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Surfactants are prevalent in consumer products, biological
systems, and industrial proces$e%Consequently, a molecular-
level understanding of how surfactants bond and orient at surfaces
has ramifications for many of the economic, health, and environ-
mental issues of today. Some of the most common surfactants used
in commercial products consist of a charged headgroup and an
extended hydrophobic alkyl chain. The behavior of such charged
surfactants at an interface is largely dependent on the molecular
characteristics of the polar headgroup and its structure, orientation,
solvation, and interaction with adjacent surfactants. To date, much
has been learned about surfactant behavior at aqueous surfaces using —
spectroscopic methods, such as vibrational sum-frequency spec- 950 1000 1050 1100 1150
troscopy. While these studfes have provided information about infrared wavenumber, @, / cm™
the ordering of the alkyl chains and the surrounding interfacial water rigure 1. Sum-frequency spectra of the $6ymmetric stretch, obtained
structure, no information has been obtained about the headgroupusing different polarization schemes to probe elements of the second-order
structure and orientation. susceptibility for SDS adsorbed at the air/water interface.

In this communlcgtlon,_we provide the first measurement of the Figure 1 shows room-temperature spectra of the SDS solution/
spectroscopy and orientation of a charged alkyl surfactant headgroup . . ; L

. : . air interface collected in these two polarization schemes. SDS
at the air/water interface using sum-frequency spectroscopy. The(AIdrich) was dissolved in 18.2 K Nanopure water to achieve a
viability and success of these experiments are a result of our recen . ' . .
demonstration of sum-frequency generation using infrared frequen- ulk concentration of 6'2. mM. At thls congentratlon, a well-ordered
cies down to 900 crmk-8 Sodium dodecyl sulfate (SDS) has been monolayer forms at the interfacdt is sufficiently below the CMC

used as a prototype system in this study, providing the first account (8.1 mM) to minimize complications due to micelles at the surface.
of vibrational sum-frequency measurements of sulfate modes in We have identified this vibrational mode at 1070¢ras the S@

i 14 .
the 1100 cm? region and demonstrating how polarization experi- S)rlggirlgettﬁgtsieégjms ?Qrd I:'ct)r::)e :Egoir;da?l%pir?hpgrﬁga éaeé:)l?:?ilﬁle
ments can be used to determine its interfacial orientation. Our reSUItSEroadenin These different glarization schemes a?low various
consolidate previous findings of the structure of these monolayers 9. @ P .

to enable, for the first time, a comprehensive picture of the elements of thg(? tensor to be accessed. Fitting the ssp spectrum

. . ) i . H ) . . .
orientation and conformation of this surfactant at the air/water g(l;/)esx (Z{VZ’ the dppg) spechtrum clqn.t;ms C ontlr |bgthns(;‘rqtﬁaxz,
interface. Y hax 1P @nd 9,z The negligible signal obtained with sps

Vibrational sum-frequency spectroscdpyis an ideal probe of polﬁzlezzt;tig ;Podr:wcia:ti(;irtgaf(zzey :Sg('j o obtgi, the macroscopic
ads_orbed mo_nolay_er_ st_ructure since, be_lng a second-order non“neaﬁonlinear quantity pertaining to the interface. The desired orientation
optical technique, it is inherently selective of noncentrosymmetric information comes from a comparison of the relevant macroscopic
environments and, thereby, excludes surfactant molecules in solution ) . L P P
below the monolayer. In this experiment, a fixed-frequency visible and microscopic quantities in
beam (s = 12 500 cn?) and tunable infrared beanmw & = 940— @_N
1160 cm?) are spatially and temporally overlapped at the liquid X = G_HBD 2)
surface. The sum-frequency beamsf = w.is + wir) generated at 0
the interface is coIIec_ted in reflectloq geometry. The |nte_n5|_ty of whereN is the surface molecular number densityis the vacuum
the sum-frequency signal is proportional to that of the incident o miivity: 5 is the molecular hyperpolarizability, and the angular
visible and IR beams, and also to the square of the second-order, ;. ets denote an ensemble average over participating orientations.
nonlinear susceptibility® as Values for the vibrational hyperpolarizability tensor elements are

obtained using ab initio methods (at the RHF/6-3%X@,p) level)

sum-frequency intensity / a.u.
w

lse O 172P1 il ) 1) that extend established procedures for determifiimgements for
diatomicg® and simple polyatomic moleculéIn brief, displace-
In addition to the surface-specificity of this techniqyué) is a ments of all the atoms along the normal mode coordinate are used

very sensitive probe of molecular orientation. Structural information to generate a set of input geometries describing thesg@metric

is obtained by probing the solution surface using different polariza- stretch. For each of these structures, polarizability tensor and dipole
tions (s or p) for each of the three beams. In the ssp scheme, themoment vector elements are calculated. Derivatives of these
s-polarized component of the sum-frequency beam is detected, whilequantities with respect to the normal mode coordinate are then
the s-polarized visible and p-polarized infrared beams are incident determined and subsequently used to construct the necessary
at the solution surface. In the ppp scheme, all beams are p-polarizedelements of3; details will appear in a forthcoming paper.
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MD simulations to analyze the conformation of the alkyl chains
by reporting the likelihood of finding a gauche defect at each
position along the chaiff. The authors have found less than 5%
probability of a gauche defect in the-®—C,—C, dihedral, 45%
probability at the next position along the chain (where it is drawn
in Figure 2), and roughly 25% likelihood for each of the remaining
positions leading to the methyl chain end. The significantly higher
gauche probability between the first two methylenes from the
headgroup lends strong support to our conclusions, which arrive at
the same surfactant structure, but based on experimental results.

In summary, we have made the first vibrational sum-frequency
Figure 2. The determined orientation of the SDS headgroup at the air/ measurement of the molecular structure and orientation of the
water interface, showing the tilt of the reference@ bond and the twist headgroup of a charged alkyl surfactant. The results provide a
of the S-O—C plane. : - . g .

detailed picture of the orientation of this important molecule at the

air/water interface. In addition, they support theoretical predictions
on the conformational order of the alkyl chain close to the

by taking ratios of eq 2 obtained for different polarization schemes headar Th tudies demonstrate the feasibility and val ¢
OrPhpdxPsspand using@spdy@ssp> 0). This approach also removes fuetzlreg ?nL\I/%sti z'zsnssuinefhise soe(?trfil ere ?or:e e:‘f)r ur>1/daerstar?dLiJr:e ’
the dependence of these expressions on the surface number densit g P 9 9

and eliminates the need to determjt& and3 elements to absolute Surfactant behavior at liquid and solid interfaces.

"systematic"
gauche defect

Quantitative determination of the molecular orientation proceeds
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