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Optical Second Harmonic Generation Chiral Spectroscopy
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An object or, more generally, a system of objects is called
“chiral” if it differs from its mirror image in a way that the
mirror image cannot be superimposed on the original. The
two geometrical structures are then designated as “enantio-
morphs”. A great number of life-related molecules exhibit chir-
ality and, therefore, experimental probes capable of distin-
guishing between enantiomorphs are highly desired in the
fields of chemistry, biology, pharmacology and medicine.

Two of the most widespread chiro-optical spectroscopic
techniques are circular dichroism (CD), which is based on the
difference in absorption between left- and right-handed circu-
larly polarized light, and optical rotatory dispersion (ORD),
where the polarization of light is rotated to a different extend
as function of the wavelength. As a well established scientific
tool, CD can be used to help determine the structure of mac-
romolecules (including the secondary structure of proteins and
the handedness of DNA).[1] Both CD and ORD are important
tools for the study of biomolecules, their helical content and
helix-coil transition.[2] Nevertheless, these techniques are
unable to detect reliably the chirality of a molecular monolayer
of molecules, which limits greatly their use in situ, for instance,
within biological systems.[3]

It has been demonstrated that, on surfaces and interfaces
the nonlinear optical techniques of second harmonic genera-
tion–circular dichroism (SHG–CD)[4, 5] and second harmonic gen-
eration–optical rotatory dispersion (SHG–ORD)[6] are capable of
distinguishing between left or right handed molecules, with a
sensitivity that is much greater than that of their linear coun-
terparts.

However, at the present moment, only a few SHG–CD and
SHG–ORD spectra have been reported in the literature;[7–9]

other efforts for the development of a nonlinear optical chiral
spectroscopic technique are concentrated on the dispersion of
the second order susceptibility components.[10] To our best
knowledge a complete chiral spectroscopic study, combining
all these aspects of the technique and demonstrating their in-
terrelation is still lacking.

Here, we present an investigation of the dispersion of the
nonlinear optical susceptibility tensor components, together
with the SHG–CD and the SHG–ORD spectra, from a solid mo-
lecular film composed of chiral helicene molecules (Figure 1).

Our results are successfully fitted with the Lorenz model of the
susceptibility and the consequential calculations are in very
good agreement with the experimental observations. Based on
its unprecedentedly large scope, we believe that our study
constitutes a significant experimental step in the direction of
establishing the SHG chiral spectroscopic technique.

The second-harmonic response can be described by a non-
linear polarization, which is expressed in the electric-dipole ap-
proximation by Equation (1):[11]

PNLð2wÞ ¼ cð2ÞEðwÞEðwÞ, ð1Þ

where w is the frequency of light, c(2) is the second order sus-
ceptibility tensor and E(w)the electric field component of the
incident light. It follows, from this formula, that SHG can only
be generated in noncentrosymmetric materials or regions of
matter that lack inversion symmetry, such as surfaces and in-
terfaces. c(2) is a third rank tensor with 27 components, never-
theless, depending on the symmetry of the material, the
number of nonvanishing susceptibility components can be sig-
nificantly reduced. For an in-plane isotropic chiral sample (C1
symmetry) the second order susceptibility is represented by
Equation (2):
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where cxzz =cyzz, cxxz = cyyz and cxyz =cyxz. This last component
leads to the appearance of nonlinear optical activity (the non-
linear equivalent of optical activity) and henceforth is responsi-
ble for the SHG–CD and SHG–ORD effects. Often this compo-
nent is referred to as the chiral one, since it is present only in
chiral systems. The other components are referred to as achiral
because they occur in both chiral and achiral systems.

Within the Lorentz model of the susceptibility, we can ex-
press c(2) in terms of the resonance frequency w0 as shown in
Equation (3):[10]
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Figure 1. Structure of the sample molecule.
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where x(2) is the first anharmonic term that characterizes the
strength of the nonlinearity, N is the electronic number density,
e and m are the charge and the mass of the electron, and g is
the damping constant.

It has been shown that the second-harmonic field can be
conveniently written in terms of the s- and p-polarized compo-
nents of the fundamental field [Eq. (4)]:[12]

Eð2wÞ ¼ f E2
PðwÞ þ gE0

SðwÞ þ hEPðwÞESðwÞ, ð4Þ

where f, g and h are complex numbers, which are linear combi-
nations of the Cartesian susceptibility tensor components c

ð2Þ
ijk .

In the following, we shall indicate the real and imaginary part
of these complex values by the indices 1 and 2, respectively.
The three coefficients in Equation (4) also include the nonlinear
Fresnel factors. Furthermore, just as the nonlinear susceptibili-
ty, the exact form of these three parameters depends on the
symmetry of the sample. In addition, their value can be affect-
ed by the angle of optical incidence, the experimental geome-
try and is different for the S- and P-polarized component of
the SH-field. Neglecting the refractive indices, for a chiral iso-
tropic surface in the electric dipole approximation and in the
transmission geometry, the dependence of f, g and h on the
different susceptibility components takes the form of Equa-
tion (5):[13]

fS ¼ sin q 2cxyz cos q
� �

gS ¼ 0

hS ¼ sin q 2cxxzð Þ
fP ¼ sin q 2czzz sin2 qþ czxx cos2 qþ 2cxxz cos2 qð Þ
gP ¼ sin q czxxð Þ
hS ¼ � sin q 2cxyz cos q

� �

ð5Þ

where the subscripts S and P refer to the particular component
of the SH-field.

The SHG–CD is then defined as the difference between the
SHG intensity for left and right incoming circularly polarized
light, divided by half the sum. This quantity can be expressed
in terms of the complex parameters f, g and h as shown in
Equation (6):

ISHG�CD¼
ILCPð2wÞ � IRCPð2wÞ

1
2 ILCPð2wÞ þ IRCPð2wÞð Þ

¼ 4 f2 � g2ð Þh1 � f1 � g1ð Þh2½ �
fj j2þ gj j2þ hj j2�2 f1g1 þ f2g2ð Þ

ð6Þ

It is apparent from this equation that SHG–CD is due to an in-
terference between the achiral and the chiral susceptibility
components.

For P-polarized input, and choosing q= 458, the SHG optical
rotation can be expressed as Equation (7):[13]

�j j ¼ tan�1 fSj j
fPj j

� �
¼ tan�1 hPj j

fPj j

� �
ð7Þ

Figure 2 shows the SHG intensity as function of incoming
fundamental wavelength for three of the four main linear po-
larization combinations, namely PIN�SOUT, SIN�POUT and PIN�POUT.

As it can be seen from Equation (2), these particular combina-
tions address specific tensor components of the nonlinear sus-
ceptibility. Especially, in the PIN�SOUT configuration (Figure 2 a),
the SHG signal is proportional to the chiral cxyz component,
while in the SIN�POUT and PIN�POUT settings (Figures 2 b and c) it
is the achiral tensor elements that contribute. Consequently,
the data were fitted with Equation (3) using arbitrary units for
the constant terms on the right hand side of the equation. We
found that the minimum number of resonances which allows
us to fit the data was three, however these fits were not
unique.

The fits in Figure 2 correspond to the square of the norm of
the nonlinear susceptibilities. After extracting the real and
imaginary parts, we obtained the complex parameters f, g and
h from Equation (5). Further establishing the validity of this
procedure, for each parameter, it was verified that the real and
imaginary parts are Kramers–Kronig transforms of each other.
Calculating the SHG–CD and SHG–ORD response using Equa-
tions (6) and (7) respectively was then straightforward.

At this stage we fitted simultaneously all the graphs in
Figure 2, together with the measured SHG–CD and the SHG–
ORD. Figure 3 a presents the measured SHG–CD response of
the sample as function of the wavelength, as well as the calcu-
lated SHG–CD values. A clear agreement between the two can
be observed and therefore we can attribute the variations of
the SHG–CD spectrum to the resonances in the chiral and achi-
ral parts of the nonlinear susceptibility, namely: 384 (2), 365 (5)

Figure 2. The symbols indicate the experimentally recorded SHG intensity as
function of the second harmonic wavelength for three linear polarization
combinations. The lines constitute fits with the Lorentz model of the sus-
ceptibility.
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and 409 (3) nm for Figure 2 a, 321 (49), 356 (2) and 394 (8) nm
for Figure 2 b, and 341 (88), 374 (3) and 403 (6) nm for Fig-
ure 2 c, where the numbers within brackets are the fitting un-
certainties. Within the combined uncertainty of the experi-
ments and the fits, and having in mind that the FWHM value
of the femtosecond pulses extends over 15 nm, it can be said
that the three resonances in Figure 2 are the same. To our best
knowledge, this is the first result that shows that the SHG–CD
spectrum can be related to the material resonances, although
clearly this relationship is not a simple one.

Figure 3 b shows the measured SHG–ORD spectrum as func-
tion of the wavelength, as well as the calculated response. As
can be seen in the inset of that figure, experimentally, it is ob-
served that with decreasing wavelength, upon resonance, the
nonlinear optical rotation increases to the point of saturation
at 908. This can be understood from Equation (6), where,
having in mind Equation (5), we see a ratio between the norms
of the chiral (Figure 2 a) and the achiral (Figure 2 c) tensor com-
ponents. In Figure 2, it can be seen that the values of the
former are two orders of magnitude larger than those of the
latter. Consequently, the ratio of these quantities is very large
and, upon taking the inverse tangent, saturation is reached.
For comparison, the linear CD and ORD spectrum of the mole-
cules is also given in the inset. As it can be seen, the units
there are only millidegrees. Furthermore, there is no obvious
correlation between the nonlinear and linear CD/ORD spectra.
For example, in the linear case, there is a clear change in the
sign of the CD response which can be related to the structural

properties of the sample. No such sign reversal can be ob-
served in the SHG–CD, from this particular sample. However,
overall sign reversal does play a crucial role in SHG–CD, since it
allows distinguishing between different enantiomorphs.

While in linear optics, CD and ORD spectra are redundant
through the Kramers–Kronig relations, and therefore one is suf-
ficient, in the nonlinear case, we believe that the presence of a
large number of fitting parameters requires several experi-
ments in order to introduce additional constraints to the fit-
tings.

In conclusion, we investigated the dispersion of the nonlin-
ear optical susceptibility tensor components and the SHG–CD
and SHG–ORD spectra from a solid molecular film composed
of chiral helicenebisquinone molecules. While the first meas-
urement provides information on the molecular properties of
the sample, the second and third ones probe specifically the
chirality. Verifying the interrelation between molecular resonan-
ces and chirality in SHG studies, our data were fitted with the
Lorenz model of the susceptibility and the ensuing calculations
were found to be in very good agreement with the experimen-
tal results. Therefore, our findings constitute an important ex-
perimental milestone towards the development of a SHG chiral
spectroscopic technique and open up new possibilities for
studying the three-dimensional structure of chiral molecules,
such as proteins.

Experimental Section

The experiments were performed with a tunable Ti:Sapphire laser
system, many of the principle features of which were described ex-
tensively elsewhere.[14] The polarization of the electromagnetic ra-
diation was manipulated by, either a half wave-plate or a Berek Po-
larization Compensator set on different retardations throughout
the experiment. The angle of optical incidence q was 458 on the
specimen. Part of the beam was directed towards a photodiode,
which was connected to the analog voltage input of a lock-in am-
plifier, in order to monitor the intensity of the fundamental beam.
The same lock-in amplifier was used to detect the SHG signal and,
for this purpose, the light intensity of the beam was modulated by
means of an optical chopper. The spectroscopic results presented
here were calibrated using a quartz crystal. All the fits were per-
formed in Origin.

The sample was a Langmuir-Blodgett thin film (y-deposition, 300
layers) of an enantiomerically pure chiral helicenebisquinone,[15, 16]

deposited on a glass substrate.
UV/Vis absorption spectra were recorded with a Perkin–Elmer
Lambda 900 Spectrometer and the linear CD-measurements were
performed on a Jasco J-810 Spectropolarimeter.
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Figure 3. The measured and calculated SHG-CD (a) and SHG-ORD (b) re-
sponse of the sample as function of the second harmonic wavelength. Inset
in (b), the linear CD, the absorption and the SHG-ORD spectra as function of
the second harmonic wavelength.
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