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ABSTRACT: In this present paper, we investigate the relationship between the dynamic
first-order hyperpolarizability (DFH, or βHRS) of a triarylamine core bearing two 3,3′-
bis(trifluoromethyl)phenyl arms and the nature of a third group containing distinct electron-
withdrawing strength (H < CN < CHO < NO2 < Cyet < Vin). For that, we have combined
hyper-Rayleigh scattering (HRS) experiments with picosecond pulse train at 1064 nm and
quantum chemical calculations at the density functional theory (DFT) level. The βHRS values
exhibited pronounced enhancement from 56 × 10−30 cm5/esu (EWG = CN) up to ∼400 ×
10−30 cm5/esu (EWG = Vin) due to the increase in the degree of donor−acceptor charge
transfer concomitant with the intensification of the resonance enhancement effect observed
when the scattered photon (2ω = 532 nm) approaches, in energy, the lowest energy band of
chromophores. Furthermore, our experimental results suggest that the CF3 group has a
significant effect on the βHRS, since we observed a considerable increase in this parameter (at
least 30% higher) for CF3EWG molecules as compared to their homologous tBu·EWG
derivatives, recently investigated. Finally, the βHRS results were compared with theoretical
results provided by the coupled perturbed Hartree−Fock method implemented at the DFT level of theory and combined with a
polarizable continuum model to take into account the solvent environment. The theoretical results allowed us to evaluate the
effects of solvent-induced polarization and frequency dispersion on the first-order hyperpolarizability of the molecules and their
molecular anisotropy (or dipolar/octupolar contributions).

1. INTRODUCTION

The first-order hyperpolarizability (β) is a measure of how
easily a dipole is induced in a molecule in the presence of an
electric field (E⃗). Therefore, β is a quantitative measurement of
the change in the charge distribution of an atom or molecule
when it interacts with an electromagnetic wave.1 At the
macroscopic level, this effect is related to the second-order
optical response, i.e., second-order susceptibility, χ(2); therefore,
it is, by nature, a nonlinear optical effect. To determine this
important physical quantity in organic or inorganic materials,
several techniques have been proposed.1−7 Among them, the
hyper-Rayleigh scattering (HRS) technique stands out because
it is a simple technique that does not require complex
mathematical analysis.5−8 Basically, the HRS process involves
the annihilation of two incident photons of frequency ω and
the creation of a scattered photon at 2ω.5,9 From the
experimental point of view, a pulsed laser beam is focused at

the middle point of a fused silica cuvette containing the
material. The HRS signal emitted by the sample is collected
perpendicular to the beam direction, avoiding a possible
interference of the laser over the measured signal. Through the
relationship between the intensities of the incident (I(ω)) and
scattering (I(2ω)) beams, the dynamic first-order hyper-
polarizability (DFH, or β) of a molecule can be measured. In
general, to avoid considerable experimental errors, β is
measured by using a reference material.
As a general rule, non-centrosymmetric organic molecules

rich in π-electrons exhibit strong first-order hyperpolarizability;
as a result, it has been used in several kinds of applications,
inclulding efficient frequency doubling, high-resolution micros-
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copy, and fast electro-optic modulation.10−16 On the other
hand, first-order hyperpolarizability is absent in centrosym-
metric molecules in an isotropic medium, because a
perturbation caused by an electric field (E⃗) leads to a
polarization in this kind of material (P⃗(2) = χ(2):E⃗E⃗) that does
not alter its direction with respect to the reverse direction of
the electric field (−E⃗).17 However, some exceptions have been
reported in the literature, since certain centrosymmetric
molecules change drastically their molecular conformation
due to distinct effects, such as solvent-induced effects, the
application of an external electric field, and aggregate
formation.8,9,18,19

The major aim in the design of molecules with remarkable
first-order hyperpolarizability is to induce a large charge
asymmetry in chromophores without greatly altering their
molecular weight. For that, chemists and molecular engineers
have focused attention on different molecular designs, such as
dipolar (A-π-D), quadrupolar (A-π-D-π-A), and octupolar
structures ((D-π-A)3), where D and A refer to the electron-
donating (donor) and electron-withdrawing (acceptor) groups,
respectively, linked through a bridge of π-conjugated bonds.
These structures contribute to improving the nonlinear
hyperpolarizabilities of organic molecules due to the large
charge separation induced and, consequently, produce
chromophores with extraordinary optical and electronic
features. Special attention has been given to designing push−
pull octupolar structures since they have presented exceptional
μ⃗ and Δμ⃗ values (between 10 and 30 D).20−26 Thus, here we
have studied the DFH magnitude for a series of push−pull
triarylamine molecules as a function of the nature of different
electron-withdrawing group (EWGs: H < CN < CHO < NO2 <
Cyet < Vin). These molecules present an octupolar structure
consisting of a triarylamine core bearing two 3,3′-bis-
(trifluoromethyl)phenyl arms and a third group with varying
electron-withdrawing strength (see Figure 1). To determine the
first-order hyperpolarizability, we performed HRS measure-
ments with infrared (1064 nm) pulse trains containing
approximately 20 pulses of 100 ps separated by 13 ns, delivered
by a Q-switched and mode-locked Nd:YAG laser.27 We also
performed quantum chemical calculations combined with a
polarizable continuum model (PCM) in order to determine the
static (β(0;0,0)) and dynamic (β(−2ω;ω,ω)) first-order
hyperpolarizability of the molecules in toluene solvent and
figure out the effect of the EWGs, the solvent-induced

polarization, and the frequency dispersion on this nonlinear
optical property.
Recently, some of us studied the two-photon absorption

(2PA) properties of these molecules and found interesting
results, in particular, large Δμ⃗ values.26 These results indicate
that these molecules are potential candidates for applications
involving second- and third-order optical processes.

2. EXPERIMENTAL SECTION

In order to obtain the first-order hyperpolarizability of the
triarylamine derivatives dissolved in toluene, we used an
extension of the conventional HRS technique involving
picosecond pulse trains.27 This extension, that has already
been used in some published works,28,29 allows to improve the
HRS signal-to-noise ratio and speed up the acquisition process.
High laser frequency rates indeed provide a better statistical
ensemble, while mechanical control of the light intensity is no
longer required. The technique takes advantage of a mode-
locked and Q-switched pulse trains delivered by a solid-state
Nd:YAG laser at 1064 nm. The pulse train has about 20 pulses
with a 100 ps pulse width, separated by 13 ns. In our HRS
setup, a mechanical shutter controlled by a computer is applied
to block the laser beam during background determination and
after the measurements, warranting that the sample is not
exposed for a long time to the laser light. Additionally, two
crossed polarizers are employed to limit a maximum laser
intensity that pumps the sample. A fast (∼1 ns rise time) silicon
detector (PIN) is used as a reference intensity channel. The
laser beam is focused at the middle point of a 1 cm fused silica
cuvette. The HRS signal emitted by the sample is collected
perpendicularly to the pump beam direction, avoiding possible
interferences of the laser with the measured signal. In order to
improve the signal-to-noise ratio, our setup uses a spherical
mirror to collect part of the signal that is scattered in the
opposite direction of the photomultiplier tube (PMT,
Hamamatsu H5783P).The back spherical mirror increases the
HRS signal of about 100%. Between the sample and the PMT, a
telescope is used to achieve a high solid angle. A narrow
bandpass filter is used to allow only the 532 nm nonlinear
scattering to be detected by the PMT. All system is enclosed in
a black box. Measurements are averaged during 1 min using a
laser repetition rate of about 300 Hz. After the sequence of
HRS measurements, a linear absorption spectrum is recorded
to observe possible photophysical degradations of the sample.

Figure 1. Molecular structure for the CF3 triarylamine derivatives studied in this report.
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3. COMPUTATIONAL DETAILS

In this report, all the quantum chemical calculations were
performed at the density functional theory (DFT) level.30−32

To determine the effect of the toluene solvent on the
equilibrium molecular geometry of the molecules, geometry
optimization calculations were performed in the gas phase and
also employing a PCM to take into account the solvent
environment. The PCM using the integral equation formalism
variant (IEF-PCM),33,34 as implemented in Gaussian 09
package,35 was employed for this purpose. The geometry
optimization calculations were performed using the hybrid
B3LYP36,37 functional and the standard 6-311G(d,p) basis
set.38 It was not verified any important change between the
molecular equilibrium geometries of each molecule obtained in
the gas-phase or in solvent, calculated with the IEF-PCM
model.
In the HRS experiment, the harmonic scattered light is given

as the simple incoherent contribution of the scatterers. The
intensity of the light scattered by a single molecule at the
harmonic wavelength (2ω) is proportional to its orientational
averaged first-order hyperpolarizability squared, ⟨βHRS

2⟩ (the
brackets indicate orientation averaging).5 The relation between
⟨βHRS

2⟩ and the components of the molecular first-order
hyperpolarizability tensor (βijk) depends on the polarization
state of the fundamental and harmonic beams, the spatial
geometry of the experimental setup and the molecular
symmetry.39 In the classical HRS experiment, as conducted in
this work, the 90° angle geometry is used.
The use of a description using spherical coordinates allows

the β tensor (symmetric rank-3 tensor) to be decomposed,
under the Kleinman’s symmetry,40 as the sum of a dipolar (J =
1) and an octupolar (J = 3) tensorial component. In this case,
⟨βHRS⟩ can be written in function of the squared norms of the
irreducible J spherical components as

β β β⟨ ⟩ = | | + | |= =
10
45

10
105J JHRS 1

2
3

2

(1)

and the relationship between these two spherical components
as determined experimentally and the molecular Cartesian
components of β can also be found elsewhere.41

The nonlinear anisotropy parameter ρ = |βJ=3|
2/|βJ=1|

2

compares the relative contributions of the octupolar [Φ(βJ=3)
= ρ/(1 + ρ)] and dipolar [Φ(βJ=1) = 1 − Φ(βJ=3)] components
to the first-order hyperpolarizability tensor β. Such parameter
provides a quantitative classification of the molecular system in
terms of its more or less pronounced octupolar/dipolar
character.
In this study, the tensor components of the static and

dynamic first-order hyperpolarizabilities have been analytically
calculated by using the coupled perturbed Hartree−Fock
method implemented at the DFT level of theory (coupled
perturbed Kohn−Sham (CPKS) method). A series of works
has already demonstrated that this approach is a good choice
for the investigation of nonlinear optical properties of medium-
and large-size systems because it combines both the quality of
the results and the sparing of computational resources.42−46

The main aims of employing quantum chemical calculations
in this work was to determine the equilibrium geometry of the
derivatives, to address the effects of solvent-induced polar-
ization and frequency dispersion on their electronic first-order
hyperpolarizability and to determine their molecular anisotropy
(or dipolar/octupolar contributions). In this report, we focus

on the electronic contribution to the first-order hyper-
polarizability and neglect the pure vibrational and zero-point
vibrational average contributions. Although the pure vibrational
contribution is negligible for SHG processes, the zero-point
vibrational average contribution, on the other hand, is known to
reach typically 10−15% of the electronic counterpart.48−50

Nevertheless, the theoretical approach adopted herein is
appropriate for a semiquantitative comparison between
experimental data and theoretical values for β.
Through the description of the static/dynamic first-order

hyperpolarizability using a two-level model (2LM),51 one can
realize the role of some molecular parameters to this nonlinear
optical property. Adopting a 2LM, the static first-order
hyperpolarizability can be expressed as

β
μ μ

ω
=

| ⃗ | ·|Δ ⃗ |
ℏ

(0; 0; 0)
3
2 ( )0

01
2

01

01
2

(2)

where |μ⃗01| is the modulus of the transition dipole moment
between ground (0) and first-excited (1) states, |Δμ⃗01| = |μ⃗11 −
μ⃗00| is the modulus of the permanent dipole moment difference
between ground and first-excited states, and ℏω01 is the energy
of the electronic transition from ground to first-excited states.
In the context of the 2LM, extensively used to describe the

nonlinear optical property of dipolar molecules, the relationship
between static and dynamic first-order hyperpolarizabilities is
given by a two-level β dispersion model which takes into
account the resonance enhancement effect on the nonlinear
property due to the optical frequency dispersion. The two-level
β dispersion models differ by how they model the line-
broadening of the optical transitions and the mechanisms
behind it.51−53 In the simplest model, called undamped 2LM,
the static and dynamic first-order hyperpolarizabilities are
related by the expression51

β ω ω ω ω ω β

ω
ω ω ω ω

β

− =

=
− −

D( 2 ; , ) ( , )

( 4 )( )

01 0

01
4

01
2 2

01
2 2 0

(3)

where D(ω,ω01) is the frequency dispersion factor and ω is the
angular frequency of the incident laser light. In this dispersion
model, the frequency dispersion factor takes into account the
resonance enhancement effect due to the optical frequency
dispersion, but totally neglects the line broadening of the
optical transition. Due to the total neglect of line broadening
mechanisms, this factor diverges when the angular frequency of
the incident laser light or its second harmonic (2ω) equals the
angular frequency of the lowest-energy electronic transition of
the molecule. Therefore, the undamped 2LM is expected to
become inadequate as one enters the one- or two-photon
resonance region. Nevertheless, thanks to its simplicity, this
approach is the most popular one, used almost universally
(although inappropriately) in experimental works to extrapolate
dynamic first-order hyperpolarizabilities to the static limit,
usually by estimating ω01 from linear absorption spectroscopy
(maximum absorption).
It has been shown in recent years that the use of long-range

corrected (LC) density functionals instead of the conventional
exchange-correlation (XC) functionals provides theoretical
predictions of β in better agreement with the experimental
data. In fact, the conventional XC functionals have demon-
strated serious drawbacks when applied to the calculation of
nonlinear electric field responses.54−56
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In a previous study conducted by some of us,26 a preliminary
assessment of the standard LC CAM-B3LYP functional fail to
well reproduce the experimental UV−vis spectra of the
molecules investigated herein. On the other hand, by following
the successful strategy reported by Okuno,57 we employed
response functions calculations with the tuned CAM-B3LYP
functional to fairly determine the lowest excitation energies of
these molecules and to semiquantitatively reproduce their one-
and two-photon absorption spectra. The default values of the
CAM-B3LYP functional parameters are μ = 0.33, α = 0.19 and
β = 0.46. In that previous study, based on the comparison
between the energy of the one-photon lowest-energy transition
determined by the PCM/response function calculation and the
energy of the lowest-energy absorption band of the
experimental UV−vis spectrum of the H molecule, the values
of the CAM-B3LYP functional parameters were redefined for μ
= 0.150, α = 0.03, and β = 0.97. Based on the results obtained
in this previous study, we adopted the same reparametrization
to employ the CAM-B3LYP functional in the present work.
The vertical electronic excitation energies and excited-state

properties of the derivatives were computed employing the
response function formalism at the DFT level of theory as
implemented in the Dalton program.58 The linear and
quadratic response function calculations, both in gas phase
and employing the PCM solvation method, were performed
using the tuned CAM-B3LYP/6-311++G(d,p) approach. In the
case of these calculations, the PCM as implemented in
DALTON program was employed.59 For consistency, for all
molecules the van der Waals surfaces used in the response
function calculations were defined by adopting the set of van
der Waals radius and atomic centers determined at the
geometry optimization stage using the Gaussian-09 package.

4. RESULTS AND DISCUSSION

The linear optical properties such as UV−vis spectra,
fluorescence lifetime, and quantum yield for all CF3EWG
triarylamine derivatives studied here are described in details in
ref 26. In that paper, we observed that all molecules present an
intense absorption band in the UV range around 350−370 nm.
A second absorption band appears at lower energy region in the
visible range for CF3NO2, CF3Cyet, and CF3Vin derivatives.
Interestingly, compared to their homologous derivatives tBu·

EWG,60 the CF3EWG series exhibit a bathochromic and
hypsochromic shift of their UV and visible absorption bands,
respectively. These observations suggest the electronic

participation of the CF3 groups on the charge transfer between
the triphenylamino core and the EWG group.
Figure 2 depicts the typical experimental HRS signal (closed

symbols) of one triarylamine compound dissolved in toluene
for five different concentrations.
It is possible to perceive in insets of Figure 2 that the

intensity of the first-order hyperpolarizability signal (I(2ω)/
I2(ω)) increases as the concentration increases (see inset),
depicting a linear tendency. The same behavior was observed
for the other compounds studied in this report. From the
experimental data, the first-order hyperpolarizability can be
obtained by taking the ratio between the angular coefficient (α)
of the compound studied and reference material, which, in our
case, was pNA dissolved in toluene (βPNA = (18 ± 3) × 10−30

cm5/esu at 1064 nm, see ref 46).
The angular coefficient is acquired from the empirical

relation between I(2ω)/I2(ω) (where I(2ω) is the intensity
from the scattered beam at 2ω and I(ω) corresponds to the
intensity of excitation beam) and sample concentration. In
summary, first-order hyperpolarizability of our compounds can
be calculated according to

β β
α

α
=sample reference

sample

reference (4)

In order to summarize the experimental first-order hyper-
polarizability of all CF3 triarylamine derivatives investigated in
this study, we present in Table 1, together with the wavelength
of maximum absorbance, the experimental values obtained
using eq 4.
As can be seen in Table 1, in general, the DFH tends to

increase (CN < H < CHO < NO2 < Cyet < Vin) with the

Figure 2. Experimental first-order hyperpolarizability scattering signal for five different concentrations of CF3NO2 (a) and CF3H (b) triarylamine
molecule dissolved in toluene. Solid lines show the second order polynomial dependence. The insets show the linear dependence between the
hyperpolarizability signal and the concentrations. The concentration range was from 1 × 1017 to 2 × 1018 molecules/cm3.

Table 1. Experimental Values of the Wavelength of
Maximum Absorbance (λmax) in nm (and in eV in
Parentheses) and the Dynamic First-Order
Hyperpolarizability (βHRS) in 10−30 cm5/esu of All the
Triarylamine Derivatives (CF3EWG) Investigated

molecule λmax (E) βHRS at 1064 nm

CF3H 361 (3.44) 102 ± 30
CF3CN 347 (3.58) 56 ± 12
CF3CHO 359 (3.46) 134 ± 20
CF3NO2 394 (3.15) 171 ± 30
CF3Cyet 426 (2.91) 313 ± 55
CF3Vin 439 (2.83) 770 ± 200
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increase of EWG strength (H < CN < CHO < NO2 < Cyet <
Vin). However, it is noted that the DFH value obtained for the
CF3CN molecule is the lowest value found among all
molecules, although the EWG strength for the CN group is
higher than the H group. This observation is supported by the
lower effective charge transfer (34%) and electronic coupling
constant (240 meV) observed in CF3CN molecule as compared
with any another molecule studied in this report (see ref 26).
Another important outcome found in Table 1 is that βHRS

increases from 56 × 10−30 cm5/esu in CF3CN molecule to 770
× 10−30 cm5/esu in CF3Vin molecule. This great increase in
DFH value is associated with the concomitant increase of
donor−acceptor charge transfer and resonance enhancement
caused by the Vin group on the triarylamine core. The
resonance enhancement is due to the large red-shift (∼750
meV) caused by the Vin EWG on the linear absorption
spectrum as compared to the CN EWG. As a consequence, a
considerable increase in the frequency dispersion factor
(D(ω,ω01)) from 1.95 (CF3CN) to 3.90 (CF3Vin) is observed
and contributes to increase βHRS. It is worth to mention that
this red-shift is caused by significant charge redistribution in the
molecule due to the EWG = Vin. On the other hand, the
donor−acceptor charge transfer among the arms of molecules
can be quantified through the |μ⃗| and |Δμ⃗| parameters. Based on
this statement, when we compare the |Δμ⃗01|·|μ⃗01|2 factor, to
which βHRS is proportional (eq 2), we observe an increase of ∼4
times in βHRS (in both cases, theoretical and experimental point
of view) going from CF3CN to CF3Vin molecule. Therefore,
according to our results, the main factor to the great increase of
βHRS for these molecules is the donor−acceptor charge transfer.
It is interesting to compare the DFH obtained for the

CF3EWG triarylamine derivatives with their homologous tBu·
EWG, which has an electron-donating tert-butyl group in
position 4 of the phenyl group instead of two-electron-acceptor
trifluoromethyl groups.46 The CF3EWG series exhibit a
considerable increase in β at 1064 nm (at least, 30% higher)
as compared to their homologous tBu·EWG.46 These
observations suggest the effective participation of the CF3
groups on the charge transfer between the triarylamine core
and the EWG group. Indeed, CF3EWG series exhibit a
bathochromic and hypsochromic shift of their UV and visible

absorption bands, respectively, corroborating the electronic
participation of the CF3 groups. It is important to mention,
however, that our experimental error in determination of DFH
is ∼30% as shown in Table 1. To shed more light about the
relationship between the effect of distinct EWG and the
observed first-order hyperpolarizability activity, we have
theoretically investigated the static βHRS(ω=ω0) and dynamic
βHRS(ω=ω1) first-order hyperpolarizability of these CF3
triarylamine molecules employing the CPKS method combined
with a PCM. Table 2 gathers the results obtained by using the
tuned CAM-B3LYP/6-311++G(d,p) approach for all molecules
investigated in gas-phase and solvated. In addition the first-
order hyperpolarizability values, the table also shows the
molecular anisotropy (ρ) according to the polarized HRS
experiment and the dipolar (Φ(βJ=1)) and octupolar (Φ(βJ=3))
contributions to the nonlinear optical property.
Concerning the solvent effects, the theoretical results indicate

that the solvent-induced polarization enhances the static
(intrinsic) first-order hyperpolarizability of all derivatives. The
solvent-induced increase of the static first-order hyperpolariz-
ability varies in the range of β = 5−73%. For the DFH the
increase due to the interaction with the solvent environment is
ascribed to both the solvent-induced polarization and the
frequency dispersion effect. In this case, the solvent-induced
increase varies in the range of β = 51−116%. A straight relation
between the amplitude of the solvent-induced increase of both
static and dynamic first-order hyperpolarizability (H = CN <
CHO < Cyet < Vin < NO2) and the strength of the EWGs (H
< CN < CHO < NO2 < Cyet < Vin) is not observed.
Regarding the dipolar and octupolar contributions to the

magnitude of β, the theoretical results indicate that the CF3
group produce an enhancement of the relative octupolar
contribution in the DFH unlike their homologous tBu·EWG
derivatives,46 in which the relative dipolar and octupolar
contributions are similar. However, the larger βHRS values found
here were for the CF3Cyet and CF3Vin molecules, which have
the smallest relative octupolar contributions (<70%, see Table
2). This result can be explained because the Cyet and Vin
radical are EWGs with strength higher than CF3 group, and,
therefore, as shown in ref 26, the donor−acceptor charge-
transfer values to these groups (N→ EWG) are higher than for

Table 2. Results of the CPKS Calculations Using the Tuned CAM-B3LYP/6-311++G(d,p) Approach for All Molecules
Investigateda

tuned CAMB3LYP-IOFs/6-311++G(d,p)

vacuum/vacuum toluene/toluene

molecule ω βHRS ρ Φ(βJ=1) Φ(βJ=3) E0n (nm) βHRS ρ Φ(βJ=1) Φ(βJ=3) E0n (nm) exptl (nm)

CF3H ω0 19.8 2.50 0.285 0.715 363 28.8 2.42 0.293 0.707 371 361
ω1 42.9 2.34 0.299 0.701 64.6 2.28 0.305 0.695

CF3CN ω0 17.3 8.54 0.105 0.895 351 25.1 18.9 0.050 0.950 360 347
ω1 39.6 5.83 0.146 0.854 59.9 8.73 0.103 0.897

CF3CHO ω0 19.7 15.6 0.060 0.940 365 29.7 7.43 0.119 0.881 380 359
ω1 46.2 29.9 0.032 0.968 73.8 8.86 0.101 0.899

CF3NO2 ω0 22.4 3.74 0.211 0.789 385 38.7 2.39 0.295 0.705 411 394
ω1 58.3 2.80 0.263 0.737 126.2 2.02 0.331 0.669

CF3Cyet ω0 39.5 2.00 0.333 0.667 409 62.1 1.59 0.387 0.613 422 426
ω1 135.9 1.57 0.389 0.611 229.4 1.35 0.425 0.575

CF3Vin ω0 34.5 2.24 0.309 0.691 405 57.5 1.85 0.351 0.649 427 439
ω1 111.7 1.64 0.379 0.621 219.2 1.43 0.411 0.589

aIn addition to the static (ω = ω0) and dynamic (ω = ω1) first-order hyperpolarizabilities (βHRS), given in 10−30 cm5/esu, the table also shows the
molecular anisotropy (ρ) according to the polarized HRS experiment, and the dipolar (Φ(βJ=1)) and octupolar (Φ(βJ=3)) contributions to the
nonlinear optical property.
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the others groups, increasing the dipolar contribution and,
consequently, decreasing the octupolar/dipolar ratio for both
molecules. This result does not mean that the absolute (and no
the relative) octupolar contribution decreased for the CF3Cyet
and CF3Vin molecules as compared to others, but that their
dipolar contributions increase due to the great charge transfer
on this arm. Therefore, as the nonlinear effect magnitude
depends on two contributions (dipolar and octupolar), for
these molecules the β tends to increase. Contrariwise, when the
EWG has practically the same (or small) strength that the CF3
group, the relative octupolar contribution tends to increase as
observed for EWG = H, CN, COH, and NO2 (see Table 2).
This important outcome can explain, at least partially, the
higher DFH values experimentally found for the CF3EWG
series as compared with their homologous tBu·EWG derivatives
as previously reported.46

In Table 3, the value of the dynamic β as determined through
the CPKS calculations and through the TD-DFT calculations in

conjunction with the 2LM approach is shown for comparison
purpose. The photophysical parameters used to describe the
DFH value using the 2LM are depict in Table 4.
To better visualize these results, Figure 3 presents an

illustrative comparison of the DFH values of all CF3EWG
derivatives determined from hyper-Rayleigh measurements
(βexp) with the 2LM approach and CPKS calculations.

Some points are clearly visualized in Figure 3. At first, it is
observed a large disagreement between experimental and
theoretical results for the CF3Vin molecule in both panels a
and b of Figure 3. This outcome can be explained because the
CF3Vin molecule has considerable 2PA at 1064 nm (∼15 GM)
that, consequently, will induce a fluorescence emission. This
emission overlaps with the first-order hyperpolarizability signal
(at 532 nm) and, therefore, as a result, we have an
overestimated experimental value for the first-order hyper-
polarizability of CF3Vin as shown in Figure 3. For the others
CF3 compounds such phenomenon do not occur, since those
do not present 2PA at 1064 nm and, therefore, a better
agreement is observed between the experimental values and the
results of the CPKS calculations. Based on the three-state
model61−63 and the photophysical parameters found in ref 26,
we believed that the experimental DFH signal for the CF3Vin
molecule is overestimated by 80%.
Second, it is noted that the theoretical results provided by the

CPKS (βHRS‑CPKS(ω=ω1)) calculation and the 2LM approach
(βHRS‑2LM(ω=ω1)) are still smaller than the experimental data
for all CF3EWG molecules (see Figure 3), although the CPKS
calculations are much closer to the experimental data. This
occurs, most probably, because we did not observe, within the
DFT framework, the influence of CF3 group on the electronic
structure of the octupolar molecules. Finally, comparing the
CPKS results with the ones obtained using the 2LM approach,
we clearly note that these results are in good agreement only
for CF3NO2, CF3Cyet, and CF3Vin molecules. The poor
agreement observed for the other molecules can be explained
based on the high octupolar character (>70%, Table 2) of their
DFH. As it is already well known,61−63 in these cases the use of
a three-state model is essential to properly model the DFH.

5. FINAL REMARKS
We have investigated the dynamic first-order hyperpolarizability
for CF3EWG molecules as a function of the nature of the
electron-withdrawing groups by combining HRS measurements
and quantum chemical calculations. Our results show that the
DFH exhibits a great enhancement when the EWG = CN is
substituted by EWG= Vin , more specifically, βHRS increases
from 56 × 10−30 cm5/esu (EWG = CN) to ∼400 × 10−30 cm5/
esu (EWG = Vin). We can mention at least two important
features to explain this pronounced increase in βHRS. The first is
associated with the increase in the separation of charge induced
by the Vin group on the triarylamine core (|Δμ⃗| increase from
9.0 to 13.5 D). The second is due to the increase in the
frequency dispersion factor (D(ω,ω01)) from 1.95 (CF3CN) to
3.90 (CF3Vin) that takes place when the scattered photon (2ω
= 532 nm) approaches the energy of the lowest energy band of
the chromophores, increasing βHRS enormously. It is worth
mentioning that EWG = Vin causes a large red-shift (∼750
meV) in the linear absorption spectrum as compared to EWG =
CN. The quantum chemical calculations show that all
molecules present predominant octupolar character. We
attribute this outcome to the considerable charge asymmetry
caused by the CF3 group and distinct EWG on the triarylamine
core, characterizing an octupolar structure. Although our
experimental results suggested an effect of the CF3 group in
βHRS, since we found higher DFH values for these molecules as
compared to their tBu·EWG analogues,46 the theoretical results
(from the HOMO−LUMO analysis, see ref 26) do not support
these data. In summary, our results shown that the CF3
triarylamine derivatives have the potential to be applied in

Table 3. Dynamic First-Order Hyperpolarizability As
Determined through the CPKS Calculation (βHRS‑CPKS) and
the Two-Level Model Approach (βHRS‑2LM)

DCT(ω,ωCT) βHRS‑2LM(ω=ωCT)

molecule βHRS‑CPKS(ω=ω1) theor exptl theor exptl

CF3H 64.6 2.20 2.09 47.8 43.6
CF3CN 59.9 2.09 1.95 22.2 19.1
CF3CHO 73.8 2.35 2.14 51.7 43.1
CF3NO2 126.2 3.04 3.09 125.0 128.2
CF3Cyet 229.4 3.26 3.32 228.4 234.7
CF3Vin 219.2 3.44 3.78 227.3 252.1

Table 4. Results of the TD-DFT Calculations Using the
Tuned CAM-B3LYP/6-311++G(d,p) Approach for All CF3
Triarylamine Derivativesa

molecule n E0n |μ⃗0n| |Δμ⃗0n|

CF3H 1 3.35 8.35 5.96
2 3.64 1.25 0.48

CF3CN 1 3.44 7.44 3.86
2 3.50 6.68 7.47

CF3CHO 1 3.26 7.72 6.66
2 3.49 7.44 7.71

CF3NO2 1 2.98 7.70 10.53
2 3.53 7.11 7.56

CF3Cyet 1 2.93 10.49 9.30
2 3.57 6.63 9.90

CF3Vin 1 2.89 9.01 11.53
2 3.53 6.96 8.84

aE0n and μ0n are the excitation energy and transition dipole moment of
the two lowest-energy transitions of the derivatives. Δμn is the
permanent dipole moment difference between the ground and n-
excited states. The dipole moments are given in debye (D), while the
excitation energies are given in electronvolts (eV).
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photonics devices that involve second- and third-order
nonlinear optical effects.
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