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Whole-Molecule Approach for Determining Orientation at Isotropic Surfaces by Nonlinear
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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 moment (and its orientation with respect to the nuclear
. . . . . framework). In the case of sum-frequency spectroscopy, it is
Surfaces and interfaces have received special attention OWiNGnecessary to have some measure of the hyperpolarizafiity,
to the propensity of unique chemical, physical, and biological s is the 27-element rank-three tensBkm, Which, when
phen_o_menathat are manifest_therg. Analytical methods that areg-51eg by the surface number density and averaged over all
sensitive to surface properties include X-ray and neutron naricipating orientations of molecules, accounts for the mea-

reflectivity, ellipsometry, brewster angle microscopy, and at- gyred macroscopic quantity, the second-order nonlinear sus-
tenuated total reflection infrared spectroscopy. While these ceptibilty, 5.

techniques afford important qualitative information about the
surface or buried interface under investigation, their primary fi
deficiency in providing quantitative structural information is that

they cannot distinguish the signal originating from the surface ment, the ratio between scattered light with a polarization

5 because surface bonsiiiy in these methods relies on shalloyOPoNSNt paralel o the pump beam and that with a perpen-
penentration of the probe beams into the bulk phase. Vibrational dicular polarization is referrec_i o as the _depolarlzatlon ratio,
sum-frequency spectroscdpy is an ideal probe of édsorbed = Id/ly. I_t can_be showhthat this quantity is related to the ratio
monolayer and interfacial structure, since, being asecond-orderOf polarlzat?lllty tensor .eler.nents,z ag/ey. In a local mode
nonlinear optical technique, it is iﬁheren,tly selective of non- approximation with cyl_ln_drlcal symmetry, one often assumes
centrosymmetric environme’nts and thereby excludes contribu-that the only non-negl_lglble components of the polarizability
tions from molecules in adja(i,ent bulk phases. The surface tensor are along the diagonal, In. thaF CaBET Occ ano!ag -

; Olaa = Opp. There are a few potential difficulties associated with

HY “ H ” ai
specnﬁqty or surface/b.ulk. contrast mechanism” here COMES 4hig approach. First, the local mode may not possess cylindrical
from orientational ordering: there is no long-range order in the

bulk of isotropic materials, but such macroscopic symmetry is symmetry; in that case, the approximatiog, = ap and the
P ' pic sy y neglect of off-diagonal elements would not be justified. Further,
broken at an interface.

] ) ) . such a measurement requires a well-resolved Raman resonance
The information provided by sum-frequency Spectroscopy is for accurate measurement pf for the vibrational mode of

highly revealing of the nature of surface species, the adsorbed;erest. In addition, the sample must be isotropic; the smallest
surface number density, and the change of these properties with, mqunt of ordering will prohibit accurate determinationrof

respect to any perturbations on the system, thereby revealingg,qm, p. Even when these criteria can be met, the Raman
information about the surface dynamics. If quantitative molec- experiment often requires highly concentrated solutions which

ular orientation information is sought, however, an obstacle 5y not be representative of the molecular environment at the
presents itself. All quantitative determinations of orientation ¢ iface.

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

A popular method for obtaining hyperpolarizability informa-
on based on experimental data is to make use of Raman
depolarization ratio8.In a polarized Raman scattering experi-

As an alternative to the use of depolarization ratios, a more
general approach is to use the bond-additivity mé#éf where
the dipole moment and polarizability of a specific functional
TTowh g o be aad F——— group is obtained by a linear combination of the dipole moments
uoreg%rWeng gﬁgﬁgf’(’s"‘lfgﬁiﬁ(’;& F:X:"" s z{fzsfe-'sssg.al' richmond@ gnq polarizabilities of the individual bonds that comprise the
t University of Oregon. chemical moiety. In a sum-frequency study of the neat air/water

*Whitman College. interface, Morita and Hyné%used this approach to calculate
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TABLE 1: Parameters Associated with the Sum-Frequency,
Visible, and Infrared Beams?

quantity SF visible IR
wlcm™ 13570 12 500 1070

yldeg 50.9 46.3 60.0

Nair 1.00 1.00 1.00

Nuwater 1.33 1.33 1.24+0.0427
L 0.984 0.955 1.07 0.00107
Lyy 0.737 0.765 0.717 0.0306
L., 0.574 0.591 0.598- 0.0404
& sinyse Sin yuis sinyir

Y 1 1 1

& —COSYsk COSYvis COSYIr

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-componentscheme (selecting s- or p-polarizations for each of the three
of the sum-frequency passes through a polarizer in the detection arm.pneams) used to aquire data. The intensity of the sum-frequency
. o o . signal is proportional to that of the incident visible and IR beams
dipole moment and polarizability derivatives for a single and also to the square of the second-order nonlinear suscepti-
stretch of water and then coupled these values to form the pjity, (),

symmetric and antisymmetric water stretching modes. Cossee
and Schachtschneidérhave provided analogous analytical (wgp O |x(62f2|zl(a)vis)l(w|R) Q)
solutions for the &H stretch modes of acetone, and these
formulas have been used by Yeh efSdbr an acetone sum-  Here, the effective second-order susceptibji{§, is related to
frequency study. Hirose et.!8lhave published similar expres- the actual second-order susceptiblity by the Fresnel coefficients,
sions for methyl and methylene groups. The key to all of these L, and unit polarization vector,, for each beam
studies is that the manner in which the individual bond stretches @ R @ A .
are coupled to produce the normal mode coordinate is known. ket = (Li®)seli - (Li&his(Lu@dir 2)
In the general case, such symmetry analyses are not alway
possible. In this paper, we present a method that is fully
numerical and may therefore be applied to a molecule of any V!
symmetry (such a€,) and of arbitrary complexity. Furthermore,
the bond-additivity model is best applied to high-frequency
modes such as €H stretches? our method has no such
constraint.

We have recently demonstrated visible-infrared sum-fre- 3. Results
guency generation of the polar headgroup of the charged alkyl
surfactant sodium dodecyl sulfate (SDS) at the air/water The results of our determination of the SDS headgroup
interfacel® In that communication, we reported the results of orientation at the air/water interface will be presented in three
an orientation analysis that characterized the tilt of theDS ~ parts: (1) extraction of the macroscopic material propgfty
bond connected to the alkyl chain as well as the twist angle of from the sum-frequency spectra, (2) evaluation of the micro-
the S-O—C plane. In this paper, we describe the details of this scopic molecular property by ab initio methods, and (3)
whole-molecule approach used in the analysis. We will begin combination of these macroscopic and microscopic data to arrive
by providing a brief overview of the sum-frequency experiment, at the average molecular orientation that relates these two
followed by a description of our data. We extract elements of quantities.
the second-order susceptibility from the spectra and use these 3.1. Obtaining Nonlinear Susceptibility Tensor Elements
together with calculated elements of the hyperpolarizability from the Spectra. Figure 2 shows baseline-correctegdum-
tensor for the S@symmetric stretch of the SDS headgroup. frequency spectra of the SDS monolayer from 940 to 1160'cm
Our analysis of the molecular orientation then proceeds by This region displays a single sum-frequency active vibrational
relating these molecule- and surface-level properties in the mode at 1070 cm due to the headgroup SGsymmetric
context of an orientation distribution function which allows us Stretch'®~2¢ The spectra were fit to a line shape that accounts
to obtain values for the tilt and twist angles of the surfactant for homogeneous line broadening (Lorentzian profile), inho-
headgroup. mogeneous broadening (convolution with a Gaussian profile),

and the IR spectral bandwidth in

I PAog)? =

In vibrational sum-frequency spectroscopy, a fixed-frequency " _ 2 2
visible beam (in this caseyis = 12 500 cn?) and a tunable @ + Af”;— xp — M do, | 3)
infrared beamdr = 940—-1160 cnt? here) are spatially and NR Cwg— o +il} 2r? -
temporally overlapped at the sample surface. Details of our
setup, including the tunable mid-IR generation, have been wherexﬁ% is the nonresonant contribution to the signalis
published previously? Figure 1 shows that the sum-frequency the resonant amplitud®, is the homogeneous line width (fixed
beam sk = w.is + wir) generated at the interface is collected at 2 cnt?l), I’} is a combination of the inhomogeneous line width
in reflection geometry and illustrates a typical polarization and IR beam spectral bandwidth (about 18 &mnwo is the

aThe infrared frequency is scanned from 940 to 1160%ut the
Fresnel factorsl, are calculated using values p§r and the optical
constants corresponding to a 8@and center frequency of 1070 cin

SI'hese quantities, including their dependence on the inciglegt (

r) and reflected angles§g), are summarized in Table 1.
Sodium dodecyl sulfate (Aldrich) was dissolved in 18.2M
water (Nanopure) to make a bulk concentration of 6.2 mmol/L.
Given a critical micelle concentration of 8.1 mmol& this
provides near-monolayer coverage upon adsorption.

2. Experimental Section
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! ! ! ! ! ! ! ! ! TABLE 2: Results of the soyn/0Q and ou,/0Q Determination
1200 . 1 from the Data Which Appear in Figure 3
Pk WY
. s Polarizability Derivativesjay,/dQ, in Units of A2
1000 | Ssp P ]
L
) % s Lo I, m a b Cc
3 = kY a —6.40x 101
= or ; Ly 1 b +4.62x10°  —5.70x 10!
% ',' ‘-‘ . c +3.33x 1077 —1.55x 1072 —6.59x 107!
= 600 - . pPpPP A . . . . . .
K ! \ Dipole Moment Derivativesju,/dQ, in Units of D/A
= / a b c
400 .
—1.87x 10°® —5.62x 101! —2.46x 10
T "’:,.__ ] set?8 After performing an initial energy minimization/geometry
gt .="' optimization, the molecule was rotated into the molecular frame
O s o75 1000 1025 1050 1075 1100 1125 1150 of interest, with thec axis oriented along the -©S bond that is
wavenumber connected to the alkyl chain and the-8—C bonds defining

Figure 2. Results of fitting the sum-frequency data following correction  the bc plane (see Figure 5). A normal mode analysis was
of shape artifacts which result from spatial and temporal mismatch of performed to identify the S§symmetric stretch at1070 cnt™.
the beams during the IR frequency scan. The spectra are labeled withThis provided the transformation from Cartesian to normal mode
the_ polarization scheme and the corresponding elements gfttensor coordinates for this mode, which was used to displace all of
which are probed. the atoms by their respective distances al@nig create seven
geometries: one corresponding to equilibrium bond lengths,
center of the band, and_ is a dummy variable over which the  three stretched, and three compressed. The single-point energy
convolution integral is evaluated. Fits to eq 3 are shown as lines determined for each geometry was used to ensure that the

in Figure 2. We have determined thags,= 1179+ 21, Aypp maximum stretch or compression resulted in changes in the total
= 200+ 40, andAsps~ 0. For both ssp and ppp spectia, = energy of less than one vibrational quanta. For each of these
1070+ 1 cm ! andT; was determined to be 212 0.5 cnt2. geometries, we calculated all six unique elements of the

To proceed with the orientation analysis, it is now necessary polarizability, aym (at wvis = 12500 cn1l), and the three
to derive the microscopic analogue of these quantities, elementscomponentsyn, of the dipole moment vector. Derivatives were
of the vibrational hyperpolarizability3. evaluated by fitting thew, and un values versus the normal
3.2. Whole-Molecule Approach for the Calculation of ~ mode coordinateQ, to a second-order polynomial and then
Vibrational Hyperpolarizabilities. For nonresonant Raman taking the slope at the equilibrium geomet@ € 0 in Figure
scattering (withois andwse sufficiently far from any electronic  3)- The shapes of these curves are shown in Figure 3, and the
absorption band), the frequency dependence of the vibrationalresulting values are summarized in Table 2. glement may

hyperpolarizability,3, may be expressed as now be assembled by multiplying the appropriatgdQ and
duldQ elements.
(9|6 v | ia|gd 3.3. Quantitative Determination of Molecular Orientation.
Blog) = g — 0y + T, (4) Now that values for the hyperpolarizability elements have been

obtained, the task is to relate these quantities to the measured

where|gCand [vCare the vibrational ground and excited states Macroscopic quanttity, the second-order susceptibiity, This
andé andj are the polarizability and dipole moment operators. relation may be written as
Under the harmonic oscillator approximation, the transition
matrix elements may be expressed as derivatives of the X(Z) = Nggg )
polarizability and dipole moment with respect to the normal €0
mode coordinateQ. Substituting
whereN is the surface molecular number density aads the
X 1 (oa A 1 [ou vacuum permittivity. The angle brackets denote an ensemble
glapt= m (BQ) and [vlilgt= m (BQ) ) average and therefore contain the sought orientation information.
Since the surface of a liquid h&3,, symmetry, there are
(mis the reduced mass of the $6tretch) into eq 4 results in only 7 of the 27 elements of?) that are nonzero and, of these,
an expression for the elements of the hyperpolarizability in terms only 4 are unique. They aﬂéyzz)y: XS(ZZ)Xv Xg)z = Xf(i)z Xg/)y = Xg()x

of these quantities: and ngz)z In addition to these symmetry considerations, if we
also consider that the polarizability tensor is symmetig &
1 {3U~|m)(3ﬂn\ 1 5 om) in the case of nonresonant Raman scattering, this leads to
Bimn = 2mw\ 0Q J\9Q/wr — wy + iT, ®6) 22,= 12, = 12 = 2, leaving the surface with only three

independent nonzero elementsy&?. We will use the notation
To reduce the computational burden, the twelve-carbon alkyl Simn to refer to elements gf in the molecular frame wherie
tail of SDS was approximated by a four-carbon chain. We M, andn are any of thezmolecular Cartesian coordinatgd(
therefore formulate the problem of determinifigvalues for or ¢) and the notatiom(jk) wherei, j, andk are any of the lab

the SQ symmetric stretch of SDS by calculatifgy,/0Q and frame Cartesian coordinates, (y, or 2. We introduce the
un/9Q for the S@Q symmetric stretch for gHsOSG;~ in the notation
gas phase.

Ab initio calculations were performed using the Gaussiai 03 B0, ¢, p) = z Uik (0 @ ¥)Binn (8)

package, at the Hartre€-ock level with the 6-311G(d,p) basis Mn
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whereUmnii(0, ¢, ¢) are elements of the transformation tensor,
U, which rotates the molecule’s,(b, ¢) coordinate system into
the lab &, y, 2) coordinate system through the Euler angles
¢, andy. We may now express eq 7 as

2) —
Ijk

|lguk(e ¢ 1/)) 0

T e 8n2f fhf f(0, v) Bi(0, ¢, ) sin 6 d6 de dy
9)

Since the interface between two isotropic media (such as the
air/water interface) cannot support any in-plane orientation, the
azimuthal angleg, is fully averaged and will not be contained

in the orientation distribution functiorf(@, v). For simplicity
(and also because the typical measurement will provide only
two independent experimental ratios), we usetgpe orienta-

tion distribution function

f(6, ) = 0(0 — 0o, ¥ — 1) (10)

where 6y and y, 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 haGpgymmetry, so
all of the 27 elements3imn, are nonzero. Far from electronic

resonance, however, the Raman tensor is symmetric, and thus,

Bimn = Pmm. The consequence is that only 18 of the 27
elements are unique. We will specify the unique elemenf$ of
in lower-triangular format, as was shown f@iin Figure 3 and
Table 2.

The three independent nonzero elementg@®fwere probed
with three polarization schemes: ssp (s-polarized sum-
frequency, s-polarized visible, p-polarized IR), sps, and ppp.
The ssp polarization scheme isolané,@z = (N/eo)[ByyA0, ¢,
1) Substituting egs 8 and 10 into eq 9 and performing the
integration results in

2)
22 =

Wyyz(e, ¢, )0

N
a COSQOBﬂaac + 3/8bbc - 2(ﬂcaa"_ ﬂcbb - ﬁccr) +

8¢,
(ﬂaac + ﬁbb Z(ﬂcaa+ ﬁcbb ﬂccc)) Cos 290 +
2(( ﬂaac+ ﬁbbc zﬁcaa+ Zﬂcbb) cos 2/JO +

Z(ﬂbac + ﬂcab + ﬂcba) Sil’l 21/)0) Sil’]2 60] +
1.
5Sin OolcOSYo(—5Baaa T 2Bpan — "Popat

8ﬁcac - 4ﬁcca - (3ﬁaaa + 2ﬁbab - 8ﬂcac -
4B..2) €0S Do) + (7faap — 2paat oo —
4B+ (Baab T 2Braa T Boop — 8Bene —
4ﬁccb) cos 290) sin Yo~ 2((_ﬁaaa+ Zﬁbab+
Booa) €0S 3 + (Baan T 2Bpaa—

Buw SIN 3po) sin’ 6] sin 6,

8ﬁcbc +

(11)

Similarly, the sps polarization scheme probes
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(2)
Xyzy =

qu(@ ¢, y)U

= E([(ﬁaac + ﬂbbc + Z(ﬁcaa+ ﬁcbb - ﬁcc()) cos 3, +
0

c0SHo(—Baac ~ Bobe T 6Bcaat Beon) T 2Becc T
4((_ﬂaac + ﬁbbc - zﬁcaa+ Zﬁcbt) cos 2/)0 +
2(Bpact Boabt Bend) SIN 2p) sin’ O] +

Sin 0[CoS Y o(—5B4aa — BBhab T Poba T Hcca —
(Sﬁaaa-’_ zﬁbab+ Bbba_ 8ﬁcac - 4ﬁcca) cos $O) +
(=Baa T 6Boba T SBrob — WBech T Baar T 2Bpaa T
3Bobp — 8Bebe — ABecn) €OS D) Sinyg — 2((—faaat+
2Bpant Brooa) €0S 3o+ (Baan T 2Bpaa—
By Sin 3pg) sin 6,)]) sin 6,

The ppp polarization scheme probes four elements of the second-
order susceptibilty:y$), (identical toy%), x2 and 52 (both

identical tox(z)) and one additional element

(12)

2) —

Xzzz— _m;zzz(av b, W)D

N
8_60([2 COSHO(ﬂaac + ﬂbbc + 2(:Bcaa + ﬁcbb + ﬂccc) -

(Baac T+ Bove T 2(Bcaat Beob — Becd)) €OS Dy —
2((—Baac T Pooe = 2Bcaat 2Bepp) COS 2y +
2(Buac T Bean+ Bena) SIN 24p0) sin 6] +

[Sin Oo(—(3Baaa T 2Bpab T Boba T 8Bcac T

4B oca) C0po T (3Baaa T 2Bpan T Bopa —

8ﬂCaC - 4ﬂcca) Cosy, cos 29O + (ﬂaab + Zﬁbaa+
3ﬁbbb + 8ﬁcbc + 4ﬂccb - (ﬂaab + 2ﬁbaa + 3ﬁbbb -
8ﬂcbc - 4ﬁccb) cos 290) sin Yot 2((_ﬂaaa+

2Byant Booa) €0S 3o+ (Baan T 2Bpaa —
Bow) Sin 3yp) sin’ 6,)]) sinf,

It is important to emphasize that eqs-113 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/for the case of arbitrary
(C1) symmetry. (For molecules with higher symmetry, some of
the 8 elments will be equivalent and others will be equal to
zero, simplifying eqs 1%13.) By taking ratios of effective
second-order susceptibilities (making use of eq 2),

(13)

()] 2
Xsps.eff _ Xyyzeft A
= B 6. 9) =As—"j (14)
Xsspeff  Xyzyef SHexpt
and
2
XEJp)p eff _
2
X(ss)p eff
2 2 2 2
Xix)zeff + X>(<z)>(eﬁ + X(zx)xeff + ng)zeff Appp
%) (ﬂlmnv 9 1/))
Xyzyeﬁ Assp expt
(15)

These ratios eliminate the dependence on the surface number
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Figure 3. In the ab initio calculations, the atoms were displaced along

the normal mode coordinat€), to create seven input geometries

centered about the equilibrium geometry. For each of these structures, 45

values of the polarizability tensooym (at wvis = 12 500 cn?), and

dipole moment vecto,, were calculated (white circles). To evaluate /
1 1

)\

the derivatives with respect 1Q, 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. 0

I
0 5 10 15 20 25

density,N. In addition, the prefactor (fwg)~* and the Lorent- polar angle, 6,/ deg

zian denominator in eq 6 will cancel, allowing the product;¢/ Figure 4. The calculated hyperpolarizability tensor (molecular frame)
3Q)(du/dQ) to be used directly in place @ (If, instead of was compared to the measured second-order susceptiblity tensor (lab
taking ratios, eq 7 is to be used directly, experimex\(fék/alues frame) in the context of @-type distribution for the polar anglé,

. . and the twist angley. The azimuthal anglep, was assumed to be
need to be determined to absolute scale. We have prewouslyumforrnly distributed between 0 and 36@n account of theCa,

described a procedure for tH. symmetry at the air/water interface. From this, we have deternfiped
Figure 4 shows a map of the fitting (the sum of the squares = 16.5+ 9° and y, = 270 + 2°. The fitting map shows that the
of the residuals), assumingdatype distribution for@ andy, minimum atyo = 27¢ is considerably deeper than for the conformation

using an explicit form of egs 14 and 15 obtained by substituting Where the SO—C plane would be twisted ato = 90°.
expressions foy®@ that contain the 18 unique elments /f
Lower contours indicate a better fit betwegh and (B Values

of 0 greater than 25are not shown, since the fitting error is so
large in that region that detail would be lost around the displaye
global minimum. The azimuthal angleé, was assumed to be
uniformly distributed between 0 and 360n account of the
macroscopicC., symmetry at the air/water interface. The
substantially greater depth of the minimum @§ = 270
compared to the fit value gty = 90° supports our determination
of the S-O—C plane orientation. We have determin@gl=
16.5+ 9° andyo = 270 + 2°; this geometry is depicted in
Figure 5.

metric stretch is coincident with a chain—-C mode at
1070 cn11.25In addition, there would be a further consequence
d in the use ofp to approximates, which results from the
accompanying assumption of cylindrical.{,) symmetry. In
fact, even if the bond-additivity model were applied, making
use of the pseud@s, symmetry of the S@ mode, such a
detailed description of the headgroup orientation would not be
possible. This is because there would be only one Euler angle,
0, that would describe the inclination of the local pseu@o-
axis with the surface normak, If Cs, were in fact a good
approximation for the geometry of this local mode, then that
should be the maximum information obtainable from our
4. Discussion experiment. However, our normal mode analysis has shown that
The SQ headgroup of SDS provides an excellent demonstra- there is a significant amount of wagging of the-S bond
tion of the capability of this whole-molecule approach for attached to the alkyl chain during the stretching of the three
determining the required vibrational hyperpolarizabilities over terminal S-O bonds. In this case, considering the motions of
other methods. For SDS, it is not possible to obtain the all the atoms to numerically construct the normal mode
depolarization ratio from Raman spectra, since thg §@n- coordinate allows for the determination of the orientation of



Molecular Orientation at Surfaces J. Phys. Chem. B, Vol. 109, No. 35, 20086851

¥ 4 Acknowledgment. We wish to thank J. Hardwick for helpful
’ discussions concerning the ab initio calculations and M. Kido
’ z for valuable insight in the orientation analysis. We thank the
National Science Foundation (grant CHE-0243856) for support
of this science and the Office of Naval Research for the

= 0->360°
e instrumentation.

| —¢

— o
a % _1 6.549 References and Notes

N
CH" .

(1) Shen, Y. R. Surface Spectroscopy by Nonlinear OpticBrtteed-
ings of the International School of Physics “Ernico FermMansch, T.
W., Inguscio, M., Eds.; North-Holland: Amsterdam, The Netherlands, 1994.

(2) Shen, Y. R.The Principles of Nonlinear Opticslohn Wiley &
Sons: New York, 1984.

(3) Shen, Y. RAnnu. Re. Phys. Chem1989 40, 327.

(4) Richmond, G. LChem. Re. 2002 102, 2693.

(5) Richmond, G. LAnnu. Re. Phys. Chem2001, 52, 357.

(6) Eisenthal, K. BChem. Re. 1996 96, 1343.

(7) Williams, C. T.; Beattie, D. ASurf. Sci.2002 500, 545.

(8) Tyrode, E.; Johnson, C. M.; Baldelli, S.; Leygraf, C.; Rutland, M.
W. J. Phys. Chem. B005 109, 329.

W, = 27022°

| .
y - s',%
b‘4\ "o
o .-

Figure 5. SDS headgroup at the air/water interface, showing the tilt
and twist of the SO—C plane. The effect of a twist specified kpy=

air
water

270 is that the oxygen of the-SO—C plane always points up toward
the air. In contrasty = 90° would orient the S O—C plane such that
its oxygen would point down toward the water for any azimuth,

the S-O—C plane (specified by and ) rather than being
limited to thez—S—0 angle @). Consequently, our analysis is

(9) Ferraro, J. R.; Nakamoto, Z.; Brown, C. \troductory Raman
SpectroscopgyAcademic Press: San Diego, CA, 2003.
(10) Hirose, C.; Akamatsu, N.; Domen, K. Chem. Phys1992 96,
997.
(11) Ji, N.; Shen, Y.-RJ. Chem. Phys2004 120, 7107.
(12) Lu, R.; Gan, W.; Wu, B.; Chen, H.; Wang, H. Phys. Chem. B
2004 108 7297.

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 structuré® This orientation of the SO—C plane
(illustrated in Figure 5) indicates that the alkyl chain is initially M. Richrond . L o). Shechos2b04 o8, 1907

: : ; [ : : . 'Y.; Richmond, G. L.Appl. Spectros , .
oriented a_long the alr/water interface. Thls_ |n|t!al orientation (18) Kawai, T ; Kamio, H.. Kondo, T.; Kon-No, KJ. Phys. Chem. B
does not likely persist to the end of the chain given that other 2005 109 4497.
studie$® have shown that the terminal methyl groups are  (19) Li, H.; Tripp, C. P.J. Phys. Chem. B004 108 18318.
oriented perpendicular to the water surface. In addition, various ~ (20) Picquart, M.J. Phys. Chem1986 90, 243.
vibrational spectroscopi#&**3+33 have concluded that SDS at (.21)19'%"";1' T pmemura. J- Takenaka,Hull. Inst. Chem. Res., Kyoto

. . niv. , .
near-monolayer concentration contains a large number of gauche " (25) speriine, R. P.; Song, V.; Freiser, Eangmuir 1992 8, 2183.
defects and propose that the chains are therefore not well- (23) Chihara, GChem. Pharm. Bull196Q 8, 988.
ordered. Our analysis suggestsystematigauche defect near (24) Prosser, A. J.; Franses, ELangmuir2002 18, 9234.
the headgroup which turns the chain up so it tends perpendicular  (25) Brooker, M. H.J. Chem. Soc., Faraday Trans.1984 80, 73.
to the airfwater interf Thi Id id | height (26) Thompson, W. KSpectrochim. Actd974 30A 117.
0 e;alr wa gr Intertace. 1his would proviae a mpno aygr €elg (27) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.;
consistent with that reported by neutron scattering stétizwl Robb, M. A.; Cheeseman, J. R.; Montgomery, J. A., Jr.; Vreven, T.; Kudin,
an effective headgroup area consistent with that reported by,*\</|- N.; BuranBt, J.CC.; Mllll\e}lm,é. IVII Iyefn%ar, 2. S; T'glmasl,t:l.; Barong, VA.;
H .34 H ennuccl, i 0ossl, . calmani, . ega, . etersson, . i
surfaqe tension .njea.sureme%ﬂé. These results provide an Nakatsuji, H.. Hada, M.; Ehara, M.. Toyota, K. Fukuda, R.; Hasegawa, J.
expenmf_ental verification of the s_urfact_ant structure calcula_lted Ishida, M.; Nakajima, T.; Honda, Y.; Kitao, O.; Nakai, H.; Klene, M.; Li,
by Dominguez and Berkowitz in their molecular dynamics X.; Knox, J. E.; Hratchian, H. P.; Cross, J. B.; Bakken, V.; Adamo, C.;
i i 5 ingi i i Jaramillo, J.; Gomperts, R.; Stratmann, R. E.; Yazyev, O.; Austin, A. J,;
zlmmatlonil O?r mS'Igh(; Imol this structur_e unld ncc)jt Eave Cammi, R.; Pomelli, C.; Ochterski, J. W.; Ayala, P. Y.; Morokuma, K.;
een possible if we made a loda, approximation and then o G A’ Salvador, P.; Dannenberg, J. J.; Zakrzewski, V. G.; Dapprich,
used either bond-additivity or Raman depolarization methods S.; Daniels, A. D.; Strain, M. C.; Farkas, O.; Malick, D. K.; Rabuck, A.

for obtaining the necessary vibrational hyperpolarizability D-; Raghavachari, K.; Foresman, J. B.; Ortiz, J. V.; Cui, Q.; Baboul, A.
elements G.; Clifford, S.; Cioslowski, J.; Stefanov, B. B.; Liu, G.; Liashenko, A,;

Piskorz, P.; Komaromi, |.; Martin, R. L.; Fox, D. J.; Keith, T.; Al-Laham,
M. A.; Peng, C. Y.; Nanayakkara, A.; Challacombe, M.; Gill, P. M. W.;
Johnson, B.; Chen, W.; Wong, M. W.; Gonzalez, C.; Pople, Hdussian
. 03, revision C.02; Gaussian, Inc.: Wallingford, CT, 2004.

This paper has demonstrated a whole-molecule approach for (28) Frisch, M. J.; Pople, J. A.; Binkley, J. $.Chem. Phys1984 80,
calculating all necessary elements of the hyperpolarizability for 3265. _
any vibrational mode of interest. It has been shown that these . (29) Hore, D. K.; Hamamoto, M. Y.; Richmond, G. L. Chem. Phys.

| b dtod ine th lecul . 2004 121, 12589.

p elements may be used to determine the molecular orientation™ " (30" Conboy, J. C.; Messmer, M. C.; Richmond, G.JLPhys. Chem.

of any molecule from measured elements of the nonlinear B 1997 101, 6724.

susceptibility tensor. This information has been used to char- 195%1)10Cara1%52%r12, D. E.; McCarty, B. M.; Richmond, G.1.Phys. Chem.

acterize the SDS_h_eadgroup at an air/water _mterface. Our 32) Gragson"D. E.: McCarty, B. M.: Richmond, G. L. Am. Chem.

approach for obtaining the molecular-level optical constants goc 1997 119 6144.

allows for a level of structural detail to be elucidated beyond  (33) Gragson, D. E.; Richmond, G. L. Phys. Chem. B.998 102,

what would have been obtainable using other methods which 3847. . . . .

make approximations about the local symmetry of the functional . (34 Lu. J. R;; Marrocco, A Su, T. J.; Thomas, R. K.; Penfold].J.
- . - Colloid Interface Scil993 158 303.

group. Our approach is generally applicable to the analysis of

et PRILAIIE 1D (35) Dominguez, H.; Berkowitz, M. LJ. Phys. Chem. R00Q 104,
any adsorbate at a vapor/liquid or liquid/liquid interface.

(13) Morita, A.; Hynes, J. TChem. Phys200Q 258 371.

(14) Cossee, P.; Schachtschneider, JJHChem. Physl1966 44, 97.

(15) Yeh, Y. L.; Zhang, C.; Heid, H.; Mebel, A. M.; Wei, X.; Lin, S.
H.; Shen, Y. RJ. Chem. Phys2001, 114, 1837.

(16) Hore, D. K.; Beaman, D. K.; Richmond, G. L. Am. Chem. Soc.
2005 127, 9356.

(17) Hore, D. K.; King, J. L.; Moore, F. G.; Alavi, D. S.; Hamamoto,

5. Conclusions

5302.



