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Molecular orientation determined by second-harmonic generation: Self-assembled monolayers

Frank Eisert, Oliver Dannenberger,* and Manfred Buck
Lehrstuhl für Angewandte Physikalische Chemie, INF 253, 69120 Heidelberg, Germany

~Received 20 January 1998!

Monolayers of 12-~4-nitroanilino!-dodecane thiol@O2N–C6H42NH~CH2!12SH#~NAT! adsorbed on poly-
crystalline gold substrates were investigated in a gaseous environment and in ethanol. Contributions of com-
parable magnitude from the metal substrate, the adsorbate-substrate interaction, and thep-nitro aniline moiety
(pNA) require phase-sensitive and polarization-dependent second-harmonic-generation~SHG! measurements.
The susceptibility of thepNA end group is separated by comparative experiments withn-alkane thiols.
Evaluation of the orientation of thepNA moiety requires phase information about the SHG signal. Intensity
data alone produce ambiguous results. The tilt angle determined by SHG is shown to be strongly dependent on
the model applied. For the NAT film in an inert gas atmosphere, the tilt angleq of the pNA group calculated
from the SHG experiments is compared with the value of 53° obtained by linear techniques. Agreement is only
achieved if local-field factors are neglected and if a two-layer model is assumed to describe the linear optical
properties of the system. Immersion of the NAT film in ethanol causes a change of the tilt angle of thepNA
end group to a more upright position of aboutq536°. A detailed discussion reveals that the accuracy and
reliability of SHG data to determine the orientation of molecules depend critically on the precision by which
molecular properties are known and on the model describing the linear optical properties.
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I. INTRODUCTION

For the investigation of processes and properties relate
ultrathin organic films,1 a wealth of particle-based techniqu
is available. However, different techniques are required
the investigation of, e.g., processes at electrode surface
wetting phenomena. Among these, photon-based meth
play a crucial role. Besides linear optical techniques such
ellipsometry, surface plasmon resonance, IR spectroscop
surface-enhanced Raman spectroscopy,1 nonlinear optical
methods~nlo!, i.e., second-harmonic generation~SHG! and
sum frequency generation~SFG!, have been successfully ap
plied to problems related to molecular layers2–10. The com-
bination of an intrinsic interface sensitivity, high versatili
with respect to the choice of the environment, submolecu
resolution by selectively addressing bonds or submolec
units, and the possibility to determine molecular orientat
by polarization-dependent measurements, make SHG
SFG appealing to tackle problems related to molecular
ers. However, the advantages of these techniques are
trasted by certain restrictions. One is a sufficiently high
activity which in the case of SHG usually requires an a
matic system.11 Another one is that the hyperpolarizabilit
tensor has to be simple and well known to allow a straig
forward interpretation of the experimental data. In additio
the results are substantially affected by other factors suc
the effective electric fields acting on a molecule and the
ear optical properties of the system. A survey of the literat
reveals a very diverse picture. Local-field corrections are
ther taken into account12–15 or not16,17 for the determination
of molecular orientation in organic films. Furthermore, t
optical properties of adsorbate/substrate systems are s
times described by three layers, i.e., an index of refractio
assigned to the molecular layer,13,14,16,18–20sometimes by
two layers with the optical constants of the film identifie
PRB 580163-1829/98/58~16!/10860~11!/$15.00
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with the surrounding media.21,22 At present no conclusive
picture exists which apply to the model. A problem is th
the experimental data usually yield a result regardless of
details of the model. A molecular orientation easily can
obtained by polarization-dependent SHG measureme
However, the crucial question is the following: How does t
calculated tilt angle depend on the model and, thus, wha
the meaning of the value? Zhang, Zhang, and Wong alre
demonstrated that the results are sensitively dependent o
model.23 In order to address this question in more deta
investigations are required which compare results from n
linear techniques with those obtained by independent m
ods. Unfortunately, this has not been done so far.

The work presented below is a SHG study on a mo
system for which such a comparison is possible. 12-~4-
nitroanilino!-dodecane thiol @O2N–C6H4–NH~CH2!12SH#
~NAT! adsorbed on gold substrates has been investig
previously by IR-reflection-absorption spectroscopy~IR-
RAS! and near-edge x-ray-absorption fine-structure spect
copy ~NEXAFS!.24 NAT, which consists of an alkane thio
terminated by ap-nitroaniline (pNA) end group, belongs to
the class of self-assembling monolayers~SAM’s! which have
recently become a focus of interest due to their applicat
potential in a variety of fields, e.g.,~bio!sensorics, electro-
chemistry, or lithography.1,25–31For part of the applications
the properties of SAM’s under nonvacuum conditions, e
in contact to liquids, has to be known. Thus, an investigat
of the environment-dependent behavior of the molecu
i.e., orientation and conformation, is an important aspect,
is the motivation to applyin situ techniques such as SHG. A
the same time this issue relates to the crucial question
what extend information about SAM’s obtained in gaseo
or even ultrahigh-vacuum environment can be transferre
condensed media.

The pNA moiety was chosen since, with respect to SH
10 860 © 1998 The American Physical Society
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studies, it is one of the best studied systems, and thus its
properties have been thoroughly studied both theoretic
and experimentally.11 NAT on a gold substrate represents
extension of SHG work on molecular films. Usually, SH
active molecules on SHG inactive substrates are investig
or in the case where the substrate is metallic both the s
strate signal and the adsorbate-substrate interaction are
and thus the adsorbate signal dominates.8,22,32,33The present
case is the most general in the sense that all th
contributions—from the substrate, from the adsorba
substrate interaction, and from the adsorbate—are n
negligible, and, therefore, the molecular contribution has
be separated. Furthermore, the metallic substrate cause
different contributions to be phase shifted against each ot
This makes phase-sensitive detection mandatory.

II. THEORY

A. Separation of contributions

Based on the electric dipole approximation the intens
of the second harmonic signalISHG is given by8,10

I SHG5Aue2vx tot
e f fevevu2I v

2 , ~1!

whereI v is the intensity of the incident radiation at the fu
damental frequency, andA is an experiment-dependen
constant8. The third rank tensorx tot

e f f denotes an effective
second-order susceptibility.e2v andev are the unit polariza-
tion vectors. For an adsorbate/substrate system of the
investigated here~Fig. 1!, the SHG signal is a coherent su
perposition of three different sources, andx tot

e f f can be written
as

x tot
e f f~l,u!5xsub

e f f ~l!1x int
e f f~l,u!1xads

e f f ~l,u!. ~2!

xsub represents the second-order optical properties of
bare gold substrate,x int reflects its alteration by the interac
tion with the thiol molecules, i.e., the Au-S bond formatio
and xads represents the nl activity of the molecule.6,32 The
dependence of the susceptibilities from the wavelengthl and
the coverageu ~Refs. 5,10, and 34! is explicitly stated in Eq.
~2!, but will be omitted for simplicity below. In general, th
susceptibilities are complex quantities expressed con
niently by the experimentally accessible quantities mag
tude uxu and phase factoreif. Their representation in pola
coordinates is illustrated by Fig. 1, with the phase of
substrate susceptibilityfsub defined to zero. In the definition
of the polar diagram, a counterclockwise rotation of the
row corresponds to positive phase shifts.

The experimentally accessible quantities about
adsorbate/substrate system are the magnitudesuxsubu, ux totu,
andf tot . Therefore, the sum ofx int andxads can be deter-
mined, only. However, for all SHG studies of adsorba
reported so far eitherx int or xads are negligible,8 and thus
the measured SH signal directly reflects a particular aspe
the adsorbate such as the molecular orientation or its in
action with the substrate viaxads or x int , respectively. In
contrast, for a nlo active thiol molecule adsorbed on a m
substrate, all terms of Eq.~2! are comparable in magnitud
and thusx int andxsub cannot be neglected, even for resona
excitation of thepNA end group. Thus, for the separation
xads, two sets of experiments are required: Measuremen
lo
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NAT on gold and a comparative measurement using uns
stituted n-alkane thiols. For pure hydrocarbon chains t
third term of Eq.~2! does not contribute measureably due
the vanishingly low hyperpolarisability ofs bonds.11 Com-
parison of films of both thiols at equal coverage thus allo
one to separate the susceptibility of thepNA moiety accord-
ing to

xpNA5x tot
NAT2x tot

MC . ~3!

Since the susceptibilities representing the differe
sources ofx tot are third-rank tensors, the SH signal is
coherent superposition of contributions from different ten
elements.34 The exact number of contributing elements
determined by the system and the experimental setup. In
present case the number of tensor elements of each so
i.e., substrate, thiol-Au interaction, andpNA moiety, reduces
from the most general case of 18 independent element
only three due to the azimuthal isotropy of the system.8 The
azimuthal isotropy of clean and thiol-covered polycrystalli
gold substrates has been checked in a series of indepen
experiments with the respective samples mounted on a r

FIG. 1. Schematic illustration of 12-~4-nitroanilino!-dodecane
thiol ~NAT! adsorbed on gold. The susceptibilities contributing
the second-harmonic signal are indicated, and their superpositio
the complex plane according to Eq.~2! is depicted in the vector
diagram.
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10 862 PRB 58FRANK EISERT, OLIVER DANNENBERGER, AND MANFRED BUCK
tion stage.35 Furthermore, polarization-dependent SHG me
surements allow one to separate different tensor eleme
For the determination of the orientation of thepNA end
group discussed below two polarization combinations of
incident fundamental radiation and the detected SHG sig
are relevant:svp2v and pvp2v polarizations withs and p
defining the polarizations perpendicular and parallel to
plane of incidence. The relations between the experiment
accessible quantitiesI andf and the nonvanishing elemen
of the tensor are thus8,34

AI SHG
sp eifsp

5A1/2ez
2vFzyyxzxxey

vey
vEv

2 ~4!

for sp polarization with the identityxzxx5xzyy, and

AI SHG
pp eifpp

5A1/2~ez
2vFzzzxzzzez

vez
v1ez

2vFzxxxzxxex
vex

v

12ex
2vFxzxxxzxez

vex
v!Ev

2 ~5!

for pp polarization.x,y,z denote the axes of a Cartesia
coordinate system withz parallel to the surface normal. Th
Fi jk ’s take into account the modification of the electric fiel
e
he

t

ed

of
g

-
ts.

e
al

e
lly

Ev due to the interface and additional corrections due to
presence of a highly polarizable monolayer. This will be d
tailed below.

B. Analysis of molecular orientation

For the molecular orientation to be quantified, the hyp
polarizability tensor of the molecule has to be transform
into a tensor of surface coordinates. The orientation of a
moiety is determined most simply if its hyperpolarizabili
tensorb has a single non-vanishing element.8,10 To a first
approximation this case is met forpNA with the nonvanish-
ing element beingbccc , wherec coincides with the 1,4 axis
of the aromatic system~see Fig. 1!. The susceptibilities of
Eqs.~4! and ~5! are then expressed by10,34

AI pNA
sp eifpNA

sp
5A1/2

N

2
bcccez

2vFzyŷ sin2~q!cos~q!&ey
vey

vEv
2

~6!

and
e

the

nsor with
AI pNA
pp eifpNA

pp
5A1/2Nbccc@ez

2vFzzẑ cos3~q!&ez
vez

v1~ 1
2 ez

2vFzxxex
vex

v1ex
2vFxzxez

vex
v!^sin2~q!cos~q!&#Ev

2 , ~7!

with N as the density of the molecules on the surface andq as the tilt angle of thec axis from the surface normal. Th
triangular brackets indicate the average over a distribution of tilt angles. In most cases ad function of the distribution of the
tilt angles is assumed.8,22

A b tensor with more than one nonvanishing tensor element complicates the situation. DescribingpNA with two non-
negligible tensor elements (bccc and bcaa), the form of Eqs.~6! and ~7! are maintained except that all expressions of
susceptibilities in the surface coordinate system become more involved.21 Since the general features of the results forpNA as
discussed below are not critically dependent on the number of nonvanishing tensor elements, a hyperpolarizability te
one dominating tensor element (bccc) is assumed further on, unless stated otherwise.

The tilt angleq is straightforwardly obtained by dividing Eq.~7! by Eq. ~6!:

~8!

For experiments where only the intensity of the SH signal is measured and, therefore, only the magnitude of Ipp and Isp is
known, Eq.~8! simplifies to

RI5U2ez
2vFzzzez

vez
vcot2~q!1ez

2vFzxxex
vex

v12ex
2vFxzxez

vex
v

ez
2vFzyyey

vey
v U2

AI pNA
pp

AI pNA
sp

. ~9!
ts.
s
l in-
tion
s
s
sity
The tilt angle of thepNA moiety is obtained for vanishingRI
andRP . However, there is an important difference betwe
the solutions, as is illustrated geometrically in Fig. 2. T
circle represents the ratioAI pNA

pp /AI pNA
sp of the polarization-

dependent SHG intensities, and the arrows labeled by
respective letters of Eq.~8! reflect the contributions from the
different polarization combinations. The pointP0 on the
circle marks the result if the phase information is retain
Neglecting for a moment a possibleq dependence of theF
factors ~see below!, two of the arrows are independent
q (Szxx, Sxzx) whereas the length of the arrow containin
n

he

.

Fzzz changes according to cot(q)2. As long as the sumSzxx

1Sxzx ends inside the circleSzzz intersects the circle at a
single point only and a unique value of the tilt angle exis
In this case Eqs.~8! and ~9! yield identical results, and thu
phase-sensitive detection does not provide any additiona
formation compared to intensity measurements. The situa
is different if Szxx1Sxzx(P1) ends outside the circle a
shown in Fig. 2. NowSzzz intersects the circle at two point
and, consequently, the results are ambiguous only if inten
measurements are performed@Eq. ~9!#. The correct solution
requires the knowledge of the phase and, therefore Eq.~8!
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was to be used. The problem of ambiguous results has
ready addressed in Ref. 23 and 33.

Beside this crucial difference between Eqs.~8! and ~9!,
there is another one. As inferred from Fig. 2,RI can always
become zero for a particular value ofq due to the elimina-
tion of the phase information and thus an apparently ex
result is obtained with Eq.~9!. In contrast,RP will, in gen-
eral, be complex valued for two reasons. First, the precis
of measuring intensities and phases is limited. This induc
deviation ofP0 from the intersection points ofSzzz(u) with
the circle~Fig. 2!. Second, the assumptions made in the d
vation of Eq.~8! might not hold exactly, e.g., the hyperpo
larizability tensor of the end group has elements additiona
bccc , or theF factors are not exact descriptions of the op
cal properties of the system. Therefore, the extent to wh
RP vanishes is an important consistency check.

C. Fresnel and local field factors

The F factors of Eqs.~4!–~9! are given by

Fi jk5Fi
2vF j

vFk
vLii

2vL j j
v Lkk

v , ~10!

where theFl
v’s and Fl

2v refer to the modification of the
respective electric field by the presence of the interface
are expressed by the classical Fresnel factors. TheL factors
denote the local-field corrections.36

The linear optical properties of thin films on a substra
are generally described by a three-layer model~see Fig. 3!,
and the appropriate factors for the harmonic signal w
as18,37

FIG. 2. Geometric illustration of Eqs.~8! and ~9!. For details,
see text.

FIG. 3. Three-layer model of an organic film adsorbed on
substrate labeled by the respective indices of refraction. For cla
only the fundamental beams are shown.
al-

ct

n
a

i-

to

h

d

e

Fx
2v524p i

2v cos~a3
2v!

c@n1cos~a3
2v!1n3cos~a1

2v!#
,

Fz
2v54p i S n3

2v

n2
2vD 2

2v sin~a3
2v!

c@n1cos~a3
2v!1n3cos~a1

2v!#
, ~11!

Fy
2v54p i

2v

c@n1cos~a1
2v!1n3cos~a3

2v!#
.

The factors for the fundamental field are given by

Fx
v5

2n1
vcos~a1

v!cos~a3
v!

n1
vcos~a3

v!1n3
vcos~a1

v!
,

Fz
v52S n3

v

n2
vD 2

2n1
vcos~a1

v!sin~a3
v!

n1
vcos~a3

v!1n3
vcos~a1

v!
, ~12!

Fy
v5

2n1
vcos~a1

v!

n1
vcos~a1

v!1n3
vcos~a3

v!
.

The variables are defined in Fig. 3. Beside the factors
scribing the optical properties of stratified media, the lo
field acting on a molecule has to be taken into account@Eq.
~10!#. In general, for adsorbates on metals local-field corr
tions L are due to the interaction of theE-field-induced di-
pole of the adsorbate with its image dipole of the me
substrate36 and the dipole-induced dipole interaction with
the molecular layer.12,14,36 The first contribution can be
safely neglected in our case. As pointed out by Ye a
Shen,36 the image dipole of anE-field-induced dipole has a
negligible influence for distances of the induced dipo
above the substrate beyond 2.5 Å. A SAM of NAT is abo
20 Å thick, with thepNA group located on top of the laye
of the hydrocarbon chains.24 In contrast, due to the high den
sity of the thiols with an intermolecular distance in the 5
range,38 intermolecular interactions can substantially al
the externalE field acting on a molecule. For a two
dimensional, crystalline array of molecules, the followin
correction factors expressed in the surface coordinate sys
were derived under the assumption of point dipoles an
uniform orientation of the dipoles:36,39,40

Lxx~v!5Lyy~v!5S 11
axx~v!j0

2a3 D 21

,

Lzz~v!5S 12
azz~v!j0

a3 D 21

, ~13!

where j0 as derived first by Topping is a consta
~29.0336!.40 a l l is the linear polarizability of the molecule
in the l direction of the surface coordinate system, anda is
the distance between the molecules. The local-field fac
affect the determination of the tilt angles in different way
SinceLzz<1 andLxx ,Lyy>1, neglection of the local-field
factors yield tilt angles of the nitroaniline group which a
too large compared to the real value. Furthermore, chan
of the local-field factors, produce phase shifts of the SH

a
y,
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FIG. 4. Result for NAT on gold in a gaseous environment.~a! pp polarization.~b! sp polarization.~c! Relative orientation ofxpNA
pp vs

xpNA
sp in the complex plane.~d! Geometric illustriation of Eqs.~9! and ~8! with the data for pNA. For details, see text.
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signal. This is due to the Fresnel factors which are comp
valued when dealing with metal substrates. Therefore
mentioned above, the residual value ofRP in the case of
phase-sensitive detection is dependent on the values o
Fresnel and local-field factors. This represents a signific
reduction in the freedom of adjusting these quantities~see
Sec. V!. Referring to Fig. 2, another point worth noting
that for sufficiently high polarizabilites the local fields b
come so strongly dependent on the tilt angle that Eq.~9! may
even produce more than two solutions forq.12 Referring to
Fig. 2, this is due to the fact thatSzxx andSxzx now become
q dependent, as well as due to the local-field factors.

III. EXPERIMENTAL DETAILS

The synthesis of the NAT has been described elsewhe24

The comparative measurements withn-alkane thiols were
performed with hexadecane thiol~Merck! or with docosane
thiol synthesized by a standard procedure.41 The purity of the
substances was better than 95%. Analytical grade ethano~J.
T. Baker! was used as solvent. Gold substrates were prep
by evaporation of an approximately 100-nm-thick gold fi
x-
s

he
nt

.

ed

onto a Si~100! wafer. A 5-nm-thick layer of Ti or Cr served
as adhesion promoter.

The SHG experiments were performed with the samp
either in contact with aN2 or Ar atmosphere, or immersed i
EtOH. A dye laser pumped by a Nd-YAG~yttrium alumi-
num garnet! laser~7 ns, 10 Hz! was used. The fundamenta
wavelengths were 700 nm for experiments in EtOH, and 6
nm for the inert gas environment.

Starting with native substrates, the intensity and ph
relation of thepp- andsp-polarized SHG signals were mea
sured. Subsequently, a complete monolayer of either NAT
an n-alkane thiol was adsorbed, and the measurement
peated. Phase shifts were detected by recording the inte
ence pattern of the SHG signal from the sample, and ay-cut
quartz reference moved along the beam path. We refer to
literature for details of phase-sensitive detection in genera43

and at different polarizations in particular.34 To allow phase-
sensitive detection in EtOH, a liquid cell with a windo
parallel and in close distance to the substrate~3 mm! was
used. The laser beam was incident on the sample at 45
the gaseous environment and at 31° for the experiment
EtOH ~45° onto the cell window! with respect to the surface
normal.
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IV. RESULTS

A. Measurements in inert gas atmosphere

Figure 4 summarizes the results of the phase-sensitive
polarization-dependent SHG measurements. The meas
susceptibilities of the NAT film and the thiol/substrate inte
action are represented by Figs. 4~a! (sp-polarization! and
4~b! (pp polariziation!, together with the deduced contribu
tion of thepNA moiety. Here the phenomenological susce
tibilities include Fresnel and local-field factors. The me
surement insp polarization has been oriented relative to t
pp-polarized signal, which has been defined as real.
relative orientation of the polarization-dependent vectors
the pNA group depicted in Fig. 4~c! yields a ratio of

AI pNA
pp

AI pNA
sp

ei ~fpNA
pp

2fpNA
sp

!57.18e2 i170.7°. ~14!

Figure 4~d! exemplifies the results based on Eqs.~8! and
~9!. For reasons detailed below, the most simple case w
neglects local-field factors and equals the index of refrac
of the layer with that of the environment, i.e.,n251, is as-
sumed for the evaluation of the experimental data. The o
cal constants used for the data evaluation and the Fre
factors calculated from Eqs.~11! and ~12! are compiled in
Tables I and II. The contributions from thezxx and xzx
terms end just outside the circle given by the square roo
the intensity ratio. Therefore, the arrow representing theq
dependence (Szzz) yields an ambiguous result if the evalu
tion of the tilt angle is based on intensity data. Bothq
553° and 77° solve equation~9!. This ambiguity is removed
if the phase-retaining Eq.~8! is applied. A value ofq
'51°e2 i3° results as a solution ofRP @Eq. ~9!#. Considering
the inherent experimental errors the values of the tilt ang
are precise within65°. With respect to the magnitude, th
value obtained by the phase-sensitive method agrees e
lently with the lower value from Eq.~9!. The small residual
imaginary part which is well within the precision of th
phase measurements~65°! can be taken as an indication o

TABLE I. Fresnel factors calculated with the linear optical co
stants given in Table II and Eqs.~11! and ~12!. The prefactors
4p iv/c have been omitted.

Ex situ ~635 nm! In situ ~700 nm!

Fundamental SHG Fundamental SHG

x 0.802ei 31.11 0.875ei 30.47 0.765ei 31.11 0.931ei 30.46

y 0.4145ei 31.31 0.544ei 30.67 0.566ei 31.27 0.774ei 30.58

z 1.79ei 320.41 1.274ei 320.31 1.82ei 320.38 1.24ei 320.31
nd
red

-
-

e
f

h
n

ti-
el

of

s

el-

the quality of the measurements which relate the phase
SHG signals of different polarizations. This can be sho
with calculations using slightly changed values for the re
tive phase betweenxads,sp andxads,pp , simulating an erro-
neous correction of the different factors influencing the d
termination of the relative phases measured in differ
polarizations34. If the phase of the intensityAI SHG

sp eifsp
is

arbitrarily changed in the range2p<f<p relative to
AI SHG

pp eifpp
the resulting tilt angle varies betwee

49°<u<70° with imaginary parts between260°<f<19°.

B. Measurements in ethanol

In contrast to the inert gas environment, where a fun
mental wavelength of 635 nm was used the experiment
EtOH were performed at 700 nm. The difference is due
the solvatochromic shift of the charge-transfer resonance
the pNA moiety which coincides with the second-harmon
frequency.42 In ethanol the contribution of thepNA group
was determined analogously to the experiments prese
above. The ratio of the magnitude of the susceptilit
amounts to

uxpNA
pp u

uxpNA
sp u

57.27 ~15!

from which a tilt angle ofqeth'36° results, if as in the cas
of the gaseous environment a two-layer model (n25nEtOH
51.36) is assumed and local-field factors are neglected.
respective Fresnel factors are listed in Tables I and II. It tu
out that the change of the environment to a higher index
refraction modifies the Fresnel factors in a way that the s
Szxx1Sxzx now ends inside the circle. This removes the a
biguity, and, therefore, the necessity of relating the phase
the sp- andpp-polarized signals is not required.

V. DISCUSSION

The results suggest that thep-nitro aniline end group ex-
periences an environment-induced reorientation. Howe
as mentioned above, the tilt angles obtained from SHG
periments depend critically on the details of the model, i
the calculation of the local-field and Fresnel factors. Con
quently, before discussing effects of the environment,
factors affecting the calculation of tilt angles have to be a
dressed together with the precision limits of such calcu
tions due to uncertainties of the input parameters. We t
start detailing the results for the NAT-SAM in inert gas a
mosphere, since in this case the results obtained by
phase-sensitive and polarization-dependent SHG exp
ments can be compared with those from a study combin
TABLE II. The values for the optical constants~Ref. 57!.

Ex situ ~635 nm! In situ ~700 nm!

Fundamental SHG Fundamental SHG

gold (n3) 0.15913.23 i 1.41411.52 i 0.13113.842 i 1.41411.62 i
atmosphere (n1) 1 1 — —
ethanol (n1) — — 1.36 1.374
monolayer (n2) 1 1 1.36 1.374
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IR and NEXAFS.24 With these linear techniques a tilt ang
of q552° for the 1,4 axis ofpNA was found. As indicated in
Sec. IV, we have to neglect the local-field factors~LFF’s!
and adopt a two-layer model, in order to achieve agreem
between the linear spectroscopies and SHG. Otherwise
SHG experiments yield deviations to much smaller
angles. This is rather unexpected in view of the models u
ally applied to describe the optical properties of ultrath
organic films. Before discussing possible reasons for
finding, we first detail why the value obtained by the line
techniques is considered a reliable reference value.

NEXAFS can be safely excluded to be a source of er
The dipole moment of the electronic transition probed ha
well-defined direction,24 thus introducing no principle uncer
tainties in the tilt angle determination. In contrast, IR refle
tion ~IRRAS! has to rely on certain assumptions which c
sensitively affect the results. Determining molecular orien
tion by IRRAS relies on the comparability of the IR trans
tion dipole moments in bulk material and thin films. Th
assumption does not hold necessarily, particularly in the c
of NAT where thepNA group is located right at the interfac
where the environment can be rather different from the bu
However, despite this uncertainty, for two reasons we
lieve that IRRAS reflection is not the cause of the discr
ancy. First, the ratio of band intensities of the sym- a
asym-NO2 vibration from which the orientation was deduce
has to be changed beyond the experimental uncertaint
produce a tilt angle compatible with the interpretation of t
SHG data, which take into account LFF’s and/or a thr
layer model. Second, the lack of the N-H vibration in t
IRRAS spectrum, which indicates an orientation parallel
the metal surface, is in excellent agreement with the orie
tion of the pNA ring, as determined by IRRAS an
NEXAFS.24

We now turn to a discussion of the local-field factors.
already pointed out, the electric field acting on thepNA
group is strongly dependent on the LFF’s and, therefore,
interpretation of SHG experiments is sensitively depend
on their choice. Unfortunately, the literature does not prov
a conclusive picture. Partly, local-field effects are tak
into account according to Eq.~13! ~Refs. 12–15! or the
somewhat simpler Lorentz form is used.16,17 Other works
completely neglect a possible influence of LFF’s.22,21,44Also
the necessity to take local-field factors into account is a
biguous in the literature. For the systems investigated
Refs. 22 and 12 the effect of local-field factors on the
angle determination is shown to be negligible, where
McGilp, Tang, and Cavanagh demonstrated a shift of
molecular tilt angle by approximately 20° to a more uprig
orientation due to local-field corrections.14 By taking local-
field factors into account, additional parameters such as
polarizability tensor and the intermolecular distance are
troduced. Since these quantities are usually known wit
certain limits only, a considerable uncertainty in the deter
nation of tilt angles can result as now demonstrated.
pNA the linear and nonlinear polarizability tensorsa and
x are rather well known since pNA has been one of
systems in nonlinear optics investigated intensively b
experimentally and theoretically.11,45,46 The linear polariz-
ability of the pNA moiety has its largest component alo
the molecular axis@acc

v 521 Å3 ~Refs. 45 and 46!# although
nt
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the polarizability along thea axis is also considerable (aaa
v

50.66acc
v ). Compared to these nonresonant values, the

larizability at the harmonic wavelength is estimated to
increased by approximately 30%, i.e.,aaa

v 516.4 Å3 and
acc

v 527.3 Å3).45 The nonlinear polarizability tensorx is
instead dominated by the elementbccc along the 1,4 axis,
which in our calculations is set to unity. The next importa
tensor element isbcaa<

1
6 bccc .45,46With the known average

intermolecular distancea in the range of 5<a<5.5 Å,
which is deduced from the NAT coverage,24 basically all
input parameters are known. To gain more insight into h
much the interpretation of SHG data is influenced by
local-field factors, different parameters such as the tiltq and
twist angle c, the respective distribution widthsDq and
Dc, and the intermolecular distancea are varied. The above
given values for the two components of the linear polar
ability are taken for the calculations, and in the treatmen
the two-non-negligible tensor elements of the SHG susce
bility tensor we follow Refs. 21 and 47 which leads to
modification of Eqs.~6! and~7!.

Essentially, due to the two components of the linear p
larizability, the twist anglec of the pNA group becomes a
parameter that has a strong influence on the solution of
~9!. In Fig. 5 the solution of Eq.~9!, generalized to two
nonvanishing tensor elements of the molecular hyperpola
ability, is shown for a selection of twist anglesc, wherec is
defined such that forc50° the pNA ring plane is perpen-
dicular to the plane spanned by the molecular 1,4 axis
the s-polarization direction. The tilt angles are given by t
intersection of the curves with the line atRI50. These cal-
culations assume a distance ofa55 Å between the pNA
groups; the distance found for a complete monolayer ofn-
alkane thiols25. Postponing the discussion of how the wid
of the angular distribution affects the calculation we assum
Gaussian distributions forc and q. In the calculations pre-
sented in Fig. 5 the halfwidths were fixed toDc510° and
Dq515°. These widths for the angular distributions a
based on an estimation from the vanishing intensity of
N-H vibration in IRRAS and the precision of the orientatio

FIG. 5. Effect of local-field factors and the variation of the twi
anglesc of thepNA group on the calculation of tilt angles from Eq
~9!. Tilt angles are given byRI50. The intermolecular distance i
set to 5 Å~a! c50°. ~b! c532°. ~c! c550°. ~d! c570°. ~e! Isotro-
pic distribution ofc. ~f! Local-field factors neglected.
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of thep8-transition from NEXAFS24. Additionally, the result
for an isotropic distribution of the twist anglec is shown.
For comparison the curve neglecting the local fields is
cluded as well. The same Fresnel factors as in Sec. IV w
used. Inspection of Fig. 5 shows three aspects. Firstly, the
angle is strongly dependent on the twist angle. Large tw
angles, i.e.c>75° yield a unique solution with value
around 30° whereas forc'50° ambiguous solutions are ob
tained. For even lower values the curves no longer inter
the zero line, i.e. no solution for the tilt angle exists. Th
holds as well for the isotropic case. Second, even tho
there is quite a bit of variation in the tilt angle the values a
always considerably lower compared to the curve neglec
the local-field factors. This means that local-field facto
based on the literature data for the polarizability, change
calculated tilt of the 1,4 axis by at least 20°, depending
the exact value of the twist angle. Third, comparison of th
calculations with the results from the linear spectroscop
reveals a discrepancy. From NEXAFS/IR investigations
twist angle of 32° was found,24 i.e., a value where no solu
tion for q exists according to Fig. 5.

The strong variation ofq as a function ofc is caused by
the tensor of the linear polarizability. Neglecting local-fie
factors, the influence ofc is solely dependent on the secon
order susceptibility. Since the molecular hyperpolarizabi
b is dominated bybccc , the effect ofc on the tilt angle is
weak and cannot explain the differences between SHG
NEXAFS/IR. Taking the literature values forb, i.e.,
bccc /bcaa>6,45 results in a variation of the tilt angle be
tween 50°and 56°, and for the twist angle found by NEXA
and IRRAS~c532°! q equals 54°, in excellent agreeme
with the value found by linear spectroscopies.

The calculation of Fig. 5 assumed an intermolecular d
tance of 5 Å. However, as estimated from x-ray photoem
sion spectroscopy data24 and SHG adsorption studies,48 the
lower limit for the saturation coverageu of an NAT mono-
layer is 80% of a SAM ofn-alkane thiols. Even though thi
increases the average intermolecular distancea to '5.5 Å,
the discrepancy to the NEXAFS/IR data is not remov
Only the tilt angles shift by about 10° towards a more can
orientation of thepNA group. In order to achieve agreeme
between IR/NEXAFS and SHG for both twist and tilt angle
the average intermolecular distancea has to be increased t
7 Å. At this distance the local-field correction factors devia
from 1 by less than 20%. However,a57 Å corresponds to
a coverage ofu'50% which is incompatible with XPS an
SHG adsorption experiments.24,48 Another point to be con-
sidered is the distribution width of the angles. Compared
the curve of Fig. 5~f!, which neglects local-field factors an
assumes a well-defined tilt angle, the other curves are ca
lated using tilt angle distributionsDq and Dc. The former
has the effect that an increase in the angular width shifts
obtained result to more canted orientations, since more
right molecules contribute more than the more canted.
mentioned above, the width adopted in the calculation of F
5 is the broadest width that may be compatible with the
results.24 If a strongly peaked distribution is assumed, agr
ment between NEXAFS and SHG with inclusion of loca
field corrections is only achievable for intermolecular d
tances exceeding 9 Å~u'0.3!. For this distance the
correction induced by the local-field factors is less than 1
-
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and, therefore, becomes negligible. Broadening of the an
lar distribution thus compensates for the effect of the lo
field on the calculation of tilt angles.

Besides the problem of defining the correct local-field fa
tor, which only becomes apparent by comparing SHG w
other techniques, the question of which Fresnel factors to
turns out to be nontrivial. In linear optics such as ellipso
etry, IR spectroscopy or surface-plasmon spectroscopy
optical properties of a monolayer are modeled by three lay
and values for the index of refraction of the layer typical f
organic materials produce satisfying results.49–51 For SHG,
in contrast, the situation is not clear. This was already
dressed by Zhang, Zhang, and Wong23, who pointed out that
the implicit assumptions of the model suggested by Mizr
and Sipe52 are difficult to justify. Zhang, Zhang, and Won
based the evaluation of their SHG data on a three la
model as did other authors.14,16,13,18–20But two layer models,
in which only the indices of refraction of the surroundin
media are considered, were applied as well.21,22 Zhang,
Zhang, and Wong calculated variations of the tilt angles
more than 30°if the index of refraction of the organic layer
varied between the values of the environment and the bul
the substrate.23 For the system presented here agreement
tween the tilt angle determined with SHG and NEXAFS/
is only obtained if an index of refraction of 1<n<1.1 is
used for the monolayer~local-field factors still neglected!.
Since, in general, the dielectric constant of the monola
only modifies the Fresnel factor of the component perp
dicular to the surface, an increasingn2 decreases the respe
tive electric-field strength. Therefore, the resulting molecu
tilt angle changes to lower values. This can be seen in Fig
whereRI is plotted against the refractive index of the mon
layer. Only the real part of the refractive index is varie
since the influence of an imaginary part deviating from ze
is mainly a vertical upward shift of theRI curves in Fig. 6,
and therefore of only minor importance for this discussio
The tilt angles are given by the intersection of the curv
with the zero line. For the calculation, a fundamental wa

FIG. 6. Tilt angle dependence as a function of the index
refraction of the molecular layer.~a! n51, ~b! n51.1, ~c! n51.3,
~d! n51.5, ~e! n51.75,~f! n52, and~g! n52.4 for the fundamen-
tal and harmonic radiation. The imaginary part of the index of
fraction is 0 in either case.
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length of 635 nm, was assumed and the Fresnel factors w
determined according to Eqs.~11! and ~12!. For the reasons
outlined above, the results are ambiguous. Only forn2'n1

51 do the tilt angles agree with the results from NEXAF
IR. From the calculation one could conclude as well that
n251.75 the more canted orientation ofq'53° might be the
correct solution. However, this can be ruled out, since t
solution is excluded by a phase-sensitive evaluation base
Eq. ~8!. Figure 6 shows that an increase of the refract
indexn2 shifts the tilt angle into the same direction as loc
field factors, i.e., to lower values. There is no way to achie
agreement with the NEXAFS/IR data using the three-la
model for the calculation of the Fresnel factors. Thus o
results support the two-layer model used in Refs. 21 and
However, the precise value of the refractive indices used
the gold substrate are of only minor importance. Deviatio
of 10% compared to the values given in Table I are found
the literature. These differencies result in a shift of the
spective curves in Fig. 6 by less than 4° to a more can
orientation.

The applicability of the two-layer model for orientation
analysis with nonlinear optical techniques is further su
ported by IR-vis-sum-frequency generation experiments.
these experiments the application of the two-layer mo
again leads to very good agreement with literature values
the orientation ofn-alkane thiols.53,54

Closing the discussion of the second-harmonic genera
from a NAT-SAM in an inert gas atmosphere, we addre
possible reasons why the simple models fail. One cru
point is the model the calculation of LFF’s is based on. Fi
it assumes a crystalline structure of the SHG active un
i.e., a uniform orientation. Releasing this rigid geometry
ters the results. Cnossen, Drabe, and Wiersma extende
calculation of local-field effects to disordered systems, a
found deviations compared to the crystal model.12 However,
the magnitude of this change is dependent on the detai
the system, e.g., the tilt angle of the molecule and pola
ability, and, therefore, it is difficult to estimate the impo
tance of this effect for our system. At present we can neit
support nor disprove the correctness of an ordered struc
since no microscopic information about the lateral arran
ment of thepNA units is available. The second point is th
validity of the assumption of a point source dipole mod
Since the dimension of thepNA unit is comparable to the
intermolecular distance, this assumption is unlikely to ho
Again, the importance of this effect is strongly dependent
the details of the system, particularly the orientation of
molecules relative to each other. The third point is the qu
tion of the validity of the electric dipole approximation. Lin
ear optics averages over the whole thickness of the org
layer, and, thus, a representation by an own index of ref
tion seems justified. In contrast, generation of a seco
harmonic signal can be very local. Since in the present c
the SHG-activepNA group is located at the outermost r
gion of the NAT layer, where the optical properties chan
within a very short distance, this ansatz might be question
The field perpendicular to the surface exhibits a gradi
within the dimension of thepNA moiety, and thus higher-
order contributions might come into play.55

We now turn to a comparison of the results for differe
environments. A crucial point is how safely the phenome
re
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logical model for a SAM of NAT in a gaseous environme
~a two-layer model with indices of refraction given in Tab
II, with a LFF equal to 1! derived from the comparison o
results from linear spectrocopies, and SHG can be tra
ferred to the EtOH environment. If the correct model for t
gaseous environment were local-field factors deviating fr
one and three layers rather than two, the factors just
cussed must affect the signals in a way that the phenom
logical model results. All these mentioned factors whi
could account for the deviation from the ‘‘standard’’ mod
~three-layer model, the LFF not always equal to 1! should
become less important in solution. The indices of refract
of the film and the ambient medium are very similar, th
reducing the influence of field gradients. The effect of loc
fields should be reduced as well, due to the presence of
dielectric medium. As a result, including local-field facto
and/or assuming three layers causes the tilt angle to shi
smaller values than the phenomenological model. Since
simple theory exists to estimate the magnitude of these
fects, we cannot give a precise value for the environm
induced reorientation of thepNA group. Instead we are lim-
ited to the calculation of an upper limit. For NAT in conta
with EtOH, this value isq536°, i.e., the minimum change o
the tilt angle is about 16°.

An environment-induced reorientation of a related su
stance@nitrobenzoic acid~NBA!# adsorbed on silica surface
was found previously in Ref. 22. The authors also observe
more upright orientation of NBA in the solvent, and assign
this to a weakened interaction of the nitrogroup with t
substrate in the presence of the solution. The present ca
different since thepNA group of NAT is separated from the
substrate by the alkyl spacer layer by more than 10 Å.
stead, we ascribe the reorientation to the wetting of the
troaniline groups by the polar solvent ethanol. This wetti
induces an attenuation of the dipole-dipole interaction
tween thepNA groups of the order of the static dielectr
constant of ethanol~from e51 to eethanol521).56 The inter-
action energy of the van der Waals forces between the
sorbed NAT molecules is increased, instead.56 The resulting
pNA orientation in the solvent is therefore the result of
optimization of the different energy contributions of the we
ting by the solvent, the reduced dipole-dipole interactio
and the stronger van der Waals interactions. Since the m
ylene chains of NAT are relatively disordered, a penetrat
of the solvent into the layer to some extent is likely, in co
trast to earlier findings for alkane thiols.58,59

The interpretation of an environment driven reorientati
is not unique, since a change of the distribution of the
angle can, in principle, produce the same effect. Assumin
change from ad to a Gaussian distribution, an apparent r
orientation by 16° is assumed by increasing the spread of
tilt angle to a half-width ofDq560°. That immersion in
EtOH induces such a high degree of disorder is hard to
lieve, even though we cannot decide at present whethe
orientation or disordering prevails. Reorientation vs disord
ing can, in principle, be decided by comparing the sig
intensities ofpNA in both environments. However, for NAT
this possibility is complicated by the fact thatpNA exhibits a
pronounced solvatochromic behavior, withbccc being de-
pendent on the environment.



b
ha
,
Th
i.e
an
pa

m
l
e
u

su
ts
s

th
le
ca
bi
th

ase
if-
of

the
h by
se

nvi-
c-
eri-
y.
ori-
nt
m
tive
ns
the

us
g
f

che
-

PRB 58 10 869MOLECULAR ORIENTATION DETERMINED BY SECOND- . . .
VI. CONCLUSION

The orientation of thep-nitroaniline moiety of 12-~4-
nitroanilino!-dodecane thiol adsorbed on gold was studied
SHG in an inert gas environment, and in contact with et
nol. Compared to molecular adsorbates studied with SHG
far NAT on gold represents a more complicated system.
measured signal is a superposition of three contributions,
from the metal substrate, the thiol-substrate interaction,
the pNA group, which are comparable in magnitude. Se
ration of the signal from thepNA group requires a knowl-
edge of the interaction term. That is determined by a co
parison with unsubstitutedn-alkane thiols. Since for meta
substrates the different contributions are phase shifted r
tive to each other, phase-sensitive measurements are req
to determine the contribution of thepNA moiety. The system
studied here represents an example where intensity mea
ments insp andpp polarizations produce ambiguous resul
Knowledge of the phase relation between the different ten
elements of the susceptibility of thepNA group is manda-
tory.

The value of the tilt angle is sensitively dependent on
model applied for the an evaluation of the SHG. A detai
discussion of the different critical factors such as the lo
fields, Fresnel factors, and linear and nonlinear polariza
ities reveals that SHG can become a very inaccurate me
s
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if certain input parameters lack precision. Again, the ph
information proved to be invaluable for choosing among d
ferent possibilites. A persisting problem is the question
the correct local fields and proper Fresnel factors. In
present case we adopted a phenomenological approac
comparing the results of the SHG experiments with tho
from other techniques. For a monolayer in a gaseous e
ronment, a two-layer model and ignoring local-field corre
tions yields excellent agreement between the SHG exp
ments and the results from NEXAFS and IR spectroscop24

Based on the phenomenological model we found a re
entation of thepNA group upon a change of the environme
from an inert gas to liquid ethanol. This reorientation fro
52° to at least 36° is assigned to the change in the rela
importance of van der Waals and dipole-dipole interactio
between NAT molecules, and between the contact of
NAT with the solvent.
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