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Red crystals of N,N’-bis(3-methoxysalicylidene)-1,5-diiminonaphthalene were obtained after Schiff base
condensation in ethanol. Recrystallization from acetone afforded yellow crystals, a process which is revers-
ible and reproducible. Single crystal X-ray diffraction evidences two polymorphs differing in their space
group and dihedral angle between aromatic moieties. DFT periodic calculations further confirmed the exis-
tence of two minima on the potential energy surface corresponding to red and yellow crystals. The red
polymorph irreversibly (monotropically) transforms at 165-190 °C into the yellow one with a 3% increase of
the unit cell volume, as shown by X-ray powder diffraction and periodic DFT calculations. Both polymorphs
are thermochromic but only the red one displays photochromism upon irradiation at 2 = 365 nm, which is
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reversible and exhibits a relatively slow thermal relaxation. A temperature induced cis/trans-keto equilib-
rium is for the first time identified for an N-salicylidene aniline derivative. Static DFT molecular and periodic
calculations as well as ab initio Born-Oppenheimer dynamics simulations were performed to characterize
the stability of both polymorphs and to determine the relative populations of the enol/cis-keto/trans-keto
isomers at various temperatures.
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the planarity of the molecule and the formation of a “close-
packed crystal structure” (dihedral angle between the aro-
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Nowadays optical devices are playing a considerable role in
both daily life and instrumentation.” Molecular switches dis-
playing reversible solid state thermo- and photochromism phe-
nomena are considered as outstanding candidates for imple-
mentation into smart devices.”> Among the rare classes of
photochromic molecules operating in the crystalline state,®
N-salicylidene aniline derivatives play a dominant role due to
their colour panel and accessible forms (Scheme 1).* In addition,
the possibility of being included into various matrices to form
hybrid materials,” blends,® and even coordination complexes,’
increases their attractiveness from a synthetic point of view.
Primarily, the solid state thermochromism of
N-salicylidene aniline derivatives is considered to result from
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matic rings @ <25°), whereas photochromism is caused by
the significant rotation of aromatic rings and the formation
of an “open structure” (& >25°).**? Thermo- and photochro-
mic properties were claimed over the years to be mutually
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exclusive.”” A number of contradicting examples showing
both thermo- and photochromic properties have been how-
ever recently discussed.”*®? Hence, it is currently not possible
to explain the thermo- and photochromism of N-salicylidene
aniline derivatives on the sole basis of their crystal structures.
Energy differences between ground and excited states need
also to be considered,” as well as a complete crystal struc-
ture determination including crystal packing, @ and the avail-
able free space around the switching unit in addition to the
flexibility of the nearby environment.’

The thermo- and photochromic properties of mono-N-
salicylidene aniline derivatives have been thoroughly
studied,”’®® but bis(salicylidene)**'° and tris(salicylidene)"*
derivatives have attracted much less attention from an optical
properties point of view. Herein, we report the synthesis, crys-
tal structure and optical properties of red and yellow solvent-
free  polymorphs of N,N-bis(3-methoxysalicylidene)-1,5-
diiminonaphthalene (1) (Chart 1). Furthermore, the solvent-
induced interconversion and temperature-induced phase
transitions of both polymorphs were studied. We also provide
a detailed description of the previously reported yellow poly-
morph'? for a better and in-depth comparison with the red
polymorph.

Results and discussion

The Dbis-anil 1 was synthesized by reacting 1,5-
diaminonaphthalene with o-vanilin in ethanol. The as-
synthesized compound forms red crystals (1red), which are
soluble in most polar solvents and water and are insoluble in
n-hexane and diethylether. Recrystallization of 1red from ace-
tone gives yellow crystals (1yellow). Recrystallization of 1yel-
low from ethanol or methanol gives back crystals of 1red.
Thus, this solvent-induced interconversion is reversible and
reproducible.

"H NMR spectra of 1 both in CDCl; and DMSO-d, are very
similar. The spectra reveal a single set of signals, which tes-
tifies to a symmetric structure of 1 in both solvents. The sig-
nal for the CH; protons was found at 3.87-3.99 ppm, while a
number of doublet and triplet signals for the benzene and
naphthalene protons were observed at 6.97-8.28 ppm. The
signals of the CNH and OH protons in the spectra of 1 were
shown at 8.78-9.06 and 13.09-13.88 ppm. 'H NMR spectra of
both polymorphs are the same regardless of the solvent. Mi-
nor differences are exclusively due to different polarities of
these solvents.
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ired and 1yellow crystallize in the monoclinic space
groups P2,/c and P2,/n, respectively. Each molecule was
found in the enolimine form. The bond lengths of
0(16)-C(13) are about 1.35 A and those of C(8)-C(7) are about
1.45 A, which indicates single bonds, whereas a double bond
of about 1.28 A is revealed for N(6)-C(7) (Table S1 in the
ESIt). The bond angles C(4)-N(6)-C(7) of 121.02(13)-
121.24(19)° indicate the sp>hybridization of nitrogen atoms,
further supporting the enolimine form (Table S1 in the ESIY).
The crucial difference between the structures of the two poly-
morphs consists of the dihedral angle @ between benzene
and naphthalene rings (Fig. 1). In 1red the two rings are at
21.34(10)°, while the dihedral angle is significantly larger in
1yellow, reaching 47.13(7)° (Fig. 1, Table S1 in the ESI}). The
crystal structures of both polymorphs are stabilized by two
intramolecular hydrogen bonds O(16)-H(16)---N(6) (Table S2
in the ESIY).

The bulk samples of both 1red and 1yellow were studied
by means of X-ray powder diffraction analysis. The experi-
mental X-ray powder patterns are in agreement with the cal-
culated powder patterns obtained from the single crystal
X-ray analyses, showing that the bulk materials 1red and 1yel-
low are free from phase impurities.

In order to examine the interactions in the crystal struc-
tures of both polymorphs, the Hirshfeld surface analysis'®
and associated 2D fingerprint plots’® were obtained using
CrystalExplorer 3.1."°

According to the Hirshfeld surface analysis, for 1red the
intermolecular H---H contacts, comprising 45.9% of the total
number of contacts, are major contributors to the crystal
packing, while the same contacts for 1yellow are significantly
lower (37.6%) (Table S3 in the ESIT). The shortest H---H con-
tacts are shown in the fingerprint plot of 1red as characteris-
tic spikes at d. + d; ~ 2.1 A (Fig. 2). The shortest H---H con-
tacts in the fingerprint plot of 1yellow are however observed
at d. + d; =~ 2.5 A (Fig. 2). Furthermore, a subtle feature is evi-
dent in the fingerprint plot of 1red. There is a splitting of the
short H--*H fingerprint. This splitting occurs when the
shortest contact is between three atoms, rather than for a di-
rect two-atom contact."”

The structure of 1red is also dominated by H:--C contacts,
comprising 24.1%, while the same contacts in the structure
of 1yellow are the most abundant and occupy 39.2% of the
total Hirshfeld surface areas (Table S3 in the ESIf). These

Fig. 1 Overlaid molecules in 1lred and 1yellow (50% atomic
displacement ellipsoids are shown). The dihedral angles formed by the
benzene and naphthalene rings are different in the two forms (21.3° vs.
47.1°).
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Fig. 2 2D fingerprint plots of observed contacts for both polymorphs.

contacts in fingerprint plots are shown in the form of clearly
pronounced “wings” (Fig. 2), with the shortest d. + d; = 2.6—
2.8 A. These contacts are recognized as characteristic of the
C-H:--m nature.” It is worth adding that the fingerprint plot
of 1red exhibits a significant number of points at large d.
and d;, shown as tails at the top right of the plot (Fig. 2).
These points, similar to those observed in the fingerprint
plots of benzene'® and phenyl-containing compounds,'® cor-
respond to regions on the Hirshfeld surface without any close
contacts to nuclei in adjacent molecules.

The third main contribution into intermolecular interac-
tions in the structures of 1red and 1yellow arises from H:--O
contacts, comprising 16.6% and 18.1% of the total Hirshfeld
surface areas, respectively (Table S3 in the ESIf). The struc-
tures of both polymorphs are also described by C---C con-
tacts. However, these contacts comprise a negligible propor-
tion of the total Hirshfeld surface area in the structure of
1yellow and of 1.7%, while they occupy 6.7% of the surface
in the structure of 1red (Table S3 in the ESI{). Moreover,
these contacts are shown on the fingerprint plot of 1red as
the area of pale blue colour on the diagonal at d. = d; = 1.8-
1.9 A (Fig. 2). These contacts are evidence for 77 stacking
interactions in the crystal structure of 1red.

Close inspection of other intermolecular contacts in the
structure of 1red also revealed a proportion of C--*N (5.0%)
and C---O (1.7%) contacts (Table S3 in the ESIt). A negligible
amount (0.6%) of the latter contacts as well as H:-N (2.8%)
contacts was also found in the structure of 1yellow.

We have also determined the enrichment ratios (E)'” of
the intermolecular contacts for both polymorphs to study the
propensity of two chemical species to be in contact. The en-
richment ratio, derived from the Hirshfeld surface analysis,
is defined as the ratio between the proportion of actual con-
tacts in the crystal and the theoretical proportion of random
contacts. E is larger than unity for pairs of elements with a
higher propensity to form contacts, while pairs which tend to
avoid contacts yield an E value lower than unity.

The H:--H contacts are favoured in the structure of 1red
since the enrichment ratio Eyy is close to unity (1.05) and
generate a majority (45.9%) of the interaction surface (Table
S3 in the ESI}). Contrarily, the H---H contacts are only
slightly favoured in the structure of 1yellow (Ey = 0.82). This
is explained by a significantly lower proportion (37.6%) of

This journal is © The Royal Society of Chemistry 2016
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H---H contacts of the total Hirshfeld surface area in 1yellow,
although its structure contains almost the same amount of
random contacts as in the structure of 1red (Table S3 in the
ESIt). The vice versa trend is observed for H---C contacts,
which show an increased propensity to form (Eyc = 1.34) in
the structure of 1yellow, and only slightly favoured (Eyc =
0.82) in 1red. This is due to a significantly higher amount of
H---C contacts of the total Hirshfeld surface area in 1yellow
compared to that in 1red, despite both structures being
characterised by the same values of the Sy proportion and
random contacts Ryc (Table S3 in the ESIt). The Eyo values
are larger than unity (~1.40) for both polymorphs, indicating
that H---O contacts have an increased propensity to form
with close random contacts (~12.5%). It should be noted that
H---N contacts are highly favoured in the structure of 1yellow
since the enrichment ratio Fyy is remarkably higher than
unity (1.47), while the same contacts in the structure of 1red
are completely absent. The structure of 1red is further char-
acterized by significantly impoverished C---O contacts (Eco =
0.43), while the same contacts in the structure of 1yellow are
even much more impoverished (Ego = 0.15). Interestingly, the
C---C contacts in the structure of 1red are remarkably
enriched (Ecc = 1.37), which is due to a relatively high value
of their proportion of the total Hirshfeld surface area. Al-
though the S. value and random contacts proportion Rgc of
the structure of 1yellow are almost the same as those for
1red, its structure is characterized by very impoverished C:--C
contacts (Eqc = 0.36). This is explained by a negligible
amount of C---C contacts on the molecular surface of 1yellow
(Table S3 in the ESIY).

The thermal stability of 1red and 1yellow was studied by
means of simultaneous TG/DTA. The thermal decomposition
process is very similar for both polymorphs (Fig. S1 in the
ESIt). First, one endothermic effect was identified at 220 °C
for 1yellow, corresponding to its melting point, while two
very close exothermic anomalies at 219 °C and 223 °C were
observed for 1red. Two exothermic peaks were identified on
warming further at 356 °C and 547 °C, both for 1red and
1yellow. The first is associated to the formation of elemental
carbon, which is burnt after the second decomposition step
leading to carbon dioxide. Differential scanning calorimetry
(DSC) runs of 1red and 1lyellow were recorded from 100 to
250 °C on both warming and cooling (Fig. S2 and S3 in the
ESIt). The yellow polymorph exhibits one endo- and two exo-
thermic peaks, corresponding to the melting and crystalliza-
tion processes, respectively, regardless of the run number
(Fig. S3 in the ESIt). The red polymorph exhibits two anoma-
lies upon warming and only one on cooling for the first run,
while only one peak was fixed upon warming and cooling
during the second run (Fig. S2 in the ESI}). These DSC obser-
vations for 1red might be explained by the presence of a mix-
ture of both polymorphs during warming of 1red, which ex-
hibits an irreversible (monotropical) phase transition at 165-
190 °C from the red polymorph to the yellow one. Interest-
ingly, the double thermal anomaly transformed to one for
1red after warming for a second run (Fig. S2 in the ESIY).
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Single crystals of 1yellow display weak thermochromism
to pale yellow on cooling to =190 °C (Fig. 3), as expected with
the major formation of the enol form. On warming 1yellow
turns red at 200 °C, due to the formation and further popula-
tion of the trans-keto form within the same 1yellow poly-
morph. Single crystals of 1red also reveal thermochromism
to pale yellow on cooling to -190 °C, but turn dark red on
warming to 200 °C (Fig. 3). This observation stems from the
1red to lyellow transition, evidenced by X-ray diffraction (see
X-ray powder diffraction studies below), followed by the pop-
ulation of the trans-keto form within the same 1yellow poly-
morph. A different crystal quality is also detected by optical
microscopy with a large number of crystal twinnings for 1red
compared to lyellow. Atomic force microscopy (AFM) images
also show different morphologies with the surface of 1yellow
which reveals a wave-like shape (Fig. S4 in the ESIT), whereas
a slice-like shape is found for 1red (Fig. S5 in the ESIT). The
surface roughness was evaluated to be ~300 nm for both
polymorphs.

Polymorphs 1red and 1yellow were also analyzed by dif-
fuse reflectance spectroscopy (DRS) as pure solid powders to
avoid matrix and environment effects that are known to
intensively modify the optical properties of N-salicylidene ani-
line derivatives.'® Diffuse reflectance spectra, for which a
Kubelka-Munk (KM) treatment was applied, exhibit two main
band regions: a broad band range in the UV region, corre-
sponding to the enol form, and a second range in the visible
region from about 385 to 480 nm, originating from the
cis-keto form. A third range above 475 nm, originating from
the trans-keto form, is delineated (Fig 4). A major contribu-
tion is found for 1red whereas only traces of trans-keto form
are detected for 1yellow (Fig. 3). 1red and 1lyellow were also
analyzed by DRS upon irradiation at selected wavelengths
(4 = 254, 365, 450 and 546 nm) in order to photo-address enol
and keto forms.

Contrary to expectations based on dihedral angle @ consid-
erations, 1red is photochromic upon irradiation at A = 365 nm
(Fig. 5), although it was expected to be only thermochromic
(@ <25°), and 1yellow is only thermochromic, whereas it was
expected to be also photochromic (& >25°).>24¢

We have examined the reversibility of the cis-keto/trans-
keto isomerization for 1red (Fig. 6). Irradiation of 1red at

Fig. 3 Optical images showing thermochromism for single crystals of
lyellow (top) and 1red (bottom).
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Fig. 4 Normalized KM spectra of 1red (red) and lyellow (yellow) at
23 °C.

Amax = 365 nm for 30 min results in an increase of the
KM function F(R). Thermal relaxation to the trans-keto
form is rather slow and the data are fitted best using a
first-order exponential equation. The kinetic constant of
ired (k = 6.0 x 107 s7') is rather low and attributed to a
weak decreasing photochromism. A similar slow back ther-
mal relaxation was observed for (2-OH-(5-Br)C¢H3;C=N),-m-
CeHy (k = 2.6 x 107 s and 2,4-(OH),CeH;CH=N-(4-
COOMe)C¢H, (k = 2.7 x 107 s7").*° The lowest kinetic
constants were found for 2-OH-3,5-tBu,C¢H,CH=—N-3-CcH,
(k = 2.0 x 107 s),*" 2-OH-CgH,CH=N-3-Py (k = 9.9 x
10® s and 2-OH-3,5-tBu,CgH,CH=N-4-Py (k = 1.8 x
10™® s7").*° The elaborated thermal relaxation, containing
more than one chemical relaxation pathway, was recently
found for N,N-bis(salicylidene)-m-phenylenediamine,*”*?
N-salicylidene 4-amino-3,5-bis(pyridine-2-yl)-1,2,4-triazole®** and
5-chloro-N-salicylidene-3-aminomethylpyridine.*”

The reversibility of the cis-keto/trans-keto isomerization of
1red was studied. After photoexcitation at 1 = 365 nm and
thermal relaxation over 10 h, irradiation at 1 = 546 nm

enol cis-keto | trans-keto
x
e’
=
=
¥
2z
=
g
1
S
Z
200 300 400 500 600
A (nm)

Fig. 5 Normalized KM spectra of 1red before (red) and after (black)
irradiation at 4 = 365 nm for 30 min at 23 °C.
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Fig. 6 Normalized time dependence of the KM function F(R) of 1red

at 500 nm showing a thermal relaxation of the metastable trans-keto
form with cycles of irradiation at 2 = 365 nm.

0 75000 300000

induces a fast return to the initial F(R) value. The cycle can
be repeated by irradiation once again at 1 = 365 nm (Fig. 7).
Solid state fluorimetric studies of 1red and 1yellow crys-
tals were undertaken to examine the energy levels responsible
for the photoswitchable optical properties. The emission
spectra of both polymorphs at A = 400 nm, which corre-
sponds to the absorption band of the cis-keto form (Fig. 4),
are very similar (Fig. 8). Two intense bands centered at 570
and 593 nm are observed for 1red and 1yellow. The fluores-
cence has been assigned to the emission from the cis-keto
form, which is produced through the proton transfer in the
excited state of the enol form. Therefore, an anomalously
large Stokes shift is observed. The longer wavelength band
originates from the emission of the more stable and relaxed
conformation of the cis-keto form and the band at the shorter
wavelength is due to the emission from the less stable planar
conformation.>® A third weak emission band is also noted at
about 650 nm for both polymorphs in the region of the

Normalised F(R) at 500 nm

Irradiation at 365 nm, 30 min

Irradiation at 546 nm, 30 min
Irradiation at 365 nm, 30 min
Irradiation at 546 nm, 30 min

0 20000 40000 60000 80000 100000

t(s)

Fig. 7 Reversibility of the cis/trans-keto isomerization of 1red as
shown by the evolution of the normalized KM function F(R) at 500 nm
with cycles of irradiation at 1 = 365 and 1 = 546 nm.
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Normalised Intensity (a. u.)

300 400 500 600 700 800
A (nm)
Fig. 8 Normalized solid-state emission and excitation spectra of 1red

(Em - black, Ex - blue) and lyellow (Em - red, Ex - purple) at 23 °C
(1% = 400 nm, 2™ = 620 nm).

trans-keto form, as deduced from diffuse reflectance data
(Fig. 4).

Excitation spectra of 1red and 1yellow recorded at A1°™ =
620 nm reveal a main contribution from the band centred
at about 525 nm, which is noted for 1ired and more surpris-
ingly for 1yellow (Fig. 8). This band can be assigned to the
absorption of the trans-keto form by comparison with dif-
fuse reflectance spectroscopy (Fig. 4). The emission at about
650 nm can thus be assigned to the radiative relaxation of
the trans-keto* form, which can be formed through the ab-
sorption of enol, cis-keto and trans-keto forms in their
ground state.®”%2°

Temperature evolution of 1red and 1yellow was studied by
X-ray powder diffraction in order to study the possible ther-
mal interconversion between both polymorphs. No phase
transition was observed from about liquid nitrogen tempera-
ture and up to the melting of 1yellow, while 1red shows no
changes on cooling from room temperature down to about
liquid nitrogen temperature. Furthermore, 1red exhibits on
heating an irreversible (monotropical) phase transition to
1yellow (Fig. 9). At 27 °C h™" heating rate a dramatic increase
of the unit cell volume by ~3% was noticed above 165 °C.
Melting of the yellow phase is observed above 220 °C (Fig. S6
in the ESI}) in agreement with the DSC data (Fig. S2 in the
ESItT). Moreover, the volumetric thermal expansion coefficient
of 1yellow (2.09(4) x 107*) is significantly larger than that for
1red (1.28(1) x 10™*). The thermal expansion is almost linear
for both phases.

These results have been confirmed by variable tempera-
ture optical reflectivity measurements on polycrystalline ma-
terials for both polymorphs, using a home-made setup. This
technique has been widely applied to follow the colour
change of thermochromic materials, in particular spin state
switchable materials.”*

Reflectance data of 1red decreases slowly over the temper-
ature range from -190 °C to 0 °C (Fig. 10), in agreement with
the weak colour change expected on warming from the enol

CrysttngComm
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Fig. 9 Evolution of the unit cell volume upon heating 1red, as

observed by X-ray powder diffraction. The irreversible (monotropical)

phase transition to lyellow occurs at ~165-190 °C. The transition is

accompanied by a 3% volume increase, along with the 63% increase of

the volumetric thermal expansion coefficient.

to cis-keto forms population as already noted in Fig. 3. Reflec-
tance further decreases on warming to plateau around 165
°C, after which a dramatic jump is observed. This latter be-
haviour, which indicates a darkening of the colour, in full
agreement with Fig. 3, corresponds to the irreversible (mono-
tropical) phase transition of 1red to lyellow which was al-
ready observed by X-ray powder diffraction (Fig. 9), and
followed by trans-keto form population within the same 1yel-
low polymorph (Fig. 3). On cooling and warming again, no
dramatic change is observed. A similar behaviour in the ther-
mal dependence of the reflectance data has been observed on
1yellow, except that the slope on warming over the tempera-
ture range from -190 °C to 0 °C (Fig. 10) is weaker compared
to 1red, in agreement with Fig. 3, which reveals less colour
change on cooling. On warming further above 150 °C, a dra-
matic decrease is observed, in agreement with the trans-keto
form population of the 1yellow polymorph. The next cooling
and warming run did not lead to any colour change.

1.004
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Fig. 10 Thermal dependence of the normalized reflectance recorded
on a polycrystalline sample of 1red (red) and lyellow (blue).
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In order to shed additional light on the enol/cis-keto/trans-
keto equilibrium of 1, we have performed static DFT molecu-
lar calculations based on the ADF program®® with DFT/BLYP-
D3/TZP. Subsequently, we have extended our modelling by
carrying out static periodic DFT calculations applying the
VASP program®® as well as ab initio molecular dynamics sim-
ulations of crystals by means of the CP2K package.>”

It was established that the enol/enol form of 1, containing
two intramolecular hydrogen bonds of the O-H--'N type, is
more stable than the cis-keto/cis-keto form, exhibiting two
intramolecular hydrogen bonds of the N-H:--O type, by AG =
3.5 kcal mol™* (Fig. 11). An intermediate enol/cis-keto geome-
try has an energy roughly halfway between enol/enol and cis-
keto/cis-keto geometries. Thus, substitution of the O-H---N
connections in enol by N-H---O ones leads to a subtle but
systematic increase in free energy in the following order:
enol/enol < enol/cis-keto < cis-keto/cis-keto. The trans-keto
form, in which the benzoquinone groups are rotated such
that both N-H:--O contacts are broken, is the least stable iso-
mer by about 26 kcal mol™" (Fig. 11). Clearly, the isolated
molecule is stabilized by intramolecular hydrogen bonds in
the enol and cis-keto forms. The small energy differences be-
tween the enol and cis-keto forms suggest that they can, as
expected, be populated in the ground state at moderate tem-
peratures. The calculated energy barrier for the enol to
cis-keto transition is also quite small; it is computed to be ~7
keal mol ™" at the DFT/BLYP-D3/TZP level of theory.

A comparison of how each O-H---N contact changes dur-
ing the molecular dynamics (MD) simulations at 40, 300 and
500 K is shown in Fig. S7-S12 in the ESI}{ MD simulations on
the crystal structure of 1yellow confirm an equilibrium be-
tween the enol and cis-keto forms at room temperature
(Fig. S11 and animation 1yellow-crystal-300K.wmv in the
ESIt). The results of MD simulations on the crystal structure
of 1red (Fig. S8 and animation 1red-crystal-300K.wmv in the
ESIT) are our first hint at intrinsic differences in the mole-
cule-molecule interactions between 1yellow and 1red. In par-
ticular, 1red clearly favours the cis-keto form over the enol
form at room temperature with our DFT models. The higher

enol/cis-keto

enol/enol

AG(298 K) = 0.0 kcal/mol; @ = 39.4° AG(298 K) = 2.2 keal/mol; @ = 39.0°

cis-keto/cis-keto trans-Kketo/trans-keto

AG(298 K) = 3.5 keal/mol; @ =23.5°

AG(298 K) = 26.1 kcal/mol; @ = 23.5°

Fig. 11 The optimized structures together with relative free energies
and dihedral angles @ of different isomers of 1, obtained from ADF/
DFT/BLYP-D3/TZP calculations.
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population of the cis-keto form within 1red could be expected
to result in a higher population of the geometrically related
trans-keto isomer. This can explain why 1red turns to a
darker red at high temperature, while 1yellow changes to a
brighter and lighter shade of red (Fig. 3). At 40 K, all of the
molecules remain trapped in their initial enol geometries,
while a higher simulation temperature was found to increase
the relative abundance of the cis-keto form in 1yellow from
25% at 300 K to 35% at 500 K (Fig. 12). These results are con-
sistent with the enol form of 1yellow being more dominant at
low temperature, and that is in agreement with the observa-
tion of thermochromism in both polymorphs to pale yellow
at low temperature.

Rotation of a single phenyl ring in the cis-keto isomer,
leading to a trans-keto geometry, costs about 40 kcal mol™
(Fig. S13 in the ESIf). It is likely that the barrier to such rota-
tion in the crystal will be significantly lower due to inter-
molecular interactions. Therefore, it would be worth in
the future to extend our model to a supercell containing
more than one unit cell. This would shed more light on the
cis-keto to trans-keto isomerization at various temperatures.

Static periodic DFT calculations, performed with the VASP
computational package,”® further demonstrate that 1yellow
favours the enol molecular conformer over the cis-keto form
(AE = 4.5 keal mol™). This is again consistent with the ex-
perimental assertion that the enol form of 1yellow becomes
dominant at low temperature. However, the enol and cis-keto
forms of 1red are effectively thermoneutral with the latter
form being slightly favoured by 0.4 kcal mol ™. This confirms
that crystal packing effects, specifically those in 1red, can
overcome the inherent energetic preference of the enol mo-
lecular form, even at 0 K. The calculated values of dihedral

100 lyellow [ 1red
90 -
80 -
&
X 70+
-’
= 60-
= 50
=
= 404
30
=¥
20-
101 I_l
0 L] L] L] L] L] L] ITI L) L) L
D D D
®0°. %g,‘@ o°\ }gée 290\ )13"@ e?e X é\° zoo\}i&.@ ®0°. xg}e
0\5 c\,‘v é\s 0\,5 é\,‘é c\%
40 K 300 K 500 K

Fig. 12 Changes in population between enol and cis-keto forms in
crystals of lyellow and 1red at various temperatures. The blank and
filled bars show the percentage of the enol and cis-keto forms, respec-
tively, along the CP2K trajectory (100 ps). The two molecules were
considered in the unit cell.
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angles between the benzene and the naphthalene rings, @ =
42.6° for 1yellow and @ = 23.1° for 1red, fit quite well to the
experimental data: @ = 47.1° (1yellow) and @ = 21.3° (1red).

The computed optimal volumes for our models of 1yellow
and 1red are also in good agreement with the trends ob-
served in the experimental results. The optimal volumes
of 1yellow were found to be Veno = 1036 A and Ve =
1032 A’ (Ve = 1036 A%), and the optimal volumes of
1red were found to be Ve,o = 1028 A® and Vg jero = 1018 A®
(Vexp = 1032 A%).

The larger volume of 1yellow is consistent with the cell ex-
pansion observed for 1red to lyellow transition. Furthermore,
the optimal volume of the trans-keto form of 1red was calcu-
lated to be 1036 A*, which is commensurate with the crystal
structure of 1yellow. The trans-keto form of 1red was found
to be considerably less stable than the enol or cis-keto (by
~22 keal mol™) forms, as expected from the molecular
calculations.

The energy difference between the enol and the cis-keto
forms of 1yellow (4.5 kcal mol ™) is largely accounted for by
the 5.9 kcal mol™" difference in the energy between the enol
and the cis-keto geometries as they lie in their optimized
1yellow crystal structures. The preference of the cis-keto form
in 1red, on the other hand, relates more to the stronger inter-
molecular interactions in the cis-keto form of 1red vs. the
enol form. This difference between 1red and 1yellow is con-
sistent with the fundamentally different nature of the inter-
molecular contacts, as shown in Fig. 2. The calculated inter-
action energy between molecules in the cis-keto form of 1red
is —55.3 kecal mol™*, while the interaction energy between mol-
ecules in the enol form of 1red is —50.8 kcal mol™.

In order to obtain some quantitative insight into the na-
ture of intermolecular interactions we have performed the
ETS-NOCV>® analysis (ADF/BLYP-D3/TZP) based on the clus-
ter models containing four monomers. It is established that
the leading contribution to overall stabilization of both poly-
morphs is the dispersion one: AEgjspersion = ~87.38 and -94.54
keal mol™ for 1red and 1yellow, respectively, followed by the
electrostatic one: AEejg = —48.06 and —41.19 kcal mol ™ for
ired and 1yellow, respectively. The third contribution arises
from the orbital interaction terms: AE,, = —36.34 and -39.97
kcal mol™ for 1red and 1yellow, respectively (Table S4 in the
ESIT). In order to shed further light on the AE,,, term we
have plotted the overall deformation density (Apo,) upon for-
mation of tetramers of both polymorphs (Fig. S14 in the
ESIt). It is seen that the formation of both tetramers leads to
charge transfers within the following non-covalent interac-
tions: 7---1, C-H-**1, C-H---O and C-H---H-C.

Finally, it is important to emphasize that the calculated
band gaps in 1red and 1yellow systematically decrease in the
following order: enol > cis-keto > trans-keto (Fig. S15 and
S16 in the ESIf). For example, the band gaps are 1.90, 1.48
and 1.27 eV for the enol, cis-keto and trans-keto forms, re-
spectively, of 1red when constrained to the P2;/c symmetry
simulation cell that was determined from experiment. This
trend relates well with the HOMO-LUMO gap of their
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constituent molecules (Fig. 13) and explains the experimental
data (Fig. 3 and 4).

Conclusions

In summary, we have shown that N,N-bis(3-
methoxysalicylidene)-1,5-diiminonaphthalene can be prepared
under two polymorphs distinguished by their colour, and
their dihedral angle @ between the benzene and the naphtha-
lene rings, from a structural viewpoint. X-ray powder diffrac-
tion reveals that 1red irreversibly transforms above 165 °C
into 1yellow with a 3% increase of the molecular volume. Such
expansion was also noticed from periodic DFT calculations.

Diffuse reflectance spectroscopy reveals a mixture of the
dominant enol and cis-keto forms in the solid state at room
temperature for 1red and 1yellow. Theoretical modelling
based on static DFT periodic calculations and ab initio Born-
Oppenheimer dynamics simulations of the crystals confirm
that both polymorphs are indeed in the enol — cis-keto equi-
librium at room temperature (Fig. 12). However, the cis-keto
population dominates for 1red, whereas the enol is preferred
in the case of 1yellow. A higher population of the cis-keto
form within 1red might result in a higher population of the
trans-keto isomer, which explains why 1red turns to a darker
red at high temperature, while 1yellow changes to a brighter
shade of red (Fig. 3). At low temperature solely the enol form
is noted for both polymorphs (Fig. 12), which is consistent
with the thermochromism to pale yellow on cooling. The cal-
culated HOMO-LUMO band gaps correlate qualitatively with
the experimental reflectance spectra.

Furthermore, 1red clearly reveals features of the trans-keto
form in the ground state as well as exhibits both
thermochromic and photochromic properties. The latter prop-
erty is observed upon irradiation at A = 365 nm. This photo-
chromism exhibits slow back thermal relaxation (k = 6.0 x
107 s'). 1yellow exhibits thermochromism; however, no
photochromism has been observed. Most interestingly, the
trans-keto form can be populated on warming from 1yellow,

HOMO LUMO
enol/enol
-—
enol/cis-keto i i
cis-keto/cis-keto .\ oto/trans-keto

A -‘_
2.397 eV

1.648 eV 1.576 eV 1.485 eV

2 ) A 3

Fig. 13 The HOMO-LUMO gaps for single molecules of different isomers
of 1, obtained from ADF/DFT/BLYP-D3/TZP calculations. The contours of
HOMO and LUMO orbitals (0.02 a.u.) are shown only for the enol isomer.
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which is observed for the first time for an anil molecule. The
main emission properties of both polymorphs are originating
from the cis-keto* to cis-keto relaxation.

Experimental

Physical measurements

"H NMR spectra were obtained on a Bruker AC 300 MHz
spectrometer at 25 °C. Diffuse reflectance spectra were
obtained with a Varian Cary 5E spectrometer using poly-
tetrafluoroethylene (PTFE) as a reference. Spectra were mea-
sured on pure solids to avoid matrix effects. Eventual distor-
tions in the Kubelka-Munk spectra that could result from the
study of pure compounds have not been considered because
no comparison with absorption spectra was necessary. Solid-
state emission spectra were obtained with a Fluorolog-3
(Jobin-Yvon-Spex Company) spectrometer. Kubelka-Munk
and emission spectra were normalized to allow meaningful
comparisons. Raman spectra in the solid state were obtained
with a FTIR Nicolet Magna 860 spectrometer with Raman
unit and Nd:YVO, (1 = 1064 nm) laser. Light irradiations were
carried out with a LOT-ORIEL 200 W high-pressure mercury
arc lamp (LSN261). Simultaneous thermogravimetric (TG)
and differential thermal (DTA) analyses were performed
using an SDT 2960 Simultaneous DTA-TGA instrument in a
dynamic air atmosphere (120 mL min ") from room tempera-
ture to 900 °C with a 10 °C min™" heating rate. TG-MS analy-
ses were performed on a Mettler TOLEDO TGA/SDTD851
spectrometer combined with a ThermoStar PFEIFFER VAC-
UUM spectrometer in a dynamic air atmosphere (120 mL
min ") from room temperature to 900 °C with a 10 °C min™"
heating rate. DSC measurements were carried out in a He,
atmosphere using a Perkin-Elmer DSC Pyris 1 instrument
working with hermetically sealed aluminum capsules. The
heating and cooling rates were fixed at 10 K per minute.
Thermal dependence of optical density was recorded on a
Linkam temperature cell coupled with an Olympus BX51 opti-
cal microscope equipped with an ultrafast silicon photodiode
over the temperature range from -190 to 200 °C with a 2 °C
min " rate. Topographic analysis of the crystal surface quality
at ambient temperature was investigated by atomic force
microscopy using an AFM NT-MDT Solver Pro-M model with
a standard tip for semicontact mode. Elemental analyses
were carried out on a CHNS HEKAtech EuroEA 3000 analyzer.

Hirshfeld surface analysis

The Hirshfeld molecular surfaces'® and their associated 2D
fingerprint plots'* were generated using the Crystal Explorer
3.1 software'® on the basis of crystal structures. The d,orm
(normalized contact distance) surface and the breakdown of
the 2D fingerprint plots were used for decoding and quantify-
ing the intermolecular interactions in the crystal lattice. The
dnorm 1S a symmetric function of distances to the surface
from the nuclei inside (d;) and outside (d.) the Hirshfeld sur-
face, relative to their respective van der Waals radii. Negative
values of d,om indicating contacts shorter than the sum of
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van der Waals radii are shown in red, while positive values of
contacts longer than the sum of van der Waals radii are
depicted in blue. The white colour is used for intermolecular
distances close to van der Waals radii contacts with dporm
equal to zero. 2D fingerprint plots were generated using d;
and d. in the translated 0.4-3.0 A range and including recip-
rocal contacts as a pair of coordinates in 2D histograms. A
colour gradient in the fingerprint plots ranging from blue to
red is used to visualize the proportional contribution of con-
tact pairs in the global surface.

Enrichment ratio

The enrichment ratio (E)'” of a pair of elements (X,Y) is the
ratio between the proportion of actual contacts in the crystal
and the theoretical proportion of random contacts. E is larger
than unity for pairs of elements which have a high propensity
to form contacts in crystals, while pairs which tend to avoid
contacts with each other yield an E value lower than unity. E
values are calculated from the percentage of contacts, which,
in turn, are given by CrystalExplorer 3.1 software,"” between
one type or two types of chemical elements in a crystal
packing.

Density functional theory (DFT) based calculations

DFT based molecular and periodic calculations were
performed based on the ADF*®> and VSAP>® programs, respec-
tively, with DFT/BLYP-D3/TZP.

Dynamics simulations of crystals

DFT methods (CP2K package)®” were applied in the Born-Op-
penheimer approach of molecular dynamics. The 100 ps tra-
jectory was obtained based on the BLYP functional with
Grimme's dispersion corrections. The mixed DZVP basis sets
and plane waves (cutoff = 260) were used. The time step was
1 fs. The trajectory was analyzed using the VMD program.
Calculations were done based on a Nosé-Hover thermostat at
40, 300 and 500 K.

ETS-NOCYV bonding analysis

Natural orbitals for chemical valence (NOCV) are the eigen-
vectors that diagonalize the deformation density matrix.”® It
was shown that the natural orbitals for chemical valence
pairs (w_i, yi) decompose the differential density Ap into
NOCYV contributions (Apy):

30() = 3 [0 ()47 ()] = a0, ()

where v, and M stand for the NOCV eigenvalues and the
number of basis functions, respectively. Visual inspection of
deformation density plots (Apz) helps to attribute the symme-
try and direction of the charge flow. In addition, these pic-
tures are enriched by providing the energetic estimations,
AEq(k), for each Apy within the ETS-NOCV scheme.?® The ex-
act formula, which links the ETS and NOCV methods, will be
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given in the next paragraph, after we briefly present the basic
concept of the ETS scheme. In this method the total bonding
energy AFEa between interacting fragments, exhibiting ge-
ometry as in the combined complex, is divided into the three
components: AEota1 = AEeistar + AEpauli + AEorb. The first term,
AE.stat, corresponds to the classical electrostatic interaction
between the promoted fragments as they are brought to their
positions in the final complex. The second term, AEp,,;;, ac-
counts for the repulsive Pauli interaction between occupied
orbitals on the two fragments in the combined molecule. Fi-
nally, the last stabilizing term, AE,,,, represents interactions
between the occupied molecular orbitals of one fragment
with the unoccupied molecular orbitals of the other fragment
as well as mixing of occupied and virtual orbitals within the
same fragment (inner-fragment polarization). This energy
term may be linked to the electronic bonding effect coming
from the formation of a chemical bond. In the combined
ETS-NOCV scheme?” the orbital interaction term, AE.y, is
expressed in terms of NOCV's eigenvalues (v;) as:

M2

Vi [_FfTA-S;A- + FATAS:|

AEy, =D ALy, (k)=

& k=1
where F; are diagonal Kohn-Sham matrix elements defined
over NOCV with respect to the transition state (TS) density at
the midpoint between the density of the molecule and the
sum of fragment densities. The above components AEy,(k)
provide the energetic estimation of Ap, that may be related to
the importance of a particular electron flow channel for the
bonding between the considered molecular fragments. ETS-
NOCV analysis was done based on the Amsterdam Density
Functional (ADF) package® in which this scheme was
implemented. We have applied BLYP-D3/TZP computational
details as it has been shown that they provide accurate re-
sults on non-covalent interactions.

Synthesis of 1red and 1yellow

A solution of o-vanilin (10 mmol, 1.522 g) dissolved in etha-
nol (20 mL) was added to a solution of 1,5-
diaminonaphthalene (5 mmol, 0.791 g) in ethanol (20 mL).
The mixture was stirred for 30 min and, afterwards, heated at
reflux for 2 h. The resulting red solution was allowed to cool
to room temperature to give crystals of 1red. Recrystallization
of 1red from acetone gives crystals of 1yellow. Recrystalliza-
tion of 1yellow from ethanol or methanol gives crystals of
1red. "H NMR spectra of both 1red and 1yellow are the same
regardless of the solvent. 'H NMR (CDCl,): 6 = 3.99 (s, 6H,
CH,), 6.97 (t, *Juu = 7.8 Hz, 2H, m-H, C¢H3), 7.08 (d, Jupu =
7.8 Hz, 2H, o-H, C¢Hj), 7.13 (d, Juu = 7.8 Hz, 2H, p-H,
CeHs), 7.32 (d, *Juu = 7.7 Hz, 2H, p-H, CyoHy), 7.58 (t, *Juu =
7.8 Hz, 2H, m-H, CyHg), 8.28 (d, *Jyu = 7.8 Hz, 2H, o-H,
C10Hg), 8.78 (s, 2H, CHN), 13.88 (s, 2H, OH) ppm. 'H NMR
(DMSO-d): 6 = 3.87 (s, 6H, CH3), 6.97 (t, iy = 8.0 Hz, 2H,
m-H, CeHs), 7.21 (t, *Jyuu = 8.0 Hz, 2H, m-H, C¢H,), 7.37 (d,
Jau = 8.0 Hz, 2H, p-H, C¢Hj), 7.53 (d, *Juu = 7.8 Hz, 2H,
p-H, CyoH), 7.69 (t, *Juu = 7.8 Hz, 2H, m-H, C;oHe), 8.14
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(d, *Jum = 7.8 Hz, 2H, 0-H, CyoHe), 9.06 (s, 2H, CHN), 13.09
(s, 2H, OH) ppm. Calc. for C,cH,,N,0, (426.47): C 73.23, H
5.20; N 6.57. Found: C 73.29, H 5.16, N 6.59.

Single-crystal X-ray diffraction study

X-ray data collection was performed on a Mar345 image plate
detector using Mo-Ko. radiation (Zr-filter) at ambient temper-
ature The data were integrated with the crysAlisPro soft-
ware.”® The implemented empirical absorption correction
was applied. The structures were solved by direct methods
using the SHELXS-97 program®' and refined by full-matrix
least squares on |F?| using SHELXL-97.*' Non-hydrogen
atoms were anisotropically refined and the hydrogen atoms
were placed on calculated positions in riding mode with tem-
perature factors fixed at 1.2 times U, of the parent atoms
and 1.5 times U.q for methyl groups. Figures were generated
using the program Mercury.*”

Crystal data for 1red. C,cH,,N,0,, M, = 426.46 g mol?,
monoclinic, space group P2,/c, a = 14.0292(9), b = 5.0669(4),
¢ =14.7229(11) A, = 99.433(7)°, V = 1032.42(13) A*, Z =2, p =
1.372 g em ™, y(Mo-Ka) = 1.372 mm™", reflections: 2931 col-
lected, 2931 unique, R;, = 0.000, Ry(all) = 0.0620, wR,(all) =
0.1476.

Crystal data for 1yellow. C,cH,,N,0,4, M, = 426.46 ¢ mol ?,
monoclinic, space group P2,/n, a = 6.7362(6), b = 24.2039(15),
¢ = 6.8686(5) A, f# = 112.293(9)°, V = 1036.17(15) A*, Z =2, p =
1.367 g ecm >, y(Mo-Ka) = 0.093 mm ™", reflections: 7641 col-
lected, 1954 unique, R;,, = 0.055, Ry(all) = 0.0519, wR,(all) =
0.1073.

Powder X-ray diffraction study

In situ powder diffraction was performed using a MAR345 im-
age plate diffractometer and MoKo. radiation from a Rigaku
UltraX-18 rotating anode generator. An Oxford Cryostream
700 cooler and a Leister Le Mini Sensor Kit were used to cool
and heat the samples. The latter were filled in 0.5 mm glass
capillaries placed 200 mm from the detector. The capillaries
with sample were cooled/heated at a rate of 27 to 30 °C per
hour, while X-ray powder diffraction data were collected.
Each pattern was collected during 3 minutes of exposure,
while the capillary was rotated by 60 degrees. 1red and 1yel-
low were characterized at temperatures from -183 to 127 °C,
both on cooling and heating, and on heating from room tem-
perature to 300 °C. The data were integrated using the Fit2D
program®® and a calibration measurement of a NIST LaBg
standard sample. Uncertainties of the integrated intensities
were calculated at each 26-point by applying Poisson statistics
to the intensity data, considering the geometry of the detec-
tor, similar to a recently described procedure.** The calcu-
lated absorption coefficient is practically equal to zero, thus
the absorption correction was not applied. The temperature
dependence of the cell and other structural parameters was
obtained via a sequential Rietveld refinement implemented
into Fullprof.*® The background was described by linear
interpolation between selected points.
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