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The assembly of terphenyldithiol (TPDT) and quaterphenyldithiol (QPDT) on gold and gallium arsenide
from ethanol (EtOH), tetrahydrofuran (THF), and solutions consisting of both solvents has been characterized
by near-edge X-ray absorption fine structure spectroscopy. The surface coverage and the average orientation
of both TPDT and QPDT on gold are solvent-independent. These molecules readily form monolayers on
gold with an ensemble-average backbone tilt of 30° & 3° from the substrate normal. In sharp contrast, the
assembly of TPDT and QPDT on gallium arsenide is extremely solvent-sensitive. At high ethanol fractions,
both molecules form monolayers with an ensemble-average orientation that is indistinguishable from
those on gold substrates. At low ethanol fractions and in pure THF, however, these molecules are disordered

on gallium arsenide and the surface coverage is poor.

Introduction

The promise of nanoscale electronics'—in which indi-
vidual molecules comprise the electrically active compo-
nents—has instigated tremendous interest in molecular
self-assembly. To date, a gamut of device assemblies have
been demonstrated; these range from single-molecule
nanojunctions?™* and nanopore devices®® to soft-contact
devices”® where mercury, instead of a metallic solid, is
used to electrically contact the organic molecules. While
negative differential resistance,’ '? rectification, 1415 and
other interesting electrical characteristics have been
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observed in devices that use complex organic molecules,
such as rotaxanes,'%"1® many studies in this field remain
focused on the nature of the electrical contact established
between the metal electrode and the organic molecules.9-2!
As such, these studies have predominantly focused on
simple straight-chain alkane systems that do not actually
exhibit any interesting electrical behavior.

The organization of these molecules affects the way in
which electrical contact is established between the metal
electrode and the organic molecules. To this end, extensive
structural characterization on alkylthiol self-assembled
monolayers (SAMs) on coinage metal and semiconductor
surfaces have been reported. These molecules, provided
they are of sufficient length (generally more than 12
methylene units),?>~24 tend to spontaneously assemble on
gold,? 28 silver,26:2829 and gallium arsenide?426:3031 surfaces
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Scheme 1. Synthesis of Acetyl-Protected Terphenyldithiol (TPDT) and Quaterphenyldithiol (QPDT)
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to form ordered monolayers. In contrast, the assembly of
alkyldithiols—symmetric alkane molecules with thiol
termination on both ends—appears to be more dependent
on assembly conditions. For example, researchers recently
showed by direct imaging that both 1,6-hexanedithiol®?
and 1,8-octanedithiol®® generally lie flat on the substrate
surface when assembled on gold and silver, respectively.
Yet, in a series of papers that demonstrate additive contact
pattering, Loo and co-workers® 37 deduced that 1,8-
octanedithiol must be bound to gallium arsenide on only
one end in order to facilitate nanotransfer printing. Such
an orientation was also previously reported by Rieley et
al.?8 through a series of X-ray photoelectron spectroscopic
experiments.

Compared to aliphatic systems, molecules containing
simple aromaticity have backbone rigidity and ability to
transport charge that are more akin to the electronically
complex molecules of interest to the molecular electronics
community. These molecules have therefore been identi-
fied as model systems for electrical studies. Recent reports,
however, suggest that the assembly of these materials—
critical to the fabrication of a functional device—is yet
more complex than those of simple alkane systems.39~44
In particular, the final structures of these assemblies are
purportedly dependent on the details of processing condi-
tions, including the types of substrates and solvents used.
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In light of this, we have chosen to elucidate the solvent
effects of n-phenyldithiol (where n = 3 and 4) assemblies
on gold and gallium arsenide substrates. Specifically, we
have investigated the assembly of these molecules from
ethanol (EtOH), tetrahydrofuran (THF), and solutions
containing both solvents. This solvent pair was chosen
because of an apparent solubility conflict: while EtOH is
the most common solvent for assembling alkylthiol and
conjugated monothiol molecules,*3~4% the longer n-phen-
yldithiols (n = 3, 4), in their thioacetyl forms (compounds
3 and 4 in Scheme 1), are poorly soluble in EtOH. These
molecules, however, are completely soluble in THF. But
THF is a poor solvent for the deprotecting agent, am-
monium hydroxide (NH,OH). Synchrotron-based near-
edge X-ray absorption fine structure spectroscopy (NEX-
AFS) experiments suggest extreme solvent sensitivity
when the molecules are assembled on freshly etched
gallium arsenide. On the other hand, when the assembly
is carried out on freshly deposited gold substrates, the
process is solvent-independent.

Experimental Section

Synthesis of Dithiols. All the chemicals were purchased from
Aldrich and used as received unless otherwise specified. THF
used during the synthesis was distilled under nitrogen from
sodium with benzophenone as the indicator. Methylene chloride
was distilled over P;Os. 'TH NMR spectra (200 MHz) were taken
on a Bruker-200 FT NMR spectrometer. ESI-MS spectra were
obtained on a Bruker Daltonics Esquire ion trap mass spec-
trometer.

Compound 1. A Grignard solution was prepared via dropwise
addition of a solution of 1-bromo-4-methylthiobenzene (10.56 g,
52.0 mmol) in dry THF (20 mL) to magnesium (1.33 g, 54.6 mmol)
in dry THF (40 mL) under nitrogen. The combined solution was
refluxed for 3.5 h. The resulting Grignard solution was cooled
to room temperature and transferred to a suspension of 1,4-
dibromobenzene (4.72 g, 20.0 mmol) and Ni(dppp)Clz (0.11 g, 0.2
mmol) in dry THF (100 mL) at 0 °C under nitrogen. The mixture
was stirred for 24 h under reflux, cooled, and poured into 1 N
HCl solution (200 mL). The precipitate was filtered, washed with
water, hexane, and methylene chloride, and dried overnight at
40 °C under vacuum to afford a light-yellow solid (5.90 g, 92%).
H NMR (200 MHz, CDCl;) 6 7.65 (s, 4H), 7.55 (d, J = 8.0 Hz,
4H), 7.32 (d, J = 8.0 Hz, 4H), 2.55 (s, 6H). ESI-MS (m/z) caled
322.1; found 322.0.
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TPDT, QPDT Assembly on Gold and Gallium Arsenide

Dithiol 2. To a solution of 1 (Scheme 1) (1.00 g, 3.1 mmol) in
anhydrous dimethylformamide (DMF, 25 mL) was added sodium
tert-butylthiolate (1.04 g, 9.3 mmol). The reaction mixture was
vigorously stirred and refluxed for 6 h under nitrogen.*647 The
solution was cooled to room temperature and poured into 10%
HCl solution (65 mL). The resulting precipitate was filtered off,
washed with water and cold ethanol, and dried overnight at 40
°C under vacuum to afford a pale white solid (0.86 g, 95%). 'H
NMR (200 MHz, CDCl3) 6 7.62 (s, 4H), 7.51 (d, J = 8.2 Hz, 4H),
7.36 (d, J = 8.2 Hz, 4H), 3.51 (s, 2H). ESI-MS (m/z) caled 294.1;
found 294.0.

TPDT 3. Due to the tendency for dithiol 2 to oxidize,*® the
thiol end groups were converted to thiolacetyl end groups. The
thioacetyl end groups were then reconverted back to thiols during
SAMs formation. To convert the thiols into thioacetyl groups,
triethylamine (0.30 g, 3.0 mmol) followed by acetyl chloride (0.24
g, 3.0 mmol)**4? was added dropwise to a solution of dithiol 2
(Scheme 1) (0.40 g, 1.4 mmol) in dry methylene chloride (20 mL)
under nitrogen. The mixture was stirred for 24 h at room
temperature, poured into water, and extracted with methylene
chloride. The combined methylene chloride layers were washed
with water, dried with NasSOy, and concentrated. The crude
product was purified over silica gel column chromatography with
hexane/methylene chloride (1:1) to methylene chloride as the
eluents to afford a light-yellow solid (0.39 g, 75%). 'TH NMR (200
MHz, CDCls) 6 7.65—7.75 (m, 8H), 7.50 (d, J = 7.8 Hz, 4H), 2.46
(s, 6H). ESI-MS (m/z) caled 378.1; found 378.1.

QPDT 4. This compound was synthesized with 4,4'-dibro-
mobiphenyl as the starting material and by the same three-step
procedure as that used for synthesizing compound TPDT 3
(Scheme 1). A slightly yellow solid was obtained. 'H NMR (200
MHz, CDCl3) 6 7.65—7.75 (m, 12H), 7.51(d,J = 8.0 Hz, 4H), 2.47
(s, 6H). ESI-MS (m/z) caled 454.1; found 454.0.

SAMs Formation. SureSeal grade solvents from Aldrich were
used as received for SAMs formation. Polycrystalline gold
substrates were prepared by evaporating 5 nm of Ti followed by
25 nm of Au onto polished silicon wafers (Wacker) in an
evaporation chamber with a base pressure of ~1 x 107 Torr.
These substrates were immediately transferred into a glovebox
(MBraun, <0.1 ppm Og, <0.1 ppm H50) for immersion in the
assembly solutions. To remove the native oxide layer from GaAs,
we etched single-side polished wafers [AXT, Si-doped, (100)] in
concentrated HCI for 1 min, followed by rinsing with DI water
and drying with a nitrogen stream. The GaAs substrates were
immediately transferred into the glovebox and immersed in the
dithiol solutions for molecular assembly.

Dithiol solutions were prepared by dissolving acetyl-protected
terphenyldithiol (TPDT 3) or quaterphenyldithiol (QPDT 4) at
50 uM in either EtOH, THF, or solutions of EtOH and THF.
Ammonium hydroxide at 25 uL/5 mL of solution was then added
to facilitate an acid/base reaction with the thioacetyl end groups,
resulting in thiol end groups.*8 After the addition of NH,OH, the
solutions were agitated for 1 min and left for an hour before
freshly evaporated gold or freshly etched GaAs substrates were
immersed into the solutions. The substrates remained immersed
for 24 h before they were removed and were copiously rinsed
with EtOH and dried in a stream of nitrogen. Due to the low
solubility of acetyl-protected QPDT (4 in Sheme 1) in EtOH, we
were not able to assemble QPDT from pure EtOH. The complete
range of EtOH/THF solution compositions was explored for TPDT.

NEXAFS. Near-edge X-ray absorption fine structure (NEX-
AFS) experiments were carried out at the NIST/Dow soft X-ray
materials characterization facility located at beamline U7A at
the National Synchrotron Light Source at Brookhaven National
Laboratories.?® The partial electron yield (PEY) NEXAFS spectra
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Substrate

Figure 1. Schematic of a TPDT molecule adsorbed on a
substrate. The angles used in our analysis are identified.

were acquired at the carbon K-edge with a retarding entrance
grid bias of —150 V for enhanced surface sensitivity.5! Polarized
synchrotron soft X-rays with a polarization factor, P, of ~85%
were used.”> We used a scan step of 0.1 eV in the region of interest
(280—310 eV) and a 0.2 eV scan step at the pre- and post-edge
regions. The spectra were collected in a vacuum (~1 x 10-8 Torr)
at ambient temperature. To evaluate monolayer coverage,
polarization-independent sample spectra were acquired at an
X-rayincident angle (defined as the angle between the incidence
beam and the substrate plane) of 55°, also known as the magic
angle.? Angle-dependent NEXAF'S data were obtained by varying
the X-ray incident angle between 20° (grazing) and 75° (near-
normal). Compilation of angle-dependent data allowed us to
estimate the ensemble-average orientation of the molecules with
respect to the surface.5+55

Raw PEY NEXAFS spectra were normalized by the corre-
sponding incident beam intensity, /o, obtained concomitantly from
the photo yield of a freshly coated gold grid that is located
upstream from the sample chamber. This normalization accounts
for any incident beam intensity fluctuations and monochromator
absorption features.’® We corrected the background curvature of
assemblies on gold by dividing each sample spectrum by that of
bare gold.? Sample spectra obtained on gallium arsenide
substrates were normalized by Iy but not background-corrected.
Quantitative analyses of angle-dependent NEXAFS data were
carried out after the removal of an isotropic background that
was generated from comparison of the difference spectra.?>57

The angle-dependent NEXAF'S data were analyzed according
to the building block (BB) model5758 to obtain the ensemble-
average molecular orientation of the assemblies. We chose the
¥ resonance at 285 eV—the most intense spectral feature—for
quantitative analysis of the molecular orientation. The x*
resonance intensity, I,, that originates from the corresponding
vector orbital, if 3-fold substrate symmetry is assumed, can be
described by53:55

I(a, 0) = A{"/;P[1 + "/,(3 cos® @ — 1)(3 cos® o — 1)] +
1 — P)sin® o} (1)

where A is a proportionality constant, P is the X-ray polarization
factor (=*85% in our setup), 6 is the X-ray incident angle, and a
is the angle between the orbital vector and the substrate normal.
Figure 1 contains a scheme of an adsorbed molecule, and it
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illustrates the different angles that are involved in this analysis.
From a geometrical standpoint:

cos? a = cos? ¢ sin? p (2
Equation 2 can be equivalently expressed as
sin? @ =1 — cos® ¢ sin® p (3)

where p is the tilt angle of the molecular axis away from the
substrate normal (see Figure 1) and ¢ is the ring-plane twist
angle, which is defined as the angle between the 7 transition
dipole moment vector of the phenyl rings and the plane spanned
by the molecular axis and the substrate normal. The average
molecular tilts were estimated on the basis of previously published
procedures®>57 where the 7* integrated resonance intensity as
a function of X-ray incident angle is fitted to eq 1. During this
exercise, A and p are floating parameters. We assumed a planar
backbone (i.e., successive phenyl rings are coplanar) and a twist
angle, ¢ = 32°,43:4459 on the basis of experimental findings for
oligo(phenylene-ethynylene)thiols®-61 and theoretical studies of
biphenylthiols.52

Ellipsometry. The thickness of the molecular assemblies on
gold was measured with a spectroscopic ellipsometer (J. A.
Woollam Co.). Measurements were carried out between 220 and
500 nm; the data were collected at incidence angles of 60°, 65°,
and 70° with respect to the substrate normal. Optical constants
for bare gold substrates were obtained from the same batches of
freshly evaporated gold on which SAMs were formed. We were,
however, unable to obtain reproducible optical constants for bare
gallium arsenide because these substrates tend to oxidize when
exposed to ambient conditions.?364 A refractive index of 1.5540
for TPDT and QPDT was assumed during the analysis. We
measured average thicknesses 0of 17 + 1 A and 23 + 2 A for TPDT
and QPDT on gold, respectively, for the entire range of solvent
composition examined. These values are similar to those reported
for the corresponding monothiols® and are generally in accord
with the theoretical molecular lengths of 17.6 and 22.1 A for
TPDT and QPDT, respectively.*’ We deduced from these mea-
surements that TPDT and QPDT form monolayers on gold, and
the molecules are generally oriented upright. This is further
supported by quantitative NEXAF'S analysis below. Our NEXAFS
analysis will also show that TPDT and QPDT form comparable
assemblies on gallium arsenide at high ethanol volume fractions,
hereafter referred to as EFs, in the assembly solution. We
therefore believe TPDT and QPDT to also form monolayers on
gallium arsenide. We are presently developing protocols to
reproducibly measure the thicknesses of SAMs on gallium
arsenide.

Results and Discussion

Figure 2 contains polarization-independent, pre-edge
normalized NEXAFS spectra of TPDT and QPDT as-
semblies on gold (Figure 2a,b) and gallium arsenide
(Figure 2c,d), respectively. The spectral features are
identified in Figure 2a: we observe a resonance at 285 eV
(r*) attributed to the Cls — m*c—c transition®® in TPDT
and QPDT, and we can also identify broad resonances at
293 and 303 eV originating from the C1ls — 01* and oy*
transitions,? respectively. Additionally, we observe spec-
tral features at 287.4 and 288.8 ¢V, these resonances have
previously been assigned to the R*/C—S* and 7,* transi-
tions.?® Finally, we observe a peak at 290.2 eV; this peak

(59) Dzyabchenko, A.; Scheraga, H. A. Acta Crystallogr. 2004, B60,
228.
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Figure2. C 1spolarization-independent, pre-edge normalized
PEY NEXAFS spectra of (a) TPDT on gold, (b) QPDT on gold,
(¢) TPDT on gallium arsenide, and (d) QPDT on gallium arsenide
acquired at the magic angle (55°). The molecules were assembled
from either pure EtOH (a and ¢, ---), a solution at ethanol fraction
=0.9 (b and d, ---), or from pure THF (—). Relevant absorption
resonances are identified in panel a.

is more prominent in the spectra acquired on gallium
arsenide samples assembled at low ethanol volume
fractions (EF's). We are presently uncertain about its peak
assignment; its presence does not affect the conclusions
drawn in this discussion as it is not used in our quantitative
analysis. We speculate, however, that this peak is as-
sociated with the C1s — 7*¢—o transition originating from
incomplete deprotection of the thioacetyl end groups of
the molecules (see chemical structures 3 and 4 in Scheme
1).96 This hypothesis is consistent with our preliminary
Fourier transform infrared spectroscopy experiments
where a C=0 carbonyl stretching mode (1706 cm 1% ig
observed in our SAMs despite the addition of NH,OH
(which facilitates the conversion of thioacetyl to thiol end
groups) during assembly;5” this signal diminishes upon
further exposure of the SAMs to NH,OH.

Differences in the polarization-independent, pre-edge
normalized NEXAF'S spectra of TPDT and QPDT reflect
real differences in the SAMs structure. The dashed lines
in Figure 2 represent the NEXAFS spectra of molecules
assembled from an EtOH-rich solution, while the solid
lines represent the NEXAFS spectra of molecules as-
sembled from a THF solution. The NEXAFS spectra
acquired on both TPDT and QPDT on gold are largely
identical (Figure 2a,b). This observation suggests that
varying EF does not have an adverse effect on the quality
of the SAMs on gold. On the other hand, Figure 2 panels
c and d reveal drastically different NEXAF'S spectra for
samples assembled from the two different solvents on
gallium arsenide, indicating that assemblies on gallium
arsenide are extremely sensitive to the types of solvent.
Specifically, we see a sharp decrease in both the sz*
resonance intensity and the overall PEY signal in the
samples assembled from THF, suggesting a different
structure within and coverage of the SAMs.

To elucidate the structural differences in these SAMs,
we examined the NEXAFS spectra to quantify the
molecular coverage as well as the ensemble-average
molecular orientation. The NEXAFS spectra shown in

(66) Urquhart, S. G.; Ade, H. J. Phys. Chem. B 2002, 106, 8531.
(67) Krapchetov, D.; Loo, Y.-L. Unpublished results, 2005.



TPDT, QPDT Assembly on Gold and Gallium Arsenide

5 Au GaAs
4l ------""""- S
] —
X | : / ]
gz- ] / —
1} —u—TPDT] —u—TPDT.
@ oot --0--QPDT

00:0 02 04 06 08 1000 02 04 06 08 10
EtOH Fraction (EF) EtOH Fraction (EF)

Figure 3. NEXAFS 7*/jump ratios for TPDT and QPDT on (a)
gold and (b) gallium arsenide as a function of EF in the assembly
solution. 7*/jump reflects the monolayer coverage on the surface.
At high EFs, the monolayer coverage on gallium arsenide
approaches that on gold.

Figure 2 were acquired at the magic angle (55°); data at
this angle are independent of p- and s-state transitions
ofthe X-ray source.?® As such, the spectra shown in Figure
2 are independent of the details of the molecular orienta-
tion and can be directly compared with one another. To
quantify the molecular coverage in these SAMs, we plot
the ratio of the integrated intensity of the 7 resonance
at 285 eV and the magnitude of the carbon-edge jump in
Figure 3. Since the 7* integrated intensity solely emanates
from the phenyl rings in the molecules and the magnitude
of the edge jump is a reflection of the total carbon content
on the surface, this ratio discounts the presence of carbon
contaminants, if any, on the surface, thereby accurately
reflecting the molecular coverage in our samples. We shall
refer to this ratio as 7*/jump throughout our discussion.

We have quantified 7#/jump as a function of EF for
assemblies on gold and gallium arsenide in Figure 3,
panels a and b, respectively. On gold, 7#/jump is constant
over the entire range of EF examined for both TPDT and
QPDT. Such data indicate a solvent-independent surface
coverage for both molecules on gold. In contrast, we observe
that 7*/jump increases with increasing EF for assemblies
on gallium arsenide, implying progressively increasing
coverage with increasing EtOH content in the assembly
solution. Furthermore, the 7%/jump for gallium arsenide
assemblies at high EF approach those extracted from gold
assemblies, suggesting comparable monolayer coverage
for both TPDT and QPDT on gold and gallium arsenide
at high EFs.

Quantitative analysis of the pre- and post-edge nor-
malized NEXAFS spectra acquired at varying X-ray
incident angles—shown for TPDT on gold in Figure 4a,b—
completes the picture. We observe that the resonance
intensities in these spectra vary with the X-ray incident
angle: the 7* resonance grows while the o* resonances
diminish with increasing incident angle. This phenom-
enon, dichroism,?® where the 7* resonance grows at the
expense of the o* resonances, is a strong indication that
the molecules are preferentially oriented. That TPDT is
preferentially oriented on gold is further substantiated
by the difference spectra shown in the lower portions of
Figure 4a,b. The difference spectra are obtained by
subtracting the NEXAFS spectra at 20° from the NEXAFS
spectra at other incident angles, that is, 1(9) — I(20°). The
difference spectra therefore emphasize the angle-depend-
ent spectral features. The ensemble-average orientation
of the SAMs can be qualitatively determined from the
way in which the orbitals interact with the electric field
of the incident X-rays. Specifically, our data indicate that
the 7 orbitals of the molecules are oriented nearly parallel
to the X-ray electric field vector, E (hence maximal
intensity of the 7* resonance in this configuration), while
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Figure4. C 1sangle-dependent, pre- and post-edge normalized
NEXAFS spectra of TPDT monolayers on gold assembled from
(a) ethanol and (b) THF acquired at the indicated angles of
X-ray incidence. The difference spectra (bottom portions of plots)
emphasize angle-dependent resonances and are offset along
the y-axis for clarity. The 7* integrated peak intensities as a
function of incidence angle, and the corresponding theoretical
fits to eq 1, are shown in panels ¢ and d. The best fits (solid
lines) and the resulting tilt angles are highlighted. The
uncertainty of NEXAFS analysis is estimated to be +3°.

the o* planes lie nearly perpendicular to E when the
incident X-rays are at 75° from the substrate. Accordingly,
at grazing incident X-rays, the 77* orbitals must be oriented
nearly perpendicular (hence minimal intensity of the 7*
resonance in this configuration), while the o* planes must
lie nearly parallel to E. It follows that the molecules must
be oriented generally upright in order to satisfy the dipole
selection rules.?®

We have quantified the ensemble-average molecular
orientation by analyzing the angular dependence of the
a* resonance according to the BB model.?"58 To extract
the integrated intensity of each resonance, we fit the entire
NEXAFS spectra to a series of Gaussian functions (the
peak widths and peak locations were determined from
the difference spectra) and a C1s — continuum transition
edge. The extracted integrated z* intensities for Figure
4 panels a and b as a function of incident angle, along
with their theoretical fits to eq 1, are shown in Figure 4
panels ¢ and d, respectively. In each case, the best fit,
along with the resulting tilt angle, p, is highlighted. The
dashed lines are graphical representations ofeq 1 at other
specified tilt angles. Our analysis indicates that TPDT
assumes an ensemble-average tilt of ~30° away from the
substrate normal on gold substrates regardless of the
assembly solvent. We note, from the fits (dashed and solid
lines) shown in Figure 4c,d, that NEXAF'S analysis does
not distinguish between the following two scenarios: when
the sample consists of disordered molecules and when the
sample consists of oriented molecules with an ensemble-
average tilt of 43° away from the substrate normal. In
both these cases, the integrated n* intensities are
independent of the X-ray incident angle. This limitation
results from the 3-fold substrate symmetry assumed
during our analysis, where the orbital tilt, a, and the
incident angle, 6, are mathematically equivalent in eq 1.
There therefore exists a “magic orientation” at a = 55°
where the NEXAFS intensities appear to be incident angle-
independent. Since we assumed ¢ = 32° in our analysis,
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Figure 5. C 1s angle-dependent, pre- and post-edge normalized PEY NEXAF'S spectra acquired at 20°, 55°, and 75° X-ray incidence
of TPDT on gallium arsenide assembled at varying EFs. The difference spectra are offset along the y-axis for clarity.

Table 1. Ensemble-Average Molecular Tilt® of TPDT and
QPDT Monolayers on Gold

Table 2. Ensemble-Average Molecular Tilt® of TPDT and
QPDT Monolayers on Gallium Arsenide

ethanol fraction (EF)

ethanol fraction (EF)

0 0.25 0.5 0.75 0.9 1 0 0.25 0.5 0.75 0.9 1
TPDT 324+3 294+3 26+3 30+3 30+3 TPDT DIS® DIS 35+3 35+3 33+3
QPDT 28 +3 28+ 3 QPDT DIS 39+3 24+3 27+3

@ Molecular tilt values are given in degrees.

the magic orientation results when the ensemble-average
molecular tilt happens to be 43°.

The assembly of QPDT on gold substrates is qualita-
tively similar to TPDT assembly. QPDT spontaneously
adsorbs on gold to form ordered monolayers that are tilted
on average ~28° away from the substrate normal; this
average orientation also appears to be independent of
assembly solvent. The uncertainty of the calculated tilt
angles is estimated to be 3°, on the basis of experimental
uncertainties and the uncertainty associated with the
assumed twist angle and phenyl backbone planarity.68~7°
The tilt angles of both TPDT and QPDT assemblies on
gold at varying EF are listed in Table 1. Our analysis
indicates that both TPDT and QPDT readily form ordered
monolayers on gold substrates; the extent of coverage and
the ensemble-average molecular orientation appears to
be independent of the assembly solvent. In fact, the tilt
angles we obtain for TPDT are consistent with those
reported for terphenylthiol (TPT) monolayers on gold,*345:65
suggesting that the addition of a functional group in the
dithiol molecules does not impact the average molecular
orientation appreciably.

NEXAFS experiments on TPDT and QPDT assembled
on gallium arsenide substrates tell a dramatically different
story. The incident angle-dependent pre- and post-edge
normalized NEXAFS spectra of TPDT as a function of EF
are shown in Figure 5. The corresponding difference
spectra are also shown to illustrate changes in dichroism
as a function of EF. Contrary to the SAMs on gold, the
assembly of TPDT on gallium arsenide appears to be
extremely sensitive to the amount of ethanol in the

(68) Corish, J.; Morton-Blake, D. A.; O’'Donoghue, F.; Baudour, J. L.;
Beniere, F.; Toudic, B. THEOCHEM 1995, 358, 29.

(69) Cailleau, H.; Baudour, J. L.; Zeyen, C. M. E. Acta Crystallogr.
1979, B35, 426.

(70) Baudour, J. L.; Delugeard, Y.; Rivet, P. Acta Crystallogr. 1978,
B34, 625.

@ Molecular tilt values are given in degrees. ® DIS denotes
monolayers that do not exhibit any preferential molecular orienta-
tion.

assembly solution. In Figure 5a—c, the 7* resonance grows
at the expense of the 6™ resonances when the X-ray incident
angle is increased. This trend—similar to that observed
in TPDT and QPDT assemblies on gold—suggests that
TPDT is preferentially oriented upright. In contrast, the
samples assembled in EtOH-poor solvents exhibit little
change in their respective angle-dependent NEXAFS
spectra (Figure 5d—f). Their corresponding difference
spectra also indicate near-zero intensity, suggesting
disordered monolayers in these samples with the exception
of Figure 5f. The nonzero difference spectrum in Figure
5fis attributed to small differences in the angle-dependent
NEXAFS spectra; since the surface coverage of TPDT in
this sample is poor, we attribute these small differences
to (small amounts of) contaminants on the surface. Of the
oriented samples, we are able to quantify the tilt angles
using the procedures described previously; results are
summarized in Table 2. At high EFs (>0.5), TPDT and
QPDT form ordered monolayers; the extracted tilt angles
are not dissimilar from those extracted from gold as-
semblies. The similarity in monolayer coverage and
ensemble-average molecular orientation suggests that
gold and gallium arsenide assemblies at high EF are
structurally comparable. Decreasing EF, however, pro-
duces monolayers with progressively larger ensemble-
average tilt angles on gallium arsenide; at small EFs
(<0.25), the monolayers are completely disordered. This
trend is also in accord with what we observe in terms of
monolayer coverage.

That the assembly of TPDT and QPDT on gallium
arsenide is solvent-dependent is not surprising. Indeed,
solvent-dependent assembly has been previously reported
for conjugated SAMs. For example, Ishida et al.”* pre-
sented evidence for phase separation when terphenylthiol
(only one thiol end group on the molecule) was assembled
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from methylene chloride on gold. When TPT was as-
sembled from EtOH, however, ordered, densely packed
SAMs were observed by scanning tunneling microscopy.
Solvent effects on assembly were also previously reported
in alkylthiol assemblies on nickel. Mekhalif et al.” re-
ported the formation of high-quality SAMs when a polar
solvent was used, whereas an apolar solvent yields little
assembly. These reports were all based on assemblies on
metal surfaces. What is surprising in our case is that such
solvent dependence is observed only on gallium arsenide
but not on gold. While the origin of this phenomenon
remains uncertain, the observed disparity must arise from
differences in solvent—molecule—substrate interactions
in the two systems. In the case of gold assemblies, it is
well-known that the tendency to form S—Au bonds is very
strong,??26 so much so that thioacetyl-terminated mol-
ecules can spontaneously adsorb on gold substrates
without prior deprotection.*® Indeed, our own preliminary
Fourier transform infrared experiments reveal that thio-
acetyl-terminated molecules can spontaneously adsorb on
gold. The molecule—substrate interactions in such systems
must therefore dominate the assembly process; they easily
outweigh any possible solvent—molecule or solvent—
substrate interactions. On the other hand, little is known
about molecular assembly on semiconductor surfaces
despite recent studies of alkylthiols?4?° and conjugated
thiols*#™ on gallium arsenide. We speculate that the
molecule—substrate interactions in gallium arsenide
assemblies are weaker than those in gold. As such, the
solvent quality plays a significant role, and the final

(71) Ishida, T.; Mizutani, W.; Azehara, H.; Sato, F.; Choi, N.; Akiba,
U.; Fyjihira, M.; Tokumoto, H. Langmuir 2001, 17, 7459.

(72) Mekhalif, Z.; Laffineur, F.; Couturier, N.; Delhalle, J. Langmuir
2003, 19, 637.
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structure of these assemblies depends on the details of
solvent—molecule and solvent—substrate interactions.

Conclusions

We report the solvent effects of TPDT and QPDT
assemblies on both gold and gallium arsenide substrates
investigated by NEXAFS. Both molecules readily adsorb
on gold substrates to form ordered SAMs with high
monolayer coverage independent of assembly solvent.
Quantitative analysis of angle-dependent NEXAF'S spec-
tra yields tilt angles of 30° and 28° from the substrate
normal for TPDT and QPDT, respectively. In sharp
contrast to gold assemblies, TPDT and QPDT adsorption
on gallium arsenide is highly solvent-sensitive. The
monolayer coverage increases monotonically with in-
creasing ethanol fraction in the assembly solvent. Cor-
respondingly, the molecules within the SAMs become
upright. At high ethanol fractions and in pure ethanol,
the monolayer coverage and the molecular orientation in
gallium arsenide assemblies approach those observed in
gold assemblies.
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