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Complex ��2� spectra of air/water interfaces in the presence of charged surfactants were measured
by heterodyne-detected broadband vibrational sum frequency generation spectroscopy for the first
time. In contrast to the neat water surface, the signs of ��2� for two broad OH bands are the same
in the presence of the charged surfactants. The obtained ��2� spectra clearly showed flip-flop of the
interfacial water molecules which is induced by the opposite charge of the head group of the
surfactants. With the sign of ��2� theoretically obtained, the absolute orientation, i.e., up/down
orientation, of water molecules at the charged aqueous surfaces was uniquely determined by the
relation between the sign of ��2� and the molecular orientation angle. Water molecules orient with
their hydrogen up at the negatively charged aqueous interface whereas their oxygen up at the
positively charged aqueous interface. © 2009 American Institute of Physics.
�DOI: 10.1063/1.3135147�

Understanding of the water structure at charged inter-
faces is critically important in the wide range of scientific
fields such as biophysics, colloid science, and electrochem-
istry. Among various interactions between a charged inter-
face and water molecules, charge-dipole interaction is often a
predominant factor to determine the water structure at the
interface.1 When an aqueous interface is positively charged
and the surface charge density is sufficiently high, one ex-
pects that water molecules point their oxygen up to the posi-
tively charged interface. On the other hand, one expects wa-
ter molecules orient with their hydrogen up at a negatively
charged interface. This is the so-called flip-flop model of
interfacial water molecules.1 However, direct spectroscopic
evidence for such a fundamental picture has not been re-
ported due to the lack of a methodology to unambiguously
determine absolute, i.e., “up/down,” orientation of molecules
at interfaces.

Interface-selective vibrational sum frequency generation
�VSFG� spectroscopy is a powerful tool to identify surface
species and determine their orientational angles.2–6 Further-
more, the second-order nonlinear susceptibility ���2�� intrin-
sically contains information about the absolute orientation of
surface species in its sign. However, the information of the
sign �or phase� of ��2� is lost in the conventional �homodyne-
detected� VSFG spectroscopy that detects the intensity of the
sum frequency �SF� light, i.e., a square of the SF field. Thus,
the absolute orientation of the surface species cannot be de-
termined by the usual homodyne-detected VSFG spectros-
copy.

To obtain the sign of ��2�, the heterodyne detection can
be applied to VSFG. The heterodyne-detected VSFG is very
powerful, but the number of reports is very limited because
of technical difficulty. Shen and co-workers7–10 first reported
phase-sensitive VSFG that can provide the real and imagi-
nary parts of ��2�. Their method is based on the single-
channel detection with a narrow-band IR laser scanned in a
spectral range, which results in a long measurement time.
Stiopkin et al.11 recently demonstrated the heterodyne detec-
tion of multiplex �broadband� VSFG. They showed signifi-
cant improvement in detection sensitivity, but did not deter-
mine the real and imaginary parts of ��2� separately, probably
because of the phase instability.

In the present work, we report development of multiplex
heterodyne-detected VSFG �HD-VSFG� that can provide the
real and imaginary parts of ��2� and its application to aqueous
interfaces. Our HD-VSFG is technically based on the
heterodyne-detected multiplex electronic sum frequency gen-
eration recently developed by us.12 Our method has a great
advantage in the phase stability, which allows us to measure
complex ��2� spectra, and in the short acquisition time as
well. The complex ��2� spectra of water at the interfaces were
measured in the presence of prototypical charged surfactants,
sodium dodecyl sulfate �SDS�, and cetyltrimethyl-
ammonium bromide �CTAB�. The absolute orientation of
water molecules at the simple model interfaces charged with
the surfactants was directly determined by the measurement
of ��2�, for the first time.

The essential part of the optical configuration of HD-
VSFG is depicted in Fig. 1�a�. Two-thirds of the output from
a regenerative amplifier �Spectra Physics, Spitfire Pro XP;
�3.3 W, 1 kHz� was used for excitation of a commercial
optical parametric amplifier and a difference frequency gen-
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erator �Spectra Physics, TOPAS C & DFG1� to generate
broadband IR ��2, center wavelength: 2900 nm, bandwidth:
�500 cm−1, average power: 18 mW�. The spectrum of this
broadband �2 pulse covers the whole frequency region of the
OH stretching vibration of water ��800 cm−1� without scan-
ning the �2 center wavelength. The rest of the regenerative
amplifier output was used as the visible ��1� light for the
HD-VSFG measurement after passing through a narrow-
band filter �CVI Melles Griot, center wavelength: 795 nm,
bandwidth: 1.5 nm �24 cm−1��. The average power of the �1

beam was 6.3 mW at the sample position. The �1 and �2

beams are spatially and temporally overlapped on a sample
surface with incident angles of 44° and 59°, respectively, to
generate the SF at �1+�2. The �1, �2, and SF beams re-
flected by the sample surface are refocused by a concave

mirror onto a GaAs�110� surface to generate another SF that
acts as a local oscillator �LO�. In this arrangement, the opti-
cal path length of the SF pulse from the sample surface to the
GaAs surface has exactly the same fluctuation as that of �1

and �2 pulses, which keeps relative phase between the two
SF pulses �i.e., the sample signal and LO� stable for at least
a few hours. The SF pulse from the sample passes through a
1 mm thick silica plate located in between the sample and the
concave mirror, which delays the SF pulse relative to the �1

and �2 pulses by T �=1.7 ps�. This delay generates the time
difference between the SF pulse from the sample and that
from the GaAs. The two SF beams are introduced together
into a polychromator and then detected by charge coupled
device �CCD�. In the polychromator, the two SF pulses are
stretched in time and interfere to generate an interference
pattern in the frequency domain. The SF, �1, and �2 beams
were s-, s-, and p-polarized, respectively, �ssp polarization
combination� in the present study. A typical CCD exposure
time was 2 min and each spectrum presented is an average of
two exposures. SDS �Aldrich� and CTAB �Wako� were used
as received. The surfactants were dissolved in purified water
�Millipore, 18.2 M� cm resistivity� and each solution was
filled in clean glass containers. The height of the aqueous
surface was monitored by a displacement sensor �Keyence,
LK-G150� and kept to be the same as the height of a refer-
ence z-cut quartz crystal surface with accuracy of a few mi-
crons. This is critical for the accurate phase measurement.
The quartz crystal was purchased from Furuuchi Chemical
and piezoelectric measurement data were supplied by the
vendor.

Figure 1�b� shows a raw HD-VSFG spectrum of the air/
water interface measured with the present setup. The de-
tected total intensity �I, Fig. 1�b�� is represented as12

I = �Ẽtot����2 = �Ẽsample�2 + �ẼLO�2 + ẼsampleẼLO
� exp�i�T�

+ Ẽsample
� ẼLO exp�− i�T� . �1�

Here, Ẽsample and ẼLO denote the SF electric fields from the
sample and GaAs, respectively, in the frequency domain.

The cross terms, ẼsampleẼLO
� exp�i�T� and Ẽsample

� ẼLO

exp�−i�T�, correspond to the fringe structure that contains
the phase information. The raw spectrum is inverse-Fourier-
transformed into the time domain, as shown in Fig. 1�c�,
where the two cross terms, ẼsampleẼLO

� exp�i�T� and

Ẽsample
� ẼLO exp�−i�T�, give the peaks at t=1.7 ps and

�1.7 ps, respectively. The peak at t=0 ps is due to �Ẽsample�2

and �ẼLO�2. Because the three peaks in the time-domain in-
terferogram are well separated, the peak at t=1.7 ps can be
picked up by applying a filter function depicted in Fig. 1�c�.
This filtering of the time-domain interferogram followed by
the Fourier transformation back into the frequency domain

gives the complex spectrum of ẼsampleẼLO
� exp�i�T�, as

shown in Fig. 1�d�. Similarly, a HD-VSFG spectrum was
measured from the z-cut quartz with the same GaAs �Figs.
1�b�–1�d�, red curves�. The quartz does not have any reso-
nance so that the quartz spectrum can be used as a reference.
Consequently, the real and imaginary ��2� spectra of the
sample �Fig. 2� can be obtained by dividing the sample in-
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FIG. 1. �Color� �a� The optical configuration of the HD-VSFG measure-
ments. �b� Raw spectra of the air/water interface �blue� and z-cut quartz
crystal �red�. �c� Time domain interferogram �blue and red� and the filter
function �green�. �d� Real �solid lines� and imaginary �dashed lines� parts of
the filtered heterodyne spectra of the sample and reference.
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terferogram �Fig. 1�d�, blue curves� by the quartz reference
interferogram �Fig. 1�d�, red curves�. ��2� in the ssp polariza-
tion combination is given by the following equation:12,13

��2� �
Fsampler1,sampler2,sample

Fquartzr1,quartzr2,quartz

�yyz,sample
�2�

�yyz,quartz
�2� , �2�

where F is the product of Fresnel factors �L� for SF, �1 and
�2, with the given polarizations; F=ALSFL1L2, where A is a
positive real constant. In the ssp polarization combination,
Fsample and Fquartz are all positive. rj,X is a complex reflectiv-
ity for the � j electric field at the surface X, i.e., sample or
quartz. This quantity appears in this formula because ELO is
generated by the �1 and �2 beams that are reflected from the
sample or quartz surface. r1,sampler2,sample /r1,quartzr2,quartz is
real and positive.14 The subscripts of �yyz

�2� in Eq. �2� stand for
the laboratory axes. The z axis is parallel to the surface nor-
mal and the y axis is parallel to the s polarization. �yyz,quartz

�2� is
a real constant over the spectral range and the sign of
�yyz,quartz

�2� is determined to be positive from the piezoelectric
data. Therefore, the sign of ��2� simply reflects the sign of
�yyz,sample

�2� of the aqueous surfaces. As clearly shown in Eq.
�2�, ELO is completely canceled out. Thus, any dispersion of
GaAs does not affect the normalized ��2� spectra.

Figure 2 shows the Im ��2� �imaginary part of ��2��,
Re ��2� �real part of ��2��, and ���2��2 spectra of air/aqueous
interfaces for �a� neat water, �b� 10 mM SDS solution, and
�c� 10 mM CTAB solution. ����2��2 spectra were calculated
from the measured Im ��2� and Re ��2�.� Im ��2� spectra are
directly associated with the vibrational resonance and thus
most informative. The ��2� spectra of the neat water surface
�Fig. 2�a�� are essentially the same as that reported by Ji et
al.10 very recently. The broad positive band around

3200 cm−1 �OH�I�� in the Im ��2� spectrum is often assigned
to the symmetric OH stretching of tetrahedrally hydrogen
bonded water �icelike water� and a negative band around
3450 cm−1 �OH�II�� to symmetric stretching �ss� of asym-
metrically hydrogen bonded water �liquidlike water�.15 It was
also pointed out that Fermi resonance splitting of the OH
symmetric stretch band contributes spectral feature in this
region.16,17 In either case, both of the 3200 and 3450 cm−1

bands observed in the ssp polarization combination were as-
signed to the symmetric OH stretch, not to the antisymmetric
stretch.18 This assignment is a basis of the orientation analy-
sis described below. A characteristic sharp band at
3700 cm−1 �OH�III�� is assigned to “free OH” of water at the
topmost surface layer.15

The negative features observed at 2880 and 2940 cm−1

in the Im ��2� spectrum of the SDS aqueous solution/air in-
terface �Fig. 2�b�� are assigned to the ss of the terminal CH3

of SDS and its Fermi resonance, broadened by shoulders
associated with symmetric and antisymmetric CH2 stretching
of the SDS hydrocarbon chain.19 At this concentration, the
adsorption of SDS at the aqueous surface is saturated.20 The
Im ��2� signals above 3000 cm−1 in Fig. 2�b� are all due to
the OH stretching of water molecules near the negatively
charged SDS/water interface. The charge of the head group
of SDS affects the water structure significantly. Unlike the
neat water surface10 �Fig. 2�a��, both of the OH�I� and OH�II�
bands are positive at the SDS/water interface, which demon-
strates that relevant transition moments of water vibrations
align toward the same side. Because both bands originate
from the symmetric OH stretch, this supports the idea that
the electric field determines the water orientation at this
model interface. In addition, the intensity of the hydrogen
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FIG. 2. �Color� Im ��2� �red�, Re ��2� �black�, and ���2��2 �blue� spectra of �a� neat water/air, �b� SDS solution/air, and �c� CTAB solution/air interfaces. OH�I�,
OH�II�, and OH�III� represent the three characteristic bands in the OH stretching region. CH stands for the CH3 stretching band of the surfactants. �NR

appeared in Re ��2� in the negative side, corresponding to the phase being ��0.1�.
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bonded OH bands are enhanced at the charged interfaces
compared to the neat water whereas the free OH band van-
ishes, being consistent with previous VSFG studies.21,22

The Im ��2� spectrum of CTAB �Fig. 2�c�� exhibits broad
OH bands having the negative sign. This is the direct evi-
dence for the flip-flop of water molecules, i.e., the orientation
of water molecule at the positively charged interface is op-
posite to that at the negatively charged one. Similar phase
difference by � has been suggested by earlier works involv-
ing the fitting of homodyne VSFG spectra of aqueous
interfaces.23–25

These HD-VSFG spectra not only demonstrate the flip-
flop of interfacial water molecules but also can determine the
absolute orientation, i.e., orientation with respect to the labo-
ratory frame, of the water molecules. To do this, the relation
between �yyz,sample

�2� and the orientation angle of water mol-
ecule �	� needs to be derived. �yyz,sample

�2� in the laboratory
coordinate consists of a vibrationally nonresonant ��yyz

NR� and
resonant terms and can be represented as follows:

�yyz,sample
�2� = �yyz

NR + �q

�yyz
q

�q − �2 − i
q
. �3�

Here, the Lorenzian band shape is assumed for vibrational
resonant terms. �yyz

NR and �yyz
q are real under the present elec-

tronically nonresonant condition. 
q is a real positive damp-
ing constant. The sign of Im �yyz,sample

�2� is that of �yyz
q . A tensor

element of the molecular hyperpolarizability in the molecular
coordinate �ijk

�2� relates to its amplitude �ijk in the same man-
ner,

�ijk
�2� = �ijk

NR + �q

�ijk

�q − �2 − i
q
. �4�

According to literature by Gan et al.,18 �yyz
q of isotropic aque-

ous surfaces can be written for the OH ss mode as follows:

�yyz
OHss =

1

2
Ns	�
cos2 ���aac + 
sin2 ���bbc + �ccc�
cos 	�

+ �
sin2 ���aac + 
cos2 ���bbc − �ccc�
cos3 	�� ,

�5�

where Ns is the number of surface water molecules and the
brackets stand for ensemble average. The Euler angles
�	 ,� ,�� and the molecular axes �a ,b ,c� were defined as
shown in Fig. 3. In this system, 	 is the orientation angle,
i.e., the angle between the molecular c axis and the surface

normal. The c axis corresponds to the direction of the tran-
sition dipole moment of the symmetric OH stretching vibra-
tion of water. The azimuthal angle � is randomly distributed
at an isotropic liquid surface. Morita and Hynes26 calculated
the derivatives of the dipole moment and polarizability with
respect to the OH vibration and showed that �aac, �bbc, and
�ccc are all positive. The relative �ijk values for the symmet-
ric OH stretching of water molecule were given by Gan et
al.18 as follows: �aac=1.296, �bbc=0.557, and �ccc=1. Con-
sequently, introducing these values to Eq. �5�, we obtain

�yyz
OHss =

1

2
Ns�ccc�1.296 + 0.557


cos3 	�

cos 	� �
cos2 ��

+ �0.557 + 1.296

cos3 	�

cos 	� �
sin2 ��

+ �1 −

cos3 	�

cos 	� ��
cos 	� . �6�

Because 
cos3 	� / 
cos 	�0, 
cos2 ��0, 
sin2 ��0, and
�1− 
cos3 	� / 
cos 	��0, �yyz

OHss is positive when 
cos 	�0
whereas it is negative when 
cos 	��0. This relation is ex-
perimentally confirmed by the fact that the free OH, which is
expected to have 
cos 	�0, was observed as a positive
band in Fig. 2�a�. Morita and Hynes26 calculated �yyz

OHss as a
function of cos 	 using molecular dynamics simulation and
gave the same conclusion. Note that this analysis on the ab-
solute orientation is applicable to any molecules if �ijk and
symmetry are known.

Based on the above-mentioned relation between �yyz
OHss

and 	, we can conclude that the positive Im ��2� of the OH
bands for the SDS solution indicates that water molecules
orient with their hydrogen up toward the negative charge in
the SDS head group. On the other hands, the negative Im ��2�

of the OH bands for the CTAB solution indicates that water
molecules orient with their hydrogen down pointing away
from the positive charge in the CTAB head group �Fig. 4�.
These results agree well with the structure that has been ex-
pected, but has not been directly proved, in the flip-flop
model for the charged aqueous interfaces.

The intensity of the OH bands at the charged interfaces
is enhanced compared to the neat water owing to the effect

FIG. 3. �Color� Definition of the molecular-frame coordinates of water
�a ,b ,c�, the laboratory-frame coordinates �x ,y ,z�, and the Euler angles
�	 ,� ,��. The c axis is set to be the bisector of the angle of H–O–H that is
placed on the ac plane.

FIG. 4. �Color� Sketch for the SDS and CTAB solutions/air interfaces. The
orientation angle 	 is defined as the angle between the transition dipole
moment of the symmetric OH stretching and the surface normal. The circles
with + or � represent counter ions in solutions.
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of the surface electric field. The saturated surface density of
SDS was reported to be as high as 2 molecules /nm2.20

Therefore the surface charge density is 2e /nm2 �e is the el-
ementary charge�. It has been suggested that the surface elec-
tric field aligns the water molecules near the surface, which
causes larger ��2�.21,27 The thickness of the water layers ori-
ented by the surface electric field was simulated to be larger
than the thickness of the oriented water layer at the neutral
surface,28 where only two or three layers of water molecules
are oriented.26 The thickness of oriented water layer is ap-
proximated, at a maximum, by the thickness of the Gouy–
Chapman layer �3 nm�, which corresponds to approximately
ten water layers for 10 mM monovalent ions.23,29 In addition,
the absence of the destructive interference between the OH�I�
and OH�II� bands at the charged interface seems to also con-
tribute to the intensity enhancement.

The shape of the CH bands of CTAB and SDS are es-
sentially the same, except the vertical shift due to the long
tail of the OH band �Figs. 2�b� and 2�c��. This indicates that
the arrangement of the CTAB hydrocarbon chain is very
similar to that of SDS at the two interfaces. The relation
between �yyz

CHss and the orientation angle of the methyl group
is similar to Eq. �6� �Ref. 30� but �ccc is negative.31,32 Thus,
the observed negative CH bands indicate that the terminal
methyl group is aligned toward the air side, as it is expected.
The fact that the CH bands were observed as negative bands
in both Figs. 2�b� and 2�c� confirms that there was no erratic
phase shift between the measurements of the two different
interfaces.

The ���2��2 spectra in Figs. 2�b� and 2�c� agree well with
VSFG spectra of SDS and decylammonium chloride solu-
tion, respectively, reported by Gragson et al.21 The ���2��2
spectra exhibit smaller CH and OH bands for SDS �Fig. 2�b��
and larger CH and OH bands for CTAB �Fig. 2�c��. It is
because the �yyz

OHss interferes with the �yyz
CHss and �yyz

NR, destruc-
tively for SDS and constructively for CTAB.21 The Im ��2�

spectra are free from such complexity due to interference
arising from squaring. This is another notable advantage of
��2� spectra over ���2��2 spectra.
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