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We report experimental and theoretical investigations of the third-order optical nonlinearities of aromatic
amino acids (Phenylalanine, Histidine, Tryptophan, and Tyrosine) in aqueous solutions. The Z-scan technique
with femtosecond laser pulses at 800 nm was explored for the determination of the nonlinear refractive index,
nonlinear absorption coefficient, and the second-order hyperpolarizability of each amino acid. Experimental
results were compared with theoretical analysis based on post-Hartree Fock MP2/6-311+G**. © 2010 Optical
Society of America
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1. INTRODUCTION
The nonlinear optical properties of organic materials have
been subject to extensive studies aiming at the under-
standing of their intrinsic origin as well as the possible
use of these systems in photonic applications. For in-
stance, the nonlinear refractive index, n2, of several
amino acid (Alanine, Proline, Arginine, Threonine, and
Serine) solutions employed on crystal growth for
ultrashort-pulse second-harmonic generation has been
measured [1].
Amino acids are important molecules for life, and have

different roles and functions in the body metabolism.
Amino acids that include an aromatic ring (Phenylala-
nine, Tryptophan, and Tyrosine with a benzene ring and
Histidine with an imidazole ring) are known as aromatic
amino acids. In particular, Histidine, Phenylalanine, and
Tryptophan are essential amino acids (building blocks of
proteins) that cannot be synthesized by the human body
and therefore must be part of its diet.
Except for Histidine, the aromatic amino acids fluo-

resce when excited with ultraviolet light. Most of the in-
trinsic fluorescence emission of a folded protein is due to
excitation of Tryptophan residues, with additional contri-
butions by Tyrosine and Phenylalanine. The optical prop-
erties of the aromatic amino acids such as fluorescence
and second-harmonic generation are influenced by the lo-
cal environment. Therefore, they are useful spectroscopy
tools to track conformational states and chemical behav-
ior of proteins [2,3]. In particular, Tryptophan fluores-
cence has been the esubject of a recent detailed study
aiming at providing a new insight into the interpretation
of the fluorescence origin [4].
The intrinsic fluorescence of aromatic amino acids has

been explored in nonlinear cellular optical microscopy of
cells, where three-photon sl=800 nmd absorption is used
to excite levels corresponding to wavelengths deep into

the UV [5]. Recently it was demonstrated that metallic
nanoparticles can be used to increase the Tryptophan au-
tofluorescence [6,7]. Although the intrinsic multiphotonic
and second-harmonic microscopy (using near infrared
light sources in the femtosecond regime) of aromatic
amino acids present in different protein structures are
commonly used [5,8], some of their nonlinear optical prop-
erty values are not well known. In this work, we have
measured and analyzed the third-order optical nonlin-
earities of water solutions of Phenylalanine (Phen,
C9H11NO2), Tyrosine (Tyr, C9H11NO3), Tryptophan (Tryp,
C11H12N2O2), and Histidine (Hist, C6H9N3O2) using the
Z-scan technique [9]. The main interest here is to charac-
terize the samples’ macroscopic nonlinear refractive index
sn2d, nonlinear absorption coefficients sa2d, and the
second-order hyperpolarizabilities sgd of the aromatic
amino acids to advance the understanding of the light–
molecule interactions and guide further works with or-
ganic materials. The experimental nonlinear optical val-
ues were compared with theoretical results analysis
based on post-Hartree Fock MP2/6-311+G**.

2. METHOD

The amino acids used in our experiments were obtained
from Ajinomoto, Inc. The measurements were performed
using water solutions of the amino acids with concentra-
tions below the solubility limit in water for 25 °C. All the
amino acids studied were in a zwitterionic form such that
their carboxilate sCOO−d and protonated amino sNH+3d
groups are charged [10]. The amino acid concentrations
and solution pH used are summarized in Table 1.
To characterize the optical nonlinearities, the well

known Z-scan technique was used [9] exploiting the wave-
front distortion (self phase changes) of the beam that
propagates inside a nonlinear medium. The laser beam
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was focused by a 15 cm focal distance lens, and the stud-
ied material was placed inside a 2 mm thick quartz cell
such that the thin-lens condition is satisfied [sample
length (L) smaller than Rayleigh range sz0=3.5 mmd] [9].
The sample was mounted in a translation stage that
moved along the beam propagation direction z, where z

,0 corresponds to locations of the sample between the fo-
cusing lens and its focal plane. By measuring the varia-
tion of the transmitted beam intensity through a circular
aperture placed in front of a detector in the far-field re-
gion, one can determine the sign and magnitude of the
nonlinear refractive index and the nonlinear absorption
coefficient of the analyzed medium. The aperture size ra is
related to the linear aperture transmittance sSd by S

= f1-exps−2ra
2 /va

2dg, with va denoting the beam radius at
the aperture. A small-aperture Z-scan experiment corre-
sponding to S!1 was employed on the measurement of
the real components of the nonlinear optical susceptibili-
ties. A wide or absent aperture, S=1, is necessary for the
determination of the nonlinear absorption coefficients.
The experiment was performed using an amplified femto-
second laser system (Coherent Libra) delivering 80 fs op-
tical pulses at 800 nm and 1 kHz repetition rate.
The values of n2 and a2 can be determined by measur-

ing the difference between the normalized peak and the
valley transmittance sDTd in the Z-scan curve. The DT
value was obtained using the normalized Z-scan trans-
mittance given by [9]

Tsz,Dw0d < 1 −
4Dw0x

sx2 + 9dsx2 + 1d
, s1d

where x=z /z0. For small phase distortion and small aper-
ture sS!1d, the on-axis phase shift at the focus Dw0 is de-
fined as uDw0u<DT/0.406. The n2 value is related to the
phase distortion given by [9]

n2 < S l

2p
D Dw0

IoLeff

, s2d

where l is the laser wavelength, Io is the on-axis irradi-
ance at focus, Leff = f1−exps−a0Ldg /a0, L is the sample
length, and ao is the linear absorption coefficient of the
sample. Simultaneously the a2 value can be measured by
the transmission change for the open aperture configura-
tion sS=1d as [9]

a2 <
DT

2s−3/2dIoLeff

. s3d

3. RESULTS AND DISCUSSION

Figure 1 shows the Z-scan signature in a small aperture
setup sS!1d for the amino acid solutions studied and for
pure water. The solid curves are the theoretical fitting for
the far-field condition described by Eq. (1). The focus in-
tensity used for this case was Io=18 GW/cm

2.
To measure the solutions’ nonlinear absorption coeffi-

cients, an intensity of one order of magnitude higher than
previously, Io=180 GW/cm

2, was used. The experimental
results of the open aperture Z-scan setup are presented in
Fig. 2. The real and the imaginary part of the effective
third-order optical susceptibility can be determined

through xR
s3d=2no

2«ocn2 and xI
s3d= sl /2pdno

2«oca2.
For an isotropic liquid the macroscopic third-order op-

tical susceptibility and the microscopic sgd second-order
hyperpolarizability can be related as xs3d=NF4kgl, where
N is the concentration in number of molecules per cm3

and F is the local field or Lorentz correction given by
Fsld= sn2sld+2d /3 [11]. Hence, the g values are indepen-
dent of the solution concentration.
The amino acids’ second-order hyperpolarizability val-

ues are summarized in Table 1. Note that the nonlinear
refraction of the amino acid solutions has a significant
contribution from the water nonlinearity. Here we sub-
tracted the water contribution to deduce the amino acids’
second-order hyperpolarizabilities. The obtained amino
acid g values are in accordance with the values reported
by Rustagi and Ducuing, where the molecular hyperpolar-
izability for a molecule with a low number of double bonds
is expected to be in the 10−35 esu to 10−33 esu range [12].
The experimental methodology was also applied on a wa-
ter solution of Proline (Prol, C5H9NO2). Proline is an
amino acid whose g value is already known in the litera-

Table 1. Experimental and Theoretical Hyperpolarizability Values for the Studied Amino Acid Solutions

Amino acid Abb.
Concent.

smMd pH
n2

s310−20 m2 /Wd
a2

s310−14 m/Wd
gexp

s310−35 esud
gthe

s310−35 esud

Tryptophan Tryp 55.3 6.0±0.5 9.9±0.2 7.5±0.1 28±2 23.0

Phenylalanine Phen 179.2 6.0±0.5 6.7±0.2 6.1±0.1 17±2 16.7

Tyrosine Tyr 2.5 6.0±0.5 7.6±0.2 6.0±0.1 21±2 20.9

Histidine Hist 270.2 7.0±0.5 1.5±0.2 0.5±0.1 3.8±1 4.2

Proline Prol 363.1 6.0±0.5 4.4±0.2 1.1±0.1 0.15±0.1 0.21

Fig. 1. Closed aperture Z-scan signature obtained from the
amino acid solutions. Symbols are the experimental data and the
curves the theoretical fit by using Eq. (1). Label abbreviations
are explained in Table 1.
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ture [1]. The obtained hyperpolarizability value of Proline
was g=0.15310−35 esu, in agreement with [1].
The experimental g values may be compared with the-

oretical results guiding insight on the relation between
the second-order hyperpolarizability and the molecular
structure. The g values have been calculated utilizing the
ab initio post-Hartree–Fock derivative methodology by
the GAUSSIAN package utilizing the preceding imple-
mentation of numerical differentiation with respect to the
applied field taking into account the fourth derivative of
the energy with respect to the field [13,14]. In essence, the
theoretical method consists of a numerical differentiation
with respect to the electric field for each tensorial
component given by gszzzzd=dbszzzd /dFz; gszzxxd
=dbszzxd /dFz; allowing obtain the g values by using the
m, a, and b tensors obtained previously by a GAUSSIAN
package (m is the dipole moment, a is the polarizability,
and b is the first hyperpolarizability). The ground-state
geometries of all molecules present were fully optimized
using the MP2/6-311+G**. Table 1 also shows the g theo-
retical values obtained by the applied method.
Although an order of magnitude difference between the

theoretical and experimental second-order hyperpolariz-
abilities values can be observed, it is known that a differ-
ence between experimental and theoretical results could
be linearly shifted when solvent effects are explicitly con-
sidered in the theoretical method [15,16]. However, the
correct description of the general trends of the change of g

as a function of the molecular structure is as important as
the agreement between the absolute values of the theoret-
ical and experimental hyperpolarizabilities. One can ob-
serve that the measured and calculated g values increase
with the increase of the double bonds (p bond) of the mol-
ecules. This is in agreement with the p electrons model of
a conjugated chain-like polymer [17]. In Fig. 3 the ob-
tained Proline g value sgProlined was used in a comparison
of the experimental data to the corresponding estimated
results. Figure 3 shows a very good agreement between
the relative values obtained using both methods.

4. CONCLUSIONS

We have experimentally investigated the third-order op-
tical nonlinearities of aromatic amino acids in water solu-
tion using the Z-scan technique with femtosecond laser
pulses at 800 nm. The nonlinear refraction index and the

nonlinear absorption coefficient were measured and the
second-order hyperpolarizabilities determined, ranging
from 10−36 to 10−34 esu. The experimental results are sup-
ported by theoretical calculations using the post-Hartree–
Fock technique, showing good agreement between the
methods. The presented results can guide further basic
work and applications with aromatic amino acids.
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