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I. INTRODUCTION

Designing materials with controlled switching abilities con-
stitutes an important step toward new storing devices such as
optical memories.1 Among these, photochromic materials pos-
sessing commutable nonlinear optical (NLO) responses are parti-
cularly attractive, because the nonresonant character of NLO
enables the reading of the stored information outside the ab-
sorption band, so that erasure during reading can be avoided. At
the molecular level, a large variety of NLO switches exhibiting
large changes in their NLO responses have been designed during
the past 15 years.2,3 Molecular crystals exhibiting such large
contrasts of second-order NLO responses are the focus of the
present investigation.

Efficient NLO switches have to achieve several conditions: (i)
the molecules constituting the crystal must display large NLO
responses, (ii) the change of NLO properties upon switching
should be substantial, and (iii) inherently to the first hyperpolar-
izabilities (β) or the second-order NLO susceptibilities (χ(2)),
the molecules and the crystal should be noncentrosymmetric.
The conservation of the molecular properties at the macroscopic
scale is already a challenge. Indeed, it is often difficult to obtain
noncentrosymmetric crystals4 from molecules having large first
hyperpolarizability, because these molecules are in general
donor�acceptor systems with large dipole moments that favor
antiparallel stacking and centrosymmetric crystallization. This is

why several strategies have been adopted to avoid the unfavor-
able arrangements: for example, chemical modifications of the
molecules can be realized in order to force the alignment of the
dipoles during crystallization,5 or to reduce the dipoles in such a
way that other intermolecular interactions govern the molecular
packing. This molecule and crystal design is often a complex and
long procedure that can be accelerated by theoretical modeling,
because of its ability to predict the NLO properties and to inter-
pret these in terms of the molecular structures,6 even before ex-
perimental investigations.

Although several theoretical studies have been performed to
rationalize the switching NLO properties of push�pull π-con-
jugated systems in solutions,3d�f,i,j their properties in the solid
state, to our knowledge, have not yet been analyzed, whichmakes
the design of efficient switching molecular crystals incomplete.
Therefore, this paper intends to address this missing step by eval-
uating and analyzing the second-orderNLOproperties ofmolecular
crystals, going from the molecular properties to those of the crystals
via those of the unit cell. This is carried out by considering two anil
derivatives: N-(4-hydroxy)-salicylidene-amino-4-(methylbenzoate)
and N-(3,5-di-tert-butylsalicylidene)-4-aminopyridine, denoted
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according to ref 7, 4A and 4P, respectively. These compounds
have been shown to switch between an enol-imine form (E) and a
keto-amine form (K) by an intramolecular proton transfer. Their
noncentrosymmetric crystal packing ensures nonzero second-
order NLO susceptibilities that have been investigated experimen-
tally, including their switching,8 in addition to complementary
studies of their linear and nonlinear optical responses in solutions.9

The high efficiency of this solid state switch is provided by the
small geometric distortions associated with the photoinduced
reactions, which ensure a good fatigue resistance to the material.

The major steps of the theoretical and computational ap-
proaches are summarized in section II, highlighting the aspects
that are specific to the current systems. Then, in section III, the
results of the linear and second-order NLO responses are suc-
cessively analyzed for the crystals, molecules, and unit cells with
an emphasis on the evolution of the responses along the tautomeric
equilibrium. Further discussions including comparisons with ex-
periments are then carried out.

II. THEORY, METHODS OF CALCULATION, AND CRYS-
TALS STRUCTURES

II.A. Definitions of the Linear and Nonlinear Responses.
Here, linear and nonlinear optical phenomena correspond to those
molecular properties related to the successive responses of the dipole
moment to an external electric field E(ω):

μ ¼ μ0 þ REðωÞ þ 1
2
βE2ðωÞ þ 1

6
γE3ðωÞ þ ::: ð1Þ

where μ0 is the permanent dipole moment, R the polarizability, β the
first hyperpolarizability, and γ the second hyperpolarizability. At the
crystal or macroscopic level, the analog quantity to μ is the electric
polarization, which can also be expanded in a power series of the electric
field:

P ¼ P0 þ ε0½χð1ÞEðωÞ þ χð2ÞE2ðωÞ þ χð3ÞE3ðωÞ þ :::� ð2Þ
Thus, P0 is the permanent polarization—or the permanent electric
dipole moment per unit volume—χ(1) is the (linear) optical suscept-
ibility while χ(2) and χ(3) are the second- and third-order NLO sus-
ceptibilities, respectively. It is common practice to use the molecular
responses as a starting point to evaluate their macroscopic analogs, but
many effects can lead to substantial variations.
II.B. From Molecular to Crystal Properties: Electrostatic

Interaction Schemes. Several methods have been developed in order
to determine the macroscopic optical properties,10 of which the simplest
is the oriented gas model, due to Chemla et al.11 In that method, the
χ(n) quantities are calculated from simple tensor sums of the (hyper)-
polarizabilities of the molecules constituting the elementary unit cell.
Corrective factors can then be added in a second step to account for the
effects of local electric fields. The relevance of this method is ensured
provided the intermolecular interactions are weak, while the macro-
scopic responses are strongly dependent on the values of local field
factors. More sophisticated schemes take into account the intermole-
cular interactions. They include the “supermolecule”model,12 where an
aggregate ofmolecules is considered as a giantmolecule, but this approach is
limited to small-size aggregates and the long-range interactions are trun-
cated. On the other hand, the later are included when resorting to
crystalline orbitals treatment, which assumes an infinite periodic system
and accounts for all types of interactions.13

In our work, we employ the electrostatic interaction scheme proposed
by Munn and Hurst,14 which is based on the Rigorous Local Field
Treatment (RLFT)15 to evaluate the macroscopic linear and nonlinear
optical susceptibilities from molecular responses calculated using

quantum chemistry methods. The linear optical susceptibility tensor
for a crystal with Z molecules labeled k (or Z submolecules labeled kj)
per unit cell with a volume V reads

5χ ð1Þ ¼ 1
ε0V

∑
Z

kj

5Rkj5dkj ¼ ∑
kj, k0 j0

5R
ε0V

� ��1

�5L

" #�1

kj, k0 j0
ð3Þ

where d5kj is the 3 � 3 local field tensor, given by

5dkj ¼ ∑
k0 j0

5I �5L 5R
ε0V

" #�1

kj, k0 j0
with 5Rkj, k0 j0 ¼ 5Rkjδkk0δjj0 ð4Þ

R5kj is the polarizability tensor for submolecule kj and I5is a unit tensor of
order 3Z� 3Z with 3� 3 subtensors I5δkj,k0 j0. The interactions between
one molecule (or submolecule) of the reference unit cell and the infinite
number of equivalent molecules (or submolecules) of the crystals are
described with the Lorentz-factor tensor L5. The summation of the dipole
lattice is realized with the Ewaldmethod,15 which presents the advantage
of ensuring a rapid convergence of the sums in the reciprocal space. For
example, L5kj,k0 j0 expresses the induced field at molecule k (or submole-
cule kj) of the reference unit cell caused by the induced dipole moments
on all k0 molecules (or k0j0 submolecules). Via a matrix inversion, this
approach enables the self-consistency of the interactions between the
field-induced dipole moments. The second-order NLO susceptibility
tensor then reads:

~2
χ

ð2Þð �ω;ω1,ω2Þ ¼ 1
2ε0V

∑
Z

kj

~2
βkjð �ω;ω1,ω2Þ½5dkjðω2Þ5dkjðω1Þ5dkjðωÞ�

ð5Þ
where

~2
βkj is the first hyperpolarizability tensor of submolecule kj and

ω =ω1 +ω2. This approach has been employed broadly for obtaining the
linear and nonlinear susceptibilities of molecular crystals.16 In this study,
our interest is focused on the second harmonic generation (SHG) phe-
nomenon characterized by ω1 = ω2 and, in particular, for λ = 1907 nm,
because the experiments on 4A and 4P have been performed at this
wavelength.7 The molecular responses employed in eqs 3�5 were
evaluated quantum mechanically.
II.C. Quantum Chemical Evaluation of the Molecular

Properties. The geometry optimizations of the molecular structures
were carried out at the density functional theory (DFT) level of ap-
proximation, using the B3LYP exchange-correlation functional and the
6-311G(d) basis set. The components of the static molecular responses,
the R and β tensors, were determined with the coupled-perturbed
Hartree�Fock approach (CPHF), the static equivalent to the time-
dependent Hartree�Fock (TDHF) method,17 and with the density
functional theory (DFT). In the latter case, we used the B3LYP exchange-
correlation (XC) and the long-range corrected LC-BLYP18,19 func-
tionals. The dynamic R and β tensors of the 4A and 4P molecules were
calculated using TDHF or within the time-dependent density functional
theory (TDDFT)20 by employing the same XC functionals. At both
levels of approximation, these calculations were performed employing
the 6-311+G(d) basis set including diffuse and polarization basis
functions, to properly describe the electronic (hyper)polarizations with
a good compromise between accuracy and computational costs. To
account more precisely for electron correlation effects, we also carried
out calculations using the Møller�Plesset second-order (MP2) theory,
as well as the 6-31G(d) and 6-31+G(d) basis sets, in combination with
the finite field approach.21 The accuracy of the numerical derivatives was
improved by adopting the Romberg procedure. To include both electron
correlation and dispersion effects, the dynamic R and β tensors were
calculated by employing the multiplicative scheme, which consists in
correcting the static MP2 values by the TDHF/CPHF ratio. The same
approaches were adopted to evaluate theR and β tensors of the unit cell,
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except MP2, for obvious computational reasons. All calculations were
performed using the Gaussian 03 and 09 quantum chemistry packages.22,23

II.D. Crystal Structures. The crystal structures of 4A and 4P7 are a
prerequisite to determine the linear and nonlinear macroscopic proper-
ties of the crystals and of the unit cells. The 4A�E crystal is monoclinic
with space group Pc, there are two molecules per unit volume (Z = 2),
and the unit-cell parameters are a = 14.739 Å, b = 7.027 Å, c = 6.096 Å,
R = 90�, β = 99.21�, and γ = 90�. 4P�E belongs to the trigonal space
group P32 with Z = 3 and the unit-cell parameters a = b = 16.002 Å,
c = 6.040 Å,R = β = 90�, and γ = 120�. The following expressions provide
the relation between the molecular and crystalline axes of 4A and 4P,
respectively: aB = 14.74xB, bB = 7.03yB, cB =�0.98xB + 6.02zB, and aB = 16.00xB,
bB = �8.00xB + 13.86yB, cB = 6.04zB. The molecular structures, the unit
cells, and the two axes systems are sketched in Scheme 1, showing that
the crystal packing is much different in 4A and 4P. Indeed, in 4A, the two
molecules of the unit cell are roughly parallel whereas the three molecules
of 4P are positioned around a 3-fold axis and, thus, are differently oriented.

For the enol-imine forms (crystals as well as unit cells), we used the
crystallographic data determined by X-ray diffraction (XRD) experi-
ments. On the other hand, the crystallographic structure of the keto-amine
forms could not be probed by XRD, because of their instability, so that,
to build the corresponding crystal structures, we assumed that the
intramolecular proton transfer leads to a negligible change of the unit-
cell parameters. This is justified by the fact that the switching in the
crystalline state is possible, because of the weak geometrical distortions
associated with the photoinduced reaction.25 Therefore, in this work, the
unit cell of both the enol-imine and keto-amine forms of 4A and 4Pwere

built from the enol-amine XRD data. First, the molecular geometry of
both the K and E forms was optimized using density functional theory
(DFT) at the B3LYP/6-311G(d) level. In this step, we kept the average
orientation of the molecule in the crystal, preventing a reorientation along
themain inertial axes. Once the geometry was optimized, we applied the set
of symmetry operations characteristic to the space group to rebuild the
entire unit cell. These operations were performed in the crystal axes system.
II.E. Implementation of the Classical Approach to Evaluate

the Local Field Tensors. Following the calculation of the molecular
properties, the local field tensors (eq 4) were determined after distribut-
ing the polarizabilities over molecular sites. Similar distributions of
the polarizabilities and first hyperpolarizabilities were also applied to
get χ(1) and χ(2) from eqs 3 and 5. Different partitioning schemes of
the molecular properties were adopted and are illustrated in Figures S1
and S2 in the Supporting Information. These take into account the
chemical composition—and the presence of functional groups—of the
molecules and are based on the RLFTnmodel, where n is the number of
submolecules per molecule. Therefore, on the one hand, the RLFT1

scheme considers the molecule as a single dipole situated at the center
of mass while, on the other hand, in the RLFT20 and RLFT23 schemes,
the molecules 4A and 4P are divided into 20 and 23 polarizable sites
placed on each heavy atoms, respectively.

III. RESULTS AND DISCUSSIONS

III.A. Linear and Nonlinear Macroscopic Responses of the
4A and 4P Crystals. The linear and second-order nonlinear

Scheme 1. (Left) Molecular Structure of 4A and 4P in Their Enol Form; (Right) Representation of the Unit Cells of 4A�E (Top)
and 4P�E (Bottom) in Their Molecular (x-, y-, z-Axes) and Crystalline Frame (a-, b-, c-Axes)a

aAs obtained from X-ray data.24
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susceptibilities of 4A and 4P were calculated within the RLFT
scheme.The data for different combinations of (hyper)polarizability
partitionings and levels of approximation are presented and dis-
cussed in detail in the Supporting Information. The main con-
clusions are (i) the dipolar or RLFT1 approximation is not suf-
ficient to describe the linear and nonlinear effects; (ii) partitioning
the molecular properties on five (4A) or six (4P) molecular
chemical groups already leads to χ(1) and χ(2) values, in good
agreement with the more-evolved scheme where the (hyper)-
polarizabilities are distributed on all non-hydrogen atoms; (iii)
corresponding χ(1) and χ(2) tensor components present similar
variations with the method of calculations; (iv) diffuse functions
are important in several cases, especially for the χ(2) responses;
and (v) there is a good agreement between the χ(1) and χ(2)

tensor components evaluated from LC-BLYP and MP2 (hyper)-
polarizabilities, whereas the HF and B3LYPmethods usually lead
to smaller and larger linear and nonlinear susceptibilities, respec-
tively. These relative values of the χ(1) and χ(2) tensor com-
ponents are corroborated by several investigations on the effects
of electron correlation on the (hyper)polarizabilities as well as on
the performance of the DFT schemes with more or less conven-
tional exchange-correlation functionals.19,26 Following these
studies, for most cases, both the MP2 and LC-BLYP data are
selected to assess the chemical and surrounding effects on χ(1)

and χ(2). Although to a lower extent, the HF data are also
primarily considered, since they are used to account for the
frequency dispersion effects on the MP2 results. All linear and
nonlinear macroscopic tensor components discussed in the paper
have been obtained for λ = 1907 nm using the finest RLFT20

(4A) and RLFT23 (4P) distribution schemes. To facilitate com-
parisons between the χ(1) and χ(2) tensor components and their

microscopic R and β analogs, all components are given in the
molecular frames (x-, y-, z- axes; see Scheme 1).
The χ(1) diagonal tensor components of both tautomeric

forms of 4A and 4P are listed in Table 1, together with
the χ(1)(K)/χ(1)(E) ratios. For the enol and keto forms of 4A,
χxx
(1) > χzz

(1) > χyy
(1) while for 4P, χzz

(1) > χxx
(1) and χxx

(1) = χyy
(1) by

symmetry. This is obtained at all levels of approximation and for
both the static and dynamic responses (see Tables S1 and S2 in
the Supporting Information).Moreover, the keto form presents a
larger linear susceptibility than the enol form, especially for 4P,
where the χ(1)(K)/χ(1)(E) ratio reaches 1.77 at the MP2/6-31
+G(d) level. In addition, 4A presents larger χ(1) values than 4P,
for both tautomeric forms. Subsequently, the refractive indices
have been determined from n = [χ(1) + 1]1/2 (see Table 2).
Considering the MP2/6-31+G(d) values, the refractive indices
nx, ny, and nz vary by +9%, �4%, and +3%, respectively, upon
switching 4A from the enol to the keto form. In the case of 4P,
the variations amount, in the same order, to +10% for nx and ny
and +22% for nz.
Table 3 lists the dominant χ(2) tensor components, as well as

the associated χ(2)(K)/χ(2)(E) ratios. In the 4A crystal, χxxx
(2) is

the dominant tensor component, as could be understood from
the orientation of the molecules in the unit cells. All χxxx

(2)(K)/
χxxx
(2)(E) contrasts are smaller than unity and range between 0.46

when using MP2 data to 0.77 at the HF and LC-BLYP levels. As
shown in Table S3 in the Supporting Information, these contrasts
are almost constant in the hυ = 0�0.60 eV (∞�1907 nm) range,
whereas the use of a simplified distribution scheme leads to
typical increases of the contrasts by 10% (RLFT10) or decreases
by 12%�17% (RLFT5). For the 4A crystal, the χzxx

(2)(K)/χzxx
(2)(E)

contrasts were also evaluated, since the χzxx
(2) tensor components

are only 2�3 times smaller than the dominant component. In
this case, the contrasts amount to 1.17 to 1.42, varying little from
one method to another.
The situation is more complex in the 4P crystal, since the

relative amplitudes of the χ(2) components change greatly when
going from the enol to the keto forms. Indeed, in the enol form,
χzzz
(2) is the largest component while the χyyy

(2) and χzyy
(2) components

are 2�3 times smaller (also see Table S4 in the Supporting

Table 1. Diagonal χ(1) Tensor Components (Pure Numbers,
λ = 1907 nm) and Keto/Enol χ(1) Contrasts for 4A and 4P, as
Determined at Different Levels of Approximation, Using the
Polarizability Distribution over All the Non-Hydrogen Atoms

HF/

6-311+G(d)

LC-BLYP/

6-311+G(d)

MP2/

6-31+G(d)

4A�E χxx
(1) 2.681 2.873 3.049

χyy
(1) 1.035 1.038 1.088

χzz
(1) 1.679 1.773 1.865

4A�K χxx
(1) 3.006 3.371 3.798

χyy
(1) 0.904 0.892 0.940

χzz
(1) 1.796 1.896 2.015

Contrasts χxx
(1)(K)/χxx

(1)(E) 1.12 1.17 1.25

χyy
(1)(K)/χyy

(1)(E) 0.87 0.86 0.86

χzz
(1)(K)/χzz

(1)(E) 1.07 1.07 1.08

4P�E χxx
(1) = χyy

(1) 1.516 1.574 1.632

χzz
(1) 1.631 1.694 1.767

4P�K χxx
(1) = χyy

(1) 1.814 1.972 2.209

χzz
(1) 2.359 2.662 3.123

Contrasts χxx
(1)(K)/χxx

(1)(E) 1.20 1.25 1.35

χzz
(1)(K)/χzz

(1)(E) 1.45 1.57 1.77

Table 2. Refractive Indices (Pure Numbers, λ = 1907 nm) of
4A and 4P Crystals along the x-, y-, and z-Axes, as Determined
at Different Levels of Approximation Using the Polarizability
Distribution over All the Non-Hydrogen Atoms

HF/

6-311+G(d)

LC-BLYP/

6-311+G(d)

MP2/

6-31+G(d)

4A�E nx 1.919 1.968 2.012

ny 1.427 1.428 1.445

nz 1.637 1.665 1.693

4A�K nx 2.001 2.091 2.190

ny 1.380 1.375 1.393

nz 1.672 1.702 1.736

4P�E nx = ny 1.586 1.604 1.622

nz 1.622 1.641 1.663

4P�K nx = ny 1.677 1.724 1.791

nz 1.833 1.914 2.031
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Information). On the other hand, for the keto form, the largest
component is χyyy

(2) while the χzyy
(2) and χzzz

(2) components are smaller
and their amplitude, with respect to χyyy

(2) is method depen-
dent (see discussion in section III.B). Therefore, Table 3 lists
the χzzz

(2)(K)/χzzz
(2)(E) and χyyy

(2)(K)/χzzz
(2)(E) contrasts, showing

that the second-order NLO responses are, globally, much larger
for the keto form than for the enol form. Besides, one notes that
the χzyy

(2) and χzzz
(2) components calculated at the MP2 level are

negative, in contrast to those obtained at the HF and DFT levels,
showing a significant impact of the method of calculation on the
NLO responses. As discussed in the next sections, subtle electron
correlation effects are related to the lack of strong donor/
acceptor groups on the aromatic rings (and, thus, to the absence
of a dominant charge-transfer direction) in the 4P molecules, as
well as to the nonparallel crystal packing.
Finally, the comparison between the macroscopic nonlinear

responses of the two derivatives exhibits higher values for the
4A�E than for the 4P�E crystal. This theoretical result—which,
contrary to experiment, also presents the advantage of predicting
the sign of the nonlinear susceptibility tensor components—can
be correlated with powder second harmonic generation (SHG)
measurements realized by Sliwa et al.,7 where the SHG intensities
of 4A�E and 4P�E are, respectively, 10 and 3 times larger than
that of urea. To gain further insight on all these results, calcula-
tions were performed on the 4A and 4P isolated molecules, as
well as on their crystal unit cells.
III.B. Molecular Polarizabilities and First Hyperpolarizabil-

ities. The main tensor components of the dynamic molecular
properties in the molecular frames are listed in Tables 4 and 5.
The βvec values, corresponding to the norm of the (βx, βy, βz)
vector, where βi =

1/3∑j (βijj + βjij + βjji), are also given, since they
provide information on the magnitude of β, in opposition to its
orientation. In the case of 4A, Rxx and βxxx are the dominant

components, which is a natural consequence of the alignment of
the charge transfer (CT) direction of the chromophore with the
x-axis. For the polarizability, the next component, in decreasing
order of magnitude, is Rzz (the molecular plane is almost parallel
to the xz-plane), whereas, for the first hyperpolarizability, the
next component is the off-diagonal βzxx component. For R, the
inclusion of electron correlation effects leads to a small increase
(5%�20%) of most components, whereas for β, the effect is
stronger with an enhancement of βxxx of the enol form by a factor
of 2 when going from HF toMP2. This enhancement of 100% of
the β values due to electron correlation effects is typical and is in
good agreement with other investigations.26c The modifications
of βxxx of the keto form are smaller. Comparisons between the
different levels of approximation are further provided in Figure
S3 in the Supporting Information, demonstrating a consistent
view on the orientation of the β vector, with respect to the
molecular frame. As a matter of fact, the βxxx(K)/βxxx(E) ratio
ranging from 0.40 using MP2 to 0.71 ( 0.02 at the HF and
LC-BLYP levels can already account for the amplitude of the
χxxx
(2)(K)/χxxx

(2)(E) ratio (equal to 0.46, 0.75, and 0.77 at the MP2,
HF, and LC-BLYP levels of approximation, respectively) in 4A. A
similar conclusion can be drawn on the Rii(K)/Rii(E) ratios
(where i = x, y, or z), as indicative of the χxx

(1)(K)/χxx
(1)(E) ratios.

The diagonal components of the polarizability tensor of the 4P
molecule are very similar but follow the same Rzz > Ryy > Rxx

trend as in the crystal. Its β-tensor is not dominated by a single
charge-transfer component, because of the lack of strong donor
and/or acceptor groups on the aromatic rings. For the enol form,
the βzzz and βyzz components are the largest, as determined at all

Table 3. Dominant χ(2) Tensor Components (pm/V, λ =
1907 nm) and Keto/Enol χ(2) Contrasts, as Determined at
Different Levels of Approximation, Using the (Hyper)polar-
izability Distribution over All the Non-Hydrogen Atoms

HF/

6-311+G(d)

LC-BLYP/

6-311+G(d)

MP2/

6-31+G(d)

4A�E χxxx
(2) �26.882 �45.818 �66.475

χzxx
(2) 11.310 12.946 13.625

4A�K χxxx
(2) �20.165 �35.340 �30.499

χzxx
(2) 16.005 16.131 15.912

Contrasts χxxx
(2)(K)/χxxx

(2)(E) 0.75 0.77 0.46

χzxx
(2)(K)/χzxx

(2)(E) 1.42 1.25 1.17

4P�E χyyy
(2) 1.948 2.260 3.001

χzyy
(2) 1.524 2.932 4.832

χzzz
(2) 3.332 5.860 8.656

4P�K χyyy
(2) 36.596 48.192 71.305

χzyy
(2) 15.496 26.246 �19.947

χzzz
(2) 20.583 26.647 �6.202

Contrasts χzzz
(2)(K)/χzzz

(2)(E) 6.18 4.55 �0.72

χyyy
(2)(K)/χzzz

(2)(E) 10.98 8.22 8.24

Table 4. Main Tensor Components of the Dynamic Polariz-
ability (a.u., λ = 1907 nm) of 4A and 4PMolecules Calculated
at Different Levels of Approximation

HF/

6-311+G(d)

LC-BLYP/

6-311+G(d)

MP2/

6-31+G(d)

4A-E Rxx 340.30 358.81 375.10

Ryy 110.98 111.09 114.70

Rzz 175.27 181.69 187.62

4A-K Rxx 368.29 399.99 434.15

Ryy 101.53 100.63 104.20

Rzz 185.78 192.59 200.04

Contrasts Rxx(K)/Rxx(E) 1.08 1.11 1.16

Ryy(K)/Ryy(E) 0.91 0.91 0.91

Rzz(K)/Rzz(E) 1.06 1.06 1.07

4P-E Rxx 242.28 247.77 253.82

Ryy 253.56 261.05 267.03

Rzz 267.61 275.41 283.64

4P�K Rxx 257.58 267.28 279.28

Ryy 262.24 270.04 278.20

Rzz 278.66 291.84 308.15

Contrasts Rxx(K)/Rxx(E) 1.06 1.08 1.10

Ryy(K)/Ryy(E) 1.03 1.03 1.04

Rzz(K)/Rzz(E) 1.04 1.06 1.09
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levels of approximation (also see Table S5 in the Supporting
Information), while for the keto tautomer, the MP2/6-31+G(d)
results are different and predict a strong reduction of the βzzz
component while βvec is reduced by a factor of ∼3. This
dependence of the orientation of the β-vector, as a function
of the method of calculation (Figure S3 in the Supporting
Information), was already noted in a previous investigation.9a

Therefore, for our purposes, we concentrate on using the MP2
results, together with frequency dispersions estimated within
the TDHF method. Considering the individual molecules,
the βyyy(K)/βzzz(E) ratios are much different from the χyyy

(2)(K)/
χzzz
(2)(E) ratios, and are more than 1 order of magnitude smaller.
The presence of three 4Pmolecules per unit cell and their relative
position (Scheme 1) is postulated as an explanation for the
difference between the β(K)/β(E) and χ(2)(K)/χ(2)(E) ratios,
whereas in the 4A unit cell, the CT axes of the two molec-
ules are almost parallel.
Moreover, consistently with the linear susceptibility differ-

ences, the keto forms present larger polarizability than the cor-
responding enol forms, which can be related to the smaller
excitation energy value of the dipole-allowed low-energy optical
transition.9b

III.C. Linear and Nonlinear Optical Responses of the Unit
Cells. As a next step, the (hyper)polarizabilities of the unit
cells were determined. Tables 6 and 7 report their TDHF/
6-311+G(d) and LC-BLYP/6-311+G(d) dynamic polarizabil-
ities and first hyperpolarizabilities, as well as theR/ε0V and β/2ε0V
quantities, which are the unit-cell analogs of the crystal linear and
nonlinear susceptibilities, respectively.

Not surprisingly, the polarizability of the 4A unit cell are
consistent with those of the isolated molecules and of the crystals
with Rxx > Rzz > Ryy. Moreover, the Rii(K)/Rii(E) (i = x, y, or z)
contrasts determined for the unit cell at the HF/6-311+G(d) and
LC-BLYP/6-311+Gd) levels are in close agreement with, on the
one hand, the molecular Rii(K)/Rii(E) ratios and, on the other
hand, the crystal χii

(1)(K)/χii
(1)(E) ratios. In addition, from com-

paring data in Tables 1, 4, and 6, the parallel packing of a pair of
4A molecules in the unit cell reduces the Rxx value per molecule
consistently with simple electrostatics that predict a reduction of
the electric field, because of the counteracting polarization effects.
Indeed, going from one to two molecules, Rxx only increases by
76% (enol form) and by 84% (keto form).
Similar but amplified effects are observed in 4A for βxxx and

βzxx. So, βxxx of the enol and keto tautomers increases by 39%
and 59% upon forming the unit cell dimer, respectively. More-
over, the unit cell βxxx(K)/βxxx(E) contrast reaches 0.84 and
0.79 at the HF/6-311+G(d) and LC-BLYP/6-311+Gd) levels, in
comparison with the values of 0.73 and 0.69 obtained for the
isolated molecule (Table 5) and with the χxxx

(2)(K)/χxxx
(2)(E) ratio

of 0.75 and 0.77 for the crystal (Table 3).
In the case of the 4P derivative, as foreseen from the unit-cell

spatial organization, the packing of the three 4P molecules per
unit cell is responsible for a change of the relative amplitudes in
the diagonal polarizability tensor components. Contrary to the
cases of the crystal and of the isolated molecule, where χzz

(1) and
Rzz are, respectively, the major components, the Rzz component

Table 5. Main Tensor Components of the Dynamic First Hy-
perpolarizability (a.u., λ = 1907 nm) of 4A and 4P Molecules
Calculated at Different Levels of Approximation

HF/

6-311+G(d)

LC-BLYP/

6-311+G(d)

MP2/

6-31+G(d)

4A�E βxxx �2152.4 �3328.0 �4469.0

βzxx 791.4 937.7 1010.0

βvec 2194.7 3421.3 4620.6

4A�K βxxx �1579.0 �2286.0 �1789.9

βzxx 948.7 922.4 798.1

βvec 1791.5 2347.1 1782.6

Contrasts βxxx(K)/βxxx(E) 0.73 0.69 0.40

βzxx(K)/βzxx(E) 1.20 0.98 0.79

4P�E βzzz 395.4 646.3 900.0

βyyy 1.68 �80.3 �27.5

βyzz �371.2 �461.4 �525.8

βvec 930.0 1535.6 2063.0

4P�K βzzz 504.3 486.0 66.8

βyyy 74.5 149.2 244.4

βyzz �495.0 �450.1 �253.1

βvec 1105.0 1005.3 344.5

Contrasts βzzz(K)/βzzz(E) 1.28 0.75 0.07

βyyy(K)/βzzz(E) 0.19 0.23 0.27

Table 6. Tensor Components of the Dynamic Polarizability
Calculated at theTDHF/6-311+G(d) andLC-BLYP/6-311+G(d)
Levels (λ = 1907 nm) for the Unit Cells of 4A and 4Pa

HF/6-311+G(d) LC-BLYP/6-311+G(d)

r r/ε0V r r/ε0V

4A�E Rxx 600.87 1.795 631.74 1.888

Ryy 227.85 0.681 229.88 0.687

Rzz 312.15 0.933 324.27 0.969

4A�K Rxx 677.23 2.023 731.26 2.185

Ryy 216.04 0.646 216.21 0.646

Rzz 363.17 1.085 376.29 1.124

Contrasts Rxx(K)/Rxx(E) 1.13 1.13 1.16 1.16

Ryy(K)/Ryy(E) 0.95 0.95 0.94 0.94

Rzz(K)/Rzz(E) 1.16 1.16 1.16 1.16

4P�E Rxx 674.13 0.937 694.07 0.965

Ryy 690.60 0.960 711.78 0.990

Rzz 687.85 0.956 707.43 0.984

4P�K Rxx 787.21 1.094 815.22 1.133

Ryy 814.50 1.132 845.16 1.175

Rzz 782.62 1.088 817.46 1.136

Contrasts Rxx(K)/Rxx(E) 1.17 1.17 1.17 1.17

Ryy(K)/Ryy(E) 1.18 1.18 1.19 1.19

Rzz(K)/Rzz(E) 1.14 1.14 1.16 1.16
aR is given in a.u., and R/ε0V is a pure number.
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is no longer the largest in the unit cell. For the first hyperpolariz-
ability, the results show that βzzz > βyyy ≈ βzyy when employing
the HF method and with the LC-BLYP functional it becomes
βzzz > βzyy > βyyy for the enol form and βzzz ≈ βyyy > βzyy for
the keto form. This leads to a βyyy(K)/βzzz(E) contrast of 1.41
(HF) and of 0.94 (LC-BLYP) for the unit cell that can be
compared to the corresponding molecular contrast of 0.19 (HF)
and 0.23 (LC-BLYP) (Table 5). In the crystal, the corresponding
χyyy
(2)(K)/χzzz

(2)(E) contrast amounts to 10.98 (HF) and 8.22 (LC-
BLYP) (see Table 3). This clearly demonstrates that, in 4P, the
surrounding effects—beyond the unit cell—have a large impact.
The first hyperpolarizability vector calculated for the unit cells of 4A
and 4P is sketched in Figure S4 in the Supporting Information.

IV. CONCLUSIONS

A systematic analysis of the keto/enol contrasts has been
carried out for the dominant tensor components of the linear and
nonlinear optical responses of two anil derivatives,N-(4-hydroxy)-
salicylidene-amino-4-(methylbenzoate) and N-(3,5-di-tert-
butylsalicylidene)-4-aminopyridine, denoted 4A and 4P, respec-
tively. It is summarized in Table 8 for the isolated molecule, the
unit cell, and the crystal. In 4A, the small variations in the keto/
enol ratios when moving from the molecule to the crystal de-
monstrate that the optical contrasts are influenced slightly by inter-
molecular interactions. In other words, the impact of the sur-
roundings on R and β is similar in both the 4A�E and 4A�K
crystals, leading to optical switching properties very close to
those of the isolated compound. On the other hand, the optical
contrasts calculated for 4P show small variations when going
from the isolated molecule to the unit cell, but evolves more
significantly when going from the unit cell to the crystal, demon-
strating the importance of the intermolecular interactions beyond
the unit cell, in addition to the impact of the relative orientation
of the molecules in the unit cell. In particular, the first hyperpo-
larizability contrast in 4P reaches 4.55 when considering the LC-
BLYP values, and it is even more pronounced (6.18) at the HF
level. Therefore, contrary to 4A, in which the β contrast upon
switching is weak, the 4P crystal should behave as a very efficient
NLO switch, because of supramolecular interactions that en-
hance the NLO response of the keto form.

The next step was to consider the 4A/4P ratio for the second-
order NLO responses of the most stable enol form, as a function
of the model. So, taking the LC-BLYP data as an illustration, the
βxxx(4A)/ βzzz(4P) ratio amounts to �5.2 for the isolated
molecules. For the unit cell, the corresponding ratio decreases
to �3.3, whereas in the crystal χuuu

(2)(4A)/χuuu
(2)(4P) = �7.8, in

good agreement with experiments.7
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HF/

6-311+G(d)

LC-BLYP/

6-311+G(d)

β β/2ε0V β β/2ε0V

4A�E βxxx �3005.3 �8.731 �4624.7 �13.436

βzxx 1213.2 3.525 1427.5 4.147

4A�K βxxx �2524.9 �7.336 �3634.9 �10.560

βzxx 1526.3 4.434 1469.4 4.269

Contrasts βxxx(K)/βxxx(E) 0.84 0.84 0.79 0.79
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βzyy 520.5 0.704 849.11 1.148

βxyy 137.0 0.185 177.80 0.240

4P�K βzzz 1231.2 1.664 1210.80 1.637
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Table 8. Keto/Enol Ratios of 4A and 4P for Systems Ranging
from the Isolated Molecule and the Unit Cell to the Crystal,
as Calculated at the LC-BLYP Level

Molecule Unit Cell Crystal

Ruu(K)/Ruu(E) Ruu(K)/Ruu(E) χuu
(1)(K)/χuu

(1)(E)

4A (u = x) 1.11 1.16 1.17

4P (u = z) 1.06 1.16 1.57

βuuu(K)/βuuu(E) βuuu(K)/βuuu(E) χuuu
(2)(K)/χuuu

(2)(E)

4A (u = x) 0.69 0.79 0.77

4P (u = z) 0.75 0.86 4.55
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