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ABSTRACT: This work demonstrates that covalent organic frameworks
(COFs) can exhibit large second-order nonlinear (NLO) responses and
that these NLO responses can be modulated as a function of successive
enol-imine/keto-enamine tautomerisms, leading to efficient solid-state
second-order NLO switches. The proof of concept is given by evidencing,
by means of periodic boundary condition (time-dependent) density
functional theory calculations, the large amplitudes of the second-order
NLO susceptibility, χ(2), of two-dimensional COFs built from the
assembly of tris(N-salicylideneaniline) units as well as their variations
when switching between keto and enol forms. Calculations further
demonstrate the key role of symmetry, that is, the distribution of enol and
keto functions in the unit cell, on the χ(2) values as well as on their
dipolar/octupolar character.

■ INTRODUCTION
Covalent organic frameworks (COFs) are porous crystalline
materials built from strong covalent bonds between light
elements.1 The high accessible surface area and the mechanical
robustness of these crystalline polymer networks make them
ideal candidates as gas storage media, catalytic supports,
sensing platforms, and energy storage devices, to cite a few
applications.2−4 These structural, electronic, thermodynamic,
and kinetic properties can further be combined with linear and
nonlinear optical (NLO) properties to elaborate multifunc-
tional materials, in particular when the COFs switch between
several forms. Very little is known about the NLO properties of
COFs, whereas several studies have tackled those of the closely
related metal organic frameworks (MOFs).5 Among the few
works on the NLO responses of COFs, in two recent papers,
Biswal and co-workers6,7 have reported the large nonlinear
absorption (NLA) coefficient of regioregular porphyrin COFs.
Moreover, by taking advantage of their precise spatial
orientation in COFs, Deng and co-workers have revealed the
two-photon absorption (TPA) potential of chromophores,
which exhibits up to a 110-fold enhancement of their TPA
cross section with respect to their molecular responses.8 There
is a continuing interest for materials exhibiting NLO responses
because they are active components in applications such as
laser modulation, data storage and processing, bioimaging, and
optical transmission technologies,9,10 and more studies are yet
to be done to assess the potential of COFs. Note that both
NLA and TPA are third-order NLO phenomena, whereas to
the best of our knowledge, the second-order NLO responses of
COFs (like the second harmonic generation, SHG) have not
yet been studied. Among these NLO materials, when triggered

by an external stimulus (change of pH or redox potential,
irradiation by light, and complexation of an analyte), some
present the ability to switch between two or several forms that
display differences in their second- or third-order NLO
responses. These systems are known as NLO switches,11−14

and many examples have been reported, from molecules in
solutions to functionalized surfaces and molecular crys-
tals.15−28 Still, in the crystal state, owing to compactness and
the associated steric hindrance to structural switching, fewer
NLO switches are known.18,19 On the other hand, owing to the
cavities in their structures, which can facilitate the motions of
molecular fragments, COFsas well as MOFsare ideal
candidates to exhibit NLO switching behavior.
As a matter of fact, the present contribution aims at assessing

second-order NLO responses of a family of COFs built from
the assembly of tris(N-salicylideneaniline) units by means of
quantum chemical calculations and also their linear optical
responses. The targeted linear responses are the linear optical
(at pulsation ω) susceptibility, χ(1)(−ω;ω) = χ(1), as well as the
refractive indices and birefringence while the second-order
NLO responses are the second-order NLO susceptibility
associated with the SHG phenomenon, χ(2)(−2ω;ω,ω) = χ(2).
As the first purpose, this paper gives the proof of concept that
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COFs can exhibit second-order NLO switching properties. On
the basis of their recent experimental investigations29−31 as
well as of studies on the second-order NLO switching behavior
of N-salicylideneaniline derivatives,32 five crystalline two-
dimensional (2D) COFs featuring enol-imine/keto-enamine
tautomerism have been selected (Scheme 1). COFs 1 to 4
have been synthesized by Banerjee and co-workers29,31 using
Schiff base reaction of 1,3,5-triformylphloruglucinol with p-

phenylenediamine (1), 2,5-dimethyl-p-phenylenediamine (2),
4,4′-azodianiline (3), and 4,4′-diaminostilbene (4), respec-
tively. COFs 1 and 2 only differ by the presence of two methyl
groups on the phenyl linker, while COFs 3 and 4 possess more
extended linkers, namely, azobenzene and stilbene, respec-
tively. Finally, COF 5 presents an anthraquinone linker and
was originally designed for its charge storage ability.30 From
the viewpoint of modulating the second-order NLO responses,

Scheme 1. Structure of One Slab of COFs 1−5 in Their Fully Enol (Top) and Fully Keto (Bottom) Forms; in the Top Figure,
the Hexagon Containing Six (Enol) Functions Is Represented

The Journal of Physical Chemistry C pubs.acs.org/JPCC Article

https://dx.doi.org/10.1021/acs.jpcc.0c07672
J. Phys. Chem. C 2020, 124, 24451−24459

24452

https://pubs.acs.org/doi/10.1021/acs.jpcc.0c07672?fig=sch1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.0c07672?fig=sch1&ref=pdf
pubs.acs.org/JPCC?ref=pdf
https://dx.doi.org/10.1021/acs.jpcc.0c07672?ref=pdf


taking COF 1 as a reference, the donor character of the linker
increases in the case of 2 and more substantially in the case of
3 and 4 with their azobenzene and stilbene donors, while the
anthraquinone linker of COF 5 is an acceptor unit.
These COFs structures can be viewed as 2D networks of

hexagons (Scheme 1), which are packed in an eclipsed pattern.
Each of these hexagons defines a cavity, the size of which
depends on the nature of the π-conjugated linker between the
tris(N-salicylideneaniline) units, which are the nodes of the
network (vertices of the hexagons). The inner part of each
hexagon presents a total of six keto or enol functions. They are
numbered according to Scheme S1. For each COF, this leads
to a total of 14 tautomers (Table S1). Still, in this investigation,
only periodic structures are considered in the sense that all the
hexagons are identical. This prevents from studying highly
disordered systems, but varying the enol and keto content of
the unit cell already ensures chemical diversity. The
corresponding structure representations are sketched in
Table S1, together with the COF space groups.
Besides the proof-of-concept of COFs as second-order NLO

switches, this paper addresses the following questions: (i) how
large is the second-order NLO responses of N-salicylideneani-
line-based COFs in comparison to reference molecular
crystals? (ii) What is the amplitude of the variations of χ(2)

upon keto-to-enol switching? (iii) How to rationalize these
linear and nonlinear responses in view of optimizing them?

■ METHODS

All computations were carried out using periodic boundary
condition (PBC) density functional theory (DFT) as
implemented in the CRYSTAL17 package.33−35 The range-
separated ωB97X36 exchange−correlation (XC) functional was
used with Pople’s 6-31G(d,p) basis set (taken from Basis Set
Exchange37). Starting from the single crystal X-ray diffraction
structures, full geometry optimizations were performed. In
recent contributions, some of us demonstrated the perform-
ance of the ωB97X XC functional to get geometries of
molecular crystals in good agreement with single-crystal X-ray
diffraction geometries, even without adding corrections for
London dispersion interactions.38,39 In addition, in ref 38, the
ωB97X XC functional was shown to be suitable to predict
whether the E or K form of N-salicylideneanilines is the most
stable. Then, the electronic contribution to the linear [χ(1)]
and second-order nonlinear [χ(2)] optical properties was
enacted at the DFT level using the linear and quadratic
response function methods implemented in a local version of
CRYSTAL17.40−44 This scheme (i) is based on the
substitution of the unbound electric dipole moment operator

(r)⃗ by another perturbation operator ( ιΩ⃗ = ⃗ + ∇⃗⃗ ⃗rk k), that is,
the block diagonal in the same reciprocal k-⃗space as the
unperturbed Fock matrix, (ii) takes advantage of the 2n + 1
rule, and (iii) enables calculating both the static and dynamic
responses. This approach presents some advantages to
calculate the χ(1) and χ(2) responses because it provides these
responses in a single step. In this way, contrary to other
methods that have been employed to calculate the optical
responses of molecular crystals and MOFs, this method does
not suffer from various limitations: (i) in the cluster approach,
the optical responses depend on the cluster size and shape as
well as on the way the dangling bonds are saturated,45 (ii) it
does not involve a two-step procedure where molecular
responses need to be computed first before evaluating the

macroscopic ones,46,47 and (iii) with respect to other PBC-
based perturbative approaches, it does not require the use of a
scissor operator to correct the underestimated band gaps.48,49

The number of nonequivalent nonzero χ(1) and components
depends on the space group (in particular, in centrosymmetric
crystals, all χ(2) tensor components vanish). These components
are listed in Table S1. In addition to the tensor components,
which are listed in the Supporting Information (besides the
negligible χXZZ

(2) and χYZZ
(2) ), we have provided three invariants,

their dipolar |χJ=1
(2)| and octupolar |χJ=3

(2)| components as well as
their ratio, and the nonlinear anisotropy, ρ = |χJ=3

(2)|/|χJ=1
(2)|. These

quantities, of which the full expressions can be found in ref 50
are generally considered for molecules and clusters but can also
be generalized to COFs.51,52 To visualize the χ(2) tensor, the
unit sphere representation (USR), initially proposed for the
first hyperpolarizability tensor,53 was adopted. It consists (i) in
computing induced polarization,

χ θ ϕ⃗ = ↔⎯→⎯ ⃗P E: ( , )ind

(2)
2

where the tensor nature of χ(2) has been evidenced and E⃗(θ,ϕ)
is a unit vector of the electric field, of which the polarization
direction is defined in spherical coordinates by the θ and ϕ
angles, and (ii) by representing all the induced polarization
vectors on a sphere centered on the center of mass of the
primitive unit cell. This enables highlighting the directions
where the second-order polarization is the strongest (it
corresponds to the largest induced dipoles) and its orientation
(the acceptor−donor direction), subsequently showing how
much the χ(2) response is dipolar/octupolar. These USRs were
plotted using the DrawMol package.54

The excitation energies to the lowest dipole-allowed excited
states were evaluated from the frequency dispersion of the
dynamic χ(1)(−ω;ω) response, with ℏω the incident photon
energy. Indeed, time-dependent perturbation theory
χ(1)(−ω;ω) can be written under the form of a summation
over the excited states and close to resonance where the
contribution of each excited state (e) to frequency dispersion
reads

χ ω ω
χ

ω ω ω ι

ω ω ω
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with ω( ) and ω( ) their real and imaginary parts,
respectively. ℏωeg is the corresponding excitation energy, and
Γeg is the damping factor. So, at resonance, that is when ℏω
matches a vertical excitation energy, the real part amounts to
zero while its imaginary counterpart attains a maximum. The
dynamic χ(1)(−ω;ω) responses were calculated for a range of
incident photon energies with Γeg = Γ = 10−3 a.u. Using the
above ω( ) form for each transition, we evaluated by least-
squares regression the ℏωeg that gives the best fit to the
calculated data. Both the real and imaginary components of the
χ(1) response were employed, and they gave very similar
excitation energies. Illustrative results are given in Figures S1
and S2 to show the frequency dispersions, the fitting curves,
and the corresponding excitation energies of COF 1 (4K2E/1-
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2 and 5K1E). For these packed-slabs materials, the in-plane
diagonal components of the χ(1) response present resonances
between 2 and 4 eV, demonstrating that for these low-energy
excitations, the dipole transition moments are in-plane
polarized. On the other hand, optical transitions polarized
along Z, that is, perpendicular to the COF slabs, are associated
with χZZ

(1), appear above 6 eV, and are not discussed in this
work.
To enact CRYSTAL17 calculations, default convergence

criteria were used while the irreducible Brillouin zone was
sampled on a 4 4 6 grid (SHRINK keyword). The truncation
criteria for the Coulomb and exchange integrals were set to 7 7
7 7 16 (TOLINTEG keyword) for the geometry optimization
calculations while for the calculation of the linear and NLO
properties, TOLINTEG was set to tighter criteria: 10 10 10 30
100.

■ RESULTS AND DISCUSSION
Geometries and Relative Stability. Full geometry

optimizations were carried out at the ωB97X/6-31G(d,p)
level for the eclipsed structures, starting from the structures
taken from refs.29,31 This choice is substantiated by the analysis
of the powder X-ray diffraction data, which led to conclude
that these COFs adopt an eclipsed rather than a staggered
structure.29−31 The relative energies demonstrate that the fully
keto form is the most stable and that the first keto-to-enol
transformation costs between 32 and 36 kJ/mol (Table 1).

Then, for the second keto-to-enol transformation, the energy
cost depends on the pair of keto sites. If the transformation
occurs on a different tris(N-salicylideneaniline) node, the same
amount of energy (sites 1 and 2) or a bit more (sites 1 and 4)
is required. On the other hand, if it occurs on the same node,
the needed energy is smaller (25−28 kJ/mol). The third
transformation is again less demanding if it occurs on the same
node (sites 1, 3, and 5) with energy between 4 and 9 kJ/mol.
This lower energy cost results from the fact that the
combination of three enol functions on the same node restores
the aromaticity of the ring (see also below for the discussion
on the geometry). Finally, the energy cost to go from 6K0E to
0K6E is about twice larger than to switch between 6K0E and

3K3E/1−3−5, demonstrating a good extent of the additive
character and the weak impact of the adjacent nodes.
The aromaticity driving force was substantiated here by

geometrical criteria, the CC bond lengths, and the bond length
alternation (BLA) in the ring. So, considering the node with
the sites 1, 3, and 5, the average CC bond length in the ring
ranges from 1.465 Å in 6K0E to 1.449 Å in 5K1E, 1.431 Å in
4K2E/1−3, and 1.414 Å in 3K3E/1−3−5 for COF 1 (similar
results are obtained for the other set of rings, but the
nomenclature is different). Then, BLA was evaluated as the
average bond length differences between adjacent CC bonds of
the ring of the same node. Considering 6K0E, 5K1E, 4K2E/1−
3, and 3K3E/1−3−5, the ring BLA of 1 amounts to 0.010,
0.018, 0.018, and 0.003 Å, respectively. As expected, 3K3E/1−
3−5 is the most aromatic with a negligible BLA and then
comes 6K0E, where there are three keto functions on each ring
(BLA = 0.010 Å). Finally, 5K1E and 4K2E/1−3 combine one
enol and two keto functions or vice versa, which increases the
BLA by a factor of two with respect to 6K0E. Looking at the
bond lengths of the molecular segments that are mostly
affected by the keto-to-enol switching (OC−CC−NH →
HO−CC−CN), the variations as determined at the same
PBC/ωB97X/6-31G(d,p) level are typically 0.01−0.02 Å
larger in the present tris(N-salicylideneaniline) units than in
more simple N-salicylideneaniline, like (E)-2-methoxy-6-
(pyridine-3-yliminomethyl)phenol (PYV3), highlighting coop-
erative effects in the former ones.38 Similar geometrical effects
are observed for the four other COFs as well.
Mulliken charge distributions have been analyzed to

highlight which subunits are electron donors or acceptors.
For all COFs and no matter what is the K/E ratio, the aromatic
linkers (Scheme 1) are donors, with charges between 1.2 e and
1.6 e. The charges on the two tris(N-salicylideneaniline)
nodes, the electron acceptors, are very similar, with amplitudes
generally smaller by 0.1 e. This demonstrates a small or
negligible charge transfer between them, and therefore, the
second-order NLO responses are not expected to have a
charge-transfer origin like in push−pull π-conjugated systems.
These results were confirmed by additional Hirshfeld charge
calculations. When the K/E ratio decreases, the charge transfer
decreases by up to 0.20−0.25 e. Finally, the amount of charge
transfer increases from COF 5 (1.40/1.19 e) to 3 (1.50/1.28
e), to 4 (1.53/1.33 e), to 1 (1.55/1.31 e), and to 2 (1.62/1.37
e), where the first value corresponds to the charge on the
aromatic linker for the all-keto form while the second for the
all-enol form. Again, as analyzed subsequently, there is no
evident correlation between these charge transfer amplitudes
and the χ(2) responses of the different tautomers.

Excitation Energies. Using the optimized structures, the
two lowest-energy dipole-allowed excitation energies (ℏωeg)
and band gaps (ΔEHL = εLUCO − εHOCO, with the LUCO and
HOCO (the lowest-unoccupied crystalline orbital and the
highest-occupied crystalline orbital), were evaluated. The
excitation energies were calculated by least-squares fitting the
few-state approximation χ(1)(−ω;ω) expression to a set of
complex χ(1)(−ω;ω) values calculated for incident photon
energies between 0.06 and 0.22 a.u. and with a damping factor
of 10−3 a.u (Figures S1 and S2). These electronic transitions
are polarized in the plane (XY) of the COF slabs. For COF 1,
they present a complex dependence on the tautomer form
(Table 2).
For hexagonal symmetry (6K0E, 3K3E/1−3−5, and 0K6E),

these transitions are degenerate and respectively polarized

Table 1. Relative Energies (kJ/mol per Primitive Cell) of
the Different Tautomers of COFs 1−5 as Evaluated at the
PBC/ωB97X/6-31G(d,p) Level of Approximationa

tautomer 1 2 3 4 5

6K0E 0.0 0.0 0.0 0.0 0.0
5K1E 32.5 33.4 36.0 34.9 36.0
4K2E 1−2 63.6 65.6 71.2 69.2 71.4

1−3 57.2 59.0 64.3 62.0 64.8
1−4 68.4 69.4 72.8 70.8 73.0

3K3E 1−2−3 86.6 89.7 98.4 95.5 99.1
1−3−4 92.5 94.5 100.8 97.7 101.6
1−3−5 61.5 67.9 71.4 68.1 72.6
1−4−5 92.0 94.4 100.6 97.5 101.4

2K4E 1−2−3−4 114.0 117.5 127.3 123.2 128.2
1−2−4−5 120.5 123.0 130.1 125.7 131.3
1−3−4−5 95.2 101.6 107.2 103.0 108.2

1K5E 121.6 128.0 135.4 130.0 136.9
0K6E 127.6 135.7 142.5 136.0 144.3

aThe relative energies are evaluated with respect to the most stable
tautomer of each COF.
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along the X and Y axis. For the other space symmetries, the
energy splitting ranges from 0.15 to 0.35 eV. The first
excitation energy of the all-keto form (3.40 eV) is slightly
smaller than for its corresponding all-enol form (3.53 eV),
while mixing enol and keto tautomers results generally in
smaller first excitation energies (the smallest value is achieved
for 4K2E/1−4 and 2K4E/1−2−4−5 with a value of 3.15 eV).
The exception is 3K3E/1−3−5 where one center bears only
enol forms (1, 3, and 5 sites, Scheme S1), while the other bears
only keto forms (2, 4, and 6 sites, Scheme S1). In that case, the
degenerate first excitation energies are slightly larger than those
in 6K0E (but slightly smaller than in 0K6E) and also larger
than those for the other 3K3E tautomers. This is attributed to
aromaticity, which opens the gap slightly. A similar effect is
observed in the case of 2K4E/1−3−4−5, for the same reason.
To a good extent, the variations of ℏωeg follow those of the
band gap, though the latter is systematically larger by about 2
eV. The variations of the second excitation energy are smaller.
Considering both the first and second excitation energies, the
rather small E-to-K shift (less than 0.4 eV) contrasts with the
large enol-to-keto bathochromic shift observed for simple
salicylideneanilines55 as well as for tris(salicylideneaniline)56

derivatives in solution. Therefore, the variations of the linear
and NLO susceptibilities are not expected to be driven by
changes in the excitation energies.
The lowest excitation energies were then evaluated for the

full-keto and full-enol tautomers of the other COFs (Figure 1)
highlighting (i) the systematic smaller values by 0.08−0.15 eV
of the full keto form, (ii) the relatively minor modifications
when increasing the size of the π-conjugated linker, and (iii)
the largest values obtained in the case of an anthraquinone
linker.
Refractive Indices and Birefringence. Consistently with

the small variations of the optical gap and excitation energies as
a function of tautomer, for a given COF, the refractive indices
and birefringence also depend hardly on the E/K distribution
(Table S2). On the other hand, the variations are much larger

among the different COFs, which can be explained by their
different porosity (empty space) as a function of the size of the
linker (Table 3). This is evidenced by the differences between

the larger nXY = (nX + nY)/2 values of COFs 1 and 2 having
smaller aromatic linkersand therefore smaller cavitiesand
the smaller nXY values of COFs 3 and 4 having larger cavities
while COF 5 presents intermediate values. Similarly, the
birefringence is larger for COFs 1 and 2 than for COFs 3, 4,
and 5.

Second-Order NLO Susceptibilities. With respect to the
linear responses, the χ(2) tensor components and invariants
(Tables 4 and S3−S6) present stronger dependence on the
tautomer, as expected for an odd-order property. COFs appear,
therefore, as potential second-order solid-state NLO switches.
When comparing to reference compounds like urea, the
amplitude of the COFs χ(2) tensor components is large but still
smaller than in 2-methyl-4-nitroaniline (MNA). Indeed, for the
former, χXYZ

(2) amounts to 2.4 pm/V at 1064 nm,57 while for the
latter, χ111

(2) gets as large as 300 pm/V at the same wavelength.58

Results in Tables S3−S6 show that the largest component is
usually χXXX

(2) , then χYYY
(2) , and finally the off-diagonal ones. For all

COFs and all tautomer forms except 3K3E/1−3−5, the
dipolar contribution is larger than the octupolar one and
typically twice larger (Table 4). In the case of 3K3E/1−3−5,
which presents a hexagonal structure, the response is fully
octupolar. The difference between the dipolar and octupolar
responses of the COF 1 is further evidenced by their USRs
(Figure 2).
No matter which π-linker is considered, the largest responses

are generally obtained for the 3K3E and 2K4E tautomer forms,

Table 2. Band Gap and Excitation Energies (eV) of the
Tautomers of COF 1 as Evaluated at the PBC/ωB97X/6-
31G(d,p) Level of Approximationa

tautomer band gap
1st excitation

energy
2nd excitation

energy

6K0E 5.85 3.40b

5K1E 5.68 (−0.17) 3.28 (−0.12) 3.43 (0.03)
4K2E 1−2 5.65 (−0.20) 3.23 (−0.17)c 3.41 (+0.01)d

1−3 5.63 (−0.22) 3.27 (−0.13)c 3.41 (+0.01)d

1−4 5.50 (−0.35) 3.15 (−0.25) 3.49 (0.09)
3K3E 1−2−3 5.67 (−0.18) 3.18 (−0.22) 3.40 (0.00)

1−3−4 5.47 (−0.38) 3.24 (−0.16) 3.34 (−0.06)
1−3−5 6.02 (0.17) 3.44 (0.04)b

1−4−5 5.50 (−0.35) 3.18 (−0.22) 3.43 (0.03)
2K4E 1−2−3−4 5.58 (−0.27) 3.17 (−0.23) 3.32 (−0.08)

1−2−4−5 5.32 (−0.52) 3.15 (−0.25)c 3.43 (0.03)d

1−3−4−5 5.82 (−0.03) 3.31 (−0.09) 3.49 (0.09)
1K5E 5.72 (−0.13) 3.30 (−0.10) 3.45 (0.05)
0K6E 6.27 (0.42) 3.53 (0.13)b

aIn parentheses are given the differences with respect to the 6K0E
tautomer. bThis transition is degenerate. One is polarized along X
while the other along Y. cThis transition is polarized along X. dThis
transition is polarized along Y. Otherwise, the transitions are polarized
in the XY plane.

Figure 1. Excitation energies (ℏωeg, eV) of the 6K0E (bottom) and
0K6E (top) tautomers of COFs 1−5.

Table 3. Linear Optical Properties of the 6K0E (0K6E)
Tautomers of the Different COFs: Average Refractive Index
in the XY Plane, nXY = (nX + nY)/2, Refractive Index along Z,
nZ, and Birefringence, δ = (nXY − nZ)

a

COFs nXY nZ δ

1 1.479 (1.481) 1.110 (1.114) 0.369 (0.367)
2 1.505 (1.508) 1.146 (1.150) 0.359 (0.358)
3 1.352 (1.347) 1.077 (1.079) 0.275 (0.269)
4 1.338 (1.338) 1.074 (1.076) 0.264 (0.262)
5 1.370 (1.367) 1.095 (1.097) 0.276 (0.270)

aAll values were evaluated at the PBC/ωB97X/6-31G(d,p) level of
approximation for ω = 0.
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followed by 4K2E, 1K5E, and 5K1E. Considering the
successive switching of the keto functions into enol ones,
χXXX
(2) takes the following values (in pm/V): 0 (6K0E), 3.5
(5K1E), 7.3 (4K2E/1−3, as the most stable form), 0.8
(3K3E), −2.8 (2K4E), 3.9 (1K5E), and 0 (0K6E). These
values demonstrate that switching the keto functions has a
clear impact on the second-order NLO responses. How large it
will be in practice remains to be seen since the keto-to-enol
transformation will most probably not occur in the same way
in all the unit cells.
Comparing their largest χ(2) tensor components (χYYY

(2) ),
1K5E and 5K1E demonstrates that the keto form has stronger
potential than the enol form to achieve large χ(2) responses. At
first sight, this appears contradictory because in 1K5E, there
are more enol than keto units. However, 1K5E differs with
respect to the centrosymmetric 0K6E by only one keto
function, and therefore, one can attribute the χ(2) response to
the unique keto site that breaks the centrosymmetry. As
discussed above the keto forms are associated with slightly
smaller band gaps and excitation energies but also with smaller
unit cell polarization (cfr Mulliken charges). Large second-
order NLO responses were also observed for the keto form of a
2-hydroxy-1-naphthaldehyde derivative,59 but this is not a
general conclusion since the keto/enol relative values depend
strongly on the nature and position of the donor and acceptor
groups on the aniline core.60

The χ(2) response depends also on the nature of the π-linker,
with a clear trend: 2 > 1 > 3 > 4 > 5. To a good extent, these

variations and ordering originate from the length of the π-
linker: the longer the π-linker, the larger the primitive unit cell
(PUC) volume (Table S7) and, therefore, for a given
“molecular” β response, the macroscopic response gets smaller
[χ(2) = β/2ε0VPUC]. This explains the differences between
COFs 1 and 2 on the one hand and COFs 3 and 4 on the
other hand. The larger response of 2 with respect to 1 is
attributed to the better donor character of its π-linker, bearing
two methyl groups. When putting aside the effects of the
volume, the largest value is achieved with COF 3 but it is
diluted in the larger volume. The smallest responses are
observed for COF 5, owing to its π-linker with the smallest
donor effect.
Figure 3 displays the typical frequency dispersion of χ(2) of

these COFs derivatives, which deviates from the linear

dependence in ωL
2, though the first electronic resonance is

still far away. The last points in the graph correspond to a

photon energy ℏω of 1.16 eV (λ = 1064 nm) that is a SHG

energy of 2.32 eV, whereas the first resonance is at 3.3 eV or

higher.

Table 4. Dipolar and Octupolar Components to the Static χ(2) (pm/V) and Their Ratio (ρ) for the Tautomers of COF 1−5 as
Evaluated at the PBC/ωB97X/6-31G(d,p) Level of Approximationa

tautomer 1 2 3 4 5

|χJ=1
(2)|, |χJ=3

(2)|, (ρ = |χJ=3
(2)|/|χJ=1

(2)|)
5K1E 5.4, 2.7 (0.51) 5.6, 2.9 (0.51) 3.3, 1.7 (0.51) 2.9, 1.5 (0.50) 2.3, 1.4 (0.59)
4K2E 1−2 10.2, 5.2 (0.51) 10.7, 5.4 (0.51) 5.9, 3.0 (0.50) 5.3, 2.7 (0.50) 4.2, 2.1 (0.50)

1−3 7.9, 4.0 (0.51) 8.1, 4.1 (0.51) 4.8, 2.4 (0.50) 4.4, 2.2 (0.50) 3.0, 2.0 (0.67)
3K3E 1−2−3 15.6, 7.9 (0.51) 15.9, 8.1 (0.51) 8.7, 4.4 (0.50) 7.9, 4.0 (0.50) 5.7, 3.0 (0.52)

1−3−4 7.4, 3.8 (0.52) 7.7, 3.9 (0.51) 4.2, 2.1 (0.51) 3.8, 1.9 (0.50) 2.7, 1.6, (0.58)
1−3−5b 0, 2.2 (∞) 0, 2.4 (∞) 0, 1.1 (∞) 0, 1.3 (∞) 0, 1.0 (∞)
1−4−5 7.0, 3.6 (0.51) 7.1, 3.7, (0.52) 4.4, 2.2, 0.51 3.9, 2.0 (0.51) 2.8, 1.5 (0.54)

2K4E 1−2−3−4 15.8, 8.0 (0.51) 16.0, 8.1 (0.50) 8.8, 4.5, 0.50 8.1, 4.0 (0.50) 5.6, 2.8 (0.50)
1−3−4−5 5.9, 4.0 (0.68) 6.1, 4.2 (0.68) 3.3, 2.1, 0.65 3.0, 2.0 (0.68) 2.4, 1.4 (0.59)

1K5E 8.4, 5.0 (0.59) 8.6, 5.0 (0.59) 4.8, 2.7, 0.58 4.4, 2.5 (0.57) 3.1, 1.8, 0.57
aCentrosymmetric tautomers (6K0E, 4K2E/1−4, 2K4E/1−2−4−5, and 0K6E) have zero values and these are not reported. bThe anisotropy
factors of the 3K3E/1−3−5 tautomers were set to infinity, though due to numerical precision, their |χJ=1(2)| values were not exactly zero.

Figure 2. USR of the static χ(2) tensor of COF 1 in its 3K3E/1−2−3
(left, dipolar character) and 3K3E/1−3−5 (right, octupolar
character) as calculated at the PBC/ωB97X/6-31G(d,p) level of
approximation (USR factor of 1.0).

Figure 3. Frequency dispersion of the χXXX
(2) tensor component of COF

1 for its different non-centrosymmetric tautomer forms as calculated
at the PBC/ωB97X/6-31G(d,p) level of approximation. The lines are
the quadratic fits in ωL

2 = 6ω2.
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■ CONCLUSIONS AND OUTLOOK
PBC DFT calculations have been performed to characterize
the second-order NLO responses, χ(2), of crystalline 2D COFs
built from the assembly of tris(N-salicylideneaniline) units
displaying tautomerisms between enol-imine and keto-enamine
forms. At a typical laser wavelength of 1064 nm, the χ(2)

amplitudes are 1 order of magnitude larger than for the
reference urea crystal but still about 1 order of magnitude
smaller than in the crystal of MNA, a push−pull π-conjugated
compound. These results are the first to demonstrate that
COFs can exhibit large second-order nonlinear responses. The
symmetry as well as the unit cell size have been found to be the
key parameters in order to design COFs with improved χ(2)

responses. Indeed, larger π-linkers between the tris(N-
salicylideneaniline) nodes of the COFs lead to a reduction of
the χ(2) responses, which can be interpreted as a kind of
dilution since the porosity of the COFs increases. The
symmetry was shown to have an impact on the χ(2) amplitudes
as well as on their dipolar versus octupolar character. Moreover,
these calculations demonstrate that the NLO responses of
these COFs can be modulated as a function of the successive
enol-imine/keto-enamine tautomerisms, leading to efficient
solid-state second-order NLO switches. On the other hand, for
the investigated COFs, the linear optical responses (excitation
energies, refractive indices, and birefringence) exhibit smaller
variations as a function of the nature of the π-linker or as a
function of keto−enol switching.
We hope that this computational solid-state chemistry proof-

of-concept will stimulate experimental investigations on the
measurement of the NLO responses of COFs on their
variations as a function of successive switching operations
between the enol-imine and keto-enamine forms as well as on
the design of multifunctional materials, owing to their already-
recognized catalytic and sensing properties. Along these lines,
following a recent investigation demonstrating that merocya-
nine/spiropyran second-order NLO molecular switches can be
used as efficient cation sensors because they can discriminate
between their size and their charge,61 it is also worth
investigating how the K/E ratios and subsequently the NLO
responses change when anchoring metal atoms on the keto-
enamine/enol-imine functions. Moreover, modulating the π-
linker by adding strong donor/acceptor units also deserves to
be investigated since it turned out to be a rewarding strategy to
optimize molecular NLO switches.14
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(18) Seǵerie, A.; Castet, F.; Kanoun, M. B.; Plaquet, A.; Lieǵeois, V.;
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