
Q 
111 
1J 
7i  - 2 z Solid-state electronic absorption, fluorescence and 13C CPMAS 

NMR spectroscopic study of thermo- and photo-chromic aromatic 
Schiff bases 

Sergio H. Alarchn," Alejandro C. Olivieri,*iu Alison Nordonb and 
Robin K. Harris * 9 b  

a Departamento de Quimica Analitica, Facultad de Ciencias Bioquimicas y Farmacduticas, 
Universidad Nacional de Rosario, Suipaclza 531, Rosario (2000), Argentina 
Department of Chemistry, University of Durham, South Road, Durham, UK DHI 3LE 

Solid-state electronic absorption, fluorescence emission and I3C CPMAS spectroscopies have been applied 
to a series of aromatic Schiff bases displaying both ground and excited state intramolecular proton 
transfer phenomena. All the results can be explained on the basis of a thermal equilibrium between enol- 
irnine and keto-enamine tautomeric forms in the crystalline state. Most of the studied compounds are 
thermochromic. However, a few are photochromic. The carbon-13 NMR data in the solid state show, in 
general, residual (l3C,l4N) dipolar coupling effects. In certain cases, however, where fast proton transfer 
occurs in the ground state, these effects are shown to be self-decoupled. 

Introduction 
Reversible solid-state thermal and photochemical reactions are 
of interest due to their potential use as a basis for optical data 
storage devices.IV2 We have previously studied the solution- 
state proton transfer tautomerism both in the ground and 
excited states of the aromatic Schiff bases 1-15 (Scheme I )  
using a variety of spectroscopic techniques together with semi- 
empirical molecular orbital and chemical ionisation calcul- 
ation~.~" Excited-state intramolecular proton transfer (ESIPT) 
takes place upon irradiation of one of the tautomers accord- 
ing to a so-called Forster cycle (Scheme 2). In certain cases, 
however, it has been reported that excitation of tautomer a in 
the solid state gives the excited state b* which does not fluor- 
esce, but undergoes a cis-?runs isomerization to give a dark 
coloured photoproduct c, which then reverts to a or b 
(depending on their relative stabilities, see Scheme 2).'*' This 
latter process is slow in the dark, but is accelerated by irradi- 
ation of c with visible light.' In this report we assess the possi- 
bility that these processes also operate in the solid state for the 
materials 1-1 5. Electronic absorption and fluorescence spec- 
tral data help to characterize whether the studied materials are 
photo- or thermo-chromic in the solid state. Carbon-13 
CPMAS NMR results on the series 1-10 indicate the absence 
of the well-known (13C,14N) residual dipolar coupling effects 
due to proton transfer induced self-decoupling in certain 
cases. In others, the effects are present as the expected 2 :  1 13C 
doublets. This allows us to distinguish between compounds 
significantly displaced towards one of the tautomeric forms in 
the solid state on the one hand, and proton energy profiles of 
a double-well type on the other. 

Experimental 
All compounds were synthesized following known methods. In 
particular, compounds 11-15 were synthesized according to a 
recently described 

Electronic absorption spectra were recorded on a Beckman 
DU 640 spectrophotometer on thin solid films deposited on one 
of the internal walls of a quartz cuvette. Fluorescence emission 
spectra were obtained with a JASCO FP 770 spectrofluori- 
meter, following irradiation of a thin film of solid deposited on 
a black surface covered with a polymethylmethacrylate film. 

Solid-state I3C CPMAS NMR spectra were recorded on a 
Chemagnetics CMX 200 NMR spectrometer operating at 50.33 
MHz for 13C. Spectral conditions were: pulse duration, 4 ps; con- 
tact time, 1-5 ms; spectral width, 20 kHz; pulse delay, 3.5-100 s, 
acquisition time, 102.4 ms; spin rates, 4-5 kHz. Interrupted 
decoupling spectra were obtained by inserting a delay of 50 ps 
with no 'H decoupling prior to acquisition. Variable tempera- 
ture spectra were obtained for compound 7 by cooling with N, 
gas. The temperatures were measured at the inlet gas and are 
uncalibrated. Chemical shifts are referenced through the use of 
the high frequency adamantane peak (6, = 38.4 ppm with 
respect to tetramethylsilane) by replacement. 

Results and discussion 
Electronic absorption and fluorescence spectroscopy 
Table 1 summarizes the UV-VIS absorption and fluorescence 
emission data, along with the calculated Stokes shifts (AE) for 
compounds 1-15 in the solid state. The absorption maxima, at 
approximately 330-370 and 450480 nm, are similar to those 
registered in s o l ~ t i o n . ~ ~ ~  These two bands are assigned to tauto- 
mers a and b, respectively. The relative intensities of these bands 
help to characterize the position of the tautomeric equilibrium 
a G== b in the solid state, as previously described for 
 solution^.^" The results show that compounds 1-5 exist primar- 
ily in form a, compounds 11-15 in form b and compounds 6-10 
as equilibrium mixtures of tautomers a and b. Fig. 1 illustrates 
representative results of solid-state electronic absorption spectra 
for the parent compounds 3,8 and 13. However, the information 
on the relative populations of tautomers which can be gathered 
from absorption spectra is only qualitative, since the intrinsic 
extinction coefficients for each pure tautomer are not known. 

Fluorescence measurements revealed that only compounds 3 
and 4 are photochromic, i.e. they do not fluoresce upon irradi- 
ation but transform into dark red photoproducts which revert to 
the normal yellow form after a few minutes, even in the dark. 
The structure of the photoproducts is still under some debate, 
but it has been suggested that they are produced by a cis-tmns 
rearrangement around the Cl-C(N) double bond in the excited 
state of tautomer b. This gives a product which is no longer able 
to transfer the proton, and reverts thermally and very slowly to 
the normal state (tautomer a). The existence of these photo- 
transformations in the solid state has been related to the avail- 
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able space in the crystal for the cis-trans reaction (refs. 6 and 7). 
The rest of the compounds studied are strongly fluorescent 
upon irradiation at both absorption maxima, as shown in Table 
1. The emission wavelength is approximately independent of the 
irradiated band, implying that the emitting species is tautomer b 
in all cases. The results are consistent with the existence of a 
Forster cycle (Scheme 2), and are both qualitatively and quanti- 
tatively similar to those previously found for  solution^,"^ except 
for the photochromic materials which display a phenomenon 
typical of the solid phase. In particular, for the thermochromic 
compounds, the Stokes shift is of the order of 10 000 cm-' when 
the band corresponding to tautomer a is irradiated. 

Table 1 
pounds studied 

Electronic absorption and fluorescence data for the com- 

Compound l.,,/nm IJnm AElcm-' 

1 33 1 
453 

2 325 
450 

3 347 
450 

4 322 
460 

5 3 74 
450 

6 374 
450 

7 3 80 
490 

8 375 
455 

9 322 
448 

10 374 
480 

11 3 50 
457 

12 h 
457 

13 340 
435 

14 h 
450 

15 h 
460 

580 
580 
5 70 
5 70 
U 

U 

U 

U 

575 
h 
600 
600 
540 
540 
540 
540 
565 
565 
570 
570 
h 
h 
h 
540 
530 
530 
h 
h 
h 
h 

12 970 
4 833 

I3 225 
4 195 
- 
- 
- 

1645 
9 346 

10 071 
5 457 
5 991 
2 185 
8 148 
3 459 

I3 648 
4 622 
9 122 
3 289 

- 

- 
- 
- 
- 
10 540 
4 120 
- 
- 
- 
- 

* Photochromic materials (see text). Not observed. 

300 350 400 450 500 550 
A/nm 

Fig. 1 
(h)  conipound 8 and (c) compound 13 

Electronic absorption spectra of solid films of: (u) compound 3, 

I3C CPMAS NMR spectroscopy 
Table 2 summarizes the high resolution I3C CPMAS N M R  
results. To assist in spectral assignment, spectra were obtained 
for the normal cross polarization (CP) mode and also using the 
interrupted decoupling method, which selectively detects qua- 
ternary and mobile methyl carbons. The results for compounds 
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Table 2 Carbon-13 NMR results for quaternary carbons in compounds 1-10 in the solid state 

Compound 

Carbon 1 2 3 4 5 6 7 8 9 10 

1 120.7 
2 161.5 
4a 
8a 
1 '  132.0" 

4' 150.7 
148.3' 

719 151.5" 

- 
- 

120.3 120.0 118.4 119.7 109.5 107.4 
161.5 162.3 161.2 160.9 168.7 170.2 
- - - - 127.3 127.9 
- - - - 131.7 135.1 
143.6" 149.1" 151.1" 151.3" 133.6 135.1 

157.7 cl 133.1 145.8" 152.2 159.4 

164.8" 164.2" 163.8" 164.8" 149.1 148.9 
149.6b 

107.9 108.1 108.7 
180.0 179.5 175.3 
126.4 127.0 127.9 
133.3 133.9 133.2 
139.0 143.6" 144.2 
I 37.6b 
d 133.9 144.2 

145.9 149.1" 150.9 
144.8' 

" Broad signal. ' Splitting produced by residual ("C,"N) dipolar coupling. The CH=N carbon. These are C-H carbons (shifts not assigned). 

1-5 are consistent with a structure dominated by tautomer a, as 
in ~olut ion.~ The carbon chemical shifts are closely similar to 
those registered in solution, particularly the one assigned for 
carbon C2 (eg. for 3 162.3 ppm in the solid state, Table 1 ,  and 
160.9 ppm in CDCI,, ref. 3), which is the signal most sensitive to 
the position of the tautomeric equilibrium. However, the res- 
onance attributed to carbon C1' appears significantly broad- 
ened with respect to other quaternary carbons in the molecule. 
This distinctive broadening can be ascribed to the presence of 
the bonded I4N atom, and is due to incompletely averaged 
( I3C,I4N) dipolar coupling.* This residual coupling is normally 
manifested as an asymmetric splitting in the carbon signal, 
which in this case is not large enough to be distinguished in the 
spectrum but does produce a signal with a full width at half 
height of cu. 150 Hz. Similar broadening effects in nitrogen 
containing compounds where the carbon is double bonded to 
I4N have been reported previously.' The results for compounds 
1, 2,4 and 5 show similar features to those for 3 (see Table 2), 
confirming that they all exist as enolic tautomers in the solid 
state (as in solution). 

The results for compounds 6-10 are illustrative of the sensi- 
tivity of the NMR measurements towards the position of the 
tautomeric equilibrium and to the presence of a double-well 
energy profile for the motion of the labile proton. Compound 8 
(Fig. 2) shows a chemical shift for C2 (180.0 ppm), which is 
characteristic of the keto-enamine form b, and is similar to that 
registered in solution for compound 13 (C10, 181.0 ~ p m ) . ~  The 
signal ascribed to CI' clearly appears as a 1 :2 doublet with a 
splitting of +70 Hz, due to (13C,14N) residual dipolar coupling. 
The well-known first-order perturbation equation can be used 
fix- the calculation of this effect lo [eqn. (l)], where s is the doub- 

s = (9/2O)(Dx/vs)(3 cos2 D" - 1 + q sin' p" cos 2a") ( I )  

let splitting, D is the dipolar I3C,I4N coupling constant [ D =  
Cud45c)(nvs/z/45c2r3)], x is the I4N quadrupole coupling constant, 
vs is the I4N resonance frequency at the applied magnetic field, 
q is the asymmetry parameter of the 14N electric field gradient 
(EFG) and /3" and a" are the polar angles defining the orienta- 
tion of the internuclear vector Y in the EFG principal axis sys- 
tem. Analysis of model hydrazone compounds" allows us to 
estimate x as ca. -4 MHz and q as 0.2, while the angles D" and 
a" can be taken as 90" and 30", respectively, as was the case for a 
series of solid hydrazone structures previously studied." The C- 
N distance can be set at 1.41 A, by comparison with X-ray 
structures of related  compound^.'"^' Insertion of these values 
in eqn. ( I ) ,  together with v s =  14.5 MHz, gives the calculated 
splitting s as +85 Hz, in good agreement with that observed 
experimentally. The CH carbon C9 also appears as a doublet 
(s = +55 Hz) affected by the bonded 14N atom (see Table 2). 

Similar results were obtained for compound 9, i.e. C2 
appears at 179.5 ppm, while C1' is significantly broadened with 
respect to other quaternary carbons. In the case of compound 

I I I I I 
180 160 140 120 100 

6, 
Fig. 2 Carbon-13 CPMAS spectra at ambient temperature obtained 
using the interrupted decoupling (dipolar dephasing) pulse sequence for 
(a) compound 8 and (h)  compound 7. Spectral parameters: contact time 
1.5 and 2 ms, recycle delay 2.5 s and 20 s, number of transients 7000 and 
320, spin rate 4.0 and 4.5 kHz. 

7, on the other hand, C2 appears at 170.2 ppm. This value 
suggests the presence of significant amounts of both tauto- 
meric forms a and b in rapid equilibrium, and is similar to that 
observed in solution (169.3 ppm).' Following our hypothesis 
about the effect of proton transfer on the I3C,I4N interaction, 
the signal assigned to C1' (1 35.1 ppm) is a sharp singlet (Fig. 2). 
This latter signal remains as a singlet when the temperature is 
decreased to cu. 180 K, though all carbon resonances broaden 
on lowering the temperature. This means, in turn, that the solid- 
state proton transfer reaction induces a self-decoupling phe- 
nomenon of the residual (13C,14N) coupling of the type already 
described theoretically I*  and experimentally verified on aryl- 
azonaphthols." In the case of compound 6, the signal ascribed 
to the C-0 carbon C2 appears at 168.7 ppm (Table 2), close to 
that observed in solution (169.8 ppm).' I t  may be noticed that 
the carbon bonded to the NMe, group (C4', 151.3 ppm, com- 
pared with a solution value3 of 149.2 ppm) does appear as a 
1 : 2  doublet with a splitting of +130 Hz. This latter result is in 
good agreement with the calculations based on eqn. (1). Using 
the following values, taken from aromatic compounds substi- 
tuted with NMe, groups," x =  -4.3 MHz, q=O, /f"'90°, 
r =  1.37 A, vs = 14.5 MHz, the calculated splitting is +113 Hz. 
The pseudo motion induced by the proton transfer reaction 
only affects the carbons bonded to the NH nitrogen. This 
evidence confirms that the self-decoupling phenomenon 
observed for compound 7 (and also for 6, though here the situ- 
ation is complicated by an overlap of resonances) is not due 
to an overall molecular motion. The latter would collapse all 
residual dipolar effects. 
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X-Ray diffraction analyses have been extensively carried out 
on Schiff bases obtained from salicylaldehyde derivatives. 124720 

The results show that these compounds exist in the crystalline 
state in the enol-imine form a, in agreement with the spectro- 
scopic evidence discussed in the present report. Recently, the 
structures of three derivatives of 2-hydroxynaph thalene- 1 - 
carbaldehyde (including compound 6) have been reported. l7 

The bond lengths around the ring supporting the labile hydro- 
gen are averages between those expected for formally single and 
double bonds, suggesting the presence of a fast proton transfer 
equilibrium. Thus the X-ray structure of compound 6, in 
agreement with our N M R  results, shows bond lengths around 
the 0-C-C-N moiety as follows:2o C-O, 1.309 A and C-N, 
I .297 A, which are shorter and longer, respectively, than analo- 
gous lengths in salicylaldehyde derivatives (C-O, 1.33-1.34 
and C-N, 1.28 A). Furthermore, in the case of N-(Zhydroxy- 
I -naphthylmethylene)pyren- 1 -amine, the C-O bond lengths 
change on lowering the temperature (1.336 8, at 295 K and 
1.319 A at 120 K)." This implies that the solid-state structure is 
best represented by a fast equilibrium between tautomers a and 
b, both present in significant amounts. 

In conclusion, spectroscopic evidence is presented which 
shows that, for most of the Schiff bases investigated, the solid- 
state behaviour is closely similar to that observed in solution. 
There are, however, a few exceptions which show photo- 
chromic behaviour. Furthermore, the study of (13C,'*N) 
residual coupling effects allows a distinction to be made 
between dynamic proton transfer systems on the one hand, and 
structures which are significantly shifted towards one of the 
tautomers on the other. 
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