in the molecular analysis of these phases. 
Once having the proper vibrational technique to observe as much of the vibrational 
structure as possible, it was imperative to determine structurally and molecularly if the 
phases produced in our studies and previous works (Swash & Monhemius, 1994; Dutrizac & 
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Fig. 5. ATR-IR (top) and Raman of the three main arsenate phases produced in our studies. 
These were Scorodite, Ferric Arsenate sub-Hydrate and Basic Ferric Arsenate Sulfate. Note 
the much richer IR structure observed in the arsenate and hydroxyl stretching region for 
these phases (e.g. Type 1 = FAsH) in comparison to that of the Transmission mode used in 
Figure 4 above. 

 

 
Fig. 6. Powder XRD (left), Raman (middle) and ATR-IR (right) of previous and new reported 
phases (Type 2, Phase 3, Type 1 and Phase 4) in comparison to the products produced in our 
studies (Ferric Arsenate Sub-Hydrate and Basic Ferric Arsenate Sulfate). (Gomez et al 2011a) 
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Jambor 2007) were all the same, especially in the case of the new claimed phases (Phase 3 
and Phase 4) found by Dutrizac and Jambor (2007). From a chemical perspective these 
phases appeared to be the same in all studies (Table 3) but in the previous published works 
(Dutrizac & Jambor, 2007) it was claimed that these phases (namely Phase 3 and Phase 4) 
were unlike those produced by previous studies (Swash & Monhemius, 1994; Ugarte & 
Monhemius 1992).  
As can be seen from the above (Figure 6), it is clear that at the structural level these new 
claimed phases (Phase 3 and Phase 4) were exactly identical to those produced in our 
studies (Gomez et al., 2011a) but more importantly those produced in previous studies 
(Swash & Monhemius, 1994). Not only was this confirmed at the structural level but more 
importantly we showed that at the molecular level the arsenate, sulfate and hydroxyl 
molecules of interest all exhibited the same fingerprint signal but more importantly the 
same molecular group symmetry exhibited in their crystal structures. Once we identified 
that all the phases produced under the particular reaction conditions were all the same 
phase(s), our detailed vibrational and factor group analysis on these phases was conducted 
(Gomez et al., 2010b).  
In the case of Scorodite (FeAsO4·2H2O) our structural and molecular results agreed well 
with that of the previous studies but the use of vibrational spectroscopy allowed us to 
spectrocopically observe the molecular incorporation of SO4 ↔ AsO4 substitution into the 
Scorodite structure, something which was postulated previosly from elemental analysis but 
had never been shown in detailed fashion via the use of vibrational spectroscopy until our 
work (Gomez et al., 2010b, 2011a, 2011b); more over the combination of elemental and 
molecular analysis allowed us to reformulate the chemical formula of Scorodite in a more 
appropiate manner as Fe(AsO4)1−0.67x(SO4)x·2H2O.  
A similar case occured in the case of the Ferric Arsenate sub-Hydrate (FAsH) = Phase 4 = 
Type 1, where it was observed that all these had a similar Fe, AsO4 and OH/H2O chemical 
composition, more over the crystal structure as shown via XRD was also the same. 
However, a contradiction was found yet again in this sytem as the chemical formula 
proposed for “Type1”, Fe2(HAsO4)3·zH2O by Swash & Monhemius (1994) was quite distinct 
from our work in which we proposed FAsH to be of the form FeAsO4·3/4H2O based on the 
crystallographic analysis of this phases using literature data (Jakeman et al., 1991) and XRD 
simulations with CaRine and Match diffraction software’s (Gomez et al., 2011a). Dutrizac 
and Jambor (2007) indicated that the XRD pattern of their Phase 4 did not match that of any 
of the ferric arsenate structures in the International Centre for Diffraction Database, but 
indicated that its crystal structure likely was in the form as that reported by Jakeman et al. 
(1991) but no XRD simulations were done to verify these results. Therefore to clarify this 
dilemma of whether this phase actually contained AsO4 or HAsO4 or both in its structure, 
the use of molecular sensitive techniques such as X-ray Absorption Spectroscopy (NEXAFS 
and EXAFS) and vibrational spectroscopy (ATR-IR and Raman) was employed. 
It has been well documented in the literature that the use of XAS (NEXAFS and EXAFS) can 
be routinely used to determine and distinguish whether there exist AsO4 or HAsO4 in a 
structure (Fernandez-Martinez et al., 2008; Guan et al., 2008) as a result of the difference and 
bond distances they exhibit and their change in symmetry (Myneni et al., 1998). For 
example, the As-OH bonds are elongated compared to the As-O bonds which is typical for 
protonated AsO4 tetrahedra (Myneni et al., 1998) and leads to strongly distorted polyhedra. 
The mean As-O bond lengths in all AsO4 tetrahedra of the three isotypic compounds range 
from 1.686–1.697 Å, which are longer than the average bond length for non-protonated 
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tetrahedral (1.682 Å). More over as described in the section above, the XAS spectra is 
particularly sensitive to changes in coordination state due to its close relation to the crystal 
field which affects the empty density of states that is expressed in the XAS spectra. 
Therefore in our case, we expected to have these features be exhibited in the As K-edge 
NEXAFS or EXAFS data (Figure 7). However upon comparison of a known of Scorodite 
(which only has AsO4) with our FAsH phase, we observed little to no difference in either 
phase nor any particular contributions from the HAsO4 groups. Therefore, as a result of this 
a more careful treatment (via the use of factor group analysis) of the vibrational data of the 
FAsH (and Phase 4) was conducted to determine the types of arsenate groups found in its 
structure. From the vibrational literature data (Frost et al., 2006; Schwendtner & Kolitsch, 
2007) of compounds that include AsO4 and HAsO4, it is known that protonated arsenate 
groups, these usually show stretching vibrations at higher wavenumber from 950 to 700 cm-1, 
while that of unprotonated groups such as Scorodite shows a band ~ 700-840 cm-1. In the 
case of FAsH=Type 1=Phase 4 both the IR and Raman spectra (Gomez et  al., 2010b) display 
a strong band 940-960 cm-1; this band is observed even in the poorly resolved IR data of 
previous works (Swash, 1996; Ugarte & Monhemius 1992) who suggested the presence of 
HAsO4 versus AsO4 groups in this phase. However, as noted previously the crystal 
structure of this phase was solved before all these studies began (Swash & Monhemius, 1994 
and Dutrizac & Jambor, 2007) by Jakeman et al. (1991) who indicated that indeed this phase 
was of a triclinic form with a space group Ci and Z = 4. More importantly, the 
crystallographic results determined that this phase had two distinct crystallographic 
arsenate atoms which lie on two different C1 crystallographic symmetries; similarly, the H2O 
molecules all occupy C1 sites and more importantly there also exist two types of H2O 
molecules in the structure (one covalently bound to the iron octahedra and one 
electrostatically bound and placed along the channels of the structure). Therefore, with 
knowledge of the crystallographic arrangement along with the corresponding factor group 
analysis of the arsenate groups (Gomez et al., 2010b and 2011b) of this phase, it was easy to 
determine that in fact those vibrations observed at ~940-960 cm-1 were not from protonated 
arsenate groups but rather were part of the ν3 (AsO4) stretches and in fact the six vibrations 
observed in the Raman and IR from ~700-960 cm-1 was actually a combination of the 
ν3(AsO4) and ν1(AsO4) coming from the two crystallographically distinct arsenate molecules 
in the structure (Figure 5). Therefore based on the vibrational analysis and the crystallographic 
 

 
Fig. 7. As K-edge XANES (left) and EXAFS (right) data for Scorodite, Ferric Arsenate sub-
Hydrate and Basic Ferric Arsenate Sulfate.  

www.intechopen.com



 
Vibrational Spectroscopy of Complex Synthetic and Industrial Products 17 

results from experimental and simulated data (Gomez et al., 2011a), it was determined that 
in fact the molecular formula for FAsH=Type 1= Phase 4 should not be of the 
form”Fe2(HAsO4)3·zH2O” but rather “FeAsO4·3/4H2O” where the exact amount of water 
was determined via TGA analysis. Finally, it is interesting to note that in the hydroxyl 
region of FAsH, there is four distinct vibrations that occur in both the IR and Raman spectra 
which can be attributed to the two distinct types of water molecules in the crystal structure 
each which exhibit two distinct types of H-bonding {as in the case of Scorodite (Gomez et al., 
2010b, 2011b)}.  
In the case of Basic Ferric Arsenate Sulfate (BFAS) as mentioned above, no crystal structure 
existed to date (until recently in our later work; Gomez et al., 2011d) and as a result a 
detailed group analysis of the vibrational structure could not be conducted (Figure 8). 
Rather, the use of vibrational spectroscopy was instead used to monitor the SO4 ↔ AsO4 
substitution into the structure and to infer molecular symmetry information for our future 
crystallographic refinement (Gomez et al., 2011d). In particular it was observed that as the 
variation of the SO4 ↔ AsO4 substitution occured in the structure of BFAS, the vibrational 
structure in the Raman spectra was qualitatively sensitive to the concentration of the groups 
in the structure but less so to the environment/symetry of the molecules. For example in the 
case where the sulfate (or arsenate) concentration increased, its Raman band appeared 
higher in relative intensity. Conversly, the ATR-IR vibrational structure was more sensitive 
to the environment/symetry of the molecular group of interest and less so to the amount of 
each group in the structure. In particular, it was observed that the solid solution of 
SO4 ↔ AsO4 not only changed the amount of each group incorporated into the BFAS 
structure but also actually changed the symmetry of the molecular group expressed in the 
vibrational spectra and more importantly showed us that these groups could occupy the 
same type of crystallographic sites in the crystal structure, something that would become 
important later  in the determination of its crystal structure(Gomez et al., 2011d).  
 

 
Fig. 8. ATR-IR (left) and Raman (right) spectra of various Basic Ferric Arsenate Sulfate 
products that contain various amounts of arsenate and sulfate in the solid determined via 
ICP-AES analysis. (Gomez et al. 2010b)  

In terms of industrially produced samples, our work analyzed two industrially 
manufactured samples from the gold and copper industries (Gomez et al., 2010b, 2011c). In 
general for industrial practices XRD is the most common form of analysis employed due to 
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the fact that is the easiest and most widely available tool with a large enough database for 
users to simply "click buttons" to get their desired solutions. This approach is often good 
enough to yield some reasonable results if a priori knowledge of species is assumed based 
on the matching of chemical elements from elemental analysis; however, this approach fails 
when the concetration of the phases is below the detection limit of lab based XRD (~ 4-5 
w.t.%) or  when the sample is not perfecly crystalline in nature. Indeed in our studies 
(Gomez et al., 2010b, 2011c) both scenerios were encountered in the industrial samples 
analyzed (Dymov et al., 2004; Defreyne et al., 2009; Mayhew et al., 2010; Bruce at al., 2011). 
 

 
Fig. 9. Powder XRD (left) and ATR-IR (right) of an arsenic containing industrial residue 
produced from the gold industry compared against relevant synthetic iron-arsenate phases 
that form under similar conditions. (Gomez et al. 2010b) 

For example, in the case of the gold produced residue (Figure 9), although the sample was 
crystalline in nature, the amount of arsenic (as AsO4) in the solid was ~ 1 w.t. % and as a 
result trying to identify the type of arsenic form produced in the residue was almost 
impossible with XRD. The use of Raman spectroscopy on this industrial sample gave rise to 
no Raman active bands by means of four laser wavelengths (488, 514, 632 and 785 nm) and 
two different spectrometers (bulk and micro). However, upon the use of the ATR-IR 
technique which can achieve much lower detection limits as well as has the ability to tune to 
the molecular groups of interest groups of interest while rejecting others if used 
appropriately (see below); the form of arsenate appeared more clearly as may be seen in the 
figure above, where in general it only resembled the BFAS type of form and not the other 
two related ferric arsenate phases. 
In the case of the copper produced industrial sample (Figure 10), due to the lower 
temperatures employed (Bruce at al., 2011) during the copper process (~ 150 °C), the 
crystallinity of the industrial sample was found to be much lower in comparison to the gold 
residue products (~ 230 °C). Moreover, the arsenic (as AsO4) content found in this industrial 
residue (~ 1 w.t. %) was again much lower than the detection limits allowed by lab based 
XRD. Therefore, the lower crystallinity and low content of arsenic in this phase made the 
positive identification of arsenic phases much less accurate even with Rietveld type of 
analysis or simple database “click” search matches. As a result, vibrational spectroscopy 
was employed to investigate the arsenic phase found in this industrial residue. In the case of 
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Fig. 10. Powder XRD (left) and ATR-IR (right) of an arsenic containing industrial residue 
produced from the copper industry. The ATR-IR spectra also shows a comparison of the 
residue against synthetic iron-arsenate phases which are known to form under similar 
conditions. (Gomez 2011c) 

the Raman spectroscopy (data now show here but refer to Gomez et al., 2011c), vibrational 
structure was obtained unlike the other case but was found to be largely dominated by the 
other expected species found in the sample as a result of the chemical process it undergoes 
(Defreyne et al., 2009; Mayhew et al., 2010; Bruce at al., 2011). For example, it is expected to 
have both hematite and elemental sulfur as the major constituent of this produced residue; 
however, upon the analysis of this product with Raman spectroscopy, only hematite could 
be observed and not in any way elemental sulfur nor any arsenate type of phase. It was only 
after the elemental sulfur was removed via the chemical method describe in some of our 
earlier work on other industrial samples (Becze et al., 2009) that the elemental sulfur was 
extracted and re-crystallized, then Raman spectra was collected to ensure that indeed it was 
elemental sulfur. Before or after extraction of the elemental sulfur no Raman active arsenate 
phases were detected. Therefore, the use of ATR-IR spectroscopy was employed again to 
observe the type of arsenate phase found in the residue, this was done as it offers the 
advantage of being transparent to the other major species (hematite and elemental) expected 
to be found in the residue (both which exhibit distinct vibrational signal below 500 cm-1) 
while the distinct arsenate mode for our phases of interest occurred at 700-900 cm-1. It was 
found by comparison to our other vibrational data that the arsenate species found in the 
copper industrial residue again resembled that of our BFAS phase.  
It is worth for the reader to also note that in our work (Gomez et al., 2010b, 2011a, 2011c) 
only three phases (and intermixtures of these) could be detected, namely Scorodite, Ferric 
Arsenate Sub-hydrate/FAsH, Basic Ferric Arsenate Sulfate using the lab based techniques 
(XRD, ATR-IR, Raman) employed in these studies. Interestingly, Basic Ferric Sulfate 
(FeOHSO4) was a species detected in previous works formed at high (200-225 °C) and higher 
Fe/As ratios (~4) but no clear evidence was obtained from our work using the lab based 
methods which included vibrational spectroscopy. This was partly as a result of the fact the 
crystal structure of BFAS had not yet been determined (until recently, Gomez et al., 2011d) 
and the fact that in order to detect confidently such mixture of species higher resolution 
synchrotron based XRD and Rietveld refinement was necessary to verify these results, 
something that previous studies never considered or employed. 
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4. The TiO2 binding mechanism with the N719 photo-sensitizer for dye-
sensitized solar cell applications 

4.1 Introduction 
As a result of our large demands for energy consumption as our world population increases, 
the need for alternative energy sources are currently intensively investigated, in particular 
Dye-sensitized solar cells (DSSCs) have been given major attention due to their application 
in solar energy conversion and photovoltaic systems (Gratzel, 2001; Kroon et al.,2007; 
Murakoshi et al., 1995; Falaras, 1998; Finnie et al., 1998; Nazeeruddin et al., 2003; Leon et al., 
2006; Kay & Gratzel, 2002; Shklover et al., 1998; Hagfelt, 2010). In particular, the anatase 
TiO2 semiconductor/Ru complex [cis - (2,2’- bipyridyl - 4,4’- dicarboxylate)2 (NCS)2 

ruthenium(II): N719] interface has been studied to understand the sensitization event via the 
use of spectroscopic [vibrational(Murakoshi et al., 1995; Falaras, 1998; Finnie et al., 1998; 
Nazeeruddin et al., 2003; Leon et al., 2006; Hagfelt, 2010) and X-ray absorption(Kay & 
Gratzel, 2002; Shklover et al., 1998)] and computational studies (De Angelis et al., 2007a, 
2007b). 
In spite of this research efforts, the binding mechanism (Figure 11) has been debated for 
decades and remains of importance as it relates to electron transfer and ultimately to the 
performance of the dye-sensitized photoanode. For example, strong bonding interactions 
such as covalent bonding (owing to the strong electronic coupling between the 
semiconductor d-states of TiO2 and the N719 dye molecular orbital) lead to fast electron 
injection processes and impact the electronic performance of the DSSC (Murakoshi et al., 
1995; Wang and Lin, 2010; Bazzan et al., 2011). Moreover, the presence of non (H-bonded) or 
single (monodentate-ester type) bonds versus two covalent bonds between the TiO2 and 
N719 molecule are likely to affect the type and amount of electron transfer that occurs 
during the photo-injection process. For example, two electron bridges in the binding (as 
bidentate) is likely to favor more electron transfer in the N719-TiO2 system versus 
monodentate type (or electrostatically) type of coordination where only 1 electron bridge 
occurs (or where no direct link occurs). 
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Fig. 11. The N719 molecule containing two types of binding ligands (COOH and COO-) and 
the types of binding mechanism with TiO2 that may occur with these binding groups. (Lee 
et al. 2010) 
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Murakoshi et al. (1995) and Falaras (1998) were the first researchers to report that the N719 
photosensitzer bonded to the TiO2 surface via ester-like bond. This was concluded from a 
shift in the FTIR spectrum for the ν(C=O) mode which was higher for the N719-adsorbed 
TiO2 than for that of the pure compound. Finnie et al. (1998) contradicted previous reports 
(Murakoshi et al., 1995; Falaras, 1998) on the ester-like type of bonding and reported that the 
N3 molecule (same as N719 but has all acid groups and no carboxylates) complexes to TiO2 
in a bidentate chelating or bridging type of mode. In this case, Finnie et al. (1998) used the 
splitting of carboxylate stretching bands (∆ν= νasym(COO-) - νsym(COO-)) to distinguish 
possible modes of coordination of carboxylate ion to the TiO2. Shklover et al. (1998) made 
further suggestions on the anchoring modes of the N3 sensitizer on the TiO2 based on 
computational studies where they proposed two thermodynamically favorable models 
where the N3 molecule was attached via two of its four carboxylic groups coming from two 
different bipyridine. More specifically, two carboxylic acid groups of N3 were thought to 
either bind to two adjacent rows of titanium ions through bidentate chelating coordination 
or interact with surface hydroxyl groups through hydrogen bonds (no supporting 
experimental evidence was ever presented).  
Nazeeruddin et al. (2003) supported Shklover et al. (1998) findings based on their ATR-FTIR 
spectra where three types of Ru complexes (namely, N3, N712 and N719) were investigated 
to determine how many carboxylic groups participate in coordination and which groups 
(COOH or COO-) are involved in the binding mechanism; the use of all four ligand groups 
for biding was not feasible from a steric hindrance perspective and therefore two of their 
four carboxylic groups were proposed to be used in binding. Based on the presence of 
carboxylate vibrations in the IR spectra of the N719-TiO2 surface, they further indicated that 
two carboxylic groups trans to the NCS group involved in the binding mechanism. The 
possibility of unidentate coordination was ruled out, because the IR data of the N712-TiO2 

did not a show the carbonyl band at ~1700 cm-1, confirming the absence of ester type of 
bond between the N712 (no COOH and 4 COO-) and TiO2. Leon et al. (2006) then 
investigated the N719-TiO2 system using SERRS at 514nm, SERS at 632 nm, normal FTIR 
and ATR-FTIR spectroscopy’s. Based on the ∆ν frequency change of the COO- groups 
(Deacon and Philip, 1980; Srinivas et al., 2009) they concluded that the N719-TiO2 system 
exhibited carboxylate groups in the bridging or bidentate chelating modes. When the 514 
nm wavelength was used (this energy corresponding to the main absorption band observed 
in the UV-Vis spectrum “resonance”), the Raman spectra showed the presence of the 
ν(C=O) vibration which should not be observed if bidentate chelating occurs and all the 
carbonyl groups are displaced upon binding. The observation of this band was warranted 
due to the presence of adsorbed and non-adsorbed molecules which all give a Raman signal 
at resonance energies (~ 514nm in the case of the pure N719). The Raman spectra at 632nm 
(SERS but non -resonance) showed that no ν(C=O) vibration was present, the region of the 
ν(C-O) mode was strongly altered, and that the νsym(COO-) vibration appeared; these 
observations were taken to be a result of the bidentate bonding that occurs upon in 
adsorption of the N719 which removes all the C=O bands, and only COO- vibrations 
remain. Recently, Hirose et al. (2008) hypothesized that the N719 dye adsorption on the TiO2 
surface was facilitated by the presence of surface OH sites that leads to the formation of 
bidentate chelating linkage with one of its four carboxylate groups, but no explanation was 
offered to why only one ligand group was chosen versus two as in the many previous 
studies (Finnie et al., 1998; Nazeeruddin et al., 2003; Leon et al., 2006; Kay & Gratzel, 2002; 
Shklover et al., 1998; Hagfelt 2010)  
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On the basis of the literature works reviewed above, and our own interest in hydroxyl-rich 
TiO2 as photoanodes in DSSC applications, a greater understanding of the role of the N719 
dye’s anchoring (COO- and COOH) groups and TiO2’s surface groups (Ti-O, Ti-OH, Ti-
OH2) was needed. To this end, a series of studies was conducted on the interaction of two 
types of nano-crystalline anatase substrates (commercial one and our own synthetic variety) 
with the N719 photosensitzer and published via the use of several techniques with 
vibrational spectroscopy being particularly important as will be shown below (Demopoulos 
et al., 2009; Lee et al., 2010a, 2011a, 2011b). 

4.2 Discussions and results 
As can be seen from the brief literature review, the binding mechanism of these 
photosensitzer molecules with anatase (TiO2) nano-crystalline substrates have been 
intensively investigated by numerous research groups {including those that pioneered this 
field (Finnie et al., 1998; Gratzel, 2001; Nazeeruddin et al., 2003; Leon et al., 2006; De Angelis 
et al., 2007a, 2007b; Hagfelt 2010)} around the world as a result of the fact that the binding of 
the dye to the TiO2 substrate plays a key role in the efficiency of DSSC. For example, 
bidentate type of bonding is preferred over monodentate biding as a result of the fact it 
simply provides two electron bridges via the use of the covalent bonds.  
 

Compound νasym(COO-)
(cm-1)

νsym(COO-)
(cm-1)

∆ν
(cm-1)

Binding mode Ref. 

N719 
N719-TiO2 

1618
1617

1376
1382

242
235

Ester-like unidentate
Falaras et al. 

1998 
N719 

N719-TiO2 
1615
N/A

1371
N/A

251
N/A

Bridging/ Bidentate 
chelating

Finnie et al. 1998 

N719 
N719-TiO2 

1608
1602

1365
1373

243
227

Bridging Nazeeruddin et 
al. 2003 

N719 
N719-TiO2 

1606
1602

1354
1375

252
227

Bridging/ Bidentate 
chelating

Leon et al. 2006 

N719 
N719-TiO2 

N/A
1626

N/A
1352

N/A
274

Bidentate chelating Hirose et al. 2008 

N719 
N719-TiO2 

1603
1607

1377
1377

235
230

Bidentate Bridging Lee et al. 2010 

Table 4. The ∆ν (ν COO-asym – ν COO-sym) values obtained for several studies on the same 
system and the binding mechanism suggested based on this parameter. (Deacon and Philip, 
1980;  Srinivas et al., 2009) 

From the above review on the previous works, it became evident in almost all cases, the 
splitting of carboxylate stretching bands (∆ν= νasym(COO-) - νsym(COO-)) was used to 
distinguish possible modes of coordination of the carboxylate ion to the TiO2. This method 
was developed by Deacon and Phillip (1980) for known crystallographic carboxylate 
structures as a result of the low symmetry of RCO2- which makes the differrent types of 
carboxylate coordination indistinguishable on the basis of the number of infrared or Raman 
active vibration, and as a result this Δν parameter was invented. This is unlike higher 
symmetry molecules such as carbonates (~D3h), sulfates or arsenates (~Td) where a clear 
removal of degenerate modes can be observed upon the change of symmetry that occurs 
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upon bonding of the dye molecule on the substrate. However upon a closer look to the 
range of Δν values for the exact same system in our studies and that of the numerous 
studies along the years (Table 4), it was realized that there was quite a variation in the range 
of values and as such this could not be taken as the only evidence of the binding mode in 
this system. Moreover, it was noted from the literature (Taratula et al., 2006) for other types 
of molecules with similar binding ligands (COOH, COO-), that upon adsorption of the 
ligands to the TiO2 substrate not only was all the carbonyl band removed (~ 1700cm-1) but 
also the clear formation of the carboxylate bands were also observed (1300, 1600 cm-1). To 
verify such types of results the use of stearic acid was also investigated in parallel (Lee et al., 
2010).  
Most previous works over the last decades on this system have largely focused only on the 
dye IR and Raman vibrational structure (1000-2600 cm-1); in our investigations (Demopoulos 
et al., 2009; Lee et al., 2010, 2011a, 2011b), the use of the higher wavenumber region in the 
pure photosensitzer dye, pure nano-crystalline anatase substrates and after sensitization 
was investigated. As will be shown below, the analysis of the higher wavenumber region 
contributed greatly to the results gathered in this study. 
 

 
Fig. 12. ATR-IR spectra (Hydroxyl region) and corresponding images of the pure TiO2 
substrates (Dyesol and Aqueous) and that of the adsorbed N719-TiO2 system. (Lee et al. 
2010, 2011b) 

One of the main aspects of our work (Demopoulos et al., 2009; Lee et al., 2010, 2011a, 2011b) 
was to compare how two similar nano-crystalline anatase TiO2 substrates (a 
commercial_Dyesol and our own synthetic Aqueous product) behaved in terms of their 
bonding properties (via vibrational spectroscopy), distributions (via vibrational imaging) 
and later from an electronic interaction perspective (Lee et al., 2011b) not only from the 
photosensitzer (N719_Dye) perspective but also from the substrate point of view. From 
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Figure 12 above, it became apparent to us that the synthetic product (Demopoulos et al., 2009) 
produced under different conditions then the commercial TiO2 substrate (Dyesol) contained a 
large number of surface OH/H2O groups in comparison to the commercial product. This 
higher concentration of surface OH/H2O groups was not only observed spectrocopically but 
was also confirmed visually via the use of ATR-IR imaging (Figure 12), where it was observed 
that indeed our synthetic aqueous nano-crystalline anatase substrate (Demopoulos et al., 2009) 
was indeed richer in surface OH/H2O groups in comparison to the commercial products. As 
mentioned above (Hirose et al., 2008), the presence of certain OH groups has been shown to be 
beneficial to the binding of the dye molecule ligands and therefore increase the efficiency of 
the DSSC; in our case the presence of not only OH but also H2O groups was observed 
spectrocopically via vibrational spectroscopy, XPS (Lee et al., 2011b) and Thermo Gravimetric 
Analysis. More interestingly was monitoring how these surface groups (OH/H2O) behave 
after the sensitization of the N719 on the two nano-crystalline anatase substrates. From the 
ATR-IR spectra (Figure 12), we can observe that not all the OH group vibrations have 
disappeared from the spectra. This meant that not all the surface groups on the substrates are 
chemically active to be displaced and bind to the photosensitzer molecule, imaging of the 
distribution of these surface groups (Figure 12) before and after further confirmed the 
spectroscopic results. Moreover, we again observed that after (and before) the dye adsorption 
to our anatase substrate, more surface groups (OH/H2O) were observed in the synthetic 
product (Demopoulos et al., 2009) relative to the commercial products, and therefore some of 
these non bonded surface groups must participate in the binding mechanism of the N719 
molecule. These types of analysis and results (Lee et al., 2010, 2011a) had never been 
conducted or investigated in the previous works over the last decades; as can be observed 
these results simply arose from taking advantage of the entire IR region (in our case mid-IR) 
that one analyses which offers various information of several molecular groups in several 
regions of the spectra and as a result may contain important information to analyze. 
 

 
Fig. 13. ATR-IR (left) and Raman (right) spectra of the pure N719 and adsorbed onto both 
TiO2 substrates [Dyesol and Aqueous]. (Lee et al. 2010) 

Thus from the above results, we gathered that the Δν parameter had a large range of 
variation from study to study thus another type of mechanism must have been present in 

www.intechopen.com



 
Vibrational Spectroscopy of Complex Synthetic and Industrial Products 25 

the binding mechanism then those previously proposed in literature studies. Moreover, we 
observed that the presence of surface groups remained after the adsorbtion indicating that 
not all these surface sites on the anatase substrates are displaced once the adsorbtion occurs. 
Therefore, we also decided to investigate the dye vibrational region to observe the changes 
that occur to the vibrational structure of the photosensitizer molecule before and after dye 
adsorbtion. The first thing that may be observed from the Raman and ATR-IR spectra 
(Figure 13) is that when we compare the pure dye (N719) spectra with that of the adsorbed 
states in either substrate (aqueous and Dyesol), little to no difference is observed from one 
state to the other unlike in other cases for molecules with similar binding ligands (Taratula 
et al., 2006).  
More specifically in the case of the Raman spectra, we observed a carboxylate stretches 
which may be indicative of binding of some of the ligand molecules (COO- and/or COOH) 
as stated in previous works but also could simply be from the carboxylate groups not bound 
to the anatase surface (Figure 13). It should be noted as shown in  Figure 11 above, the N719 
Molecule has 4 biding ligands from which only two are reported to bind to the anatase 
substrate, depending whose article is read either both carboxylates or carboxylic acids are 
thought to be the main groups participating in the binding from an energetic point of view. 
Either way, two of these are carboxylates and the other two are carboxylic acids. More 
importantly, the Raman results showed us that there was still C=O stretches observed in the 
spectra after the dyes adsorption on both substrates, this meant that not all the carboxylic 
acids groups bonded after the adsorption of the dye molecule.  This in fact is an interesting 
fact as previous studies (Leon et al., 2006) have mentioned that the lack of this band meant 
that the acid groups were all bound to the substrates and stated that if observed at 
resonance energies (in this case 514 nm) that this is a result of getting the signal from all 
molecules deposited (bonded and non-bonded). To confirm these findings, we decided to 
probe this same system at non-resonance energies (632 nm laser probe) but at the same time 
avoiding emission excitation energies (~785 nm). From these measurements, we observed 
that indeed at non resonance energies, the presence of these C=O bands was still present 
and as such this meant that indeed not all the acid groups were displaced upon binding of 
the dye molecule on the substrate (commercial and synthetic). Moreover, not only were 
these C=O bands presented after adsorption but also were found to be shifted to higher 
energy relative to the pure N719 dye indicating that these groups likely were under the 
influence of some type of interactions (such as H-bonding with surface Ti-OH/H2O groups 
as observed above) upon binding onto the anatase substrates. This latter trend (shift in 
energy of non bonded groups) was observed was also observed for the NCS groups of the 
adsorbed states relative to the pure states. In our work (Lee et al., 2010, 2011a), as mentioned 
above, not only were we interested in the bonding mechanism of this system but also we 
wanted to investigate how two otherwise similar nano-crystalline anatase substrates 
behaved in terms of their binding distributions throughout the photoanode. From the 
Raman spectral information gathered above, the use of Confocal Raman Imaging (Figure 14) 
was used to tune the energies of the molecular groups of interest and show the spatial 
distributions of these groups on these substrate before and after dye adsorption, but most 
importantly to observe how the bonded and non bonded groups were distributed 
throughout the two anatase (commercial and synthetic) substrates. For example, we decided 
to observe the bypiridine stretches (which definitely do not participate in bonding) to 
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observed how the overall dye was distributed in the substrates, the COO- was used to 
observe where the dye was covalently bonded to the substrate and the C=O band to image 
how the non bonded groups from the dye molecules were distributed throughout the 
substrates (dark regions represented where they were bonded and bright regions where 
unbounded groups were observed).  In all cases regardless of what group of interest was 
imaged, it was observed that the distribution of the dye (and therefore its molecular groups) 
on our synthetic substrate was unlike that of the commercial Dyesol. For our synthetic 
substrate, localization of the dye molecules and its bonded and non-bonded groups 
occurred as hot spot regions throughout the substrate, while in the case of the commercial 
substrate, the dye and its groups are distributed fairly evenly throughout the substrate. It 
should be noted to the readers that both the commercial and our synthetic anatase 
substrates exhibited similar roughness factors in the nanometer scale and as such these 
changes in distribution observed in the Raman images could not be formed as a result of 
their surface topography but rather from a chemical property of the materials. Thus in the 
case of our synthetic substrate, the localization of hot spot for the dye molecules bonding 
and non bonding groups on the substrate may result from the different surface energetic 
that occur as a result of the localization of substrate surface groups (Ti-OH/Ti-OH2) which 
is greater in our synthetic substrate (Demopoulos et al., 2009) then the commercial Dyesol 
one.  

 

 
Fig. 14. Raman imaging principle and Raman images of the certain molecules of interest for 
the N719 molecule adsorbed onto both TiO2 substrates (Dyesol_comercial and Aqueous_our 
synthetic). (Lee et al. 2010, 2011b) 

The ATR-IR data for the dye region before and after the sensitization, similar to the Raman 
data showed that again from comparison of the pure dye to the adsorbed state, there was 
little to no change (aside from a small change in intensity) to the COO- and C=O bands 
(Figure 13). As mentioned above, in the case of other molecules such as the bulky m-Py-
EPE-Ipa (Taratula et al., 2006) or the small stearic acid, upon binding of these molecules with 
the TiO2 substrates, the vibrational structure of the pure molecules changes completely 
before and after the adsorption (i.e. the C=O band is removed and only COO- bands 
remain). Not only were these non bonded groups present but also a shift in energy was 
observed for both C=O and NCS groups, in agreement with our Raman data. Therefore, the 
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presence of these C=O groups indicated again that not all the groups were used up in upon 
the adsorption of the dye and their shift in energy was a result of their interaction with the 
non bonded surface Ti-OH/H2O groups on the surface. A similar situation was observed for 
the COO- groups, were the Δν parameter splitting of these before and after sensitization were 
indicative of bidentate bridging complexes, in agreement with previous studies but the lack of 
change to their vibrational structure and their energy shifts of both modes (COO-sym and assym) 
was indicative of them interacting with the non bonded surface Ti-OH/Ti-H2O groups. 

 

 
Fig. 15. New Binding mechanism for the N719-TiO system based on our vibrational 
spectroscopic and imaging data. (Lee et al., 2010) 

Therefore, based on the vibrational spectroscopic and imaging data gathered we proposed a 
new modified structure for the binding mechanism of N719 dye on TiO2 which has now 
become the standard accepted model by all the leading experts/pioneers in the field (see 
citations of Lee et al., 2010). Although Bazzan et al. 2011 recently published an article that 
stated that “there is as yet no commonly accepted understanding of the biding mechanism”, 
in their published work, they used our proposed concepts and binding mechanism to 
explain the binding mechanism in their work. In our mechanism (Figure 15), the binding 
mechanism of the N719 dye onto TiO2 was proposed to occur via two neighboring 
carboxylic acid/carboxylate groups linked on the same bipyridine ligand via a combination 
of bidentate-bridging and H-bonding, the latter part was something that had never been 
considered previously in the extensive research on this system. In our new binding 
mechanism, the formed surface covalent complex is sterically stabilized via the development 
of H-bonding between the TiOH/Ti-OH2 (Ti-O) and COO-(COOH) groups. Moreover, the 
involvement of only one carboxylic group in the adsorption of N719 via covalent bidentate 
bridging was adopted here [as in Hirose et al., (2008)] as a result of very recent work by 
Srinivas et al. (2009) involving the adsorption of sensitizers on TiO2 carrying malonic and 
cyanoacrylic acid biding groups, who found that the monocarboxylic acid group showed 
stronger binding affinities as well as slightly higher IPCE  and efficiencies than dicarboxylic 
acid groups, and therefore the requirement for two ligand groups to be covalently bonded 
versus only one was not necessary to produced higher IPCE  and efficiencies. 
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5. Conclusions  

In the first case, the Ca (II)-Fe(III)-AsO4  phases (yukonite and arseniosiderite), the use of 
vibrational spectroscopy was employed as a finger printing tool, to correct molecular 
formulae via detection of certain molecular groups of interest (HAsO4, H2O, OH) but most 
importantly, it gave us an understanding to how these two distinct phases were divergent to 
each other at the molecular scale and why their crystallinity (long range order) differed. This 
was something that was previously speculated but no experimental evidence was ever 
really presented to explain this phenomenon. X-ray Absorption based techniques (XANES 
and EXAFS) of these phases (yukonite and arseniosiderite) failed to recognize this difference 
as a result of the fact that it could only probe three types of shells (As-O, As-Fe, As-Ca) from 
the core excited atom of interest. This limitation arose from the fact that these were the same 
at the local structural level for these two phases, based on our and previous works. 
Therefore the use of vibrational analysis and ATR-IR spectroscopy enabled us to reveal that 
it was the nature of the H-bonding molecular structure in these two phases (yukonite and 
arseniosiderite) which caused the difference in the physical order (crystallinity) expressed. 
For the Fe(III)-AsO4-SO4 system, as a result of the fact that much work had been focused 
only on XRD based analysis, a clear understanding of the molecular structure and how this 
was important to the issues at hand was not yet developed. More importantly, the use of the 
proper detection mode (ATR vs. Transmission) for the type of material analysis at hand 
allowed our work to be able to extract the maximum amount of vibrational structure to be 
analyzed. This, along with other structural information (such as crystallographic data) was 
especially important when it came down to identifying possible groups (HAsO4 vs. AsO4) 
that could occur in the phase of interest which allowed us to correct previous formulae. 
Once the proper method of analysis was employed, the positive identification of these 
phases could be properly established (along with the corresponding elemental and 
structural data) and the identification of new phases by previous studies was eliminated. 
Moreover, the use of vibrational spectroscopy gave us insight into the changes in the 
molecular solid-solution symmetry that occurs in the structure of a crystallographically 
unknown phase (BFAS), something that would be useful later when the crystal structure of 
this phase was solved via high resolution synchrotron diffraction data. The use of vibrational 
spectroscopy of industrially crystalline and non crystalline products gave us the advantage of 
tuning into the molecules of interest (AsO4) and also offered the much lower detection limits 
then complementary XRD methods (4-5 w.t%) needed to analyze these samples. A nice 
correlation between the arsenate vibrational structure of the industrial sample and that of our 
synthetically produced phases was achieved but it should be noted that this information is 
only qualitative and 100% identification of the nature of the arsenic species in these samples is 
not possible using vibrational spectroscopy, XRD, or XAS based methods. This latter result 
arises from the fact that in the case of industrial samples where more than one, two, three 
arsenate phase maybe present {some which may have the same  or more than one type of local 
arsenic coordination to the 3rd shell, e.g. yukonite-arseniosiderite}, the positive contribution to 
the arsenate signal from all the phases (in various coordination’s and symmetries) becomes 
nearly impossible to qualitatively or quantitatively (via fitting or modelling) identify as a result 
of the fact that the contribution from each phase to the overall signal and features is almost 
impossible to replicate. This is especially true at low concentrations and in the presence of a 
multicomponent matrix which can also have additional effects to the signal observed. 
Moreover, limitations of vibrational spectroscopy were observed in cases where phases such 
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as hematite and elemental sulfur (which have large Raman cross sections) were abundant in 
industrial products. There Raman spectroscopy was only able to detect one of these phases in 
spite of the fact that the other was well in abundance of the Raman detection limit. This further 
shows the reader, the complexity that a multicomponent sample has on the vibrational 
structure expressed in the current spectroscopic techniques. 
Finally, for the N719-TiO2 biding mechanism, discrepancies in the coordination information 
inferred based on the ∆ν method for the same system led us to further evaluate the detailed 
vibrational structure of the system. In this case, the combination of the spectroscopic 
information coupled with the aid of the imaging data allowed us to determine how the 
molecular groups of interest on the TiO2 substrates and N719 molecule behaved during the 
binding event, but also how these were distributed among the two TiO2 substrates 
investigated. Using the information of previous works along with the new gathered data 
from our studies, the evolution of a new binding mechanism which involved a bridged 
covalent bonded-H-bonding type of mechanism was developed for this system. The main 
draw back or limitation of the use of vibrational spectroscopy in this study was the fact that 
the imaging of the substrates was limited to micro-scale analysis as a result of the laser beam 
used; however, it is well known for these systems that the internal surfaces are uniformly 
covered by a monolayer of dye, and a such the use of nano-imaging techniques such as 
AFM-Raman analysis may give more insight into how these groups are distributed among 
the various substrates at the nano-level but also probe the changes of the molecular groups 
of interest at the nano-scale in which bulk like effects may be avoided. 
In this chapter, three distinct case studies were presented to the reader where the use and 
application of vibrational spectroscopy in correlation with other analytical data was 
employed to give new insights into the various problems at hand. Most importantly, the 
limitations of the techniques (vibrational, XRD, XAS) employed in previous studies and in 
our work was presented to show how these restrictions may be overcome by the 
combination of various techniques, detection methods and a good knowledge of the systems 
theory at hand. However, the reader is forewarned to be cautious when using vibrational 
spectroscopy (XAS or XRD) to identify multiple phases in a complex matrix; often specialist 
in these techniques or research facilities (e.g. synchrotron facilities) offer that each one of 
these can offer a solution to identify all of the main phase of interest found in a complex 
sample but this is often not true and is beyond the technological (and theoretical) 
capabilities of these techniques and facilities. A perfect way to test such a concept is to test a 
known multiphase (> 4) poorly crystalline industrial or natural sample and see if indeed any 
of these techniques (vibrational, X-ray Absorption Spectroscopy or X-ray Diffraction) 
identify all the phases in the sample, naturally they will not for now.  
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