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A novel multisulfur heterocyclic compound with alkyl chains, C3S5(C18H37)2 (4,5-bis(octadecylthio)-1,3-dithiole-
2-thione), has been synthesized and fabricated into Langmuir-Blodgett (LB) films. The structure of this
film on SiO2 slides has been studied using X-ray photoelectron spectroscopy (XPS) and IR and UV transmission
linear dichroism (LD) measurements. From the isotherm, it is known that the Langmuir film at the air-
water interface is a bilayer. Angle-resolved XPS of films transferred to SiO2 show that the alkyl chains of
the molecule form the topmost layer of the film, with the C3S5 ring underneath the alkyl layer. Electronic
structure calculations indicate that the transition moment associated with the observed UV band lies coincident
with theC2 axis of the C3S5 ring group. In order to properly interpret the polarized absorption data, a simple
model addressing the local field effect in LD measurements was developed. Incorporating measured
information on the polarizability of the chromophore, UV and IR LD measurements showed the ring plane
and the chains to be stacked at 69° and 20°, respectively, relative to the surface normal. These data coupled
with the XPS results permitted a structural model to be constructed which accounts for the multilayer structure
of the transferred film.

I. Introduction

In recent years, with the development of the self-assembly
(SA) and Langmuir-Blodgett (LB) techniques, organic mol-
ecules with unique properties have been incorporated into thin
solid films with ordered structures.1,2 Research in this area is
motivated by a number of possible applications, e.g., the
fabrication of nanometer scale molecular electronic devices.
Among film-forming organic molecules, sulfur-containing com-
pounds have received special interest, because the large van
der Waals radius of sulfur promotes intermolecular electronic
interactions. In addition to the vast literature on organic thiols,3

multisulfur heterocycle compounds have long been of interest,4

beginning with the discovery of low-dimensional electronic
conductors containing tetrathiafulvalene (TTF).5 Interest in this
area of chemistry led to the development of a new generation
of sulfur heterocycles derived from the reduction of carbon
disulfide.6 Of particular importance is the anion C3S52-, the
isolation of which was greatly simplified by Hoyer and
co-workers.7 The significance of C3S52- is twofold: first, it
can be easily functionalized through alkylation reactions, and
second, the resulting dialkylated heterocycles can be converted
into TTF analogs and related molecular electronic materials.
Transition metals coordinated by C3S52- ligands have been
shown to exhibit metal-like electronic or magnetic properties.8

The novel electronic properties in these multisulfur hetero-
cycles make them an ideal subject for thin solid film research.
Indeed, it has been reported that unsaturated carbon-sulfur ring
compounds such as TTF derivatives and M(C3S5)22- (M ) Au,
Cu, Zn, etc.) have been incorporated into LB films, although
they require fatty acids to enhance their mechanical properties.
These films become highly conducting upon oxidation.9

Structures of LB films containing multisulfur heterocycles
have not been reported to date. In this study, a new compound,

C3S5(C18H37)2 (4,5-bis(octadecylthio)-1,3-dithiole-2-thione,I ),

has been synthesized and its LB film-forming properties studied.
The structure of this molecule as an adlayer on fused quartz
has been investigated by transmission linear dichroism (LD),
surface infrared spectroscopy, and X-ray photoelectron spec-
troscopy (XPS). Understanding of the electronic structure and
interpretation of the LD results has been aided by the Hu¨ckel
MO10 and the semiempirical Pariser-Parr-Pople (PPP) calcula-
tions.11 Proper interpretation of data from these different
structural probes requires that the strongly interacting nature
of the C3S5 moieties be taken into account, particularly in the
LD measurements. Thus, a subtheme of these investigations
involves proper accounting for the local fields in the film during
LD measurements. By considering the film as a dielectric
medium and taking the local field effect into account properly,
the effective refractive index of the film and consequently the
orientation angle of a dipole can be obtained, thus enabling a
detailed structural model for these C3S5-containing films to be
constructed.

II. Experimental Section

2.1. Synthesis of C3S5(C18H37)2 (I). Samples of C3S5-
(C18H37)2 were synthesized by the reaction of (Bu4N)2[Zn-
(C3S5)2] with C18H37Br in tetrahydrofuran. After the insoluble
solids were removed, the compound precipitated from the
resulting solution while stored in a freezer overnight. The yield
was 31.5%. It can also be isolated through other routes, such
as alkaline cleavage of C3S5(COPh)2 and subsequent reaction
with C18H37Br. (Bu4N)2[Zn(C3S5)2] was synthesized previ-
ously.12 C18H37Br and the solvents were purchased from Aldrich
and used without further purification. The product is obtained
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as golden-yellow, air-stable crystalline needles and has been
fully characterized by elemental analysis, FD-MS, UV-vis,
FTIR, and1H-NMR spectroscopies.
2.2. LB Film Preparation. All the LB film samples were

prepared on a KSV 5000 trough. A 1 mM solution ofI was
prepared in CHCl3 (Baxter) and spread onto a deionized (DI)
water subphase (Millipore, Model Milli-Q UV plus,F ) 18.2
MΩ‚cm). The substrate had been pretreated by dipping three
times in concentrated sulfuric acid at 150°C and rinsing in DI
water, followed by immersion in 4:1 (v/v) NH4OH/H2O2,
rinsing, and drying under flowing N2. The initial spreading
density on the Langmuir trough was kept above 54 Å2/molecule.
The CHCl3 was allowed to evaporate for 10 min before
compression. The compression rates were typically 10 mm/
min, limited by a maximum surface pressure change of 1 mN/
(m‚min). The film was stable at surface pressuresπ e 38 mN/
m. Films were transferred to 25× 50 × 1 mm fused quartz
slides (Quartz Scientific) atπ ) 20 mN/m with a dipping rate
of 15 mm/min. Under these conditions typical transfer ratios
(τ) were 2.10( 0.05. However, the transfer ratio was found
to depend strongly on the transfer conditions with values 1.4e
τ e 3.5 being obtainable. The temperature was maintained at
18 ( 1 °C for all trough work.
2.3. UV and IR Measurements. UV measurements were

carried out using a computer interfaced double-beam spectrom-
eter (Varian, Cary-3). The spectra were recorded from 300 to
500 nm with a spectrometer resolution of 3 nm and a data
interval of 1.5 nm. Fifty scans were averaged for each spectrum
in order to achieve an adequate signal-to-noise ratio (peak-to-
peak noise) 2× 10-4 absorbance unit). The data acquisition
time for each spectrum was 4 min. In LD measurements, a
Glan-Taylor polarization prism (Melles-Griot) was used to
obtain s- and p-polarized radiation.
Infrared spectra were obtained with a Bio-Rad FTS-60A

spectrometer controlled by a Bio-Rad SPC 3200 data station.
A HgxCd1-xTe detector was used. Each spectrum was collected
from 2700 to 3100 cm-1 by averaging 256 scans with a
resolution of 4 cm-1. The polarizer used was ZnSe (NSG
Precision Cell) with a useful wavelength range of 500-20 000
cm-1.
In the LD measurements, the sample was placed at the beam

waist of the incident radiation with the film facing the radiation.
The angle of incidence was measured against the surface normal
and varied from 0° to 80° (for IR) or 84° (for UV-vis).
Maximum angles near grazing incidence were limited by the
divergences of the respective beams.
2.4. X-ray Photoelectron Spectroscopy Measurements.

XPS spectra were obtained from a Perkin-Elmer ESCA system
(PHI-5400). The excitation source was Mg KR radiation
(1253.6 eV). Photoelectrons were collected by a hemispherical
analyzer. (Pass energy was 178.95 and 35.75 eV for survey
and multiplex measurements, respectively.) Each spectrum was
obtained by averaging several scans at a data interval of 0.05
eV. The acquisition time for each data point in a single scan
was 0.1 s. In the angle-resolved measurements, the sample
surface was rotated to obtain collection angles of 0° and 75°
with respect to the surface normal. The samples were prepared
immediately prior to XPS measurements.
2.5. Molecular Electronic Structure Calculation. Both

the HMO and the PPP methods were used to calculate the
electronic structure of the C3S5 ring. The PPP MO calculation
was carried out with limited configuration interaction (CI)
treatment, using bond lengths and angles determined by X-ray
crystallographic analysis of the C3S5 ring.13 The two-center
repulsion integrals were computed by the Mataga-Nishimito

method.14 Carbon and sulfur parametrization was selected
according to literature descriptions.15 Parameters used in the
HMO calculation were the same as IP andâxy parameters in
the PPP calculation.

III. Results and Discussion

3.1. Film Formation. The pressure-area (π-A) isotherm
of C3S5(C18H37)2, I (Figure 1), gives an extrapolated mean
molecular area,A ) 22.4 ( 0.2 Å2. This value may be
compared to that for stearic acid,ca. 18 Å2/molecule. However,
I contains two C18 chains per molecule, and simple molecular
mechanics (MM2) calculations predict a limiting mean molec-
ular area,A) 47 Å2/molecule, for monolayer coverage. Since
the packing of this molecule is expected to be limited by the
alkyl chains, not the small carbon-sulfur ring, this observation
suggests that the film on the trough is not a monolayer. The
highly lipophilic species,I , is quite water-insoluble, mitigating
against dissolution as an explanation for the anomalous limiting
value ofA. Low values ofA can arise in the case of aggregated
structures, such as micelles and vesicles. However, if this were
the case, the ratio of limitingA to that expected for a monolayer
would not be expected to have any particular value, whereas
the observed ratio is very close to 2.0. Additionally, the transfer
ratio was found to be variable in the range 1.4e τ e 3.5 and
to depend strongly on the transfer conditions. For all of these
reasons, the most likely explanation for the anomalous value
of A is the formation of a bilayer ofI at the air-water interface.
In other respects, films ofI at the air-water interface are
relatively well-behaved. For example, the film is stable until
π g 38 mN/m.
Figure 1 inset shows the UV absorption spectrum of the film

on SiO2. The position and line shape of the 384 nm band are
almost the same as those obtained for CHCl3 or dioxane
solutions ofI . X-ray crystallographic analysis of C3S5 deriva-
tives indicates that the ring adopts aC2V symmetry.13 The HMO
calculation of the electronic structure of the C3S5 ring gives
eight energy levels:-14.27,-12.71,-11.03,-10.00,-9.86,
-9.4,-8.06, and-7.92 eV. Figure 2 is a pictorial description
of the calculated HMO results. The allowed transitions (with
oscillator strengthf larger than 0) were found to beπ2 f π-2
(f ) 0.19),π2 f π-3 (f ) 0.12), andπ2 f π-5 (f ) 0.02). The
former two transitions correspond to wavelengths at 435 and
375 nm, respectively. The symmetries of these transitions
indicate that the transition dipole moments are along theC2 axis
of the ring. Since these two transitions are close in energy and

Figure 1. Langmuir isotherm of C3S5(C18H37)2. The linear portion of
the isotherm yields an extrapolated mean molecular area,A ) 22.4(
0.2 Å2. The inset shows the electronic absorption spectrum of the LB
film of C3S5(C18H37)2 on SiO2.
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have the same symmetry, they will interact with each other,
resulting in the enhancement of one transition and the diminution
of the other; however, the symmetry of the transition will be
conserved. Unfortunately, the HMO calculation cannot take
configuration interaction into account. PPP calculations with
CI treatment predict that the principal absorption band occurs
at 372 nm (f ) 0.67), which is in excellent agreement with the
observed 384 nm band. Considering all these observations, it
is clear that the allowed transition is oriented along theC2 axis
of the C3S5 subunit ofI .
Further evidence for ordering comes from the transmission

geometry infrared absorption spectrum in the C-H stretching
region of a transferred film ofI on fused quartz (Figure 3).
The spectrum exhibits intense bands at 2849 and 2918 cm-1,
assigned to symmetric,νs, and asymmetric,νas, CH2 stretching
vibrations, respectively. The position and the relatively low
value of the full width at half-height (fwhh) of theνas(CH2)
band, 13 cm-1, indicate that the film is well-ordered, due to
the well-known correlation of band position and line width with
gauche defect density.16 In addition, the signal magnitudes in
the IR spectra support the multilayer hypothesis. Although
orientation of the C-H dynamic dipole relative to the electric
vector polarization direction certainly has an effect on signal
strength, in these experiments, it is clear that films ofI exhibit
signal strengthsg4 larger than those observed in monoalyer

samples, e.g., of stearic acid transferred to SiO2. While, in the
absence of detailed structure information, this comparison can
only be qualitative, it does support the model in which
multilayers ofI are transferred during LB deposition.
3.2. Linear Dichroism Measurements.LD measurements

have been widely employed to determine average orientations
of chromophores using UV-vis absorption,17 infrared absorp-
tion,18 and fluorescence emission.19 Most prevalently, absorp-
tion measurements are used to obtain the dichroic ratio,F.
Knowledge of a chromophore’s transition dipole moment with
respect to the molecular geometry then allows the orientation
of the chromophore to be determined with respect to the surface
normal.
Here we discuss the relationship between the dichroic ratio,

F, and the orientation,θ, of a linear transition dipole in
absorption spectroscopies. Because the transmission geometry
is of interest, we assume that the substrate has no absorption
and thatε is real, which is true for the fused quartz substrates
used in these experiments. We also assume that the interfaces
between the film, the slide, and the air are perfectly smooth
and that the film is uniaxial. The dichroic ratio,F, is defined
as the ratio between the absorbances for transverse electric (TE)
and transverse magnetic (TM) polarized radiation. It has been
shown thatF can be decomposed20,21 according to

whereR is the angle of incidence andθ is the ensemble average
orientation of the transition dipole moment relative to the surface
normal, as shown in the inset of Figure 4.∫An dν is the

Figure 2. Calculated Hu¨ckel MO diagram for the C3S5 ring.

Figure 3. FTIR absorption spectrum in the C-H stretching region of
the LB film of C3S5(C18H37)2 on SiO2.

Figure 4. Change ofF′′ as a function of the angle of incidenceR for
the UV transition of C3S5(C18H37)2 at 384 nm, (b), and after fitting to
theF′′ ∼ F′′(â) relationship (O). The effective angle of incidence,â,
is obtained from Snell’s law withneff ) 1.025. The solid line is the
1/cosR curve. The inset is a schematic of the transmission geometry
in which LD experiments for uniaxially oriented samples are imple-
mented. The excitation beam is incident at an angleR, andâ is the
effective angle of incidence. Dielectric constantsε andε0 refer to the
LB film and SiO2, respectively. The dipole has a population orientation
distribution centered atθ. All angles are relative to the surface normal.

F′′ )
∫As dν

∫An dν
) (cosR)-1 (1)

F′ )
∫An dν

∫Ap dν
) cosR
(cos2 R) + 2(sin2 R)(cot2 θ)

(2)

F )
∫As dν

∫Ap dν
) 1

(cos2 R) + 2(sin2 R)(cot2 θ)
) F′F′′ (3)
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integrated band absorbance when the film surface is perpen-
dicular to the propagation direction of the excitation beam.22

∫As dν and∫Ap dν are the integrated band absorbances when
the surface is rotated to different angles relative to the beam
direction for s- and p-polarized radiation, respectively.
From eq 1, it is clear thatF′′ is independent of transmission

dipole orientation and cannot alone be used to determineθ. It
is, however, commonly observed that experimental measure-
ments ofF′′ deviate from the simple 1/cosR relation, especially
at grazing angles of incidence.21 To understand the origin of
this discrepancy, we consider the local field induced by dipole-
dipole interactions of neighboring molecules. Calculation of
the true local field with quantitative accuracy is a daunting task,
since it requires detailed structural knowledge, which is almost
never known. However, its effect can be handled readily by
introducing theansatzof an effective incident angle,â, which
can be fit from experimental data forF′′, effectively modeling
the phenomenon as a change in the angle between the propaga-
tion direction of the incident light and the dipole moment. The
external angle of incidence,R, is thus altered to the effective
angle of incidence,â.
If the thickness of a film is larger than the wavelength of the

incident light, the refractive index of the film and Snell’s law
can be used to obtainâ directly. However, for films whose
thickness is smaller thanλ, Snell’s law loses its physical
interpretation in terms of the direction of propagation of wave
fronts. To extend the analysis to monolayer films, we start by
assuming a uniform film has an effective refractive indexneff.
By choosing differentneff values, theF′′ data is fit to the 1/cos
â curve through the simplified relation sinR ) neff sinâ. Since
the film thickness is less thanλ, its refractive index,neff, is not
that of the bulk material, but rather depends strongly on the
detailed structure and packing in the film. This revised angle
of incidence,â, is then substituted forR in eq 2 to calculateθ.
In this approach it is assumed thatneff remains the same for s-
and p-polarized radiation. This analysis is analogous to the
approach to effective LD measurements used, for example, by
Yoneyama and co-workers.23

The geometry of C3S5(C18H37)2 on fused quartz substrates
can be determined by measuring the orientation centroids of
the ring plane and the alkyl chains, which is achieved by LD
measurements in the UV and IR, respectively. Figure 4 shows
theF′′ ratio of the UV transition dipole at 384 nm at different
incident angles. It is obvious that the experimental results do
not follow the 1/cosR curve. After fitting,neff is found to be
1.025. In Figure 5,F′ is plotted for various values ofθ using
â as the angle of incidence.θ is found to be 69( 4°. Since
the direction of the UV transition dipole at 384 nm is along the
C2 axis of the C3S5 ring, we conclude that theC2 axis of the
ring is at 69( 4° relative to the surface normal.
A similar analysis was used to interpret the angle-dependent

transmission infrared spectra of this LB film for s- and
p-polarization. F′′ andF′ were measured for bothνs(CH2) and
νas(CH2) vibrational bands. Again, the effective angle of
incidence was obtained by fittingF′′ to 1/cosâ using Snell’s
law. The effective refractive index of this film was found to
beneff ) 1.06. Note that, for different transitions in different
spectral regions, the effective refractive indices would not
necessarily be expected to be the same. In addition, the value
of neff determined from infrared measrements is larger than that
from UV measurements, consistent with qualitative expectations
based on nuclear contributions to the polarizability in the
infrared. The two vibrational bands were found to have identical
F′′ values at all angles of incidence, indicating that the two
transitions are affected similarly by local field effects. Again

this is in qualitative agreement with expectations, since the
transition dipoles forνs(CH2) andνas(CH2) are coplanar. By
fitting theF′ data to the calculated curves for different orientation
angles, the orientation angles for symmetric and asymmetric
vibrations of the CH2 group were found to be 73( 2° and 79
( 2°, respectively, as shown in Figure 6.
The directions of the two CH2 vibrational modes and the chain

axis are mutually orthogonal. This coupled with the highly
ordered nature of the films, as deduced from theνs(CH2) and
νas(CH2) band positions and line widths, means that their
orientations relative to the surface normal are given by the
following relation:24

Thus, the long axes of the chains are found to orient at an angle
of 20 ( 3° relative to the surface normal. Information about
the tilt of the C18 chains can be combined with the UV
determination of the ringC2 axis orientation to eliminate a large
number of possible molecular geometries. Although the data
presented cannot unequivocally define the molecular geometry,
both IR and UV-vis LD measurements are consistent with a
packing in which the C3S5 ring is nearly parallel to the surface
and the C18 chains angle up sharply from the ring plane (vide
infra).
3.3. Angle-Resolved XPS Study of the Film Structure.

Remembering that the film ofI at the air-water interface

Figure 5. F′ as a function of the effective angle of incidenceâ for the
UV transition of C3S5(C18H37)2 molecules at 384 nm. The solid lines
are the calculated dependence ofF′ on the angle of incidence for
different orientation angles.

Figure 6. F′ as a function ofâ for the symmetric (4) and asymmetric
(O) vibrational modes of CH2 groups of C3S5(C18H37)2 molecules. The
solid lines are the calculated dependence ofF′ on the angle of incidence
for different orientation angles.

cos2 θchain+ cos2 θsym+ cos2 θasym) 1 (4)
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appeared to be a bilayer and that the transfer ratio of this film
is variable, it is necessary to consider the possible structures
which can account for a multibilayer film after transfer. Within
the one-bilayer structure several configurations relative to the
polar axis, i.e., surface normal, are possible: (a) head-to-head,
(b) tail-to-tail, (c) head-to-tail, with tail on the top, and (d) tail-
to-head, with head on the top, where head refers to the carbon-
sulfur ring and tail to the alkyl chain. Angle-resolved XPS
measurements were used to examine the relative ordering of
those groups relative to the surface.
Figure 7 shows the XPS survey spectra of the LB film on a

fused quartz slide at 0° and 75° collection angles relative to the
surface normal. Due to fluctuations in the X-ray radiation
source, changes in the sample position relative to the entrance
window of the electron energy analyzer, and the angular
distribution of the photoelectrons emitted from the surface, it
was necessary to use an internal reference to normalize the
photoelectron signal of each surface species. In this measure-
ment, the Si2p transition at 107 eV, arising from the SiO2
substrate, was used as the internal standard. The ratios between
the total integrated band intensities of S2p and Si2p and that of
C1swere then used to assess the effect of changing the collection
angle. Several features are immediately obvious from a
qualitative inspection of the angle-resolved XPS spectra. First,
both the O1s and Si2p signals are greatly diminished on going
from 0° to 75° collection. Since moleculeI contains neither Si
nor O, these signals can come only from the substrate, and their
diminution on going to grazing angle collection is consistent
with the SiO2 substrate being located at a significant depth below
the sample surface. In addition, the C1s signal is enhanced
relative to the other peaks on going to 75° collection, while the
S2p signal is diminished. Referring to Table 1, theI(S2p)/I(Si2p)
ratio increases by a factor of ca. 2 on going from 0° to 75°,
while the I(C1s)/I(Si2p) ratio increases by almost a factor of 4.
These intensity ratios indicate that the S mass centroid lies above
the substrate surface, but below that for the C centroid. In
particular, they appear to rule out structures in which the carbon
sulfide ring is topmost in the structure, i.e., the tail-to-tail and
head on top structures enumerated above. For an isotropic layer
a change in the collection angle only affects the probing depth,
without affecting the detection probabilities for different surface

species. Thus, an increase in the ratio ofI(C1s)/I(S2p) as the
collection angle changes from 0° to 75° is consistent with the
structure in which the long alkyl chains are on the top of the
film with the C3S5 rings laying underneath this alkyl layer.
Since XPS data indicate that the top layer of the film has a

chain-up-ring-down structure, there are two possible models
for the molecules in the second molecular layer of the film:
(a) the chains are up and rings are down, or (b) the chains are
down and rings are up. We propose that the second model is
much more likely. The head-to-head structure allows for
favorableπ-stacking interactions among the head groups, which
have been previously observed for related molecules in the solid
state.5 In addition, if the tail-to-head configuration were
adopted, it is difficult to understand the propensity for bilayer
formation as the structural motif at the air-water interface. On
the other hand, a head-to-head configuration leads to bilayer
formation in a natural way. The proposed structure of one
bilayer is given in Figure 8, which depicts the known structural
elements of these films and identifies theπ-stacking interaction
of the heterocycle head groups and van der Waals interactions
among the C18 tails as the key interactions in driving the
formation of the bilayer structure. The orientation of the C3S5
ring plane is assumed to be the same as the orientation of the
C2 axis of this heterocycle, though other possibilities cannot be
ruled out. This structure model also permits the strong
dependence of transfer ratio on deposition conditions to be
understood. The head-to-head model given in Figure 8 would
lead to relatively weak interactions among bilayer segments,
thereby facilitating multibilayer formation during deposition.
Such multibilayer formation is undoubtedly heterogeneous in
the plane, giving rise to a macroscopically averaged transfer
ratio which reflects that heterogeneity.
3.4. The Local-Field Effect. The role of the local-field

effect has been studied in areas such as the coverage dependence
of the adsorbate vibrational frequency,25 surface-enhanced
Raman spectroscopy,26 differential reflectance spectroscopy,27

and ellipsometry.28 Here we provide a simple model to relate
the local-field effect to fitted parameters from linear dichroism
measurements and thus provide some physical interpretation of
the effective angle,â. We assume that the molecules are
identical and are confined to the first monolayer of a two-
dimensional lattice. The lattice constant,a, is much smaller
than the wavelength of incident light. We also assume that the
film is uniform, and the surface coverageΓ ) 1. A uniform
applied external fieldE0, E0 ≡ (E0‚x̂ + E0‚ẑ)eiω0t, which is the
sum of the incident and reflected radiation, is present at the
interface. The molecular electronic polarizability tensor [r] of
an adsorbed molecule is diagonal in the coordinate system of
the substrate surface, with componentsR| andR⊥. The dipole

Figure 7. Angle resolved XPS survey spectra of C3S5(C18H37)2 LB
film on SiO2 substrate. Angles are referenced to the surface normal.

TABLE 1: XPS Intensity Ratios

I(C1s)/I(Si2p) I(S2p)/I(Si2p)

0° 3.3 0.7
75° 12.5 1.4

Figure 8. Proposed structure of the LB film of C3S5(C18H37)2 molecules
on SiO2: (a) schematic diagram of the C18 alkyl tails and the C3S5 ring
plane relative to the surface normal; (b) possible stacking arrangement
of C3S5(C18H37)2 molecules consistent with spectroscopic data.
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moment of the molecule induced byE0 is

whereê is the angle of incidence. If the molecules are small
compared to their average spacing, then they can be treated as
point dipoles. A molecule at ther i site of the lattice will be
affected by the local microscopic fieldEloc(r i), which is the sum
of the external field and the induced fields of other dipoles:

whereP(r j) is the dipole moment of the molecule at lattice site
r j and is given by

Since the substrate used is SiO2, the substrate contribution
to the local field is negligible.29 After standard Fourier
transform and lattice summing, taking the long-wavelength limit,
the averaged microscopic local field is obtained:30

where the field correction factors are

whereA is the two-dimensional lattice sum.
For a uniaxially anisotropic layer on an isotropic substrate,

the spatial average of eq 6 and the continuity of molecular
displacement give the two components of the effective high-
frequency dielectric tensor of the film:31

whereε2 is the dielectric constant of the substrate,n| andn⊥
are the parallel and perpendicular components of the effective
refractive index of the film,d is the thickness of the film, and
1/a2d is molecular number density.
Now the expression for the effective refractive index of the

thin film is correlated with the experimental data obtained from
fitting of experimental values ofF′′. From eqs 9a and 10a one
gets

In order to use this analysis to characterize local field effects,
it is first necessary to calculate the effective polarizabilities
associated with each transition. In the analysis we assume that
n| ) neff, since neff is obtained from a normal incidence
measurement in which the electric vector is entirely in-plane
relative to the surface. For the electronic transition at 384 nm
the pertinent part of the molecule is the C3S5 ring. The lattice

constant is set from MM2 calculations to bea) 6.9 Å, and the
thickness of the ring plane is determined from molecular
modeling to bed ≈ 2 Å. Thus, the experimentally measured
neff ) 1.025 produces an effective polarizability ofR| ) 0.38
Å3. Using this value ofR| in eq 9a produces a local field which
is perturbed from the incident value by a factor 1.005. This
minor perturbation is entirely consistent with the fact thatneff
is so close to the refractive index of the superstrate. For the
infrared C-H stretching transitions, the pertinent part of the
molecule is comprised of two long C18 chains. From the
literature for the octadecyl group,a ) 4.2 Å andd ) 19 Å.
Sinceneff ) 1.06, a polarizability ofR| ) 2.8 Å3 is obtained.
Again, using this value ofR| in eq 9a produces a local field
which is perturbed from the incident value by a factor 1.205.
This larger perturbation of the incident field at infrared
frequencies is consistent with the inclusion of nuclear contribu-
tions to the polarizability, which become accessible at these
frequencies.

IV. Conclusions

The structure of the LB film of C3S5(C18H37)2 on fused quartz
slides has been studied using XPS, transmission UV, and IR
absorption spectroscopy, and a detailed structural model is
proposed based on these data. The LB isotherm ofI indicates
it forms a well-defined bilayer on the H2O subphase. Transfer
of the bilayers to SiO2 results in multilayer formation, where
the number of layers transferred is a strong function of the
transfer conditions. Angle-resolved XPS data show that the
molecules in the top layer of the film have a structure with the
alkyl chains on top and the carbon-sulfur heterocycles in the
interior. HMO and PPP calculations of the electronic structure
of the C3S5 subunit indicate that the transition dipole for the
transition at 384 nm is coincident with theC2 axis of this head
group. In the transmission LD measurements, the local-field
effect plays an important role in the measurement of the
orientation of both electronic and vibrational dipoles. The
effective refractive index of a chromophore in a thin solid film
is obtainable by fitting s-polarized absorption data to Snell’s
law. The effective angle of incidence thus obtained is employed
to calculate the orientation of the dipole, resulting in a more
accurate calculation of orientation than would be obtained
otherwise. The orientation of the ring plane and the alkyl chains
relative to the surface normal have thus been measured to be
ca. 69° and 20°, respectively. The proposed bilayer structure
favors a head-to-head configuration, considering theπ-stacking
interactions among the C3S5 groups. Potential applications of
this multisulfur heterocycle compound as thin solid films in areas
such as molecular electronics and corrosion inhibition of metal
surfaces will be subjects of further investigation.
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