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Unveiling the significance of adduct formation
between thiocarbonyl Lewis donors and diiodine
for the structural organization of rhodanine-based
small molecule semiconductors†

Anna Laura Sanna, a Simone Acca,a Enrico Podda, b Antonello Mascia, c

Anna Pintus, a M. Carla Aragoni, a Vito Lippolis, a Carlo Ricci,d

Piero Cosseddu, c Massimiliano Arca *a and Giuseppe Sforazzini *a

Rhodanine vinyl bithiophene (BTR) was synthesized and characterized both spectroscopically and

structurally. The reaction of BTR with molecular iodine led to the 1 : 1 ‘‘spoke’’ adduct BTR�I2, formed by

interaction of the rhodanine thiocarbonyl group with a diiodine (I2) molecule. The elongation of the I–I

bond in the adduct with respect to solid-state I2 and the Raman response in the low-energy region

(n = 150 cm�1) clearly indicate BTR�I2 to be a weak CT adduct. Hybrid-DFT calculations showed that the

adduct formation narrowed the HOMO–LUMO gap in BTR�I2 as compared to BTR, while the extended

network of secondary interactions, including type-I halogen bonds (XB), results in the formation of an

extended 3D network. As a consequence, the room temperature conductivity of BTR�I2 increased with

respect to BTR, testifying for a more efficient molecular packing for charge percolation, with the

formation of charge carriers in the crystal being facilitated by the presence of I2. It is worth noting that

the single-crystal junction device operates at room temperature, in air, and no variation of conductivity

over time was observed, indicating that no loss of diiodine occurred during measurements. These results

clearly indicate the formation of thiocarbonyl–diiodine CT adducts and their potential as a solid additive

for modulating the organization of small molecule semiconductors.

Introduction

The molecular organization of p-conjugated compounds in the
solid-state plays a crucial role in organic electronics.1–3 Inter-
molecular interactions, including p–p stacking, dipole–dipole,
and charge transfer interactions, significantly influence the
arrangement of molecules, thereby defining pathways for
charge percolation.4–7 Understanding and controlling these
interactions is essential for improving the energy efficiency,
stability, and overall performance of organic electronic devices.

Over the past decade, there has been an increasing interest in
the development of a class of p-conjugated compounds com-
monly referred to as ‘‘small molecules’’ (SMs).8–10 These com-
pounds are currently widely investigated for their potential in
creating n-type semiconductor materials for highly efficient
and sustainable organic solar cells (OSCs), among other
applications.9–13 The typical design of a SM consists of a
polycyclic aromatic p-system arranged in a linear or fused
fashion, along with solubilizing side chain and electron direct-
ing functionality (Fig. 1). Widespread research efforts have
been devoted to enhancing the efficiency of OSCs by thought-
fully tuning the energy level of the p-conjugated compounds
and carefully selecting solubilizing chains to control their
arrangement in the solid state once they are processed from
solution.14–16 However, it is essential to note that an inap-
propriate choice of solubilizing groups can have a detrimental
impact on the performance of an optoelectronic device. This
occurs because the lateral side chains might promote molecu-
lar assemblies with good local charge mobility but an overall
modest charge carrier percolation.17–21 Exploring post-synthetic
approaches for controlling molecular organization is of parti-
cular interest. Common strategies involve the use of processing
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additives in the solution of organic semiconductors during
the drying process, and thermal post-treatment of the formed
thin films. Based on their distinct properties and effects, additives
can be categorized into two categories: solvent additives and solid
additives. The first category typically consists of solvents that
primarily impact the solution state and evaporation dynamics in
the film formation process. These additives have a higher boiling
point as compared to the main solvent, leading to a slower
evaporation rate during the film preparation, thus allowing for
fine-tuning of the film crystallinity, as well as the phase separation
in the case of blends.15,22–25

The second category, solid additives, operates distinctively
from their solvent counterparts, first because they alter the
intermolecular interaction among p-conjugated compounds,
and second because they are incorporated into the films, so
in principle they do not require high temperature for their
removal.26–28 Such a scenario is particularly interesting as it
avoids the risk of film degradation which inevitably leads to a
reduction in device performance. Examples of solid additives
include 7-dibromo-9,9-dimethyl fluorene (DBDMF), hydroxy-
methylpyrimidine derivatives, 9-fluorenone-1-carboxylic acid
(FCA), 2-benzylidene-1-indene-1,3-dione and its derivatives, and
diiodine.26–30 The latter additive is particularly intriguing because
it is commonly employed also as a p-type chemical dopant for
both small molecules and p-conjugated polymers, contributing to
the enhancement of charge carriers in the semiconductor
layer.29,30 However, the optimal generation of charge carriers
relies heavily on the homogeneous distribution of the dopant
throughout the material. To achieve this objective, various para-
meters must be carefully tuned during the film deposition
process. Studies have demonstrated that employing higher tem-
peratures is advantageous for this purpose.29 Consequently, the
use of a solid dopant may prove to be less energy-effective if heat
must be applied during the fabrication of optoelectronic devices.
As a possible solution to this problem, our vision is to leverage the
terminal functionality of semiconductors as coordination points
for solid additives/dopants, so to reach a homogeneous distribu-
tion at the molecular level in the materials also at room tempera-
ture. In this context, intermolecular charge-transfer (CT)31 and

s-hole interactions,32 such as hydrogen, halogen, and chalcogen
bonding interactions,33 are very promising to establish directional
secondary bonds between semiconducting compounds and solid
additives. In particular, contrary to carbonyl groups (CQO),
chalcocarbonyl functionality CQCh (Ch = S, Se) is known to
promote intermolecular CT with I2.31 At the same time, the CQCh
unit is of common occurrence in the terminal unit of SMs as it is
intrinsically included in the molecular architecture of rhodanine
electron-directing groups.9,11–13 To the best of our knowledge, no
examples of CQCh� � �I2 interactions in the rhodanine function-
ality and in the presence of p-conjugated compounds have been
reported in the past. Therefore, we have focused our attention on
investigating CQCh� � �I2 bond formation in a model compound
consisting of a p-conjugated segment directly connected to a
rhodanine functionality. In this work, we report on the synthesis
and structural and spectroscopic characterization of a bithio-
phene derivative featuring a N-ethylrhodanine (BTR, Fig. 1), and
its CT adduct with molecular iodine. By utilizing a single crystal
junction set-up, the effect of solid-state molecular organization on
charge percolation through the crystals of the prepared com-
pounds and adducts is investigated.

Results and discussion
Design and synthesis

We designed a bithiophene p-conjugated backbone decorated
with a rhodanine electron-withdrawing group as a model of
the bridge–acceptor segment of a SM semiconductor (Fig. 1).
The bithiophenic segment was deliberately incorporated in the
design to mimic the behaviour of the bridging linker between a
hypothetical central core of a small molecule and the acceptor
terminal group. Thus, the bithiophene moiety serves a dual
purpose: first, it helps establish a reasonable electronic density in
proximity to the electron-withdrawing group (rhodanine), and
second, it functions as a means to verify the absence of side
reactions, such as halogenation in positions 2 and 3, when the
compounds undergo treatment with halogens. The synthetic
pathway of the model compound bithiophene vinyl rhodanine
(BTR) is depicted in Scheme 1. BTR was synthesized by Vilsmeier
reaction34 followed by Knoevenagel condensation.35 Commer-
cially available 2,20-bithiophene (BT) underwent an initial reaction
with phosphorus oxychloride (V), POCl3, and dimethylformamide
(DMF) in 1,2-dichloroethane (1,2-DCE), resulting in quantitative
yield of 2,20-bithiophene-5-carbaldehyde (BTA).

Subsequently, the obtained acylated product was reacted
with N-ethylrhodanine, in the presence of piperidine and
ethanol, to give the desired product in quantitative yields.

Fig. 1 Schematic representation of the molecular structure of small
molecule semiconductors (top). Selected representative examples of the
bridge–acceptor molecular structure segment (bottom). BTR = bithio-
phene vinyl rhodanine; BTMN = bithiophene vinyl rhodanine malonitrile.

Scheme 1 (a) POCl3 (i), DMF (ii), 1,2-DCE, reflux (83 1C), 24 h; (b) 3-ethyl-
2-thioxo-1,3-thiazolidin-4-one, piperidine, ethanol, reflux (78 1C), 24 h.

Paper Journal of Materials Chemistry C

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

8 
Ju

ly
 2

02
4.

 D
ow

nl
oa

de
d 

on
 1

/2
1/

20
26

 7
:5

9:
10

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4tc01791a


11354 |  J. Mater. Chem. C, 2024, 12, 11352–11360 This journal is © The Royal Society of Chemistry 2024

BTR was then treated with I2 to form CT adducts through the
interaction of the rhodanine CQS functionality and I2.

X-ray diffraction analysis

The reactions between thiocarbonyl donors and I2 allow for the
formation of a variety of products, including simple CT ‘‘spoke’’
adducts CQS� � �I–I, ‘‘extended’’ CT adducts CQS� � �I–I–(I–I)n, iodo-
nium compounds CQS� � �I+� � �SQC, in addition to donor oxida-
tion products such as [C–S–S–C]2+ dications.31 Cationic products
can be counterbalanced by discrete or extended (poly)iodides with
the general formula [I2m+n]n� (n, m 4 0), such as [I4]2�, [I5]�, and
[I7]�, with the largest reported so far being the ferrocenium salt of
[I29]3�.36,37 To investigate the potential scenarios involving
rhodanine-containing thiophene derivatives, BTR and I2 were
made to react under various reaction conditions, systematically
changing both the solvents and the molar ratios of reactants.
Single crystals of BTR were grown by slow evaporation of an
ethanol solution (Table S1, ESI†). The molecular unit is nearly
planar except for the ethyl substituent at the rhodanine ring
(Fig. 2a). Notably, the rhodanine ring shows the endocyclic sulfur
atom periplanar with respect to the central thiophene ring, while
the terminal thiophene is disordered over two positions, peripla-
nar (64%) and antiperiplanar (36%) with respect to the central
ring. Parallel BTR units (angle between the molecular planes 1.71)
are packed in a head-to-tail fashion based on p–p slipped stacking
interactions between rhodanine and the terminal thiophene rings
(intercentroid distance = 3.68 Å considering the major component)
to form a pile developing along the [001] direction (Fig. 2b).

Parallel piles pack along the [010] direction through interactions
involving the ethyl substituents and the thiophene and the rho-
danine rings. By either diffusion of diiodine vapors into a BTR
hexane solution or direct mixing of hexane solutions of BTR and I2,
a single type of product was isolated, identified as BTR�I2 by single-
crystal X-ray diffraction analysis, and consisting of a CT ‘‘spoke’’
adduct showing a (CQ)S� � �I–I linear moiety [S1� � �I1, 2.7576(5);
I1–I2, 2.8067(4) Å; S1–I1–I2, 164.70(1)1; Fig. 2c]. Analogous to the
crystal structure of BTR, the disorder of the terminal thiophene
was modelled over two sites with atomic occupancies of 85 : 15
with the predominance of the antiperiplanar conformation. Inter-
estingly, the planarity observed for the BRT units in its crystal
structure is retained in the CT adduct with I2. As typical of CT
interactions, the transfer of electron density from the thiocarbonyl
donor to I2 results in a slight elongation of the CQS bond [C1–S1 =
1.632(2) and 1.666(1) Å in BTR and BTR�I2, respectively]. Accord-
ingly, the I–I bond in BTR�I2 is elongated as compared to free I2

[I1–I2 = 2.806(1) and 2.715(6) Å in BTR�I2 and in the free I2,38

respectively], as a consequence of the CT to the I2 antibonding s*
MO. Accordingly, the I–I bond length in BTR�I2 corresponds to a
Pauling bond order of 0.691.39 The strength of the CT interaction
in BTR�I2 is weaker than the average of the related CT adducts
deposited in the Cambridge Structural Database (CSD) between
thiocarbonyl donors embedded in pentatomic rings and I2 featur-
ing a S� � �I–I moiety [angle larger than 1701, 44 hits; S� � �I and I–I
average distances = 2.695(7) and 2.879(5) Å, respectively]. The
weakness of the interaction can be attributed to the presence of
the electron withdrawing carbonyl group in the rhodanine ring.

Fig. 2 (a) Ellipsoid plot and atom labelling scheme of compound BTR. The terminal thiophene ring is disordered over two positions with fractional
occupancies 64 : 36. (b) Intermolecular interactions in the crystal packing of compound BTR (intercentroid distance of 3.68 Å). The minor component of
the disordered moiety was omitted for clarity. (c) Ellipsoid plot and atom labelling scheme of compound BTR�I2. The terminal thiophene ring is disordered
over two positions with fractional occupancies 85 : 15. (d) p–p stacking interactions between pairs of BTR�I2 units featuring an intercentroid distance of
3.67 Å when considering the most abundant position of the disordered terminal thiophenyl moiety. (e) View along the [101] direction of a portion of a
ribbon motif found in the crystal structure of BTR�I2 (see the text for a description of weak interactions). Ellipsoids were drawn at the 50% probability level.
Hydrogen atoms were omitted for clarity in (b) and (d). Symmetry operations: i = 1 + x, 1 + y, +z; ii = 1 � x, 2 � y, 2 � z; iii = 1 � x, 1 � y, �z. See Tables S2–
S5 (ESI†) for selected bond angles (1) and distances (Å).
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The bond distances and angles in the 4CQS� � �I–I fragment of
BTR�I2 strictly recall those observed in the adduct (mdth)�I2 (mdth =
1,5,5-trimethyl-2-thiohydantoin) [S� � �I 2.818(2), I–I 2.795(1) Å,
S� � �I–I 178.03(3)1].40 It is worth noting that the S� � �I and I–I relative
bond distances in the S� � �I–I moiety clearly fall within the correla-
tion proposed by Devillanova for linear three-body systems A–B–C
involving either halogens, X–X–X (X = Br, I), or halogen(s) and
chalcogen(s) atoms, Ch–X–Y, X–Ch–Y, and Ch–X–Ch (Ch = S, Se;
X = Y = Cl, Br, I; X = I, Y = Cl, Br, I), which correlates the relative
elongations d1 and d2 of the two interatomic distances with respect
to the sum of the relevant covalent radii (Fig. S1 in the ESI†). Pairs
of planar adduct units show p–p stacking interactions between the
rhodanine ring of one unit and the terminal thiophene ring of a
symmetry related one (intercentroid distance 3.67 Å; Fig. 2d).
Dimers formed by adjacent pairs interact through C–S� � �I and
C–H� � �O weak contacts, the latter defining a R2

2(10) hydrogen
bonding motif as the result of two interacting symmetry-related
rhodanine groups [C11i–S4 = 1.721(2); S4Ai� � �I1 = 3.660(1) Å; C11i–
S4Ai� � �I1 = 172.66(8); C1–S1 = 1.666(2); C6–H6 = 0.95 Å; H6ii� � �O1 =
2.34; C6ii� � �O1 = 3.210(3) Å; C6ii–H6ii � � �O1 = 1511; i = 1 + x, 1 + y,
+z; ii = 1 � x, 2 � y, 2 � z; Fig. 2e and S2 in the ESI†]. In addition,
the terminal I2 units show very weak I� � �I contacts, close to the
sum of the relevant van der Waals radii, with a topology typical
of bent type-I halogen bonds (XB) [I2� � �I2iii = 4.1267(5) Å; I1–
I2� � �I2iii = 124.57(1)1; iii = 1–x, 1–y, –z; Fig. 2e].

Raman spectroscopy

Raman spectroscopy is a sensitive technique providing struc-
tural information on dihalogens, interhalogens, and (inter)-
polyhalides.41 In particular, in ‘‘spoke’’ I2-adducts the extent of
the elongation of perturbed diiodine is reflected in the shifting
of the Raman peak due to the I–I sg stretching vibration.
Molecular iodine (bond order nI–I = 1) shows a peculiar peak at
214.5 cm�1 in the gas phase, due to the I–I stretching
vibration.42–45 The same vibration can be envisaged in the range
203–211 cm�1 in low-polar organic solvents.45 Accordingly,
nearly monomeric I2 trapped in solid Kr displayed a distinct
Raman band at 210.8 cm�1 at 32 K.44 In crystalline I2, two
molecular units are present in the unit cell, and two vibrations
can be envisaged, attributed to the in-phase (Ag, 180 cm�1) and
out-of-phase (B3g, 189 cm�1) stretching modes.46,47 In solid state
I2 at room temperature, only the former band is often observed,
so that I2 is reported to feature a single Raman band.45,48 In
molecular systems containing perturbed diiodine (nI–I o 1) the

weakening of the I–I bond is reflected in a linearly dependent
shift of the Raman Ag band toward lower wavenumbers. The
Raman spectrum of BTR�I2 shows a single peak at 150 cm�1

(Fig. S3 in the ESI†), clearly absent in the Raman spectrum of
BTR. The shift of this peak (about 30 cm�1) with respect to the
peak observed for solid I2, together with the moderate elongation
of the I–I bond, classifies BTR�I2 as a weak CT adduct (nI–I 4
0.6).49 In fact, the Raman shift recorded for BTR�I2 falls within
the linear correlation between the measured Raman frequency
and the I–I bond distances reported for weak I2 CT adducts.49

Computational study

To better understand the reactivity of BTR towards diiiodine, a set
of theoretical calculations were performed on both BTR and its
1 : 1 diiodine CT adduct. Based on comparative investigations
reported previously,50,51 the hybrid mPW1PW52 functional was
paralleled by Schäfer, Horn and Ahlrichs split-valence basis sets
including polarization functions (SVP),53 in the formulation of
Weigend (def2-SVP)54 for all atoms except iodine, for which the
LANL08(d)55 basis set including relativistic effective core
potentials (RECPs) was adopted. Over the past few decades, the
interaction of chalcogen donors with diiodine has been described
by using two apparently opposite descriptions. Traditionally, this
interaction was interpreted on the basis of an orbital-mixing
model as a charge-transfer (CT) interaction between the Lewis
base L, featuring a lone pair of electrons (LP) on the donor atom,
and the I2 Lewis acid, featuring a s* antibonding molecular
orbital located along the I–I bond, so that the CT results in a
lowering of the I–I bond order and an elongation of the bond as
compared to that of unperturbed I2.31,43,48

More recently, the same type of interactions has been
considered to be governed by the anisotropy of electrostatic
potential on the interacting halogen atom, whose charge deple-
tion sites (s-holes),32 located opposite to the I–I bond in I2

(Fig. 3b), would orient the halogen towards more nucleophilic
sites in the organic molecule, i.e. those displaying a more
negative electrostatic potential. In this context, the spoke
adduct L�I2 has been considered as the result of a halogen bond
(XB)56,57 interaction between the I2 XB donor and the L
acceptor.58 Recent theoretical studies carried out often at the
DFT level have agreed that s-hole interactions result from
different contributions. Energy decomposition analyses (EDAs)
have shown that the energy of s-hole interactions can be
decomposed into an electrostatic term and an MO-mixing

Fig. 3 Molecular electrostatic potential (MEP) mapped on the electron density surface (5 � 10�3 |e| bohr�3) in BTR (a; periplanar conformation), I2 (b),
and BTR�I2 (c; periplanar conformer). MEP range �0.05 (red) – +0.05 (blue) a.u. Hydrogen atoms were omitted for clarity.
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term,59,60 in addition to dispersion.61 The relative weight of
each contribution depends largely on the nature of the involved
groups, so that the nature of the s-hole interactions spans from
almost purely ionic, especially at longer distances, to largely
covalent, in which case a three-body system, featuring comple-
mentary bond orders, can be envisaged.

With the aim to get an insight into the interaction between
BTR and I2, DFT calculations were carried out on the isolated
BTR and I2 molecules, and the BTR�I2 ‘‘spoke’’ adduct (see
Tables S6–S8 in the ESI† for the orthogonal Cartesian coordi-
nates in the optimized geometries). As described above, the
crystal structure of BTR shows the terminal thiophene ring
disordered over the two possible planar and antiperiplanar
conformations. Both planar conformers were optimized in the
gas phase showing a negligible total electronic energy differ-
ence (0.8 kcal mol�1), thus justifying the presence of both
conformers in the crystal structure. In Table 1, a selection of
the natural charges62–64 Q calculated for BTR at the optimized
geometry is reported (see Tables S9–S11 for a full list in the
ESI†). While thiophene and the rhodanine endocyclic S-atoms
are positively charged, the rhodanine thiocarboxylic sulfur
atom features a small negative charge. The Kohn–Sham (KS)
HOMO and HOMO-1 calculated for BTR (Fig. S4 in the ESI†),
very close in energy to each other (e = –6.344 and –6.542 eV,
respectively), show a significant contribution from the exocyclic
S-atom. In particular, HOMO-1 is a 3p lone pair of electrons
lying on the molecular plane. Therefore, the frontier MO
composition and the natural population analysis (NPA)62–64

indicate the exocyclic sulfur atom of the rhodanine ring as
the preferred donor site towards I2 in a CT interaction. On the
other hand, Fig. 3a shows the electrostatic potential calculated
for BTR, mapped on the electron density, clearly showing that
the most negative electrostatic potential regions on the sulfur
electron density are located on the molecular plane, in accor-
dance with the structural data collected for BTR�I2. Thus, the
two limit views of MO interpretation and electrostatic potential
map converge to the same result. Indeed, the regions on the
sulfur atom showing the largest negative electrostatic potential
coincide with those where the lobes of KS-HOMO-1 isosurfaces
are located (see Fig. S5 in the ESI†).

The geometry of the 1 : 1 ‘‘spoke’’ adduct BTR�I2 was success-
fully optimized (Fig. S6 in the ESI†), with the diiodine unit lying

on the molecular plane, in agreement with the structural data
discussed above. A very good agreement between calculated
and experimental bond lengths and angles was found. In
particular, the interaction between the thiocarbonyl rhodanine
group and diiodine shows metric parameters (CQS, 1.661;
S� � �I, 2.951; I–I, 2.780 Å; S� � �I–I, 173.21), close to those deter-
mined by single crystal X-ray diffraction analysis (see above).
This notwithstanding, the optimized I–I bond distance is
slightly longer than the experimental value (by 0.027 Å), sug-
gesting a modest underestimation of the CT interaction. The
moderate elongation of the I–I bond distance dI–I in the adduct
as compared with that optimized at the same level of theory for
I2 (DdI–I = 0.114 Å) is in agreement with the weak nature of the
interaction. The interaction energy in the ‘‘spoke’’ adduct
associated with the orbital mixing and CT can be evaluated
by means of a second order perturbation theory analysis of the
Fock matrix in the Natural Bond Orbital basis at the optimized
geometry. This is achieved by examining all possible interac-
tions between occupied (donor) NBOs and virtual (acceptor)
non-Lewis NBOs and evaluating their interaction energy by
means of the second order perturbation theory.64 For each
donor NBO (i) and acceptor NBO ( j), the associated stabili-
zation energy ECT can be estimated as

ECT = qi�F(i,j)/(ej � ei)

where qi is the donor orbital occupancy, ej and ei are diagonal
elements and F(i,j) is the off-diagonal NBO Fock matrix ele-
ment. In the case of BTR�I2, the donor orbital is represented
almost entirely (96.2%) by the filled bonding NBO localized on
the exocyclic sulfur (i = 6) and the acceptor orbital by the
antibonding NBO ( j = 350), localized on the atoms I1 and I2
(54.10% and 45.90%, respectively) and antibonding with
respect to the I–I bond. This interaction is calculated to be
relatively small [ECT = 31.4 kcal mol�1; F(6,350) = 7.2�10�2 a.u.;
De = 0.20 a.u.]. Accordingly, a NPA carried out on BTR�I2 at the
optimized geometry (Table 1) reveals that the interaction led to
a charge-transfer DQCT = 0.192 |e| from the organic donor to the
diiodine unit. The additional charge on I2 is transferred in
particular to the terminal iodine atom, which shows a remark-
ably negative natural charge (QI = –0.183 |e|).

As a consequence of the CT, the I–I Wiberg bond65 index in
the I2 unit is lowered to 0.793, which is slightly larger than the
value calculated from the structural data using Pauling’s
equation.

This is consistent with the weak adduct nature of the BTR�I2

adduct, evidenced by the optimized metric parameters (see
above) and experimentally confirmed by Raman spectroscopy
(see above). The molecular electron density mapped on the
density surface in BTR�I2 clearly shows the most negative
potential on the most electronegative oxygen atoms, in accor-
dance with the NPA (Fig. 3c). It is worth noting that the
terminal iodine atom in the adduct displays a distribution of
the electrostatic potential pointing to a s-hole topology, in
perfect agreement with the long XB interactions connecting the
stacks of BTR�I2 in the solid state, responsible for the 3D lattice
dimensionality.

Table 1 Selected natural charges Q (|e|) calculated at the optimized
geometry for BTR and BTR�I2. Atom labelling scheme as in Fig. 2a and b.
Values refer to the conformer with the thiophene rings in the periplanar
conformation

Q BTR BTR�I2

O1 �0.591 �0.581
N1 �0.502 �0.491
S1 �0.064 �0.020
S2 0.374 0.417
S3 0.430 0.445
S4 0.430 0.439
I1 — �0.028
I2 — �0.183
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Although Koopmans’ theorem cannot be applied to density
functional theory, the Kohn–Sham eigenvalues can be consid-
ered as useful parameters66 in evaluating the variations in the
HOMO–LUMO energy gap induced by the interaction of BTR
with I2. In fact, the gas-phase DeHL HOMO–LUMO energy gap is
in good agreement with the band gap of small p-conjugated
compounds.57,67 In the case of BTR and BTR�I2 DeHL values of
3.26 and 3.16 eV are calculated (Fig. 4), falling within the range
–2.5 B –4.0 eV, typical of a small organic semiconductor.67 It is
noteworthy that the case of BTR clearly demonstrates how
I2-adduct formation can efficiently reduce the HOMO–LUMO
energy gap in the resulting adducts compared to the pristine
substrates. The case of study shows that this strategy holds not
only when Lewis donors with a large Mulliken hardness are
considered, as in the case of N-donors,51 but also when softer
S-donors are considered, as in the case of BTR. Finally, a
vibrational analysis carried out on BTR�I2 confirms the

attribution of the Raman peak at 150 cm�1 as due to the
stretching of the perturbed I2 unit.

Single crystal electrical characterization

To investigate the impact of the molecular organization, induced
by the thiocarbonyl–diiodine interactions, on the charge transport
properties of the bulk material, we fabricated single crystal
junction devices (see the ESI† for details). Single crystals of BTR
and BTR�I2 were carefully transferred to the top of a glass
substrate grafted with two gold pads. Each crystal was disposed
to bridge the two electrodes, and a droplet of silver paste was
applied in each crystal–metal junction to obtain a more stable
electrical contact (Fig. 5a). In order to evaluate the stability and the
reproducibility of the measurements, the two devices were mea-
sured on two different days and each measuring run was cycled
five times. The average results of the electrical characterization are
reported in Fig. 5b. From the reported plots we clearly observe
that the different runs of measurements are very reproducible, as
demonstrated by the limited standard deviation (see error bars)
and, most importantly, that the BTR�I2 adduct is characterized by
a much higher conductivity with respect to the crystals of the
pristine BTR. It is worth noting that the distance between the two
electrodes was kept constant in the two sets of devices, and that
the crystals have been properly selected to have comparable
geometrical dimensions, i.e. width and height. The enhanced
electrical current of the adducts might suggest that molecules
have adopted a more efficient packing for charge percolation, and
at the same time diiodine may have facilitated the formation of
charge carriers in the crystal. It is noteworthy to observe that
diiodine was not displaced upon electric current application, as
the value of conductivity is steady over time.

Conclusions

In summary, we have presented a novel approach to regulate the
molecular organization of rhodanine-containing p-conjugated
compounds. Our study demonstrates that I2 can interact at the
molecular level, forming stable adducts through interaction with
the rhodanine thiocarbonyl terminal groups. Furthermore, pre-
liminary study on the electrical conductivity of single crystals
suggests that the molecular arrangement in BTR�I2 leads to an
enhancement of the flow of electric current. Therefore, the
following conclusions can be drawn:

(1) I2 can be used as a solid additive to tailor the molecular
organization of rhodanine-containing p-conjugated thiophene
derivatives.

(2) The diiodine adduct undergoes a reduction in the
HOMO–LUMO energy gap compared to the pristine compound.

(3) FT-Raman spectroscopy represents an effective and fast
non-destructive approach to reveal the coordination of diiodine
and can therefore be used in semiconductors to verify the
adduct formation and its strength in the absence of a single
crystal X-ray diffraction analysis, in particular when non-
crystalline materials are considered.

Fig. 4 Kohn–Sham frontier orbital energy levels for BTR (left) and BTR�I2

(right). Color: carbon, gray; nitrogen, blue; oxygen, red; sulfur, yellow;
hydrogen, white. Cutoff value = 0.05 |e|.

Fig. 5 (a) Device architecture for single-crystal electrical characterization.
(b) Average current–voltage plots of BTR (red) and BTR�I2 (blue).
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(4) Finally, DFT calculations can model both the CT/s-hole
interaction between the Lewis donor and diiodine and the XB
intermolecular interactions. In this context, neglecting disper-
sion effects, two concurrent interpretation models for s-hole
interactions have been proposed, i.e. a MO-mixing approach,
consisting of a partial charge-transfer from a nucleophile
(Lewis base) to an electrophile (Lewis acid), or a noncovalent
s-hole interpretation based on the topology of electrostatic
potential. Energy decomposition schemes have shown that
both aspects contribute to XB and ChB interactions. As pre-
viously shown for different systems showing XB and ChB
interactions involving chalcogen donors interacting with diha-
logens/interhalogens the two models converge to the same
conclusions, with the depletion areas of electrostatic potential
(s-holes) being topologically related to the direction of anti-
bonding natural orbitals.

The case study of BTR/BTR�I2 shows for the first time the
role played by the introduction of chalcocarbonyl groups in
p-conjugated derivatives in the formation of supramolecular
architectures based on XB/ChB interactions capable of extend-
ing the dimensionality of their lattice, reducing the HOMO–
LUMO energy gap, and ultimately increasing their semicon-
ducting behaviour.

These results pave the way for the development of novel
processing methods that can be directly applied to SM semi-
conductors, facilitating the fabrication of optoelectronic
devices, such as organic solar cells based on non-fullerene
small-molecule acceptors, organic field-effect transistors
(OFETs), and organic memory devices (OMDs).
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A. Frontera, F. Isaia and V. Lippolis, Hydrogen- and
halogen-bond cooperativity in determining the crystal pack-
ing of dihalogen charge-transfer adducts: a study case from
heterocyclic pentatomic chalcogenone donors, CrystEng-
Comm, 2017, 19, 4401–4412.

41 M. C. Aragoni, M. Arca, F. A. Devillanova, M. B. Hursthouse,
S. L. Huth, F. Isaia, V. Lippolis, A. Mancini, H. R. Ogilvie and
G. Verani, Reactions of pyridyl donors with halogens and
interhalogens: an X-ray diffraction and FT-Raman investiga-
tion, J. Organomet. Chem., 2005, 690, 1923–1934.

42 W. Holzer, W. F. Murphy and H. J. Bernstein, Resonance
Raman Effect and Resonance Fluorescence in Halogen
Gases, J. Chem. Phys., 1970, 52, 399–407.

43 O. Yildirim, A. Tsaturyan, A. Damin, S. Nejrotti, V. Crocellà,
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53 A. Schäfer, H. Horn and R. Ahlrichs, Fully optimized con-
tracted Gaussian basis sets for atoms Li to Kr, J. Chem. Phys.,
1992, 97, 2571–2577.

54 F. Weigend and R. Ahlrichs, Balanced basis sets of split
valence, triple zeta valence and quadruple zeta valence
quality for H to Rn: Design and assessment of accuracy,
Phys. Chem. Chem. Phys., 2005, 7, 3297–3305.

55 L. E. Roy, P. J. Hay and R. L. Martin, Revised Basis Sets for
the LANL Effective Core Potentials, J. Chem. Theory Comput.,
2008, 4, 1029–1031.

56 G. Cavallo, P. Metrangolo, R. Milani, T. Pilati, A. Priimagi,
G. Resnati and G. Terraneo, The halogen bond, Chem. Rev.,
2016, 116, 2478–2601.

57 Y. Zhang and W. Wang, Theoretical rationale for the role of
strong halogen bond in the design of organic semiconduc-
tor materials, Comput. Theor. Chem., 2021, 1194, 113074.

58 L. J. McAllister, C. Präsang, J. P.-W. Wong, R. J. Thatcher,
A. C. Whitwood, B. Donnio, P. O’Brien, P. B. Karadakov and
D. W. Bruce, Halogen-bonded liquid crystals of 4-
alkoxystilbazoles with molecular iodine: a very short halo-
gen bond and unusual mesophase stability, Chem. Com-
mun., 2013, 49, 3946–3948.

59 L. de Azevedo Santos, S. C. C. van der Lubbe, T. A. Hamlin,
T. C. Ramalho and F. M. Bickelhaupt, A quantitative mole-
cular orbital perspective of the chalcogen bond, Chemis-
tryOpen, 2021, 10, 391–401.

60 V. Oliveira, E. Kraka and D. Cremer, Phys. Chem. Chem.
Phys., 2016, 18, 33031–33046.

61 L. N. Anderson, F. W. Aquino, A. E. Raeber, X. Chen and
B. M. Wong, Halogen Bonding Interactions: Revised Bench-
marks and a New Assessment of Exchange vs Dispersion,
J. Chem. Theory Comput., 2018, 14, 180–190.

62 A. E. Reed, R. B. Weinstock and F. Weinhold, Natural
Population Analysis, J. Chem. Phys., 1985, 83, 735–746.

63 A. E. Reed and F. Weinhold, Natural localised molecular
orbital, J. Chem. Phys., 1985, 83, 1736–1740.

64 A. E. Reed, L. A. Curtiss and F. Weinhold, Intermolecular
interactions from a natural bond orbital, donor-acceptor
viewpoint, Chem. Rev., 1988, 88, 899–926.

65 K. B. Wiberg, Application of the pople-santry-segal CNDO
method to the cyclopropylcarbinyl and cyclobutyl cation
and to cyclobutane, Tetrahedron, 1968, 24, 1083–1096.

66 J. Luo, Z. Q. Xue, W. M. Liu, J. L. Wu and Z. Q. Yang, Koopmans’
theorem for large molecular systems within density functional
theory, J. Phys. Chem. A, 2006, 110(43), 12005–12009.

67 X. G. Yang, Y. Zhang, W. Wang and L. F. Ma, Enhanced
Optoelectronic Performances of the Cocrystals between 2,20-
Bi (1,8-naphthyridine) and Iodine through Strong Halogen
Bonds, Cryst. Growth Des., 2022, 22, 6863–6869.

Journal of Materials Chemistry C Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

8 
Ju

ly
 2

02
4.

 D
ow

nl
oa

de
d 

on
 1

/2
1/

20
26

 7
:5

9:
10

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4tc01791a



