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Mapping molecular orientation and conformation at interfaces by surface nonlinear optics

X. Zhuang,* P. B. Miranda, D. Kim,† and Y. R. Shen‡

Department of Physics, University of California, Berkeley, California 94720-7300
and Materials Sciences Division, Lawrence Berkeley National Laboratory, Berkeley, California 94720

~Received 6 November 1998!

Second-order nonlinear optics can be used to quantitatively determine the orientation of chemical bonds or
submoieties of a fairly complicated molecule at an interface, and therefore completely map out its orientation
and conformation. As a specific example, we have studied pentyl-cyanoterphenyl molecules at the air-water
interface. We have measured the orientation of all three parts of the molecule~cyano head group, terphenyl
ring, and pentyl chain! by optical second-harmonic generation and infrared-visible sum-frequency generation.
A quantitatively consistent picture of the molecular configuration has been obtained. The technique can be
applied to situations where other methods would fail~e.g., the surface of neat liquids or buried interfaces!.
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I. INTRODUCTION

Our ability of surface characterization directly affects t
progress of surface science, a field of great importance
many disciplines ranging from physics and chemistry to
science and modern electronic technology. Among the v
ous surface properties, molecular orientation is of spe
interest for its relevance to a wide variety of interesting p
nomena such as adhesion, lubrication, catalysis,
biomembrane functions.1 Many experimental techniques ex
ist for surface studies,2,3 but only a few can give quantitativ
information about molecular orientation at an interface. Ea
has its own shortcomings. Electron scattering4 and electron-
energy-loss spectroscopy,5 or any other techniques involvin
particle scattering can only be operated with samples in h
vacuum. Neutron scattering6,7 and x-ray diffraction7 require
large experimental facilities or the studied surface must b
certain extent crystalline. The latter is also true for opti
techniques like Brewster angle microscopy8,9 and Brewster
angle autocorrelation spectroscopy.10 Other optical tech-
niques, such as infrared11,12 ~IR!, Raman,13,14 or ultraviolet
visible15 spectroscopy and ellipsometry,16 can be applied to
any interfaces accessible by light, but they usually lack s
ficient surface specificity to discriminate against bulk con
butions.

Recently, second-harmonic generation~SHG! and sum-
frequency generation~SFG! have been developed into ver
useful surface analytical probes.17–22 They possess all the
common advantages of optical techniques, namely, non
structive, highly sensitive with good spatial, temporal, a
spectral resolution, and applicable to any interfaces ac
sible by light. Being second-order nonlinear optical pr
cesses, they are forbidden in media with inversion symme
but allowed at interfaces where the inversion symmetry
necessarily broken. Consequently, they are intrinsically s
face specific for interfaces between centrosymmetric me
If the input or output frequency is tuned over resonances
output is expected to be resonantly enhanced. Thus, S
and SFG can also serve as surface spectroscopic tools. W
SHG has been used to probe electronic transitions,17,18,21IR-
visible SFG allows studies of surface vibration
PRB 590163-1829/99/59~19!/12632~9!/$15.00
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resonances.20–24 In both cases, the process is governed b
rank-three second-order nonlinear susceptibility tensor
characterizes the nonlinear response of the surface. Dete
nation of the nonvanishing susceptibility elements from SH
or SFG can provide information on the average orientation
the molecules or selected sections of the molecules a
interface.25–33 SHG probes electronic response of the s
face molecules and is often less selective. Near a resona
however, it could still be dominated by contribution from
selected part of the molecules. IR-visible SFG probes
brational resonances that are generally associated with
cific moieties or functional groups on the molecules. Thus
principle, these techniques allow us to selectively study d
ferent parts of the molecules, particularly their orientatio
and completely map out the orientation and conformation
the molecules at the surface or interface. In this paper,
would like to show that this is indeed the case.

We choose 49-n-pentyl-4-cyano-p-terphenyl @5CT,
CH3~CH2!4~C6H4!3CN! molecules at the air-water interfac
as a demonstrating system in our experiment. The 5CT m
ecules are amphiphilic and can form a Langmuir monola
on water surface. Characterizing the molecular orientat
and structure of Langmuir monolayers is of great imp
tance, as they are often used as model systems for stud
the function and structure of biomembranes,34 which are
mainly composed of one or two of such monolayers. For
purpose, a 5CT molecule can be divided into three sectio
a cyano head group, a terphenyl ring, and an alkyl chain~see
Fig. 1!. We can separately measure the orientations of

FIG. 1. Chemical structure of 5CT.
12 632 ©1999 The American Physical Society
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cyano group and alkyl chain by IR-visible SFG and that
the terphenyl ring by SHG. From the results, we can ded
the conformation and overall orientation of the molecul
As a check, we can compare the deduced 5CT conforma
with the accepted one. However, as shown in Sec. II,
analysis to deduce the orientation of a moiety from SHG
SFG relies on the knowledge of the effective refractive ind
n8 for the interfacial layer. In previous studies,n8 was usu-
ally chosen to be equal to the refractive index of one of
two neighboring media,25,35–37 and the deduced orientatio
would depend on the value ofn8. In some studies,n8 was
taken as the bulk refractive index of the monolay
material,36,38 and in others, it was estimated from certa
measurements27,29,39–41 ~ellipsometry, Kramers-Kronig
analysis, etc!. In this paper, we show that in order for ou
results to be physically reasonable and the deduced 5CT
lecular conformation to be consistent with the commo
accepted one, we must have a value ofn8 different from the
bulk refractive index of 5CT and intermediate between th
of the neighboring media, namely, air and water. Withn8
51.1860.04, we find that the 5CT molecules adsorbed
the air/water interface with a tilt angle of 51.5°61.5° from
the surface normal. This experimentally determined value
n8 is justified with a simple model calculation.

The paper is organized as follows. In Sec. II, we descr
the basic theory of surface SHG and SFG measurements
can yield information on molecular orientations. Section
sketches the experimental system and the sample prepar
method. The experimental results are presented in Sec
describing how results are obtained and analyzed for
three sections of the 5CT molecule separately: alkyl ch
cyano group, and terphenyl ring. Then a brief discuss
section concludes the article.

II. THEORY

The basic theory of SHG and SFG as general surf
analytical probes has been described elsewhere17–22and will
not be repeated here. However, for the work to be reporte
this paper, we need a careful description of how we c
derive molecular orientation information from SHG an
SFG. We generally treat an interfacial system as a three-l
system~Fig. 2! composed of two centrosymmetric media

FIG. 2. Geometry for SHG and SFG from an interface in t
reflection direction.
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and 2 and an interfacial layer. The interfacial layer can
either a bare interface or an interface with a layer of ads
bates. In the special case we shall discuss later, medium
air and medium 2 water, and the interface has a 5CT mo
layer adsorbed on water. Under the irradiation of two opti
fieldsE1 andE2 with frequenciesv1 andv2 , respectively, a
second-order nonlinear polarizationP(2)(v5v11v2) is
generated in the interfacial layer

P~2!~v5v11v2!5xeff
~2!~v5v11v2!:E1~v1!E2~v2!,

~1!

wherexeff
(2)(v5v11v2) is the effective second-order nonlin

ear susceptibility tensor of the interface. For IR-visible SF
v1 is in the visible range andv2 in the IR range. For SHG
v15v2 and E15E2 . Under the electric-dipole approxima
tion, the nonlinear polarization generated in media 1 an
must vanish due to inversion symmetry. The interfacial p
larization sheet is then often the dominating source of rad
tion for SFG and SHG in the reflected direction. The su
frequency intensity in the reflected direction is given by

I ~v!5
8p3v2 sec2 b

c3n1~v!n1~v1!n1~v2!
uxeff

~2!u2I 1~v1!I 2~v2!, ~2!

whereni(V) is the refractive index of mediumi at frequency
V, b is the reflection angle of the sum-frequency fie
I 1(v1) andI 2(v2) are the intensities of the two input fields
The effective nonlinear susceptibilityxeff

(2) takes the form of

xeff
~2!5@ ê~v!•L ~v!#•x~2!:@L ~v1!•ê~v1!#@L ~v2!•ê~v2!#

~3!

with ê(V) being the unit polarization vector andL (V) the
Fresnel factor at frequencyV.

In the case of an azimuthally isotropic interface, there
only four independent nonvanishing components ofx (2).
With the lab coordinates chosen such thatz is along the
interface normal andx in the incidence plane, they arexxxz
5xyyz, xxzx5xyzy, xzxx5xzyy, andxzzz. These four com-
ponents can be deduced by measuring SFG with four dif
ent input and output polarization combinations, namely, S
~referring to S-polarized sum-frequency field,S-polarized
E1 , andP-polarizedE2 , respectively!, SPS, PSS, and PPP
The effective nonlinear susceptibilities under these four
larization combinations can be expressed as

xeff,SSP
~2! 5Lyy~v!Lyy~v1!Lzz~v2!sinb2xyyz, ~4a!

xeff,SPS
~2! 5Lyy~v!Lzz~v1!Lyy~v2!sinb1xyzy, ~4b!

xeff,PSS
~2! 5Lzz~v!Lyy~v1!Lyy~v2!sinbxzyy, ~4c!

xeff,PPP
~2! 52Lxx~v!Lxx~v1!Lzz~v2!cosb cosb1 sinb2xxxz

2Lxx~v!Lzz~v1!Lxx~v2!cosb sinb1 cosb2xxzx

1Lzz~v!Lxx~v1!Lxx~v2!sinb cosb1 cosb2xzxx

1Lzz~v!Lzz~v1!Lzz~v2!sinb sinb1 sinb2xzzz,

~4d!
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whereb i ’s are the incidence angles of the optical fieldEi ,
andLxx(V), Lyy(V) andLzz(V) are the diagonal element
of L (V), given by

Lxx~V!5
2n1~V!cosg

n1~V!cosg1n2~V!cosb
, ~5a!

Lyy~V!5
2n1~V!cosb

n1~V!cosb1n2~V!cosg
, ~5b!

Lzz~V!5
2n2~V!cosb

n1~V!cosg1n2~V!cosb S n1~V!

n8~V! D
2

. ~5c!

In the above equations,n8(V) is the refractive index of
the interfacial layer,b is the incidence angle of the beam
consideration, andg is the refracted angle@n1(V)sinb
5n2(V)sing#. Since the interfacial layer is only one~or a
few! monolayer thick, its refractive index can be differe
from that of its own bulk material and difficult to measure42

It is therefore the usual practice thatn8(V) is chosen to be
equal to eithern1(V), n2(V), or the bulk refractive index of
the material at the interface. However, as notic
previously27,29,36and shown later in this paper, the determ
nation of molecular orientation is quite sensitive to the va
of n8(V), and choosingn8(V) to be equal ton1(V) or
n2(V) is not always a good approximation.

In the case of SHG, the last two subindices ofx i jk are
interchangeable.43 Thus, there are only three nonvanishin
independentx components,xxxz5xyyz5xxzx5xyzy, xzxx
5xzyy, andxzzz. They can be deduced from measurem
with three different input and output polarization combin
tions, PS, SM, and PP. Here, the first and second let
denote the output and input polarization, respectively, and
refers to the polarization midway between S and P. The
fective nonlinear susceptibilities take the forms

xeff,PS
~2! 5Lzz~v!@Lyy~v1!#2 sinbxzyy, ~6a!

xeff,SM
~2! 5Lyy~v!Lzz~v1!Lyy~v1!sinb1xyzy, ~6b!

xeff,PP
~2! 51Lzz~v!@Lxx~v1!#2 sinb cos2 b1xzxx

22Lxx~v!Lzz~v1!Lxx~v1!cosb sinb1 cosb1xxzx

1Lzz~v!@Lzz~v1!#2 sinb sin2 b1xzzz. ~6c!

In the case where the interface is composed of molecu
x (2) is related to the molecular hyperpolarizabilitya (2) by

x i jk
~2!5Nsl ii ~v!l j j ~v1!l kk~v2! (

j,h,z
^~ î• ĵ !~ ĵ•ĥ !~ k̂• ẑ !&ajhz

~2! ,

~7!

where Ns is the surface density of molecules,~i,j ,k! and
~j,h,z! are unit vectors along the lab and molecular coor
nates, respectively, andl is a tensor describing the micro
scopic local-field correction and the angular brackets den
an average over the molecular orientational distribution.
discussed in the Appendix, in the determination of molecu
orientation at an interface, the effect ofl~V! can be lumped
into the refractive indexn8(V) in Eq. ~5c!. We can then omit
l i i ,l j j ,l kk in Eq. ~7! and write
d

e

t
-
rs

f-

s,

-

te
s
r

x i jk
~2!5Ns (

j,h,z
^~ î• ĵ !~ ĵ•ĥ !~ k̂• ẑ !&ajhz

~2! . ~8!

In many cases of SHG and SFG,a (2) can be associated
with a well-defined section or moiety of the surface mo
ecules. Ifajhz

(2) is known, then the average orientation of th
moiety can often be deduced from measurements ofx i jk

(2)

using Eq.~8!. For example, this is the case for molecul
possessing a rodlike charge-transfer chromophore. Sur
SHG has become a commonly adopted technique to mea
monolayer orientation of such molecules. With IR-visib
SFG, if the IR frequency (v2) is near vibrational resonance
a (2) andx (2) can be written as

a~2!5aNR
~2!1(

q

aq

v22vq1 iGd
, ~9!

x~2!5xNR
~2!1(

q

xq

v22vq2 iGq
, ~10!

where the subscript NR refers to nonresonant contribut
aq (xq), vq , and Gq denote the strength, resonant fr
quency, and damping constant of theqth vibrational mode,
respectively. Each mode may be associated with a partic
moiety on the molecule. Again, if (xq) i jk can be obtained
from the resonant feature in the SFG spectrum, and (aq)jhz

is known, then the average orientation of the selected mo
may be deduced.

Before ending this section, we will discuss a special ca
relevant to our study. In this case,v and v1 are both far
away from electronic resonances and the moiety is cylin
cally symmetric with symmetry axis alongz, so that there are
only two nonvanishing independent components ina (2),
ajjz

(2) 5ahhz
(2) , and azzz

(2) . From Eq. ~8!, we find for an azi-
muthally isotropic surface

xxxz5xyyz5
1
2 Nsa@^cosu&~11r !2^cos3 u&~12r !#,

~11a!

xxzx5xyzy5xzxx5xzyy5
1
2 Nsa~^cosu&2^cos3 u&!~12r !,

~11b!

xzzz5Nsa@r ^cosu&1^cos3 u&~12r !#, ~11c!

wherea5azzz , r 5ajjz /azzz , andu is the polar angle of
the symmetry axisz with respect to the labz axis. Due to the
high symmetry in the hyperpolarizability tensor, the numb
of nonvanishing independentx components is reduced t
three. They can be deduced from SFG measurement
three different input and output polarization combination
for example, SSP, SPS, and PPP. Since an absolute det
nation ofNsa is not of interest here, we can determine mo
conveniently from the measurements the ratios of indep
dent nonvanishingx components. Then from Eq.~11!, we
can find the orientationu and the depolarization ratior of the
moiety by assuming ad-function distribution foru.

III. EXPERIMENTAL SECTION

In the IR-visible SFG experiment, an active-passi
mode-locked Nd: yttrium aluminum garnet~YAG! laser at
1064 nm with 25 ps pulsewidth and 20 Hz repetition rate w
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PRB 59 12 635MAPPING MOLECULAR ORIENTATION AND . . .
employed as the master light source. Its frequency-doub
output at 532 nm was used as the visible input. The tuna
IR beam was generated in a AgGaS2 crystal by difference-
frequency mixing of the fundamental of the Nd:YAG las
with the output of an optical parametric generator/amplifi
system pumped by the third harmonic of the laser.44 The
visible and IR beams were overlapped at the sample spat
and temporally with incidence angles 44° and 57°, resp
tively. The pulse energies and beam sizes were 1.5 mJ
1.2 mm for the visible input and 70 to 110mJ and 0.6 mm
for the infrared. The SF output in the reflected direction~re-
flected angle 45.5°! was detected by a photomultiplier wit
gated electronics after proper spatial and spectral filtering
the SHG experiment, a frequency-doubledQ-switched
mode-locked Nd:YAG laser at 532 nm and 500 Hz repetit
rate was used as the fundamental beam. The sec
harmonic output was again measured by a photomultip
with gated electronics after a set of spectral filters. In b
cases, the signal was attenuated when necessary to a
saturation of the detection system.

The 5CT Langmuir monolayer was prepared by disso
ing 5CT crystals~EM Industries! in chloroform~J. T. Baker,
spectranalyzed grade! and spread on ultrapure water~resis-
tivity of 18.3 MV•cm, Barnstead Easy-Pure! in a Teflon
Langmuir trough. The film was then compressed slowly a
the surface pressure was monitored by a Wilhelmy plate
a microbalance. The resulting pressure-area isotherm
shown in Fig. 3. All the SHG and SFG measurements w
done on films with area per 5CT molecule around 28 Å2. We
also used in the experiment a full hexadecanol monolaye
water as a reference sample. It was prepared by placin
small crystal of hexadecanol on the surface of ultrapure
ter. The hexadecanol molecules spontaneously sprea
form a stable full monolayer.33

IV. RESULTS

The 5CT molecule is composed of a CN head group
terphenyl-ring chromophore, and a C5 alkyl chain. We dis-
cuss here the results of SFG and SHG measurements o
average orientation of each segment separately.

FIG. 3. Pressure-area isotherm for a 5CT monolayer on wat
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A. Alkyl chain

We used SFG spectra of CH stretch modes to determ
orientation and conformation of the alkyl chain of 5CT. Fi
ure 4 shows the spectra of the 5CT Langmuir monolaye
this range, at three different input and output polarizat
combinations, SSP, SPS, and PPP. The solid curves in
figure were obtained by fitting using Eq.~10!; the fitting
parameters are listed in Table I. The peak assignments in
spectra of Fig. 4 are well known.45 The vibrational modes a
approximately 2875, 2960, and 2940 cm21 can be assigned
respectively, to the symmetric (r 1) and antisymmetric (r 2)
stretches of the terminal CH3 group of the alkyl chain and the
Fermi resonance (r FR

1 ) between the symmetric CH3 stretch
and its bending mode. The weak modes at;2850 and
;2920 cm21 can be assigned to the symmetric (d1) and
antisymmetric (d2) stretches of the CH2 groups on the
chain, respectively. The fact that the strengths of th
modes are essentially negligible compared to those of C3
groups suggests that the alkyl chains are nearly all trans
contain few gauche defects.46

The orientation of the terminal CH3 group can be deter
mined by analyzing its symmetric stretch mode.47 This mode
has C3v symmetry and can only be excited if the IR pola
ization is along the symmetry axis. As a result, there are o
two nonvanishing independent elements in the hyperpola

.
FIG. 4. SFG spectra for a 5CT monolayer on water in the C

stretch range. Circles, squares, and triangles are the experim
data obtained with SSP, PPP, and SPS polarizations, respect
Solid lines are the fitting curves.

TABLE I. Fitting parametersxq , vq , andGq of SFG spectra
for 5CT monolayer on water.

Mode
vq

(cm21)
Gq

(cm21) xq,SSP xq,PPP xq,SPS

d1 2852 8.0 0.4360.23 0.2160.36 20.4260.41
r 1 2878 8.7 5.1860.52 21.5260.18 20.9760.31
d2 2917 10.0 0.6760.34 20.8060.36 0.0260.76
r FR

1 2943 10.0 4.1960.12 25.2360.22 20.5160.42
r 2 2959 10.6 1.5060.18 8.4560.41 22.8260.26
CN
stretch

2233 7.3 13.5561.30 23.1760.43 5.3560.50
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ability tensor,azzz andajjz5ahhz5razzz . The polar angle
u and depolarization ratior can then be deduced from th
xq’s listed in Table I following Eqs.~4!, ~5!, and ~11!.
Using48 n2(VIS)51.337, n2(IR)51.39310.013i , n2(SF)
51.343 and assumingn85n151 for all frequencies, we ob
tain u539°~12°, 25°! and r>5.5. This large value forr is
physically unreasonable. Although the value forr is not
agreed upon in the literature, it usually ranges from 1.66
3.5.27,33 From the known bond geometry of the CH3 group,
one finds thatr cannot be larger than 4.2. The value deduc
from Raman measurements and used in a previous SFG
is 2.360.3.32

We find that the same difficulty appears in the SFG res
of hexadecanol monolayers on water as well. The IR-visi
SFG spectra of a hexadecanol monolayer are shown in F
with the fitting parameters given in Table II. Following th
same procedure, we can again determineu and r for the
terminal CH3 groups of the hexadecanol monolayer. Ho
ever, ther 1 mode in the SPS spectrum is nearly absent,
that we can only assess an upper value for (x r 1)SPS, leading
to a range of possible solutions: 0°,u,28° andr .3.3. A
fully packed hexadecanol monolayer on water forms a tw
dimensional crystalline structure and has been well stud
by x-ray diffraction.49 The hexadecanol chain has been fou
to be tilted 15.8° and 2.8° from the surface normal along
crystallineb anda axes of the monolayer, respectively. Fu
thermore, the two molecules in a unit cell have the plane

FIG. 5. SFG spectra for a hexadecanol monolayer on wate
the CH stretch range. Circles, squares, and triangles are the ex
mental data obtained with SSP, PPP, and SPS polarizations, re
tively. Solid lines are the fitting curves.

TABLE II. Fitting parametersxq , vq , andGq of SFG spectra
for a hexadecanol monolayer on water.

Mode
vq

(cm21)
Gq

(cm21) xq, SSP xq, PPP xq, SPS

d1 2853 9.4 21.2 60.47 20.0161.00 20.5061.44
r 1 2875 6.8 17.6361.40 29.1260.90 20.0861.50
d2 2919 10.0 20.0160.54 5.7963.69 20.1060.85
r FR

1 2936 7.8 14.3561.21 28.7161.78 20.7260.98
r 2 2959 9.0 27.4962.75 15.6361.20 11.6961.63
o

d
rk

ts
e
. 5

-
o

-
d

e

of

their hydrocarbon chains forming a dihedral angle of 12
From this known herringbone arrangement of the molecu
we find that half of the CH3 groups have a polar angle o
24.8° and the other half 20.6°. With this orientation for hex
decanol molecules, the values ofr that are consistent with
the spectra in Fig. 5 are 6.6,r ,14.9, which again are physi
cally unreasonable. We also notice in Figs. 4 and 5 that
CH3 symmetric stretch peak is one order of magnitude str
ger for hexadecanol than for 5CT. This would be difficult
understand if the above values ofu for hexadecanol and 5CT
were correct, knowing that the areas per molecule
hexadecanol49 and 5CT ~20 Å2 versus 28 Å2! are compa-
rable. All these difficulties seem to have originated from o
assumptionn851 in the analysis. In fact, Bain and cowork
ers also found a similar inconsistency in analyzing the S
spectra for a dodecanol monolayer.27 They concluded that in
order to obtain the known upright orientation for dodecan
molecules, they must assumen8>1.2 if r is taken to be 3.5.
It should be mentioned that taking ad function for the ori-
entational distribution of surface molecules is not the rea
for the unphysical values ofr deduced from our data, with
the assumption ofn851. Introducing a tilt distribution does
not bring the value ofr within the physically reasonable
limits (1.5,r ,4) for values ofx components within our
accuracy. In the following, we resolve this problem by
multaneously determiningn8, u5CT and r using the hexade-
canol monolayer as a reference.

With the known orientation for hexadecanol molecul
from the x-ray diffraction measurements, the number of
rameters to be determined is reduced to three:u5CT, r, and
n8. The SFG spectra in Figs. 4 and 5 give us five indep
dent ratios of x (2) components for the r 1 mode,
xSPS/xSSP~5CT!, xPPP/xSSP~5CT!, xSPS/xSSP~C16OH!,
xPPP/xSSP~C16OH!, and xSSP~5CT!/xSSP~C16OH!, from
which the three parameters can be derived. However,
ratio xSPS/xSSP~C16OH! is very small and subject to a ver
large uncertainty, since ther 1 peak in the SPS spectrum o
hexadecanol is practically absent. Also, the ra
xSSP~5CT!/xSSP~C16OH! depends on the ratio of surface de
sities of the two monolayers, which is an extra source
uncertainty. Therefore, we chose to use only the ra
xSPS/xSSP~5CT!, xPPP/xSSP~5CT!, and xPPP/xSSP~C16OH! in
order to determineu5CT, r, andn8, with the other two used
only for consistency check. Following Eqs.~4!, ~5!, and~11!,
we can calculate these three ratios as a function ofu5CT, r,
and n8, assuming the known value ofu>23° for hexade-
canol deduced from the x-ray diffraction results.49 The pa-
rametersu5CT, r, andn8 can then be determined by solvin
simultaneously the three equations. The results obtained
u5CT554°~114°, 28°!, r 52.5~11.7,21.0!, and n851.18
60.04. The assumptions used in the above calculation
that r andn8 for 5CT and hexadecanol are the same and
dispersion ofn8 is negligible. Thatr is the same in both
cases is to be expected, considering that in both cases w
dealing with the terminal CH3 group of an all-trans alkyl
chain. Neglecting variations inn8 due to dispersion or the
slightly different densities of the two monolayers is a simp
fying assumption. However, the errors introduced by such
approximation are within the experimental uncertainty in d
termining n8. Note that the deduced value ofr agrees well
with the Raman results. Using the values ofr andn8 deter-
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mined above and the tilt angles of the CH3 groups of hexa-
decanol determined from the x-ray diffraction measureme
we can calculate from Eqs.~4!, ~5!, and ~11! the ratios
xSPS/xSSP520.037 andxPPP/xSSP520.52 for the hexade-
canol monolayer. They compare well with the measured
tios 20.090,xSPS/xSSP,0 andxPPP/xSSP520.526.09 ob-
tained from the values of SFG susceptibilities listed in Ta
II. This shows that our procedure is selfconsistent and s
ports the choice ofn851.18 for both monolayers. This valu
of n8 is lower than bulk refractive indices of hexadecan50

(n51.43), hexadecanol50 (n51.44), and 5CT~Ref. 51!
~ne51.89, n051.54! but is not unreasonable since the CH3
group is in contact with air and therefore has only a par
screening by nearby neighboring molecules. In the App
dix, we support this choice ofn8 with a simple calculation
based on a modified Lorentz model for local-field correct
at the interface. In principle, the values forn8 for other moi-
eties in the monolayer could be different, but in the follo
ing we will use the samen8 for all moieties and show tha
our results give a self-consistent picture of the molecu
geometry at the interface.

B. Cyano group

We used the CN stretch peak in SFG spectra to determ
the orientation of the CN bond in 5CT. The spectra a
shown in Fig. 6, where the single peak can be attributed
the stretching of the cyano triple bond. Fitting the spec
with Eq. ~10! gives the resonant frequency, damping co
stant and strengths of this mode listed in the last row
Table I. The hyperpolarizability tensor of this mode aga
has only two nonvanishing independent componentsazzz

and ajjz5ahhz5razzz with z along the triple-bond direc
tion. Using Eqs.~4!, ~5!, and~11!, we can deduceu andr for
the CN bond from the measured ratiosxSPS/xSSP and
xPPP/xSSP. Taking48 n2(VIS)51.337, n2(IR)51.315
10.011i , n2(SF)51.342, and usingn851.1860.04 as de-
termined above from the CH spectra, we find thatu553°
63° and r 50.2560.03. In this case, we have noa priori
reason to choosen851.18. Considering that the CN group

FIG. 6. SFG spectra for a 5CT monolayer on water in the
stretch range. Circles, squares, and triangles are the experim
data obtained with SSP, PPP, and SPS polarizations, respect
Solid lines are the fitting curves.
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are buried under the monolayer, in contact with water,
would expectn8 to be somewhat larger than 1.18, possib
close to the value of bulk water (n51.34). This would lead
to smalleru and r. We shall come back to this point in th
discussion section.

C. Terphenyl chromophore

We determined the orientation of the terphenyl ch
mophore by SHG. This has been studied before with a
complete measurement and analysis.35 As is well understood,
the SHG from 5CT comes mainly from the terphenyl p
where the electron cloud is highly delocalized, yielding
large optical nonlinearity. Therefore, SHG can be used
selectively measure the orientation of the chromophore.
discussed in the Sec. II, only three nonvanishing independ
x components exist for an azimuthally isotropic surfac
which can be determined by measuring SHG with polari
tion combinations PS, SM, and PP. To extract informat
on the chromophore orientation from thesex components,
once again we need to have some knowledge about the
perpolarizability tensor. In this case, the second harmo
frequency is in resonance with an electronic transition
5CT involving an excited state that has an electron redis
bution along the long axis of the terphenyl ringz.35 There-
fore, thea (2) components whose first index isz should be
dominant. We will also assume that the terphenyl ring
cylindrically symmetric about thez axis. This assumption is
motivated by the fact that the phenyl rings in the chr
mophore do not lie all in the same plane: paraterphenyl m
ecules have twist angles between adjacent phenyl rings r
ing from 15° to 27° in a low-temperature phase.52 5CB
molecules~similar to 5CT, but with only two phenyl rings!
have a twist angle of 26° in the crystalline phase53 and 38° in
the nematic phase.54 With these assumptions, the hyperpola
izability tensor contains two significant nonvanishing ind
pendent elementsazzz and azjj5azhh5razzz . From the
experimentally determined ratiosxSM/xPS51.1660.04 and
xPP/xPS50.5560.05, we deduceu550.0°62.5° and r 5
20.05060.006 for the terphenyl chromophore using Eq
~5!, ~6!, and ~11! @with the first and last subindices ofx i jk
exchanged in Eq.~11!# and48 n2(VIS)51.337, n2(SH)
51.381, andn851.1860.04. Again, we have noa priori
reason to choosen851.18 here. A largern8 could yield a
smalleru. We also note that the above determined value
r 520.050 is quite small, implying that our assumptio
about the axial symmetry of the terphenyl core does not h
a significant effect on the value ofu.

V. DISCUSSION

The chemical structure of 5CT molecule is shown in F
1. According to this picture, the polar angles of the cya
group and terphenyl chromophore should be equal to e
other. If the alkyl chain takes an all-trans conformation,
suggested by the weakness of thed1 mode in the SFG spec
trum of Fig. 4, the polar angle of the terminal CH3 group
should also take the same value. The polar orientation
duced from our SHG and SFG measurement agrees well
this picture. The measured polar angles of the cyano gr
(53°63°), terphenyl ring (50.0°62.5°) and terminal CH3

tal
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group @54°~114°, 28°!# all agree within the experimenta
uncertainty. Combining the above measurements we
conclude that the 5CT polar angle is 51.5°61.5°. However,
this orientation is quite different from the value obtain
previously35 for the chromophore~60°! from SHG measure-
ments by assumingn851, indicating again the importance o
its proper determination. In this earlier measurement, the
sumption ofn851 was supported by the linear relationsh
between the square root of SHG signal and monolayer d
sity. This can only be true ifn8 does not depend on densit
which is only true forn851. However, from the scatter in
the data and limited monolayer density range studied, a s
change in linearity caused byn8'1.2 at full coverage could
not be easily detected.

We should now comment on the values ofn8 used in the
data analysis. As shown by the simple calculation in
Appendix, the valuen851.18 determined from SFG mea
surements for the terminal CH3 group is not unreasonable
considering that this group is right at the interface betwe
air and the rest of the monolayer and therefore has on
partial screening by neighboring molecules. However,
use ofn851.18 for the analysis of terphenyl chromopho
and CN orientations is less justifiable. Intuitively, one wou
expect thatn8 for the terphenyl chromophore and CN wou
assume values very close to the bulk refractive indices of
monolayer material and the water subphase, respectiv
The polar angles obtained would be 30° for the terphe
chromophore~taking n851.60! and 41° for the CN group
~taking n851.34!. These values are in clear disagreem
with the CH3 orientation, even with its large error bar. Ther
fore, the value ofn8 for the core part cannot be considerab
larger than the value 1.18 determined for the CH3 group.
This suggests that the proper value forn8 for the analysis of
SFG or SHG measurements has to be determined with c
It may not necessarily be the same as the bulk refrac
index of the material at the interface or the one determi
by ellipsometry~ne851.49,n0851.46 for a dodecanol mono
layer at the air/water interface42!, since the effectiven8 de-
pends on the local-field correction and on which moiety
ing probed. In this paper, we have used a hexadec
monolayer as a reference system of known orientation
determinen8. The same value ofn8 can then be used fo
other monolayers with CH3-terminated alkyl chains, as lon
as their surface densities are close to that of the hexadec
monolayer.

To conclude, we have shown that the second-order n
linear optical processes, SFG and SHG, can be used to q
titatively determine the average orientation of selective fu
tional groups or moieties of surface molecules. T
combined results allow us to completely map out the ori
tation and conformation of a fairly complicated molecule
an interface. The 5CT Langmuir monolayer is chosen a
demonstrating system. The orientations of all three part
the molecule, cyano group, terphenyl ring, and pentyl ch
have been measured separately by optical SHG and S
The results give a quantitatively consistent picture of
molecular configuration if the appropriate refractive indic
for the monolayer are used. The latter can be obtained f
measurements on a similar monolayer of known orientat
an
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APPENDIX

Here we hope to justify the value ofn851.18 determined
for the hexadecanol and 5CT monolayers with a simple
timate of the local-field correction at the interface using
modified Lorentz model.55 In calculating the orientation of a
moiety, we need to know the ratio ofx (2) elements, for ex-
ample,xeff, SPS

(2) /xeff, SSP
(2) . We consider the moiety at the inte

face between media 1 and 2 with refractive indicesn1 and
n2 , respectively. From Eqs.~4! and ~7!, we can write

xeff,SPS
~2!

xeff,SSP
~2! 5

sinb1

sinb2
S Lzzl zz

Lyyl yy
D

v1

S Lyyl yy

Lzzl zz
D

v2

^ayzy
~2! &

^ayyz
~2! &

, ~A1!

where ^a i jk
(2)&5(j,h,z^( î• ĵ)( ĵ•ĥ)( k̂• ẑ)&ajhz

(2) and Lii (V) is
given in Eq.~5! except that inLzz(V), n8 is taken asn1 .
From the three-layer model~Fig. 2!, however, we find

xeff,SPS
~2!

xeff,SSP
~2! 5

sinb1

sinb2
S Lzz~n8!

Lyy
D

v1

S Lyy

Lzz~n8! D
v2

^ayzy
~2! &

^ayyz
~2! &

~A2!

with Lii (V) given in Eq.~5!. Comparison of Eqs.~A.1! and
~A.2! then yields, at eachv,

l zz

l yy
5S n1

n8D
2

. ~A3!

This result can be proved to be true in general. To findn8,
we must evaluatel zz and l yy . Consider the geometry show
in Fig. 7, where we have assumedn151 for simplicity. The
extension to the case ofn1Þ1 is straightforward. We want to

FIG. 7. Slab model for calculation of local-field correction at t
interface. The incident fieldE0 is ~a! parallel and~b! perpendicular
to the interface.
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calculate the local field at the pointP at the surface for the
input field parallel@Fig. 7~a!# or perpendicular@Fig. 7~b!# to
the surface. The local field atP is the sum of the input field
and the dipole fields generated by polarizations inside
hemisphere aroundP and in the rest of the semi-infinite me
dium. Because of the assumed isotropic symmetry of
medium, dipole field from the polarization in the hemisphe
vanishes andEP is given by

EP5E01Esurf, ~A4!

whereEsurf is the contribution from the bound charges at t
slab surface, as shown in Fig. 7. We can calculateEsurf in the
electrostatic limit. The results forE0 parallel and perpen
dicular to the surface are

EP
i
5E0

i
2

n2
221

3n2
2 E0

i
5E0

i S 2n2
211

3n2
2 D , with E0

i iz

~A5!
si

s

ro

s

,

, J

v

l.

,

y

s

J.

la

ur

a

e

e
e

EP
'5E0

'1
n2

221

6
E0

'5E0
'S n2

215

6 D , with E0
''z.

~A6!

Knowing l xx5 l yy5EP
'/E0

' and l zz5EP
i /E0

i , we then get
from Eq. ~A.3!

S 1

n8D
2

5
~2n2

211!/~3n2
2!

~n2
215!/6

5
4n2

212

n2
2~n2

215!
. ~A7!

The above equation givesn851.22 for n251.5 ~close to
the value for hydrocarbons! and n851.15 for n251.34
~close to the value for water!. The value ofn851.18 we used
in the data analysis is between these two values. This me
that for any reasonable choice forn2 the value ofn8 calcu-
lated from this simple model is close to 1.18, which, as w
have shown in this paper, does give a consistent picture
the 5CT orientation and conformation within our experime
tal uncertainty.
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