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Abstract

Spiropyran (SP)-Merocyanine (MC) systems represent versatile molecular switches, with
their open—closed equilibrium can be finely tuned by their structural characteristics. In
this study, we combined conformational sampling, DFT, and TDDFT calculations to ra-
tionalize the distinct behaviors of two recently synthesized derivatives: SP1/MC1 and
SP3/MC3. While SP1 primarily exists in the colorless, non-fluorescent SP form, MC3 re-
mains stabilized in the colored open MC state, displaying intense emission. Our results
reveal that allyl and benzyl substituents impose conformational constraints that limit in-
terconversion, while hydroxyl substitution and solvent polarity modulate the relative sta-
bility of the SP and MC isomers.

Keywords: Spiropyran; Merocyanine; DFT

1. Introduction

Spiropyran (SP)-Merocyanine (MC) systems are dynamic molecular switches that
have been extensively investigated for their tunable optical properties. The equilibrium
between the closed (SP) and open (MC) forms can be modulated by structural features,
enabling applications in sensing, photoresponsive materials, and fluorescence-based de-
vices [1-2]. In our recent experimental study [3], two SP-MC pairs were synthesized: one
bearing a single hydroxyl substituent on the aromatic ring (SP1-MC1) and another featur-
ing a tri-hydroxylated aromatic moiety, also known as gallol (SP3-MC3). While SP1 pre-
dominantly adopts the closed configuration, the second system exists exclusively in the
open MC3 form and exhibits intense fluorescence. In this work, we present a computa-
tional study aimed at rationalizing these contrasting behaviors (Figure 1).
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Figure 1. SP 2 MC interconversion (top) and molecules computationally studied: SP1 with its RS
and SS diastereoisomers and MC3 with its TTC and TTT conformers (bottom).

2. Computational Methods

Conformational sampling was performed using the CREST 3.0 program with the
GFN2-xTB method [4]. The remaining calculations were performed in ORCA 6.1.0 [5]. The
most stable conformers were re-optimized at the B97-3c level [6]. Single-point electronic
energies were obtained using B3LYP-D4/def2-TZVP [7-9]. Solvent effects were included
using the SMD model [10]. TDDFT calculations were performed at the wB97X-D4rev/def2-
TZVP level [11].

3. Results and Discussion
3.1. Molecular Features and Structural Constraints

Spiropyrans typically undergo rapid interconversion between their open and closed
states in response to external stimuli; however, experimental studies revealed a notable
rigidity in both SP1 and MC3, accompanied by a lack of observable interconversion. We
suggest that the benzyl and allyl substituents play a significant role in this rigidity, limit-
ing the conformational flexibility required for interconversion between the SP and MC
states. We initially evaluated the relative stability of the SP1 diastereoisomers, finding RS
to be 2 kcal/mol more stable than SS. Conformational sampling results (Figure 2) further
indicate that the most energetically favorable (RS)-SP1 conformers are stabilized by m—mt
interactions between the benzyl and allyl moieties and the aromatic rings of the spiropy-
ran framework. Conversely, stabilization of the MC conformers arises predominantly
from a m— interactions between the benzyl and allyl groups. The TTT and TTC conform-
ers can coexist (Figure 1), but the TTC conformer is more stable by 2 kcal/mol and is there-
fore predominantly observed.

°

3984 3154 | .
0 kcal/mol 2.0kcal/mol 2.5kcal/mol 6.0 kcal/mol

"\?
MC1,T1C 0 kcal/mol 1.5 kcal/mol 3.0 kcal/mol 6.0 kcal/mol




Chem. Proc. 2025, x, x FOR PEER REVIEW

3of 6

Figure 2. Representative conformers of SP1 and MC1, showing key intramolecular distances that
highlight m—mt interactions contributing to the structural rigidity of the most stable conformers
(xTB/CREST).

3.2. NMR Differentiation of SP1 Diastereoisomers

SP1 possesses two stereogenic centers, giving rise to diastereoisomers (Figure 1).
These diastereoisomers can be distinguished using NMR spectroscopy. To support this
analysis, we performed spectral simulations (Figure 3). In the RS diastereoisomer, the spa-
tial proximity between the Ph—-CH, group and the H3' proton of the pyran ring results in
a pronounced interaction, leading to significant chemical shift displacements. Specifically,
the Ph—CH; resonance appears upfield at 2.8 ppm, whereas H3' is observed downfield at
6.0 ppm. In contrast, in the SS diastereoisomer, the increased distance between these nu-
clei reduces their interaction, resulting in the Ph—CHj signal appearing at 3.3 ppm and H3'
at 5.3 ppm. In the experimental spectrum, the Ph—CH, signal exhibits splitting despite the
absence of vicinal protons. This unusual deshielding pattern is consistent with the limited
conformational flexibility of the system and highlights the structural rigidity imposed by
the substituents within the spiropyran framework.

In the *C NMR spectra, the primary distinction between the diastereoisomers also
arises from the relative positioning of the Ph—CH, and methyl substituents in relation to
the pyran ring. The carbon nucleus in closer proximity to the pyran framework exhibits a
higher chemical shift value. This effect is particularly pronounced for the methyl group:
in the SS diastereoisomer, when oriented toward the pyran ring, it resonates downfield at
27 ppm, whereas in the RS diastereoisomer, where it is farther away, the same signal ap-
pears upfield at 18 ppm. These variations in chemical shifts, together with the agreement
between simulated and experimental data, support the stereochemical assignments and
validate the computational methods employed.
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Figure 3. Comparison of simulated (DFT) and experimental "H NMR spectra of the SP1 diastereoi-
somers (RS and SS), highlighting the characteristic chemical shift differences for the Ph—-CH, and

H3' signals. Experimental spectrum adapted from [3].

3.3. SP-MC Relative Stability and Solvents Effect

The thermodynamic stability of the SP makes it challenging to obtain the colored MC
as the predominant form. In contrast, MC3 exists exclusively in its open form. This dis-
tinctive feature can be attributed to the resonance effects and hydrogen bonding potential
of the tri-hydroxylated moiety (Figure 4), which stabilizes the MC form, preventing the
interconversion to the closed SP configuration.
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Figure 4. Intramolecular hydrogen bonding and resonance stabilization in MC3, contributing to the

enhanced stability of the open merocyanine form.

Furthermore, polar solvents preferentially stabilize the open form (more polar) com-
pared to the closed form. This effect is further enhanced by the solvent's ability to solvate
charge-bearing species, thereby increasing the stability of the open form in solution. The
relative energy comparison of the SP1-MC1 and SP3-MC3 pairs is shown in Figure 5. SP1
is more stable than MC1, particularly in DCM, although this difference diminishes in more
polar solvents, especially protic ethanol. In contrast, MC3 is more stable than SP3 across
all solvents, with the stability difference being more pronounced in polar media.
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Figure 5. Relative energy comparison of SP-MC pairs in different solvents: (a) SP12 MC1; (b) SP32
MC3. [B3LYP-D4/def2-TZVP/SMD(solvent)].

3.4. Optical Properties

Experimentally, SP1 is colorless and does not exhibit detectable fluorescence,
whereas MC3 displays a vivid violet coloration accompanied by intense emission. TDDFT
calculations reproduce these contrasting behaviors (Figure 6): SP1 exhibits a first excited
state with a low oscillator strength (f = 0.2) at 294 nm, assigned to a charge-transfer tran-
sition from the indole to the pyran ring, which is inefficient at promoting radiative decay
and thus consistent with its lack of fluorescence. In contrast, MC3 displays a strong m—m*
transition (f = 1.0) at 505 nm with high intensity, in agreement with its visible absorption
and the observed fluorescence.
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Figure 6. (a) Simulated UV-Vis absorption spectra of SP1 and MC3 showing the first excitations at
294 and 505 nm, respectively; (b) Frontier molecular orbitals (HOMO-LUMO) involved in these
transitions. wB97X-D4rev/def2-TZVP/SMD(ethanol) with a -0.5 eV shift applied to improve com-

parability with the experimental observations.

4. Conclusions

In conclusion, the results indicate that the interconversion of SP-MC systems is in-
fluenced not only by electronic substitutions and solvent polarity but also by the confor-
mational rigidity imposed by the benzyl and allyl substituents. While SP1 is consistently
maintained in the closed, colorless, and non-fluorescent state, MC3 is restricted to the
open, violet, and highly fluorescent form due to the ability of the OH groups of the gallol
moiety to form intramolecular hydrogen bonds and to contribute electronically through
resonance. The agreement between the computational and experimental findings vali-
dates the methodology employed. Future studies may explore in greater depth how dif-
ferent substituents affect the characteristics of spiropyrans and merocyanines, thereby
providing insights for the design of fluorescent compounds with tunable SP-MC inter-
conversion.
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