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The linear and nonlinear optical responses of the three aromatic amino acids tryptophan, tyrosine, and
phenylalanine have been investigated by time-dependent density functional theory. The effect of the peptidic
chain on the polarizabilities and the first hyperpolarizabilities is addressed by substituting different groups to
the chromophores indole, phenol, and benzene. The optimized structures are in very good agreement with the
experimental results. Furthermore, the calculated polarizabilities are found to match well with the empirical
results, showing the evolution obtained as the chain is lengthened. A systematic and constant increase of the
polarizability is found, for the three chromophores, for the various chain lengths. The first hyperpolarizability

is also noticeably modified by the chains, but the evolution of this quantity is found to be more dependent on
the system considered. Finally, it is suggested that each of the three aromatic amino acids has a significant
contribution to the nonlinear response of proteins.

1. Introduction In the same way as for the linear spectroscopic properties,
) ) ) ~ the development and understanding of the nonlinear response
The spectroscopic properties of the three aromatic amino of gyjtable probes demand the common investigation at both
acids, tryptophan (Trp), tyrosine (Tyr) and phenylalanine (Phe), experimental and theoretical levels. Concerning the theoretical
have been largely used as a tool for the investigation of structuresygjes, the determination of linear and nonlinear responses of
and chemical behavior of protei#$.From a crude structural  molecules has been investigated in the literature by different
point of view, tryptophan, tyrosine, and phenylalanine can be gpproaches, going from semiempirféaio the most sophisti-
considered as monosubstituted indole, phenol, and benzenegated ab initid®3 methods. Theoretical computations based on
respectively, the substitutent being in ea_ch case the_ amino aCidtime—dependent density functional theory (TDDFT) have ap-
group, CHCH(NH,)COOH. The linear optical properties of the  peared in recent years to be very attractive since they allow
three amino acids are mainly determined by the chromophoresyather fast calculations on large molecular systdm¥. For
indole, phenol, or benzene and are also strongly influenced by small molecules, it has been shown that the polarizabilities
the local environment of the protein. Their spectral signatures provided by the TDDFT are quite accurdteMoreover, the
allow the amino acids to be used as in situ structural probes forapplication of TDDFT to the determination of the hyper-
proteins in their background. For these reasons, and in order tOpolarizabilities of metal pyridyl complexé§ metallabenzene-
understand and control there photophysical properties, a largepgseqd chromophorééand para-substituted nitrobenzenes and
number of experimental and theoretical studies have beenpiirostiibene®® match well with the experimental trends.

perform%d on the chromophores indété, phenol®® and Investigations on €28 and on transition metal tetrapyrros
benzgn@l 481‘2?8012 the corresponding afsﬂ'zgo acids tryptopiaf, have demonstrated the usefulness of theoretical calculations in
tyrosine;+1&-1%and phenylalaniné order to clarify the experimental reported hyperpolarizabilities.

In addition, the nonlinear optical response of aromatic amino However, the main cases in which TDDFT fails relate to the
acids has been addressed more recently. Due to their long zz-conjugated chain®4! for which both polarizabilities
conjugated electron density, which is polarizable and sensitive and hyperpolarizabilities are strongly overestimated. Fortunately,
to the local environment of the protein, the three amino acids as discussed in a recent stuyhis problem can be considered
tryptophan, tyrosine, and phenylalanine might also be used asas largely solved if an appropriate exchange functional is used
nonlinear probes. The nonlinear optical techniques appear toin the TDDFT processing.
be a good way of providing structural and photophysical  The study presented here is a first-principles approach, based
characteristics of interfacial systefA8* such as membrane  on DFT and TDDFT calculations. The three amino acids Trp,
proteins?® For example, second harmonic generation (SHG), Tyr, and Phe are considered for the purpose of providing
the conversion of two photons of frequeneyinto a single  jnformation concerning their possible use as nonlinear probes
photon of frequency @, is a nonlinear process allowed in iy 3 protein environment. To the best of our knowledge, no
noncentrosymmetric media on§* This technique has been  theoretical study on the nonlinear properties of Trp, Tyr, and
applied in order to measure the hyperpolarizability of tryptophan phe has been reported by now. In the first part we describe the

residues that are surface-adsorbed at thevedter interfacé? 2 structures of the different molecular systems investigated. The
demonstrating the possibility of detecting proteins. geometries of the chromophores indole, phenol, and benzene
are reported and compared to experimental values. Then, in the

* Corresponding author. E-mail: jguth@Ilasim.univ-lyonZ.fr. second part, both the polarizabilities and hyperpolarizabilities
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of the different systems are considered and the effect of the
peptidic chain on these properties is discussed.

2. Computational Method

The calculations have been carried out by use of the
Amsterdam Density Functional (ADF) progrdfThe geom-
etries have been optimized within the local density approxima-
tion treated in the VoskeWilk —Nusairf® parametrization with
nonlocal corrections to exchange due to Bétkad correlation
due to Perdet (BP). The molecular orbitals were expanded
in a large basis set of Slater-type orbitals (TZ2P) taken from
the ADF library. The TZ2P basis set is of douldeyuality for
the core electrons and of triple-quality for the valence
electrons. The basis set is augmented with polarization func-
tions: 3d and 4f on C, N, and O and 2p and 3d on H.

The calculations of the linear and nonlinear optical responses
have been determined with TDDFT as implemented in the ADF
code?® The functional used for determining the response
properties is the statistical average of orbital potential SAOP.
This functional has good asymptotic behaviord/r for r —

o and has been shown to be well-adapted, in comparison with
LDA and GGA functionals, for the calculation of polarizabilities
and hyperpolarizabilities of some small prototype molectés.

For example, the calculated hyperpolarizabilitfesf NHs, CO,
H,0, and HF are in good agreement with the CCSD(T) results
of Sekino and Bartlet? and the value for CO is in rather good
adequacy with the reference value reported by MarStiszen

if the transferability to larger molecules is not demonstrated,
the SAOP potential is expected to provide a correct evolution
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A=H indole
X A A=CHj; 3m-indole
/ A=CH,CH(NH,)COOH Trp
y z N
A=CH,CH(NHCOCH;)CONHCH;  Trp_Pept
A=H B=OH phenol
A=H B=H benzene
A A=CH,3 B=OH 4m-phenol
* A=CH, B=H toluene
A=CH,CH(NH,)COOH B=OH Tyr
Y z A=CH,CH(NH;)COOH B=H Phe
B A=CH,CH(NHCOCH;)CONHCH; B=OH Tyr_Pept
A=CH,CH(NHCOCH;)CONHCH; B=H  Phe_Pept

Figure 1. Axis systems, list, and nomenclature used for the various
molecules considered.

fori =x,y, zand
Bt
HUg

ﬁvec =

where o andB are the permanent dipole moment of the
molecule and the vector of componerfs respectively. The
projected hyperpolarizabilityvec corresponds to the quantity
obtained from electric field-induced second harmonic generation

of the response properties for the molecules considered here(EF|5H) measurements.

For an accurate description of the response properties, which

depend on the electronic density far from the nucleus, it is

necessary to include diffuse functions to the basis set. Thereby,
we used for the response calculations the recently developed

ATZ2P"! basis set, which is of comparable size to the TZ2P
basis but augmented with diffuse functions: 3d, 4s, and 2p on
C, N, and O and 2p and 1s on H. Larger basis sets, called QZ3P
1D and QZ3P-2D here (labeled ET-QZ3P-1DIFFUSE and ET-
QZ3P-2DIFFUSE in the ADF library), have been also used in
order to check the basis set convergence (section 4.1). Thes

basis sets were developed and used in order to approximate the

basis set limit for excitation energies and response propétfiés.
For the linear response, we report the average polarizability
defined as

(= g0 + 0y + @)

where thew;; are the diagonal components of the polarizability,
calculated in a molecular fixed coordinate system.

3. Structures

All the molecules are presented in Figure 1, together with
the nomenclature used. The geometries have been optimized at
the BP/TZ2P level of theory. First of all, the three aromatic
chromophores indole, phenol, and benzene, corresponding to

the side chains of the amino acids tryptophan, tyrosine, and
phenylalanine, respectively, have been considered. Indole and
henol have been optimized i@s symmetry while benzene
elongs to théDg, point group. In a second step, to take into
account the effect of the peptidic chain, these chromophores
were substituted by different groups. A methyl group ¢Chis
been added, leading to the systems 3m-indole, 4m-phenol, and
toluene. Then, the three aromatic amino acids Trp, Tyr, and
Phe have been considered. The optimized tryptophan corre-
sponds to the most stable neutral conformer obtained from
calculations of relative energies at the DFT and MP2 levels of
theory, in agreement with experimental resé#& This con-
former is depicted in Figure 2. As has been pointed out by Snoek

Only the second harmonic generation part of the nonlinear gt gy 12 the stability of this conformation can be explained by
response has been considered. In this process, two photons off,e presence of an intramolecular ©H\H, hydrogen bond,

frequencyw are absorbed and simultaneously converted into a linking the carboxylic acid to the amino group. A distance of
third photon of frequencyd. The hyperpolarizabilities are given 1 go4 A has been obtained from the geometry optimization,
in the B conventior¥? which is based on a perturbation series \yhich is a value in the typical scale of hydrogen bonds.
expansion of the induced dipole moment in terms of an external \joreqver, a hydrogen-bonded interaction between the hydrogen
electric field. To. compare our theoretical results we report the gtom H, (Figure 2) located on the amino group and the
averaged quantities: m-electron cloud of the aromatic ring may further increase its
stability. The optimized conformation of Tyr and Phe is similar
to the Trp conformer (see Figure 2). In the case of Phe, this
conformer has been identified as the most stable by both DFT
and MP2 calculationd: The same qualitative arguments than
for Trp explain its stability. For example, the lengths of the
Y, By + By + Byi) intramolecular hydrogen bonds O+NH, are similar to that
=Xy.z for Trp: 1.826 and 1.836 A for Tyr and Phe, respectively.

Bl = B2+ B2+ B
where

Bi
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Hiz ? TABLE 1: Comparison between Calculated (BP/TZ2P) and
Hﬂ% QLC P Experimental Geometries for Indole and Phendt
‘_q'}i 4::1 :j:" ,: - | b indole phenol
- @ ' f:fh A o}c 'C © calc exp calc exp
@ch)"' cs) o O}\ |lf‘* N1C1 1.384 1.377 Ci1c2 1.401 1.391
P4 | [ D0 ci1c2 1.374  1.344  C2C3 1397  1.394
! . [ f X ; C2C3 1.437 1451  C3C4 1.397  1.395
b - g ' C&h S C3C4 1408 1412  CA4C5 1399  1.395
P T 4 C4C5 1.390 1.397 C5C6 1.394 1.392
LU o C5C6 1.412 1.386 C6C1 1.400 1.391
Trp Trp_Pept C6C7 1391 1399  C2H2 1.093  1.086
i 101 Q _ Cc7C8 1.400 1.400 C3H3 1.090 1.084
% (_W ‘1’£Li} : &(L C3C8 1.426 1.380 C4H4 1.089 1.080
oi-)'--c_ / 'ﬂ” p o C8N1 1.382 1.391 C5H5 1.090 1.084
0\ 7 @O ¢ N1C1C2  109.4 1115  C6H6 1.089  1.081
wrCh- I\ ¢ CiCc2c3 1071 1055  C101 1377  1.375
cd : (9 - C2C3C4 134.4 132.2 O1H1 0.971 0.957
A 2 o - O C3c4C5 1191 1146  C1C2C3  119.7 1194
Q [ k. 0 C4C5C6 1212 1248  C2C3C4 1205 1205
() P & <% ~ C5C6C7 121.2 119.7 C3C4C5 119.3 119.2
a i B i, . s C6C7C8 117.5 116.4 C4C5C6 120.8 120.8
1 C5C6C1 1195 119.2
0 &ﬁ C6C1C2 120.1 120.9
C1C2H2 119.9 120.0
Tyr Tyr_Pept C2C3H3 1193 1195
Figure 2. Conformation and atomic numbering of Trp, Trp_Pept, Tyr, C3C4H4 1203 120.3
and Tyr_Pept. C4C5H5 1200  119.8
- C5C6H6 1215 121.6
. . o . . . Cc2C101 1225 122.1
Finally, the systems with peptidic chain (Pept) were investigated C6C101 117.4 117.0
(Figure 1). These structures are obtained from the corresponding C10O1H1 108.5 108.8
amino acid conformers. The amino acid part is continued by Ad 8-215 8-305
two C—N peptidic bonds and the two nearest amino acids are ¢ ) :
described by methyl groups (GHAfter geometry optimization, aThe experimental results are taken from X-ray diffractiamd

the conformation of the peptidic structures remains almost Microwavé? measurementsid and Ag refer to the absolute mean
unchanged as compared to the amino acid conformers. Fordewatlon error for bond length (in angstroms) and bond angles (in
. - . degrees).

example, the torsion angles along the € bonds in the chain
are modified by less than 10 ) 18.22 A

To check the accuracy of the optimized structures, the performed in HCI saff e are 0.032, 0.012, and 0.019 .for.
calculated bond distances and angles of indole and phenol are! P+ TYT, @nd Phe, respectively. It should be noted that, in this
reported in Table 1 and are compared to experimental data. The_salt' the three amino *’?‘9'0'3 are es?’e”“?‘”y present as positive
comparison is made with an experimental X-ray crystal structure ions. Therefore, in addltlon_ to the distortions due to the c_rystal
of tryptophafi for indole and with a microwave measurenfént structure, supplementary disagreements betwegn theoretical and
for phenol. The mean deviations in the calculated bond lengths €XPerimental values might result from the different charge
of indole and phenol with respect to the experimental values distribution on the amino acid part. Finally, according to the
are 0.015 and 0.006 A, respectively, while the corresponding expenmental results, the errors in the bqnd lengths can be
mean deviations in the calculated bond angles areahd 0.2, estimated to be less than 0.0'2 A. Thereby, it can pe'concluded
respectively. The agreement with the experimental structure of that the B'_D/ TZZP method gives a correct description of the
phenol is very good, whereas the errors for indole are larger, STUCUres investigated.
As it has been pointed out by Serrano-Arxlet al 2 the possible
distortions and the artificial shortening of bonds resulting from
the X-ray diffraction technique can explain the larger disagree- 4.1. Basis Set EffectAs has been pointed out above, the
ment found for indole. This is particularly visible for the C1C2 correct description of the response properties demands the
and C3C8 bonds. The calculated bond distances for benzenejnclusion of diffuse functions in the basis set. To check the
1.398 A for the G-C bond and 1.090 A for the-€H bond, are accuracy of the basis, we report in Table 2 the mean polariz-
in very good agreement with the experimental distahit&s897 abilities [dlCand hyperpolarizabilitieg| of indole, 3m-indole,
and 1.085 A, respectively. The geometries obtained for 3m- and Trp calculated from different basis sets. The SHG hyper-
indole, 4m-phenol, and toluene are very close to the corre- polarizabilities have been determined for a wavelength of 1064
sponding chromophores indole, phenol, and benzene. The meamm. The variations in percentage with respect to the QZ3P-2D
deviation of the bond distances between the theoretical structuresasis are reported in parentheses; this basis is the larger one
is close to 0.002 A for the three systems. Furthermore, th€ C  and is assumed to give the most accurate results. The errors
bond linking the methyl group and the aromatic ring is found due to the basis set for the mean static polarizabilities are
at 1.502, 1.512, and 1.511 A for 3m-indole, 4m-phenol, and comparable for the three molecules. TZ2P gives polarizabilities
toluene, respectively. The value of 1.502 A for 3m-indole is in approximately 5% smaller than QZ3P-2D. The inclusion of
very good agreement with the value of 1.500 A calculated by diffuse functions in ATZ2P leads to errors less than 0.5%.
Somers and Ceulemansising the B3LYP functional. The  Therefore, as can be seen from Table 2, the ATZ2P basis set
geometrical parameters of Trp, Tyr, and Phe are not given in gives polarizabilities close to the basis set convergence for the
details. However, the mean deviations of the calculated bondthree systems considered. For the hyperpolarizabilities the
distances with respect to the experimental diffraction values inclusion of diffuse functions gives a more significant effect.

4. Optical Response
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TABLE 2: Effect of the Basis Set on the Static Quantitiesia(Jand || and on the SHG || for Indole, 3m-Indole, and Trp2

molecule property TZ2P ATZ2P Qz3P-1D Qz3P-2D
indole [6(0)] 99.38 (4.6) 104.10 (0.1) 103.59 (0.6) 104.18
1B(0)] 0.655 (26.4) 0.511 (1.4) 0.550 (6.2) 0.518
1B(—20; ©, w)| 0.828 (23.6) 0.666 (0.6) 0.710 (6.0) 0.670
3m-indole [6(0)0] 113.65 (3.9) 118.30 (0) 117.57 (0.6) 118.29
1B(0)] 0.658 (10.5) 0.722 (1.8) 0.755 (2.7) 0.735
1B(—20; 0, w)| 0.864 (12.0) 0.965 (1.7) 1.000 (1.8) 0.982
Trp [6(0)C] 150.15 (4.1) 155.87 (0.4) 155.40 (0.7) 156.52
1B(0)] 1.481 (9.7) 1.288 (4.6) 1.281 (5.1) 1.350
1B(—20; 0, w)| 1.885 (10.6) 1.608 (5.6) 1.599 (6.2) 1.704

aThe hyperpolarizabilities are given in the B convention. The variations in percentage in respect to the QZ3P-2D basis are reported in parentheses.
b [@[] atomic units;|A], 10730 esu; ||, SHG calculated at 1064 nm.

B Cal. (static) theoretical results. In Figure 3, it can be seen that the calculated
200 - EZZAEmp. (ahp) polarizabilities are in very good agreement with the empirical
\ EXJEmp. (aho) values. The mean deviation between the theoretical values and
i ! the polarizabilities obtained with the (ahp) and (ahc) methods
150 N are 1.7 and 3.3 au, respectively. This corresponds to an average
—_ ~ error of 1.4% and 2.3% for (ahp) and (ahc), respectively, when
3 N N compared with the calculated polarizabilities. As a consequence,
g 1001 it can be concluded that the calculated polarizabilities are
v ~ A accurately determined and that the evolution between the
EE ?i ii N different systems is well reproduced. For each chromophore,
501 ai ﬁs ?E ﬁ the polarizability is significantly increased when the aromatic
is ;s ;i ;ﬂ rings are substituted by the various chains. For example, the
0 Nl AR B A A0 A0 NE AR AR A A polarizability is increased by 14%, 50%, and 93% when the
oF ° <R QQQ‘ 0“o\ ge& < & && && P QQQ‘ indole ring is substituted togive 3m-indole, Trp, gnd Trp_Pe_pt,
'\“@:\“ <7 é‘u&;S“ PRI o« respectively. Moreover, similar increases are obtained for a given

chain. The variations are 14.2, 14.6, and 14.6 au for 3m-indole,
Figure 3. Static average polarizability (atomic units) for the various 4m-phenol, and toluene, respectively; 51.8, 52.6, and 52.2 au
molecules. (ahp) and (ahc) correspond to empirical values. for Trp, Tyr, and Phe, respectively; and 96.9, 98.6, and 98.3 au
for Trp_Pept, Tyr_Pept, and Phe_Pept, respectively. The close

For TZ2P the errors reach almost 30% for indole and nearly values obtained for these increases suggest that the evolution
10% for 3m-indole and Trp. The errors are again significantly ©f the polarizabilities is mainly due to the polarizability of the
reduced for the ATZ2P basis, with values close to 1%, 20, Various chains. This is also indicated by the validity of additivity
and 5% for indole, 3m-indole, and Trp, respectively. The results methods for evaluating molecular polarizabilities. Furthermore,
obtained with this basis set are even closer to the valuesthe correct evolution obtained for the different systems and the
calculated with QZ3P-2D than the hyperpolarizabilities deter- agreement between calculate_d and empirical polarizabilities
mined with the QZ3P-1D basis. As a consequence, the ATZ2P show that_ the systgms_ considered here do _not present the
basis appears to be well-adapted for an accurate determinatiorProblematic overestimation 6] Such a behavior, when the
of polarizabilities and hyperpolarizabilities with a reasonable ¢hain length increases, has been encountered, for example, for
computational cost. The errors are estimated to be close to 5%P0lyacetylene chains and puspull z-conjugated systenf§:*:
from the basis set limit for the molecules considered. Hence, 1N€ good results obtained for the polarizability suggest that the
this basis set was used, in the following, to determine the optical ©MPloyed method can also yield a correct description of the
responses of all systems studied. nonlinear response.

4.2. Polarizabilities. In this part, the linear optical response ~ 4.3. Hyperpolarizabilities. In the static case, the hyper-
of the different molecules investigated is described. An accurate polarizability tenso is symmetric in all permutations of the
estimation of the linear response seems to be a necessarfartesian indices (Kleinman symmetty which reduces the
condition before the nonlinear response is examined. The mearnumber of components to 10. The hyperpolarizabilities com-
static polarizabilities are reported in Figure 3 for all the systems ponents and the hyperpolarizabilitigh andfveq given in the
considered. The theoretical polarizabilities are compared to B convention, for the various systems considered, are reported
empirical values estimated by additivity meth&@3hese values in Tables 3 and 4. The coordinate systems used for the molecules
are obtained by use of two different empirical formulas, one in connection with Trp and for the molecules in connection with
based on atomic hybrid polarizabilities (ahp) and the other on Tyr and Phe are depicted in Figure 1. For each systemxthe
atomic hybrid components (ahc). According to the results of andy axes are in the plane of the aromatic rings. For the indole
Miller,53 the empirical values reproduce the experimental rngs, thexaxis is along the C8C3 bond, while thexis passes
polarizabilities to an average error of approximately 3% for the through the C1 carbon atom. On the other hand, for the benzene
type of compounds considered in this work. For example, the and phenol rings, the axis passes through the carbon atoms
experimental values of benzene and toluene, 70.3 and 8237 au, C1 and C4, while thg axis passes through the C6 atom.
respectively, are in very good agreement with the empirical Let us start by considering the hyperpolarizability of the
results obtained through the (ahp) formula, 70.4 and 82.8 au,aromatic side chains. Due to its center of inversion, the first
respectively, and the (ahc) formula, 70.5 and 82.9 au, respec-hyperpolarizability of benzene is equal to zero. Phiensor of
tively. Therefore, the (ahp) and (ahc) empirical polarizabilities indole is dominated by the diagonal compongyy with a value
appear to be well-adapted to check the accuracy of the of 0.45 x 1073 esu, whereas the main component for phenol
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TABLE 3: Static First Hyperpolarizabilities Components, both diagonal and nondiagonal components give a similar
B and fuec (107 esu) for the Systems in Connection with contribution. In the same way as for Tip) is increased when
Trp going from phenol to 4m-phenol and Tyr. Howevép)] is
components indole  3m-indole Trp Trp_Pept  obtained with a lower value for Tyr_Pept in comparison with
XXX —0.08 —0.18 —0.54 —0.16 Tyr, 1.18 x 10739 and 1.51x 10730 esu, respectivelyByec is
YYY 0.45 0.69 1.06 1.15 found to be negative and its absolute values follow a similar
77z 0.00 —0.02 —0.06 —0.23 evolution to|A|. The complicated hyperpolarizability tensor and
XYY 0.02 0.08 —0.05 0.11 the resulting decrease found for Tyr_Pept shows the neat effect
XZZ —0.09 —0.07 —0.19 —0.28 S . o L=
YXX 0.04 005 016 0.31 of the pept|d|9 cha!n, modifying significantly tlﬂﬁécpmponents
YZZ 0.00 0.06 0.09 0.20 of phenol. This is illustrated by the clear reduction of the
ZXX 0.00 —-0.03 -0.14 -0.34 component when going from phenol to Tyr_Pept.
ZYy 0.00 0.03 —0.09 —0.19 Last, the molecules in connection with Phe are described.
XYz 0.00 —0.02 —-0.11 0.14 . -
A 0.51 0.72 129 1.86 The diagonal componeﬁt(xx dominates thé tensor of toluene
Bues 0.45 0.65 —0.89 —061 and Phe_Pept with values of 0.2810730 and 0.97x 10730

esu, respectively, whereas for Phe the main compongiy,is
and is found at 0.40< 10730 esu.fByxx gives also a significant
contribution to Phe with a value of 0.20 10730 esu andfyyy

to Phe_Pept with a value of 0.438 10730 esu. Again, some
nondiagonal components take part to thetensor of the
molecule with peptidic chain Phe_Pept, with values-@.43

x 10730 and 0.25x 10730 esu forf,yy and By., respectively.
Additionally, it can be seen that the evolution of the main
components, from Tyr to Tyr_Pept and from Phe to Phe_Pept,
is comparable. For example, the diagonal compongst
increases significantly from Tyr to Tyr_Pept and from Phe to
Phe_Pept, inferring a positive contribution of the peptidic chain.
Furthermoref,yy is almost unchanged for these systems with
values close to 0.4& 10730 esu and the nondiagonal compo-
nentsB,yyandpy;;follow a similar behavior with values 6f0.43

x 10730 esu and close to 0.3 1070 esu, respectively, for
the systems with peptidic chains. The evolution|@f for the
systems in connection with Phe is comparable to the behavior
obtained for the systems in connection with Trp. A strong
increase is found fojB| when going from toluene to Phe_Pept
with values of 0.19x 1073 and 1.35x 10~ esu, respectively.
The sign of Byec is also reversed between toluene and Phe.

esu, respectively. In the case of Trp the comporfaptgives Eﬁ(\;veggr,t the absolute value @ is further increased for
also a significant contribution to th@ tensor with a value of = Pt ) o )
—0.54 x 10730 esu, whereas for Trp_Pept many nondiagonal Similarly to the behavior of the polarizabilities, the chains

components have significant contributions with absolute values have a large effect on the hyperpolarizability tensor. For both
around 0.3x 10730 esu. The average hyperpolarizabilif/ quantities, an increase is found when the aromatic side chains

with values of 0.51x 10730, 0.72x 1073, 1.29 x 103, and are substituted. However, in contrast wiflal] for which a
1.86 x 1073 esu for indole, 3m-indole, Trp, and Trp_Pept, egular increase has been found between the various systems,

respectively, is correlated to the large increase found for the the hyperpolarizability tensor and the related quantifsnd

aGiven in the B convention.

iS Bxxx With a value of—0.83 x 1073 esu. These components
dominate in the average hyperpolarizabili} with values of
0.51 x 1073% and 0.96x 1073%° esu for indole and phenol,
respectively. For indole, the projected hyperpolarizabjiiy.

is obtained with a value of 0.4% 1073° esu comparable to
that of | 3], whereas for phengdye. is found at—0.27 x 10730
esu. The absolute value Bfecfor phenol is in global agreement
with the experimental EFISH result measured by Oudar &t al.
at 0.17x 10730 esu. The difference in sign can be explaitfed
by the inaccurate direction of the dipole moment taken by Oudar
et al. Thus, the hyperpolarizability tensors of indole and phenol
show a simple structure with one diagonal component giving
the main contribution tg.

Next, we investigate the effect of the different chains and in
what way the hyperpolarizability tensor is modified. Let us first
describe the evolution of the components for the different
molecules in connection with Trp. From Table 3, it can be seen
that the diagonal componerfy, dominates the nonlinear
response of indole, 3m-indole, Trp, and Trp_Pept with values
0of 0.45x 10730, 0.69x 10730 1.06x 10730 and 1.15x 10730

diagonal componenpy,y. This leads to a value offf| for 5vecsh_owan_10re c_omp_lex behavior. For example, the evolution
Trp_Pept, approximately 3.6 times higher than for indole. The Of || is depicted in Figure 4. In the same way as faf] a
behavior of the projected hyperpolarizabilfye. is different. strong increase, as the chain length becomes longer, has been

Similar to |g], it is increased when going from indole to 3m-  found for the systems in connection with Trp and Phe, whereas
indole. However, the sign is reversed and a decrease is foundthe hyperpolarizability3| obtained is lower for Typ_Pept in
for the absolute value between Trp and Trp_Pept. The changecomparison to Tyr. This different evolution might be due to
in sign is related to the modified direction of the dipole moment the particular interaction occurring between the different
due to the additional contribution of the amino acid and peptidic aromatic chromophores and the associated chains. In particular,
chains. the decrease found between Tyr and Tyr_Pept can be related to
Let us describe the hyperpolarizabilities corresponding to the the increase obtained for the negative diagonal compghgnt
systems in connection with Tyr and Phe. These hyperpolariz- due to the peptidic chain. It shows that the various chains
abilities are reported in Table 4. For phenol, 4m-phenol, and contribute significantly to the hyperpolarizability and that a
Tyr, the diagonal componerf gives the main contribution description limited to the aromatic rings appears to be insuf-
to the 3 tensor with values 0f-0.83 x 10-3%, —0.90 x 10-%, ficient. Moreover, the three amino acids investigated are found
and—1.16 x 10-3 esu, respectively, whereas it is not the main With a hyperpolarizability of a comparable magnitude. Thus,
component for Tyr_Pept, since its absolute value is decreasedthey are all expected to give a significant contribution to the
to 0.17 x 10730 esu. Moreover, the diagonal componghyy nonlinear response of a given protein.
gives a significant contribution to Tyr and to Tyr_Pept with Finally, the effect of frequency dispersion is addressed. In
values of 0.45«< 103%and 0.44x 103 esu, respectively. The  Figure 4, the dynamic hyperpolarizabilitig§(—2w; w, )|,
f tensor of Tyr_Pept is found with a complex structure in which corresponding to the second harmonic generation calculated at
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TABLE 4: Static First Hyperpolarizabilities Components, || and fyec (103 esu) for the Systems in Connection with Tyr and
Phe

components phenol m-phenol Tyr Tyr_Pept toluene Phe Phe_Pept

XXX —0.83 —0.90 -1.16 -0.17 0.18 0.20 0.97
YYY 0.06 0.09 0.45 0.44 0.02 0.40 0.43
777 0.00 —0.02 —0.06 -0.20 —0.03 —0.03 -0.11
XYY 0.02 0.02 0.09 —-0.01 —0.02 0.05 —0.10
Xzz -0.14 -0.11 -0.17 —0.06 0.04 —0.01 0.14
YXX 0.07 0.07 0.22 0.19 0.00 0.16 0.09
Yzz 0.01 —0.01 0.13 0.33 —0.02 0.12 0.25
ZXX 0.00 —0.01 -0.14 —0.02 0.00 —0.02 0.10
zZYY 0.00 0.02 —0.06 —0.43 0.02 —0.07 —0.43
XYz 0.00 0.00 0.00 0.10 0.00 0.00 0.07
1Bl 0.96 0.99 151 1.18 0.19 0.73 1.35
Puec -0.27 —0.52 —0.67 —0.52 0.19 -0.71 —-1.24

aGiven in the B convention.

2,6 4 B Cal, (static) agreement with the empirical values, illustrating the accuracy
2,41 7] ©Z74 Cal. (1064nm) of the method. The various chains have a strong effect on both
2,2 1 polarizabilities and hyperpolarizabilities. The different chains
2,0 1 lead to a systematic and almost constant increase of the
1,8 1 ; polarizability, which can be related to the polarizability of the
= 1,61 7 g chains. The effect of the chains on the hyperpolarizability is
& 14 ? z % more complex. The evolution of the variogsomponents has
o 121 ? 2 P ? ? been described in detail for the different molecules considered.
= 107 ) ? ? ? ? ? It appears that the effect is less systematic and depends on the
= 087 ? 4 4 ? 4 ? % component and the quantity considered. For example, as can
0,6 g ? ? ? ? z ? ? be seen from Figure 4, the average hyperpolarizalfitys in
? ? ? ? ? ? 4 ? most cases increased when the chain is lengthened. The
/ g g 4 2 g é particular decrease obtained for Tyr_Pept can be related to the
e ' oy increase, found for both Tyr_Pept and Phe_Pept, offhe
& &7 x component.
~ s < Finally, our study leads to the following conclusions. The
Figure 4. Static and dynamic (at 1064 nm) hyperpolarizabilitigs three aromatic amino acids considered show hyperpolarizability
(107% esu) for the various systems, given in the B convention. tensors of comparable intensity. They are then expected to

contribute, in an equivalent way, to the nonlinear response in
protein. Additionally, it appears that a correct description of

the peptidic chain is required in order to model the nonlinear
response of chromophores in protein. The variations of the
hyperpolarizabilities due to the additional chains are of the same
order of magnitude as the hyperpolarizabilities of the corre-

sponding chromophores. This shows that, at least in the off-
resonant case, the optical nonlinear properties of the protein
cannot be restricted to the response of the chromophores’
aromatic rings.

a wavelength of 1064 nm, are depicted. At this frequency the
hyperpolarizabilities are still in the off-resonant region. The
nearest resonances for Trp, Tyr, and Phe are obtained for
wavelengths close to 528285601° and 530 nimi? respectively.

The frequency-dependent hyperpolarizability follows an evolu-
tion similar to that of the stati3|. The effect of dispersion at
1064 nm is to increase the hyperpolarizabilif§] by ap-
proximately 25% for the various molecules. For example, the
increase due to dispersion is 29%, 25%, and 22% for Trp_Pept,
Tyr_Pept, and Phe_Pept, respectively. Comparable variations
are found for each component of tffetensor. The effect of
frequency dispersion appears to be significant even in the off-
resonant region. Thereby, it is necessary to include this effect
in order to obtain accurate hyperpolarizabilities.
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