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Vibrationally resonant sum-frequency generation (VR-SFG) and spectroscopic ellipsometry (SE) have been
used to characterize self-assembled monolayer films of unsubstituted and mononitro-substituted oligo-
(phenylene-ethynylene) molecules on vapor-deposited Au substrates. When combined with quantum chemical
calculations of the relevant transition moment directions, orientation distributions and electronic excitation
spectra are obtained. The orientation distribution from VR-SFG is in good agreement with previous IR reflection
studies, indicating both molecules are tilted from the surface normal by∼30°. The calculated resonant
hyperpolarizabilities are in good agreement with experimental spectra. The optical polarizability extracted
from SE suggests strong intermolecular interactions, consistent with molecular exciton theory.

1. Introduction

Self-assembled monolayers (SAMs) of highly conjugated
organic molecules have recently become subject to intense
study.1,2 The interest in these films is driven in large part by
attempts to understand their potential in molecule-based elec-
tronics;3 therefore, extensive characterization of their electrical
properties,4 either in test devices,5,6 via scanned probe
techniques,7-10 or via electrochemical techniques,11 has been
performed. Oligo(phenylene-ethynylene) compounds have
emerged as a prototypical system, displaying a diversity of
electrical behavior depending upon subtle changes in molecular
structure. SAMs of 4,4′-di(phenylene-ethynylene)benzene-
thiol (OPE Table 1) on Au are perhaps the most well
characterized.7,12-16 They exhibit significantly greater conduc-
tion vs alkanethiol films of comparable thickness.17 Depending
on the details of the measurement, the I-V curve is asymmetric,
indicating slight rectification.7,18Substitution on the central ring
results in dramatic changes in the electrical behavior.5,6 Specif-
ically, films with a mononitro substitution (nitro-OPE, Table
1) have been reported to exhibit negative differential resistance
(NDR) near room temperature.6,8,19

Given the considerable interest in the electrical properties of
oligo(phenylene-ethynylene)-derived films, it is notable that
very little spectroscopic characterization exists in the literature.
UV-vis spectroscopy and limited infrared reflection absorption
spectroscopy (IRAS) have been reported on OPE,7,12 whereas

a more extensive vibrational spectroscopy study has been
reported on 4,4′-di(phenylene-ethynylene)-2′-ethyl-1-benzene-
thiol.20 In a recent paper,21 IRAS, single wavelength ellipsom-
etry, contact angle, X-ray photoemission spectroscopy (XPS),
and atomic force microscopy (AFM) were applied to the study
of SAMs of OPE and nitro-OPE. It was discovered that the
composition of the nitro-OPE SAMs depends sensitively on the
assembly procedure, and the nitro-OPE SAMs are significantly
less stable than those of OPE. Under the best assembly and
storage conditions, both SAMs were observed to be well-
organized with an ordered lattice.

In this paper, vibrationally resonant sum-frequency generation
(VR-SFG) and spectroscopic ellipsometry (SE) are applied to
the study of OPE and nitro-OPE SAMs. Quantitative analysis
of the polarization dependence of the VR-SFG spectra, com-
bined with quantum chemical calculations of the hyperpolar-
izability tensor elements, provides insights into the orientation
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TABLE 1: Structures Used for Calculation of Vibrational
Properties
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distribution of the adsorbed molecules. The optical transitions
of the SAMs, reflected in the ellipsometric spectra, provide
information on the coupling of electronic excitations in the films.
The resulting thorough characterization provides both important
ground-state information for the development of theories22-24

for the electrical behavior of this family of films and baseline
spectra for futurein situstudies of oligo(phenylene-ethynylene)
chemistry.

2. Experimental Section

The synthesis of the molecules and the film preparation are
as described in ref 21. Briefly, the substrates were≈100-nm-
thick vapor-deposited Au films on Cr-primed Si wafers. They

were either used immediately or stored in laboratory ambient
conditions and then cleaned via UV-ozone exposure. The
solutions were (0.1-0.5) × 10-3 mol/dm3 in ethanol or 1:1
dichloromethane/ethanol. The OPE films were prepared from
the thiol, and the nitro-OPE films were prepared from the thiol
acetate using acid deprotection to eliminate the side reactions
of the nitro group.15,21Solution preparation and SAM formation
was performed in a nitrogen-purged glovebox with the O2

concentration kept below 2 ppm. The nitro-OPE compound has
been reported to degrade upon exposure to laboratory ambient
conditions.21 During the course of this work, significant evolu-
tion of the VR-SFG and SE spectra for the nitro-OPE were
observed after only 4 days exposure to ambient conditions.

Figure 1. SFG spectra for OPE (left column) and nitro-OPE (right column). PPP spectra are plotted with respect to the left axis, SSP spectra with
respect to the right axis. Also shown are fits (red: see text) to the data, and the imaginary part of the resonant components of the fits (blue: see
text).

12548 J. Phys. Chem. B, Vol. 108, No. 33, 2004 Richter et al.



Therefore, all reported VR-SFG spectra were recorded on≈1
cm2 fragments freshly diced from a SAM-coated wafer stored
in the dark under oil-free vacuum. All reported SE spectra were
recorded on≈1 cm2 samples immediately upon removal from
solution.

The VR-SFG spectra were acquired with a broad-bandwidth
apparatus that has been described earlier.25 In brief, broad-
bandwidth (>150 cm-1 fwhm) tunable IR pulses, derived from
an≈100-fs, 1-kHz, regeneratively amplified Ti-sapphire laser
system were temporally and spatially overlapped with narrow-
bandwidth (≈3 cm-1) 794 nm (VIS) pulses at the sample. The
reflected sum-frequency light was collected, dispersed with a
0.75 m spectrograph, and detected with a scientific grade CCD
array detector. This allowed the simultaneous acquisition of a
>300 cm-1-wide SFG spectrum. In this work, the IR and VIS
beam diameter and angle of incidence were typically 100µm,
54° and 150µm, 36°, respectively. The IR pulse energy varied
from ≈4 µJ at 3µm to ≈1 µJ at 10µm while the VIS pulse
energy was typically 2µJ. The displayed spectra were normal-
ized by the response of a reference sample that corrects for the
intensity envelope of the broad-bandwidth IR pulse. An
automated carousel was used to position the reference and up
to five samples under the incident beams. SSP spectra (S-
polarized sum, S-polarized vis, P-polarized IR26) typically are
the average of 10 to 20 sample/reference ratios with acquisition
time per sample of≈240 s. PPP spectra typically are the average
of three sample/reference ratios with acquisition time per sample
of ≈60 s. At IR wavelengths of≈3 µm, z-cut quartz was used
as the reference; at≈5 µm, z-cut quartz and as-received Au
were used; at long wavelengths, as-received Au was used. (As-

received Au films were vapor-deposited films of>100 nm on
Cr-primed Si substrates.) The quartz was unusable as a reference
in the 6µm to 10µm range due to resonant structure. All spectra
are scaled to the respective signal from the as-received Au
reference, calibrated to quartz at 5µm. The x-axis is the IR
wavenumber, to allow easy comparison with linear vibrational
spectroscopies.

The SE spectra were acquired with a J. A. Woollam Co.
M-2000D27 rotating compensator ellipsometer over the wave-
length range 190 nm to 1000 nm and at an angle of incidence
of 70°. The spectra were zone-averaged and represent a total
of ≈100 s signal acquisition.

3. Results

3.1 VR-SFG.Shown in Figure 1 are SFG spectra for OPE
and nitro-OPE films at central IR wavelengths of about 3µm,
5 µm, 6 µm, and 10µm. As described in Appendix I, the SFG
spectra can be fit to the coherent superposition of a series of
Lorentzian lines and a nonresonant background. Also shown in
Figure 1 are weighted nonlinear least-squares fits of the PPP
spectra to eq 5 and the SSP spectra to eq 4. The PPP and SSP
spectra were fit simultaneously with the constraint thatνr and
Γr were the same for the two spectra. The results for the principle
lines are summarized in Tables 2 and 3. Also presented in Tables
2 and 3 are assignments for the observed lines, based on
comparison with IR and Raman spectra of the parent compounds
and DFT calculations (see Supporting Information). Wilson
notation for the fundamental modes of 1,4-substituted benzene
is used.28,29Modes that are localized to a single ring are labeled

TABLE 2: SFG Vibrational Analysis for OPE

calculated (ar) (∂R/∂Q)(µ/∂Q)/(10-23 C2 m V-1 kg-1)observed
frequency (cm-1) (Ar

ssp/Ar
ppp) assignment z′z′z′ x′x′z′ y′y′z′ x′z′x′ y′z′y′

3068 0.30( 0.02 2 top -3.8 -5.1 -0.4 0.0 0.0
3055 -0.01( 0.03 7a top -8.4 1.1 0.0 0.0 0.0
2209 0.15( 0.01 CtC sym 116 0.0 0.0 0.0 0.0
1598 0.06( 0.02 8a -40 1.2 0.0 0.0 0.0
1576 -0.08( 0.09 8a 63 -1.8 0.0 0.0 0.0
1508 -0.29( 0.02 19a -8.8 0.0 0.0 0.0 0.0
1474 0.37( 0.13 19a 4.8 0.0 0.0 0.0 0.0
1129 0.09( 0.09 9a 26 1.1 0.0 0.0 0.0
1070 -0.13( 0.04 18a bot+ C-S -5.3 -0.6 0.0 0.0 0.0
1024 0.16( 0.11 18a top -1.3 -0.4 0.0 0.0 0.0
1009 -irr-a 18a bot -4.7 -0.3 0.0 0.0 0.0
996 -irr- 12 top 1.4 0.2 0.0 0.0 0.0

a The Assp/Appp ratio was irreproducible over multiple determinations due to limited signal in the SSP configuration.

TABLE 3: SFG Vibrational Analysis for Nitro-OPE

calculated (ar) (∂R/∂Q)(∂µ/∂Q)/(10-23 C2 m V-1 kg-1)observed
frequency (cm-1) (Ar

ssp/Ar
ppp) assignment z′z′z′ x′x′z′ y′y′z′ x′z′x′ z′z′x′ x′x′x′

3067 0.29( 0.03 2 top -3.9 -5.0 -0.4 0.0 0.5 0.7
3060 -0.07( 0.08 7a top -7.9 1.1 0.0 0.0 0.9 0.0
2225 0.26( 0.10 CtC asya 132 -1.9 0.0 -0.7 -11. 0.1
2204 0.13( 0.04 CtC symb -209 -3.4 0.0 -3.5 47 0.8
1615 0.05( 0.04 8a+ NO2 asy -46 0.4 0.0 -1.2 24 -0.2
1598 0.04( 0.06 8a top -41 1.4 0.0 0.0 10. -0.4
1582 0.03( 0.04 8a bot -22 0.3 0.0 -1.4 14 -0.2
1546 0.02( 0.05 8a+ NO2 asy 125 -4.4 -0.2 2.0 -55. 1.9
1509 0.00( 0.06 19a -19 0.4 0.0 0.0 -0.2 0.0
1472 0.23( 0.08 19a 8.8 0.0 0.0 0.0 -2.0 0.0
1344c -na- NO2 sym 0.7 1.0 0.0 -5.7 11. 16
1142 0.15( 0.03 18a m+ CN -2.6 -0.2 0.0 -1.3 25 1.6
1067 -0.03( 0.02 18a b+ CS -5.8 -1.0 0.0 -0.2 1.8 0.3
1024 0.25( 0.16 18a top -1.4 -0.4 0.0 0.0 0.0 0.0
1010 -irr- 18a bot -5.4 -0.5 0.0 0.0 0.6 0.0
996 -irr- 12 top 2.2 0.3 0.0 0.0 0.0 0.0

a Localized mostly on the top CtC. b Localized mostly on the bottom CtC. c Frequency from bulk IR spectra, line not observed in SFG.
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top, mid, or bot. Modes that are concerted motions distributed
across the three rings carry no additional label. The observed
frequencies are in good agreement with IR reflection spectra
of similar films.21

The spectra of the two molecules are qualitatively similar
and dominated by modes polarized along the chain axis. This
is due to both a near-vertical orientation of the molecules and
the intrinsic oscillator strengths (see below). The principal
differences in the spectra are found in the presence of the NO2

asymmetric stretch near 1547 cm-1 in the nitro-OPE and in the
different phases (destructive interference is observed for nitro-
OPE, while constructive interference is evident for OPE) of the
strong CtC symmetric stretch near 2200 cm-1, the 8a derived
mode near 1581 cm-1, and the 18a mode near 1142 cm-1. As
shown in Figure 2, negligible intensity was found at the expected
position of the NO2 symmetric stretch (∼1340 cm-1) for the
nitro-OPE films. This is not due to an intrinsically weak
oscillator. The symmetric stretch was quite strong in SAMs of
p-nitrobenzenethiol (PNBT), which is also shown in Figure 2.

The VR-SFG spectrum carries information about the chemical
identity of the adsorbed species (via the vibrational frequencies)
and their orientation (via the phase and amplitude of the resonant
features).30-35 The extraction of orientation information can be
done by either comparing relative mode intensities in a single
spectrum36,37 or by comparing the ratios of mode intensities in
spectra acquired with different polarization configurations.38-40

In either case, one must be able to estimate the components of
the molecular hyperpolarizabilityâ that determine the observed
susceptibility ø (see Appendix I). Unlike conventional IR
absorption,â cannot be directly calibrated by measurements
on bulk samples unless a polar ordered molecular crystal is
available. When comparing relative mode intensities, the
accuracy of the analysis is directly proportional to the accuracy
of the estimated elements ofâ. When comparing different
polarization combinations, one is sensitive only to the relative
accuracy of the elements ofâ on a per-mode basis. However,
the analysis requires an accurate determination of the Fresnel
coefficients and local fields.40 When neither the SUM nor VIS
frequencies are near resonances in the molecule,â can be
approximated by

whereâijk
nr is the nonresonant part ofâ, (∂Rij /∂Qr) is the Raman

polarizability derivative, and (∂µk/∂Qr) is the infrared transition
dipole moment of vibrational mode r with wavenumberνr.41 In
most studies, the elements ofâ were estimated from additive
bond polarizability models for (∂Rij /∂Qr) and (∂µk/∂Qr).41-43 In
this study, we have used quantum chemical calculations of (∂Rij /
∂Qr) and (∂µk/∂Qr). Density functional theory calculations were
performed with the B3-LYP hybrid functional44,45and a 6-31/
G** basis set with the Gaussian 98 program.27,46

There are 27 elements in (ar); however, the approximate
molecular symmetry significantly simplifies the tensor. Pre-
sented in Tables 2 and 3 are the calculated values of (ar) for
the parent thiol compounds. In the calculations, the CCSH

dihedral angle was constrained to place the CSH plane
perpendicular to the plane of the rings (see Table 1). This is
not the calculated ground state of the isolated thiols (which has
the CSH plane parallel to the plane of the rings; see Discussion).
For OPE (Table 2), the calculated minimum energy structure
is linear with all the rings in a common plane, resulting in a
molecular symmetry of Cs; however, the (ar) for the observed
modes approximately obeyC2V symmetry; i.e., there are only
five significant elements assuming Kleinman symmetry47 for
the vis and sum indices. Taking thez′ axis to be along the chain
axis and thex′ axis to lie in the plane of the rings, the five
elements of (ar)ijk have ijk: z′z′z′, x′x′z′, y′y′z′, x′z′x′ ) z′x′x′,
y′z′y′ ) z′y′y′. The out-of plane elements (y′y′z′ andy′z′y′) are
very weak. For isolated nitro-OPE (Table 3), the calculated
ground state has the rings and NO2 nominally coplanar;
however, the chain is “bent” by≈6° about the central ring (see
Table 1). The out-of-plane elements are again very weak so
that only the six elements in the plane are significant. Taking
thez′ axis to be the director from the center to top ring, and the
x′ axis to be in the plane of the rings, the six relevant elements
of (ar)ijk have ijk: z′z′z′, x′x′z′, x′z′x′ ) z′x′x′, z′z′x′, z′x′z′ )
x′z′z′, andx′x′x′. It is interesting to note that the strong features
in the VR-SFG spectra of the two molecules correspond to the
strongly Raman active modes; therefore, the spectra are
complementary to the IRAS spectra reported in ref 21. For
example, in both OPE and nitro-OPE, the IR feature due to
19a, near 1513 cm-1, is strong, but the CtC stretches are weak.
In the VR-SFG spectra, the CtC stretches are strong, as are
the 8a-derived features near 1600 cm-1.

For thin films on metallic surfaces, a surface selection rule
arises due to the strong screening of the IR driving field, and
only PPP and SSP polarization combinations give quantifiable
spectra. As shown in Appendix I (eq 8), the ratio of the line
amplitudes (Ar

ssp/Ar
ppp) provides information on the two surface

susceptibility elementsøzzz and øxxz and, viaâijk, insight into
the molecular orientation distributionf(θ, φ, ψ), whereθ, φ, ψ
are the Euler angles relating the lab and molecular frames,
defined in Figure 3. However, the experiment does not allow
complete determination off ; therefore, a trial orientation
distribution with limited flexibility must be assumed. The ex-
perimentally derived (Ar

ssp/Ar
ppp) ratios are presented in Tables

2 and 3. Each ratio is the average of two to four values obtained
from spectra recorded for independently diced samples. A
positive sign for the ratio indicates similar phase with respect
to the nonresonant background (for example, destructive in both
spectra), whereas a negative sign indicates opposite behavior

Figure 2. SFG spectra of the NO2 symmetric stretch region for nitro-
OPE and PNBT.

âijk ) âijk
nr + ∑

r

(ar)ijk

(ν - νr + i γr)

(ar)ijk ) 1

8π2c2νrε0

(ar)ijk

(ar)ijk )
∂Rij

∂Qr

∂µk

∂Qr
(1)
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in the two spectra. If one assumes a delta-function orientation
distribution for bothθ andψ, the (Ar

ssp/Ar
ppp) ratios for a single

mode become a function of three parameters:θ, ψ, andne (the
effective index of refraction for the molecular film). Inspection
of Table 2 establishes that, except forν2 at ≈3068 cm-1, all
the observed modes for OPE are dominated by a single resonant
hyperpolarizability element (ar)z′z′z′ and appear cylindrically
symmetric. Therefore, they provide no information aboutψ.
Table 4 indicates that the Fresnel factors that linkA to (ar) are
weakly dispersive, such that all modes exceptν2 should have
the same (Ar

ssp/Ar
ppp) ratio. This is supported by the data for all

modes except those attributed toν19a. The source of this
discrepancy is not known. We have performed a weighted,
nonlinear least squares (NLS) fit to the (Ar

ssp/Ar
ppp) ratios for

modes 7a, CtC, 8a, and 18a (total of 7 ratios) to determineθ
as a function ofne. In the fit, all elements of (ar) are used, a
delta function distribution inθ is assumed, and bothψ andφ

are averaged over a uniform distribution. It has been observed
thatne typically lies between the index of the ambient (air) and
the film.40,48 As ne is varied from 1.1 to 1.7,θ varies from 52
to 28° (see Figure 4). Inclusion ofν2 in the analysis allows a
determination ofψ for fixed ne or a determination ofne for a
knownψ distribution. If we useθ[ne] from the other modes in
the analysis ofν2, we find physical solutions only forne in the
range 1.2-1.7, resulting inψ[θ[ne], ne] as shown in Figure 4A.
Becausene is not accurately known, determination ofψ is
problematic. It has been suggested, on the basis of STM
images,12,16 that the OPE unit cell contains two molecules, due
to the adoption of a herringbone structure. If one assumes two
molecules per unit cell withψ and ψ + 90°, the resultant

average becomes essentially independent ofψ for θ in the
range: 0° to 60°. In this case, a weighted nonlinear least-squares
fit to the data for all modes in Table 2 (excluding 19a) results
in θ ) 34° ( 10°, ne ) 1.55( 0.25.49 This tilt angle is in good
agreement with the value of 32° based on IRAS.21

Inspection of Table 3 establishes that except for theν2 C-H
stretch at∼3067 cm-1 and the NO2 sym stretch at 1344 cm-1,
all the observed modes for nitro-OPE are dominated by (ar)z′z′z′
or (ar)z′z′x′. As can be seen from eq 7, the ratio oføxxz to øzzz is
independent ofψ for narrow distribution functions when only
z′z′z′ andz′z′x′ are dominant; therefore, as was the case for OPE,
the majority of the observed modes should have the same
(Ar

ssp/Ar
ppp) ratio and provide information only onθ. The (Ar

ssp/
Ar

ppp) ratios for ν19a are in better agreement with expectation
than for OPE; however, the feature at 1472 cm-1 is still
problematic. A weighted NLS fit to the (Ar

ssp/Ar
ppp) ratios for

modes 7a, CtC(asy), CtC(sym), 8a, 8a+ NO2 asy, and 18a
(total of 10 ratios) to determineθ as a function ofne results in
Figure 4b. As with OPE, inclusion ofν2 in the analysis allows
a determination ofψ for fixed ne, or a determination ofne for
a knownψ distribution. Physical solutions exist only forne in
the range 1.1-1.6, resulting inψ[θ[ne], ne] as shown in Figure
4b. As with OPE, if one assumes two molecules per unit cell
in a herringbone structure withψ and ψ+90°, the resultant
average becomes essentially independent ofψ. In this case, a
weighted NLS fit to the data for all modes in Table 3 (excluding
19a) results inθ ) 22°+18-22°, ne ) 1.45 ( 0.3.49

TABLE 4: Optical Parameters Used in SFG Analysisa

νIR (cm-1) nAu[νIR] nAu[νSUM] Fssp Fzzz Fxxz Fxzx+ Fzxx

3060 1.87+ 20.2i 0.18+ 3.00i 0.206 exp(-2.53 I) 0.310 exp(0.77 I) 0.311 exp(0.86 I) 0.020 exp(0.96 I)
2210 3.23+ 27.9i 0.16+ 3.55i 0.179 exp(-2.60 I) 0.314 exp(0.68 I) 0.269 exp(0.76 I) 0.009 exp(0.87 I)
1546 5.88+ 38.8i 0.16+ 4.07i 0.159 exp(-2.65 I) 0.313 exp(0.62 I) 0.238 exp(0.69 I) 0.003 exp(0.83 I)
1342 7.53+ 43.7i 0.16+ 4.20i 0.154 exp(-2.66 I) 0.312 exp(0.60 I) 0.231 exp(0.67 I) 0.003 exp(0.83 I)
1070 11.3+ 52.7i 0.16+ 4.39i 0.149 exp(-2.68 I) 0.311 exp(0.58 I) 0.222 exp(0.65 I) 0.002 exp(0.85 I)

a nAu [νVIS] ) 0.18 + 5.06i; film ne ) 1.5; film thickness 2.0 nm.

Figure 3. Definition of Euler angles and orientation of adsorbed OPE.
The molecule (x′,y′,z′) frame is defined such that the rings line in the
x′-z′ plane, andz′ is along the long axis of the molecule.

Figure 4. θ vsne from analysis of cylindrically symmetric modes (solid
lines).ψ vs ne from inclusion ofν2 in the analysis (dotted lines). See
text for details.
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It is interesting to note that the calculated (ar) for the NO2

symmetric stretch does not correspond to aC2V symmetry group
hyperpolarizability oriented along the C-N bond, that is,
(ar)lmn*(ar

C2v)ijkRilRjmRkn with R the transformation matrix for
a rotation of 120° abouty′. Instead, (ar) reflects a rotation of
only 90°, and (ar)x′x′x′ is dominant. This is orthogonal to the
majority of the observed modes and should provide considerable
insight into the nitro-OPEψ. Unfortunately, the mode is
unobservable in SSP and cannot be analyzed as above. If we
assume that the quantum chemical calculation accurately pre-
dicts the ratio of thear for the NO2 group in PNBT and nitro-
OPE, the ratio of the observed features in the PPP spectra in
Figure 2 can be used to estimateψ. Including (Anitro-OPE

PPP /

APNBT
PPP ) for the symmetric stretch along with the other 11 ratios

in the NLS fit results inψ ) 60° ( 20°, θ ) 27° ( 13°, ne )
1.35 ( 0.3.

3.2 SE. Shown in Figure 5 are SE spectra (ellipsometric
angles50 Ψ and ∆) for OPE, nitro-OPE, and octadecanethiol
(ODT) SAMs. For thin films,∆ is most sensitive to thickness.
The similarity of∆ at long wavelengths for the three samples
indicates that all three of the films have comparable optical
thickness. The fine structure inΨ for the OPE and nitro-OPE
films in the UV indicates absorption by the films. Quantitative
analysis of the SE spectra requires determination of the index
of refraction of the vapor-deposited Au substrates because it
depends sensitively on the conditions of the deposition. The
films in Figure 5 were formed on three adjacent≈1 cm2 chips
diced from the center of a wafer. The pseudodielectric function
εAu for the Au film was calculated from the ODT sample,
assuming the ODT film was 2.3 nm thick and had an index of
refractionn ) xε given by a Cauchy dispersion: 1.50+ 0.001/
(1 + λ2), with λ the visible wavelength in micrometers.51 This
procedure incorporates the effects of the thiol-Au interaction
into the Au substrate pseudodielectric function.52 εAu was then
used to estimate the film thickness for the OPE and nitro-OPE
films using the data between 1000 and 600 nm. For ultrathin
films, film thickness and dielectric constantεfilm are not
experimentally separable53 such thatεfilm must be obtained from
other data to determine the thickness. In previous studies of
OPE, values forn between 1.4613 and 1.551 have been assumed.
These values are low compared to recent determinations ofn
for model poly(arylene-phenylene),54 poly(phenylene-
vinylene),55 and poly(phenylene-ethynylene)56 films that range
between 1.55 and 1.8, in reasonable accord with estimates of

Figure 5. Ellipsometric parametersΨ (left axis) and∆ (right axis)
for OPE, nitro-OPE, and ODT films.

Figure 6. UV-vis absorption spectra (left axis) and theoretically calculated electronic spectra (right axis) for (a) OPE and (b) nitro-OPE. Derived
effective polarizabilityγzz/(4πε0) as a function of the parameterf (see text) for (c) OPE and (d) nitro-OPE.
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≈1.75 from a QSAR calculation.21 Assumingn is 1.67 (the
center of the range 1.55-1.8), the derived thickness for three
independently prepared OPE, nitro-OPE, and ODT sets were
OPE, 1.8 nm( 0.1 nm; nitro-OPE, 1.93 nm( 0.07 nm.57 These
thicknesses are consistent with earlier reports and are comparable
to the calculated length of the molecules (S to terminal H
distance of 1.95 nm), suggesting a densely packed film.

Shown in Figure 6a and b are the molar extinction coefficients
for the OPE (thiol) and nitro-OPE (thioacetate), measured in
CH2Cl2. Also shown in Figure 6 are the scaled calculated
oscillator strengths and transition frequencies from a ZINDO/
S, CI singles calculation of the excited states for the respective
thiol.58 The principle features in the absorption spectra near 320
nm for both molecules are attributed toππ* transitions between
extended states along the molecule and have transition dipole
moments calculated to lie along thez′ axis. In OPE, the transition
corresponds to S0 f S1. The calculated short wavelength feature
(≈190 nm) in both molecules is also polarized alongz′, while
the slightly longer wavelength feature (≈204 nm) is polarized
along thex′ axis. The shoulders at 280 nm and 370 nm for the
nitro-OPE are attributed to transitions involving the NO2 and
have transition dipole moments in thex′-z′ plane. The transi-
tions in the short-wavelength shoulder (304 nm, 289 nm, 276
nm) are nominally polarized along the C-N bond, whereas the
long-wavelength shoulder (460 nm) is polarized perpendicular
to the C-N bond.

The ellipsometric data presented in Figure 5 could be inverted
to obtain the isotropic pseudodielectric constantε for the
adsorbed film, assuming a thickness. However, given the high

degree of orientation in the film indicated by the VR-SFG and
earlier IRAS21 and the calculated transition dipole moments,
an anisotropic model is clearly necessary to describe the system.
In general, the two parameters measured in SE (Ψ and∆) cannot
determine the five parameters of a uniaxial dielectric function
(Re and Im parts ofεxx andεzzand thickness) without additional
assumptions. Instead of using the usual dielectric function and
thickness, the optical response of a uniaxial thin film can be
parametrized by two complex lengths or “d parameters”.59 This
formalism has been developed to facilitate the description of
the optical response of clean metal surfaces, because it
straightforwardly allows for the treatment of the continuous
decay of the metal density into the vacuum.60,61 As detailed in
Appendix II,d-parameter theory can be used to clearly identify
the physical origin of ellipsometric contrast in terms of the
weighted effective polarizability difference,εAuγzz- γxx, where
γ is the average volume polarizability tensor for the film.γ
contains the effects of local fields, intermolecular coupling, and
image dipoles. In the limit of a noninteracting array of
molecules, with no images,γ is the conventional molecular
volume polarizabilityR/(4πε0). For a high-dielectric material
such as a metal, we adopt the surface selection rule approxima-
tion thatεAuγzz - γxx ≈ εAuγzz and directly invert the SE data
to obtain the Re and Im parts ofγzz using eq 14. The results
are shown in Figure 6c and d. To assess the validity of this
treatment, we have also calculatedγzz assuming that the ratiof
≡ γxx/γzz is 1 or 3. The results are also shown in Figure 6c and
d and indicate that the significant features of the polarizability,
both the magnitude of the real component at long wavelengths
and the position of the principle features at short wavelengths,
are robust to the assumptions off. From Figure 6, we see that
the dominant resonant feature inγzz (due to the strongππ*
transition) is significantly blue-shifted from the position in
solution. For OPE, the resonance shifts from 327 nm to 286
nm, whereas in nitro-OPE, the resonance shifts from 325 nm
to 294 nm. A similar blue shift was reported on the basis of
transmission measurements on OPE adsorbed on semitransparent
Au films.7

The structure in the calculatedγzz for both OPE and nitro-
OPE near 500 nm is attributed to artifacts due to small
differences between the Au optical constants of the test films
and the ODT-covered calibration films. This is supported by
Figure 7, in whichγzz is compared to the “sensitivity” function
Srelating the observed reflectivity difference toγzz(see eq 14).
The strong dispersion in the Au results in a peak in the
sensitivity near 500 nm.

Figure 7. SE sensitivity factor (see text) and extracted volume
polarizability for OPE.

Figure 8. Comparison ofγzz obtained directly from the SE data using the surface selection rule andγzz obtained from a uniaxial analysis of the
data using Fresnel theory (see text) for (a) OPE and (b) nitro-OPE.
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To our knowledge, the use ofd-parameter theory and the
surface selection rule to obtain the real and imaginary parts of
the surface polarizabilityγ is novel to this paper. Fresnel theory
is more often used to interpret ellipsometric data.62 As discussed
above, multiple assumptions must be made to develop a uniaxial
model for an ultrathin film. The equivalence of the simple
d-parameter approach and Fresnel theory is shown in Figure
8a and b, whereγzz determined from thed-parameter approach
is compared toγzz determined from Fresnel theory and the
assumptions that the molecular film is 2 nm thick, that onlyεzz

is dispersive, and thatεxx is 1.42. The two approaches provide
similar results; however, thed-parameter approach is far simpler.

4. Discussion

4.1 Molecular Orientation. Quantum chemical calculations
of hyperpolarizabilities have been used to qualitatively guide
the interpretation of VR-SFG,63,64 but have rarely been used
for quantitative analysis.65 The relatively good agreement
between the determined values forθ from VR-SFG and earlier
IRAS21 indicate that in this case, calculated hyperpolarizabilities
allow quantitative analysis. This is supported by Figure 9, in
which calculated and experimental values for-Im[Ar/(ν - νr

+ iΓr)] are compared. The orientation average was performed
for f(θ, ψ, φ) ) δ(θ - 30°)δ(ψ - 45°), the DFT frequencies
were scaled as indicated in the figure caption, and a surface

Figure 9. Comparison of the imaginary parts of the resonant components of the SFG spectra (blue from Figure 1) and the imaginary parts of the
theoretically calculated hyperpolarizability components (red) for OPE (left column) and nitro-OPE (right column). The DFT frequencies have been
scaled by 0.954, 0.959, 0.962, and 0.978 for the 3000, 2200, 1500, and 1000 cm-1 regions, respectively. The theoreticalø’s are scaled by 0.25 for
the 2200, 1500, and 1000 cm-1 regions, respectively.
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coverage of 4.5× 1014 cm-2 was assumed. Only thezzzand
xxzcontributions toAPPPwere included in the calculation. There
is excellent agreement between theory and experiment on the
relative phases of the lines. In particular, the phase flips between
OPE and nitro-OPE for the features at 1146 cm-1, 1581 cm-1,
and 2204 cm-1 in the nitro-OPE spectra are predicted by theory.
There is qualitative agreement on the relative mode intensity.
The calculations agree well with the intensity of the C-H stretch
features, but they overestimate the intensity of the fingerprint
region features by∼4. A similar disparity between the C-H
stretch region and the fingerprint region is seen in the calculated
Raman intensities (see Supporting Information).

The predicted VR-SFG spectra for calculations in which the
SH bond lies in the plane of the rings (the calculated ground
state) do not agree as well with the experimental spectra (see
Supporting Information). The phase for the lines at 1581 cm-1

and 2204 cm-1 for OPE is not properly accounted for. The
physical origin of the correlation between phase and the CSH
bond angle is not known. However, the≈97° CSH bond angle
results in some interaction between the thiol H and bottom ring
H’s, manifest in the C-H stretch normal modes. This results
in a strong additional C-H stretch feature corresponding to a
local mode of the C-H adjacent to the S-H. This feature is
not present in the experimental spectra, as expected, due to the
loss of H upon formation of the thiolate-Au bond. The large
covalent radius of Au and the near linear bond angle implied
by the observed moderate tilt indicate that there should be little
C-H/Au interaction and the SH perpendicular calculation
should better represent the perturbation of the molecule by
adsorption than the SH in-plane calculation, consistent with
observation.

The nominal tilt angle of 30° for both molecules is consistent
with the tilt angle found for benzenethiol66 and similar rigid
rod-conjugated thiols.20 Robust determination of the twist angle
ψ for the OPE is problematic. The VR-SFG results are equally
consistent with the reported 31° ψ for a primitive unit cell in
ref 21 and an orthogonal herringbone structure at an arbitrary
ψ. The lower symmetry of the nitro-OPE results in a more
definitive analysis. Although it is likely that additional errors
are introduced by the assumption that the calculatedar’s for
PNBT and nitro-OPE are relatively accurate, the tilt obtained
by including the NO2 sym stretch data,θ ≈ 27°, is in good
agreement with that determined by IRAS21 (θ ≈ 32°). Similarly,
the twist angleψ ≈ 60° is consistent with that found by the IR
analysis of the non-nitro-containing modes (ψ ≈ 69°).67 Second-
order nonlinear optical techniques probe higher moments of the
orientation distribution than linear techniques. Combination of
measurements by both techniques can be used to determine both
the mean and the width of the orientation distribution.68 The
good correlation between the VR-SFG data and IRAS data21

implies narrowθ distributions.
Both the OPE and nitro-OPE thiols have significant calculated

dipole moments: 8.3× 10-30 C m (2.5 D) and 1.8× 10-29 C
m (5.3 D), respectively. The repulsive energy for a vertically
oriented array of dipoles is significant:≈25 kJ mol-1 for OPE
at 4.5× 1014 cm-2 density. This repulsion is lowered as the
molecules tilt. The molecular dipole should lie along thez′ axis
for OPE and the dipole-dipole interaction will be a function
of θ only, such that the twist angle will be defined by theππ
and van derWaals interactions between adjacent molecules. For
nitro-OPE, the molecular dipole will be tipped off thez′ axis,
and the dipole-dipole interaction will depend on bothθ and
ψ. The equilibriumθ and ψ, thus, represents a compromise
among dipole-dipole interactions,ππ and van derWaals

interactions, and possibly weak NO-H-C hydrogen bonding.
It would seem probable that the nitro-OPE will therefore adopt
a different packing geometry than OPE.

4.2 Electronic Excitations. Insight into the electronic
structure of the adsorbed films is afforded by the determined
volume polarizabilityγ. For OPE, the location of the main
transition near 300 nm shows a significant blue shift, from 327
nm in solution to 286 nm in the film. The blue shift of the
main transition to 286 nm is consistent with the formation of a
molecular exciton due to dipole-dipole coupling between the
transition dipoles of the film, as is commonly encountered in
dye aggregates.69 Similar blue-shifted transitions have been
observed for nearly vertically oriented films of sexithiophene.70

Simple models have been developed for the molecular excitons
in linear71 and 2D arrays.72 When the transition dipole is
nominally perpendicular to the line of centers of the molecules,
the allowed exciton transition is blue-shifted, whereas if the
transition dipole lies in the plane of the molecules, the transition
is red-shifted. For a square array, the shift in the transition
frequency is given by∆ν ) (4.2/pc)(M2/4πε0η3)(3 cos2 θ -
1), whereν is in centimeters-1, p is Plank’s constant,c is the
speed of light,ε0 is the permittivity of free space,M is the
transition dipole strength, andη is the lattice constant.72 From
the molar extinction coefficient, we can estimate73 M to be 3.0
× 10-29 C m (9.1 D) and obtain a tilt of 47° from the 4400
cm-1 observed shift andη ) 0.47 nm. The simple theory
neglects the screening of the dipole interaction between the
molecules and, thus, will overestimate the frequency shift
(overestimate the tilt forθ < 54.7°); however, the qualitative
agreement between the estimated tilt and the more robust values
from VR-SFG and IR21 support the attribution of the blue shift.
We note in passing that the feature at 230 nm in solution is not
apparent (at wavelengths longer than 190 nm) in the absorbed
film. This is consistent with a near upright orientation and the
x′ orientation of the transition dipole (surface selection rule
forbidden).

The electronic spectra of adsorbed nitro-OPE show effects
similar to that of OPE that again can be attributed to orientation
and the formation of a molecular exciton. A similar blue shift
(from 325 nm to 294 nm) is observed for the main transition,
and the transition near 232 nm is not present. The data do not
allow unambiguous assessment of the relative intensities of the
NO2-derived shoulders. The most significant difference between
nitro-OPE and OPE is in the total strength of the transitions,
with the nitro-OPE being significantly weaker. This may simply
reflect film quality and homogeneity. There is no evidence for
significant perturbation of the electronic transitions of either
molecule by interaction with the metal substrate.

5. Conclusions

The molecular orientation and dipole allowed electronic
excitations of OPE and nitro-OPE films have been thoroughly
characterized. VR-SFG is consistent with earlier IR analysis,
suggesting both molecules are tilted by≈30° from the surface
normal. For the nitro-OPE, it is suggested that the molecules
are preferentially twisted by≈60°. The optical transitions
indicate strong intermolecular interactions, consistent with
molecular exciton theory. There is no evidence for significant
perturbation of the neutral electronic transitions by interaction
with the substrate.
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Appendix I

A number of authors have presented complete descriptions
of orientation analysis based on VR-SFG data.30,38,41 This
appendix is presented to clearly define the notation and model
used. In classical, macroscopic theory, the electric field created
at the sum frequency arises from an induced polarizationP in
a material. For a monolayer film system, there are three possible
locations of this induced polarization: the molecular film, at
the film/substrate interface, and in the bulk of the substrate. In
general, the polarization at each location is given by

where øD is the local dipole response and is expected to
dominate the polarization when symmetry allowed. In locally
centrosymmetric substrates,øD is symmetry-forbidden, and the
leading order contributions come from the nonlocal, quadrupolar
termsøQ.74 The quadrupolar terms of the substrate can be written
as effective surface dipole terms;75 therefore, the superscript D
will be omitted in the following.

The electric field at the sum frequency, arising from the
induced polarization sheet, can be shown to be

wherekz(ωSUM) is the component of the wavevector of the sum-
frequency plane wave along the surface normal,Ljm and Lkn

are conventional Fresnel transfer matrices relating the incident
fields Em,n(ω) to the fields at the nonlinear sheet, andLil

) is a
transfer matrix for the emission of the sum-frequency.Lil

) can
be calculated by many routes; in this work, we use the Green’s
function approach of Sipe.76 Local field effects are included in
the spirit of ref 39 by allowing the polarization sheet to be
imbedded in a thin film characterized by an effective index of
refractionne. In the thin film limit,39 this results in modification
of the two-layer (ambient, substrate)Lzz by Lzz(three layer))
Lzz(two layer)(1/ne).2 For Table 4, the full three-layerL is used,
with the nonlinear source located midway into a layer 2 nm
thick.

For an azimuthally symmetric sample, there are only four
distinct elements in the nonlinear susceptibilityøijk: zzz, xxz)
yyz, xzx ) yzy, zxx ) zyy. The three polarization combina-
tions, SSP, SPS, and PSS, are each uniquely determined by the
single ø elementsxxz, xzx, andzxx, respectively. For each of
these three polarization combinations, the normalized spectrum

can be modeled by

whereFnr, ønr, F, andøresare the nonresonant and resonant total
Fresnel factors (Fijk ) Lii (ωsum)Ljj (ωVIS)Lkk(ωIR)) and nonlinear
susceptibilities of the sample, andøe is the effective susceptibil-
ity of the reference.Bnr arises from nonresonant contributions
to ønr, and Ar, νr, andΓr are the amplitude, center wavenumber,
and line width (hwhm), respectively, for vibrational mode r.
The termsAr, Bnr, and æ reflect both the relevantø and the
Fresnel factor weights. In the case of PPP polarization, the
spectrum can be modeled by

The termsAr andφr reflect the sum of contributions from all
four ø elements. In the near copropagating configuration used
in this study, the Fresnel factorsFxzxandFzxxare approximately
equal and opposite (see Table 4). Assuming pseudo-Kleinmann
symmetry77 holds for the sum and vis indices oføres, that is,
øxzx

res ≈ øzxx
res, these terms will nearly cancel in eq 5.

The macroscopicø can be modeled as the orientation average
of a molecular hyperpolarizabilityâ, øijk ) N〈âlmnRliRmjRnk〉,
whereR is a rotation matrix relating the internal coordinates of
the molecule to the lab coordinates andN is the number density.
For a molecule ofC2V symmetry, the in-plane averagedø
elements that are observable on a metal substrate (zzzandxxz)
can be shown to be

For a molecule ofCs symmetry, the resulting expressions are
very elaborate.78 Retaining only the terms that are significant
in the calculatedâ (see Tables 2 and 3:z′z′z′, x′x′z′, x′z′x′, z′z′x′,
andx′x′x′) the in-plane averagedø elements can be shown to
be

Pi(ωSUM ) ωVIS + ωIR, r) ) ε0øijk
D Ej(ωVIS, r)Ek(ωIR, r) +

ε0øijkl
QIREj(ωVIS, r)∇kE1(ωIR, r) +

ε0øijkl
QVISEj(ωIR, r)∇kE1(ωVIS, r) + ε0∇jøijkl

Q Ek(ωVIS, r)E1

(ωIR, r) + ... (2)

E1(ωSUM) ) iω2

2ε0c
2kz(ωSUM)

øijk(ωSUM )

ωVIS + ωIR)Lil
)(ωSUM)Ljm(ωVIS)Lkn(ωIR)Em(ωVIS)Eh(ωIR) (3)

rel signal≡

|B′nr + ∑
r

A′re
iæ

ν - νr + iΓr
|2

)
1

|øe|2
|Bnr + ∑

r

Are
iæ

ν - νr + iΓr
|2

|Bnr + ∑
r

Are
iæ

ν - νr + iΓr
|2

) |Fnrø
nr + F øres|2 (4)

rel signal≡

|B′nr + ∑
r

A′re
iær

ν - νr + iΓr
|2

)
1

|øe
ppp|2

|Bnr + ∑
r

Are
iær

ν - νr + iΓr
|2

(5)

∼|Fnrø
nr + Fzzzøzzz

res+ Fxxzøxxz
res + Fxzxøxzx

res + Fzxxøzxx
res|2

A1: øzzz) N(âx′x′z′〈cosθ sin2 θ cos2 ψ〉 + âz′z′z′〈cos3 θ〉)

A1: øxxz)
N
8

(âx′x′z′〈cosθ (3 + cos 2θ - 2 sin2 θ cos 2ψ)〉 +

4âz′z′z′〈cosθ sin2 θ〉)

B1: øzzz) 2Nâx′z′x′〈cosθ sin2 θ cos2 ψ〉

B1: øxxz) -Nâx′z′x′〈cosθ sin2 θ cos2 ψ〉 (6)

øzzz) N(-âx′x′x′〈sin3 θ cos3 ψ)〉 +

(âx′x′z′ + 2âx′z′x′)〈cosθ sin2 θ cos2 ψ〉

-(2âx′z′z′ + âz′z′x′)〈cos2 θ sin θ cosψ〉 + âz′z′z′〈cos3 θ〉
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The observed (Ar
′ssp/Ar

′ppp) were used to extract a trial orientation
distribution function from

given âijk from quantum chemical calculations (see text). This
required determination of the ratio (|øe

ssp|/øe
ppp|). For z-cut

quartz, this ratio can be calculated43 and is 1.1. For the Au film
reference employed, this was found to be 0.32( 0.02,
independent of wavelength.

Appendix II

The change in the optical response of a planar interface, due
to the presence of a molecular thin film, has been treated by
numerous authors.79 Thed-parameter formalism59,61provides a
useful paradigm for comparing various models for monolayer
films. To first order in the ratio of the effective film thickness
to the wavelength of light, the s and p amplitude reflectivities
can be described by

whereθi is the angle of incidence,r0 is the reflectivity of the
bare interface,ε is the relative dielectric constant of the substrate,
and thed parameters are defined in terms of the normalized
excess interface polarization.80

From eq 9, it is straightforward to show that the ellipsometric
variables Ψ and ∆ are related to the difference in thed
parameters

For a molecular film characterized by a thicknessw and
uniaxial dielectric functionε, thed parameters are79

whereas if the film is treated as a layer of polarizable molecules

with surface density N,

whereγ is the effective volume polarizability (γ ≡ polarizabil-
ity/(4πε0)) tensor of the molecule, defined in terms of the electric
field in the absence of the layerE0,

wherep is the surface averaged dipole per molecule.γ includes
all local field and molecular coupling effects.γ is related to
the surface susceptibility tensor defined by Servant and
Dignam81 by γ ) γservant/(4πN). From eqs 10 and 12, one
can see that SE is sensitive to the weighted polarizability
difference.

For completeness, we note that eqs 11 and 12 can be
combined to give the effective dielectric function of a molecular
film in terms of γ.

For a bulk sample, the dielectric constant is related to the volume
polarizability R via the local field correctionf as

For an isotropic material, the Lorentz local field correction isf
) 1/3. Equation 15 can be recognized as relatingε to γ via the
local field corrections appropriate to an oblate ellipsoid (pan-
cake),fz ) 1, fx ) 0.82
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