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Nonlinear vibrational spectroscopies such as visible-infrared sum-frequency spectroscopy may serve as powerful
probes of interfacial structure. Obtaining quantitative orientation information, however, has been limited by
the required knowledge of the corresponding molecular-level nonlinear optical properties. We provide a general
scheme for calculating the vibrational hyperpolarizability of any infrared- and Raman-active mode, regardless
of the molecular symmetry or complexity of the structure. Our method involves all atoms and therefore does
not rely on making any local mode approximations. We show how this information is used together with
experimental data to arrive at the tilt and twist angles of a surfactant headgroup at the air/water interface.
Since our approach is completely general, it may be used for the analysis of any adsorbate at an isotropic
interface.

1. Introduction

Surfaces and interfaces have received special attention owing
to the propensity of unique chemical, physical, and biological
phenomena that are manifest there. Analytical methods that are
sensitive to surface properties include X-ray and neutron
reflectivity, ellipsometry, brewster angle microscopy, and at-
tenuated total reflection infrared spectroscopy. While these
techniques afford important qualitative information about the
surface or buried interface under investigation, their primary
deficiency in providing quantitative structural information is that
they cannot distinguish the signal originating from the surface
from that originating from the bulk solid or solution phase. This
is because surface sensitivity in these methods relies on shallow
penentration of the probe beams into the bulk phase. Vibrational
sum-frequency spectroscopy1-7 is an ideal probe of adsorbed
monolayer and interfacial structure, since, being a second-order
nonlinear optical technique, it is inherently selective of non-
centrosymmetric environments, and thereby excludes contribu-
tions from molecules in adjacent bulk phases. The surface
specificity or “surface/bulk contrast mechanism” here comes
from orientational ordering: there is no long-range order in the
bulk of isotropic materials, but such macroscopic symmetry is
broken at an interface.

The information provided by sum-frequency spectroscopy is
highly revealing of the nature of surface species, the adsorbed
surface number density, and the change of these properties with
respect to any perturbations on the system, thereby revealing
information about the surface dynamics. If quantitative molec-
ular orientation information is sought, however, an obstacle
presents itself. All quantitative determinations of orientation
must make use of the molecular optical constants appropriate
to the experiment. For example, in a simple dichroic infrared
experiment, one must know the vibrational transition dipole

moment (and its orientation with respect to the nuclear
framework). In the case of sum-frequency spectroscopy, it is
necessary to have some measure of the hyperpolarizability,â.
This is the 27-element rank-three tensor,âlmn, which, when
scaled by the surface number density and averaged over all
participating orientations of molecules, accounts for the mea-
sured macroscopic quantity, the second-order nonlinear sus-
ceptibilty, ø(2).

A popular method for obtaining hyperpolarizability informa-
tion based on experimental data is to make use of Raman
depolarization ratios.8 In a polarized Raman scattering experi-
ment, the ratio between scattered light with a polarization
component parallel to the pump beam and that with a perpen-
dicular polarization is referred to as the depolarization ratio,F
) I⊥/I|. It can be shown9 that this quantity is related to the ratio
of polarizability tensor elements,r ) R⊥/R|. In a local mode
approximation with cylindrical symmetry, one often assumes
that the only non-negligible components of the polarizability
tensor are along the diagonal. In that case,R| ) Rcc andR⊥ )
Raa ) Rbb. There are a few potential difficulties associated with
this approach. First, the local mode may not possess cylindrical
symmetry; in that case, the approximationRaa ) Rbb and the
neglect of off-diagonal elements would not be justified. Further,
such a measurement requires a well-resolved Raman resonance
for accurate measurement ofF for the vibrational mode of
interest. In addition, the sample must be isotropic; the smallest
amount of ordering will prohibit accurate determination ofr
from F. Even when these criteria can be met, the Raman
experiment often requires highly concentrated solutions which
may not be representative of the molecular environment at the
surface.

As an alternative to the use of depolarization ratios, a more
general approach is to use the bond-additivity model,10-12 where
the dipole moment and polarizability of a specific functional
group is obtained by a linear combination of the dipole moments
and polarizabilities of the individual bonds that comprise the
chemical moiety. In a sum-frequency study of the neat air/water
interface, Morita and Hynes13 used this approach to calculate
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dipole moment and polarizability derivatives for a single O-H
stretch of water and then coupled these values to form the
symmetric and antisymmetric water stretching modes. Cossee
and Schachtschneider14 have provided analogous analytical
solutions for the C-H stretch modes of acetone, and these
formulas have been used by Yeh et. al15 for an acetone sum-
frequency study. Hirose et. al10 have published similar expres-
sions for methyl and methylene groups. The key to all of these
studies is that the manner in which the individual bond stretches
are coupled to produce the normal mode coordinate is known.
In the general case, such symmetry analyses are not always
possible. In this paper, we present a method that is fully
numerical and may therefore be applied to a molecule of any
symmetry (such asC1) and of arbitrary complexity. Furthermore,
the bond-additivity model is best applied to high-frequency
modes such as C-H stretches;10 our method has no such
constraint.

We have recently demonstrated visible-infrared sum-fre-
quency generation of the polar headgroup of the charged alkyl
surfactant sodium dodecyl sulfate (SDS) at the air/water
interface.16 In that communication, we reported the results of
an orientation analysis that characterized the tilt of the S-O
bond connected to the alkyl chain as well as the twist angle of
the S-O-C plane. In this paper, we describe the details of this
whole-molecule approach used in the analysis. We will begin
by providing a brief overview of the sum-frequency experiment,
followed by a description of our data. We extract elements of
the second-order susceptibility from the spectra and use these
together with calculated elements of the hyperpolarizability
tensor for the SO3 symmetric stretch of the SDS headgroup.
Our analysis of the molecular orientation then proceeds by
relating these molecule- and surface-level properties in the
context of an orientation distribution function which allows us
to obtain values for the tilt and twist angles of the surfactant
headgroup.

2. Experimental Section

In vibrational sum-frequency spectroscopy, a fixed-frequency
visible beam (in this case,ωvis ) 12 500 cm-1) and a tunable
infrared beam (ωIR ) 940-1160 cm-1 here) are spatially and
temporally overlapped at the sample surface. Details of our
setup, including the tunable mid-IR generation, have been
published previously.17 Figure 1 shows that the sum-frequency
beam (ωSF ) ωvis + ωIR) generated at the interface is collected
in reflection geometry and illustrates a typical polarization

scheme (selecting s- or p-polarizations for each of the three
beams) used to aquire data. The intensity of the sum-frequency
signal is proportional to that of the incident visible and IR beams
and also to the square of the second-order nonlinear suscepti-
blity, ø(2),

Here, the effective second-order susceptibilty,øeff
(2), is related to

the actual second-order susceptiblity by the Fresnel coefficients,
Lii, and unit polarization vectors,êi, for each beam

These quantities, including their dependence on the incident (γvis,
γIR) and reflected angles (γSF), are summarized in Table 1.

Sodium dodecyl sulfate (Aldrich) was dissolved in 18.2 MΩ
water (Nanopure) to make a bulk concentration of 6.2 mmol/L.
Given a critical micelle concentration of 8.1 mmol/L,18 this
provides near-monolayer coverage upon adsorption.

3. Results

The results of our determination of the SDS headgroup
orientation at the air/water interface will be presented in three
parts: (1) extraction of the macroscopic material propertyø(2)

from the sum-frequency spectra, (2) evaluation of the micro-
scopic molecular propertyâ by ab initio methods, and (3)
combination of these macroscopic and microscopic data to arrive
at the average molecular orientation that relates these two
quantities.

3.1. Obtaining Nonlinear Susceptibility Tensor Elements
from the Spectra. Figure 2 shows baseline-corrected17 sum-
frequency spectra of the SDS monolayer from 940 to 1160 cm-1.
This region displays a single sum-frequency active vibrational
mode at 1070 cm-1 due to the headgroup SO3 symmetric
stretch.19-26 The spectra were fit to a line shape that accounts
for homogeneous line broadening (Lorentzian profile), inho-
mogeneous broadening (convolution with a Gaussian profile),
and the IR spectral bandwidth in

whereøNR
(2) is the nonresonant contribution to the signal,A is

the resonant amplitude,Γh is the homogeneous line width (fixed
at 2 cm-1), Γi is a combination of the inhomogeneous line width
and IR beam spectral bandwidth (about 18 cm-1), ω0 is the

Figure 1. Side view of the sample/beam geometry, showing the visible
and tunable IR beams indicident at the air/solution interface. The sum-
frequency beam, detected in reflection, is spatially and spectrally filtered
and then detected on a two-dimensional CCD array. This also shows,
as an example, the ssp polarization scheme, where the incoming visible
beam is s-polarized, the IR beam is p-polarized, and the s-component
of the sum-frequency passes through a polarizer in the detection arm.

TABLE 1: Parameters Associated with the Sum-Frequency,
Visible, and Infrared Beamsa

quantity SF visible IR

ω/cm-1 13 570 12 500 1070
γ/deg 50.9 46.3 60.0
nair 1.00 1.00 1.00
nwater 1.33 1.33 1.24+ 0.0427i
Lxx 0.984 0.955 1.07- 0.00107i
Lyy 0.737 0.765 0.717- 0.0306i
Lzz 0.574 0.591 0.598- 0.0404i
êx sin γSF sin γvis sin γIR

êy 1 1 1
êz -cosγSF cosγvis cosγIR

a The infrared frequency is scanned from 940 to 1160 cm-1, but the
Fresnel factors,Lii, are calculated using values ofγSF and the optical
constants corresponding to a SO3 band center frequency of 1070 cm-1.

I(ωSF) ∝ |øeff
(2)|2I(ωvis)I(ωIR) (1)

øijk,eff
(2) ) (Liiêi)SFøijk

(2):(Ljjêj)vis(Lkkêk)IR (2)

|ø(2)(ωIR)|2 )

|øNR
(2) + A∫0

∞ 1
ωIR - ωL + iΓh

exp[-
(ω0 - ωL)2

2Γi
2 ] dωL|2 (3)
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center of the band, andωL is a dummy variable over which the
convolution integral is evaluated. Fits to eq 3 are shown as lines
in Figure 2. We have determined thatAssp ) 1179( 21, Appp

) 200( 40, andAsps≈ 0. For both ssp and ppp spectra,ω0 )
1070( 1 cm-1 andΓi was determined to be 21.2( 0.5 cm-1.

To proceed with the orientation analysis, it is now necessary
to derive the microscopic analogue of these quantities, elements
of the vibrational hyperpolarizability,â.

3.2. Whole-Molecule Approach for the Calculation of
Vibrational Hyperpolarizabilities. For nonresonant Raman
scattering (withωvis andωSF sufficiently far from any electronic
absorption band), the frequency dependence of the vibrational
hyperpolarizability,â, may be expressed as

where|g〉 and|ν〉 are the vibrational ground and excited states
andR̂ andµ̂ are the polarizability and dipole moment operators.
Under the harmonic oscillator approximation, the transition
matrix elements may be expressed as derivatives of the
polarizability and dipole moment with respect to the normal
mode coordinate,Q. Substituting

(m is the reduced mass of the SO3 stretch) into eq 4 results in
an expression for the elements of the hyperpolarizability in terms
of these quantities:

To reduce the computational burden, the twelve-carbon alkyl
tail of SDS was approximated by a four-carbon chain. We
therefore formulate the problem of determiningâ values for
the SO3 symmetric stretch of SDS by calculating∂Rlm/∂Q and
∂µn/∂Q for the SO3 symmetric stretch for C4H9OSO3

- in the
gas phase.

Ab initio calculations were performed using the Gaussian 0327

package, at the Hartree-Fock level with the 6-311+G(d,p) basis

set.28 After performing an initial energy minimization/geometry
optimization, the molecule was rotated into the molecular frame
of interest, with thec axis oriented along the O-S bond that is
connected to the alkyl chain and the S-O-C bonds defining
the bc plane (see Figure 5). A normal mode analysis was
performed to identify the SO3 symmetric stretch at∼1070 cm-1.
This provided the transformation from Cartesian to normal mode
coordinates for this mode, which was used to displace all of
the atoms by their respective distances alongQ to create seven
geometries: one corresponding to equilibrium bond lengths,
three stretched, and three compressed. The single-point energy
determined for each geometry was used to ensure that the
maximum stretch or compression resulted in changes in the total
energy of less than one vibrational quanta. For each of these
geometries, we calculated all six unique elements of the
polarizability, Rlm (at ωvis ) 12 500 cm-1), and the three
components,µn, of the dipole moment vector. Derivatives were
evaluated by fitting theRlm and µn values versus the normal
mode coordinate,Q, to a second-order polynomial and then
taking the slope at the equilibrium geometry (Q ) 0 in Figure
3). The shapes of these curves are shown in Figure 3, and the
resulting values are summarized in Table 2. Anyâ element may
now be assembled by multiplying the appropriate∂R/∂Q and
∂µ/∂Q elements.

3.3. Quantitative Determination of Molecular Orientation.
Now that values for the hyperpolarizability elements have been
obtained, the task is to relate these quantities to the measured
macroscopic quantitity, the second-order susceptiblity,ø(2). This
relation may be written as

whereN is the surface molecular number density andε0 is the
vacuum permittivity. The angle brackets denote an ensemble
average and therefore contain the sought orientation information.

Since the surface of a liquid hasC∞ν symmetry, there are
only 7 of the 27 elements ofø(2) that are nonzero and, of these,
only 4 are unique. They areøyzy

(2) ) øxzx
(2), øyyz

(2) ) øxxz
(2), øzyy

(2) ) øzxx
(2)

and øzzz
(2). In addition to these symmetry considerations, if we

also consider that the polarizability tensor is symmetric (Rlm )
Rml) in the case of nonresonant Raman scattering, this leads to
øyzy

(2) ) øzyy
(2) ) øxzx

(2) ) øzxx
(2), leaving the surface with only three

independent nonzero elements ofø(2). We will use the notation
âlmn to refer to elements ofâ in the molecular frame wherel,
m, andn are any of the molecular Cartesian coordinates (a, b,
or c) and the notationøijk

(2) wherei, j, andk are any of the lab
frame Cartesian coordinates (x, y, or z). We introduce the
notation

Figure 2. Results of fitting the sum-frequency data following correction
of shape artifacts which result from spatial and temporal mismatch of
the beams during the IR frequency scan. The spectra are labeled with
the polarization scheme and the corresponding elements of theø(2) tensor
which are probed.

â(ωIR) )
〈g|R̂|ν〉〈ν|µ̂|g〉

ωIR - ω0 + iΓh
(4)

〈g|R̂|ν〉 ) 1

x2mω0
(∂R
∂Q) and 〈ν|µ̂|g〉 ) 1

x2mω0
(∂µ
∂Q) (5)

âlmn ) 1
2mω0

(∂Rlm

∂Q )(∂µn

∂Q) 1
ωIR - ω0 + iΓh

(6)

TABLE 2: Results of the Drlm/DQ and Dµn/DQ Determination
from the Data Which Appear in Figure 3

Polarizability Derivatives,∂Rlm/∂Q, in Units of Å2

l, m a b c

a -6.40× 10-1

b +4.62× 10-6 -5.70× 10-1

c +3.33× 10-7 -1.55× 10-2 -6.59× 10-1

Dipole Moment Derivatives,∂µn/∂Q, in Units of D/Å

a b c

-1.87× 10-6 -5.62× 10-1 -2.46× 100

ø(2) ) N
ε0

〈â〉 (7)

âijk(θ, φ, ψ) ≡ ∑
l,m,n

Ulmn:ijk(θ, φ, ψ)âlmn (8)
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whereUlmn:ijk(θ, φ, ψ) are elements of the transformation tensor,
U, which rotates the molecule’s (a, b, c) coordinate system into
the lab (x, y, z) coordinate system through the Euler anglesθ,
φ, andψ. We may now express eq 7 as

Since the interface between two isotropic media (such as the
air/water interface) cannot support any in-plane orientation, the
azimuthal angle,φ, is fully averaged and will not be contained
in the orientation distribution function,f(θ, ψ). For simplicity
(and also because the typical measurement will provide only
two independent experimental ratios), we use aδ-type orienta-
tion distribution function

whereθ0 and ψ0 are the average tilt and twist angles we are
interested in determining. To be as general as possible (and
extract the maximum orientation information), the molecule
adsorbed at the surface is treated as havingC1 symmetry, so
all of the 27 elements,âlmn, are nonzero. Far from electronic
resonance, however, the Raman tensor is symmetric, and thus,
âlmn ) âmln. The consequence is that only 18 of the 27â
elements are unique. We will specify the unique elements ofâ
in lower-triangular format, as was shown forR in Figure 3 and
Table 2.

The three independent nonzero elements ofø(2) were probed
with three polarization schemes: ssp (s-polarized sum-
frequency, s-polarized visible, p-polarized IR), sps, and ppp.
The ssp polarization scheme isolatesøyyz

(2) ) (N/ε0)〈âyyz(θ, φ,
ψ)〉. Substituting eqs 8 and 10 into eq 9 and performing the
integration results in

Similarly, the sps polarization scheme probes

The ppp polarization scheme probes four elements of the second-
order susceptibilty:øxxz

(2) (identical toøyyz
(2)), øzxx

(2) and øxzx
(2) (both

identical toøyzy
(2)), and one additional element

It is important to emphasize that eqs 11-13 are generally
applicable to any isotropic interface, whether the description is
for an adsorbate or molecules of the neat interface. These
expressions contain all elements ofâ for the case of arbitrary
(C1) symmetry. (For molecules with higher symmetry, some of
the â elments will be equivalent and others will be equal to
zero, simplifying eqs 11-13.) By taking ratios of effective
second-order susceptibilities (making use of eq 2),

and

These ratios eliminate the dependence on the surface number

øijk
(2) ) N

ε0
〈âijk(θ, φ, ψ)〉

) N
ε0

1

8π2∫0

2π∫0

2π∫0

π
f(θ, ψ) âijk(θ, φ, ψ) sin θ dθ dφ dψ

(9)

f(θ, ψ) ) δ(θ - θ0, ψ - ψ0) (10)

øyyz
(2) ) N

ε0
〈âyyz(θ, φ, ψ)〉

) N
8ε0

(cosθ0[3âaac + 3âbbc - 2(âcaa + âcbb - âccc) +

(âaac + âbbc+ 2(âcaa + âcbb - âccc)) cos 2θ0 +
2((-âaac + âbbc - 2âcaa + 2âcbb) cos 2ψ0 +

2(âbac + âcab + âcba) sin 2ψ0) sin2 θ0] +
1
2

sin θ0[cosψ0(-5âaaa + 2âbab - 7âbba +

8âcac - 4âcca - (3âaaa + 2âbab - 8âcac -
4âcca) cos 2θ0) + (7âaab - 2âbaa + 5âbbb - 8âcbc +
4âccb + (âaab + 2âbaa + 3âbbb - 8âcbc -
4âccb) cos 2θ0) sin ψ0 - 2((-âaaa + 2âbab +
âbba) cos 3ψ + (âaab + 2âbaa -

âbbb) sin 3ψ0) sin2 θ0]) sin θ0 (11)

øyzy
(2) ) N

ε0
〈âyzy(θ, φ, ψ)〉

) N
16ε0

([(âaac + âbbc + 2(âcaa + âcbb - âccc)) cos 3θ0 +

cosθ0(-âaac - âbbc + 6(âcaa + âcbb) + 2âccc +
4((-âaac + âbbc - 2âcaa + 2âcbb) cos 2ψ0 +

2(âbac + âcab + âcba) sin 2ψ0) sin2 θ0] +
sin θ0[cosψ0(-5âaaa - 6âbab + âbba + 4âcca -
(3âaaa + 2âbab + âbba - 8âcac - 4âcca) cos 2θ0) +
(-âaab + 6âbba + 5âbbb - 4âccb + (âaab + 2âbaa +
3âbbb - 8âcbc - 4âccb) cos 2θ0) sin ψ0 - 2((-âaaa +
2âbab + âbba) cos 3ψ0 + (âaab + 2âbaa -

âbbb) sin 3ψ0) sin2 θ0)]) sin θ0 (12)

øzzz
(2) ) N

ε0
〈âzzz(θ, φ, ψ)〉

) N
8ε0

([2 cosθ0(âaac + âbbc + 2(âcaa + âcbb + âccc) -

(âaac + âbbc + 2(âcaa + âcbb - âccc)) cos 2θ0 -
2((-âaac + âbbc - 2âcaa + 2âcbb) cos 2ψ0 +

2(âbac + âcab + âcba) sin 2ψ0) sin2 θ0] +
[sin θ0(-(3âaaa + 2âbab + âbba + 8âcac +
4âcca) cosψ0 + (3âaaa + 2âbab + âbba -
8âcac - 4âcca) cosψ0 cos 2θ0 + (âaab + 2âbaa +
3âbbb + 8âcbc + 4âccb - (âaab + 2âbaa + 3âbbb -
8âcbc - 4âccb) cos 2θ0) sin ψ0 + 2((-âaaa +
2âbab + âbba) cos 3ψ0 + (âaab + 2âbaa -

âbbb) sin 3ψ0) sin2 θ0)]) sinθ0 (13)

øsps,eff
(2)

øssp,eff
(2)

)
øyyz,eff

(2)

øyzy,eff
(2) |(âlmn; θ, ψ) )

Asps

Assp|expt

(14)

øppp,eff
(2)

øssp,eff
(2)

)

øxxz,eff
(2) + øxzx,eff

(2) + øzxx,eff
(2) + øzzz,eff

(2)

øyzy,eff
(2) |(âlmn; θ, ψ) )

Appp

Assp|expt

(15)
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density,N. In addition, the prefactor (2mω0)-1 and the Lorent-
zian denominator in eq 6 will cancel, allowing the product (∂Rlm/
∂Q)(∂µn/∂Q) to be used directly in place ofâlmn. (If, instead of
taking ratios, eq 7 is to be used directly, experimentalø(2) values
need to be determined to absolute scale. We have previously
described a procedure for this.29)

Figure 4 shows a map of the fitting (the sum of the squares
of the residuals), assuming aδ-type distribution forθ andψ,
using an explicit form of eqs 14 and 15 obtained by substituting
expressions forø(2) that contain the 18 unique elments ofâ.
Lower contours indicate a better fit betweenø(2) and〈â〉. Values
of θ greater than 25° are not shown, since the fitting error is so
large in that region that detail would be lost around the displayed
global minimum. The azimuthal angle,φ, was assumed to be
uniformly distributed between 0 and 360° on account of the
macroscopicC∞ν symmetry at the air/water interface. The
substantially greater depth of the minimum atψ0 ) 270°
compared to the fit value atψ0 ) 90° supports our determination
of the S-O-C plane orientation. We have determinedθ0 )
16.5 ( 9° and ψ0 ) 270 ( 2°; this geometry is depicted in
Figure 5.

4. Discussion
The SO4 headgroup of SDS provides an excellent demonstra-

tion of the capability of this whole-molecule approach for
determining the required vibrational hyperpolarizabilities over
other methods. For SDS, it is not possible to obtain the
depolarization ratio from Raman spectra, since the SO3 sym-

metric stretch is coincident with a chain C-C mode at
1070 cm-1.25 In addition, there would be a further consequence
in the use ofF to approximateâ, which results from the
accompanying assumption of cylindrical (C∞ν) symmetry. In
fact, even if the bond-additivity model were applied, making
use of the pseudo-C3ν symmetry of the SO3 mode, such a
detailed description of the headgroup orientation would not be
possible. This is because there would be only one Euler angle,
θ, that would describe the inclination of the local pseudo-C3

axis with the surface normal,ẑ. If C3ν were in fact a good
approximation for the geometry of this local mode, then that
should be the maximum information obtainable from our
experiment. However, our normal mode analysis has shown that
there is a significant amount of wagging of the S-O bond
attached to the alkyl chain during the stretching of the three
terminal S-O bonds. In this case, considering the motions of
all the atoms to numerically construct the normal mode
coordinate allows for the determination of the orientation of

Figure 3. In the ab initio calculations, the atoms were displaced along
the normal mode coordinate,Q, to create seven input geometries
centered about the equilibrium geometry. For each of these structures,
values of the polarizability tensor,Rlm (at ωvis ) 12 500 cm-1), and
dipole moment vector,µn, were calculated (white circles). To evaluate
the derivatives with respect toQ, the data were fit to a second-order
polynomial (solid lines), and the tangent at the equilibrium geometry
was determined (dashed lines). Results are shown in Table 2.

Figure 4. The calculated hyperpolarizability tensor (molecular frame)
was compared to the measured second-order susceptiblity tensor (lab
frame) in the context of aδ-type distribution for the polar angle,θ,
and the twist angle,ψ. The azimuthal angle,φ, was assumed to be
uniformly distributed between 0 and 360° on account of theC∞ν

symmetry at the air/water interface. From this, we have determinedθ0

) 16.5 ( 9° and ψ0 ) 270 ( 2°. The fitting map shows that the
minimum atψ0 ) 270° is considerably deeper than for the conformation
where the S-O-C plane would be twisted atψ0 ) 90°.
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the S-O-C plane (specified byθ and ψ) rather than being
limited to thez-S-O angle (θ). Consequently, our analysis is
able to provide a more feature-rich description of the molecular
orientation than would be obtained by making a higher-
symmetry local mode approximation.

We now discuss the implications of our results for the SDS
monolayer structure.16 This orientation of the S-O-C plane
(illustrated in Figure 5) indicates that the alkyl chain is initially
oriented along the air/water interface. This initial orientation
does not likely persist to the end of the chain given that other
studies30 have shown that the terminal methyl groups are
oriented perpendicular to the water surface. In addition, various
vibrational spectroscopies18,24,31-33 have concluded that SDS at
near-monolayer concentration contains a large number of gauche
defects and propose that the chains are therefore not well-
ordered. Our analysis suggests asystematicgauche defect near
the headgroup which turns the chain up so it tends perpendicular
to the air/water interface. This would provide a monolayer height
consistent with that reported by neutron scattering studies34 and
an effective headgroup area consistent with that reported by
surface tension measurements.18,34 These results provide an
experimental verification of the surfactant structure calculated
by Dominguez and Berkowitz in their molecular dynamics
simulations.35 Our insight into this structure would not have
been possible if we made a localC3ν approximation and then
used either bond-additivity or Raman depolarization methods
for obtaining the necessary vibrational hyperpolarizability
elements.

5. Conclusions

This paper has demonstrated a whole-molecule approach for
calculating all necessary elements of the hyperpolarizability for
any vibrational mode of interest. It has been shown that these
â elements may be used to determine the molecular orientation
of any molecule from measured elements of the nonlinear
susceptibility tensor. This information has been used to char-
acterize the SDS headgroup at an air/water interface. Our
approach for obtaining the molecular-level optical constants
allows for a level of structural detail to be elucidated beyond
what would have been obtainable using other methods which
make approximations about the local symmetry of the functional
group. Our approach is generally applicable to the analysis of
any adsorbate at a vapor/liquid or liquid/liquid interface.
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Figure 5. SDS headgroup at the air/water interface, showing the tilt
and twist of the S-O-C plane. The effect of a twist specified byψ )
270° is that the oxygen of the S-O-C plane always points up toward
the air. In contrast,ψ ) 90° would orient the S-O-C plane such that
its oxygen would point down toward the water for any azimuth,φ.
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