
Detection of chiral sum frequency generation
vibrational spectra of proteins and peptides
at interfaces in situ
Jie Wang, Xiaoyun Chen, Matthew L. Clarke, and Zhan Chen*

Department of Chemistry, University of Michigan, Ann Arbor, MI 48109

Communicated by Gabor A. Somorjai, University of California, Berkeley, CA, February 15, 2005 (received for review January 10, 2005)

In this work, we demonstrate the feasibility to collect off-electronic
resonance chiral sum frequency generation (SFG) vibrational spec-
tra from interfacial proteins and peptides at the solid�liquid inter-
face in situ. It is difficult to directly detect a chiral SFG vibrational
spectrum from interfacial fibrinogen molecules. By adopting an
interference enhancement method, such a chiral SFG vibrational
spectrum can be deduced from interference spectra between the
normal achiral spectrum and the chiral spectrum. We found that
the chiral SFG vibrational spectrum of interfacial fibrinogen was
mainly contributed by the �-sheet structure. For a �-sheet peptide
tachyplesin I, which may be quite ordered at the solid�liquid
interface, chiral SFG vibrational spectra can be collected directly.
We believe that these chiral signals are mainly contributed by
electric dipole contributions, which can dominate the chiroptical
responses of uniaxial systems. For the first time, to our knowledge,
this work indicates that the off-electronic resonance SFG technique
is sensitive enough to collect chiral SFG vibrational spectra of
interfacial proteins and peptides, providing more structural infor-
mation to elucidate interfacial protein and peptide structures.

chiral vibrational spectroscopy � interfacial proteins and peptides

Understanding chirality is important in biology, chemistry,
and medicine. For example, chiral surfaces and interfaces

are important in asymmetric chemical synthesis, chiral molecule
separation, binding between chiral drugs and proteins, crystal
growth, and the adsorption of proteins on biomedical material
surfaces. Since the excellent work on chiroptical effects using
second-harmonic generation (SHG) was presented by Hicks and
coworkers (1–4) and Persoons and coworkers (5–7), extensive
research has been performed to investigate such effects in
oriented thin films or bulk media by using SHG and sum
frequency generation (SFG) spectroscopic techniques (8–38).
Many excellent experimental demonstrations and theoretical
treatments on this topic have been published in the last decade
or so. These studies indicate that more structural information
about chiral materials can possibly be deduced by SHG and SFG
studies. It has been demonstrated that the nonlinear chiral effect
detected by nonlinear optical methods, such as SHG and SFG,
can be several orders of magnitude larger than those detected by
linear optical methods (refs. 8, 29, and 36 and references
therein).

Currently, several general models have been used to interpret
the molecular mechanisms of second-order nonlinear chiral
spectra (ref. 36 and references therein). Some experimental
results can be interpreted by magnetic-dipole contributions
and�or interference between electric and magnetic-dipole con-
tributions. For other experiments, the factors mentioned above
cannot explain the very strong nonlinear chiral signal observed,
and interpretations based on a pure electric-dipole contribution
have been proposed. Recently, Shen and coworkers (10, 17)
demonstrated that chiral SFG vibrational spectra can be col-
lected from bulk chiral liquids by using the transmission exper-
imental geometry and from a monolayer of molecules at the
surface by using electronic resonance enhancement (13). Elec-

tronic resonance enhancement is used to detect chiral SFG
vibrational spectra generated from the molecular chirality, be-
cause under electronic resonance the asymmetric Raman tensor
components will be greatly enhanced by the electronic-
vibrational coupling (18). Strong SHG and SFG signals can be
observed from chiral molecules; however, Simpson and cowork-
ers (33–37) demonstrated by using SHG that achiral molecules
adsorbed on a surface or interface may generate detectable
nonlinear optical chiral signals. They concluded that macromo-
lecular orientational effects can dominate the chiroptical re-
sponses of uniaxial systems.

Until now, despite the fact that the origins of the nonlinear
optical chiral signals can be different (e.g., from the magnetic
dipole, interaction between the magnetic dipole and molecular
electric dipole, or the macromolecular orientation effect), most
SHG or SFG chiral signals studied were electronic resonance
signals from small molecules and�or nonresonant signals of large
molecules. To our knowledge, no chiral SFG vibrational spectra
of adsorbed proteins or peptides at solid�liquid interfaces have
been reported yet. Here, we demonstrate that it is feasible to
collect chiral SFG vibrational spectra of protein and peptide
molecules at the solid�liquid interface. Also, the visible input
beam used in the experiment can be far from the electronic
resonance; thus, the vibrational-electronic coupling does not
need to be considered. Therefore, we believe that such chiral
SFG spectra are mainly dominated by contributions from the
orientational effect. We show that chiral SFG vibrational spectra
are different from ‘‘normal’’ SFG spectra, providing more
detailed structural information about protein and peptide mol-
ecules at interfaces. To our knowledge, this work is the first to
report chiral SFG vibrational spectra from interfacial proteins
and peptides experimentally.

Here, we demonstrate that without electronic resonance en-
hancement, weak chiral SFG vibrational spectra can be collected
from an interfacial protein, fibrinogen, by using an interference
enhancement technique. The chiral SFG vibrational spectra can
be deduced from the interference spectra between weak chiral
and strong normal spectra, even when the weak chiral spectra are
too weak to be detected directly in the experiment. We also
directly collected chiral SFG spectra from an interfacial peptide,
tachyplesin I, at the polymer�solution and polymer�water inter-
faces. The ordered adsorption of the peptide at the interface
ensures a very strong chiral SFG vibrational spectrum. Chiral
SFG vibrational spectra of both fibrinogen and tachyplesin I
were collected from amide I modes. Our studies show clearly that
�-sheets contribute stronger chiral signals than other secondary
structures. As mentioned, we believe that electric-dipole con-

Abbreviations: PS, polystyrene; SFG, sum frequency generation; SHG, second-harmonic
generation; spp, s-polarized SF output, p-polarized visible input beam with a frequency of
�1, and p-polarized IR input beam with a frequency of �2; psp and pps, different polariza-
tion combinations similar to spp.
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tribution from orientational effects alone can dominate the
chiroptical responses of materials. The ordered �-sheet struc-
tures at the interface can generate strong nonlinear chiral
signals. The differences between normal SFG spectra and
‘‘chiral’’ SFG spectra indicate that the chiral signal should
provide additional structural information about proteins and
peptides at interfaces.

Experimental Procedures
The bovine fibrinogen studied in this work was purchased from
Sigma. The protein was used as received without further puri-
fication. Tachyplesin I was obtained from Becham (King of
Prussia, PA). PBS was used in making the protein and peptide
solutions. The total ionic strength of the PBS was �0.14 M with
a pH of 7.4. The PBS was made by using deionized water (18.2
M��cm) obtained from a Millipore ultrapure water system. The
concentration of the protein and peptide solutions used in this
experiment was 0.1 mg�ml. Polystyrene (PS) was purchased from
Scientific Polymer Products (Ontario, NY) and used as received.
PS films were made by spin-coating a 2% (wt�wt in toluene)
solution onto CaF2 prism substrates (purchased from Esco
Products, Oak Ridge, NJ) at 2,500 rpm. The CaF2 prisms were
cleaned in toluene and rinsed thoroughly with solvent before
spin-coating to ensure that the polymer surface was free of
contamination. The details of our SFG experiments are de-
scribed in ref. 21 and will not be repeated here. An experimental
geometry similar to the total reflection geometry used in ref. 39
was used but with different input and output angles. The input
angles of the visible and IR beams used in this experiment before
the beams hit the CaF2 prism were 65° and 55° vs. the surface
normal of the sample stage, respectively. The corresponding
angles of the visible and signal inside the substrate (�73°) were
larger than the critical angle (�66°) for total internal reflection
at the interface of CaF2 (with a thin layer of PS) and water
(or dilute protein�peptide solution), which allowed for the
collection of chiral SFG vibrational spectra by total reflection
geometry.

Results and Discussion
Chiral SFG Vibrational Spectra of Adsorbed Fibrinogen Obtained by
Interference Enhancement. SFG is a coherent process that detects
the second-order nonlinear susceptibility of a material. Different
components of the susceptibility tensor can be measured by using
different polarization combinations of input and output laser
beams (40–49). As shown extensively in the literature (50–56),
different susceptibility components can interfere with each other
if some polarization combinations are adopted. The SFG inten-
sity is proportional to the square of the effective surface
nonlinear susceptibility (50–55),

I��s� � ��eff
�2��2. [1]

The SFG spectra can have contributions from different nonlin-
ear susceptibility tensor elements,

�eff
�2� � �

i, j,k

�eff,ijk
�2� � i , j , k � x , y , z� [2a]

�eff,ijk
�2� � Lii�� s�Ljj��1�Lkk��2�esie1je2k� ijk

�2� � Lijkeijk� ijk
�2�.

[2b]

Here, Lijk � Lii(�s)Ljj(�1)Lkk(�2) is the Fresnel coefficient and
local field correction factor for a nonlinear susceptibility tensor
component, which is determined by the geometry of the SFG
measurement. eijk � esie1je2k can be considered as the polariza-
tion combination factor for a fixed geometry. More details about
the SFG technique can be found in refs. 40–55.

There are a total of 27 elements of a second-order nonlinear
susceptibility tensor. For a thin film that is azimuthally isotropic,
the only nonvanishing elements (12) are as follows:

�xxz
�2� � �yyz

�2� , �xzx
�2� � �yzy

�2� , �zxx
�2� � �zyy

�2� , �zzz
�2� [3]

�zxy
�2� � �� zyx

�2� , �yzx
�2� � ��xzy

�2� , �xyz
�2� � ��yxz

�2� . [4]

The elements in Eq. 3 contribute to normal (or ‘‘achiral’’) SFG
spectra, whereas elements in Eq. 4 contribute to chiral spectra.
Therefore, chiral elements can be measured by spp (s-polarized
SF output, p-polarized visible input beam with a frequency of �1,
and p-polarized IR input beam with a frequency of �2), psp, and
pps polarization combinations of input and output beams.
Usually, chiral SFG vibrational signals generated from a surface
or interface while the visible input beam is far from the
electronic resonance are very weak and can very possibly be
below the current SFG detection limit. Therefore, they cannot be
detected directly in the experiment. Here, we applied a method
to deduce weak SFG chiral spectra from the interferences
between such weak signals and normal strong SFG spectra by
collecting interference SFG spectra using intermediate polar-
izations of the input and output beams. For simplicity, we refer
to this technique as the ‘‘interference enhancement’’ method.

To deduce the spp spectrum from the interfacial fibrinogen
molecules, we set the polarization of the visible �1 beam off the
p direction by �� degrees so that the collected spectra should be
the interference results of the ssp and spp spectra. Because ssp
spectra can be collected separately, it is feasible to deduce the
spp spectra from such interference spectra. Mathematically, we
have (56),

I���� � K �� ssp
�2� sin���� � � spp

�2� cos(��)e�i	��2 [5a]

Issp � K��ssp
�2� �2, Ispp � K��spp

�2� �2 [5b]

�ssp
�2� � Lyyz�yyz

�2� , �spp
�2� � Lyxz�yxz

�2� � Lyzx�yzx
�2� , [6]

where K is a constant and 	� is the phase difference between �ssp
(2)

and �spp
(2) , which may arise from the complex values of Fresnel

coefficients and�or the phase differences among different sus-
ceptibility tensor elements. From these equations, it is clear that
the weak chiral spectra �spp

(2) can be obtained by fitting and
analyzing these three spectra: I(
�), I(��), and Issp.

We applied this analysis method to study adsorbed fibrin-
ogen. Fibrinogen is an important and large protein (�340 kDa)
in blood (57–61). Fibrinogen molecules have elongated struc-
tures consisting of two outer D domains, each connected by a
coiled-coil segment to a central E domain. The E domain
contains a nexus of chains that bond the two almost identical
halves of the molecule together in a small globular region.
Therefore, the native structure of fibrinogen has been de-
scribed as trinodular, with three hydrophobic domains con-
nected by �-helical domains. The conformation of surface-
bound fibrinogen has been shown to play an important role in
thrombus formation.

SFG spectra were collected from the adsorbed fibrinogen
layer at the PS�fibrinogen solution interface with the sp 

20°(� � 20°)p, sp � 20°(� � �20°)p, and ssp polarization
combinations, respectively (Fig. 1 a–c). We tried to collect the
spp spectrum from the same sample to directly detect chiral SFG
vibrational spectra, but the spp SFG signals were too weak to be
detected. By fitting the three spectra shown in Fig. 1 a–c using
Eqs. 5 and 6, we were able to deconvolute the spp spectra. When
we collected the sp 
 20°p and sp � 20°p spectra, if the polarizer
of the sum frequency signal was not set correctly, some signal
from the ppp spectrum may contribute to the two detected
spectra. To exclude this possibility, we also collected the ppp
spectrum from the PS�fibrinogen solution interface (Fig. 1d).
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Comparing the ppp spectrum with the spp spectrum deduced
(Fig. 2), we can see that the two spectra are markedly different.
We believe that the spp spectrum we deduced is not the
‘‘leaking’’ spectrum contributed from the ppp spectrum.

The spp spectra with and without the nonresonant background
are displayed in Fig. 2. We repeated the experiment several
times, and the deduced spp spectra are quite reproducible. From

the spectral fitting, we found that the nonresonant chiral back-
ground is quite strong. Its magnitude is comparable to the
nonresonant background signals detected in the ssp and ppp
spectra. However, compared with the ssp and ppp resonant SFG
signals collected from the PS�fibrinogen interface, the resonant
spp spectral intensity is much weaker. For SHG studies, off-
resonance or nonresonant chiroptical signals at interfaces can be
detected. For some cases, the off-resonant SHG chiral signals
have comparable strength to the normal SHG signals. The weak
chiral SFG vibrational resonant signals deduced here demon-
strate the feasibility to detect weak chiral SFG vibrational
spectra by using the interference enhancement method. Similar
methods can be applied to collect psp and pps spectra. Because
the deduced chiral SFG vibrational spectra are very weak, many
other factors may play roles to complicate the spectra. The
following discussion will further ensure that we indeed collected
chiral SFG vibrational spectra.

Because the near-total internal reflection geometry is adopted
here to collect SFG spectra, it is necessary for us to discuss the
possible effect of the refractive index changes across the resonant
peaks. The wavelength-dependent refractive index changes near
a resonance peak of the adsorbed protein layer, and the refrac-
tive index changes of dilute protein solution due to water bending
modes may substantially distort the SFG spectrum (61–65).
However, in this experiment, we believe that these refractive
index changes would not noticeably affect our SFG spectral
features. More details can be found in Supporting Text, which is
published as supporting information on the PNAS web site.

Our normal ssp and ppp SFG spectra collected from inter-
facial fibrinogen molecules are dominated by the vibrational
peak at 1,650 cm�1. We believe that this peak is contributed
mainly by the two �-helical coiled-coils connecting the D and
E domains in the molecule (57). Detailed data analysis of these
SFG spectra can lead to the determination of the conformation
of interfacial fibrinogen molecules and should be studied
further. The deduced chiral SFG vibrational spectrum is
dominated by peaks �1,630 and 1,690 cm�1, instead of the
�-helical 1,650 cm�1 peak. According to the peak assignments
of secondary structures of proteins, the peaks at 1,630 and
1,690 cm�1 should be contributed from �-sheet structures
(66–69). We believe that this characteristic must be due to the
fact that �-sheet structures can more easily have ordered twist
angles at the interface, thereby generating strong chiral signals
for some vibrational modes, as suggested by Simpson and
coworkers (35, 36). Our work here clearly indicates that the
chiral SFG spectra should provide further structural informa-
tion about interfacial fibrinogen molecules.

From our above observation, we believe that the �-sheet
structures of interfacial proteins should contribute relatively
strong chiral SFG vibrational signals. Therefore, if the interfacial
proteins or peptides have more ordered �-sheet structures,
stronger chiral SFG vibrational spectra may be detected. Per-
haps the signal can be strong enough that such chiral spectra can
be collected directly without the help of the interference en-
hancement technique.

We want to point out that the results obtained here are not
contradictory to our polarization mapping method published in
ref. 56. As we mentioned in that work, if chiral SFG signals are
nonzero, a more general method should be used in the polar-
ization mapping treatment. One advantage of the application of
the polarization mapping method is that it can test whether
detectable SFG chiral signals exist or not (56).

Direct Detection of Strong Chiral Spectra from the Tachyplesin I
Peptide at the Solid�Liquid Interface. We used a peptide, tachyple-
sin I, which has a well characterized structure, as a model system
in our following SFG experiments. Tachyplesin I is known to
have a �-sheet structure in aqueous environments and at the

Fig. 1. SFG spectra of the adsorbed fibrinogen layer at the PS�solution
interface collected with the following different polarization combinations:
sp � 20°p (a), sp 
 20°p (b), ssp (c), and ppp (d). Dots are experimental data;
lines are fitting results. Fitting components also are shown as lines. a.u.,
arbitrary units.

Fig. 2. Deduced chiral SFG vibrational spectra of the adsorbed fibrinogen
layer at the PS�solution interface. The upper spectrum has a nonresonant
background, and the lower spectrum is a resonant chiral spectrum without the
nonresonant background. a.u., arbitrary units.
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solution�membrane interface (70). The �-sheet structure of
tachyplesin I is quite robust because this structure is held
together by two disulfide bonds (71). Therefore, we believe that
this peptide should still hold a �-sheet structure at the PS�
solution interface. We confirmed this finding from both SFG and
attenuated total reflection Fourier transform IR spectroscopy
studies (71). We believe that the coverage of the �-sheet
structure at the PS�tachyplesin I solution interface should be
higher than at the PS�fibrinogen solution interface and also have
better ordering. If this hypothesis is true, then it is possible to
directly collect chiral SFG vibrational spectra. Indeed, in our
experiments very strong psp and spp spectra were detected
directly from the PS�tachyplesin solution interface (Fig. 3 a and
b). The ssp spectrum also was collected for comparison (Fig. 3c).
Amazingly, the SFG intensities of spp and psp are comparable
with the ssp spectrum but with distinct spectral features. Our
spectral fitting results in ref. 71 show that three major peaks can
be identified in the ssp spectrum, with the dominating peak at
�1,664 cm�1 and two weaker peaks at 1,645 and 1,688 cm�1 (71).
We believe that the dominating 1,664 cm�1 peak is contributed
by amide groups of turns and disordered structures, and the
amide peak at 1,688 cm�1 is contributed by the �-sheet structure.
The peak at 1,645 cm�1 is a combination peak from the B2 mode
of the antiparallel �-sheet and disordered structures. These three
peaks and some lower-wavenumber peaks can fit the SFG

spectra quite well. In this work, we attempted to refit the ssp
spectrum to accommodate all three SFG active modes of a
�-sheet by using a peak at 1,633 cm�1 for the B2 mode and two
peaks at �1,688 cm�1 for the B1and B3 modes. The best fitting
for the ssp spectrum by using such a method contains the
following five peaks: 1,633 (B2), 1,645 (disordered structure and
� turns), 1,664 (disordered structure and � turns), 1,685, and
1,695 cm�1 (B1�B3). On the contrary, for the spp and psp spectra,
only three major peaks, at 1,633, 1,685, and 1,695 cm�1, were
observed from the spectral fitting results; the peaks at 1,645 and
1,664 cm�1 were not detected. This result confirms that �-sheet
structure can contribute much stronger chiral SFG vibrational
signal and thus dominate the chiral SFG spectra.

Because it is possible for the bulk tachyplesin I molecules in the
solution to generate chiral SFG vibrational signals, we performed
a further experiment to prove that the chiral SFG spectra were
collected from the interfacial molecules. Here, after contacting PS
with tachyplesin I solution, we replaced the tachyplesin I solution
with water. The same experiment was repeated to collect spp and
psp spectra from tachyplesin I at the PS�water interface. Very
similar spectra (with similar intensity and spectral features) can be
collected from the PS�water interface to those from the PS�
solution interface, showing that SFG spectra are contributed from
tachyplesin I molecules at the interface rather than in the bulk
solution. It is well known that DTT can cleave disulfide bonds (72).
We believe that the addition of DTT to the tachyplesin I solution
should result in the cleavage of the two disulfide bonds, destroying
the �-sheet structure of tachyplesin I. In a previous experiment, we
collected the ssp spectrum from the PS�tachyplesin I solution after
addition of DTT, and the peak at 1,688 cm�1 disappeared, indi-
cating the lack of �-sheet structure at the interface. However, the
dominating peak at 1,664 cm�1 still exists. In the current experi-
ment, no SFG signal can be detected in the spp and psp spectra after
the addition of DTT, confirming that �-sheet structures contribute
to the strong chiral SFG vibrational spectra.

Further Discussion of Tachyplesin I Results. The repeating unit of an
antiparallel �-sheet can be treated as having D2 symmetry (73).
There are four irreducible representations for the D2 symmetry,
A, B1, B2, and B3. Vibrational modes of representation A are only
Raman active, whereas the B1, B2, and B3 modes are both IR and
Raman active. Therefore, theoretically the B1, B2, and B3 modes
are SFG active. By assuming a molecular coordinate system for
an antiparallel �-sheet as shown in Fig. 4, the SFG hyperpolar-
izability tensor elements (40, 46, 74, 75) can be written as

�ijk �
	�ij

	q
	
k

	q
�i, j, k � a, b, c�, [7]

where �ij and 
k are the polarizability and dipole moment,
respectively, and q is the normal mode coordinate. By analyzing

Fig. 3. SFG spectra of adsorbed tachyplesin I at the PS�solution interface with
the following different polarization combinations: psp (a), spp (b), and ssp (c).
Dots are experimental data; lines are fitting results. Fitting components also
are shown as lines. a.u., arbitrary units.

Fig. 4. Molecular coordinate for an antiparallel �-sheet.
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the polarizability and dipole moment derivatives, we can deduce
the values of �ijk. According to group theory, only 	
c�	q and
	�ab�	q � 	�ba�	q are not equal to zero for the B1 mode.
Therefore, the nonzero hyperpolarizability tensor elements for
the B1 mode are �abc � �bac. Similarly, for the B2 mode we have
�acb � �cab, and for the B3 mode we have �bca � �cba. Because
SFG measurements are based on the surface or interface fixed
coordinate system, it is necessary to transform observables from
the molecular fixed axes (a, b, c) to the surface�interface fixed
axes (x, y, z). Euler angles (�, �, �) are used here to specify the
orientation of the (abc) system with respect to the (xyz) system
as depicted in ref. 76.

By assuming that the adsorbed peptide film is azimuthally
symmetric, we have the following nonzero susceptibility tensor
elements for the different modes (75, 76) as follows: B1 mode,

�xxz � �yyz � �xzx � �yzy � �zxx � �zyy

� �Ns��cos � sin � cos �� � �cos3� sin � cos ����abc

[8a]

�zzz � 2Ns��cos � sin � cos �� � �cos3� sin � cos ��)�abc

[8b]

�zxy � �� zyx � ��yzx � �xzy

�
1
2

Ns��sin2� cos2�� � �sin2� sin2����abc; [8c]

B2 mode,

�zxy � �� zyx � ��yzx � �xzy

�
1
2

Ns��cos2�� � �sin2� cos2����acb; [9]

and B3 mode,

�zxy � �� zyx � ��yzx � �xzy

� �
1
2

Ns��cos2�� � �sin2� sin2����bca, [10]

where Ns is the surface density of the repeating unit of the
�-sheet.

The achiral susceptibility tensor elements for the B2 and B3
modes have the same form as the B1 mode except that �abc
should be replaced by �acb and �bca, respectively. Our SFG
studies presented here (especially for the B1 mode) confirm
the recent suggestion that macromolecular orientational ef-
fects can dominate the chiroptical responses of uniaxial sys-
tems. Theoretical studies show that molecules with C2 sym-
metry and asymmetric twist angles can generate strong chiral
signals at interfaces (36). Here, Eqs. 9 and 10 indicate that even
with random twist angle �, molecules with D2 symmetry may
generate chiral signals (from the B2 and B3 modes).

According to Eqs. 8–10, if we assume that the twist angle � has
a random distribution, SFG signals from antiparallel �-sheets
will be zero in normal (achiral) SFG spectra. The detection of
SFG signals from antiparallel �-sheets in ssp and ppp spectra
indicates that the twist angle � does not have a random
distribution. This characteristic is different from most small
chemical groups, such as methyl and methylene groups, which
usually have random twist angles at interfaces. Assuming 

distributions for both � and �, we found that neither � nor � can
be 0°, 90°, 180°, or 270°. Our results suggest that the antiparallel
�-sheets of tachyplesin I are ordered at the PS�solution inter-
face, and very likely they tilt at the interface, instead of being
parallel or perpendicular to the PS surface normal.

Our spectral fitting results show that three peaks in the SFG
spectra collected from interfacial tachyplesin I can be assigned to
antiparallel �-sheets. The peak at 1,633 cm�1 belongs to the B2
mode, and the peaks at 1,685 and 1,695 cm�1 belong to the B1 and
B3 modes. Further assignment (e.g., whether the 1,685 cm�1 peak
is B1 or B3 mode) is difficult and should be discussed in the future.
Theoretically, if we know such peak assignments, we can evaluate
the detailed orientation of antiparallel �-sheets at interfaces based
on Eqs. 8–10. For example, assuming that both � and � have 
distributions, we can calculate the magnitude of second-order
nonlinear susceptibility tensor elements as a function of � and �
according to Eqs. 8–10. As an example for such calculations, we
show the dependence of �yyz of the B1 mode on � and � in Fig. 5,
which is published as supporting information on the PNAS web site.
If all relative and�or absolute intensities of these three vibrational
modes can be precisely measured by SFG spectra collected by using
different polarization combinations of input and output beams,
orientation information of tachyplesin I at the interface can be
deduced from a comparison between the experimental data and
such calculated curves. Further, more complicated relations be-
tween the magnitudes of second-order nonlinear susceptibility
tensor elements and orientation angles � and � and their distribu-
tions without the assumption that they have to be  distributions can
be calculated. Then, by comparison between such relations and
experimental data, average orientations of � and � and their
distributions can be deduced. We believe that such detailed data
analysis and orientation determination is feasible and will be
reported in the future.

In the literature, SFG studies mostly focus on small chemical
groups, such as methyl groups. Because of the symmetry of such
‘‘small’’ groups, the orientational measurements by SFG are
often limited to the detection and analysis of �cos�� and �cos3��.
Our study of antiparallel �-sheets here shows that SFG can
provide more orientational information about protein secondary
structure at the interface, not only the � angle distribution
information, but also the twist angle (�) distribution informa-
tion. Our research presented in this work proves that antiparallel
�-sheets can generate both chiral and achiral SFG signals, and
perhaps more detailed structural information of interfacial
�-sheets can be deduced from such SFG spectra.

Conclusion
In this work, we showed that it is possible to detect weak chiral
SFG vibrational spectra from adsorbed protein in the amide I
range at the solid�liquid interface by using an interference
enhancement method. We also observed very strong chiral SFG
vibrational spectra from a �-sheet peptide at the interface
directly. Our results confirm the recent suggestion that macro-
molecular orientational effects can dominate the chiroptical
responses of uniaxial systems. This finding indicates that besides
the orientational information provided by normal SFG spectra,
SFG can provide more secondary structural information of
interfacial proteins from chiral spectra, demonstrating the po-
tential to develop SFG into a powerful and unique technique to
study protein and peptide structures at interfaces.
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