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Reversible change in color of substances with variation of the
temperature is known as thermochromism and has attracted much
interest from chemists for a long time.1 N-Salicylideneanilines
belong to a class of the most popular thermochromic compounds.2

For example, the crystals ofN-(5-chloro-2-hydroxybenzylidene)-
aniline (1) are orange-red at room temperature and pale yellow
at 77 K, and their color changes reversibly with variation of
temperature.3 Extensive studies have revealed that the thermo-
chromism ofN-salicylideneanilines originates from the tautom-
erism between the OH and NH forms.4 A change in the crystal
structure for their thermochromy has, however, never been
observed, although an attempt to do so was reported for1 by
Bregman et al.5 We wish to report the first observation of a
crystal structure change for the thermochromy ofN-salicylidene-
anilines, using variable temperature X-ray analysis ofN-(5-chloro-
2-hydroxybenzylidene)-4-hydroxyaniline (2).6

Perspective views of the molecule of2 are shown in Figure 1.
Selected bond lengths obtained from the X-ray crystallographic
analyses of27 are listed in Table 1. Bond lengths of1,8 which

are regarded as of the pure OH form,9 are also listed in Table 1
for comparison.

Table 1 shows that the length of each of the bonds which could
change in bond order by the tautomerism is significantly different
between1 and2. Thus, O2-C2 bond of2 is shorter than that of
1 and C1-C7 bond of2 is also shorter than that of1; C2-C1
bond of2 is longer than that of1 and C7-N1 bond of2 is also
longer than that of1. The results suggest that the NH form might
coexist in the crystals of2.

The most important point is that lengths of these bonds of2
systematically vary with the temperature. Thus, the lengths of
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(9) It was proved by Schmidt and co-workers that1 exists exclusively as
the OH form at 90 K in crystals.3,

Figure 1. Perspective views of2 with the atom numbering scheme: (a)
at 298 K and (b) at 90 K. The ellipsoids are drawn at the 50% probability
level.

Table 1. Selected Bond Lengths of1 and2 (Å)

compd T (K) O2-C2 C2-C1 C1-C7 C7-N1

1 90 1.350(2) 1.412(3) 1.457(3) 1.291(2)
2 375 1.320(2) 1.414(3) 1.434(3) 1.288(3)

298 1.321(2) 1.422(3) 1.433(2) 1.293(2)
220 1.318(2) 1.427(2) 1.428(2) 1.297(2)
160 1.313(2) 1.427(2) 1.429(2) 1.303(2)
90 1.310(1) 1.433(2) 1.425(1) 1.308(1)
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C2-C1 and C7-N1 bonds increase and the lengths of O2-C2
and C1-C7 bonds decrease with lowering the temperature. The
results are interpreted as follows: (i) The observed structure is
the superposition of the OH and NH forms, which remain
unresolved. (ii) Each of the observed bond lengths is the weighted
average of the corresponding length of the OH and NH forms
according to the population of two forms. (iii) Their populations
vary with the temperature. As a result, the observed structure
changes with variation of the temperature. It is therefore
concluded that there is an equilibrium between the OH and NH
forms in crystals and that the population of the NH form increases
with lowering the temperature.

This conclusion becomes definitive from the difference Fourier
synthesis using the refined structure from which only the
tautomeric hydrogen atom is removed. The difference synthesis
for the structure at 160 K or higher locates two peaks assigned
to two hydrogen atoms, one connected to O2 and the other to
N1. In contrast, the difference synthesis for the structure at 90
K locates only a single peak assigned to the hydrogen atom
connected to N1. Accordingly, the two hydrogen atoms were
treated as disordered in the refinement of structures at 160 K or
higher [Figure 1a], whereas the structure at 90 K was refined as
the pure NH form [Figure 1b]. Thus, the X-ray diffraction
unambiguously displayed the occurrence of the tautomerism that
favors the NH form in crystals.

Electronic spectra show that the crystals of2 are thermochro-
mic. The absorption band at 485 nm, which is assigned to the
NH form, appears at room temperature and increases in intensity
with the lowering the temperature. The results are consistent with
those from X-ray diffraction: the NH form exists appreciably in
the solid state at room temperature and increases in population
with lowering the temperature. The change in the X-ray structure
of 2 with variation of the temperature is, therefore, certainly for
the thermochromy.

The populations of the NH and OH forms at different
temperatures were estimated from the temperature dependence
of the intensity of the absorption band (Table 2), by the use of
the method reported by Theilacker et al.10 Almost the same results
were also obtained by the application of a similar method to the
temperature dependence of the bond lengths which were deter-
mined by X-ray crystallographic analyses (Table 2). The results
reveal that ca. 90% of2 exists as the NH form in crystals at 90
K and that the energy difference between the NH and OH forms
is small in crystals.

The geometry of2 at 90 K is significantly different from that
expected for a typical “keto” form2k. The length of O2-C2
bond and that of C1-C7 bond are considerably longer than the
standard length of the CdO bond [1.222 Å] and that of CdC
bond [1.340 Å] in conjugated enones,11 respectively, and the
length of C2-C1 and that of C7-N1 bond are considerably
shorter than the standard length of the C-C bond [1.464 Å] in
conjugated enones and that of C(sp2)-N bond [1.355 Å] in
enamines, respectively. The results suggest that the NH form in
the crystals of2 has the character of the zwitter ion2ki
considerably.

In contrast to the crystalline state,2 favors the OH form in
solution. This was evidenced by electronic spectra. The spectra
of the EPA solution12 show no absorption band for the NH form
at ca. 485 nm in the temperature range from 298 to 77 K. The
results show that2 exists exclusively as the OH form in the
solution. The stabilization of the NH form in crystals is, therefore,
ascribed to intermolecular interactions.

Examinations of the molecular packing of the crystals of2
reveal the occurrence of the intermolecular hydrogen bonding.
The distance between O2 and H11 of the adjacent molecule was
2.622(1) Å and the angle of O2‚‚‚H11-O11 was 178(2)° at 90
K.13,14 It is therefore concluded that the stabilization of the NH
form in the crystals of2 results primarily from the intermolecular
hydrogen bonding in crystals.

In summary, we succeeded for the first time in the observation
of the crystal structure change for the thermochromy of sali-
cylideneanilines by the X-ray diffraction of2 and demonstrated
that the NH form is stabilized due to intermolecular hydrogen
bondings in crystals.
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Table 2. Populations of the NH and OH Forms in the Crystals
of 2

populations (%)

from electronic spectra from X-ray analysisa

T (K) OH form NH form OH form NH form

90 11 89 10 90
160 19 81 17 83
220 27 73 26 74
299 37 63 31 69

a Estimated from the length of O2-C2 bond determined by X-ray
crystallographic analysis. Estimations from the other lengths gave
essentially the same results.
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