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Abstract: The sulfur and chlorine centers in spectral sensitizing dyes and surface
modifyihg agents of importance to the photographic system were characterized by S
and Cl K-edge X-ray absorption spectroscopy (XAS). The K-edge spectra of these
compounds reveal sharp, characteristic absorption features that provide direct
information about the local electronic and geometric environment of the absorber
centers. In particular, a sharp, intense pre-edge feature at 2470-2472 eV is
observed in the spectra of compounds containing exocyclic S (thione or thiol) that has
no counterpart in the spectra of thiazole-containing (cyclic S) compounds. Single-
crystal polarized spectra reveal that the edge features of these compounds exhibit a
strong orientational dependence, permitting the assignment of some of the observed
féatures. The exocyclic S pre-edge feature was assigned to a S 1s — n* transition,
while the predominant spectral feature at 2473-2474 eV observed in all of the S K-
edge spectra was found to be polarized along the C-S bond direction and assigned to a
S 1s — o* transition. Dramatic changes in the sulfur-ligand spectral features are
I;roduced from complexation with Ag and Au atoms, which permits the distinction of
covalent vs. ionic interactions with the metals encountered in photographic systems.

~ Covalent metal interaction with an exocyclic S-containing ligand resulted in the
disappearance of the low-energy 7* pre-edge feature, while the intensity of the
predominant o* feature in all compounds investigated was greatly enhanced upon
complexation with Au and Ag metals. In contrast to the uncomplexed ligands, this
prgdominant feature was found to be most intense for polarizations along the S-metal
direction and perpendicular to the C—S bond, indicating a direct bonding interaction
with the Au metal as seen, for example, in a bis(ethylenethiourea) Au(I) complex.
The K-edge spectra of Cl centers, present as substituents on the ring system of the
dye molecules, exhibit a single predominant feature at approximately 2825 eV, which
is characteristic of the terminal C-Cl environment and is relatively insensitive to

structural changes in the dye systems more remote from the Cl centers. Single-



crystal measurements revealed that this spectral feature is polarized predominantly
along the C—Cl bond direction, indicating that it is due primarily to a Cl 1s — o*
transition with some contribution from a lower-intensity transition to a near-lying n-
symmetry orbital. The results of these studies form the basis for the interpretation
of polarizéd surface measurements at a glancing angle configuration of a dyed AgBr
sheet crystal, which suggest that there is no covalent interaction between the
terminal sulfur centers in the merocyanine dye molecules and the silver ions on the
AgBr substrate surface. In addition, the polarization properties of the S and Cl
K-edge features provide insight into the orientation of the dye molecules on the AgBr

substrate, indicating that the dye molecules are adsorbed in an edge-on fashion.



Introduction

Several crucial elements of the photographic system including spectral
sensitizing dyes, surface modifying agents, and chemical sensititization centers
contain sulfur and chlorine atoms incorporated in species on the surface of the
photoacti\}e silver halide microcrystals. These centers are involved in surface
electron and energy transfer processes and are, therefore, of critical interest for their
importance to the photographic process. The structure of surface species has a
pronounced effect on photographic performance. Synchrotron radiation X-ray
absorption spectroscopy (XAS) at the sulfur and chlorine K-edges (2—-3 keV) can
probe these important surface-active molecules and provide a direct measure of the
géometric and electronic structure of these molecules on the photoactive substrate.
Some of our initial sulfur K-edge results showing the potential of this physical
technique for investigating photographic materials were reported previously.l The
studies reported here expand upon this initial work to include both sulfur and chlorine
K—edge measurements of dyes, silver ligands, and their metal complexes.

Spectral sensitizing dyes are used in many applications such as nonlinear 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.
Aggregation of the dye molecules on the surface produces large spectral shifts and
significant changes in the absorption band shape. These spectral changes depend on
the concentration and orientation of the dye molecules. The extent of aggregation
and, consequently, the spectral shift, are in part determined by the silver halide
surface-composition and morphology, the presence of other adsorbates, and

structural features of the dye molecules themselves.2 Chlorine is a common



substituent on many merocyanine and cyanine dye nuclei and can influence the
aggregation properties of dye molecules. |

The sensitization process involves the transfer of electrons or energy from the
photoexcited state of the dye molecule aggregate into the conduction band of the
silver halide substrate and 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 sulfur groups, it has been postulated that the adsorbed dye
molecules are oriented with their sulfur atoms directed toward the silver halide
surface.34 X-ray photoelectron spectroscopic (XPS) experiments of dyed AgCl
crystals® and electrophoretic mobility studies of dyed silver halide grains® have
suggested that direct interaction between the sulfur atoms and the silver ions on the
crys_tal surface is a driving force in the adsorption process and a determining factor in
the orientation of dye molecules on silver halide crystal faces.

Other sulfur-containing silver ligands such as mercaptotetrazoles, thioureas, and
thiazoline thiones used as additives in photographic materials can be adsorbed to the
silver halide surface and may act as antifoggants, crystal growth accelerators, or
development inhibitors. Previous XPS studies’-8 have indicated that some
compounds of these types are adsorbed to the silver halide surface via coordination
betweeh the ligand sulfur atoms and the surface silver ions.

. Previous sulfur XAS studies have shown that the S and Cl K-edge spectra are
characterized by sharp absorption features in the edge and near-edge region arising
from bound-state transitions from the 1s orbital to low-lying, unoccupied, or partially
occupied atomic or molecular orbitals. Studies of the sulfur K-edge spectra of
numerous organic and inorganic compounds have revealed characteristic absorption
features dependent on the local geometry and oxidation state of the absorbing sulfur

atom.9-11 With 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. A number of soft X-ray studies have beeﬁ done on gaseousl?
and surface-adsorbed122,13 organic and inorganic sulfur-containing molecules, such
as thiols, thioethers, and sulfuryl halides. These studies provide insight into the origin
and nature of the K-edge features, including information about the symmetry of the
final state orbitals to which the transition occurs, and the orientation dependence of
the edgé features of adsorbed species.12a,b,14 Polarized K-edge measurements
together with theoretical calculations using a multiple-scattered wave Xa formalism
have resulted in assignments of some of the K-edge features of sulfur and chlorine-
containing oxyanions.15

We have used S and Cl K-edge XAS to investigate the electronic and geometric
structure of a Wide variety of surface compounds important to the photographic
system, including cyanine and merocyanine dye nuclei and other sulfur-containing
silver ligands such as thioureas, mercaptotetrazoles, and other thione/thiolate
compounds. The nature of the interaction between the surface metal ions and the
- forms of sulfur of importance in the photographic system have been probed by the
measurement of S K-edge XAS of silver and gold complexes of these sulfur ligands.
The highly polarized nature of synchrotron radiation permits the determination of the
angular dependence of the K-edge features by the measurement of oriented single-
crystal polarized spectra of representative dye nuclei and metal-sulfur compounds.
From these studies, we are able to make assignments to some of the X-ray
absorption features that provide the basis for the interpretation of polarized surface

measurements at grazing incidence of dye molecules on silver bromide sheet crystals.

Experimental Section

Chemical Samples. Molecular structures and abbreviated sample names of

the chemicals discussed in this paper are presented in Tables I-III. Many additional



samples not directly addressed in this paper for which X-ray absorption data were
collecteci are found in supplementary tables, S-I, S-II, and S-III. With the exception
of the thiazoline thione (CMMTT) and triazolium thiolate (TRZ) compounds, all sulfur
ligands (Table II) and the —9,10-dichloroanthracene sample (Table I) were
purchased from various chemical suppliers (Aldrich, Alfa, etc.). The silver and gold
complexes (Table III) and the CMMTT and TRZ ligands, as well as all of the dye
samples (Table I), were synthesized in the research laboratories of Eastman Kodak
Company.

Single-crystal samples were grown according to the procedures in the published
literature. Crystals of 2-thichydantoinl6 (M4) were obtained from ethanol as orange
rhombic plates with sides 1-2 mm long and 0.3—0.5 mm thick. Yellow needles of 3,3"-
diethylth:’iacyanine bromidel? (C4) were obtained from propanol (1-2 mm x ~0.25 mm
x ~0.25 mm). Single crystals of B-9,10-dichloroanthracenel8 (DCA) were obtained
ﬁ'orﬂ saturated petroleum ether solutions of the compound placed in a desiccator
containing scraps of paraffin. The crystals were yellow plates of dimensions 1-2 mm

x 0.3 mm x <0.3 mm. White single crystals of bis(ethylenethiourea) gold(I) chloride
| hydratel® were.obtained from water. The crystals were parallelepipeds, 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 4-circle
diffractometer after the conclusion of the experiments.

AgBr sheet crystals (50 um thick) were grown on quartz plates using a growth
gradient technique.20 The dyed surface sample was prepared by submerging the
sheet crystal in 10-5 M aqueous solutions of the dye for 20 min at 40 °C with stirring.

X-ray Absorption Measurements. Experiments were conducted on the
unfocused 8-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 X10C at the
N ationai 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 4-1. On beamline 6-2, higher harmonics were minimized
using a procedure in which layers of Al foil were placed between the sample holder and
the detector and the monochromator detuned 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 X10C.
Beam size for the powder samples was defined by Ta slits to be 2 x ~15 mm except on
beamline 6-2, on which it was defined by the focusing mirror to be ~1.5 x 4.0 mm. For
the singl-‘e-crystal samples, the incident beam size was defined by Ta slits to be
slightly larger than the size of the crystal in the appropriate orientation. For the
polaﬁzed 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 narrow band of beam

(7 x 1 mm for ¥ = 0°, 5 x 2. mm for ¥ = 90°). The entire experimental hutch was kept
under red safelight conditions for the measurement of the AgBr samples.

Data were collected at room temperature in fluorescence mode using a No-filled
gas ionization detector of the Stern/Heald/Lytle design.10.21 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 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 um were used where necessary. Scans of NagSo03°2H20 and CsCuCly collected

between sample measurements were used to calibrate the energy of the sample



spectra by assigning the position of the first peak in the scans to 2472.02 and
2820.30 -eV, respectively. 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 energy positions of the edge features listed in Tables I-IIT
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.

Oriented Single-Crystal Polarized Measurements. For electronic dipole-
coupled transitions, the features seen in the K-edge spectra are governed by the

following relation:

o=|<Yrler|¥;>|2 (1)

which can be approximated by:

6 = cos20|[<Wrlr|¥;>12 (2)

- where o is the photoabsorption cross section, Wris the final state wavefunction, ¥; is
the initial state~v§aveﬁ1nction (S or Cl 1s orbital for the cases herein), e is the
polarizatiéfl 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 0 is the angle between e and r. For K-edges, the dipole-allowed
transitions from the totally symmetric initial 1s state are to final p states (Al = £1),
which transform as the dipole operators x, y, or z. The maximum in the
photoabsorption cross section is obtéined when 0 = 0°, when the polarization vector
and the dipole operator are parallel. For powder or solution samples, the average
isotropic spectrum will contain a superposition of the polarized spectral features of all

~ three molecular dipoles (x, y; z) averaged over all possible orientations (8). In the



polarized single-crystal spectra these superimposed features may be resolved and
assigned to their appropriate final-state symmetries (px, py, or pé) by determining the
angular dependence of the transition intensities as a function of molecular alignment.
By aligning a molecular vector 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 single crystals used in this study have been structurally characterized by X-
ray diffraction.16-19 X-ray diffraction measurements on the obtained single-crystal
samples were compared with published values of cell parameters and found to be
consistent. The published atomic coordinates were used to determine the orientation
of specific molecular directions with respect to the crystal axes, and thus the (hkl)
indices of crystai lattice planes perpendicular to these molecular directions.

The samples were preoriented on a Siemens P3 4-circle diffractometer by
determining the ¢ angle settings (at X = 0°) required to bring these lattice planes into
a diffraction position. Single crystals were mounted on glass fibers using a standard 5

min epoxy (that contains S) for the Cl-containing crystals and polymethyl
| Iﬁethacrylate in methylene chloride as the adhesive for the S-containing crystals, and
attached on a standard goniometer head. The crystals were mounted in such a
fashion that only ¢ angle rotations were required to attain the desired crystal
orientatirons. This geometric restriction meant that more than one crystal was
réquired to isolate all of the orientations of interest. The diffractometer geometry is
such that at the determined ¢ and X settings, the molecular vector will be
perpendicular to both the direction of the incident radiation beam and the goniometer
head axis. On the beamline, a lid to the sample chamber containing a goniometer
mount was used allowing full rotation in @ with % fixed at 180°. By duplicating this

diffractometer geometry in the sample chamber on the beamline, the molecular

10



vectors were aligned parallel to the electric field vector (e) of the polarized incident
radiation beam. |

Polarized spectra were measured at crystal orientations that maximized the
projections of individual symmetry-related molecular vectors on the direction of
polarization. These orientations were determined from the average of symmetry-
related molecular vectors according to the crystal space group. The 2-thiohydantoin
(M4) and B-9,10-dichloroanthracene (DCA) crystals belong to monoclinic space
groups with noninversion-symmetry-related individual molecular vectors related by
reflection through the ac crystal plane. For these compounds the three orientations
that maximize the individual molecular x, y, and z polarizations are achieved with
alignments along the crystal b axis and two ac projections of the average individual
molecular x, y, br z vectors. The three alignments are achieved with two crystals.
The bis(ethylenethiourea) Au(l) (AUETU2) and 3,3"-diethylthiacyanine bromide (C4)
compounds belong to the triclinic crystal space group P 1. For these crystals, the two
sets of molecular vectors per unit cell are related by inversion symmetry and are not
constrained to lie along specific crystal axes. The individual molecular vectors were
used to define the crystal orientation vectors. For these two compounds, one crystal
per orientation was required, giving a total of three crystals for AUETU2, and two
crystals for C4.

Therspeciﬁc alignment vectors used for each of the four crystals, their angular
deviations from the crystal axes, and the resulting percent molecular x, y, and z
polarizations, are given in Table IV. The largest source of error in these polarized
measurements is due to 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 ¢
settix'lf-;- were measured,the crystal was misaligned 2-5° and a separate scan was

measured to insure that the spectral features noted were not due to Bragg diffraction
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peaks from the crystal lattice planes. Any Bragg peaks detected in this fashion were
removed from the data prior to averaging by interpolation.

Polarized Surface Measurements of Silver Bromide Sheet Crystals.
Surface X-ray measurements at glancing angle configurations take advantage of the
fact that X-rays undergo total external reflection below the critical incidence angle,
O, and therefore penetrate only 2030 A into the surface.22 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 from

which the X-rays reflect and is governed by the following equation for @ in radians:23

Zp)l/Z
- 10
0. =\ (5.4 x 10105 3)

where A 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 1°, which was sufficient at all energies to obtain an acceptable
signal-to-noise level. The surface samples were mounted on a sample plate attached
to a rotation stage, thereby allowing full ¢ rotations to be made (in the azimuthal
plane). The sample plate and rotation stage were placed on a 90° X circle mounted
perpendicular to the beam to allow both in-plane and out-of-plane orientations to be

collected at grazing incidence angles.

Results and Discussion .
S K-Edge Spectra of Dye Nuclei. Powder Spectra. The unpolarized

sulfur K-edge spectra for a series of cyanine and merocyanine spectral sensitizing dye

12



nuclei are compared in Figure 1. The energy positions of the spectral features
indicated in this figure are given in Table I. Data on additional dye compounds of this
type may also be seen in the supplemental material provided (Figures S1 and S2 and
Tables S-1, S-I1, and S-III).

The cyanine dye nuclei contain cyclic sulfur in 5-membered rings such as thiazole,
benzthiazble, and naphthiazole with various ring substituents and bridges between
the dye nuclei. The sulfur K-edge spectra of these heterocyclic sulfur centers are
characterized by two features: 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)
observed as a high-energy shoulder on the main spectral feature, A. The relative
intensities of these features and the shape of the multiple scattering regime (above
~2478 eV) reﬂeét changes in the local environment of the S atom. The energies of
Features A and B are relativefy invariant; however, the features appear at a slightly
higher energy for cyanine-type molecules that contain aromatic groups, such as the
benzthiazole (C2, C4, C6, C7, C8, and C9) and naphthiazole (C3) derivatives (Feature

A at 2473.8-2474.0 eV; Feature B at 2475.8-2476.4 eV) relative to the nonaromatic
thiazole compounds (C5, C1: Feature A at 2473.3-2473.5 €V; Feature B at 2475.2—
2475.3 eV). This suggests that the presence of the aromatic groups produces a more
positive charge on the sulfur atom center relative to the nonaromatic group-
containing dyes and dye intermediates.

- Merocyanine dyes contain sulfur as a terminal thione group on 5- or 6-membered
heterocyclic rings such as thiohydantoin, thiobarbituric acid, and rhodanine nuclei.
Like the cyanine dye nuclei, the merocyanine spectra have a prominent feature
between 2473.4 and 2474.0 eV (Figurel, Feature A). This feature is less intense
relative to the edge jump in the merocyanine dye spectra than in the cyanine dye
spect'ré- (Figure 1). 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 that

13



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 befween the
merocyanine and cyanine dye spectra occurs to the low-energy side of Feature A.
The merocyanine dye spectra are characterized by a low-energy sharp bound-state
feature (Feature A') at 2470.5-2472.5 eV, which has no counterpart in the cyclic
sulfur environment of the cyanine dye nuclei. The intensity and energy position of
this feature is affected by the exact electronic and structural environment but its
presence is characteristic of all of the compounds containing the terminal-sulfur
moiety.

Single-Crystal Polarized Spectra. The intense bound-state features
present in the low-energy region of the sulfur K-edge powder spectra are expected to
be highly orienfétionally dependent for the anisotropic sulfur environments in
spectral sensitizing dye environments. Single-crystal polarized spectra were
measured for both a cyanine dye, C4, and the merocyanine dye nucleus,
2-thiohydantoin (M4). The polarized measurements permit the determination of the
- angular dependence of and aid in the assignment of the transitions giving rise to the
K-edge features observed in the powder spectra of these two classes of dye
compounds.

Single-crystal polarized spectra of the benzthiazole-containing cyanine dye
moleculé 3,3"-diethylthiacyanine bromide (C4) are presented in Figure 2. Spectra
were obtained for two polarizations, one corresponding to polarization in the plane
defined by the benzthiazole groups (C4X), and the other corresponding to polarization
along the average normal to that plane (C4Z). In the powder spectrum, the most
intense feature, A, occurs at 2473.8 eV, and Feature B appears at 2475.6 with a
shoulder at 2476.4 eV. The polarized spectra reveal contributions from both the in-
plam; ;nd out-of-plane polarizations to all of the dominant spectral features observed

in the powder spectra.24 The appearance of these features in the powder spectra is
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attributed to energy splittings between the in-plane and out-of-plane polarized
transitions in these spectral regions. In the in-plane polarized spectrum, the intense
feature, A, occurs at 2473.5 eV, and in the out-of-plane polarized spectrum this
feature is shifted to a slightly higher energy of 2473.9 eV. The feature is somewhat
more intense in the in-plane polarized spectrum, but there is a strong contribution in
the spectral region of Feature A from bound-state transitions to final states of both
po and pnt symmetry. In the region of Feature B, the in-plane polarized spectrum
reveals a transition at 2475.1, while the out-of-plane polarized spectrum has more
intense partially resolved split features at 2475.6 and 2476.5 eV.

Previous soft X-ray studies and calculations have been done for a variety of S
heterocycles, thiols ,and thioethers.12,13 In these studies, the dominant feature in
the S'K-edge spéctra occurs between 2472.3 and 2473.4 eV (relative to the t1y
resonance of SF¢ at 2486 eV), similar to the location of the strongest feature in the
cyanine dye compounds. This feature has been assigned to a transition to a S—C final
state with o* symmetry,10,12,13 which supports the qualitative determination of the

symmetry of this feature based on our polarized single-crystal study. In a study of
| the aromatic melecule thiophene,122 multiple scattered wave-Xo calculations showed
that the lowest unoccupied valence orbital has n* symmetry and occurs at
approximately the same energy as the S-C 6* orbital. The aromatic character of
thiophené allows appreciable delocalization of the n* 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 o* orbital. It is therefore
likely that the z-polarized contribution to the 2474 eV region absorption feature
results from a transition to a final state with pn sjrmmetry due to the extended
conjugated system of 3,3 -diethylthiacyanine bromide.

The single-crystal polarized spectra for 2-thiohydantoin (M4), a merocyanine dye

" nucleus, are presented in Figure 3. Three orientations were isolated: two in-plane
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orientations maximizing polarization either parallel or perpendicular to the C=S bond
(X or Y polarization, respectively) in the plane of the thiohydantoin ring, and an out-of-
plane orientation perpendicular to the ring (Z polarization). The crystallographic
constraints of the molecule result in the Z orientation being nearly 100% polarized,
while the X and Y orientations are each approximately 69% polarized, containing 31%
polarizatibn of the other in-plane polarization. Unlike the cyanine dye, the polarized
spectra of 2-thiohydantoin reveal that the features observed in the powder spectrum
are strongly polarization dependent. The sharp pre-edge feature A" at 2471.2 eV,
characteristic of the terminal thione sulfur, is polarized almost entirely along the
normal to the plane of the 2-thiohydantoin molecule and is assigned as a transition to
a final state of pr symmetry due to the presence of unfilled C=S n* orbitals for
molecules of thié type. In contrast, the intense feature A at 2473.7 eV is polarized in
the plane of the molecule, predominantly along the C=S bond, and is assigned as a
transition to a final state of C—S ¢* symmetry.

There are striking differences in the spectra of molecules containing sulfur in an
exocyclic (thione) environment compared to that of the cyclic sulfur (thiazole)
environment. The intense feature A 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. This feature is polarized along the C—S bond in the thione
compouhd and corresponds primarily to a transition to C—S pc* orbital. In the cyclic
sﬁlfur compounds, a transition to a pn orbital also contributes to the intensity of this
feature. For the exocyclic S compounds, only a transition to the C—S pc™ orbital
contributes to this feature. This difference could account for the increase in intensity
of this spectral feature for thiazoles relative to thiones. In addition, the low-energy
feature A’ is seen for compounds in which S is present as a thione and is absent in the

cyclic' sulfur compounds. The presence of this feature is due to a transition to a final
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state p orbital arising from the involvement of the exocyclic sulfur in a pr system,
and was found to be polarized perpendicular to the C=S bond and the plane of the ring.

Cl K-Edge Spectra of Dye Nuclei. Investigation of the X-ray absorption
properties of the Cl centers present as substituents in dyes can provide another
probe of the electronic and structural environment of these molecules. Cl K-edge
spectra were measured for a series of Cl-substituted dyes (Figure 4 and Table I). The
observed spectral features were found to be very similar in all of the compounds
studied, revealing a single high-intensity feature between 2824.8 and 2825.1 eV, and
a broad higher-energy feature occurring between 2829.1 and 2830.6 eV characteristic
of the C—Cl environment present in all of these compounds. The intensity and energy
position of the prominent absorption feature appears to be relatively insensitive to
structural chanﬂges in the dye systems more remote from the Cl centers, but a strong
polarization dependence of the Cl K-edge spectra is observed.

’i‘o understand the polarization properties of Cl as a substituent on dye molecules,
single-crystal polarized studies on -9,10-dichloroanthracene (DCA) were performed.
- The powder spectrum of DCA has the same spectral features as the Cl K-edge
spectra of the dye samples, making it an appropriate choice for the single-crystal
studies. The polarized single-crystal and powder spectra of DCA are compared in
Figure 5. The three single-crystal spectra correspond to polarizations in the plane of
the molecule, maximizing polarization either parallel or perpendicular to the C1-Cl
vector (X and Y polarization, respectively), or perpendicular to the plane of the
molecule (Z polarization). The crystallographic constraints of the DCA molecule
result in the Z orientation reflecting nearly complete z polarization, while the X and Y
orientations are only approximately 74% polarized along their respective molecular
axes, each containing 26% of the other in-plane polarization direction.

A comparison of the powder and oriented single-crystal spectra reveals that the

dominant spectral features observed in the unpolarized spectrum contain
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contributions from all three molecular polarizations. The X orientation, however,
shows the highest intensity in the region of the intense feature af 2825.0 eV. A less
intense contribution in this spectral region is also observed in the Y orientation due
primarily to the incomplete polarization obtained with this crystal. In the Z-polarized
spectrum, a feature is also observed in this spectral region that is shifted to a slightly
lower energy of 2824.6 €V and is a much narrower transition than the corresponding
in-plane oriented spectra, indicating that there may be multiple transitions occurring
in the in-plane orientation. These results suggest that the intense K-edge feature of
compounds containing Cl in this kind of an environment is primarily due to a
transition to a final state orbital with ¢ symmetry with some contribution from a
near-lying lower-energy pr orbital. Similarly to what has been reported for
thiophene,12a the presence of the low-energy feature in the out-of-plane polarized
spectrum indicates the involvement of the Cl pr orbitals in the aromatic & system of
DCA. The complicated shape of the spectral region to the high-energy side of the
main absorption peak is due to the many overlying transitions resulting from both in-
- plane and out-of-plane polarized transitions. This higher-energy region probably

| reflects transitions to less localized final-state orbitals that are sensitive to the very
anisotropic intra- and intermolecular scattering interactions of the Cl centers in this
molecule.

Cl K—edge spectra have been reported for SClg, SoClg, SOClg, and SO2Clp.12d,e
For these compounds, the Cl K-edge spectra are similar to those of the organic 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
c* symmetry, supporting the qualitative conclusion that the predominant feature in
the Cl K-edge of the dye molecules can be attributed to a transition to a final state

with C-Cl & symmetry~ -
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Sulfur K-Edges of Surface Modifying Ligands. In addition to the
merocyanine dye nuclei discussed above, sulfur K-edge absorptidn data were collected
on powder samples of a variety of other terminal sulfur compounds including
thioureas, mercaptotetrazoles, thiazoline thione, and triazolium thiolate (Table II).
The powder spectra of these compounds are compared in Figure 6. All of these
compounds may act as silver ligands in photographic materials. The structures
indicated in Table II represent the thioureas and the thiazoline thione compounds in
their thione form, the mercaptotetrazoles are represented as thiols, and the
triazolium thiolate as a thiolate structure. For all of these compounds, however,
there are other resonance and tautomeric forms possible in which the sulfur centers
may be represented as alternate thione/thiol(ate) structures with varying degrees of
C-S dc)uble-boﬁd character and negative charge on the sulfur center. The TRZ
compound is a mesoionic molecule that cannot be represented as a single resonance
form without invoking formal atomic charges. It may be represented as either a
thione or thiolate form. In Table II, it has been represented in its thiolate form, with a

negative charge on the terminal S and a delocalized positive charge in the ring
| system. -

Similarly to what was observed with the merocyanine dye nuclei, the K-edge
spectra of these compounds exhibit the low-energy A and A” features. The relative
intensities and energy positions of these features are strongly influenced by the exact
sfructural and electronic environment of the sulfur centers in the ligand compounds.
The lower-energy feature, A', which has been assigned to a 1s — pr* transition on the
basis of the polarized measurements of 2-thiohydantoin, is present in all of the
spectra; however, its energy position and resolution from Feature A is strongly
sample dependent.

'i‘he compound 3-carboxymethyl-4-methyl-4-thiazoline-2-thione (CMMTT)

contains both heterocyclic and exocyclic sulfur centers. The spectrum of this
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compound reflects a superposition of the features characteristic of both the thione
and thiazole S, with the well-resolved A" feature at 2471.4 eV du‘e to the thione S and
the broader high-intensity feature A at 2474.3 eV containing intensity contributions
from transitions involving both the terminal and cyclic sulfur. The spectra of the two
thiourea compounds differ significantly in the energy position and intensity of the A’
feature. In the case of the tetramethyl thiourea, the A' feature is observed as a well-
resolved feature at 2471.4 eV, while in the unsubstituted thiourea, this feature is
observed as a lower-intensity, partially resolved feature at a higher energy position of
2472.0 eV. The A’ feature is also reduced in intensity and observed at a higher
energy for the mesoionic TRZ compound. Three different mercaptotetrazole
compounds were investigated and the energy position and intensity of the A" feature
is a fanction of the 0N substituent in this compound. For the ethyl-substituted
compound (EMT), the A" feature at 2472.5 eV is low in intensity and poorly resolved
from the prominent spectral feature, A, while for the phenyl-substituted compounds,
PMT and APMT, the A" feature is more clearly resolved and lower in energy (2471.8
eV).
| The intensity and energy position of the low-energy 1s — prn* transition
corresponding to the A’ feature is, thus, a sensitive probe of the electronic
environment of terminal sulfur groups. Tautomeric and resonance forms that reduce
the double-bond character of the C—S bond result in a shift to higher energy and an
inf_ensity reduction of this spectral feature. This is observed in the case of the
thiourea and mercaptotetrazole compounds where hydrogen bonding between the
terminal SH group and the o—N atoms will influence the double-bond character of the
C-S bond as a function of the nature of the substitutent on the other a—N. Similar
observations in the sensitivity of S, N, and O K-edge spectral features have been used
to in\;éétigate keto-enol(ate) tautomeric resonance of other amides and thioamide

compounds.2® The phenyl-substituted mercaptotetrazole compounds, PMT and
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AMPT, gxtend the & system of the molecule. The nt character of the C—S bond in
these compounds (as evidenced by a more well-resolved A" featﬁre) is greater than
that of the ethyl-substituted analog, EMT. The low intensity and higher energy
position of the A' feature for the TRZ compound would be consistent with the thiolate
form of this compound being its predominant resonance form. In this resonance form,
the terminal sulfur has little C—S double bond character and carries a significant
negative charge on the sulfur atom.

MOPAC?26 calculations of the ground-state orbitals of terminal sulfur ligands
such as 2-thiohydantoin and thiourea revealed the presence of two low-lying
unoccupied orbitals of 1 and ¢ symmetry. For these thione ligand forms, the
LUMO, which contained ~20—-25% contribution from the S p; orbital, was calculated
to be1.0-1.5 eV lower in energy than the 6 (LUMO +1) orbital, which contained ~40—
45%_contribution from the S pyx orbital. In contrast, calculations of protonated
thiol(ate) tautomeric or resonance forms of these types of ligands resulted in a
decrease in the energy splitting between the two lowest-lying unoccupied molecular
orbitals and a significant reduction or complete loss of the S p, character of the
LUMO. -

There have been some S K-edge studies of compounds containing a terminal
sulfur group reported.12b,¢,13 In these studies, both CSg and SCO have features
below 2473 eV (at 2470.8 for CSg and 2472.0 for SCO), which have been assigned to
tfansitions with final states of m symmetry, consistent with the qualitative results of
the polarized single-crystal measurements on 2-thichydantoin reported herein. In
contrast to the mercaptotetrazoles 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.12b
The primary difference between the alkyl thiols and the mercaptotetrazoles in this
work is the presence of the conjugated n system in the mercaptotetrazoles. This

- difference is consistent with the presence of the low-energy feature reflecting

21



involvement of the terminal S group in the n system, whether it be through a formal
C=S double bond or the presence of a conjugated n system.

In Figure 7, the spectra of two different forms of the APMT compound are
compared with that of a silver complex of the PMT ligand. The protonated free-acid
form of APMT reveals the well-resolved A" feature at 2471.8 eV, indicating a high
degree of C—S double-bond character. In contrast, the deprotonated sodium salt,
APMTNA, has only a very weak shoulder in the A" spectral region at 2472.2 eV,
reflecting the nearly fully occupied pr orbital in the negatively charged form of the
mercapto compound. The appearance of the primary absorption feature, A, due toa
transition to a po final state orbital, is very similar for the protonated and
deprotonated forms of this compound, indicating that the C—S o bond is not influenced
significantly by rthe deprotonation or interaction with the sodium counterion. In
comparison to the sodium salt, the silver complex of the deprotonated PMT compound
reveals a primary absorption feature, A, which is significantly enhanced in intensity
relative to that of the uncomplexed PMT ligand spectrum. This spectral change is

evidence of a direct bonding interaction between the negative sulfur center and the
silver metal ion, which is not present in the sodium salt.

Au and Ag Complexes of Terminal Sulfur Ligands. Powder Spectra.

S K-edge XAS spectra were measured for a wide variety of complexes formed between
Agor Aﬁ and terminal sulfur ligands including 3-carboxymethyl-4-methyl-4-
thiazoline-2-thione, thioureas, phenylmercaptotetrazole, and triazolium thiolate
(Table III). These compounds were chosen to investigate the effect that Ag or Au
metal complexation would have on the electronic structure of sulfur ligands
representative of photographic surface species. A comparison of representative
ligand and metal-ligand complexes is presented in Figure 8. In all of the metal-sulfur
comr;oﬁnds, the intense primary absorption feature, A, increases in intensity and the

low-energy A' feature between 2470.5 and 2472.0 eV is absent . The absence of the
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low-energy transition to the ligand pr* orbital in these metal complexes suggest that
the pr* 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. In general, the intensity of the primary absorption feature, A, of the Au
complexes studied here, is greater than that of the Ag complexes. This feature in the
Au compléxes is also more narrow than in the Ag complexes, indicating a more
localized final-state orbital in the Au—S complexes. In addition, a shoulder can be
seen on the high-energy side of the main Au—S transition that 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.

Single-Crystal Polarized Studies of a Au-S Complex. Single-crystal
polarized sulfur K-edge spectra were measured on bis(ethylenethiourea) Au(I)
hydrate hydrochloride (AUETU2), in which the Au metal forms a nearly linear
2-coordinate complex with the terminal S ligand (Table II). The powder spectra of
AUETU2 and the uncoordinated ethylenethiourea (ETU) ligand are compared to the
- polarized spectra of the AUETU2 single crystals in Figure 9. For the polarized
measurements, X was defined to be in the plane of the ligand rings along the average
C—Sthione bond, Z was defined 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.
The indiVidual ETU ligand planes are not completely coplanar, with a dihedral angle of
approximately 12°. The individual ligand x and y axes, defined analogously to those
used in the single-crystal orientations of the thiochydantoin molecule (M4), deviate
from the average molecular alignment vectors, X and Y, by approximately 29°. As a
result, the defined crystal orientation vectors result in ligand polarizations that are
98% for the Z and 76% and 78% for alignment along X and Y, respectively.

The direct interaction of the ligands with the Au ion in this complex has a

pronounced effect on the sulfur K-edge features. In the powder spectrum of
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AUETUZ2, the partially resolved low-energy feature, A", at 2472.0 eV in the
uncomplexed ligand is absent, and the primary feature, A, is sigﬁiﬁcantly enhanced in
intensity. In addition, the gold complex spectrum contains a second intense higher-
energy feature at 2475.3 eV. The polarized spectra reveal that the features in the
powder spectrum of AUETU2 are polarized primarily in the plane of the ligand rings.
The most intense polarized feature is observed in the Y-polarized spectrum. This
feature occurs in the same energy region as the feature A in the powder spectrum at
2473.4 eV. The X-polarized spectrum reveals two intense spectral features at 2473.9
and 2475.3 eV. Since both of these features are X-polarized, they must result from
transitions to final states involving the S px orbitals. The presence of two features
suggests that a direct Au—S 1 interaction produces two final states of py symmetry
with an energy rsplitting of 1.4 eV. In contrast, a single intense transition of S 1s —»
C—S o* symmetry was observed in the X-polarized spectrum of the uncomplexed M4
ligand (see Figure 3). The feature at 2475.3 eV in the AUETU2 powder spectrum has
no counterpart of comparable intensity in the pure ligand spectrum. Its dominance in
the X-polarized spectrum of the metal complex indicates that it is due to a transition
to a final state involving the sulfur px orbitals in a metal-S & interaction.

In the-Z-polarized spectrum of the AUETU2 complex, there is a feature observed
at 2473.2 eV. In comparison, no transition in this energy region is observed for the
out-of—piane polarization of the uncomplexed terminal-sulfur ligand, 2-thiohydantoin
(sée Figure 3). For the uncomplexed ligand, the Z-polarized A" feature is observed 1.2
eV lower in energy at 2472.0 eV. The presence of the 2473.2 eV feature in the out-of-
plane spectrum of AUETUZ2 must, therefore, be due to a metal-sulfur n; interaction
and indicates a shift in the energy of the ligand C=S nt* orbital as a result of admixture
between the ligand and metal orbitals.

I:b;tending these results to the powder spectra of the other metal-sulfur

complexes, it may be concluded that the intense feature at 2473 eV is due to two

*
.
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transitions to final states of S o interactions: one resulting from a dominant
interaction involving S py orbitals with metal-S ¢ character and fhe other involving
the S pyx orbitals with C—S ¢ character and Au—S 7y character. This latter feature is
shifted to a higher energy than that of the C—S ¢ feature in the uncomplexed
terminal-sulfur ligands as a result of the influence of the n interaction between the
metal and Vligand orbital. The appearance of a shoulder or partially resolved feature
at 2475 eV on the high-energy side of the dominant spectral feature is further
evidence of a direct metal-S © interaction involving S px orbitals. In Figure 7 the
spectra of mercaptotetrazole ligands were compared for the free-acid, sodium salt and
silver complex forms. 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 betwéen S and the sodium ion results in the loss of the pre-edge peak
reflecting the negatively charged terminal sulfur group but no change in the shape or
intensity of the dominant absorption feature at 2473.2 eV. This suggests that, unlike
the covalent metal-S interaction in the Ag complex, the ionic interaction between Na*
- and S has little or no effect on the o-symmetry final state orbitals.

| Preliminary Application to Surface Measurements. X-ray absorption
data were eollected at glancing incidence angle on a AgBr sheet crystal sample
treated with a merocyanine dye (M3). This dye contains both S and Cl centers,
thereby éllowing polarized measurements at both K-edges to be used to investigate
the orientation and interaction of the dye molecule with the silver bromide surface.
Polarized measurements were collected corresponding to in-plane (X = 0°) and out-of-
plane (3, = 90°) orientations of the sheet crystal surface.

The polarized surface spectra at the sulfur and chlorine K-edges are shown in
Figures 10 and 11, respectively. The thione sulfur pre-edge feature, A", observed at
2470.9 eV in the dye powder spectrum (Figure 1) is present in both the in-plane and
out-of-plane orientations of the dyed sheet crystal sample (Figure 10). In addition, the
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prominent feature, A, at 2474.0 eV, is not increased in intensity relative to the pure
dye spectrum. Both of these spectral results indicate that there is no significant
covalent bond formed between the thione S and the Ag in the AgBr sheet crystal.

The sulfur K-edge features in the dyed sheet crystal do show some orientational
dependence with both the A" and A features being more intense for the in-plane
polarizatibn than in the out-of-plane orientation. For the polarized K-edge
measurements, intensity enhancement occurs when the polarization vector of the
incident radiation is codirectional with the molecular x, y, or z axis of interest. As
discussed earlier, we have found that the sulfur pre-edge feature, A", is due to a
transition to a S pr* orbital oriented out of the plane of the molecule, while the higher-
energy feature, A, was found to be polarized along the C—S bond direction. For the
intensity of botﬁ of these spectral features to increase with in-plane polarization of
the sheet crystal sample, the dye molecules must be oriented on the surface such
that both the dye molecule plane normals and the C—S bond directions lie in the plane
of the sheet crystal surface. Such an orientation would correspond to an edge-on (or

‘perpendicular) alignment of the dye molecules on the silver halide surface. The pre-
| edge A’ 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 are tilted
with respect to the plane of the surface, resulting in some excitation into this orbital
for out-of-plane polarizations.

- Additional confirmation of this interpretation is indicated by the lack of any
significant orientational dependence of the Cl K-edge primary absorption feature at
2825.1 eV (Figure 11). This spectral feature was found from the single-crystal
polarized measurements to be predominantly polarized along the C—Cl bond direction
and assigned to a Cl 1s — C—Cl 6* transition. The C—Cl molecular vector would only
have'si;grliﬁcant projections-along the radiation polarization direction for both in-plane

and out-of-plane polarizations for dye molecules oriented edge-on to the surface of the
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sheet cr_ystal . If the dye molecular planes were oriented flat on (or parallel to) the
sheet crystal surface, there should be very little intensity in the‘ Cl 1s - po*
transition for the out-of-plane orientation.

The dyed AgBr sheet crystal sample did not show the dramatic change in the S K-
edge features associated with a direct covalent bonding interaction between the metal
and the sulfur as was observed with the other metal-sulfur complexes shown in
Figure 8. This suggests either that the nature of the interaction in the dyed sheet
crystal sample is of a physical, rather than a chemical nature, or that any direct
bonding interaction that 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 in these preliminary measurements, the possibility
that we were sémpling a multilayer region of the substrate and not only the

substrate/adsorbate interface cannot be eliminated at this point.

Conclusions

These studies have shown that S and Cl K-edge X-ray absorption spectroscopy is
a sensitive probe of the electronic and bonding environment of sensitizing dye and
silver ligand centers of sighiﬁcance in photographic materials. Single-crystal
polarized studies have permitted the symmetry assignments of many of the spectral
features observed. XAS can distinguish between covalent and ionic interactions
between a metal and exocyclic sulfur. The distinctive changes observed in the S K-
edge spectra of Ag and Au metal complexes permit predictions of the nature of the
dye adsorbate/AgBr substrate interaction to be made, and clearly show that there is
no covalent interaction between the Ag ions in the AgBr sheet crystals and the
terminal S centers in the merocyanine dye molecule investigated here. In addition,

the sensitivity of XAS to the polarization properties of the S-K-edge features provides
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insight into the orientation of the dye molecules on the AgBr substrate, indicating

that the dye molecules are adsorbed in an edge-on fashion.
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Figure Captions

Figure 1. The S K-edge spectra of representative cyanine (left) and merocyanine
(right) dyes and dye nuclei (see Table I for abbreviations). Note the presence of a
sharp feature at 2470-2472 eV (Feature A”) in the merocyanine dye spectra, which

is not present in the spectra of the cyanine dye molecules.

Figure 2. The powder spectrum (top) of C4, a cyanine dye molecule, compared with
the single-crystal polarized spectra (bottom) corresponding to polarization along the X

(solid) and Z (dash) molecular axes.

Figure 3. The powder spectrum (top) of M4, a merocyanine dye nucleus, compared
with the single-crystal polarized spectra (bottom) corresponding to polarization along
the average X (solid), Y (dash), and Z (dot) molecular axes. The Z orientation is 99%
polarized along the molecular z axis. The X and Y orientations are 68-69% polarized,
contéining approximately 31% of the other in-plane polarization. Note that the
iﬁtense low energy feature at ~2471 eV is z-polarized and the primary absorption

feature at ~2474 eV is x-polarized.

Figure 4. The-Cl K-edge spectra of representative dyes and dye nuclei (see Table I

for abbreviations).

Figure 5. The Cl K-edge powder spectrum (top) of DCA, compared with the single-
crystal polarized spectra (bottom) corresponding to polarization along the average X
(solid), Y (dash), and Z (dot) molecular axes. The Z orientation is 100% polarized. The
X and Y orientations are 74% polarized, containing 26% of the other in-plane

polarization.

Figure 6. The S K-edge spectra of terminal sulfur thione- and thiol-containing ligands

(see Table II for abbreviations).
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Figure 7. The powder spectra of different mercaptotetrazole forms. Top:
protonatéd free-acid form (APMT); Middle: sodium salt of the deprotonated thiolate
form (APMTNA); Bottom: a 1:1 silver complex of a related deprotonated
mercapto’petrazole ligand (AGPMT). Both deprotonated forms result in the
disappearance of the low-energy feature (A”). An increase in the intensity of the
dominant feature (A) is observed for the covalent complex with silver but not for the

ionic sodium salt.

Figure 8. The powder spectra of Ag and Au complexes (solid) compared to the
spectra of the uncomplexed terminal-sulfur ligands (dot) described in Tables II and
IH: (a) AGCMMTT and CMMTT, (b) AGPMT and PMT, (c) AGTRZ2 and TRZ, (d)
AUTMTU and TMTU, (e) AUTHIO and THIOUR, (f) AUTRZ2 and TRZ. Note the
absence of the low-energy feature (A') and the increase in intensity of the dominant
spectral feature (A) in the metal complexes relative to the ligand spectra. The

increase in the intensity of feature A is greater with Au complexation than Ag.

Figure 9. The powder spectrum of AUETU2 (solid) is compared to the spectrum of

- the ETU ligand (dot) in the top of the figure; in the bottom of the figure the single-
crystal polariZéd ‘spectra of AUETU? are compared for polarizations along the
average X zsolid), Y (dash), and Z (dot) molecular axes. The Z orientation is 98% z-
polarized. The X and Y orientations are 76—78% polarized along the individual ligand x

and y axes, each containing 22-24% of the other in-plane polarization.

Figure 10. S K-edge surface spectra of a AgBr sheet crystal treated with
merocyanine dye M3 measured at y = 0° (solid) and % = 90° (dash).

Figure 11. Cl K-edge surface spectra of a AgBr sheet crystal treated with
merocyanine dye M3 measured at ) = 0° (solid) and x = 90° (dash).
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Figure 2. The powder spectrum (top) of C4, a cyanine dye molecule, compared with
the single-crystal polarized spectra (bottom) corresponding to polarization along the X

(solid) and Z (dash) molecular axes.
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Figure 3. The powder spectrum (top) of M4, a merocyanine dye nucleus, compared
with the single-crystal polarized spectra (bottom) corresponding to polarization along
the average X (solid), Y (dash), and Z (dot) molecular axes. The Z orientation 1s 99%
polarized along the molecular z axis. The X and Y orientations are 68—69% polarized,
cofitaining 31-32% of the other in-plane polarization. Note that the intense low
energy feature at ~2471 eV is z-polarized and the primary absorption feature at
~2474 eV is x-polarized.
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Figure 4. The Cl K-edge spectra of representative dyes and dye nuclei (see Table I

for abbreviations).
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Figure 5. The Cl K-edge powder spectrum (top) of DCA, compared with the single-
crystal polarized spectra (bottom) corresponding to polarization along the average X
(solid), Y (dash), and Z (dot) molecular axes. The Z orientation is 100% polérized. The

X and Y orientations are 74% pblarized, containing 26% of the other in-plane

polarization.
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Figure 6. The S K-edge spectra of terminal sulfur thione- and thiol-containing ligands

(see Table II for abbrfavia‘tions).,
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Figure 7. The powder spectra of different mercaptotetrazole forms. Top:
protonated free-acid form (APMT); Middle: sodium salt of the deprotonated thiolate
form (APMTNA); Bottom: a 1:1 silver complex of a related deprotonated
mercaptotetrazole ligand (AGPMT). Both deprotonated forms result in the

" disappearance of the low-energy feature (A"). An increase in the intensity of the

dominant feature (A) is observed for the covalent complex with silver but not for the

ionic sodium salt.
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Figure 9. The powder spectrum of AUETU2 (solid) is compared to the spectrum of
the ETU ligand (dot) in the top of the figure; in the bottom of the figure the single-
crystal polarized spectra of AUETU2 are compared for polarizations along the
average X (solid), Y (dash), and Z (dot) molecular axes. The Z orientation is 98% z-
polarized. The X and Y orientations are 76-78% polarized along the individual ligand x -

and y axes, each containing 22-24% of the other iﬁ-plane polarization.
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Figure 10. S K-edge surface spectra of a AgBr sheet crystal treated with

merocyanine dye M3 measured at ) = 0° (solid) and x = 90° (dash).
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Figure 11. Cl K-edge surface spectra of a AgBr sheet crystal treated with
. .. merocyanine dye M3 measured at ¥ = 0° (solid) and % = 90° (dash).
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Table I. Energies of Transitions in the S and Cl K-Edge Spectra of Dyes and Dye Intermediates.

Sample Name

1

Feature A

(eV)

Feature B
(eV)

Cl K-edge
Feature A
(eV)

Cyanine Dyes

Cl

and Dye Nuclei:

2473.5*

2475.3

Sy

C2

Et
O
&WN
/
I

2473.8*

2475.8

2825.0*

C3

2474.0*

2476.2

C4 (powder)

2473.8"

2475.6

2476.4 (sh)




9%

Table I. continued

Sample Name Structure S K-Edge Cl K-edge
' ' Feature A'  Feature A Feature B Feature A Feature B
Q%) V) Q%) V) Q%)
C4X (single- _ 2473.5% 2475.1
crystal) ( 8 S’-> X
in-plane orientation N)\‘/I\N /
C4AZ (single- 2473.9% 2475.6 (sh)
crystai) 2476.5
out-of-plane ( % | S‘->
orientation
Merocyanine
Dyes and Dye
Intermediates:
M1 2470.5 2473.6" 2478.2 2825.0* 2831.0
Et 2471.9 (sh)

Et

/

0

Et




Table 1. continued

Sample Name Structure - } S K-Edge ’ Cl K-edge
v " Feature A’ Feature A Feature B Feature A Feature B
’ V) V) (eV) @) . V)
M2 24714 24737* 24713

Et
O.
I
cl A
c1: : N O*S
Et :

Ly

M3 0 2470.9 2474 .0* 2476.6 2825.1*
0 ~Ph 2472.4 (sh)
Cl =~ N

N B

I 1}1 S

Et Me
M4 (powder) S 24714 2473.8* 2477.5

H \N )k N/ H
0]

M4X (single- " 2471.3 (sh) 2473.8* 2475.9(sh)
crystal) L 2477.8
X orientation

in-plane, along
C=S




8%

Table 1. continued

Sample Name Structure ° S K-Edge Cl K-edge
) Feature A' Feature A Feature B Feature A Feature B
(eV) (eV) (eV) (eV) (eV)

M4Y (single- 24712 (sh) 2473.7* 2476.5

crystal) ‘_

Y orientation Y

in-plane, perp. to

C=S -~

M4Z (single- 2471.3* 2473.4 (sh) 24774

crystal)

Z orientation

out-of-plane T Z

M5 Et 2471.2 2473.4* 2477.0 2824.8* 2828.2
Et 28314




6%

Table 1. continued

Sample Name S K-Edge Cl K-edge
, | Feature A"  Feature A Feature B Feature A Feature B
V) V) (eV) V) V)
Polarized
Single-Crystal ‘_
at Cl K-Edge:
DCA gpowder) a 2825.0* 2830.5
dichloroanthracene OOO
a
DCAX (single- 2825.0* 28279
crystal) \ T 2831.3
X orientation,
in-plane, parallel to QQQ
cl-Cl
\ X
DCAY (single- 2825.0* - 28279
crystal) 2829.4
Y orientation, 2831.7

in-plane, perp. to
Cl-Cl




Table 1. continued o

Sample Name Structure . § K-Edge Cl K-edge
;  Feature A'  Feature A Feature B Feature A Feature B
V) (eV) V) -~ V) V)
DCAZ (single- 2824.6% - 28272
crystal) z | '- | 2830.4
Z orientation, g

out-of-plane Q@Q

[

019

*most intense feature.
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Table II. Energies of Transitions in S K-Edge Spectra of Thione- and Thiol-containing Ligands.

Compound | Structure Sample Feature A'  Feature A Feature B
i ‘name (eV) (eV) (eV)
3-carboxymethyl-4-methyl-4- S 'CMMTT 24713 24743 24762
thiazoline-2-thione ‘
)j\ -~ CH,CO,H
S N
*CH;

thiourea S THIOUR  2472.0 2473.2 2475.7 (sh)

I 2477.5"

H,NCNH,

tetramethylthiourea S TMTU 24714 2473.2 2474.7(sh)

I 2476.0*

(CH;),NCN(CH3),
ethylenethiourea S ETU 2472.0 24734 2475.1(sh)
/lk 2476.7
HN™ NH
\/
2-ethylmercaptotetrazole SH EMT 2472.5 2473.2" 2476.2
(wk. sh)
I‘J / }\I’ C2H 5




49

~ Table II. continued

Compound Structure Sample Feature A'  Feature A Feature B
. ‘name (eV) V) (eV) ’
2-phenylmercaptotetrazole SH PMT 2471.8 2473.6" 2476.3 (sh)
}\ 2478.2
v
N=N
2-acetamidophenylmercapto- APMT 2471.8 2473.5* 2475.9 (sh)
tetrazole )\ 2471.7
N” }‘1 @- NHCCH3
N=n
2-acetamidophenylmercapto- S Nat APMTNA 24722 2473.2" 2476.7
tetrazole sodium salt (wk. sh)
N7 N —QNHCCH3
\
N _.N
1,4,5-trimethyl-1,2,4- TRZ 2472.4 (sh)  2473.2" 24749

triazolium-3-thiolate

* most intense feature



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

out-of-plane polarized

Compound Sample Feature A Feature B
name (eV) (eV)

silver (I) 3-carboxymethyl-4-methyl-4- AGCMMTT 2473.7 2476.1
thiazoline-2-thione hydrate 2471.8 (sh)
tetrafluoroborate
silver (I) phenylmercaptotetrazole AGPMT 2473.3*
silver (I) bis(trimethyltriazolium- AGTRZ2 2473.3*
thiolate) tetrafluoroborate, polymer
gold (I) thiourea tetrafluoroborate AUTHIOUR 2473.3* 2475.0
gold (I) tetramethylthiourea AUTMTU 2473.3" 24749
tetrafluoroborate 2472.6 (sh)
gold (I) bis(trimethyltriazolium thiolate) AUTRZ2 2473.5* 2475.1
tetrafluoroborate

~ gold (I) bis(ethylenethiourea) chloride =~ AUETU2 2473.3* 2475.3
hydrate (powder) ]

- gold (I) bis(ethylenethiourea) chloride =~ AUETU2X  2473.9 2475.3*
hydrate (single-crystal)
in-plane polarized, along C-S
gold (I) bis(ethylenethiourea) chloride =~ AUETU2Y 2473.4* 2475.4
hydrate (single-crystal)
in-plané ;;oiarized, along Au-S
g01d> (I) bis(ethylenethiourea) chloride =~ AUETU2Z 2473.2* 2474.5
hydrate (single-crystal) 2475.6

* most intense feature



kA

Table IV. Single-Crystal Orientation Data.

Sam;ple Crystal Orientation ~ Angular Deviation from Crystal Percent Polarization? Space Reference
Vector Axes Group
a b c xb y zb
M4 X 90 0 950 68 31 1 P2y/c 15
l Y 38.9 90 60.4 31 69 <1
Z 125.7 90 26.5 <l <1 99
DCA X 90 90 13 © 74 26 0 P2y/a 17
Y 90 0 90 26 74 0
Z 0 90 103 0 0 100
AUETU2 X 139.8 98.8 53.5 76 24 <1 Pi 18
Y 52.7 129.9 39.5 22 78 <1
Z 75.7 138.3 104.1 <1 2 98
in-plane out-of-plane
C4 Z-parallel 86.6 79.2 28.1 0 100 Pi 16
Z-perpendicular 142.6 113.0 64.3 100 0

APpercent polarization based on cos20 rule for dipole-coupled transitions, where @ is the angle between the alignment vector and the individual molecular x, y and z

axes. PFor C4, x corresponds to the in-plane orientation and z corresponds to the out-of-plane orientation.
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Table S-I. Energies of Transitions in S K-Edge Spectra of Cyanine Dyes and Dye Intermediates.

Sample Name Structure Feature A (*) Feawre B
(eV) (eV)
cs S N/H - 24733 24752
E NS pn
N
|
CH,
C6 S i 2474.0 2476.1
@ CHCCH,
Et
C3 s 1 2474.0 2476.2
O CHCCH,
N
|
CT
c1 b 2473.8 2475.8
a O N S 11
-’NW
/
Et
C8 cl 2473.9 2476.0
E(' . .
/
Cl N S 1]
- 1N )\/\/
NP N\FA *N
/
C,H,CO,H
c2 a 24738 2475.8
Cl N S Cl
}-‘I/)WKN
/
CH,CO, 3
< S S 24735 2475.3
“ + W (ry . '
Ny
I
Et Et
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Table S-1. continued

Sample Name Structure - Feature A (*) Feature B
: eV) (eV)
C4 2473.8 2475.6
QS S@ [Br] 2476.4
| &’)\%N

v Q 2474.1 2476.1
2473.2 (sh)
24 /)\/k/k

C2H4OC2H4OH C,H,OC,H,0H
[BF,]

*most intense feature.
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Tablé S-II. Energies of Transitions in S K-Edge Spectra of Merocyanine Dyes and Dye Nuclei.

Sample Name Structure Feature A'  Feature A Feawre B
(eV) (eV) (eV)
M6 o i 2471.3* 2473.6 2475.6 (sh)
Et
NN 24773
< ;o
M7 2471.1* 2473.9 2476.2 (sh)
Bl A B 2478.1
j\/i P
8] 0
M3 j\ 2470.7 2473.4* 2475.4 (sh)
Et 4
S N/ 2478.0
;‘o
M4 S 2471.4 2473.8* 24775
o H ~ )l\ ~H
N7 N
;o‘
Ml cl 5 2470.5 2473.6* 2478.2
0 0 N 2471.9 (sh)
N
I N\
- Et 0 Et |
M2 E o B 2471.4 2473.7* 2477.3
a N 7
>=<\j\
(& I;I O S
Et
M5 E o B 2471.2 2473.4* 2477.0
a N e
1L %251
a NNy
Et Ph
M3 _Ph 24709 2474.0* 2476.6
2472.4 (sh)

*most intense feature.



Table S-III.  Energies of Transitions in C1 K-edge Spectra of Dyes and Dye Intermediates.

Sample Name Structure Feature A (*) Feature B
eV) V)

C7 ' Q @ 2825.0 2830.5

m\z+

C2 Q : 2825.0 2830.6

CH2C02

9 4.\ 2825.1 2831.5
’ + /)\)\/k

C2H4OC2H4OH C,H,0C,H,0H

[BF,]
Ml cl 2825.0 2831.0
Et
(o) /
L : 0 N
N N
\
B 0 Et
M5 E o 2824.8 2828.2

Cl Et
T
S ake
Et Ph
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Table S-III. continued

Sample Name Structure Feature A (*) Feature B
(eV) (eV)
M3 0 N _ph 2825.1
Cl WN
N By
I If S
Et Me
CL1 OH ‘(ﬁ CsHy;-t 28252 2830.0
a NHCCO 2831.9
|
Et
CH3 ) CSHll-t
Cl
CL2 OH (ﬁ CsHy;-t 2825.1 2829.3
c NHCCO 2832.1
|
Et
Et CsHyy-t
- Cl
DCA a 2825.0% 2830.5
dichloroanthracene
a

*most intense feature
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Figure S1. S K-edge spectra of the cyanine dye molecules presented in Table S-I.
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- Figure S2. S K-edge spectra of the merocyanine dye molecules presented in Table S-11.
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Figure S3. Cl K-edge spectra of the cyanine and merocyanine dye molecules presented in Table S-III.
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