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N-Salicylidene-2-aminopyridine (NSAP) and 1,3,5-trinitrobenzene (TNB) form two kind of crystalline (1/2) com-
plexes, forms I and II. The thermochromism was observed in a charge transfer complex form I, but not in form II. The
thermochromism of these crystals was studied based on the temperature dependence of the X-ray analysis and the IR and-
visible absorption spectra together with the theoretical analysis.

The reversible solid state photochromism of N-salicyli-
deneanilines (anils) was first observed by Senier and co-
workers.") Cohen and co-workers undertook a more system-
atic study of crystalline anils and confirmed that many anils
are dimorphic and that two forms occasionally differ in color,
yellow and orange-red.? They classified the crystals of these
anils in two types: in the photochromic crystals (type @),
the molecules are non-planar and the aniline ring lies 40
to 50° out of the plane of the salicylideneamino group and
there are no close plane-to-plane contacts in the crystal; in
the thermochromic crystals (type /), the molecules are pla-
nar and packed with a plane-to-plane spacing of about 3.4
A while displaced relative to one another along the long
molecular axis. Further, in order to interpret the phenom-
ena of photochromism and thermochromism, they proposed
an intramolecular proton transfer mechanism from the enol
form (OH form) to the cis-keto form (NH form), as is shown
in Scheme 1.

Hadjoudis, Moustakali-Mavridis, and co-workers ex-
tended the structural studies in the series of heterocyclic
anils like N-salicylidene-2-aminopyridines (NSAP).>* They
interpreted the thermochromic phenomenon of the crystals
of NSAP derivatives as due to a shift in the tautomeric equi-

librium between the enol form and the cis-keto form, as is
shown in Scheme 2, and determined the energy difference
between the colored and non-colored forms of crystalline
5-bromosalicylidene-2-aminopyridine to be 9.08 kJ mol™!
from the temperature dependence of the optical density of
the maximum peak of the thermochromic band near 300 nm.

Bullock and co-woerkers determined the crystal structure
of the Schiff base of dinitrato[N,N’-propane-1,3-diylbis(salic-
ylideneimine)]calcium(I). The Schiff base is present in a
hitherto unreported charge-separated form of salicylidene-
imine group with the ligand bridging two Ca ions through
negatively charged O atoms. They found that the previ-
ously unconsidered, charge-separated tautomer of salicyli-
deneimine group predominates in the complexes.” Kamwaya
and Khoo studied the molecular adduct of dimethyltin dichlo-
ride with a salicylideneaniline derivative, 2-(p-methoxyphen-
yliminomethyl)phenol, by X-ray analysis. They reported the
unusual occurrence of the planar zwitterion of salicylidene-
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Scheme 3.

anilines as a neutral ligand, as is shown in Scheme 3.® Such
a zwitterion was previously suggested to exist as an interme-
diate in the photochromic process by the optical study.”®

Inabe and co-workers prepared many compounds of the
N-salicylideneaniline family and studied the structural and
optical properties in the crystalline state.”’ They found that the
intramolecular hydrogen-bonded structure in N-(2-hydroxy-
1-naphthylmethylene)aniline type compounds is an average
of O-H---N and O---H-N and the potential of the proton in
the hydrogen bond becomes close to a symmetrical double-
well with a small energy barrier.'” Further, they suggested
that a hydrogen-bonded system with a charge-transfer (CT)
interaction in accompanied by a configurational charge of the
m~electron structure and the potential energy surface of the
proton is modified by the intermolecular CT interaction.!?

In our preceding papers, we showed the thermochromism
in a few organic solid phases. The irreversible ther-
mochromism of the crystals of 2,3-bis(phenylthio)-1,4-naph-
thoquinone changes the violet form to the red form.'? On the
other hand, the color of the crystal of 2,3-(p-chlorophenyl-
thio)-1,4-naphthoquinone changes from red to dark red by
heating.'” The yellow and green forms of picrate salts with
2-iodoaniline show the thermochromism and change to the
red crystal upon heating.'¥ Further, the crystals of picrate
with 1-bromo-2-naphthylamine showed a complicated solid
phase transition.'” We are interested in the mechanism of
the phase transition of such organic molecular aggregates,
because many organic compounds with the properties of the
phase transition have possible applications to molecular de-
vices or indicators.

In the present paper, we report the reversible ther-
mochromism and the crystal structures of the complex of
NSAP with 1,3,5-trinitrobenzene (TNB), and discuss the
mechanism of the thermochromism by the measurement of
the variable temperature visible absorption spectra together
with some theoretical analysis. The crystal structure of
NSAP* was also refined based on new diffraction data.

Experimental

Synthesis. NSAP was prepared by a well-known method.'®
The crystals of the complex of NSAP with TNB were obtained as
yellowish orange prisms (form I) and orange plates (form II) from

the chloroform solution. The color of the form I changes from

yellowish orange to pale green by cooling, but the form II does not
show any thermochromism.

Measurements.  The visible absorption spectra of the single
crystals of the NSAP/TNB complex were taken using an absorption
microphotometer made in our laboratory. The cooling plate of
LINKAM was used on measuring the temperature dependence of
the absorption spectra.

X-Ray Structure Analysis. The reflection data of forms I and
I of NSAP/TNB complex and NSAP at room temperatures were
measured on a Rigaku AFC-5R four circle diffractometer. Low-
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temperature diffraction experiments on form I were carried out using
a Huber off-center four-circle diffractometer. The temperatures
were regulated within £0.3 K using a closed-cycle He refrigerator
(Cryogenics, HC-2) equipped with a temperature controller (Cino,
KP1000). The cell constants were determined over the temperature
range of 296 to 60 K. The reflection data were collected at 80 K.
The crystal data and experimental details are listed in Table 1.

The structures were solved by a direct method MITHRIL'” and
refined by a full-matrix least-squares method. The quantity min-
imized was Sw(|Fo| — |F¢|)?, where w=1/0%(F,). A difference
Fourier map for the 80 K data of form I showed a peak near N8
at the stage of R = 0.10. The peak was higher than that observed
usually for H atoms; the distance from N8 to the peak was 1.24 A.
The structure was refined by assuming a disorder in NSAP moiety,
in such a way as the moiety had a pseudo two-fold axis through a
center of the N7-C13 bond and perpendicular to the mean plane
of the moiety. The occupancy factor of disordered O8™ atom was
estimated to be 0.15 from difference Fourier maps, the value of
displacement parameter and the R value. All non-H atoms except
08* was refined anisotropically, and O8* and H atoms isotropi-
cally. Difference Fourier maps after the refinements still showed
residual electron density near N7. The occupancy factor of H atom
attached to N7 was further adjusted. The residual electron density
near N7 became zero, when the occupancy factor of the H atom
was 0.30. A difference Fourier map for the 296 K data of form
I also showed a peak near N8 similar to that found for the 80 K
data. The structure was refined by the same manner as adopted for
the 80 K data. The occupancy factor of disordered O8™* atom was
estimated to be 0.15. The residual electron density near N7 became
zero, when the occupancy factor of the H atom attached to N7 was
0.35.

The NSAP moiety in form II was disordered around the center of
symmetry. Non-H atoms were refined anisotropically. The H atoms
were found from a difference Fourier map. The positional parame-
ters of the H atoms were fixed, and the values of the displacement
parameters adopted were the same as the equivalent isotropic dis-
placement parameters of the atoms to which they were attached.
The crystal structure of NSAP was refined by using a larger number
of reflections than reported previously.® In the present refinements,
the H atoms were refined isotropically, in addition to the anisotropic
refinement of the non-H atoms. A difference Fourier map was cal-
culated after the refinements by excluding the H atom of the hydroxy
group. The map showed an electron distribution elongated toward
the N atom. However, the disordering of the H atom was not
taken into account in the refinements, because the residual electron
density near the N atom was as small as 0.2 e A=

Atomic scattering factors were taken from International Tables
for X-Ray Crystallography.'® Computations were carried out by
using TEXSAN' at the X-Ray Laboratory of Okayama University.
The final atomic parameters are given in Table 2.2% '

Theoretical Analysis.  All ab initio molecular orbital calcu-
lations were performed with the GAUSSIAN 94 program.? The
numerical calculations were carried out on IBM RS/6000 590 and
SP2 parallel computers and NEC SX-3 supercomputer at the Insti-
tute for Molecular Science (IMS) computer center. The geometries
of these two isomers were fully optimized at the RHF/3-21G* level
and one point calculations were performed with the second order-
Mgller-Plesset (MP2) with 3-21G™ basis on the optimized geome-
try.
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Table 1. Crystal Data and Experimental Details

NSAP/TNB NSAP
C12H10N20-2C6H3N305 C12H10N2O
FW.=624.44 M,=198.22
Form I Form I Form I
Temperature/K 296 80 296 296
Color Yellow-orange Pale green Orange Orange
Crystal shape Prism Prism Plate Plate
Crystal system Triclinic Triclinic Monoclinic Orthorhombic
Space group P1 P1 P2/c Pbca
alA 11.288(2) 11.087(4) 6.893(5) 14.810(4)
b/A 14.735(3) 14.595(3) 7.498(2) 21.838(8)
c/A 8.111(4) 8.003(4) 26.30(1) 6.318(2)
al® 90.17(3) 90.04(3)
B/° 93.05(3) 91.86(3) 91.1(1)
y/° 95.51(2) 95.33(2) :
VIA 1341.0(7) 1288.6(8) 1359(2) 2043(1)
VA 2 2 2 8
D/Mgm™3 1.546 1.609 1.526 1.288
F(000) 640 640 640 832
Radiation Mo Ka Mo Ka Mo Ka Mo Ka
AA 0.71073 0.71073 0.71073 0.71073
w/mm™! 0.121 0.126 0.119 0.079
Crystal size/mm 0.58 x0.28 x0.28 0.58x0.28 x 0.28 0.45%x0.44 x0.15 0.54x0.38x0.14
Cell dimensions
20 range/° 21—22 21—23 16—22 20—22
No. of refs. 25 25 22 25
Scan mode 20-w 20-w 20-w 20-w
Scan speed w/° min~' 6 4 4 6
Scan width Aw/° 1.68+0.38tan & 1.68+0.38tan O 0.73+0.30tan @ 1.57+0.30tan 8
20max/° 52 55 52 52
hklmin—hklmax 0—13, -17—17, -9—9 —14—14, —18—18,0—10 0—8,0—9, —32—32 0—18, —1—26,0—7
Standard refs. 3 (every 97 refs.) 3 (every 97 refs.) 3 (every 97 refs.) 3 (every 97 refs.)
Intensity variation 0.996—1.003 0.989—1.030 0.994—1.005 0.995—1.001
Measured refs. 5002 5976 2920 2098
Independent refs. 4725 5649 2704 2036
Observed refs. 3154 4471 1514 1162
I>2.00()) (>2.00()) I >2.00()) (U>1.00())
Rint 0.018 0.072 0.010 - 0.018
Extinction coef. 6.94x 1077 — 551x1077 8.02x 1077
Parameters refined 476 478 209 177
R 0.044 0.053 0.062 0.081
Ry 0.032 0.054 0.061 0.066
N 1.55 1.37 1.79 1.18
Least squares weight 1/0(F,)* 1/ o(F,)* 1/0(F,)* 1/0(Fo)?
(A ] O)max 0.037 0.089 0.029 0.003
(AP)max, (ApP)minfeA™3 0.21, —0.15 0.33, —0.42 0.39, —0.26 0.22, —0.26

Results and Discussion

Crystal and Molecular Structures. (a) FormI. The
temperature dependence of cell constants is shown in Fig. 1.
The cell constants monotonically decrease upon cooling from
296 to 80 K and increase upon heating from 60 to 296 K.
The cell constants at 296 K before and after cooling are in
agreement within the experimental errors. The temperature
dependence shows that the crystal structures at 296 and 80
K are isostructural.

The ORTEP drawing® is shown in Fig. 2, along with
the numbering of atoms. The numbering scheme for NSAP

molecule refers to the major one with the occupancy factor of
0.85. The asymmetric unit consists of one NSAP molecule
and two TNB molecules. The bond lengths and angles are
listed in Table 3. The N-O lengths in the nitro groups are un-
derestimated at 296 K because of large thermal vibration of
the O atoms. Although the NSAP molecule is disordered, the
bond lengths observed reflect structural features character-
istic of N-salicylideneaniline derivatives.'” The C8—08 and
C13-N7 lengths at 298 and 80 K are comparable with those
found in N-tetrachlorosalicylideneaniline, showing a contri-
bution of the keto form to the structure.” A bond-length alter-
nation expected for a quinonoid structure was observed in the
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Table 2. Positional Parameters and Equivalent Displacement Parameters (Ueq) for Non-H atoms

Atom x y z Ueg/A Atom x y z Ueg/A

(1) Form I, 296 K 08 0.2689(3) 0.1593(1) 0.3260(3) 0.017(1)
o1 0.4213(2)  0.1850(1) —0.0467(3)  0.103(1) 08* —0.074(1) 0.345(1) 0.047(2) 0.033(4)
02 0.2532(2)  0.1361(1) —0.1651(3)  0.100(1) NI 0.3283(2) 0.1925(1) —0.1056(3) 0.017(1)
03 —0.0183(2)  0.3579(1) —0.3410(2)  0.082(1) N2 0.0284(2) 0.4117(1) —0.2399(3) 0.016(1)
04 —0.0097(2)  0.4841(1) —0.2060(3)  0.095(1) N3 0.3798(2) 0.5037(1) 0.1315(2) 0.014(1)
05 0.3338(2)  0.5745(1)  0.1578(3)  0.090(1) Nib  —0.0791(2) 0.0808(1) 0.5920(2) 0.016(1)
06 0.4760(2) 0.4878(1) 0.1818(2)  0.072(1) N2b  —0.2828(2) 0.3157(1) 0.2844(3) 0.018(1)
Olb  —0.0835(2) 0.0049(1) 0.6408(2)  0.079(1) N3b  —0.4683(2) —0.0030(1) 0.2919(3) 0.018(1)
0O2b 0.0005(2)  0.1414(1) 0.6198(3)  0.089(1) N7 0.0646(2) 0.2074(1) 0.1909(3) 0.016(1)
O3b —0.2088(2) 0.3700(1) 0.3456(3)  0.105(1) N8 —0.0885(2) 0.2616(1) 0.0102(3) 0.018(1)
0O4b  —0.3694(2)  0.3319(1)  0.2006(3)  0.100(1) C1 0.2855(2) 0.2848(2) —0.0889(3) 0.013(1)
0O5b  —0.5371(2) 0.0183(1)  0.1868(3)  0.120(1) C2 0.1780(2) 0.3022(2) —0.1713(3) 0.013(1)
O6b  —0.4728(2) —0.0747(1)  0.3640(2)  0.073(1) C3 0.1412(2) 0.3890(2) —0.1510(3) 0.013(1)
08 0.2627(3)  0.1597(2) 0.33144)  0.073(1) C4 0.2035(2) 0.4571(2) —0.0541(3) 0.013(1)
08"  —0.074(1) 0.340(1) 0.053(2) 0.085(4) C5 0.3103(2) 0.4346(2) 0.0242(3) 0.012(1)
N1 0.3214(2)  0.1954(1) —0.0997(3)  0.068(1) C6 0.3545(2) 0.3495(2) 0.0074(3) 0.013(1)
N2 0.0286(2)  0.4124(2) —0.2399(3)  0.060(1) Clb  —0.1828(2) 0.1064(2) 0.4870(3) 0.013(1)
N3 0.3782(2)  0.5050(1)  0.1286(3)  0.056(1) C2b  —0.1838(2) 0.1975(2) 0.4409(3) 0.013(1)
Nib —0.0813(2) 0.0829(2) 0.5916(3)  0.061(1) C3b  —0.2800(2) 0.2190(2) 0.3377(3) 0.013(1)
N2b  —0.2883(2) 0.3143(2) 0.2936(3)  0.070(1) C4b  —-0.3716(2) 0.1547(2) 0.2830(3) 0.014(1)
N3b —0.4666(2) —0.0021(2) 0.2929(3)  0.066(1) C5b  —0.3666(2) 0.0660(2) 0.3389(3) 0.013(1)
N7 0.0614(2)  0.2075(1)  0.1942(2)  0.054(1) Ceb  —0.2732(2) 0.0385(2) 0.4416(3) 0.013(1)
N8 —0.0912(2)  0.2594(1) 0.0161(3)  0.062(1) C7 0.1986(2) 0.3100(2) 0.3579(3) 0.012(1)
C1 0.2799(2)  0.2870(2) —0.0861(3)  0.047(1) C8 0.2837(2) 0.2452(2) 0.3859(3) 0.013(1)
C2 0.1747(2)  0.3046(2) —0.1684(3)  0.048(1) C9 0.3893(2) 0.2707(2) 0.4792(4) 0.016(1)
C3 0.1396(2)  0.3905(2) —0.1507(3)  0.046(1) C10 0.4129(2) 0.3583(2) 0.5434(3) 0.016(3)
C4 0.2032(2)  0.4576(2) —0.0546(3)  0.047(1) C11 0.3295(2) 0.4233(2) 0.5169(3) 0.015(1)
C5 0.3072(2)  0.4355(2)  0.0229(3)  0.043(1) C12 0.2237(2) 0.3988(2) 0.4252(3) 0.014(1)
C6 0.3488(2) 0.3514(2) 0.0095(3)  0.047(1) C13 0.0905(2) 0.2881(2) 0.2553(3) 0.012(1)
Clb  —0.1851(2) 0.1076(2)  0.4885(3)  0.046(1) C14  —0.0413(2) 0.1898(2) 0.0867(3) 0.013(1)
C2b - —0.1877(2)  0.1973(2)  0.4439(3)  0.049(1) C15 —0.0914(2) 0.0993(2) 0.0675(3) 0.014(1)
C3b —0.2830(2) 0.2187(2) 0.3447(3)  0.048(1) Cl6  —0.1966(2) 0.0810(2) —0.0280(3) 0.016(1)
Cdb  —0.3736(2) 0.1542(2) 0.2904(3)  0.054(1) C17  —0.2482(2) 0.1546(2) —0.1064(3) 0.016(1)
C5b  —0.3669(2) 0.0665(2) 0.3431(3)  0.047(1) C18  —0.1905(2) 0.2418(2) —0.0859(3) 0.018(3)

Cob  —0.2740(2)  0.0405(2) 0.4418(3)  0.049(1)
Cc7 0.1968(2)  0.3086(2)  0.3582(3)  0.047(1) (3) Form II

C8 0.2779(2)  0.2448(2)  0.3880(3)  0.051(1) 01 04711(5)  0.1147(6)  0.2450(1)  0.147(3)
C9 0.3824(3)  0.2700(2)  0.4813(4)  0.063(1) 02 0.6556(5)  0.2255(5)  0.3029(1)  0.137(3)
C10 0.4067(3)  0.3571(2) 0.5436(3)  0.065(3) 03 0.4723(5)  0.1978(5)  0.4777(1)  0.132(3)
C11 0.3261(3) 0.4204(2) 0.5156(3)  0.061(1) 04 0.1976(6)  0.0879(6)  0.4964(1) = 0.160(4)
C12 0.2225(3)  0.3963(2)  0.4237(3)  0.054(1) 05 —0.2322(5) —0.1326(5) 0.3636(2)  0.141(3)
C13 0.0891(2) 0.2872(2)  0.2565(3)  0.047(1) 06 —0.1303(5) —0.1435(5)  0.2862(2)  0.451(3)
Cl4  —0.04452) 0.1892(2) 0.0904(3)  0.049(1) 08 —0.1942(7)  0.4057(7)  0.4171(2)  0.095(4)
C15 —-0.0937(2) 0.1001(2) 0.07093)  0.056(1) N1 0.5107¢(6)  0.1519(5)  0.2887(2)  0.099(3)
Cl6 —0.1976(3) 0.0827(2) -0.0242(3) 0.065(1) N2 0.3216(6)  0.1295(5)  0.4667(1)  0.101(3)
C17 —0.24903) 0.1538(2) —0.0993(3)  0.063(1) N3 —0.1120(6) —0.1056(5)  0.3314(2)  0.113(4)
C18 —0.1928(3)  0.2400(2) —0.0784(3)  0.065(3) C1 0.3710(5)  0.1015(5)  0.3278(1)  0.073(3)

c2 0.4136(5) 0.1373(5)  0.3777(2)  0.075(3)
(2) Form I, 80 K C3 0.2760(6)  0.0905(5)  0.4125(1)  0.077(3)
01 0.4322(2)  0.1830(1) —0.0551(2)  0.025(1) C4 0.0990(5) 0.0127(5)  0.3990(1)  0.080(3)
02 0.2582(2)  0.1312(1) —0.1683(2)  0.024(1) C5 0.0687(5) —0.0202(5)  0.3481(2)  0.079(3)
o3 —-0.0172(2)  0.3569(1) —0.3447(2)  0.0201(9) C6 0.2013(6)  0.0235(5)  0.3120(1)  0.082(3)
04 —0.0122(2)  0.4839(1) —0.2030(2)  0.026(1) C7 0.1143(5)  0.5288(5)  0.4383(1)  0.076(3)
05 0.33292)  0.5739(1)  0.1650(2)  0.0232(9) C8 —0.0211(5)  0.4733(5) 0.4039(1)  0.068(3)
06 0.4804(1) 0.4862(1) 0.1829(2) 0.0184(9) C9 0.0194(6)  0.4763(5)  0.3544(2)  0.090(3)
Olb  —0.0827(2)  0.0012(1)  0.6425(2)  0.0201(9) C10 0.1937(7)  0.5352(5)  0.3366(1)  0.087(3)
02b 0.0043(2) 0.1401(1)  0.6202(2)  0.024(1) Cl11 0.3375(5)  0.5896(5)  0.3710(2)  0.087(3)
0O3b —0.2035(2) 0.3724(1) -0.3403(2)  0.028(1) C12 0.2965(6)  0.5870(5)  0.4216(1)  0.081(3)
04b  —0.3636(2)  0.3335(1) 0.1851(2)  0.025(1) C13 0.0802(4)  0.5285(4)  0.4913(1)  0.067(3)

O5b  —-0.5387(2) 0.0175(1)  0.18093)  0.035(1)
06b  —04766(2) -0.0757(1) 0.3687(2)  0.0185(9)
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Table 2. (Continued)

Atom x y z Ueg/A Atom x y z Ueg/A
C5 0.2234(3)  0.1100(3) 1.0656(8)  0.085(4)
(4) NSAP C6 0.2053(3)  0.0659(2) 09195(8)  0.081(4)
01 0.1327(2)  0.0346(1)  0.6045(5)  0.087(3) Cc7 0.0494(2)  0.1508(2)  0.5570(6)  0.056(3)
N1 0.0292(2)  0.1117(1)  0.4142(5)  0.061(3) C8 —0.0286(2)  0.1272(2)  0.2455(6)  0.058(3)
N2 —0.0581(2)  0.1848(1)  0.2271(5)  0.072(3) 9 —0.0524(3)  0.0811(2)  0.1058(7)  0.072(3)
Cl1 0.1488(2)  0.0791(2)  0.7493(7)  0.063(3) C10 —0.1074(3)  0.0948(2) —0.0596(8)  0.081(4)
c2 0.1098(2)  0.1368(2)  0.7287(6)  0.056(3) Cl1  —0.1388(3)  0.1529(2) —0.0840(8)  0.082(4)
C3 0.1301(3)  0.1805(2) 0.8828(7)  0.071(3) Ci12  —0.112533) 0.1961(2)  0.0604(8)  0.081(4)
C4 0.1869(3)  0.1682(2) 1.0476(7)  0.081(4)
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Fig. 1. The temperature dependence of the cell constants (a, b, ¢, and V) of form I. The values obtained on cooling are shown by

triangles with the bottom up, and those on heating by triangles with the bottom down.

benzene ring at 80 K. The short O8*—C8* distances at both
temperatures suggest that the NSAP molecule with a low oc-
cupancy factor takes a keto form. No significant differences
were observed for the bond angles and molecular confor-
mations between two temperatures. The NSAP molecule
is distorted from a planar structure: The torsion angles
C7-C13-N7-C14, N7-C13-C7—C8, and C13-N7-C14-C15
are —178.3(2), 2.5(4), and —158.2(2)° at 296 K; —178.2(2),
3.0(4), and —157.4(2)° at 80 K. The temperature has also no
influence on the O8---N7 distance in the hydrogen-bonded
chelate ring: 2.629(3) A at 296 K and 2.632(3) A at 80 K.
The distance is longer than those found in the CT complexes
of anil derivatives.'V

The difference Fourier maps at 296 and 80 K are shown

in Fig. 3; which they were calculated by eliminating the H
atoms attached to O8 and N7 from the refined structure. At
both temperatures the sub peak appears near N7. This peak
did not disappear when an H atom was attached to N7 with
the occupancy factor of 0.15. This value corresponds to the
occupancy factor of the H atom of disordered C13* which
occupies the same position as N7. The residual electron
density of the sub peak became zero when the occupancy
factor of the H atom was increased to 0.30 at 80 K and
0.35 at 296 K. The results indicate a contribution of the
keto form to the major molecule of NSAP in accordance
with the indication from the C-O bond length. Quantitative
discussion on the contribution of the keto form is limited by
the precision of the diffraction data. The distances between
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Table 3. Bond Lengths (/) and Angles (@) of Form I

296 K 80K 296 K 80K
UA UA A VA
01-N1 1.209(3) 1.229(3) C1-C2 1.378(3) 1.387(3)
02-N1 1.210(3) 1.225(3) C1-C6 1.377(3) 1.377(3)
03-N2 1.210(2) 1.222(3) 2-C3 1.372(3) 1.378(3)
04-N2 1.215(2) 1.224(3) C3-C4 1.379(3) 1.379(3)
05-N3 1.210(2) 1.225(3) C4-C5 1.369(3) 1.388(3)
06-N3 1.214(2) 1.226(2) C5-C6 1.373(3) 1.386(3)
01b-N1b 1.216(2) 1.229(2) C1b-C2b 1.374(3) 1.381(3)
02b-N1b 1.212(2) 1.221(2) C1b-C6b 1.377(3) 1.382(3)
03b-N2b 1.214(3) 1.224(3) C2b-C3b 1.370(3) 1.387(3)
04b-N2b 1.203(3) 1.224(3) C3b—C4b 1.380(3) 1.378(3)
05b-N3b 1.199(3) 1.220(3) C4b-C5b 1.369(3) 1.376(3)
‘06b-N3b 1.214(2) 1.225(3) C5b-C6b 1.370(3) 1.389(3)
08-C8 1.327(3) 1.335(3) C7-C8 1.387(3) 1.410(3)
08*-N8 1.23(1) 1.24(1) C7-C12 1.394(3) 1.403(3)
N1-C1 1.476(3) 1.476(3) C7-C13 1.441(3) 1.442(3)
N2-C3 1.477(3) 1.483(3) C8-C9 1.387(3) 1.389(3)
N3-C5 1.480(3) 1.469(3) C9-C10 1.374(4) 1.376(3)
N1b-Clb 1.478(3) 1.478(3) C10-C11 1.376(4) 1.397(3)
N2b-C3b 1.476(3) 1.478(3) C11-C12 1.370(3) 1.381(3)
N3b-C5b 1.478(3) 1.479(3) C14-C15 1.381(3) 1.392(3)
N7-C13 1.281(3) 1.289(3) C15-C16 1.372(3) 1.379(3)
N7-C14 1.429(3) 1.421(3) C16-C17 1.375(4) 1.402(3)
N8-C14 1.335(3) 1.352(3) C17-C18 1.369(3) 1.378(3)
N8-C18 1.351(3) 1.355(3)
@/° @p/° ®/° @/°

01-N1-02 124.5(2) 124.7(2) C4-C5-C6 123.4(2) 123.2(2)
01-N1-C1 118.1(2) 117.2(2) C1-C6-C5 117.0(2) 116.9(2)
02-N1-C1 117.4(2) 118.0(2) N1b-C1b-C2b 117.9(2) 117.6(2)
03-N2-04 124.5(2) 124.8(2) N1b-C1b-C6b 119.0(2) 118.6(2)
03-N2-C3 118.0(2) 117.7(2) C2b-C1b—C6b 123.1(2) 123.8(2)
04-N2-C3 117.5(2) 117.5(2) C1b-C2b—C3b 117.1(2) 116.4(2)
05-N3-06 124.6(2) 124.6(2) N2b-C3b-C2b 118.5(2) 117.8(2)
05-N3-C5 117.6(2) 118.0(2) N2b-C3b-C4b 118.9(2) 119.1(2)
06-N3-C5 117.7(2) 117.4(2) C2b-C3b—C4b 122.5(2) 123.2(2)
01b-N1b-02b 124.7(2) 125.0(2) C3b—C4b—C5b 117.3(2) 117.0(2)
01b-N1b—C1b 117.5(2) 117.4(2) N3b—C5b-C4b 117.8(2) 118.1(2)
02b-N1b-C1b 117.8(2) 117.6(2) N3b—C5b-C6b 119.1(2) 118.3(2)
03b-N2b-04b 124.12) 124.3(2) C4b-C5b—C6b 123.1(2) 123.5(2)
03b-N2b-C3b 117.7(2) 118.0(2) C1b-C6b—C5b 116.8(2) 116.0(2)
04b-N2b-C3b 118.2(2) 117.6(2) C8-C7-C12 119.0(2) 118.7(2)
05b-N3b-06b 124.5(2) 124.8(2) C8-C7-C13 121.5(2) 121.3(2)
05b-N3b-C5b 117.7(2) 117.4(2) C12-C7-C13 119.5(2) 119.9(2)
06b-N3b—C5b 117.8(2) 117.7(2) 08-C8-C7 124.0(2) 123.4(2)
C13-N7-C14 120.2(2) 119.6(2) 08-C8—C9 116.8(3) 117.4(2)
08*-N8—C14 128.1(6) 128.9(6) C7-C8-C9 119.2(2) 119.3(2)
08*-N8—C18 112.1(6) 111.4(6) C8—C9-C10 121.0(3) 121.3(2)
C14-N8-C18 116.8(2) 116.6(2) C9-C10-C11 120.1(3) 120.2(2)
N1-C1-C2 119.1(2) 118.4(2) C10-C11-C12 119.5(3) 119.3(2)
N1-C1-C6 118.0(2) 118.3(2) C7-C12-Cl11 121.3(3) 121.3(2)
C2-C1-C6 122.8(2) 123.3(2) N7-C13-C7 121.8(2) 121.7(2)
C1-C2-C3 116.9(2) 116.3(2) N7-C14-C8 118.3(2) 118.7(2)
N2-C3-C2 118.4(2) 118.4(2) N7-C14-C15 118.6(2) 118.4(2)
N3-C3-C4 118.3(2) 117.5(2) N8-C14-C15 123.0(2) 123.0(2)
C2-C3-C4 123.2(2) 124.1(2) C14-C15-C16 118.8(3) 119.3(2)
C3-C4-C5 116.7(2) 116.2(2) C15-C16-C17 119.3(3) 118.6(2)
N3-C5-C4 118.7(2) 118.8(2) C16-C17-C18 118.4(3) 118.4(2)
N3-C5-C6 117.9(2) 118.0(2) N8§-C18-C17 123.6(3) 124.002)




M. Tanaka et al.

Bull. Chem. Soc. Jpn., 71, No. 11 (1998) 2567

Fig. 2. The ORTEP drawing at 296 K and the numbering
of atoms of form I. Disordered C8* occupies the same
position as N8. The displacement ellipsoids are drawn at
50% probability level and the H atoms are drawn as spheres
equivalent to B, = 1.0 A2,

08 and the H atom attached to it were underestimated to be
0.59(4) A at 80 K and 0.62(3) A at 296 K, probably because
of an effect of bonding electrons, as indicated by anharmonic
distribution of the electron density near OS.

A perspective view of the crystal structure is shown in
Fig. 4. The structure is described based on the NSAP

(a)

Fig. 3.

Fig. 4. A perspective view of the crystal structure of form L.

molecule with high occupancy factor. The donors (NSAP)
and acceptors (TNB) are mixed along the stacking direction
(c axis). The repeating unit is TNB-NSAP-TNB (b), and one
NSAP is located between TNB and TNB(b) molecules. The
salicylideneimine moiety of NSAP overlaps in nearly paral-
lel with TNB, the dihedral angle between their benzene-ring
planes being 3.6(3)° at 296 K and 3.8(3)° at 80 K. The pyri-
dine ring overlaps with TNB(b), the dihedral angle between
the pyridine and benzene rings being 4.3(3)° at 296 K and
4.6(3)° at 80 K. There are twelve C- - -C contacts between the

(b)

The difference-Fourier maps for the section through O8, N7, and C7 at (a) 296 and (b) 80 K. Contours are drawn by solid
lines (above 0.05 ¢ A=) and dashed lines (below —0.05 ¢ A~*) with intervals of 0.05 e A™>.
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overlapping molecules, the average distance being 3.548(4)
A at 296 K and 3.469(4) A at 80 K. The shortest distances are
3.372(4) A for C2b---C14 and 3.415(4) A for C6---C7 at 296
K, which decrease to 3.296(4) and 3.365(4) A, respectively,
at 80 K. Thus, the effect of the temperatures appears in the
C---C contacts.

(b) FormII. The ORTEP drawing® is shown in Fig. 5,
along with the numbering of atoms. The molecular unit
shown in Fig. 5 consists of one NSAP molecule and two
TNB molecules. There is an inversion center at the center of
the NSAP molecule due to the disorder of the molecule. The
bond lengths and bond angles are listed in Table 4. The bond
lengths in the disordered NSAP can roughly be explained
as an average of the salicylideneimine and 2-aminopyridine
moieties. The C8-08 distance is slightly longer than that
observed in form I. The NSAP is planar in contrast with that
in form I, the tortion angle N7—C13—C7—C8 being 1.6(6)°.
The O8- - -N7 distance, 2.567(6) A, is shorter than that in form
I, and comparable with those found in the CT complexes of
anil derivatives.'?

The crystal structure viewed along the b axis is shown in
Fig. 6. The NSAP and TNB molecules are alternately stacked
along the b axis. The NSAP overlaps in nearly parallel with
TNB, the dihedral angle between the overlapping planes of
their six-member rings being 4.7(5)°. There are nine C---C
contacts between the overlapping molecules, the average dis-
tance being 3.504(5) A. The shortest distance, 3.436(5) A,
is found for C2---C11. The average distance is shorter than
that in form I at 296 K, while the shortest distance is longer.

. e

o
Qcl2 (@ )3\@?%
@cn*
cil Co¥C8 U (N7)

03 ?cw 08

N2 04

02

C4
D

06

Fig. 5. The ORTEP drawing and the numbering of atoms of
form II. The N7 occupies the same position as disordered
C13™*. The displacement ellipsoids are drawn at 50% proba-
bility level and the H atoms are drawn as spheres equivalent
to Biso = 1.0 A%

Thermochromism of the NSAP/TNB CT Crystal

Table 4. Bond Lengths (/) and Angles (@) of Form II

VA VA
01-N1 1.2084) C2-C3 1.376(5)
02-N1 1.194(4)  C3-C4 1.392(5)
03-N2 1.189(4)  C4-C5 1.372(5)
04-N2 1.221(4)  C5-C6 1.371(5)
05-N3 1.214(5) C7-C8 1.352(5)
06-N3 1.227(5) C7-Cl12 1.408(5)
08-C8 1.348(5)  C7-C13 1.419(5)
N1-C1 1471(5)  C8-C9 1.338(5)
N2-C3 1.484(5)  C9-C10 1.370(5)
N3-C5 1460(5) C10-C11 1.389(5)
C1-C2 1.366(5) Cl11-C12 1.367(5)
C1-C6 1366(5)  C13-C13* 1.278(6)
@/° ®/°
01-N1-02  125.04) (C3-C4-C5 116.1(3)
01-N1-C1  -117.84) N3-C5-C4 119.0(4)
02-N1-C1  117.24)  N3-C5-C6 118.2(4)
03-N2-04  125.4(4) C4-C5-C6 122.8(4)
03-N2-C3  119.14) C1-C6-C5 118.0(3)
04-N2-C3  11554) C8-C7-C12 119.7(3)
05-N3-06  125.4(5) C8-C7-C13 122.1(3)
05-N3-C5 116.9(5) C12-C7-C13 118.2(3)
06-N3-C5  117.7(5)  08-C8-C7 123.2(3)
N1-C1-C2  1193(4)  08-C8-C9 117.3(4)
NI1-C1-C6  117.8(4)  C7-C8-C9 119.4(3)
C2-C1-C6  122.9(4) C8-C9-C10 122.5(4)
Cl-C2-C3  116.7(3)  C9-C10-C11 119.5(3)
N2-C3-C2  116.94) Cl0-C11-C12  118.1(3)
N2-C3-C4  119.7(4) C7-C12-Cl11 120.7(3)
C2-C3-C4  1234(3) C7-C13-C13*  120.8(4)

Fig. 6. The crystal structure viewed along the b axis of form II.

(¢) Crystal Structure of NSAP. The NSAP molecule
is planar, and the bond lengths in the molecule are in
agreement within the experimental errors with those re-
ported previously.¥ However, the quinonoid character ap-
pears clearly in the benzene ring in the present analysis. The
phenolic C-O distance, 1.355(4) A, is confirmed to be longer
than that observed in form I and comparable with that in form
. The O---N distance, 2.575(4) A, is comparable with that
in form II.

(d) Comparison of the Structures.  Crystals of form

T are thermochromic, although the O- . -N distance in the hy-

drogen bonded chelate ring is significantly longer than those
found in the crystals of NSAP and the CT complexes of anil
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derivatives.'” This fact shows that the thermochromism in
this series of crystals is not governed only by the O---N dis-
tance. The phenolic C-O distance in form I is the shortest
among those in the crystals of forms I and II, and NSAP.
This contraction of the C—O bond is an indication of a large
contribution of the keto form in form I. The C.--C distances
between the overlapping molecules in form I decrease with a
decrease in temperature. This fact suggests that the interac-
tions between the overlapping molecules in form I stabilize
the keto form even at 80 K. The NSAP molecule in form
II has the similar O---N distance and C-O length to those
in thermochromic NSAP crystal. The difference in the ther-
mochromic properties of these crystals cannot be explained
by the difference in the molecular geometry. It is of note
that the NSAP molecule in form II is disordered around an
inversion center, while that in the NSAP crystal is ordered.
The difference in the imino C-N distances was within 3 a.u.
among the crystals of forms I and II, and NSAP.

IR-Visible Absorption and Theoretical Studies. The
theoretical potential curve of the proton in NSAP is shown
in Fig. 7. The enol form is more stable than the keto form.
The energy difference between two forms is calculated to
be 21.3 kI mol~! and the activation energy is 39:3 kJ mol~.
The observed energy difference is obtained by measuring the
absorption spectra of the single crystal at various tempera-
tures and plotting log (O.D.) against 1/T from the absorption
spectra.>*®

Figure 8(a) shows the spectra of the NSAP crystal at var-
ious temperatures and Fig. 8(b) depicts the variations with
temperature of the optical density of the thermochromic band
at 500 nm. The spectral behavior does not depend on the di-
rection of the polarized light. The energy difference is found
to be 7.5 kI mol~!. This value is comparable to the theoret-
ical value and almost equal to the experimental value (2.17

39.3kd/mol

21.3kJ/mol

Fig. 7. The theoretical potential curve of the proton in the
NSAP system.
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Fig. 8. (a) The absorption spectra and (b) the plot of

log (0.D.) at 500 nm against 1/7 of the thermochromic band
at 500 nm of the NSAP crystal.

kcal mol~! =9.08 kJ mol~!) obtained by Hadioudis and co-
workers.” Their value was obtained by the measurement of
the polycrystalline films between optical quartz plates.

The polarized absorption spectra at room temperature of
the NSAP/TNB crystal (form I) are shown in Fig. 9. The
spectra have two bands in the vicinity of 400 to 550 nm. The
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Fig. 9. The polarized absorption spectra at room temperature
of the NSAP/TNB crystal (form I).

first band at 530 nm is mainly observed as the shoulder for
the light polarized perpendicular to the stacking axis (c axis),
but the second band at 430 nm is observed more intensely
for the light polarized parallel to the c axis. That is, the first
band at 530 nm can not be assigned to the CT band.

Figure 10 shows the polarized spectra of the NSAP/TNB
crystal (formI) at various temperatures for the light polarized
(a) parallel and (b) perpendicular to the ¢ axis. The tempera-
ture dependence of the visible spectra can be mainly observed
for the light polarized perpendicular to the ¢ axis. This means
that the origin of the thermochromism of the NSAP/TNB
crystal (form I) is the same as that of the NSAP crystal. The
CT band can not be observed due to the small overlap inte-
gral between the HOMO of NASP and the LUMO of TNB.?¥
The plot of log (O.D.) at 500 nm against 1/7 from the spectra
for the light polarized perpendicular to the ¢ axis is shown
in Fig. 11. The obtained energy difference is 4.6 kJmol~!.
This value is about half of the value (7.5 kJmol~!) of the
NSAP crystal. This fact supports the opinion of Inabe and
co-workers that the CT interaction has a great influence upon
the potential curve of the proton.” The temperature depen-
dencies of the IR polarized spectra are shown in Fig. 12.
The intensity of the yYOH band at 814 cm™! increases with
cooling temperature. This fact means the proton transfer in
the hydrogen system occurs during the thermochromism.

Conclusion. The NSAP/TNB (form I) crystal shows
the reversible thermochromism and its color changes from
yellowish orange to pale green upon cooling temperature.
The lattice constants decrease monotonically with cooling
and the intensity variation of the thermochromic band can
be interpreted by the Arrhenius relation. The intermolecular
weak CT interaction modifies the potential energy curve of

Thermochromism of the NSAP/TNB CT Crystal
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Fig. 10. The polarized absorption spectra of the NSAP/TNB
crystal (form I) at various temperature for light polarized
(a) parallel and (b) perpendicular to the ¢ axis.

the proton, although the charge-transfer interaction is weak
in this crystal. The component molecule (NSAP) in form I
makes a great contribution of the keto form, while we can
not obtain the direct proof of the proton transfer. This means
that the average O-H bond length is determined by the proton
population energy curve of the hydrogen-bond system and
the proton transfer causes the reversible thermochromic phe-
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Fig. 11. The plot of log (0.D.) at 500 nm against 1/T of the

thermochromic band of the NSAP/TNB crystal for the light
polarized perpendicular to the ¢ axis.
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Fig. 12. The temperature dependence of the infrared spectra
of the crystal (form I) of the NSAP/TNB complex.

nomenon in the solid phase under the thermal equilibrium.
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