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Aminonaphthalimide Derivative
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Abstract

Molecules respond to changes in their environment which may affect their photophysical 

properties. This computational study uses DFT and TD-DFT methods to investigate how the 

environmental changes tune photophysical properties in a ferrocene-aminonaphthalimide-

piperazine derivative. Modeled in water and THF solvents, via implicit and explicit solvation, the 

work identifies two critical dihedral angles that influence the UV-vis absorption spectrum: 

piperazine N-torsion and CCNN torsion. Potential energy scans and UV-vis absorption spectra 

along these dihedral angles are presented. Environment affects both dihedral angles, CCNN varies 

with molecular substitutions, shifting the main absorption peak up to 90 nm from UV to vis area 

and altering its intensity, while there is also a weak peak in vis area at around 450 nm whose 

intensity increased with the planarity of the N atom. Overall, changes in the relative orientation of 

the piperazine unit to the aminonaphthalimide significantly alter the absorption spectrum. These 

results demonstrate that the piperazine–aminonaphthalimide geometry governs spectral behavior, 

illustrating how microenvironment-induced intramolecular rotations can be leveraged to tune 

absorption through molecular design principles.

Keywords: absorption spectra; DFT; dihedral angle; ferrocene; molecular logic gates; theoretical 
calculations.
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1. Introduction 

The ability of molecules to process information similar to electronic systems has been proved 

since molecules can respond to changes in their environment, for instance presence of cations, anions 

or neutral species, pH, temperature, viscosity, oxidation, leading to alteration of the absorption or 

fluorescence spectra, i.e., change of color, change of intensity or band shifts. 1-11 The development of 

sensors and molecular logic gates (MLGs) responsive to oxidisability and acidity that incorporate a 

ferrocene moiety and bioactive fluorophores have attracted research interest.12-15 Such molecules are 

designed according to the principles of Photoinduced Electron Transfer (PET) systems following the 

‘electron donor–spacer1–fluorophore–spacer2–receptor’ format, where the metallocene acts as the 

electron donor. 

In literature, there are many research articles regarding observed shifts in absorption peaks 

caused by changes in molecular or lattice geometry, particularly in UV-Vis, IR, and Raman 

spectroscopy.8-18 These shifts arise from alterations in electronic transitions, vibrational modes, or 

orbital overlaps due to steric effects, conformational changes, or structural distortions. For instance, in 

molecules having groups that act as donor (D) and acceptor (A) which are linked in a D–A or D–A–D 

format, the presence of bulky substituents in different positions on the donor groups forced the 

molecules to adopt geometries where the singlet charge transfer state is shifted to higher energy values, 

resulting in the oscillator strength and luminescence efficiency decreasing.16 In another example, phase 

transitions in materials like magnesium ferrite cause cubic-to-distorted structures, splitting IR/Raman 

peaks due to symmetry reduction and bond length changes, while Jahn-Teller distortions or spin 

rearrangements further shift frequencies.17 The solvent also affects the spectra, for instance protic 

solvents moderately planarize the extended π-systems, causing red-shifted absorption spectra and 

enhanced first hyperpolarizabilities, especially in smaller molecules via hydrogen bonding and 

geometry relaxation, while effects diminish with extended conjugation.18 

Nitrogen atoms in organic compounds can switch between tetrahedral and planar geometries, 

significantly impacting UV-Vis, IR, or NMR spectra through changes in conjugation, electronic 

transitions, or vibrational modes.9,10,13,15,16,19,20 Our group has reported examples of tertiary amine group 

linked to a fluorophore via spacers where the size of the spacers affects the quenching or not of the 

fluorescence attributed to a PET process.19 Furthermore, it has been shown that the geometry of the N 

atoms can be strongly affected by the solvent resulting in a quenching of emission spectra only for 

specific solvents. The complexation of cations in adjacent receptors also affects the geometry of the N 

atoms altering the spectra, resulting in the potential use of the compounds as sensors or MLGs.9,10 For 

instance, it was found that a styryl-bodipy derivative which contains three high selective receptors for 

Ca2+, Zn2+, and Hg2+ is a 3-input AND MLG in aprotic solvents. The emission is accomplished by the 

simultaneous tetrahedral geometry of all three aniline N atoms. In acidic conditions, this was fulfilled 
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by the existence of protons, while in acetonitrile or water solvent this is achieved via the existence of 

the three metal dications attached to the three different receptors leading to the compound emission, 

regardless of the complexation of the metals. 9,10 

Recently, in 2022, we studied via density functional theory (DFT) the photophysical properties 

of a 3-input AND MLG,13 which contains a ferrocene group as an electron donor, an 

aminonaphthalimide as a fluorophore, and piperazine and crown ether as H+ and Na+ receptors, 

respectively; it is a 3-input MLG upon iron oxidation, protonation and Na+ complexation. This 

compound had been synthesized initially by Magri et al.12 and it presented an enhanced fluorescence 

spectrum. The calculated absorption and emission spectra were in excellent agreement with available 

experimental data by Magri et al.12 The photophysical properties of the compounds were explained 

theoretically, and we demonstrated that molecular systems with N atoms, whose geometry is between 

planar and tetrahedral, can be excellent candidates as sensors and MLGs. It was found that small changes 

in the calculated geometries, specifically 7 degrees on the geometry of the N atom of piperazine, due to 

the explicit inclusion of the solvent, can alter the calculated UV-vis absorption and emission spectra up 

to 100 nm.13 Furthermore, the transition metal that is involved in the metallocene groups affects the UV-

vis spectra as well.15 The effect of the change of the dihedral angle has been studied for specific systems. 

In 2024, a ferrocene-based chemosensor20 was examined, that can generate a molecular logic circuit for 

the selective detection of Hg2+ and Cu2+. The cationic sensor R responds via chromogenic, fluorogenic, 

and electrochemical channels and has multi-channel signaling capabilities. It was found that the pyridyl 

pyrazole rings in the optimized receptor structure exhibit an NCCN torsion angle of about 145 degrees, 

which is different in each case for the R-Hg2+ and R-Cu2+ molecules, indicating that the presence of 

metal ions results in a reduction in lone-pair repulsion. In a solvent mixture of CH3CN and water, color 

changes to orange with Hg2+ and green with Cu2+. Furthermore, fluoride sensor molecules were studied 

in order to identify intracellular fluoride.21 Specifically, four o-bis(styryl)benzene (oBSB) compounds 

with large Stokes shifts linked to various decorating motifs that respond differentially to hydroxyl, 

cyanide, and fluoride ions were studied and the effect of the alteration of the dihedral angle on the value 

of the oscillator strength (f) in S0→S1 and the S0→S2 transition was studied. Ashwathi et al.22 developed 

a sensor that employs the unique properties of anthracene for the detection of Ni2+, Zn2+ and CN−, among 

other ions. They measured specific dihedral angles of interest in the ground state, while alterations in 

these dihedral angles were observed upon interaction with cyanide ion. The presence of CN− gives deep 

pink color to pyrrolidine-1-carbothiohydrazide (PA), while Ni2+ and Zn2+ give bright yellow color. The 

distinct responses of PA to CN−, Ni2+ and Zn2+ ions allowed the sensor to develop MLGs. 

In this work, we continued our two previous studies on metallocene-aminonaphthalimide-

piperazine derivatives.13,15 In Ref 15, the ferrocene-aminonaphthalimide-piperazine (A), see Figure 1, 

the corresponding cobaltocene-aminonaphthalimide-piperazine and nickelocene-aminonaphthalimide-
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piperazine, the corresponding protonated, oxidized, and both protonated and oxidized species were 

calculated to evaluate the effect of the metal in the calculation of the absorption spectra.15 In Ref. 13, 

the 3-input AND MLG (B) was studied, which is a 3-input MLG upon iron oxidation, protonation and 

Na+ complexation, along with all derivatives of B involved in the logic gate operation. It was found that 

small differences in geometry of B, specifically in the geometry of N atom of piperazine towards linked 

to aminonaphthalimide, reflect significant differences in absorption spectra, while the importance of the 

explicit inclusion of the solvent molecules for the accurate calculation of the UV-vis spectra for studied 

species was pointed out. A is a precursor molecule of B, specifically A has a PhOMe group, instead of 

PhOMe-NCrownEther group, where the PhOMe group can be symmetrically linked to piperazine group 

due to the absence of the N-crown ether unit. Due to the difference in these groups, these two molecules 

have different relative piperazine–aminonaphthalimide position and there are differences in their 

spectra. So, the first question that arises is: (i) does this relative position play a significant role in the 

calculation of the UV-vis spectra? In our previous study on A,15 the THF solvent was involved only 

implicitly in the calculation. So, two additional questions have arisen: (ii) is the relative position of the 

piperazine–aminonaphthalimide affected by the explicit inclusion of one or two solvent molecules? (iii) 

does the type/size of the solvent affect the spectra, i.e., water which is a polar protic solvent vs THF, 

which is an aprotic polar solvent having a larger size than water? Furthermore, it is important to clarify: 

(iv) how the changes of the observed geometry affect the absorption spectra, i.e., the changes in A are 

as dramatic as in the case of the MLG where the N-crown ether was linked, adding an inherent steric 

restriction, and (v) are there any other parameters that may affect the spectra? Thus, the A molecule was 

investigated using DFT and TD-DFT methods in water and THF solvents, modeled both implicitly and 

explicitly adding one or two solvent molecules. Additionally, potential energy curves and the 

corresponding UV-vis spectra with respect to specific coordinates were calculated in order to obtain 

useful data for the manipulation of the spectra for potential applications in the design of sensors or dyes. 

Figure 1. Ferrocene-aminonaphthalimide-piperazine (A) and (ii) 3-input AND MLG (B).
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2. Computational Methods

DFT and TD-DFT methodologies have been employed in this study to inspect the effect of the 

explicit solvent addition and the effect of the change of the dihedral angle of the N atom of the 

piperazine. All calculations were carried out using the PBE023,24 functional in conjunction with the 6-

31G(d,p)25 basis set in water and in tetrahydrofuran (THF) solvents employing the polarizable 

continuum model (PCM).26-27 Water is a polar protic solvent with high dielectric constant, ε= 78.3553, 

while THF is a polar aprotic solvent, ε=7.4257, lacking H-bond donation. Then, additional to the 

implicit inclusion of the solvent, one and two molecules of water or THF solvent were added next to the 

two N atoms of the piperazine. The structures of the molecular systems obtained are characterized as 

A-Wu, A-THFu, A-Wd and A-THFd when one molecule of the solvent has been added, where u stands 

for “up”, i.e., over the piperazine and d stands for “down”, i.e., below the piperazine, as plotted in Figure 

2. In the case of the addition of two solvent molecules, the structures are characterized as A-2Wud and 

A-2THFud. Note that, in the case of the water solvent, two minima structures were calculated, specified 

as m1 and m2, for instance A-Wu-m1 and A-2Wud-m2, as seen in Figure 2. It should be noted that for 

all molecular systems, conformational analyses were carried out at first, where all species were fully 

energetically optimized at the PBE0/6-31G(d,p) level to locate the minimum structures presented in 

Figure 2.  Additionally, all calculated minimum structures were calculated at the PBE0/def2-TZVP28 

level of theory.

Regarding the methodology used, i.e., PBE0/6-31G(d,p), our previous calculations on 

derivatives with ferrocene species, indicated that the PBE0/6-31G(d,p) level of theory13 is a very good 

choice for such systems; the calculation of absorption and emission spectra is in very good agreement 

with available experimental data.12 The PBE0 functional has been extensively tested for its ability to 

predict excited state properties, including vertical excitation energies and excited state geometries.29,30 

it has been shown that PBE0 is among the most effective functionals for the calculation of UV-vis 

spectra.29 The PBE0 functional is widely used, and it is a hybrid generalized gradient approximation 

(GGA) functional that can provide geometry and electronic spectra in good agreement with the 

experiment.31 Furthermore, additional calculations for molecule A using the ωΒ97XD, 32 and TPSSh33 

functionals in conjunction with the 6-31G(d, p) basis set, showed that all resulted in similar geometries, 

and B3LYP provided the same absorption spectra with PBE0, see discussion in the main text. Finally, 

the D3 version of Grimme’s dispersion correction34 was added to PBE0 and TPSSh functionals, i.e., 

PBE0-D3 and TPSSh-D3, to investigate the effect of the dispersion correction in the geometry.  

Potential energy curves (PEC) of the ground, singlet- and triplet- excited states with respect to 

the geometry of the d2 dihedral angle (CNCC), see Figure 3, have been plotted to study the geometry 

effect on the calculation of the UV-vis absorption spectra. Two PEC were plotted that correspond to 
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different minimum structures of molecule A due to different position of the piperazine with respect to 

the aminonaphthalimide group, see Figure 3 and discussion in the next section. 

Figure 2. Calculated minimum structures of molecule A with explicit addition of one and two water or 
THF solvent molecules and relative energies Te at the PBE0/6-31G(d,p) and in parenthesis at the PBE0/ 
def2-TZVP methods in water or THF solvent. 

Figure 3. CNCC dihedral angles d1(1,2,3,4), d2(6,7,8,9) and d3(10,11,12,13) and CCNN d4(5,6,7,11) 
dihedral angles labeled with pink rings (i) Type (I) structure: aminonaphthalimide is perpendicular to 
the piperazine ring and (ii) Type (II) structure: piperazine ring is above the aminonaphthalimide.

Page 6 of 24Physical Chemistry Chemical Physics

P
hy

si
ca

lC
he

m
is

tr
y

C
he

m
ic

al
P

hy
si

cs
A

cc
ep

te
d

M
an

us
cr

ip
t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

4 
M

ay
 2

02
6.

 D
ow

nl
oa

de
d 

on
 5

/4
/2

02
6 

8:
32

:2
5 

PM
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.

View Article Online
DOI: 10.1039/D6CP00759G

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d6cp00759g


7

TD-DFT calculations were performed to obtain the absorption spectra of the structures studied 

in both H2O and THF solvents. The absorption spectra of these systems were calculated including up to 

50 singlet- and triplet-spin excited electronic states in all cases. The effect of explicit and implicit 

addition of solvent molecules in a specific position of interest was also examined. The geometry effects 

were studied with the computational methods mentioned above, and the respective absorption spectra 

were obtained. Finally, the Linear Response Correction (cLR) approach has been employed for the main 

absorption peaks.35 All calculations were performed employing the Gaussian16 code. 36

3. Results and Discussion

3.1. The A, A-W, A-THF, A-2W and A-2THF molecules.

Geometry: The molecule A in THF and water solvent has been calculated. At first, the solvent 

was included implicitly, then one or two solvent molecules were added so as the solvent to be included 

both implicitly and explicitly, see Figure 2. The water molecules were placed next to the piperazine 

group because the geometry of the N atom of piperazine linked to aminonaphthalimide presents a 

dihedral angle ~140 degrees and it was found that small changes in this geometry affect the absorption 

spectrum of derivative B. Four minimum structures (A-W) were calculated in the case of the explicit 

inclusion of one water molecule; their relative energy ordering is given in Figure 2, i.e., the four 

minimum structures are lying within 0.15 eV. Note that the three lowest-energy minima are nearly 

energetically degenerate at the PBE0/6-31G(d,p) method. Additional calculations at the PBE0/def2-

TZVP level of theory confirm this near-degeneracy, with negligible energy differences between them. 

Thus, employing a larger basis set yields the same energetic picture. Two minimum structures (A-THF) 

were calculated in the case of the explicit inclusion of one THF molecule, see Figure 2. Energetically, 

the solvent molecule is placed below the piperazine group for both solvent molecules, see Figure 2. 

Similarly, the effect of the use of the larger basis set at the calculated relative energy is negligible, i.e., 

the A-THFu minimum is higher in energy than the A-THFd by 0.242 eV at PBE0/6-31G(d,p) and 0.218 

eV at PBE0/def2-TZVP. Furthermore, two water or THF solvent molecules were added above and 

below the piperazine group, see Figure 2. 

Furthermore, a diagnostic index for charge transfer, such as the charge transfer distance, dCT, 

has been calculated to justify the performance of PBE0 regarding the range-separated functionals like 

ωB97XD in this system. Specifically, the distance between the Fe2+ cation and the C5 atom of the 

aminonaphthalimide, i.e., the distance between the ferrocene group that act as an electron donor and 

aminonaphthalimide that act as an electron acceptor, was measured. It is found that the dCT values of 

the PBE0 and ωB97XD differ only 0.02 Å which is not a significant difference. See, Table S2 of SI.
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Table 1. Selected geometries, CNCC dihedral angles d1(1,2,3,4), d2(6,7,8,9) and d3(10,11,12,13) in degrees, 
CCNC dihedral angle d4(5,6,7,11) in degrees, and the Hs

…N and HA
…Os distances a in Å (see Figure 3) of the 

A, A-W, A-2W, A-THF and A-2THF molecular systems in water or THF solvent at the PBE0, TPSSh, 
ωB97X-D, PBE0-D3, TPSSh-D3/6-31G(d, p) level of theory. 

Molecule Method solvent d1 d2 d3 d4 type a Hs
…N b HA

…Os b

A PBE0 c THF 178.2 141.8 124.9 0.06 I
PBE0-D3 THF 175.9 140.9 125.7 1.54 I
TPSSh c THF 178.9 140.1 124.3 1.13 I

TPSSh-D3 THF 173.8 138.9 125.0 1.73 I
ωΒ97XD c THF 176.1 141.4 125.4 1.58 I

PBE0 THF 177.7 150.2 124.9 129.6 II
PBE0 THF 178.9 149.2 124.5 90.5 ts
PBE0 water 178.6 141.6 124.8 0.23 I
PBE0 water 178.0 151.3 124.9 129.1 II
PBE0 water 178.5 147.6 124.5 85.9 ts

A-Wd-m1 PBE0 water 178.7 138.6 122.9 0.54 I 3.317 2.452
A-Wd-m2 PBE0 water 179.3 141.2 124.7 129.5 II 1.975 2.458
A-Wu-m3 PBE0 water 179.6 151.9 124.7 128.7 II 3.493 2.558
A-Wu-m4 PBE0 water 178.5 135.5 124.6 1.62 I 1.953 2.373

A-2Wud-m1 PBE0 water 179.3 141.9 124.3 128.6 II 1.989(d), 3.745(u) 2.461(d), 2.544(u)
A-2Wud-m2 PBE0 water 178.7 135.3 124.4 3.39 I 4.870(d), 1.956(u) 2.357(d), 2.328(u)

A-THFu PBE0 THF 178.3 140.8 124.9 0.33 I 3.290 2.282
A-THFd PBE0 THF 177.8 150.9 125.6 129.6 II 5.138 2.444

A-2THFud PBE0 THF 177.7 154.9 125.1 127.5 II 4.744(d), 3.637(u) 2.374(d), 2.301(u)
a Type I or II, see Figure 3; ts: transition state between type I and type II.  b The shortest Hs

…N and HA
…Os 

distances between A and W or THF solvent molecule, where Hs: hydrogen atom of the solvent, Os: hydrogen 
atom of the solvent. c Reference 15.

In the case of the A molecule in THF solvent, the minimum structure was calculated using the 

PBE0, TPSSh, ωB97X-D, while the dispersion correction D3 has been added to the PBE0 and TPSSh 

functionals, i.e., PBE0-D3 and TPSSh-D3. It is observed that all five functionals predicted similar 

geometries. Given that our group13 has found that the geometry of the N atom is crucial for the 

calculation of the UV-vis absorption and emission spectra, the CNCC dihedral angles d1(1,2,3,4), 

d2(6,7,8,9) and d3(10,11,12,13) and the CCNC dihedral angle d4(5,6,7,11) of the calculated minimum 

structures has been computed and they are presented in Table 1 along with the Hs
…N and HA

…Os 

distances between each solvent molecule (s) and A. The minimum structures are characterized as type 

I or II depending on the value of the d4 dihedral angle, see Figure 3.
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Table 2. Main absorption peaks, λ (nm), energy differences ΔΕ (eV), f-values and the corresponding main 
excitations of the absorption spectrum of the A, A-W, A-2W, A-THF and A-2THF molecular systems in 
water or THF solvent at the PBE0, TPSSh, ωB97X-D, PBE0-D3, TPSSh-D3/6-31G(d, p) level of theory. 
LR corrected ΔE values (eV) are given in parentheses.

Molecule Method solvent d4 λ ΔE f main excitation
A PBE0 a THF 0.39 333.5 3.72 0.4260 0.989 |H-6 → L>

PBE0-D3 THF 1.54 333.5 3.72 0.4250 0.986 |H-6 → L>
ωB97XD a THF 1.58 308.9 4.01 0.5029 0.916 |H-5 → L>
TPSSh a THF 1.13 353.5 3.51 0.2344 0.768 |H-6 → L>

TPSSh-D3 THF 1.73 353.9 3.50 0.2740 0.833 |H-6 → L>
PBE0 water 0.39 333.5 3.72 0.4216 0.989 |H-6 → L>

B b PBE0 water 129.24 420.0 2.95(2.93c) 0.3932
B-W c PBE0 water 129.09 401.4 3.09(3.03c) 0.3396

Expt d water 400
A-Wd-m1 PBE0 water 0.54 334.2 3.71 (3.71) 0.4208 0.981 |H-5 → L>
A-Wd-m2 PBE0 water 129.47 399.9 3.10 (3.05) 0.3391 0.990 |H-2 → L>
A-Wu-m3 PBE0 water 128.70 417.2 2.97 (2.95) 0.3661 0.879 |H-2→ L>
A-Wu-m4 PBE0 water 1.62 332.8 3.73 (3.76) 0.4218 0.979 |H-5 → L>

A-2Wud-m1 PBE0 water 128.59 401.8 3.09 (3.03) 0.3231 0.991 |H-2 → L>
A-2Wud-m2 PBE0 water 3.39 333.7 3.72 (3.72) 0.2547 0.733 |H-5 → L>

A-THFd PBE0 THF 129.59 418.9 2.96 (2.95) 0.3914 0.812 |H-2→ L>
A-THFu PBE0 THF 0.33 334.2 3.71 (3.71) 0.4152 0.981 |H-6 → L>

A-2THFud PBE0 THF 127.47 421.5 2.94 (2.94) 0.4067 0.988 |H → L>
a Ref. 15.  b Ref. 13, LR corrected value: 422.8 nm. c Ref. 13, one water molecule has been added 
explicitly, and it interacts with molecule B LR corrected value: 408.7 nm. d Reference 12.

As expected, the N atom of aminonaphthalimide has a planar geometry, ~178 degrees, while the 

N atom of the piperazine towards the PhOMe group has a tetrahedral geometry, ~125 degrees. The 

dihedral N geometry of the piperazine towards the aminonaphthalimide ranges from 135.3 to 154.9 

degrees. Furthermore, the CCNC dihedral (torsion) angle d4(5,6,7,11), which corresponds to the relative 

position of the piperazine with respect to the aminonaphthalimide, has two distinct values depending on 

the molecular system, i.e., ~1 degrees and ~129 degrees that correspond to the type I and type II 

structures, see Figure 3. These two dihedral angles, i.e., d2 and d4, effect the absorption spectrum, see 

discussion below. In our previous study,13 we proved the importance of the d2 dihedral angle on the 

accurate calculation of the UV-vis absorption spectra, while here we further point out that the d4 angle 

has two different values that affected the spectra significantly, see discussion below. Note that in our 

previous study on B and B derivatives,13 the d4 was calculated the same for all structures and thus we 

could not observe its importance.

Type I and type II structures have similar stability, with energy differences of up to 0.2 eV. 

Notably, both the PBE0/6-31G(d,p) and PBE0/def2-TZVP levels of theory yield similar relative 
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energies. The calculated minima A-Wd-m1, A-Wu-m4, A-THFu, and A-2Wud-m2 minimum structures 

correspond to type I, while A-Wd-m2, A-Wu-m3, A-2Wud-m1, A-THFd, and A-2THFud correspond to 

type II, see Table 2. When one water molecule is included explicitly, type I and type II structures are 

energetically degenerate. However, with two explicit water molecules, the type II structure becomes the 

global minimum. In THF solvent, the type II structure is also the lowest-energy conformation, being 

~0.2 eV more stable than type I, see Figure 2. Note also, that when the solvent is added implicitly only 

the type II structure is more stable than type I in both THF and water solvent by 0.2 eV, see Table S3 

of SI.

In the A-W, A-THF, A-2W, and A-2THF molecules, hydrogen bond is formed between H 

atoms of A and the O atom of water or THF, which ranges from 2.3 to 2.5 Å. Furthermore, in four out 

of six A-W and A-2W molecules, hydrogen bonds are formed between the H of the water molecule and 

the N atom of piperazine, that range from 1.95 to 1.99 Å. In all molecular systems, the shortest observed 

Hs
…N and HA

…Os distances between each solvent molecule(s) and A are given in Table 1.

UV-vis spectra and Molecular Orbitals: The aim of this section is to find out how the main 

absorption peak of the UV-vis spectrum is affected by the d2 and d4 dihedral angles. 

Figure 4. Absorption spectrum of the calculated minimum structures of the A, A-W, A-2W, A-THF 
and A-2THF molecular systems in water or THF solvent at the PBE0/6-31G(d,p) level of theory. 
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In the case of molecule A in THF solvent, the UV-vis absorption spectrum was calculated using 

the PBE0, TPSSh, ωB97X-D, PBE0-D3 and TPSSh-D3 functionals. It is observed that the PBE0 and 

PBE0-D3, in the geometry calculated with the inclusion of the dispersion forces, predict a main peak at 

334 nm, the ωB97X-D functional predicts a peak at 309 nm, while TPSSh and TPSSh-D3 predict a main 

peak at 354 nm. The ωB97X-D functional predicts the highest oscillator strength, while the TPSSh 

predicts the lowest one. In water solvent, the main peak was calculated at 334 nm via the PBE0 

functional. Thus, depending on the functional, the absorption peak is shifted up to 45 nm. Our previous 

study13 on a derivative of A, i.e., on the MLG B which contains a PhOMe-NCrownEther unit while A 

has a PhOMe group, has shown that the PBE0/6-31G(d,p) method is very good choice for the accurate 

calculation of the UV-vis absorption spectra since it predicts accurately the experimentally measured 

main absorption peak. Specifically, the main absorption peak in water solvent was calculated at 420 nm 

for B and at 401 nm for B-W, where a water molecule has also been added explicitly. The experimental 

absorption peak was measured at 400 nm, in excellent agreement with our calculated values. Thus, the 

PBE0/6-31G(d, p) method is a very good choice for this type of molecular systems and so this method 

was used for all calculated molecular systems of the present study.

The absorption spectrum of the calculated minimum structures of the A, A-W, A-2W, A-THF 

and A-2THF molecular systems in water or THF solvent at the PBE0/6-31G(d,p) level of theory has 

been plotted in Figure 4. Selected main peaks are given in Table 2. The cLR approach was employed, 

and its effect was found to be negligible. The absorption peaks shift by at most 8 nm (0.05 eV), 

indicating a limited impact of the cLR correction, see Table 2 and Table S6 of SI. This behavior suggests 

that the excited states involved do not exhibit purely long-range charge-transfer character but rather a 

mixed local/CT nature, which reduces their sensitivity to state-specific solvent polarization. However, 

the main reason for the limited impact of the cLR correction is that the solvent polarization is already 

adequately represented by the hybrid solvation approach with one or two explicit molecules. Previous 

theoretical studies from our group on the UV-vis spectra of caffeine in ambient liquid water have shown 

that including solvent effects both explicitly and implicitly yields accurate agreement with 

experimentally measured spectra.37 

It is found that the calculated absorption spectra are separated into three groups, the first one 

has a main peak at ~420 nm, the second one at 400 nm and the third one at 334 nm. As mentioned above, 

the CCNN dihedral (torsion) angle d4(5,6,7,11), which corresponds to the relative position of the 

piperazine with respect to the aminonaphthalimide, has two distinct values depending on the molecular 

system, i.e., ~1 degrees and ~129 degrees. The first value corresponds to a perpendicular position of 

piperazine with respect to aminonaphthalimide group. As shown in Table 2, when d4 dihedral angle is 

about 1 degree, the d2 dihedral angle ranges from 135 to 141 degrees and the first main absorption peak 

is about 334 nm, while when d4 dihedral angle is about 129 degrees, the d2 dihedral angle ranges from 
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141 to 155 degrees and the first main absorption peak ranges from λ = 400 nm to λ = 422 nm and the 

largest λ values correspond to largest d2 angles. Overall, the environment, i.e., addition of solvent 

molecules, affects both d2 and d4 dihedral angles. On the contrary, the addition of an N-crown ether on 

the PhOMe unit results in molecular structures having d4 values of ~129 degrees only, meaning that the 

substitution with a large unit affects only d4 due to the steric restrictions. Thus, the values of both d2 and 

d4 can be tuned. 

For all calculated molecular structures, the |H → L> excitation corresponds to an electron 

transfer excitation from the ferrocene group to aminonaphthalimide, see Figure 5.  For A in both water 

and THF and for A-THFu, the first main UV-vis absorption peak retains the electron density in 

aminonaphthalimide with a λ value of 334 nm, see Figure 4. On the contrary, the first main UV-vis 

absorption peak for the A-Wd-m1, A-Wu-m4, and A-2Wud-m2 structures corresponds to an electron 

transfer from piperazine-PhOMe to the aminonaphthalimide, Figure 4, and λ values of 334 nm. For the 

A-Wd-m2, A-Wu-m3, A-2Wud-m1, A-THFd, and A-2THFud structures, it corresponds to an electron 

transfer from the ferrocene group to aminonaphthalimide with λ values of 400-422 nm, Figure 4. 

Furthermore, it should be noted that in all molecular systems there is a main peak in UV area at about 

225 nm which results in a |H-6 → L+1> excitation. As a final comment, the main excitations of the 

selected peaks for the global minima of A-W, A-2W, A-THF, and A-2THF exhibit coefficients of 

about 0.98 (see Table 2), indicating that frontier molecular orbitals accurately describe the electron 

density distribution. NTO analysis for representative systems -2Wud-m1 and A-2Wud-m2  see Figure S2 

of SI, confirms identical spatial electron density and charge-transfer characteristics. 

To sum up, there is no significant change in the absorption spectrum of A resulting from the use 

of water or THF solvent. The explicit inclusion of one solvent molecule can lead to two minimum 

structures with different d4 dihedral angles and thus difference in the position of the first main peak at 

about 334 or 400 or 420 nm depending also on the d2 dihedral angle. The best structures that can predict 

the experimental absorption spectrum arise upon addition of two solvent molecules. The corresponding 

lowest in energy structures present the main peak in vis area at 402 nm in water and 422 nm in THF.  
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Figure 5. Electron density plots of the molecular orbitals involved in the ΗL excitation and to the major 
UV-vis absorption peak of the calculated minimum structures at the PBE0/6-31G(d,p) in the THF and 
water solvent. Their relative energies of MO are given in eV.
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3.2. Potential Energy Curves and Excited States

Recently, it was found that the d2 value affects the absorption spectrum of molecule B and its 

protonated, oxidized, and complex structure with Na+ cation.13 Here, we study its precursor molecule 

A, and we found that the d2 value also affects the absorption spectrum but additionally, we found that 

the dihedral angle d4 presents two distinct values that also affect the absorption spectrum. The torsion 

d4 value is related with the relative position of the piperazine with respect to the aminonaphthalimide 

group. 

In order to investigate the geometry effect on the calculation of the UV-vis absorption spectra, 

the PEC of the ground, singlet- and triplet- excited states with respect to the geometry of the d2 dihedral 

angle (Figure 3) have been plotted. Two PEC were plotted that correspond to different minimum 

structures of molecule A due to different favored positions of the piperazine, i.e., type (I) structure: the 

aminonaphthalimide is perpendicular to the piperazine ring and type (II) structure: piperazine ring is 

above the aminonaphthalimide with a d4 of 129 degrees, see Figure 6. 

Figure 6. Potential energy curves of the 50 singlet- and 50 triplet-spin electronic states of A with respect to 
the dihedral angle d2 of (a) type I structure and (b) type II structure at the PBE0/6-31G(d,p) level of theory 
in THF solvent.

The potential energy curves of 50 singlets and 50 triplets for the structures I and II are given in 

Figure 6. The ground S0 state is well separated from the excited states. The T1 state is lying about 1.65 

eV above the S0 state corresponding to an λ value of 753 nm for type I and 1.69 eV above the S0 state 

corresponding to an λ value of 736 nm for type II. The following six triplet states (T2 to T7) are also 

lower in energy than the S1 excited state. The excited states are closely lying and avoided crossings are 

observed between (S1 and S2) and (T7 and T8) for type I, see Figure 6a. Finally, it should be noted that 
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the PECs of the electronic excited states form bands of very close lying state, see Figure 6. Some 

differences are observed between the PECs of the two structures, i.e., in type II the PECs are higher in 

energy by 0.5 eV on average, but overall, the general shape is the same. 

The potential energy curves in Figure 6 directly link molecular conformation to fluorescence 

behavior. For the type I structure (d4 ≈ 1 degrees), the S1 state remains well-separated from both the 

ground state and the triplet manifold (T1 to T6 states) along the d2 coordinate, with moderate ΔE 

variations. However, avoided crossings occur between S1 and S2 and between T7 and T8, located at 

global minima with a d2 value of 151 degrees. Note that the S0 minimum has d2 = 141.8 degrees. The 

S1 relaxation pathway may enable intersystem crossing (S1  T1) and then phosphorescence. In contrast, 

the type II structure (d4 ≈ 129 degrees) exhibits near-degenerate S1 and S2 states, both well-separated 

from nearby triplets, favoring fluorescence. Ferrocene serves as the primary PET donor, 

aminonaphthalimide acts as an acceptor with piperazine orientation (d₄) controlling also the coupling. 

Thus, type II's perpendicular piperazine (d4 ≈ 129 degrees) may suppress PET, enhancing fluorescence. 

For this reason, molecule B presenting only the stable type II conformer, i.e., type I is unstable, shows 

enhanced fluorescence.13 

Figure 7. (a) Relative Gibbs free energies for the I  II interconversion of A, A-W, A-W2, and A-THF 
with respect to type II (type II is lying at 0 level) and (b) rate constants of A interconversion at the PBE0/6-
31G(d,p) level of theory in water and THF solvent including the solvent implicitly.

Furthermore, the dynamic of the interconversion of type I to type II has been examined when 

the solvent is added implicitly. Type II structure is more stable than type I in both THF and water 

solvent by about 0.2 eV (electronic energy). Similarly, the relative Gibbs free energy ΔG is 0.191 

(0.247) eV in water (THF) solvent, while the transition state connected the two minima is 0.377 (0.399) 

eV above the global minimum of II type, see Figure 7. Using Eyring transition state theory, 𝑘 =  
𝑘𝐵𝑇

ℎ
𝑒―∆𝐺‡/𝑅𝑇, where ∆𝐺‡ is 0.377 (0.399) eV, for the interconversion II  I, k = 1.3104 s-1 (32103 s-
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1) at room temperature (298 K), while for the interconversion I  II, where ∆𝐺‡ = 0.186 (0.152) eV, k 

= 2.0107 s-1 (1.5108 s-1), see Figure 7. So, type II is kinetically stable. However, explicit solvation can 

yield near-degenerate conformers (e.g., A-Wd-m1 vs. A-Wd-m2), potentially observable 

spectroscopically. Other specialized conditions, such as cryogenic temperatures, glassy matrices, or 

host-guest nanoconfinement, can further resolve both type I and type II conformers by kinetic trapping.

The absorption spectrum of structures I with respect to the d2 dihedral angle is plotted in Figure 

8a. There are three main peaks of interest. The first one is in the area of 200-250 nm, the second in 300-

350 nm and the last one in 430-500 nm. It found that as the d2 changes from 124 degrees (tetrahedral 

geometry) to 180 degrees (planar geometry) the intensity of the first peak is increased and it is red 

shifted up to 459 nm (180 degrees). This peak corresponds to an electron transfer peak from the 

ferrocene to the aminonaphthalimide group, see Figure 9. The main peak at 334 nm is blue shifted 

slightly up to 327 nm, while its intensity is decreased with the increase of the d2 value, however it 

remains to be the main peak in the area 250 nm to 600 nm, see Table 3. This main peak does not have 

any charge transfer character, and the electron density is located at the aminonaphthalimide group, see 

Figure 9. On the contrary, a third peak at about 275 nm is observed, where its intensity increases with 

the increase of the d2 value. Finally, the peak at 225 nm remains sharp and intense for all d2 values, 

without any significant changes. 

Figure 8. Absorption spectrum of the calculated structures for different d2 dihedral angles of (a) type I 
structure and (b) type II structure at the PBE0/6-31G (d, p) level of theory in THF solvent.
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Figure 9. Frontiers molecular orbitals involved in main UV-vis absorption peaks of (a) type I and (b) II for 
specific d2 dihedral angles at the PBE0/6-31G(d,p) level of theory in THF solvent. Relative energies of 
orbitals in eV are included with respect to L orbital.
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Table 3. Absorption peaks, λ (nm), energy differences ΔΕ (eV), f-values and the corresponding main 

excitations of the type I and II structures at the PBE0/6-31G(d,p) level of theory. 

type d2 λ ΔE f main excitation
I 124 445.4 2.78 0.0009 0.840 |H → L>

333.5 3.72 0.4183 0.967 |H-6→ L>
144 445.0 2.79 0.0009 0.834 |H → L>

332.6 3.73 0.4242 0.990 |H-6→ L>
180 458.9 2.70 0.1020 0.829 |H-2 → L>

326.7 3.80 0.3007 0.971 |H-6→ L>
II 124 412.0 3.01 0.2969 0.868 |H → L>

337.6 3.67 0.0506 0.818 |H-4 → L>
154 419.8 2.95 0.3982 0.939 |H → L>

336.3 3.69 0.0117 0.930 |H-4 → L>
168 426.9 2.91 0.4017 0.966 |H → L>

337.5 3.67 0.0087 0.918 |H-4 → L>
180 435.2 2.85 0.2935 0.851 |H → L>

339.4 3.65 0.0068 0.833 |H-4 → L>

The absorption spectrum of structures II with respect to the d2 dihedral angle is plotted in Figure 

8b. There are four main peaks of interest, i.e., the first one is in the area of 200-240 nm, the second in 

260-280 nm, the third in 300-350 nm and the last one in 400-450 nm. It found that as the d2 changes 

from 124 degrees (tetrahedral geometry) to 180 degrees (planar geometry), the main peak at 412 nm is 

red shifted at 435 nm. Similar red shifts are observed for peaks at ~270 nm and ~230 nm, while their 

intensity is decreased, see Figure 8. On the contrary, the observed peak at the 340 nm does not shift with 

the increase of the d2 dihedral angle, but its intensity is decreased significantly. The peak at ~420 nm 

corresponds to a charge transfer from ferrocene to aminonaphthalimide, see Figure 9. The peak at ~ 340 

nm also corresponds to a charge transfer from ferrocene to aminonaphthalimide, while there are closely 

lying peaks that retain the electron density at aminonaphthalimide. Finally, the peaks at ~270 nm present 

charge transfer excitation from PhOMe to aminonaphthalimide.

Overall, the differences in d2 and d4 dihedral angles result in shifts of the UV-vis absorption 

peaks and changes in their intensity. So, when the piperazine is perpendicular to the plane of the 

aminonaphthalimide (type I), A presents a main peak in vis area at around 450 nm, however when 

piperazine is not perpendicular and the CCNN is about 129 degrees (type II), the corresponding main 

peak is around 420 nm and is enhanced significantly. In solution at room temperature when the solvent 

is added implicitly only, type II is kinetically stable. However, explicit solvation yields energetically 

degenerate type I and II conformers in water, enabling kinetic trapping of both, whereas type II remains 

more stable than type I in THF. Furthermore, the substitution of the PhOMe group with a group as the 
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N-crown ether in molecule B,13 results only in one conformer and the d4
 dihedral angle presents a 

tetrahedral geometry and thus the intensity of the vis absorption peak will be greatly enhanced.  To sum 

up, these findings demonstrate piperazine-aminonaphthalimide geometry as a conformational switch, 

with microenvironments driving spectral tuning via intramolecular rotations—offering design principles 

for sensors and dyes.

4. Summary and Conclusions 

In this work, we studied molecule A, a ferrocene-aminonaphthalimide-piperazine derivative via 

DFT and TD-DFT methodology in both water and THF solvent. The solvent was employed either 

implicitly or both implicitly and explicitly via the inclusion of one or two solvent molecules in addition 

to the PCM model. 

Two dihedral angles affect significantly the absorption spectrum, (i) the N torsion angle of the 

piperazine toward to aminonaphthalimide (d2) that ranges from 135.3 to 154.9 degrees and (b) the 

CCNN dihedral (torsion) angle (d4) which corresponds to the relative position of the piperazine with 

respect to the aminonaphthalimide. The last one was found to have two distinct values depending on the 

molecular system, i.e., ~1 degrees and ~129 degrees. In our previous study,13 we proved only the 

importance of the d2 dihedral angle on the accurate calculation of the UV-vis absorption spectra on 

derivatives of the present molecule in water solvent, where the corresponding d4 angle remained the 

same in all calculated molecular systems. Here, we point out that (a) environment affects both the d2 

and d4 dihedral angle resulting in shifts of the UV-vis spectra and (b) the d4 angle has two different 

values depending on the derivative of the PhOMe group, which affected significantly the spectra shifting 

the main peak in the vis area and increasing significantly its intensity. Thus, the d4 torsion angle is the 

key angle on the design of molecules with specific properties.   

Overall, the absorption spectrum of A is not significantly affected by the use of either water or 

THF as the solvent. However, the explicit inclusion of a single solvent molecule yields two distinct 

minimum-energy structures with different d4 dihedral angles, resulting in observing the first major 

absorption peak either at 334 nm or at 400 nm and 420 nm. The shift of 20 nm depends on the value of 

d2 dihedral angle. The structures that best reproduce the experimental absorption spectrum are obtained 

when two solvent molecules are included. In these lowest-energy configurations, the main absorption 

band appears in the visible region at 402 nm in water and 422 nm in THF.

Potential energy curves and the absorption spectra have been plotted with respect to the change 

of the d2 dihedral angle for two main values of the d4 dihedral angle. Overall, the differences in d2 and 

d4 dihedral angles result in shifts of the UV-vis absorption peaks and changes in their intensity. So, 

when the piperazine is perpendicular to the plane of the aminonaphthalimide (type I), A presents a main 
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peak in vis area at around 450 nm, however when piperazine is not perpendicular and the CCNN is 

about 129 degrees (type II), the corresponding main peak is around 420 nm and is enhanced 

significantly. At room temperature, type II exhibits kinetic stability under implicit solvation. However, 

explicit solvation can yield near-degenerate type I and II conformers in specific solvents. Specialized 

conditions, such low temperatures, glassy matrices, or host-guest nanoconfinement, can thus kinetically 

isolate and spectroscopically resolve both conformers. Furthermore, the substitution of the PhOMe 

group with a group as the N-crown ether in molecule B,13 results only in a stable type II confirmer only 

which present an enhanced intensity of the vis absorption peak. 

Thus, changes in the relative position of the piperazine unit with respect to the 

aminonaphthalimide result in significant changes in the absorption spectrum. Consequently, 

manipulation of the environment around the molecule, either by solvent choice or constraint spaces such 

as cavities, can lead to changes in the UV-vis spectra. This study demonstrates how microenvironments 

tune absorption spectra via intramolecular rotations for sensing applications guiding multiconformer 

modeling in computational chemistry. 
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Data availability

The data that support the findings of this study are available within the article and its supporting 
information.
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