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Forms of Photochromic lndoline 
Spiropyrans and the Mechanism of 
Their Structural Conversions 
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Chernogolovka, Moscow Region, 142432, USSR 

(Received August 19, 1986; in fval form April 2, 1987) 

The results of the structure study of open merocyanine forms of indoline spiropyrans 
are reported. Structural factors stabilizing spiropyrans in the open state are discussed. 
The molecular and crystal structures of these compounds are discussed in detail as 
well as the intermolecular interaction energy in their crystals and the thermal stability 
of various isomers. From the point of view of the data obtained the most probable 
mechanism of spiropyrans photoconversions is considered. 

1. INTRODUCTION 

Photochromic materials are known to be employed in various branches 
of science and technology.' Spiropyrans (SP) of the indoline series 
are one of the most promising photochromic systems.* However, 
despite the intensive studies of these compounds, the mechanism of 
SP photochromic conversions and the relation between their structure 
and photochemical properties have not been quite elucidated. Ear- 
lier,3*4 based on the analysis of SP structure and photochromic prop- 
erties, we have shown the SP photochemical properties to be mainly 
explained by the fact that already in the ground state the Cspir,,-O 
bond ruptured upon photoexcitation is extended and weakened due 
to specific orbital interactions which increase in the excited state to 
result in the heterolytic dissociation of the bond. The structural factors 
affecting the above interactions, the length of the Cspiro-O bond and 
the quantum yield of the bond rupture have been found out. 
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252 ALDOSHIN AND ATOVMYAN 

Another important characteristic of the SP photochromic systems 
is the lifetime of the open merocyanate (MC) SP forms, hence, it is 
necessary to investigate in detail the MC forms structure and to find 
out the structural factors stabilizing SP in the open state. 

I: R; = CH,; & = NO,; R, = Br 
11: R; = CSH,,; & = NO,; R, = Br; & = NO,; RB = NO,; 
111, IV: RI = p--CH3--CsHlo; 
V: R; = H; R6 = NO,; R, = NOz. 

Our paper summarizes the results of the X-ray structure investi- 
gation of MC crystals I-V and makes a detailed analysis of crystal 
and molecular structures of their compounds, the energy of inter- 
molecular interactions in crystals, thermodynamic and kinetic stability 
of the discovered isomers. On these grounds the most probable struc- 
tural mechanism of SP phototransformations is considered. 

II. EXPERIMENTAL 

The major crystallographic data for the investigated MC I-V are 
listed in Table I. An experimental set of the reflections with I 2 2 4 )  
from the MC crystals I-V was obtained on a DAR-UM automatic 
diffractometer with CuKu-irradiation, graphite monochromator using 
the o - o/2w technique for each layer. No absorption correction was 
applied. The structures were solved by the direct methods and the 
heavy atom technique (MC I and 11) by a complex of the “Roentgen- 
75” programsS and refined by a full-matrix least-squares technique 
in anisotropic (non-hydrogen atoms) approximation. Only the posi- 
tional parameters were refined for hydrogen atoms, and the latter 
were assigned the isotropic thermal parameters Bi, = B,, + I. Due 
to strong thermal vibrations of C;, and C;, atoms in the MC I1 struc- 
ture their hydrogen atoms failed to be localized. The phenolate oxy- 
gen O1 atom was discovered on E-syntheses in the structures of MC 
IV and 111 simultaneously both in cis- and trans-sites relative to the 
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254 ALDOSHIN AND ATOWYAN 

vinyl CFC~ group. The heights of the electron density peaks cor- 
responding to the O1 and Oi atoms in these sites have appeared to 
be twice as low as for the other oxygen atoms. A simultaneous re- 
finement of the isotropic thermal factors of the O1 and Oi oxygen 
atoms and the population of their site has shown the 0, and Oi 
atoms to occupy -50% of their site. This points at the statistic dis- 
order of the whole of the phenolate fragment which is symmetrical 
with respect to the C4-C4a bond and the existence in the crystals of 
trans-cis and trans-trans isomers in nearly equal concentrations. The 
MC N crystal structure has an inversion pseudocentre between the 
molecules connected by a rotational symmetry axis C, which com- 
plicated considerably the structure refinement and accounted for heavy 
errors in the atom coordinates determination and high value of R- 
factor. Besides, the Ni-p-tolyl substituent makes strong thermal vi- 
brations about the N1-C i0 bond, which interferes with atom re- 
finement. As a result, we have failed to localize the hydrogen atoms 
in the p-tolyl fragment of the molecule. The hydrogen atoms could 
not be localized also in the MC I11 and IV structures of the statistically 
disordered water molecules. The pictures of the molecules with prob- 
ability ellipsoids of atomic thermal vibrations were performed with 
the “Ellids” program.6 The MC I and I1 atomic coordinates were 
reported by us earlier elsewhere,’** those of the MC 111-IV are listed 
in Tables 11-IV. The main MC I-V bond lengths and valence angles 
are given in Figures 1, 3-6. Quantum-chemical calculations of the 
MC electronic structure are performed by the “Viking” program using 
the CND0/2 m e t h ~ d . ~  The molecule geometry obtained from the X- 
ray analysis was used for the calculations. Figure 7 visualizes the 
charge distribution on the atoms of the investigated MC I, 11, V 
molecules. The evaluation of the intermolecular interaction energy 
(IMIE) in crystals was made in the framework of the atom-atom 
approximations using the “6-exp” potential ‘pij and taking into account 
the electrostatic component ‘pij.lo 

1 
2 

u = - C(Uij + Jli j )  

9.. 11 = -A,,rT6 + B,,,, exp( -a,,,,,rij) 

where A ,  B and a are the empirical parameters, rii is the interatomic 
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PHOTOCHROMIC INDOLINE SPIROPYRANS 255 

TABLE I1 
Coordinates of non-hydrogen (x 10’) and hydrogen (x 1W) atoms in the MC I11 

molecule 

Atoms X Y Z Atoms X Y Z 

4100(6) 
3538(6) 
38%(4) 
3988(1) 
3322(6) 

3942(3) 
3913(4) 
3424(4) 

3388(5) 

3804(3) 
3557(3) 
3346(4) 
3533(4) 

3@2(4) 
3803(4) 
3757(3) 

2593(4) 

3381(4) 

4361(4) 

4338(3) 
3837(4) 
4246(4) 
5 189( 5) 
5670(4) 
5269(4) 
5599(6) 
3181(6) 
3891 (4) 
3773(3) 

3483(4) 
2616(4) 
2428(3) 
1183(3) 
1125(3) 
314(3) 

6101(2) 
1904(4) 
997(3) 

5417(3) 
5652(3) 
7161(3) 
6579(3) 

8209(3) 
7628(3) 
6813(3) 
5313(4) 

6108(2) 
6476( 3) 

6121(4) 

5750(3) 
6139(5) 

4621(3) 
3917(3) 

8003(3) 

5393(3) 

6474(3) 

5759(3) 

8679(4) 

3222(4) 
1051(4) 
4114(2) 
3859(3) 
887(3) 

1 m ( 3 )  
2238(2) 
3706( 3) 
1473(3) 
1888(2) 
1182(2) 

1221(3) 
895(3) 

1550(3) 

1848(2) 
714(3) 

2899(2) 
3409(2) 

4125(3) 

2989(2) 

385(3) 

739(3) 

2040(3) 

945(3) 

4030(3) 

3593(3) 

4 W 3 )  

2199(2) 
1848(3) 

3773(3) 

3 x 4 4 )  
3632(4) 

3676(4) 
3812(4) 
3866(4) 
4880(6) 
312(4) 
3W3) 
394(4) 
493(4) 
424(4) 
436(4) 
213(4) 
255(4) 
247(4) 
308(3) 
384(4) 
639(4) 
558(3) 
584(3) 
529(4) 
622(4) 

283(3) 
340(4) 

372(3) 
362(4) 

2W4) 

4W3) 

3104(3) 
2463( 3) 
1669(3) 
1495(3) 
2115(3) 
2938( 3) 
2943(4) 

88613) 
7W3) 

775(3) 
544(3) 
555(3) 

.464(3) 
559(3) 
474(3) 
558(3) 
W(3)  
W 3 )  

549(3) 
5@(3) 

PM(3) 
882(3) 
848(3) 
935(3) 
457(3) 

96(3) 

556(3) 

633(3) 

398(3) 

2128(2) 
1647(3) 
1912(3) 
2573(3) 
3ow3) 

25(2) 
1W2) 

g w )  
3 4 m  
62(2) 

9 5 m  
42(2) 

447m 

2812(3) 
358(4) 

256(2) 

132(2) 

334(2) 

369(2) 
256(2) 
503(2) 
534(2) 
470(2) 
36(2) 
5(2) 

4 5 m  
277(2) 
132(2) 
278(2) 

where A,  B and a are the empirical parameters, rij is the interatomic 
distances, qi and qj are the point charges on atoms, rn, n are the kinds 
of atoms. The A, B and a parameters proposed by A. I. Kitaigorodskii 
with coworkers1° were used for calculation purposes. To calculate the 
hydrogen bond energy, the Morze function was employed: 

p,,(d) = Eo{l - exp[ -n (d  - - Eo 
where ED is the hydrogen bond energy for the equilibrium distance 
do, n is the empirical parameter. For the calculation of the electrostatic 
(Coulomb) interaction used atom charges were obtained through the 
“Viking” program. When calculating IMIE, the molecules located at 
not less than 50 A from the initial one were considered for the sum- 
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256 ALDOSHIN AND ATOVMYAN 

TABLE I1 (confinuafion) 

Anisotropic temperature factors (x lW) of non-hydrogen atoms in the MC I11 
molecule. Tanis = exp -(b,,h* + b,K2 + b3,1Z + b,,hK + blshl + b,KI). 

Atoms b, 3 bm b33 biz bl, bz3 

105 
160 
120 
386 
274 
227 
57 
125 
111 
48 
54 
90 
64 
84 
68 
63 
44 
80 
66 
41 
64 
84 
83 
64 
69 
130 
142 
62 
51 
51 
71 
71 
69 
69 
62 

34 
19 
79 
40 
76 
27 
28 
49 
36 
38 
33 
42 
27 
38 
37 
27 
28 
51 
41 
27 
60 
66 
61 
44 
36 
142 
50 
22 
27 
25 
28 
18 
23 
34 
21 

40 
27 
41 
58 
44 
65 
25 
44 
45 
26 
29 
30 
33 
39 
38 
36 
27 
33 
38 
29 
26 
29 
36 
40 
29 
37 
51 
34 
38 
34 
37 
41 
38 
29 
38 

-2 
-2 
-21 
- 58 
- 83 
- 23 
-5 
- 45 
.4 

- 16 
1 

- 29 
- 13 
- 29 
- 29 
- 11 
-1 
7 

- 27 
-6 
-2 
-8 
- 12 
7 

-1 
- 18 
- 30 

4 
-3 

2 
- 1  
-2 
-4 
-2 
20 

- 19 -8 
- 21 - 11 
- 26 - 15 
- 68 22 
-31 - 29 
- 68 - 10 
-5 -7 
- 25 -7 
- 33 - 15 
-7 -9  
-21 - 17 
-2 13 
- 11 -3 
- 10 20 
-21 -3 
-7 -1 
-2 7 
21 - 16 

-23 -3 
- 12 7 

7 - 22 
8 - 24 

-28 - 1  
7 - 10 

- 12 -4 
- 70 11 
- 42 47 
-3 -2 
-5 -9 
-1 -4 
-5 - 13 
- 12 - 12 
-8 10 
- 13 1 
-2 -2 

mation region. At such distances the contribution of the more distant 
electrostatic interactions into the total energy became negligibly small. 
The total IMIE for all the conjugated interactions with the molecule 
represents potential energy of the crystalline structure. The calcu- 
lation was carried out by the program developed at the crystal chem- 
istry laboratory of the Chemical Department of the Moscow State 
University on a BESM-6 computer. 
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PHOTOCHROMIC INDOLINE SPIROPYRANS 257 

TABLE I11 

Coordinates of non-hydrogen (x 104) and hydrogen (x lol) atoms in the MC IV 
molecule 

Atoms X Y Z Atoms X Y Z 
26n(4) 
3144(5) 
1424(3) 
562(3) 

1%2(4) 
lOOS(5) 
5171(2) 
1199(3) 
1625(4) 
4856(3) 
5434(3) 
6837(3) 
6113(3) 
7348(3) 
7 139( 3) 

5919(3) 

5365(6) 
4803(3) 
4614(6) 
4358(8) 
4111(4) 
4213(8) 

3736(6) 

6425(3) 

5399(7) 

4 w 6 )  

1366(2) 
129(2) 

1555(2) 
1189(1) 
- 234(2) 
- 46(2) 
1427(1) 
1257(2) 

4(2) 
lllO(2) 
826( 1) 
950( 1) 

1051(2) 
1218(2) 
1565( 2) 

1405(2) 
1-(2) 

590(3) 
609(3) 

2233(4) 
2 W 2 )  

1904(3) 

1767( 1) 
1926(3) 

2262(5) 

2780(2) 

2503(36) 
2332(0) 

2658( 18) 
1824( 3 1) 
2338(23) 
2608( 15) 
2493( 19) 
2387(27) 
2516(20) 
2533( 17) 
2642( 18) 
2576( 19) 
2484( 17) 
258 1 (20) 
2483(22) 
2554( 18) 
4350( 19) 
742(20) 

2617(18) 
852(20) 
846(20) 

2608(28) 
4 195( 28) 
4286( 16) 
2595(34) 

2Ww 

8158(3) 

3722(3) 
2937(3) 
2674(4) 
19 14( 3) 
1443(3) 
1708( 3) 
2461(4) 

2616( 11) 
2885( 11) 

693( 3) 
751(3) 
616(3) 
586(4) 

587(4) 
496(4) 

519(4) 
862(3) 
847(3) 
825(3) 
371(3) 
4@3(3) 
88(3) 

4084(3) 

4W3) 

573(4) 

2622(20) 
Z08( 18) 
2583(19) 
2468( 18) 
2578(18) 
2519(21) 
2555( 18) 
2515(20) 
Z50( 17) 
5069( 5 1) 
7018( 33) 
213(11) 
233(10) 
274( 17) 
432( 11) 

528( 11) 
78(10) 
51(10) 

213(10) 

320( 10) 

442( 12) 

- 49( 11) 

122(11) 

251(19) 
221( 1 1) 
278(15) 

111. DISCUSSION OF THE RESULTS 

1. The structure of the MC molecules 

MC I was obtained in ethanol solution upon U.V. irradiation of SP 
I and subsequently isolated from the solution as dark-purple  crystal^.^ 
The X-ray structure analysis of the SP I initial form and MC I pho- 
toproduct formed as a result of a Cspiro-O bond photorupture was 
allowed to follow the characteristic changes in conformation and bond 
lengths of the SP molecule. A general view of the MC I molecule is 
given in Figure 1. The photoproduct has an open structure in which 
0, and Giro atoms in a valent bonding with SP I are spaced at 4.17A. 
The trans-cis isomer which is H-bonded to a water molecule throu 
a phenolate 0, atom is present in the crystal (0, . . . H,,, = 1.77(4) 
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258 ALDOSHIN AND ATOVMYAN 

TABLE 111 (Continuation). 

Anisotropic temperature factors (x 104) of non-hydrogen atoms in the M C  IV 
molecule. 

C; 33 
G 34 
C L  30 
C i  30 
Q 36 
CS 36 
G: 25 
G 44 
Q 35 
c;, 32 

G 31 
c4 38 
c,. 35 
C, 50 

6 
9 

12 
18 
13 
19 
11 
12 
15 
15 
10 
11 
13 
15 
15 
11 
11 
13 
15 
11 
12 
16 
14 
18 
16 
17 
17 
9 

10 
14 
11 
13 
11 
11 
12 
24 

628 
350 
761 
432 

1771 
611 
217 
335 
569 
179 
196 
185 
186 
205 
302 
295 
264 
329 
375 
295 
627 
301 
517 
566 
234 
863 
265 
207 
229 
159 
271 
231 
180 
188 
205 

1558 

-4 
-3 
-3 

1 
3 

- 45 
-1 
-2 
- 22 
-8 
-2 

1 
2 

-2 
-5 
-4 

2 
3 
0 
2 

20 
29 
8 

25 
-2 
39 
10 

-4 
0 

-2 
- 19 
- 17 
- 13 

0 
-7 
- 14 

102 - 29 
55 0 

-77 - 36 
- 11 - 51 
- 15 - 82 
- 127 5 
- 38 19 
- 69 - 42 
- 78 52 
- 89 -6 
- 14 - 15 

69 25 
33 -1 
79 - 29 

- 53 -60 
1 - 19 

- 81 50 
44 10 
41 -64 

- 75 14 
- 191 - 46 
- 112 -2 

-4  54 
23 5 

- 20 -60 
-56 65 
127 57 
15 - 12 
17 -25 

- 24 34 
182 7 
- 30 62 
- 121 20 

51 14 
- 85 - 42 
- 110 21 1 

O1 . . . O,, = 2.75A [the angle OlH~Hzo)O(H20) is 157(5)"]. The 
molecule slightly deviates from the plane due to the rotation about 
the C&--C, and C4-C4, bonds by 11.7" and 4.6", respectively, which 
is evidently required by the intramolecular steric conditions or the 
packing arrangement in the crystal. 

The transition to the open form is followed by a full redistribution 
of the bond lengths in the molecule typical for merocyanate chrom- 
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PHOTOCHROMIC INDOLINE SPIROPYRANS 259 

TABLE IV 
Coordinates of non-hydrogen (x 104) and hydrogen (x 18)  atoms in the MC V 

molecule 

Atoms X Y Z Atoms X Y Z 

5622(4) 1592(2) 1629(2) 
2469(5) -2059(3) 1276(4) 
i117(6j 

l r n ( 4 )  

4103(6) 
1853(6) 

2175(6) 
3165(6) 
9181(5) 
9726(5) 

11307(5) 
12469(6) 
13822(6) 
14038(6) 
12877(5) 

9678(6) 
8787(6) 

6776(5) 

11560(5) 

77W5) 

5377(5) 
4464(5) 

- i m ( 3 j  
25W3) 
2191(3) 

- 1480(2) 
- 1310(3) 

1976(3) 

211(3) 
- 129(3) 

391(3) 
- 107(4) 
- 1109(4) 
- 1655(3) 
- 1125(3) 

- 790(3) 

854(4) 
712(4) 

- 967(3) 
- 1&7(3) 
- 70(3) 
7W3) 

289(5 j 
124(4) 
75(4) 

3189(3) 
836( 4) 
300(4) 

2915(3) 
3 W 3 )  
3438(3) 
3694(4) 
4026(4) 
4110(4) 
3863(4) 
3526(3) 
2206(4) 
3916(4) 
2485(4) 
2239(3) 
1711(3) 
1526(4) 

3167( 6) 
2746(6) 
3611(6) 
4901(5) 
7561(6) 
1030( 5 )  
1240(5) 
1472(5) 
1510(5) 
1299(5) 
1054(5) 
930(5) 

1020(5) 
877( 5 )  
919(5) 
769( 5) 
710(5) 
463( 5 )  
179(5) 
721(5) 
695( 5 )  
852(5) 

- 558(3) 

1036(3) 
915(3) 

334(3) 

- 2012(4) 
- 220(3) 

114(3) 
28(3) 

- 151(3) 
- 238(3) 

121(3) 
158(3) 
36(3) 
25(3) 

49(3) 

51(3) 

127(3) 
lOl(3) 

- 148(3) 

- 197(3) 
- 217(3) 
- 240(3) 

976(4) 
569(4) 
751(3) 

1374(4) 

314(3) 
368(3) 
424(3) 

2303(4) 

439(3) 
390(3) 
212(3) 
220(3) 
180(3) 
435(3) 
4w(3) 
3W3) 

5(3) 
W 3 )  

225(3) 
195(3) 

293(3) 
225(3) 

ophore.” Here the single bond length in SP I, N1,-C22, = 1.453(4)A, 
in the MC I structure is reduced to 1.336(6)A and approaches in its 
value the C=N double bond length in the five-membered hetero- 
cycles, 1.29-1.33 A.” An electrocyclic rupture of the Cspiro-Ol bond 
leads to a sharp reduction [down to 1.258(7) A] of the 01-C8, bond 
length between the O1 atom and the benzene fragment in MC I. This 
value coincides *th the length of the zwitterionic bond, for instance, 
in the DL-serine molecule, 1.26(1) A.12 The valence angle c4aC8ac8 
[115.4(5)”] in MC I is markedly decreased as compared with the 
ordinary meaning of 120°, which testifies for the increase of the u- 
electronic repulsion from the O1 atom due to localization of a con- 
siderable negative charge on this atom. Such a distribution of bond 
lengths shows evidence in favour of the bipolar (BP) structure (A) 
of the MC I molecule (Figure 2). Upon transition from the closed 
form to the photoproduct, the C,-N, bond length with the p-nitro 
group N atom reduces from 1.473(5) to 1.443(8) A. In the course 
of the transition the N2--02 and N,-0, bonds elongate as compared 
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260 ALDOSHIN AND ATOVMYAN 

TABLE IV (continuation) 

Anisotropic temperature factors (x 10") of non-hydrogen atoms in the MC V 
molecule. 

Atoms bl, b7.2 b33 bl* bl3 b23 

0 1  101 zo 74 2 - 49 -2 

0 3  196 79 168 - 76 - 263 -1 
0. 266 70 113 - 140 - 129 94 

N* 126 37 % - 41 - 16 11 
N, 144 42 54 5 -46 27 
c;, 96 19 29 1 - 27 6 
C; 102 15 35 - 33 2 1 
c;, 60 32 18 - 19 - 20 5 
c1 106 51 38 -68 - 48 -2 
Ci 117 65 33 - 53 - 22 -7 
G 73 49 47 - 10 -1 1 
C; 89 46 43 18 - 10 4 
c;. 88 15 27 - 24 - 27 2 
G 130 44 71 - 67 -4 60 
(3 150 42 44 2 -25 - 41 
c3 64 27 34 - 18 6 - 20 
C, 74 30 36 -7 - 24 -8 
C, 73 24 26 - 15 - 13 2 
cs 86 38 32 - 32 - 12 3 

90 29 47 - 11 - 17 - 12 
101 37 30 - 19 - 28 - 18 

G 
24 21 2 -8  7 

G 
95 
63 28 39 18 -9 -5 

c, 
117 42 67 13 -91 4 

c, 
ClO 

0 2  184 47 119 -80 - 73 13 

0 1  160 75 144 44 - 89 76 
Ni a4 23 26 - 15 - 14 -6 

FIGURE 1 A general view, major bond lengths and valence angles of the MC I 
molecule. 

D
ow

nl
oa

de
d 

by
 [

T
om

sk
 S

ta
te

 U
ni

ve
rs

ity
 o

f 
C

on
tr

ol
 S

ys
te

m
s 

an
d 

R
ad

io
] 

at
 1

3:
34

 1
9 

Fe
br

ua
ry

 2
01

3 



PHOTOCHROMIC INDOLINE SPIROPYRANS 261 

I 0 

FIGURE 2 Resonance structures giving the main contribution into MC. 

with the “eq~ilibriurn~~ value of 126.4” in aromatic nitrocompounds. l3 

This points at the strengthening of the S-character of the N2 atomic 
orbitals participating in the formation of the C6-N, bondI4 and tes- 
tifies for the strong resonance interaction of the NO2 group with the 
benzene ring. The simultaneous elongation of the C4a-Csa [1.430(8) 
A] and C,,-C, [1.456(8) A] bonds as well as the shortening of the 
C,-C, bond [1.359(8) A] in the benzene ring points at a considerable 
contribution made by the resonance quinoid B form into the structure 
of the p-nitro phenolate fragment (Figure 2). 

Attention should be paid also to the shortening of the C,<, bond 
[1.368(8) A] in MC I, which, with the simultaneous shortening of the 
C&,<3 bond to 1.420(7) A as compared with 1.483(5) in SP I 
and even with single Csp;?-c,,2 bond length (1.46 and some 
elongation of the C 3 - C 4  bond [1.345(7) A] compared to 1.329(6) A 
in SP I, indicates a considerable contribution of the resonance quinoid 
B form into the MC I structure (Figure 2). Mixing structures B and 
C results in delocalization of the electronic density between the bonds 
C4,-CS and c 5 4 6  and their simultaneous shortening which is thus 
less evident than for the C,-C, bond. In spite of the fact that the 
distance O1 . , . (H,--C,) of 2.28(5) At is short and the H3 atom 

tWith the ordinary value of C-H = 1.08 8, this distance is 2.19(5) A, while when 
taking into account the average statistical value of C-H = 0.95 8, obtained on X-ray 
analysis it is 2.24 A [M. R. Churchill, Znorg. Chern., 12, 5,  p. 1213 (1973)) 
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262 ALDOSHIN AND ATOVMYAN 

must be acidic as follows from the quantum-chemical charge calcu- 
lations on the MC I atoms (Figure 7), a small torsion rotation about 
the C4-Ch bond and an increase of the C3C4C4, angle up to 127.4(5)" 
and the C4,ChOl angle up to 125.0(6)' may point at the repulsion 
between atoms O1 and H3. A similar steric repulsion may also take 
place between atoms H4 and G,, which may result in increasing the 
valence angles C3&.C3. up to 129.5" and C&&, up to 123.9(5)O 
and a rotation about the &;--C3 bond by 11.7". 

Thus, the open MC I form is stated to have the most favourable 
sterically zwitterionic trans-cis A structure with a certain contribution 
from the B and C structures (Figure 2). Evidently, in MC I crystals 
the bipolar A structure should be to a considerable extent stabilized 
due to solvation of the negatively charged phenolate oxygen atom by 
a water molecule (Figure 1) which thus can markedly affect the elec- 
tronic structure and stability of the MC molecules. 

The crystal structure of MC I solvates allows us to assume that the 
substitution of the N-methyl group in the indoline ring for the longer 
and more bulky group may hinder the solvation of the phenolate 
oxygen atom. For this reason we have undertaken an X-ray study of 
the MC I1 N-pentasubstituted whose electronic properties are close 
to those of the methyl substituent. However, the former must create 
great steric hindrances for the MC molecule solvation. 

Actually, the molecules in the MC I1 crystals do not form any 
solvates. Similar to the MC I crystals, the molecules of MC I1 have 
a trans-cis structure which is only slightly deviated from the plane 
due to the torsional rotation about the G2-C3, C 3 - C 4  and C4-C4a 
bonds by 5.5, 6.7, and 8.6", respectively (Figure 3). The indoline 
fragment is planar, the c8, and G, atoms go out of the plane by 1.32 
and - 1.23 A, respectively. The molecule phenolate ring is slightly 
distorted, the atoms C4,, C5 and C, deviate from the ring plane by 
0.07,0.07 and -0.09 A, respectively. The phenolate atom of oxygen 
O1 goes out of the ring plane by 0.10 A. 

The bond length distribution in the MC I1 molecule in general 
parallels that of the MC I molecule. The absence of water molecules 
in the MC II crystals solvating the oxygen phenolate atom, however, 
leads to partial redistribution of electron density. Thus, the 01-C8, 
bond length is reduced to 1.228(6) A, which corresponds to the double 
e 0  bond.'* The shortening of the 01-C8, bond in MC I1 is fol- 
lowed by a subsequent decrease of the valence angle C4aC8aC8 down 
to 112.8(1)", which testifies for increasing of the electron repulsion 
from the 0, atom. The c4,-cSa, 1.473(6) A, and c8,<8, 1.470(6) 
A, bonds become even more elongated, while the C,< bond, 1.343(6) 
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PHOTOCHROMIC INDOLINE SPIROPYRANS 263 

Hf4.2’ 

FIGURE 3 A general view, major bond lengths and valence angles of the MC I1 
molecules. 

A, is shortened as compared with the similar bond lengths in MC I. 
The O,N,O, angle, 121.5(5)”, here is even more than in MC I de- 
creased in comparison with the “equilibrium” value. Such a structure 
of the p-nitrophenolate fragment indicates an increase in the contri- 
bution from the resonance quinoid B form into the zwitterionic A 
structure of the nonsolvated MC I1 molecules. The canonic B form 
contribution is noticed in the structure of the MC I1 molecules as 
well as in MC I (Figure 2). The N1,-CZ2’ bond, 1.316(5) A, in MC 
I1 is even shorter than in MC I,  which speaks in favour of its com- 
pletely double character and the positive charge localization mainly 
on the N,. atom. 

Therefore, the investigation performed has shown the open SP form 
structure to be a hybrid structure of resonance A (the largest con- 
tribution), B and C forms, while the contribution of each of them, 
depending on the structure factors in the molecule, may change and 
the equilibrium shift mostly towards one of them. Hence, the sta- 
bilization of open MC molecules must be connected with the stabi- 
lization of one of the above resonance structures. The MC I crystal 
structure testifies for the fact that the solvation of the phenolate 0, 
atom stabilizes to a great degree the zwitterionic A structure itself. 
The stabilization of the canonical B structure can be carried out, for 
instance, through annelation of some new benzene nuclei to the phen- 
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264 ALDOSHIN AND ATOVMYAN 

olate benzene ring. This addition of the new benzene nuclei in po- 
sitions 5-16 and 7-18 should additionally stabilize form B because 
of preserving the specific aromatic structure of the naphthalene frag- 
ment with shortened bonds "a" and elongated bonds "b", while 
annelation in positions 6-7 should destabilize it. 

In MC I and I1 the p-NO,-substituents in the phenolate ring shift 
the equilibrium towards the quinoid B form, thus stabilizing the un- 
stable zwitterionic form. On these grounds we assume that the in- 
troduction of one more NO,-group into the 0-position to the O1 atom 
of this fragment should increase the stability of the open MC form. 
For this compound it is the MC and not the SP form that is actually 
more stable in solution.16 The solutions of this compound are of 
intense colouring losing their colour upon visible light irradiation."j 
A strong influence of the electron accepting (EA) NO,-groups ac- 
counts for crystallization of dinitro-substituted SP in the coloured MC 
state. An X-ray study of these crystals has shown the compound to 
crystallize in two polymorphic modifications: monoclinic and rhom- 
bic. 

In monoclinic modification-MC 111-the molecules have approx- 
imately planar trans-cis structure relative to the vinyl C 4 ,  bond 
with slight rotations about the (&-C3, C3-C4 and C4-C4, bonds 
by 3.1, 4.7 and 2.7", respectively, which is analogous to the MC I 
and I1 structures. In contrast to MC I and 11, however, the oxygen 
phenolate atom is approximately equivalently disordered in %is and 
!%trans positions to the C3--C4 bond. Therefore, the crystal possesses 
in equal ratios the trans-cis and, for the first time experimentally 
discovered, trans-trans isomers. The nitro groups are non-coplanar 
with the benzene plane and form with it angles of 10.3" and 1.6". The 
benzene ring itself is planar, the O1 atom going out of its plane by 
0.15 A and 0; by 0.01 A. The N-phenyl substituent turns out of the 
indoline fragment plane about the N1,-Clo. bond by 65.1", which is 
accounted for by the intramolecular steric conditions, in particular, 
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PHOTOCHROMIC INDOLINE SPIROPYRANS 265 

by repulsion from the H3 and H;, atoms. The trans-trans isomer in 
the crystal is solvated by the water molecule (0; . . . OHz0 = 2.44 
A) which occupies its position for 50%. As a result of the oriented 
disarrangement of the phenolate fragment in two positions, the dis- 
tribution of its bond lengths becomes averaged and no conclusion can 
be made as for the character of the bond length redistribution upon 
the introduction of the second NO2-group into the o-position towards 
the 0, atom. Nevertheless, the bond lengths C6-N3 = 1.445(7) A 
and C8-N2 = 1.456(7) A with both the nitro groups are shortened 
and the angles 02N203, 121.3(6)”, and 04N305,  120.0(6)”, are de- 
creased compared with the “equilibrium” values. This testifies for 
the strong resonance interaction of these groups with the n-system 
of the phenolate ring. The C4a,5, 1.441(7) A, and C,,--C,, 1.432(7) 
A, bonds are elongated but the C A ,  1.368(8) A, and C,-Cs, 
1.368(7) A, bonds are shortened in comparison with the normal value 
in the benzene ring. The remaining bond lengths in the MC I11 mol- 
ecule (Figure 4) coincide, within the error limits, with the bond lengths 
in the MC I and I1 molecules (Figures 1,3), although the bond lengths 
NL‘-(&, 1.350(6) A, G2$--C,, 1.439(6) A, and C,-C,, 1.375(6) A, 
tend to elongate. 

An X-ray study of the rhombic modification-MC IV-has shown 
the two isomers-trans-cis and trans-trans-to appear in the crystals 

FIGURE 4 A general view, major bond lengths and valence angles of the M C  I11 
molecule (the phenolate 0 atom is disordered with equal probability in 0, and 0; 
positions). 
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266 ALDOSHIN AND ATOVMYAN 

of this compound. The MC IV molecule is nearly planar, the angles 
of rotation about the G,--C, and C4--C,, bonds being 11.3 and 
10.1", respectively. The nitro groups turn out of the phenolate ring 
plane by the 13.3 and 6.0" angles. The character of the bond length 
distribution in MC IV, within the limits of error, coincides with the 
mode of the bond length distribution in MC I11 (Figure 5). 

As is the case with the MC I11 crystals, half the molecules of the 
MC IV crystals are solvated by water molecules (H,O) and also 
occupy their positions for 50%. However, in contrast to MC I11 the 
solvation in MC IV proceeds not on the O1 atom of the trans-trans 
isomer but on the less sterically accessible O1 atom of the trans-cis 
isomer [0, . . . OHz0 = 2.97(3) A], which leads to further turning 
out of the N,.-phenyl substituent from the molecule plane by 87.9". 
Such a structure completely excludes the possibility of conjugation 
of the N1. atom lone electron pair with the phenyl substituent 
m-system. The energetically unfavourable breaking of the conjugation 
aroused by steric hindrances during the solvation is evidently com- 
pensated by the gain in the MC IV solvation energy. For the non- 
solvated molecules of the trans-trans MC IV isomer the above struc- 
ture must be unfavourable. Strong thermal vibrations of the phenyl 
atoms and their low localization accuracy may point to the statistical 
disarrangement of the phenyl fragment in several neighbouring po- 

FIGURE 5 A general view, major bond lengths and valence angles of the MC IV 
molecule (the phenolate 0 atom is disordered with equal probability in 0, and OI 
positions). 
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PHOTOCHROMIC MDOLINE SPIROPYRANS 267 

FIGURE 6 A general view, major bond lengths and valence angles of the MC V 
molecule. 

sitions as a result of this fragment becoming more planar in the trans- 
trans isomer. In the MC IV crystals there are also other water mol- 
ecules.(HzO) occupying -25% of their positions at a distance of 
2.30(3) A from the solvated HzO molecules positions. 

Hence, the solvation of the oxygen phenolate atom should be a 
characteristic feature of the MC molecule in the planar solvents but 
for the steric hindrances. The introduction of the additional EA NOz- 
group into the phenolate fragment stabilizes one more trans-trans 
isomer which is probably in equilibrium with the trans-cis isomer in 
solution, which results in their common crystallization. 

This conclusion has shown the necessity of a more detailed study 
of the trans-trans isomer structure. To decide this problem we have 
carried out an X-ray structure investigation of the o,p-diN0,-substi- 
tuted MC V where the vinyl group hydrogen atom is replaced by the 
CH,-group, which prevented the formation of the trans-cis isomer. 
Actually, the MC V crystal molecules have a trans-trans structure 
(Figure 6) and are chained to each other with the hydrogen bond 
0, . . . H& = 1.70(4) 8, which belongs to stable hydrogen b0nds.l' 
The steric interactions arising between the methyl group Clo atoms 
and the H, sin-atom push out the phenolate fragment of the molecule 
plane due to the rotation about the C4-C4a bond by 20.3'. However, 
such a turn may be insufficient to reduce the steric stress in the 
molecule, while striving to preserve the planar structure with the 
delocalized electron density interferes with the further acoplanari- 
zation of the molecule which leads to the deformation of the valence 
angles: C4C3Cl, up to 124.6(4)", C3C4C4a and C4C4,C, even up to 
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268 ALDOSHIN AND ATOVMYAN 

133.3(4) and 127.0(4)", respectively. The torsion rotations about the 
&-C3 and C3-C4  bonds amount only to 6.1 and 8.3", respectively. 

The absence of disorder in the MC V molecule has allowed us to 
find out the specificities of the o,p-di-N02-substituted MC structure. 
The o,p-dinitrophenolate fragment is nonplanar. The benzene frag- 
ment has conformation "boat" folded along the Ch . . . Cs line by 
7.3" and along C, . . . C, by 2.3". The p-NO2-substituent goes out of 
the averaged ring plane by 8.3" and the o-NO,-substituent by 27.2". 
The latter is called forth by the steric repulsion of the 0, and O4 
atoms (0, . . . O4 = 2.734 A). The bond length 0,-C8, = 1.269(5) 
A is close to the length of the same bond in MC I, where the 0, 
atom, like that in MC V, participates in a strong hydrogen bond. 
These bonds are longer than the O,-C,, bond in MC I1 where the 
O1 atom does not take part in ihe intermolecular hydrogen interac- 
tions. The intramolecular valence angle C4,C,C8, 115.4(5)", in MC 
V is also close to the magnitude of the same angle in MC I proving 
that the similar a-electron repulsion from the 0, atoms exists in both 
the molecules. It seems strange that in MC V the length of the C c N 2  
bond with p-NO2-substituent, 1.480(7) A, within the limits of error, 
is the same as the lengths of the analogous bonds in the closed SP" 
and not shortened compared with them, like in MC I, 11. The mag- 
nitude of the valence angle 02N203, 125.0(6)", is close to its "equi- 
librium" value in aromatic nitrocompounds.13 All this points at a 
considerably weaker resonance interaction of the p-N02-group with 
the phenolate fragment =-system as compared with MC I and 11. The 
Cs-N3 bond, 1.462(6) A, with the o-NO,-group is shorter than that 
with the p-NO,-group, although it remains longer than in MC I and 
11. The valence angle 04N305, 121.6(5)", also is decreased as com- 
pared with the "equilibrium" value. Since it is shown" that there is 
no correlation between the C,,-N,, bond length and the angle of 
the NO2-group rotation about this bond, the results obtained confirm 
a stronger resonance interaction of the o-NO2-group with the benzene 
ring =-system as compared with that of the p-Norgroup. The ben- 
zene ring has two bonds which are elongated, those of Ch-Csa, 
1.460(6) A, and Cs.<a, 1.440(6) A, and only one bond that is 
shortened, ws, 1.356(7) A. Taking into consideration the de- 
scribed structure of the o,p-dinitrophenolate fragment, such a dis- 
tribution of bond lengths in the phenolate ring can hardly be ac- 
counted for by the contribution of the quinoid forms B and D and 
is thought to be more complicated. The quinoid B form contribution 
into the phenolate fragment structure is also very small, and the 
elongation of the G.4, bond up to 1.443(6) and the further 
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PHOTOCHROMIC INDOLINE SPIROPYRANS 269 

shortening of the N,.+2, bond down to 1.301(5) A as compared 
with MC I and I1 points at the reduced contribution of this form into 
the whole MC V molecule structure. The total distribution of the 
phenolate fragment bond lengths leads to elongation of the C8a-C4a 
and Cs,--Cs bonds, which may be the result of the cr-electron re- 
pulsion from the negatively charged 0, atom, and some shortening 
of the C,-C,, 1.374(6) A, and C7-C8, 1.356(7) %I, bonds between 
the two nitrogroups which may be the result of the electron-acceptor 
influence of these substituents. The latter conclusion is in accordance 
with the statistical data,I3 which shows that the bond lengths of the 
benzene ring attached to the nitrogroup have a tendency to reduce. 

It should be noted that in spite of the statistical disarrangement of 
the o,p-dinitrosubstituted phenolate fragment in MC I11 and IV, the 
character of their bond distribution is the same as in MC V. 

Thus, the MC molecule with 0- and p-NO2-groups in the phenolate 
fragment has mainly a bipolar structure (D) with a marked distortion 
of the phenolate cycle aromaticity. 

E I 

An experimentally established fact of the formation of two isomers 
in the o,p-dinitrosubstituted MC I11 crystals has put a question of the 
reasons why these isomers are stabilized and of the possible formation 
of other MC isomers. In this connection we have paid special attention 
to the analysis of the MC isomers and their relative stability. 
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270 ALDOSHIN AND A T O W A N  

2. Geometrical isomers of the open MC forms 

The study of geometrical isomerism and relative stability of the open 
MC form isomers is extremely important both for the understanding 
of the SP photochromism mechanism and the explanation of the MC 
special behaviour, especially, location and appearance of the long- 
wave absorption which, together with SP photoactivity and MC form 
stability, is an important factor determining the practical application 
of the SP systems.18-20 A large number of theoretical have 
been devoted to the investigation of the relative stability of monomers 

FIGURE 7 Charge distribution (x 10') on the atoms of the MC I, I1 and V molecules 
obtained using the CNDOn method (open bonds correspond to H atoms). 
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PHOTOCHROMIC INDOLINE SPIROPYRANS 271 

of small model SP and MC and the influence of various substituents 
on their spectral characteristics. The X-ray analysis of MC I-V has 
demonstrated the planar MC structure to stabilize due to the electron 
density delocalization in the molecule. The introduction of the bulky 
substituents interfering with the planar molecule structure, as is the 
case with MC V, gives rise to a considerable deformation of the 
valence angles decreasing the molecule acoplanarization to the ut- 
most. Hence, only planar isomers are stable for sterically unstrained 
MC molecules. In all the MC crystals investigated there appear trans 
isomers (E) relative to the vinyl C 3 4 4  bond (Figure 8a,b). The 
analysis of the MC cis-isomer structure (Figure 8c,d) has shown that 
strong steric interactions arising in these molecules should interfere 
with the appearance of the cis isomers. The formation of planar 
E-S-cis(N,., C,) isomers relative to the &,-C, bond (Figure 8e,f) 
is also impossible because of steric conditions. This is confirmed by 
the structure of compound VI in which the steric interactions actually 
interfere with the appearance of the E-S-cis (Nl, N2) planar struc- 
ture and lead to the formation of a less favourable E-S-trans (Nl, 
N2) isomer with the N2 and 0 centres brought nearer. Therefore, the 
final formation of only planar trans-cis and trans-trans isomers 

-0  

k d 

FIGURE 8 Geometrical isomers of planar MC molecules. 
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272 ALDOSHIN AND ATOVMYAN 

I 

as the main equilibrium products is mostly probable for sterically 
nonstrained MC in solutions (Figure 8a,b). The first of the isomers 
appears in all the MC I-IV crystals as well as in the open form of 
benzothiozolic SP-(TMC) studied,= while the second of them only 
in the MC 111-IV crystals whose molecules have two nitrosubstituents 
in the phenolate fragment. In this connection there arises a question 
of the relative instability of these two isomers and the reasons of 
stabilization of the trans-trans isomers upon the introduction of a 
second nitrogroup into the o-position of the phenolate fragment. 
Besides, to better understand the SP photochemistry structural mech- 
anism it was important to establish which of the two isomers is the 
first to form on the reaction coordinate. We have used quantum- 
chemical methods CND0/2 and INDO to try qualitatively evaluate 
the relative energetic stability of these isomers and the transition 
barrier between them. For the purposes of calculations we have used 
the MC I1 geometry obtained upon the X-ray analysis, which con- 
tained one nitrogroup in the p-position to the oxygen atom of the 
phenolate fragment, and the MC V geometry containing two nitro- 
groups in the 0- and p-positions of this fragment. To create similar 
steric conditions in these MC V molecules the methyl group at a C3 
atom was replaced by a hydrogen atom and the valence angles C&,C,, 
and H3GC4 were assigned the standard meanings of 120". Bond lengths 
and valence angles in the calculation process were not optimized, 
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PHOTOCHROMIC INDOLINE SPIROPYRANS 273 

since the current semi-empiric quantum-chemical methods reproduce 
poorly the complex resonance BP structures similar to those discov- 
ered in the investigated MC. Figure 9a illustrates the dependence of 
the MC I1 molecules relative energy on the angle of the C4-C4, bond 
for every 20". The energy of the trans-cis isomer was assumed to be 
zero. As is clear from the diagram, the energy of the transition from 
the trans-cis to the trans-trans isomer obtained in both the methods 
is approximately the same and is as high as -20 kcaymol in the 
CNDOR method and -24 kcaymole in the INDO method. Here the 
trans-cis isomer has appeared to be just slightly more favourable 
than the trans-trans one (with the first method by -1 k d m o l e ,  and 
the second one by -4.5 kcal/mole). The dipole moment of the isomers 
obtained in both the methods is the same and amounts to -17 D. 

FIGURE 9 The dependence of the relative energy of MC molecules with one NO,- 
group (a) and two NO,-groups (b) in the phenolate fragment on the rotation angle 
0. The energy of th2 trans-cis isomer is assumed to be zero. 
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274 ALDOSHIN AND ATOVMYAN 

Figure 9b shows the dependence of the relative energy of the model 
molecule with two nitrogroups in the phenolate ring on 8. Calculations 
using both the CND0/2 and INDO methods testify for a double 
decrease of the bamer of trans-cis + trans-trans isomerization (for 
the first method up to -9 kcal/mole, for the second up to -12 kcaV 
mole). For the CNDO/2 method the trans-trans isomer even becomes 
-2 kcaVmole more favourable than the trans-cis isomer. The dipole 
moments of the dinitrosubstituted MC isomers are approximately the 
same and are as high as 20 D. The energies of the rotational barrier 
obtained without optimization in the framework of semiempirical 
methods are obviously too high to be overestimated. Thus, in. the 
analogous semiempirical estimation of salicylidenanilines moleculesz6 
the barrier of the phenyl ring rotation about the single bond in the 
conjugated system appeared to be one and a half times higher com- 
pared with the “ab initio” calculations of the analogous model sys- 
tems, although qualitatively the results of these calculations coin- 
cided. The polar MC molecule solvation in solution may also affect 
the relative stability of these isomers and the transition barrier value 
between them. A short-wave shift of the MC absorption spectrum 
maximum with an increase of solvent polarity16 points at the fact that 
in the ground state such high-polar molecules interact violently with 
solvent polar molecules. For both the methods the dipole moment 
of MC acoplanarization increases to -22 D in nitrosubstituted MC 
and to -23 D in dinitrosubstituted MC with an angle of rotation 
about the C4--C,, bond equal to 90”. That is why in polar solvents 
a more polar non-planar molecule must be more solvated than a 
planar one which is an additional factor stabilizing the transient state 
and reducing the transition barrier between the planar isomers. Due 
to the fact that the planar isomers studied have very close dipole 
moments, the solvation of these molecules should not change the 
general character of energetic correlation between them. Based on 
the results obtained it may be concluded that the trans-cis and trans- 
trans MC isomers are close in their energies. For MC with one ni- 
trogroup in the phenolate fragment between them there is a marked 
transition barrier, while the introduction of two nitrosubstituents into 
the 0- and p-positions reduces this barrier so that in solution these 
isomers can easily transform one into another. Really, the cocrys- 
tallization of both the isomers of the o,p-dinitrosubstituted MC I11 
and IV also testify for the fact that the packing energy of these isomers 
is practically the same and they are present in the solution in ap- 
proximately the same concentrations. Based on the X-ray analysis of 
MC V it is believed that the reduction of the barrier of rotation about 
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PHOTOCHROMIC INDOLINE SPIROPYRANS 275 

the C4-C4, bond upon the introduction of two EA nitrogroups into 
the phenolate fragment may be connected with the increased con- 
tribution of the D form into the molecule structure, which decreases 
the .rr-r-interaction energy of this fragment with the rest of the 
molecule. The appearance of the trans-cis isomer in MC I and I1 
with one NO2-group in the phenolate fragment which were obtained 
in a photochemical way from the closed SP form indicates that this 
isomer is preceding the energetically equivalent trans-trans isomer 
on the reaction coordinate of the open MC form formation from the 
closed SP. It is also the main final produce for MC without EA 
substituents or with one nitrogroup in the phenolate fragment, and 
in MC with two EA nitrosubstituents it is in equilibrium with the 
trans-trans isomer. 

The data obtained give rise to doubt as for the existing point of 
view that the complex character of the absorption spectrum of the 
SP open forms is associated with the presence of four various stereo- 
isomers in solid phase and in s ~ l u t i o n . ~ ’ . ~  More to that, the calcu- 
lations of the absorption spectra of the 2H-chromen model valence 
isomers show that these isomers are undiscernible in the long-wave 
absorption region.21 The papers29-32 have suggested an idea of the 
association of coloured and coulourless SP forms to explain the MC 
spectral characteristics. The similarity of the MC absorption spectra 
in nonpolar solvents at low temperatures, in the amorphous state and 
in thin crystalline homogeneous films testifies for the fact that the 
coloured SP form in liquid and solid phases possesses the same struc- 
ture. In this connection a considerable attention should be paid to 
the MC molecule packing and the intermolecular interaction energy 
in crystals. 

3. The character of molecule packing and the energy of 
intermolecular interactions in MC crystals 

It has appeared that the crystals of all the MC investigated have 
different packing modes. In the MC I1 crystals the molecules are 
packed in centrosymmetric stacks by a.“head-to-tail” mode I“, I, 1’, 
I”‘ and so on along the “b” axis (Figure 10). For clarity purposes the 
molecules in the figures are presented as arrows directed from the 
indoline cationic molecule fragment to the phenolate anionic mole- 
cule fragment coinciding with the long molecule axis, i.e., with its 
dipole moment vector. The plane of the molecule is perpendicular 
to that of the figure. In such stacks the neighbouring molecules over- 
lap and are parallel and oriented opposite to each other. Molecules 
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FIGURE 10 Packing arrangement of the MC I1 molecules in stacks. (An arrow 
coincides with the long axis of the molecule; the plane of the molecule is perpendicular 
to the plane of the figure). 

I, I’ are most closely located in the stacks. The shortest intermolecular 
contact of 3.21 A appears between the 0, oxygen atom of the anion 
part of one molecule and the N1. nitrogen atom of the cationic part 
of another one. Table V lists the shortest intermolecular contacts in 
stacks between the I and I f ,  I” molecules. Such a stacking arrangement 
makes us believe that between molecules exist both the strong Van 
der Waals and electrostatic interactions. With the aim of quantitative 
evaluation of the contributions from these interactions we have per- 
formed the estimation of the MC I1 crystal structure energy. Figure 
10 shows the values (in kcaymole) of the Van der Waals energy 
(numerator) and the electrostatic intermolecular energy (denomi- 
nator) in and between the stacks obtained in the framework of the 
atom-atom “6-exp’’-potentials scheme taking into consideration the 
electrostatic interactions. Since the intermolecular interactions energy 
obtained by this method depends considerably on the chosen param- 
eters of potentials and the magnitude of atomic charges, the same 
parameters were used for all the crystals and the same method (CNDOI 
2) with similar parameters was used to learn the atomic charges. The 
energy of intermolecular interactions in stacks is approximately an 
order of magnitude higher than the energy of the near-neighbour 
molecular interactions in various stacks. The energy of electrostatic 
interactions, which in organid crystals usually constitutes only an in- 
considerable part of the Van der Waals energy, in the MC I1 crystals 
reaches almost half the energy of the Van der Waals interaction. The 
total interaction energy between the nearest-neighbouring molecules 
I and I in the stacks and the more remote I and I“ molecules appears 
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PHOTOCHROMIC INDOLINE SPIROPYRANS 271 

TABLE V 

The main shortest intermolecular contacts (A) between molecules I, I’ (d,) and I, I” 
(d,) in the MC I1 stacks 

~ 

Type of contact d, d* 
B r . .  . C,. 
0,. . . N,. 
O , . . . G <  
0,. . . &, 
0,. . . ClO. 
N,. . . . 0, 
&* . . . 0, 
C,*. . . . Br 
C,, . . . Nz 
G.. . . c, 
G....C, 
C C . . . G  
c,, . . . CIO, 
c, . . . c,,. 
c8,. . .o,  
c, . . . CIO< 
ClO. . . . 0, 
c,,y . . . c,, 
Cl0, . . . c, 
c,,, . . . c, 

3.89 
3.21 

3.60 
3.43 
3.27 
3.21 
3.43 
3.89 

3.84 
3.73 
3.76 
3.70 

3.47 
3.60 

3.55 

3.34 
3.27 
3.55 
3.34 

3.47 

to be almost the same and amounts to 25 and 26 kcal/mole, while 
between the stacks is in the range of -5.5 ? +2.5 kcal/mole. The 
only exclusion is an interstack interaction of the I and 11‘ molecules: 
- 4.2/ -7.8 kcaYmole (for convenience purposes the molecules in 
different stacks have different numeration). Such a clearly expressed 
anisotropy of intermolecular interaction in the MC I1 crystals ac- 
counted for by an anomalously high interaction energy in the stacks 
allows us to assume the “head-to-tail” associates to be energetically 
stable enough to exist in solution too. 

The total energy (Van der Waals’ and electrostatic) of the MC I1 
crystal structure is -50.7 kcal/mole, -35.3 kcaymole of it consti- 
tuting the Van der Waals interaction energy, and - 15.4 kcaumole- 
the electrostatic energy. The TMC crystalsz have an analogous pack- 
ing arrangement. The shortest contacts, 3.391 and 3.488 A, discovered 
in their associates are those between the N, and C;, atoms of one 
molecule and the phenolate ring plane of another. 

The MC I crystals have a different crystal structure. The solvation 
of the anionic part of the MC molecules does not allow the “head- 
to-tail” arrangement as in the MC I1 associates in which the anionic 
part of the molecule is located over the cationic part of another. The 
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278 ALDOSHIN AND ATOVMYAN 

2 
f -  

FIGURE 11 Packing arrangement of the MC I molecules in layers. 

water molecules of the MC I crystals bind the MC molecules with 
hydrogen bonds in bands with flaky packing: 1‘, 11, I, TI‘, I” etc. 
(Figure 11). One of these hydrogen bonds with the O1 atom being 
stronger (0, . . . OHZ0 = 2.75 A, O1 . . . HHZO = 1.77 A), it forms 
a stable solvate I - H20, while another being a weaker one-a bond 
with the O2 atom of the near-neighbour molecule TI nitrogroup (0, 
. . . OHzO = 3.12 A). The main shortest intermolecular contacts in 
the layers are given in Table VI. 

The energy estimation of the MC I crystal structure shows (Figure 
11) that the interaction between the I and I1 molecules hydrogen 
bound with water molecules is the strongest intermolecular interac- 
tion in the structure. Taking into account the energy of these hydrogen 
bondst (I . . . H,O = - 5.5 kcaVmole, H20 . . . I1 = 1.8 kcaymole), 
the energy of interaction between the molecules in the associate 

tThe energy of the hydrogen bond 0 . . . H-O was determined using the Morze 
potential and the recommendation from Ref. 17. 

D
ow

nl
oa

de
d 

by
 [

T
om

sk
 S

ta
te

 U
ni

ve
rs

ity
 o

f 
C

on
tr

ol
 S

ys
te

m
s 

an
d 

R
ad

io
] 

at
 1

3:
34

 1
9 

Fe
br

ua
ry

 2
01

3 



PHOTOCHROMIC INDOLINE SPIROPYRANS 279 

TABLE VI 

The main shortest intermolecular contacts (A) between molecules I, I1 (d,), I, 
11’ (d2) and I, I11 (d,) in the MC I layers 

Type of contact dl 4 d3 
0, . . . N2 3.62 
0 2 .  . . c, 3.41 
0 3 .  . . c4 3.64 
0,. . . c3 3.60 
0,. . . &. 3.39 
N 2 . . . 0 1  3.62 
N2. . . C3 3.43 
N2. . . C4 3.52 
c, . . . o2 
C3 . . . N2 
C, . . . O3 
C4 . . . N2 
c4. . . c6 3.54 
c4 . . . 0, 
c, ...c, 3.49 

3.41 
3.43 

3.52 
3.60 

3.64 
c,. . . . C6 

c, . . . c, 3.61 
c6. . . c, 3.50 
c6. . . c, 3.51 
c5 . . . c.. 3.61 

3.50 

c6. . . c, 3.54 
G . . . c4. 3.49 
c,...c, 3.44 
G.. .cu 3.66 
C , . . . c ,  3.66 
c,... c, 3.65 3.55 
c, . . . C6 
G...c, 3.44 
G.. . . c).. 3.68 
G,. . . G. 3.66 c,. . . . c,. 3.66 
c,., . . . c,. 3.66 
CIO, . . . OH20 3.39 

3.51 

I * H20 . . . I1 reaches - 18.6/- 3.6 kcaymole. The total energy of 
the MC I crystal structure, -51.4 kcal.mole, is close to the analogous 
value for the MC V crystals. The Van der Waals component of the 
energy is equal to -43.4 kcaymole, and the electrostatical one is 
- 8.1 kcaymole. 

The MC I and I1 packing modes described above are thought to 
be typical for solvated and unsolvated MC molecules. The crystal 
structures of MC I11 and IV serve as a confirmation of this conclusion. 
It is only the trans-trans isomer that is solvated in the MC I11 crystal 
(i.e. half the molecules) and the crystal structure of this compound 
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4 ,, & 4 . 

. D  

i I- 

comprises the features typical for MC I and MC I1 packings. This 
structure is schematically represented in Figure 12. The MC I11 crystal 
structure consists of centrosymmetric dimeric associates I, I’ of the 
“head-to-tail” type as in the MC I1 crystals. Water molecules bind 
the dimeric associates by hydrogen bonds. The shortest intermolec- 
uIar contacts for the MC III molecules are given in Table VII. 

Only the trans-cis isomer molecules are solvated in the MC IV 
crystals, i.e. also only half the molecules. However, in the MC IV 
crystals, in contrast to the MC 111 ones, the “head-to-tail” associates 
are not formed (Figure 13). Obviously the solvation of the sterically 
less accessible O1 atom of the trans-trans isomer in the MC IV creates 
bigger steric hindrances in the formation of such associates than the 
solvation of the trans-cis isomeric peripheral 0, atom in MC 111. As 
in the MC I crystals, the water molecules of the MC IV crystals bind 
the MC IV molecules “head-to-head” by hydrogen bonds. Table VIII 
lists the major shortest intermolecular contacts in the layers. Unfor- 
tunately, to estimate unambiguously the intermolecular interaction 
energy in the associates of various isomers and between them in the 
MC I11 and IV crystals is impossible because of the orientation dis- 
order of the molecules. 

The molecules in the MC crystals are bound with each other along 
the “y” axis by the chains of stable hydrogen bonds existing between 
the H, atom of the indoline fragment of one molecule and the phen- 
olate 0, atom of another (Nl-H, . . . O1 = 1.70 A). The layers 
formed in the crystal packing of the chains are perpendicular to the 
chain direction and parallel to the XOZ plane (Figure 14). The MC 
V crystal layers consist of friable translational stacks 1’, I, I” along 
the “a” axis which permeate into one another with their anionic and 
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TABLE VII 

The main shortest intermolecular contacts (A) between molecules I, I' (d,), I, 
I1 (d,) and I, I11 (d,) in the MC I11 layers 

Type of contact dl dZ d3 
0, . . . cg. 
0, . . . 0, 3.34 

3.57 
0 , .  . . 0, 3.08 
0, . . . N, 2.99 
0, ...c, 3.41 
0, . . . c, 3.05 
02. . . c.. 3.19 
0,. . . c,. 3.36 
0, . . . 0, 3.15 
0,. . . N, 3.47 
0 3 .  . . c,. 3.53 
0,. . . C,,. 3.44 
0 3 .  . . 0, 3.08 
0,. . . C14. 3.21 
N, . . . C,. 

N, . . . 0, 
c,. . . . o* 
C,. . . . N2 
c,. . . . 0, 

3.58 
N2. . . C,. 3.33 

Nz . . . 0, 2.99 
3.47 

3.19 
3.58 
3.36 

C,.. . . N, 3.33 
c,. . . . c,, 
c9. . . . 0, 3.34 
c, . . . 0, 
c, . . . c, 
c, . . . c, 
c,,. . . c, 3.39 
c,,. . . . o3 
c,,, . . . 0, 

3.05 
,3.30 
3.30 

3.21 
3.44 

3.37 

J,; m '  

L 
c 

* Y  * .  a .  

FIGURE 13 Packing arrangement of the MC IV molecules in layers. 
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282 ALDOSHIN AND ATOVMYAN 

TABLE VIII 

The main shortest intermolecular contacts (A) between molecules I ,  I‘ (d), I, 
I” (dJ, I, II’ (d3), I, 11“ (d,) in the MC IV layers 

Type of contact d, 4 d3 da 

0,. . . - c6 
ol*. . . 0, 
0,. . . ol. 
0 3 .  . . &, 

0 2 .  . . CIS* 
o* . . . cl,. 

O , . .  . . N3 

03. . . C ~ I *  
03. . . c3 

N3. . . 0,. 
NZ . . . C3 
N 2 .  . . C, 
G.. . . O3 
c,. . . . c,,. 
c,. . . . C],. 
c,. . . . c,. 
c y  . . . CI7. 
c,. . . . c,. 
CII . .  . . 0, 
CII* .  . . o* 
C,y . . f 0, 
C1,. . . . c,. 
c, . . . 0, 
c, ...c, 
c, . . . c, 
c, . . . cs 
c, . . . C6 
c, . . . c, 
c, . . . c, 
c, . . . c, 
c, . . . c, 
C6 . . . c, 
G... c, 

Ciy . . . 03 

c6. . . 0,. 

G. . .C i  
c,. . . c,. 
cs . . . c, 
c, . . . c, 
c, . . . c, 
c,. . . . 0, 

3.48 

3.52 
3.44 

3.31 

3.58 

3.50 

3.44 

3.50 
3.59 
3.48 

3.33 
3.52 

3.60 

3.59 

3.55 
3.55 

3.57 

3.55 
3.59 
3.33 

3.31 
3.61 

3.55 
3.48 
3.58 

3.63 
3.63 
3.56 

3.55 

3.55 

3.62 

3.51 
3.50 

3.62 

3.55 
3.56 
3.48 

3.63 

3.58 
3.66 

3.63 

cationic parts. The anionic parts of the neighbouring stacks form 
centrosymmetric dimeric associates I, I1 of the “head-to-head” type, 
the cationic parts of the neighbouring stacks forming centrosymmetric 
dimeric associates I, I11 of the “tail-to-tail” type. The main shortest 
intermolecular contacts in the layers are listed in Table IX. 
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PHOTOCHROMIC INDOLINE SPIROPYRANS 283 

FIGURE 14 Packing arrangement of the MC V molecules in layers. 

The energy calculations for the MC V crystal structure show (Figure 
14) that the strongest intermolecular interactions are those between 
the hydrogen bonded molecules in the chain, - 8.U- 9.2 kcaYmole, 
and those in the “head-to-head” centro-symmetric I, I1 associates in 
the layer, -11.4/-5.9 kcaYmole. 

The total energy of the MC V crystal structure is - 54.5 kcaYmole 
(the Van der Waals component is -36.5 and electrostatic one is 
-18.0 kcallmole) being close to the energies of the MC I and I1 
crystal structures. However, the ratios of the Van der Waals and 
electrostatic energies components in the MC I, 11, V crystal structures 
are different. In the crystal structures of MC I1 and V, where the 
molecules in stacks and layers are arranged plane-to-plane to one 
another, the electrostatic energy component of the crystal structure 
reaches 30 and 33%, respectively, and plays a significant role in crystal 
formation. In the MC I crystal, where the hydrogen-bonded solvated 
molecules are arranged in a flaky packing mode, the electrostatic 
component of the crystal structure energy lowers down to 15%, though 
remaining higher than in most organic crystals. 

The crystal data obtained just for a few open MC forms of SP 
demonstrate a pronounced tendency of MC to form various associates 
in a crystal. The reason for that is planar structure and high polarity 
of MC molecules, since, besides the Van der Waals interaction, the 
electrostatic and dipole-dipole interactions also play important roles 
in associate formation. The energy calculations of the MC crystal 
structures show that the electrostatic interaction in the associates may 
reach 50% of the Van der Waals interaction. The most stable asso- 
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284 ALDOSHIN AND ATOVMYAN 

TABLE IX 

The main shortest intermolecular contacts (A) between molecules I ,  I‘ (d,), I, 
I1 (d2), I, 11” (d,), I, I11 (d4) in the MC V layers 

0, ...c, 3.46 

0,. . . N,. 3.39 
0,. . . G., 3.49 

N, . . . C, 
c,. . . . c, 
c,. . . . c, 
c,. . . . c,. 
c,$*. . . (29. 
G.. . . c9. 
G.. . . . c, 
(29.. . .G. 
c9.. . . c& 
c, . . . c,. 
c,, . . . c, 

c, . . . cy 
c, . . . 0, 

c,.. .c, 3.64 

c,... c, 3.64 
N,*. . . 0, 3.39 

0,. . . c,* 3.40 
0,. . . 0, 3.26 

0,. . . 0, 3.26 
0,. . . 0, 3.56 

3.59 
3.64 
3.56 
3.68 

c,. . . . c,. 

c,....G 3.58 

3.64 

3.56 

3.68 

3.40 
c, . . . c,. 
c, . . . G  3.62 

3.46 
3.59 C, . . . N:, 

G . . .  c, 3.58 
G . . .  c, 3.62 

3.50 
3.75 
3.64 
3.67 

3.64 
3.67 

ciates are formed in the MC I1 crystals in which the molecules are 
packed “head-to-tail” in stacks one over another. The total energy 
of the Van der Waals and electrostatic interactions, even if to exclude 
the dipole-dipole interaction in these stacks, is =26 kcallmole. In 
the MC crystals the associates form hydrogen-bonded solvated MC 
molecules. Hence, the energy of electrostatic attraction between them 
decreases and the total energy of the Van der Waals and electrostatic 
interactions is -22 kcallmole. The most stable associates in the MC 
V crystals (17 kcallmole) form hydrogen-bonded molecules in chains 
and molecules I, I1 arranged plane-to-plane and “head-to-head” in 
the layers. 

The formation of sufficiently stable associates in the MC I-V crys- 
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PHOTOCHROMIC INDOLINE SPIROPYRANS 285 

tals with diverse packing modes allows us to assume that these as- 
sociates may last in solution as well. Usually only the most stable 
energetically and favourable for packing molecule association modes 
are found out in crystals, so the diversity of these modes can be even 
greater in MC solutions. Thus, in non-polar solvents, the “head-to- 
tail” associates formation will be mostly probable for the MC mol- 
ecules which are not bonded by an intermolecular interaction with 
the solvent molecules. In proton polar solvents the formation of sol- 
vates giving various hydrogen-bonded associates will be mostly prob- 
able. Based on the X-ray data we may conclude that N;-alkyl sub- 
stituents hinder the MC trans-cis isomer solvation, however, not 
preventing the “head-to-tail” associates formation. The N;-methyl 
substituent does not hinder the trans-cis isomer solvation by water 
molecules. The solvated molecules of the MC trans-cis isomers form 
associates due to hydrogen bonds with the solvate molecules. The 
substituents at the N; atom do not prevent the trans-trans isomer 
solvation. The solvated MC trans-trans isomer can form both the 
“head-to-tail” associates and those at the expense of the solvate mol- 
ecules. The Nt-phenyl substituent does not prevent the “head-to- 
tail” associate formation but creates greater steric hindrances in the 
trans-cis isomer formation than the N-methyl substituent does. The 
solvation of the N-phenyl substituted MC leads to the energetically 
unfavourable turning out of the N-phenyl substituent of the molecule 
plane by 90”. The solvate and associate formation is an additional 
factor stabilizing the high polar MC forms and is considered to be a 
more probable reason for appearance of the complicated MC ab- 
sorption spectrum than the assumption of the diverse MC isomers 
existence. 

The disc~vered*~-~* spontaneous processes of ordering the coloured 
form upon irradiation of the SP solutions in aliphatic solvents may 
be also connected with the associate formation. The result of these 
processes is the formation of globules of submicron sizes composed 
of crystal-like nuclei with an amorphous coat and displaying unusual 
optical and electrical proper tie^.^^-^' 

The data obtained allow us also to consider the most probable 
structural mechanism of photoconversions in SP. 

4. The most probable structural mechanism of SP 
photoconversions 

There is yet no common point of view on the problem of the detailed 
mechanism of SP photochemical reactions. The most important prob- 
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286 ALDOSHIN AND ATOVMYAN 

lem is identification of the intermediate isomer responsible for in- 
duced absorption in the region of 440 nm. Recently several highly 
probable energetic ways of forming the coloured B form from the 
colourless SP A have been ~uggested.~*-~ 

Based on the molecular and crystal data on the initial SP and 
obtained from them MC forms, one can suggest the most probable 
structural mechanism of photochromic conversion of the initial SP 
(Figure 15) into the final product. As was shown earlier" and has 
been already mentioned in the Introduction, the SP photochemical 
characteristics (Figure 15a) are mainly conditioned by the fact that 
already in the ground state the Cspim-O bond split in photoexcitation 
is elongated and weakened owing to the specific R - d" orbital 
interactions which become even more intensive in the transition to 

FIGURE 15 The most probable structural mechanism of photo- and thermochromic 
conversions of spiropyrans based on the X-ray data on SP and MC structure. 
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the excited state to result in the heterolytic bond dissociation. In the 
produced X-isomer the pyramidal configuration of the Cspiro carbo- 
cation (Figure 15b) is extremely unstable and fast changing into the 
more stable planar configuration (Figure 1%). The non-valent dis- 
tances estimations show the distances between the Cspiro and 0 atoms 
in such a model structure to increase up to -2.1 A and those between 
the phenolate fragment atom and the spin-methyl group reduce down 
to -1.8-2.1 A. Such a structure should give rise to strong steric 
repulsions between the phenolate fragment and methyl group atoms. 
The reduction of steric interactions may be connected with the ro- 
tation of the phenolate fragment about the G-C4 bond to lead 
further to the formation of a planar trans-cis isomer (Figure 15d) 
with a conjugated Ir-bond system. The structure of this isomer is 
confirmed by an X-ray analysis. In the MC molecules including EA 
nitro substituents in the phenolate fragment the transition barrier 
between the trans-cis (Figure 15d) and trans-trans (Figure 15e) 
isomers decreases, both the isomers being in solution in equilibrium. 
The formation of other planar isomers, as was mentioned in Chapter 
2, has proved to be unfavourable from the point of view of steric 
hindrances. In non-polar solvents, in the process of reaction various 
associates of MC and SP molecules are formed stabilizing the bipolar 
MC structure and conditioning the unusual spectral, electrical and 
optical properties of their solutions. In polar solvents the determining 
role belongs to solvation of SP and, especially, MC molecules by 
polar solvent molecules which additionally stabilize the MC bipolar 
structure and prevent the formation of associates. 

In spirothiopyrans (STP), unlike spiropyrans, the elongation of the 
Cspim-S bond is accounted for by steric interactions41 and not by 
specific orbital interactions. Based on the data on the photochemical 
properties and structure of the investigated STP we have assumed 
the Cspiro-S bond rupture in these compounds to occur in a homolytic 
way by the vibration mechanism. The Cspir0-radical pyramidal con- 
figuration produced in the bond rupture in STP, as is shown for other 
systems:' is more stable than the planar one due to a-superstress. 
Hence, neither packing of the Cspiro atom pyramidal configuration, 
nor further isomerization of the molecules evidently occur. And the 
obtained coloured form in STP, unlike that in SP, is not a zwitterionic 
trans-cis structure but merely its intermediate thermodynamically 
unstable X isomeP2: 

A + A * - X  
U 
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288 ALDOSHIN AND ATOVMYAN 

IV. CONCLUSIONS 

1. The open MC form of spiropyrans is shown to have a zwitterionic 
A structure with some contribution from the canonical B form. The 
structural factors stabilizing these forms are found out. 

2. The EA substituents are established to stabilize the MC form 
due to localization of the 0 atom negative charge and formation of 
quinoid B structure. The MC molecules solvation stabilizes the zwit- 
terionic A structure. Annelation of additional benzene nuclei to the 
phenolate ring in the 5-6 and 7-8 positions should stabilize the MC 
structure due to the stabilization of the canonical B form and should 
destabilize it on the annelation in positions 6-7. 

3. For stencally unstressed MC molecules in crystals and solutions 
the main final products are represented by planar trans-trans and 
trans-cis isomers of almost similar energies. Here the trans-cis iso- 
mer precedes the trans-trans one on the reaction coordinate. In MC 
with one nitrogroup in the o- or p-positions of the phenolate fragment 
between the isomers there is a marked energetical transition barrier, 
hence a prevailing content of trans-cis isomers in solution and the 
presence of only this isomer in the crystals. The introduction of two 
nitrogroups in the o- and p-position of this fragment reduces consid- 
erably the transition barrier; in solution these isomers can easily turn 
one into another, forming cocrystals in crystallization. 

4. Even the crysta1.structure data on a small number of open MC 
forms of SP testify for the pronounced tendency of MC to form diverse 
associates in crystals. Crystal-structure energy calculations show that, 
besides the Van der Waals interactions, the electrostatic and dipole- 
dipole interactions also play a significant role in the formation of such 
associates and stacks. The most stable associates are formed on the 
crystallization of non-polar aproton solvents and have a “head-to- 
tail” structure being packed in centrosymmetric stacks. In polar sol- 
vents the solvent molecules form stable solvates with MC molecules 
which prevent the formation of such associates. The solvated MC 
molecules give various associates due to stable hydrogen bonds of 
the “head-to-head” and “head-to-head, tail-to-tail” types. The bulky 
Ni-alkyl substituents hinder the solvation of the MC trans-cis iso- 
mer, however, not preventing the “head-to-tail” associate formation. 
The Ni-methyl substituent does not hinder the trans-cis isomer sol- 
vation by water molecules. The solvated molecules of the trans-cis 
MC isomers do not form any “head-to-tail” associates giving asso- 
ciates due to hydrogen bonds with the solvate molecules. The sub- 
stituents at the Ni atom do not prevent the trans-trans isomer sol- 
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vation. The solvated trans-trans MC isomers can form both the “head- 
to-tail” associates and those which are hydrogen-bonded with the 
solvate molecules. The Ni-phenyl substituents do not prevent the 
“head-to-tail” associate formation, however, creating greater steric 
hindrances in the trans-cis isomer solvation than the N-methyl sub- 
stituent does. The N-phenyl substituted MC solvation leads to the 
unfavourable energetically turning out of the phenyl substituent of 
the molecule plane by 90”. The formation of stable solvates and 
associates is an additional factor stabilizing the MC form not only in 
crystals but in solution as well. 

5 .  Based on the molecular and crystal structure data of the initial 
SP and MC forms produced from them the most probable structural 
mechanism of photochromic SP conversion is suggested. 
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