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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-8¢. 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 TABLE 1: Structures Used for Calculation of Vibrational
Properties

Self-assembled monolayers (SAMs) of highly conjugated
organic molecules have recently become subject to intense|
studyl2 The interest in these films is driven in large part by
attempts to understand their potential in molecule-based elec- OPE
tronics? therefore, extensive characterization of their electrical
properties’ either in test device3® via scanned probe
techniqued,; 10 or via electrochemical techniqu&shas been
performed. Oligo(phenylereethynylene) compounds have nitro-OPE
emerged as a prototypical system, displaying a diversity of
electrical behavior depending upon subtle changes in molecular
structure. SAMs of 4/4di(phenylene-ethynylene)benzene-
thiol (OPE Table 1) on Au are perhaps the most well
characterized:12-16 They exhibit significantly greater conduc- @ more extensive vibrational spectroscopy study has been
tion vs alkanethiol films of comparable thicknééDepending  reported on 4,4di(phenylene-ethynylene)-2ethyl-1-benzene-
on the details of the measurement, the/Icurve is asymmetric, ~ thiol.?° In a recent pape¥, IRAS, single wavelength ellipsom-
indicating slight rectificatiori:8 Substitution on the central ring  €try, contact angle, X-ray photoemission spectroscopy (XPS),
results in dramatic changes in the electrical behatfdpecif- and atomic force microscopy (AFM) were applied to the study
ically, films with a mononitro substitution (nitro-OPE, Table ©f SAMs of OPE and nitro-OPE. It was discovered that the
1) have been reported to exhibit negative differential resistance composition of the nitro-OPE SAMs depends sensitively on the
(NDR) near room temperatufé:1? assembly procedure, and the nitro-OPE SAMs are significantly

Given the considerable interest in the electrical properties of €SS stable than those of OPE. Under the best assembly and

oligo(phenylene-ethynylene)-derived films, it is notable that Storage conditions, both SAMs were observed to be well-
very little spectroscopic characterization exists in the literature. ©r9anized with an ordered lattice. _
UV —vis spectroscopy and limited infrared reflection absorption N this paper, vibrationally resonant sum-frequency generation

spectroscopy (IRAS) have been reported on GFEyhereas (VR-SFG) and spectroscopic ellipsometry (SE) are applied to
the study of OPE and nitro-OPE SAMs. Quantitative analysis

* Corresponding author, E-mail: lee.richter@nist.gov. of the polarization dependence of the VR-SFG spectra, com-

* Current address: Milliken Research Corporation, 920 Milliken Road, Pined with quantum chemical calculations of the hyperpolar-
Spartanburg, SC 29303. izability tensor elements, provides insights into the orientation
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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).

distribution of the adsorbed molecules. The optical transitions were either used immediately or stored in laboratory ambient
of the SAMs, reflected in the ellipsometric spectra, provide conditions and then cleaned via W\dzone exposure. The
information on the coupling of electronic excitations in the films. solutions were (0.20.5) x 1073 mol/dm? in ethanol or 1:1
The resulting thorough characterization provides both important dichloromethane/ethanol. The OPE films were prepared from
ground-state information for the development of thedfies the thiol, and the nitro-OPE films were prepared from the thiol
for the electrical behavior of this family of films and baseline acetate using acid deprotection to eliminate the side reactions
spectra for futurén situ studies of oligo(phenylereethynylene) of the nitro group>-2: Solution preparation and SAM formation
chemistry. was performed in a nitrogen-purged glovebox with thg O
concentration kept below 2 ppm. The nitro-OPE compound has
been reported to degrade upon exposure to laboratory ambient
The synthesis of the molecules and the film preparation are conditions?! During the course of this work, significant evolu-
as described in ref 21. Briefly, the substrates wed®0-nm- tion of the VR-SFG and SE spectra for the nitro-OPE were
thick vapor-deposited Au films on Cr-primed Si wafers. They observed after only 4 days exposure to ambient conditions.

2. Experimental Section
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TABLE 2: SFG Vibrational Analysis for OPE

Observed Ca|Cu|ated Qr) (B(XIBQ)(‘u/aQ)/(l(TH CZ m V71 kgil)

frequency (cm?) (ATSTAPPR) assignment 777 XX7 yy?z X'ZX yzZy
3068 0.30+ 0.02 2 top -3.8 -5.1 —-0.4 0.0 0.0
3055 —0.01+0.03 Ta top —8.4 11 0.0 0.0 0.0
2209 0.15+ 0.01 G=C 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 11 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 18atop -1.3 —-0.4 0.0 0.0 0.0
1009 —irr—2 18a bot —-4.7 -0.3 0.0 0.0 0.0

996 —irr— 12 top 14 0.2 0.0 0.0 0.0
@ The ASSHAPPP ratio was irreproducible over multiple determinations due to limited signal in the SSP configuration.
TABLE 3: SFG Vibrational Analysis for Nitro-OPE
observed calculated (3 (90/0Q)(9u/dQ)/(L0-22C*> m V~t kg™)

frequency (cm?) (ATTAPPR) assignment 777 Xx'Z yyz X'ZX F 3% XXX
3067 0.29+ 0.03 2 top -3.9 -5.0 -0.4 0.0 0.5 0.7
3060 —0.07+0.08 7atop -7.9 11 0.0 0.0 0.9 0.0
2225 0.26+ 0.10 G=C asyt 132 -1.9 0.0 -0.7 —11. 0.1
2204 0.13+ 0.04 G=C syn? —209 —-3.4 0.0 -35 47 0.8
1615 0.05+ 0.04 8a+ NO; asy —46 0.4 0.0 -1.2 24 -0.2
1598 0.04+ 0.06 8a top —41 14 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+ NO; 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
1344 -na- NG sym 0.7 1.0 0.0 —5.7 11. 16
1142 0.15+ 0.03 18a mt+ 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 18atop -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| ocalized mostly on the top=£C. ° Localized mostly on the bottom=EC. ¢ Frequency from bulk IR spectra, line not observed in SFG.

Therefore, all reported VR-SFG spectra were recordee:tn received Au films were vapor-deposited films .00 nm on
cn? fragments freshly diced from a SAM-coated wafer stored Cr-primed Si substrates.) The quartz was unusable as a reference
in the dark under oil-free vacuum. All reported SE spectra were in the 6um to 10um range due to resonant structure. All spectra
recorded orrel cn? samples immediately upon removal from are scaled to the respective signal from the as-received Au
solution. reference, calibrated to quartz atdn. The x-axis is the IR

The VR-SFG spectra were acquired with a broad-bandwidth wavenumber, to allow easy comparison with linear vibrational
apparatus that has been described e&fién. brief, broad- spectroscopies.
bandwidth ¢ 150 cnr* fwhm) tunable IR pulses, derived from The SE spectra were acquired with a J. A. Woollam Co.
an~100-fs, 1-kHz, regeneratively amplified-¥sapphire laser ~ M-20000?7 rotating compensator ellipsometer over the wave-
system were temporally and spatially overlapped with narrow- |ength range 190 nm to 1000 nm and at an angle of incidence

bandwidth ¢3 cn?) 794 nm (VIS) pulses at the sample. The of 70°. The spectra were zone-averaged and represent a total
reflected sum-frequency light was collected, dispersed with a of ~100 s signal acquisition.

0.75 m spectrograph, and detected with a scientific grade CCD

array detector. This allowed the simultaneous acquisition of a 3 Resyits

>300 cnTl-wide SFG spectrum. In this work, the IR and VIS

beam diameter and angle of incidence were typically 280 3.1 VR-SFG. Shown in Figure 1 are SFG spectra for OPE
54° and 150um, 36, respectively. The IR pulse energy varied and nitro-OPE films at central IR wavelengths of abouin3,

from ~4 uJ at 3um to ~1 uJ at 10um while the VIS pulse 5um, 6um, and 1Qum. As described in Appendix I, the SFG
energy was typically 2J. The displayed spectra were normal- spectra can be fit to the coherent superposition of a series of
ized by the response of a reference sample that corrects for theLorentzian lines and a nonresonant background. Also shown in
intensity envelope of the broad-bandwidth IR pulse. An Figure 1 are weighted nonlinear least-squares fits of the PPP
automated carousel was used to position the reference and ugpectra to eq 5 and the SSP spectra to eq 4. The PPP and SSP
to five samples under the incident beams. SSP spectra (S-spectra were fit simultaneously with the constraint theand
polarized sum, S-polarized vis, P-polarized9Rypically are I'; were the same for the two spectra. The results for the principle
the average of 10 to 20 sample/reference ratios with acquisitionlines are summarized in Tables 2 and 3. Also presented in Tables
time per sample 0£240 s. PPP spectra typically are the average 2 and 3 are assignments for the observed lines, based on
of three sample/reference ratios with acquisition time per sample comparison with IR and Raman spectra of the parent compounds
of ~60 s. At IR wavelengths of3 um, z-cut quartz was used and DFT calculations (see Supporting Information). Wilson
as the reference; at5 um, z-cut quartz and as-received Au notation for the fundamental modes of 1,4-substituted benzene
were used; at long wavelengths, as-received Au was used. (As-s usec?®2°Modes that are localized to a single ring are labeled
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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?2!

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 NO
asymmetric stretch near 1547 chin 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 G=C symmetric stretch near 2200 ckthe 8a derived
mode near 1581 cm, and the 18a mode near 1142 ¢mAs
shown in Figure 2, negligible intensity was found at the expected
position of the NQ symmetric stretch~1340 cnt?) 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)

Richter et al.
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Figure 2. SFG spectra of the NGsymmetric stretch region for nitro-
OPE and PNBT.

dihedral angle was constrained to place the CSH plane
perpendicular to the plane of the rings (see Table 1). This is

and their orientation (via the phase and amplitude of the resonant0t the calculated ground state of the isolated thiols (which has

featuresf9-3° The extraction of orientation information can be
done by either comparing relative mode intensities in a single
spectrum®37 or by comparing the ratios of mode intensities in
spectra acquired with different polarization configuratiéfg®

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 £ however, the &) for the observed

In either case, one must be able to estimate the components of0des approximately obeg,, symmetry; i.e., there are only

the molecular hyperpolarizabiliy that determine the observed
susceptibility y (see Appendix I). Unlike conventional IR
absorption,s 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 ¢f When comparing different
polarization combinations, one is sensitive only to the relative
accuracy of the elements gfon a per-mode basis. However,
the analysis requires an accurate determination of the Fresne
coefficients and local field&® When neither the SUM nor VIS
frequencies are near resonances in the molegilean be
approximated by

(i
Biw = ﬁﬂli + z PE—
~ v i)
1
87°C,¢,

@) = @ik

dot; ety
9Q,0Q,

@y = (1)

wherefj is the nonresonant part 8f (9c;/9Q;) is the Raman
polarizability derivative, anddu/dQ) is the infrared transition
dipole moment of vibrational mode r with wavenumbef? In
most studies, the elements pfwere estimated from additive
bond polarizability models fordf;/0Qr) and Qu/0Q;).4¥ 43 In
this study, we have used quantum chemical calculationgogf (
0Qy) and Qui/9Qy). Density functional theory calculations were
performed with the B3-LYP hybrid functiordl**and a 6-31/
G** basis set with the Gaussian 98 prografii®

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

five significant elements assuming Kleinman symniétfpr
the vis and sum indices. Taking teaxis to be along the chain
axis and thex axis to lie in the plane of the rings, the five
elements of &) have ijk: ZzZ, XXZ, y'yzZ, XZx = zZXX,
y'Zy = Zy'y'. The out-of plane elementg'y'Z andy'zy') are
very weak. For isolated nitro-OPE (Table 3), the calculated
ground state has the rings and N@ominally coplanar;
however, the chain is “bent” bs6° about the central ring (see
Table 1). The out-of-plane elements are again very weak so
fhat 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 (a)ik have ijk: ZZZ, XXZ, XZX = ZXX, ZZX, ZXZ =
XZZ,andx'x'X. Itis 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, is strong, but the &C stretches are weak.
In the VR-SFG spectra, the=&C stretches are strong, as are
the 8a-derived features near 1600¢m

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 | (eq 8), the ratio of the line
amplitudes A°7AP") provides information on the two surface
susceptibility elementg,,; and yxx, and, viapix, insight into
the molecular orientation distributid(®, ¢, v), whereo, ¢, v
are the Euler angles relating the lab and molecular frames,
defined in Figure 3. However, the experiment does not allow
complete determination of; therefore, a trial orientation
distribution with limited flexibility must be assumed. The ex-
perimentally derived A;°7AP") 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
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TABLE 4: Optical Parameters Used in SFG Analysi$

J. Phys. Chem. B, Vol. 108, No. 33, 20012551

VIR (Cmil) nAu['VIR] nAu[VSUM] Fssp Fzz Fyxz Fyzx+ Faxx
3060 1.87+204  0.1843.00  0.206expt2.531)  0.310exp(0.771)  0.311exp(0.861)  0.020 exp(0.96 I)
2210 3.23+27.9 0.16+ 3.55 0.179 expt-2.60 1) 0.314 exp(0.68 1) 0.269 exp(0.76 1) 0.009 exp(0.87 1)
1546 5.88+38.8  0.16+4.07  0.159expt2.651)  0.313exp(0.621)  0.238exp(0.691)  0.003 exp(0.83 I)
1342 7.53+4371  0.16+4.20  0.154expf2.661)  0.312exp(0.601)  0.231exp(0.671)  0.003 exp(0.83 I)
1070 11.3+ 52.7 0.16+4.3d9  0.149expf2.681)  0.311exp(0.581)  0.222exp(0.651)  0.002 exp(0.85 )

anau [vvis] = 0.18+ 5.06; film ne = 1.5; film thickness 2.0 nm.
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Figure 3. Definition of Euler angles and orientation of adsorbed OPE.
The moleculeX,y',Z) frame is defined such that the rings line in the
X' —Z plane, andZ is along the long axis of the molecule.
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Figure 4. 6 vsn.from analysis of cylindrically symmetric modes (solid
lines).y vs ne from inclusion ofv; in the analysis (dotted lines). See
text for details.

in the two spectra. If one assumes a delta-function orientation
distribution for bothe andzy, the @&°7AP) ratios for a single
mode become a function of three parametétsy, andne (the
effective index of refraction for the molecular film). Inspection average becomes essentially independentydr ¢ in the

of Table 2 establishes that, except ferat ~3068 cnt?, all range: Oto 6C. In this case, a weighted nonlinear least-squares
the observed modes for OPE are dominated by a single resonantit to the data for all modes in Table 2 (excluding 19a) results
hyperpolarizability elementaf),;,, and appear cylindrically — in 6 = 34° £ 10°, ne= 1.55+ 0.252° This tilt angle is in good
symmetric. Therefore, they provide no information abgut agreement with the value of 3based on IRAS!

Table 4 indicates that the Fresnel factors that Bnto (a,) are Inspection of Table 3 establishes that except fonth€—H
weakly dispersive, such that all modes excepshould have stretch at~3067 cnt! and the NQ sym stretch at 1344 cm,

the same A;*TAP™) ratio. This is supported by the data for all all the observed modes for nitro-OPE are dominatedaf)y A,
modes except those attributed tag, The source of this  OF (&)zzx. As can be seen from eq 7, the ratio)Qf; to yzz;is
discrepancy is not known. We have performed a weighted, independent ofy for narrow distribution functions when only
nonlinear least squares (NLS) fit to thaS{/AP™) ratios for Zz7 andzZzx are dominant; therefore, as was the case for OPE,
modes 7a, &C, 8a, and 18a (total of 7 ratios) to determihe ~ the majority of the observed modes should have the same
as a function of. In the fit, all elements ofg) are used, a  (A”"7A’™) ratio and provide information only of. The A7
delta function distribution irg is assumed, and both and ¢ AP ratios for viga are in better agreement with expectation
are averaged over a uniform distribution. It has been observedthan for OPE; however, the feature at 14727énis still
thatne typically lies between the index of the ambient (air) and problematic. A weighted NLS fit to theAF*HAP™P) ratios for

the film.4048 As n is varied from 1.1 to 1.70 varies from 52 modes 7a, &C(asy), G=C(sym), 8a, 8a- NO, asy, and 18a

to 28 (see Figure 4). Inclusion af, in the analysis allows a  (total of 10 ratios) to determin@ as a function ohe results in
determination ofy for fixed n. or a determination ofi. for a Figure 4b. As with OPE, inclusion of; in the analysis allows
known 1y distribution. If we used[ng] from the other modes in a determination ofp for fixed ne, or a determination ofi, for

the analysis of,, we find physical solutions only fame in the a knowny distribution. Physical solutions exist only fag in
range 1.2-1.7, resulting inp[0[ng], neg as shown in Figure 4A. the range 1.£1.6, resulting inp[0[ng], ng as shown in Figure
Becausen, is not accurately known, determination ¢f is 4b. As with OPE, if one assumes two molecules per unit cell
problematic. It has been suggested, on the basis of STMin a herringbone structure witlp and y+90°, the resultant
images!?16that the OPE unit cell contains two molecules, due average becomes essentially independeng.di this case, a

to the adoption of a herringbone structure. If one assumes twoweighted NLS fit to the data for all modes in Table 3 (excluding
molecules per unit cell withy andy + 90°, the resultant 19a) results ird = 22°4+18—22°, no = 1.45+ 0.34°
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130 Fren) for the symmetric stretch along with the other 11 ratios

in the NLS fit results imp = 60° + 20°, 6 = 27° + 13°, ne =
— 120 1.35+ 0.3.

4 110 3.2 SE Shown in Figure 5 are SE spectra (ellipsometric
. angle§® W and A) for OPE, nitro-OPE, and octadecanethiol
9; — 100?: (ODT) SAMs. For thin films,A is most sensitive to thickness.

Jdso The similarity of A at long wavelengths for the three samples
indicates that all three of the films have comparable optical
80 thickness. The fine structure ¥ for the OPE and nitro-OPE

films in the UV indicates absorption by the films. Quantitative

—17° analysis of the SE spectra requires determination of the index
' of refraction of the vapor-deposited Au substrates because it
200 400 600 800 1000 depends sensitively on the conditions of the deposition. The
wavelength [nm] films in Figure 5 were formed on three adjacent cn? chips
. . . . ) ' diced from the center of a wafer. The pseudodielectric function
Figure 5. Ellipsometric parameterd (left axis) andA (right axis) -
for OPE. nitro-OPE. and ODT films. eay 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 = Ve given by a Cauchy dispersion: 1.300.001/

It is interesting to note that the calculate)(for the NG, (1 + A2), with /1 the visible wavelength in micrometetsThis
symmetric stretch does not correspond @asymmetry group  procedure incorporates the effects of the thidl interaction
hyperpolarizability oriented along the - bond, that is,  into the Au substrate pseudodielectric functfra, was then
(@) im=(@">)ikRiRmRkn With R the transformation matrix for  used to estimate the film thickness for the OPE and nitro-OPE
a rotation of 120 abouty'. Instead, &) reflects a rotation of films using the data between 1000 and 600 nm. For ultrathin
only 9C°, and @&/)xxx is dominant. This is orthogonal to the films, film thickness and dielectric constart, are not
majority of the observed modes and should provide considerableexperimentally separabifesuch thaks, must be obtained from
insight into the nitro-OPEy. Unfortunately, the mode is  other data to determine the thickness. In previous studies of
unobservable in SSP and cannot be analyzed as above. If weOPE, values fon between 1.48 and 1.5% have been assumed.
assume that the quantum chemical calculation accurately pre-These values are low compared to recent determinatioms of
dicts the ratio of thea, for the NG, group in PNBT and nitro-  for model poly(arylenephenylenef* poly(phenylene-
OPE, the ratio of the observed features in the PPP spectra invinylene)?® and poly(phenyleneethynylene¥ films that range

Figure 2 can be used to estimage Including A" - between 1.55 and 1.8, in reasonable accord with estimates of

50x10° — T

hitro-OPE b)
40
30

20

Molar Extinction Coeff

‘o
=
0
-10 1 1 L 1 1
200 400 600 800 200 400 600 800
wavelength (nm) wavelength (nm)

Figure 6. UV —vis absorption spectra (left axis) and theoretically calculated electronic spectra (right axis) for (a) OPE and (b) nitro-OPE. Derived
effective polarizabilityy.{(4weg) as a function of the parameté(see text) for (c) OPE and (d) nitro-OPE.
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60x10°2 T T degree of orientation in the film indicated by the VR-SFG and
- 20 earlier IRAS! and the calculated transition dipole moments,
50 - - an anisotropic model is clearly necessary to describe the system.
0 In general, the two parameters measured in\BE&KGdA) cannot
— 4 determine the five parameters of a uniaxial dielectric function
£ % -20 (Re and Im parts of,, ande;;and thickness) without additional
- assumptions. Instead of using the usual dielectric function and
g“ 20 -40 thickness, the optical response of a uniaxial thin film can be
= 60 parametrized by two complex lengths or “d parametét3his
10 formalism has been developed to facilitate the description of
-80 the optical response of clean metal surfaces, because it
0 straightforwardly allows for the treatment of the continuous
-100 decay of the metal density into the vacufi§! As detailed in
200 400 600 800 Appendix Il,d-parameter theory can be used to clearly identify

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

polarizability for OPE.

wavelength (nm)

the physical origin of ellipsometric contrast in terms of the
weighted effective polarizability differenceyuyz — yx», Where
y is the average volume polarizability tensor for the filp.
contains the effects of local fields, intermolecular coupling, and

~1.75 from a QSAR calculatioff. Assumingn is 1.67 (the  image dipoles. In the limit of a noninteracting array of
center of the range 1.551.8), the derived thickness for three molecules, with no images; is the conventional molecular
independently prepared OPE, nitro-OPE, and ODT sets werevolume polarizabilitya/(4meo). For a high-dielectric material
OPE, 1.8 nmt 0.1 nm; nitro-OPE, 1.93 nrii 0.07 nm2” These such as a metal, we adopt the surface selection rule approxima-
thicknesses are consistent with earlier reports and are comparabl@ion thateayyzz — yxx & €auyzz and directly invert the SE data
to the calculated length of the molecules (S to terminal H to obtain the Re and Im parts ¢f, using eq 14. The results
distance of 1.95 nm), suggesting a densely packed film. are shown in Figure 6¢ and d. To assess the validity of this
Shown in Figure 6a and b are the molar extinction coefficients treatment, we have also calculated assuming that the ratio
for the OPE (thiol) and nitro-OPE (thioacetate), measured in = y,,y,,is 1 or 3. The results are also shown in Figure 6c and
CHCl>. Also shown in Figure 6 are the scaled calculated ( and indicate that the significant features of the polarizability,
oscillator strengths and transition frequencies from a ZINDO/ poth the magnitude of the real component at long wavelengths
S, Cl singles calculation of the excited states for the respective g the position of the principle features at short wavelengths,
thiol.>8 The principle features in the absorption spectra near 320 516 robust to the assumptionsfoFrom Figure 6, we see that
nm for both molecules are attributed;te™ transitions between o qominant resonant feature in, (due to the stronge*
extended states along the molecule and have transition dipoleygngition) is significantly blue-shifted from the position in
moments calculated to lie along tHeaxis. In OPE, the transition solution. For OPE. the resonance shifts from 327 nm to 286
corresponds_, tog5> Si. The calc_ulated short Wavelength fe_ature nm, whereas in ni'Ero-OPE, the resonance shifts from 325 nm
(~190 nm) in both molecules is also polarized alangwhile to 294 nm. A similar blue shift was reported on the basis of

the sllghtl)’/ Ionger wavelength featurs04 nm) is polarized transmission measurements on OPE adsorbed on semitransparent
along thex' axis. The shoulders at 280 nm and 370 nm for the AU films.?

nitro-OPE are attributed to transitions involving the Nénd ) )
have transition dipole moments in tie-Z plane. The transi- The structure in the calculated, for both OPE and nitro-
tions in the short-wavelength shoulder (304 nm, 289 nm, 276 OPE near 500 nm is attributed to artifacts due to small
nm) are nominally polarized along the-®l bond, whereas the  differences between the Au optical constants of the test films
long-wavelength shoulder (460 nm) is polarized perpendicular and the ODT-covered calibration films. This is supported by
to the C-N bond. Figure 7, in whichy,,is compared to the “sensitivity” function
The ellipsometric data presented in Figure 5 could be inverted Srelating the observed reflectivity differencejtg, (see eq 14).
to obtain the isotropic pseudodielectric constanfor the The strong dispersion in the Au results in a peak in the

adsorbed film, assuming a thickness. However, given the high sensitivity near 500 nm.

60x10°%* 60

50 50
PR 40 40 -

(‘?E 30 —— d-parm theory 30 2

° B -—_ . X 3 B - —— d-param theory N
= Fresnel theory_| 03, S | e Fresneltheoy 4 0  —
X * g
E v'

-10 = 1 | 1 | 1 |

200 400 600 800 200 400 600 800

wavelength (nm) wavelength (nm)

Figure 8. Comparison ofy,, obtained directly from the SE data using the surface selection ruleamtbtained from a uniaxial analysis of the
data using Fresnel theory (see text) for (a) OPE and (b) nitro-OPE.
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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 100@egions, respectively. The theoretigéd are scaled by 0.25 for

the 2200, 1500, and 1000 cfregions, respectively.

To our knowledge, the use afFparameter theory and the 4. Discussion

surface selection_ rule__to _obtain the re_al and imaginary parts of 4.1 Molecular Orientation. Quantum chemical calculations
the surface polarizability is novel to this paper. Fresnel theory ¢ hyperpolarizabilities have been used to qualitatively guide

is more often used to interpret ellipsometric d&tas discussed the interpretation of VR-SF&84 but have rarely been used
above, multiple assumptions must be made to develop a uniaxiakor guantitative analysi€® The relatively good agreement
model for an ultrathin film. The equivalence of the simple petween the determined values fbfrom VR-SFG and earlier
d-parameter approach and Fresnel theory is shown in Figure|RAS? indicate that in this case, calculated hyperpolarizabilities
8a and b, wherg, determined from thel-parameter approach  allow quantitative analysis. This is supported by Figure 9, in
is compared toy;, determined from Fresnel theory and the which calculated and experimental values fam[A/(v — v
assumptions that the molecular film is 2 nm thick, that anly + iI'))] are compared. The orientation average was performed
is dispersive, and thaty is 1.42. The two approaches provide for f(0, v, ¢) = 6(0 — 30°)o(y — 45°), the DFT frequencies
similar results; however, thgtparameter approach is far simpler. were scaled as indicated in the figure caption, and a surface
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coverage of 4.5¢< 10" cm~2 was assumed. Only thezzand
xxzcontributions toAPPPwere included in the calculation. There
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interactions, and possibly weak N®1—C hydrogen bonding.
It would seem probable that the nitro-OPE will therefore adopt

is excellent agreement between theory and experiment on thea different packing geometry than OPE.
relative phases of the lines. In particular, the phase flips between 4.2 Electronic Excitations. Insight into the electronic

OPE and nitro-OPE for the features at 1146 éni581 cnvl,

and 2204 cmt 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 I stretch
features, but they overestimate the intensity of the fingerprint
region features by-4. A similar disparity between the €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

structure of the adsorbed films is afforded by the determined
volume polarizabilityy. 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 dipotedipole coupling between the
transition dipoles of the film, as is commonly encountered in
dye aggregate®. Similar blue-shifted transitions have been
observed for nearly vertically oriented films of sexithiophéhe.
Simple models have been developed for the molecular excitons

state) do not agree as well with the experimental spectra (seein linear! and 2D array$? When the transition dipole is

Supporting Information). The phase for the lines at 1581 %tm
and 2204 cm?! 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®7° CSH bond angle
results in some interaction between the thiol H and bottom ring
H’s, manifest in the &H stretch normal modes. This results
in a strong additional €H stretch feature corresponding to a
local mode of the €H adjacent to the SH. This feature 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 byAv = (4.2kc)(M%4meqn®)(3 cog 0 —
1), wherev is in centimetersl, A is Plank’s constant is the
speed of lighteg is the permittivity of free spaceyl is the
transition dipole strength, anglis the lattice constarf& From

not present in the experimental spectra, as expected, due to théhe molar extinction coefficient, we can estimét# to be 3.0

loss of H upon formation of the thiolateAu 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 30for both molecules is consistent
with the tilt angle found for benzeneth®land similar rigid
rod-conjugated thiol3? Robust determination of the twist angle
1 for the OPE is problematic. The VR-SFG results are equally
consistent with the reported 31 for a primitive unit cell in
ref 21 and an orthogonal herringbone structure at an arbitrary
1. 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 calculatédfor
PNBT and nitro-OPE are relatively accurate, the tilt obtained
by including the NQ@ sym stretch dataf ~ 27°, is in good
agreement with that determined by IRA$9 ~ 32°). Similarly,
the twist angley ~ 60° is consistent with that found by the IR
analysis of the non-nitro-containing modes~ 69°).6” 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 bot

the mean and the width of the orientation distributf®he
good correlation between the VR-SFG data and IRAS%data
implies narrow@ distributions.

Both the OPE and nitro-OPE thiols have significant calculated
dipole moments: 8.% 103°C m (2.5 D) and 1.8< 102°C
m (5.3 D), respectively. The repulsive energy for a vertically
oriented array of dipoles is significant:25 kJ mot? for OPE
at 4.5 x 10" cm~2 density. This repulsion is lowered as the
molecules tilt. The molecular dipole should lie along thaxis
for OPE and the dipoledipole interaction will be a function
of 6 only, such that the twist angle will be defined by the

x 1072° C m (9.1 D) and obtain a tilt of #7from the 4400
cm™! observed shift and; = 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 fof < 54.7); however, the qualitative
agreement between the estimated tilt and the more robust values
from VR-SFG and IR! 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
NO,-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
H10Iecu|e 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 480° 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

and van derWaals interactions between adjacent molecules. Fowith the substrate.

nitro-OPE, the molecular dipole will be tipped off tizeaxis,
and the dipole-dipole interaction will depend on both and
1. The equilibriumé and v, thus, represents a compromise
among dipole-dipole interactions,ztr and van derWaals

Acknowledgment. We thank Dr. Carlos Gonzalez for
thoughtful discussion. C.S.Y., P.T.W., and C.A.H. were NIST
National Research Council postdoctoral research associates.



12556 J. Phys. Chem. B, Vol. 108, No. 33, 2004 Richter et al.

J.M.T. thanks DARPA, ONR, NIST, and Molecular Electronics can be modeled by
Corp. for financial support.

rel signal=

Supporting Information Available: Complete results from A€’ 2 1 A€’ 2
the quantum chemical calculations of the IR and Raman B, + Z—‘ =—IB, + z —‘
transition tensors, comparison of the calculated IR and Raman v — v il |Xe|2 v =y il
spectra with reference spectra of the parent compounds, normal )
mode displacements, and a detailed comparison of the predicted A€’ 2
VR-SFG spectra for the two orientations of the SH bond. This B, + z—‘ = |F, "+ F ¥ 4)
material is available free of charge via the Internet at http:// v — v il

pubs.acs.org.
whereF,,, ¥™, F, andy™sare the nonresonant and resonant total

Appendix | Fresnel factorsKjx = Lii(wsumLjj(wwis)Lk(wir)) @and nonlinear
susceptibilities of the sample, apdis the effective susceptibil-

A number of authors have presented complete descriptionsiyy, of the referenceB,, arises from nonresonant contributions

of orientation analysis based on VR-SFG d##:*! This to ™, and A, v;, andT, are the amplitude, center wavenumber,
appendix is presented to clearly define the notation and model 5, |ine width (hwhm), respectively, for vibrational mode r.
used. In classical, macroscopic theory, the electric field created-l—he termsA,, By, and ¢ reflect both the relevant and the

at the sum frequency arises from an induced polariza#@m  pregnel factor weights. In the case of PPP polarization, the
a material. For a monolayer film system, there are three poss'blespectrum can be modeled by

locations of this induced polarization: the molecular film, at
the film/substrate interface, and in the bulk of the substrate. In rel signal=

general, the polarization at each location is given by 2

Ae” 1
B, + ‘
" ZV — v, +il,

Are| Pr 2

+ .
Zv—vr-i-irr

P(@sum = 0ys + O, ) = egtixE(@ys, NE(@r, T) + 2Py
GOXi(j?lllREj(WWSv NViE(wr, 1) + )
“ol B0 N s )+ oVt Edlows, DE, Rl Pt Fodlgirt FatlSet Fol 5’

@) + o (2) o
The termsA; and ¢ reflect the sum of contributions from all
where »P is the local dipole response and is expected to four x elements. In the near copropagating configuration used
dominate the polarization when symmetry allowed. In locally in this study, the Fresnel factofs,xandF«are approximately
centrosymmetric substrated is symmetry-forbidden, and the ~ equal and opposite (see Table 4). Assuming pseudo-Kleinmann
leading order contributions come from the nonlocal, quadrupolar Symmetry” holds for the sum and vis indices gf*s that is,

termsy2.74 The quadrupolar terms of the substrate can be written x,ox ~ Xnee these terms will nearly cancel in eq 5.

as effective surface dipole termistherefore, the superscript D The macroscopig can be modeled as the orientation average

will be omitted in the following. of a molecular hyperpolarizabilitg, yijk = NBimnRiRmjRakl
The electric field at the sum frequency, arising from the whereRis a rotation matrix relating the internal coordinates of

induced polarization sheet, can be shown to be the molecule to the lab coordinates @i the number density.

For a molecule ofCy, symmetry, the in-plane averaged
elements that are observable on a metal substzaizi(dxx2

Ei(wsum) = Xik(@sum = can be shown to be

iw
ZEOCZkZ(wSUM)

Wy s T wIR)Li<I>(CUSUM)ij(wVIS)Lkn(a)IR)Em(wVIS)Eh(wIR) 3) Ar 2z2z= N(Byy,[€0SO sin’ 6 cos y+ B, [0S 1)

wherek (wsuw) is the component of the wavevector of the sum- Al K=

frequency plane wave along the surface norrgi, and L, N o
are conventional Fresnel transfer matrices relating the incident 8([3”,1@:050 (8+cosd —2 sirf 6 cos )+

fields Emn(w) to the fields at the nonlinear sheet, agis a 48,,,[80s0 sirf L)
transfer matrix for the emission of the sum-frequerigycan

be calculated by many routes; in this work, we use the Green’s By %= 2NB,,[€0s0 sir® 6 cog y[

function approach of Sip&.Local field effects are included in e e

the spirit of ref 39 by allowing the polarization sheet to be By Jou= —NBys[80S0 sir? 6 co w0 (6)

imbedded in a thin film characterized by an effective index of

of the two-layer (ambient, substrate), by L {three layerj= very elaboraté® Retaining only the terms that are significant
L.{two layer)(1he).2 For Table 4, the full three-layeris used, in the calculateg (see Tables 2 and ¥ 77, XXZ, XZX, 2ZX,

thick.

For an azimuthally symmetric sample, there are only four
distinct elements in the nonlinear susceptibijify: zzz xxz= Arzr™= N(_ﬁx'xxBin?’ 6 cos P)H
Yyz Xzx = yzy, zxx = zyy. The three polarization combina- .
tions, SSP, SPS, and PSS, are each uniquely determined by the (Bexz + 2Przx)[C0SO sir 6 cos’ YU
singley elementsxxz xzx andzxx respectively. For each of .
these three polarization combinations, the normalized spectrum ~ —(2Bxzz + ﬁzzx')m%z 6 sin 6 cosyLH ﬁzzzm0§ o0
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XXXZZ
%(—ﬁx,xxmosw sin@ (6 + 2cos @ — 4sirf 0 cos 2p)0]

—B, €036 (6 + 2c0s D — 4sirf 6 cos 2p)0]
—168,.,.[80s0 sirf 6 cos yH 168,60 6 sinH cosy]

—88,,,[Gosy sin’ O[H 88,,,[@0sH sir? L) 7

The observed4SSTAPPP) were used to extract a trial orientation
distribution function from

ssp res

ss;% XXZ

res

XXZ}CXXZ + (FXZZ

AP
Appp

res

res
ZZ%ZZZ

XZX

(8)

given i from quantum chemical calculations (see text). This
required determination of the ratigy™/x2"™). For z-cut
quartz, this ratio can be calculat@dnd is 1.1. For the Au film
reference employed, this was found to be 0.320.02,
independent of wavelength.

Arssp
PPP|

APPPLyP

Appendix Il

The change in the optical response of a planar interface, due
to the presence of a molecular thin film, has been treated by

numerous author®.Thed-parameter formaliski-51provides 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

r
S=1+ 2|(9) cost, d, + ...
C

Is

r
£ =1+ 2(%|cost|d - ———
ro c ecof 6, — 1

where; is the angle of incidence? is the reflectivity of the
bare interfaces is the relative dielectric constant of the substrate,
and thed parameters are defined in terms of the normalized
excess interface polarizatigh.

From eq 9, it is straightforward to show that the ellipsometric
variablesW and A are related to the difference in the
parameters

A —d)| + ... (9)

tanwe” =
ry c
2=l 21 % cosh————(d,— d) + .| (10)
s 1 c 'ecofo,—1 = "

S

For a molecular film characterized by a thicknessand
uniaxial dielectric functiore, the d parameters aré

_ €y 1
d=-w e—1
lle,,—

dD = —Wm (11)
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with surface density N,

47N
dy=- 1= EVx
_ 4meN
dD = 1 sz (12)

wherey is the effective volume polarizabilityy(= polarizabil-
ity/(4reg)) tensor of the molecule, defined in terms of the electric
field in the absence of the lay&®,

pz = 4ﬂeoyzzEzO

px = 47[60V><XE><0 (13)
wherep is the surface averaged dipole per moleculecludes

all local field and molecular coupling effectg.is related to
the surface susceptibility tensor defined by Servant and
Dignan®! by ¥ = ysenanf(47N). From egs 10 and 12, one
can see that SE is sensitive to the weighted polarizability

difference.

0

B r_pri_ o 21cosO; N4 ’ey )
fsry Ccofh,— 1/l Wl
(GYZZ YXX)
s (14)

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 y.

(15)

zz

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

e—1

—247-[
Ttfe—1) ¢

(16)

For an isotropic material, the Lorentz local field correctioff is
= 1/3. Equation 15 can be recognized as relatingy via the
local field corrections appropriate to an oblate ellipsoid (pan-
cake),f, =1, f, =082
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