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Detection and Characterization 
of Halogen Bonds by UV-Vis 

Spectrophotometry and 
Molecular Modelling

Detección y caracterización 
de enlaces halógenos por 

medio de espectrofotometría 
UV-Vis y modelado molecular

Detecção e caracterização de 
ligações halógenas através de 
espectrofotometria UV-Vis e 

modelagem molecular

This study investigates halogen bonds 
(XBs) in bromine-acetone complexes 
(Br₂···Ac) using UV-Vis spectrophotome-
try and computational methods. Electro-
nic structure calculations, including geo-
metry optimizations and excited-state 
calculations, were carried out using the 
Gaussian 16 program. Time-Dependent 
Density Functional Theory (TD-DFT) me-
thod, with the M06-2X functional and 
def2-TZVP basis set, was employed to 
determine absorption energies corres-
ponding to HOMO→LUMO transitions. 
Acetone solvation was simulated using 
the Polarizable Continuum Model (PCM). 
Exper-imental UV-Vis spectra of gaseous 
Br₂ revealed two absorption peaks at 
238 nm (λ1,exp) and 454 nm (λ2,exp). Upon 
dissolution in acetone, λ2,exp underwent 
a hypsochromic (blue) shift, reaching 
395 nm and 365 nm at 0.04 and 0.01 M 
Br₂, respectively. This shift is attributed 
to XB formation, supported by theore-
tical spectra showing peaks at 390 nm 
(Br₂···Ac) and 360 nm (Ac···Br₂···Ac). 
The 238 nm peak in Br₂(g) is associated 
with Br₂···Br₂ complexes, corroborated 
by a theoretical peak at 240 nm. A single 
peak at 415 nm in Br₂(g) diluted in air is 
attributed to Br₂···N₂ complexes, with a 
corre-sponding theoretical peak at 417 
nm. Theoretical and experimental data 
align well, validating the methodology 
and highlighting the role of XBs and elec-
tronic transitions in modulating Br₂ spec-
trophotometric properties.

Este estudo investiga as ligações de ha-
logênio (XBs) em complexos de bromo e 
acetona (Br₂···Ac) por meio de espectro-
fotometria UV-Vis e métodos computa-
cionais. Realizaram-se cálculos de estru-
tura eletrônica, otimizações geométricas 
e estados excitados com o programa 
Gaussian 16. O método da teoria funcio-
nal da densidade dependente do tempo 
(TD-DFT) foi empregado, com o funcional 
M06-2X e o conjunto de base def2-TZVP, 
para calcular as energias de absorção co-
rrespondentes às transições HOMO→LU-
MO. A solvação em acetona foi simulada 
com o Modelo de Continuum Polarizável 
(PCM). Os espectros UV-Vis experimen-
tais de Br₂ gasoso revelaram picos de 
absorção em 238 nm (λ1,exp) e 454 nm 
(λ2,exp). Ao ser dissolvido em acetona, λ2,exp 
apresentou um deslocamento hipsoacrô-
mico, observandose em 395 e 365  nm 
para concentrações de 0,04 e 0,01 M, 
respectivamente. Esse deslocamento é 
atribuído à formação de XBs, sustentada 
por espectros teóricos com picos em 390 
nm (Br₂···Ac) e 360 nm (Ac···Br₂···Ac). O 
pico em 238 nm está relacionado a com-
plexos Br₂···Br₂, confirmado por cálculo 
teórico em 240 nm. Um único pico em 
415 nm para Br₂ diluído em ar é atribuído 
a complexos Br₂···N₂, com pico teórico 
em 417  nm. Os dados teóricos e expe-
rimentais mostram boa concordância, 
validando a metodologia e destacando 
o papel dos XBs nas propriedades espec-
trofotométricas do Br₂.

Este estudio analiza los enlaces de ha-
lógeno (XBs) en complejos de bromo y 
acetona (Br₂···Ac) mediante espectrofo-
tometría UV-Vis y métodos computacio-
nales. Se realizaron cálculos de estructu-
ra electrónica, optimización geométrica y 
estados excitados con el programa Gaus-
sian 16. Se empleó el método de la teoría 
del funcional de la densidad dependiente 
del tiempo (TD-DFT), con el funcional 
M06-2X y la base def2-TZVP, para calcu-
lar energías de absorción correspondien-
tes a transiciones HOMO→LUMO. La sol-
vatación en acetona se simuló usando el 
Modelo de Continuo Polarizable (PCM). 
Los espectros UV-Vis experimentales de 
Br₂ gaseoso mostraron picos de absor-
ción a 238 nm (λ1,exp) y 454 nm (λ2,exp). Al 
disolverse en acetona, λ2,exp presentó un 
corrimiento hipsoacrómico que se obser-
vó a 395 y 365 nm para concentraciones 
de 0,04 y 0,01 M, respectivamente. Este 
cambio se atribuye a la formación de 
XBs, respaldado por espectros teóricos 
con picos a 390 nm (Br₂···Ac) y 360 nm 
(Ac···Br₂···Ac). El pico a 238 nm se aso-
cia con complejos Br₂···Br₂, confirmado 
teóricamente a 240 nm. Un único pico a 
415 nm en Br₂ diluido en aire se atribu-
ye a complejos Br₂···N₂, con pico teórico 
a 417  nm. La concordancia entre datos 
teóricos y experimentales valida la me-
todología y destaca el papel de los XBs 
en las propiedades espectrofotométricas 
del Br₂.
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Introduction
Halogen bonds (XBs) have recently attracted considerable attention 
due to their distinctive characteristics and wide range of applica-
tions [1−3]. Typically, an XB is formed through an interaction be-
tween a covalently bonded halogen atom (X = I, Br, Cl, and, less 
commonly, F) and a Lewis base (B), represented as R−X···B [4]. This 
type of interaction has been investigated in crystal structure analy-
ses, which shows that the angle bond R−X···B is approximately 180º 
[5, 6]. This is consistent with theoretical predictions [7, 8]. Further-
more, analyses of the molecular electrostatic potential (MEP) [8], 
the Laplacian of the electron density L(r) [9, 10], and the potential 
acting on one electron in a molecule (PAEM) [11, 12] indicate that 
the electron density around the halogen atom is anisotropic. This 
anisotropy results in a region of depleted electron charge in the 
outer part of the R–X bond, known as the 𝜎-hole, which facilitates 
the XB formation. Based on numerous studies employing MEP, the 
International Union of Pure and Applied Chemistry (IUPAC) has de-
fined XBs as primarily electrostatic [13]. However, this definition is 
still subject of debate.

Despite the growing interest in XBs, there is a limited amount of re-
search that directly correlates spectrophotometric data with theo-
retical chemistry parameters [14]. In 2006, Gogoi et al. [15] studied 
the XBs formed between 2-chloropyridine and iodine monochloride 
(ICl) in different solvent media, using ultraviolet-visible (UV-Vis) 
spectrophotometry and computational methods. Both their ex-
perimental and theoretical results confirmed that the absorption 
maximum (λmax) is dependent on solvent polarity, with an obser-
ved blue shift explained by the formation of an XB between 2-chlo-
ropyridine and ICl. Analyses of Natural Bond Orbitals (NBO) [16], 
Natural Resonance Theory (NTR), and Quantum Theory of Atoms 
in Molecules (QTAIM) show an increase of the Eint as well as the 
covalent character with the solvent polarity. More recently, Xu and 
Guan explored the role of XBs in poly(vinylpyrrolidone)-I2 (PVPI) 
chemistry using computational and experimental techniques, inclu-
ding UV-Vis spectrophotometry. They identified an XB between the 
carbonyl oxygen’s lone pair and the 𝜎-hole of I2. In addition, iodide 
and iodine form various polyiodides via XBs, and iodine molecules 
can form iodine groups, also via XBs. The Eint of these XBs are less 
than −33 kJ mol–1, which facilitates the release of I2 molecules into 
the medium by PVPI, iodide, and polyiodide ions [17].

Bromine-acetone complex (Br2···Ac) is one known XB. Hassel and 
Strømme reported the first crystal structure of this XB when short 
Br···O distances were found [6]. These interactions present an 
infinite double-chain assembly, with the Br2 facing the lone pairs 
of nearest O atoms with a Br–Br···O angle of 110º. The carbonyl 
groups and the Br2 molecules are in the same plane. The Br2 mo-
lecules showed a negligible bond elongation [dBr···Br = 2.280 Å] 
in connection with pure bromine (Br) in the solid state [dBr···Br = 
2.286 Å]. Powel et al. determined the crystal structure of solid Br2 
at 250 K, using the neutron dust profile refinement technique [18]. 
Jones et al. in 2013 have used a combination of single-crystal X-ray 
(at 110 and 200 K) and high-resolution powder neutron diffraction 
(110 K only) to determine the crystal structure of the known Br2···Ac 
complex [19]. In these works, the authors have found several signi-
ficant differences in geometrical parameters. For instance, the dBr···Br 
in this XB shows an increase compared to the same molecule in the 
gas and crystalline phases. As the temperature increases, the length 
of this bond decreases, and this change seems to coincide with an 
increase in the dBr···O with temperature. In addition, when acetone is 
deuterated (D = deuterium), a short C–D···O distance is observed.

However, working with Br in the gas phase or solution is challen-
ging due to its high reactivity, toxicity, and volatility. Moreover, its 
exothermic interaction with solvents like acetone requires additio-

nal precautions, especially due to its low boiling point of 58.8 °C 
[20]. Thus, the experimental characterization of Br2···Ac complexes 
in solution has not been exhaustively studied. Given these comple-
xities and the limited correlation between spectrophotometric and 
theoretical data for XBs in literature, this study aims to provide a 
comprehensive investigation of Br2···Ac complexes using both UV-
Vis spectrophotometry and computational methods. Specifically, 
the objectives are to experimentally characterize the UV-Vis spec-
tral changes of Br and acetone, to attribute these changes to the 
formation of XBs supported by theoretical calculations, and to va-
lidate the combined experimental and computational methodolo-
gy as an effective approach for detecting and characterizing XBs in 
different environments. This work seeks to enhance the understan-
ding of how intermolecular interactions and electronic transitions 
influence the spectrophotometric properties of Br and provide a 
basis for future spectrophotometric XB studies.

Materials and Methods
Experimental Methods
Experimental UV-Vis spectra were performed on a UV-Vis spectro-
photometer (SpectraMax M2e, USA) using SoftMax Pro 6.3 sof-
tware. A vapor-tight quartz cell with 1 cm pitch length and 3 mL 
capacity was used. The wavelength range for the measurements 
was between 200 and 700 nm. Spectra of Br vapor [Br2(g)], both 
saturated and mixed with air [Br2(g) + air], were analyzed. Additionally, 
measurements of Br2 dissolved in acetone were performed at 
concentrations of 0.01 M [Br2(dil)] and 0.04 M [Br2(cc)]. Br (99.8%) and 
acetone (≥ 99.8%) were purchased from Sigma-Aldrich (Merck kGaA).

Computational Methods
Electronic structure calculations were performed using the Gaussian 
16 program [21]. These calculations included geometry optimiza-
tion, excited state, and energy calculations. All geometries were 
optimized using Time-Dependent Density Functional Theory (TD-
DFT) with the M06-2X functional [22] and the def2-TZVP basis set 
[23]. M06-2X functional is recommended for the calculation of 
non-covalent interactions and electronic excitation energies [24, 
25]. For all calculations, acetone solvation was simulated using the 
polarizable continuum model (PCM) [26, 27].

Theoretical UV-Vis absorption wavelengths (λtheor) were obtained 
from TD-DFT calculations, performed with the same M06-2X func-
tional and def2-TZVP basis set as used for geometry optimization. 
These calculations were carried out for isolated Br2 and for the 
specific complexes Br2···Ac, Ac···Br2···Ac, Br2···Br2 and Br2···N2 to 
simulate the different experimental conditions. The λtheor values co-
rrespond to the maximum absorption calculated for the electronic 
transitions in these molecular systems.

Interaction energies (Eint) of the studied XBs were calculated with 
Eq. (1) to assess the stability of the formed complexes:

Eint = EAB – (EA + EB)                 (1)

Where EAB is the energy of the complex AB, and EA and EB are the 
energies of the monomers A and B, respectively. The calculated in-
termolecular distances were compared with the sum of the van der 
Waals radii to characterize the interactions.

To characterize the charge distribution and explore the nature of 
the interatomic interactions within the complexes, a topological 
analysis of the electron density [ρ(r)] was performed. The Quantum 
Theory of Atoms in Molecules (QTAIM) provides a framework to 
characterize the charge distribution of the molecular electron den-
sity [28]. Particularly, the topological analysis of the L(r) function 
is an excellent tool to address a deep investigation of the electronic 
properties of a molecular system, allowing the exploration of inte-
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ratomic interactions. The topology of the L(r) function allows us to 
identify areas of concentration [L(r) > 0] and depletion of electron 
charge [L(r) < 0], and the localization of bond critical points (BCPs) 
and atomic interaction lines (AILs). This analysis helps to visuali-
ze and understand the Lewis acid-base nature of the interactions. 
QTAIM calculations were performed using the wave function obtai-
ned with Gaussian 16, and visualized with the AIMAll package [29]. 

Results and Discussion
Geometrical structures, intermolecular distances, and the Eint of the 
XBs studied are shown in Figure 1. The fully optimized geometries 
with bond angles Br–Br···Y (Y = Br, N, O) are always close to 180°. In 
all cases, the intermolecular equilibrium distances Br···Y are shor-
ter than the sum of the van der Waals radii [30] of the interacting 
atoms [rvdW(Br) + rvdW(Y)]. This indicates that the Br···Y interactions are 
stabilizing. The Br···Y intermolecular distances ranges from 2.730 
to 3.356 Å. These values agree with recently reported values for 
F–Br···Br–F (2.993 Å) and F–Br···Br–H (3.019 Å) complexes calcu-
lated at MP2/aug-cc-pVTZ level [31].

also shows that the (C=O) exhibits two concentration maxima (red 
dots). One of these maxima is coordinated with the charge-depres-
sed regions of the Br2 molecule (blue dots). In other words, the prin-
ciple of complementarity, as established by Bader [35], is observed, 
which tells us that maximum is coordinated with minimum of the 
L(r) function.

Figure 3 displays the experimental spectra conducted in this study. 
It is observed that saturated gaseous Br2 exhibits two distinct ab-
sorption peaks, namely λ1,exp = 238 nm and λ2,exp = 454 nm (green 
line, saturated Br2(g)). These absorption peaks indicate specific wa-
velengths at which Br2 strongly interacts with light. This finding su-
ggests that concentrated Br2(g) has different energy levels associated 
with its electronic transitions, resulting in two distinct absorption 
bands. In contrast, when gaseous Br2 is present in low concentra-
tions with air [yellow line, Br2(g) + Air], a different absorption pat-
tern emerges. In this case, only one absorption peak is observed: 
λ2,exp = 415 nm. The change in the absorption wavelength suggests 
that the electronic transitions of Br2 molecules in lower concentra-
tions are different from those observed in saturated Br2(g). This va-
riation in absorption behavior could be attributed to changes in the 
electronic environment and intermolecular interactions as the con-
centration of Br2 decreases. Similar vertical excitations have been 
found for molecular Br2 in dilute carbon tetrachloride solution, with 
λ = 420 nm [36].

Figure 1. Geometrical structures of halogen bonds (XBs). The values of the O···Y (Y = 
N, O, Br) distances (in Armstrong) are given and the Eint (in kJ mol-1) are in parentheses.

It is well established that XBs represent Lewis acid-base interactions 
[32]. Br2 molecule can act as a Lewis acid in the axial regions, as is 
observed in figure 1 with the N2 molecule, the carbonyl O of acetone, 
and other Br2 molecules. Figure 1 also shows examples where the 
Br2 molecule can act as a Lewis base in the equatorial region, for 
example, against another Br2 molecule acting as an acid or against 
the H atoms of acetone. Figure 2 illustrates the molecular graph 
and contour maps of the L(r) function of the Br–Br···O=C(CH3)2 

complex. It is well documented that regions of maximum charge 
concentration behave as Lewis bases, whereas regions of charge de-
pression act as Lewis acids [33, 34].

Figure 2. Contour maps of L(r) for (CH3)2C=O···Br–Br complex. Red and blue dots 
indicate the locations of the maximum and minimum charge concentrations, respec-
tively.

Figure 2 shows that between the carbonyl oxygen (C=O) and the Br 
atom there is a dotted line (AIL) with its corresponding bond critical 
point (BCP, green dot), an AIL and a BCP are also observed between 
a methyl hydrogen (CH3) and the Br atom, indicating that there are 
bonding interactions between these atoms. In addition, figure 2 

Figure 3. UV-Vis spectra of saturated Br2(g) (green line), Br2(g) diluted in air (yellow 
line), and Br2 solutions in acetone at 0.04 M (purple line) and 0.01 M (blue line).

The spectra of Br2 in acetone were obtained at the concentrations of 
0.01 and 0.04 M (Br2(cc) and Br2(dil), respectively), which are presen-
ted in figure 3 through the blue and purple curves, respectively. At 
wavelengths below 350 nm, the curves for Br2 in solution overlap 
with that for saturated Br2(g), maintaining a λ1,exp of 238 nm. Howe-
ver, this same λ1,exp is not observed in the case of Br2(g) + Air, sugges-
ting that Br2 does not interact with the gasses present in the air as 
it does with itself at higher concentrations (in the case of saturated 
Br2(g)) or with acetone molecules of the environment in solution. At 
wavelengths longer than 350 nm, a shift of λ2,exp towards shorter 
wavelengths is observed, which accompanies as Br2 is diluted in ace-
tone, showing values of λ2,exp = 454, 395 and 365 nm for saturated 
Br2(g), Br2(cc), and Br2(dil), respectively. A decrease in the peak height 
of λmax is also observed, which is characteristic of a dilution of the 
molecules of Br2 in the environment.

The results observed in figure 3 suggest that the solvent environ-
ment (acetone, in this case) influences the electronic transitions of 
Br2 molecules, causing a modification in their absorption behaviour. 
The observed changes in the absorption wavelengths provide va-
luable information on the interactions that may exist between Br2 
and the solvent molecules, whether the latter is acetone or other 
molecules in the gas-phase environment.
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Figure 4 shows the molecular orbitals corresponding to the cha-
racteristic electronic transitions of molecular Br2 (figure 4A) and 
of the Br2···Br2, Br2···Ac, and Ac···Br2···Ac complexes (figures 4B, 
4C, and 4D, respectively), together with their respective absorption 
maxima (λtheor). The theoretical results reveal that the presence of 
λ1,exp = 238 nm of saturated Br2(g) (green line in figure 1) is attributed 
to the formation of XBs between molecules of the same gas (see 
figure 4B), with a λ1,theor = 240 nm. Furthermore, the observed λ2,exp 
shift between saturated Br2(g) (λ2,exp = 454 nm), Br2(cc) (λ2,exp = 395 nm), 
and Br2(dil) (λ2,exp = 365 nm) correlates with the number of XBs for-
med between Br2 and acetone, where λtheor  =  444  nm for the Br2 
molecule (without XB), λ2,theor  =  390  nm for the Br2···Ac complex 
(with 1 XB) and λ2,theor  =  360  nm for the Ac···Br2···Ac complex 
(with 2 XBs). The geometric structures found theoretically for 
Br···O interactions (see figure 1) are similar to those reported by 
Nenajdenko et al. [37].

The λtheor were calculated for a series of Br2···(Ac)n complexes with 
n = 0−6, where the maximum number of XBs observed was two be-
tween Br2 and acetone. These XBs can only be formed by the axial 
regions of the Br2 molecule with the free O pair of the acetone (Br–
Br···O=C). The rest of the interactions observed in the complexes 
obtained correspond to hydrogen bonds (HBs) that are established 
by the equatorial region of each Br atom (results not presented). 
However, regardless of the complex considered, it was observed 
that the λtheor only varies with the number of XBs formed. In figure 4 
only the electronic transitions most relevant between Br2···Br2 and 
Br2···Ac complexes, with one XB (figure 4B and 4C) and with two 
XBs (figure 4D), are presented.

Figure 5. Canonical Highest Occupied Molecular Orbital (HOMO) and Lowest Unoc-
cupied Molecular Orbital (LUMO) of the Br2···N2 complex with its respective charac-
teristic λtheor.

Table 1 summarizes the values of the experimental (λi,exp) and theoreti-
cal (λi,theor) absorption maxima obtained for each system studied, with 
their respective percentage errors [𝜀%(λi)], calculated using Eq. (2).

𝜀%(λi)
 
=

  |λi,theor – λi,exp| 
100             (2)

                                                   λi,exp

Where λi,exp and λi,theor represent the absorption wavelengths of the 
experimentally and theoretically observed peaks, respectively, for 
system i. The 𝜀%(λi) values show errors of less than 3%, indicating 
that the molecular systems used as models successfully reproduce 
the experimental UV-Vis spectra.

Table 1. Experimental and theoretical absorption maxima obtained for each system 
studied.

System Simulation
λ1,exp 
(nm)

λ1,theor 
(nm)

𝜀%(λi) 
(%)

λ2,exp 
(nm)

λ2,theor 
(nm)

𝜀r%(λ2) 
(%)

Br2(g) Br2···N2 238 240 0.8 454 444 2.2

Br2(g) + Air Br2···Br2 - - - 415 417 0.5

Br2(dil) Br2···Ac 238 240 0.8 395 390 1.3

Br2(cc) Ac···Br2···Ac 238 240 0.8 365 360 1.4

λ1,exp: Experimental maxima wavelengths.
λ1,theor: Theoretical maxima wavelengths, obtained from the systems used as 

models to reproduce the spectrum of each simulation.
𝜀%(λi): Values of the percentage error.

The results of these experimental studies contribute to our un-
derstanding of the spectrophotometric properties of Br2 and its 
behaviour in different states and environments. The change in ab-
sorption wavelengths at different concentrations and environments 
highlights the importance of intermolecular interactions and elec-
tronic factors in determining the spectrophotometric properties of 
Br2. This information can help to interpret the experimental data 
and lay the foundation for future research and applications related 
to Br2 in different environments. Finally, there are strong correla-
tions between the experimental and theoretical results, indicating 
that the methodology employed in this work could be applied to 
the detection and characterization of certain XBs present both in 
the gas phase and in solution.

Conclusions
Experimental UV-Vis spectra revealed two distinct absorption peaks 
for saturated gaseous Br2, specifically at 238 nm (λ1,exp) and 454 nm 
(λ2,exp). Upon dissolution and dilution in acetone, at concentrations 
of 0.04 and 0.01 M, a significant hypsochromic shift (towards shor-
ter wavelengths) of λ2,exp was observed, shifting to 395 and 365 nm, 
respectively. These experimental shifts are strongly correlated with 
the formation of XBs between Br2 and acetone molecules, as evi-
denced by our theoretical simulations.

Figure 4. Canonical Highest Occupied Molecular Orbital (HOMO) and Lowest Unoc-
cupied Molecular Orbital (LUMO) of Br2 (A), of Br2···Br2 (B), Br2···Ac (C), and Ac···-
Br2···Ac (D) complexes, with their respective theoretical λmax.

The Br2···Br2 complex (figure 4B) presents a similar characteristic 
λtheor of an isolated Br2 molecule (444 nm in figure 4A), which is in 
reasonable agreement with saturated Br2(g) presented with a green 
line in figure 3 (λ2,exp = 454 nm). However, none of the electronic 
transitions shown in figure 4 can explain the experimental UV-Vis 
spectrum of Br2(g) + air (yellow line in figure 3). Considering that air 
contains 78% N2(g), the complex Br2···N2 was chosen as the simu-
lation molecular system, whose Highest Occupied Molecular Orbi-
tal (HOMO) and Lowest Unoccupied Molecular Orbital (LUMO) are 
presented in figure 5 together with the characteristic λtheor value of 
417 nm. This result agrees with the λexp of Br2(g) + Air (415 nm). It 
is crucial to highlight that in the Br2···Br2 complex, the electronic 
transition takes place in the Br2 monomer, which serves as a Lewis 
acid. This is much more visible in the other complexes.
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The strong agreement between experimental and theoretical ab-
sorption maxima obtained for all studied systems, with percentage 
of errors typically less than 3%, solidly validates the combined ex-
perimental UV-Vis spectrophotometry and computational metho-
dology employed in this study for detecting and characterizing XBs 
in different environments. This work effectively demonstrates the 
clear effect of XBs on the UV-Vis absorption spectrum of Br2 in va-
rious media.

Finally, our findings underscore the importance of integrating expe-
rimental and computational approaches for exploring and unders-
tanding subtle non-covalent interactions, providing a foundation 
for further studies on other halogenated compounds and their po-
tential applications.
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