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This paper focuses on computations technique within the framework of the TD-DFT theory for studying the relationship between
structure-properties of reversible conversion of photochromicmaterials. Specifically, we report on 1,3-dihydro-8-methoxy-1,3,3-
trimethyl-6-nitrospiro[2H-1-benzopyran-2,2-(2H)-indole] (SP) and its isomers. TD-DFT calculated UV-Vis electronic spectra of
the closed and open isomers of this photochromic material are in excellent agreement with the experimental results. Moreover, this
paper reports on the results of theoretical investigations of reactivity indices that may govern the conversion between spiropyrans
and its isomers. In addition, the solvent and rigidity of themedium significantly control the thermal bleaching of the photogenerated
colored isomers and hence the switch ability pattern of the photochromic material. The effect of molecular structure computed
by DFT in gas-phase and solvents on Cspiro-O bond length has been shown to correlate with photochromic properties. For this
compound, DFT optimized geometry could be used to predict photochromism. Furthermore, in an attempt to predict the driving
force forMC→ SP, this work explores, for the first time, profitable exploitation of the calculated and visualizedmapped electrostatic
potential energy surfaces (ESP map). Interestingly, it seems that the electrostatic potential forces over the molecular fragments
govern spirobond rupture/closure reactions. Thermodynamically, all-trans-colored isomer (CTT) is the most stable merocyanine-
like form.

1. Introduction

Recently, there has been an exponential growth of interest
in photochromism for profitable applications in important
technologies [1–13]. Spiropyrans are one of the major classes
of organic photochromes [2, 3]. Its behavior is usually
enhanced if a molecule possesses strong electron acceptor
substituents such as a nitro group in the 6 and/or 8 positions
of its 2H-chromene fragment. Spiropyrans have been exten-
sively studied due to their potential exploitations in several
important areas, including optical switching, high-density
optical storage, image processing, and display.

The majority of spiropyrans exist in the dark as a neutral
closed form that absorbs light only in the ultraviolet region
of electromagnetic spectrum. When exposed to UV light,

the spiropyran undergoes a molecular rearrangement to
produce an open form. The open form of spiropyrans (also
called merocyanine (MC)) is colored and shows solva-
tochromic behavior even in the solid state [7, 12, 13]. The
open form of spiropyrans can revert back to the closed
form thermally or photochemically by visible light. Thus,
the molecules may be switched from the closed to the
open form (coloration) with UV light (or thermally in the
dark in presence of transition metal ions in polar solvents)
and from the open form to the closed form (decoloration)
with visible light, or thermally with different time scales’
ranges from microseconds to minutes (see Scheme 1). The
photochromism of the spiropyran/trans-merocyanine pair
has been reviewed previously [3]. The rate and mechanism
of the reaction of some spiropyrans and their analogues in
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Scheme 1: Closed and open forms of spiropyran as well as resonance between the open Z and E isomers (a). (b) The conversion between the
most probable E isomers. Methyl groups are hidden for clarity.

different media have been examined with different spec-
troscopic techniques [4–14]. Spiropyran photoisomerization
was studied using ion mobility-mass spectrometry and three
major conformers were identified. Assignment of conformers
is based on DFT-B3LYP energy minimized structures and
collision cross sections for data collected on light-induced
changes in samples. The three conformers were assigned
to the spiropyran (SP), a cisoid merocyanine (CCC), and
a transoid (TTT) merocyanine. This is the first experi-
mental evidence for a cisoid merocyanine intermediate in
spiropyran photoisomerization on a millisecond timescale
[15].

Evidence for the TTC form of 6-nitro-BIPS comes from
laser desorption/electron diffraction and excited state dy-
namics [16, 17].

Based on conceptual density functional theory [18], most
studies have been conducted on simple model compounds.
Fewer theoretical studies of the excited state species have been
reported due to computational constrains in the prediction of
the excited state properties.

It should be mentioned that the gas-phase dynamics of
two classes of photochromic molecules, three spiropyrans
and one spirooxazine, have been investigated using both
time-resolved mass spectrometry and photoelectron spec-
troscopy approaches [19]. The comparison of the dynamics
of the studied four molecules has been used to propose
a sequential photoisomerization mechanism involving four
stESP occurring in the first 100 ps.The authors have been able
to characterize two of these, although questions still remain
unanswered for the others.

Previous study [20–22] pointed to the fact that the struc-
ture of the photochemically produced colored species, the
nature of any reaction intermediates, and the detailed mech-
anistic processes involved in SP/MC reversible pathways
are still unclear (see Scheme 1). Here we try to present the
results of a more detailed study about reactivity descriptors
and electrostatic potential energy surface maps (ESP maps)

that may provide a mechanistic image of the photochemi-
cal/thermochemical conversion, which enhances the ratio-
nal design of new photochromic materials with improved
performance. In particular, in this paper the results of TD-
DFT investigations of the conversion between a spiropy-
ran, namely, 1,3-dihydro-8-methoxy-1,3,3-trimethyl-6-
nitrospiro[2H-1-benzopyran-2,2-(2H)-indole] (SP) and its
merocyanines-like isomers (see Scheme 1) on the ground
state and the lowest excited state, are reported. Potential
energy surfaces and reactivity indices (such as chemical
potential, hardness, and softness parameters) developed from
HOMO-LUMO frontier orbitals are also presented and
discussed. The data computed for electronic singlet states
provide a detailed view of the electronic spectroscopy of the
isomers of spiropyrans.

2. Materials and Methods

2.1. Materials. The spiropyran (SP) (1,3-dihydro-8-me-
thoxy-1,3,3-trimethyl-6-nitrospiro[2H-1-benzopyran-2,2-
(2H)-indole]) (Sigma-Aldrich, 97%) was used as received.
Pure grade (Aldrich) solvents were used.

2.2. Instruments. UV-Vis absorption spectra were measured
in the range of 250–800 nm using diode array ocean optics
spectrometer with spectra suite operating software. The
source of UV-Vis irradiation is a homemade photoirradiation
apparatus with an 8 Watt UVA lamp.

2.3. General Procedure for the SP Photochemical Reactions.
The color developing reaction in a quartz cell is carried out
using 8 Watt UVA lamp and monitored spectrophotomet-
rically. The color fading up reaction monitored in the dark
using the repeat scan mode of Spectra Suite Ocean Optics
software. All the measurements were carried out at room
temperature ≈ 22∘C.
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Figure 1: (a) The optimized geometry of the colorless SP structure (H atoms are hidden for clarity) and (b) the optimized geometry of the
TTT isomer (see Supplementary Materials (Tables 1 and 2), available online at http://dx.doi.org/10.1155/2016/6765805, for detailed optimized
geometry parameters of the SP/MC isomers in gas-phase and in water, ethanol, and toluene).

2.4. Theoretical Computations. The theoretical calculations
are carried out using Gaussian 09, version D (64-Bit, Linda),
Gaussian Inc. (USA), and Spartan’14 parallel 64-bit ver-
sion (Wavefunction Inc., USA) quantum chemical packages
within the framework of DFT and TD-DFT (with 6 MOs
taken into account in the CI) and visualized by Gaussview
05 program (in case of Gaussian 09 computations). 6-
and 12-core pro-MAC computer were used to perform the
computations.The geometry optimization of closed and open
forms of the photochromic dye was carried out in vacuum as
implemented in the Gaussian 09 package [17]. The geometry
of the dye was optimized using B3LYP [23] functional with
the 6-21G-basis set, which is a good compromise between
accuracy and efficiency.The further expansion of the basis set
such as using 6-31+G(d) has less impact on the accuracy of the
molecular parameters. Attempts with other basis sets result
in no noticeable changes. However, using 6-311G∗ basis set
improves the UV-Vis absorption spectral parameters (𝜆 and
oscillator strengths). Potential energy surfaces are calculated
using B3LYP with 6-311G∗ basis set. First excited state (S

1
)

calculations are obtained at Configuration Interaction Singles
(CIS) level with similar basis sets (6-311G∗).

DataGraph 3.2 (Visual Data Tools, Inc., USA) software
was used for the graphical representation of the TD-DFTUV-
Vis electronic spectra.

The DFT-B3LYP method has been demonstrated to pre-
dict excellent geometries and energies. In addition, this level
of computation was found to take into account different geo-
metrical orientations of merocyanine-like isomers. Vibration
frequency calculations were performed to ensure geometry
optimization with minimum energy structure. The UV-Vis
spectrum was also studied in gas-phase as well as in two
representative solvents (polar protic ethanol and nonpolar
toluene). The useful reaction field model used for solva-
tion is the conductor polarized continuum model (CPCM)
[24].

3. Results and Discussion

3.1. The SP/MC Conversion. Irradiation in the UV region
leads to the cleavage of theCspiro-O bond resulting in different
isomers or conformers. Figure 1 shows the optimized geom-
etry of the SP closed form and one of its colored MC isomer.

It is suggested that irradiation results in the cis-MC
(Zusammen, Z isomer), which dominantly exist in the more
stable TTT form (see Scheme 1(a)). The rotation about the

central C-C bonds in cis-MC yields trans-MC (Scheme 1(a)).
The MC product is a hybrid of different CCC, CCT, TTC,
and TTT forms. However, it seems plausible to consider the
direct ring opening through Cspiro-O bond rupture to yield
the energetically apparent stable Z isomer as represented in
Scheme 1(b).

The MC → SP reverse isomerization usually occurs
spontaneously and can be accelerated thermally or by visible
light [2, 3, 19, 20]. Spiropyrans are also capable of isomerizing
in the presence of metal ions even under dark conditions,
since the merocyanine form is stabilized by coordination to
the metal ions [3, 11, 22]. The main problem of spiropyrans
is their low stability and for this reason several attempts
have been performed in order to incorporate or disperse
them into a polymer matrix [25]. This results in delayed
color fading of the MC-like isomers, which accompanies the
dark conversion to the closed isomer (see Scheme 1). Specific
interactions between the polymer functional groups and the
MC-like forms as well as polymer free volume available for
the isomerization are the obvious reasons for the noticed
delay of MC-like isomers to revert back to SP form. The
dark fading is also retarded in presence of transition metal
ions such as samarium ions due to complexation with the
chelating groups of the MC-like isomers. Consequently, the
number of switching cycles should be decreased significantly.
Subsequently, inclusion of closed SP in PMMA thin film or
the presence of a lanthanide ion significantly stabilizes the
photogenerated TTT isomer [26, 27].

To explore the relationship between photochromism and
structural parameters such as particular bond lengths [20, 28]
for thismaterial, within the framework of theDFT,we studied
the molecular geometry of the closed and open forms in
the gas-phase. Upon the spiropyran-merocyanine transfor-
mation the C

7
atom (Cspiro see Figure 1(a)) changed from sp3

hybridized to sp2 hybridized and the two aromatic moieties
of the molecule changed from being perpendicular and
became coplanar substantially. Generally, when compared to
gas-phase calculations, the solvent environment alters the
charge distribution of molecules. This is reflected in bond
length change. Bond length Cspiro-O increases noticeably in
the order: gas-phase < toluene < ethanol < water reflecting
easier bond breaking in polar solvent.Moreover, the localized
positive/negative Mulliken [29] charge on the C𝛿+spiro-O

𝛿−

atoms decreases slightly in the reverse order leading to a
relatively less electrostatic attraction between Cspiro-O atoms.
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Table 1: HOMO/LUMO energies, chemical potential, hardness, and softness of SP/MC isomers.

Reactivity indices calculated from HOMO/LUMO
energies (a.u.)

SP closed form Merocyanine-like isomers
Gas-phase Toluene EtOH CCC TTC TTT

𝜖LUMO −0.07782 −0.08822 −0.08812 −0.10667 −0.10023 −0.10994
𝜖HOMO −0.19082 −0.1925 −0.19290 −0.19487 −0.19139 −0.19217
𝜇 −0.1343 −0.1404 −0.1405 −0.15077 −0.14581 −0.15101
𝜂 +0.1130 +0.1044 +0.1047 +0.0882 +0.09116 +0.08223
𝑆, (a.u.)−1 8.8496 9.5785 9.5511 11.3379 10.9697 12.1610

This synergistically with the bond length favors easier bond
breaking in more polar medium (Online Resources: see
Table 1; C

7
and O

13
). Moreover, based on the larger Mulliken

negative charge values of the substituted benzo ketonemoiety,
it could be easily predicted that the ketonic O as well as the
methoxy O atoms has larger abilities to coordinate with a
transition or a lanthanide metal positive ion in both SP/MC
forms.

See Supplementary Tables 1 and 2 (Online Resources):
Supplementary Table 1 shows parameters of the optimized
geometries and Mulliken charges of SP in different media
(refer to Figure 1(a) for atom tags, bond connectivity, and
angles); Supplementary Table 2 shows parameters of the
optimized geometries and Mulliken charges of the different
MC isomers (refer to Scheme 1(a) and Figure 1(b)).

It is noteworthy to mention that in the application of
quantum mechanical calculations to molecular systems, the
calculation of effective atomic charge plays an important role
in such cases. Mulliken atomic charges are calculated by
determining the electron population of each atom as defined
by the basis function.

3.2. DFT Local Indices for Reactivity and Liability of Electron
Density. Local properties are highly desirable in establishing
a reactivity-oriented description of molecular systems [30–
34].

Global reactivity indices were estimated according to
the equations recommended by Parr and Yang [30, 31]. In
particular, the electronic chemical potentials (𝜇), chemical
hardness (𝜂), and softness (𝑆 = 1/𝜂) of the SP/MC isomers
studied were evaluated in terms of the one-electron energies
of the frontier molecular orbital HOMO and LUMO, using
the following equations:

𝜇 = −

1

2

(𝐼 + 𝐴) ≈

1

2

(𝜖LUMO + 𝜖HOMO) ,

𝜂 = (𝐼 − 𝐴) ≈ (𝜖LUMO − 𝜖HOMO) ,

(1)

where 𝜖HOMO and 𝜖LUMO are the energies of the highest
occupied and the lowest unoccupied molecular orbitals,
HOMO and LUMO, respectively. The energies of Kohn-
Sham frontier molecular orbital have been used to calculate
reactivity descriptors coming from conceptual DFT [30–33].

The chemical potential 𝜇measures the escaping tendency
of electron from equilibrium and the global hardness 𝜂 can
be seen as the resistance to charge transfer (or the band gap),
while softness 𝑆 gives indication of how large is electron

transfer to/from the molecule when the chemical potential
changes.

The knowledge of reactivity on a molecule is of a crucial
interest because it allows understanding interactions that
are operating during a reaction mechanism. In particular
electrostatic interactions have been successfully explained
by the use of the molecular electrostatic potential [18, 34–
36]. The calculated values are tabulated in Table 1. Escaping
tendency of electronic charge 𝜇-value increases by increasing
the polarity of the solvent and/or by Cspiro-O bond cleavage
to form MC isomers. Also, resistance to charge transfer
measured by 𝜂 decreases and, thus, softness of molecules
increases. It indicates larger charge transfer from/to the MC
relative to SP, following the order

SP (gas-phase) < SP (EtOH) ≤ SP (Toluene) < TTC

< MCCT < TTT
(2)

(see Table 1). The calculated reactivity descriptors listed in
Table 1 favor largest charge transfer liability in case of TTT
isomer. This is in agreement with findings of a recent study
of photoisomerization among ring-open merocyanines by
reaction dynamics and wave packet oscillations induced by
tunable femtosecond pulses [35].

3.3. UV Irradiation and Thermal Relaxation. Scheme 1(a)
describes collectively the spectral observations of liquid-
phase experiments depicted in Figure 2 (bathochromic shift
of SP peak forming isosbestic point as the time of irradiation
increases leading to large enhancement of the color of the
MC-like isomers generated).

Our spectra calculations (Table 2) show a reaction path-
way represented by the following scheme: SP → CCC →
TTC → TTT (see Figure 2(a)). This is in agreement with
the results obtained above, which shows that the calculated
reactivity descriptors listed in Table 1 favor largest charge
transfer liability in case of TTT isomer. This is reflected in
its red shifted longest wavelength absorption peak relative to
other MC isomers.

Some representative molecular orbitals involved in the
electronic transitions are shown in Figure 3. In case of SP
closed form, it is obvious that electron transfer transition
between HOMO and LUMO reflects the localized nature of
the donor (indole) and acceptor (nitro benzene derivative)
parts of the two perpendicular moieties of the molecules;
see Figure 3. Some representative molecular orbitals (MOs)
involved in the electronic transitions listed in Table 2 for



International Journal of Photoenergy 5

Table 2: Computed spectroscopic characteristics of the SP/MC isomers and MOs involved in the CI transitions.

Excited state
Closed form (SP) Open form (CCC) Open form (TTC) Open form (TTT)
𝜆, eV, nm (𝑓) 𝜆, eV, nm (𝑓) 𝜆, eV, nm (𝑓) 𝜆, eV, nm (𝑓)
MOs involved MOs involved MOs involved MOs involved

1
2.672, 464.0 (0.011) 1.737, 713.9 (0.075) 1.716, 722.4 (0.029) 1.805, 686.9 (0.039)

93→ 94 93→ 94 92→ 94 92→ 94
93→ 95 93→ 94 93→ 94

2

3.483, 356.0 (0.025) 2.252, 550.5 (0.031) 2.096, 591.5 (0.234) 2.015, 615.2 (0.245)
93→ 95 91→ 94 92→ 94 92→ 94

92→ 94 93→ 94 93→ 94
93→ 94 93→ 95 93→ 96
93→ 95

3

3.594, 345.01 (0.0001) 2.474, 501.2 (0.364) 2.378, 521.2 (0.004) 2.267, 546.8 (0.008)
89→ 94 92→ 94 90→ 94 90→ 94

93→ 94 91→ 94 91→ 94
93→ 95

4

3.691, 335.9 (0.194) 2.778, 446.3 (0.017) 2.806, 441.7 (0.152) 2.716, 456.4 (0.117)
91→ 94 91→ 94 90→ 94 90→ 94
92→ 94 92→ 94 92→ 95 93→ 94

92→ 95 92→ 96 93→ 95
93→ 94 93→ 96
93→ 95

5

3.850, 321.9 (0.036) 3.056, 405.7 (0.011) 2.810, 441.2 (0.004) 2.782, 445.6 (0.034)
90→ 94 90→ 94 90→ 94 90→ 94
91→ 94 90→ 95 91→ 94 91→ 94
92→ 94 91→ 94 92→ 94 92→ 96
92→ 95 92→ 95 92→ 95 93→ 96

TTC
TTT

CCC

SP

200 250 300 350 400 450 500 550 600 650 700 750

(nm)

0

5000

10000

15000

20000

25000

30000

Ep
slo

n

(a)

400 500 600 700
Wavelength (nm)

0

0

90

90

0.0

0.4

0.8

Ab
so

rb
an

ce

(b)

Figure 2: (a) Theoretically computed electronic spectra of the SP (red)/MC [CCC (cyan), TTC (green), and TTT(purple)] isomers. (b)
Experimentally determined photo-induced transformation (𝜆irradiation = 365 nm on the absorption spectrum of 5 × 10−5M of SP in toluene).
Time of irradiation from the bottom = 0, 10, 20, 30, 40, 60, 90 sec.The sharp isosbestic point in (b) reveals the isomerization reaction between
a closed SP and an open merocyanine form.
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Figure 3: Orbital energies and some MOs involved in the electronic transitions of different isomers.

SP form
ESP map is of PE ranges from −169 to
+116 kJmol−1; difference = 43kJmol−1

Mulliken B.O. of Cspiro-O = 0.90

S1 excited state SP∗

ESP map of PE ranges from −193
to +126; the difference = 67 kJmol−1

Cspiro-O BO∗ = 0.83

h�
→

Scheme 2

SP/TTT isomer and some are depicted graphically in
Figure 3.

It should be pointed out that previous quantum chemical
calculations have shown that TTC is the most stable and
TTT is the second most stable [20, 37–41]. However, several
computational studies used a reduced atom set to facilitate
computations making comparison to the parent systemmore
difficult.

3.4. Analysis ofMolecular Electrostatic Surface Potential (ESP).
The electrostatic surface potential (ESP) provides a visual
method to understand the relative polarity of the com-
pounds [34, 36].Mapped electrostatic surfaces potential (ESP
map) are shown in Figure 4 which illustrates the 3D charge
distributions of the molecule. The ESP map is a plot of
electrostatic potential, mapped onto the constant (HOMO)
electron density or total electron density surface. One of
the main purposes of finding the electrostatic potential is
to find the reactive site of a molecule. The importance of
which lies in the fact that it simultaneously displaysmolecular
size, shape, and positive, negative, and neutral electrostatic
potential energy regions in terms of color grading (Figure 4)
and is very useful in molecular structure—physiochemical
property relationship [22, 42, 43]. Knowledge of the charge
distributions can be used to determine how molecules inter-
act with one another. In molecular ESP maps, the negative
electrostatic potentials are shown in red, the intensity of
which is proportional to the absolute value of the potential

energy, and positive electrostatic potentials are shown in blue
while green indicates surface areas where the potentials are
close to zero. These surfaces are computed at the 0.0004 a.u.
isodensity surface. Potential increases are in the following
order: red < orange < yellow < green < blue (Figure 4).
The figure provides a visual representation of the chemically
active sites and comparative reactivity of atoms. In SP/MC,
the blue indicates the strongest attraction and red indicates
the strongest repulsion. Regions of negative value are usually
associated with the lone pair of electronegative atoms. As
can be seen from the ESP map of the studied molecules
(Figure 4), while regions having the negative potential are
over the indole part of the SP the regions having the zero
or small positive potential are over the aromatic moiety that
has methoxy and nitro group, especially on the Cspiro-O. It
is interesting to note that negative and positive potentials
according to the ESP map are uniformly distributed over
the whole TTT molecule. Referring to Figure 4, it could be
seen that upon light excitation the potential energy rises as
Scheme 2.

Consequently, Cspiro-O bond rupture occurs easily due
to the increase in PE and the decrease in Cspiro-O bond
order within femtosecond time domain [19] generating the
CCC form, which is characterized by ESPmap with potential
energy values range between −207 and +141 kJmol−1 of
66 kJmol−1 difference. Isomerization to TTC (of ESP map;
−200 to +176 kJmol−1; difference = 34 kJmol−1) occurs with
subsequent fast conversion around the bonds of the bridge
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TTT ESP map (potential ranges from −196 to +186 kJmol−1)
Difference = 10kJmol−1

TTC ESP map (potential ranges from −200 to +176kJmol−1)
Difference = 34kJmol−1

CCC ESP map (potential ranges from −207 to +141kJmol−1)
Difference = 66kJmol−1

SP ESP map (potential ranges from −169 to +116 kJmol−1)
Difference = 43kJmol−1

116

−169

126

−193

141

−207

176.04

−200

186

−196

and below is SP in state PE ranges
−193 to +126 and the difference = 67kJmol−1from

S1

Figure 4: The molecular electrostatic potential mapped onto total
SCF electron density for the different forms of closed SP and
merocyanine-like isomer (isovalue for the isosurfaces) with different
color codes from −ve value (red) to +ve value (blue) expressed in
kJmol−1.

to the most stable TTT (−196 to +186 kJmol−1; difference =
10 kJmol−1), which has, among other forms, the smallest
difference between the maximum and minimum potential
energy value of 10 kJmol−1.

ESP maps clearly distinguish the electrostatic potentials
over the different molecular isomers and could be used to
explain the driving force for ring closer of TTT and other
open form isomers. ESPmaps point to the spreading of lowest
attractive/repulsive energy over the SP form suggesting a
visualizing way to explain driving force for the reverse dark
reaction CCC↔ TTC↔ TTT→ SP.

4. Conclusions

The results reveal that the photo-induced ring opening
process of the SP closed form generates three possible planar
merocyanine-like (MC) colored isomers (CCC, TTC, and
TTT). This paper tackled the issue of the photo-induced
isomers of SP in a new way using new theoretical approach.
This is done via considering results of reactivity descriptors
and ESP map.

The calculated reactivity descriptors such as chemical
potential, hardness, and softness of the photochromic mate-
rial and its open forms isomers favor the largest charge
transfer liability in case of TTT isomer. This finding also
correlates withMulliken charges and TD-DFT calculated and
experimentally measured electronic spectra.

The effect of molecular structure generated by DFT in
gas-phase and solvents on calculated Cspiro-O bond length
has been shown to correlate with photochromic properties.
For this compound, DFT optimized geometry could be
used to predict the absorption wavelength of the colored
photochromicmaterial.The larger the Cspiro-O bond distance
is, the longer the absorption wavelength is.

Favorable SP ESP map of lowest energy limits relative to
other open forms encourages bleaching of the photogener-
ated open colored MC forms, suggesting a visualizing way to
explain driving force for the reverse pathway CCC↔ TTC↔
TTT→ SP.

The detailed theoretically obtained knowledge (such as
reactivity descriptors derived from HOMO-LUMO energies
and ESP maps) should result in considering a set of new
parameters that are important guidance for predicting new
photochromic materials with improved performance.
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