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Abstract: The OH stretching region of water molecules in the vicinity of nonionic surfactant monolayers
has been investigated using vibrational sum frequency spectroscopy (VSFS) under the polarization
combinations ssp, ppp, and sps. The surface sensitivity of the VSFS technique has allowed targeting the
few water molecules present at the surface with a net orientation and, in particular, the hydration shell
around alcohol, sugar, and poly(ethylene oxide) headgroups. Dramatic differences in the hydration shell of
the uncharged headgroups were observed, both in comparison to each another and in comparison to the
pure water surface. The water molecules around the rigid glucoside and maltoside sugar rings were found
to form strong hydrogen bonds, similar to those observed in tetrahedrally coordinated water in ice. In the
case of the poly(ethylene oxide) surfactant monolayer a significant ordering of both strongly and weakly
hydrogen bonded water was observed. Moreover, a band common to all the surfactants studied, clearly
detected at relatively high frequencies in the polarization combinations ppp and sps, was assigned to water
species located in proximity to the surfactant hydrocarbon tail phase, with both hydrogen atoms free from
hydrogen bonds. An orientational analysis provided additional information on the water species responsible
for this band.

Introduction Progress in understanding the role of water for such important

Hydrophobicity is the driving force for self-assembly of surface phenomena that govern biological and technological
amphiphilic compounds into micelles, liquid crystalline phases, Processes has been slow, largely because there has been very
and membranes? and it is generally the primary motive for limited direct information on the water structure at such
adsorption of surfactants at nonpolar interfaces. It is also of interfaces. o
paramount importance for protein folding. However, once these 1€ hydration state of nonionic surfactant headgroups at the
structures are assembled, their function in biology and technol- &if/water interface is of great importance for the monolayer
ogy is largely determined by interactions occurring at their polar Properties and indeed for the performance of a surfactant in
surfaces. Water interacts strongly with these polar surfaces, andgd€neral. While charged surfactants are strongly hydrated due
thus the involvement of water molecules in surface reactions t© the polarization effect of the ionic headgroup, the hydration
occurring at biomembrane surfaces, at protein surfaces, and in®f nenionics is far more subtle. Poly(ethylene oxide) surfactants,
artificial micellar nanoreactors is expected to be important. for example, exhibit a complex interaction with water, which
Interfacial water next to polar groups is also of importance for 1S Strongly dependent on the temperature. This leads to
the function of “protein repellant’ surfaces used for inert Phenomena such as clouding of micellar solutions at elevated
coatings in biosensdtsand for the short-range hydration —témperatures and the phase inversion of microemulsion sys-

) L. 7,8 i i
repulsion between, for example, phospholipid membréafies. t€ms! While thesg phenomena are well documented, there is
no agreement behind the underlying molecular mechanism.

" Department of Chemistry, Surface Chemistry, Royal Institute of  gygar-based nonionic surfactants have also received a great

Technology and YKI, Institute for Surface Chemistry. . . . . .
* Division of Corrosion Science, Royal Institute of Technology. deal of attention recently, owing to their superior biodegrad-

@) 'l\l;lanfc;)rd, C.TgedHygrow_?bic Elffect:Y F?(rnleétig%n of Micelles and Biological ~ ability and the fact that the headgroups are obtained from
embranesZnd eda.; ney: ew YOorkK, . . .
(2) Israelachvili, J. NIntermolecular and Surface Forcesicademic Press: renewable resources. The interaction between water and sugar

London, 1991.

(3) Levinger, N. E.Science2002 298 1722-1723. (6) Parsegian, V. A.; Fuller, N.; Rand, R. Proc. Natl. Acad. Sci. U.S.A.
(4) Gombotz, W. R.; Wang, G.; Horbett, T. A.; Hoffman, A. &.Biomed. 1979 76, 2750-2754.

Mater. Res1991, 25, 1547-1562. (7) Shinoda, K.; Arai, HJ. Phys. Chem1964 68, 3485-3490.
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groups is of great general interest, not only for understanding ditionally, more comprehensive details about the orientation
surfactant behavior but also for unraveling the role of water in analysis procedure can be found in other soufees.
biochemical processes involving carbohydrate units. Hence, VSFS is a second-order nonlinear optical technique capable
much effort has gone into describing sugar/water interactions of detecting molecules with a net orientation present at any
that are dominated by hydrogen bond formation between waterinterface accessible by light. Its surface sensitivity resides in
and hydroxyl groups on the sugar ufit! Since hydrogen the fact that, under the electric dipole approximation, the sum
bonds are highly directional, it is not surprising that the net frequency (SF) beam cannot be generated in bulk isotropic
interaction depends crucially on the orientation of the hydroxyl media, which is the case for all gases and most liquids and
groups of the sugar molecule. In fact, changing the direction of solids. In practice, two pulsed laser beams, one fixed in a visible
one sugar hydroxyl group can make the difference between frequency and the other tunable in the infrared (IR), are directed
solubility and nonsolubility. For instance, it is well-knoWthat toward the surface where they are overlapped in time and space.
myoinositol is rather water-soluble whereas scyllo-inositol, At the interface, in addition to the expected reflections, a third
which differs only in the orientation of one hydroxyl group, is coherent beam having the sum of the frequencies of the two
insoluble. Advances in the comprehension of water/carbohydrateincoming beams is generated. The intensity of the SF radiation
interactions and their relevance for biochemical processes andwhich carries the surface information is resonantly enhanced
technical applications require the use of new techniques. when the IR frequency approaches one of the resonant vibrations
Targeting the aqueous structure at interfaces is not a simpleof the species present at the surface. Accordingly, the VSF
task since many of the techniques that are able to probe thesespectra arise from measuring the SF intensity as a function of
structures lack the necessary surface sensitivity. Vibrational sumthe IR frequency.
frequency spectroscopy (VSFS) represents an ideal choice to Because of the coherent nature of the sum frequency beam,
study the hydration of nonionic surfactant headgroups adsorbedvibrational modes of nearby or overlapping bands can construc-
to the air/water interface, since it is able to distinguish just the tively and/or destructively interfere with each other or with the
few water molecules present at the surface, even in the presenc@onresonant background, causing the VSF spectral profile to
of a vast majority of the same molecules in the bulk. The key be different from those observed in IR or Raman spectroscopy.
property that distinguishes molecules at the surface from thoseThese interference effects are taken into account when analyzing
in the bulk is that interfacial molecules have a net polar the spectra.
orientation along the surface normal. Moreover, the vibrational ~ The SF beam intensity is proportional to the square of the
stretching frequency of the OH bond of water, which is the main second-order nonlinear susceptibiligf¥), the intensity of the
vibrational mode scrutinized in this report, is known to be very IR and visible beams g andlyis), and the square of the Fresnel
sensitive to the number and strength of hydrogen bonds it forms, factors of the corresponding fieldssf, Lir, andLyis), % as shown
red shifting more than 600 crh when going from the isolated ~ in eq 1:
water molecules in the gas phase to the tetrahedrally coordinated
hydrogen-bonded water molecules in ice, as the strength of the (1)
OH covalent bond is decreased with increasing strength of the
hydrogen bond. VSFS has already been successfully applied tol he Fresnel factors depend on the incident angles of the different
study the pure water liquid/ivapor surfadce/vaport4 water/ beams and the refractive indexes of the interface and bulk phases

oil,’5 as well as water at solid surfaces such as quArtz. involved in the SF procesg? is a third rank tensor of 27
In this article, we use the VSFS technique under three elements that contains the intrinsic surface information. Due to

polarization combinations to bear on the issue of the hydration tr;e symmetry go;stralr(;ts at thz interface, Or;:y a fractllon |°f the .
of nonionic surfactant monolayers, focusing primarily on the elements are independent and nonzero. The aCtL_Ja values 0
OH stretching region for various surfactants. these nonzero elements can be deduced by measuring the spectra

VSFS Principles.In this section, we briefly present the main using different polarization combinations for the input and output

o . . fields. For surfaces that are isotropic in the plane, such as the
concepts to readers who may not be familiar with the technique. svstems presented in this report. only four of the eiaht possible
The full theory behind vibrational sum frequency spectroscopy Y P port, only gntp

. S polarization combinations give rise to SF signal: ssp, ppp, sps,
E\s/ﬁc':;s\)/so)r iir: g:g::egggcﬂﬁgzr?;'Oge\t/:i’lreg;ggzlﬁz’gcgg_scopy and pss, where the letters designate the polarization, whether

parallel ) or perpendicularg) to the plane of incidence of the
SF, visible, and infrared beams, respectively. Far away from
electronic resonances, the sps and pss spectra only differ by a
constant that is related to the Fresnel factors, and therefore pss
spectra will not be shown here, since no additional information
can be obtained from them. Collecting spectra at different

2).2 2 2 2
lsrcU |X( )| lisirLsF Lir Luis
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polarization combinations can be used to extract information
regarding the orientation of specific bonds at the surface, as
well as identifying all possible molecular species present at the
studied interface, since some vibrational modes may be very
weak or not observable in a certain polarization combination
but evident in others, due to the symmetry of the mode and/or
orientational arguments.

To understand the molecular origin of the SF respopég,
can be divided into two contributing terms: a nonresonant
contribution from the substratqf\f,)?), which for our particular

case is a real constant, and a second term that includes the sum

of the resonant contributions & from then vibrational modes
of the interfacial molecule&@), according to eq 2:

12 =nk+ Y 1n )
n

7% is proportional to the number of moleculel, and the
orientationally averaged molecular hyperpolarizability for the
vibrational resonancg?[] as described in eq 3:
2 _ N e
Kin = B0 3
0

wheree is the dielectric permittivityﬁff) is usually expressed
in molecular coordinatesu(,y = a,b,c) and is related to the

Raman tensor elementsy) and the IR transition moment),
according to eq 4:

2) _ aa/},n /"y,n
ofrn o, — wg — 1l

B (4)

wherewr is the frequency of the infrared laser beanp,is the
vibrational transition frequency,is the imaginary unit, anl,

is the damping constant. From eq 4 it is clear that vibrational
modes are only SF active if they are both IR and Raman active.
The transformation of the molecular hyperpolarizabiﬁﬁﬁ) in
molecular coordinatesy(,y) to the second-order susceptibility
%(RZ)n in surface coordinatesx,y,z) is carried out through an
Euler rotational transformation mat& The average orientation
of the molecule is given in terms of the Euler angles:
(azimuthal angle)@ (tilt), and ¢ (twist), which represent the
rotation of the molecular axes.{3,y) with respect to surface
fixed axes X,y,2), wherez is the surface normal.

The theoretical predictions of the VSF spectra, and the
corresponding orientation analysis, could in principle be cal-
culated if the® elements are known. The number of nonva-
nishing elements of? can be identified considering the
molecular symmetry of theth vibrational mode, while the
actual values can be explicitly determined from the IR transition
moment vector and the Raman tensor elements.

Experimental Procedures

The VSFS experimental setup has already been described in detail

elsewhereé$ Briefly, a Nd:YAG 1064-nm picosecond laser (EKSPLA)

is used to pump an OPG/OPA (LaserVision), where the visible (532
nm) and tunable IR laser beams are generated. In this experiment, th
IR beam was tuned from 2600 to 4000 Tnwith an average energy
per pulse at the surface ranging from 150 to 330(bandwidth~ 8

(26) Johnson, C. M.; Tyrode, E.; Baldelli, S.; Rutland, M. W.; LeygrafJC.
Phys. Chem. 005 109 321-328.
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Figure 1. Variation of the water surface SF intensity at 3702 ¢émof the

free OH in the ssp polarization combination as a function of time, in a cell
open to laboratory air and in a closed cell. The ordinate is expressed as the
percentage of the full SF signal at time 0. These experiments were carried
out at 3°C with the aim to reduce evaporation in the open cell.

0

cm1). The energy of the visible beam wa$.9 mJ/pulse with a beam
diameter of approximately 1.4 mm at the sample surface. The beams
are overlapped at the sample surface using a copropagating reflection
geometry with incidence angles of 5&nd 63 for the visible and IR
beams, respectively. The liquid sample to be analyzed is placed in a
sealed glass/Teflon cell designed for this purpose, with an overhead
space for IR absorption normalization. The generated SF beam is first
spatially filtered, passed through a monochromator, and finally detected
with a photomultiplier tube (PMT). The signal is then processed in an
integrated boxcar and registered in a PC using a LabVIEW program.
Spectra at the different polarization combinations studied in this report
were gathered successively by rotating the halfwave plates for the IR
and visible beams, respectively, and the polarizer for the SF beam.
Spectra were also normalized to account for polarization and wavelength
dependence of the band-pass filter, Notch Plus filter, monochromator,
and PMT. The experiments were repeated on at least three different
occasions.

The cleanness of the measuring vessel was found to be of particular
importance, as minute amounts of contaminants are sufficient to foul
the liquid surface. Before each measurement, the cell was cleaned with
a mixture of concentrated nitric and sulfuric acid and left standing for
at least 24 h. The cell was subsequently rinsed with copious amounts
of Milli-Q water, following various flushing cycles over several days.

In the final rinsing stage the surface tension and pH were measured
and found to comply with the expected values for pure water. Similar

results were obtained using commercially available alkaline cleaning
agents such as Clean-X (Goteborgs Termometerfabrik AB).

At this stage, it is worth noting the importance of performing the
experiments in a closed cell, not only for correcting for the absorption
of the IR beam before reaching the sample’s surface, but in particular
to avoid contamination of the high energy surface of pure water by
airborne contaminants (e.g., oil/dust). In Figure 1, the fluctuations of
the intensity of the SF signal for the “free OH” at 3702 ¢rare shown
as a function of time in a cell open to the laboratory air. In this
measurement, each point is an average of 3000 shots normalized for
IR and visible beam power fluctuations. The evident drop in the
intensity measured is a consequence of the adsorption of contaminants
from the surrounding air, while the increased scattering in the
experimental data is explained in terms of contaminants moving in and
out of the probing area. Considerably higher signal losses can be
obtained in the same time scale under slightly different laboratory
conditions (e.g., humid conditions). For comparison, the normalized
“free OH” intensity is also shown in Figure 1 for our closed cell, which
has been found to be constant to within less than 5% even after more

&han 40 h of continuous experiments. Considering that on average 4 h

were needed to collect each of the spectra presented here shows that a
closed cell is not only desirable, but necessary.

Chemicals.1-Decanol was obtained from Fluka (puris89.5% GC)
and used as received. The surfactantiecyl3-p-glucopyranoside and
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1-Decanol

Co Glucoside

C,o Maltoside

C12Ex

Figure 2. Molecular structures of the surfactants studied in this article. The abbreviations used in the text are shown next to each structaréheThe
Ci2Ex case was either 4 or 8.

H,O spectrum agrees with spectra previously repctéé28-30 The
1—=—ssp main features are a broad band extending for a few hundred
104 . ppp F wavenumbers in the low frequency range, fo!lowed by a sharp

I T‘ peak centered at approximately 3700 @mThis last narrow

Sps | and strong peak, usually referred to as “free OH” or “dangling
81 Pl OH” in the SF literature, is situated close in frequency to the
ﬁ uncoupled OH stretching vibration in gas-phase HDO monomers
¥ (IR%! and Ramaf? at 3707 cm') and between the symmetric
2 v1 (IR%! and Rama#? at 3657 cnml) and asymmetrias (IR3!
! and Ramaf#? at 3756 cnil) stretch of gas-phase;B. It has
. ‘ﬁ 1 been unambiguously assigned to the uncoupled OH stretching
J % mode of surface water molecules with one OH bond protruding

SF intensity (a.u.)
-

out into the gas phase, vibrating unrestrained from hydrogen
bonds. The water molecules contributing to this peak must
necessarily be present at the top monolayer of the liquid/vapor
—— 77— interface.
2800 3000 3200 3400 3600 3800 On the other hand, the intensity observed below 3600'cm
Wavenumber (Cm'1) is in general terms attributed to hydrogen-bonded water
Figure 3. V'SF spectra for pure water at the liquid/vapor interface in the Molecules of varying strength and coordination, both properties
polarization combinations ssp, ppp, and sps. The lines are guides to thebeing greater at lower frequencies (lower wavenumbers). It has
eye, joining consecutive data points. been theoretically deduced that 90% of the intensity of this band

stems from water species present in the first two monolafers.

n-decyl{}--maltopyranoside, hereafter referred to ag@lucoside and g getajled assignment of the water species contributing to
CiMaltoside, were used as _rece'ved from Sigredg% G C) and this band is less straightforward, and several attempts to identify
Anatrace (Anagrade), respectively. The tetra(ethylene oxidindecy| them have been performed. The simplest approach has been to
ether (G:E4) and octa(ethylene oxide)dodecyl ether (GEs) were ) ’ 2
obtained from Nikkol and also used without further purification. The separate the band into two broad péék$*‘centered at-3200
molecular structures of these components are shown in Figure 2. TheCM* and at~3450 cnt?, loosely referred to as stronger
1-decanol monolayer was prepared by placing a drop on the surfacehydrogen-bonded and weaker hydrogen-bonded peaks, respec-
water as described previousf. tively. The former is also called “icelike”, due to its closeness

The water used in the experiments was obtained from a Millipore in frequency to the OH stretching mode of tetrahedrally
RiOs-8 and Milli-Q PLUS 185 purification system, finally filtered  coordinated water molecules at the surface of%d¢e-3150
through a 0.2«m Millipak filter. The resistivity was 18.2 Ife/cm, while cm™1). Itis clear, however, that different species of water with
the total organic carbon content of the outgoing water was monitored gn overall symmetric charac#rcontribute to this “strongly
with a Millipore A-10 unit and did not exceed 6 ppb during any of the hydrogen-bonded” band. This band also includes the other
measurements. uncoupled OH oscillatc¥3436 which is intramolecularly

Results and Discussion

) (28) V\_/ei, X.; Shen, Y. RPhys. Re. Lett. 2001, 86, 4799-4802.
The Pure Water Surface.Figure 3 shows the SF spectra of  (29) Liu, D.; Ma, G.; Levering, L. M.; Allen, H. CJ. Phys. Chem. 2004

X o L 108 2252-2260.
pure water using the ssp, ppp, and sps polarization combinationgsgy Raymond, E. A.: Richmond, G. L. Phys. Chem. R004 108 5051
in the OH stretching region. The SF spectra from the surface 5059. ) o ) )
. )(31) Shimanouchi, TTables of Molecular Vibrational Frequencies Consolidated
of pure water serve as a reference for measurements in water National Bureau of Standards: New York, 1972; Vol. .
solute mixtures and will be described in this section. The ssp (32) 2A(\)/(i)|2’2%§ gginGasndez, J. M.; Tejeda, G.; Montero,JSMol. Spectrosc.
(33) Morita, A.; Hyneé, J. TChem. Phys200Q 258 371-390.
(27) Braun, R.; Casson, B. D.; Bain, C. Dhem. Phys. Letl995 245 326— (34) Shultz, M. J.; Baldelli, S.; Schnitzer, C.; Simonelli, D.Phys. Chem. B
334. 2002 106, 5313-5324.
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A 1 . B ] L 1-Decanol

2101 3 1-Decanol 10+ \ —=—ssp P

180+ | e ' ~obep
P T —*ppp < 8 4 Sps I
S 150 Tl —2—sps o —<—H0(ssp) .
N 1 —<—H_O (ssp) Z i
> 120- i ? 2 67 J }
2 ] q g
g 904 ol € 4-
s o] b >
@ P 21 ]

30- [ D

04 — . 0-
2800 3000 3200 3400 3600 3800 2800 3000 3200 3400 3600 3800
Wavenumber (cm™) Wavenumber (cm™)

Figure 4. (a) Full scale VSF spectra for a saturated solution of 1-decanol & Z0r ssp, ppp, and sps polarization combinations. (b) Enlarged scale of
the SF intensity to facilitate the examination of the OH stretching region for decanol and water. The “free OH” peak of pure water under ssprpolarizatio
combination is shown as a reference. The lines are guides to the eye joining consecutive data points.

adjacent to the free OH but directed toward the liquid bulk are responsible for the broadband in the ssp spectrum. This
phase, participating in hydrogen bonding with neighboring water will be discussed in more detail in the Orientational Analysis
molecules. In contrast, the weaker hydrogen-bonded peak atsection.
higher frequencies, typically labeled as “liquidlike” in analogy Surfactant Systems.Upon addition of a surface active
to the position of the strongest band observed in bulk Raman compound, the surface of water is quickly perturbed. For
spectra of liquid watet! is associated with molecules vibrating ~ surfactant systems, the free OH peak characteristic of the neat
in a more disordered hydrogen-bonded network. water surface completely disappears once the liquid-expanded
Other approache®;3%-38also based on IR and Raman studies, Surfactant phase is formed at the air/liquid interféoehich is
separate the broad hydrogen-bonded peak into three or moreusually 1 or 2 orders of magnitude below the critical micelle
contributing bands. Obviously, increasing the number of peaks concentration (cmc). The liquid-expanded phase can be thought
provides a better fitting of the experimental data; however, we Of as a very thin liquid film where the hydrocarbon tails are in
believe that there is no physical insight to be gained in the @random liquidlike configuration. This normally represents the
present work through attempting to apply such a method. final state of adsorption of soluble surfactants as the monolayer
Another feature commonly obsen8@3in the ssp spec- state does not change much after the cmc. The presence of the

trum of pure water on the high-frequency side of the free OH Surfactant can aiso be traced by targeting the strétching
(~3760 cnm?), originally ascribed to the asymmetric stretch of frequencies of its characteristic groups. For surfactants with

oriented water vapor, is not observed in any of our measure- hydrocarbon tails, the typical vibrational modes examined are

ments. However, we note that such a feature appears in the'_[he CH stretching vibrations, which can be used not only to

spectra if the IR normalization from the gas-phase absorption !d]?ntlfyt_thelrf th"_Q'tenIC?. at the ts'?rface dbUt d also (tjo e>|(trac(;
is ignored. This is due to the strong and sharp absorption of the'; ?rvrca ion ottheir refative onentation and order as develope
IR laser beam from the rovibrational bands of water in the gas elow.

phase, in particular the asymmetric stretch at 3756%m Decanol. Decanol, as well as longer chain fatty alcohols,
o S forms a densely packed and highly conformationally ordered
The ppp and sps polarization combinations for pure water

are also presented in Fiqure 3. Both are consistent with ore- monolayer at the vapor/water interface. Experiments were
vious stugie§5v28 Similar gto ssp. the ppp spectrum showspa performed at 20C, which is above the two-dimensional melting

- B Y point of decanol Tm2p ~ 14.3 °C), where a phase transition
sg?rphpeaék at glzqztcrﬁ nggnl;ed to ;he t:ei %H ) Onbthed dtoward a liquid-expanded phase with a change in molecular area
othernand, no SFintensity 1S observed in the Nydrogen-bonaed ., 51 5 o 24 Ris observed! In Figure 4a, the VSF spectra
region, in addition to a weak feature centered-&650 cnt?,

. . . . . . of decanol under different polarization combinations are shown,
which due to its relative high frequency is as§|gned to QH bonds where the sharp and strong peaks from the CH stretching
o_nIy weakly perturbed by hydrogen bonding to ng|ghb0rs. vibrations between 2800 and 3000 Thnare obvious. The
Finally, no evident resonant features are observed in the sps
spectrum in the entire OH stretching range. As discussed in the(35
theory section, collecting spectra at the different polarization
combinations can be used to extract information regarding the Eg?
orientation of specific bonds at the surface. The tilt angle of (38
the “free OH” bond has been calculated to be close fof@n (39
the surface normdﬁvZS'The lack of prominent features in 40 %;p{h;%f{’ (/:\h%T'Pg?sos%r%?é.118.2;25&2525?'JL@ngmuir2004 20,
the lower frequency side of the ppp and sps water spectra’ ~ 10935-10942.
is linked to the specific orientation and molecular symmetry of (41) Berge, B.; Konovalov, O.; Lajzerowicz, J.; Renault, A.; Rieu, J. P.; Vallade,
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assignments in this range are well establisiied:4 the peaks
at 2877 and 2944 cm in the ssp spectrum arise, respectively,
from the symmetric methyl stretch’(rand its Fermi resonance
with an overtone of the methyl bending mode ). The
methylene symmetric stretch(tis only observed as a shoulder
at ~2850 cnt?, indicating a small number of gauche defects.

responsible for this intensity must be due to the presence of the
surfactant. As discussed in the Introduction, the resonant
frequencies of the OH stretching vibrations of water are very
sensitive to the number and strength of hydrogen bonds formed
with neighboring molecules. In bulk Raman studie$-+°it is
generally agreed to consider intensity components above 3500

In an all-trans hydrocarbon chain configuration, the methylene cm~! as non-hydrogen bonded, and initially we will loosely refer

groups are in a locally centrosymmetric environment, effectively
rendering the Chlvibrations SF inactive. The ratio between

to this band as “non-hydrogen bonded”, though it is important
to make the distinction with the uncoupled free OH vibrations

the fitted r* and d~ amplitudes has been proposed as a useful observed at higher frequencies in both the vapor/water and oil/

indicator of the degree of conformational order in the mono-
layer#2which for decanol is obviously large. On the other hand,

waterS interfaces.
We claim that the water molecules responsible for this band

the ppp and sps spectra are dominated by a sharp peak centerege in direct contact with the hydrocarbon surfactant tails which

at 2965 cm?! assigned to the asymmetric methyl stretch.
Moreover, a shoulder observed a2905 cnt! in the ppp
spectrum is assigned to the gldsymmetric stretch in ac-
cordance with recent VSFG studies of short chain dibls.

constitute the liquid-expanded phase. Recent vibrational sum
frequency studié8>C at the hydrocarbon/4#0 and CCYH,0O
interfaces have shown enhanced resonant features in the high
frequency region of the OH stretching vibrations, leading to

The OH stretching region is, however, the focus of the current the conclusion that the hydrogen bonding between adjacent
discussion, and henceforth all spectra will be scaled to examinewater molecules close to these interfaces is weak despite being
this region in detail. In Figure 4b, the features corresponding oriented. This statement is consistent with our assertion regard-
to the OH stretching resonant vibrations are now evident for ing the origin of the “non-hydrogen band”, in the sense that
decanol and water. The free OH spectrum of pure water, which water close to fluid hydrophobic surfaces does not form strong
was collected at the beginning of each experiment, will be shown hydrogen bonds, in contrast to what was initially suggested by
as a reference for the spectra of each surfactant. The intensitieaaccepted models of water next to fluid hydrophobic surfates.
observed correspond to water molecules with a preferred In our model, a distinction is made between the water molecules
orientation in close proximity to the surfactant’s uncharged from the hydration shell of the surfactant headgroup and those
headgroup and hydrocarbon tail. Since decanol, like all the otherin direct proximity to the hydrocarbon tails.
surfactants investigated in this study, is nonionic, no enhance- The formal separation of the surfactant molecules in a liquid-
ment of the VSF signal due to an electrostatic surface field is expanded phase into a liquidlike hydrocarbon tail layer and a
expected. This surface field is knoWrt>#° to induce an  second layer where headgroups and water mix in which our
enhanced ordering of the interfacial water molecules, which can model is based has been proven to account well for the free
extend over several molecular layers, increasing the nonlinearity energy contributions of the headgroup la§&#R This model was
of the surface layer and, as a consequence, also the probingnitially proposed by Langmuif and further developed by
depth. The lack of surface charge permits the examination of Eriksson and Ljunggre?f
the orientation of water molecules affected by weaker and Similar SpeCtrOSCOpiC features are expected from other

shorter range interactions. nonionic surfactants at concentrations sufficiently high to form

In comparison to pure water (Figure 3), the ssp spectrum of the |iquid-expanded phase. With a view to verifying this
Figure 4b shows significant variations, clearly reflecting the assertion, the data from other nonionic systems consisting of
difference between the neat water surface and the agueous |aye§ugar and e[hy]ene oxide headgroups can be examined. These
below the decanol monolayer. On the basis of a VSF report on molecules are known to form less ordered monolayers with a
pure short-chain alcohoféthe band centered at3250 cn?, significantly higher number of gauche defects than those found
which overlaps with the water vibrations, is assigned primarily for decanol due to the lower adsorptitiiThe molecular areas
to the OH stretching of the hydrogen-bonded decanol’s hydroxyl at the cmc together with the value of the cmc are collected in
group. We nonetheless suggest that since water molecules arggple 1.
necessarily hydrating the decanol hydroxyl group which has a Sugar Surfactants.Figure 5a shows the VSF spectra a§C
preferred orientation, they also contribut(_e to this intensity Gjucoside at a concentration just above the cmc under the
through strongly hydrogen-bonded (hydration) water coupled yqarization combinations ssp, ppp, and sps. The partly truncated
to the surfactaqt hgadgroup: Th_is band can also be seen in th%eaks on the low-frequency side (2868000 cnt) correspond
other two polarization combinations. to the CH stretching vibrations of the hydrocarbon tail, though

However, in the ppp and particularly in the sps spectrum the contributions from the headgroup are also observed, but this
dominant intensity in the OH stretching range appears at || not be discussed further here. The attention is focused on
appreciably higher frequencies-8600 cnt?). This band is  the OH stretching region starting from 3000 Thwhere in
absent at the pure water surface, and therefore the water species

(48
(49

Walrafen, G. EJ. Chem. Physl967 47, 114-126.

Walrafen, G. EJ. Chem. Phys1971, 55, 768-792.

(50) Brown, M. G.; Walker, D. S.; Raymond, E. A.; Richmond, G.JLPhys.
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Table 1. Molecular Areas and Critical Micellar Concentrations In the ppp and sSps spectra of Figure 5b, the strong broad
(em) of the Surfactants Used band centered at around 3580 ¢his found in very much the

surfactant cme Adfmolecule ref same position as the one observed for thgQWicoside. It is
decanct 0.234 mM solubility at 25C 24 41,56 also assigned to the OH stretch of water molecules in close
CigGlucoside 2.0 mM at 22C 37 57 proximity to the hydrocarbon tails. The stronger intensity of
CiMaltoside 2.2 mM at 22C 48 7 this band can be explained in terms of the higher number of
C12E4 0.05 mM at 23C 42 58 IS bana Xplained in terms 'ghér number
C12E8 0.10 mM at 25C 62 59 contributing water molecules, which in turn can be rationalized

_ _ ‘ by the larger area per molecule of the)altoside (Table 1)
? Decanol does not form micelles in solution. and the fact that because of steric constraints the second sugar

ring is on average directed away from the surfécéds a
consequence, despite having a bulkier headgroup, there is a net
enlargement in the area of contact between water molecules and

the ssp spectra a band at3150 cnt! is observed. The

assignment of this peak is not trivial, since the OH stretches of
. e .

the glucos[de g.roup.observed infrand Ramaft overlap with ._the hydrocarbon tails compared to thgGlucoside.

the stretching vibrations of water. Nonetheless, the fact that this . . .

band appears at such a low frequency is indicative of strong Reducing the concentration of the surfactant solution b_elow

icelike hydrogen bonds of both the water and sugar group. This 'ti cme a”tﬁwith% area peAr mg)lllel;:ulehto be. decfrej(ased V\grhout

intensity is then directly linked to the hydroxyl groups of the ¢ anglng“ € headgroup. AS Wi ) € shown In a future publica-

surfactant headgroup and its hydration shell tion, the “non-hydrogen-bonded” band follows the expected

Of particular interest in the ppp and sps spectra of Figure 5a behavior in the liquid-expanded region, increasing in intensity
is the band observed at approximately 3590-&nwhich is at lower concentrations. Experiments were also performed with

absent in the ssp spectrum. Similar to the decanol case, thiscle"JIItOSIde (spectra not shown), and the effect of increasing

band is also assigned to water molecules with their hydrogen'.[he chain length of the hydrocarbon tail proved to be negligible

atoms vibrating free from hydrogen bonds, in close proximity in the OH stretching range of the spectra of the two maltoside
to the hydrocarbon tails. The small red shift would imply surfactants. ]
somewhat stronger interactions with neighboring molecules. _ Alkyl Poly(ethylene oxide) Surfactants.Parts a and b of
Comparing the absolute intensities of this “non-hydrogen- Figure 6 show the VSF spectra ofi£4 and GoEs, both at
bonded” band observed in the spectra of decanol agd C Cconcentrations just above their respective cmc's. The CH
Glucoside, it can be seen that it is slightly lower for the latter Strétching region has been carefully studied by Goates €t al.
case. As a first approximation the reduced intensity could be N the ssp polarization combination, and the reader is referred
related to a decrease in the number of water molecules in contacf© this work for more detailed information. Useful information
with the surfactant tails. The larger area per molecule (Table fOr the current discussion can be extracted; for example, the
1) would imply that more water could be accommodated number of gauche defects in the hydrogarbon F:haln is lower
between the headgroups, which seems apparently contradictory©" the Gi2E4 monolayer. This can be directly linked to the
However, it is also important to take into account the size of Nigher surface density achieved at the cme (Table 1), since it
the headgroup itself. The bulky glucosidic ring of the sugar has been shown that the number of ethylene oxide units at a
surfactant acts as an effective shield, reducing the availablefixed area per molecule does not, per se, affect the structure of
contact area between the water and the hydrocarbon tails andhe hydrocarbon tails?
decreasing the intensity of the band. On the other hand, the VSF spectra in the OH stretching
In Figure 5b, the equivalent VSF spectra fofl@altoside region of Figure 6a,b are of particular interest, since they add
are shown. There is a very close resemblance to the C unique information to a long heated debate regarding the
Glucoside spectra, though the absolute intensities vary. Thestructure of water around poly(ethylene oxide) grotfp8? In
increase in the intensity of the peaks partly displayed in the the ssp spectra a broad and strong band extending from 3000
CH stretching region is mainly due to the additional CH groups 0 ~3500 cn1* is observed. This intensity is assigned to the
present at the surfactant headgroup and will be discussed inOH stretching of water molecules hydrating the poly(ethylene
detail in a future publication. The band centered at 3150cm  ©OXide) headgroup (the contribution from the terminal hydroxy!
in the ssp spectrum is ascribed, as for theGucoside, to the ~ group of the EO chain to this band is thought to be minute
OH stretching vibrations of the hydroxyl groups from the sugar Pecause of the random orientation at the end of the €hain
rings and the spectral indistinguishable hydration shell, where As for the pure water surface, the detailed analysis of the number
particularly strong and well coordinated hydrogen bonds are Of water species contributing to this band is not straightforward,
formed. The higher intensity of this band is attributed to an though it is clear that the structures at the two surfaces are
increase in the number of hydroxyl groups and associat€ H considerably different. Nonetheless, the broad band in the ssp
molecules from the hydration shell, implying that both sugar SPectra can be separated into two main contributing peaks

units must have a preferred orientation. centered at~3250 cnt! and ~3400 le, which are almost
(56) Kinoshita, K.; Ishikawa, H.; Shinoda, Bull. Chem. Soc. Jpri958 31, (61) Kacurakova, M.; Mathlouthi, MCarbohydr. Res1996 284, 145-157.
1081-1082. (62) Persson, C. M.; Kumpulainen, A. Golloids Surf., A2004 233 43—49.
(57) Persson, C. M.; Kumpulainen, A. J.; Eriksson, JL&xgmuir2003 19, (63) Goates, S. R.; Schofield, D. A.; Bain, C. Dangmuir 1999 15, 1400~
6110-6114. 14009.
(58) Kjellin, U. R. M.; Claesson, P. M.; Linse, Bangmuir2002 18, 6745 (64) Goldstein, R. EJ. Chem. Phys1984 80, 5340-5341.
6753. (65) Matsuyama, A.; Tanaka, Phys. Re. Lett. 1990 65, 341-344.
(59) Lu, J. R,; Li, Z. X,; Thomas, R. K.; Binks, B. P.; Crichton, D.; Fletcher, (66) de Gennes, P.-&. R. Acad. Sci. Pari§991, 313 1117-1122.
P. D. I.; McNab, J. R.; Penfold, J. Phys. Chem. B998 102 5785~ (67) Bekiranov, S.; Bruinsma, R.; Pincus, Burophys. Lett1993 24, 183—
5793. 188.
(60) Rozenberg, M.; Loewenschuss, A.; MarcusCérbohydr. Res2000Q 328 (68) Kijellander, RJ. Chem. Soc., Faraday Trans.1®82 78, 2025-2042.
)

307—-319. (69) Karlstram, G.J. Phys. Chem1985 89, 4962-4964.
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Figure 5. (a) VSF spectra for the polarization combinations ssp, ppp, and sps of an aqueous solution 2.6 p®lwfoSide at 22C. (b) GMaltoside
at a concentration of 2.6 mM and 2€. The “free OH” peak of pure water under ssp polarization combination is also shown for reference. The lines are

guides to the eye.
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Figure 6. (a) VSF spectra for the polarization combinations ssp, ppp, and sps of an aqueous solution 0.15 piMatfZD°C. (b) C2Es at a concentration
of 0.33 mM and 20C. The “free OH”" peak of pure water under ssp polarization combination is also shown for reference. The lines are guides to the eye.

discernible in the spectra of Figure 6. As mentioned before, literature a clathrate-like water structure around the poly-
the degree of red shifting reflects the strength and coordination (ethylene oxide) headgroup, including hydrogen bonding to the
of the water molecules, and it seems that for the ssp polarizationether oxygen, has been propo$éd@: The VSFS spectra shown
combination the intensity arises from a mixture of water species here provide direct spectroscopic support for such a hydration
in a “weak hydrogen-bonded” or “liquidlike” environment model where the strong hydrogen bonding found in a typical
(~3400 cnt! contribution) and of water species forming clathrate is the dominant feature of the water molecules observed
somewhat stronger hydrogen bonds3@50 cnt? contribution). in the spectra. Nonetheless, it is important to note that different
However, in the ppp spectra for both theE, and G.Eg, a water species of varying strength and coordination participate
clear band centered at around 313018 seen, which is even  in the hydration of the EO groups and that a significant portion
lower than the center frequency observed in ice. This intensity of the water molecules present in the headgroup region with a
at such low frequency is indicative of a water species forming preferred orientation were found to be forming weak hydrogen
particularly strong hydrogen bonds in a tetrahedrally coordinated bonds in a liquidlike state. The temperature and concentration
structure similar to that observed in bulk ice. This band may dependence of the interaction between poly(ethylene oxide)
also be present in the ssp spectra, but if so it is weak and surfactants and water will be presented in a separate publication.
convoluted with the tail of the stronger peak present at higher Examining the sps and ppp spectra of Figure 6a,b, we see
frequency. that a now familiar band appears centered-8670 cnt?. This
Keeping in mind that VSFS can only detect molecules with broad and strong peak is similar to that found for the other
a preferred orientation, the fact that such strong bands aresurfactants studied, assigned to the OH stretching of water
observed in the spectra signify that the EO chains induce anmolecules in close proximity to the liquid expanded hydrocarbon
ordering of the hydrating water molecules, despite themselvesphase. It is observed that the intensity of this band for both the
apparently being disorderéfiMoreover, it is noted that in the

(71) Kjellander, R.; Florin, EJ. Chem. Soc., Faraday Trans1981, 77, 2053
(70) Bain, C. D.J. Chem. Soc., Faraday Trank995 91, 1281-1296. 2077.
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C12E4 and G2Eg have comparable intensities, being only slightly nonzero hyperpolarizability tensor elements. For @Ggsym-
lower for the latter. On the basis of the area per molecule for metric stretching mode these relative values are 0.69 and 0.41
the G2, this “non-hydrogen-bonded” band would be expected for /52 and f2/82  respectively (the ratio for th€y,

to be the largest. However, the terminal sections of the EO asymmetric stretching mode is trivial). For the uncoupled mode
headgroup, having a more polymer-like behavior with increasing underC., symmetry, the rati(ﬁga)cfﬂ(czc)c = 0.32. These values
number of EO group® reduce the available space between the ere estimated from the Raman polarizability tensor components
surfactant headgroups. Moreover, the higher degree of disorder(aaﬁ) of water vapof®74(Raman polarizability derivatives are

in the liquid expanded phase may be responsible for the generally less sensitive to the environn#étian IR transition
broadening of the band in the sps spectrum, as the boundarymoments and hence readily transferable).

between the hydrocarbon tails and the underlying water becomes  The @ values in molecular coordinates are then first

less well defined. It is interesting to note that in the ssp spectra transformed into the laboratory fixed coordinate system using
a pronounced minimum is observed in the SF intensity2870 the Euler rotation transformation matrix and then finally
cm™* however, at higher frequencies§700 cm*) aband of  grientationally averaged to obtain the tensor elements of the
not negllglble intensity is detect.ed. The.S|gn|f|cance of this band ¢acond-order nonlinear susceptibilityffﬁ), following a pro-
will be discussed in the following section. cedure described in detail elsewh&@nly averaging over the

To facilitate comparison of the spectra taken under the sameazimuthal {) Euler angle was performed (rotationally isotropic
polarization conditions for the different systems, further figures in the surface plane). The tilf) and twist ¢) angle dependence
are available in the Supporting Information. For example, all was explicitly left as variables in the final susceptibility
the spectra taken in sps polarization for the different surface expressions. In the calculation of the Fresnel factors, which are
films are plotted on the same figure with the same scale. needed for the derivation of the final simulated sum frequency

Orientational Analysis. The spectra at different polarization  curves, the values for pure water were used for the refractive
combinations provide the opportunity to extract information indexes for the condensed bulk phasgdre)= 1.337,navis) =
about the average orientation of the various vibrations scruti- 1.333, andr) = 1.15+ 0.11 at 3600 cm?),”® while those
nized above. In the case of pure water, only the sharp and strongof the interface were set s = N'vis = N'\r = 1.20, which
peak, unambiguously assigned to the free OH, has been usedre in close agreement to those proposed by Zhuangrefaal.
to calculate the average orientation of OH bonds that protrude the calculation of the orientation of the CN headgroup of a
into the gas phase. Using the other broader and less well defined_angmuir monolayer. The vapor bulk values were trivially set
bands, like the ones observed in the surfactant systems, toto 1. The shapes of the curves, in particular for t@g
perform an orientational analysis of the contributing water asymmetric stretching mode, were found to be largely inde-
species is far more delicate and prone to misinterpretations, sincependent of the actual values chosen for the interfacial refractive
the exact number of species is still not clear, let alone their indexes. The general conclusions were seen to remain valid for
molecular symmetry or character responsible for the measuredvalues ofn’ ranging from 1.1 to 1.5.
intensity. However, in the particular case of the “non-hydrogen-  In Figure 7, the theoretical curves for the polarization intensity
bonded” band repeatedly observed at high frequencies in all ratios ssp/ppp, ssp/sps, and sps/ppp are shown as a function of
the spectra shown, the fact that the signal intensity was the tilt () and specific twist$) angles (see Figure 8), where a
significantly higher in the sps and ppp than in the ssp ¢ distribution for bothd and¢ was assumed. The shape of the
polarization combination spectra can be used to obtain morecurves differs significantly depending on the molecular sym-
information about the nature of this water species. metry considered. For the uncoupled OH stretching case only

To perform the orientational analysis, it is necessary to have the tilt angle @) dependence is shown, since the twist angle
information about the molecular hyperpolarizability tensor carries no physical significance under tl@&,, molecular
elementss?), of the water molecule. The nonvanishing tensor Symmetry assumption (Figure 8). Even without performing a
elements can be directly obtained considering the mole@glar ~ proper fitting analysis of the experimental spectra of the
symmetry group of water, which has proven to be an accurate surfactant systems studied above, it is obvious that the intensity
approximation in the whole OH stretching range for coupled of the so-called “non-hydrogen-bonded” band in the sps and
OH vibrations?*72 For the symmetric stretching mode, these PPP spectra is always noticeably higher than that obtained for

elements are8?, 2 and 2, while for the asymmetric ~ the corresponding ssp spectrum, where a pronounced min-

stretching mode only one independent element remaif; ~ imum is observed instead. That is, the ratigg/lpp and
= 2. In the molecular fixed coordinates of water thexis ~ 'ssélsps@re always= 1. It can be seen from Figure 7 that this

is along the principal axis of symmetrg4), thea axis is along ~ condition can only be met for water molecules havidg
the plane formed by the HO—H atoms, and thd axis is  SYMMetry with an asymmetric character, sincedgrsymmetric

perpendicular to thac plane (see Figure 8a). Another symmetry andCof,U cases the experimental ra}tlo does not, in most occasions,
type that should be taken into account is the one involved in even intersect any of the theoretical curves. Moreover, it is also

the uncoupled OH vibrations, such as the “free OH". In this apparent that the intensity ratio between the sps and ppp

case, the OH bond is assumed to h&e symmetry, which polarization combinations for this band is close to 1. For such
reduées theﬂ(zg matrix to only two indépendent élements- a ratio the obtained tilt ranges from°3@ ~50° from the surface
oy . " normal, for twist angles spanning from @ ~60°, where these
2) _ p(2 2 ’
@) @ andp?. (for C., thec axis follows the OH bond as

aac™ Fbbe & . ) . .. last are higher for increasing tilts. These numbers should be
shown in Figure 8b). To determine the net orientation, it is 9 9

necessary to know the relative values between the different(73) Murphy, W. F.Mol. Phys.197§ 36, 727-732.
(74) Avila, G.; Fernandez, J. M.; Mate, B.; Tejeda, G.; Montero,).SMol.
Spectrosc1999 196, 77—92.
(72) Fischer, W. B.; Eysel, H.-Hl. Mol. Struct.1997, 415, 249-257. (75) Hale, G. M.; Querry, M. RAppl. Opt.1973 12, 555-563.
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Figure 7. Calculated curves for the relative intensity for three different polarization combination retigigg Issdlsps @andlspdlppp) of the OH stretching
bands of water assuming an uncoupled OH vibratiog  and symmetric and asymmetric stretches of wagy)( The sets of curves for the,, vibrations
are expressed as a function of the t#) @nd twist ¢) angles. Only theC,, asymmetric curves comply with the experimental results obtained for the

“non-hydrogen-bonded” band, whekg,is significantly lower tharspsand lppp
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Figure 8. (a) Molecular model for &,, symmetry water molecule. The molecular coordinates aaés) and surface coordinates axesy(z) are shown

for reference. The axis is along theC, principal axis of symmetry, while the origin is at the center of mass. Thedjilc¢rresponds to the angle between

the molecularc axis and the surface normal, while the twig) ¢efers to the angle between thexis and thezplane (in the sketckh = 0°). All possible
combinations of angles fdt and¢ obtained from the orientation analysis of the “non-hydrogen-bonded” band indicate that both hydrogen atoms always lie
in the upper quadrants of the surface coordinate system. (b) Molecular model Bx.tlsgmmetry uncoupled OH vibration of a water molecule.

seen as just rough estimates a8 distribution of angles was  must indeed be directed toward the surfactant hydrocarbon tails
assumed in the calculation, implying that all water molecules and as such do not participate in hydrogen bonds with other
responsible for this band have exactly the same orientation, water molecules. These water molecules are nonetheless not
which is inconsistent with the broad nature of the “non- completely free of H-bonds, since this preferred orientation
hydrogen-bonded” band. A more realistic Gaussian function for necessarily leaves the lone-pair electrons of the oxygen atom
the distribution of angles was also evaluated, showing very facing toward the bulk liquid, where they could act as hydrogen
similar trends (data not shown). bond acceptors. It has been shown that the red shift in frequency
The net polar orientation of the water molecules responsible of the OH stretching vibration for water dimers due to an

for this band (i.e., whether the hydrogen atoms point toward gcceptor hydrogen bond is relatively sniAll?this fact, coupled

the bulk liquid or the hydrocarbon tails) cannot be explicitly \yith the fact that the hydrogen atoms are vibrating toward the
obtained from the experimental data, since phase measurementany region rather than in air, seems sufficient to explain the
were not performed However, it can be directly inferred from

the position of the_band_ and the c_omblnat|on of tilt and twist (76) Nelander, BJ. Chem. Phys1988 88, 5254-5256.
angles from the orientation analysis that both hydrogen atoms (77) Bouteiller, Y.; Perchard, J. Ehem. Phys2004 305, 1—12.
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shift of ~100 cnt! from the stretching vibration of gas-phase low frequency side to be strongly dependent on the surfactant
water. headgroup and associated with water molecules participating
Measurements from other grodpg® have shown that for a  in the hydration of the headgroup.

pure hydrocarbon/water interface (where the structure is not For decanol and the surfactantsGlucoside and G-
perturbed by the presence of headgroups) a band equivalent tquajtoside, the intensity observed in the VSF spectra at low
ssp polari_zation combination. That is to say, one of the_ hyglrogen hydroxyl groups present in the respective headgroups. For the
atoms points toward the hydrocarbon, while the other is directed particular case of the sugar surfactants, it was inferred that the
toward bulk water and participates in hydrogen bonding (Figure \yater molecules detected forming the hydration shell were a
8b). It must be stressed that the “nondonor” band discussed ingjirect consequence of the preferred orientation of the headgroup
the preceding paragraph should not be confused with this band.jqs - Additionally, the strength of the hydrogen bonds in the
There is a significant difference in wavenumber, and the pqration shell was found to be strong and similar to those
onentauona] analysis definitively preclude§ such a structurg. observed for tetrahedrally coordinated water molecules in ice.
However,. since the water molleculle'.s studleq here are also iNThe poly(ethylene oxide) headgroup, on the other hand, despite
contact with a hydrocarbon region, it is apposite to wonder why being itself disordered was shown to induce a significant
ordering and structuring of water at the surface. Most of this

this band is not observed here. In fact, a close examination of
ater was found to form relatively strong hydrogen bonds,

all the ssp spectra presented (Figures 4, 5, and 6) reveals tha\tN
a weak intensity is observed at frequencies comparable to '[hoseInCIuding a population of molecules forming particularly strong
bonds, at frequencies lower than those observed in tetrahedrally

of the free OH of water{3700 cnt?) but with a significantly
br.oader' bandywdth, suggesting heterogeneity in the Interacuonscoordmated water molecules in ice. This observation supports
with neighboring molecules. . .

N . . the creation of a clathrate-like water structure around the poly-
The reason for the “nondonor” orientation to be favored over . .
(ethylene oxide) chains.

the uncoupled “free” orientation for nonionic surfactant mono- . .
layers at the air/water interface is not entirely obvious, and we ~Another relevant feature observed in the high frequency
can only speculate as to its origin. Clearly the main difference €gion of the ppp and sps spectra and commeon to all surfactant
to the case of a hydrocarbon/water interface is the presence ofSystems studied was a band assigned to water molecules
hydrophilic groups which alternate with hydrophobic patches vibrating in close proximity to the hydrocarbon tails and very
from the tail region over short distances. Thus these results imply Weakly interacting with neighboring 4 molecules. From the
that the free OH configuration is the result of a structured layer Orientational analysis, it was concluded that this intensity mainly
at the interface, involving a certain number of neighboring water originates from asymmetric vibrations of water molecules with
molecules. When these domains are perturbed by the polarCz, Symmetry. The range of possible angles for the twist and
headgroups the structuring is lost or significantly perturbed, and tilt, despite being broad, was seen to be consistent with both
the preferred orientation of the “nondonor” molecules is seen hydrogen atoms preferentially ordered toward the hydrocarbon
to arise, probably due to weak interactions between the tails and not forming hydrogen bonds (nondonor molecules).
hydrocarbon tails and water. In contrast to the VSF spectra of the neat water surface and
What is remarkable in the observation of nondonors is that of water/oil interfaced?78the surfactant systems studied in this
the energy cost of sacrificing a hydrogen bond is very large report do not show the sharp peak centered-ar00 cnt?,
and the free energy of mixing with headgroups in the surface assigned to the free OH or uncoupled stretching vibration of
alone is hardly likely to compensate for thighe entropically an OH bond protruding out into the gas, or oil phase,
costly structuring of water molecules in the proximity of the respectively. This is not entirely surprising, since the polar
free OH, howeer, would not be as sere for the nondonor  headgroups are expected to disrupt the surface structure. These
state Hence, the local cost in free energy upon the loss of facts entail that the sharp free OH intensity is the result of the
hydrogen bonding could be compensated by the entropy gainstructuring and cooperative interactions of a certain number of
upon release of oriented water molecules. This is a very water molecules in the underlying liquid. In the presence of a
interesting finding as the state of the water molecules in the polar group,these domains are perturbexhd the sharp free
proximity of hydrophobic interfaces and the effect of surfactant gy signal is lost. Nonetheless, water molecules with a preferred
adsorption upon the state of these molecules is of great generabyientation are still observed in direct contact to the hydrocarbon
relevance. tails. We speculate that the enthalpically unfavorable nondonor
Summary and Conclusion orientation is compensated entropically by the release of oriented

N . .. water molecules.
Vibrational sum frequency spectroscopy using the polarization

combinations ssp, ppp, and sps has been used to determine the These studies provide novel information about the hydration
structure of wate’r at Ehe liquid/air interface of solutions of state of nonionic surfactants and interaction between water and

soluble nonionic surfactants forming a liquid-expanded phase. hydrocarbon tails. The different types of headgroups used here

Remarkable differences between these surfaces and the purgave_relevance in k_)ioche_mistry, Wh.iCh opens up the pOSSib“.ity
water surface in the OH stretching range of water were observed,oi uhsmg lVSI:S to inv e.stlgate angllrllcrgasle ogr unrc]ierlstapdllrlg
reflecting the very distinct nature of the water structure at these © the role o yvater In |mportar_1t lological an _tec nological

interfaces. Moreover, comparing the different amphiphilic issues, including temperature-induced phase inversion of mi-

molecules investigated, we found the spectral features on theCroemulsions, formation of inert protein-repellent coatings for
bioassays, as well as reaction and binding conditions at

(78) Du, Q.; Freysz, E.; Shen, Y. Bciencel994 264, 826-828. glycolipid and glycoprotein surfaces.
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