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ABSTRACT: The polarizabilities and first hyperpolarizabilities of nine recently
synthesized compounds have been calculated ab initio to assess the effects of basis sets,
of electron correlation (at the MP2 level), of frequency dispersion, and of the solvent
within the polarizable continuum model, as well as to address structure—property
relationships. These calculations confirm that moderate-size basis sets like 6-314+-G* or 6-
311+G* are enough to provide accurate estimates of the polarizabilities and first
hyperpolarizabilities for these systems build from the combination of n-conjugated
linkers with donor/acceptor moieties. They describe the specific behavior of the hyper-
Rayleigh scattering (HRS) first hyperpolarizability and of its depolarization ratio as a
function of the incident light frequency. Then, these calculations exemplify the large
impact of including electron correlation and solvent effects on the first
hyperpolarizabilities, and the crucial issue in view of optimizing the NLO compounds,
that these effects are strongly system dependent. Finally, this theoretical investigation
draws attention to the interplay between several second-order nonlinear optical
molecular responses: the norm of the first hyperpolarizability (f), the projection on the
dipole moment (f,,), which can be obtained from electric field—induced second-
harmonic generation measurements, and the HRS response (fiyrs). ©2010 Wiley
Periodicals, Inc. Int ] Quantum Chem 111: 1583-1595, 2011
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1. Introduction

O rganic compounds have gained large interest
for a wide spectrum of second-order nonlin-
ear optical (NLO) applications, ranging from elec-
trooptical high-speed modulation for telecommuni-
cations to optical frequency conversion including
terahertz generation. The advantages of these mate-
rials when compared with their inorganic counter-
parts are their superior optical nonlinearities, the
fast electronic response, and the low dielectric con-
stant at optical and radio frequencies [1-3].

Nevertheless, progresses to enhance the NLO prop-
erties by designing new compounds are still expected,
and they rely on a multidisciplinary approach com-
bining synthesis with experimental and theoretical
characterizations [4-6]. Before addressing the proper-
ties of the bulk material, the first step consists in opti-
mizing the molecular responses by finding appropri-
ate interplay between the length and shape of the
conjugated segment and the strengths and positions
of the donor (D)/acceptor (A) groups [7-9]. Among
the recent propositions of such molecular structures,
some are based on porphyrin [10], fullerene and nano-
tube [11], and helicene [6] units as well as on extended
linear m-conjugated structures with many D/A sub-
stituents [12]. The other step aims at translating large
molecular responses into large second-order NLO sus-
ceptibilities and involves mastering the intermolecular
interactions to induce proper ordering of the chromo-
phores and electrostatic interactions.

In this contribution, we tackle the molecular
responses in a series of nine compounds (Scheme
1) that have been recently proposed in view of
achieving large second-order NLO responses.
Because of their D-m-A structure, these com-
pounds satisfy the usual criterion of high asym-
metry to achieve a large first hyperpolarizability.
Characterizing their responses at the molecular
level and particularly in solutions constitutes the
first step toward realizing large responses.
Indeed, because of crystal packing and intermo-
lecular interactions, there might be large differen-
ces between the second-order NLO responses at
the molecular and crystal levels. Moreover, these
investigations provide a basis for further experi-
mental characterizations of the molecular proper-
ties in solution. The list of selected species encom-

passes 2-carboxylic acid-4-nitropyridine-1-oxide
(POA) [13], 4-nitro-4-methyl benzylideneaniline
(NMBA) [14], N,N-dimethylamino-N'-methylstil-
bazolium p-toluenesulfonate (DAST) [15], 4-(2,4-
dichlorobenzylideneamino) antipyrine (2,4-
DCBAP) and 4-(2,6-dichlorobenzylideneamino)
antipyrine (2,6-DCBAP) [16], 2,4-dihydroxybenzal-
dehyde-4-nitrophenylhydrazone (2,4-DHNPH)
and 3,4-dihydroxybenzaldehyde-4-nitrophenylhy-
drazone (3,4-DHNPH) [17] as well as two com-
pounds with a strong acceptor group, 2-{3-cyano-
4-[3-(1-decyl-1,4-dihydroquinolin-4-ylidene)prop-
1-enyl]-5,5-dimethyl-2,5-dihydrofuran-2-ylidene}-
malononitrile (CYPRM) and 2-{3-cyano-4-[5-(1-
decyl-1,4-dihydroquinolin-4-ylidene)penta-1,3-
dienyl]-5,5-dimethyl-2,5-dihydrofuran-2-ylide-
ne}malononitrile (CYPEDM) [18].

Therefore, we address here the molecular proper-
ties of these new molecules by means of ab initio cal-
culations. In particular, we focus on the first hyper-
polarizability (f) as well as on the linear response,
the polarizability («). This article is dedicated to Syl-
vio Canuto, who has contributed significantly to this
field of predicting and interpreting molecular prop-
erties by including the effects of the electron correla-
tion [19] as well as of the solvent [20]. The next sec-
tion is devoted to a brief presentation of the
computational methods and of the quantities of inter-
est, the first hyperpolarizabilities that can be meas-
ured using the hyper-Rayleigh scattering (HRS) and
electric field-induced second-harmonic generation
(EFISHG) techniques. Section 3 presents the results,
starting with an investigation of the basis set effects,
a description of the frequency dispersion for selected
systems as well as of the electron correlation effects.
Then, we investigate the effects of the solvent, a topic
in close connection with the honored scientist.
Finally, we discuss structure-property relationships.
Conclusions and outlook are given in Section 4.

2. Theoretical and Computational
Aspecls

The molecular structures were optimized at the
density functional theory level using the B3LYP
exchange-correlation functional and the 6-311G* basis
set (see Supporting Information). The polarizabilities
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SCHEME 1. Chemical structures of the NLO compounds.

and first hyperpolarizabilities were evaluated at dif-
ferent levels of approximation. First, the time-de-
pendent Hartree-Fock (TDHF) [21] and coupled per-
turbed Hartree-Fock (CPHF) schemes were applied
for obtaining dynamic and static response properties,
respectively. These methods consist in expanding the
matrices of the TDHF/CPHF equations in the Taylor
series of the external (static or dynamic) electric field
and in solving these analytically order by order.
However, taking advantage of the 2n + 1 rule, only
the first-order derivatives of the orbitals are needed
to evaluate both the first-order o and the second-
order f§ responses. The TDHF calculations were car-
ried out using the typical wavelength (/) of 1064 nm.
To take into account the solvent effects, the polariz-
able continuum model within the integral equation
formalism (IEF-PCM) [22] was used.

To account for correlation effects, the second-
order Moller-Plesset level (MP2) method was
adopted in combination with the finite field pro-
cedure. To remove higher order contaminations in
the finite differentiation procedure, the Romberg
method was applied [8]. Then, to account for fre-
quency dispersion at the MP2 level, we used the
multiplicative approximation, which consists in
multiplying the static MP2 value by the ratio
between the TDHF and CPHF values. In the case
of 8, this expression reads:

Brpa (—20; 0, ) = Bypy(0;0,0)
Brour (—20; 0, )
1
8 Bepnr (0;0,0) @)
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This approximation, which assumes that fre-

quency dispersion is the same at both the HF and

correlated MP2 levels, has been shown to be a sat-

isfactory approximation for different systems [23].
For o, we focus on the isotropic average,

1
o= g (“xx + oy + O‘zz)a (2)

whereas for f§, we consider two measurable sec-
ond-order NLO responses: the HRS response and
the EFISHG response. In the case of plane-polar-
ized incident light and observation made perpen-
dicular to the propagation plane without
polarization analysis of the scattered beam, the
second-order NLO response that can be extracted
from HRS data reads [24]:

Prrs = \/<ﬁézz>(1 +1/DR), ®)

where DR is the depolarization ratio. The value of
the depolarization ratio is mostly governed by the
geometry of the NLOphore, the part of the mole-
cule responsible for the NLO response (for an
ideal D/A 1D system DR = 5, for an octupolar
molecule, DR = 1.5, whereas for a A-shape mole-
cule, the amplitude of DR depends on the angle
between the chromophore as well as on the
strengths of the D/A groups) [25].

(Bors)
DR = , 4
Fors) @

where ($2,,) and (f%,,) correspond to the orien-
tational averages of the f tensor, which, without
assuming Kleinman’s conditions, read:

xyz xyz xyz
ﬂzzz Zﬁasg 35Zﬁm 352&&5’7"
xyz xyz xyz
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On the other hand, the EFISHG measurements
give information on the projection of the vector
part of f§ on the dipole moment vector:

XYz XYz

3
/))”(—2607 w, a)) :ﬂH :5 ; H/—L” Z ﬁgrm + ﬁn(n + ﬁ;mg)

3 XY,z
=% ZC:

”"ﬁﬁ =l Blcos 0, @)

where ||u|| is the norm of the dipole moment. u
and f; are the Cartesian components of the u and
p vectors. To define f, the Taylor series expansion
of the dipole moment as a function of the electric
field was considered. More information on these
techniques can be found in Refs. [24] and [26].
The ab initio calculations were performed using
the Gaussian 03 quantum chemistry package [27],
whereas the Romberg scheme was applied using
a homemade code.

3. Results

3.1. BASIS SET EFFECTS

In a first step, the choice of atomic orbital basis
set for determining the molecular polarizabilities
and first hyperpolarizabilities was addressed by
considering POA and NMBA as test compounds
(Tables I and II). A difference of about 5% is
obtained for the average polarizability of POA
when performing the calculations with the 6-
314+G* basis set in comparison with the reference
aug-cc-pVTZ basis set. This difference increases to
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TABLE |

Basis set effects on the TDHF (A = 1064 nm) polarizabilities (x), first hyperpolarizabilities (Burs), and

depolarization ratios (DR) of POA and NMBA.

POA NMBA

o Brrs DR o Brrs DR
6-31G 85.65 369.8 3.37 175.45 1462.8 4.47
6-31G* 88.53 330.1 3.36 179.39 1407.5 4.53
6-31G*™ 88.78 329.5 3.37 180.42 1409.9 4.53
6-31+G 97.84 4121 3.28 197.30 1634.8 4.38
6-31+G* 100.30 373.0 3.28 201.27 1587.5 4.44
6-311G* 91.28 345.5 3.34 187.84 1472.4 4.47
6-311G™* 91.71 347.9 3.35 189.01 1471.1 4.47
6-311+G* 100.55 383.2 3.28 202.72 1651.3 4.45
6-3114+G™* 100.92 386.0 3.29 203.81 1650.1 4.45
cc-pVDZ 89.48 333.0 3.35 185.49 1422.2 4.48
cc-pVTZ 98.50 345.9 3.33 199.96 1530.7 4.50
aug-cc-pVDZ 106.05 366.9 3.33 211.76 1661.1 4.49
aug-cc-pVTZ 106.50 368.1 3.33 - — -

The o and fprs values are given in atomic units (a.u.).

about 15% or more when diffuse functions are
missing, except with the rather extended cc-pVTZ
basis set. Qualitatively, the effects are similar for
NMBA, whereas the underestimations are slightly
smaller. These results also demonstrate that (i)
adding d polarization functions increases the av-
erage polarizability by about 2-3%, whereas (ii)
the p polarization functions on the hydrogen
atoms have negligible effects and that (iii) going

TABLE Il

from double-{ to triple-{ basis set has a negligible
impact if the basis set already contains diffuse
functions, while (iv) in the other cases, the effect
is at most an increase by 2-3%. This analysis is
valid for both the static and dynamic polarizabil-
ity values.

The situation is partly different for the first
hyperpolarizability because the second-order HRS
response is dominated by a few tensor

Basis set effects on the CPHF static polarizabilities («), first hyperpolarizabilities (fyrs), and depolarization

ratios (DR) of POA and NMBA.

POA NMBA

o Burs DR a Brrs DR
6-31G 84.36 278.4 3.16 171.65 905.9 4.23
6-31G* 87.30 249.8 3.14 175.52 867.7 4.32
6-31G*™* 87.54 249.4 3.15 176.54 867.9 4.31
6-31+G 96.32 305.8 3.05 192.97 989.1 4.10
6-314+G* 98.83 278.9 3.06 196.83 954.4 4.18
6-311G* 89.97 259.2 3.12 183.73 889.7 4.23
6-311G** 90.40 260.7 3.12 184.89 887.1 4.22
6-311+G* 99.05 284.9 3.05 198.20 989.7 4.20
6-311+G™ 99.41 286.7 3.06 199.28 986.6 4.19
cc-pVDZ 88.20 250.3 3.11 181.45 860.6 4.23
cc-pVTZ 97.13 257.6 3.10 195.61 911.3 4.24
aug-cc-pVDZ 104.55 272.8 3.10 207.10 988.9 4.25
aug-cc-pVTZ 104.99 273.7 3.10 — — -

The o and fiprs values are given in atomic units (a.u.).
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components. Thus, considering the POA mole-
cule, (i) the 6-31G basis set provides a very good
estimate of the aug-cc-pVTZ values, (ii) the agree-
ment gets worse if adding only d polarization
functions (underestimation by 10%) or if adding
only diffuse functions (overestimation by 12%),
(iii) a good match with the reference aug-cc-pVIZ
values is retrieved with a balanced basis set con-
taining both (6-31+G*: overestimation of less than
2%), (iv) if going from double-{ to triple-{ basis
set, the HRS first hyperpolarizability increases by
10-15 a.u., which means that the 6-311+G** basis
set overestimates the aug-cc-pVDZ value by 5%.
In the case of NMBA, the variations in fyrs upon
adding polarization, diffuse, or valence functions
in the basis set are similar, but the agreement
with the reference values is partly different.
Therefore, although the 6-31+G* basis set repro-
duces the aug-cc-pVDZ result within 4.4%, this
underestimation is reduced by a factor of about 7
when using the 6-3114+G* basis set. Moreover, for
NMBA, the 6-31G value is off by 11% and adding
only diffuse functions does not lead to an overes-
timation. These results contrast with those on
small molecules [28], including recent CCSD
results by Hammond and Kowalski [29] where
accurate first hyperpolarizabilities for water, ace-
tonitrile, and chloroform are shown to require the
use of basis sets as large as d-aug-cc-pVTZ and d-
aug-cc-pV5Z and where Pople basis sets perform
often poorly.

The basis set effects on the depolarization ratios
are negligible. Concluding this paragraph, the 6-
31+G* and 6-311+G* basis sets constitute a good
compromise between accuracy and computational
costs for evaluating o, firrs, and the depolarization
ratios of such D/A rn-conjugated systems.

3.2. FREQUENCY DISPERSION EFFECTS

Figure 1 describes the variations of the first
hyperpolarizability of POA and NMBA as a func-
tion of the frequency of excitation in parallel with
the variations of the depolarization ratio. In the
0.0-0.1 a.u. frequency range (corresponding to the
wavelength range of co—456 nm), the frg versus
o curve for POA presents two asymptotes, corre-
sponding to the halves of the first excitation ener-
gies. In the same range, the depolarization ratio
displays only one large variation. Indeed, DR
amounts to roughly 3.0 in the low frequency
region, increases with the frequency up to a value
close to 7.0 and then strongly decreases to attain

values between 0.5 and 1.0 in the 456-506 nm
range. These variations originate from the types
of tensor components, which dominate the sec-
ond-order response. Indeed, the f,,, component
dominates the response at small frequencies up to
about hw = 0.9 a.u. then other components
become dominant, including in-plane off-diagonal
tensor components. These results were obtained
taking into account the effects of the solvent
within the PCM scheme, but similar evolutions of
Purs and DR with w are observed when consider-
ing isolated molecules. A different behavior is
observed for fprs and DR of NMBA in that
wavelength range. Indeed, the first hyperpolariz-
ability presents an asymptote around 4 = 591 nm,
whereas DR changes drastically around 4 = 485
nm. The DR value is larger in NMBA than in
POA and is close to the value of 5, typical of lin-
ear D-n-A dipolar compounds. This phenomenon
results from the larger extent of m-conjugation,
and, at the tensor level, it is associated with a
strongly dominant f,,, value. It shows that the
depolarization ratio can strongly deviate from the
ideal values characteristics of the shape of the
NLOphore and therefore that it is highly sensitive
to the frequency when the electromagnetic excita-
tion is in resonance with the electronic excited
states. Improved characterization of this fre-
quency dispersion effects would require including
vibronic effects [30].

3.3. ELECTRON CORRELATION EFFECTS

Electron correlation effects were addressed by
comparing the CPHF results to the properties
evaluated at the MP2 level using the FF approach.
As the FF procedure also provides the HF results,
it was possible to check that the numerical differ-
entiation procedure combined with the Romberg
scheme attains an accuracy of about 0.01-0.1 and
0.1-1 a.u. for the average polarizability and HRS
first hyperpolarizability, respectively. MP2 calcu-
lations were carried out for POA, using a large
range of atomic basis set as well as, to a lower
extent, for NMBA. The results are presented
under the form of a graph displaying the ratios
between the MP2 and HF values (see Fig. 2) as a
function of the basis set. For the average polariz-
ability of POA, (i) the MP2/HF ratio ranges
between 1.05 and 1.10, (ii) the largest ratios are
observed for basis set containing diffuse func-
tions, (iii) the difference between the ratios for ba-
sis sets with and without diffuse basis functions

1588 INTERNATIONAL JOURNAL OF QUANTUM CHEMISTRY  DOI 10.1002/qua  VOL. 111, NO. 7/8

85U8017 SUOWWIOD 8AIERID 3(dedl|dde auy Aq peusenob sfe e O ‘8sn JO Sa|nJ o} AReiqi8ulJuO A8]IM U0 (SUORIPUOD-PUe-SWISI W00 A8 |1 AReiq Ul |uo//Sdny) SUORIPUOD pue swie | 8u18es *[720z/20/20] uo ArigiTauluo A811m ‘(jon) urAno 8@ enbijoyed 1N jeyd U3 81esuiolqig Aq 26222 enb/zo0T 0T/I0p/wod A8 M Areiq put|uo//sdny wo.j papeojumod ‘8- ‘TTOZ ‘XT97L60T



NEW MOLECULES FOR SECOND-ORDER NONLINEAR OPTICS

50000,0 20

40000,0 |

30000,0 |

20000,0

:
3
onel uonezuejodaq

10000,0 |

HRS first hyperpolarizability (a.u.)

0,0

1 1 1 1 0
0 0,02 0,04 0,06 0,08 0,1

Frequency in a.u.

50000,0 8
= 7
© 400000 [
= 6 O
2 g
% 30000,0 |- s B
= N
[s] )
5 s 3
@ 200000 [ 3
= o}
@ & 8
o 100000 [
i 2
x

0,0 1 L L L 1

0 0,02 0,04 0,06 0,08 0,1

Frequency in a.u.

FIGURE 1. Evolution of the HRS first hyperpolarizability and depolarization ratio with the incident light frequency of
(left) POA and (right) NMBA. The calculations have been performed at the IEFPCM/TDHF/6-31+G* level of approxima-
tion (solvent = acetonitrile). [Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]

amounts roughly to 0.03 as shown by considering
the 6-31+G* and aug-cc-pVDZ basis set. In the
case of the NMBA compounds, the effects of elec-
tron correlation on the average polarizability, as
estimated using the MP2 scheme, are even
smaller and amount to an increase of & by 1-3%.
The effects of electron correlation are much
larger for the first hyperpolarizability. As shown
in Figure 2, electron correlation leads to an
increase of furs by 55-70%. Again, larger
enhancements are observed for basis sets with dif-
fuse functions. It is also interesting to point out
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that at the MP2 level the DR of POA ranges from
4.5 to 5.0 as a function of the basis set, whereas it
is close to 3.1 at the HF level. Like for the average
polarizability, in the case of NMBA, the electron
correlation effects on fprs are much smaller.
Using the 6-31G* basis set, the frrs(MP2)/firs
(HF) ratio is smaller than 1.2, and it further
decreases when adding p polarization functions
on the H atoms or a third set of valence functions,
or when adding both. On the other hand, when
using the 6-314+G* basis set, adding electron cor-
relation at the MP2 level leads to an increase of

1,30 ¢
F | —e— mean polarizabiiity
1,25 F /

[ | —=— HRS first hyperpolarizability /
1,20 F /

MP2/HF ratios
o

1,00 F /

0,95 Lo

6-31G
6-31G*
6-31G*"
6-311G*
6-311G*
6-311+G*
cc-pVDZ

FIGURE 2. Evaluation of the electron correlation effects on the mean polarizability and on the HRS first hyperpolar-
izability of POA (left) and NMBA (right) estimated by their MP2/HF ratios for different atomic basis sets. [Color figure
can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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6,0

50 | | —e— HRS first hyperpolarizability

—&— depolarization ratio
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P(MP2)/P(HF) ratio

20 [

10 b

0,0

POA
NMBA

DAST I
2,4-DCBAP
2,6-DCBAP I
2,4-DHNPH
3,4-DHNPH I
CYPRM-II
CYPEDM-II [

FIGURE 3. Effect of electron correlation, estimated at
the MP2/6-31G* level of approximation, on the HRS
first hyperpolarizability and depolarization ratio. [Color
figure can be viewed in the online issue, which is avail-
able at wileyonlinelibrary.com.]

Purs by 26%. Although these effects are smaller
than in the case of POA, their relative amplitudes
when inclusion of diffuse, polarization, and/or
valence basis functions are similar.

An additional characterization of the electron
correlation effects is provided by the investigation
of the whole set of compounds at the MP2/6-
31G* level of approximation. Figure 3 shows the
variations of the furs(MP2)/furs (HF) and
DR(MP2)/DR(HF) ratios as a function of the na-
ture of the compound. It is interesting to note that
the furs ratio is close to 5 for CYPRM and
CYPEDM, whereas it is often ranging between 1.5
and 2.0. Therefore, the effects of electron correla-
tion might be much different from one compound
to another. This statement is also verified for anal-
ogous species: frrs(MP2)/frurs (HF) = 1.28 for
24-DCBAP but 1.66 for 26-DCBAP and
Prurs(MP2)/ furs (HF) = 2.05 for 2,4-DHNPH but
1.83 for 3,4-DHNPH.

3.4. EFFECTS OF THE SOLVENT WITHIN THE
PCM SCHEME AND STRUCTURE-PROPERTY
RELATIONSHIPS

Table III lists the o and firs values as well as
the depolarization ratios for the nine molecules

calculated at the TDHF/6-3114+G* level of approx-
imation with and without accounting for the
effects of the solvent within the IEFPCM scheme.
Contrasted behaviors are observed. At 1 = 1,064
nm, accounting for the solvent results in an
increase of the average polarizability by typically
10%, whereas these effects are much larger and
much more system dependent for the first hyper-
polarizability (see Fig. 4). The solvent effects are
further enhanced when considering the static
responses because the static dielectric constant of
acetonitrile (g9 = 36.640) is much larger than its
optical analog (¢, = 1.806), leading to larger elec-
tronic reorganizations. With the exception of the
malononitrile-based species, the DR changes little.
The important scattering between the f(acetoni-
trile)/ f(in vacuo) ratios also supports the need to
take into account the solvent effects when assess-
ing the NLO potential of chromophores.

Figure 5 demonstrates the difficulty of selecting
one f quantity to assess the potential of a mole-
cule for second-order NLO applications. Indeed,
though larger furs values are generally associated
with larger norm of the f vector and larger f,,

40 —e— static polarizability
" || —m— static HRS first
[ hyperpolarizability
o 35 [ —-& -dynamic polarizability
E [ | --B--dynamic HRS first
= [ hyperpolarizability
o L
> 3,0 [
o
o [
> b
£ 25}
L.
:‘_-\ L
) [
= 20
'c
£
8 1,5
sl 4
o k — - -0
| e—-6. Feepr— O — 00— O
10 [ S~ g~ er
0,5 1 1 1 ] 1 1 ! 1 1

POA
NMBA
DAST I

2,4-DCBAP

2,6-DCBAP |

2,4-DHNPH I

34-DHNPH |

CYPRMHI

CYPEDM-I |

FIGURE 4. Effect of the solvent on the polarizabilities
and HRS first hyperpolarizabilities evaluated at the
TDHF/6-311+G(d) level of approximation. The dynamic
Purs ratio of CYPEDM has not been included because
the value calculated with the IEFPCM scheme is
strongly influenced by resonance effects. [Color figure
can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]
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TABLE Il

NEW MOLECULES FOR SECOND-ORDER NONLINEAR OPTICS

Polarizability, first hyperpolarizability, and depolarization ratio calculated at the TDHF/6-311+G* level of
approximation with and without taking into account the effects of the solvent using the IEFPCM scheme.

Isolated molecules

IEFPCM (acetonitrile)

[ BHrs DR o BHrs DR
w=0
POA 99.05 284.9 3.05 135.31 765.5 3.04
NMBA 198.20 989.7 4.20 265.10 2156.8 412
DAST 277.08 8447.2 4.65 352.08 15313.2 4.48
2,4-DCBAP 261.53 185.1 2.41 345.08 389.0 3.13
2,6-DCBAP 253.98 265.6 3.01 338.83 380.1 2.30
2,4-DHNPH 207.81 1083.5 4.71 287.12 3722.6 4.61
3,4-DHNPH 209.48 1176.9 4.54 290.17 4170.3 4.45
CYPRM 535.73 3142.6 2.73 753.77 12507.6 2.42
CYPEDM 620.68 7163.8 412 917.26 18856.8 3.27
o = 0.042824 au
POA 100.55 383.2 3.28 111.79 561.0 3.20
NMBA 202.72 1651.3 4.45 224.03 2522.0 4.52
DAST 296.02 20642.4 4.87 305.64 20314.4 4.81
2,4-DCBAP 265.92 277.8 2.34 290.21 309.9 2.04
2,6-DCBAP 257.73 399.9 3.26 282.34 420.9 2.77
2,4-DHNPH 212.85 1596.0 4.86 243.00 3857.0 4.84
3,4-DHNPH 214.78 1734.5 4.68 245.66 4253.6 4.75
CYPRM 573.85 11320.4 3.59 653.10 18994.2 2.22
CYPEDM 688.49 53263.3 4,94 823.53 824153.7 3.66

For CYPRM and CYPEDM, only the most stable conformer (I) was considered.

values, there are also exceptions and deviations,
which result for the presence of several nonnegli-
gible  tensor components in addition to the diag-
onal component along the longitudinal or charge
transfer axis (fcr = fr = f...)- These are linked
to the angle 0 between the dipole moment and
first hyperpolarizability vectors that influences
the f,, value (Eq. 7). Thus, considering both the
static and dynamic results (Table IV), f,, of POA
is particularly small, whereas its intrinsic
response—estimated here by the norm of § or the
HRS response—is larger than in the two DCBAP
compounds. The two DCBAP isomers differ only
by the position (4 or 6) of one chlorine atom, but
this has a nonnegligible impact on the molecular
properties. Indeed, when the CI atom is in posi-
tion 4 (in para position of the linker), (i) the dipole
moment is larger, (ii) the norm of f increases, (iii)
the depolarization ratio is larger (3.13 versus
2.30), (iv) the 0 angle is much different from 90°
and therefore the f,, is more than three times
larger, but (v) the fugrs responses are similar. At
/= 1,064 nm, |beta] and pfprs—as well as
the depolarization ratio—of the 2,6-DCBAP com-

pound get larger than in 2,4-DCBAP, whereas the
p,, values of both isomers reduce considerably
because 0 gets closer to n/2.
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~ 600000 | m B °
] 3 i
S
2 40000.0 |-
= 2 L ]
= L ™
[
N |
5 200000 [ o = 0
"5 L
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_40000_0-.1..|....|‘...|; A EPETEE EEUTPT BT
0.0 20000.0 40000.0 60000.0

HRS first hyperpolarizability (a.u.)

FIGURE 5. Relationship between furs, the norm of
the 8 vector and f3,,. The calculations were performed
at the CPHF/6-311+G* level of approximation. [Color
figure can be viewed in the online issue, which is avail-
able at wileyonlinelibrary.com.]
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TABLE IV

Norms of the p and f vectors, angle (6, in degrees) between them as well as ,, and fyrs values
calculated at the TDHF/6-311+G* level of approximation taking into account the effects of the solvent

using the IEFPCM scheme.

[lall 1Al 0 Bu PHrs
w = 0.0 a.u.
POA 2.70 1494.3 91.7 —26.7 765.5
NMBA 2.94 4880.7 26.9 2610.9 2156.8
DAST 5.082 35698.1 179.0 —21415.6° 15313.2
2,4-DCBAP 4.07 772.7 132.2 —311.6 389.0
2,6-DCBAP 3.28 591.4 105.7 —95.7 380.1
2,4-DHNPH 4.25 8765.2 24.3 47941 3722.6
3,4-DHNPH 4.85 9699.6 29.2 5079.4 4170.3
CYPRM-I 14.27 20473.2 125.9 —7202.0 12507.6
CYPRM-II 11.79 4832.3 98.1 —408.5 3349.3
CYPEDM-I 13.15 38392.2 10.3 22664.4 18856.8
CYPEDM-I| 15.82 61415.5 52.8 22302.4 30819.4
w = 0.042824 a.u.

POA 1126.3 90.7 -8.8 561.0
NMBA 5875.4 26.0 3168.3 2522.0
DAST 48224.3 179.7 —28934.1 20314.4
2,4-DCBAP 408.2 121.5 —128.0 309.9
2,6-DCBAP 774.0 97.7 -62.0 420.9
2,4-DHNPH 9196.6 25.1 4998.7 3857.0
3,4-DHNPH 10082.7 29.5 5263.2 4253.6
CYPRM-I 30517.9 102.8 —4061.9 18994.2
CYPRM-II 15891.0 145.9 —7899.4 6673.6
CYPEDM-I NRP 27.5 NR NR
CYPEDM-I| NR 4.4 NR NR

All x and f values are given in a.u.

2The origin of the Cartesian axes coincides with the molecule center of mass (the charge of the molecule is nonzero).

® Near resonance (NR) conditions.

With respect to the DCBAP compounds, the
first hyperpolarizabilities of the two DHNPH iso-
mers are, at least, one order of magnitude larger,
though they are of similar size. The 0 angles are
rather small (6 < 7n/6) and change little when
going from the static to the dynamic quantities.
This can be attributed to the dipolar character of
the DHNPH isomers as substantiated by depolari-
zation ratios close to 5 (Table III). The static first
hyperpolarizabilities of NMBA are roughly a fac-
tor of 2 smaller than those of the DCBAP isomers,
and the dipolar character of NMBA is less pro-
nounced (smaller DR value). When turning to the
dynamic f values at 1,064 nm, the difference
between NMBA and DCBAP gets slightly smaller.
This smaller NLO potential of NMBA with
respect to DCBAP can be attributed to the combi-
nation of the size of the conjugated linker and the

strength of the D/A groups. Indeed, NMBA con-
tains only a strong acceptor group (NO,). On the
other hand, the situation is different in DAST,
which contains a pair of strong D/A substituents,
while it is of the same size as NMBA. Indeed, in
DAST, the first hyperpolarizabilities are four to
five times larger than in the two DCBAP isomers
and about one order of magnitude larger than in
NMBA. These large responses are associated with
a strong dipolar character (DR close to 5) and an
antiparallel alignment of the x and f vectors (0 ~
m). This analysis further highlights the impact of
the 0 angle on the EFISHG response and, in a
number of cases, its sensitivity to the type of cal-
culation (with or without solvent effects, static or
dynamic responses). In these cases of high sensi-
tivity, 0 is close to =n/2 and small variations lead
to large changes of f,,. This suggests that a

1592 INTERNATIONAL JOURNAL OF QUANTUM CHEMISTRY  DOI 10.1002/qua  VOL. 111, NO. 7/8

95UD17 SUOWWIOD AR 3(edl|dde ay) Aq peusnoB ae apie O ‘88N 0 Sa|nJ o} Aleiqi8UlUO AB]1M UO (SUONIPUOD-PUE-SWLB) W00 A8 1M Aeiq 1 pui|uo//Sdiy) SUONIPUOD pue swie | 8u138S *[7202/20/20] uo AreigiTauluo As1im *(jon) urAno a@ enbijoyied 1N JouD U 21esuiolqig Ag 2G/Z2enb/zo0T OT/I0p/wod A8 1M Afeiq 1 ui|uo//sdiy Wwo.j papeojumod ‘g-L ‘TTOZ ‘XT9v.60T



NEW MOLECULES FOR SECOND-ORDER NONLINEAR OPTICS
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SCHEME 2. Sketch of the alternative (stable) confor-
mations of (top) 2-{3-cyano-4-[3-(1-decyl-1,4-dihydro-
quinolin-4-ylidene)prop-1-enyl]-5,5-dimethyl-2,5-dihy-
drofuran-2-ylidene}malononitrile (CYPRM) and (bottom)
2-{8-cyano-4-[5-(1-decyl-1,4-dihydroquinolin-4-ylidene)-
penta-1,3-dienyl]-5,5-dimethyl-2,5-dihydrofuran-2-
ylidene}malononitrile (CYPEDM).

reliable characterization of the second-order NLO
response—or of its potential in view of applica-
tions in the solid state—should avoid this quan-
tity and concentrate on the HRS response. Note
that analogous angle effects have also been high-
lighted when interpreting VCD spectra of chiral
species, leading to the definition of robust modes
[31].

Substantial second-order NLO responses are
also achieved with the CYPRM and CYPEDM
compounds (Tables III and IV), which exhibit the
typical f enhancement upon enlarging the conju-
gated path by one CH=CH unit. However, these
compounds display less dipolar character, in par-
ticular CYPRM, of which the depolarization ratio
is smaller than 2.5. In CYPRM, the angle between
the u and p vectors is also far from 0 or n, which
explains the smaller EFISHG responses. When
inserting one CH=CH unit in the n-conjugated
linker between the donor and the acceptor moi-
eties, the dipolar character increases and the pu
and f vectors get almost aligned. In that case, the
p responses are larger than in DAST, though the
size of the compound is much larger. The results
at 1,064 nm go in the same direction, though the
CYPEDM responses are impacted by near reso-
nance effects.

CYPRM and CYPEDM have been further char-
acterized by considering a second stable con-
former (Scheme 2). For both compounds, the most
stable conformer (Scheme 1) is characterized by
an all trans-transoid conformation of the linker,
whereas the second conformer presents one trans-
cisoid moiety. Considering the B3LYP/6-311G(d)-
optimized geometries, the HF/6-311+G*/IEFPCM
energy of the second conformer is higher by 1.65
and 3.10 kcal/mol for CYPRM and CYPEDM,
respectively. As already pointed out in several
investigations [32], conformational changes are
associated with substantial modifications of the
NLO properties, encompassing large changes of
DR, 6, furs, |8, and f,,. This is verified here.

Among all compounds, DAST, CYPRM, and
CYPEDM present the largest first hyperpolariz-
abilities and therefore the largest potential in
view of preparing materials with large 1
responses. This conclusion is substantiated by the
MP2/6-31G* calculations of the static first hyper-
polarizabilities (Table V). Finally, considering Eq.
(1), the best estimate for the fyrs(—2w; ®, ®)
value (A = 1,064 nm) of the isolated species
amounts to 41, 64, and 242 x 10° a.u. for DAST,
CYPRM, and CYPEDM, respectively. When
including the solvent effects, the corresponding
values for DAST and CYPRM are 40 and 108 x
10° a.u. With the exception of the two DCBAP
compounds, which present small second-order
NLO responses, all DR ratios estimated at the
MP2 level are close to the dipolar value of 5.

TABLE V
Norms of the u as well as f,,, furs, and DR values
calculated at the MP2/6-31G* level of approximation.

[l Bu Brrs DR
POA 1.82 19 393 4.85
NMBA 2.01 1394 1030 4.82
DAST 3.422 —22967°2 15981 4.86
2,4-DCBAP 2.47 -7 253 2.44
2,6-DCBAP 1.82 -20 481 3.58
2,4-DHNPH 2.36 2554 1982 5.27
3,4-DHNPH 2.96 2378 1860 5.17
CYPRM 8.38 23427 16386 5.29
CYPEDM 7.53 46217 33718 5.01

All © and f values are given in a.u.

3The origin of the Cartesian axes coincides with the mole-
cule center of mass (the charge of the molecule is
nonzero).
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4. Conclusions and Outlook

The first hyperpolarizabilities (and, to a lower
extent, also the polarizability) of nine chromophores
have been calculated ab initio to assess the effects of
basis sets, of electron correlation (at the MP2 level),
of frequency dispersion, and of the solvent within
the polarizable continuum model, as well as to
address structure—property relationships. These
chromophores have been chosen because they have
recently been synthesized and because crystals have
been grown in view to achieve large second-order
NLO susceptibilities. The main observations are (i) a
confirmation that moderate-size basis sets like 6-
31+G* and 6-311+G* are enough to provide accu-
rate estimates of the polarizabilities and first hyper-
polarizabilities for these systems build from the
combination of n-conjugated linkers with D/A moi-
eties, (ii) the specific behavior of the HRS first
hyperpolarizability and of its depolarization ratio as
a function of the incident light frequency, (iii) the
fact that electron correlation effects are not only
large but also strongly compound dependent, and
(iv) the similar role played by the solvent, which
enhances the first hyperpolarizabilities by ampli-
tudes depending on the nature of the compound.

Supporting Information: The B3LYP/6-
311G(d) optimized geometries of the different
compounds.
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