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ABSTRACT
Chernysheva, Maria
σ-hole interactions: the effect of the donors and acceptors nature in selenoureas,
thioureas, halogenated species, substituted benzenes, and their adducts
Jyväskylä: University of Jyväskylä, 2021, 72 p.
(JYU Dissertations
ISSN 2489-9003; 370)
ISBN 978-951-39-8595-0 (PDF)
This thesis is devoted to the investigation of σ-hole interactions and can be divided
into two parts.
The first part investigates the σ-hole interactions between seleno- and thioureas
with halogenated species. It was demonstrated that chalcogen atoms can act as
donors and acceptors of the σ-hole interaction depеnding on the nаture of the
interaction pаrtner.
The σ-hole donor character of both Se and S atoms was evidenced upon
interaction with halogen species, which act as σ-hole acceptors. The strength of the
interaction depends on the nature of both a chalcogen and a halogen atom. Besides
the Ch⋅⋅⋅Hal interactions, the formation of Ch–Ch bonds was revealed. As a bigger
and more polarizable atom than sulphur, selenium is predisposed to the formation
of strong Ch–Ch bonds to a grеater extent than sulphur. As a result, dimers and
trimers are formed in the cаse of selenoureas, and monomers and dimers in the cаse
of thioureas. The impact of the halogen atom’s nature is reflected in the composition
of the co-crystals. Iodine is more likely than bromine and chlorine atoms to hinder
the formation of the Ch–Ch covalent bonds and form the Ch⋅⋅⋅I bоnds instеad.
Accordingly, trimers turn into dimers in the case of selenoureas and dimers turn into
monomers in the case of thioureas when moving from Br and Cl to I.
The σ-hole acceptor character of Se and S was noticed upon interaction with
halogenated
perfluorobenzenes,
i.e.
iodopentafluorobenzene,
1,4diiodotetrafluorobenzene, and 1,4-dibromotetrafluorobenzene. Structural and
computational analyses demonstrate stronger bonding in the case of iodinated
perfluorobenzenes than in the case of brominated ones. This indicates that iodine has
a better ability to act as a donor of the σ-hole interaction than bromine. However, the
nature of the chalcogen atom does not affect the strength of the σ-hole interaction to
the same extent as the nature of the halogen atom.
The second part of this thesis investigated the influence of the substituents in
the aromatic ring on iodine’s σ-hole donor ability in the iodinated benzene
derivatives. The results of the structural and computational analyses demonstrate
that the electron-withdrawing substituents (EWG) increase the size оf the σ-hole оn
the iоdine atоms. On the contrary, the electron-donating substituents (EDG)
decrease the σ-hole’s size оn the I atoms. As a result, iodine substituents are more
likely to act as σ-hole donors in the presence of EWGs in the structure than in the
presence of EDGs.
Keywords: σ-hole interaction, selenourea, thiourea, mesomeric effect
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σ-aukkojen vuorovaikutukset: elektronien luovuttajien ja vastaanottajien luonne selenoureassa, tioureassa, halogenoiduissa yhdisteissä, substituoiduissa bentseeneissä ja
niiden addukteissa
Jyväskylä: University of Jyväskylä, 2021, 72 s.
(JYU Dissertations
ISSN 2489-9003; 370)
ISBN 978-951-39-8595-0 (PDF)
Tämä väitöskirja on omistettu σ-aukkojen vuorovaikutusten tutkimiseen ja voidaan
jakaa kahteen osaan.
Ensimmäinen osa käsittelee selenourea- ja tiourea- σ-aukkojen vuorovaikutusten tutkimista halogenoitujen yhdisteiden kanssa. On osoitettu, että kalkogeeniatomit
voivat toimia σ-aukko-vuorovaikutuksen elektronien luovuttajina ja vastanottajina
vuorovaikutuskumppanin luonteesta riippuen. Ch⋅⋅⋅Hal-vuorovaikutusten lisäksi
osoitettiin Ch–Ch-sidosten muodostuminen. Sekä Se- että S-atomien elektronien
luovuttajaluonne todistettiin tarkastelemalla vuorovaikutuksia toisten elektronivastaanottajina toimivien halogeenin kanssa. Vuorovaikutuksen voimakkuus riippuu
sekä kalkogeenin että halogeeniatomin luonteesta.
Seleeni, joka on rikkiin verrattuna suurempi ja polarisoituvampi, on myös rikkiä
alttiimpi voimakkaiden Ch–Ch-sidosten muodostumiselle. Tämän seurauksena selenourean dimeerit ja trimeerit ja tiourean monomeerit ja dimeerit muodostuvat suhteellisen helposti. Halogeeniatomin luonteen vaikutus heijastuu adduktien koostumuksessa. Jodi estää tehokkaammin kovalenttisten Ch–Ch sidosten muodostumista
kuin bromi ja kloori. Niinpä se pyrkii muodostamaan Ch⋅⋅⋅I sidoksia muita halogeenejä helpommin. Vastaavasti, trimeerit pyrkivät muuntumaan dimeereiksi selenourean tapauksessa ja dimeerit monomeereiksi tiourean tapauksessa, kun siirrytään
Br: stä ja Cl: stä I:in.
Se: n ja S: n σ-aukon akseptorikäyttäytyminen osoitettiin vuorovaikutuksessa
halogenoitujen perfluoribentseenien: Jodopentafluoribentseenin, 1,4-diiodotetrafluoribentseenin ja 1,4-dibromitetrafluoribentseenin kanssa. Rakenne- ja laskennalliset
analyysit osoittavat vahvemman sitoutumisen jodattujen perfluoribentseenien
kohdalla kuin bromattujen. Tämä osoittaa jodin paremman kyvyn toimia σ-aukko
vuorovaikutukseessa elektronien luovuttajana verrattuna bromiin. Kalkogeeniatomin
luonne ei kuitenkaan vaikuta σ-aukkovuorovaikutuksen voimakkuuteen samassa
määrin kuin halogeeniatomin luonne.
Väitöskirjan toisessa osassa on keskitytty aromaattisen renkaan substituenttien
vaikutuksiin jodin elektronien luovuttaja-/vastaanottajaominaisuuksiin jodatuissa
bentseenijohdannaisissa. Rakenne- ja laskennallisten analyysien tulokset osoittavat,
että elektronien vastaanottajan substituentit lisäävät σ-aukon kokoa jodiatomissa.
Elektronien luovuttajan substituentit puolestaan pienentävät σ-aukon kokoa I-atomissa. Tämän seurauksena jodisubstituentit toimivat todennäköisemmin σ-aukkovuorovaikutuksien luovuttajina, silloin kuin rakenteessa on elektronien vastaanottajan
ryhmiä.
Avainsanat: σ-aukkojen vuorovaikutus, selenourea, tiourea, mesomeerinen vaikutus
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Взаимодействия, реализующиеся через σ-дырки: влияние природы доноров и
акцепторов в селеномочевинах, тиомочевинах, галогенсодержащих веществах,
замещенных бензолах и их аддуктах
Ювяскюля: Университет Ювяскюля, 2021, 72 стр.
(JYU Dissertations
ISSN 2489-9003; 370)
ISBN 978-951-39-8595-0 (PDF)
Данная диссертация посвящена исследованию взаимодействий, реализующихся через
σ-дырки, и может быть условно разделена на две части.
Первая часть представляет собой исследование взаимодействий, реализующихся
через σ-дырки, между селеномочевинами/тиомочевинами и галогенами. Нами было
продемонстрировано, что атомы халькогена могут выступать в качестве доноров и
акцепторов взаимодействий, реализующихся через σ-дырки, в зависимости от
природы партнера. Так, атомы Se и S являются донорами σ-дырок при взаимодействии
с галогенами, являющимися, в свою очередь, акцепторами σ-дырок. Сила
взаимодействия зависит как от природы халькогена, так и от природы галогена.
Помимо взаимодействия халькоген–галоген, было обнаружено образование прочных
связей халькоген–халькоген. Селен, как более крупный и более поляризуемый атом по
сравнению с серой, больше предрасположен к образованию прочных связей
халькоген–халькоген, чем сера. В результате в случае селеномочевин образуются
димеры и тримеры, а в случае тиомочевин - мономеры и димеры. Влияние природы
атома галогена отражается на строении аддуктов. Йод демонстрирует более высокую,
по сравнению с бромом и хлором, склонность к предотвращению образования
ковалентных связей халькоген– халькоген и образованию вместо них связей
халькоген⋅⋅⋅йод. Соответственно, тримеры превращаются в димеры в случае
селеномочевин, а димеры превращаются в мономеры в случае тиомочевин при
движении от Br и Cl к I.
При взаимодействии селеномочевин и тиомочевин с галогенированными
перфторбензолами, а именно йодпентафторбензолом, 1,4-дийодтетрафтобензолом и
1,4-дибромтетрафторбензолом, селен и сера выступают в качестве акцепторов σ-дырок.
Структурный и квантовохимический анализы демонстрируют более прочную связь в
случае йодированных перфторбензолов, чем в случае бромированных. Это указывает
на лучшую способность йода выступать донором σ-дырки по сравнению с бромом.
Природа же атома халькогена не влияет на силу взаимодействий, реализующихся
через σ-дырки, в той же степени, что природа атома галогена.
Вторая часть посвящена исследованию влияния заместителей в ароматическом
кольце на донорную способность йода на примере йодсодержащих замещённых
бензолов. Результаты структурного и квантовохимического анализов демонстрируют,
что электрон-акцепторные заместители увеличивают размер σ-дырки на атомах йода,
в то время как электрон-донорные заместители их уменьшают. Поэтому атомы йода в
замещённых бензолах с большей вероятностью будут выступать в качестве доноров σдырок в присутствии электрон-акцепторных заместителей, нежели в присутствии
электрон-донорных заместителей.
Ключевые слова: взаимодействие через σ-дырку, селеномочевина, тиомочевина,
мезомерный эффект
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INTRODUCTION

The term “weak noncovalent interaction” unites many different interactions:
hydrogen, halogen, chalcogen, π–π stacking, π-cation and π-anion, agostic and
anagostic, and others based on the nature of the species involved in the
interaction. Several of them, namely halogen, chalcogen, pnictogen, and tetrel
bonding, reveal close similarities in their σ-hole-induced origins and differ
mainly in the bond donor atom. Therefore, it would be convenient to unite these
interactions under a common name “σ-hole interactions”. In the present study,
we have focused on σ-hole interactions since they have become more and more
important in many fields of modern chemistry.

1.1 Halogen bonding
1.1.1

History and definition

Halogen bonding (XB) is defined as an attractive interaction between an
electrophilic region on the halogen atom (XB donor) and a nucleophilic region in
the same or another molecular entity (XB acceptor).1 Halogen bonding was
discovered in 1814 when Colin reported the formation of a halogen-bonded
I2⋅⋅⋅NH3 adduct,2 the exact structure of which was determined by F. Guthrie3 only
50 years later. Despite these discoveries, it took one more century to get closer to
understanding the XB phenomenon. The brightest attempts to explain the nature
of XB were made by Robert S. Mulliken and Odd Hassel, who were awarded the
Nobel Prize in chemistry in 1966 and 1969, correspondingly. In their works,4–6 the
charge-transfer interactions involving halogens were studied. In 1978, Dumas et.
al introduced the term “halogen bonding”.7
A typical halogen bond is denoted as R–X⋅⋅⋅B (Chart 1), where a nucleophile
B (electron donor, XB acceptor) approaches the halogen atom X from a direction
of the R—X bond continuation; X is a halogen atom covalently bound to R = Hal,
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C, N, O, etc. The XB dоnоr аbility of halоgens X increases with the increasing
electron-withdrawing аbility of R bоund to X.8

CHART 1

Schematic representation of halogen bonding, where X is Hal; B = N, O, S, Se,
Hal-, etc.; R = C, N, Hal, etc.

Halogen bond frameworks can be divided into two groups in accordance
with the mutual geometry of the R1–X and B–R2 patterns (Chart 2).9 Thus, in type
I short contacts, the R1–X⋅⋅⋅B and X⋅⋅⋅B–R2 аngles are equal or very clоse. This
interaction is symmetrical and results from the close-packing requirements.
Typically it is not considered a true halogen bond.10 In type II short contacts, the
R1–X⋅⋅⋅B аngle is clоse to 180°, while the X⋅⋅⋅B–R2 angle is clоse to 90°. This
interaction is called bеnt and is an actual halogen bond according to IUPAC.1

CHART 2

1.1.2

Two types of XB short contacts.

Halogen bond features

Several trends can be identified for halogen bonding, some of which
simultaneously outline key differences between XB and hydrogen bonding (HB).
Thus, the first important feature of halogen bonding is its directionality. In a true
halogen bond, the R–X⋅⋅⋅B angle tends to be close to 180° because of the repulsion

12

of lone pairs on the halogen atom X with the lone pairs on a nucleophile B. HB is
not so directional.
Secondly, unlike HB, the XB can be tuned since four various halogen atoms
are principally available for an interaction. The strength of the XB increases with
the increasing size and hall of the halogen atom X = F < Cl < Br < I. In the case of
fluorine, only a few examples have shown that F-based ligands act as an XB
donor11,12 due to its high electronegativity. When strong XB is desired, the iodinebased XB donors are favourable. However, bromine- and even chlorine-based
ligands are sometimes more advantageous, especially when steric factors come
into play since Br and Cl are smaller compared to I.
The strength of R–X⋅⋅⋅B can be additionally tuned by varying R and B: a
stronger electron-withdrawing character of R and/or a stronger nucleophilicity
of B result in a stronger XB. The X⋅⋅⋅B distance is shorter in stronger halogen
bonds.
Another XB feature to be noted is hydrophobicity. Halogen atoms have a
hydrophobic nature; hence, XB donor sites are much less hydrophilic compared
to hydrogen bond donor sites. This is especially true for polyfluorinated XB
donors, which are quite often apolar.13,14
The van der Waals radii of halogen atoms (1.47, 1.75, 1.85, and 1.98 Å for F,
Cl, Br, and I, respectively)15 are longer than that of hydrogen (1.20 Å),15 making
XB more sensitive to steric hindrance than the HB. Thus, the size of the donor atom
may cause differences in chemical and physical properties.
Finally, halogens are able to form multiple XB donor sites when X is
covalently bound to more than one group.9 Such a multiplicity of X results in the
formation of more than one halogen bond with anions or neutral nucleophilic
species.
1.1.3

Nature of halogen bonding: the σ-hole

Politzer was the first to perform a theoretical analysis of the XB phenomenon,16
and he introduced an electrostatic model of halogen bond origins.17 It is
recognised that the electron density on a free halogen atom X in the ground state
is distributed evenly and spherically.18 The electrostatic potential VS(r) around
the halogen atom is positive everywhere because the contribution of the nucleus
dominates the contributions of electrons.19,20 However, Politzer has
demonstrated that once the halogen atom becomes covalently bound to the other
species R, the electrostatic potential on it becomes anisotropic. In this case, the
electron density is decreasing аlоng the cоvаlent bоnd continuation and
increasing in a dirеctiоn, pеrpеndicular to it. Аs a result, a region of positive
electrostatic potential is formed on the tip of halogen atom X along the R–X bond
(Chart 3), which was later denoted as a “σ-hole”.9,17,21,22 The negative region of
the electrostatic potential forms an “electron belt” around the halogen atom and
is perpendicular to the σ-hole. The presence of a positive σ-hole on the R–X bond
elongation explains the ability of nucleophiles Y to approach the halogen atom X
in a “head-on” fashion. In this case, halogen X cаn be qualified as an XB dоnor or
an elеctrоn density аccеptоr. Conversely, when halogen is involved in a weak
13

interaction via the surrounding negative electron belt, halogen acts as a halogen
bond acceptor or electron density donor (Chart 3).

CHART 3

Anisotropic distribution of electron density on the halogen atom X, where X
= Hal, R = Hal, C, N, O, etc.

The size and magnitude (VS,max) of the σ-hole are dependent on the
polarizability and electronegativity of the halogen atom, as well as on the
electron-withdrawing ability of the species R covalently bound to it. They vary
significantly from one halogen atom to another and from one compound to
another (for a given halogen). However, a general trend can be outlined: the size
and magnitude of the σ-hole on halogen atom X increases with the increasing
polarizability (F ˂ Cl ˂ Br ˂ I) and decreasing electronegativity of the halogen
atoms, and with the increase of the electron-withdrawing ability of R.23
Although the electrostatic model effectively explains the high directionality
and tunability of halogen bonding, there are still some documented cases which
cannot be explained based on the σ-hole model only.24,25
1.1.4

Charge transfer component

For a long time, several XB adducts were considered as charge-transfer (CT)
complexes supported by evidence of change in the electronic structure and the
UV-Vis spectra of molecules upon XB formation. Robert Mulliken explored the
nature of intermolecular interactions between dihalogens or halogenated
compounds and benzene or other N-, O-, or S-containing organic species. Based
on his investigation in 1950, Mulliken proposed his charge-transfer theory,4
which states that the attractive interaction between two molecules or different
sites of one molecule is accompanied by the formation of a complex due to the
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transfer of electrons from the highest occupied molecular orbital (HOMO) of one
species (Lewis base, XB аcceptоr) to the lowest unoccupied molecular orbital
(LUMO) of another species (Lewis acid, XB dоnоr) and has an elеctrоn dоnoraccеptor nаture.
Many great minds tried to estimate the contribution of CT to halogen
bonding. Politzer et al. insisted on the proposed σ-hole concept that XB has an
electrostatic nature and that the role of charge-transfer can be neglected.26 The
symmetry-adapted perturbation theory (SAPT),27,28 as well as some later
studies,29,30 suggested only a minor contribution of CT to the overall interaction
energy. For example, Tsuzuki et al.31 argued that the distance between interacting
atoms in XB is too big for the charge-transfer to be significant. However, other
research works32,33 suggested that the CT has an important impact on XB. Wang
et al.34 even reported two decomposition schemes of the XB interaction energy,
according to which CT has a high contribution to XB and, furthermore, is the
driving force behind the XB. However, recent calculations suggested that,
although charge-transfer indeed takes place in halogen bonding, its energetic
contribution is only about 10% of the net interaction energy, and CT cannot be
considered the main driving force in XB even in the strongest halogen bonds.35
1.1.5

Dispersion and polarisation components

A halogen bond is formed when two atoms with high polarizability attractively
approach each other at a distance less than the sum of van der Waals (vdW) radii.
The negation of the polarization and dispersion components may lead to significant mistakes in understanding the nature of XB. This happened in the case of
CH3Cl molecule, when a completely negative electrostatic potential surface was
found on the chlorine atom, suggesting that it cannot act as an XB donor.36 This
conflicted with the previously predicted existence of the CH3Cl⋅⋅⋅O=CH2 complex30 and led to the assumption of incorrectness of the whole σ-hole theory.37 In
fact, the electrostatic potential on the chlorine atom of CH3Cl is indeed negative
everywhere, but it changes upon interaction with O=CH2. Thus, electron density
on both molecules is being polarised due to the electric field of the other component, leading to the formation of a positive σ-hole on the surface of the chlorine
atom and, thus, resulting in an attractive interaction between CH3Cl and
O=CH2.38,39 All in all, the importance of dispersion and polarisation components
should not be neglected.
Several works have been carried out in order to decompose the total
interaction energy into energy terms and to estimate the contribution of each
one.38–40 Different results are obtained depending on the choice of computational
methods and decomposition analyses. The symmetry-adapted perturbation
theory (SAPT)27,28 was especially interesting and became widely known along
with its density functional theory version (DFT- SAPT),29,30 which displayed the
importance of dispersion in XB. According to the SAPT, the total interaction
energy can be decomposed into four terms: electrostatic (EES), polarisation (or
induction) (EI), dispersion (ED), and exchange repulsion (EER). The SAPT theory
also allows for evaluating the contribution of each term to the total interaction
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energy. Riley et al. have applied the DFT-SAPT method to a series of XB
complexes, including dihalogens X2, fluorinated haloalkanes HnF3−nCBr,
chloroform, halothane, etc., as XB donors.29 It was demonstrated that the
dispersion component is particularly important in the stabilisation of
halogen⋅⋅⋅halogen contacts, in which two large, polarisable halogen atoms are in
close proximity. On the other hand, the electrostatic component plays a dominant
role in XB’s directionality and tunability.
To conclude, all XB components are important and should not be ignored,
as they play a certain role in different properties of halogen bonding.
1.1.6

Halogen bond applications

Over the years, halogen bonding has evolved into a well-known and powerful
structural tool. Nowadays, it is extensively used in many fields of chemistry
including crystal engineering,41–46 molecular recognition,47 biochemistry,48–50
catalysis,51–53 polymer sciences,54 conductive materials,55,56 liquid crystals,57–59
and many others. For instance, halides, polyhalides, and halogenated arenes are
known to form strong XB with anions and are thus widely used as
supramolecular building blocks60–66 as well as anion receptors.67 Halogenated
fluoroalkanes and fluoroarenes are capable of making strong, directional XB
interactions, which allow the formation and control of the structure of
supramolecular networks68–70 and hybrid71,72 and layered materials.73 Halide
anions and neutral iodine-containing molecules are the key components for the
design of novel supramolecular systems.56 Iodine atoms of the neutral donor
molecules coordinate to electron-rich halide anions via XB and result in the
formation of 1D, 2D, and 3D polymeric structures. The negatively charged 2D
networks containing halide anions have been applied in molecular conductors
due to the possibility of control of the location and the arrangement of positively
charged radicals.56 Halogen bonds play a significant role in the development of
new inhibitors and drugs since short X∙∙∙O, X∙∙∙N, and X∙∙∙S interactions take part
in the recognition of thyroid-like hormones by proteins.48,74–76
1.1.7

Halogen bond donors

Neutral dihalogen molecules,77 halogenated alkanes and fluorinated haloalkanes
(e.g. CBr4, CHI3, CnF2n+1I, CnF2nI2), halogenated arenes and perfluorinated
haloarenes78–81 (e.g. iodobenzenes, bromobenzenes, IPFB, 1,4-DIFB, 1,2-DIFB, 1,4DBrFB), diiodoacetylenes,82 and halonium ions83–85 are the most commonly used
XB donors.86
Dihalogen molecules are the strongest XB donors due to the polarising
effect of halogens.77,87 The strength of the XB donor ability of dihalogens
decreases in the order of I2 > Br2 > Cl2 > F2 along with the decreasing polarisability
and the size of the halogen atom. The strength of XB can be increased even further
if homonuclear dihalogens X2 are replaced with heteronuclear ones, especially
those containing strongly electronegative fluorine.88,89 However, examples of the
crystal structures of such systems are quite rare due to the high volatility of light
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dihalogens. Still, several structures have been characterised with the aid of
rotational spectroscopy,90 and the results suggest the following order of XB donor
strength: F2 < Cl2< Br2< I2 < IBr < ICl.37
Homonuclear
polyhalides,66,91,92
especially
polyiodide,93,94
and
95
heteronuclear polyhalides represent another group of XB donors. When
involved in XB, the polyhalide anions often form complex three-dimensional
networks, layers, or chains.
Halogenated hydrocarbons containing C–X bond are frequently used as XB
donors due to their wide variety and ease of synthesis and crystallisation. In
particular, halogenated benzenes31,80,88,89,96 and fluorinated haloarenes31,80,97–99
represent a convenient class of XB donors, because halogen atoms can be
relatively easily introduced at various positions of the benzene ring.100 The
presence of an unsaturated benzene ring in close proximity to the halogen atom
leads to an increase in the σ-hole on hаlogen. The system of double bonds in the
arоmatic ring pulls the electron belt on halоgen X towards the ring. It increases
the size of a positive region on the tip of X and, as a result, the XB donor ability
of X. Besides this, substituents other than halogens may also be introduced in a
benzene ring, allowing for altered XB donor behaviour of halogen substituents
as well as possible inter- and intramolecular interactions between the
substituents.31,80,87,101
1.1.7.1

Influence of the substituent on XB donor ability

In benzene derivatives, substituents other than halogen in ortho-, meta-, and parapositions can influence the XB donor properties of the halogen substituent due to
their possible mesomeric effects. The study of the impact of substituеnts with
reverse mesоmeric effеcts оn thе XB dоnor or XB accеptоr аbility of halоgens can
lеаd to a bеttеr undеrstаnding of hаlоgen bоnd feаturеs.
The mesоmeric effеct for benzene derivatives cаn be determined as the
rеdistribution of elеctron density in the unsаturаted benzene ring due to the
conjugation of a polar electron-withdrawing or electron-donating substituting
group with the π-system of a benzene ring. Elеctron-withdrаwing groups (EWG)
remove some of the electron density from the conjugated π-system of a benzene
ring via resonance, thus, making the π-system less nucleophilic. These groups
reveal a negative mesomeric effect (-M), which varies in a row of –NO2 > –CN >
–S(=O)2–OH > –CHO > –C=O > –COOCOR > –COOR > > –COOH > –CONH2 >
–COO-. Due to the aforementioned resonance, higher electron density is
concentrated on carbon atоms in the meta-pоsition relаtive to the substituent
grоup, and lower elеctron density is lоcalised on carbоns in the ortho- and parapositions (Scheme 1).
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SCHEME 1

Influence of EWG and EDG substituents on the electron density redistribution
in a benzene ring. Here, A = acceptor (EWG) and D = donor (EDG).

However, the electron-donating group (EDG) revealing a positive
mesomeric effect (+M) leads to the оppоsitе situation, making the π-system more
nucleophilic. In this case, the highеr electrоn dеnsity is lоcalised on carbоn atоms
in ortho- and para-positiоns, and lоwer elеctrоn dеnsity is lоcalised on carbоn
atoms in meta-positiоns (Scheme 1). These groups reveal a positive mesomeric
effect (+M), which varies in a row of –O- > –NH2 > –NHR > –OR > –NHCOR > –
OCOR > –Ph > > –CH3 > –F > –Cl > –Br > –I.
The halogens’ XB donor ability is known to increase with the increasing
electron-withdrawing capability of R bound to X8 (Chart 1). Therefore, if R is a
benzene ring, the presence of the EWG substituent should increase the XB donor
ability of halogens in ortho- and para-positions, while in the case of EDG
substituents, halogens in meta-positions reveal better XB donor ability.
1.1.8

Halogen bond acceptors

Typical halogen bond acceptors can be represented by organic N,102,103 O,102,104
and S81,105,106-containing compounds possessing a lone pair on a heteroatom8,9,107
(e.g. pyridines, amines, carbonyls groups); π-system108,109 (e.g. double and triple
bonds, arenes); and anions110–112 (e.g. halide anions). There are a few rare
examples of phosphorus113 and selenium43,114 acting as XB acceptors.
When atoms of group 14 (C, Si, Ge, Sn, Pb), group 15 (N, P, As, Sb, Bi) or
group 16 (O, S, Se, Te) are involved in a weak interaction, acting not as a bond
acceptor but as a bond donor, such interactions are called tetrel bonding
(TtB),115,116 pnictogen bonding (PnB),117–119 and chalcogen bonding (ChB),120,121
respectively.122,123
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1.2 Chalcogen bonding
Chalcogen bonding (ChB) is another type of weak noncovalent interaction along
with hydrogen, halogen, pnictogen, and tetrel bonding. It was known as
“secondary bonding interaction”124 for a long time, but interest in ChB has
increased in recent years.121,125,126 It can be described as an attractive interaction
between elements of group 16 (Ch = O, S, Se, Te) acting as ChB donors
(electrophiles) and nucleophilic donors B in the same or in another molecular
entity, which donate electron density and act as ChB acceptors (Chart 4).86

CHART 4

Schematic representation of chalcogen bonding (electron-withdrawing ability
of substituents: R1 > R2).

Oxygen, being the most electronegative and least polarisable element of
group 16, commonly functions as a nucleophile, although there are works50,127
that demonstrate the possibility of bond donor behaviour in the case of an oxygen
atom. Sulphur, selenium, and tellurium can behave similarly to oxygen by acting
as electron-rich nucleophiles upon attractive interaction with electrophilic
partners. However, such bonding is not a ChB. One should distinguish well that
chalcogen bonding happens only when a Ch atom behaves as a ChB donor, or
electrophile, when interacting with electron-rich nucleophiles like nitrogen,
oxygen, halogen, etc.9,21,105,128
Analogous to halogen bonding, the ChB formation is explained by the
anisotropic distribution of the electrostatic potential on a covalently bound
chalcogen atom. This leads to the formation of a σ-hole along the R–Ch covalent
bond elongation and an electron belt encircling the chalcogen atom (Chart 4).120–
122,129 The size of the σ-hole correlates with the polarisability of the chalcogen
atom and increases down the group O ˂ S ˂ Se ˂ Te, along with the decreasing
electronegativity of Ch atoms. The strength of the R–Ch⋅⋅⋅B interaction decreases
with the increasing electronegativity of Ch and the decreasing electronwithdrawing ability of R (Chart 4).
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1.2.1

Chalcogen bond features

Chalcogen bonding has the same nature as halogen bonding. Therefore, the XB
features should also be characteristic of ChB.121 Firstly, chalcogen bonds are
directional. An electron donor B approaches the chalcogen atom Ch from a
direction of elongation of the R–Ch bond. Similarly to XB, the resulting R–Ch⋅⋅⋅B
angle is clоse to 180°, and the chаlcоgen atоm acts as the ChB donоr by аccepting
electrоn dеnsity frоm the nucleophile B. If the R–Ch⋅⋅⋅B angle is clоse to 90°, a
chаlcogen atоm аcts аs the ChB accеptor by dоnating electrоn dеnsity to B.
However, deviation from 180° and 90° is more pronounced in chalcogen bonds
than in halogen bonds.
Secondly, the strength of ChB can be tuned by varying the chalcogen atom
(O, S, Se, or Te). As for halogens, the ChB strength increases with the increasing
size and polarisability of the chalcogen atom. The alteration of the nature of R
and B species affects the strength of Ch⋅⋅⋅B bonding in the same way as in XB.
Thus, the increase of the electron-withdrawing ability of R and/or the
nucleophilicity of B leads to the formation of stronger ChB. Shorter Ch⋅⋅⋅B
distance corresponds to stronger ChB.
Organochalcogens are poorly soluble in aqueous or polar organic
solvents.14 Such hydrophobicity originates from the steric restrictions: the area of
the positive electrostatic potential on the Ch atom is sterically hindered by the
next substituent(s), which constrains the solubility of organochalcogens in
aqueous or polar solvents.
The increased size of a chalcogen donor atom (1.52, 1.80, 1.90, and 2.06 Å for O,
S, Se, and Te, respectively)15 vs. 1.20 Å for hydrogen15 makes ChB more sensitive
to steric hindrance than HB, which is reflected in the differences in their physical
and chemical properties.
Finally, the multiplet character of chalcogen bonding is due to the variable
valences (di-, tetra-, and hexavalent) of chalcogen atoms. Chalcogen atoms
possess two σ-holes localised on the R1–Ch and R2–Ch covalent bonds’ extensions
(Figure 5), which can make them more difficult to investigate. However, if the Ch
atom is double-bonded (R=Ch), only one σ-hole remains. The multiplicity
phenomenon is also found for halogens,9 but not for hydrogen, and it may be
implemented in crystal engineering.
1.2.2

Chalcogen bond applications

Chalcogen bonding is gradually becoming more and more famous,120 along with
other weak interactions, and it can be applied in synthesis,121 catalysis,121
materials science,130 and crystal engineering.131,132 Powerful sulphur- and
selenium-based catalysts promote the cyclisation of β-ketoaldehydes with
indoles via strong S⋅⋅⋅O and Se⋅⋅⋅O chalcogen bonds, producing seven-membered
N-heterocycles.133 The dicationic tellurium-based ChB donor acts as a catalyst in
the nitro-Michael reaction between trans-β-nitrostyrene and indoles by means of
strong Te⋅⋅⋅O bonding.134 Furthermore, this novel Te-based catalyst is stable
under ambient conditions and can accelerate the nitro-Michael reaction by a
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factor of more than 300 compared to HB donors.134 Sulphur-based compounds
are known biologically active materials operating via S⋅⋅⋅N and S⋅⋅⋅ O chalcogen
bonds, and they have a great potential in drug design.135

1.3 Pnictogen bonding
Analogous to halogen and chalcogen atoms in XB and ChB, respectively,
pnictogen atoms (Pn = N, P, As, Sb, Bi) also possess regions of positive
electrostatic potential, known as σ-holes, localised on the extensions of the R – Pn
covalent bonds (Chart 5). Similar to XB and ChB, the Pn atoms are able to form
the intra- or intermolecular pnictogen bonds upon interaction with the
nucleophilic species B of the same or of another molecular entity.

CHART 5

Schematic representation of pnictogen bonding (electron-withdrawing ability
of substituents: R1 > R2 > R3).

Pnictogen bonding is significantly more directional than hydrogen bonding
due to the anisotropic electron density distribution on the pnictogen atom
resulting in the R–Pn⋅⋅⋅B angle being close to 180°. Although the PnB has a mainly
electrostatic nature as in other types of weak noncovalent interactions (HB, XB,
ChB), other interaction energy components should not be omitted, as they can
even strengthen pnictogen bonds.136 The strength of PnB is comparable with the
strength of halogen and chalcogen bonds (and, in some cases, even with
hydrogen bonds)136 and depends on the following:
i)
the nature of pnictogen atom: the ability of pnictogens to act as PnB
donors increases in the order of N < P < As < Sb < Bi, along with the
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increasing polarizability and the size of Pn atoms, with nitrogen acting
as the PnB donor only when it is attached to strongly electronwithdrawing groups;137
ii)
the nucleophilicity of the nucleophile B: stronger nucleophiles result in
stronger PnB;
iii)
the nature of R, covalently bound to Pn: the strength of PnB increases
with the increase of the electron-withdrawing character of R;
iv)
the linearity of the R–Pn⋅⋅⋅B angle: stronger pnictogen bonds are formed
when they are closer to 180° angles.
Pnictogen bonds possess similar characteristics as halogen and chalcogen
bonds. Apart from the above-mentioned directionality, tunability is another like
characteristic of PnB. The strength of the R–Pn⋅⋅⋅B bond can be adjusted by
varying Pn, B, and R.
Pnictogens are often trivalent and can act as mono-, di- or tricentred PnB
donors, unlike mostly monocentred halogens and mono- and dicentred
chalcogens. However, several cases of PnB’s hypervalency are known, in which Pn
atoms are pentavalent.138,139
The hydrophobic character of pnictogen bonding also brings it closer to XB
and ChB: the σ-hole(s) on the pnictogen atom is/are sterically hindered by the
substituent(s), which obstructs the solubility of organopnictogens.140–142
1.3.1

Pnictogen bond applications

There are numerous examples of the role of pnictogen bonding in synthesis,
structure, and self-assembly of coordination compounds. Alkoxide cage
structures based on Pn⋅⋅⋅O bonding are utilised in supramolecular
chemistry.118,143 These Pn-based alkoxide cages allow for predicting and
controlling the arrangement of the self-assemblies as well as monitoring the
process spectroscopically in solution.118,143 The Pn-based self-assembled
supramolecular complexes found applications in coordination chemistry in the
building of supramolecular networks144 and may allow the fine-tuning of
strategies for ligand design.119 The group 15 family demonstrates a compromise
between increased steric repulsion of the substituents R on the one hand and
beneficial deeper σ-holes, which are not exposed on the surface as in XB and ChB
but are embedded within a structural cavity on the other hand. For this reason,
PnB donor receptors are actively used for anion recognition123,141,142 and in crystal
engineering.145 Chiral PnB donors are promising agents regarding asymmetric
catalysis.140

1.4 Tetrel bonding
Tetrel bonding (TtB) is probably the least known interaction in comparison with
XB, ChB, and PnB. Tetrel atoms (Tt = C, Si, Ge, Sn, Pb) are capable of engaging in
similar weak noncovalent interactions.116,122 Existence of the positive σ-hole
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regions along the R–Tt covalent bonds’ extensions allows the attractive
interaction of Tt-containing compounds with nucleophiles B. It results in the
formation of intra- or intermolecular tetrel bonds, depending on the location of
nucleophilic region B in the same or in another molecular entity.
TtB is highly directional. The R–Tt⋅⋅⋅B angle tends to be close to 180°. The
strength of tetrel bonding is comparable to that of HB, XB, ChB, and PnB and
increases with the increase in size of the Tt atom: C < Si < Ge < Sn < Pb. Besides
this, the stronger nucleophilic character of B as well as an increase in the electronwithdrawing character of R both result in the increased strength of TtB.
Despite all the parallels between tetrel bonding and other similar σ-holeinduced noncovalent interactions (XB, ChB, PnB), there is one essential feature in
TtB that distinguishes them from the others. This feature is related to the
extensive steric hindrance experienced by the tetrel atom. Thus, in halogen
bonding, the nucleophile B is separated from the substituent R by 180°.
Chalcogen and pnictogen atoms become more crowded yet still accessible upon
the formation of ChB and PnB, respectively. For example, in the case of R3Pn
having a trigonal pyramidal shape, the nucleophile B can still approach the
pnictogen atom without significant steric repulsion with the R substituents. The
nucleophile is being separated from the R substituents by approximately 109°,
but the situation changes drastically for tetrel atoms. Tt atoms are typically
tetravalent, and a σ-hole is expected to be generated opposite the R substituent
for each covalent R–Tt bond. Although each tetrel atom can, in theory, form four
tetrel bonds, that rarely occurs due to steric reasons.146,147 In tetrahedral geometry,
the approaching nucleophile would be separated from the R substituents by only
70°, thus, being affected by the steric repulsion. For this reason, the formation of
many tetrel bonds is associated with the geometric deformation which pulls
some of the R–Tt bonds away and makes room for a nucleophile.148
1.4.1

Tetrel bond applications

The use of tetrel bonds has been less explored than other noncovalent interactions,
but is has been actively developing in recent years. For instance, the Csp3⋅⋅⋅O=C
carbon bonds gained particular importance in the field of biochemistry, where it
plays an essential role in the structure and function of numerous proteins.149,150
The formation of various C⋅⋅⋅O, C⋅⋅⋅N, C⋅⋅⋅Hal tetrel bonds can affect and even
control the packaging of organic molecules in crystals.151 TtB has been evidenced
in derivatives possessing useful properties: materials used in electronics,152,153
bioactive materials,154–156 and organic reagents.157 Tt-based compounds are
utilised in NO3-, HCO3-, OH-, and Hal- anion recognition due to their capability
of forming strong complexes with these anions and extract them from an aqueous
environment.115 The given approach is widely used in biological, medical, and
environmental processes.158 Tetrel bonds often act as a preliminary stage of the
SN2 reaction, and in the case of extremely strong TtB, it may even lead to the
formation of systems with geometries similar to those of the transition state of
the SN2 reaction.159
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1.5 Aims of the study
An atom can participate in the σ-hole interaction either via the σ-hole or the
electron belt. Accordingly, it will act either as a donor of the σ-hole interaction or
as an acceptor. It is potentially possible that the role of the atom could vary
depending on the nature of the partner for the particular interaction. This, in turn,
could be reflected in the interaction mode (head-on or side-on, see Chart 3). This
implies the first aim of our research:
to study whether the same species can act both as a donor and as an acceptor of a σhole interaction depending on the nature of the partner.
We have selected selenium as the main object of research since, like other
elements of group 16, it is known to behave not only as the electron density
acceptor but also as the electron density donor.135 Among the well-known Secontaining compounds such as selenazoles, selenoimidazoles, selenadiazoles,
etc., selenoureas belong to the less studied class of selenium compounds in terms
of the σ-hole interaction. However, their simple structures, at least moderate
stability, and commercial availability make them favourable objects for
investigation. Therefore, we have chosen selenourea and 1,1-dimethylselenourea
for the current study.
Iodine and iodinated and brominated perfluorobenzenes were chosen as
the selenoureas’ partners for the σ-hole interaction because I and Br atoms are
easily polarisable and are, thus, able to bond more strongly upon interaction with
selenoureas. Furthermore, when halogen is attached to a benzene ring, the
aromatic system would pull the electron density away from the halogen, thus
increasing the size of the σ-hole on the halogen atom. This should result in a
stronger σ-hole interaction.
The strength of the interaction depends on the size of the σ-hole on the bond
donor atom. When a bond donor atom is attached to a complex organic
substituent, both structure and electronic properties (particularly the mesomeric
effect) of the substituent could possibly influence the size of the σ-hole on the
atom. Thus, the second aim of our research was:
to reveal the influence of the mesomeric effect of substituents in the aromatic ring
on the σ-hole donor ability of iodine in the iodinated benzene derivatives.
Various iodinated compounds, namely iodobenzoic acids, iodonitriles,
iodoanilines, iodophenols, and iodoanisoles, have been chosen for the
investigation due to the high polarisability of iodine atoms. This feature makes
iodine a good donor for the σ-hole interaction. Besides iodine, the selected
compounds have other substituents with strong and moderate positive and
negative mesomeric effects. Such variety will allow for covering a wide range of
electronic effects of the substituents. This would give a potential opportunity to
estimate the influence of both strong and moderate EWGs, and strong and
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moderate EDGs on the ability of iodine atoms to act as donors for the σ-hole
interactions.
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2

RESULTS AND DISCUSSION

In the first part of our research, we have focused on the selenium∙∙∙halogen σ-hole
interactions of selenourea and 1,1-dimethylselenourea with various halogencontaining species (Chart 6).

CHART 6

Selenoureas and halogen-containing species chosen for the study.

The resulting Se∙∙∙I and Se∙∙∙Br bonds could potentially be of practical
importance. Thus, the Se∙∙∙Hal interactions have found applications in the design
of supramolecular materials,160 crystal engineering,161 and catalysis.162 The anion
binding in solution and in the solid state has been applied in catalysis and anion
transport, although those are still more common for sulphur and tellurium.123,163
The charge-transfer (CT) complexes of Se-containing donors with dihalogens164
play an important role in material chemistry and pharmacology due to their antibacterial and anti-thyroid activity.165,166
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For the second part of our research, we have chosen 3,4,5-triiodobenzoic
acid (1, 2), 1,2,3-triiodobenzene167 (3), 4-iodobenzoic acid168 (4), pentaiodobenzoic
acid ethanol solvate169 (5), hexaiodobenzene (polymorphs 6a–c)170,171, 4iodobenzonitrile172 (7), 3-iodobenzonitrile173 (8), 2,4-diiodoaniline174 (9), 4iodoaniline175 (10), 2-iodoaniline176 (11), 2-iodophenol177 (12), 4-iodophenol173 (13),
3-iodophenol173 (14), 2,4,6-triiodophenol178 (15), 4-iodoanisole179 (16), and 3,4,5triiodoanisole180 (17) as the objects of the study (Chart 7).

CHART 7

Substituted iodobenzene derivatives chosen for the investigation. Red –
EWGs, blue – EDGs, violet – iodine.

Halogen-substituted derivatives of benzoic acids, phenols, and anilines
have found many practical applications in biology181–190 and pharmacology,191
bio–192–194 and electrochemistry,195 catalysis,196–202 etc.203–207 Therefore, the
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investigation of these molecules may lead to a better understanding of their role
in these fields.
The detailed description of the experimental and computational procedures
can be found in the original papers I-III.

2.1 Selenium: a donor or an acceptor of the σ-hole interaction?
We have performed several co-crystallisations of selenourea and 1,1dimethylselenourea with various halogen-containing species to understand the
role of selenium atoms in the σ-hole interaction. The resulting adducts 18-21 are
present in Table 1. The crystal structures of the adducts 18-21 suggest that
selenium acts as a bond donor upon interaction with iodine (18a-b) and as a bond
acceptor when it interacts with halogenated perfluorobenzenes (19-21). We
decided to consider co-crystals 18 and 19-21 in two separate chapters (2.2 and 2.3)
and to compare them with the known similar selenium- and sulphur-containing
compounds.
TABLE 1

Results of the syntheses of selenoureas with various halogen-containing species.

Iodine (18)
IPFB (19)
1,4-DIFB (20)
1,4-DBrFB (21)

Selenourea (a)
18a
20a
-

1,1-dimethylselenourea (b)
18b
19b
20b
21b

2.2 The σ-hole interactions of selenoureas with halogens: chalcogen bonding
Selenium atoms in both selenourea and 1,1-dimethylselenourea act as donors of
the σ-hole interaction upon reaction with iodine. Thus, this interaction can be
called chalcogen bonding according to the classical nomenclature accepted by
IUPAC.86 In co-crystals 18a and 18b (see Figures 1–2), selenium atoms form
Se⋅⋅⋅Se bonds, resulting in the formation of selenourea and dimethylselenourea
dimers with the Se⋅⋅⋅Se distance equal to 2.4001 (4) Å in 18a and 2.313 (1) Å in 18b.
These distances are much smaller than the sum of van der Waals radii (3.80 Å).15
The Se⋅⋅⋅Se interactions are quite strong in both cases and can be called covalent
bonds. In co-crystals 18a and 18b, the distances between selenium atoms in the
dimers do not differ significantly, but the Se–Se bond is somewhat shorter in the
case of 1,1-dimethylselenourea.
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FIGURE 1

Dimeric structure of 18a demonstrating the Se⋅⋅⋅I σ-hole interactions. Hydrogens are omitted for clarity. Weak interactions are shown with blue dashed
lines.

FIGURE 2

Dimeric structure of 18b demonstrating the Se⋅⋅⋅I σ-hole interactions and I⋅⋅⋅I
bonding. Hydrogens are omitted for clarity. Weak interactions are shown
with blue dashed lines.
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Selenium atoms act as σ-hole donors and accept electron density from
negatively charged iodine species I- and I3- in 18a and 18b, respectively. The Se⋅⋅⋅I
distances are 3.3732 (4) and 3.7386 (4) Å in the case of selenourea (18a) and 3.5590
(9) and 3.581 (1) Å in the case of 1,1-dimethylselenourea (18b). The detailed
information on these interactions is present in Table 2.
TABLE 2

The Se⋅⋅⋅I, I⋅⋅⋅I, and Se⋅⋅⋅Se interactions in 18a and 18b.

Compound

18a

18b

Atoms
Se1⋅⋅⋅I1
Se1⋅⋅⋅I1*
Se1⋅⋅⋅Se1*
Se1⋅⋅⋅I2

Distance,
Å
3.3732 (4)
3.7386 (4)
2.4001 (4)
3.5590 (9)

Se2⋅⋅⋅I2

3.581 (1)

I2⋅⋅⋅I2
Se1⋅⋅⋅Se2

3.5285 (7)
2.313 (1)

Angles, deg
C1–Se1–I1 = 77.15 (8)
C1–Se1–I1* = 163.37 (9)
C–Se–Se = 94.16 (9)
C1–Se1–I2 = 165.7 (2),
I3–I2–Se1 = 74.60 (2)
C4–Se2–I2 = 175.3 (2),
I3–I2–Se2 = 110.73 (2)
I3–I2–I3 = 169.00
C1–Se1–Se2 = 100.1 (2),
C4–Se2–Se1 = 100.0 (2)

Sum of vdW
radii, Å
3.88
3.88
3.80
3.88
3.88
3.96
3.80

In the co-crystals of 18a, the iodine species are represented by iodide anions
only, whereas in the co-crystals of 18b, iodine is present in the form of iodide Iand triiodide I3- anions. The iodide anions do not form any weak contacts while
triiodide anions interact both with selenoureas and with other triiodide anions
resulting in the I3⋅⋅⋅I3 dimers.
To see how the nature of the halogen atom affects Se⋅⋅⋅Hal σ-hole bonding,
two known selenourea structures have been studied. Thus, Hauge et al. have
reported the tris(selenourea) dibromide hydrate (22) and tris(selenourea)
dichloride hydrate (23)208 (see Figure 3). Unlike dimers in the co-crystals of 18a
and 18b, selenourea molecules form trimers in chloride and bromide anions. The
Se⋅⋅⋅Se distances are 2.624 and 2.712 Å for 22 and 2.597 and 2.717 Å for 23 vs.
2.4001 (4) Å for 18a and 2.313 (1) Å for 18b (Tables 2 and 3). The intramolecular
Se⋅⋅⋅Se interactions are weaker in trimers than in dimers, but they are still strong
enough and cаn bе refеrred to as cоvalent bоnds.
Bеsides intrаmolecular interactions, the intermolecular Se⋅⋅⋅Hal intеractions
аre prеsent in 22 and 23. Thus, bromide Br- and chloride Cl- anions interact with
the middle selenium atoms Se2 of selenoureas via chalcogen bonding. This means
that selenium atoms behave as ChB donors and halogen atoms as ChB acceptors,
which is also the case in the Se⋅⋅⋅I interaction (18a-b). The Se⋅⋅⋅Br and Se⋅⋅⋅Cl
distances are 3.530 and 3.720 Å for 22 and 3.457 Å for 23, correspondingly (Table
3). Two out of three interactions in 22 and 23 are approximately 5% shorter than
the sum of the corresponding vdW radii, while the third interaction (Se⋅⋅⋅Br =
3.720 Å) is noticeably longer and extremely weak. The Se⋅⋅⋅I interactions (18a-b)
are up to 13% shorter than the sum of vdW. This indicates iodine’s bеtter аbility
than bromine and chlorine tо pаrticipate in wеak σ-hole intеractions.
I-
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FIGURE 3

Trimeric structures of 22 (a) and 23 (b) demonstrating the Se⋅⋅⋅Br and Se⋅⋅⋅Cl
σ-hole interactions, respectively. Hydrogens are omitted for clarity. Weak interactions are shown with blue dashed lines.
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TABLE 3

The Se⋅⋅⋅Br, Se⋅⋅⋅Cl, and Se⋅⋅⋅Se interactions in 22 and 23.

Compound

Atoms

Distance, Å

22208

Se2⋅⋅⋅Br1
Se3⋅⋅⋅Br2
Se1⋅⋅⋅Se2

3.530
3.720
2.624

Se2⋅⋅⋅Se3

2.712

Se2⋅⋅⋅Cl1
Se1⋅⋅⋅Se2

3.457
2.597

Se2⋅⋅⋅Se3

2.717

23208

Angles, deg
C2–Se2–Br1 = 175.01
C3–Se3–Br2 = 164.64
C1–Se1–Se2 = 96.45,
C2–Se2–Se1 = 89.34
C2–Se2–Se3 = 88.98,
C3–Se3–Se2 = 96.20
C2–Se2–Cl1 = 174.61
C1–Se1–Se2 = 96.24,
C2–Se2–Se1 = 88.94
C2–Se2–Se3 = 89.27,
C3–Se3–Se2 = 96.54

Sum of vdW
radii, Å
3.73
3.73
3.80
3.80
3.65
3.80
3.80

A clear effect of the nature of the halogen atom on the strength of the σ-hole
interaction can be traced. Thus, a heavier and more polarisable halоgen atоm
(iodine) exhibits a highеr tеndency to rupture of Ch–Ch bоnds аnd the formation
of strоng Ch–Hаl bоnds insteаd. As a result, trimers are converted to dimers in
the case of selenourea and 1,1-dimethylselenourea 18a-b, 22, and 23.
To examine the effect of the donor’s nature of the σ-hole interaction on the
strength of bonding, similar S-containing compounds (thioureas) have been
extracted from the CSD database and investigated. Thus, thiourea molecules
arrange in dimers 24a209 and 24b210 with the formation of the S–S covalent bonds
in the presence of the chloride anion (see Figure 4, Table 4).

FIGURE 4

Dimeric structures of 24a (a) and 24b (b) isomers demonstrating the S⋅⋅⋅Cl σhole interactions. Hydrogens are omitted for clarity. Weak interactions are
shown with blue dashed lines.
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TABLE 4

The S⋅⋅⋅Cl and S⋅⋅⋅S interactions in 24a and 24b isomers.

Compound

Atoms

Distance, Å

Angles, deg

24a209

S1⋅⋅⋅Cl2
S1⋅⋅⋅S2

3.505
2.017

24b210

S1⋅⋅⋅Cl2
S1⋅⋅⋅S2

3.5107 (6)
2.0246 (4)

C1–S1–Cl2 = 157.60
C1–S1–S2 = 104.31,
C2–S2–S1 = 103.49
C1–S1–Cl2 = 157.42 (4)
C1–S1–S2 = 104.20 (4),
C2–S2–S1 = 103.34 (4)

Sum of vdW
radii, Å
3.55
3.60
3.55
3.60

In thiourea chloride co-crystals 24a-b, sulphur atoms act as σ-hole donors
and chloride anions as σ-hole acceptors. The S⋅⋅⋅Cl distances are 3.505 Å for 24a
and 3.5107 (6) Å for 24b vs. the sum of vdW radii of 3.55 Å. Therefore, these
interactions can be considered to be rather weak. Selenourea forms somewhat
stronger bonding with chloride anion (co-crystals 23) presenting selenium as a
better donor for σ-hole interactions.
Several crystal structures 25-28 represented by thiourea co-crystals with
iodine-containing species have been found in the CSD database (Figure 5).211–213
Unlike selenoureas’ molecules in co-crystals 18a-b, the thiourea molecules in 2528 form neither dimers nor trimers. Instead, thiourea molecules exist as
monomers; no S–S bonds are formed during crystallisation. The detailed
information on S⋅⋅⋅I bonding for the co-crystals 25-28 can be found in Table 5.
In the co-crystals 25, the S⋅⋅⋅I interaction between thiourea and the triiodide
anion is rather weak (Table 5), with the bond length almost equal to the sum of
vdW radii. On the contrary, the extensive HB between thiourea and triiodide
most probably defines the overall structure of 25.
The co-crystals 26-28 demonstrate the formation of strong S⋅⋅⋅I covalent
bonds with the S⋅⋅⋅I distances varying from 2.466 (3) to 2.654 (3) Å (Table 5). Along
with strong S⋅⋅⋅I bonding, there are also weak sulphur⋅⋅⋅iodine interactions in 26
and 27 and iodine⋅⋅⋅iodine interactions in 27. The formation of the iodine cation
I+ (co-crystals 26 and 28, Figures 5b and 5c, correspondingly) is possible only in
the presence of a stronger nucleophile in the solution.214 Therefore, sulphur
atоms аct аs electrоn dеnsity donоrs аnd nоt as σ-hоle dоnors.
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FIGURE 5

Crystal structures of co-crystals 25 (a), 26 (b), 27 (c), and 28 (d) demonstrating
the S⋅⋅⋅I σ-hole interactions and I⋅⋅⋅I bonding. Hydrogens are omitted for clarity in b–d. Weak interactions are shown with blue dashed lines.
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TABLE 5

The S⋅⋅⋅I σ-hole interactions in 25-28.

Compound
25211

26212

27212

28213

Atoms

Distance, Å

Angles, deg

S1⋅⋅⋅I1

3.7687 (9)

S1⋅⋅⋅I3

3.711 (5)

S1⋅⋅⋅I1
S2⋅⋅⋅I1
S3⋅⋅⋅I2
S4⋅⋅⋅I2
S2⋅⋅⋅I4

2.654 (3)
2.602 (3)
2.623 (3)
2.635 (3)
3.724 (4)

S3⋅⋅⋅I9

3.687 (3)

S1⋅⋅⋅I2

2.466 (3)

S2⋅⋅⋅I3

2.437 (3)

S3⋅⋅⋅I6

2.507 (3)

C1–S1–I1 = 85.8 (1),
I2–I1–S1 = 165.71 (1)
C1–S1–I3 = 83.0 (4),
I4–I3–S1 = 169.38 (7)
S1–I1–S2 = 179.1 (1)
S2–I1–S1 = 179.1 (1)
S3–I2–S4 = 178.8 (1)
S4–I2–S3 = 178.8 (1)
C2–S2–I4 = 165.8 (4),
I5–I4–S2 = 73.29 (5)
C3–S3–I9 = 167.7 (4),
I10–I9–S3 = 100.43 (5)
C1–S1–I2 = 104.2 (3),
I1–I2–S1 = 176.08 (8)
C2–S2–I3 = 105.9 (4),
I1–I3–S2 = 171.59 (8)
C3–S3–I6 = 104.9 (4),
I7–I6–S3 = 173.69 (8)
C1–S1–I1 = 106.25,
C1E–S1E–I1 = 106.25

S1⋅⋅⋅I1
S1E⋅⋅⋅I1

2.629
2.629

Sum of vdW
radii, Å
3.78
3.78
3.78
3.78
3.78
3.78
3.78
3.78
3.78
3.78
3.78
3.78
3.78

A trendline similar to the one found for selenoureas can also be observed in
thiourea co-crystals. The dimers turn into monomers accompanied by the
rupture of S⋅⋅⋅S bonds in adducts 24-28, along with the increase in the size and
polarisability of a halogen atom. Thus, in the case of lighter halogen chlorine, no
strong bonding between sulphur and chlorine atoms has been observed (24a-b).
Only weak σ-hole interactions with the S⋅⋅⋅Cl distances close to the sum of the
corresponding vdW radii are formed. But when heavier iodine comes into play
in addition to weak S⋅⋅⋅I interactions, the strong S⋅⋅⋅I bonds are being formed (2528).
We can conclude that the nature of the σ-hole acceptor (a halogen, in our
case) affects the strength of the σ-hole interaction in the following way: a heavier
and more polarisable halogen atom (iodine) demonstrates a higher tendency to
break the Ch⋅⋅⋅Ch bonds than lighter halogens (bromine and chlorine), which is
accompanied by the formation of strong Ch⋅⋅⋅Hal bonds. Accordingly, trimers
transform into dimers in 18a-b and 22-23 in the case of selenoureas, and dimers
transform into monomers in 24-28 in the case of thioureas.
The effect of the nature of the σ-hole donor on the strength of the σ-hole
interaction is reflected in the geometry of co-crystals (whether monomers, dimers,
or trimers are formed). The Se-containing σ-hole donors form dimers (18a-b) and
trimers (22-23), whereas similar S-containing donors form monomers (25-28) and
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dimers (24a-b). We assume that selenium as a bigger atom with the higher
polarisability compared to sulphur has a stronger predisposition for the
formation of strong Se⋅⋅⋅Se bonds than sulphur does for the formation of S⋅⋅⋅S
bonds.

2.3 The σ-hole interactions of selenoureas with halogens: halogen
bonding
In the previous chapter, we demonstrated that selenium acts as a σ-hole
interaction donor upon interaction with strong nucleophiles like halogen anions.
However, when a halogen atom is attached to the benzene ring, the situation
changes drastically. The unsaturated benzene ring pulls the electron density from
the halogen towards the ring. This results in a bigger σ-hole on the halogen and
can possibly make the latter a better donor of the σ-hole interaction.
A series of co-crystallisations of selenourea and 1,1-dimethylselenourea
with the iodinated and brominated perfluorobenzenes was performed, and
adducts 19b, 20a-b, and 21b were obtained (Table 1). In all co-crystals, halogens
act as donors of the σ-hole interaction and selenium atoms as acceptors donating
electron density to halogens. Such bonding is also called halogen bonding,
according to the IUPAC definition of XB.1
In the case of IPFB, only co-crystallisation with 1,1-dimethylselenourea
succeeded (co-crystals 19b), whereas the interaction with selenourea did not
result in any adducts. The σ-hole interaction is represented by Se⋅⋅⋅I bonding with
a distance of 3.284 (1) Å (Figure 6, Table 6). This bonding can be regarded as
relatively strong based on a comparison with the sum of the corresponding vdW
radii (3.88 Å).
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FIGURE 6

Crystal structure of 19b demonstrating the Se⋅⋅⋅I σ-hole interactions. Hydrogens are omitted for clarity. Weak interactions are shown with blue dashed
lines.

TABLE 6

The Se⋅⋅⋅Hal σ-hole interactions in 19b, 20a-b, and 21b.

Compound
19b

20a

20b

21b

Atoms
Se1⋅⋅⋅I1

Distance,
Å
3.284 (1)

Se1⋅⋅⋅I1

3.315 (2)

Se1⋅⋅⋅I2

3.337 (2)

Se2⋅⋅⋅I3

3.414 (2)

Se2⋅⋅⋅I4

3.453 (2)

Se1⋅⋅⋅I1

3.677 (3)

Se1⋅⋅⋅Br1

3.2916 (7)

Se1⋅⋅⋅Br2

3.4100 (8)

Angles, deg
C1–Se1–I1 = 85.8 (3),
C4–I1–Se1 = 176.1 (2)
C1–Se1–I1 = 89.4 (5),
C3–I1–Se1 = 177.7 (4)
C1–Se1–I2 = 84.2 (5),
C6–I2–Se1 = 179.0 (4)
C2–Se2–I3 = 91.1 (4),
C9–I3–Se2 = 176.6 (4)
C2–Se2–I4 = 83.5 (4),
C12–I4–Se2 = 169.2 (2)
C1–Se1–I1 = 116.99 (8),
C4–I1–Se1 = 165.27 (7)
C1–Se1–Br1 = 101.8 (1),
C4–Br1–Se1 = 179.0 (1)
C1–Se1–Br2 = 141.0 (1),
C7–Br2–Se1 = 158.5 (1)

Sum of vdW
radii, Å
3.88
3.88
3.88
3.88
3.88
3.88
3.73
3.73

Adduct 20a and 20b represent co-crystals of 1,4-DIFB with selenourea and
1,1-dimethylselenourea, respectively (Figure 7). The Se⋅⋅⋅I distance varies from
3.315 (2) to 3.453 (2) Å for 20a and is 3.677 (3) Å for 20b (Table 6). These
interactions are reasonably strong and significantly shorter than the sum of vdW
radii (3.88 Å).
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FIGURE 7

Crystal structures of 20a (a) and 20b (b) demonstrating net of weak interactions. Hydrogens are omitted for clarity in b. Weak interactions are shown
with blue dashed lines.

The comparison of the co-crystals 19b and 20b reveals shorter σ-hole
bonding in the case of IPFB, which lets us assume that IPFB is a better σ-hole
donor than 1,4-DIFB. We have conducted Hirshfeld surface analysis, fingerprint
plots, QTAIM, and single-point calculations in order to justify or disprove our
assumption. Each point on the Hirshfeld surface can be represented by a
coordinate (di, de) on the fingerprint plot, where di is the nearest internal distance
and de is the nearest external distance for each independent molecule. The
colours on the fingerprint plot represent the number of points with given
coordinates (hot colours represent many points, and cool colours represent few
points). Thus, the increased intensity around di/de ≈ 1.55 Å/1.70 Å for 19b and
around di/de ≈ 1.6 Å/1.75 Å for 20b on the fingerprint plots (Figure 8) confirms
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that Se⋅⋅⋅I bonding in 19b is stronger than that in 20b, indicating that IPFB is a
stronger donor of the σ-hole interaction than 1,4-DIFB.

FIGURE 8

2D fingerprint plots for adducts 19b and 20b.

The results of QTAIM (Table 7) demonstrate stronger bonding in the case
of IPFB as the σ-hole donor than in the case of 1,4-DIFB: the interaction energies
are –36.9 kJ mol-1 vs. –25.2 kJ mol-1 for 19b and 20b, respectively.
TABLE 7

Interaction energies ∆E (kJ mol–1) in adducts 19b, 20a-b, 21b, and 29 obtained
by single-point calculations on the cluster model calculated at M06-2X/def2TZVP level of theory.

Co-crystals
IPFB1,1-dimethylselenourea (19b)
1,4-DIFBselenourea (20a)
1,4-DIFB1,1-dimethylselenourea (20b)
1,4-DBrFB1,1-dimethylselenourea (21b)
1,4-DIFBthiourea (29)

d(CX⋅⋅⋅Ch), Å
3.284
3.315
3.677
3.292
3.287

E, kJ mol-1
–36.9
–29.5
–25.2
–18.2
–29.5

The impact of the nature of the σ-hole donor on the strength of the
interaction can be traced when iodine is substituted with a lighter halogen
(bromine). In this case, a decrease in the strength of the σ-hole interaction is
expected. We have carried out co-crystallisations of 1,4-DBrFB with selenourea
and 1,1-dimethylselenourea, but co-crystals of 1,4-DBrFB with 1,1dimethylselenourea only were obtained (21b). Analysis of the crystal structure of
21b reveals the formation of two types of Se⋅⋅⋅Br bonds (Table 6, Figure 9). The
first type represents relatively strong bonding with the Se⋅⋅⋅Br distance of 3.2916
(7) Å (vs. sum of the vdW radii being 3.73 Å). The second type of the Se⋅⋅⋅Br bonds
is characterised by the bond length of 3.4100 (8) Å, meaning that this bonding is
relatively strong. However, close C1–Se1–Br2 = 141.0 (1)° and C7–Br2–Se1 = 158.5
(1)° angles suggest that this is not the true σ-hole interaction (compared to the
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first type of Se⋅⋅⋅Br bonds), but the pattern is formed most probably due to the
close-packing requirements.10

FIGURE 9

Crystal structure of 21b demonstrating the Se⋅⋅⋅Br σ-hole interactions. Hydrogens are omitted for clarity. Weak interactions are shown with blue dashed
lines.

A comparison of the co-crystals of 1,1-dimethylselenourea with 1,4-DIFB
(20b) and 1,4-DBrFB (21b) demonstrates shorter Se⋅⋅⋅Hal bonding in the case of
1,4-DBrFB than in the case of 1,4-DIFB (Table 4). However, this does not
necessarily indicate stronger bonding in 21b compared to 20b since close-packing
induced Se⋅⋅⋅Br interactions in 21b may force other Se⋅⋅⋅Br bonding to become
shorter. Indeed, the interaction energy in 21b is –18.2 kJ mol-1, while in 20b it is –
25.2 kJ mol-1, thus, indicating a better donor ability of iodine compared to
bromine. The same trend in the calculations performed for the structures with
the optimised geometries (Table 8) was found: the interaction energy in the case
of bromine donor is smaller than in the case of iodine donor, being –25.5 and –
36.8 kJ mol-1 for 20b and 21b, respectively. The lower electron density b in the
Se⋅⋅⋅Br interaction than in the Se⋅⋅⋅I interaction additionally proves the hypothesis.
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TABLE 8

Interaction energies ∆E (kJ mol–1), optimised σ-hole bond parameters, and
bond critical point electron density b in adducts 19b, 20a-b, 21b, and 29 obtained by single-point calculations on the cluster model calculated at M062X/def2-TZVP level of theory and QTAIM analyses by means of the AIMAll
program.

Co-crystals
IPFB⋅⋅⋅1,1dimethylselenourea

d(CX⋅⋅⋅Ch), E, kJ
Å
mol-1
3.478
–36.7

(CX⋅⋅⋅Ch),
deg
170.1

(X⋅⋅⋅ChC),
deg
71.9

b
0.015

(19b)
IPFB⋅⋅⋅1,1dimethylthiourea*
1,4-DIFB⋅⋅⋅selenourea

(20a)
1,4-DIFB⋅⋅⋅thiourea

(29)
1,4-DIFB⋅⋅⋅1,1dimethylselenourea

3.390

–33.6

169.9

74.9

0.014

3.385

–32.8

173.1

96.5

0.018

3.289

–30.2

174.4

101.2

0.017

3.480

–36.8

168.1

72.3

0.015

3.394

–33.5

169.3

74.9

0.014

3.494

–25.5

167.8

69.3

0.012

(20b)
1,4-DIFB⋅⋅⋅1,1dimethylthiourea*
1,4-DBrFB⋅⋅⋅1,1dimethylselenourea

(21b)
1,4-DBrFB⋅⋅⋅1,13.418
–24.0
166.0
71.0
0.011
dimethylthiourea*
*The marked co-crystals were not obtained experimentally and were used as theoretical models
only based on the known Se-containing analogues.

The influence of the acceptor on the strength of σ-hole bonding was
evaluated both experimentally and computationally. Thus, the co-crystals of
thiourea with 1,4-DIFB (29) have been obtained by Arman et al. (Figure 10, Table
9).215 The S⋅⋅⋅I distances vary from 3.287 (2) to 3.453 (2) Å, being less than the sum
of vdW radii (3.78 Å). So, the S⋅⋅⋅I interaction is relatively strong and similar to
the Se⋅⋅⋅I interaction in 20a.
A comparison of the interaction energies for the experimentally obtained
structures 20a and 29 shows no difference between sulphur and selenium atoms
(E = –29.5 kJ mol-1). Due to the lack of experimental data, we have created and
calculated the theoretical models of the co-crystals of thioureas with IPFB, 1,4DIFB, and 1,4-DBrFB (see Table 8) to complete the series. Thus, the comparison
of the interaction energies in similar selenourea/thiourea pairs demonstrates
slightly stronger Ch⋅⋅⋅Hal bonding in the case of selenoureas than in the case of
thioureas. However, the difference is so minor that we may deduce that the
nature of the chalcogen atom does not affect the strength of the interaction to a
large extent.
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TABLE 9

The S⋅⋅⋅I σ-hole interactions in 29.

Compound

29215

FIGURE 10

Atoms
S1⋅⋅⋅I1

Distance,
Å
3.348 (2)

S1⋅⋅⋅I2

3.403 (2)

S2⋅⋅⋅I3

3.287 (2)

S2⋅⋅⋅I4

3.453 (2)

Angles, deg
C13–S1–I1 = 91.3 (3),
C1–I1–S1 = 176.8 (2)
C13–S1–I2 = 84.6 (3),
C4–I2–S1 = 171.0 (2)
C14–S2–I3 = 86.6 (3),
C7–I3–S2 = 179.2 (2)
C14–S2–I4 = 88.7 (3),
C10–I4–S2 = 179.6 (2)

Sum of vdW
radii, Å
3.78
3.78
3.78
3.78

Crystal structure of 29 demonstrating the S⋅⋅⋅I σ-hole interactions and net of
other weak interactions. Weak interactions are shown with green dashed
lines.

To conclude, we have demonstrated that the nature of the σ-hole interaction
donor (size and polarizability) has a stronger impact on the strength of the σ-hole
interaction than the nature of the acceptor of bonding. Accordingly, in the
Ch⋅⋅⋅Hal interaction, the nature of the chalcogen atom affects the strength of the
interaction to a larger extent than the nature of the halogen atom if chalcogen acts
as a σ-hole donor, and vice versa.
In addition, the difference in the donor ability of the iodine substituent in
IPFB (19b) and 1,4-DIFB (20b) may be due to the presence of the second iodine
atom in the 1,4-DIFB. This encouraged us to investigate the influence of the
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substituents in the benzene ring on iodine’s donor ability in various iodobenzene
derivatives, which will be discussed in the following chapter 2.4.

2.4 Influence of the substituents in the benzene ring on the donor ability of the iodine in the iodinated benzene derivatives
All substituents can be generally divided into two groups: electron-withdrawing
groups (EWGs) and electron-donating groups (EDGs). The EWGs withdraw the
electron density from the benzene ring and possess a negative mesomeric effect
(-M). The EDGs, conversely, possess a positive mesomeric effect (+M) by
donating electron density to the aromatic ring. We have focused on the nitrile –
CN and carboxyl –COOH substituents, revealing strong and moderate -M effects,
as well as on the amino –NH2, hydroxy –OH, and methoxy –OCH3 substituents,
revealing strong and moderate +M effects as potential modifiers of the strength
of the σ-hole interaction (Chart 8).

CHART 8

Groups revealing negative and positive mesomeric effects.

The carboxyl –COOH and nitrile –CN groups are electron-withdrawing
groups, which withdrаw electrоn dеnsity from the benzеne ring. This leads to a
redistribution of the electron density in the molecule in such a way that carbon
atoms in the meta-position regarding the carboxyl or nitrile group accumulate
more electron density. When the halogen atom substituent is placed in a metaposition, the size of the σ-hole on it would decrease due to the increased electron
density on the halogen atom. As a result, the ability of m-halogen to act as a donor
of the σ-hole interaction would also decrease (Scheme 2).
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SCHEME 2

Resonating structures with EWG substituent shown for the benzoic acid molecule and a scheme of the selected compounds with EWG substituents.

The opposite situation can be observed for carbon atoms in ortho- and parapositions. Thus, the lack of electron density on o- and p-carbons would increase
the size of the σ-hole on the o- and p-halogen substituents, making them better
donors of the σ-hole interaction.
The σ-hole on the halogen atoms can be characterised by calculating the
electrostatic potentials (ESPs), where the maximum of the electrostatic potential
is proportional to the size of the σ-hole and is represented by the value of VS,max.
Thus, the bigger VS,max value corresponds to the bigger size of the σ-hole on the
atom (a halogen, in our case) and, consequently, to the improved donor
properties in terms of the σ-hole interaction. We have calculated the maximum
ESP (VS,max) of structures 1-17 in order to monitor the correlation between the size
of the σ-hole on the halogen atom and its donor ability. The results of our
calculations are provided in Table 10. The calculated ESP surface for structures
1-17 are found in Figure 11.

44

TABLE 10

Maximum ESP (VS,max) of the selected molecules 1-17 (calculated at the PBE0D3/def2-TZVP level of theory). *Calculations were performed for the structures omitting the solvent molecules.

Compound
1, 2*
3167
4168
5*169

6170,171

7172
8173
9174
10175
11176
12177
13173
14173
15178
16179
17180

Atom
I1
I2
I3
I1
I2
I3
I1
I1
I2
I3
I4
I5
I1
I2
I3
I1B
I2B
I3B
I1
I1
I1
I2
I1
I1
I1
I1
I1
I1
I2
I3
I1
I1
I2
I3
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VS,max, a.u.
0.039
0.042
0.041
0.036
0.036
0.036
0.035
0.049
0.047
0.047
0.047
0.050
0.043
0.043
0.043
0.043
0.043
0.043
0.042
0.041
0.034
0.027
0.021
0.027
0.037
0.026
0.029
0.037
0.048
0.035
0.025
0.034
0.033
0.036

FIGURE 11

Electrostatic potential calculated at the PBE0-D3/def2-TZVP computational
level on the 0.001 au molecular surface with the VS,max values at iodine atoms;
the same ESP colour scale from –0.038 to 0.038 eÅ-1 was applied for all molecules, with blue colour for negative, green for neutral, and red for positive
values; the colour scheme for atoms: H – white, C – gray, O – red, I – purple.
*Calculations were performed for the structures omitting the solvent molecules.

Analysis of the crystal structures of 3,4,5-triiodobenzoic acid (1, 2), 4iodobenzoic acid168 (4), pentaiodobenzoic acid ethanol solvate169 (5), 4iodobenzonitrile172 (7), and 3-iodobenzonitrile173 (8) confirmed the veracity of the
described hypothesis of the EWG substituents’ influence on the σ-hole donor
properties of iodine substituents. Thus, in 3,4,5-triiodobenzoic acid (1, 2), iodines
in the para-position demonstrate improved σ-hole donor properties by
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participating in a strong σ-hole interaction with oxygen from a carboxyl group
and π-system of the neighbouring aromatic ring. Iodine atoms in the metaposition act as both donors and acceptors of the σ-hole interaction. The calculated
VS,max values are bigger for iodines in the para-position (0.042) and slightly
smaller for iodines in the meta-position (0.039). These results are consistent with
those of the structural analysis and confirm that para-iodines should reveal
higher donor ability than meta-iodines.
Para-iodine of the 4-iodobenzoic acid168 (4) forms two extremely weak
interactions with iodines of the adjacent molecules acting as a σ-hole donor in
one interaction and as an acceptor in another. The calculated VS,max value is 0.035,
being smallest among the investigated structures with EWG substituents. It
explains the unexpectedly weak σ-hole interaction in 4-iodobenzoic acid.
In pеntaiоdobenzoic acid169 (5), the cаrbоxyl grоup is not cоplanar with the
bеnzene ring, which could be caused by the steric factors and strong HB between
the –COOH groups of the adjacent molecules. Howbeit, the non-coplanarity of
the carboxyl substituent and the aromatic ring breaks the conjugation of the
double bonds in the molecule. So, the carboxyl group does not have any effect on
the σ-hole dоnor capability of the iodine substituеnts. It is in agreement with the
calculated VS,max values, which are 0.050, 0.047, and 0.047 for ortho-, meta-, and
para-iodines, respectively. A smаll dеviation in the VS,max values may be because
of the weak positive mesomeric effect of iodine. The +M contribution of each
iodine of pentaiodobenzoic acid leads to the accumulation of a slight excess of
electron density on the meta-carbons. Accordingly, ortho- and para-iodines should
be better σ-hole donors than meta-iodines. This consistency is reflected in the
results of our structural analysis, according to which o-iodines act as σ-hole
donors, p-iodines form type I contacts (this interaction also happens via the σhole), and m-iodines act as donors and acceptors of the σ-hole interaction.
When a stronger electron-withdrawing substituent is introduced in the
benzene ring, an increase in the size of the σ-hole as well as in the VS,max value is
expected due to the stronger negative mesomeric effect of the substituent. Thus,
para-iodine in 4-iodobenzonitrile172 (7) should reveal a higher donor ability to
form a σ-hole interaction compared to meta-iodine in 3-iodobenzonitrile173 (8).
Analysis of the structure of 7 demonstrates that its p-iodines form strong bonds
acting as donors of the σ-hole interaction with nitrogen atoms from the adjacent
molecules. Unlike 7, the m-iodines of 8 do not interact with nitrogen atoms; rather,
they participate in the formation of weak I⋅⋅⋅I bonds acting as both donors and
acceptors of the σ-hole interaction. The calculated VS,max values for both
compounds are almost equal (0.042 and 0.041 for 7 and 8, respectively). Hоwever,
the difference in the donor-acceptor behaviour of p- and m-iodines supports the
hypothesis of the influence of a substituent other than X on the donor ability of
halogen.
The effect of the strength of the electron-withdrawing properties of EWG
on the donor-acceptor behaviour of halogen substituents can be seen when
comparing 4-iodobenzoic acid (4) with 4-iodobenzonitrile (7). Both compounds
have iodine substituents in the para-position relative to the position of EWG. The
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electron-withdrawing character is more pronounced in the case of nitrile
substituent –CN than in carboxyl group –COOH. Therefore, the p-iodine of 7
should be a better σ-hole donor than the p-iodine of 4, as confirmed by our
structural and computational analyses. According to the analysis of the crystal
structures of 4 and 7, the p-iodine of 7 reveals strong σ-hole donor properties,
while the p-iodine of 4 demonstrates both donor and acceptor behaviour. The
calculated VS,max values (0.035 and 0.042 for 4 and 7, respectively) additionally
prove the enhanced σ-hole donor properties of iodine in the case of a nitrile
substituent –CN. These pieces of evidence allow us to conclude that not only the
position but also the ability of EWG to withdraw electron density from the
aromatic ring can affect the strength of the σ-hole interaction and the donoracceptor properties of the halogen substituent.
The distribution of the electron density in the benzene ring changes when
electron-withdrawing substituents with the -M effect are replaced with the
electron-donating substituents with the +M effect. The amino –NH2, hydroxy –
OH, and methoxy –OCH3 substituents are electron-donating groups, which
donate electron density to the benzene ring. The as-induced redistribution of the
electron density leads to its accumulation on carbons in ortho- and para-positions
relative to EDG. This increased electron density would induce larger electron
density on the halogen atom placed in the ortho- and/or para-position and
decrease the size of the σ-hole on the halogen. Consequently, the σ-hole donor
ability of o- and p-halogens would decrease (Scheme 3). On the contrary, a lack
of the electron density on carbons in meta-positions would increase the σ-hole
size on m-halogen substituents and, consequently, their ability to act as σ-hole
donors.
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SCHEME 3

Resonating structures with EDG substituent shown for an aniline molecule
and a scheme of the selected compounds with EDG substituents.

The amino substituent –NH2 is a strongly electron-donating group. Among
the studied iodoanilines174–176 9-11, there is a variety of interactions between I
substituents and the adjacent species. Thus, para-iodines in 9 interact with the πsystem of an adjacent molecule. Ortho-iodines in 11 demonstrate both σ-hole
donor and acceptor properties. Finally, para-iodines in 10 do not participate in
any σ-hole interactions. The VS,max values are 0.034 and 0.027 for o- and p-iodines
in 9, 0.021 for 10, and 0.027 for 11 (Table 10). The poor σ-hole donor properties of
the iodines in 9-11 are most likely due to the increased electron density in orthoand para-positions because of the strong +M effect of the amino group.
When the amino group is substituted with the hydroxy group -OH with a
less pronounced +M effect (Chart 8), the impact of the electron density donation
from EDG should be smaller. Therefore, the influence of this group on the σ-hole
donor properties of the iodine substituents should be less straightforward. Thus,
in 2-iodophenol177 (12), ortho-iodine atoms form type I contacts (which is a σ49

hole⋅⋅⋅σ-hole interaction due to the close packing restrictions). In 4-iodophenol173
(13), para-iodines interact with the π-system of an adjacent benzene ring. In 3iodophenol173 (14), the meta-iodine atoms demonstrate the σ-hole donor
behaviour. Finally, ortho-iodines in 2,4,6-triiodophenol178 (15) show both σ-hole
donor and acceptor properties. The VS,max values are 0.037 for 12, 0.026 for 13,
0.029 for 14, and 0.037, 0.048, and 0.035 for 15. The demonstrated σ-hole donor
behaviour of the iodine atoms agrees with the proposed hypothesis.
The methoxy group –OCH3 is a group revealing a moderate to strong
positive mesomeric effect (Chart 8), so its impact on the iodine substituents’ σhole properties should be the smallest. Thus, in 4-iodoanisole179 (16), para-iodines
act as a σ-hole donor, and the calculated VS,max value is 0.025. The 3,4,5triiodoanisole180 (17) molecule has three iodine atoms in the structure. One of the
meta-iodines (VS,max = 0.034) and para-iodine (VS,max = 0.033) both act as σ-hole
donors. Another meta-iodine (VS,max = 0.036) acts as an acceptor and also forms
type I contacts. As seen in the donor-acceptor behaviour of the iodines as well as
in the magnitudes of the σ-holes, the methoxy group does not have an impact on
the donor properties of the iodine substituents to a large extent. Moreover, the
cоmparison of the iodines in para-positions in compounds 16 and 17 reveals a
significantly smaller VS,max value in the case of 16 (0.025) than in the case of 17
(0.033). This lets us assume that m-iodines affect the σ-hole donor properties of piodines to an even greater extent than the methoxy group does.
Removal of EWG and/or EDG substituents other than halogen should
equalise the σ-hole donor-acceptor behaviour of the iodine substituents. We have
extracted the 1,2,3-triiodobenzene167 (3) and hexaiodobenzene170,171 (6) crystal
structures from the CSD database to verify this assumption. In the crystal
structure of triiodobenzene (3), the middle iodines act as σ-hole acceptors while
side iodines demonstrate both σ-hole donor and acceptor behaviour. Such a
difference can be due to the weak +M effect of the iodine atoms. The calculated
VS,max values are 0.036 for all iodine atoms in 3. This fact additionally proves that
the difference in the dоnor-acceptоr behaviour of the I atoms is not because of
the electrostatic reasons. The similarity of the iodine substituents is displayed
even more clearly in the case of hexaiodobenzene (6). In two out of three known
polymorphs of 6, two iodine atoms reveal σ-hole donor properties, two other
iodines σ-hole acceptor properties, and the two iodines left reveal both σ-hole
donor and acceptor properties. In the third polymorph, all iodines are exactly the
same, and all demonstrate σ-hole donor and acceptor properties. The calculated
VS,max values (0.043 for all iodine atoms in 6) additionally confirm the similarity
of iodines in 6.
The influence of the substituent in the benzene ring on σ-hole donoracceptor properties of the iodine substituents can be traced based on the analysis
of the VS,max values calculated for compounds 1-17 (Table 10). A clear increase in
the magnitude of the σ-hole is detected for the structures with electronwithdrawing substituents (1, 2, 4, 5, 7, 8) compared to the structures with
electron-donating substituents (9-17).
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The studied compounds can be combined into several groups to
demonstrate the impact of the presence of the EWG or EDG on the size of the
VS,max values on the iodine atoms. The VS,max value is proportional to the size of
the σ-hole on iodines: bigger VS,max value corresponds to a bigger size of the σhole and results in a better σ-hole donor ability of the corresponding iodine atoms.
Thus, the first group consists of compounds containing three iodine substituents:
3,4,5-triiodobenzoic acid (1, 2), 1,2,3-triiodobenzene (3), and 3,4,5-triiodoanisole
(17). The VS,max values decrease in a row of 1, 2 > 3 > 17 (Table 11). The highest
values are found in the case of the carboxyl group substituent and the lowest for
the methoxy substituent.
TABLE 11

Comparison of the VS,max values for the studied compounds 1, 2, 3, and 17
containing three iodine atoms.

Compound
1, 2
3167
17180

Substituent
–COOH
–OCH3

Mesomeric effect
-M
+M

VS,max, a.u.
0.039 – 0.042
0.036
0.033 – 0.036

The second group comprises compounds with one iodine atom in a metaposition: 3-iodobenzonitrile (8) and 3-iodophenol (14). The VS,max value in 8 is
much higher than in 14 (Table 12).
TABLE 12

Comparison of the VS,max values for the studied compounds 8 and 14 containing one iodine atom in a meta-position.

Compound
8173
14173

Substituent
–CN
–OH

Mesomeric effect
-M
+M

VS,max, a.u.
0.041
0.029

Finally, the third group consists of compounds having only one iodine atom
in the para-position: 4-iodobenzoic acid (4), 4-iodobenzonitrile (7), 4-iodoaniline
(10), 4-iodophenol (13), and 4-iodoanisole (16). The VS,max values for this group
decrease in the following order: 7 > 4 > 13 > 16 > 10 (Table 13). The compounds
with EWG substituents show higher VS,max values than compounds with EDG
substituents. Furthermore, the VS,max values decrease from strongly electronwithdrawing groups through moderately electron-withdrawing and electrondonating groups to strongly electron-donating groups. This trendline
demonstrates that not only the nature of the substituent but also its electronic
properties influence the σ-hole donor ability of the halogen substituent.
The size of the σ-hole on the iodine depends not only on the nature of the
substituent other than halogen but also on the position of the iodine atom relative
to the substituent’s position: an ortho-, meta-, or para-position. Thus, in
iodoanilines 9-11, the VS,max values for p-iodines are smaller compared to oiodines: o- > p-. In iodophenols 12-15, the VS,max values are decreasing in the order
of o- > m- > p-. The only exceptions are iodobenzonitriles 7-8 and iodobenzoic
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acid 1-2 where the difference between the VS,max values for iodines in different
positions is insignificant.
TABLE 13

Comparison of the VS,max values for studied compounds 4, 7, 10, 13, and 16
containing one iodine atom in a para-position.

Compound
7172
4168
13173
16179
10175

Substituent
–CN
–COOH
–OH
–OCH3
–NH2

Mesomeric effect
-M
-M
+M
+M
+M

VS,max, a.u.
0.042
0.035
0.026
0.025
0.021

Based on the results of the structural and computational analyses, we can
conclude that the complex of factors like hydrogen bonding, intramolecular I⋅⋅⋅I
interactions, π–π stacking, etc. affect the σ-hole donor ability of the iodine
substituents (which is described in more detail in paper I). However, the
electronic effect of the substituent plays a key role in the σ-hole donor-acceptor
behaviour of the iodine atoms. It was shown that the EWG substituents withdraw
the electron density from the benzene ring leading to an overall increase in the
size of the σ-hole on the I atoms. This is reflected in the magnitudes of the VS,max
values. The EDG substituents, on the other hand, donate the electron density to
the benzene ring. The size of the σ-hole and, accordingly, the VS,max values are
smaller compared to EWG. As a result, iodine substituents are more likely to
behave as donors of the σ-hole interaction in the presence of EWG substituents
(1, 2, 4, 7, 8) and are less likely to do so in the presence of EDG substituents (917).
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SUMMARY AND CONCLUSIONS
This thesis can be divided into two main parts. The first part comprises the
investigation of the σ-hole interactions between selenoureas and thioureas with
halogenated species. We have revealed similarities between halogen and
chalcogen bonding involving the chalcogen atom, which demonstrates that they
both belong to the same class of the σ-hole interactions.
It was found that selenium and sulphur reveal the σ-hole donor properties
upon the interaction of selenoureas and thioureas with halogen species. It was
shown that the nature of the halogen atom greatly affects the strength of the
Ch⋅⋅⋅Hal interaction. Iodine as the heaviest and most polarisable halogen displays
a highеr tеndency tо brеak the Ch–Ch covalent bоnds and fоrm Ch⋅⋅⋅I bоnds
insteаd compared to the lighter halogens bromine and chlorine. The selenoureas’
trimers are formed in the presence of bromine and chlorine anions and dimers in
the presence of the iodine species. In the case of thioureas, the monomers and
dimers are obtained, respectively. The nature of the chalcogen atom has an
impact on the σ-hole interaction as well, which is reflected in the composition of
the co-crystals. The dimers (with iodine) and trimers (with chlorine and bromine)
are formed in the case of selenoureas and monomers (with iodine) and dimers
(with chlorine) in the case of thioureas. The larger size and higher polarisability
of selenium compared to sulphur possibly predispose to the formation of strong
Se–Se bonds to a greater extent than to the formation of S–S bonds.
Selenium and sulphur demonstrate σ-hole acceptor properties regarding
the interaction with halogenated perfluorobenzenes, i.e. IPFB, 1,4-DIFB, and 1,4DBrFB. Structural and computational analyses show stronger bonding in the case
of iodine-containing species than in the case of brominated species, indicating
that iodine has better σ-hole donor ability than bromine. The comparison of
similar selenourea/thiourea pairs reveals a minor difference in the strength of
the Se⋅⋅⋅Hal and S⋅⋅⋅Hal bonds. Therefore, we can assume that the nature of the
chalcogen atom does not influence the strength of the σ-hole interaction to the
same extent as the nature of the halogen in the described interactions.
Generally, we have verified that the same species cаn аct as both a dоnor
аnd accеptor of the σ-hole interaction. Furthermore, the nature of the σ-hole
donor has a greater impact on the strength of the interaction than the nature of
the σ-hole acceptor in the case of halogenated perfluorobenzenes.
In addition, six new co-crystals of selenourea and 1,1-dimethylselenourea
with halogenated species were obtained and characterised by single-crystal Xray diffraction.
The second part of the thesis covers the study of the influеnce of the
substituеnts in thе arоmatic ring with positive and negative mesоmeric еffects on
the σ-hole donor аbility of iodine in the iodinated benzene derivatives. The
conducted structural and computational analyses have shown that the electronwithdrawing substituents pull the electron density from the aromatic ring, thus,
increasing the size of the σ-hole on the iodine atoms. On the contrary, the
electron-donating substituents push the electron density towards the benzene
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ring, decreasing the σ-hole’s size on the iodine atoms. This trend is reflected in
the magnitudes of the VS,max values: the VS,max values are bigger in compounds
with EWGs compared to compounds with EDGs. Hence, iodine substituents are
more likely to behave as σ-hole donors when the EWG is present in the structure
than in the case of the EDGs.
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ABSTRACT: The halogen-bonding properties of 3,4,5-triiodobenzoic acid
(1, 2), 1,2,3-triiodobenzene (3), 4-iodobenzoic acid (4), pentaiodobenzoic
acid ethanol solvate (5), hexaiodobenzene (6a−c), 4-iodobenzonitrile (7), 3iodobenzonitrile (8), 2,4-diiodoaniline (9), 4-iodoaniline (10), 2-iodoaniline
(11), 2-iodophenol (12), 4-iodophenol (13), 3-iodophenol (14), 2,4,6triiodophenol (15), 4-iodoanisole (16), and 3,4,5-triiodoanisole (17) have
been studied. The results suggested that substituents other than halogen in
the aromatic ring aﬀect the XB properties of iodide substituents in ortho,
meta, and para positions. The eﬀect depends on the electron-withdrawing/
electron-donating properties of the substituent. Thus, electron-donating
substituents with a positive mesomeric eﬀect favor m-iodines to act as XB donors. In contrast, electron substituents with a negative
mesomeric eﬀect favor o- and p-iodines to act as XB donors. Furthermore, the stronger the mesomeric eﬀect of the EWG or EDG
substituent, the higher the eﬀect it has on the size of the σ-hole and, consequently, on the XB donor ability of the iodide substituent.

1. INTRODUCTION
Halogen bonding (XB) can be deﬁned as an interaction
between a Lewis base (electron-density donor, XB acceptor)
and a halogen atom (electron-density acceptor, XB donor).
Halogen bonding is acknowledged since 1950th, when Hassel
and Hvoslef discovered that Br···O bond distances in a crystal
structure of a Br2/dioxane adduct was shorter than the sum of
van der Waals radii of bromine and oxygen, indicating the
presence of a strong attractive interaction between these
atoms.1,2 However, at that time it was called “interaction” or
“charge-transfer bonding”. The term “halogen bonding”
appeared only in 1978 by Dumas and co-workers.3 Over the
years, use of halogen bonding has been developed to be a very
powerful and useful tool in many chemical ﬁelds such as
catalysis,4−6 crystal engineering,7−12 biochemistry,13−15 polymer sciences,16 conductive materials,17,18 liquid crystals,19−21
etc.
Iodine, bromine, chlorine, and rarely ﬂuorine act as XB
donors. The polarizability of halogen bond donors increases in
the order F < Cl < Br < I,22 making iodine the most favorable
XB donor among the halogens.22,23
When an atom is involved in a covalent bond, redistribution
of electron density takes place, causing the electrostatic
potential on this atom to be anisotropic: electron density
decreases along the covalent bond extension and increases in
the direction perpendicular to it,24 as shown in Figure 1. This
may lead to the formation of a positive electrostatic potential
along the R−X bond and increased negative electrostatic
potential in a direction perpendicular to the R−X bond.
Politzer et al.25 have denoted the positive electrostatic
potential as a “σ-hole” and the negative electrostatic potential
© 2020 American Chemical Society

Figure 1. Anisotropic redistribution of the electron density on the
atom X, covalently bound to R, where X = Hal and R = Hal, C, N, O,
etc.

as an “electron belt”. The presence of a positive σ-hole on the
halogen atom explains its ability to interact with nucleophiles
in a “head-on” fashion. In turn, the presence of a negative
electron belt around the halogen atom allows the interaction of
the latter with electrophiles in a “side-on” fashion. Thus, when
a halogen X participates in a halogen bonding via a σ-hole, it
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can be considered as an XB donor (i.e., electron density
acceptor). On the other hand, if an interaction takes place via
an electron belt, the halogen X can be considered as an XB
acceptor (electron density donor).
Halogen bonding can be classiﬁed into two groups
depending on the geometry of the R1−X1···X2−R2 fragment.24 The ﬁrst group can be described by type I short
contacts, in which an R1−X1···X2 angle is close to or exactly
the same as the R2−X2···X1 angle. It is a symmetrical
interaction and is usually not considered as a true XB, because
it typically arises from the close-packing requirements and
minimization of repulsion26 (Figure 2). Another group of XBs

Article

Figure 3. Redistribution of an electron density in a benzene ring by an
electron-donor group (D) and an electron-acceptor group (A).

the presence of electron-donating substituents in a benzene
ring should favor halogens in meta positions to act as XB
donors. Electron-withdrawing groups, revealing a negative
mesomeric eﬀect (−M), in contrast, lead to the opposite eﬀect
with the localization of higher electron density on carbon
atoms in meta positions and lower electron density on carbon
atoms in ortho and para positions (Figure 3). Therefore,
halogens in ortho and para positions should favor XB donor
behavior.
In the present work, we crystallized and studied the X-ray
structures of commercially available 3,4,5-triiodobenzoic acid
(1) and 3,4,5-triodobenzoic acid with a solvate (ethanol)
molecule (2). Also, we have compared the structures of 1 and
2 with the structures of the similarly substituted iodobenzene
derivatives 1,2,3-triiodobenzene (3),31 4-iodobenzoic acid
(4),32 pentaiodobenzoic acid ethanol solvate (5),33 hexaiodobenzene (6a− c),34,35 4-iodobenzonitrile (7),36 3-iodobenzonitrile (8),37 2,4-diiodoaniline (9),38 4-iodoaniline (10),39 2iodoaniline (11),40 2-iodophenol (12),41 4-iodophenol (13),37
3-iodophenol (14),37 2,4,6-triiodophenol (15),42 4-iodoanisole
(16),43 and 3,4,5-triiodoanisole (17)44 (Figure 4) found in the
literature.
In this work we focused especially on the carboxyl
(−COOH), nitrile (−CN), amino (−NH2), hydroxy (−OH)
and methoxy (−OCH3) substituents as potential halogen bond
modiﬁers on ortho, meta, and para positions in relation to the
halogen atoms. Iodine was chosen as the XB active atom due
to its higher polarizability in comparison with other halogens.
This feature makes it easier to study the possible mesomeric
eﬀects on its XB properties. The studied systems 1−17 are
summarized in Figure 4.
The studied compounds also have many practical
applications. Halogenated derivatives of benzoic acids, anilines,
and phenols can be found in various biological applications,45−55 pharmaceuticals,56 biochemistry,57−59 electrochemistry,60 catalysis,61−67 etc.68−72 Therefore, the investigation of
the XB behavior of these types of molecules may also shed
light on the details of these processes.

Figure 2. Types of halogen−halogen contacts.

is represented by type II short contacts, in which the R1−X1···
X2 angle is close to 90° and the R2−X2···X1 angle is close to
180°. This is a bent interaction and is a true XB according to
the IUPAC deﬁnition.27
Halogens attached to hydrocarbons are frequently used for
XB investigations, as in many cases they can be easily obtained
and crystallized.28,29 In particular, halogenated benzenes are an
interesting and convenient class, because halogens can be easily
introduced in a benzene ring at diﬀerent positions. This allows
a study of the structural features and energies of halogen
bonding in a series of related compounds and, to a large extent,
an elimination of side eﬀects such as steric constraints etc. In
addition to this, halobenzenes28,30 provide a platform for
introducing other types of substituents on the same molecule
with possible interactions between the substituents. An
investigation of the inﬂuence of diﬀerent substituents with
opposite mesomeric eﬀects on the ability of halogens in ortho,
meta, and para positions to act as an XB donor or XB acceptor
can contribute to a better understanding of halogen bonding. A
mesomeric eﬀect can be identiﬁed as a redistribution of an
electron density in an unsaturated chain due to the conjugation
of a polar (electron-donating or electron-withdrawing) group
with the π system of a molecule. Electron-donating groups
revealing a positive mesomeric eﬀect (+M) donate electron
density to a benzene ring. Due to the resonance eﬀect of
conjugated double bonds in a benzene ring, the electron
density is redistributed in a way such that higher electron
density is localized on carbon atoms in ortho and para
positions and lower electron density is localized on carbon
atoms in meta positions (Figure 3). In turn, such an electron
density redistribution could aﬀect the XB donor ability (i.e., an
electron density acceptor ability) of halogens, located in ortho,
meta, or para positions. This may happen because the XB
donor ability of halogens increases with an increase in the
electron-withdrawing ability of an atom Y bound to halogen
atom X:

2. RESULTS AND DISCUSSION
2.1. Analysis of Crystal Structures of 1 and 2. In the
structure of 1, the I···I distances are in the range of 3.7323(7)−
3.8791(7) Å, while the sum of Bondi’s van der Waals (vdW)
radii is 3.96 Å.73 Therefore, these interactions are expected to
be quite weak. There is also another intermolecular XB
between the p-iodine of one triiodobenzoic acid (TIBA)
molecule and the double-bonded oxygen atom O1 of a
carboxyl group of another TIBA molecule (I···OC =
3.031(6)−3.138(5) Å, Figure 5). This interaction is already
somewhat stronger on the basis of the donor−acceptor

(1)
Y−X ···A
where Y is C, N, halogen atom, etc., X is a halogen atom
(electron density acceptor, XB donor), and A is an electron
density donor (Lewis base, XB acceptor) (eq 1).23 Therefore,
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Figure 4. Schematic representation of the molecules chosen for the investigation.

and C4−I1···I3B = 169.2(2)°). Therefore, this contact can be
considered as type II XB (Figure 5), in which one angle in the
R−X···X−R fragment is close to 90° and another angle is close
to 180°.
In contrast, the I1B atom (Figure 6) is connected to the I1B
atom of an adjacent molecule in such a way that the C4B−

Figure 5. Halogen bonds in 1, with type II contacts. Hydrogens are
omitted for clarity. Selected bond lengths (Å) and angles (deg): I1−
I3B(i) 3.8791(7), I1−I3B(i) 3.7323(7), I2B−O1 3.138(5), I2−O1B(i)
3.031(6), C4−I1−I3B(i) 99.4(2), C4−I1−I3B(i) 158.8(2), C6B(i)−
I3B(i) −I1 88.9(2), C6B (i) −I3B (i)−I1 169.2(2), C5−I2−O1B (i)
171.5(2), C2B(i)−O1B(i)−I2 111.3(5), C5B−I2B−O1 178.8(2),
C2−O1−I2B 143.8(5). Equivalent positions: (i) x, −1 + y, z.

Figure 6. Halogen bonds in 1, with type I contacts. Hydrogens are
omitted for clarity. Selected bond lengths (Å) and angles (deg): I1B−
I1B(i) 3.7598(6), C4B−I1B−I1B(i) 151.3(2), C4B(i)−I1B(i)−I1
151.3(2). Equivalent positions: (i) 1 − x, 1 − y, 1 − z.

distance (the sum of vdW radii is 3.5 Å). It should be noted
that m-iodines participate in halogen bonding as both XB
donors and XB acceptors, while p-iodines act only as XB
donors and interact only with the double-bonded oxygen atom
of the neighboring molecule.
The I atoms in a meta position relative to the −COOH
substituent (I1 and I3) adopt diﬀerent types of XB geometries.
I1 is bound to two I3B atoms of two adjacent molecules,
providing a nonlinear C4−I1···I3B−C6B fragment with C−I···
I angles close to 90° (C4−I1···I3B = 99.4(2)° and C6B−I3B···
I1 = 88.9(2)°) and close to 180° (C6B−I3B···I1 = 158.8(2)°

I1B···I1B−C4B fragment is almost linear with equal angles
(C4B−I1B···I1B = I1B···I1B−C4B = 152.3(2)°, I1B···I1B =
3.7598(6) Å). Therefore, this contact is an example of type I
halogen bonding (Figure 6). Despite the fact that a type I XB is
quite typical for Cl and Br, only a few compounds are known
for structures in which I is involved in this type of
interaction.24 Therefore, 1 is a rare example of the substances
of this class.
7199

https://dx.doi.org/10.1021/acs.cgd.0c00866
Cryst. Growth Des. 2020, 20, 7197−7210

Crystal Growth & Design

pubs.acs.org/crystal

Article

Table 1. Hydrogen Bond Parameters in 1 and 2
D−H

d(D−H) (Å)

d(H···A) (Å)

O2−H2
C7−H7
O2B−H2B

0.840
0.950
0.841

1.811
3.0558
1.806

O1−H1
O3−H3A

0.884
0.939

1.670
1.862

∠DHA (deg)
Compound 1
177.8
160.9
165.0
Compound 2
171.3
145.7

d(D···A) (Å)

A

2.650(7)
3.966(8)
2.63(1)

O1(i)
I2
O1B(ii)

2 − x, 1 − y, −z

2.55(1)
2.69(1)

O3(iii)
O2

1 − x, −y, 1 − z

equivalent positions of (i)−(iii)

−1 − x, 2 − y, 1 − z

99.3(3)°and C5−I2···I3 = 169.8 (2)°. Thus, I1 behaves as an
XB acceptor and I3 shows both XB donor and XB acceptor
properties. The p-iodine I2 participates in halogen bonding
with one adjacent molecule and behaves as an XB donor,
resulting in a close to linear C5−I2···I3−C6 fragment with
C5−I2···I3 = 169.8(2)° and C6−I3···I2 = 99.3(3)°.
In 2, ethanol molecules form strong hydrogen bonds (Table
1) with carboxyl groups of the adjacent TIBA molecules (H1···
O3 = 1.670 Å, H3A···O2 = 1.862 Å). The H···O distance is
again much shorter than the sum of vdW radii (2.62 Å). This
indicates that HB also plays a central role in the crystal
structure of 2 (see Figure S2).
The incorporation of the ethanol molecule into the crystal
structure of 3,4,5-triiodobenzoic acid does not break the π−π
stacking of the aromatic rings, although the distance between
them is slightly longer than in the case of 1 (the distance
between the calculated centroids of benzene rings is 4.470 Å).
As in 1, the molecules of 2 are organized in a zigzag layout
(Figure 9).
In addition to the intermolecular halogen bonding, there is
also an intramolecular XB present in the structures of 1 and 2
with I···I distances equal to I1···I2 = 3.5479(8) Å, I2···I3 =
3.6256(9) Å, I1B···I2B = 3.6045(7) Å, and I2B···I3B =
3.6464(6) Å for 1 and I1···I2 = 3.6126(8) Å and I2···I3 =
3.620(1) Å for 2.
2.2. Inﬂuence of the Substituent on the XB Behavior
of Halogens in Substituted Iodobenzenes. A carboxyl
group present in TIBA is a substituent with a −M eﬀect.
Therefore, it is expected to decrease the electron density on
the carbon atoms in ortho and para positions of the ring and to
increase the electron density on the carbon atom in a meta
position. Because of this phenomenon, in 1 and 2 C5, located
in a para position relative to −COOH, should withdraw some
electron density from the I2 bound to it. An opposite eﬀect
should be observed for I1 and I3 in meta positions. As a result,
I2 should become a better XB donor, while I1 and I3 should
become better XB acceptors. Such a phenomenon was indeed
observed in the structures of 1 and 2. Thus, analysis of the
crystal structure of 1 showed that p-iodines I2 and I2B are
involved in a stronger halogen bonding with the oxygen of the
carboxyl group (C5−I2···O1B = 171.5(2)° and I2···O1B =
3.031(6) Å, C5B−I2B···O1 = 178.8(2)° and I2B···O1 =
3.138(5) Å) and interact with the π system of the neighboring
benzene ring. Both of these facts indicate an improved XB
donor (i.e., an electron acceptor) behavior of p-iodines. mIodines I1 and I3B, in turn, act as both XB donors and XB
acceptors (C4−I1···I3B = 158.8(2)° and I1···I3B = 3.8791(7)
Å, C4−I1···I3B = 99.4(2)° and I1···I3B = 3.7323(7) Å, C6B−
I3B···I1 = 169.2(2)° and I3B···I1 = 3.7323(7) Å, C6B−I3B···
I1 = 88.9(2)° and I3B···I1 = 3.8791(7) Å).
An analysis of the structure of 2, which contains cocrystallized ethanol, showed an even clearer distinction between m-

Hydrogen bonding (Table 1) between two carboxyl groups
is rather strong in the structure of 1, being 1.806 and 1.811 Å
(the sum of vdW radii of H and O is 2.62 Å). This clearly
shows that the HB is the key structural factor in this structure
(see Figure S1).
Each molecule of 1 is bound to two adjacent molecules by
π−π interactions with the corresponding distance between the
calculated centroids of benzene rings being 4.300 Å. Such
stacking together with other described noncovalent interactions leads to a zigzag packing of the molecules (Figure 7).

Figure 7. Zigzag layers of 1. Hydrogens are omitted for clarity. The
distance is measured between the calculated centroids of benzene
rings.

The presence of a solvent molecule in the structure of 2
drastically changes the whole arrangement of molecules as well
as their interaction modes (Figures 8 and 9). Thus, the I···I
distances are 3.7851(8) and 3.8165(9) Å for m- and p-iodines,
correspondingly, which is relatively close to the I···I distance in
1 and is again less than the sum of vdW radii (3.96 Å).73
However, in 2 there are no type I contacts. Instead, all iodines
interact with iodines of the adjacent molecules via type II
contacts.
Iodine atoms in a meta position relative to the −COOH
substituent (I1 and I3) show diﬀerent XB behavior in
comparison to the corresponding atoms in 1 (Figure 8). I1
is bound to I3 of an adjacent molecule, providing a nonlinear
C4−I1···I3−C6 fragment with C4−I1···I3 = 120.0(3)° and
C6−I3···I1 = 169.9(3)°. The second m-iodine atom, I3, forms
XBs with two adjacent molecules giving a C6−I3···I1−C4
fragment and a C6−I3···I2−C5 fragment with C6−I3···I2 =
7200
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Figure 8. Structure of 2. Hydrogens are omitted for clarity. Selected bond lengths (Å) and angles (deg): I1−I3(i) 3.7851(8), I2−I3(ii) 3.8165(9),
C4−I1−I3(i) 120.0(3), C6(i)-I3(i)-I1 169.9(3), C5−I2−I3(ii) 169.8(2), C6(ii)−I3(ii)−I2 99.3(3). Equivalent positions: (i) 1/2 + x, −1/2 + y, z; (ii)
1/2 − x, 1/2 + y, 1/2 − z.

compounds 1 and 2 vary from 0.039 to 0.042, being smallest
for m-iodines I1 and I3 and largest for p-iodines I2 (see section
2.3). Therefore, iodine atoms in a para position should reveal
better XB donor ability than iodines in meta positions, which is
consistent with the results of our structural analysis.
In contrast, the removal of a −COOH substituent should
equalize, to a large extent, the XB properties of all the I atoms.
This is reﬂected in our calculations, according to which VS,max
values are 0.036 and are the same for all iodines. However, the
structural analysis of 1,2,3-triiodobenzene31 molecule 3 (Figure
10 and Table 3) shows that the two outermost iodines, I3 and
Figure 9. Layers of 2. Hydrogens are omitted for clarity. The distance
is measured between the calculated centroids of benzene rings.

iodines I1 and I3 and p-iodines I2. The former atoms act only
as XB donors (C5−I2···I3 = 169.8(2)° and I2···I3 = 3.8165(9)
Å), while the latter atoms favor XB acceptor behavior (C4−
I1···I3 = 120.0(3)° and I1···I3 = 3.7851(8) Å, C6−I3···I2 =
99.3(3)° and I3···I2 = 3.8165(9) Å, C6−I3···I1 = 169.9(3)°
and I3···I1 = 3.7851(8) Å).
In order to characterize a σ-hole on each halogen atom, the
calculated electrostatic potentials can be used. The maximum
electrostatic potential on the atom can be represented by a
value of VS,max, which is proportional to the size of a σ-hole
(Table 2). The larger the σ-hole on the atom, the larger the
VS,max value. In turn, a larger size of a σ-hole (and larger VS,max
value) corresponds to a higher XB donor ability of halogen.
Our calculations show that VS,max values for I1, I2, and I3 in

Figure 10. Structure of 3. Hydrogens are omitted for clarity. Selected
bond lengths (Å) and angles (deg): I4(i)−I2 3.802(2), I6(ii)−I3
3.800(2), C2−I2−I4(i) 124.4(1), C7(i)−I4(i)−I2 170.4(1), C3−I3−
I6(ii) 170.4(1), C9(ii)−I6(ii)−I3 104.4(1). Equivalent positions: (i) x, 1
+ y, z; (ii) 2 − x, 2 − y, 1 − z.

Table 2. Halogen Bonding in 1 and 2
atoms

distance, Å

I2···O1B(i)
I2B···O1
I1···I3B(i)
I3B(i)···I1

3.031(6)
3.138(5)
3.7323(7)
3.8791(7)

I1···I3(ii)
I2···I3(iii)

3.7851(8)
3.8165(9)

angle, deg

sum of vdW radii, Å

Compound 1
C5−I2−O1B(i) = 171.5(2), C2B(i)−O1B(i)−I2 = 111.3(2)
C5B−I2B−O1 = 178.8(2), C2−O1−I2B = 143.8(5)
C4−I1−I3B(i) = 99.4(2), C6B(i)−I3B(i)−I1 = 169.2(2)
C6B(i)−I3B(i)−I1 = 88.9(2), C4−I1−I3B(i) = 158.8(2)
Compound 2
C4−I1−I3(ii) = 120.0(3), C6(ii)−I3(ii)−I1 = 169.9(3)
C5−I2−I3(iii) = 169.8 (2), C6(iii)−I3(iii)−I2 = 99.3(3)
7201

equivalent positions of (i)−(iii)
− x, −1 + y, z

3.5
3.5
3.96
3.96

x, −1 + y, z
x, −1 + y, z

3.96
3.96

1/2 + x, −1/2 + y, z
1/2 − x, 1/2 + y, 1/2 − z
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Table 3. Halogen Bonds in 3
atoms

distance, Å

angle, deg

sum of vdW radii, Å

equivalent positions of (i) and (ii)

I2···I4(i)
I3···I6(ii)

3.802(2)
3.800(2)

C2−I2−I4(i) = 124.4(1), C7(i)−I4(i)−I2 = 170.4(1)
C3−I3−I6(ii) = 170.4(1), C9(ii)−I6(ii)−I3 = 104.4(1)

3.96
3.96

x, 1 + y, z
2 − x, 2 − y, 1 − z

the carboxyl group is not coplanar with the benzene ring
because of the steric hindrance as well as the strong hydrogen
bonding between two carboxyl groups in adjacent molecules
(Figure 12). Therefore, conjugation breaks down, and the

I4, act as XB donors (C3−I3···I6 = 170.4(1)° and I3···I6 =
3.800(2) Å, C7−I4···I2 = 170.4(1)° and I4···I2 = 3.802(2) Å),
while another outermost iodine atom, I6, reveals XB acceptor
ability (C9−I6···I3 = 104.4(1)° and I3···I6 = 3.800(2) Å). The
middle iodine atom, I2, also favors XB acceptor behavior (C2−
I2···I4 = 124.4(1)° and I2···I4 = 3.802(2) Å). Such a diﬀerence
in the XB donor−acceptor behavior of iodide substituents is
due to the weakly positive mesomeric eﬀect of the neighboring
iodine atoms.
It should be noted that molecules in 3 do not form inﬁnite
chains of halogen bonds, as in 1 and 2, but make two sets of
four molecules (Figure S3). Only two iodines in one molecule
form halogen bonds, while the third iodine is not involved. In
one molecule I2 and I3 form XBs and I1 does not. In the
second molecule I4 and I6 form XBs, while I5 does not.
Similar mesomeric eﬀects can be observed in other
iodobenzoic acids as well. For example, in 4-iodobenzoic
acid (4)32 the iodine atom in a para position should act as an
XB donor because of the −M eﬀect of a carboxyl group.
According to our structural analysis, the iodine atom I1
interacts with other I1 iodine atoms from two adjacent
molecules, acting as both an XB donor and an XB acceptor
(Figure 11). The corresponding I···I distance is 3.957(1) Å,

Figure 12. Structure of 5. Hydrogens and solvent molecules are
omitted for clarity.

−COOH group does not inﬂuence the XB donor−acceptor
properties of iodines. This is also conﬁrmed by our
computations, showing a small deviation of a σ-hole for all
iodines. The calculated VS,max values are 0.050 for o-iodines and
0.047 for m- and p-iodines (see section 2.3). The diﬀerence in
VS,max values is due to the +M eﬀect of the iodines.
In a PIBA structure (Table 4), m-iodines I2 and I4 form XBs
with adjacent molecules, with I2 acting as an XB donor (C6−
I2···I4 = 177.0(1)° and I2···I4 = 3.8592(5) Å) and I4 acting as
an XB acceptor (C8−I4···I2 = 96.9(1)° and I4···I2 =
3.8592(5) Å). o-Iodines I5 and I6 form even stronger XBs
with oxygens from the carboxyl group O6 and O2, respectively,
thus acting as XB donors (C9−I5···O6 = 177.8(1)° and I5···
O6 = 2.945(3) Å, C14−I6···O2 = 170.6(1)° and I6···O2 =
3.092(3) Å). This can be explained by a small positive
mesomeric eﬀect of the substituted iodines, which favors meta
positions to act as XB donors and ortho positions as XB
acceptors. Finally, p-iodines I3 and I8 form type I contacts with
o- and p-iodines from the adjacent molecule (C7−I3···I9 =
126.9(1)° and I3···I9 = 3.9537(6) Å, C7−I3···I8 = 126.0(1)°
and I3···I8 = 3.8730(5) Å, C16−I8···I3 = 129.8(1)° and I8···I3
= 3.8730(5) Å).
Upon removal of a −COOH group from PIBA, all iodines
should become equal and reveal similar properties in terms of
their XB donor ability. Our calculations of hexaiodobenzene
(polymorphs 6a−c)34,35 indeed conﬁrmed that the VS,max
(=0.043) value is equal for all iodines I1−I3 and I1B−I3B.
According to the crystal structure analysis of hexaiodobenzene
(polymorphs 6a−c), iodines in the two polymorphs 6a,b
demonstrate similar XB behavior. Thus, in 6a the two iodines

Figure 11. Structure of 4. Hydrogens are omitted for clarity. Selected
bond lengths (Å) and angles (deg): I1−I1(i) 3.957(1), I1−I1(ii)
3.957(1), C5−I1−I1(i) 165.9(2), C5(i)−I1(i)−I1 96.1(2), C5−I1−
I1(ii) 96.1(2), C5(ii)−I1(ii)−I1 165.9(2). Equivalent positions: (i) 1/2
− x, 1/2 + y, 1/2 − z; (ii) 1/2 − x, −1/2 + y, 1/2 − z.

which is very close to the sum of vdW radii: thus, both I1···I1
interactions can be considered as extremely weak ones. The
calculated VS,max value is 0.035.
Adonin et al. have reported33 the synthesis of another
iodobenzoic acid, a pentaiodobenzoic acid (PIBA). In PIBA
the electron density distribution is aﬀected by the negative
mesomeric eﬀect of a −COOH group, which withdraws
electron density from the benzene ring. Thus, o- and p-iodines
should act as XB donors, while iodines in meta positions
should accumulate excessive electron density, favoring
corresponding iodines to act as XB acceptors. An analysis of
the crystal structure of pentaiodobenzoic acid (5) revealed that
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Table 4. Halogen Bonds in 5
atoms

distance, Å

angle, deg

sum of vdW radii, Å

equivalent positions of (i)−(iv)

I2···I4(i)
I3···I8(ii)
I3···I9(iii)
I5···O6(iv)
I6···O2(i)

3.8592(5)
3.8730(5)
3.9537(6)
2.945(3)
3.092(3)

C6−I2−I4(i) = 177.0(1), C8(i)−I4(i)−I2 = 96.9(1)
C7−I3−I8(ii) = 126.0(1), C16(ii)−I8(ii)−I3 = 129.8(1)
C7−I3−I9(iii) = 126.9(1), C17(iii)−I9(iii)−I3 = 128.9(1)
C9−I5−O6(iv) = 177.8(1), C12(iv)−O6(iv)−I5 = 129.3(3)
C14−I6−O2(i) = 170.6 (1), C3(i)−O2(i)−I6 = 120.8(3)

3.96
3.96
3.96
3.5
3.5

x, 1/2 − y, 1/2 + z
−x, −1/2 + y, 1.5 − z
−x, 1 − y, 1 − z
x, 1.5 − y, −1/2 + z
x, 1/2 − y, 1/2 + z

Table 5. Halogen Bonds in 6a−c
atoms

distance, Å

I1···I2(i)
I3···I2B(ii)

3.766
3.777

I2···I1(iii)
I2···I3B(iv)

3.75
3.742

I2···I1(v)
I1···I3(vi)
I2···I3(vii)

3.7044(5)
3.7125(6)
3.9485(6)

angle, deg
Compound 6a
C1−I1−I2(i) = 174.65, C2(i)−I2(i)−I1 = 114.74
C3−I3−I2B(ii) = 124.28, C2B(ii)−I2B(ii)−I3 = 176.94
Compound 6b
C2−I2−I1(iii) = 176.41, C1(iii)−I1(iii)−I2 = 125.37
C2−I2−I3B(iv) = 116.29, C3B(iv)−I3B(iv)−I2 = 173.47
Compound 6c
C1−I2−I1(v) = 174.2(1), C3(v)−I1(v)−I2 = 114.9(1)
C3−I1−I3(vi) = 178.3(1), C2(vi)−I3(vi)−I1 = 124.6(1)
C1−I2−I3(vii) = 123.5(1), C2(vii)−I3(vii)−I2 = 173.6(1)

I1 and I1B act as XB donors (C−I···I = 174.65° and I···I =
3.766 Å), the two iodines I3 and I3B act as XB acceptors (C−
I···I2 = 124.28° and I···I = 3.777 Å), and the last two iodines I2
and I2B act as both XB donors and XB acceptors at the same
time (C−I···I = 114.74° and 176.94°, I···I = 3.766 and 3.777
Å). In 6b iodines I3 and I3B act as XB donors (C−I···I =
173.47° and I···I = 3.742 Å), iodines I1 and I1B act as XB
acceptors (C−I···I = 125.37° and I···I = 3.75 Å), and iodines I2
and I2B act as both XB donors and XB acceptors at the same
time (C−I···I = 176.41° and 116.29°, I···I = 3.747 and 3.742
Å). Finally, in the third polymorph 6c all iodine atoms act as
XB donors and XB acceptors (see Table 5). Interestingly, in
the 6c polymorph I1, I2, and I3 form an XB triangle with sides
I1···I2 = 3.7044 (5) Å, I2···I3 = 3.9485(6) Å and I1···I3 =
3.7125(6) Å (Figure 13). In all three polymorphs XB angles
are close to 90 and 180°, but not exactly because of the steric

sum of vdW radii, Å

equivalent positions of (i)−(vii)

3.96
3.96

1/2 − x, −1/2 + y, 1/2 − z
−1/2 + x, 1/2 − y, 1/2 + z

3.96
3.96

1 − x, −1/2 + y, 1/2 − z
x, 1/2 − y, 1/2 + z

3.96
3.96
3.96

1.5 − x, 1/2 + y, 1.5 − z
2.5 − x, 1/2 + y, 1.5 − z
−1 + x,1 + y, z

hindrances. Still, all of the XB interactions can be considered as
type II contacts with I···I distances being less than the sum of
vdW radii (3.96 Å).
In comparing hexaiodobenzene (HIB) and PIBA we can
conclude that the diﬀerence in the XB behavior of iodines does
not arise from the electron-withdrawing properties of a
carboxyl group but is due to steric factors as well as strong
hydrogen bonding between a −COOH group and ethanol.
The revealed diﬀerence in the calculated electrostatic
potentials of iodine atoms (VS,max(PIBA) = 0.047/0.050,
VS,max(HIB) = 0.043) is due to the extensive hydrogen bonding
between the carboxyl group and ethanol in the structure of 5.
It should also be noted that both PIBA and HIB reveal
intramolecular I···I contacts similar to TIBA. The corresponding I···I distances are found in Table 6.
In order to explore the inﬂuence of the strength of a stronger
electron-withdrawing group on the XB donor−acceptor
behavior of iodine atoms, 4-iodobenzonitrile36 (7) and 3iodobenzonitrile37 (8) were taken into consideration (Figure
14 and Table 7). Accordingly, in the structure of 7 the iodine
atom I1 in a para position should act as an XB donor due to
the strong negative mesomeric eﬀect of the nitrile group −CN.
In contrast, in compound 8 iodine I1 in a meta position relative
to a −CN group should act as an XB acceptor. The structural
analysis of these two iodobenzonitriles shows the formation of
a strong I1···N1 bond in the structure of 7, in which p-iodine
I1 acts as an XB donor. The I1−N1 distance is equal to 3.123
Å (the sum of vdW radii is 3.53 Å), and the C1−I1−N1 angle
is equal to 180.0°. In the structure of 8 the iodine atom I1 acts
as an XB donor and an XB acceptor upon interaction with
iodines from two adjacent 3-iodobenzonitrile molecules
(Figure 14 and Table 7). The I1−I1 distance is 3.806(1) Å
vs the sum of van der Waals radii of 3.96 Å. In contrast to 7,
nitrogen atoms in 8 are involved in hydrogen bonding and do
not form XBs with iodine atoms.
Our calculations of the maximum of the electrostatic
potential surface revealed that the VS,max values for the I1
atoms of 7 and 8 are almost equal, being 0.042 for 7 and 0.041
for 8. However, the demonstrated diﬀerences in the XB
donor−acceptor behaviors of these iodine atoms support our

Figure 13. Halogen bond triangle in the structure of 6c. Selected
bond lengths (Å) and angles (deg): I1−I2(i) 3.7044(5), I1−I3(ii)
3.7125(6), I2(i)−I3(ii) 3.9485 (6), C1(i)−I2(i)−I1 174.2(1), C3−I1−
I2(i) 114.9(1), C3−I1−I3(ii) 178.3(1), C2(ii)−I3(ii)−I1 124.6(1),
C1(i)−I2(i)−I3(ii) 123.5(1), C2(ii)−I3(ii)−I2(i) 114.9 (1). Equivalent
positions: (i) 1.5 − x, −1/2 + y, 1.5 − z; (ii) 2.5 − x, 1/2 + y, 1.5 − z.
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Furthermore, there is a clear diﬀerence between the behavior
of p-iodines in compounds 4 and 7. While p-iodine in the
structure of 7 demonstrates strong XB donor properties
(calculated VS,max = 0.042), p-iodine in the structure of 4
reveals both XB donor and XB acceptor properties (calculated
VS,max = 0.035). This fact, supported by our calculations, shows
that not only the position of the halogen atom in a benzene
ring but also the ability of the electron-withdrawing substituent
to withdraw electron density from a benzene ring aﬀects the
XB donor−acceptor behavior of halogens.
According to the above considerations, the replacement of a
−M substituent with a +M substituent should change the
distribution of electron density in the benzene ring as well as
have an eﬀect on the XB donor−acceptor behavior of iodide
substituents. To verify this hypothesis, we have studied 2,4diiodoaniline (9), 4-iodoaniline (10), 2-iodoaniline (11), 2iodophenol (12), 4-iodophenol (13), 3-iodophenol (14),
2,4,6-triiodophenol (15), 4-iodoanisole (16), and 3,4,5triiodoanisole (17). Thus, when the carboxyl group is changed
to an electron-donating group with a positive mesomeric eﬀect
(such as −NH2, −OH, and −OCH3), the electron density is
redistributed in the opposite direction (Figure 3), making ortho
and para positions favorable XB acceptors and meta positions
favorable XB donors.
Among the hitherto known structures, in 2,4-diiodoaniline
(9)38 p-iodine I2 interacts only with the π system of a benzene
ring and in 4-iodoaniline (10)39 there are no halogen or
hydrogen bonds. However, in 2-iodoaniline (11)40 iodines I1
form I···I contacts acting as both an XB donor and XB acceptor
(C2−I1···I1(i) = 172.7(2)° and I1···I1(i) = 3.799(2) Å, C2(i)−
I1(i)···I1 = 107.2(2)° and I1(i)···I1 = 3.799(2) Å; the equivalent
position of (i) is −x + y, −x, 1/3 + z). As one moves from
iodoanilines to iodophenols, in 2-iodophenol (12)41 iodine
atoms I1 form only type I contacts and in 4-iodophenol (13)37
iodines I1 interact with a benzene ring. Iodine atoms I1 and I3
show XB donor and XB acceptor behavior in 3-iodophenol
(14)37 (C1−I1···O1 = 157.92° and I1···O1 = 3.332 Å) and
2,4,6-triiodophenol (15)42 (C4−I3···O1 = 75.64° and I3···O1
= 3.446 Å), respectively.
In order to demonstrate the eﬀect of a +M substituent, a
methoxy (−OCH3) substituent was selected. Thus, in 4iodoanisole (16)43 (Figure 15 and Table 8) a positive
mesomeric eﬀect of the methoxy group should favor iodine
in a para position to act as a halogen bond acceptor. However,
according to the structural analysis, the iodine atom I1
participates in a weak interaction with the oxygen atom O1
from the ether group of an adjacent molecule and acts as an XB
donor. The I1···O1 distance is 3.161(5) Å vs the sum of vdW
radii of 3.50 Å, and the C−I···O angle is 172.1(2)°. The
calculated VS,max value for I1 is 0.025. If we compare the three
structures 4-iodoaniline (10), 4-iodophenol (13), and 4iodoanisole (16), we can see that, although for all of these
structures the VS,max values for p-iodine are very similar (0.021
for 10, 0.026 for 13, and 0.025 for 16), the XB donor−
acceptor behavior diﬀers signiﬁcantly. Thus, in a case of the
more strongly electron donating substituents −NH2 (10) and
−OH (13) the iodine atoms do not participate in halogen
bonding. This can be explained by the fact that in both
structures 10 and 13 electrons on the nitrogen and oxygen
atoms are hindered by the broad region of a positive
electrostatic potential (Figure 16), which is reﬂected in the
VS,max values being 0.050−0.068 for the amino group and

Table 6. Intramolecular I···I Distances in Compounds 5 and
6
atoms

distance, Å
Compound 5

I1···I2
I2···I3
I3···I4
I4···I5
I6···I7
I7···I8
I8···I9
I9···I10

3.548
3.546
3.524
3.551
3.564
3.512
3.508
3.536
Compound 6a

I3···I2B = I3B···I2
I1···I3 = I1B···I3B
I3···I2B = I2···I3B

3.501
3.500
3.521
Compound 6b

I1···I2 = I1B···I2B
I1···I3 = I1B···I3B
I3···I2B = I3B···I2

3.500
3.49
3.49
Compound 6c

I1···I2 = I1B···I2B
I1···I3 = I1B···I3B
I3···I2B = I3B···I2

Article

3.4974(6)
3.5182(5)
3.5096(6)

Figure 14. Halogen bonding in the structures of 7 (a) and 8 (b).
Hydrogens are omitted for clarity. Selected bond lengths (Å) and
angles (deg): (a) I1−N1(i) 3.123, C1−I1−N1(i) 180.0, C5(i)−N1(i)−
I1 180.0; (b) I1−I1(ii) 3.806(1), I1−I1(iii) 3.806(1), C5−I1−I1(ii)
165.4(2), C5(ii)−I1(ii)−I1 128.3(2), C5−I1−I1(iii) 128.3(2), C5(iii)−
I1(iii)−I1 165.4(2). Equivalent positions: (i) x, −1 + y, z; (ii) 1/2 − x,
−1/2 + y, 1/2 − z; (iii) 1/2 − x, 1/2 + y, 1/2 − z.

hypothesis that a substituent other than halogen does have an
eﬀect on the XB donor−acceptor behavior of the halogens in a
benzene ring. Speciﬁcally, p-iodine in 7 acts as a strong XB
donor, while in the structure of 8, the XB donor ability of miodine is less pronounced, and it acts both as an XB donor and
as an XB acceptor.
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Table 7. Halogen Bonds in 7 and 8
atoms

distance, Å

I1···N1(i)

3.123

I1···I1(ii)
I1···I1(iii)

3.806(1)
3.806(1)

angle, deg

sum of vdW radii, Å

Compound 7
C1−I1−N1(i) = 180.0, C5(i)−N1(i)−I1 = 180.0
Compound 8
C5−I1−I1(ii) = 165.4(2), C5(ii)−I1(ii)−I1 = 128.3(2)
C5−I1−I1(iii) = 128.3(2), C5(iii)−I1(iii)−I1 = 165.4(2)

equivalent positions of (i)−(iii)

3.53

x, −1 + y, z

3.96
3.96

1/2 − x, −1/2 + y, 1/2 − z
1/2 − x, 1/2 + y, 1/2 − z

Figure 15. Weak interactions in the structure of 16. Selected bond lengths (Å) and angles (deg): I1−O1(i) 3.161(5), C4−I1−O1(i) 172.1(2),
C1(i)−O1(i)−I1 129.4(4). Equivalent positions: (i) 1.5 − x, y, 1/2 + z.

Table 8. Halogen Bonds in 11 and 14−17
atoms

distance, Å

I1···I1(i)

3.799(2)

I1···O1(ii)

3.332(3)

I3···O1(iii)

3.446(8)

I1···O1(iv)

3.161(5)

I1···I3(v)
I2···O1(vi)
I3···I3(vii)

3.9294(5)
3.270(3)
3.9350(5)

angles, deg

sum of vdW radii, Å

Compound 11
C2−I1−I1(i) = 107.2(2), C2(i)−I1(i)−I1 = 172.7(2)
Compound 14
C1−I1−O1(ii) = 157.9(1), C4(ii)−O1(ii)−I1 = 102.8(3)
Compound 15
C4−I3−O1(iii) = 75.6(3), C3(iii)−O1(iii)−I3 = 154.1 −6)
Compound 16
C4−I1−O1(iv) = 172.1(2), C1(iv)−O1(iv)−I1 = 129.4(4)
Compound 17
C3−I1−I3(v) = 160.8(1), C5(v)−I3(v)−I1 = 82.7(1)
C4−I2−O1(vi) = 177.2 (1), C1(vi)−O1(vi)−I2 = 126.6(3)
C5−I3−I3(vii) = C5(vii)−I3(vii)−I3 = 141.8 (1)

equivalent positions of (i)−(vii)

3.96

−x + y, −x, 1/3 + z

3.5

1/2 − x, 1 − y, −1/2 + z

3.5

1/2 + x, 1/2 − y, −z

3.5

1.5 − x, y, 1/2 + z

3.96
3.50
3.96

−x, 1/2 + y, 1/2 − z
−1 + x, 1/2 − y, −1/2 + z
1 − x, −y, −z

Thus, m-iodine I1 acts as an XB donor with the I3 atom from
an adjacent molecule. The corresponding I1···I3 distance is
3.9294(5) Å vs the sum of vdW radii of 3.96 Å, and the C3−
I1···I3 angle is 160.8(1)°. The m-iodine I3 acts as an XB
acceptor with the I1 atom from an adjacent molecule (I3−I1 =
3.9294(5) Å, C5−I3−I1 = 82.7(1)°) and also forms type I
contacts with an another I3 atom. Finally, p-iodine I2 acts as an
XB donor and interacts with the oxygen atom O1 from an
adjacent molecule with I2−O1 = 3.270(3) Å and C4−I2−O1
= 177.2(1)°.
The calculated VS,max values for the iodine atoms of 17 are
0.034, 0.033, and 0.036 for I1, I2, and I3, respectively. These
values together with the XB donor−acceptor behavior of
iodines in 17 let us assume that the weak positive mesomeric
eﬀect of an ether group (−OCH3) does not aﬀect the iodine
atoms to a large extent. Furthermore, upon a comparison of
compounds 16 and 17, it can be clearly seen that the VS,max

0.061−0.075 for the hydroxy group (Table S4). This makes it
impossible for I···N and I···O interactions to happen.
In a case of the methoxy (−OCH3) substituent, which
reveals a much weaker positive mesomeric eﬀect, the p-iodine
atom I1 acts as an XB donor upon interaction with oxygen
from a neighboring molecule (16). According to our
computational analysis, a region with a positive electrostatic
potential from CH3 is shifted to the side, thus opening a
negative region on oxygen and giving space for iodine to
approach (Figure 16). This is also conﬁrmed by a very small
VS,max value on oxygen O1 (0.009).
In the structure of 3,4,5-triiodoanisole (17)44 an iodine
atom in a para position should favor XB acceptor behavior and
two iodines in meta positions should favor XB donor behavior
because of the +M eﬀect of a methoxy group (−OCH3).
According to the crystal structure analysis, all three iodine
atoms reveal diﬀerent XB activities (Figure 17 and Table 8).
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Figure 16. Electrostatic potentials calculated at the PBE0-D3/def2-TZVP computational level on the 0.001 au molecular surface with the VS,max
values at iodide atoms. The same ESP color scale from −0.038 to 0.038 e Å−1 was applied for all of the molecules with a blue color for negative,
green for neutral, and red for positive values. Color scheme for atoms: H, white; C, gray; O, red; I, purple. The asterisks denote calculations
performed for the structure without the solvent molecule.

have a greater eﬀect on the chemical properties of p-iodine
than the methoxy group.
2.3. Computational Analysis. An analysis of the map of
electrostatic potential (MEP) helps to predict and estimate
noncovalent interactions.74,75 It has been shown that the
magnitude of the σ-hole (VS,max) correlates with the strength of
a noncovalent interaction.74,76 Moreover, groups of substituents with electron-donating (EDG) or electron-withdrawing
(EWG) eﬀects can inﬂuence VS,max and, correspondingly, the
interaction strength. An EWG can increase VS,max by depleting
the electron density, while in case of a EDG the VS,max value
may decrease due to the additional electron density in the
system.7,76−78
The inﬂuence of the substituent on the VS,max value of the
halide in structures 1−17 can be clearly seen (Figure 16, Table
9, and Table S4). Our computational results indeed show that
in the case of the electron-withdrawing groups the VS,max value
of the iodine atom is always greater than in the case of the
electron-donating groups.
An increase in the VS,max values on the iodine atoms can be
seen upon introduction of a carboxyl group in the structures of
1 and 2 (0.039−0.042) and 5 (0.047−0.050) vs the structures
of 3 (0.036) and 6 (0.043). Thus, the diﬀerence in the VS,max
values of the iodines in TIBA (1 and 2) and 1,2,3triiodobenzene (3) is due to the electron-withdrawing eﬀect
of a carboxyl group. There is also a small deviation in the VS,max
values between meta and para positions in TIBA, with a higher
value for p-iodine and smaller values for m-iodines. In the case

Figure 17. Halogen bonding in the structure of 17. Hydrogens are
omitted for clarity. Selected bond lengths (Å) and angles (deg):
I1−I3(i) 3.9294 (5), I2−O1(ii) 3.270 (3), I3−I3(iii) 3.9350 (5),
C3−I1−I3 160.8 (1), C5(i) −I3(i) −I1 82.7 (1), C4−I2−O1(ii) 177.2
(1), C1(ii) −O1(ii) −I2 126.6 (3), C5−I3−I3(iii) = C5(iii) −I3(iii) −I3
141.8 (1). Equivalent positions: (i) − x, 1/2 + y, 1/2 − z; (ii) −1 + x,
1/2 − y, −1/2 + z; (iii) 1 − x, − y, − z.

values on p-iodines diﬀer signiﬁcantly (0.025 for 16 and 0.033
for 17), thus resulting in the assumption that m-iodines in 17
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17. Another example of the same trend can be observed upon
comparison of the 2,4-diiodoaniline (9) and 2-iodoaniline (11)
structures: the VS,max value for o-iodine is higher in the case of
diiodoaniline (0.034 for 9 vs 0.027 for 11).
In order to trace the inﬂuence of the nature of a substituent
other than a halogen on the XB donor−acceptor properties of
the iodide substituents, several groups of compounds were
considered. Thus, the ﬁrst group is represented by the
compounds with three iodide substituents: 3,4,5-triiodobenzoic acid (1, 2), 1,2,3-triiodobenzene (3), and 3,4,5triiodoanisole (17). The VS,max values increase in the order
17 < 3 < 1, 2. Another group is represented by the compounds
4-iodobenzoic acid (4), 4-iodobenzonitrile (7), 4-iodoaniline
(10), 4-iodophenol (13), and 4-iodoanisole (16). All of these
structures have the iodine atom in a para position. The VS,max
values increase in the order 10 < 16 < 13 < 4 < 7. Finally, the
third group is represented by compounds having iodine in a
meta position: namely, 3-iodobenzonitrile (8) and 3iodophenol (14). The VS,max value for iodine in the structure
of 8 is much higher than that in the structure of 14. All of these
correlations conﬁrm our hypothesis that electron-withdrawing
groups withdraw electron density from the benzene ring and,
therefore, increase the size of the σ-hole. In contrast, electrondonating groups donate electron density to the benzene ring,
thus decreasing the size of the σ-hole. Therefore, iodide
substituents reveal better XB donor ability in the case of
electron-withdrawing substituents (1, 2, 4, 7, 8) and are less
likely to act as XB donors in the case of electron-donating
substituents (9−17).

Table 9. Maximum ESP (VS,max) of Selected Halogenated
Molecules (Calculated at the PBE0-D3/def2-TZVP Level)
molecule

atom

VS,max, au

1, 2a

I1
I2
I3
I1
I2
I3
I1
I1
I2
I3
I4
I5
I1
I2
I3
I1B
I2B
I3B
I1
I1
I1
I2
I1
I1
I1
I1
I1
I1
I2
I3
I1
I1
I2
I3

0.039
0.042
0.041
0.036
0.036
0.036
0.035
0.049
0.047
0.047
0.047
0.050
0.043
0.043
0.043
0.043
0.043
0.043
0.042
0.041
0.034
0.027
0.021
0.027
0.037
0.026
0.029
0.037
0.048
0.035
0.025
0.034
0.033
0.036

3

4
5a

6

7
8
9
10
11
12
13
14
15

16
17

Article

3. CONCLUSIONS
The conducted structural analyses and an MEP computational
analysis show that the nature of a substituent other than a
halogen in a benzene ring has an eﬀect on the XB donor and
acceptor properties of the iodinated benzenes. Electronwithdrawing substituents, such as −COOH and −CN, increase
the ability of iodines in ortho or para positions to act as
halogen bond donors. On the other hand, electron-donating
substituents, such as −OH, −NH2, and −OCH3, enhance the
XB donor properties of iodines in a meta position. This is
reﬂected in the size of the σ-hole on the iodine atoms, which
can be expressed by the value of maximum electrostatic
potential (VS,max). The stronger the mesomeric eﬀect of the
EWG or EDG, the higher the eﬀect it has on the XB donor−
acceptor properties of the iodide substituents. Such structural
correlations can potentially be exploited in crystal engineering
for the design of crystal structures with predeﬁned contacts.

a

Calculations performed for the structure without the solvent
molecule.

of PIBA (5) and HIB (6), although the −COOH group is not
located within the same plane with the benzene ring in 5, an
increase in VS,max on the iodine atom can still be seen in
comparison to 6. The highest VS,max values are found for oiodines (5), reﬂecting the higher ability of these iodines to act
as XB donors, which correlates with the conducted structural
analysis.
In iodobenzonitriles 7 and 8 the diﬀerence in the VS,max
values of the iodine between meta and para positions is
negligible. However, in iodophenols 12−15 the VS,max values
increase in the order para < meta < ortho, with the highest
values in 2,4,6-triiodophenol (15) being 0.035 and 0.048 for
ortho positions and 0.037 for the para position.
In the case of iodoanilines 9−11 the VS,max values for the
para position are lower than for ortho positions (0.021 and
0.027 vs 0.027 and 0.034) with the highest values being found
for 2,4-diiodoaniline 9.
The presence of several iodine atoms in one molecule aﬀects
the VS,max value of iodide substituents due to the +M eﬀect of
the iodine. For example, the VS,max value for p-iodine in 4iodoanisole (16) is smaller than that in 3,4,5-triiodoanisole
(17). The corresponding values are 0.025 for 16 and 0.033 for

4. EXPERIMENTAL SECTION
4.1. Experimental Details. 3,4,5-Triiodobenzoic acid (TIBA)
crystals 1 and 2 were obtained by slow evaporation of an ethanol
solvent with an evaporation vessel covered with Paraﬁlm under
ambient conditions. TIBA was purchased from Fluka AG, Chemische
Fabrik. The isolated yields are 95% for 1 and 87% for 2. Anal. Found
for 1: C, 16.93; H, 0.83; N, 0.1. Calcd: C, 16.8; H, 0.6; N, 0. Anal.
Found for 2: C, 19.57; H, 1.554; N, 0.253. Calcd: C, 19.79; H, 1.65;
N, 0. 1H NMR of 1 (MeOD, δ): 8.425 (s, 2H, Ar). 1H NMR of 2
(MeOD, δ): 1.178 (t, 3H, CH3 from ethanol), 3.739 (q, 2H, CH2
from ethanol), 8.425 (s, 2H, Ar). The signal of the −COOH proton is
too broad to be observable. The obtained crystals of 1 were analyzed
with a Bruker KAPPA APEX II CCD X-ray diﬀractometer using Mo
Kα radiation. Crystals of 2 were analyzed with a SuperNova Dual Xray diﬀractometer using Cu Kα radiation. Details on the XRD
experiments can be found in the Supporting Information.
7207

https://dx.doi.org/10.1021/acs.cgd.0c00866
Cryst. Growth Des. 2020, 20, 7197−7210

Crystal Growth & Design

pubs.acs.org/crystal

4.2. Computational Details. All of the molecules were subjected
to full energy minimization and ESP calculations at the DFT level
using the PBE079-D380 dispersion corrected functional with a 6-31G*
basis set for all atoms except for iodine, for which a def2-TZVP81 basis
with a pseudopotential for the inner-core electrons was used. Wave
function ﬁles were obtained with the Gaussian 09 (revision D.01)
program package.82 Electrostatic potentials of 1−17 were calculated
with the QTAIM (quantum theory of atoms in molecules)83 method
and visualized with the AIMALL84 software by plotting a map of an
electrostatic potential (MEP) at the 0.001 au contour of its electronic
density, as suggested by Bader et al.85
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The chalcogen bonding (ChB) in a series of thiourea, selenourea and their derivatives has been investigated in the
present paper. Thus, selenourea and dimethylselenourea undergo dimerization and trimerization processes in the
presence of various halogen species (1–5). Selenourea and dimethylselenourea form trimers 3–4 in the presence
of lighter halogens (chlorine and bromine) through Se⋯Se chalcogen bonding. When moving to heavier halogen
(iodine), the dimers 1–2 are formed. Thiourea and its derivatives also tend to make very strong S⋯S bonds and
form dimers in the case of lighter halogens chlorine and bromine (compounds 6–7). However, the monomers
separated by the iodine species are formed upon interaction with iodine via very strong S⋯I bonding (compounds
9–12). Furthermore, among all the crystal structures of 1–12, only iodine cations Iþ in 10 and 12 act as electron
density acceptors, while in the remaining compounds 1–9 and 11 halogen species act as electron density donors.

1. Introduction
The term “chalcogen bonding” (ChB) is quite new and has appeared
only in recent years, being known as “secondary bonding interactions”
for a long time [1]. It is closely related to hydrogen bonding (HB) and
halogen bonding (XB), and can be described by similar parameters as a
noncovalent interaction between an electrophilic chalcogen atom Ch ¼
O, S, Se, Te and a nucleophilic electron donor D (see Scheme 1). Chalcogen bonding has found applications in catalysis [2–4], drug design [5,
6], crystal engineering [7,8] and synthesis [4].
Analogous to halogen and pnictogen bonding, the formation of
chalcogen bonds can be explained by a redistribution of the electron
density on the covalently bound chalcogen atom, thus, making electrostatic potential on the latter to become anisotropic. This means that
electron density decreases in the directions of the covalent bonds’ elongations. This, in turn, may lead to the formation of a so-called “σ-hole”,
i.e. a region of positive electrostatic potential, and an “electron belt”, i.e.
a region of negative electrostatic potential, on the chalcogen atom Ch
(Scheme 1) [4,9]. The size of the σ-hole is proportional to the polarizability of chalcogen and increases in a row O < S < Se < Te. The chalcogen atom can be considered as a ChB donor (electron density acceptor),
when it participates in a chalcogen bonding via σ-hole. The R-Ch-D angle
should be close to 180 , when a chalcogen atom acts as the ChB donor
and accepts electron density from the electron donor D. On the contrary,

the R-Ch-D angle should be close to 90 , when a chalcogen atom acts as
the ChB acceptor by donating electron density to D.
Chalcogen bonding is not the matter of theoretical interest only. It reveals the real practical application. In particular, the formation of ChB upon
in vivo complexation of thiourea and its derivatives with iodine results in
antithyroid activity of these complexes [10–13]. We assume that similar
compounds, able to form stronger chalcogen bonds, may reveal even higher
antithyroid activity. We decided to choose a more polarizable chalcogen
atom, i.e. selenium, and compare the behavior of thiourea/selenourea and
their derivatives in the analogous chemical environment.
In the present work, we have obtained and studied the X-ray structures of selenourea iodide (1) and 1,1-dimethylselenourea triiodide (2).
We have also compared the structures of 1 and 2 with the known
structures of similar thiourea and selenourea derivatives: tris(selenourea)
dichloride monohydrate (3) [14], tris(selenourea) dibromide monohydrate (4) [14], tris(selenourea) sulfate selenourea solvate dihydrate
(5) [15], α,α0 -dithiobis(formamidinium) dichloride (6a [16], 6b [17]),
bis(dithiodiformamidinium) aqua-pentachloro-rhenium(iv) trichloride
dihydrate (7) [18], dithio-bis(1,1,3,3-tetramethylformamidinium) bis(tetraiodo-iron(iii)) (8) [19], (diaminomethylene)sulfonium triiodide (9)
[20], bis(1,3-dimethyl-2-thiourea-S)iodonium tri-iodide (10) [13], 1,
3-bis(thiourea)tri-iodonium thiourea-di-iodine di-iodine tri-iodide (11)
[13] and bis(thiourea)iodine(i) iodide (12) [21] (Fig. 1), found in literature. We have chosen iodine as an electron donor due to its higher
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Scheme 1. Schematic representation of chalcogen bonding: Ch ¼ O, S, Se, Te; D ¼ electron donor; R ¼ C, N etc.

Fig. 1. Schematic representation of the investigated molecules 1–12.

2. Results and discussion

polarizability in comparison with other halogens, availability and convenience of handling. Selenourea and 1,1-dimethylselenourea were
chosen as electron acceptors, because they are commercially available,
easy to handle, and are promising agents in terms of possible antithyroid
activity upon complexation with iodine. The studied compounds 1–12
are summarized in Fig. 1.

In the structure of 1 (Fig. 2) selenourea molecules form dimers with
the Se⋯Se distance equal to 2.4001 (4) Å, which is much shorter than the
sum of Bondi’s van der Waals (vdW) radii being 3.80 Å [22]. This
interaction can be considered to be strong and can be referred to as a
2
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Fig. 2. Crystal structure of 1. Hydrogens are omitted for clarity. Selected bond lengths (Å) and angles ( ): Se1–Se1*(i) 2.4001 (4), Se1–I1 3.3732 (4), Se1–I1*(ii) 3.7386
(4), C1–Se1–Se1*(i) ¼ C1(i)–Se1*(i)–Se1 94.16 (9), C1–Se1–I1 77.15 (8), C1–Se1–I1*(i) 163.37 (9). Equivalent positions: (i) 1x, y, 1/2z; (ii) 1.5x, 1/2 þ y,
1/2z.

structures 3–5 three selenium atoms are almost linearly bonded to each
other (see Figs. 4 and 5) with a Se–Se–Se angle equal to 173.81 , 173.89
and 168.29 for 3, 4 and 5, respectively. The selenourea molecules form
trimers upon crystallization. The intramolecular Se⋯Se distances for the
compounds 3–5 are present in Table 1. The sum of van der Waals radii for
selenium is 3.80 Å, which is much smaller than the Se–Se bond length in
3–5. Therefore, these intramolecular bonds can be referred to as covalent
bonds.
Besides the intramolecular bonding, there is also the halogen bonding
in the case of the chloride (3) and the bromide (4) salts (Fig. 4, Table S1).
In both structures the middle selenium atoms Se2 act as ChB donors with
the C2¼Se2⋅⋅⋅Hal angle equal to 174.61 for chloride and 175.01 for
bromide. The Se2⋅⋅⋅Hal distance is 5% smaller than the sum of vdW radii
(3.457 Å vs. 3.65 Å for Se2⋯Cl1 and 3.530 Å vs. 3.73 Å for the Se2⋯Br1).
Also, in the case of the bromide there is another weak interaction
C3–Se3–Br2 ¼ 164.64 , Se3–Br2 ¼ 3.720 Å. The corresponding sum of
van der Waals radii is 3.73 Å, thus, the Se3⋯Br2 interaction could be
considered as an extremely weak one.
Unlike trimeric structures of 3–5, the selenourea/dimethylselenourea
molecules form only dimers in the case of 1 and 2. The Se⋯Se distance is
slightly shorter (2.4001 Å for 1 and 2.313 Å for 2 vs. mean values of
2.657 Å for 3, 2.668 Å for 4 and 2.6487 Å for 5). There is also a difference
in the chalcogen bonding in 1–2 and 3–4. Thus, the Se⋯I distance is
approx. 3.5% and 8% for 2 and 13% for 1 shorter than the sum of van der
Waals radii, while in 3 and 4 the Se⋅⋅⋅Hal is 5% shorter than the sum of
van der Waals radii. This can serve as an evidence of a better ability of
iodine to participate in weak interactions in comparison with chlorine
and bromine.
In order to have a better understanding of the selenourea behavior in
terms of ChB, we decided to take a look at the known analogous compounds, but with an another chalcogen atom, i.e. the thiourea. Thus,
sulfur behaves similarly to selenium and forms thiourea dimers in the
crystal structures of 6–8. The S⋯S distances in structures of 6–8 are
present in Table 2. It can be seen from Table 2 that for all the structures of
6–8 the S–S bond length is much shorter than the sum of van der Waals
radii.
The compounds 6a and 6b are represented by two isomers of thiourea
chloride hydrates (Fig. 6). In both structures 6a [16] and 6b [17] the ChB
is present in a C1¼S1⋯Cl2 fragment (S1–Cl2 ¼ 3.505 Å and C1–S1–Cl2
¼ 157.60 for 6a; S1–Cl2 ¼ 3.5107 (6) Å, C1–S1–Cl2 ¼ 157.42 (4) for
6b). The S⋯Cl distance is only 1% shorter than the sum of vdW radii
(3.55 Å [22]). This evidences on a rather weak chalcogen bonding.
The compound 7 (Fig. 7) was obtained by T. Lis in 1980 [18]. It is
represented by a bis(thiourea) trichloride salt with a rhenium(IV) pentachloride complex. However, the rhenium metal complex does not interact
with thiourea and can, thus, be omitted from our consideration as being
unimportant. In the structure 7, both sulfur atoms, S1 and S2, participate

covalent bond [23]. The selenourea fragments are shifted relative to each
other with a torsion angle C1–Se1–Se1–C1 being 87.4 (1) . There is also a
chalcogen bonding between selenium and iodine (Se1–I1 ¼ 3.3732 (4) Å
and C1–Se1–I1 ¼ 77.15 (8) , Se1–I1* ¼ 3.7386 (4) Å and C1–Se1–I1* ¼
163.37 (9) ). The sum of the corresponding van der Waals radii is
reasonably bigger, being 3.88 Å [22]. The C1–Se1 bond length becomes
somewhat longer upon dimerization (1.939 (3) Å for 1 vs. average 1.862
Å for selenourea [24,25]).
The molecules of 1,1-dimethylselenourea make similar dimers (2)
upon complexation with iodine (see Fig. 3). The Se1⋯Se2 distance is
2.313 (1) Å, being much smaller than the sum of the corresponding van
der Waals radii (3.80 Å), can, thus, be called a covalent bond. Same as in
1, the C–Se bond length becomes longer upon dimerization (C1–Se1 ¼
1.945 (7) Å and C4–Se2 ¼ 1.954 (9) Å for 1 vs. 1.866 Å for dimethylselenourea [26]). The torsion angle C1–Se1–Se2–C4 between the
dimethylselenourea fragments is 104.9 (3) .
A chalcogen bonding is also present in 2. The selenium atoms interact
with the iodine atoms of iodonium ions, I
3 , via chalcogen bonding and
form fragments C1¼Se1⋯I2 (Se1–I2 ¼ 3.5590 (9) Å, C1–Se1–I2 ¼ 165.7
(2) , I3–I2–Se1 ¼ 74.60 (2) ) and C4¼Se2⋯I2 (Se2–I2 ¼ 3.581 (1) Å,
C4–Se2–I2 ¼ 175.3 (2) , I3–I2–Se2 ¼ 110.73 (2) ). Unlike structure 1,
iodines in 2 form two types of ions, the iodide ions I and the iodonium

ions I
3 . The iodide ions I do not have any weak contacts. The iodonium

ions I3 interact with each other via halogen bonding (I2–I2 ¼ 3.5285 (7)
Å, I3–I2–I2 ¼ I3–I2–I2 ¼ 169.00 (2) ), although iodonium ions do not
form inﬁnite chains but dimers (Fig. 3).
Hauge with colleagues have obtained three more salts of selenourea,
i.e. tris(selenourea) dichloride hydrate (3) [14], tris(selenourea) dibromide hydrate (4) [14] and tris(selenourea) sulfate (5) [15]. In all the

Fig. 3. Crystal structure of 2. Hydrogens are omitted for clarity. Selected bond
lengths (Å) and angles ( ): Se1–Se2 2.313 (1), Se1–I2(i) 3.5590 (9), Se2–I2 3.581
(1), I2–I2(ii) 3.5285 (7), C1–Se1–Se2 100.1 (2), C4–Se2–Se1 100.0 (2),
C1–Se1–I2(i) 165.7 (2), C4–Se2–I2 175.3 (2), I3–I2–I2(ii) ¼ I3(ii)–I2(ii)–I2 169.00
(2). Equivalent positions: (i) 1 þ x, y, z; (ii) x, y, 1z.
3
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Fig. 4. Crystal structures of 3 (a) and 4 (b). Hydrogens are omitted for clarity. Selected bond lengths (Å)
and angles ( ): (a) Se1–Se2 2.597, Se2–Se3 2.717,
Se2Cl1(i) 3.457, C1–Se1–Se2 96.24, C2–Se2–Se1
88.94, C2–Se2–Se3 89.27, C3–Se3–Se2 96.54,
C2–Se2–Cl1(i) 174.61; (b) Se1–Se2 2.624, Se2–Se3
2.712, Se2Br1(i) 3.530, Se3Br2(ii) 3.720,
C1–Se1–Se2 96.45, C2–Se2–Se1 89.34, C2–Se2–Se3
88.98, C3–Se3–Se2 96.20, C2–Se2–Br1(i) 175.01,
C3–Se3–Br2(ii) 164.64. Equivalent positions: (i) x, 1/
2y, 1/2 þ z; (ii) 1/2x, 1y, 1/2 þ z.

Table 2
Intramolecular chalcogen bonding in structures of 6–8.

Table 1
Intramolecular chalcogen bonding in structures 3–5.
Atoms

Distance, Å

Angles,

3

Se1⋯Se2

2.597

Se2⋯Se3

2.717

Se1⋯Se2

2.624

Se2⋯Se3

2.712

Se1⋯Se2

2.6336

Se2⋯Se3

2.6638

C1–Se1–Se2 ¼
88.94
C2–Se2–Se3 ¼
96.54
C1–Se1–Se2 ¼
89.34
C2–Se2–Se3 ¼
96.20
C1–Se1–Se2 ¼
86.56
C2–Se2–Se3 ¼
98.06

4

5

Atoms

Distance,
Å

Angles,

6a

S1⋯S2

2.017

6b

S1⋯S2

2.0246 (4)

7

S1⋯S2

2.0256

8

S1⋯S2

2.052 (5)

C1–S1–S2
C2–S2–S1
C1–S1–S2
C2–S2–S1
C1–S1–S2
C2–S2–S1
C1–S1–S2
C6–S2–S1

Sum of vdW
radii, Å
¼ 104.31,
¼ 103.49
¼ 104.20 (4),
¼ 103.34 (4)
¼ 102.37,
¼ 102.87
¼ 102.1 (4),
¼ 101.2 (4)

3.60
3.60
3.60
3.60

Another metal containing thiourea complex is represented by a
bis(tetraiodo-iron(III)) complex with tetramethylthiourea dimer 8
(Fig. 8) [19]. Two tetramethylthiourea molecules form dimers with the
S⋯S distance equal to 2.052 (5) Å being much smaller than the sum of
vdW radii for sulfur (3.60 Å). The corresponding angles are C1–S1–S2 ¼
102.1 (4) , C6–S2–S1 ¼ 102.1 (4) . Both sulfur atoms participate in a
chalcogen bonding making the fragments C1¼S1⋯I1, C1¼S1⋯I7 and
C6–S2⋯I3. The corresponding S⋯I distances are present in Table 4. It
can be seen from Table 4 that the S⋯I distances are 1.7%, 2% and 1.6%
smaller than the sum of van der Waals radii and are rather weak.
In order to complete the series of thiourea⋅⋅⋅halogen derivatives, the
crystal structures 9–12 were taken into consideration. All four compounds are represented by the thiourea-iodine cocrystals.
Thus, in the thiourea triiodide salt 9 [20] (Fig. 9) thiourea does not
form neither dimers nor trimers. The sulfur atom S1 participates in ChB
– S⋯I fragment with the I1 atom of the triiodide ion:
by making a C–
S1–I1 ¼ 3.7687 (9) Å. The S⋯I distance is only slightly smaller than the
sum of vdW radii (3.78 Å), so the interaction seems to be rather weak.
The hydrogen bonding between the hydrogen atoms and the iodine
atoms are out of the scope of the current investigation, and, thus, will not
be considered in the present paper.
Another triiodide salt of thiourea is represented by the structure of 10
[13] (Fig. 10). In the compound 10 the thiourea molecules form
dimer-like structures via interaction with the iodine cation Iþ with S–I
bond length being approximately 2.6 Å. It is 31% smaller than the sum of
vdW radii (3.78 Å) and is indeed a strong interaction, which most
probably deﬁnes the overall structure of 10. Besides this, there is a weak
chalcogen bonding in a C1¼S1⋯I3 fragment (S1–I3 ¼ 3.711 (5) Å,
C1–S1–I3 ¼ 83.0 (4) , I4–I3–S1 ¼ 169.38 (7) ).
The compound 11 [13] (Fig. 11) is similar to the compound 10 and
also forms strong interactions between sulfur from thiourea and iodine in
di- and triiodide species in the C1¼S1⋯I2, C2¼S2⋯I3 and C3¼S3⋯I6
fragments. The S⋯I distances are approximately 35% less than the sum of
vdW radii (3.78 Å): S1–I2 ¼ 2.466 (3) Å, S2–I3 ¼ 2.437 (3) Å, S3–I6 ¼
2.507 (3) Å. The weak chalcogen bonding is present in structure of 10 as
well and is represented by the C2¼S2⋯I4 and C3¼S3⋯I9 fragments. The
S⋯I distances are close to the sum of vdW radii (S2–I4 ¼ 3.724 (4) Å,

Fig. 5. Crystal structure of 5. Hydrogens are omitted for clarity. Selected bond
lengths (Å) and angles ( ): Se1–Se2 2.6336, Se2–Se3 2.6638, Se2–Se4 3.7711,
Se1–Se2(i) 3.5836, Se1–Se3(i) 3.6616, Se3–Se4(ii) 3.7760, C1–Se1–Se2 97.96,
C2–Se2–Se1 86.56, C2–Se2–Se3 85.65, C3–Se3–Se2 98.06, C2–Se2–Se4 152.34,
C4–Se4–Se2 156.06, C1–Se1–Se2(i) 174.03, C2(i)–Se2(i)–Se1 94.24,
C1–Se1–Se3(i) 141.29, C3(i)–Se3(i)–Se1 164.70, C3–Se3–Se4(ii) 70.84,
C4(ii)–Se4(ii)–Se3 80.25. Equivalent positions: (i) x, 1y, z; (ii) 1x, 1y, z.

Compound

Compound

96.24, C2–Se2–Se1 ¼
89.27, C3–Se3–Se2 ¼
96.45, C2–Se2–Se1 ¼
88.98, C3–Se3–Se2 ¼
97.96, C2–Se2–Se1 ¼
85.65, C3–Se3–Se2 ¼

in ChB with the chlorine ions Cl5 and Cl4, correspondingly, acting as ChB
donors. The bond lengths, bond angles and equivalent positions are represented in Table 3. Additionally, the sulfur atom S2 participates in a weak
interaction with the oxygen atom O3 from a crystallized water molecule
(Table 3, Fig. 7) with the S⋯O distance being very close to the sum of vdW
radii. It can be noted that the S⋯Cl distance is 6.5% smaller than the sum of
vdW radii (3.55 Å) in case of S1 and 0.7% smaller than the sum of vdW
radii in case of S2. This can evidence that the chalcogen bonding is slightly
stronger in the case of S1 than in the case of S2.
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Fig. 6. Crystal structures of 6a and 6b isomers. Selected bond lengths (Å) and angles ( ) for 6a: S1–Cl2(i) 3.505, C1–S1–Cl2(i) 157.60. Selected bond lengths (Å) and
angles ( ) for 6b: S1–Cl2(ii) 3.5107 (6), C1–S1–Cl2(ii) 157.42 (4). Equivalent positions: (i) x, 1/2 þ y, 1/2z; (ii) 1/2x, 1/2 þ y, z.

Fig. 7. Crystal structure of 7. Hydrogens and rhenium(IV) pentachloride complex are omitted for clarity. Selected bond lengths (Å) and angles ( ): S2–Cl4(i)
3.523, S1–Cl5 3.319, S2–O3(ii) 3.290, C2–S2–Cl4(i) 172.98, C1–S1–Cl5 90.72,
C2–S2–O3(ii) 81.20. Equivalent positions: (i) 1/2x, 1/2 þ y, z; (ii) 1/2x,
1/2 þ y, z.

Fig. 8. Crystal structure of 8. Hydrogens are omitted for clarity. Selected bond
lengths (Å) and angles ( ): S1–I1 3.716 (4), S1–I7 3.696 (4), S2–I3(i) 3.718 (4),
C1–S1–I1 84.0 (4), Fe1–I1–S1 120.17 (8), C1–S1–I7 150.0 (4), Fe2–I7–S1
138.91 (9), C6–S2–I3(i) 157.0 (4), Fe1(i)I3(i)S2 92.96 (8). Equivalent positions: (i) x, 1y, z.

Table 3
Chalcogen bonding in the structure 7.
Atoms
S1⋯Cl5

Distance,
Å

Angles,

3.319

C1–S1–Cl5 ¼
90.72
C2–S2–Cl4(i) ¼
172.98
C2–S2–O3(ii) ¼
81.20

(i)

S2⋯Cl4

3.523

S2⋯O3(ii)

3.290

Sum of vdW
radii, Å

Table 4
Chalcogen bonding in the structure 8.

Equivalent
position of (i)-(ii)

Atoms

Distance,
Å

Angles,

Sum of
vdW
radii, Å

S1⋯I1

3.716 (4)

3.78

S1⋯I7

3.696(4)

S2⋯I3(i)

3.718

C1–S1–I1 ¼ 84.0 (4),
Fe1–I1–S1 ¼ 120.17 (8)
C1–S1–I7 ¼ 150.0 (4),
Fe2–I7–S1 ¼ 138.91 (9)
C6–S2–I3(i) ¼ 157.0 (4),
Fe1(i)I3(i)S2 ¼ 92.96
(8)

3.55
3.55
3.32

1/2x, 1/2 þ y,
z
1/2x, 1/2 þ y, z

S3–I9 ¼ 3.687 (3) Å, sum of vdW radii is 3.78 Å), thus, conﬁrming that
both interactions are rather weak. The halogen bonding between
different iodine species in the structure of 11 are out of the scope of the
current investigation, and, thus, will not be considered in the present
paper.
George Hung-Yin Lin and Håkon Hope reported an another example
of the formation of an iodine cation Iþ upon interaction of iodine with
molecules of thiourea (structure 12 [21,27,28], Fig. 12). The iodine
cation Iþ is a strong electrophile and can be formed, when a stronger
nucleophile is present in the solution [21]. It explains the geometry of the
structure 12 with a linear fragment S1–I1–S1E (the S1–I1–S1E angle is

Equivalent
position of (i)

3.78
3.78

x, 1y, z

180.0 ). Thus, sulfur atoms act as electron density donors and not as ChB
donors. Surprisingly, neither S1 nor S1E interact with the resting iodine
anion I (I2) and do not participate in any other weak interactions.
3. Conclusions
We have demonstrated that thiourea, selenourea and their derivatives
can result in a variety of different compounds upon interaction with
5
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Fig. 11. Crystal structure of 11. Hydrogens are omitted for clarity. Selected
bond lengths (Å) and angles ( ): S2–I4(i) 3.724 (4), S3–I9(ii) 3.687 (3), S1–I2
2.466 (3), S2–I3 2.437 (3), S3–I6 2.507 (3), C2–S2–I4(i) 165.8 (4), I5(i)I4(i)S2
73.29 (5), C3–S3–I9(ii) 167.7 (4), I10(ii)I9(ii)S3 100.43 (5), C1–S1–I2 104.2
(3), I1–I2–S1 176.08 (8), C2–S2–I3 105.9 (4), I1–I3–S2 171.59 (8), C3–S3–I6
104.9 (4), I7–I6–S3 173.69 (8). Equivalent positions: (i) 1x, 1y, 1z; (ii)
1x, 2y, 1z.

Fig. 9. Crystal structure of 9. Selected bond lengths (Å) and angles ( ): S1–I1(i)
3.7687 (9), C1–S1–I1(i) 85.8 (1), I2(i)I1(i)S1 165.71 (1). Equivalent positions:
(i) x, 1/2y, 1/2 þ z.

halogens (compounds 1–12). Two main trendlines can be outlined from
the investigation of crystal structures of 1–12. First trendline concerns
the nature of a halogen atom. Thus, we have shown that in the case of
lighter halogens (chlorine and bromine) thiourea molecules and its derivatives form dimers through S⋯S bonds (structures 6a, 6b and 7) upon
interaction with chlorine or bromine. The S⋯S distance varies from
2.017 Å to 2.0256 Å. The redistribution of electron density takes place
during dimerization process, which results in a higher interaction ability
of one sulfur atom in comparison with the other sulfur atom within one
dimer. No strong bonding was evidenced between sulfur and the halogen
atom, only weak interactions with the S⋅⋅⋅Hal distances being 0.7–6.5%
less than the sum of vdW radii.
Selenourea and its derivatives are expected to follow the same trend
as thiourea and its derivates due to the similar chemical properties of
sulfur and selenium. Indeed, the behavior of selenourea and its derivatives is very similar to that of thiourea and its derivatives, but yet not
exactly the same. Thus, in the crystal structures of selenourea chloride (3)
and bromide (4) selenourea tends to undergo trimerization (unlike
dimerization in the case of thiourea) with the Se⋯Se distances varying
from 2.597 Å to 2.717 Å. An unequal redistribution of the electron
density between the selenourea molecules happens upon trimerization.
This makes some selenium atoms to become more reactive than the other
selenium atoms. Weak Se⋅⋅⋅Hal interactions are present in the compounds
3 and 4. The Se⋅⋅⋅Hal distances are 5% shorter than the sum of van der
Waals radii.

Fig. 12. Crystal structure of 12. Hydrogens are omitted for clarity. Selected
bond lengths (Å) and angles ( ): S1–I1 2.629, S1EI1 2.629, C1–S1–I1 106.25,
C1ES1EI1 106.25.

However, in the case of heavier halogen (iodine) no S⋯S interactions
were observed in the crystal structures of 9–12. On the contrary, the
iodine atoms tend to form very strong bonds with sulfur atoms. The S⋯I
distances are up to 35% shorter than the sum of van der Waals radii.

Fig. 10. Crystal structure of 10. Hydrogens are omitted for clarity. Selected bond lengths (Å) and angles ( ): S1–I3(i) 3.711 (5), S1–I1 2.654 (3), S2–I1 2.602 (3), S3–I2
2.623 (3), S4–I2 2.635 (3), C1–S1–I3(i) 83.0 (4), I4(i)I3(i)S1 169.38 (7), S1–I1–S2(i) 179.1 (1), S3–I2–S4 178.8 (1). Equivalent positions: (i) x, 1/2y, 1/2 þ z.
6
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N 7.133%; calculated C 8.899%, H 1.992%, N 6.919%. The obtained
crystals of 1 and 2 were analyzed with SuperNova Dual X-ray diffractometer using Mo source for crystals of 1 and Cu source for crystals of 2.
Details on the XRD experiments can be found in ESI.

In the case of an interaction of selenourea/dimethylselenourea with
iodine, selenourea molecules form dimers in obtained compounds 1 and
2, and not trimers like in selenourea complexes with lighter halogens
3–5. The Se⋯Se distance becomes even shorter being 2.4001 (4) Å for 1
and 2.313 (1) Å for 2. The selenium atoms in the structure of 1 are not
equal: only one selenium atom is participating in weak interactions with
the iodine atoms, the other selenium atom from the same dimer stays
intact. In the structure of the iodine complex of dimethylselenourea (2),
both selenium atoms seem to behave similarly and participate in weak
interactions with the iodonium ions I
3 . The corresponding Se⋯I distances are 3.6% and 13% shorter than the sum of van der Waals radii for
1 and approximately 8% shorter than that for 2.
A clear correlation between the nature of a halogen atom and the
strength of chalcogen bonding is observed. Thus, a heavier halogen atom
with a larger polarizability (iodine) reveals higher tendency to break the
chalcogen⋅⋅⋅chalcogen bonds and to form strong chalcogen⋅⋅⋅halogen
bonds instead. Consequently, the dimers turn into monomers in the case
of thiourea and its derivatives (structures of 6–12), and the trimers turn
into the dimers in the case of selenourea and dimethylselenourea 1–5.
It should be noted that among all the crystal structures of 1–12, only
iodine cations Iþ in 10 and 12 act as electron density acceptors, while in
the remaining compounds 1–9 and 11 halogen species act as electron
density donors (or ChB acceptors).
Second trendline concerns nature of chalcogen atom. Thus, selenourea and dimethylselenourea form trimers 3–5 and dimers 1–2, while
thiourea and its derivatives form dimers 6–8 and monomers separated by
the iodine species 9–12. This could be explained by a higher polarizability of the selenium atoms in comparison with the sulfur atoms. Which
may result in a stronger tendency of selenium to form very strong Se⋯Se
bonds than in the case of the S⋯S bonding.
However, despite all the differences between thiourea and selenourea, the similarities in their behavior suggest us to expect similar
properties, e.g. antithyroid activity, which is already known for the
thiourea derivatives.
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Synthesis and structural characterization of binary co-crystals 1–4 is reported in the present paper. Selenourea
and 1,1-dimethylselenourea were used as selenium-containing halogen bond (XB) acceptors and iodopentaﬂuorobenzene (IPFB), 1,4-diiodotetraﬂuorobenzene (1,4-DIFB) and 1,4-dibromotetraﬂuorobenzene (1,4-DBrFB)
as XB donors. A comparative analysis of the similar binary co-crystals of selenourea and thiourea with a halogen
donor revealed that Se … Hal halogen bonds are up to 13.12% shorter than the sum of vdW radii, while in case of
S … Hal halogen bonds this value is 11.4%. Therefore, selenium tends to form stronger bonds with halogens than
sulfur does. Comparisons of XB interaction energies, Hirschfeld and QTAIM analyses of the Se and S systems
supported this observation that selenium based XB acceptor results in slightly stronger Ch⋅⋅⋅Hal halogen bonding.

1. Introduction
Halogen bonding (XB) is a well-known and powerful tool especially in
solid-state chemistry. XB is widely used in the ﬁelds of crystal engineering [1–5], catalysis [6–8], biochemistry [9–11], polymer sciences
[12] and various other applications [13–15]. More speciﬁcally, halogen
bonds can play an important role in the design of new drugs and inhibitors. For example, X⋅⋅⋅O/N/S short interactions are involved in a
recognition of thyroid-like hormones by proteins [10,16–18]. The
negatively charged 2D networks, consisting of halide anions and diiodoacetylene, are known to control the arrangement of positively charged
radicals in the molecular conductors [19]. The XB interactions, formed
by haloperﬂuoroalkanes and haloperﬂuoroarenes, are short and directional, allowing formation and structural control of supramolecular aggregates [20–22], hybrid materials with speciﬁed and well-deﬁned
domains [23,24] as well as layered materials [25]. Halides, polyhalides
and other anionic XB acceptors are capable of creating strong XB interactions and are, thus, widely used as building blocks in supramolecular architectures [26–32].
Halogen bonding can be described as an attractive interaction between an electrophilic halogen atom (Hal), acting as an XB donor, and a
nucleophilic halogen bond acceptor [33]. It is usually denoted as
R—X⋅⋅⋅Y, where X is a halogen; R is Hal, C, N, O etc.; Y is N, O, S, Se, Hal
etc. The R—X⋅⋅⋅Y angle tends to be close to 180 , meaning that the XB
acceptor Y approaches halogen X along the R—X bond elongation.

Same as in hydrogen bonding (HB), the nature of the XB arises from
the anisotropic distribution of the electrostatic potential around a covalently bound halogen atom (X) [34–36]. Thus, a region of positive electrostatic potential is formed on the elongation of a covalent R-X bond
direction and is called a “σ-hole”. The negative electrostatic potential
forms a so-called “electron belt” around the X atom and is perpendicular
to the σ-hole (Fig. 1). The size of the σ-hole increases going down the
halogen group F  Cl  Br  I along with the decreasing electronegativity
and increasing polarizability of the halogen atoms [37].
Nitrogen, oxygen, sulfur and halogens are the most well-known and
thoroughly studied XB acceptors [34,36,38,39]. While phosphorus and
selenium are less studied [4,40]. The non-covalent Se⋅⋅⋅Hal contacts are
not new interactions. For example, use of selenium⋅⋅⋅halogen bonds in
supramolecular design [41], crystal engineering [42], catalysis [43],
biochemistry e.g. as halide receptors [44] have been reported. The anion
binding in solution by chalcogen bond donors has been exploited in
catalysis and anion transport [45]. The charge-transfer (CT) complexes of
selenium-containing bond donors with dihalogens [46] are of great
importance in the ﬁelds of materials chemistry and pharmacology possessing anti-bacterial and anti-thyroid activity [47,48].
Selenium, as well as other Group 16 elements (also known as chalcogens), are known to act not only as electron density donors, but also as
electron density acceptors [49,50]. In this case the σ-hole is on the
chalcogen atom, making it the bond donor. Interest in the as-formed
chalcogen bonding (ChB) has increased over the past years [51–53],
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Table 1
The Se⋅⋅⋅Hal halogen bonding in 1–4.
N

Atoms

1

Se1⋯I1

although examples of it are still less common than hydrogen (HB) and
halogen bonding (XB). Chalcogen bonding has become a useful tool in
the design of crystal materials [54,55], synthesis [49,56–58] and catalysis [53,59,60].
Our choice of Se compounds for the present study was selenoureas,
because they possess simple structures. Furthermore, they are at least
moderately stable and commercially available. We have focused on the
use of the iodinated and brominated perﬂuorocarbons as halogen bond
donors [61], as iodine and bromine atoms are more polarizable than the
chlorine atom and, thus, are able to form stronger XB upon interaction
with selenium.
Herein we report a systematic study of selenium-based halogen
bonding with the preparation and structural investigation of the previously unknown co-crystals 1–4 of halogenated perﬂuorocarbons, i.e.
iodopentaﬂuorobenzene (IPFB), 1,4-diiodotetraﬂuorobenzene (1,4DIFB) and 1,4-dibromotetraﬂuorobenzene (1,4-DBrFB), with seleniumcontaining acceptors: selenourea (NH2C(Se)NH2) and 1,1-dimethylselenourea ((CH3)2NC(Se)NH2). The studied structures 1–4 are summarized in Fig. 2.

Angles,

3.315 (2)

C1–Se1–I1 ¼ 89.4 (5),
C3–I1–Se1 ¼ 177.7 (4)
C1–Se1–I2(i) ¼ 84.2 (5),
C6(i)–I2(i)–Se1 ¼ 179.0 (4)
C2–Se2–I3(ii) ¼ 91.1 (4),
C9(ii)–I3(ii)–Se2 ¼ 176.6 (4)
C2–Se2–I4(iii) ¼ 83.5 (4),
C12(iii)–I4(iii)–Se2 ¼ 169.2
(2)
C1–Se1–I1 ¼ 116.99 (8),
C4–I1–Se1 ¼ 165.27 (7)
C1–Se1–I1(iv) ¼ 85.8 (3),
C4(iv)–I1(iv)–Se1 ¼ 176.1 (2)
C1–Se1–Br1 ¼ 101.8 (1),
C4–Br1–Se1 ¼ 179.0 (1)
C1–Se1–Br2(v) ¼ 141.0 (1),
C7(v)–Br2(v)–Se1 ¼ 158.5 (1)

Se1⋯I2

(i)

3.337 (2)

Se2⋯I3

(ii)

3.414 (2)

Se2⋯I4(iii)

3.453 (2)

2

Se1⋯I1

3.677 (3)

3

Se1⋯I1(iv)

3.284 (1)

4

Se1⋯Br1

3.2916
(7)
3.4100
(8)

Fig. 1. Schematic representation of halogen bonding: X ¼ Hal; Y ¼ N, O, S, Se,
Hal etc.; R ¼ C, N etc.

Se1⋯Br2

(v)

◦

Distance,
Å

Equivalent
positions of (i)(v)

1/2þx, 1/
2y, 1/2þz
1/2þx, 1/2y,
1/2þz
1þx, y, z

1x, 1y, 1z

x, y, 1z

– Se⋯I and C–I⋯Se angles. The
reﬂected by the corresponding C–
– Se⋯I angles are close to 90 , therefore, selenium atoms participate in
C–
XB via electron belt and, thus, act as XB acceptors by donating electron
density. The C–I⋯Se angles are close to 180 , making iodine atoms
halogen bond donors, as they participate in XB via σ-hole (Fig. 3).
The selenium atoms are also involved in hydrogen bonding (HB) with
hydrogen atoms of the adjacent molecules (Table 2, Fig. 4), making
inﬁnite chains of the selenourea molecules.
In the crystal structure of 2, the selenium atom Se1 also participates in
XB upon interaction with iodine I1 (Table 1, Fig. 5). In the resulted
C1¼Se1⋯I1 fragment, the Se⋯I distance is 3.677 (3) Å vs. the sum of
vdW radii 3.88 Å. Selenium atoms act as XB acceptors, iodine atoms – as
XB donors. Halogen bond is longer in this case than in the case of selenourea in 1.
The dimethylselenourea molecules of 2 are arranged in zig-zag
manner via the H⋯Se hydrogen bonds (Table 2, Fig. 6). However, unlike 1, the diiodotetraﬂuorobenzene molecules of 2 are not involved in
HB.
Structure of 3 is a co-crystal of dimethylselenourea and iodopentaﬂuorobenzene (Fig. 7). The selenium Se1 and iodine I1 atoms are
involved in a halogen bonding, in which selenium acts as XB acceptor and
iodine acts as XB donor. The Se⋯I distance is 3.284 (1) Å, being
considerably shorter than the sum of vdW radii of 3.88 Å. Halogen bond
is shorter in this case than in the case of 1,4-IPFB in 2.

2. Results and discussion
2.1. Analysis of crystal structures 1–4
The crystal structure of 1 consists of a network of various noncovalent interactions. The halogen bonds are summarized in Table 1
and shown in Fig. 3. In this structure the Se–I distances vary between
3.315 (2) Å and 3.453 (2) Å. All Se–I bond lengths are signiﬁcantly
shorter than the sum of Bondi’s van der Waals (vdW) radii [62] (3.88 Å).
In all Se⋯I interactions, selenium atoms Se1 and Se2 act as XB acceptors,
and iodine atoms I1–I4 act as XB donors. This donor-acceptor behavior is

Fig. 2. Schematic representation of the adducts 1–4.
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Fig. 3. Halogen bonding in 1. Selected bond lengths (Å) and angles (◦): Se1–I1 3.315 (2), Se1–I2(i) 3.337 (2), Se2–I3(ii) 3.414 (2), Se2–I4(iii) 3.453 (2), C1–Se1–I1 89.4
(5), C3–I1–Se1 177.7 (4), C1–Se1–I2(i) 84.2 (5), C6(i)–I2(i)–Se1 179.0 (4), C2–Se2–I3(ii) 91.1 (4), C9(ii)–I3(ii)–Se2 176.6 (4), C2–Se2–I4(iii) 83.5 (4), C12(iii)–I4(iii)–Se2
169.2 (2). Equivalent positions: (i) 1/2þx, 1/2y, 1/2þz; (ii) 1/2þx, 1/2y, 1/2þz; (iii) 1þx, y, z.

Table 2
The H⋯Se and H⋅⋅⋅Hal hydrogen bonds in 1–4.

1

2
3
4

D-H

d(D-H)

d(H..A)

˂DHA

d(D..A)

A

Equivalent positions of (i-xii)

N1–H1B
N2–H2B
N2–H2A
N3–H3B
N4–H4A
N4–H4B
N1–H1
N1–H2
N1–H1A
N1–H1B
N1(x)–H1B(x)
C2(xi)–H2A(xi)
N1–H1A

0.88
0.88
0.88
0.88
0.88
0.88
0.88 (3)
0.83 (3)
0.880
0.880
0.880
0.980
0.880

2.703
2.654
2.917
2.633
2.9096
2.657
2.65 (3)
2.74 (3)
2.976
2.649
2.6755
3.0020
2.8667

160.8
164.5
165.6
167.8
177.3
165.2
163 (3)
154 (3)
145.4
164.0
167.4
153.8
140.5

3.54 (1)
3.51 (1)
3.78 (1)
3.50 (1)
3.79 (1)
3.52 (1)
3.497 (3)
3.506 (2)
3.734 (9)
3.503 (8)
3.539 (4)
3.905 (5)
3.590 (5)

Se1(i)
Se1(ii)
I3(iii)
Se2(iv)
I1
Se2(v)
Se1(vi)
Se1(vii)
Se1(viii)
Se1(ix)
Se1
Se1
Br1(xii)

1/2x, 1/2þy, 1/2z
1/2x, 1/2þy, 1/2z
1/2þx, 1/2y, 1/2þz
1.5x, 1/2þy, 1/2z
1.5x, 1/2þy, 1/2z
1x, 1y, 1z
1x, 1/2þy, 1.5z
x, 1/2y, 1/2þz
2x, 1y, 1z
x, 1y, 2z
1þx, y, z
1x, 1y, 2z

Fig. 4. Hydrogen bonding in 1.

A net of π-π interactions between the benzene rings of the adjacent
molecules arrange the iodopentaﬂuorobenzene molecules in layers with
a ring⋅⋅⋅ring distance of 3.565 Å (Fig. 8). Here the distance between the
benzene rings is the distance between the calculated centroids.
Same as in 2, only selenium atoms in 3 are involved in HB (Table 2,
Fig. S6), resulting in inﬁnite double chains of dimethylselenourea molecules separated by the iodopentaﬂuorobenzene molecules.
When iodine of diiodotetraﬂuorobenzene is changed to bromine,
compound 4 is obtained upon interaction with dimethylselenourea

molecules (Fig. 9). In this structure, selenium atoms form two types of
weak interaction with bromine atoms that are shorter than the sum of
van der Waals radii of 3.73 Å. Se1⋯Br1 interaction with distance of
3.2916 (7) Å and C4–Br1⋯Se1 angle of 179.0(1) ◦ is the XB interaction.
The second Se⋯Br interaction is to Br2 atom of another dibromotetraﬂuorobenzene molecule with the Se1⋯Br2 distance equal to 3.4100 (8)
Å. In this case the corresponding angles of the interactions are very
similar (C1–Se1–Br2 ¼ 141.0 (1) ◦, C7–Br2–Se1 ¼ 158.5 (1) ◦) suggesting
that this interaction does not have a donor-acceptor nature, but is more
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Fig. 5. Halogen bonding in 2. Hydrogens are omitted for clarity. Selected bond
lengths (Å) and angles (◦): Se1–I1 3.677 (3), C1–Se1–I1 116.99 (8), C4–I1–Se1
165.27 (7).

likely due to the close-packing requirements [63].
A set of H⋯Se hydrogen bonds (Table 2) and ring⋅⋅⋅ring interactions
results in the formation of the layered structure of 4 (Fig. 10). The distance between the rings measured as a distance between the calculated
centroids is equal to 4.412 Å.

Fig. 7. Halogen bonding in 3. Hydrogens are omitted for clarity. Selected bond
lengths (Å) and angles (◦): Se1–I1(i) 3.284 (1), C1–Se1–I1(i) 85.8 (3),
C4(i)–I1(i)–Se1 176.1 (2). Equivalent positions: (i) 1x, 1y, 1z.

similar systems. Therefore, it is likely that the presence of a proper HB
acceptor can lead to the formation of stronger Se⋅⋅⋅Hal bonding when
applied to selenoureas.

2.2. Selenourea vs. Thiourea
Several thiourea compounds are known to form halogen bonds with
iodine [64–68]. For example, Arman et al. have reported the structural
investigation of thiourea co-crystals with 1,4-diiodotetraﬂuorobenzene
(5) [67]. In the reported structure (Fig. 11, Table 3), the S⋯I distance
is in the range of 3.287 (2) - 3.453 (2) Å, being less than the sum of vdW
radii of 3.78 Å. In all the S⋯I interactions, sulfur atoms act as XB acceptors and iodine atoms act as XB donors. This is similar to the behavior
of selenium and halogen atoms in compounds 1–4. The S⋯I distances in
5 are 10–11.4% less than the sum of vdW radii, while in the similar
structure of 1 the Se⋯I distances are 11–14.6% less than the sum of vdW
radii. It indicates the formation of a somewhat stronger bonding in the
case of selenium compared to sulfur.
A set of HBs and other weak interactions results in the formation of
thiourea and diiodotetraﬂuorobenzene layeres in the structure of 5
(Table S3, Fig. S7), which is similar to those in 1–4.
Structural analysis of co-crystals 1–5 clearly demonstrates that chalcogen atoms participate in a large number of hydrogen bonds, which
affects the Ch⋅⋅⋅Hal halogen bonding. Involvement of Ch atoms in HB can
be possibly eliminated by the introduction of a hydrogen bond acceptor
in the system. Such approach was demonstrated in the work of Topic and
Rissanen [68]. Crown ether was chosen as HB acceptor. The S⋅⋅⋅Hal
distances are up to 17.57% smaller than the sum of corresponding van
der Waals radii, while in 5 these values are only 9.97 and 11.43% for

2.3. Computational results
2.3.1. Hirshfeld surface analysis and Fingerprint plots
Hirshfeld surface analysis has been carried out for co-crystals 1–5.
The contribution of halogen bond to the Hirshfeld surface is summarized
in Fig. 12.
It can be clearly seen from Fig. 12 that the contribution of XBs in each
co-crystal 1–5 to Hirshfeld surface is only minor, less than 11%,
compared with other types of non-covalent interactions. The contribution of HBs in co-crystals 1–5 is more prominent, stating that XB is not the
dominant force in determining the crystal structure of 1–5.
The comparison of co-crystals 1 and 5 demonstrates a slightly larger
contribution of both XBs and HBs in the case of 1 than in co-crystals 5.
However, it is not possible to reliably quantify the strength of the weak
interactions in these co-crystals.
The calculated Fingerprint plots for co-crystals 1–5 are shown in
Fig. 13. When both XB donor and acceptor atoms are the same, such plots
can also provide the information regarding the strength of formed XB.
Thus, the increased intensity around di/de1.50 Å/1.75 Å in S2⋯I and
di/de1.55 Å/1.75 Å in S1⋯I of 5 vs. di/de1.60 Å/1.75 Å in Se2⋯I and
di/de1.55 Å/1.75 Å in Se1⋯I of 1 indicate that S⋯I of 5 is generally
somewhat shorter than Se⋯I of 1. However, based on this no reliable

Fig. 6. Hydrogen bonding in 2.
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Fig. 8. Hydrogen bonding in 3. Green dashed lines indicate halogen bonds (I⋅⋅⋅Se), hydrogen bonds (H⋅⋅⋅Se) and short contacts (I⋅⋅⋅C, F⋅⋅⋅C, π⋅⋅⋅π). The red dashed lines
represent the centroid⋅⋅⋅centroid distances.

2.3.2. QTAIM analysis and single-point calculations on the cluster model
Comparisons of XB structural parameters and interaction energies of
the optimized and crystal structure geometries of halogen bonded donors
and acceptors are presented in Table 4. The XB interaction energies in cocrystals 1–5 vary from 18.2 kJ mol1 in 4 to 36.9 kJ mol1 in 3 and
rank in the weaker end of the spectrum of XB interactions that cover a
wide range from 5 to 180 kJ mol1 [2], the strongest being comparable to the strength of hydrogen bonding. The strongest XB is formed
when IPFB acts as an XB donor (ΔE ¼ 36.9 kJ mol1), while the weakest
XB is found for 1,4-DBrFB (ΔE ¼ 18.2 kJ mol1), which correlates with
the results of Hirshfeld surface analysis (see section 2.3.1. Hirshfeld surface analysis and Fingerprint plots). Comparison of the interaction energies
ΔE in experimental and optimized structures reveals smaller values in
case of experimentally obtained co-crystals for most of the structures. The
notable exception is structure 3 of IPFB and dimethylselenourea where
both optimized and experimental XB interaction energies are calculated
to be almost the same (36.7 vs. 36.9 kJ mol1, respectively). This can
be taken as an indication that in case of 1,4-DIFB and 1,4-DBrFB the
interactions formed by the halogen atom in the para position affect the
XB donor ability of I and Br atoms in the solid state. Other competing
interactions (e.g. HB) are also expected to affect the strength of the XBs in
the solid state. Without the other interactions that are present in the solid
state the calculated halogen bond interactions become stronger (Table 4).
As was expected, in the case of optimized geometries the interaction
energies in halogen bonds with Se as acceptor are slightly stronger than
those with S, meaning that Se⋯I halogen bonds are slightly stronger than
S⋯I bonds. However, in the experimental structures, presence of
hydrogen bonding as well as other weak interactions reduces the Ch⋅⋅⋅Hal
interaction energies.
Results of the QTAIM analysis for the optimized structures are presented in Table S4 and bond critical point electron densities, ρb (Table 4),
show the same general trend as ΔE that Se⋅⋅⋅Hal bonds are somewhat
stronger than S⋅⋅⋅Hal halogen bonds. However, in contrast to relative ΔE
values, selenourea and thiourea structures with 1,4-DIFB show higher ρb
values for halogen bonds than the corresponding dimethylselenourea and
dimethylthiourea structures, respectively, while the interaction energies

indication on the strength of the XBs can be given. Similarly, the
increased intensity of Se⋯Br of 4 around di/de1.65 Å/1.65 Å
comparing to that of 2 means that Se⋯Br of 4 is slightly shorter than
Se⋯I of 2. Moreover, Se⋯I of 3 shows strong intensity around di/de
1.55 Å/1.70 Å, while that of 2 is around di/de1.6 Å/1.75 Å, suggesting
that Se⋯I of 3 is stronger than that of 2, proving that iodopentafuorobenzene is a stronger XB donor than diiodoteteraﬂuorobenzene. The
different pattern of ﬁngerprints also indicates that the selenium/sulfur
atom containing molecule is in different immediate polymorph environment [69].

Fig. 9. Halogen bonding in 4. Hydrogens are omitted for clarity. Selected bond
lengths (Å) and angles (◦): Se1–Br1 3.2916 (7), Se1–Br2(i) 3.4100 (8),
C1–Se1–Br1 101.8 (1), C4–Br1–Se1 179.0 (1), C1–Se1–Br2(i) 141.0 (1),
C7(i)–Br2(i)–Se1 158.5 (1). Equivalent positions: (i) –x, –y, 1–z.
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Fig. 10. Layered structure of 4. Green dashed lines are weak interactions, red dashed lines are centroid⋅⋅⋅centroid distances.

formation in addition to the direct interaction between donor and
acceptor atoms. The strongest bonding with highest electron density
values was found for IPFB as an XB donor (0.017 for 5 and 0.018 for 1),
while the weakest bonding with lowest electron density values was found
for 1,4-DBrFB (0.011 for dimethylthiourea co-crystals and 0.012 for 4).

Table 3
The S⋯I halogen bonding in 5.
N

Atoms

Distance,
Å

Angles,

5

S1⋯I1

3.348 (2)

S1⋯I2

3.403 (2)

S2⋯I3

3.287 (2)

S2⋯I4(i)

3.281 (2)

C13–S1–I1 ¼ 91.3 (3),
C1–I1–S1 ¼ 176.8 (2)
C13–S1–I2 ¼ 84.6 (3),
C4–I2–S1 ¼ 171.0 (2)
C14–S2–I3 ¼ 86.6 (3),
C7–I3–S2 ¼ 179.2 (2)
C14–S2–I4(i) ¼ 88.7 (3),
C10(i)-I4(i)-S2 ¼ 179.6 (2)

◦

Equivalent
positions of (i)

3. Conclusions
Selenium atom is shown to exhibit XB acceptor properties upon
interaction with halogenated perﬂuorocarbons by donating electron
density to halogen atoms. Comparative crystal structure analysis reveals
that the Se⋅⋅⋅Hal interactions appear to be somewhat stronger than the
S⋅⋅⋅Hal interactions in the similar compounds 1 and 5, respectively. The
corresponding Ch⋅⋅⋅I distances are 11–14.6% less than the sum of vdW
radii for 1 and 10–11.4% less for 5. The conducted computational
analysis of the optimized co-crystals conﬁrmed that the halogen bonding
is slightly stronger when Se acts as an XB acceptor than in the case of S-

1/2þx, 1.5y,
1/2þz

indicate stronger XBs for the dimethylselenourea and dimethylthiourea.
Trends in ρb values are in line with the observed XB distances in optimized structures. This indicates that the calculated XB interaction energies likely include other aspects of structure stabilization via XB

Fig. 11. Halogen bonding in 5. Selected bond lengths (Å) and angles (◦): S1–I1 3.348 (2), S1–I2 3.403 (2), S2–I3 3.287 (2), S2–I4(i) 3.281 (2), C13–S1–I1 91.3 (3),
C1–I1–S1 176.8 (2), C13–S1–I2 84.6 (3), C4–I2–S1 171.0 (2), C14–S2–I3 86.6 (3), C7–I3–S2 179.2 (2), C14–S2–I4(i) 88.7 (3), C10(i)–I4(i)–S2 179.6 (2). Equivalent
positions: (i) 1/2þx, 1.5 y, 1/2þz.
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Fig. 12. Contribution of XBs and HBs to Hirshfeld surface.

Fig. 13. 2D ﬁngerprint plots resolved into Se⋯I in 1–4 and S⋯I in 5. Fingerprint plots for 1–5 in higher resolution can be found in Supplementary Information.

only few examples of selenourea complexes are known, which gives room
for a lot of new discoveries in this ﬁeld in future.

acceptor. This trend is reﬂected in the values of the interaction energies
ΔE (kJ mol1) as well as bond critical point electron density ρb. Additionally, we have demonstrated that iodine-containing XB donors iodopentaﬂuorobenzene and 1,4-diiodotetraﬂuorobenzene are better XB
donors, which form stronger bonds, than their bromine-containing
analogue 1,4-dibromotetraﬂuorobenzene.
In addition, the Ch⋅⋅⋅Hal interaction can be made even stronger, if the
competitive hydrogen bonding is being blocked by the presence of a
proper HB acceptor, as was demonstrated by Topic and Rissanen [68].
Selenourea and 1,1-dimethylselenourea can, thus, be regarded as
promising agents for the design of new XB-based crystal systems.
Furthermore, the similarity of selenourea to thiourea suggests selenourea
to reveal possible biological importance, for example in thyroid chemistry, as thiourea is a well-known antithyroid agent [11,70,71]. To date,

4. Experimental section
4.1. Synthesis of NH2C(Se)NH2⋅⋅⋅1,4-DIFB (1)
Selenourea (19.7 mg; 0.16 mmol) was dissolved in 3 ml of acetonitrile
and stirred until complete dissolution. The reaction vessel was covered
with aluminum foil all the time. Then 1,4-diiodotetraﬂuorobenzene
(64.40 mg; 0.16 mmol) was added. The reaction mixture was stirred
for 2 h and then vacuum-dried. The colourless needle crystals of 1 were
obtained.
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Table 4
Comparison of halogen bond parameters, interaction energies ΔE (kJ mol1) and QTAIM bond critical point electron density ρb in CX⋅⋅⋅E (X ¼ I, Br; E ¼ S, Se) halogen
bonds between halobenzenes and seleno/thioureas (calculated at M06-2X/def2-TZVP level of theory).
Structure

5
C6F4I2⋅⋅⋅SC(NH2)2
1
C6F4I2⋅⋅⋅SeC(NH2)2
C6F4I2⋅⋅⋅SC(NH2)(NMe2)a
2
C6F4I2⋅⋅⋅SeC(NH2)(NMe2)
C6F5I⋅⋅⋅SC(NH2)(NMe2)a
3
C6F5I⋅⋅⋅SeC(NH2)(NMe2)
C6F4Br2⋅⋅⋅SC(NH2)(NMe2)a
4
C6F4Br2⋅⋅⋅SeC(NH2)(NMe2)
a

Experimental

Optimized

r(CX⋅⋅⋅E)

ΔE

r(CX⋅⋅⋅E)

ΔE

∠(CX⋅⋅⋅E)

∠(X⋅⋅⋅EC)

ρb

3.287

29.5

3.289

30.2

174.4

101.2

0.017

3.315

29.5

3.385

32.8

173.1

96.5

0.018

3.368

25.2

3.394
3.480

33.5
36.8

169.3
168.1

74.9
72.3

0.014
0.015

3.284

36.9

3.390
3.478

33.6
36.7

169.9
170.1

74.9
71.9

0.014
0.015

3.292

18.2

3.418
3.494

24.0
25.5

166.0
167.8

71.0
69.3

0.011
0.012

These co-crystals were not obtained experimentally, only as theoretical models on the basis of known selenium-containing analogues.

measured at a temperature of 120–150 K. The X-ray diffraction data were
collected on a Rigaku Oxford Diffraction Supernova diffractometer using
Mo Kα (1) or Cu Kα (2) radiation or on a Bruker Kappa Apex II Mo Kα
radiation (3, 4). The CrysAlisPro [72] (1, 2) or the Denzo-Scalepack [73]
(3, 4) software packages were used for cell reﬁnements and data reductions. A multi-scan (1, 2) or a numerical (3, 4) absorption correction
(CrysAlisPro [72] or SADABS [74]) was applied to the intensities before
structure solutions. The structures were solved by intrinsic phasing
method using the SHELXT [75] software (1–3) or by charge ﬂipping
method using SUPERFLIP [76] software (4). Structural reﬁnements were
carried out using SHELXL [75] software with SHELXLE [77] graphical
user interface. In 1, the carbon atoms C2, C3, C6, C8, C12, and C14 were
restrained so that their Uij components approximate to isotropic
behavior due to the low data quality. In 2, the NH hydrogen atoms were
located from the difference Fourier map and reﬁned isotropically. Other
hydrogen atoms were positioned geometrically and constrained to ride
on their parent atoms with C–H ¼ 0.98 Å, N–H ¼ 0.88 Å and Uiso ¼
1.2–1.5 Ueq(parent atom). The crystallographic details are summarized
in Table S1.

4.2. Synthesis of (CH3)2NC(Se)NH2⋅⋅⋅1,4-DIFB (2)
1,1-dimethylselenourea (22.66 mg; 0.15 mmol) was dissolved in 3 ml
of acetonitrile and stirred until complete dissolution. The reaction vessel
was covered with aluminum foil all the time. Then 1,4-diiodotetraﬂuorobenzene (60.22 mg; 0.15 mmol) was added. The reaction mixture was
stirred for 2 h and then vacuum-dried. The colourless block crystals of 2
were obtained.
4.3. Synthesis of (CH3)2NC(Se)NH2⋅⋅⋅IPFB (3)
1,1-dimethylselenourea (22.66 mg; 0.15 mmol) was dissolved in 3 ml
of acetonitrile and stirred until complete dissolution. The reaction vessel
was covered with aluminum foil all the time. Then iodopentaﬂuorobenzene (44.09 mg; 0.15 mmol) was added. The reaction mixture
was stirred for 2 h and then vacuum-dried. The colourless needle crystals
of 3 were obtained.
4.4. Synthesis of (CH3)2NC(Se)NH2⋅⋅⋅1,4-DBrFB (4)
1,1-dimethylselenourea (15.11 mg; 0.10 mmol) was dissolved in 3 ml
of acetonitrile and stirred until complete dissolution. The reaction vessel
was covered with aluminum foil all the time. Then 1,4-dibromotetraﬂuorobenzene (30.79 mg; 0.10 mmol) was added. The reaction
mixture was stirred for 2 h and then vacuum-dried. The colourless needle
crystals of 4 were obtained.
Selenourea, 1,1-dimethylselenourea, 1,4-diiodotetraﬂuorobenzene,
iodopentaﬂuorobenzene and 1,4-dibromotetraﬂuorobenzene were purchased from Sigma-Aldrich.
All the crystals of 1–4 were isolated as single crystals only. The yields
of the compounds 1–4 were only few crystals, which was too low to be
characterized in bulk as well as to perform the elemental analyses of 1–4.
Similar appearance of the resulting and starting compounds, low stability
of the products and low conversion degree lead to inability to gain
enough material for analyses. However, the purpose of the current work
was to obtain high quality single crystals and not to optimize the yields.
The obtained crystals of 1 and 2 were analyzed with SuperNova Dual Xray diffractometer using Mo Kα radiation for crystals of 1 and Cu Kα
radiationfor crystals of 2. The obtained crystals of 3 and 4 were analyzed
with Bruker KAPPA APEX II CCD X-ray diffractometer using Mo source.
Details on the XRD experiments can be found in ESI.

4.6. Computational details
CrystalExplorer [78] was used to create the Hirshfeld surface around
each selenium/sulfur containing molecule.
All structures were optimized using Gaussian 16 program package
[79] and employing hybrid meta GGA functional M06-2X [80] and
def2-TZVP basis sets [81,82]. M06-2X functional was chosen as it has
been shown to give accurate descriptions for halogen bonds in benchmark studies [83]. Basis set superposition errors were treated with the
counterpoise method [84]. The AIMall program [85] was used to carry
out the QTAIM analyses.
Accession codes
CCDC 2039958–2039961 contain the supplementary crystallographic
data for this paper. These data can be obtained free of charge via www.cc
dc.cam.ac.uk/data_request/cif, or by emailing data_request@ccdc.cam.
ac.uk, or by contacting The Cambridge Crystallographic Data Centre,
12 Union Road, Cambridge CB2 1EZ, UK; fax: þ44 1223 336033.
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