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Optical second-harmonic generation and sum-frequency generation as novel spectroscopic tools
to probe molecular chirality are currently being developed. The latter in particular allows
studies of chirality associated with both electronic and vibrational transitions of molecules in
isotropic bulk, thin films, and monolayers. We review here the recent theoretical and experimen-
tal progress in the field. It is shown theoretically and experimentally that both processes can
have monolayer sensitivity to detect chirality in electronic and vibrational transitions and
that the sensitivity of the sum-frequency spectroscopy of chirality in vibrational transitions
can be greatly enhanced through vibrational-electronic double-resonance. Measurements with
short-pulsed lasers provide opportunities for time-resolved in situ studies of chirality.
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1. Introduction

Chiral molecules are molecules not superposable with their mirror images by rotation
and translation. Chirality (from the Greek word ���� – cheir, meaning hand) is a
term first introduced by Lord Kelvin [1], and is intrinsically a three-dimensional
notion. Being the basis of all life forms, chiral molecules play a very important role
in modern chemistry, biology and medicine [2]. Most biological molecules in the
human body consist of only left-handed amino-acids and right-handed sugars. The
reason for that is still not fully understood. Chiral receptor sites in the body interact
differently with molecules of different chirality and stereochemistry. This can result
in marked differences in the pharmacological activities of enantiomers (see, e.g, [3]).

Traditional optical techniques used to probe molecular chirality are circular dichro-
ism (CD) and Raman optical activity (ROA) [4]. They measure the differences in
absorption coefficients (in CD) or scattering cross-sections (in ROA) of the chiral
sample for left and right circularly polarized light. CD and ROA are not only capable
of distinguishing left and right enantiomers, but are also very sensitive to molecular
stereochemistry. Being purely optical techniques, CD and ROA have the intrinsic
capability for non-destructive in situ measurements. However, the sensitivities of CD
and ROA to molecular chirality are still limited. The reason is that the chiral
optical responses of a chiral sample in CD and ROA come about only if one goes
beyond the electric-dipole approximation and considers magnetic-dipole and electric-
quadrupole transition moments in the analysis [4]. As a result, the CD of a chiral
sample is only about 10�2–10�3 of the absorption coefficient for electronic transitions
and about 10�3–10�4 for vibrational transitions [5, 6]. For ROA, the difference in scat-
tered intensities of left and right circularly polarized laser light is typically �10�3–10�5

of the total scattered intensity [5, 7]. Thus CD and ROA are not sensitive enough to
reliably detect chirality of a monolayer or thin film of molecules. This makes in situ
probing of molecular chirality of biological systems difficult.

Optical second-harmonic generation (SHG) and sum-frequency generation (SFG)
are electric-dipole allowed in media without inversion symmetry. This is the case for
chiral media [8, 9]. It was predicted as early as in 1965 by Giordmaine that SFG
should be observable in chiral liquids since molecular chirality generates non-vanishing
elements in the non-linear susceptibility tensor of the sample. These elements are
directly related to the chiral molecular structure and are of different signs for left
and right enantiomers. Because the non-linear chiral responses are electric-dipole
allowed, they could be as strong as the achiral responses. Knowing that achiral SHG
and SFG can have a monolayer sensitivity, one would expect the same for chiral
SHG and SFG, i.e. a much higher chiral sensitivity than CD and ROA.

Observation of SFG in chiral liquids was first reported by Rentzepis et al. in 1966
[10], but later attempts to reproduce their results were not successful [11, 12]. Hicks
and coworkers in 1993 [13] first demonstrated the possibility of using SHG to probe
molecular chirality and record the chiral electronic spectrum of a monolayer. Later,
in our laboratory, we succeeded in using SFG spectroscopy to probe molecular chirality
in vibrational transitions [14, 15] and electronic transitions [12, 16] in both surface
monolayers and bulk liquids. Other groups, notably the groups of Koroteev,
Persoons, Buckingham, and Albrecht, have also studied SHG and SFG from liquids,
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monolayers, and thin films. In this paper, we review the optically active SHG and
SFG processes in chiral media with an emphasis on the recent development of SFG
spectroscopy to probe molecular chirality.

We note in passing that other chiral non-linear optical processes have also been inves-
tigated. Laser-induced optical activity and circular dichroism in chiral liquids have
been reported by several groups [17–19]. They can be considered as third-order or
four-wave mixing processes. The chiral response in all even-wave mixing experiments
from isotropic or cubic chiral media is forbidden under the electric-dipole approxima-
tion [9]. Therefore, the induced optical activity and circular dichroism are necessarily
weaker than their linear counterparts. However, potentially, they can be useful for
studies of time-resolved chiral responses [19]. A chiral signal from five-wave mixing
in a chiral liquid has also been reported [20]. Five-wave mixing spectroscopy has
been proposed as a novel spectroscopic technique (dubbed as BioCARS) to study vibra-
tional spectra of chiral biomolecules in solutions, in a way similar to Coherent Anti-
Stokes Raman Spectroscopy (CARS) by Koroteev [21]. However, BioCARS has not
yet been confirmed by others. Overall, there are very few experimental reports on the
use of four- and five-wave mixing to probe molecular chirality.

2. Basics of chiral responses in SFG and SHG

2.1. General considerations of SFG and SHG

In recent years SHG and SFG have been well developed as spectroscopic techniques to
study surfaces and interfaces. The basic principles of SHG and SFG and their applica-
tions can be found in recent review articles (see, for example, [22]; SHG is a degenerate
case of SFG when both input beams have the same frequency). Here, for convenience of
later discussions, we reproduce the essential aspects of the underlying theory for the
processes with emphasis on the manifestation of chirality in SFG.

SFG is a second-order non-linear optical process arising from non-linear polarization
at frequency !s ¼ !1 þ !2 induced in a medium by two input fields E

!

1 and E
!

2 of fre-
quencies !1 and !2 and wavevectors k

!

1 and k
!

2, respectively. The non-linear polariza-
tion including electric-quadrupole and magnetic-dipole contributions [23, 24] can be
written as

P
!ð2Þ
effð!sÞ ¼ P

!
ð2Þð!sÞ � r

!

�Q
$
ð2Þð!sÞ þ

i

!s
r
!

�M
!
ð2Þð!sÞ � �0�

$
ð2Þ : E

!

1E
!

2, ð1Þ

where P
!
ð2Þ, Q

$
ð2Þ, and M

!
ð2Þ are the non-linear electric-dipole polarization, electric-

quadrupole polarization, and dipole magnetization, respectively, taking the form

P
!
ð2Þð!sÞ ¼ �0�

$
ð2Þ
eee : E

!

1E
!

2 þ �0�
$
ð2Þ
eqe _::r

!

E
!

1E
!

2 þ �0�
$
ð2Þ
eeq _::E

!

1r
!

E
!

2

þ �0�
$
ð2Þ
eme :

r
!

i!1
� E
!

1

 !
E
!

2 þ �0�
$
ð2Þ
eem : E

!

1
r
!

i!2
� E
!

2

 !
,
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Q
$
ð2Þð!sÞ ¼ �0�

$
ð2Þ
qee : E

!

1E
!

2,

M
!
ð2Þð!sÞ ¼ �0�

$
ð2Þ
mee : E

!

1E
!

2: ð2Þ

Here, �
$
ð2Þ is the total second-order non-linear susceptibility tensor of the media, and

�
$ð2Þ
abc denotes a component non-linear susceptibility tensor with the three subindices

referring to either electric-dipole (e), or electric-quadrupole (q), or magnetic-dipole
(m) contributions from the fields at !s, !1, and !2, respectively. We have neglected
higher-order contributions from �

$
ð2Þ
eqq, �

$
ð2Þ
emm, �

$
ð2Þ
qme, etc. From equations (1) and (2), we

obtain [25]:

�ð2Þijk ¼ �ð2Þeee
� �

ijk
þ �ð2ÞQ1

� �
ijkl
k1l þ �ð2ÞQ2

� �
ijkl
k2l þ �ð2ÞQ

� �
ijkl
ðk1l þ k2lÞ, ð3Þ

�ð2ÞQ1

� �
ijkl
¼ i �ð2Þeqe

� �
iljk
þ

1

!1
�ð2Þeme

� �
ink
enlj,

�ð2ÞQ2

� �
ijkl
¼ i �ð2Þeeq

� �
ijlk
þ

1

!2
�ð2Þeem
� �

ijn
enlk,

�ð2ÞQ

� �
ijkl
¼ �i �ð2Þqee

� �
lijk
�

1

!s
eiln �

ð2Þ
mee

� �
njk
,

where ekln is the Levi-Civita symbol and the lth Cartesian components of the wave-

vectors k
!

i are denoted as kil. Note that the susceptibility tensors representing the
electric-quadrupole and magnetic-dipole contributions are fourth-rank tensors.
In many cases of SFG, the pure electric-dipole contribution from �

$
ð2Þ
eee dominates;

we then have P
!ð2Þ
effð!sÞ � P

!
ð2Þð!sÞ and �

ð2Þ
ijk � ð�

ð2Þ
eeeÞijk.

In the literature, the value of the non-linear susceptibility for a system depends on
units and conventions. We will use SI units and adopt the convention following the
field definition

E
!

ðr
!

, tÞ ¼ E
!

e�ið!t�k
!

r
!

Þ þ c:c: ð4Þ

with �
$
ð2Þ for SFG being twice as large as for SHG as !1 approaches !2 [26].

Under the plane-wave approximation, the intensity of the sum-frequency (SF) output
from a semi-infinite non-linear medium can be written as

Ið!sÞ ¼
!2
s

8�0c3 cos2ð�sÞ
j�ð2Þeff j

2Ið!1ÞIð!2Þ, ð5Þ

where Ið!iÞ is the beam intensity at !i, �s is the exit angle of the SF beam in air
(see figure 1 for the experimental geometry) determined by matching of the input
and output wavevector components parallel to the surface, and �ð2Þeff is the effective
second-order non-linear susceptibility of the non-linear medium defined by

�ð2Þeff ¼ ½L
$

ð!sÞ � êes� � �
$ð2Þ
S þ �

$ð2Þ
B =ði�kzÞ

� �
: ½L
$

ð!1Þ � êe1�½L
$

ð!2Þ � êe2�: ð6Þ
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In equation (6), êei is the unit polarization vector and L
$

ð!iÞ the tensorial transmission
Fresnel factor [22, 27] for the field at !i, �kz � ðksÞz � ðk1Þz � ðk2Þz is the wavevector

mismatch in the direction ẑz along the surface normal, and �
$ð2Þ
S and �

$ð2Þ
B denote the

non-linear susceptibilities of the surface and bulk, respectively, each assuming
the general expression of equation (3). In general, both �

$ð2Þ
S and �

$ð2Þ
B can contribute to

SFG. However, if �
$ð2Þ
B is electric-dipole allowed (in so-called non-linearly active

media), the contribution from �
$ð2Þ
S is usually negligible. On the other hand, if �

$ð2Þ
B is

electric-dipole forbidden while �
$ð2Þ
S is electric-dipole allowed, the two �

$
ð2Þ terms in

equation (6) can become comparable. In many cases when the surface molecular layer
is well ordered and the bulk highly disordered, �

$ð2Þ
S can actually dominate over �

$ð2Þ
B and

then SFG becomes surface-specific. This is particularly true for SFG in reflection
where the wavevector mismatch j�kzj is much larger than for SFG in transmission.

Depending on the structural symmetry of the medium, many of the tensor elements
of the non-linear susceptibility tensors could vanish or depend on one another. In the
next subsection, we shall describe the non-zero chiral and achiral elements of non-linear
susceptibilities for azimuthally isotropic chiral surfaces and isotropic chiral bulks. They
have been the two most common systems probed by chiral SHG and SFG.

2.2. Non-linear susceptibility for an azimuthally isotropic chiral surface

Because of the broken inversion symmetry, the surface non-linear susceptibility �
$ð2Þ
S is

electric-dipole allowed, i.e. �
$ð2Þ
S is dominated by ð�

$
ð2Þ
eeeÞS. For an azimuthally isotropic

surface in the laboratory coordinate system described in figure 1, the non-zero achiral
elements of �

$ð2Þ
S are

�ð2ÞS

� �
xxz
¼ �ð2ÞS

� �
yyz

,

�ð2ÞS

� �
xzx
¼ �ð2ÞS

� �
yzy

,

�ð2ÞS

� �
zxx
¼ �ð2ÞS

� �
zyy

,

�ð2ÞS

� �
zzz
,

ð7Þ

Figure 1. Beam geometry at sample position for a typical SFG experiment.
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and the non-zero chiral elements are

�ð2ÞS

� �
xyz
¼ � �ð2ÞS

� �
yxz

,

�ð2ÞS

� �
yzx
¼ � �ð2ÞS

� �
xzy

,

�ð2ÞS

� �
zxy
¼ � �ð2ÞS

� �
zyx
:

ð8Þ

For the chiral elements, the three-dimensional characteristics of chirality require the
three subindices of �

$ð2Þ
S to be all different in this case. A mirror reflection from a

plane perpendicular to the surface transforms a surface of right-hand (R) enantiomers
to that of left-hand (S) enantiomers, and therefore changes the sign of the chiral
elements. The chiral elements vanish for racemic mixtures or achiral surfaces.

With equation (6), one can see that experimentally the �-elements in equation (7) can
be assessed by SFG measurements with SSP (denoting S-, S- and P-polarization of the
SF output at !s, the input at !1, and the input at !2, respectively), SPS, PSS, and PPP
polarization combinations. The chiral elements can be assessed by SFG measurements
with SPP, PSP, and PPS polarization combinations.

The surface non-linear susceptibility �
$ð2Þ
S is related to the hyperpolarizability �

$
ð2Þ [28]

of the constituent molecules,

ð�ð2ÞS Þijk ¼
1

�0
NSl

ii
Sð!sÞl

jj
S ð!1Þl

kk
S ð!2Þ

X
�, �, 	

�ð2Þ��	hðîi � �̂�Þð ĵj � �̂�Þðk̂k � 	̂	Þi: ð9Þ

Here NS is the number density of molecules on the surface, ði, j, kÞ and ð�, �, 	Þ refer
the laboratory and molecular coordinates, respectively, l

$

Sð!iÞ is a tensor describing
the microscopic local-field correction at !i [29], and h� � �i denotes an average over the
molecular orientational distribution. Traditional achiral SHG and SFG are often
used to deduce information about molecular orientation if the relationship between
�
$
ð2Þ and the molecular structure is known (see, e.g. [29, 30]). The chiral elements of
�
$ð2Þ
S obtained from chiral SHG and SFG spectroscopy arise from molecular chirality,

and hopefully can yield information on molecular chiral stereochemistry.

2.3. Non-linear susceptibility for isotropic chiral bulk

For a chiral isotropic bulk, the achiral elements of �
$
ð2Þ
eee vanish by symmetry and the only

non-zero element of �
$
ð2Þ
eee is

�ð2Þeee
� �

xyz
¼ � �ð2Þeee

� �
yxz
¼ �ð2Þeee
� �

yzx

¼ � �ð2Þeee
� �

zyx
¼ ð�ð2ÞeeeÞzxy ¼ �ð�

ð2Þ
eeeÞxzy � �

bulk
chiral:

ð10Þ
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The lowest-order contribution to achiral �
$
ð2Þ comes from �

$ð2Þ
Q1, �

$ð2Þ
Q2, and �

$ð2Þ
Q in

equation (3). The non-zero elements of each of them are

�ð2Þq

� �
iijj
� �q, 1, �ð2Þq

� �
ijij
� �q, 2, �ð2Þq

� �
ijji
� �q, 3,

�ð2Þq

� �
iiii
¼ �q, 1 þ �q, 2 þ �q, 3:

ð11Þ

where q ¼ Q1, Q2, or Q, and i, j ¼ x, y, or z. Under a mirror reflection that converts
R-enantiomers to S-enantiomers or vice versa, �

$
ð2Þ
eee changes sign, but �

$ð2Þ
Q1, �

$ð2Þ
Q2, and

�
$ð2Þ
Q do not, as it should be. Again, the chiral elements of bulk �

$
ð2Þ can be assessed

by SPP, PSP and PPS polarization combinations, and the achiral elements by SSP,
SPS, PSS and PPP polarization combinations (see equations (3) and (6)).

The chiral elements of �
$
ð2Þ
eee are related to the chiral molecular hyperpolarizability �

$
ð2Þ

by an isotropic averaging of the latter that yields

�bulkchiral ¼
1

�0
NBlBð!sÞlBð!1ÞlBð!2Þ � �chiral, ð12Þ

with

�chiral �
X
�, �, 	

�ð2Þ��	hðx̂x � �̂�Þðŷy � �̂�Þðẑz � 	̂	 Þiiso ¼
1

6

X
�, �, 	

�ð2Þ��	 � e��	: ð13Þ

Here NB is the number density of molecules in the bulk, h� � �iiso denotes the isotropic
average in the bulk, e��	 is the Levi-Civita symbol, and lBð!iÞ is the local-field correction
factor at !i for an isotropic bulk [31].

2.4. Normalization of non-linear susceptibility

To quantify the values of the measured non-linear susceptibility elements in SFG or
SHG, we find it convenient to normalize the SFG or SHG output from a sample
with that from a z-cut quartz crystal (�-SiO2). Quartz is transparent in the range of
0.15–4 mm (50% transmission through a 1mm thick sample) [32]. Its bulk structure
has no inversion centre and produces an easily detectable SFG signal.

Crystalline quartz has D3 [32] symmetry. If we choose the crystalline axes to coincide
with the laboratory (x̂x, ŷy, ẑz) shown in figure 1, the non-vanishing elements of �

$ð2Þ
B of a

z-cut quartz crystal are

�ð2ÞB

� �
xxx
¼ � �ð2ÞB

� �
xyy
¼ � �ð2ÞB

� �
yyx
¼ � �ð2ÞB

� �
yxy
� �ð2Þq ,

�ð2ÞB

� �
xyz
¼ � �ð2ÞB

� �
yxz

,

�ð2ÞB

� �
xzy
¼ � �ð2ÞB

� �
yzx

,

�ð2ÞB

� �
zxy
¼ � �ð2ÞB

� �
zyx
:

ð14Þ
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but �ð2Þq is much larger than the others. We generally normalize our measured SHG or
SFG from a sample against that reflected from z-cut quartz using a SSP or PPP
polarization combination to which only �ð2Þq contributes. We assume

�ð2Þq ¼ 4d11 ¼ 1:60� 10�12 mV�1 ð15Þ

with negligible dispersion, where d11 ¼ 0:40� 10�12 mV�1 was obtained earlier by
SHG with input at 1064 nm [33].

When an input, or output, or both beams have their frequencies near resonances, �
$ð2Þ
S

and �
$ð2Þ
B are resonantly enhanced. Scanning !1, !2, or both over resonances yields

a corresponding spectrum of the sample. We shall describe in the following sections
SHG and SFG spectroscopic measurements that probe chirality in electronic and
vibrational transitions of chiral molecules on surfaces or in isotropic bulks.

3. Second-harmonic generation from chiral media

SHG is a special case of SFG with !1 ¼ !2. In this case, for an isotropic bulk, even the
chiral elements of �

$
ð2Þ
eee should vanish because the input frequency degeneracy requires

ð�ð2ÞB Þijk ¼ ð�
ð2Þ
B Þikj, and yet as chiral elements, ð�ð2ÞB Þijk ¼ �ð�

ð2Þ
B Þikj. However, both

chiral and achiral SHG from an azimuthally isotropic chiral surface are still electric-
dipole allowed. From equations (7) and (8), the non-zero elements of �

$ð2Þ
S for SHG are

�ð2ÞS

� �
zzz
� �1

�ð2ÞS

� �
zxx
¼ �ð2ÞS

� �
zyy
� �2

�ð2ÞS

� �
xxz
¼ �ð2ÞS

� �
yyz
¼ �ð2ÞS

� �
xzx
¼ �ð2ÞS

� �
yzy
� �3

�ð2ÞS

� �
xyz
¼ � �ð2ÞS

� �
yxz
¼ �ð2ÞS

� �
yzx
¼ � �ð2ÞS

� �
xzy
� �4:

ð16Þ

The first three groups of elements in equation (16) are achiral and the last group
is chiral. Because of degeneracy !1 ¼ !2, the chiral elements ð�ð2ÞS Þzxy ¼ �ð�

ð2Þ
S Þzyx

in equation (8) must vanish for SHG. Experimentally, the P-in/S-out polarization
combination in SHG allows one to selectively probe the chiral elements. Other
polarization combinations can also be used to assess the chiral elements through
data analysis.

The first paper reporting successful application of SHG to probe molecular chirality
of a surface monolayer was published by Hicks and coworkers in 1993 [13]. They
observed that SHG spectra of electronic transitions of 1,10-bi-2-naphthol (BN,
C20H14O2) adsorbed at air/water and air/fused quartz interfaces were different for
left and right circularly polarized (CP) input beams. The difference was comparable
to the average SHG intensity. Thus, the circular dichroic effect in SHG (SHG-CD),
defined by Hicks as 2ðI� � IþÞ=ðI� þ IþÞ, with I�, Iþ being the SHG intensity for left
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and right CP inputs, was of the order of 1, or 102–103 times greater than that observed
in a typical linear CD experiment. To appreciate this important characteristic of
SHG-CD, we describe below their work in more detail.

Consider the case of a circularly polarized fundamental beam incident at 458 on a
chiral surface with ẑz being the surface normal and ŷy perpendicular to the plane of
incidence. The polarization of the beam is then described by

êe1 ¼ êe2 ¼
1

2
x̂xþ

1

2
ẑz � i

1ffiffiffi
2
p ŷy, ð17Þ

where � refers to right and left circularly polarized light, respectively. For a S or
P polarized SHG signal in reflection, we obtain from equations (5), (6), and (16),
neglecting the Fresnel factors,

I�S ð2!Þ /
ffiffiffi
2
p
�3 � i�4

��� ���2
I�P ð2!Þ /

1

2
�1 �

1

2
�2 � �3 � i

ffiffiffi
2
p
�4Þ

����
����2:

ð18Þ

Since �4, which reflects the chirality and is of opposite signs for R and S enantiomers,
is electric-dipole allowed, it can be comparable to the achiral elements, �1, �2, and �3,
and therefore, 2ðI� � IþÞ=ðI� þ IþÞ or SHG-CD can be of order of one for both S and P
polarizations. Figure 2 shows the SHG spectra from monolayers of R-BN and S-BN on
water near their first electronic resonance obtained by Hicks and coworkers [13]. They
were obtained with S-polarized second-harmonic (SH) output and left and right circu-
larly polarized inputs. The measured value of SHG-CD at SHG wavelength �290 nm
was close to 1 [13].

As we mentioned earlier, we can use a P-in/S-out polarization combination to
directly assess the surface chirality. In this case, the SH signal, seen from
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Figure 2. Spectral dependence of the S-polarized SHG signal from monolayers of R-BN (a) and S-BN (b)
on a water surface for left and right CP fundamental, reprinted with permission from [13]. Copyright (1993),
American Chemical Society.
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equations (5), (6), and (16), is proportional to j�4j
2. The P-in/S-out SHG spectrum of a

monolayer of R-BN on water is shown in figure 3 [34]. (Further discussion of SF elec-
tronic spectra of BN will appear in the next section.) It is, however, the same for the two
enantiomers. To distinguish R and S, one needs to have mixed contributions from both
chiral and achiral elements of �

$ð2Þ
S as in the case with circularly polarized inputs

described by equation (18) [13, 35], or with inputs of linear polarizations, rotated by
�458 from the P (or S) polarization [36].

To show that chiral SHG can be an effective tool for biological systems, Hicks and
coworkers used it to probe the chirality of poly-L-lysine adsorbed on fused silica [37]
and cytochrome C (a membrane-associated protein) on interfaces in different environ-
ments [38, 39]. In the latter work, they found that the SHG-CD response is strongly
affected by the oxidation state of the heme inside Cytochrome C.

Persoons and coworkers also studied SHG from chiral surfaces and thin films in
some detail. To explain their data, they concluded that in addition to the electric-
dipole contribution, they must include a significant proportion of magnetic-dipole
contribution, ð�

$
ð2Þ
meeÞS and ð�

$
ð2Þ
eemÞS (¼ ð�

$
ð2Þ
emeÞS), in the surface non-linear susceptibility

[40–43]. This is surprising because it is well known that the magnetic-dipole (and also
electric-quadrupole) contribution to ð�

$
ð2ÞÞS is often two to three orders of magnitude

smaller than the electric-dipole contribution in the optical range. The difficulty could
arise from the sensitivity of the experimental data to the experimental geometry and
the uniqueness of the data-fitting procedure involving many (20) adjustable parameters
[43, 44]. Hache and coworkers used a similar analysis on their SHG study of a chiral
surface [45]. They assumed both input and output frequencies are off-resonance and

Figure 3. Spectral dependence of the S-polarized SHG signal from a monolayer of R-BN on water surface
for P-polarized fundamental, reprinted with permission from [34]. Copyright (1994), American Institute of
Physics.
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found that the largest components of ð�
$
ð2Þ
meeÞS and ð�

$
ð2Þ
eemÞS are only about 3% of the

largest components of ð�
$
ð2Þ
eeeÞS, but for the chiral elements the magnitudes of ð�

$
ð2Þ
eeeÞS,

ð�
$
ð2Þ
meeÞS, and ð�

$
ð2Þ
eemÞS appeared to be comparable. This seems to indicate that

the chiral components of ð�
$
ð2Þ
eeeÞS are much smaller than the achiral ones. More investi-

gation with frequency variation toward resonance and emphasis on microscopic
understanding of the origin of molecular chirality will help solve the mystery.

Frey and coworkers [46], Conboy and coworkers [47, 48], and others [49–54] have
also used chiral SHG to study surfaces and thin films of chiral molecules. In particular,
Conboy and coworkers demonstrated that the intrinsic chirality of proteins probed by
SHG can be used to monitor their association to a surface [47]. A detailed summary of
SHG measurements of chiral surfaces and thin polymer films can be found in a recent
review by Persoons et al. [41].

As discussed earlier, SHG is not electric-dipole allowed in isotropic chiral liquids
even though chiral liquids have no inversion symmetry. This is no longer the case if
the chiral liquids are anisotropic because the symmetry of the medium is now similar
to that of an oriented chiral molecular monolayer with non-zero chiral �-elements
given by equations (16). We have demonstrated such a case using a homeotropically
aligned chiral smectic-A liquid crystal (LC) sample (W314) [55]. The anisotropy also
allows the achievement of phase matching of SHG in the bulk by angle tuning (see
figure 4), which strongly enhances the signal. The chiral SHG dropped precipitously
as the sample underwent the transition from the smectic-A to the isotropic phase as
it should (see figure 5).

4. Chiral sum-frequency spectroscopy of electronic transitions

It seems natural to extend SHG studies of chirality to SFG. With independently tunable
visible and infrared sources, SFG can be used to probe electronic and vibrational

0 10 20 30 40 50 60
0

1000

2000

3000

4000

S
H

 in
te

ns
ity

 (
a.

u.
)

Incident angle (°)

Chiral LC

Racemic LC

Figure 4. SHG from a homeotropically aligned film of W314 as a function of the incident angle around
phase matching. The solid curve is the theoretical fit. Reprinted with permission from [55]. Copyright (2004)
by the Optical Society of America.
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transitions [22] with more flexibility, and therefore is a much more powerful analytical
tool than SHG. Like SHG, SFG is electric-dipole allowed at an azimuthally isotropic
surface, but unlike SHG, SFG is also electric-dipole allowed by symmetry in an iso-
tropic chiral bulk, as first suggested by Giordmaine in 1965 [8]. Rentzepis et al. did
report the observation of chiral SFG in arabinose solution in 1966 [10], but their results
have never been confirmed [11]. We believe the reason is that both input and output
frequencies in their experiment were too far away from resonance. The resonant part
of the microscopic expression for a second-order molecular polarizability is given
by [28]:

�ð2Þijk ¼
1

�hh2

X
n, n0

hgj
ijnihnj
jjn
0ihn0j
kjgi

ð!s � !ng þ i�ngÞð!2 � !n0g þ i�n0gÞ

�

þ
hgj
ijnihn

0j
jjgihnj
kjn
0i

ð!s � !ng þ i�ngÞð!1 � !n0g þ i�n0gÞ

�
, ð19Þ

where jni and jn0i denote the molecular energy states and we assumed, for simplicity,
all molecules to be initially in the ground state jgi. Following equation (19), we can
show that �chiral, defined in equation (13), takes the form

�chiral ¼
1

6�hh2

X
n, n0

hgj

!

jni � hnj

!

jn0i � hn0j

!

jgi

ð!s � !ng þ i�ngÞð!2 � !n0g þ i�n0gÞ

"

þ
hgj

!

jni � hn0j

!

jgi � hnj

!

jn0i

ð!s � !ng þ i�ngÞð!1 � !n0g þ i�n0gÞ

#
: ð20Þ
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Figure 5. Temperature dependence of phase matched SHG from W314. The smectic-A to isotropic phase
transition occurred at 117.68C. Reprinted with permission from [55]. Copyright (2004) by the Optical Society
of America.
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If the input and output frequencies are far away from resonance such that the system
can be approximated by an effective two-level system with an average resonant
frequency !ng, we obtain from equation (20) that �chiral � 0. This agrees with the gen-
eral result that no chirality can exist in a two-level system. Thus we expect that in order
to observe chiral SFG, we must have either the input or the output frequency close to
resonance. Therefore, we have studied chiral SFG near electronic resonances from a
BN bulk solution, recalling that Hicks and coworkers already carried out SHG spectro-
scopy on BN monolayers.

We used SFG in transmission to probe the chiral response of a 0.7M solution of BN
in tetrahydrofuran (THF). To access the chiral components of the non-linear suscept-
ibility, ð�ð2ÞB Þijk with i 6¼ j 6¼ k, we must have the three input and output beam polariza-
tion vectors not in the same plane. More specifically, from equations (5), (6), and (10),
we find the chiral SFG output in transmission to be

Ið!sÞ / �bulkchiralêes � ðêe1 � êe2Þ
1

�kz

����
����2, ð21Þ

where êei is the polarization of the ith beam. The coherence length, lc ¼ 1=j�kzj, is often
maximized when the input and output beams are collinear, but then êes � ðêe1 � êe2Þ will be
zero. To optimize the product of jlcj and jêes � ðêe1 � êe2Þj, one would choose the polariza-
tion combination SPP and a beam geometry with the angle between k

!

1 and k
!

2 to be
�10–208, depending on the values of the refractive indices of the sample for input
and output beams. However, for such small angles, the coherence length is very sensi-
tive to the values of the refractive indices, which are often not known precisely. This
makes the analysis of the spectra difficult. In practice, unless the maximum sensitivity
is needed, we found it more convenient to have the angle between k

!

1 and k
!

2 around
30–608. The coherence length is then much less sensitive to the refractive indices
while the chiral SFG signal is only �3 times smaller than that in the optimal case.

Our experimental arrangement is depicted schematically in figure 6(a). The input
beams were generated from a picosecond laser/optical parametric system. One beam
(!1), tunable from 450 to 550 nm with 250 mJ/pulse, was obliquely incident at 458,
and the other !2, fixed at 1.064 mm with 2 mJ/pulse, was normally incident on the
sample. The sample was a cell of BN solution 2mm thick. This cell thickness was
much larger than the coherence length, but small enough so that the linear optical rota-
tion in the solution is negligible. The two input beams were focused to a diameter of
�1mm and overlapped in time and space at the exit surface of the solution to avoid
strong absorption of the SF output near resonance. The SF output from the sample,
after passing through a filter assembly and a double monochromator, was detected
and recorded by a photomultiplier/photon-counting system. Sum-frequency signals in
both SPP and PSP polarization combinations yielded j�bulkchiralj

2 (see equations (5), (6),
and (10)), although the signal strengths are different.

The linear absorption spectrum and the molecular structure of BN are shown
in figure 7 and the observed chiral SF spectra of the BN solution covering the first
pair of electronic transitions of BN in the range between 315 and 360 nm are presented
in figure 8. The peak positions in linear and non-linear optical spectra agree well.
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The spectrum disappeared for a racemic mixture of BN solution as expected. We have
also presented in figure 9 the deduced spectrum of j�bulkchiral=NBj

2. As shown in the figure,
the spectrum of j�bulkchiral=NBj

2 can be fitted very well using equations (12) and (20), which
with !s close to two resonances at !e1þg

and !e1�g give

1

NB
�bulkchiral ¼

1

NB

AþB
!s � !e1þg

þ i�e1þg
þ

A�B
!s � !e1�g þ i�e1�g

 !
: ð22Þ

The values of AþB (for transition at 319 nm) and A�B (for transition at 338 nm) obtained
from the fitting are given in table 1.

We can relate the chiral response to the chiral structure of BN using the so-called
coupled-oscillator model [56].1 As shown in figure 7(a), the BN molecule is composed

x

z y

ω2,1064 nm

ωs, 315–360 nm

D

ω2,1064 nm

ω1,
450–550 nm

ωs,
315–360 nm

D

(b)

(a)

ω1,
450–550 nm

Figure 6. Experimental arrangement for (a) bulk measurements and (b) surface measurements (geometry 1).

1Note that some numerical factors and signs in equation (20), (28), (29), and (31) in this review article differ
from those in equations (11), (12), (13), and (15), respectively, in the reference because of the arithmetic errors
made in the reference. As a result, the values of j�bulkchiral=NBj shown in figure 10(b) are smaller than those shown
in figure 2 in the reference by approximately a factor of 2. Because of the qualitative nature of the coupled-
oscillator model, these errors have no affect on the general conclusions of the reference.
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of two linked 2-naphthol monomers, twisted by 1008 [57]. The twist gives rise to chirality.
The classical coupled-oscillator model, first proposed by Kuhn [58] to explain linear
optical activity, treats each monomer as an oscillator. Hache et al. [59] recently used it
to describe the second-order optical response from an azimuthally isotropic chiral
monolayer. The quantum coupled-oscillator model treats the monomers quantum
mechanically and is certainly more quantitative and realistic. It was also first developed
to understand linear optical activity of dimer molecules [60, 61]. Here, we extend the
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Figure 7. (a) Structure of the 1,10-bi-2-naphthol molecule: front view (left) and side view (right) with
molecular axes x̂x0, ŷy0, and ẑz0. (b) Transitions between the lowest exciton-split states and the ground state
and the corresponding absorption spectrum of BN in tetrahydrofuran (that in acetone is similar). Reprinted
with permission from [16]. Copyright (2002) by the American Physical Society.
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Figure 8. Transmission SFG spectra of BN in THF with (a) SPP and (b) PSP polarization combinations.
Filled circles are for S-BN, open circles for R-BN, and crosses for the racemic mixture. Solid lines are to guide
the eye. Reprinted with permission from [12] and [16]. Copyright (2001, 2002) by the American Physical
Society.
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calculation to the second-order non-linear polarizability of BN. The two identical mono-
mers of BN, if not coupled, would lead to a pair of degenerate states for each excited
monomer state. Coupling between the monomers lifts the degeneracy, resulting in a set
of so-called exciton-split pairs of states, jenþi and jen�i, that are respectively symmetric
and antisymmetric with respect to a two-fold rotation about the molecular symmetry
axis. Let x̂x0 be along the connecting C–C bond and ẑz0 along the C2 symmetry axis of
the molecule (figure 7(a)). Then a simple symmetry argument shows that the only non-
vanishing electric-dipole matrix elements between hen�j and jgi are henþ j
z0 jgi and
hen� j
ijgi with i ¼ x0 or y0. For the first pair of excited states je1�i, the transitions from
jgi to je1þi occur at 319 nm and from jgi to je1�i at 338 nm [57].

We can now insert the exciton-split states in equation (20) and with equation (12)
obtain the microscopic expressions for A�B defined in equation (22)

A�B ¼
1

�0
NBlBð!sÞlBð!1ÞlBð!2ÞA�, ð23Þ

Figure 9. The spectrum of j�bulkchiral=NBj
2 of a 0.7M solution of S-BN in tetrahydrofuran. The solid curve is

the fit from equation (22). Reprinted with permission from [16]. Copyright (2002) by the American Physical
Society.

Table 1. Fitting parameters for �bulkchiral of a 0.7M solution of S-BN in tetrahydrofurane and ð�ð2ÞS Þijk of a
monolayer of R-BN on water, as described in equation (22) and equation (39), respectively. Reprinted with

permission from [16]. Copyright (2002) by the American Physical Society.

Bulk chiral elements jA�B j ðmV�1 s�1Þ �ab (nm) �ab=2�c ðcm
�1
Þ

ð�ð2ÞB Þxyz ¼ ð�
ð2Þ
B Þyzx ¼ ð�

ð2Þ
B Þzxy ¼ 5.2 338 477

�ð�ð2ÞB Þyxz ¼ �ð�
ð2Þ
B Þxzy ¼ �ð�

ð2Þ
B Þzyx 6.5 319 479

Surface chiral elements jðA�S Þijkj ðm
2 V�1 s�1Þ �ab (nm) �ab=2�c ðcm

�1
Þ

ð�ð2ÞS Þyxz ¼ �ð�
ð2Þ
S Þxyz 1:0� 10�7 338 668

ð�ð2ÞS Þyzx ¼ �ð�
ð2Þ
S Þxzy 1:0� 10�7 338 668

ð�ð2ÞS Þzxy ¼ �ð�
ð2Þ
S Þzyx 0:4� 10�7} 321 664
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with

A� ¼
1

6�hh2
ð!1 � !2Þhgj


!

je1�i �
X
n

he1�j

!

jni � hnj

!

jgi

ð!1 � !ngÞð!2 � !ngÞ

" #
, ð24Þ

where jni denotes the energy states of the dimer.
More explicitly, in the coupled-oscillator model, the ground electronic state of the

dimer is given by

jgi ¼ j0ij00i, ð25Þ

where j0i and j00i refer to the ground electronic states of the two monomers. The
symmetric and antisymmetric excited electronic states have the expressions

jen�i ¼
1ffiffiffi
2
p ðj0ijn0i � jnij00iÞ, ð26Þ

with jni and jn0i denoting the first excited states of the two individual monomers.
The energy difference between the symmetric and the antisymmetric state, known as
the Davydov exciton splitting, is

Eenþ
�Een�¼ 2hnjh00jVj0ijn0i, ð27Þ

with V being the interaction potential between the monomers. The electric-dipole
operator for the dimer in equation (24) should now be replaced by the sum of the
electric-dipole operators, 


!

and 

!
0 for the monomers. We then find the more explicit

expressions of A� in terms of the monomer states.

A� ¼ �
ð!1 � !2Þ

24�hh2
ð

!

01 þ 

!
0
01Þ � ð�


!

10 ��

!
0
10Þ � ð


!

10 � 

!
0
10Þ

ð!2 � !e1	gÞð!1 � !e1	gÞ

"

�
X
n
2

ð

!

01 � 

!
0
01Þ �

ð

!

1n � 

!
0
1nÞ � ð


!

n0 þ 

!
0
n0Þ

ð!2 � !enþgÞð!1 � !enþgÞ
þ
ð

!

1n 	 

!
0
1nÞ � ð


!

n0 � 

!
0
n0Þ

ð!2 � !en�gÞð!1 � !en�gÞ

 !#
,

ð28Þ

where 

!

ab and 

!
0
ab denote the transition dipole moments of the two monomers between

states jai and jbi, �

!

10 � 

!

11 � 

!

00, and �

!
0
10 � 


!
0
11 � 


!
0
00.

If we neglect the difference between !enþg
and !en�g in the above expression,

and realize that 

!

1i � ð

!

i0 � 

!
0
10Þ ¼ 


!
0
1i � ð


!
0
i0 � 


!

10Þ from the C2 symmetry of the
dimer, we can simplify equation (28) to

A� ¼
ð!1 � !2Þ

24�hh2
�

4�

!

10 � ð

!

10 � 

!
0
10Þ

ð!2 � !e1gÞð!1 � !e1gÞ
þ
X
n
2

4

!

1n � ð

!

n0 � 

!
0
10Þ

ð!2 � !engÞð!1 � !engÞ

( )"

þ
X
n
2

4

!

1n � ð

!

n0 � 

!

10Þ

ð!2 � !engÞð!1 � !engÞ

#
,

ð29Þ
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with

!eng �
!enþg þ !en�g

2
:

The last term describes chirality in the monomer components of the dimer molecule,
and vanishes if they are achiral. The terms in the curly brackets describe the chirality
of the dimer resulting from the twist between the monomers, and is non-zero even
if the monomers are achiral. As a further simplification, we neglect the dispersion
of the denominators in the summation in equation (29) and replace the transition
frequencies !eng with n 
 2 by an effective transition frequency !eff. This approximation
transforms the system into an effective three-level system. We then find for BN, with
the help of the closure relation of eigenstates,

X
n
2

4

!

1n � ð

!

n0 � 

!
0
10Þ

ð!2 � !engÞð!1 � !engÞ
�
�4�


!

10 � ð

!

10 � 

!
0
10Þ

ð!2 � !effÞð!1 � !effÞ
ð30Þ

and hence,

A� ¼ �
ð!1 � !2Þ

6�hh2
�

!

10 � ð

!

10 � 

!
0
10Þ

�
1

ð!2 � !e1gÞð!1 � !e1gÞ
�

1

ð!2 � !effÞð!1 � !effÞ

� � ð31Þ

We can now use equations (22), (23), and (31) to calculate j�bulkchiral=NBj versus !s for
BN and compare the result with experiment. The two connected naphthalene subunits
in BN are twisted by an angle � � 1008 [57]. From table 8-3 of [62], we find
j�

!

10j ¼ 0:5Debye and from [57], we find j

!

10j ¼ 1:4Debye with 

!

10 lying in the
monomer plane and making an angle of 1 ¼ 408 with the short axis of the monomer.
The direction of �


!

10 is not known; we assume that it lies in the ring plane and makes
an angle of 0 with the long axis of the monomer. The geometry of BN in figure 10(a)
gives

�

!

10 � ð

!

10 � 

!
0
10Þ ¼ j�


!

10jj

!

10j
2 � sinð�Þ sinð1Þ sinð1 � 0Þ: ð32Þ

For numerical estimates, we take 0 ¼ 908 and �hh!eff ¼ 6 eV to roughly coincide with
the position of the first strong absorption peak of BN. With !1 varied and !2 fixed
at �hh!2 ¼ 1:17 eV (wavelength at 1.064 mm), the calculated SF spectrum of j�bulkchiral=NBj

versus !s is displayed in figure 10(b) in comparison with the experimental spectrum
obtained from a 0.7M solution of BN in tetrahydrofuran (THF). In the calculation,
we used �hh!e1þg

¼ 3:89 eV (or wavelength 319 nm), �hh!e1�g ¼ 3:67 eV (or 338 nm), and
�e1�g

¼ 480 cm�1 (see table 1). We utilized the Lorentz formula for local-field factors
lBð!iÞ ¼ ð�ð!iÞ þ 2Þ=3 with �ð!iÞ being 1.46, 1.39, and 1.37 at !i equal to !s, !1 and
!2, respectively. The agreement between theoretical and experimental spectra is very
good considering the simplifying assumptions made in the calculation. The absolute
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value of A�, for example, will reduce significantly if 0 is closer to 408 than 908. While
the value of 0 may be obtained from calculation, it could be deduced from fitting a
doubly resonant SF spectrum with !1 � !e1�g and !s � !e1þg

. In this case, the terms
with n
 2 in the expression of A� can be neglected, and the system becomes more
truly a three-level system. More generally, the doubly resonant SFG spectrum can
provide a more rigorous check of the theory discussed here.

Equation (32) shows how the chiral non-linearity depends on the structure of BN. In a
three-level approximation, for non-vanishing �bulkchiral the three vectors �


!

10, 

!

10 and 

!
0
10

must not be in the same plane: 

!

10 and 

!
0
10 must not be along the short axis of the

monomers and �

!

10 must be tilted away from 

!

10. The twist angle � has opposite
signs for the two enantiomers, S-BN and R-BN.

It is interesting to know whether linear optical activity and chiral SFG at the same
electronic resonances provide similar or different chiral structural information about
chiral molecules. The linear optical activity arises from the difference of refractive
indices, nL and nR, for left and right circularly polarized light, respectively. For a

(a)
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α=+100°

Figure 10. (a) Structure of the monomers of the BN molecule. (b) Experimental result (dots) and model
prediction (solid line) of j�bulkchiral=NBj versus !s for a 0.7M solution of S-BN in tetrahydrofuran.
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chiral liquid we have [60, 61]

nR � nL ¼
2

3
c
0NlBð!Þ �

2

�hh

X
m 6¼g

! � Rmg

ð!� !mg þ i�mgÞð!þ !mg � i�mgÞ
, ð33Þ

where Rmg � Imð

!

gm �m
!

mgÞ, ! is the optical frequency, lBð!Þ is the local-field correction
factor for the bulk, 


!

and m
!

are electric and magnetic dipole operators, respectively,
and we have assumed that only the ground state is populated.

Using the coupled-oscillator model, we find for a dimer molecule like BN [60, 61]

Ren�g
¼ �

1

4
!en�gR

!

� ð

!
0
n0 � 


!

n0Þ, ð34Þ

where R
!

is the vector connecting the centres of the two monomers. With ! � !e1�g
,

we can write

nR � nL
N

�
Bþ

!� !e1þg
þ i�e1þg

þ
B�

!� !e1�g þ i�e1�g
, ð35Þ

with

B� ¼ �
1

3�hh
c
0lBð!Þ

!!e1g

!þ !e1g
R
!

� ð

!
0
10 � 


!

10Þ: ð36Þ

The chiral structural information is contained in B� in linear optical activity as A�
in chiral SFG. In both cases, if the two achiral monomers are not coupled so that
!e1þg

¼ !e1�g, or are not twisted with respect to each other so that 

!
0
10 � 


!

10 ¼ 0,
then the chiral response must vanish. However, the linear optical activity depends
on the dot product of the R

!

and ð

!
0
10 � 


!

10Þ, but the chiral SFG response depends
on the dot product of �


!

10 and ð

!

10 � 

!
0
10Þ (in simplified form). The former means

that the strength of optical activity actually increases with the physical separation
of the two monomers, and the form R

!

� ð

!
0
10 � 


!

10Þ is a manifestation of the non-
local, partially magnetic-dipole origin of the linear optical activity [4]. On the other
hand, for chiral SFG, the chiral response is proportional to the vector product of
three dipole moments and hence is a local response. Thus, linear optical activity and
chiral SFG actually provide different information about the chiral structure of a
dimer molecule.

The chiral SFG can be extended to cases involving double resonances in three levels.
While resonant linear optical activity or circular dichroism probes chirality in selected
electronic transition through R

!

� ð

!
0
10 � 


!

10Þ, doubly resonant chiral SFG can probe
chirality in transitions among the three selected levels through (following
equation (20)) 


!

gn � ð

!

nn0 � 

!
0
n0gÞ. In general, double resonance can occur with one

electronic and one vibrational transition. Therefore, one can anticipate more chiral
structural information about a molecule from doubly resonant SFG.
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It is clearly possible to extend SFG to the probing of chiral electronic resonances
of BN monolayers as a similar SHG measurement was already reported by Hicks
and coworkers [13, 34, 35]. However, SFG spectroscopy does have more flexibility
in variations of beam geometry and polarization that can lead to more information.
Because of selection rules, the SF spectra of an oriented monolayer are generally
different from those of the bulk. Here, we discuss our chiral SFG work on BN
monolayers on water.

The monolayer samples were prepared from a saturable solution of BN in water. The
BN molecules would segregate to the air/water interface to form a more or less oriented
monolayer with OH terminals facing toward the water. In the SFG measurement, the
SF output was detected in the reflected direction. We focused on chiral SF spectroscopy
over the first pair of electronic transitions of BN.

To measure the three independent chiral surface non-linear susceptibility elements
in equation (8) for the BN monolayer on water, we used two different beam geometries.
In geometry 1 (figure 6b), the !1 beam was incident at an angle of 1 ¼ 458 and the
!2 beam at 2 ¼ 08. As seen from equations (5), (6), and (8), the SPP and PSP polariza-
tion combinations then allowed us to assess ð�ð2ÞS Þyzx and ð�

ð2Þ
S Þzyx, respectively. The PPS

combination yielded the linear combination of ð�ð2ÞS Þzxy ¼ �ð�
ð2Þ
S Þzyx and ð�ð2ÞS Þxzy ¼

�ð�ð2ÞS Þyzx. In geometry 2, the !1 and !2 beams were incident on the surface at
1 ¼ 458 and 2 ¼ 308. The SPP polarization combination assessed the linear combina-
tion of ð�ð2ÞS Þyzx and ð�ð2ÞS Þyxz. With ð�ð2ÞS Þyzx already known, ð�ð2ÞS Þyxz could be deduced.
The measured values of the non-linear susceptibilities were normalized against signals
from a reference quartz crystal.

The chiral spectra of the different geometries and polarization combinations for a BN
monolayer on water are displayed in figure 11. The spectra of the two enantiomers
of BN are the same while that of the racemic mixture vanishes as shown in figure 11(a)
for the SPP spectra. This assures us that the spectra come from the non-linear chiral
response. We notice in figure 11(a) and (b) that with both geometries, the SPP spectra
exhibit only a single resonance peak at 338 nm for !s � !e1�g and no resonant peak at
321 nm for !s � !e1þg

. This is also the case for the P-in/S-out SHG spectrum of BN
on water observed by Hicks, figure 3, suggesting that the BN monolayer is oriented.

To understand the surface SFG spectra, we consider first the non-linear polarizability
elements of BN molecules. We obtain from equation (19), in the molecular coordinates,

�ð2Þi0j0z0 ¼
1

�hh2

X
n

hgj
i0 je1�ihe1� j
j0 jnihnj
z0 jgi

ð!s � !e1�g þ i�e1�gÞð!2 � !ngÞ
þ
hgj
i0 je1�ihe1�j
z0 jnihnj
j0 jgi

ð!s � !e1�g þ i�e1�gÞð!1 � !ngÞ

� �
,

�ð2Þi0z0j0 ¼
1

�hh2

X
n

hgj
i0 je1�ihe1� j
z0 jnihnj
j0 jgi

ð!s � !e1�g þ i�e1�gÞð!2 � !ngÞ
þ
hgj
i0 je1�ihe1�j
j0 jnihnj
z0 jgi

ð!s � !e1�g þ i�e1�gÞð!1 � !ngÞ

� �
,

�ð2Þz0i0j0 ¼
1

�hh2

X
n

hgj
z0 je1þihe1þj
i0 jnihnj
j0 jgi

ð!s � !e1þg
þ i�e1þg

Þð!2 � !ngÞ
þ
hgj
z0 je1þihe1þ j
j0 jnihnj
i0 jgi

ð!s � !e1þg
þ i�e1þg

Þð!1 � !ngÞ

" #
, ð37Þ

for i 0, j 0 ¼ x0 or y 0, but i 0 6¼ j 0. We have neglected the damping constants in the
off-resonant denominators. Since only henþ j
z0 jgi and hen�j
ijgi with i ¼ x0 or y0 are
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non-vanishing, �ð2Þi0j0z0 and �
ð2Þ
i0z0j0 are resonantly enhanced only at !s ¼ !e1�g and �

ð2Þ
z0i0j0 only

at !s ¼ !e1þg
. The observed spectra indicate that both ð�ð2ÞS Þyzx and ð�ð2ÞS Þyxz should

not contain �ð2Þz0x0y0 and �ð2Þz0y0x0 . For this to be true, the BN surface monolayer must
have molecules well oriented with their molecular z0-axis along the surface normal
(z). (Such an orientation is reasonable considering that the OH terminals of BN
should adsorb on water and the aromatic rings are highly hydrophobic.) The
corresponding surface chiral non-linear susceptibility elements are, from equation (9),

�ð2ÞS

� �
yxz
¼

1

�0
NSl

yy
S ð!sÞl

xx
S ð!1Þl

zz
S ð!2Þ �

ð2Þ
y0x0z0 � �

ð2Þ
x0y0z0

� �
=2,

�ð2ÞS

� �
xzy
¼

1

�0
NSl

xx
S ð!sÞl

zz
S ð!1Þl

yy
S ð!2Þ �

ð2Þ
x0z0y0 � �

ð2Þ
y0z0x0

� �
=2,

�ð2ÞS

� �
zyx
¼

1

�0
NSl

zz
S ð!sÞl

yy
S ð!1Þl

xx
S ð!2Þ �

ð2Þ
z0y0x0 � �

ð2Þ
z0x0y0

� �
=2, ð38Þ
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Figure 11. Chiral SFG spectra from surface monolayers of BN. (a) SPP spectra from monolayers of R-BN,
S-BN and their racemic mixture measured with experimental geometry 2; (b) SPP (c) PPS and (d) PSP spectra
from a monolayer of R-BN, measured with experimental geometry 1. Solid curves are fits from equation (39).
Reprinted with permission from [16]. Copyright (2002) by the American Physical Society.
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where l
$

Sð!iÞ is the local-field correction factor for the surface monolayer for the beam
at !i (note that l xxS ð!iÞ ¼ l

yy
S ð!iÞ). Thus, the SPP polarization combination assessing

only ð�ð2ÞS Þyzx yields a single resonance at 338 nm, and the PPS spectrum assessing

ð�ð2ÞS Þxzy and ð�ð2ÞS Þzxy exhibits resonances at both 321 and 338 nm. Because jð�ð2ÞS Þzxyj

is small (as it would vanish by symmetry if !1 ¼ !2), the peak at 321 nm in the PPS
spectrum is weak. Its visibility is partly due to constructive interference through overlap
with the tail of the strong peak at 338 nm in the coherent SFG process. In contrast, the
PSP spectrum, assessing only ð�ð2ÞS Þzyx, shows only the resonance at !s � !e1þg

, and
then, without the benefit of constructive interference with the strong peak at 338 nm,
the peak becomes too weak to detect as seen in figure 11(d). The surface non-linear
susceptibility elements near resonance can be expressed in the general form

�ð2ÞS

� �
ijk
¼

ðAþS Þijk
!s � !e1þg

þ i�e1þg
þ

ðA�S Þijk
!s � !e1�g þ i�e1�g

, ð39Þ

which can be used to fit the spectra in figure 11. The parameters ðA�S Þijk and �e1�g

deduced from the fitting are listed in table 1.
For comparison, we also measured the achiral spectral response from the BN mono-

layer using PPP, SSP, SPS and PSS polarization combinations. The PPP spectra are
shown in figure 12 as an example. Here, the spectra for monolayers of R-BN, S-BN
and a racemic mixture appear identical as expected. The resonance peak at 321 nm
comes from ð�ð2ÞS Þzzz and ð�

ð2Þ
S Þzxx and the one at 338 nm from ð�ð2ÞS Þxxz and ð�

ð2Þ
S Þxzx, as

seen from equations (5), (6), (7), and (37). The comparable intensities of achiral and
chiral spectra indicate that the chiral and achiral non-linear susceptibility elements
are of the same order of magnitude.
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Figure 12. PPP spectra from surface monolayers of R-BN, S-BN, and their racemic mixture, measured with
experimental geometry 2 (see the text). The solid curve is the fit from equation (39). Reprinted with permission
from [16]. Copyright (2002) by the American Physical Society.
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To see how ordered and disordered molecular orientations can affect the chiral
SF response, we can compare jA�B j=NB with jðAþS Þzyxj=NS and jðA�S Þyzxj=NS at
!s � !e1þg

and !s � !e1�g, respectively. We obtain

jðAþS Þzyxj=NS

jAþB j=NB
¼ 2:6,

jðA�S Þyzxj=NS

jA�B j=NB
¼ 8:1, ð40Þ

where the values of A�B , ðA
þ
S Þzyx and ðA

�
S Þyzx are given in table 1, and NS ¼ 1018 m�2 and

NB ¼ 4:2� 1026 m�3 are number densities of BN molecules in a surface monolayer and
in the bulk solution, respectively.2 The value of NS was calculated from the known frac-
tional coverage of00.9 for BN on water [34] with each BN molecule occupying an area
of �90 Å2. The ratios being larger than 1 indicates that the orientational ordering of
BN molecules on the water surface enhances the chiral response.

We can gain a better understanding of the chiral SFG response from a BN monolayer
using the coupled oscillator model. From equations (37), (38), and (39) we find

ðAþS Þyzx ¼ 0, ð41Þ

ðA�S Þyzx ¼
NSLS

2�0�hh2

X
n

fhgj
y0 je1�ihnj
x0 jgi � hgj
x0 je1�ihnj
y0 jgighe1�j
z0 jni

ð!2 � !ngÞ
þ

�

þ
fhgj
y0 je1�ihe1� j
x0 jni � hgj
x0 je1�ihe1�j
y0 jnighnj
z0 jgi

ð!1 � !ngÞ

�
, ð42Þ

ðAþS Þzyx ¼
NSLS

2�0�hh2

X
n

hgj
z0 je1þifhe1þ j
y0 jnihnj
x0 jgi � he1þ j
x0 jnihnj
y0 jgigð!1 � !2Þ

ð!1 � !ngÞð!2 � !ngÞ

� �
,

ð43Þ

ðA�S Þzyx ¼ 0, ð44Þ

where LS is the local-field correction factor for surface. From equations (23), (24),
and (43), recalling that only the z0 component of hgj


!

je1þi is non-vanishing, we imme-
diately obtain

ðAþS Þzyx=A
þ
B

��� ���ðNB=NSÞ ¼ 3LS=LB, ð45Þ

where LB is the local-field correction factor for bulk. The expression for
jðA�S Þyzx=A

�
B jðNB=NSÞ is more complex. If we neglect contributions from excited states

other than je1�i in equations (24) and (42), we find, from equations (23), (24), and (42),

jðA�S Þyzx=A
�
B jðNB=NSÞ ¼ 3ðLS=LBÞ

j!2 � !e1þg
j

j!1 � !2j
� 5:6ðLS=LBÞ, ð46Þ

2Ref. [16] used NS ¼ 2:0� 1018 m�2, but the value NS ¼ 1018 m�2 appears to be more accurate. This change
does not affect the conclusions of [16].
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where we took !1 ¼ 20 200 cm�1 ($495 nm), !2 ¼ 9400 cm�1 ($1.064 mm), and
!e1þg

¼ 29 600 cm�1 ($338 nm). It is difficult to calculate the correct local field correc-
tion factors for solute molecules in a solution [31]. However, assuming the ratio of
ðLS=LBÞ is not too different from unity, we conclude that equations (45) and (46)
qualitatively explain the observed enhancement of the chiral signal from an oriented
surface of BN. Note that, while equation (45) is exact (providing that all BN molecules
on the water surface are oriented with their C2-symmetry axis along the surface
normal), equation (46) is obtained assuming a three-level model for BN and therefore
it gives a less accurate estimate of the peak enhancement.

Using equations (9) and (37), we can calculate the spectra of jð�ð2ÞS Þyzxj
2, for three

different molecular orientations of the BN monomer with the x0, y0 and z0 axes,
respectively, along the surface normal, neglecting the contributions from states other
than je1�i. The results are shown in figure 13(a). Only the spectrum of jð�ð2ÞS Þyzxj

2

with z0 along the surface normal is in qualitative agreement with the experimental
spectrum in figure 13(b), deduced from SPP measurements. This confirms the finding
that the BN molecules on water are oriented with their C2-symmetry axis along the
surface normal.

Overall, we have demonstrated here that for twisted dimers like BN, the simple
coupled-oscillator model can be used to describe the chiral SFG response fairly well.
For other types of chiral molecules, models developed to explain linear optical activity
presumably can also be extended to explain their chiral SFG response. In the case of
molecules with a chiral centre, the calculation for linear optical activity has recently
been extended successfully to explain chiral SFG observed in solutions of amino
acids [63].

We note in passing that we have so far considered only the deduction of the chiral
non-linear susceptibility elements from measurements with selective polarization com-
binations SPP, PSP, and PPS. Only the chiral elements contribute to the SF signal
in these polarization combinations. Since the SF signal is proportional to the square
of the absolute value of effective susceptibility, see equations (5) and (6), such measure-
ments cannot distinguish R- and S-enantiomers although the chiral elements for the two
enantiomers have opposite signs. To be able to distinguish the two enantiomers, we
must introduce some contribution from achiral non-linear susceptibility elements to
interfere with the contribution from chiral elements in SFG. The interference of the
response from achiral and chiral non-linear susceptibility elements, positive or negative,
can then be used to distinguish R- and S-enantiomers. This will be discussed in more
detail in the case of chiral SF vibrational spectroscopy in the next section. Fisher
et al. recently used a dc-field-induced achiral non-linear susceptibility to interfere
with the chiral susceptibility and were able to observe distinguishable chiral SFG
responses from BN solutions with different enantiomers [64].

5. Chiral sum-frequency spectroscopy of vibrational transitions

With tunable infrared sources, SFG can be used as a spectroscopic tool to probe
molecular chirality in vibrational modes associated with selected groups within a
chiral molecule. Since vibrational modes are directly related to the molecular structure,
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such measurements are expected to be more informative about the chiral structure of
molecules. We have demonstrated the possibility in a number of chiral liquids [14].

In our experiment (figure 14(a)), the two input beams, one (!1) fixed at 0:532 mm
and the other (!2) tunable in the infrared between 3.6 and 3:2 mm (2800–3100 cm�1),
were both generated by a mode-locked Nd:YAG laser/optical parametric system,
with pulse energies of 800 mJ and 200 mJ, respectively. Both had a pulse-width of
�25 ps and a repetition rate of 10Hz. The two beams overlapped at 908 over an area
of 10�3 cm2 on a sample. The samples we studied were chiral liquids in a cell �1mm
thick, which was much larger than the coherent length lc, but small enough so that
the effect of optical rotation in the sample could be neglected. To avoid the effect of
infrared absorption at !2, the input beams were overlapped at the entrance surface
of the sample.

Figure 13. (a) Model prediction for jð�ð2ÞS Þyzxð!sÞj
2 for a chiral BN monolayer on water oriented with the

molecular axis x0, y0, or z0 along the surface normal. (b) The spectrum of jð�ð2ÞS Þyzx=NSj
2 of a monolayer

of S-BN on water deduced from experiment. The solid curve is the fit from equation (39). Reprinted with
permission from [16]. Copyright (2002) by the American Physical Society.
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As !2 scans over the vibrational resonances of the sample (schematically shown in
figure 14(b)), the non-linear susceptibility �

$
ð2Þ should experience resonant enhancement

described by

�ð2Þijk ð!2Þ ¼ ð�
ð2Þ
NRÞijk þ

X
q

Aq, ijk

!2 � !q þ i�q
ð47Þ

where ð�ð2ÞNRÞijk is a non-resonant contribution, and Aq, ijk, !q, and �q are the amplitude,
resonant frequency, and damping constant for the qth vibrational mode. As shown
in equation (5), the SF output is proportional to j�ð2Þeff j

2 which depends on �
$
ð2Þ.

Recording the SF output as a function of !2 yields the SF vibrational spectrum (SFVS).
We have obtained chiral SFVS from chiral liquids in the transmission geometry.

Here, we focus the discussion on limonene (chemical formula C10H16 depicted in
figure 14(c)). Figure 15 displays the SFG spectra (normalized against quartz) in the
CH stretch region for the two enantiomers of limonene and their racemic mixture
obtained with SPP, PSP, SSP, PPP, and SPS polarization combinations. As mentioned

Figure 14. (a) Experimental setup for SF spectroscopy on vibrational transitions. (b) Energy diagram for
IR-Visible SFG. (c) Molecular structure of S- and R-limonene
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earlier, the SSP, PPP, and SPS spectra involve only the achiral elements of �
$
ð2Þ, whereas

the SPP and PSP spectra involve only the chiral elements. The two sets of spectra are
clearly very different, indicating that the vibrational modes with strong chirality are not
necessarily the dominant modes in the achiral spectra.

The spectra in figure 15 provide the following information.

1. As expected, the achiral SFG spectra for the two limonene enantiomers and the
racemic mixture are the same. The chiral SFG spectra for the two enantiomers
are also identical, but disappear for the racemic mixture.

2. The peaks in the chiral spectra are �25 times stronger than those in the achiral
SPS spectrum.

3. The chiral spectra yield a spectrum of j�bulkchiralð!2Þ=NBj
2 (with

NB ¼ 3:7� 1027 m�3), displayed in figure 16. Fitting of the spectrum using
equation (47) allows us to deduce the characteristic parameters for each vibra-
tional mode. They are listed in table 2. The observed resonances can be assigned
to [65]: symmetric CH2 stretch at 2839cm�1, symmetric CH3 stretch at
2879 cm�1, CH stretch at 2905cm�1, antisymmetric CH2 stretch at 2936 cm�1,
and a very weak symmetric stretch of the C¼C double bonded CH2 group at
2990 cm�1 (not shown in the table).

Figure 15. IR–Vis SFG spectra of limonene samples in transmission in SPP, PSP (chiral spectra), SSP, PPP,
and SPS (achiral spectra) polarization combinations. Reprinted with permission from [14]. Copyright (2000)
by the American Physical Society.
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4. Using equations (12) and (47) with lBð!sÞlBð!1ÞlBð!2Þ � 2:2 for limonene liquid,
we deduced the values of j�chiralj for different modes at resonance and listed
them in table 2. They are approximately three orders of magnitude smaller
than the typical resonant value of �2� 10�50 m3 CV�2 of an achiral element
of �
$
ð2Þ for a CHx stretch vibration (estimated from [30] assuming � ¼ 10 cm�1).

As a chiral response, �bulkchiral has opposite signs for the two enantiomers, but the
experiment with SPP, PSP and PPS polarization combinations yielding j�bulkchiralj

2

cannot distinguish the two. This can, however, be changed by using a PMP polarization
combination, where M (‘mixed’) refers to a linear polarization of the visible input at
�458 from its plane of incidence. We then have, from equation (6),

ð�ð2ÞeffÞ� ¼
1ffiffiffi
2
p ð�ð2ÞeffÞPSP � ð�

ð2Þ
effÞPPP

h i
: ð48Þ

The SF output proportional to jð�ð2ÞeffÞ�j
2 will display interference between ð�ð2ÞeffÞPSP

(chiral) and ð�ð2ÞeffÞPPP (achiral) contributions, and the spectra of jð�ð2ÞeffÞþj
2 and

2800 2850 2900 2950 3000 3050

0

5

10

15

From spp spectrum

From psp spectrum

Fitting curve

Wave number (cm−1)

|χ
ch

ira
l/N

B
|2

 (
10

−8
4 

(m
4 /

V
)2

)
bu

lk

Figure 16. Measured spectral dependence of j�bulkchiral=NBj
2 of limonene.

Table 2. Fitting parameters for �bulkchiralð!2Þ of limonene, as described in equation (47). The values of jð�chiralÞqj
were deduced using equations (12) and (47). Reprinted with permission from [14]. Copyright (2000) by the

American Physical Society.

q Aq ðmV�1 s�1Þ !q=2�c ðcm
�1
Þ �q=2�c ðcm

�1
Þ jð�chiralÞqj ðm

3 CV�2Þ

CHsym
2 0.025 2839 11 1:3� 10�53

CHsym
3 0.021 2879 12 1:0� 10�53

CH �0.030 2905 13 1:3� 10�53

CHasym
2 0.004 2936 11 0:2� 10�53
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jð�ð2ÞeffÞ�j
2 will be different. This is shown in figure 17(a) and (b). If we take the difference

of the two spectra, then with

�ð2Þeff

� �
þ

����
����2� �ð2Þeff

� �
�

��� ���2¼ �ð2Þeff

� �
PSP

�ð2Þeff

� ��
PPP
þ �ð2Þeff

� ��
PSP

�ð2Þeff

� �
PPP

ð49Þ

the difference spectrum must be inverted when the enantiomer is switched from R to S
or vice versa, following the sign switch of the chiral ð�ð2ÞeffÞPSP. This is seen in figure 17(c).
Thus the PMP polarization combinations in SFG allow us to distinguish R- and
S-enantiomers. However, we note that the difference spectra are now proportional to
the product of the chiral ð�ð2ÞeffÞPSP and achiral ð�ð2ÞeffÞPPP.

We also found experimentally that chiral SFG in reflection from the limonene was
below noise. In our experiment, SFG in transmission had a coherent length 20 times
larger than SFG in reflection. The result indicates that the chiral SFG in transmission
originated from the bulk and contributions from the chiral surface non-linear suscept-
ibility were negligible. The latter must have a value smaller than 5� 10�22 m2 V�1. For
comparison, a typical value of the achiral surface non-linear susceptibility for SFG in
the CH stretch range is �ð1� 5Þ � 10�21 m2 V�1.

Figure 17. Spectra of S- and R-limonene in mixed polarization combinations: (a) jð�ð2Þeff Þþj
2, (b) jð�ð2Þeff Þ�j

2,
and (c) jð�ð2Þeff Þþj

2
� jð�ð2Þeff Þ�j

2. Reprinted with permission from [14]. Copyright (2000) by the American Physical
Society.
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We have obtained similar SFVS results from carvone (chemical formula C10H14O)
and menthyl acetate (chemical formula C12H22O2). Figure 18 displays their molecular
structures and SFVS in the CH stretch region in comparison with that of limonene
obtained with SPP polarization combination in transmission. No SPP spectra were
observed from racemic mixtures of all these liquids. The maximum value of j�bulkchiralj

measured from carvone liquid is approximately twice that of limonene, and the maxi-
mum value of j�bulkchiralj measured from menthyl acetate liquid is approximately two times
smaller than that of limonene. Similar to limonene, no chiral SF signal was detected in
reflection from carvone and menthyl acetate.

To understand why j�bulkchiralj=NB is much smaller than expected for electric-dipole
allowed elements, we must go to the microscopic description [66]. The crude explana-
tion is as follows. It is seen from figure 14(b) that SFG with a vibrational resonance
can be considered as an infrared excitation of the vibrational transition followed by
an anti-Stokes Raman transition, i.e.

�ð2Þijk /Mij
k ð50Þ

Figure 18. Transmission SFG spectra of different chiral liquids taken in the C–H stretch range with the SPP
polarization combination. (a) Carvone, (b) limonene, (c) menthyl acetate. Filled circles are from enantiomeric
liquids, and open circles from racemic mixtures.
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where 

!

and M
$

denote the infrared and anti-Stokes Raman matrix elements. From
equations (12) and (13) it then follows that �bulkchiral is proportional to the antisymmetric
part of Mij. It is known that for non-magnetic materials, the antisymmetric Raman
scattering is vanishingly small far away from electronic resonance [67]. This then
makes �bulkchiral also small. In addition, the vibrational modes may be associated with
groups of atoms that are not chiral by themselves, but become chiral only because
they are situated in a chiral molecular structure. The induced chirality in the vibrational
modes is expected to be small.

More rigorously, we can obtain from equation (19) the microscopic expression for
the non-linear polarizability near a vibrational resonance

�ð2Þijk ð!2Þ ¼
1

�hh
Mijð!sÞ �

hg, 1j
kjg, 0i

ð!2 � !ðg, 1Þðg, 0Þ þ i�ðg, 1Þðg, 0ÞÞ
, ð51Þ

with the anti-Stokes Raman tensor given by

Mijð!Þ ¼
1

�hh

X
n, �

hg, 0j
ijn, �ihn, �j
jjg, 1i

ð!� !ðn, �Þðg, 0Þ þ i�ðn, �Þðg, 0ÞÞ
�
hg, 0j
jjn, �ihn, �j
ijg, 1i

ð!� !ðg, 1Þðn, �Þ þ i�ðg, 1Þðn, �ÞÞ

� �
: ð52Þ

Here, jn, �i denotes a vibronic state where n labels the electronic excitation and
� the vibrational excitation, !s is the sum frequency, and !ðn, �Þðg, �Þ and �ðn, �Þðg, �Þ are
the transition frequency and damping constant for transition from state jn, �i to state
jg, �i, respectively. We assume all molecules are initially in state jg, 0i.

From equations (12), (13), and (51), the corresponding resonant �bulkchiralð!2Þ can be
written as

�bulkchiral

� �
R
ð!2Þ ¼

1

�0

NBlBð!sÞlBð!1ÞlBð!2Þ

6�hh

hg, 1j

!

jg, 0i

ð!2 � !ðg, 1Þðg, 0Þ þ i�ðg, 1Þðg, 0ÞÞ
�M
!

Að!sÞ, ð53Þ

with

M
!

Að!Þ ¼
1

�hh

X
n, �

hg, 0j

!

jn, �i � hn, �j

!

jg, 1i

ð!� !ðn, �Þðg, 0Þ þ i�ðn, �Þðg, 0ÞÞ
þ
hg, 0j


!

jn, �i � hn, �j

!

jg, 1i

ð!� !ðg, 1Þðn, �Þ þ i�ðg, 1Þðn, �ÞÞ

" #
: ð54Þ

Note that ½MAð!Þ�k ¼ ekijMijð!Þ is a pseudovector.

To see how M
!

Að!Þ diminishes away from electronic resonance, we evaluate

the expression for M
!

Að!Þ more explicitly. For perturbation calculation to the
first order of electron-vibration coupling, we need to use the Born–Oppenheimer
(BO) adiabatic approximation (defined in [68, 69]) plus the first-order non-adiabatic
correction [69]. The two contributions have similar magnitudes and tend to cancel
each other. Liu and Buckingham [67] and [70] used a similar approach to show
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that M
!

Að!Þ is orders of magnitude smaller than its symmetric counterpart. We have
carried out a derivation that shows a somewhat different result but the same
qualitative conclusion [66]. Here, we sketch briefly our derivation. The details can be
found in [66].

Let H ¼ TE þ TN þ Vðq,QÞ be the molecular Hamiltonian with jn, �i and En, � denot-
ing the eigenstates and eigenenergies, where TE is the electron kinetic energy operator,
TN is the nuclear kinetic energy operator, and V(q,Q) is the potential energy with q
being the electronic coordinate, and Q the nuclear coordinate with Q¼ 0 referring to
the equilibrium nuclear position of the ground state. In the BO adiabatic approxima-
tion [68, 69], one takes jn, �i � jnÞj�ni and ðsjTNjnÞ ¼ TN�sn, where �sn is Kronecker’s
delta. We then find, with Vsn � hsj @V=@Qð ÞQ¼0jni,

jnÞ � jni þ
X
s6¼n

jsi
Vsn

E 0
n � E 0

s

Q: ð55Þ

where E 0
n is the energy of the jni electronic state obtained from ½TE þ Vðq, 0Þ�jni ¼

E 0
n jni. We define En, � � EBO

n, � � E 0
n þ �n, � as the eigenenergy of jnÞj�ni with �n, � being

the vibrational energy of the j�ni state obtained from ½TN þ ðnjTE þ Vðq,QÞjnÞ �
E 0
n �j�ni � Hvib

n j�ni ¼ �n, �j�ni. In the non-adiabatic correction, ðsjTNjnÞ is no longer
taken as zero for s 6¼ n, but taken as a perturbation to the first order of Q. The BO
adiabatic state combined with the non-adiabatic correction then yields [69, 71, 72]

jn, �i ¼ jnij�ni þ
X
s6¼n

jsi
X
�s

j�si
Vsn

�hh!ðn, �Þðs, �Þ
h�sjQj�ni: ð56Þ

For simplicity, we shall neglect the vibronic coupling (i.e. the term proportional
to Vsn in equation (56)) in the ground electronic state and assume jg, �i ¼ jgij�gi
because typically the energy separation between ground and excited states is much
larger than that between excited states, and thus the contribution of vibronic coupling
in the excited states is much more important, as seen in equation (56). We also
assume that the Franck–Condon shifts between different electronic states are small
so that h1sj1ni � h0sj0ni � 1 and h0gj1ni ¼ �h0nj1gi � 1. Now inserting the wave-
functions of equation (56) into equation (52), keeping terms to the first order in the
vibronic coupling, and assuming all wavefunctions real, we obtain for the Raman
tensor [69],

Mij ¼Ms
ij þMa=s

ij , ð57Þ

Ms
ij �

1

2
ðMij þMjiÞ ¼ Aij þ Bs

ij, ð58Þ

Ma=s
ij �

1

2
ðMij �MjiÞ ¼ Ba=s

ij , ð59Þ
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where the superscripts s and a/s denote symmetric and antisymmetric component of the
quantity, and

Aij ¼
1

�hh

X
n 6¼g


ng
i 


ng
j !ðn, 1Þðn, 0Þh0gj1ni

ð!� !ðn, 0Þðg, 0Þ þ i�ðn, 0Þðg, 0ÞÞð!� !ðn, 1Þðg, 0Þ þ i�ðn, 1Þðg, 0ÞÞ
, ð60Þ

Bs
ij ¼

1

2�hh2

X
n6¼g

X
s<n, 6¼g

VsnQ01

�
1

ð!� !ðn, 1Þðg, 0Þ þ i�ðn, 1Þðg, 0ÞÞð!� !ðs, 0Þðg, 0Þ þ i�ðs, 0Þðg, 0ÞÞ

	

þ
1

ð!� !ðn, 0Þðg, 0Þ þ i�ðn, 0Þðg, 0ÞÞð!� !ðs, 1Þðg, 0Þ þ i�ðs, 1Þðg, 0ÞÞ




� ð
ng
i 


sg
j þ 


ng
j 


sg
i Þ, ð61Þ

Ba=s
ij ¼

�1

2�hh2

X
n6¼g

X
s<n, 6¼g

VsnQ01

�
1

ð!� !ðn, 1Þðg, 0Þ þ i�ðn, 1Þðg, 0ÞÞð!� !ðs, 0Þðg, 0Þ þ i�ðs, 0Þðg, 0ÞÞ

	

�
1

ð!� !ðn, 0Þðg, 0Þ þ i�ðn, 0Þðg, 0ÞÞð!� !ðs, 1Þðg, 0Þ þ i�ðs, 1Þðg, 0ÞÞ




� ð
ng
i 


sg
j � 


ng
j 


sg
i Þ: ð62Þ

Here we denote hnj
ijgi as 

ng
i .

From equations (60)–(62), we see that if ! is off-resonance such that the vibrational
frequencies in the denominators are negligible, then the antisymmetric part of the
Raman tensor vanishes, but the symmetric part does not. The antisymmetric part
becomes more significant as ! approaches molecular electronic resonances.

To have some feeling for the frequency dependence of Aij, B
s
ij, and Ba=s

ij on !, we plot
these quantities versus ! in figure 19 assuming a system of only three electronic levels
g, n and s with 
ng

i 

ng
j �

1
2 ð


ng
i 


sg
j � 


ng
j 


sg
i Þ �

1
2 ð


ng
i 


sg
j � 


ng
j 


sg
i Þ, the values of

all damping constants being the same for all transitions and taking
!ðn, 0Þðg, 0Þ ¼ 50 000 cm�1 (�hh!ðn, 0Þðg, 0Þ � 6:2 eV), !ðs, 0Þðn, 0Þ ¼ 10 000 cm�1 (�hh!ðs, 0Þðn, 0Þ �
1:2 eV), !ðs, 0Þðg, 0Þ ¼ 60 000 cm�1 (�hh!ðs, 0Þðg, 0Þ � 7:4 eV), !ðs, 1Þðs, 0Þ � !ðn, 1Þðn, 0Þ �
!ðg, 1Þðg, 0Þ ¼ � ¼ 1000 cm�1, and � ¼ 500 cm�1. It is seen that the antisymmetric part
has a much stronger resonant enhancement toward the electronic resonances than
the symmetric parts. On resonance, with ! ¼ !ðn, 0Þðg, 0Þ, we have jB

s
ijj � jB

a=s
ij j and from

equations (60)–(62),

jMa=s
ij =M

s
ijj � jB

a=s
ij =ðAij þ Bs

ijÞj � jB
a=s
ij =Aijj �

!ðn, 1Þðn, 0Þ
!ðs, 1Þðn, 0Þ

����
���� � �

!ðs, 0Þðn, 0Þ

����
����: ð63Þ
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Off-resonance, B
$

a=s drops off according to

jMa=s
ij =M

s
ijj � jB

a=s
ij =Aijj � jB

a=s
ij =B

s
ijj �

�!ðn, 0Þðs, 0Þ
2ð!� !ðn, 0Þðg, 0ÞÞð!� !ðs, 0Þðg, 0ÞÞ

����
����: ð64Þ

The difference between on-resonance and off-resonance becomes more significant if
!ðs, 0Þðn, 0Þ is smaller.

As shown in equation (53), the chiral non-linearity of a bulk liquid for vibrationally
resonant SFG is proportional to the antisymmetric part of the Raman tensor.
Comparing j�bulkchiralj=NB with a typical (achiral) non-linear polarizability element,
j�ð2Þachiralj, we have

j�bulkchiral=NBj=j�
ð2Þ
achiralj � jM

a=s
ij =M

s
ijj ð65Þ

For CH stretch modes observed in our chiral SFG studies, the vibrational frequency
is � � 3000 cm�1, and the electronic transition frequencies for the sigma-bonds in
CHx are !ng � 70 000 cm�1 (�hh!ng � 8:7 eV) and !sg � 85 000 cm�1 (�hh!ng � 10:5 eV) [73]
(the data for ethane was used as an example). With !s ¼ !1 þ� � 20 000 cm�1, we
find, following equation (64),

jMa=s
ij ð!sÞ=M

s
ijð!sÞj � 1=150: ð66Þ

The value of j�bulkchiralj is expected to reduce further knowing that the chirality in the
CHx group comes only because it interacts with its chiral environment in the molecular
structure. This explains why the observed j�bulkchiral=NBj was three orders of magnitude
weaker than its achiral counterpart.
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Figure 19. Frequency dependence of the elements of A
$

, B
$ s, and B

$ a=s. Reprinted with permission from [66].
Copyright (2004) American Institute of Physics.
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We also consider here the chiral elements of surface �
$ð2Þ
S for SFVS, although away

from electronic resonance, they seem to be too small to be measurable so far. As a
good approximation, we assume the symmetric part of the Raman tensor to be
dominant. Then, from equations (8), (9), and (50), we have, for an azimuthally isotropic
surface with z

!

along the surface normal, ð�ð2ÞS Þxyz ¼ �ð�
ð2Þ
S Þyxz ¼ 0, and

ð�ð2ÞS Þyzx ¼ �ð�
ð2Þ
S Þxzy ¼ �ð�

ð2Þ
S Þzxy ¼ ð�

ð2Þ
S Þzyx � �

surface
chiral : ð67Þ

The value of �surfacechiral depends on the specific molecular structure and orientation on the
surface. We show here that contrary to the bulk case, the surface chiral response in
SFVS is mainly associated with the symmetric part, rather than the antisymmetric
part, of the Raman tensor. This has also been noted in [52].

More generally, one can prove that the maximum absolute value of the chiral
elements of �

$ð2Þ
S per molecule is greater than or equal to the value of j�bulkchiralj per mole-

cule for both vibrational and electronic SFG spectroscopies (neglecting the local-field
corrections). This follows from the fact that for any surface orientational distribution
and in any Cartesian laboratory ði, j, kÞ and molecular (�, �, 	) coordinate systems,
we have

eijk
X
�, �, 	

�ð2Þ��	hðîi � �̂�Þð ĵj � �̂�Þðk̂k � 	̂	Þi ¼
X
�, �, 	

�ð2Þ��	heijk�i�j	ki

¼
X
�, �, 	

�ð2Þ��	h�̂� � ð�̂�� 	̂	Þi ¼ eijk�
ð2Þ
ijk ¼ 6�chiral ð68Þ

and then, from equations (8), (9) and (12), neglecting the local-field correction factors,
we obtain

1

3NS
ðð�ð2ÞS Þxyz þ ð�

ð2Þ
S Þzxy þ ð�

ð2Þ
S ÞyzxÞ ¼

�bulkchiral

NB
: ð69Þ

6. Doubly resonant SFG

As discussed in the preceding section, the chiral response from the bulk in SFVS should
experience extraordinarily strong resonant enhancement when the sum frequency !s

approaches an electronic resonance, not only because of the usual resonant enhance-
ment but also because the antisymmetric part of the Raman tensor becomes increas-
ingly significant. This should considerably improve the sensitivity of SF vibrational
spectroscopy to probe chirality. To verify the prediction, we have carried out doubly
resonant (DR) infrared–ultraviolet (IR–UV) SFG measurements on a solution of
0.46M BN in acetone.

To have doubly resonant enhancement in IR–UV SFG, the vibrational mode must be
coupled to the electronic state in resonance. The two UV absorption peaks for BN
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shown in figure 7(b) arise from �! �� excitations in the naphthalene rings [74]. We
expect that the vibrational modes associated with deformation (stretching) of the
naphthalene rings of BN in the range of 1300–1600 cm�1 [75, 76] should be strongly
coupled to these electronic excitations. Therefore, we focus on DR SF spectra of vibra-
tional modes in this range.

In the experiment, we used a UV input (!1) tunable from 3.35 to 3.60 eV (370 to
345 nm) and an infrared input (!2) tunable from 1300 to 1600 cm�1. Both were gener-
ated from a Nd:YAG laser-pumped optical parametric system and had a pulse energy
of �100 mJ and pulse-width �25 ps. The SF vibrational spectra taken in the reflected
direction were obtained by scanning !2 over vibrational resonances of BN with !1

simultaneously adjusted to keep !s ¼ !1 þ !2 fixed. The measurements were repeated
for different values of !s.

Figure 20(a) displays a representative set of sum-frequency vibrational spectra at
several sum frequencies obtained from the BN solution using the SPP polarization com-
bination. There is a strong resonant enhancement as !s approaches the first excitonic
resonance of BN at 337 nm. Selected vibrational peaks in the 335 nm spectrum show
an enhancement of more than 105 with respect to the off-resonant spectrum at
500 nm. For comparison, we present in figure 20(b) the achiral vibrational spectra
of3 jð�ð2ÞS Þyyz=NSj

2 for a monolayer of BN on water taken at the same set of !s values
with the SSP polarization combination. The resonant enhancement (comparing again
spectra at 335 and 500 nm) is only about 200. At the peak of the resonance, the achiral
element jð�ð2ÞS Þyyz=NSj is only 5 times larger than the chiral element j�bulkchiral=NBj, as
expected from the theoretical estimate described in the previous section.

Note that the observed sum-frequency vibrational spectra exhibit very different reso-
nant enhancements for different vibrational modes. This is especially clear in the chiral
SF spectra, and is the result of very different vibronic couplings for different modes.
Strong resonant enhancement of selective vibrational modes allows better assignment
of the vibrational modes. This as well as possible deduction of vibronic couplings
from the spectra is known to be the other important advantage of resonant Raman
spectroscopy. Doubly resonant chiral modes will certainly help in attempts to under-
stand chiral structure of chiral molecules.

For BN, the chiral responses of the 1375 cm�1 and 1430 cm�1 vibrational modes
exhibit the strongest resonant enhancement near the first electronic resonance. They
are shown in figure 21 in comparison with the achiral responses of the same modes.
The chiral response decreases much faster than the achiral response as !s moves
away from resonance. The theoretical curves in figure 21 are calculated using the
vibrational frequency � ¼ 1400 cm�1, damping constants � ¼ 500 cm�1, and two
exciton-split electronic excited states at 3.67 and 3:89 eV in equations (61) and (62).
The agreement between theory and experiment on resonant dispersion appears
fairly good.

Equation (69) suggests that with the very strong enhancement of j�bulkchiral=NBj near
double resonance we should be able to observe chiral vibrational spectra of a monolayer

3Ref. [15] used NS ¼ 2:0� 1018 m�2, but the value NS ¼ 1018 m�2 appears to be more accurate. This change
does not affect the conclusions of [15].
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by SF vibrational spectroscopy. While achiral SF vibrational spectra of molecular
monolayers were routinely measured in recent years, the chiral counterparts had never
been observed by any techniques. Using doubly resonant SFG on BN on water, we
succeeded in recording the first chiral vibrational spectrum of a molecular monolayer.

Figure 20. (a) Chiral spectra of j�bulkchiral=NBj
2 of a 0.462M solution of R-BN in acetone and (b) achiral

spectra jð�ð2ÞS Þyyz=NSj
2 of an R-BN monolayer on water with sum-frequency at 335 nm (open circles),

340 nm (open squares), 345 nm (open down triangles) and �500nm (solid diamonds). The 500nm spectra
of j�bulkchiral=NBj

2 and jð�ð2ÞS Þyyz=NSj
2 were enhanced by 105 and 50, respectively. Vertical shifts are used to

separate the spectra in the display and lines are to guide the eye.
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This is seen in figure 22 for a BN monolayer on water. No chiral spectrum could be
detected if the R- or S-enantiomer of the monolayer was replaced by a racemic mixture.
Because of the orientational order of the BN molecules adsorbed on water, the SPP
chiral spectrum appears different from the bulk one. To understand the difference,
we need ab initio calculations that can relate the spectra to the molecular structure
and orientation of BN.
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Figure 22. SPP spectra of monolayers of R-BN (circles) and racemic mixture of BN (squares) on water with
sum-frequency at 335 nm.
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Figure 21. Peak strengths of vibrational modes of BN at 1375 cm�1 and 1430 cm�1 in j�bulkchiral=NBj
2 (solid

down and up triangles, respectively) and in jð�ð2ÞS Þyyz=NSj
2 (open squares and circles, respectively) versus �hh!s.

Solid lines are calculated from the frequency dependence of jBa=s
ij j

2 (upper curve) and jBs
ijj

2 (lower curve)
in equations (61) and (62). A vertical shift is used to separate the ‘chiral’ and ‘achiral’ data sets. Reprinted with
permission from [15]. Copyright (2003) by the American Physical Society.
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7. Conclusion

Although SFG as an electric-dipole-allowed process in chiral liquids was considered
theoretically as early as in 1965 [8], it was not confirmed experimentally until very
recently. We now understand that despite its being electric-dipole allowed, the effect
is intrinsically weak far away from resonance. Observation of the effect requires reso-
nance enhancement. While this restriction makes chiral liquids not useful as non-linear
media for frequency conversion, it does allow the process to probe chirality in electronic
and vibrational transitions of chiral molecules. Here we have described the recent
progress in developing SFG (and SHG as a special case of SFG) as a spectroscopic
tool to study molecular chirality. We have limited our study to isotropic chiral liquids
and azimuthally isotropic chiral surface monolayers.

Traditional optical techniques to probe chirality, such as circular dichroism and
Raman optical activity, have limited sensitivities because the optical processes are
electric-dipole forbidden [4]. They cannot be used reliably to detect chirality from a
molecular monolayer or thin film. Being electric-dipole allowed, SFG could be more
sensitive and therefore could become a unique spectroscopic technique for studies
of chirality of surfaces, monolayers and thin films. Moreover, it is possible to probe
exclusively the non-linear chiral response using selective input/output polarization com-
binations in SFG. This further enhances the sensitivity because unlike linear circular
dichroism, it does not require taking the difference of two spectra of nearly equal
strengths. Mixing chiral and achiral responses in SFG, R- and S-enantiomers can be
distinguished.

We show that SFG as a tool to probe chirality in electronic transitions of molecules
can indeed have a monolayer sensitivity. The observed chiral spectra for molecules in an
oriented monolayer and in isotropic bulk are generally different because of the different
orientational distributions. They can be theoretically fitted by a microscopic expression
for the non-linear chiral response if the energy states and corresponding wavefunctions
of the molecule are known. This is the case of BN for which a quantum coupled-
oscillator model works well. It also shows that different techniques such as SFG and
linear circular dichroism probe different aspects of the chiral structure of a molecule.
SFG as a tool to probe chirality in vibrational transitions is less sensitive. If the
sum frequency is away from electronic resonances, the bulk chiral non-linear suscept-
ibility for SFG is expected to be very small under the Born–Oppenheimer adiabatic
approximation with first-order non-adiabatic correction. However, as the sum
frequency approaches an electronic resonance, one can expect an unusually strong reso-
nant enhancement of the chiral response because in addition to the usual resonant
enhancement, there is also the enhancement due to the increasingly poor cancellation
of different terms in the relevant Raman tensor elements. This very strong resonant
enhancement then allows probing vibrational chirality of a surface monolayer possible.
Double resonance requires coupling of the electronic transition with the vibrational
mode. It therefore also helps us in assigning the vibrational modes.

The monolayer sensitivity of chiral SFG provides unique opportunities for in situ
studies of chiral monolayers and thin films. Another area where it may be advantageous
to use chiral SFG spectroscopy instead of CD or ROA is the study of the dynamics of
conformational change of chiral molecules under pump excitations. It is known that
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CD and ROA spectroscopic techniques measure the difference in the optical responses
of the chiral medium for left and right circularly polarized light. Generally, two
measurements are required to obtain the information. The relative difference in absor-
bance or scattering intensity is 10�3–10�5 for vibrational CD and ROA and �10�2

for electronic CD [5, 6]. Therefore, it is difficult to extract such information with
precision in pump-probe experiments for dynamics studies [77, 78], especially for vibra-
tional transitions. Chiral SFG, on the other hand, requires only one measurement to
ascertain chirality. The time-resolved chiral SFG spectra in pump-probe experiments
are expected to be of the same quality as those presented in this paper.

The high sensitivity and selectivity of SFG as well as its potential for in situ time-
dependent studies could open many opportunities for research on chirality in chemistry
and biology. However, what we have described here is still only the very beginning of an
attempt in developing SFG as a novel technique for probing chirality. Much more work
in both theory and experiment, especially in relating chiral SF spectra with molecular
chiral structures or arrangement, is needed.
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