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Organic photochromic compounds of spiropyran (SPP) type can 
undergo reversible isomerization between closed spirocyclic 
(SP) and few opened merocyanine (MC) forms due to the 
presence of the strained Cspiro–O bond. Merocynines are usually 
active, SPPs are widely used for design of smart materials1 and 
find application as sensors to the temperature and medium 
effects,2,3 the presence of metals4,5 and some anions6,7 as well as 
in photobiology and photopharmacology.8–10 The SPPs 
isomerization includes at least two stages: the formation of 
short-lived fully cis-MC isomer by Cspiro–O bond cleavage11–13 
and its further planarization into one of the more stable β-trans-
MCs.14–16 Until now, the reasons for this process initiation under 
certain conditions, and not under others, are of interest. The 
principal factor governing tendency of Cspiro–O bond to break is 
the electronic effects of substituents. The strongest one is the 
groups located in the ortho- and para-positions relative to the 
pyran oxygen atom. The electron-withdrawing groups (EWGs) 
in the para-position increase a lifetime of the photoinduced MC 
form,17 and the presence of two EWGs18,19 leads to the mixture 
of SP and MC forms in the polar solvents, even under 
electromagnetic radiation-free conditions. At the same time, well 
known spiropyran, 6',8'-dinitro BIPS (BIPS is 1,3',3'-trimethyl
spiro[2H-1-benzopyran-2,2'-indoline]), exists as a mixture of 
trans-trans-cis (TTC) and trans-trans-trans (TTT) MC 
isomers.15 This is due to more effective distribution of the 
phenolate oxygen electron density and a tendency to form rather 
a quinonoid than a zwitterionic resonance structure.

The obtained previously compounds 1 and 220 are the striking 
examples demonstrating the relationship between a position and 
a nature of a substituent and properties (Scheme 1). They contain 
p-electron-donating methoxy group and p-electron-withdrawing 
cationic 3H-indolium fragment in the positions 6' and 8' of the 
2H-chromene moiety. It was found that there was the SP form 1a 
of 1 in the DMSO solution based on the NMR data and in the 

solid state according to the XRD data. At the same time, for 
compound 2 the equilibrium mixture of SP (2a) and one of the 
MC isomers (2c,d) is formed in DMSO, but only one (2d) of the 
possible trans-MC forms is observed in crystals. For simple 
8'-methoxy BIPS21 and 6'-nitro-8'-methoxy BIPS22 such 
behavior is not usual. The partial stabilization of the MC form 
can be seen as a feature of the derivative SPPs with vinyl-3H-
indolium substituent in the position 6', while this is unusual for 
8'-cation-substituted derivatives, except the SPPs with strong 
EWG in the position 6'.23 This difference in initial stability of the 
SP and MC forms leads to the fact that 8'-cation-substituted 
derivatives usually have positive photochromism while their 
6'-cation-substituted ones have negative photochromism.24,25

The search for effective descriptors that can reliably relate the 
ease of cleavage of the Cspiro–O bond with the molecular structure 
has been going on for a long time. It was proposed to refer to the 
length and the multiplicity of the Cspiro–O bond, the tendency to 
form hydrogen bonds,26 frontier orbitals energies and electrostatic 
potential distribution,27 or a quantitative descriptor taking into 
account the bond length alternation along the conjugation 
chain.28 Besides, the different types of atomic charges can be 
used to estimate the electron distribution in the molecules. 
However, there is no universal charge calculation scheme, which 
is a problem to solve. Finally, we considered the factor of DMSO 
to model the experimental conditions20 and to continue the 
computer simulations, that began in the gas phase.29,30 Data 
refinement for the gas phase30 was made.

The calculations were performed with Gaussian 16.31 The 
DFT method with the three-parameter Lee–Yang–Parr 
correlation functional (B3LYP)32 and the 6-311++G(d,p) basis 
set33 were used. The Polarizable Continuum Model (PCM)34 
using the integral equation formalism variant (IEFPCM)35 was 
used for taking into account the solvent effect. Stationary 
points on the potential energy surfaces were identified by 

O

O
Me

N
Me

Me
Me

NMe Me

Me

ClO4

ClO4

N

O
Me

Me

Me
Me

O

N
Me

Me
Me

DMSO DMSO

–

+
–

+

The computational modeling results are presented in the 
defining points of the isomerization process of the spiropyrans 
with cationic vinyl-3H-indolium substituent in the positions 
6' and 8' of the 2H-chromene moiety taking into account 
DMSO solvent. The role of effective conjugation is revealed, 
that determines the significant difference in the behavior of 
the studied systems, based on the data of NBO energetic 
analysis and the atomic charge transfer analysis. The model 
shows that the interaction between an anion and a cation 
in these compounds has predominantly electrostatic nature 
without chemical bonds in the NBO terms.
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calculating the matrix of force constants that were carried out 
analytically. To analyze the natural bond orbital (NBO), NBO 
6.0 package36 was used. The molecular structures were 
rendered by Chemcraft.37

As a starting point for the model, we used data obtained from 
XRD20 for structures 1a and 2d. Further, we used the 
aforementioned process including the formation of cis- and 
trans-MC isomers. Its mechanism was simplified at the current 
stage due to the absence of possibility in the NMR experiment to 
examine short-lived intermediate forms38 that are usually 
considered in quantum chemical computing. We suggested that 
in DMSO the trans-MC form of compound 2 could be the TTT 
isomer based on XRD data as well as TTC isomer based on 
earlier findings for similar SPPs.15,39,40,41 Due to well-known 
limits of DFT calculations (for example, the computational 
complexity estimated as O(N3), etc.), the modeling approach 
without transition states was used. Instead, the relative positions 
of 3D rendered NBOs in considered structures 1a–d and 2a–d 
were manually checked. This allowed us to make sure that the 
modeled structures were correctly aligned with each other.

Table S2 (see Online Supplementary Materials) shows that 
the bond lengths of the extended conjugation chain in 1a and 2d 
have values rather close to the obtained earlier for the gas phase 
and XRD. There is the elongation of the double bond and the 
shortening of the single bonds in the carbon chains 
C(2,2' )–C(3' )–C(4' )–C(10' ) and C(8' )–C(12' )–C(13' )–C(2'' ) 
of 1a and 2d in DMSO compared to the XRD data. At the same 
time, the conjugation becomes less pronounced than compared 
with gas phase calculations. Also, there are several values of the 
angles which noticeably differ from those obtained in both the 
gas phase and XRD, but this is well known property of the 
calculations in the different phases. Figures S1 and S2 show the 
role of the perchlorate anion in the geometry distortions of cation 
in DMSO and, for comparison, in the gas phase. This role is 
especially pronounced for compound 1 in the gas phase. There 

are lower distortions for both compounds in DMSO. In general, 
the geometric parameters of the built model do not contradict the 
data of the experiment.

The bonds between ionic fragments in the NBO terms were 
not found for the studied structures in DMSO as before in the gas 
phase.30 So, we continue to tend to associate the interactions 
between anion and cation more with the electrostatic nature than 
with coupling between atomic orbitals, as in the gas phase.

The stabilizing effect of the localized (Lewis) and delocalized 
(non-Lewis) contributions in the structural stability can be 
estimated using the NBO energetic (deletions) analysis. There 
is  the relation E(L) ³ Etot, where E(L) is the Lewis-type 
wavefunction energy, Etot is the full energy. The value of E(L) 
allows one to estimate the localized contributions, while the net 
energy difference E(NL) = Etot – E(L) allows one to estimate the 
delocalizing contributions. Figure 1 shows the relative values of 
E(L), E(NL) and Etot for the optimized isomers of 1 and 2 in 
DMSO and, for comparison, in the gas phase (see Tables S3–S6 
in Online Supplementary Materials).

In DMSO the stability of 1a is favored by localized 
contribution, while the stability of 1b–d can be attributed to the 
electronic delocalization energy. The difference from the gas 
phase is the change in the role of the localized and delocalized 
contributions in the structural stability of 2b,c. However, the 
large difference in DE(L) value for 1a and 1b casts doubt on the 
possibility of further isomerization reactions regardless of 
DMSO factor included in the model. Also, the consideration of 
structures 1a'–d' without perchlorate anion shows that the pyran 
ring opening is not possible under normal conditions for the 
cation case because of the large difference in the DE(L) value for 
1a' and 1b'; moreover, in case DMSO this difference increases 
more than fourfold.

All studied isomers of 2 have corresponding E(L) and E(NL) 
values of similar order in DMSO as in the gas phase. Thus, from 
the point of view of the balance between the E(L) and E(NL) 
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Scheme  1  Isomerization of compounds 1 and 2. The bonds of the extended conjugation chain are colored.
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contributions, all structures 2a–d are possible whereas 2a has 
become more preferable than 2b due to the DE(L) value equal to 
30.6 kcal mol–1 (in the gas phase the situation is reversed and 
DE(L) = 10.3 kcal mol–1). Also, there is DE(NL) > 2.5 DE(L) for 
2b and 2c (DE(NL) > 1.4 DE(L) according to updated data for 
the gas phase). This may point to the stabilizing factors other 
than the expected steric and electrostatic ones. Without 
perchlorate anion, 2c' is more preferable than 2d' due to the E(L) 
contribution, and this isomerization becomes impossible, that is 
different from the situation in the gas phase. This indicates the 
pronounced effects of the anion and the solvent on the molecular 
properties in the considered case.

So, the balance between the E(L) and E(NL) contributions 
affects the Cspiro–O bond preservation for 1 and its breaking and 
further stabilization of MC forms for 2 in DMSO, which is 
consistent with updated data for the gas phase.

In transitions from 1a consistently to 1d the energy 
changes  DEtot lie within 0.2–7.9 kcal mol–1 for DMSO and 
1.1–4.2 kcal mol–1 for the gas phase. However, since the 
thermodynamic barriers of isomerization reactions are unknown 
at this stage of the research, further the studied process was 
considered not from physical-chemical, but from chemical-
physical point of view. In addition to the NBO energetic analysis, 
we investigated the process of atomic charge transfer (CT), 
occurring during isomerization along the extended conjugation 
chains (see Scheme 1). In order to select the most appropriate 
method to describe this process, the Mulliken (MPA) charges, 
the atomic polar tensor (APT) charges, the electrostatic potential 
population (ESP) charges and the natural population analysis 
(NPA) charges were considered. The MPA, APT and ESP 
calculations schemas were examined with and without hydrogens 
summed into heavy atoms. It was found that any of the listed 
schemas can be used to describe the simulated process, because 
each of them allows us to identify the main regularities of the 
studied process with the technical absence of experimental data 
for atomic charges in our compounds.

Figure 2 illustrates the method to describe CT along the 
extended conjugation chains at the endpoints of the process of the 

pyran ring opening in 1 and 2, that made using MPA charges 
histograms. In Figures S3–S6 (see Online Supplementary 
Materials), there are all histograms used to study CT during the 
transitions between 1a–d and 2a–d. Histograms are based on 
values from Table S7 and they are primarily designed to determine 
the quality features of studied process. In Tables S8–S10, there are 
the statistical data obtained during processing the values of 
Table S7. This allows the process to be quantified as far as possible.

According to any of examined calculation schemas, the 
charge change of thousands of percent is required on atoms of 
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Figure  1  Diagrams of the Lewis-type wavefunction energy E(L), the net energy difference E(NL) and the total electronic energy Etot for isomeric structures 
with perchlorate anion (1a–d, 2a–d) and without it (1a'–d', 2a'–d') in DMSO and in the gas phase.
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the pyran ring during its opening in compound 1, while in 
compound 2 this is only hundreds of percent. The NPA schema 
is an exception due to its definition, but it can be used in 
combination with the results of the NBO energetic analysis. For 
example, large changes in atomic charges during transition from 
2a to 2b correspond to delocalized contributions in the structural 
stability of 2b (see Figures 1, S3 and Tables S7, S8).

At the same time, the pyran ring opening is accompanied by 
CT along all chain between nitrogen atoms of the indoline ring 
and the indolium cycle. The value of CT for 1 is greater than that 
one for 2. This leads to the conclusion about the role of effective 
conjugation in the isomerization reactions, determined by the 
structure of studied compounds.

It should be noted that during examination of further 
isomerization stages, the charges of C(5' ), C(6' ) and C(7' ), C(8' ) of 
structure 1 should be correspondingly compared with the charges of 
C(7' ), C(8' ) and C(5' ), C(6' ) of 2, based on the position of the 
vinyl-3H-indolium substituent and methoxy group in the molecule. 
Also, the hydrogens, summed into heavy atoms, have a noticeable 
effect in several cases, but they do not change the general picture.

The transitions from the cis-MC 1b and 2b to the corresponding 
TTC-TTC trans-MC 1c and 2c is accompanied by CT comparable 
with one found during the transition from 2a to 2b. That is, the 
charge changes permit both transitions. Charge transfer may 
concentrate near any of the nitrogen-containing cycles depending 
on the calculation schema used, but this is acceptable for 
describing the studied processes under current technical limits. 
The transition from 2c to 2d is accompanied by CT with the 
values comparable to those found during the transition from 2a to 
2b. For the transition from 1c to 1d such values are several times 
greater. So, the hypothetical transition from 1c to 1d requires 
rather large CT. For compound 2 such transition is not limited by 
the CT values. This should be the topic of further investigations.

To conclude, it is possible to say that the necessity of a 
significant CT can lead to the pyran ring preservation in 
compound 1, that, in turn, is due to the more pronounced 
localization of the electron density in different parts of the 
molecule. The latter can be associated with a less pronounced 
conjugation effect. The model of compounds 1, 2 investigated in 
DMSO was created by a constructive method of computational 
experiment. The qualitative behavior of the model is reasonably 
consistent with existing observations in the natural experiment 
based on NMR and XRD data as well as with earlier calculations 
in the gas phase. The data of localized and delocalized 
contributions to structural stability and data of CT were obtained 
in the defining points of the isomerization process taking into 
account the DMSO factor. These data explain the difference in 
observed behavior of the investigated compounds and open 
opportunities for further study. The results of NBO analysis of 
the studied compounds lead to the conclusion about the 
electrostatic nature of the interaction between an anion and a 
cation in the absence of chemical bonds in the NBO terms.
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