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We demonstrate the use of high-sensitivity, off-normal transmission IR spectroscopy with s-polarized light to probe
the chemical identity and orientation of quaterphenyldithiol (QPDT) molecular assemblies on GaAs as a function of
ammonium hydroxide (NH4OH) concentration. NH4OH is added to the assembly solution to convert the thioacetyl
groups on the QPDT precursor to thiolates. When assembled at high NH4OH concentrations, the acetyl groups are
completely removed, and QPDT is disordered on GaAs. Assembly at low NH4OH concentrations, however, results
in QPDT assemblies that are preferentially upright. The molecular orientation is further quantified with near-edge
X-ray absorption fine structure spectroscopy.

Introduction

Organic thin films, especially conjugated molecular assemblies,
have attracted considerable attention as candidates for electrically
active components in nanoscale electronic devices. Indeed, this
field has seen significant progress; single-molecule nanojunc-
tions1, nanopores,2 and soft-contact3 nanoscale devices have been
demonstrated recently. Whereas the device front has seen major
advances, the organization of molecules, which is central to device
performance,4,5 remains poorly understood.

To elucidate the structure of molecular assemblies, high-
sensitivity spectroscopic techniques, such as Fourier transform
infrared (FTIR) spectroscopy,6 Raman spectroscopy,7,8 sum
frequency generation (SFG) spectroscopy,9,10and near-edge X-ray
absorption fine structure (NEXAFS) spectroscopy,11,12have been
used. For example, reflection-absorption infrared spectroscopy
(RAIRS) has been used to identify the chemical composition
and structure of molecular assemblies on metals.6,13,14Much of

the recent focus, however, has been on molecular assemblies on
semiconductors, such as thiols on GaAs,15-17or silanes on Si.18,19

Because semiconductors are transparent to IR, RAIRS often leads
to spectra with low signal-to-noise ratios, even when a heavily
doped semiconductor is used.20Attenuated total reflectance (ATR)
IR21,22and off-normal transmission IR17,19with p-polarized light
have been demonstrated for probing molecular assemblies on
semiconductors. The execution of these experiments, however,
is technically challenging. Specifically, ATR experiments are
frequently complicated by crystal surface contamination21 and
the need for precisely beveled semiconductor substrates to guide
light,22 whereas transmission IR with p-polarized light requires
complex spectral simulations for structural analysis.17

In this letter, we demonstrate the first use of off-normal
transmission IR with s-polarized light for probing the chemical
identity and the structure of quaterphenyldithiol (QPDT) adsorbed
on GaAs. NEXAFS provided additional quantification of the
ensemble-average molecular orientation. QPDT can be structur-
ally disordered or laterally organized on GaAs depending on the
assembly conditions. This transmission IR approach is applicable
to a wide range of conjugated adsorbates, includingn-phenyl,
n-phenyldimethyl23 and oligo(phenylene-ethynele)10 on semi-
conductors, because the IR dipole selection rules for these systems
are analogous.

Experimental Section
Monolayer Formation. The assembly of QPDT was carried out

according to previously published procedures.15 In brief, the acetyl-
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protected precursor of QPDT15 was first dissolved in a cosolvent of
ethanol and tetrahydrofuran (3:1 v/v) at 50µM. Ammonium
hydroxide, at either 10 or 160 mM, was then added to the solution
to convert the thioacetyl endgroups on the QPDT precursor to thiolates
before freshly etched GaAs substrates were submerged for assembly
an hour later. We shall refer to the two samples as QPDT-10 and
QPDT-160, respectively. Sample preparation took place in a nitrogen
glovebox (<0.1 ppm H2O,<0.1 ppm O2) over the course of 20-24
h. To etch GaAs, the substrates were soaked in concentrated
hydrochloric acid for 1 min, rinsed with deionized water, and dried
in a stream of nitrogen.

FTIR. Transmission IR data were acquired with 2 cm-1 resolution
for 1000 scans using a dry-air-purged Nicolet Magna-IR 860
spectrometer equipped with a liquid-nitrogen-cooled MCT detector.
s- and p-polarized light at angle of incidenceθ with repect to the
substrate normal were used. This was accomplished experimentally
by twisting the sample so that the substrate normal isθ away from
the incident irradiation. Undoped, double-side-polished (100) GaAs
wafers from AXT were used as substrates. For all transmission IR
studies, we used sulfur-passivated GaAs as the background. Sulfur-
passivated GaAs specimens were prepared by first etching the
substrates in concentrated hydrochloric acid for 1 min, rinsing in
deionized water, and then immediately immersing the etched
substrates in a solution of ammonium sulfide in water (20% v/v,
Aldrich) for 10 min.24 This procedure results in a stable overlayer
of sulfur that prevents surface oxidation and reduces hydrocarbon
adsorption.24The background-corrected spectra were smoothed using
conventional 12-point fast Fourier transform (FFT) smoothing25 in
Origin commercial software to remove periodic interference.6,19(See
Figure 1a,b for representative spectra before and after smoothing.)
A multipoint baseline correction was applied in GRAMS/AI
commercial software to all spectra. The transmission spectra are
reported in absorbance unitsA, whereA) -logR/R0, Ris the power
reflectivity of the IR beam, andR0 is the reflectivity of a reference
sample. A transmission IR spectrum of the powder of the acetyl-
protected precursor of QPDT dispersed in KBr (1:150 mg) was also
acquired for comparison.

NEXAFS. NEXAFS experiments were carried out on beamline
U7A at the National Synchrotron Light Source at Brookhaven
National Laboratories.26 A detailed description of the setup can be
found elsewhere.15 Carbon-edge NEXAFS spectra were collected
at angles of incidence ranging from 20 (grazing) to 75° (near-normal).
The angle-dependent NEXAFS data were analyzed according to the
building block (BB) model27,28 to quantify the ensemble-average
molecular orientation of the assemblies. Theπ* resonance at

285 eV, the most intense spectral feature, was used for quantitative
analysis of the molecular orientation.15

Results and Discussion
Figure 1a contains a background-corrected transmission IR

spectrum of QPDT-10 acquired at an IR angle of incidence of
θ ) 45° away from the substrate normal with s-polarized light.
The interference fringes that result from the back-reflection of
the double-side-polished GaAs wafer are periodic6 and therefore
can be easily removed by Fourier smoothing25 to yield the
spectrum in Figure 1b. The resulting spectrum is consistent with
that of the acetyl-protected precursor of QPDT dispersed in KBr,
shown in Figure 1c. Specifically, we observe resonances
associated with the phenyl backbone of QPDT, including the
in-plane (ip par; 1475 and 1001 cm-1) and out-of-plane (op; 807
cm-1) phenyl ring vibrational modes.13 The resonances at 1706
and 1353 cm-1 are associated with CdO and CH3-CO
vibrations13,29 of the acetyl protecting group, respectively (the
removal of acetyl groups is incomplete during assembly).15

Additionally, a weak ip perp13 ring vibration appears at 1398
cm-1. In addition to chemical identification, we are able to infer
the molecular orientation of QPDT with transmission IR. The
features that provide insight into the molecular orientation are
the strong ip ring vibration (1475 cm-1), with a dipole moment
along the molecular axis, and the strong op ring vibration (807
cm-1), with a dipole moment perpendicular to the molecular
axis and out of the phenyl ring plane. We used s-polarized, rather
than p-polarized, light for the examination of molecular orientation
because s-polarized light is selective for components of the dipole
moment that are parallel to the substrate. As a result, an
unambiguous selection rule for the phenyl backbone with respect
to the substrate can be defined. In contrast, p-polarized light is
selective for a mixture of dipole moments depending on the
angle of incidence of the irradiation; the determination of
orientation with transmission IR spectra obtained using p-
polarized light thus requires rigorous spectral simulations.17

The presence of a unique dipole selection rule in experiments
with s-polarized light is best illustrated in Figure 2a where a
molecular assembly with an azimuthally averaged backbone tilt,
F, away from the substrate normal can be represented by an
orientation cone. This orientation cone can be characterized by
a dipole moment coordinate system in which thezaxis is oriented
along the symmetry axis. The electric field vectors for s- and
p-polarized light are also illustrated in Figure 2a. For a QPDT
assembly on GaAs that is positioned with its substrate normal
parallel to the IR incidence (as sketched in Figure 2b), the ip
vibrations of QPDT (1475 and 1001 cm-1) are characterized by
dipole moments along thezaxis, whereas the op vibration (807
cm-1) is characterized by a dipole moment along thex or y axis.
For a specific vibrational mode to absorb energy, the dipole
moment of that particular bond must be collinear with the electric
field vector of the incident polarized light. The op vibration with
a dipole moment along they axis absorbs s-polarized light and
maintains a constant sampling cross section independent ofθ
(Figure 2b,c). For a given sample, the intensity of the op vibration
is thus constant. Accordingly, the ip intensity is also independent
of θ when the experiment is carried out with s-polarized light.
It follows that an examination of the op/ip ratio, which is
independent ofθ in experiments with s-polarized light, should
provide an indication of the orientation of the molecular assembly.
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Figure 1. Background-corrected transmission IR spectra of QPDT-
10 acquired atθ ) 45° with s-polarized light (a) before and (b) after
smoothing. (c) Transmission IR spectrum of the precursor of QPDT
dispersed in KBr. The major in-plane (ip), out-of-plane (op), and
acetyl (ac) vibrations are labeled. The directions of the vibrations
associated with the phenyl backbone are illustrated in the schematic
on the right.
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Experiments with p-polarized light, however, are dramatically
different. Whenθ ) 0° (Figure 2b), the op vibration with a
dipole moment along thex axis has the largest sampling cross
section forp-polarized light.Thissamplingcrosssection,however,
decreases as the specimen is twisted away from the IR incidence
(increasingθ). Whenθ f 90° (Figure 2c), the ip vibration with
a dipole moment along thezaxis has the largest sampling cross
section for p-polarized light. This sampling cross section in turn
decreases with decreasingθ. As a consequence, op/ip from
experiments with p-polarized light reflects not only the molecular
orientation but also changes in the sampling cross sections of the
two dipole moments. As such, the op/ip ratio varies with the IR
angle of incidence. Figure 3 contains transmission IR spectra of
QPDT-10 acquired with (a) s- and (b) p-polarized light atθ )
25°, 45°, and 65°. As expected, the op/ip ratio remains constant
with θ when s-polarized light is used. With p-polarized light,
however, the op/ip ratio varies dramatically withθ (Figure 3b).
Given the differences in the experimental setup, we are able to

infer the orientation of the molecular assembly directly from
data acquired with s-polarized light, whereas orientation analysis
with p-polarized light requires additional spectral simulations to
decouple theorientationcontribution fromchanges in thesampling
cross section in the signal.

Figure 4 contains background-corrected and baseline-corrected
IR spectra of QPDT-10 and QPDT-160 collected with s-polarized
light atθ ) 30°.30To examine the orientation of the two samples,
we employed an orientation ratio, or OR,

where (op/ip)assemblyand (op/ip)powderare the op/ip ratios for the
molecular assembly of QPDT on GaAs and the powder of the
QPDT precursor, respectively. OR thus effectively compares
the orientation of the molecular assembly on GaAs to that of the
isotropic powder of the QPDT precursor. Given the dipole
selection rules established for s-polarized light above, OR> 1
indicates that the molecular assembly is preferentially upright,
and OR< 1 indicates that the molecules within the molecular
assembly are “lying down”. Accordingly, OR∼1 indicates that
the molecular assembly does not exhibit any preferential
orientation. Comparing the two spectra in Figure 4 reveals
dramaticdifferencesbetweenQPDT-10andQPDT-160.Although
the resonance associated with the acetyl protecting groups at
1706 cm-1 is present in the QPDT-10 spectrum, it is completely
absent in the QPDT-160 spectrum, indicating that the thioacetyl
groups have been completely converted to thiolates in the presence
of 160 mM NH4OH. More importantly, we observe that the
relative intensities of op and ip ring vibrations are markedly
different in the two spectra. In Figure 4a, the op ring vibration
is significantly stronger than the ip ring vibration; the comparison
of the op/ip ratio to that of the isotropic QPDT powder indicates
an OR. 1. QPDT-10 is thus preferentially oriented upright. OR
for QPDT-160 in Figure 4b is∼1. This comparison suggests that
the orientation of QPDT-160 is not significantly different from
that of the isotropic powder of the QPDT precursor (Figure 1c)
and implies that QPDT-160 is disordered. That the structure of
QPDT on GaAs is highly dependent on the details of assembly
is not surprising. Previously, we reported a strong solvent
dependence of the assembly process15 where QPDT assembled
from an ethanol-rich solution is preferentially upright with a
backbone tilt,F, of 28° from the substrate normal and QPDT
assembled from tetrahydrofuran, a solvent commonly used for
assembling conjugated molecules on gold13,23and GaAs,31,32 is
disordered.

(30) We empirically foundθ ) 30° to be the optimal angle for these experiments
because the exact position of the specimen depends on a balance between increasing
interference at lowerθ and decreasing substrate transmissivity at higherθ.

Figure 2. (a) Schematic of the transmission IR setup with the
substrate twistedθ relative to the IR incidence. The orientation cone
of a molecule tiltedF away from the substrate normal with its
corresponding dipole coordinate system is included. (b) Experimental
setup atθ ) 0°. (c) Experimental setup asθ f 90°.

Figure 3. Transmission IR spectra of QPDT-10 acquired at various
angles of incidence using (a) s- and (b) p-polarized light.

Figure 4. Transmission IR spectra of (a) QPDT-10 and (b) QPDT-
160. The spectra were collected using s-polarized light atθ ) 30°.

OR )
(op/ip)assembly

(op/ip)powder

(1)
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To quantify the ensemble-average molecular orientation of
QPDT-10 and QPDT-160 further, we carried out NEXAFS
experiments on beamline U7A at the National Synchrotron Light
Source at Brookhaven National Laboratories. The pre- and post-
edge normalized spectra obtained at the C edge for QPDT-10
and QPDT-160 as a function of the X-ray angle of incidence are
shown in Figure 5. The spectral features are identified in Figure
5a; we observe that theπ* resonance at 285 eV grows while the
σ* resonances (at 293 and 303 eV) diminish with increasing

X-ray angles of incidence. This phenomenon, commonly known
as dichroism, indicates that QPDT-10 is preferentially ori-
ented.12,15The NEXAFS spectra for QPDT-160 at varying angles
of incidence are shown in Figure 5b. The spectra show very little
angular dependence and, consistent with the IR results presented
in Figure 4b, suggest a disordered molecular assembly. To
quantify the ensemble-average molecular tilt of QPDT-10, we
plotted the integratedπ* intensity as a function of the angle of
incidence in Figure 5c. Fitting the data in Figure 5c to the BB
model27,28yields an average backbone tilt ofF ) 27 ( 3° from
the substrate normal.

Conclusions
The development of high-sensitivity transmission IR has

providedusa routine, in-housemeansof characterizingconjugated
molecular assemblies on GaAs. In addition to chemical iden-
tification, transmission IR with s-polarized light provided insight
into the molecular orientation. The quality of the final assembly
is sensitive not only to the assembly solvent15 but also to the
amount of ammonium hydroxide added to convert the thioacetyl
end groups to thiolates. Because the organization of molecules
can dramatically impact charge transport,4,5,33 the ability to
elucidate the molecular structure prior to nanoscale device
fabrication and characterization is crucial. The transmission IR
experiments described above provide a straightforward and
convenient means of doing so.
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Figure 5. C 1s pre- and post-edge normalized NEXAFS spectra of
(a) QPDT-10 and (b) QPDT-160 as a function of the X-ray angle
of incidence. (c) Integratedπ* intensities as a function of the angle
of incidence for QPDT-10 and the corresponding theoretical fits to
obtain the average molecular tilt,F, away from the substrate normal.
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