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Abstract: Recent Hyper Rayleigh Scattering measurements report a significant increase of
second-order hyperpolarizability upon introduction of positive charges at the pyridyl end groups
in trispyridyl octopolar chromophores. We calculated the geometries, linear response, and first-
order hyperpolarizabilities of a series of six trispyridyl molecules both in the neutral and protonated
forms. The calculations were performed with ab initio and semiempirical methods. The results
are in good agreement with the experimental values and a correlation between the first
hyperpolarizability and two structural properties, the N—C bond elongation and the C—C bond
length alternation, [Arfwas established. To test these effects we computed the hyperpolarizability
for several constrained geometries and confirmed the importance of planarity on the hyperpo-
larizability values. However the [Arflvalues alone seem to have little influence both on the
hyperpolarizability and on the gap values. Replacing the triple C=C bond by a double C=C
bond in the conjugation bridge has no significant effect due to the strong hyperpolarizability

dependence on the pyridyl-benzene dihedral angle.

1. Introduction

Photonics is playing an ever-increasing role in today’s
technology by efficiently replacing electronics in electro-
optic devices. In this context, researchers have been focusing
on the search for materials with large optical nonlinearities
and for their application in the fields of high speed data
transmission, processing and storage.'® Organic molecules
are promising candidates since their properties can be
custom-tailored, and their dielectric constants and refractive
indixes are much smaller than those of the most common
inorganic molecules. A second-order Non-Linear Optical
(NLO) chromophore typically contains a conjugated sr-elec-
tron system, asymmetrically substituted by electron donor
and acceptor groups, through which a charge transfer occurs.
In such systems the dominant first hyperpolarizability
component is along the direction of charge transfer.

In the early 1990s it was shown that, for a given
conjugation bridge, there is an optimal combination of donor
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and acceptor strengths or ground-state polarization to maxi-
mize the dipole moment-first hyperpolarizability product, /3.
Beyond a certain point, increased donor—acceptor strength
or further ground-state polarization attenuates u3.”® Bond
length alternation, i.e., the average difference in length
between single and double bonds in the molecule, was also
shown to be a relevant parameter in the optimization of the
hyperpolarizability of molecules.”” "' Recently, the possibility
of modulating NLO properties at the molecular level using
molecules which respond to electrochemical or chemical
inputs such as protons or metal cations has been explored.'* '
In chemosensitive systems of the donor-s-acceptor type,
interaction with a cationic species alters the electron density
of the terminal sites, resulting in a modulation of the internal
charge transfer character of the dye molecule which leads
to a change in the optical response.'®”'® There have been
several reports of modulation of the two-photon absorption
and fluorescence properties of linear chromophores upon
cation binding or protonation/deprotonation at the terminal
donor substituent.'%?

The antiparallel alignment of the dipole moments of one-
dimensional chromophores leads the majority of sr-conju-
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Figure 1. One example of each series: D1, D2, T1, and T2.
The rest of the series corresponds to different locations of
the nitrogen atom in the pyridyl rings, as shown in Figure 2.

gated organic molecules to crystallize in centrosymmetric
space groups, having therefore null second-order bulk
susceptibility. One of the solutions to achieve dipole
minimization without losing the molecular hyperpolarizability
is the use of noncentrosymmetric octopolar systems, since
their symmetry ensures cancelation of the dipole moment. '3 3*
Despite the growing impact that octopolar systems are having
in the field of nonlinear optics, few studies report on organic
NLO octopoles with switchable second-order nonlinearity.>> 3
Theoretical calculations on octopolar tris-acetylene benzenes
suggest that the second-order hyperpolarizability 5 could
increase more than 1 order of magnitude upon introduction
of positive charges at the pyridyl end groups.’*~** Assel-
berghs et al. report a strong increase of the charge transfer
character and, consequently, of second-order hyperpolariz-
ability upon introduction of positive charges at the terminal
pyridyl groups of octopolar 1,3,5-trisalkynylbenzenes.*’ In
a work by Oliva et al. the origin of the first-order NLO
response was attributed, for the neutral systems, to octopolar
contributions, while the enhanced response after protonation
was attributed to the involvement of dipolar excited states
yielding dipolar contributions to the NLO outcome.*®

In the present work we explore the relation between
protonation, bond length alternation, and enhanced hyper-
polarizability in octopolar chromophores. We performed
calculations for several prototypical chromophores of neutral
and protonated 1,3,5-trispyridylbenzene in order to determine
the parameters that influence its hyperpolarizability. We
studied the influence of the conjugation bridge by considering
both a C—C=C—C bridge connecting the pyridyl rings to
the central benzene ring (we refer to these systems as the T
series) and a C—C=C—C bridge (the D series, see Figure
1). We also compared the hyperpolarizability values for
normal (T1 and D1 series) and methylated compounds (T2
and D2 series, Figure 1), both in the neutral and the
protonated forms. Finally, we assessed the effect of the
location of the pyridyl nitrogen (series Tla, T1b, etc. ---
see Figure 2).
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Figure 2. Nitrogen location in the pyridyl rings of the
molecules under study.

Table 1. Calculated and Experimental First
Hyperpolarizability Component Sy for the T Series

B3LYP (au) PM3 (au) PM6 (au) Exp.®” (au) CPHF®8 (au)

Neutral

1a 804 796 753

1b 229 240 525

1c 722 938 653 926 417
2a 2446 1722 3262 1389 1346
2b 1763 916 1920

2c 2860 2002 3537 1041 1198
3+

1a 6415 6430 7405

1b 3548 4701 4049

1c 3438 4561 2350 2199 1844
2a 9815 9848 8837 16895 5248
2b 6231 6146 4070

2c 5944 3302 2718 4397 3044

2. Computational Methods

We obtained the ground-state geometries, hyperpolarizability,
and optical properties of all these molecules within Density
Functional Theory (DFT) and Time Dependent Density
Functional Theory (TDDFT), using B3LYP for exchange and
correlation.**** The molecular geometries were optimized
with the GAMESS-US code* using a 6—311G-+(d,p)*® basis
set of wave functions. The static second-order hyperpolar-
izabilities were computed using the finite fields method
within the same level of theory. The OCTOPUS code*”*®
was used to compute the ground-state Electron Localization
Function (ELF)* and the optical absorption spectra. The
ground-state geometries and hyperpolarizability values were
again computed using MOPAC2007,>® with the PM3>' >
and PM6°° Hamiltonians.

3. Results and Discussion

The discussion of our results will be done in four steps: i)
comparison of our results for the second-order nonlinear
polarizabilities with experimental (Hyper Rayleigh Scattering
-- HRS) and other computational results; ii) comparison
between the T and D series; iii) discussion of the computed
molecular geometries and ELF, and their relation with the
hyperpolarizability values; and iv) report on DFT energy
levels and Kohn—Sham orbitals and linear response.

3.1. Nonlinear Optical Properties. In Table 1, we
compare the static /3,0 component computed for the T series
within DFT/B3LYPPM3, and PM6 semiempirical methods
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Figure 3. Comparison between calculated and experimen-
tal®” hyperpolarizability component B, for the T series.
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Figure 4. [,gC0n atomic units, computed within DFT/B3LYP,
PM3 and PM6 methods for the D series.

to HRS experimental values, obtained within the three level
model.?” In order to make the comparison easier, the same
results are plotted in Figure 3.

The present results, obtained both ab initio and semiem-
pirically, reproduce very well the trend of the experimental
results.’” The increase of the computed hyperpolarizability
with protonation and the larger hyperpolarizability of mol-
ecules belonging to the 2 series (compared with series 1)
reflect the stronger donor character of the CH; group and
are in agreement with experiment. Within each of the neutral
series the calculated hyperpolarizability values are very
similar, whereas in the case of the protonated series the
differences are larger: molecules a present hyperpolarizability
values significantly larger than molecules b and ¢. This is
particularly noticeable for the T2 series computed within the
PM3 and PM6 methods. This is again in good agreement
with the HRS results. The DFT/B3LYP results are also in
good agreement with Coupled Perturbed Hartree—Fock
(CPHF) results.®® The small differences can be attributed to
the use of different basis sets and computation methods.

In Figure 6 we show also the intrinsic hyperpolarizability,
Bin» as defined by Zhou et al.’® This property gives a scale-
independent intrinsic value, useful as a metric that takes into
account the molecular size. In the case of the present series,
and since the molecules have the same size and number of
7 electrons, its value depends only on the energy gap. S
follows very closely the variation of the absolute 3 values.
The exceptions are the protonated T1le and T2¢ molecules,
which show a small increase of 3;,; with respect to T1b and
T2b, contrary to what happens to the absolute f3.
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Figure 5. Comparison between the computed DFT/B3LYP
[BurOvalues for the T and D molecules. In the plot, the 1b,
1c, 2b, and 2c symbols include also, for the D series, the
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Figure 6. Comparison of the absolute hyperpolarizability
values with the intrinsic hyperpolarizability.

Although the calculated values reproduce well the experi-
mental trends, the absolute values show some discrepancies.
The molecule with the largest hyperpolarizability presents
also the largest deviation from the experimental results.
Although DFT methods are expected to overestimate hy-
perpolarizability, as in fact happens for the other molecules,
the measured value for T2a>" is 1.8 times larger than the
computed f,.o. The experimental value reported for this
particular molecule is 16895 + 578 au. The DFT/B3LYP
values do not fall in this range. These differences may have
several origins: the basis set, the exchange and correlation
functional, and the neglect of solvent effects.

In order to test the basis set used in the ab initio
calculations we performed also some calculations with the
Z3POL basis set,””3® a basis set specially tailored for the
calculation of electrical properties. The 3, obtained with
Z3POL for the neutral and protonated T2a molecules are
2352 and 9584 au, whereas the 6—311G+(d,p) values are
2446 and 9815 au, respectively. The results are not signifi-
cantly different, showing that 6—311G—+(d,p) is adequate for
the task at hand.

Among the DFT exchange and correlation functionals used
in the calculation of nonlinear optical properties, the hybrid
methods, like the B3LYP used in the present study, represent
a significant improvement on the pure DFT methods.>***°
Salek et al. reports mean absolute errors of 9% for dynamic
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Table 2. [Bg0in Atomic Units, Computed within DFT/

B3LYP, PM3, and PM6 Methods

D T

B3LYP PM3 PM6 B3LYP PM3 PM6
Neutral
1cc 898 1087 682 - - -
1bb 358 318 371 - - -
1a 880 660 377 567 662 626
1b 339 223 142 141 168 356
1c 847 918 526 449 622 504
2cc 1011 1210 925 - - -
2bb 523 477 421 - - -
2a 932 626 715 1521 1178 2150
2b 416 375 425 1142 692 1608
2c 938 1082 822 1780 1370 2252
3+
1cc 2393 3379 1293 - - -
1bb 2330 4345 1925 - - -
1a 4162 7499 3495 3998 5392 4750
1b 2510 4391 2197 2299 2902 2556
1c 2217 4345 1785 2139 2820 1692
2cc 1626 1933 1707 - - -
2bb 2447 2151 2319 - - -
2a 4384 3010 3488 6104 7326 7398
2b 2614 2320 2372 3942 4092 2974
2c 1453 2200 1906 3714 2164 2372
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hyperpolarizabilities.”> However there are some problems
for systems with large charge transfer. In cases like para-
nitroaniline the hyperpolarizability calculations underestimate
the experimental values by 16% at low frequencies and by
30% to more than 40% at higher frequencies.®' This could
also explain why the molecules with larger hyperpolariz-
ability show also larger discrepancies to experimental results.

Solvent measurements indicate a large shift in the hyper-
polarizability values for charge transfer molecules®” in
solutions with large dielectric constants. Allin et al. reports
ratios as large as 6 between the hyperpolarizabilities calcu-
lated in vacuo and in a solvent (the average ratio is 3.7).%>
Although solvent effects should be less important in octopolar
than in linear dipolar molecules,”’ the neglect of these effects
adds to the previous innacuracies.

All these effects must be taken into account when
comparing the calculated values with the experimental ones.
Nevertheless, and since the most important trends are well
reproduced, the present results allow for a detailed analysis
and the drawing of interesting conclusions.

The DFT/B3LYP hyperpolarizability results obtained for
the D series are summarized in Table 2 and plotted in Figure
4. PM3 and PM6 semiempirical results are, in general, similar
and in reasonable agreement with the DFT results. There
are, however, some exceptions. The geometries obtained for
protonated molecules using the two semiempirical Hamil-
tonians and DFT/B3LYP show significant differences, and
this is reflected in the hyperpolarizability values. DFT
geometries and, therefore, hyperpolarizability values, are
closer to PM6 values, both predicting off-plane pyridyl rings.
The planar geometries obtained within the PM3 Hamiltonian
for the D1 molecules lead to significantly larger hyperpo-
larizability values. The effect of geometry in hyperpolariz-
ability is discussed in the next sections.

The hyperpolarizability values of the D series are of the
same order of magnitude and display a similar pattern of
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Figure 7. C—C bond length deviation (top) and energy gaps
(bottom) calculated within DFT/B3LYP for the T series and
compared with f3 .

modulation to those of the T molecules (Figure 5). This is
in agreement with the results reported Lee et al., in which
no significant hyperpolarizability enhancement is seen when
the double C—C bond is replaced by a triple bond in a series
of compounds.®® The protonated series presents larger
hyperpolarizability than the neutral forms, as in the T
molecules. However, the increase on hyperpolarizability seen
from the T1 to the T2 series, due to the presence of electron
rich CH; groups which increase the donor—acceptor strength,
does not happen for the D series. D2 molecules yield
hyperpolarizability values similar to the D1 series and present
lower values than its T2 counterparts. The reason for this is
discussed below.

3.2. Energy Gaps. From now on we will focus on the
DFT/B3LYP results. Calculations show that, for the T series,
protonation decreases the HOMO—LUMO energy gap. There
is also a decrease on the energy gap from the T1 to the T2
series. Figure 7 shows that the hyperpolarizability values
follow very closely the trend of the energy gap, as predicted
by the three-level model for octopolar molecules.®> The D
series presents a more complex scenario. There is still a
decrease of the gap from the neutral to the protonated series.
However, for the neutral molecules, and contrarily to what
happens in the T series, the D2 energy gap is larger than
the D1 gap and so is its hyperpolarizability. For the charged
molecules the hyperpolarizability and the energy gap of the
D1 and D2 are similar but do not present a common trend.
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3.3. Molecular Geometries. 3.3.1/. T Series. The mo-
lecular DFT/B3LYP geometry optimization, performed within
the C; point group symmetry for the T molecules, results
mainly in planar geometries. The only exception is the
molecule T2a in the neutral form, which has the pyridyl rings
tilted by 22°. This deviation does not seem to affect its
hyperpolarizability, since, in the neutral series, this is the
molecule that has the largest hyperpolarizability and HRS
values. Also, the bonds from the central ring to the three
pyridyl rings are not exactly linear, with calculations yielding
bond angles that can be as large as 8°. There are however
other differences in the molecular geometries which seem
to be more important from the point of view of nonlinear
optics. The most significant differences are a consequence
of protonation.

We computed the elongation of the C—N and C—C bonds,
Ry — RopllJ (Rop(N — C) = 1.334 A, R,p(C — C) = 1.388
A),% using the DFT/B3LYP optimized geometries. Proto-
nation leads to a significant elongation of the C—N bonds
in the pyridyl rings: the average value of this elongation for
the neutral molecules is 0.003 A and increases to 0.020 A
for the protonated molecules. This effect follows the large
increase in the hyperpolarizability values.

The mean deviation of the C—C bond lengths from their
average value, [Ar[d_c, which was already identified as
relevant for dipolar molecules,” ' is superimposed with the
C—N bond elongation. Figure 7 presents a plot of [Arl{_¢
and [Byr[ivalues. Since the molecules in each series differ
only on the N site in the pyridyl rings, only the C—C bonds
in the pyridyl rings and the bonds connecting the pyridyl
rings to the conjugation bridge were considered. In fact, the
bond length alternation in the central ring is almost negli-
gible, with a maximum of [ArC= 0.004 A. Within each series
[Arld—c follows very closely the hyperpolarizability values,
with maxima for the protonated 1a and 2a molecules. It is
possible that a larger [Ar[d_c or C—N elongation would
increase further the hyperpolarizability. The ideal value
determined by Marder®’ for push—pull polyenes is 0.03 <
[ArCk 0.05 A.

Protonation enhances the bond length alternation for
molecules T1a, T1b, T2a, and T2b and has the opposite
effect on molecules Tlc and T2¢. However, the N—C
elongation causes the hyperpolarizability of the protonated
molecules to be larger even for the latter molecules. This
indicates that the two structure related effects that influence
the hyperpolarizability values, C—N bond elongation due to
protonation and the variation of [Ar[{_c with the N site,
happen mainly within the pyridyl rings.

3.3.2. D Series. In the case of the D series, the three
methods used to optimize the molecular geometries predict
different structures. In particular for the D1 series, PM3 and
PM6 methods predict respectively, on plane and off-plane
pyridyl rings, which leads also to different values of
hyperpolarizability as will be described below. DFT/B3LYP
geometries for the neutral D1 molecules are close to PM3
results. Although in the protonated case DFT/B3LYP ge-
ometries present also off-plane pyridyl rings, the deviations
from planarity are smaller than 30°, whereas PM6 geometries

Cardoso et al.

Table 3. Pyridyl-Central Benzene Dihedral Angle?

neutral protonated

B3LYP PM3 PM6 B3LYP PM3 PM6
1a —-179 180 -12 156 180 86
1b 171 180 82 131 180 83
1bb 170 180 81 133 180 96
1c 179 180 166 138 180 81
1cc 176 180 140 132 180 61
2a 110 96 41 111 —122 72
2b 98 71 115 100 126 102
2bb 92 75 33 90 —-120 103
2c 117 125 137 91 -120 59
2cc 115 123 94 93 =77 44

2 In degrees, computed within DFT/B3LYP, for the D series.

show deviations close to 90°. The computed dihedral angles
are summarized in Table 3.

We will focus from now on only on the DFT/B3LYP
results. The D1 neutral molecules are mainly planar, with
pyridyl ring torsion angles below 3°. Upon protonation, the
distortion increases to values around 50°. D1 is an exception,
presenting an almost planar geometry. In the case of the D2
series, due to steric crowding, the CH; group forces the
pyridyl rings to be almost perpendicular to the central
benzene ring, and protonation does not lead to significant
changes on the torsion angles.

As the hyperpolarizability values of the T molecules were
well correlated with structural parameters, we looked for
other structural parameters that could explain the differences
between the T and D series. T1 and T2 molecules are mainly
planar, whereas D1 molecules are planar and D2 molecules
have the pyridyl rings tilted with respect to the central
benzene ring plane. This means that the stronger CHj; electron
donor character of the D2 series, which was expected to
enhance its hyperpolarizability, is somehow canceled by the
rotation of the pyridyl rings due to the same CHj groups.
The relation between the deviation from planarity and the
hyperpolarizability values can be seen in Figure 8. As the
dihedral angle deviates from 180°, the computed /5 values
decrease.

We compared again the hyperpolarizability values with
the [Ar[bf the pyridyl rings. For the neutral molecules, [Ar{J
shows small variations, with values between 0.007 and 0.009
A. In this case the modulation of hyperpolarizability follows
very closely the variations of the dihedral angle. In the
charged molecules, [ArCranges from 0.009 to 0.022 A. The
three properties, dihedral angle, [Ar[]and hyperpolarizability
follow the same trend, revealing the effect of the two
structural parameters in the calculated hyperpolarizability
values.

The calculated values suggest that, independently of the
bond order present in the conjugation bridge between the
donor and acceptor groups, hyperpolarizability is somehow
controlled by the planarity of the molecules, the donor and
acceptor strengths, and the bond length alternation. All the
T molecules are planar, and therefore the hyperpolarizability
values are determined by the donor and acceptor strengths
(series T1 vs series T2) and, within each series, by the C—C
bond length alternation. For the D series, the dependence
on the pyridyl dihedral angle can mask the increase of the
donor—acceptor strength.
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Figure 9. ELF for the z=0 slab (top) and ELF=0.75 isosur-
face (bottom) for neutral (left) and protonated (right) T1a
molecule.

3.4. Electron Localization Function. The origin of the
N—C bond elongation is clarified by the analysis of the
Electron Localization Function (ELF). Figure 9 shows
the ELF, calculated for the neutral and protonated Tla
molecule. In both cases there is a regular alternation between
the maxima (bonds) and minima (nuclear sites, except H)
of the ELF along the molecular plane. The C=C triple bond
in the conjugation bridge is clearly seen as a characteristic
torus around the bond axis. The main difference appears in
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Figure 10. 0.75 ELF isosurface for neutral (left) and proto-
nated (right) D1a molecule.

the pyridyl rings. For the neutral molecule the N lone pair
is seen as a diffuse ELF gradient (Figure 9, left), whereas in
the protonated molecule ELF presents a higher and more
constant value around the H and N nuclei (Figure 9, right).
A very similar analysis can be made for all the other T series
molecules. The same happens for the D series. Again, the
main difference appears in the pyridyl rings. For the neutral
molecules the N lone pair is seen as a diffuse ELF gradient,
even more diffuse than in the T series, whereas in the
protonated molecules ELF presents a higher and more
constant value around the H and N nuclei.

One way of optimizing the first hyperpolarizability, that
has already proved to be successful, is the localization of
states obtained through a bump on the potential energy.®®
This causes a modulation of conjugation, and the system
becomes closer to the three-level model system. A similar
effect can be seen in Figures 9 and 10, in which the
isosurface ELF=0.75, corresponding to a considerably high
electron localization, is plotted. In the neutral molecule, the
isosurface corresponding to the N lone pair does not reach
the N site (Figures 9 and 10, left). The charged molecule,
however, presents an isosurface that encompasses the H and
N nuclei (Figures 9 and 10, right). Therefore we can conclude
that protonation results in an increase of the electron
localization around N, attracting part of the electrons of the
N—C bond. As a consequence, the N—C bond order
decreases and the bond length increases, leading to a decrease
of the conjugation of the pyridyl ring and a modulation of
the conjugation of the system.

3.5. Wave Functions. Figure 11 shows the Kohn—Sham
HOMO and LUMO orbitals for the neutral and protonated
Tla molecule, computed with the Octopus code, as an
example of the general behavior. The highest occupied
energy levels are distributed by a set of two almost
degenerate orbitals and another set of three orbitals with
slightly lower energies. The neutral molecules show two
unoccupied orbitals above HOMO with very similar energies,
whereas the protonated molecules LUMO shows a set of
three unoccupied orbitals. LUMO orbitals, both in the neutral
and charged cases, extend over the whole molecule allowing
the charge to travel from the donor to the acceptor fragments,
a necessary condition for a large hyperpolarizability. Pro-
tonation seems to modify the HOMO orbitals. In the neutral
case, three of the five highest occupied orbitals do not extend
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Figure 11. Kohn—Sham orbitals for neutral (top) and proto-
nated (bottom) 1a molecules. Symmetry related degenerate
orbitals are not shown.
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Figure 12. Calculated absorption spectra for, from top to
bottom, T1a, T1b, T1c, T2a, T2b, and T2c. The solid (dashed)
lines correspond to the neutral (protonated) molecules.
beyond the pyridyl rings, reducing the possibility of charge
transfer, whereas in the charged case the wave functions
extend over the whole molecule.

3.6. Linear Response. In Figure 12 we present the
absorption spectra computed for the T molecules, in the
neutral and charged forms (as, to our knowledge, no
experimental absorption spectra exist for the D molecules,
we will only discuss our results for the T series). The neutral
molecules show a first peak (set of peaks in the case of T1b)
between 300 and 350 nm and a less intense structure between
350 and 400 nm. For molecules T1a, Tlc, T2a, and T2¢
protonation causes a shift of the spectrum toward higher
wavelengths, consistent with the decrease in E,,. It also leads
to an increase of the peak separation and a decrease of the
difference in magnitude of the two major absorption peaks.
The molecules T1b and T2b show a slightly different
behavior. The shift due to protonation, contrary to the
decrease of E,,,, is small and toward lower wavelengths,
indicating other transitions other than HOMO—LUMO.

For the T2 series there is a shoulder at the right-hand side
of the peak at higher wavelength which can be explained by
the energy distribution of the levels just below HOMO. For
the charged molecules, there is a shift of the same peak
toward higher wavelengths: from T1a to T2a, the peak at

Cardoso et al.

425 nm is shifted to 450 nm; from T1b to T2b the peak at
370 goes to 400 nm. These results are in good agreement
with the experimental results which report, for the protonated
forms of T1e, T2a, and T2¢, broader, red-shifted absorption
bands with high molar absorptivities, when compared to the
neutral forms.*”-*® Our results show, however, peaks slightly
shifted toward higher wavelengths than the experimental
values, possibly due to solvent effects.

The two main peaks of the absorption spectra of the neutral
molecules can be attributed to transitions between the HOMO
states and the first and second sets of unoccupied states. The
eigenvalue differences between HOMO and LUMO states
range from 2.7 to 2.9 eV (459—427 nm) and between HOMO
and LUMO+1 states from 3.0 to 3.4 eV (413—365 nm). This
explains the splitting between the two main peaks of the
absorption spectra, although it does not give their exact
location. For the protonated molecules, the two main peaks
correspond to transitions from the two sets of highest energy
occupied states. The HOMO—LUMO eigenvalue differences
range from 2.5 to 2.8 eV (496—443 nm), and the HOMO-
1—LUMO gap ranges from 3.1 to 3.3 eV (376—400 nm), in
agreement with the red-shifted absorption spectra of the
protonated molecules.

4. Interplay between Geometric and
Electronic Properties

To date, the vast majority of effective chromophores,
concerning the electro-optic activity, are planar conjugated
m-electron systems with electron-donor and-acceptor moieties
at their ends. As mentioned above, these chromophores
exhibit a dominant intramolecular charge-transfer transition
from the ground-state to the first excited-state and produce
effective polarization along the ;-conjugated axis. Recent
results® 7% suggest that molecules with twisted 7-electron
systems bridging donor (D) and acceptor (A) substituents
exhibit large hyperpolarizabilities. The twist-induced reduc-
tion in D-77-A conjugation leads to aromatic stabilization and
formal charge-separated zwitterionic ground states, relatively
low-energy optical excitations, and large dipole moment
changes from the ground state to the first excited-state.

In order to study in more detail the interplay between the
molecular structures and the electronic properties we com-
puted the T series hyperpolarizability for several values of
the pyridyl rings torsion angle and of the [Ar[] without a
previous geometry relaxation. In Figure 13 we plot 3., and
1/E%,, for different torsion angles for the neutral and
protonated T1a molecule. Contrarily to what happens to the
chromophores reported by Kang et al.®” the increase of the
torsion angle decreases significantly the hyperpolarizability:
P is 4 to 5.5 times larger in the case of the planar
geometries than when the pyridyl rings are perpendicular to
the central ring. The same happens to 1/E2,,. However the
values change in a smaller range: for the neutral molecules
1/E2,, is 1.5 times larger for the planar geometry than for
the geometry with a 90° torsion angle, whereas for the
protonated molecule there is no significant variation.

We also varied the [Ar[values for the protonated form of
T1a by changing the length of the C—C bonds in the pyridyl
rings. In doing so, [Ar[ranges from the value of the



Downloaded by PORTUGAL CONSORTIA MASTER on July 7, 2009
Published on March 2, 2009 on http://pubs.acs.org | doi: 10.1021/ct800464t

Structure Dependence of Hyperpolarizability

T T T T T T T T T
Freeg <
6000 b (OFT) e \ 1 50
g ©
= 4000 | N
) I
% G ~
o g 14 %
T
=
2000 - |
Q\
— \\\
AN 1 30
0 L L L e L 1 L L L
0 30 60 90 0 30 60 90

torsion angle

T T T T T T T T T

6000 |- %(XX(DFT) .

int (DFT)  ©

4000

Brocc(@u)
g

2000

e o

e
0 1 1 M 1 1 1 1 L 0
0 30 60 80 0 30 60 90
torsion angle

Figure 13. In the upper graph we plot S, and 1/E3,;,
calculated for different torsion angles for the molecule T1a,
both in the neutral (left) and in the protonated (right) case. In
the second graph we plot the absolute and the intrinsic value
of the hyperpolarizability. The intrinsic and absolute hyper-
polarizability follow the same trend, as expected, since neither
the size of the molecule nor the number of 7z electrons change.

optimized geometry to less than half of that valuer. However,
there are no significant changes in the hyperpolarizability
values neither in the energy gaps.

5. Conclusions

Ab initio calculations correctly reproduce the large hyper-
polarizabilities of the charged octopolar molecules, including
the significant increase of first hyperpolarizability upon
protonation reported in previous studies. The HOMO—LUMO
energy gap decreases upon protonation, its inverse square
being related to the 5 values, in agreement with the three-
level model. Linear response TDDFT calculations are also
in good agreement with the experimental absorption spectra,
reproducing the bathochromic shift of the peaks upon
protonation, due to the gap reduction mentioned above. DFT/
B3LYP calculations allowed the identification of the levels
involved in the transitions.

Ab initio hyperpolarizability values of the protonated
octopolar D molecules follow closely the values calculated
for the corresponding T molecules, both in the neutral and
protonated cases. The calculated values suggest that, inde-
pendently of the bond order present in the conjugation bridge
between the donor and acceptor groups, hyperpolarizability
is mainly controlled by the planarity of the molecules, the
donor and acceptor strengths, and the bond length alternation.
All the T molecules are planar, and therefore the hyperpo-
larizability values are determined by the donor and acceptor
strengths and, to a lesser degree, by the C—C bond length
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alternation. For the D series, the dependence on the pyridyl
torsion angle can mask the increase of the donor—acceptor
strength.

Changes in the molecules’ geometries were also analyzed,
and a correlation between the molecular structures and the
first hyperpolarizability, 3, was suggested. Several parameters
affecting 3 were identified: i) the C—N bond elongation upon
protonation, which follows from the localization of the
electrons around H and N, as seen in the ELF plots, and
accompanies the increase of the [ values; ii) the planarity
of the molecules; and iii) the C—C bond length alternation,
already identified as relevant for dipolar molecules. To test
these effects we computed the hyperpolarizability for several
constrained geometries, thus confirming the importance of
planarity on the hyperpolarizability values.
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