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A B S T R A C T   

In the colorful world of pigments and dyes, the chemical reduction of chromophores usually leads to bleaching 
because of π-conjugation interruption. Yet, the natural phenoxazinone-based ommochrome pigment called 
xanthommatin displays a bathochromic (i.e. red) shift upon two-electron reduction to its corresponding phe-
noxazine, whose electronic origins are not completely disclosed. In this study, we investigated, at quantum 
chemical level, a series of phenoxazinone/phenoxazine pairs that was previously explored by UV–Vis spectros-
copy (Schäfer and Geyer, 1972), and which displays different hypsochromic and bathochromic shifts upon 
reduction. Density Functional Theory (DFT) and Time Dependent DFT (TDDFT) have been applied to compute 
their optical properties in order to find a rational explanation of the observed photophysical behavior. Based on 
our results, we propose that the electro-accepting power of auxochromes and their conjugation facilitate intra-
molecular charge-transfers across the phenoxazine bridge by lowering unoccupied molecular orbitals via elec-
tronic and geometric couplings, leading ultimately to bathochromy. Our findings therefore suggest new potential 
ways to adjust the color-changing ability of phenoxazinones in technological contexts. Overall, this model ex-
tends our mechanistic understanding of the many biological functions of ommochromes in invertebrates, from 
tunable color changes to antiradical behaviors.   

1. Introduction 

Chemical colors in animals are mostly produced by π-conjugated 
organic molecules, which contain a chromophore with alternating single 
and double bonds. Extending the electronic conjugation of chromo-
phores usually leads to bathochromic shifts (i.e. absorption at longer 
wavelengths), while breaking the π-system induces hypsochromic shifts 
(i.e. absorption at shorter wavelengths) [1,2]. Therefore, even limited 
chemical reduction of organic dyes and pigments can result in their 
bleaching due to the saturation of double bonds [1]. However, one class 
of biological pigments –the phenoxazinone-based ommochromes– has 
appeared to be an exception to this rule [3]. Xanthommatin, the 
best-known and most-widespread ommochrome, is yellow in its 
oxidized state (oxo-pyrido[3,2-a]phenoxazinone; absorption at 440 nm) 
but red when reduced to dihydroxanthommatin (oxo-pyrido[3,2-a] 
hydroxyphenoxazine; absorption at 480 nm) [3]. This unusual 

color-changing molecular property mediates important biological 
functions [4], such as nuptial colorations in dragonflies [5], light 
filtering in insect eyes [6], as well as electron transfers in a marine worm 
[7,8] and various insects [9–11]. Besides, the bathochromic reduction of 
xanthommatin has shown biomimetic potential to craft color-changing 
electrochromic devices [12]. Thus, unraveling the chemical origin of 
this distinct bathochromic reduction may have implications for both 
biologists and material scientists. 

In 1972, Schäfer and Geyer synthesized a series of bathochromic and 
hypsochromic phenoxazinone/phenoxazine pairs to mimic ommo-
chromes, and analyzed them by UV–Vis spectroscopy [13]. They showed 
that only 1-acetyl-2-[amino/hydroxy]-phenoxazin-3-ones (see Fig. 1 for 
the numbering of phenoxazinones) underwent bathochromic reduction. 
They concluded that this bathochromic shift was due to an increased 
resonance in the molecular reduced states, in relation to the dipolar 
structure of the 1-acetyl auxochrome [4,13]. Unfortunately, after this 
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pioneering experimental study, the model proposed was never further 
validated, nor rationalized making use of quantum chemical ap-
proaches. Yet, understanding the correlation between geometrical and 
electronic molecular structures with chromatic shifts in phenoxazinonic 
dyes and pigments holds great promises to further unravel their natural 
functions and technological uses. 

The recent advances in quantum chemical methods for the descrip-
tion of ground and excited electronic states has greatly helped to 
rationalize and to predict the optical properties of molecules, especially 
in the case of organic dyes [14,15]. In particular, the advent of Density 
Functional Theory (DFT) and Time-Dependent DFT (TDDFT), together 
with an increased availability of computational resources, has enabled 
to successfully model a vast number of biochromes, pigments and dyes 
(see for instance Refs. [16–18]). Because of its favorable 
cost-to-accuracy ratio, we selected TDDFT to investigate the properties 
of phenoxazinone/phenoxazine pairs firstly to test the validity of 
Schäfer and Geyer’s model and then to rationalize the link between the 
structure and photophysical properties of ommochromes. However, 
since TDDFT performances may quantitatively depend on the exchange 
correlation functional used [15,19], a preliminary benchmark of 
commonly applied functionals has been performed on both phenox-
azinones and phenoxazines. In particular, we tested a set of global 
hybrid functionals with various percentages of exact exchange, as well 

as range-separated hybrids (RSH), which usually perform better for 
excited states with a substantial amount of non-local charge transfer 
(CT). Once the computational approach set, several structural (e.g. 
planarity) and electronic properties (e.g. aromaticity indexes and CT 
character) were analyzed to establish the structure-property relationship 
of chromic shifts upon reduction. By applying the same techniques to 
ommochromes and resorufin, an important hypsochromic biotechno-
logical dye, we rationalized their color-changing behavior upon reduc-
tion in terms of electronic and geometric couplings in the reduced 
phenoxazine state. Finally, our electronic model of ommochromes pro-
vides a mechanistic understanding of their unique optical properties, 
which helps rationalizing their widespread and various uses in in-
vertebrates, as well as in new biomimetic applications. 

2. Computational details 

2.1. Computational approaches and benchmarks 

All quantum chemical calculations were performed with the 
Gaussian program [20] at the DFT level [21] while molecular orbitals 
were visualized using the Gabedit program [22]. 

The B3LYP functional [23] was used to locate minima since it 
generally provides reliable geometric parameters for organic 

Fig. 1. Set of substituted phenoxazin-3-ones and 3-methoxy-phenoxazines investigated in this study. Color code indicates experimentally bathochromic (red) and 
hypsochromic (yellow) pairs upon reduction. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of 
this article.) 
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compounds [24], while Grimme’s dispersion correction using the D3 
(BJ) model [25,26] was also introduced to account for weak in-
teractions. Bulk solvent effects were considered using the COSMO 
approach to polarizable continuum models (CPCM) [27]. Different sol-
vents were considered depending on experimental conditions [4,13,28], 
as specified in Supporting Information (SI). It should be noted that in the 
case of protic and polar substituents inclusion of explicit solvent mole-
cules (such as methanol or ethanol) is expected to better reproduce local 
solute-solvent interactions (H bonding) that could partially affect 
structural and spectroscopic properties. 

Each structural optimization was followed by a harmonic frequency 
calculation, ensuring that all computed vibrational frequencies were 
positive, as they should be for an energy minimum on the potential 
energy surface. The optimized coordinates of all investigated com-
pounds are listed in SI. The 6-311G(d,p) basis set was chosen for all 
structural optimizations, after a careful test (see Fig. S1). 

Using these molecular structures optimized at the identified theo-
retical level (B3LYP-D3(BJ)/6-311G(d,p)), vertical absorption energies 
(ΔEvert) were then computed within the linear response Time-Dependent 
DFT (TDDFT) framework [29] using the non-equilibrium approximation 
of CPCM [27]. It is well known that the computed electronic adsorption 
energies depend on the chosen DFT approach. While some general 
trends appear from previous detailed benchmarks [19,30], it is a better 
practice to verify the performances on the systems under investigations. 
To this end, as functionals based on local-density (LDA) and generalized 
gradient approximation (GGA) are known to perform poorly for the 
calculation of vertical excited states [30], TDDFT calculations were 
carried out only considering 12 functionals, chosen among the most 
representative (see Fig. S3). 

All 18 phenoxazinone/phenoxazine pairs depicted in Fig. 1 were 
used for this TDDFT benchmark, while the experimental values were 
taken from Ref. [13]. If a compound in this dataset showed broad/-
unresolved absorbance peaks, the one with the highest wavelength was 
systematically used. The performance of the selected functionals was 
evaluated suing the following criteria: mean absolute errors (MAE) on 
ΔEvert (target to be below 0.2 eV), comparable errors for both phenox-
azinones (ΔEvert

ox) and phenoxazines (ΔEvert
red), MAE on chromic shifts 

(defined as ΔEvertshift = ΔEvert
red – ΔEvert

ox; target to be below 0.2 eV), 
comparable errors for both bathochromic and hypsochromic redox 
pairs, high correlations with experimental values for both absorption 
energies and chromic shifts, and high number of well-predicted chromic 
shifts. 

Based on this benchmark, whose results are reported and commented 
in the SI, the M05 functional [31] results as the best compromise and the 
most reliable functional for predicting the chromic reduction of phe-
noxazinones to phenoxazines. Of note, it should be kept in mind that 
comparing experimental maxima with computed vertical excitations 
implies error compensation between the omitted effects (such as 0-0 
contribution) and intrinsic errors of the methods. Nonetheless, the 
omitted effects are expected to be small and rather transferable due to 
the structural similarity of the molecules analyzed. 

Following previous experience [32] and the test carried out for the 
2-amino-7-hydroxy-phenoxazin-3-one molecule (see Fig. S2), all the 
vertical transition energies were computed using the 6-31+G(d) basis 
set. 

2.2. Computation of descriptors 

Several descriptors were considered in order to assess the relation-
ship between the structural and electronic parameters of the considered 
dyes and their optical behavior. 

The Harmonic oscillator model of aromaticity for heterocycle elec-
tron delocalization (HOMHED) is a geometric index of aromaticity that 
evaluates bond conjugation by comparing bond lengths of a compound 
to those of an ideal aromatic compound [33]. The closer to 1 HOMHED 
is, the more conjugated, and thus aromatic, the compound is. The 

HOMHED values were computed using the Gabedit program and the 
parameters described in Ref. [33]. 

Another commonly applied index is the so-called nucleus-indepen-
dent chemical shifts (NICS) which is based on the deshielding induced at 
a center of an aromatic ring by the ring current [34]. The more 
deshielded NICS is, the more aromatic the compound. The NICS indexes 
were computed at the center of each ring (NICS(0)) using the above 
mentioned level of theory and the gauge-including atomic orbital 
(GIAO) method [35]. 

The third descriptor is the charge-transfer distance (DCT) that eval-
uates the hole-electron mean distance associated to an electronic exci-
tation, thus unraveling its nature (local or charge transfer). It is easily 
computed measuring the distance between the barycenters of charge 
distributions corresponding to a density depletion and a density increase 
upon excitation [36]. 

Finally, some descriptors, issued from the so-called conceptual DFT 
[37], were also considered in the vertical approximation, including 
electron affinity (EA), hardness (η) and electro-accepting power (ω+). 
The latter measures the local charge-acceptance of a compound and thus 
its capacity to accept fractions of electron during charge-transfer phe-
nomena [38,39]. 

3. Results 

A total of 15 molecular pairs from Schäfer and Geyer’s series [13] 
were considered for a detailed analysis (see Supplemental Text S1.3 for 
the explanation on this choice). Electronic and geometric properties of 
the bathochromic ommochrome pair xanthommatin/dihydrox-
anthommatin and the hypsochromic dye pair resorufin/dihydroresor-
ufin were also investigated for sake of completeness. Experimental 
UV–Visible data for these molecules were taken from Ref. [3,40], 
respectively. 

3.1. Schäfer and Geyer’s phenoxazine series 

Nearly 50 years ago, Schäfer and Geyer proposed that the bath-
ochromic shifts of some substituted phenoxazinones upon reduction 
could be related to an increase of resonance forms [13], and thus to a 
greater conjugation of the phenoxazine chromophore. To test this hy-
pothesis, we computed two indices that can be related to the degree of 
delocalization and aromaticity in a molecule, namely the HOMHED and 
NICS(0) indexes [37]. 

The HOMHED index basically considers computed structural pa-
rameters, namely related to bond length alternation between single and 
double bonds, to evaluate the degree of electron delocalization, as 
detailed in the computational section. This index has been evaluated for 
two possible delocalization patterns in the molecule as highlighted in 
Fig. 2A and Fig. S7 namely: i) the pattern involving delocalization along 
ring C (cHOMHED, Fig. 2A) and ii) the delocalization pattern along all 
bonds involved in the resonant forms produced by substituents in po-
sition 1, 2 and the phenoxazine nitrogen (sHOMHED, Fig. S7). In 
contrast with the experimental hypothesis, no clear correlation with 
chromic shifts can be drawn in the case of the sHOMHED pathway 
Fig. S7) while, in the case of the cHOMHED index, a partial positive 
correlation (R2 = 0.77) can be found (Fig. 2B). According to this index, 
hypsochromicity is associated with an increase in aromaticity of ring C. 
This partial correlation is nonetheless lost when considering the NICS(0) 
index, an index based on electronic properties. While considering only 
bathochromic pairs (Fig. 2C), a positive correlation between aromaticity 
and bathochromicity can be found (R2

batho = 0.79), in agreement with 
the experimental hypothesis, no correlation can be found if both batho 
and hypsochromic pairs are considered. Indeed three hypsochromic 
phenoxazines show the lowest NICS(0) and thus the highest aromaticity. 
In short, these two measures of the aromaticity, which are different in 
nature (electronic and structural origin), do not support the hypothesis 
of Schäfer and Geyer on the observed color change of ommochromes 
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and, particularly on the different batho and hypsochromic behavior. 
In order to have a general picture of these behaviors and to propose a 

more general rationalization of the chromic reduction of phenox-
azinones to phenoxazines, we analyzed the general trends arising from 
the mean values and dispersion of the set of structural and electronic 
parameters chosen, as reported in Table 1. 

First, we note a significant structural difference between phenox-
azines and phenoxazinones, the first being sizably less planar that the 
latter (+11.5◦; Table 1), in agreement with the expected sp3 configu-
ration of the phenoxazine nitrogen. Consistently, in average, both the 
cHOMHED and the NICS(0) indicate an increased aromaticity in the 
reduced systems (Table 1). Nonetheless, no correlation between chro-
micity and structural parameters can be directly established. 

At the ground electronic state (GS), reduction leads to the destabi-
lization of both the highest occupied molecular orbital (HOMO, +1.47 
eV) and the lowest unoccupied molecular orbital (LUMO, +1.7 eV; 
Table 1). The HOMO-LUMO gap is only slightly higher in phenoxazines 
(+0.23 eV) but the spreading of values for these systems is computed to 
be three times larger than for phenoxazinones (Table 1), thus indicating 

that phenoxazines present both significantly lower and higher HOMO- 
LUMO gaps than phenoxazinones. This pattern is mirrored by those of 
ΔEvert and ΔEexp, consistently with the presence of batho and hyp-
sochromic pairs. Looking at properties involving excited states, reduc-
tion leads to oscillator strengths and transition dipole moments more 
than twice lower than in phenoxazinones (Table 1). These data are in 
agreement with the hypochromic shift (i.e. less intense absorption) 
observed upon reduction to phenoxazines [13]. Finally, dipole moments 
and, consistently, the charge-transfer distances (DCT) associated to 
excited states are computed to be higher in phenoxazines (+4.06 D and 
+0.9 Å, respectively; Table 1). This latter finding indicates a larger 
intramolecular charge transfer (ICT) character associated to electronic 
transitions in phenoxazines than in phenoxazinones. 

More interestingly, we note that dispersion of the values associated 
to most of the electronic and structural parameters is greatly larger in 
phenoxazines (Table 1 and Fig. 3A). Therefore, we can formulate the 
hypothesis that different chromic shifts are essentially driven by dif-
ferences in the reduced systems independently of the corresponding 
oxidized ones. Consistently to this hypothesis, chromic shifts show a 
relatively strong linear correlation (R2 = 0.84) with ΔEvert

red (Fig. 3B) 
but no correlation at all with ΔEvert

ox (Fig. S8). In line with these results, 
there is a clear distinction between ΔEvert

red of bathochromic and hyp-
sochromic compounds, while ΔEvert

ox do no significantly differ 
(Fig. 3A). 

To further validate the hypothesis that chromicity is mainly linked to 
properties of the reduced forms, the electronic properties of four 
representative pairs, including two bathochromic (1 and 2) and two 
hypsochromic phenoxazines (14 and 15), were considered (Fig. S9). In 
all cases, since the π-π* excited states of interest have a dominant 
HOMO-LUMO character for both oxidized and reduced compounds, 
energies of the HOMO and LUMO were firstly analyzed. Consistently 
with the results presented in Table 1, only the molecular orbital energies 
of the reduced compounds vary consistently with chromic shifts 
(Fig. S10). Furthermore, the range of HOMO-LUMO gap values in phe-
noxazines is primarily associated to a wider variation in LUMO than in 
HOMO energies (Table 1 and Fig. S10). 

All these data suggest that a simple correlation could link chromic 
shifts to LUMO energies of reduced phenoxazines, which are in fine 
directly related to their electron affinity (EA) and thus to their reactivity 
and antiradical properties [41,42]. Indeed, a clear correlation is found 
between computed chromic shift and electron affinity of phenoxazines 
(EAred, Fig. 4A; R2 = 0.61). This correlation is further improved by 
considering chemical hardness in the reduced states (ηred, Fig 4B; R2 =

0.82), which implicitly takes into account also the variation of the en-
ergy of the HOMO level. 

Since LUMOs energies can be tuned by the presence of electron- 

Fig. 2. Computed vertical chromic shifts (ΔEvert shift) of phenoxazinone/phe-
noxazine pairs as a function of two aromaticity indexes (A), cHOMHED (B) and 
NICS(0) (C), of phenoxazines. Batho, bathochromy. Hypso, hypsochromy. Red, 
reduced state (i.e. phenoxazine). (For interpretation of the references to color in 
this figure legend, the reader is referred to the Web version of this article.) 

Table 1 
Average values and dispersion of electronic and structural parameters computed 
for oxidized phenoxazinones and reduced phenoxazines.   

Phenoxazinone (mean 
± SD) 

Phenoxazine (mean 
± SD) 

ΔEexp (eV)a 2,80 ± 0,10 2,91 ± 0,20 
ΔEvert (eV) 2,71 ± 0,09 2,75 ± 0,23 
Phenoxazinone/Phenoxazine 

dihedral angle (◦) 
0,6 ± 0,3 12,0 ± 5,9 

HOMO energy (eV) − 6,84 ± 0,14 − 5,37 ± 0,10 
LUMO energy (eV) − 3,34 ± 0,13 − 1,64 ± 0,25 
HOMO-LUMO gap (eV) 3,50 ± 0,08 3,73 ± 0,26 
Oscillator strength 0,83 ± 0,21 0,40 ± 0,15 
Transition dipole moment (D) 12,45 ± 3,41 5,85 ± 2,58 
Dipole moment of GS (D) 6,34 ± 1,98 6,52 ± 2,56 
Dipole moment of ES (D) 8,29 ± 2,70 12,35 ± 4,19 
NICS(0) of ring C (ppm) − 0,87 ± 0,64 − 8,77 ± 0,54 
cHOMHED of ring C 0,65 ± 0,05 0,97 ± 0,01 
DCT (Å) 1,71 ± 0,30 2,61 ± 0,60  

a Experimental values are taken from Ref. [13]. 
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withdrawing auxochromic groups (EWA) [43], we computed the fron-
tier orbital energies of the different EWA that can be placed in positions 
1 and 8 (Fig. 1). Consistently with our hypothesis, the two EWA (i.e. 
acetyl and γ-oxobutenyl) with the lowest LUMO energies and highest 
electro-accepting powers, ⍵+, are associated to bathochromic shifts, 
while EWA with high LUMO energies (such as cyano or carboxy 
substituted) induce hypsochromic shifts (Table 2). Of note, the tert. 
butyl-carbonyl EWA shows a hypsochromic shift whereas its LUMO 
energy is close to that of acetyl. This result indicates that other param-
eters than the LUMO stabilization may play a role in the observed shifts. 
In particular, tert.butyl-carbonyl is a bulky EWA compared to acetyl and 
carbomethoxy. In this case, as already proposed by Schäfer and Geyer, 
steric hindrance can altered excitation energies by constraining the 
carbonyl out-of-plane [13]. Such an effect is observed in the case of 
compound 14r for which a large dihedral angle between ring C and 
carbonyl in position 1 is computed (59◦ in 14r vs 8◦ in 1r) (Fig. S11). To 
test whether this torsion destabilized the LUMO and thereby induced the 
hypsochromic shift, we computed the ΔEvert as a function of the 
torsional angle for compounds 1r, 14r and 15r (Fig. 5A). The results 
show that for dihedral angles greater than 30◦ there is a significant 
hypsochromic effect, with the maximum hypsochromy obtained around 
90◦ (from 0.30 eV for 1r to 0.83 eV for 15r; Fig. 5A). Below 60◦, 14r 
becomes less hypochromic than 15r in its optimized geometry (Fig. 5A), 
in agreement with the lower LUMO energy of tert.butyl-carbonyl 
compared to carbomethoxy (Table 2). However, 14r can never reach the 
bathochromicity of 1r, even at angles near 0◦ (Fig. 5A). These results 
indicate that the steric hindrance of tert.butyl-carbonyl explains, partly 

at least, the hypsochromicity of 14r. 
Next, we considered model systems obtained by functionalization of 

the 2-hydroxy-phenoxazin-3-one/2,3-dimethoxy-phenoxazine pairs 
with EWA with either stabilized (nitro) or destabilized (carboxamide) 
LUMOs (Table S1 and Fig. 5B and C). All substituents were placed in 
position 1 and forced to lie within ring C plane after geometrical opti-
mization to avoid torsion of molecular orbitals due to steric hindrance. 
The results show that LUMO energies of substituents explain 95% of the 
variation in chromic shifts upon reduction (Fig. 5B). They also confirm 
that increasing the electro-accepting power of substituents in position 1 
leads to more bathochromic phenoxazines (Fig. 5B and C and Table S1). 

3.2. Application to ommochromes and other phenoxazinone dyes 

Chromic shifts of two other important pairs of natural and 

Fig. 3. Relationship between computed vertical excitation energies (ΔEvert) 
and chromic shifts of phenoxazinone/phenoxazine pairs. Batho, bathochromy. 
Hypso, hypsochromy. Red, reduced state (i.e. phenoxazine). (For interpretation 
of the references to color in this figure legend, the reader is referred to the Web 
version of this article.) 

Fig. 4. Comparison of chromic shifts (ΔEvert shift) of phenoxazinone/phenox-
azine pairs with electron affinity (EA, A) and chemical hardness (η, B) of 
phenoxazines. Batho, bathochromy. Hypso, hypsochromy. Red, reduced state (i. 
e. phenoxazine). 

Table 2 
Computed chemical descriptors (in eV) of electron-withdrawing auxochromes 
(EWA) in relation with the chromic shifts they induce experimentally in phe-
noxazinone/phenoxazine pairs.  

EWA HOMO LUMO H-L gap ⍵+

bathochromic shifts 
Acetyl − 7.64 − 0.59 7.06 1.01 
γ-oxo-butenyl − 7.56 − 1.59 5.97 2.05 
Hypsochromic shifts 
Carbomethoxy − 8.59 0.01 8.60 0.72 
Cyano − 10.61 0.32 10.93 0.74 
tert.butyl-carbonyl − 7.42 − 0.57 6.85 0.98  
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technological relevance were next considered, namely xanthommatin/ 
dihydroxanthommatin (bathochromic invertebrate pigments) and 
resorufin/dihydroresorufin (hypsochromic biotechnological dyes; see 
Fig. 6 and Table S2). 

The 8-substituted-oxo-pyrido[3,2-a]phenoxazin-3-one xanthomma-
tin presents HOMO (− 6.89 eV) and LUMO (− 3.35 eV) energies very 
close to the mean HOMO and LUMO energies of the phenoxazinones 
investigated above (compare Fig. 6 with Table 1 and Fig. S9). The cor-
responding reduced 8-substituted-oxo-pyrido[3,2-a]-3-hydroxy-phe-
noxazine dihydroxanthommatin possesses not only a highly stabilized 
LUMO (− 2.02 eV), but also a relatively stabilized LUMO+1 (− 1.59 eV). 
Overall, the molecular orbitals of xanthommatin and 

dihydroxanthommatin resemble those of the phenoxazinones and phe-
noxazines described above both qualitatively and quantitatively (Fig. 6 
and Fig. S9), which indicates that the effect of EWA on the reduced state 
should also control their chromic shifts. The substituent in position 8 in 
ommochromes is closely related to acetyl, while the oxo-pyrido ring 
attached on positions 1 and 2 resembles γ-oxo-butenyl. The two corre-
sponding carbonyl functions lie within ring A and C planes, respectively. 
All these characteristics predicted a bathochromic shift upon reduction. 
Accordingly, the molecular orbital gaps of dihydroxanthommatin are 
3.21 eV (HOMO-LUMO) and 3.64 eV (HOMO-L+1), thus they lie within, 
and even beyond, the range of bathochromic transitions already inves-
tigated in this study (Table 1). In addition, dihydroxanthommatin 
hardness is the lowest we computed (Table S2 and Table 1). Excited state 
computations consistently predict two bathochromically shifted elec-
tronic transitions, which involve a HOMO-LUMO and a HOMO-L+1 
transitions, respectively (Table S2). Both transitions are characterized 
by a significant ICT (Table S1 and Fig. 6). The first excited state (S1) is 
less intense than the second (S2) and their ΔEvert bracket the experi-
mental value (ΔES1

vert = 2.25 eV < ΔEexp = 2.58 eV < ΔES2
vert = 2.69 eV), 

which corresponds to the maximum of a broad absorption peak [4]. 
On the contrary, the resorufin/dihydroresorufin pair presents all the 

characteristics associated to hypsochromic shifts: the absence of EWA, a 
small HOMO-LUMO gap in the oxidized state, a highly destabilized 
LUMO and high chemical hardness (Fig. 6 and Table S2). Accordingly, 
TD-M05 calculations predict a highly hypsochromic shift upon reduc-
tion (1.05 eV; Table S2). To the best of our knowledge, the exact 
experimental absorbance of dihydroresorufin has never been reported in 
the literature, but resorufin is known to lose its color upon reduction 
[28], which is in agreement with our calculations. 

4. Discussion 

The above reported results clearly show that the model originally 
proposed by Schäfer and Geyer to explain the experimentally observed 
chromic shifts in substituted phenoxazinone/phenoxazine pairs, which 
correlates bathochromic shifts to an increase in resonance structures 
[13], is unable to explain qualitatively why 1-acetyl-phenoxazines are 
bathochromic and why the closely-related 1-carbomethoxy-phenoxa-
zines are hypsochromic. Our analysis, based on modern descriptors of 
aromaticity, invalidates the general applicability of this model, showing 
that there is no clear correlation between descriptors of aromaticity and 
bond conjugation with color changes upon reduction. On the other 
hand, it appears that bathochromic and hypsochromic shifts correlate 
well with electronic properties of reduced forms, in particular with all 
descriptors containing information on the strength and nature of the 
EWA present in the molecule, such as LUMO energy, electro-accepting 
power and EA. 

On this basis, to explain the color-changing behavior of substituted 
phenoxazinones upon reduction, we propose the following structure- 
property model. (Fig. 7). The bright excited state of phenoxazinones 
(i.e. oxidized forms) that is responsible for the yellow-orange color of 
this chromophore is of Locally Excited (LE) character stemming from a 
π-π* transition. This transition is not particularity affected by EWA in 
position 1, explaining why excitation energies of substituted phenox-
azinones do not vary significantly as a function of the EWA. Therefore, 
the energy of this LE state in phenoxazinones defines a common refer-
ence for bathochromy and hypsochromy of substituted phenoxazines 
(Fig. 7B). The 3-hydroxy-phenoxazine chromophore (i.e the reduced 
form of the pair) is on the other hand characterized by a bright excited 
state displaying a partial intramolecular CT (ICT) character (Fig. 7A). 
When 3-hydroxy-phenoxazine is substituted in position 1 with a EWA, 
the EWA LUMO hybridizes with the phenoxazine UMOs and stabilizes 
them, thus lowering the energy of ICT. The strength of stabilization 
depends primarily on two factors (Fig. 7A): (1) an electronic one that is 
the energy of EWA LUMO and (2) a structural one that is the magnitude 
of the dihedral angle formed by the EWA with the corresponding 

Fig. 5. Comparison of computed chromic shifts (ΔEvert shift) of phenox-
azinone/phenoxazine pairs with geometric (A) and electronic (B–C) properties 
of electron-withdrawing auxochromes (EWA) in position 1. Batho, bath-
ochromy. Hypso, hypsochromy. Arrow, angle at the optimized geometry. 
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phenoxazine ring ruling its conjugation. 
First, EWAs with high (low) electro-accepting powers stabilize 

(destabilize) the corresponding substituted phenoxazine UMOs, which 
decreases (increases) their excitation energies and leads to bath-
ochromic (hypsochromic) shifts upon reduction (Fig. 7B). This translates 
into ICT associated to lower (higher) energies, hence into red (yellow)- 
shifted colors (Fig. 7B). This mechanism explains why acetyl and car-
bomethoxy induced bathochromic and hypsochromic shifts, 
respectively. 

Second, from a structural viewpoint, when a substituent in position 1 
is coplanar with the phenoxazine ring, the (L)UMOs are fully conjugated 

and thus highly stabilized. Structural decoupling decreases this effect 
(Fig. 7B) explaining why sterically hindered EWA, despite having a high 
electro-accepting power can indeed induce hypsochromic shifts, as in 
the case of the tert.butyl-carbonyl. The same applies for the methylated 
phenoxazine nitrogen that induced a hypsochromic shift because of 
steric hindrance with the acetyl in position 1, as already proposed by 
Schäfer and Geyer [13]. Overall, we propose that electronic and geo-
metric interactions of EWA with the phenoxazine UMOs produce a wide 
range of ICT energies, which ultimately leads to a continuous 
hypso-to-bathochromic scale (Fig. 7B). 

Note that this model can be refined in several ways. For example, we 

Fig. 6. Orbital diagrams of the bathochromic ommochrome pair xanthommatin/dihydroxanthommatin and the hypsochromic pair resorufin/dihydroresorufin. ICTs, 
intramolecular charge-transfers; LE, local excitation. 

Fig. 7. Model of the effect of geometric and electronic couplings on chromic shifts and chemical behaviors of phenoxazinone/phenoxazine pairs upon reduction. 
EWA, electron-withdrawing auxochrome. EDA, electron-donating auxochrome. ICT, intramolecular charge-transfer. e− (*), (excited) electron. 
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could take into account the effect of electron-donating auxochromes 
(EDA) on the phenoxazine HOMO. This would explain why HOMO- 
LUMO gaps, rather than LUMO alone, better predicted chromic shifts 
in the complete set of investigated compounds (in which EDA in position 
2 varies). We could also add the effect of EWA in other positions than 1. 
From the investigated compounds, it appears that EWA at position 5, 6, 7 
and 8 have an effect on the phenoxazinone LUMO too, which (slightly) 
modifies the threshold for bathochromy. Most interestingly, EWA in 
position 8 could interact with the EWA in position 1 either synergisti-
cally (both EWA are similar and stabilize the same ICT, see 8r), addi-
tively (different bathochromic EWA stabilize two different ICT, see 
dihydroxanthommatin) or antagonistically (hypsochromic and bath-
ochromic EWA lead to ICT not stabilized enough, see 9r). Note that for 
pair 9 TD-M05 calculations could not predict the correct color-changing 
behavior upon reduction. This indicates that other parameters not 
modelled in this study, such as direct solvent interactions [16], could 
also finely tune the color-changing effect of reduction. 

Of note, the structure-to-property relation found here has also 
implication for the reactivity of these compounds. Indeed, HOMO- 
LUMO gap and LUMO energy are known to be directly related to 
hardness and electron affinity, respectively, which define some aspects 
of the chemical reactivity of a compound [39]. Our calculations showed 
that those two chemical parameters were highly correlated with the 
direction of chromic shift. We conclude that the softer and the more 
electrophilic a phenoxazine is, the more bathochromic and antiradical it 
becomes. 

5. Conclusions 

In this study, we unraveled the electronic mechanisms behind the 
atypical bathochromic (i.e. red shift) reduction of ommochrome pig-
ments in invertebrates, particularly at play in the ecologically important 
nuptial coloration of dragonflies [5]. We established the relation be-
tween the nature and strength of electron-withdrawing auxochromes 
(EWA) that rules the magnitude of the phenoxazine intramolecular 
charge-transfer and the observed chromic shift. Other parameters, such 
as the angle formed by EWA with the attached phenoxazine ring, tune 
the direction of the chromic shift upon reduction. 

From a technological viewpoint, crafting phenoxazines with new 
EWAs that allow a wider range of chromic shifts than currently available 
[12] might foster the field of ommochrome-based electro-chromic de-
vices. The influence of EWA conjugation on chromic shifts suggests that 
these devices could be made even more flexible by dynamically altering 
the torsion angle of EWAs, for example through tunable interactions 
with the coated surface. 

From a biological viewpoint, it is well established that optical 
properties and chemical behaviors are both important functions of 
pigments [1,44–46]. By linking together those two functions through 
EWA properties, our study suggests that invertebrates may have favored 
bathochromic ommochromes because of both their better capacity to 
protect cells against reactive species in the reduced state, as previously 
suggested [42], and their tunable red shift, which we discuss in two 
biological situations. First, the occurrence of a decarboxylated form of 
xanthommatin can be explained by its decarboxylated EWA producing a 
less bathochromic reduced state. It could therefore allow a wider range 
of colorations than with xanthommatin alone, as seen in cephalopods 
[47]. Second, it has long been known that absorbance spectra of 
ommochromes are red-shifted in insects eyes compared to in vitro ([6,48, 
49]). We propose that properties of the matrix in which ommochromes 
are deposited and that alter their absorbance, such as proteins [49,50] 
and metals [51,52], do so by modulating the electrophilicity and the 
conjugation of ommochrome EWAs, leading ultimately to their bath-
ochromic behaviors uniquely observed in vivo. 

In conclusion, our study reinforces the idea that the unique elec-
tronic properties of ommochromes make them a powerful technological 
and biological framework to tune rapidly and efficiently color-changing 

materials. 
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