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5.1. Introduction 

The appearance of transition metal edge spectra are characteristic of the coordination 
environment and oxidation state of the metal ion and have been both explained by, and used 
to demonstrate the utility of, crystal field1 and molecular orbital theory.2 Transition metal 
edges have been the subject of investigation for a number of years, however few definitive 
assignments of the observed transitions have been made.3 Systematic investigations of 
structurally characterized inorganic models by X=ray absorption near edge spectroscopy 
(XANES) have resulted in correlations of the appearance of the edge spectra with 
symmetry, oxidation state and ligand environment. These studies have been used to 
provide insight into the structural environment of the active sites of metalloprotein systems, 
including the multi-copper oxidase lactase 4, the mangenese-containing oxygen evolving 
complex from photosystem 11,s and the nickel enzymes carbon monoxide dehydrogenasee 
and hydrogenase. 7 We propose to utilize X-ray absorption spectroscopy to similarly 
characterize Fe XANES spectra of dinuclear non-heme iron model compounds of relevance 
to hemerythrin, ribonucleotide reductase, purple acid phosphatase and methane 
monooxy genase.* 

Fe K-edge X-ray absorption spectra have been collected on a number of dinuclear 
non-heme iron models. All of the compounds studied have high-spin octahedrally 
coordinated iron atoms with N and/or 0 ligation. The model compounds investigated 
contained ui-, di-, and mono-bridged iron centers with various combinations of 0x0, 
hydroxo, alkoxo and carboxylato bridging groups. Correlations of the appearance of the I 

.- edge spectra with the numbers and types of bridges, changes in the ligation sphere, and 
changes in the oxidation state of the diiron center will be discussed. Comparisons will be / 

I 
made ‘with the edge spectra of the hydroxylase component of soluble methane 
monooxygenase from Methylococcus capsulatus (Bath).9 . . I.. 

5.1.1. Interpretation of Transition Metal XANES Spectra 
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The dipole-allowed transition for an X-ray absorption K-edge is from an initial 1s 
state to a final np state (AZ = 1) and will correspond to the most intense region in the edge 

spectrum. Transitions are commonly seen below the 4p threshold for transition metal 
spectra. The weak pre-edge feature has been attributed to a formally dipole-forbidden 
ls-t3d transition made allowed by 4p mixing into the 3d states as a result of non- 

centrosymmetric symmetry of the metal site and vibronic coupling.lo*ll This assignment 
has been confirmed by the absence of this feature in K-edge spectra of dlo transition 
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metals,12 and by single-crystal polarized studies for other metals.13 The intensity of this 
feature increases as the metal site is distorted from octahedral to tetrahedral symmetry 
(greater 4p mixing due to symmetry reduction), and can therefore be used as a probe of the 
coordnation number and/or the site symmety of the absorbing atom.14 

Shoulders have been observed on the rising edge of some transition metal spectra 
which have been explained as the forbidden Is-4s transition or as the allowed Is-4p 
transition. Single-crystal oriented edge studies have been instrumental in determining the 
assignment of this feature. Transitions to the spherically symmetric 4s orbital would not 
exhibit any polarization dependence unlike transitions to the directional 4p orbitals. A 
single-crystal polarized study of a Cu(1) compound whose edge spectrum exhibited a 
shoulder on the rising edge showed the feature to exhibit polarization-dependent 
intensity,15 and permitted assignment of the transition as occur@ to a 4pZ final state 
orbital. The same conclusion was reached for a similar feature in the edge spectrum of a 
distorted Oh Fe(II1) compound using oriented single-crystal measurements.16 The 
sharpness and intensity of this feature has been noted to be quite str0n.g and well-resolved 

- in square planar complexes of Fe, l4 Cu l5 and Ni,697 which reflects the splitting of the 4p 
- levels as expected for I&h symmetry metal sites.l 

The generally accepted explanation of the shoulder is that it is a shake-down feature 
associated with the Is-4p transition resulting from the transfer of an electron from a 
ligand valence orbital into the metal 3d manifold made allowed by final state 
relaxation.17*1* This ligand-to-metal-charge transfer (LMCT) shakedown feature would 
occur to lower energy than the metal Is-4p transition by an amount equal to the 

.- difference in .energy between the ligand 2p and metal 3d levels. The energy of the valence 
level of a more covalent ligand is higher than that of a less covalent ligand, resulting in a 
greater energy difference between the ligand orbital and the relaxed metal 3d state. The 
position of the LMCT shake-down feature would therefore be expected to move to lower 
energy as the covalency of the ligands increased. 

5.2. Experimental 

The model compounds investigated for this study are summarized in Table 51.19 
The compounds were synthesized according to the references listed in the table with the 

following exceptions. All of the tribridged samples were provided by Prof. Stephen 
Lippard of the Massachusetts Institute of Technology. The SALMP d&ridged compounds 
in all three oxidation states were provided by Prof. Richard Holm of Harvard University. 
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Table 5.1. Summary of Samples. 

Sample Name Sample Ref. Description Experimental 
19 Beamline, 

FE2C02 

FE3BIPHME 

FEHBPZO 

FEHBPZOH 

FE2BIPHME 

FECHEL 

FEDIPIC 

FESALMPO 

FESALMPl 

FESALMP2 

FETPAOAC 

FETPAC03 

FETPAPHT 

FEZOPHEN 

FWXOAck t KMOW21OC5H~) 121 a 

[Fe20(o2~)4(BIPhMe](CH30H) b 

[F90(0Ac)2(HB(Pzkh)l C 

[Fe2o(oAc)z(HB@z)3)2)1(C104) d 

lFe2V?GMB~hMel b 

IF~WW)CheM-hQ4 e 

[FeOH(l&O)Dipic]2 e 

[Fe&almp)2]*2DMF f 

(EuN)lFe2(salmpM-2D~ f 

(EtsN)zlr;e2(salmp)z1*4MeCN f 

lFd’I”P~kO(OAc)l(~O4k g 
h 

h 

i 

tribridge, diferric 

tribridge, diferric 

tribridge, diferric 

tribridge, diferric 

tribridge, diferrous 

dibridge, diferric 

dibridge, difenic 

dibridge, difenic 

dibridge, semimet 

dibridge, diferrous 

dibridge, diferric 

dibridge, difenic 

dibridge, diferric 

NSLS X19A, 

SSRL 4-3, 

SSRL 7-3, 

SSRL 7-3,300 

SSRL 7-3, 

SSRL 7-3,300 

SSRL 4-2; 

SSIi 7-3, 

SSRL 7-3, 

SSRL 7-3, 

SSRL 7-3,300 

SSRL 7-3,300 

SSRL 7-3,300 

monobridge, diferric SSRL 4-2, 

FE20HBPZ .I monobridge, difenic NSLS X19A, 
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Details of the preparation and data collection for the hydroxylase samples (EXAFSS, 
EXAFS7, and EXAFS6) have been presented in reference 9 and in Chapters 2 and 3. 

Samples for XAS experiments were diluted with BN powder, finely ground with a 
mortar and pestle, and pressed into a lmm thick Al sample spacer windowed with Mylar 
tape (total sample weight, - 55 mg). The samples were run in transmission mode at the 
Stanford Synchrotron Radiation Laboratory (SSRL) on unfocused 8-pole wiggler ’ 
beamlines 4-3 or 7-3 (18 kG), or on unfocused bending magnet beamline X19A at the 
National Synchrotron Light Source (NSLS) at Brookhaven National Laboratory (see Table 
5.1). Ring operating conditions were 3.0 GeV and 40-90 mA at SSRL, and 2.5 GeV and 
90-200 mA at NSLS. The height of the beam was defined to be 1 mm using slits in front 
of the monochromator, and a Si(220) monochromator was used to maximize energy 
resolution for the edge spectra (-2 eV under these conditions for Fe). The edge spectra of 
the samples run at NSLS have worse resolution due to software limitations on the step size 
in the edge region. The monochromator was detuned 50% at 7475 eV (the end of the Fe 
-edge scan) to reject higher harmonics in the incident beam. The incident and transmitted 
beam intensity was monitored by using N2-filled ionization chambers of the standard 
design. The diferrous and semimet model compounds were run at 10 K by using a 
continuous flow LHe cryostat (Oxford Instruments model CFl208). The diferric models 
were either run at ambient temperature, or at 10 K if the cryostat was already in use. 

Energy calibration for each scan was perfomed by using an internal foil calibration 
method20, setting the energy of the first inflection point of the iron foil as 7 111.2 eV. 
-Although the signal-to-noise ratio for the model compounds is high enough to obtain 
satisfactory data with one scan, more than one scan was measured to insure reproducibility 
of the data. In general, 2 or 3 scans were averaged together for each sample. The data 
were background-subtracted by fitting a polynomial to the pre-edge region which was 
extracted through the post-edge region and subtracted. The edge jump was normalized to 
unity using a polynomial through the post-edge region. Care was taken to insure that the 
data for each sample were normalized to each other for direct comparison. This process 1. . . 

involved adjusting the background subtraction to insure that the slope of the data from 
sample to sample was the same, and adjusting the normalization to insure that the edge 
jump from sample to sample was the same. 

5.3. Results and Discussion 

Positions of the features in the edge spectra were determined by measuring the 

position of the half-width at half-height of the second deriviative of the spectra, and are 
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presented in Table 5.2. In many cases, features were suggested by the second derivative 
that were not clearly resolved in the edge spectrum themselves. The positions of these 
features are enclosed in parentheses. 

5.3.1. Description of the Edge Spectra 

5.3.1.1. Models Containing a p-0x0 Bridge. In Figure 5.1 are the edge 
spectra of representative tri-, di-, and mono-bridged models which incorporate a ~1-0~0 

bridge. The spectra represent different ligation of the iron site, from 6 0 (FE2C02) to 5 
N and 1 0 (FE20HBPZ). The most intense pre-edge transition (region A in the spectra), 
occurs between 7 114.1 - 7 114.8 eV (Figure 5.2, top curve). A lower energy transition can 
be seen in the spectra of the di-and mono-bridged compounds (see FEZOPHEN) and 
occurs between 7112.2 - 7112.6 eV. The energy splitting between the two features is on 
the order of 2 eV. The resolution of the low-energy shoulder correlates with the increase in 

- the number of N atoms in the first coordination sphere. It is best resolved in the complexes 
which have 2 0 and 4 N (FETPAOAC and FE20PHEN, Figure 5.2; FETPAC03 and 
FETPAPHT, data not shown). In FEHBPZO (3 O/3 N, Figure 5.2), FE3BIPHME 
(4 O/2 N, see Figure 5.5) or FE2C02 (6 0, Figure 5.2), the lower energy transition is 
not as clearly resolved and leads to the asymmetric apperance of the pre-edge feature. This 
trend also coincidentally correlates with the decrease in the number of bridges from three to 
two. It cannot be determined if the ligation or the number of bridges is a more important 
factor in determining the appearance of the pre-edge feature based on the data available. 

A shoulder on the rising edge of the spectra (Feature B) is clearly resolved in the 
models containing more than 3 N atoms in the tit coordination sphere (Figure 5.1, bottom 
curve), however the second derivatives suggest the presence of this feature in the other 
models as well. In the tribridged models, the shoulder occurs between 7125.3 and 7125.9 
eV and in the di- and mono-bridged models, the feature appears between 7123.5 and 
7125.6 eV. The intensity of this feature is lowest in the 5 N/10 model FE20HBPZ and 
highest in the 4 N/2 0 model FEtOPHEN. As seen with the resolution of the shoulder in 

I 
I.:. , :.:‘,^:. : : .. 

the pre-edge feature, the appearance of the shoulder correlates both with increasing N 
ligation and decreasing number of bridges. 

The most intense transition in the edge spectra occurs between 7 128.1 and 7 130.0 
eV (Feature C). This feature is more narrow in the di- and mono-bridged compounds than 

in the t&bridged compounds. The position of the feature does not seem to correlate with 
either the number of bridges or the first shell ligation. The energy difference between the 

postion of the rising edge shoulder and the primary transition ranges from 3.7 eV for 

I 
I 
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Table 5.2. Energies of Featuresa in the Edge Spectra of Diiron Models.. 

Sample Coordination Bridge 
Environment System 

0X0-BRIDGED MODELS , 

Feature A 1 Feature A2 Feature B Feature 
eV eV eV eV 

FE2co2 60 

FE3BIPHME 40,2N 

FEHBPZO 30,3N 

FETPAOAC 4N,20 

FETPAC03 4N,20 

FETPAPHT 4N,20 

FE20PHEN 4N,20 

0, (OAC)~~ 7114.1 (7 125.3) 7129.7 

0, 02w2b 7114.8 (7 125.9) see 

0, (@4~)2~ 7114.3 (7 125.6) 7 129.5 

0, OAcb (7 112.2) 7114.3 7124.6 7 129.2 

0, co3b (7 112.6) 7114.2 7124.3 7 128.9 

0, (0Pht)bJ (7 112.4) 7114.3 7124.5 17130.0 

’ 0 7112.4 7114.6 7125.6 7 129.7 

FE20HBPZ 5N,lO 0 7114.3 7123.5 7 128.9 

NON-0X0-BRIDGED MODELS 

FECHEL 50,1N WV2 7112.9 7114.5 (7 127.9) 7131.6 

FEDIPIC 50,1N (OWz 7112.7 7114.3 (7125.9) 7130.0 



Table 5.2. continued 

Sample Coordination Bridge Feature A 1 Feature A2 Feature B Feature C 
Environment System eV eV eV eV 

FESALMPO (7 128.0) 

FEHBPZOH 

semimet 

30,3N OfI, (OAc)+’ 7112.7 7114.4 (7127.1) 7130.0 

FESALMPl 

diferrous 

40,2N (OPhhC 7112.4 7114.1 (7 124.9) 7 126.3 

FESALMP2 40,2N (OPhhC 7113.8 (7123.3) 7125.7 

FE2BIPHME 40,2N 02cI-03d 7111.6 7113.7 7 125,4 

aThe energies were determined by measming the position of the half-maximum at half-height of features in he &ond derivative of 

the edge spectra. JZneagies in parenthesis represent features seen in the second derivative that are not clearly rekolvcd in the edge 

spectra, and included for comparison. bThe carboxylate bridge coordinates to the iron center in a bidentate mode. CThe phenol bridge 

derives from the ligand coordinating the iron atoms. Two additional extended bridges involving the N atoms are present. dOne 

formate group bridges the iron center in a monodentate mode via one oxygen atom, and two formates bridge in a bidentate mode 

through each oxygen atom. 
. 
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Figure 5.1. The Fe K-edge XANES spectra of oxo-bridged model compounds. 

Tribridged models FE2C02 (solid) and FEHBPZO (dot) are presented in the top curve. 
Dibridged models FETPAOAC (solid), FE20PHEN (dash) and FE20HBPZ (dot) are 
presented in the bottom curve. 
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0.16 

0.00 
7105 7110 7115 

Energy (eV) 
7120 

Figure 5.2. The pre-edge features of iron model compounds. The top curve shows the 
pre-edge transitions of oxo-bridged models FE2C02 (solid), FEHBPZO (dash), 
FETPAOAC (dot) and FE20PHEN (dash-dot) The middle curve shows the pre-edge 
transitions of non-oxo-bridged models FECHEL (solid), FEDIPIC (dash) and 
FEHBPZOH (dot). The bottom curve shows the pre-edge feature from monomeric 
Fe(acac)g (solid). Note the difference in the appearance of the pre-edge feature of the oxo- 
bridged models compared to the non-oxo-bridged models. 
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FETPAC03 to 5.5 eV for FETPAPHT with the splittings for all of the rest of the 
compounds falling within this range (Table 5.2). There is also a broad feature above 7 135 
eV in all of the compounds whose appearance and position also varies in a non-systematic 
way from compound to compound. 

5.3.1.2. Non-oxo Bridged Models. The edge spectra for representative di- 
and tribridged models which do not contain an 0x0 bridge are presented in Figure 5.3. 
These models represent ligation of 5 0 and 1 N (FECHEL and FEDIPIC) and 3 0 and 3 
N (FEHBPZOH). The edge spectrum of FESALlUJ’O-(4 O/2 N) is presented in Figure 
5.4. The shape of the pre-edge feature (region A) in these models is is also independent of 
the number of bridges in the diiron center (Figure 5.2, middle curve) and quite different 
from the pre-edge feature of the oxo-bridged models. In all of the non-oxo-bridged 
models, the pre-edge feature is clearly a doublet, with the more intense transition occuring 
between 7112.4 and 7112.9 eV and the weaker transition occuring between 7114.3 and 
7114.6. The difference in relative intensities of these transitions is greater for the 5 O/l N 
compounds than for the 4 O/2 N (see Figure 5.5) or 3 O/3 N compound and the energy 
splitting between the transitions is in the range of 1.6 to 1.9 eV. In addition, a shoulder is 

. seen between the pre-edge transition and the rising edge in the spectra of FECHEL and 
FEDIPIC at - 7118 eV (Figure 5.2). A feature is seen in this region of the second 
derivatives of the edge spectra for all of the models, however it is not clearly seen in the 
edge spectra themselves. This feature may be the forbidden ls--t4s transition, which 
would also be made allowed by vibronic coupling. 

There is a suggestion of a shoulder on the rising edge of FECHEL (5 O/lN), 
.+ which occurs at 7127.9 eV according to the second derivative of the edge spectrum. 

Unlike the oxo-bridged models, however, the appearance of a rising edge shoulder does 
not occur with increasing numbers of N atoms in the first coordination sphere as a shoulder 
is not seen in FEHBPZOH which has 3 N and 3 0 atoms. In the non-oxo-bridged 
models, then, the appearance of the shoulder may be due to the reduction in the number of 
bridges in the diiron center. This is also consistent with the appearance of the rising edge 
shoulder in the oxo-bridged models, however in the case of the non-oxo-bridged models, 
the effect is not as dramatic.21 

The main transition in the non-oxo-bridged models (Feature C) occurs at 7130 eV 
in the spectrum of FEHBPZOH and FEDIPIC, and at 7131.6 in the spectrum of 
FECHEL. The edge spectrum of FESALMPO is not very well defined (Figure 5.4). 

The position of Feature C in the non-oxo-bridged models occurs at slightly higher energies 
than the position of the corresponding feature in the oxo-bridged models (7128.1 - 7130 
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Figure 5.3. The Fe K-edge XANES spectra of non-oxo-bridged model compounds. 
Tribridged model FEHBPZOH (solid) is presented in the top curve. Dibridged models 
FECHEL (solid), and FEDIPIC (dot) are presented in the bottom curve. 
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eV). As in the edge spectra of the oxo-bridged models, there is a broad feature which 
OCCLXS above 7135 eV in the spectra of FECHEL, FEDIPIC, and FEHBPZOH. 

5.3.1.3. Changes in Spectra with Oxidation State. The spectra of the 
FESALMP dimer series in all three oxidation states are presented in Figure 5.4 (top 
curve). Upon reduction from the diferrric Fe(III)Fe(III) state to the semimet Fe(III)Fe(II) 
state, the position of the edge (measured at an absorption value of 1) moves to lower 
energy by 2.3 eV, the edge broadens, and the intensity of the main transition region 
(Feature C) decreases somewhat. In the diferrous Fe(II)/Fe(II) state, the position of the 
edge moves 4.3 eV to lower energy relative to the diferric edge and the shape of the edge 
changes, increasing in intensity and becoming more narrow. For the BIPHME models 
(Figure 5.4, bottom curve), the edge moves 3.3 eV to lower energy from the difenic 
(FE3BIPHME) to the diferrous (FE2BIPHME) state, and the intensity and appearance 
of the main transitions change in a manner similar to that described for the FESALMP 
series. 

The pre-edge feature in the reduced forms of these models is also a doublet (Figure 
-5.5, top curve), and like the non-oxo-bridged diferric models, the first transition is more 

- intense than the second transition. The first transition occurs at 7 111.6 eV in the diferrous 
models and the second transition occurs at 7113.7 eV for FE2BIPHME and at 7118.3 eV 
for FESALMPZ, corresponding to a splitting of 2.1 and 2.2 eV, respectively. The pre- 

- edge of the semimet model FESALMPl is broader and less well-resolved than the pre- 
edge. of FESALMPO. There is very little change in the intensity of the pie-edge feature in 
going from the difenic to diferrous forms in the FES ALM P models, but in the 

:FEBIPHME models, there is a loss in intensity. This reduction in intensity is 
counterintuitive to expectation, based on the change in the coordination of the iron atom 
which occurs in the diferrous form of FE2BIPHME. One of the hexacoordinate iron 
atoms becomes pentacoordinate in FE2BIPHME, and the decrease in the symmetry 
should result in an increase in the pre-edge intensity. The loss of the oxo-bridge which 
occurs upon reduction of FE3BIPHME, which would result in a decrease in the 
distortion of the iron site, may offset any gain in intensity due to the decrease in the 
coordination number. The intensities of the diferrous model pre-edge features are similar to 
each other, therefore it is unlikely that this information can be used to distinguish between 
symmetric and unsymmetric ferrous diiron sites. 
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Figure 5.4. Changes in the edge spectra with change in oxidation state. The top curve 
shows the spectra of diferric Fe(III)Fe(III) FESALMPO (solid), semimet Fe(III)Fe(II) 
FESALMPl (dash), and diferrous Fe(II)Fe(II) FESALMP2 (dot). The bottom curve 
shows the spectra of difenic FE3BIPHME (solid) and diferrous FE2BIPHME (dot). 
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Figure 5.5. Changes in the pre-edge feature with change in oxidation state. The pre- 
edge of the diferric models FESALMP2 (solid) and FE2BIPHME (dot) are compared in 
the top curve. The middle curve shows the pre-edge features of FESALMPO (solid), 
FESALMPl (dash) and FESALMP2 (dot). The pre-edge features of FE3BIPHME 
(solid) and FE2BIPHME (dot) are compared in the bottom curve. 
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5.3.2. Interpretation of Edge Spectra 

All of the compounds investigated had octahedral, or nearly octahedral coordination 
around the iron atoms and the edge spectra are relatively similar for all of the compounds 
studied here. The most dramatic change occurs in the pre-edge region, which will be 
discussed separately. The differences observed in the appearance of the edge structure can 
be correlated to the nature of the bridging groups in the diiron center and to changes in the 
relative numbers of N and 0 atoms ligated to the iron atoms. 

5.3.2.1. Changes in the Edge Spectra with Bridging Geometry. The 
position of the edge (measured at an absorption value of l/3) is correlated to the average 
first shell bond length for the models studied (Table 5.3 and Figure 5.6) with the 
exceptions of FE2C02 and FESALMPO. In general, the oxo-bridged models have 
longer average bond lengths than the non-oxo-bridged models due to the distortion of the 
site caused by the presence of the short Fe-O bond (see Table 4.1 in Chapter 4). FE2C02 

- is an exception to this observation due to the all 0 ligation which decreases the distortion 
effect of the oxo-bridge. The bond length of FE2C02 is similar to the bond lengths of the 
non-oxo-bridged models, but the edge position is similar to the oxo-bridged models. The 
average distance of FESALMPO is consistent with the lack of an oxo-bridge, but the 
position of the edge of is similar to the positions of the oxo-bridged model edges. 
Otherwise, however, the position of the edge moves to lower energy as the average first 
shell bond length increases. The increase in the average bond length is itself loosely 
correlated to the number of N and 0 atoms ligating the iron center. 

The data available for a direct comparison of the effect of an oxo-bridge on the edge 
spectra of otherwise identical models is limited, however the number of bridges seems to 
have an effect on the appearance of the edges. In general, the appearance of the features in 
the edge spectra of the tribridged models are not as well-defined as in the edge spectra of 
the di- and mono-bridged models, although FESALMPO is an exception to this 
.observation. For example, the edges of oxo-bridged FEHBPZO and hydoxo-bridged 
FEHBPZOH (both tribridged models) are more similar to each other (Figure.5.7, top 
curve) than FEHBPZd is to oxo-bridged FETPAOAC or FEHBPZOH is to hydroxo- 
bridged FECHEL (Figure 5.7, compare dotted lines and solid lines, respectively). In 
addition, the edges of FETPAOAC and FECHEL (both dibridged models) are relatively 
similar to each other (Figure 5.7, middle curve), although the edge of the oxo-bridged 
model is less intense and broader than the hydroxo-bridged model. Comparing the spectra 
of FEHBPZO and FEHBPZOH, a similar effect is seen, with the edge of the oxo- 

bridged model appearing wider than that of the analagous hydroxo-bridged model (Figure 
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Table 5.3. Comparison of Average First Shell Distance with Edge Position. 

Sample Coordination 
Environment 

0X0-BRIDGED MODELS 

FE2C02 60 

Avg. First Shell Position of 
Distancea (A) Edgeb (eV) 

2.02 7122.2 

FE3BIPHME 40,2N 2.05 - - 7122.6 

FEHBPZO 30,3N 2.06 7122.0 :.. :_ ..- :.. . .A:,> 
FETPAOAC 4N,20 2.07 7121.9 ! 1 

.: . . . : ,:.::: . . 

FETPAC03 4N,20 2.07 7121.7 

FETPAPHT 4N,20 2.08 7121.5 

NON-0X0-BRIDGED MODELS 

FECHEL 50,1N 2.02 7 123.4 

FEDIPIC 5 0,l N 2.03 7123.1 

FESALMPO 40,2N 2.03 7 122.2 

FEHBPZOH 30,3N 2.04 7123.1 
HYDROXYLASE SAMPLE 

EXAFSS 6 N/O 2.04 7 122.6 
I 

aThe average distance includes all first shell distances from the crystal structures of the 

models. bathe edge position was measured at an intensity value of l/3. cThe data for the 

hydroxyake sample was determined by EXAFS (see Chaper 2). 
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Figure 5.6. A comparison of the average first shell distance with edge position. The 
solid circles are data for oxo-bridged models. The open circles are data for non-oxo- 

d 
bridged models. The x is the oxidized hydroxyase data. 
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Figure 5.7. Comparisons of model and MM0 hydroxylase edges. The solid lines are 
spectra of non-oxo-bridged models, while the dotted lines are oxo-bridged model spectra. 
The top curve compares the edge spectra of tribridged models FEHBPZOH (solid) and 
FEHBPZO (dot). The middle curve compares the edge spectra of dibridged models 
FECHEL (solid) and FETPAOAC (dot). The edge spectrum of the oxidized 
hydroxylase sample EXAFSS is presented in the lower curve, and more resembles the 
spectra of the nibridged models presented in the top curve. 
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5.7, top curve). It should be noted that the ligation of the iron center also changes for 
FETPAOAC (4 N/2 0) and FECHEL (5 O/l N) in addition to the types of bridges 
changing, which introduces another variable into the comparison. 

5.3.2.2. Changes in the Edge Spectra with Changes in Ligation. The 

appearance of the shoulder on the rising edge in the oxo-bridged models (Figure 5.1) 
corresponded to the increase in the number of N atoms relative to 0 atoms in the first 
coordination sphere, suggesting that this feature may be related to changes in the covalency 
of the active site due to differences in the ligation sphere. Similar effects in the edge spectra 
of Ni,7 CU,~ and Fe9 models and proteins have been seen with changes in the ligation of 
the metal center which have been attributed to an increase in the covalency of the metal site. 
In the Ni and Cu compounds studied, this shoulder has been interpreted as a ligand-to- 
metal charge transfer shake down feature associated with the 1 s +4p transition. A similar 

interpretation of the feature for the oxo-bridged dinuclear iron centers could apply here as 
well. No such change in the edge spectra was seen in the non-oxo-bridged compounds as 

- a result of changing ligation sphere, however, the spectrum of dibridged FECHEL has a 
weak shoulder, whereas the spectrum of tribridged FEHBPZOH does not. This suggests 
that the decrease in the number of bridges may also impact the presence of the shoulder, 
perhaps reflecting greater distortion in the diiron center imposed by the bildging geometry. 
This interpretation is consistent with the greater intensity of the ls-t3d pre-edge feature 
of FECHEL relative to FEHBPZOH (Figure 5.2, middle curve). 

5.3.2.3. Pre-edge Feature. The intensity of the pre-edge feature is gained by 
the non-centrosymmetric character of the Fe site in the iron dimers which allows 4p and 3d 

_ mixing to occur. The intensity of the pre-edge feature is related to the amount of 4p mixing 
into the 3d orbitals and is inversely proportional to the coordination number of the metal 
site.3*5 For the models studied here, the coordination number is 6 in every case so any 
variation in the intensity of the pre-edge feature reflects the amount of distortion around the 
iron site. The edge spectrum of oxo-bridged model FEHBPZO and hydroxo-bridged 
model FEHBPZOH are compared in Figure Ma. Both of these compounds are 
coordinated by 3 N and 3 0 atoms. The intensity of the pre-edge feature in the oxo-bridged 
model is greater than the intensity in the non-oxo-bridged model, reflecting the increased 
distortion of the iron site due to the presence of the short oxo-bridge (see Table 4.1 in 
Chapter 4). In the oxo-bridged model, the average first shell distances range from 1.79 to 
2.19 A (0.4 A difference), while in the hydroxo-bridged model, the average first shell 
distances range from 1.96 to 2.11 A (0.15 A difference). In addition, the pre-edge features 
of the non-oxo-bridged models are very similar to the pre-edge feature of Fe(acac)322 

(Figure 5.2, bottom curve), a monomeric octahedral compound coordinated by 6 0 atoms 
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whose bond lengths range from 1.986 to 2.004 A. The presence of the pre-edge feature in 
the Fe(acac)3 compound reflects the sensitivity of the transition to slight symmetry 
distortions. 

The pre-edge feature is clearly split in all non-oxo-bridged models, and asymmetric 
in all oxo-bridged models (Figure 5.2). The appearance of this feature is therefore 
characteristic of the nature of the bridge in the iron center, but not of the number of bridges. 
There are two possible explanations for the splitting seen in the pre-edge feature. One is 
that each transition corresponds to the ls-3d transition for each iron atom in the dimer. 
This doesn’t seem very likely as the edge spectra seen will be the average for both iron 
atoms and the individual iron sites within each dimer are very nearly identical to each other. 
In addition, the presence of a split pre-edge feature in monomeric Fe(acac)j argues against 
this explanation. The alternative explanation is that the transitions seen are to different 
molecular states in the final d-state configuration. 

‘. 
:’ : ,’ 

,’ 

The transition which occurs in the pre-edge region is from an initial [ls2...3ds] 
state to a final [ 1s *...3d6] state and will occur to states of maximum spin multiplicity. In 
-the free ion limit, only the 5D state is available, however at somewhat stronger fields (but 

._ still in the weak field limit), transitions can occur to the 5Tzg and 5Eg molecular states. 
The splitting seen in the pre-edge region of the edge spectra is therefore consistent with 
transitions to the 5T2, and 5Eg states ( 5Tzg < SE,). The energy splittings seen in the pre- 

- edge region of the diferric dimers were betweeen 1.6 and 2.2 eV (-13,000 - 17,700 cm-l), 
which correspond to Dq/B values in the range from 1.3 to 1.75. These values are 
consistent with the high-spin character of these model compounds. The electronic 
ccnfiguration which gives rise to the 5Tzg and SE, molecular states are (t24e2) and (t$e3), 
respectively, so the energy splittings observed in the pre-edge correspond to 1ODq for the 
various model compounds. 

The overall increase in intensity of the pre-edge feature for the oxo-bridged model 
spectra over the non-oxo-bridged models can be explained by the increased distortion of the +. : 
Fe site due to the presence of the short Fe-O 0xo bridging distance. Lu the spectra of the : 

non-oxo-bridged models, the transition to the 5Tzg state is the most intense, while the 
transition to the 5Eg state is the most intense in the spectra of the oxo-bridged models. The 
intensity differences may reflect a greater amount of 4p mixing into the 5E, final state over 
the 5Tzg state for the oxo-bridged models due to the lowering of the symmetry of the iron 
atoms caused by the presence of the oxo-bridge. 

, 

In the diferrous systems, splitting in the pre-edge region has commonly been 

attributed to transitions to the free ion 4F and 4P states of the d7 excited state 
configuration. l* The relative intensities of the two transitions has been calculated to be 7:3 

I 
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for F:P (4F < 4P), so the higher energy transition should be less intense. This is the case 
for the ferrous models (Figure 5.5, top curve). The magnitude of the splitting seen (2.1 
and 2.2 eV) is consistent with the energy difference expected for the 4F and 4P levels. 
Alternatively, the transitions seen could be to the 4T~g and 4T2g molecular states which 
correspond to Dp values of 1.8 and 1.9. These values of Dq/B are consistent with the 
high-spin character of the model compounds but correspond to 10Dq values of -16,500 
cm-l for FE2BIPHME and -17,400 cm-1 for FESALMP2, somewhat greater than the 
corresponding ferric models (lOD, for FE3BIPHl’vJE.and FESALMPO was calculated to 
be -15,000 cm-l). This is not not consistent with the relative positions of Fe+2 and Fe+3 in 

the spectrochemical series and supports the assignment of the transitions as corresponding 
to the free ion 4F and 4P states. 

5.3.2.4. Comparisons with Hydroxylase Edge Spectra. The edge 
spectrum of the oxidized hydroxylase is included in Figure 5.7 for comparison the the 
dimer edges. The appearance of the hydroxylse spectrum is most similar to tribridged 

- FEHBPZOH and FEHBPZO and to dibridged FESALMPO (shown in Figure 5.4, top 
_ curve). It is not clear why the spectrum of FESALMPO is less distinct than the other 

models, but may reflect the extended bridges in the structure (see Table 5.2). The pre-edge 
features of these four samples are compared in Figure 5.8 (bottom curve). The pi-e-edge 
feature of the hydroxylase is asymmetric and the higher energy region is more intense than 
the lower energy region, similar to oxo-bridged model pre-edge features. The overall 
intensity of the hydroxylase pre-edge feature is more like the non-oxo-bridged model pre- 
edge features. The hydroxylase data are certainly more consistent with the lack of an oxo- 

- bridge in the iron center, however the exact nature of the bridging geometry is not revealed 
by this analysis. Inclusion of the diferric hydroxylase on the plot in Figure 5.6 

(represented as an’x) using the average first shell distance of 2.04 A determined by EXAFS 
analysis (see Chapter 2) is also consistent with the lack of an 0x0 bridge in the diiron site. 
The EXAFS analysis clearly shows that there is no 0x0 bridge in the iron center (Chapter 

2). 

The main transition in the differous hydroxylase edge is sharper than in the edge 
spectrum of either FESALMP2 or FE2BIPHME, and lacks the high energy shoulder 
seen at around 7135 eV (see Figure 5.4 in Chapter 2). The edge of the semimet 
hydroxylase appears to be a little broader on the rising edge than the edge of the oxidized 
hydroxylase. The change in the edge of the hydroxylase with reduction to the semimet and 

diferrous state is similar to the change seen for the FESALMP and FEBIPHME models 
(compare Figure 5.4 with Figure 5.4 in Chapter 2). The intensity of the pre-edge features 
in both the semimet and reduced hydroxylase spectra is greater than the intensity of the 

, 
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Figure 5.8. A comparison of the pre-edge features of the models and the MM0 
hydroxylase samples. The solid lines are the protein spectra. The top curve compares the 
reduced hydroxylase sample EXAFS6 (solid) with FESALMP2 (dot) and 
FEZBIPHME (dash) and the middle curve compares the semimet hydroxylase sample 
EXAFS7 (solid) with FESALMPl (dot). The bottom curve compares the feature of 
oxo-bridged FEHBPZO (dash-dot) with the oxidized hydroxylase sample EXAFSS 
(solid) and the non-oxo-bridged models FEHBPZOH (dash) and FESALMPO (dot). 
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corresponding model compounds (Figure 5.8, top curve for reduced samples, middle curve 
for semimet samples), suggesting that the coordination or symmetry of the hydroxylase 
diiron center may be different than in the model compounds, however the difference may 
be due to subtraction of the different background contributions for transmission (model) 
data and fluorescent (protein) data are different. 

5.4. Conclusions 

The appearance of the Fe K-edge XANES spectra of the model compounds is 
related to the nature of the bridges in the diiron center and with the ligation of the iron 
atoms. In general, the features in the spectra are more well-defined for the dibridged 
models than the tribridged models (compare upper and lower curves in Figures 5.1 and 
5.3). The presence of an 0x0 bridge tends to broaden the edge somewhat over the edges of 
the non-oxo-bridged models (Figure 5.7). The appearance of a shoulder on the rising edge 

- of the spectra reflects a decrease in the number of bridges in the non-oxo-bridged models. 
In the oxo-bridged models, the appearance of the shoulder was correlated with the increase 
in the N ligation of the iron center. A reasonable interpretation of this feature is that it is a 
shake down feature associated with the Is-4p transition, and reflects an increase in the 
covalancy of the iron site due to the change in the ligation. The final assignment of this 
.feature as a shake down transition awaits confirmation by XPS/PES experiments. The 
position of the edge decreases in energy as the average first shell distance in the models 
decreases, and is related to the presence or absence of a p-oxo bridge in the center. 

The appearance of the pre-edge feature is characteristic only of the presence or 
absence of a IL-0x0 bridge in the diferric center and not of the number of bridges in the 

diiron site. In oxoibridged compounds, the pre-edge feature is asymmetric with the most 
intense transition occuring at - 7 114 eV. In the non-oxo-bridged compounds, the pre-edge 
feature is clearly resolved into a doublet with the lower energy transition (- 7113 eV) 
having more intensity than the 7114 eV transition. The splitting of the transitions is 
consistent with the assignment of the transition to the 5Tzg and 5Eg molecular states for the 
excited state d6 configuration. The greater overall intensity of the oxo-bridged models is 
consistent with the increased distortion of the iron site over the non-oxo-bridged models 
due to the presence of the short Fe-O bridge. Additionally, the differences in the relative 
intensities of the two pre-edge transitions for the oxo- and non-oxo-bridged models 
probably arises from differences in the site symmetry of the iron atoms which impacts the 
amount of 4p mixing into the different molecular states. For the diferrous model, a 
reasonable interpretation of the split transition is that it occurs to the free ion 4F and 4P 
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molecular states. The intensity of this feature is similar for both symmetrically substituted 
FESALMPZ. and asymmetrically substituted FE2BIPHME, making conclusions about 

the coordination of the iron atoms in the reduced state difficult based on the pre-edge ” 
information. 

The diferric hydroxylase edge is most consistent with the lack of an oxo-bridge in 
the diiron center, supporting the results from the EXAFS analysis (Chapter 2). The shape 
of the pre-edge feature is reminiscent of an oxo-bridged compound, but the intensity is 
more like FESALMPO and FEHBPZOH, suggesting tie-the octahedral symmetry of the 
iron site in the hydroxylase is more like that in the latter models. The changes in the edge 
seen with reduction of the diferric state to the diferrous state are similar for the protein and 
model compounds. The greater intensity of the pre-edge features of the semimet and 
reduced hydroxylase samples compared to the semimet and reduced models may reflect 
lower coordination or symmetry at the Fe center in the protein samples. A systematic study 
of the edge structure of reduced and semimet model compounds would greatly aid in the 
interpietation of the edge structure of these forms of the protein samples. 
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Chapter 6 

-Sulfur and Chlorine K-Edge X-ray Absorption Spectroscopic Studies of 
Photographic Materials 
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6.1. Introduction 

Sulfur is present in several important components of the photographic system 
including spectral sensitizing dyes and chemical sensitizing centers. These components 
exist at the surface of the photoactive silver halide crystals and are involved in electron and 
energy transfer processes. It is therefore likely that the surface structure and electronic 
environment of these sensitizing dyes and centers will have an effect on photographic 
performance. X-ray absorption spectroscopy (XAS) studies can directly probe the local - . 
geometric and electronic structure of these important surface-active species on the 
photoactive substrate. 

Previous sulfur XAS studies have shown that the S K-edge has sharp absorption 
features in the edge and near-edge region arising from bound-state transitions from the 
sulfur 1s orbital to low-lying unoccupied or partially occupied atomic or molecular orbitals. 
These features have been shown to be very dependent on the local geometry and oxidation 

- state of the absorbing atom. tL3 W ith a spectrometer energy resolution of 0.5 eV at these 
energies (2-3 keV), shifts of as much as 13 eV have been seen with a change in the 
oxidation state of sulfur from -2 to +6. 

Studies of the sulfur K-edge of numerous organic and inorganic compounds have 
revealed characteristic absorption spectra dependent on the nature of sulfur in the 
compound, making XAS a useful tool in determining the forms and relative amounts of 
sulfur present in petroleum asphaltenes and coal.4 Polarized K-edge measurements 
together with theoretical calculations using a multiple-scattered wave X-a formalism have 

_ resulted in assignments of some of these S K-edge features.5 A number of soft X-ray 
studies have been done dn gaseous6 and surface-adsorbed&e7 organic and inorganic sulfur- 
containing molecules, such as thiols, thioethers, and sulfuryl halides. These studies 
provide further insight into the origin and nature of the S K-edge features, including 
information about the symmetry of the final state orbitals to which the transition occurs, 
and the orientation dependence of the edge features of adsorbed species.6@Jv8 

Spectral sensitizing dyes are used in many applications such as non-linear optics, 
solar energy conversion, electrophotography and silver halide photography. Merocyanine 
and cyanine dyes extend the response of photographic materials beyond the intrinsic 
blue/ultraviolet absorption of the silver halide photoconductor into the visible and infrared 
regions. The spectral sensitivity imparted to the silver halide substrate depends on the 
visible absorption properties of the dye molecules. Spectral shifts of the visible absorption 
features to longer wave-lengths result from the aggregation of the dye molecules on the 
surface, and depend on both the concentration and the orientation of the dye molecules. 
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The degree and extent of aggregation, and consequently of the spectral shift, is in part 
determined by silver halide morphology, the presence of other adsorbates, and structural 
features of the dye molecules themselves. 9 Structural properties of dye molecules which 
are important for aggregation formation include extended delocalization of A electrons, 
planarity of the molecule, and reduction of positional isomers. 

The sensitization process involves the transfer of electrons or energy as an exciton 
from the photoexcited state of the dye molecule aggregate into the conduction band of the 
silver halide substrate. For well-ordered, strongly interacting molecular systems, excitons 
are transferred via coupled oscillations of the molecules in a time period shorter than the 
period of the molecular vibrations. The transfer of the exciton from the dye aggregate to 
the substrate conduction band requires that the dye molecules exist in an adsorbed state on 
the surface of the silver halide grains. The nature of the interaction between the dye 
aggregates and the silver halide substrate has been the subject of many studies. For dyes 
containing benzthiazole groups (belonging to the cyanine dye class), it has been postulated 
that the adsorbed dye molecules are oriented with their sulfur atoms directed toward the 
silver halide surface. loJ1s XPS experiments of dyed AgCl crystals12 and electrophoretic 
mobilities of dyed silver halide grains 13 have suggested that direct interaction between the 
sulfur atoms and the silver ions on the crystal surface is a driving force in the adsorption 
process and a determining factor in the orientation of dye molecules on silver halide crystal 
faces. 

Another important process in photography is latent image formation. Latent image 
formation involves the reduction of Ag+ to A$ which appear as dark areas on negatives 

_ and are invisible until the film is exposed to developer. The aggregates of Ag metal are 
referred to as latent image centers. The efficiency of formation of latent image centers is 
related to the size of the Ag metal aggregates and the competition between combination of 
the photoelectron with Ag+ and electron-hole recombination. The efficiency of latent image 
formation, which means that less exposure time is required to form an image, can be 
improved by the formation of chemical sensitization centers on the silver halide surface. 

Chemical sensitization centers are formed by the treatment of silver halide crystals 
with aqueous solutions of labile sulfur-containing compounds such as thiosulfate and 
thioureas. The sensitization centers are believed to be silver sulfide specks on the silver 
halide surface which act as electron traps for photoelectrons.14 The electron-trapping 
capabilities of these centers result in a reduction in the electron-hole recombination rate 
which improves the efficiency of latent image formation, and they may also promote or 
stabilize latent image center formation. The highest degree of chemical sensitization is 
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achieved with a combination of sulfur compounds and gold-containing salts, however the 
nature of these chemical sensitization centers is not well understood. 

We have used S and Cl K-edge XAS to characterize the electronic and geometric 
structure of a wide variety of compounds important to the photographic system, including 
cyanine and merocyanine dyes and dye intermediates, and thiol- and thione-containing 
molecules. The nature of the interaction between the metal ions and the forms of sulfur of 
importance in the photographic system have been studied by S K-edge XAS measurements 
on silver and gold complexes of sulfides, thiazoles, and thiol- and thione-containing 
ligands. Oriented single-crystal polarized studies ofrepresentative dye nuclei and a metal- 
sulfur compound have been used to determine the angular dependence of the features seen 
the in powder spectra. These studies permit assignments of the features and provide a 
basis for interpreting polarized measurements of dye molecules and chemical sensitization 
centers on silver bromide sheet crystals. 

- 6.2. Experimental 

The samples discussed in this paper are presented in Tables 6.1-6.4. The dye 
samples (Tables 6.1 and 6.2) were measured to be 90% pure by HPLC. All of the samples 
-with the exception of 9,10-dichloroanthracene were supplied by Eastman Kodak Co. 
Single crystals of 2-thiohydantoinl5 (IM4) were obtained from ethanol as orange rhombic 
plates with sides l-2 mm long and 0.3 - 0.5 mm thick. Yellow needles of 3,3’- 
diethylthiacyanine bromide’6 (DC5) were obtained from propanol (l-2 mm x - 0.25 mm x 

_ --0.25 mm). Single crystals of 9,10-dichloroanthracene17 @CA) were obtained from 
saturated petroleum ether solutions of the compound placed in a dessicator containing 
scraps of paraffin. The.crystals were yellow plates of dimensions 1 - 2 mm x 0.3 mm x c 
0.3 mm. White single crystals of bis(ethylenethiourea) gold (I) chloride hydrate18 were 
obtained from water. The crystals were parallelograms, 2 mm x 1 mm x 0.5 mm. The 
integrity of the crystals after exposure to synchrotron radiation was verified by checking 
that degradation of the diffraction quality of the crystal had not occurred, and by confirming 
the unit cell dimensions using a diffractometer after the conclusion of the experiments. 
AgBr sheet crystals (50 p thick) were grown on quartz plates using a growth gradient 
technique. The dyed surface samples were prepared by submerging the sheet crystal in lo- 
5 M aqueous solutions of the dyes (20 minutes at 40’ C). The chemically sensitized 
samples were prepared by submerging the sheet crystals in 10-5 M aqueous solutions of 
sodium thiosulfate or aurous dithiosulfate (20 minutes at 50” C). 

205 

I 
I 

I / 

,‘.... /- “.:.-:.::.,:::;-: ,..:.:..: ,_^I._ ,I .,,:- :_ 

~ 
/ 

I 

/ .::: ; .:y.:, j: :-.: _._ ,.‘: i::r.::::.:: ::: 

/ 
I ! / I I 
I 

I 



Table 6.1. Energies of Transitions in S K-Edge Spectra of Cyanine Dyes and ,Dyk Intermediates. 

Compound 

2-(2-anilino&yl)-3-methyl- 
thiazolium iodide 

structure Sample Feature A (*) Feature B 
name W) WI 

S 

,x-r 

iH 
[*-I 

ICl 2473.3 2475.2 
+ / vN\ph 
N 
J 

_CH3 

iI 
IC2 2474.0 2476.1 

CHCCH3 

2-acetonylidine-l-ethylnaptho- 
[1,2d]thiazoline 

5-chloro-1,3,3’-triethyl- 
beGmidazolothiacabacyanine 
iodide 



Table 6.1. continued 

Compound structure Sample Feature A (*) Feature B 

l-(2-carboxyethyl)-5,6&hloro- 
3,31diethylbenzimidazolo- 
thiacarbocyanine iodide 

Anhydro-3carboxymethyl-5,5’- 
dichloro-Y-ethylthiacyanine 
hydroxide 

I I 

1 ,l’-diethyl-2,2’-thiazoline 
carbocyanine iodide 

3J’diethylthiacyanine bromide 

CH2C02 I 

2473.5 2475.3 
qq 

I 



Table 6.1. continued 

Compound 

3,3’diethylthiacyanine bromide 
in-plane orientation 

3,3’diethylthiacyanine bromide 
out-of-plane orientation 

structure Sample Feature A (*) Feature B 

{cm/ x ;:;X 24:: 24;;: 

DC5Z 2473.9 2475.6 (sh) 
2476.5 

5,5’-dichloro-3,3’-2(2-hydroxy- 
ethoxy)ethyl-9-ethylthiacarbo- 
cyanine tetxafluoroborate 

z;:; (&) 2476*1 

I 
C2H40C,H40H 

*most intense feature 



Table 6.2. Energies of Transitions in S K-Edge Spectra of Compounds Containing Exocyclic S. 

Compound structure Sample 
name 

Feature A’ 
(eV> 

Feature A 
W) 

Feature B 
W> 

Merocyanine Dyes and 
Dye Intermediates: 
Zethyl- 1 -phenyl-2- 
thiohydantoin 

S 

A Ph 
‘N N’ 

Et 
IMl 2471.3* 2473.6 2475.6 (sh) 

2477.3 

13diethyL2-thiobarbituric 
acid 

3ethylrhodanine 

a’ s 1.. & .;: ..; : m42 2471.1* 2473.9 2476.2 (sh) : 
.- ’ N A N’ ., . {. .. -: 2478.1 

AA 0 0 
S 

S K N 
m43 2470.7 i473.4* 2475.4 (sh) 

3 2478.0 

2-thiohydantoin 5; 

A 
m44 2471.4 2473.8* 2477.5 

H 
‘N N’ 

H 



? . . 

m
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Table 6.2. continued 

Compound stluctul-e Sample Feature A Feature A Feature B 
W) 

2471.4 
W> 

2473.7* 
W> 

2477.3 S-(5,6&hloro- 1,3diethyl-2- 
benzimidazolinylidene)-3- 
ethyl-2-thio-2,4- 
oxazoliudinedione 

5-(5,64ichloro- 1,3-diethyl-2- 247 1.2 2473.4* 2477,O 
bcnzimidazolin ylidene)-3- 

z ethyl- 1 -phenyl-2-thiohydantoin 
I I 

4-[($chlorck3-ethyl-2- 
benzoxazolinylidene)- 
ethylidenel-3-methyl-l-phenyl- 

c1 &;hhhj 2$74.0* 2476.6 

I N s 
athiohydantoin Et he 
Thioureas and other 
thione-containing 
compounds: 
thiourea S THIOUR 2472.0 2473.2 2475.7 (sh) 

II 2477.5* 
H,NCNH, 

--I ,‘-‘I-- - 
, ,  ‘.‘. 

~, ;  ,.’ 
:  : ;  ,:))(;.L 

: i , , : : : ,  

:) : ;  ,:.‘.‘,.:.,. 
.s  

. :  .‘..... :  
~. I , , ,  

. ,  .  .  ,’ ‘1 
, . ,  ‘I 



Table 6.2. continued 

Compound 

ethylenethiomea 

structure 

S 

A N N 

Sample Feature A Feature A Feature B 
name W9 W W) 
ETU 2472.0 2473.4 2475.l(sh) 

2476.7 

tetramethylthiourea 247 1.4 2473.2 2474.7(sh) 

thiaizoline-Zthione 

II 2476.0* 

s K N 0 CH2C02H 
N 

- 

q 
CH3 

Mercaptotetrazoles and / 
triazoles: 
2-ethylmercaptotetrazole S” 2472.5 2473.2* 2476.2 

2471.8 2473.6* 2476.3 (sh) 
2478.2 



Table 6.2. continued 

Compound structure Sample Feature A Feature A 

2-acetamidophen ylme~apt~ 
tetrazole 

SH 
name (ev) W) 

2473.5* 

Feature B 
(W 

2475.9 (sh) 
2477.7 

2-acetamidophenylmercapto- 
tetrazole sodium salt 

APMTNA 2472.2 2473.2* 
.. (wk. sh) 

2476.7 

N 
t; 2,3,4-himethyl-2,4,5-tetrazole YH 2472.4 (sh) 2473.2* 2474.9 

*most intense feature. 



Table 6.3. Energies of Transitions in Cl K-Edge Spectra of Dyes and Dye Interniediates. 

Compound Sample Feature A (*) Feature B 

5-chloro- 1,3,3’- 
triethylbenzimidazol~ 
thiacarbocyanine iodide 

Anhydro-3-carboxymethyl-5,5’- 
dichloro-3’-ethylthiacyanine 
hydroxide 

dH,C02 

5,5’-dichloro-3,3’-2(2-hydroxy- 

cyanine tetrafluoroborate 

> 
ethoxy)ethyl-9-ethylthiacarbw 

I 
N 

C2H,0C2H,0H k2H,0C2H,0H 

W41 



Table 6.3. continued 

Compound structure Sample Feature A (*) Feature B 
e 

5-[(5,7dichloro-3-ethyl-2- 
benzoxazol-inylidene)-ethylidene]- 
1,3-diethyl-2-thiobarbituric acid 

; &;*; s it; 282::: 283l:O’) 

I 
Et ‘Et 

5-(5,6dichlorc+ 1,3diethyl-2- 

-)yg 

3 
DM3 2824.8 2828.2 

benzimid-azolinylidene)-3-ethyl-l- N 2831.4 
phenyl-2-thiohydantoin 

A 
I I I 

4-[(5chlo~3&yl-2- 
benzoxazolinylidene)-ethylidene]-3- 
methyl- 1 -phenyl-2-thiohydantoin 

c1 a;a>Ph DM4 2825.1 

I 7 s 

2-[2,4-bis(l,l-dimethylpropyl)- 
phenoxy-N-(3~5dichloro-2- 
hydioxy-(4-methyl)phenyl]- 
butanamide 

2825.2 2830.0 
2831.9 



Table 6.3. continued 

Compound structure Sample Feature A (*) Feature B 

2-[2,4-bis( 1,l -dimethylpropyl)- 
phenoxy-N-(3,5-dichloro-2- 
hydroxy-(4-ethyl)phenyl]- 
butanamide 

ICL2 2825.1 2829.3 
2832.1 

9,lCMichloroanthracene 2825.0 2830.5 

9,10-dichloroanthracene 
in-plane, along Cl-Cl 

\ DCAXlX 2825.0 2827.9 
2831.3 

-. - ..‘,.I~‘. 

:  , . . .  

, .  . ,  
, ;  ,_ 

_, ‘,/ 

“L. 

. -.-. --. - -_ 
I,, ,i’$:.: 

,. 
.:::y.: ,‘, ,; .. 
,/,. /( .:_,I, 

,.y .:j:: ;(;’ 
,A, : ,.,*’ 

.’ :‘>:, 
.‘. ‘, ‘. 



Table 6.3. continued 

Compound Structure Sample Feature A (*) Feature B 

9,lOdichloroanthracene 
in-plane, perp. to Cl-Cl 

9,10-dichloroanthracene 
out-of-plane 

*most intense feature. 

p\ 

zt 

1 2830.4* 

DC4X2Z 2824.6 

I 

2827.2 

I 



Table 6.4. Energies of Transitions in Silver- and Gold-Sulfur Complexes. 

Compound Sample Feature A Feature B 
name W> WI 

silver (I) benzthiazole AGBENZ 2473.3* 2474.5 
tetrafluoroborate 
silver (I) 3-ca.rboxymethyl-4-methyl-4- AGCMMT 2473.7 2476.1 
thiazoline-Zthione hydrate -- 2471.8 (sh) 
tetrafluoroborate 
silver (I) phenyhnercaptotetrazole AGPMT 2473.3* 
tetrafluoroborate 
silver (I) bis(trimethyltriazolium- AGTRZ 2473.6” 2474.8 

2473.0 (sh) 
silver, (I) bis(uimethyltriazolium- AGTRZ2 2473.3* 
thiolate) tetrafluoroborate, polymer 
-silver (JJ tetris(trimethyltriazolium- AGTRZ4 2473.2* (sh at 2472.7 ._ 
thiolate) tetrafluoroborate, monomer p-k at 2473.6) 
gold (I) bis(ethylenethiourea) chloride AUETU2 2473.3* 2475.3 
hydrate 
gold (I) bis(ethylenethiourea) chloride AUETU2X 2473.5 2475.3* 
hydrate 
-in-plane, along C-S 
gold (I) bis(ethylenethiourea) chloride AUETU2Y 2473.4* 2475.4 
hydrate 

-along-s 
gold (I) bis(ethylenethiourea) chloride AUETU2Z 2473.2* 2474.5 
hydrate 2475.6 
out-of&ne 

_gold AUTHIOUR 2473.3* 2475.0 
gold (I) tetramethylthiourea AUTMTU 2473.3* 2474.9 
tetrafluoroborate 2472.6 (sh) 
gold (l) bis(trimethyltriazoliium thiolate) AUTRZ2 2473.5’ 2475.1 
tetrafluoroborate 
silver (I) gold (I) bis(trimethyl- AGAUTRZ2 2473.6’ 2475.4 
triazolium thiolate) tetrafluoroborate 
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Table 6.4. continued 

Compound FeatureA Feature B 

Metal Sulfides 
WI 

silver (I) sulfide 2471.8 2474.1’ 

gold (I) sulfide 

gold (III) sulfide 

AU12S8 2473.4* 

* most intense feature 
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Experiments were conducted under dedicated conditions on the unfocused g-pole 
wiggler beamline 4- 1 and the focused 54-pole wiggler beamline 6-2 (in low magnetic field 
mode) at Stanford Synchrotron Radiation Laboratory (3.0 GeV, 40 - 80 mA), and on 
unfocused bending magnet beamlines X19A and XlOC at the National Synchrotron Light 
Source (2.5 GeV, 90 - 200 mA) by using Si (111) double crystal monochromators. 
Higher harmonics were rejected by detuning the monochromator 80% at 2740 eV for the 
sulfur edge and 60% at 3250 eV for the chlorine edge on beamline 4-l. On beamline 6-2, 
higher harmonics were rejected by placing 3-4 layersof Al foil between the sample holder 
and the detector and detuning. the monochromator at 2740 eV for S and 3150 eV for Cl until 
the fluorescent signal approached dark current level, resulting in - 20% detuning. Incident 
radiation was detuned 20% - 30% at 2740 eV on beamlines X19A and XlOC. Beam size 
for the powder samples was defined to be 2 mm x - 15 mm except on beamline 6-2 which 
was defined by the focusing mirror to be - 1.5 mm x 4.0 mm. For the single crystal 
samples, the incident beam size was defined to be slightly larger than the size of the crystal 
l’n the appropriate orientation. For the polarized surface measurements (performed on 
beamline 6-2 at SSRL), the width of the beam was determined by the size of the focusing 

.- optics. Slits were set to allow the maximum amount of sample to be illuminated by a 
narrowbandofbeam(7x1mmfor~=0”,5x2mmfor~=90°). 

Data were collected at room temperature in fluorescence mode using a N2-filled gas 
ionization detector of the Stern/Heald/Lytle design. 2919 Powder samples were finely 
ground in a mortar and dusted onto Mylar tape to avoid self-absorption effects. At the low 
energies at which these experiments were conducted (- 2460 eV to - 3200 eV), reduction 

.- in incident radiation intensity by air absorption is of major concern. To alleviate this 
problem, the experiment was conducted under a helium beam path for the incident radiation 
and sample fluorescence. Polypropylene windows of thickness 6.3 pm were used where 
necessary. Scans of Na2S203.2H20 collected between sample measurements were used to 
calibrate the energy of the sample spectra by assigning the position of the first peak in the 
thiosulfate scan at 2472.02 eV. For each sample, 2-5 calibrated scans were averaged and 
the inherent background in the data was removed by fitting a polynomial to the pre-edge 
region which was extrapolated through the entire spectrum and subtracted. The data were 
normalized to an edge jump of unity for direct comparisons of intensities of features. The 
positions of the edge features were determined by locating the position of the half-width at 
half-maximum of the second derivative in the region of the feature of interest, and are listed 
in Tables 6.1-6.4. 

: : ;;. 
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6.2.1. Single-Crystal Polarized Studies 

For dipole-allowed transitions, the features seen in the K-edge spectra are governed 
by the following relation: 

which can be approximated by: 

d = COS201CYflrlYi>12 (2) 

where CT is the photoabsorption cross section, Yt is the final state wave function, Yi is the 
initial state wave function (S or Cl 1s orbital), e is the polarization vector of the incident 
radiation (perpendicular to the direction of the incident radiation and in the plane of the 
synchrotron ring), r is the transition dipole operator (x, y, or z) and 8 is the angle between 
e and r. The dipole-allowed transition from an initial 1s state is to a final p state (Al = f l), 

. and the maximum in the photoabsorption cross section is obtained when 8 = 0”, when the 
polarization vector and the dipole operator are para.lIel. By aligning a molecular orientation 
in the sample (for example, a C-S bond) with the direction of the incident radiation 
polarization vector, one can selectively excite transitions into the orbitals along that 
molecular orientation. The symmetry of the transitions (po or prc) seen in the anisotropic 
powder spectrum can be therefore be determined by observing the polarization properties of 
the various transitions as a function of molecular alignment. 

Single crystal samples were mounted on a glass fiber using polymethylmethacrylate 
in methylene chloride as the adhesive for the S-containing crystals, and a standard 5 minute 
epoxy (which contains S) for the Cl-containing crystals, and attached on a standard 
goniometer head. On the beamline, a lid to the sample chamber containing a goniometer 
mount was used allowing full rotation in phi with chi fixed at 180’. The samples were 
preoriented on a Syntex P21 4-circle diffractometer in such a way that the molecular 
orientation of interest could be isolated solely by rotations in phi. This geometric restriction 
meant that more than one crystal was required to isolate all of the orientations of interest. 
For 2-thiohydantoin and 9,10-dichloroanthracene, two crystals were used to isolate three 
orientations. For bis(ethylenethiourea) Au (I) and 3,3’-diethylthiacyanine bromide, one 
crystal per orientation was required, for a total of three crystals for AUETU2, and two 
crystals for DC5. The largest source of error in these polarized measurements is due to 
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misalignment of the samples in the beam, however we estimate that the maximum 
misalignment of the goniometer mount on the beamline is 2”, resulting in less than a 5% 
loss of polarization. After the data at the proper phi setting were measured, the crystal was 
misaligned 2-5’ to insure that the features noted were not due to Bragg diffraction peaks 
from the crystal lattice planes. 

.- 6.2.2. Polarized Surface Measurements 
- - 

Surface X-ray measurements at glancing angle configurations take advantage of the 
fact that X-rays undergo total external reflection below the critical angle, O,, and therefore 
penetrate only 20 - 30 A into the surface .20 At angles less than the critical angle, the signal 
of an adsorbed species on the surface of a substrate is enhanced relative to that of the 
substrate due to the decreasing penetration depth of the incident radiation. The critical angle 
is dependent on the type of substrate the X-rays reflect from and is governed by the 
foiloting equation for 0, in radians:21 

0, =h (5.4 x 10 l&P 1/Z 
1 -A- 

. . . . 
.‘...,.- .’ i _,_., ::: 

.;‘. ::. : 
,...:: : .., :. 

~.,. .. 

where h is the wavelength of radiation (cm), and Z is the atomic number, p the density and 
A the atomic weight of the substrate. For a AgBr substrate, the critical angle (in degrees) 
ranges from 1.13 at the S K-edge (2470 eV), to 1.02 at the end of a typical sulfur scan 
(2740 eV), and from 0.987 at the Cl K-edge (2820 eV ) to 0.883 at the end of a chlorine 
scan (3150 eV). The measurements reported for this work were done at angles of l”, 
which was sufficient at.all energies to obtain an acceptable signal-to-noise level. There has 
been a study of low-Z adsorbates on high-i! substrates using fluorescence detection in 
which the authors found that a glancing angle configuration was not required for the 

:._ 
. . “_.. ,. ... _ .: ‘. 

characterization of the surface species. 22 This will be tested on this system as well. The _._” 1 
surface samples were mounted on a sample plate attached to a rotation stage, thereby 
allowing full phi rotations to be made (in the azimuthal plane). The sample plate and 
rotation stage were placed on a 90” chi circle mounted perpendicular to the beam to allow 
both in-plane and out-of-plane orientations to be collected at grazing incidence angles 
(Figure 6.1). 
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a 

Top View 

Side View 

sample 

4 ~----.! o incident radiation 

--.- -- 

b 

Side View sample 1 <- incident radiation 

Figure 6.1. Schematic of the geometry utilized for the surface measurements. x refers 

,. 
: --. i : 

to the orientation of the surface relative to the table and 0 refers to the angle of the surface 

: : :.. 
:. 

;: 

relative to the incident radiation. (a) x = 0” orientation. (b) x = 90” orientation. 
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6.3. Results 

6.3.1. S K-Edge Spectra of Dye Molecules 

6.3.1.1. Cyanine Dye Molecules. Cyanine spectral sensitizing dyes contain 
cyclic sulfur in 5-membered rings such as thiazole, benzthiazole and napththiazole with 
various ring substituents and bridges between the dye nuclei (Table 6.1). The sulfur 
spectra of cyanine molecules consists of two features (Figure 6.2), a high-intensity feature 
at 2473.3 - 2474.1 eV (Feature A) and a lower-intensity transition at 2475.2 - 2476.4 eV 
(Feature B). The relative intensities of these features and the shape of the multiple 
scattering regime (above - 2478 eV) reflects changes in the local environment of the S 
atom. The energy of Features A and B are relatively invariant, however the features appear 
at a slightly higher energy for cyanine-type molecules which contain aromatic groups, such 
as the benzthiazole (IC2, DCl, DC2, DC3, DC5, DC6) and napththiazole (IC3) derivatives 
(Feature A at 2473.8 - 2474.0 eV; Feature B at 2475.8 - 2476.4 eV) relative to the non- 

-aromatic thiazole compounds (ICl, DC4: Feature A at 2473.3 - 2473.5 eV; Feature B at 
2475.2 - 2475.3 eV). This suggests that the presence of the electron-withdrawing aromatic 
groups results in an effective positive charge on the sulfur atom relative to the non-aromatic 
group-containing dyes and dye intermediates. 

Single-crystal polarized spectra of the benzthiazole-containing dye molecule 3,3’- 
diethylthiacyanine bromide are presented in Figure 6.3. Spectra were obtained for two 
-polarizations, one corresponding to polarization in the plane defined by the benzthiazole 
group (DCSX), and the other corresponding to polarization along the average normal to that 
plane (DCSZ). The molecule is not completely planar, with a dihedral angle of - 13” 
between the thiazoline rings, therefore the polarizations of this molecule could not be 
completely isolated. In the powder spectrum, the most intense feature occurs at 2473.8 eV, 
and Feature B appears at 2475.6 with a shoulder at 2476.4 eV. In the in-plane polarized 
spectrum, the white-line feature occurs at 2473.5 eV, and in the out-of-plane polarized 
spectrum at 2473.9 eV. The shoulder at around 2475.6 eV is also present in both polarized 
spectra, however it occurs as a single feature in the in-plane polarized spectrum at 2475.1 
eV, and as a doublet in the out-of-plane spectrum at 2475.6 and 2476.5 eV. The white-line 
feature is somewhat more intense in the in-plane polarized spectrum than in the out-of-plane 
spectrum, suggesting that the contribution to the S K-edge absorption features of 3,3’- 
diethylthiacyanine bromide, and by extension to the other molecules with S heterocyclic 
groups, involves transitions to final states with po type symmetry. The presence of the 
2473.9 eV feature in the out-of-plane spectrum might be due to the inability to completely 

/ ..- 
t.. :.. 
i...‘ 
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Figure 6.2. The S K-edge spectra of cyanine dyes and dye intermediates (Table 6.1). 
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Figure 6.3. The powder spectrum (top) of DC5, a cyanine dye molecule, compared with 
the single-crystal spectra (bottom) corresponding to polarization along the average X (solid) 
and Z (dash) molecular axes. 
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isolate the out-of-plane orientation from the in-plane orientation due to the packing of the 
molecules in the crystal structure of this compound, or it could reflect a transition to an 
orbital oriented along the normal to the benzthiazole plane (discussed below). 

These studies on the cyanine dye molecules are consistent with the results of the soft 
X-ray studies and calculations done for a variety of S hetemcycles, thiols and thioethersd7 
In these studies, the dominant feature in the S K-edge spectra occurs between 2472.3 and 
2473.4 eV (relative to the tlu resonance of SF6 at 2486 eV), similar to the location of the 
strongest feature in the cyanine dyes and dye intermediaries. This feature has been -_ 
,assigned to a transition to a S-C final state with a* symmetry,2*6,7 which supports the 
qualitative determination of the symmetry of this feature based on our polarized single- 
crystal study. One explanation for the 2473.9 eV feature in the Z, or out-of-plane 
orientation of 3,3’-diethylthiacyanine bromide is that there is a final state orbital with 7~ 
character that accounts for some of the intensity of the primary feature in the powder 
spectrum. In a study of the aromatic molecule thiophene,h MS-Xa calculations show that 
the lowest unoccupied valence orbital has R* symmetry and occurs at approximately the 
same energy as the S-C cr* orbital. The aromatic character of thiophene allows appreciable 
delocalization of the 1~* level onto the sulfur atom, accounting for approximately 25% of the 
intensity of the 2473 eV feature, with the balance being accounted for by the transition to 
the S-C cr* orbital. It is therefore likely that there is a contribution to the white-line feature 
from a transition to a final state with px symmetry due to the extended conjugated system of 
3,3’-diethylthiacyanine bromide, and that the presence of the 2473.9 eV feature in the out- 
of-plane polarized spectrum is not due solely to the crystallographic limitations on isolating 

i.: -. : :. .:. . . . 8:. .: :: i.:.:.. - ! . . .-.;.;,.- i. ._ : ;_ ._ 

I 

the out-of-plane orientation from the in-plane orientation. 
6.3.1.2. Merdcyanine Dye Molecules. Merocyanine spectral sensitizing 

dyes contain sulfur as a terminal thione group on 5- or 6-membered heterocyclic rings such 
as thiohydantoin, benzoxazole, benzimidazole, or thiobarbituric acid (Table 6.2). Like 
cyanine dyes, the merocyanine dye spectra have a feature between 2473.4 and 2474.0 eV 
(Feature A), which has been attributed to a transition to a final state with pa symmetry 
(Figure 6.4). However, this feature is less intense relative to the edge jump in the 
merocyanine dye spectra than in the cyanine dye spectra (see Figure 6.6a). The shoulder 
on the high energy side of Feature A in the cyanine dye spectra is absent in the merocyanine 
dye spectra, however a broad feature which in some cases has a low energy shoulder, is 
seen in all of the merocyanine dye spectra (2475.4 - 2478.2 eV, Feature B). The most 
striking difference between the merocyanine and cyanine dye spectra occurs to the low 
energy side of Feature A. The merocyanine dye spectra are characterized by a sharp feature 
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Figure 6.4. The S K-edge spectra of merocyanine dyes and dye intermediates (Table 
6.2). 
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(Feature A’) at 2470.5 - 2472.5 eV, which is unique to the presence of the terminal thione 
group. 

The single-crystal polarized spectra for 2-thiohydantoin, a merocyanine dye 
intermediate, are presented in Figure 6.5. Three orientations were isolated, corresponding 
to polarization in the plane of the ring and along the C=S bond (X polarization), in the 
plane and perpendicular to the C=S bond (Y polarization), and perpendicular to the plane 
and the C=S bond (Z polarization). The Z orientation is 100% polarized normal to the 
plane of the 2-thiohydantoin molecule, while the X and Y orientations are each 70% - - 
polarized. The spectra reveal that the features in the powder spectrum have different 
polarization properties. The sharp pre-edge feature at 2471.2 eV, characteristic of the 
thione sulfur, is polarized almost entirely along the normal to the plane of the 2- 
thiohydantoin molecule, while the white-line feature at 2473.7 eV is polarized in the plane 
of the molecule, predominantly along the C=S bond. This is consistent with the results of 
the single-crystal polarized study of the cyanine dye molecule, in which the - 2474 eV 
white-line feature corresponds to a transition to a final state with pa symmetry. The sharp 
pre-edge feature, on the other hand, can be accounted for by a transition to a state with px 
symmetry due to the presence of unfilled px* orbitals for molecules of this type. 

The compounds 3-ethylrhodanine and 3-carboxymethyl- 1,4-methyl-4-thiazoline-2- 
thione contain sulfur in both a heterocyclic and exocyclic form (IM3 and CMMT, 
respectively, Table 6.2). The spectra are a superposition of the features characteristic of 
both the thione and thiazole S, with a pre-edge feature characteristic of the thione S and a 
ktite-line intensity similar to that of the cyclic sulfur cyanine dyes (Figure 6.6). 

In addition to the merocyanine dye and dye intermediates discussed above, spectra 
were collected on a variety of thioureas, mercaptotetrazoles and mercaptotriazoles (Figure 
6.7). In the thioureas, the sulfur is present as a thione, similar to the merocyanine dyes, 
while the mercaptotetrazoles and triazoles contain sulfur as a thiol (Table 6.2). Although 
Feature A’ is present in all of the spectra, its position and resolution from Feature A is 
sample dependent. In the thione-containing compounds, the feature occurs between 
2470.5 and 2472.0 eV. Upon protonation of the thione sulfur to a thiol group, the position 
of the feature shifts to higher energy and occurs at 2471.8 eV for the phenyl-substituted 
mercaptotetrazoles (PMT and APMT) and at 2472.5 eV for ethylmercaptotetrazole and 
trimethyltriazolium thiolate (EMT and TRZ). Upon deprotonation of the thiolate in the 
sodium salt of 2-acetamidophenylmercaptotetrazole (APMTNA), the pre-edge feature 
appears as a poorly resolved shoulder on the rising edge at 2472.4 eV (Figure 6.8). 

There have been a few S K-edge studies of compounds containing a terminal sulfur 
group.6h-cv7 Both CS2 and SC0 have features below 2473 eV (at 2470.8 for CS2 and 
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Figure 6.5. The powder spectrum (top) of IM4, a merocyanine dye intermediate, 
compared with the single-crystal spectra (bottom) corresponding to polarization along the 
average X (solid), Y (dash), and Z (dot) molecular axes. 
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Figure 6.6. The spectra (a) of IM4 (solid), a merocyanine dye intermediate, and X.1 
(dash), a cyanine dye intermediate compared to the spectra (b) of CMMT (solid) and IM3 
(dash) which contain S both in a cyclic and exocyclic form. 
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Figure 6.7. The S K-edge spectra of thioureas, mercaptotetrazoles and mercaptotriazoles 
(Table 6.2). 
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Figure 6.8. The position of the thione-feature is compared for S present as a thione (top, 
IM4), a thiol (middle, APMT), and a thiolate (bottom, APMTNA). See Table 6.2 for the 
structures. 
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2472.0 for SCO), which have been assigned to transitions with final states of IC symmetry, 
consistent with the qualitative results of the polarized single-crystal measurements on 2- 
thiohydantoin reported herein. In contrast to the thiols studied here, there is no low energy 
pre-edge feature seen in the S K-edge spectra of the alkyl thiols studied by Dezarnaud et. 
al.6b The primary difference between the alkyl thiols and the thiols studied in this work is 
the presence of the conjugated system in the mercaptotetrazoles and -triazoles. The low 
energy feature may thus reflect the involvement of the terminal S group in some sort of a x 
system, whether it be a double bond to C as in themerocyanine dye molecules and the 
thioureas, or the presence of a conjugated x system such as in the mercaptotetrazoles and 
-triazoles. The factors involved in determining the relative intensities and the energies of 
the terminal sulfur low energy feature studied in this work have not yet been established. 
Qualitatively, the position of this feature moves to higher energy from thione to thiol to 
thiolate (Figure 6.8), suggesting that the position of the low energy feature is related at least 
in part to the accumulation of negative charge on the terminal sulfur. - 

6.3.2. Cl K-Edge Spectra of Dye Molecules 

Chlorine is present as a substituent on both merocyanine and cyanine dye molecules 
(Table 6.3) and enhances the aggregation of the dye molecules resulting in the desired 
spectral shift to longer wavelengths. The Cl spectra are similar in all cases (Figure 6.9), 
with a white line transition between 2824.8 and 2825.1 eV, and a broad feature occurring 
between 2829.1 and 2830.6 eV. 

To understand the polarization properties of Cl as a substituent on dye molecules, 
single-crystal polarized studies on 9,lOdichloroanthracene @CA) were performed. The 
powder spectrum of DCA has the same spectral features as the Cl K-edge spectra of the dye 
and dye intermediate samples, making it an appropriate choice for the single crystal studies. 
The polarized spectra are presented along with the powder spectrum in Figure 6.10. The 
three spectra correspond to having the polarization vector in the plane of the molecule and 
along the Cl-Cl vector (X orientation), in the plane of the molecule and perpendicular to the 
Cl-Cl vector (Y orientation), and perpendicular to the plane of the molecule (Z orientation). 
The features in the powder spectra are present in all three of the polarized spectra, however 
the X orientation shows the highest intensity of the three spectra. In the Z polarized 
spectrum, the white-line feature is shifted to slightly lower energy, to 2824.6 eV and is a 
much narrower transition than for the in-plane oriented spectra, indicating that there may be 
multiple transitions occurring in the in-plane orientation. These results suggest that the 
white-line feature of compounds containing Cl in this kind of an environment is primarily 
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Figure 6.9. The Cl K-edge spectra of dyes and dye-intermediates (Table 6.3). 

,: 
;: .‘.-. 
: .: : 1. 

I 

I .,._ 
.. -: 

235 



0 
28 2830 2840 

Energy (eV) 
2850 2860 

.;.. :-:.. 

_  .: 

I :- _  
1  

Figure 6.10. The Cl K-edge powder spectrum (top) of DCA, compared with the single- 
crystal spectra (bottom) corresponding to polarization along the average X (solid), Y 
(dash), and Z (dot) molecular axes. 
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due to a transition to a final state orbital with CT symmetry. The presence of the feature in 
the out-of-plane polarized spectrum could be due to a transition to a x symmetry orbital due 
to the aromatic nature of 9,10&hloroanthracene, similar to the case of thi0phene.a 

There have been no other studies of Cl present as it is in the dye systems studied 
here, however Cl K-edge spectra have been reported for SC12, S2C12, SOC12, and 
S02C12.6d-e For these compounds, the Cl K-edge spectra is similar to the Cl K-edge 
spectra of the dye molecules studied here, with the most intense feature occurring between 
2821.4 and 2822.5 eV. This feature has been assigned as a transition to a final state with 
S-Cl CT* symmetry, supporting the qualitative conclusion that the white line feature in the Cl 
K-edge of the dye molecules can be attributed to a transition to a final state with o 
symmetry. 

6.3.3. Au and Ag Complexes with Sulfur-Containing Ligands 

.. S K-edge XAS measurements were done on a wide variety of complexes formed 
between Ag or Au and S present as a thione group (3-carboxymethyl-4-methyl-4- 
thiazoline-2-thione, thiourea, ethylenethiourea and trimethylthiourea), a thiol group 
(phenylmercaptotetrazole, trimethyl- 1,2,4-triazolium thiolate) or S present in a ring 
(benzthiazole), as well as on a variety of metal sulfides (Table 6.4). These compounds 
were chosen to investigate the effect that Ag or Au metal complexation would have on the 
electronic structure of photographic dyes, and to investigate the nature of the chemical 
sensitization centers. A comparison of representative ligand and metal-ligand complexes is 
presented in Figure 6.11. In all of the metal-sulfur compounds, the 2473 - 2474 eV white- 
line feature changes as a result of metal complexation and a shoulder to the high-energy 
side of the white-line feature appears at - 2475 eV. For the complex between Ag and a 
benzthiazole group (AGBENZ), the white-line feature broadens and decreases in intensity 
(Figure 6.1 la). In complexes between Ag and terminal sulfur-containing ligands, such as 
AGCMMT (Figure 6.11b), AGPMT (Figure 6.1 lc), AGTRZ (Figure 6.11d), AGTRZ2 
and AGTRZ4 (Figure 6.1 le), the white-line feature increases in intensity and the pie-edge 
feature between 2470.5 and 2472.0 eV is absent. The pre-edge feature has been attributed 
to a transition to a pn* orbital by our single-crystal polarized studies; it’s absence in the 
metal complexes suggests that the px* orbital of S is directly involved in the covalent metal- 
sulfur interaction. 

The presence of gold has a much stronger effect on the S K-edge spectra than silver 
(Figure 6.12). In general, the intensity of the white-line feature of the Au complexes 
studied here (AUTMTU, AUETU2, AUTHIO, AUTRZ2, Figure 6.12a-d, respectively) is 
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Figure 6.11. The spectra of Ag-S complexes. The solid lines are the spectra of the 
metal complexes and the dotted lines are the spectra of the ligands. (a) AGBENZ and 
BENZ, (b) AGCMMT and CMMT, (c) AGPMT and PMT, (D) AGTRZ and TRZ,. (e) 
AGTRZ2, AGTRZ4 (dash) and TRZ. 
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Figure 6.12. The spectra of Au-S complexes. The solid lines are the spectra of the 
metal complexes and the dotted lines are the spectra of the ligands. (a) AUTMTU and 
TMTU, (b) AUETU2 and ETU, (c) AUTHIO and THIOUR, (d) AUTRZ2 and TRZ. In 
(e), the spectra of a mixed metal complex (AUAGTRZ, solid) is compared to the specka of 
a Au (AUTRZ2, dot) and Ag (AGTRZ2, dash) complex with the same ligand. 
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greater than that of the Ag complexes. The white-line transition in the Au complexes is also 
more narrow than in the Ag complexes and a shoulder can be seen on the high energy side 
of the main transition which is sometimes well-resolved. In the Ag complexes, the main 
transition is broadened to the high energy side, however no shoulder is resolved from this 
feature. In a comparison of Ag vs. Au complexation with the same l igand (AUTRZZ and 
AGTRZ2, Figure 6.12e), the Au-containing complex has a much more intense white-line 
feature than the analogous Ag complex, and in the mixed metal AGAUTRZ compound, the 
spectrum is more similar to that of AUTRZ2 than AGTRZ2 (Figure 6.12e). 

Data were collected on a series on Ag, Au and mixed metal sulfides (AG2S, 
AU12S8, AU2S, AU2S3) as models of the chemical sensitization centers. AU2S and 
AU2S3 are indistinguishable from each other, but the larger cluster, AU12S8, has a 
narrower white-line with a second transition to higher energy (Figure 6.13). The position 
of the white-line occurs at a higher energy than the white-line position of the smaller 
clusters as well. Silver sulfide is different from all of the gold sulfides (Figure 6.13), with 
-a split, less intense and broader white-line. Although the S K-edge spectra do not provide 
enough information to determine the size of the metal sulfide clusters formed on the 
photographic substrate, it may be possible to decipher between Au and Ag sulfide clusters 
based on the shape and intensity of the white-line feature. 

Single-crystal polarized S K-edge measurements were done on bis(ethylenethiourea) 
Au(I) hydrate hydrochloride (AUETU2), in which the Au metal forms a complex with the 
thione S. The powder spectra of AUETlJ2 and ethylenthiourea are compared in Figure 
6.12b. For the powder spectrum of AUETU2, the low energy feature attributable to the 

_ thione S seen in the ligand spectrum is absent, and the spectrum contains an intense feature 
at 2473.3 eV and a lower-intensity feature at 2475.3 eV. For the polarized measurements, 
X was defined to be in the plane of the ligand rings along the average C-Sthiohe bond, Z 
was defmed to be the average of the ligand plane normals, and Y, defined to be the cross- 
product of X and Z, is directed roughly along the S-Au-S bond. As a result of this 
definition, the Y orientation will contain some X character. 

The polarized spectra reveal that the features in the powder spectra of AUETU2 are 
polarized primarily in the plane of the ligand rings (Figure 6.14). In the Y-oriented 
spectrum, the sharp white-line feature occurs at the same energy as in the powder 
spectrum, but in the X-oriented spectrum, the feature is broad and occurs at 2473.9 eV. 
This suggests that the white-line feature of the powder spectra of AUETU2 can be 
attributed to transitions to two final states, one with Au-S o* character (2473.3 eV), and 
one with C-S o* character (2473.9 eV). The shoulder at 2475.3 eV is the dominant feature 
in the X-polarized spectrum and it can therefore be concluded that this feature is due to a 
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Figure 6.13. The S K-edge spectra for Ag and Au sulfides. (a) the powder spectrum of 
AG2S, (b) the powder spectra of AU12S8 (solid), AU2S (dash) and AU2S3 (dot). 
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Figure 6.14. The powder spectrum (top) of AUETU2 compared with the single-crystal 
spectra (bottom) corresponding to polarization along the average X (solid), Y (dash), and Z 
(dot) molecular axes. 
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transition to a C-S a-type orbital. In the Z-polarized (out-of-plane) spectrum, there is a 
feature at 2473.2 eV, whereas in the out-of-plane orientation of 2-thiohydantoin, no 
transition occurs at this energy (see Figure 6.5). The presence of the 2473.2 eV feature in 
the out-of-plane spectrum of bis(ethylenethiourea) Au(I) must therefore be due to the metal- 
sulfur interaction, and either reflects a transition to a final Au-S state with pi* symmetry 
which occurs at energies similar to those of the metal- and C-S a-type final states, or 
represents a shift in the energy of the C-S px* final state as a result of the interaction of the 
metal and sulfur atoms. - - 

Extending these results to the other metal-sulfur complexes, it can be concluded that 
the intense feature at 2473 eV is due to transitions to two final states of d symmetry, one 
with metal-S CJ character, and the other with C-S CJ character, while the shoulder at 2475 eV 
is due to a transition to a C-S o-type orbital. A comparison of the spectra of a thiol-ligand 
(APMT), a Ag-thiol complex (AGPMT), and the sodium salt of a thiol group (APMTNA) 
is shown in Figure 6.15. In contrast to the dramatic change seen in the S K-edge spectra as 

- a result of a covalent interaction between Ag or Au and S, an ionic interaction between S 
and a metal results in the loss of the pre-edge peak, but no change in the shape or intensity 

. of the white-line feature. This suggests that the ionic interaction between Na and S has 
little or no effect on the o-symmetry final state orbitals, whereas the covalent interaction 
between Ag and S has a significant effect. As noted before, the loss in the pre-edge feature 
from thione to thiol to thiolate seems to be correlated to the accumulation of negative charge 
on the S atom, perhaps as a result of destabilization of the px* orbitals. 

6.3.4. Surface Measurements 

Data were collected on two dyed and three chemically sensitized AgBr sheet crystal 
samples at glancing angle incidence. The dyed samples were treated with a cyanine dye 
(DC6) or a merocyanine dye @M4), both of which contain Cl, thereby allowing Cl K-edge 
polarized measurements to be undertaken as well. Polarized measurements were collected 
on the merocyanine-dyed sample, corresponding to in-plane k = 00) and out-of-plane (x = 
90°) orientations. For the cyanine-dyed sample, the signal-to-noise level was very poor in 
the out-of-plane orientation, so only in-plane measurements were made. The chemically 
sensitized samples consisted of a thiosulfate-treated AgBr sheet crystal, and two Au/S 
treated sheet crystal samples with differing Au:S ratios (Au:S 1:2 and 1:4). Data for these 
samples were collected in the in-plane orientation. 

The in-plane polarized DC6 sample is compared to its powder spectrum in Figure 
6.16. Although the noise level of the surface sample is very high, the intensity of the main 
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Figure 6.15. The S K-edge spectra of an exocyclic S-containing molecule (APMT, 
solid) compared with the spectra of an ionic (APMTNA, dash) and covalent complex 
(AGPMT, dot) with a similar molecule. 
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Figure 6.16. S K-edge surface spectrum of a AgBr sheet crystal treated with cyanine 
dye DC6 measured at x = 0” (solid), compared to the powder spectrum of DC6 (dash). 
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transition increases relative to the intensity of the same transition in the powder spectrum. 
The change in the surface DC6 spectrum is different from the change seen due to the 
interaction between Ag and benzthiazole sulfur (see Figure 6.12a), in which the intensity of 
the ligand feature decreases and the feature broadens. This suggests that the interaction 
between the cyanine dye S and the AgBr sheet crystal does not involve the same kind of 
interaction which occurs in silver benzthiazole. The same is observed for the merocyanine 
dyed surface sample. In both the in- and out-of-plane orientations (Figure 6.17), the thione 
pre-edge feature is present, and the white-line feature does not increase in intensity, 
therefore no bond between the thione S and the Ag in the AgBr sheet crystal is formed (see 
AGCMMT, Figure 6.13b; AUTMTU, AUETU2, and AUTHIOUR, Figure 6.13a-c). The 
features in the DM4 sample show an orientational dependence. The thione feature is more 
pronounced in the in-plane polarization than in the out-of-plane orientation. For 
polarization studies, intensity enhancement occurs when the polarization vector of the 
incident radiation is codirectional with the orbital of interest. The pre-edge feature is due to 
a transition to a S pi* orbital oriented out of the plane of the molecule. For the intensity of 
this feature to increase, the molecule is oriented on the surface so that this orbital is 

._ perpendicular to the direction of the beam and parallel to the polarization vector (Figure 
6.1). This can only happen if the dye molecules are oriented edge-on, with the plane of the 
ring perpendicular to the surface and in the plane defined by the direction of the beam. If 
the orbital of interest is 100% parallel to the polarization vector in the in-plane orientation, 
one would expect the intensity of this feature to vanish in the out-of-plane orientation. The 
pre-edge feature does not vanish in the out-of-plane orientation, but it is about half as 

- intense as in the in-plane spectrum. This suggests that the dye molecules may be tilted with 
respect to the plane of the surface with the result that the overlap of the px’ orbital with the 
polarization.vector is notO” in the out-of-plane configuration, resulting in some amount of 
excitation into this orbital. 

The Cl K-edge data for the DC6 dyed sample is presented in Figure 6.18. For this 
sample, the white-line is very intense in the in-plane orientation and much less intense in 
the out-of-plane configuration. This suggests that the dye molecules are oriented so as to 
maximize the overlap of the C-Cl bond with the polarization vector for the in-plane 
orientation suggesting that the molecule is oriented with a ring axis perpendicular to the 
direction of the beam and parallel to the sheet crystal surface. It cannot be determined from 
these data if the dye molecules are oriented edge-on (with the plane of the ring 
perpendicular to the surface) or flat-on (with the plane of the ring parallel to the surface) as 
these orientations are identical with respect to the C-Cl bond. The polarized Cl K-edge 
spectra of the DM4 samples do not exhibit much polarization dependence (Figure 6.19), 
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Figure 6.17. S K-edge surface spectra of a AgBr sheet crystal treated with merocyanine 
dye DM4, measured at x = 0’ (solid) and x = 90’ (dash). 
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Figure 6.18. Cl K-edge surface spectra of a AgBr sheet crystal treated with cyanine dye 
DC6, measured at x = 0’ (solid) and x = 90’ (dash). 
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Figure 6.19. Cl K-edge surface spectra of a AgBr sheet crystal treated with merocyanine 
dye DM4, measured at 2 = 0’ (solid) and x = 90’ (dash). 
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suggesting that there may be some disorder in the alignment of the dye molecules on the’ 
AgBr substrate. 

The thiosulfate-treated AgBr sheet crystal sample has an edge very similar to that of 
Ag2S powder, and also similar to HzS-treated Ag on quartz, suggesting that silver sulfide 
is the species formed during the sensitization process (Figure 6.20a, see Figure 6.13). The 
presence of Au in the 4: 1 (Figure 20b) and 2: 1 (Figure 2Oc) S: Au samples modifies the 
appearance of the edge features, with an increase in the intensity of the lower energy feature 
of the split main transition as the amount of gold increases. The edge spectra of the Au- 
treated samples are also different in appearance from the edge spectra of pure Au2S3 or 
ALQS (Figure 6.13b), suggesting that the species formed during the sensitization treatment 
of the AgBr sheet crystals is distinct from Ag2S and Au2S3 or A@. 

6.4. Discussion 

These studies have shown that S and Cl K-edge X-ray absorption spectroscopy can 
be used to characterize the electronic and geometric structure of these low-Z atoms in 

. components of the photographic system. The Cl K-edge spectra are essentially identical 
and do not depend on the type of molecule or on the position of Cl on the molecule. There 
are, however, striking differences in the spectra of molecules containing sulfur in an 
exocyclic (thione(o1)) position compared to a cyclic sulfur (thiazole). The white-line feature 
occurs at about the same position for all of the compounds studied, but is more intense for 
the thiazole compounds than for those containing thione(o1). This feature is polarized along 

- the C-S bond and corresponds primarily to a transition to C-S pa* orbital. Xa calculations 
on thiophene; however, suggest that a transition to a plc* also contributes.& This was also 
seen from our single-crystal polarized studies in which a transition in the region of the 
white-line feature was seen in the out-of-plane orientation. For the exocyclic S 
compounds, only a transition to the C-S po’ orbital contributes to the white-line feature. 
This difference could account for the increase of the white-line feature intensity of the 
thiazoles relative to the thione(ol)s. 

A pre-edge feature below the position of the white-line is seen for compounds in 
which S is present as a thione or a thiol; this feature is absent in the cyclic sulfur 
compounds. The presence of this feature is due to a transition to a final state p orbital 
arising from the involvement of the exocyclic sulfur in a px system. This has been 
confmed by our single-crystal polarized measurements, in which this feature was shown 
to be polarized perpendicular to the C=S bond and the plane of the ring, and by Xa 
calculations by others. 6W7 For molecules containing exocyclic sulfur, the position of the 
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Figure 6.20. Surface spectra of (a) thiosulfate treated AgBr sheet crystal m easured at x 
= 0’, and gold dithiosulfate treated AgBr sheet crystals in a S :Au ratio of (b) 4:l and (c) 
2:1,m easuredatX=0’. 
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pre-edge feature moves to higher energy from thione to thiol to thiolate (Figure 6.8) and the 
position of the white-line feature moves to lower energy in accordance with the 
accumulation of negative charge on the sulfur atom. The movement of the thione feature to 
higher energy suggests that the change in the S environment from thione to thiol to thiolate 
must effect the final state C-S prc* orbital as well. The involvement of this orbital either in 
a covalent bond with H (thiol) or an ionic bond with Na+ (thiolate) results in the partial or 
total filling of the otherwise empty prc* orbital, resulting in a destabilization of this orbital 
relative to the core level, hence the transition to this orbital appears at a higher energy. 

There is also some variation seen in the intensity and position of the pre-edge feature 
within the thiourea molecules, in which the sulfur is present only as a thione, and within 
the tetrazoles, in which the S is present as a thiol. The differences in the intensity of the 
pre-edge feature from sample to sample probably reflect the amount of S prc, mixing in the 
final state orbital, whereas the differences in the position of the feature might reflect the 
accumulation of electron density on the S atom as a result of structural differences within 
the two classes of compounds. For example, EMT has an ethyl group in the 2 position, 

_ PMT has a phenyl group at the same location, and APMT has an acetamido-substituted 
. phenyl group in the same position. In Figure 6.21, the S K-edge spectra of these 

compounds is compared. EMT has almost no pre-edge feature, whereas APMT has a well- 
resolved pre-edge feature, and PMT lies somewhere in between. these two. It has 
previously been demonstrated that in going from a thione to a thiol to a thiolate (Figure 6.8) 
the pre-edge peak moves to higher energy and the white-line transition moves to lower 
energy as the electron density on the S atom increases. One possible explanation is that 

. destabilization of the prc* orbital relative to the core level occurs due to the partial filling of 
that orbital by the interaction with H or Na, with the result that the transition occurs at 
higher energy. If the accumulation of electron density results in a shift to higher energy of 
the thione(o1) pre-edge feature, one would expect that EMT, which has an electron- 
donating group in the 2 position, would have the least resolved pre-edge feature, whereas 
APMT, which has a better electron-withdrawing group than PMT, would have the best 
resolved pre-edge feature. At the same time, the white-line transition of EMT should occur 
at a lower energy than that of APMT. These trends are seen in the data (Table 6.2). 

The nature and extent of the interaction between S in photographic materials and Ag 
and Au metals, in conjunction with single-crystal polarized measurements, have been 
characterized. Covalent or ionic interactions with a metal (Ag, Au or Na+) results in a 
dramatic change in the S K-edge (Figures 6.12,6.13 and 6.15). The white-line feature for 
all exocyclic S-containing ligands increases in intensity due to a C-S PO* interaction 

between S and the metal, and the pre-edge feature vanishes due to an interaction between 
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Figure 6.21. The powder spectra of EMT (top), PMT (middle) and APMT (bottom). 
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the S px* orbital and the metal. The white-line feature has been shown by single-crystal 
polarized studies to have contribution from transitions to two o orbitals, one with metal- 
sulfur character and one with carbon-sulfur character. This could explain the increase in 
the intensity of this feature upon complexation with a metal. There is also a feature in this 
same energy region for the out-of-plane oriented spectrum (Figure 6.14), which could be 
due to a transition to a Au-S prt-type orbital- occurring at the same energy as the CT 
transitions, or it could be that the involvement of the S prc* orbital with the metal results in 
a shift of the C-S px* orbital of the non-complexed thione(o1) group (Figure 6.5) to this 
energy. Both of these possibilities would also contribute to the intensity of the white-line 
feature. For the silver benzthiazole compound, in which the silver metal interacts with a 
cyclic S compound, the white-line feature broadens and decreases in intensity. It is clear 
from these studies that the covalent interaction between Ag and Au with S in photographic 
materials results in a significant degree of change in the electronic structure of the S atoms 
and that studies of this type can be used to characterize the extent of the interaction between 
these metals and sulfur-containing components of the photographic system. 

The dyed AgBr sheet crystal samples did not show the dramatic change in the S K- 
edge features associated with a bonding interaction between the metal and the sulfur (Figure 
6.16 and Figure 6.17). This suggests either that the nature of the interaction in the systems 
studied is of a physical, rather than a chemical nature, or that any direct bonding interaction 
which does occur between the dye molecules and the AgBr substrate does not involve the S 
atoms. Although we believe that there was only a monolayer of dye on the surface, we 
cannot eliminate the possibility that we were sampling a multilayer region of the substrate 
and not the substrate/adsorbate interface. Unlike the study done by St&r et. al, 22 we 
found that at angles greater than the glancing angle, there was a tremendous increase in the 
background which swamped the signal of interest. For these types of systems, a glancing 
angle configuration is required. 

In the in-plane polarized spectrum of the merocyanine-dyed AgBr sheet crystal 
(thione S), the pre-edge feature is enhanced relative to the powder and the out-of-plane 
spectra. The enhancement of this feature in the in-plane polarized spectrum means that the 
dye molecules are oriented such that this orbital is parallel to the polarization vector; this in 
turn means that the plane of the ring of the molecule is in the plane defined by the direction 
of the beam and that the molecules stack together with the rings parallel. The presence of 
this feature in the out-of-plane polarized spectrum suggests that the alignment of the px* 
orbital is not perfectly parallel to the surface; if the molecule were tilted with respect to the 
surface, there would be some amount of overlap with the polarization vector in the out-of- 
plane orientation resulting in some possibility of a transition occurring. The best insight 
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into the orientation of the DC6 molecules (thiazole S) is obtained from the polarization 
properties of the Cl K-edge, as we were unable to obtain a scan of the S K-edge in the x = 
90” orientation. The white-line feature for the Cl edge of DC6 was most intense in the in- 
plane spectrum, and decreased in the out-of-plane spectrum (Figure 6.18), suggesting that 
the C-CL bond is parallel to the polarization vector in the in-plane orientation. However, we 
cannot determine if the molecule is oriented edge-on or flat-on based on the results of the Cl 
K-edge studies. The treatment of the AgBr sheet crystals with gold dithiosulfate results in 
a sulfide species distinct from pure Ag$, Au2S or--Au&, although the exact nature of the 
metal sulfide cluster formed cannot be determined from the data available. 
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6.5. Conclusions 

X-ray absorption spectroscopy is particularly sensitive to the different environment of 
S in the merocyanine and cyanine dyes and dye intennediates, and single-crystal polarized 
studies have allowed determination of the origin of the transitions seen in the spectra to be 

- made. XAS can distinguish between covalent and ionic interactions between a metal and 
. exocyclic sulfur. A distinctive change occurs in the S K-edge spectra of Ag and Au metal 

complexes, allowing predictions of the nature of the dye adsorbate/AgBr substrate 
interaction to be made, and clearly showing that there is no covalent interaction between the 
Ag in the AgBr sheet crystals and the S in the cyanine and merocyanine dye molecules. In 
addition, the sensitivity of XAS to the polarization properties of the S K-edge features 
provides insight into the orientation of the dye molecules on the AgBr substrate. X-ray 

/ 

absorption spectroscopy. has proven to be a valuable technique for characterizing and 1 

understanding the nature of S and Cl present in elements of the photographic system, as 
well as the nature of the interaction between S and Ag and Au metals. 
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