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By combining classical samplings with quantum chemistry semiempirical time-dependent Hartree—Fock
calculations, the high impact of dynamic fluctuations on the NLO properties of helical strands has been
evidenced. In particular, these fluctuations are responsible for relative variations of ~20% in the hyper-
Rayleigh responses in both pyridine—pyrimidine (py—pym) and hydrazone—pyrimidine (hy—pym) strands.
Then, dynamical disorder has an even more important impact on the electric-field-induced second harmonic
generation responses, whose variations can reach 2 (py—pym) or 5 (hy—pym) times their mean value. This
work also highlights the relationships between the unit cell nature and helical conformation of foldamers and
their second-order NLO responses. In particular, the octupolar symmetry of the hyper-Rayleigh depolarization
ratios is related to the helix periodicity of three unit cells per turn in both compounds.

For more than 30 years, the second-order nonlinear optical
(NLO) properties of organic compounds, the first hyperpolar-
izabilities (3), have been actively studied both theoretically and
experimentally! due to their large amplitude associated with
short response times and the feasibility of molecular design. It
has been recognized that enhanced /5 values require (i) optimiz-
ing the conjugation length,” (ii) choosing appropriate substituents
with specific donor (D) and acceptor (A) strengths,? (iii)
modeling the shape and dimensionality of the m-electron
network,* as well as (iv) tuning the charge.> Evidence was also
given that vibrational (nuclear relaxation) components to  can
become important for some NLO processes,*>® whereas recent
works using Thomas—Kuhn sum rules to derive fundamental
physical limits to molecular 3 values’ demonstrated, though
these limits are still subject to discussion,® that there is still
plenty of room to derive new systems with larger second-order
NLO susceptibilities. Helical (chiral) structures are among the
most intriguing systems to exhibit large second-order NLO
responses. Their symmetry impacts the 3 tensor. Then, helices
present the advantage of providing a way for positioning
peripheral substituents in a well-defined spatial arrangement, a
condition for achieving substantial macroscopic second-order
NLO responses. In addition to controlling the conformation and
therefore the properties and functions, designing such supramo-
lecular architectures with specific combinations of intramolecular
and noncovalent intermolecular patterns can lead to the prepara-
tion of systems with targeted rigidity, tuning the transitions
between helical and linear strands.”!® These dynamical func-
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Figure 1. Top: Structure of pyridine—pyrimidine (py—pym) and
hydrazone—pyrimidine (hy—pym) strands and top view showing the
quasi C; symmetry. Bottom: Superimposition of the crystal structure
(blue, ref 10) with the MMFF94 optimized structures of py—pym (left)
and hy—pym (right).

tional systems are, for instance, employed to mimic biopolymers
in order to understand their biological functions.

We show here, on two representative helical systems of
similar size prepared by Lehn and co-workers (Figure 1 (top)),'°
that the dynamical disorder strongly impacts the NLO properties.

These effects are investigated by combining classical Mo-
lecular Dynamics (MD) and quantum chemistry (QC) calcula-
tions. MD simulations were carried out in the canonical
ensemble at room temperature, for 1 ns with time steps of 0.5
fs. The MMFF94 force field'' was employed because it closely
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reproduces the structures of the helical strands, as determined
from X-ray diffraction (Figure 1 (bottom) and ref 12). Every
2.5 ps, the geometrical structure was grasped, and the corre-
sponding second harmonic generation (—2w;w,w) tensor was
calculated for a wavelength of 1064 nm at the time-dependent
Hartree—Fock (TDHF) level of approximation'® with the
semiempirical AM1 Hamiltonian.'* A similar MMFF94//TDHF/
AMI computational scheme was recently used to evaluate the
first hyperpolarizability of flexible epoxy oligomers including
paranitroaniline chromophores.!> Although it does not include
explicitly electron correlation effects, it was substantiated in a
series of works that the TDHF/AMI1 approach is a good
compromise between the quality of the results and the sparing
of the computational resources for the calculation of the NLO
responses of medium- and large-size systems.'® Hyper-Rayleigh
scattering (HRS) and electric-field-induced second harmonic
generation (EFISHG) responses are analyzed because these are
usual techniques to probe f.!7 In the case of plane-polarized
incident light and observation made perpendicular to the
propagation plane without polarization analysis of the scattered
beam, the second-order NLO response that can be extracted from
HRS data reads

Birs(—2w;0, w) = \/{<ﬁ§zz> + <ﬁ)zfzz>}

while the associated depolarization ratio (DR) is given by

2
R = <ﬁZZZ>
Bz

This last quantity gives information on the geometry of the part
of the molecule responsible for the NLO response (for an ideal
D/A one-dimensional system, DR = 5, for an octupolar molecule,
DR = 1.5, whereas for a A-shape molecule, the amplitude of DR
depends on the angle between the chromophore as well as on the
D/A groups'®). Full expressions of the orientational averages of
the f tensor are given in the Supporting Information (SI). The
EFISHG measurements give information on the projection of the
vector part of 5 on the dipole moment vector
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where ||ull is the norm of the dipole moment and y; and f3; are the
components of the u and 3 vectors. For both systems, it has been
verified that the parameters used in MDs enable sampling of all
conformations and therefore determination of average quantities
(Figure 2). Calculations were done using the MacroModel' and
MOPAC? packages.

The distributions of the § values reported in Figure 3 show
that the average fugrs response of hy—pym is 150% larger than
that for py—pym (22 x 10% versus 9 x 10? au). Nevertheless,
both structures present an average depolarization ratio of about
1.7 (Figures S11—S12, SI), characterizing octupolar-like NLO-
phores.?! The octupolar symmetry originates from the structure
and assembly of the unit cells; three py—pym or hy—pym
(Figure 1) units make slightly more than one helical turn so
that both systems exhibit a quasi C3 symmetry. This symmetry
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Figure 2. Evolution of the average values of HRS (furs and the
depolarization ratio) and EFISHG (f and the angle between the u and 8
vectors) quantities as a function of the MD simulation time, demonstrating
that they converge when considering a 1 ns dynamics with a 0.5 fs time
step.
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Figure 3. Distribution of the HRS (top) and EFISHG (bottom) /3 values
(in atomic units) along a MD simulation of 1 ns at 300 K in py—pym
(left) and hy—pym (right) foldamers. A fit with a Gaussian distribution
is done in each case.
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is also consistent with the fact that § is dominated by its radial
component and that the axial contribution is negligible.'?

As also shown in Figure 3, the Surs distribution of the
hy—pym presents a larger broadening than the one of py—pym
(with respective standard deviations o of 2 x 10? and 4 x 10?
au), owing to the larger flexibility of the monomer unit. The
Gaussian distributions of the geometrical parameters, given in
SI, show that the dihedral angles of both structures fluctuate in
the range of 10—20°, while bond lengths display variations
between 0.04 and 0.07 A. As a key structural feature at the
origin of important changes in the first hyperpolarizability of
push—pull organic chromophores, the distributions in the bond
length alternation®? (BLA) for relevant bonds along the conju-
gated bridge in the hy—pym structure have also been analyzed
(Figures S7—S8, SI). The large average BLA values (0.26 A)
indicate that the nature of the chemical bonds, as defined in the
Lewis picture, is kept unchanged along the dynamics.

The EFISHG responses of the two structures are very different
(Figure 3), with an almost negligible average value for the
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Figure 4. Distribution of the angles between the dipole moment and
the /5 vector in the py—pym (left) and hy—pym (right) foldamers.

py—pym strand (0.6 x 10? au), whereas hy—pym displays a
larger and negative response (—35 x 10% au). This mainly results
from the angle 6 between the dipole moment (u) and 3 vectors,
whose mean value is close to 7/2 (82°) for py—pym, whereas
for hy—pym, it amounts to 123° (Figure 4). The Pgrsuc
distributions of both structures are characterized by very large
standard deviations (¢ = 3 x 10% and 10 x 10? au), demonstrat-
ing the crucial role of thermal fluctuations in the EFISHG
responses of helical structures. These wide distributions stem
from the large fluctuations in the 6 values (0 = 42 and 70° for
py—pym and hy—pym, respectively) as well as the fluctuations
in the norm of u, of similar amplitude to the average value
(Figures S15—S16, SI).

In summary, these calculations combining classical samplings
with QC evidence the high impact of dynamic fluctuations on the
NLO properties in helical strands. In particular, these fluctuations
are responsible for relative variations of ~20% in the HRS
responses in both structures. Dynamical disorder has an even more
important impact on the EFISHG responses, whose variations can
reach 2 (py—pym) or 5 (hy—pym) times their mean value. This
demonstrates that geometrical fluctuations have necessarily to be
taken into account for a reliable description of NLO properties in
flexible structures such as helical strands. This work also highlights
the relationships between the unit cell nature and helical conforma-
tion of foldamers and their second-order NLO responses. In
particular, the octupolar symmetry of the HRS depolarization ratios
is related to the helix periodicity of three unit cells per turn in both
compounds. Following ref 12, this approach can now be used (i)
to investigate foldamers bearing donor/acceptor substituents, (ii)
to characterize double and quadruple helices,?® as well as (iii) to
study the effects of temperature. In addition, future work will
account for solvent—solute interactions, for example, by including
explicit solvent molecules in the dynamics and/or by using quantum
chemical continuum solvation schemes in the calculation of NLO
properties. These further investigations will allow one to propose
reliable guidelines for the synthesis of dynamical objects exhibiting
large and specific NLO responses.
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