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Iodine Clathrated: A Solid-State Analog of the Iodine-Starch 
Complex 
Fangfang Pan,*[a] Yingchun Chen,[a] Siyu Li,[a] Minzhi Jiang,[a] and Kari Rissanen*[b] 

 

Abstract: Co-crystallizing iodine with a simple dicationic salt (1,8-
diammoniumoctane chloride) results in the clathration of the iodine (I2) 
molecules inside trigonal and hexagonal helical channels of the 
crystal lattice with 72 wt% overall I2 loading. The I2 inside the bigger 
trigonal channel forms a I-I•••I-I•••I-I halogen-bonded infinite helical 
chain, while the I2 in the smaller hexagonal channel is disordered. In 
both channels the I2 interaction with the channel wall happens through 
I-I•••Cl- halogen bonds. The helical channels in the crystal lattice are 
constructed via the strong charge-assisted H2N+-H•••Cl- hydrogen 
bonds between the dications and the chloride anions. The structure 
shows a marked similarity with the well-known starch-I2 system, and 
thus may provide insight for the yet unresolved structure of the I2 in 
the helical starch channel. 

Clathration (entrapment of a guest) is a fundamental process in 
supramolecular chemistry, whether being molecular, viz. host-
guest chemistry, or solid-state phenomenon, viz. lattice 
clathration.[1] Iconic lattice clathrate examples are the chlorine[2] 
methane and natural gas[3] clathrates. A specific form of 
clathration is iodine-starch complex, which is considered to be a 
clathrate of polyiodide and carbohydrate.[4] Despite various 
attempts the polyiodide-starch complex has not been 
unambiguously structurally characterized. This is mainly due to its 
amorphous nature, which renders structural characterization at 
atomic resolution impossible. However there exists some solid-
state (mainly single crystal X-ray crystallographic) studies on 
iodine or polyiodide species trapped (clathrated) inside confined 
spaces offering at least some level of analogy with the elusive 
starch-iodine complex structure. Organic cations[5] as counter 
ions for polyiodide complexes have been published in macrocylic 
thioethers,[6] metal complexes[7] and metal-organic frameworks.[8] 
Very recently a single crystalline pyrroloperylene–iodine complex 
where the crystal structure contains infinite polyiodide Ind- chains 
trapped in between the pyrroloperylene stacks has been 
reported.[9] 
The role of halogen bonding (XB) has mostly been neglected 
when designing the analogues of the iodine-starch complex. This 

is somewhat surprising since iodine (I2) is an excellent halogen 
bonds donor, and thus XB could play a role in the formation of the 
I2-starch complex. Halogen bonding is the ‘long-lost brother’ of 
hydrogen bonding (HB) and has been found to playing a major 
role especially in material science and crystal engineering[10], and 
has recently been defined by IUCr.[11] The XB and HB have many 
similarities, particularly in terms of the bond strength and 
directionality.[12] Due to its strong XB donor ability I2 has a 
tendency to form strong halogen bonds. A strong charge-transfer 
(CT) complex is formed when equimolar amounts of molecular I2 
and triphenylphosphine are mixed together, where P…I halogen 
bond was the force featuring CT interaction.[13] Triiodide, being a 
product of between I2 and I-, is generally regarded to contain the 
strongest halogen bond known with bonding energy about 150 
kJ/mol, as high as weak covalent bonds.[14] Polyhalides, in 
particular polyiodides, of different lengths were constructed, 
where halogen bonds occur between iodide anion and the neutral 
iodine molecules.[15] Heteropolyhalide dianion Cl-•••I-I•••Cl- has 
been used to construct the solely halogen bonded dimeric 
capsule.[16] Not only with anionic species or other elements as 
electron donors, I2 can interact with itself via I-I•••I-I halogen 
bonds, which are the main interaction between the I2 molecules in 
iodine single crystals.[17] Such intermolecular halogen bonds 
assemble the iodine molecules into layers, which makes it as a 
2D semiconductor.[18] Some structures containing extended 
halogen-bonded iodine networks were also reported. In most of 
the cases, the extended I2 chains were just entrapped in the lattice 
as co-crystallizer. While, a zig-zag I2 chain captured by a tubular 
MOF via solid-vapor reaction was reported in 2008 by Gao’s 
group, although they didn’t specifically mention the halogen 
bonding as a notable interaction.[19] Actually, in the Gao work, 
each I2 molecule serves both as a halogen bond donor at one end 
and as a halogen bond acceptor at the another. Among the 
reported iodine chain structures, no helical halogen-bonded I2 
chain structure has been known so far.  

For this study, we postulated that a simple diammonium salt, 
here 1,8-diammoniumoctane hydrochloride (DAO•HCl), with 
enough conformational flexibility would be able to act as a 
clathrand for iodine I2 (clathrate forming substance) forming a 
helical channel through charge-assisted H2N+-H•••Cl- hydrogen 
bonds, similarly as urea is doing through the HN-H•••O=C 
hydrogen bonds in urea inclusion compounds[20]. To our surprise 
the I2 molecules interact with each other via weak •••I-I•••I-I•••I-
I•••I-I••• halogen bonds forming a one-dimensional helical chain of 
iodine molecules inside the trigonal helical channels (Scheme 1) 
formed by the DAO•HCl salt. In addition to the charge-assisted 
H2N+-H•••Cl- hydrogen bonds and weak I-I•••I-I halogen bonds, 
strong I-I•••Cl- halogen bonds were observed between the 
chloride anions in the channel wall and the channel residing iodine 
molecules. The trigonal channels share walls with the neighbors 
and form additional smaller hexagonal channels which also 
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entraps iodine molecules (Scheme 1). The trigonal helical 
hydrogen bonded DAO•HCl channel is very similar with the 
helical channel of starch. The arrangement of molecular iodine 
inside DAO•HCl is thus reminiscent to the polyiodide-starch 
complex and offers an alternate structural model for the single 
crystalline pyrroloperylene–iodine complex of the iodine structure 
in the well-known yet structurally uncharacterized starch-iodine 
system. 

 

Scheme 1. The diagram to show the chemical compositions of the entrapment 
and halogen (I-I•••Cl- = blue and I-I•••I = red dotted lines) and hydrogen (H2N+-
H•••Cl- = black dotted lines)  of the iodine molecules inside the trigonal and 
hexagonal channels of DAO•HCl-I2. 

Methanol solution containing two equivalent molecular iodine 
was mixed with the methanol solution of 1,8-diammoniumoctane 
with excess of hydrochloride acid (0.2 M). Evaporation of the 
solvent produced brown needle-like crystals suitable for single-
crystal X-ray diffraction. The system crystallizes in the trigonal 
space group R-3 so that one DAO•HCl interacts with 2.2 I2 
molecules trapped inside two structurally different channels, so 
that the contents of iodine is 72% in the structure.  In the trigonal 
channels (Figure 1A) each iodine molecule interacts with the 
chloride anion at the wall of the channel molecule via strong I-
I•••Cl- halogen bond (RXB = 0.82)[21] while the remaining iodine 
forms a weaker •••I-I•••I-I••• halogen  

 
Figure 1. The channel space (grey) with entrapped I2 in CPK style in the 
trigonal channel (A) and hexagonal channel (B). 

bonds to the adjacent I2 molecule with RXB = 0.90. The                    
•••I-I•••I-I••• halogen bonds link the I2 molecules in a helical 
manner, thus forming a halogen-bonded I2 helix (Figure 1A, 2B 
and S1). The XB angles, I-I•••Cl- (174.18(5)°) and I-I•••I 
(174.24(3)°) reflect the true nature of the halogen bonds (Figure 
3). Every three iodine molecules consist of a turn in the helices 
with the pitch of 4.6069(5) Å, equal to the crystallographic c axis. 
The triangular prism shape of the channel has the diameters of 
the inscribed and circumscribed circle of ca. 5.8 and 11.6 Å, 
respectively. The centrosymmetric space group in the current 
structure reflects the mixture of the right handed and left handed 
chains. 

In the structure the DAO moiety adapts the gauche 
conformation instead of the more common anti and results in both 
the geometry and size match between the trigonal DAO•HCl  
channel and the iodine guests. The hexagonal channel is too 
small to comfortable accommodate full I2 molecule, thus this 
channel shows partial (0.2) occupancy of I2 (Figure 1B). 

Due to the strong intermolecular halogen bonds the packing 
coefficient for the iodine molecules inside the trigonal channel is 
61%[22, 23], considerably higher than the Rebek’s 55% rule (Figure 
1A).[24] The strong XB interactions are also evident from the visual 
puncture of the trigonal channel cavity surface[25] (Fig. 1A) and 
electrostatic potential picture (Figure 3B).[22] 

 

Figure 2. The hydrogen bonding helical channel (A) and halogen bonding with 
helical arrangement of the I2 molecules inside the trigonal channel (B). Each 
color represents one turn of the helix. 

 
Figure 3. The geometric parameters of the halogen bonded molecular iodine 
inside the trigonal channel (A) and the ESP picture mapped onto the electron 
density isosurface of 0.005 e(a0)-3 to show the interaction contact and the clear    
s-hole (B). 
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A more detailed inspection reveals that the interactions 
between the I2 molecules inside the trigonal channels are the 
same as found in the solid iodine. The 110 K X-ray diffraction data 
for solid iodine[17] indicated the layer arrangement of the iodine 
molecules. The closest iodine molecules from different layers 
have the shortest I•••I distance of ca. 4.28 Å, much larger than the 
sum of van der Waals radius of 3.96 Å.  In the layer, each iodine 
atom interacts with two neighbours. Both the I•••I distance (3.5010 
Å) and the I-I•••I angles (170.05 and 105.81 °, respectively) imply 
the XB interactions (Fig. S2). Such XBs significantly elongate the 
I-I bond length to 2.715 Å, compared with that of 2.662 Å in gas 
phase. All these geometric parameters are highly consistent with 
the current case. The only slight difference is the relative 
orientation of the three iodine molecules (Fig. S2). Accordingly, 
the organization of the I2 molecules inside the trigonal channel is 
like an isolated chiral 1-D chain of iodine molecule of the solid 
iodine structure. 

The formation of the I2 XB helix is unprecedented as it results 
in from spontaneous assembly of the components, DAO•HCl and 
I2. The gauche conformation of the DAO enables us to reason the 
origin of the channelled structure. A simple force field 
calculation[22] was performed to optimize the geometry of the 
helical arrangement of the components taken from the X-ray 
structure. The resulted energy-minimum geometry slightly 
changed the conformation of the DAO where the C-N bonds have 
to rotate for the formation of the H2N+-H•••Cl- bridge as 
demonstrated in Figure S5. Due to this the modelled structure 
shows a 3-fold axis instead of the 31 screw axis observed in the 
DAO•HCl-I2 crystal structure. Although the modelled circular 
structure gave the energy minima comparable to the circularly 
helical DAO•HCl-I2 structure, it doesn’t favour the structural 
extension to 3-D.[26] For comparison, we also conducted the 
geometry optimization for the cis-conformation of the DAO•HCl. 
In the regular cis-form chain of a α,ω-diammoniumalkane (α,ω-
DAA) with even number of carbon atom, the two -NH3 groups at 
both ends are staggered. Accordingly, the H2N+-H•••Cl- bridges at 
the joint were built at the expense of twisting the DAO chain, 
resulting in helical arrangement. The helicity is more obvious in 
the shorter α,ω-DAA with even carbon number (Figure S6). The 
idea was further supported by the similar simulation for (α,ω-
DAA-HCl)3, where the chain bears odd number carbon atoms, 
and the two -NH3 group at both ends are in eclipsed mode (Figure 
S7). Then the H2N+-H•••Cl- bridges were constructed directly, and 
the (α,ω-DAA-HCl)3 structure show D3h point group.  

The hydrogen bonded helical trigonal channels share a wall 
with all the neighbours, then six such channels create an 
additional hexagonal channel (Scheme 1). The difference Fourier 
map show electron density peaks, which are modelled as highly 
disordered iodine molecules. The geometry of these electron 
density peaks shows an average distance of 2.75 Å, which is the 
I-I bond distance of I2 molecule. In addition there are also weak    
I-I•••Cl- contacts to the wall of the hexagonal channel with average 
I•••Cl- distance of 3.52 Å (Figure S3). Each iodine molecule in the 
hexagonal channels contacts with one Cl- anion at each end, 
formally becoming a [Cl•••I-I•••Cl]2- species (Figure 1B, S4). The 
structurally unstable [Cl•••I-I•••Cl]2- dianions have previously 
found to be stabilized by the hydrogen bonded framework in a 

sulfadiazine hydrochloride salt.[27] The [Cl•••I-I•••Cl]2- dianions 
have also been successfully used to construct the first purely 
halogen bonded dimeric capsule structure.[16] The average Cl•••Cl 
distance in this case was about 9.8 Å, very similar with that of the 
reported ones.[16, 27] 

The phenomenon in the DAO•HCl-I2 of iodine molecules 
entrapped in the helical organic channel evokes the comparison 
the iconic starch-iodine system. The similar size of the helical 
channels[28] might guide the similar arrangement of the inclusion 
iodine. In the starch-iodine system, the sugar amylose was 
proposed to form a helical tunnel embracing the iodine, as I3-, 
presenting a characteristic blue colour. In 2016, Wudl et al. 
reported an almost linear infinite iodine chain complex where the 
interatomic I•••I distances vary from 3.054 to 3.174 Å.[9] The 
Raman spectroscopy of the Wudl complex compared with the 
reported values of starch-iodine suggested the infinite iodine 
chains also exists in starch-iodine structure. Linear polyiodides 
have been occasionally reported,[29] nevertheless, the interactions 
between the iodine molecules remain elusive. With this in view 
the current DAO•HCl-I2 structure with infinite halogen bonded 
chain of iodine molecules could provide more understanding on 
the structural features of iodine in starch. Raman spectra was 
recorded to investigate the state of iodine molecules in DAO•HCl-
I2. Two strong peaks at 119.9 cm-1 and 155.6 cm-1 were shown 
(Figure 4). The low-frequency signals indicate the single bond in 
iodine was significantly weakened, although the geometry of both 
the intra-I2 and inter I2 in the halogen bonded chain are very 
similar with that in solid iodine. Such low-frequency signals are 
also very similar with those found in starch-iodine system (109 
cm-1 and 163 cm-1, respectively).[30] 

 
Figure 4. The Raman spectrum of the single crystal of DAO•HCl-I2. 

In conclusion, the halogen bonded I2 helical chain forms 
through entrapment in a hydrogen bonded helical channel. The 
•••I-I•••I-I••• halogen bonds play an important role in the 
construction of the helical 1-D iodine chain. The strong H2N+-
H•••Cl hydrogen bonds in the 1,8-diammoniumoctane 
hydrochloride in gauche conformation allow the helical channel 
formation. The structure of the DAO•HCl-I2 complex determined 
through single crystal X-ray diffraction experiment and the 
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explanation of the structural helicity was supported by the simple 
structural modelling for a series of α,ω-diammoniumalkane 
hydrochlorides. The structural similarity of the DAO•HCl-I2 
complex with the well-known yet structurally ambiguous starch-
iodine complex provides a potential explanation of the iodine 
organization in starch, bring into a view the possibility of halogen 
bonding as one major interaction also in the starch-iodine 
complex. 

Experimental Section 

All the chemicals in this work were commercially available and used 
without additional treatment. Single crystals of the helix were obtained by 
evaporation of 4 ml methanolic solution containing 0.1 mmol 1,8-
diammoniumontane (14.4 mg) and two drops of concentrated hydrochloric 
acid (around 1 mmol), to which 4 ml methanol solution of 0.2 mmol 
molecular iodine (50.8 mg) was added. The crystal was measured using 
an Agilent SuperNova dual wavelength diffractometer with multilayer 
optics monochromatized Mo-Kα (λ = 0.71073 Å) radiation from a micro-
focus X-ray source at 100 K. CCDC-1895019 contains the supplementary 
crystallographic data. The data can be obtained free of charge from the 
Cambridge Crystallographic Data Centre via 
www.ccdc.cam.ac.uk/data_request/cif. Raman spectroscopy was 
performed using a Thermo Scientific DXR instrument equipped with a 532 
nm laser. The electrostatic potential was derived from the single point 
energy calculation with DFT/B3LYP method and 6-311+G** basis set. The 
geometry was from the single crystal X-ray structure. MMFF method was 
used for the force field calculations. The packing coefficient of 61% for the 
trigonal channel was achieved from the theoretical volume of the molecular 
iodine (64 Å3, taken from Spartan’ 16) divided by the corresponding space 
volume (104 Å3, calculated with Olex2 by omitting the inside I2 molecule 
with probe radius of 1.2 Å and grid size of 0.2 Å). 

Acknowledgements 

We gratefully acknowledge financial support from the National 
Natural Science Foundation of China (NSFC, FP: grant no. 
21602071), the Fundamental Research Funds for the Central 
Universities (FP: grant no. CCNU17QN006), Central China 
Normal University, China, and the University of Jyväskylä, Finland. 
This work was supported by the Program of Untroducing Talents 
of Discipline to Universities of China (111 program, B17019). 

Keywords: clathrate • halogen bonding • hydrogen bonding• 
iodine • supramolecular chemistry 

[1] K. Rissanen, Chem. Soc. Rev. 2017, 46, 2638–2648. 
[2] L. Kótai, I. Gács, S. Bálint, G. Lakatos, A. Angyal and R. N. Mehrotra, 

Trend. Inorg. Chem. 2012, 13, 33–92. 
[3] K. Kvenvolden, Org. Geochem. 1995, 23, 997–1008. 
[4] W. Saenger, Naturwissenschaften, 1984, 71, 31. 
[5] a) B. Kahr, J. Freudenthal, S. Phillips, W. Kaminsky, Science 2009, 

324, 1407., b) A. Abate, M. Brischetto, G. Cavallo, M. Lahtinen, P. 
Metrangolo, T. Pilati, S. Radice, G. Resnati, K. Rissanen and G. 

Terraneo, Chem. Commun. 2010, 46, 2724–2726. c) J. Lin, J. Mart.-
Rujas, P. Metrangolo, T. Pilati, S. Radice, G. Resnati, G. Terraneo, 
Cryst. Growth Des. 2012, 12, 5757–5762. d) A. Peuronen, A. Valkonen, 
M. Kortelainen, K. Rissanen, M. Lahtinen, Cryst. Growth Des. 2012, 12, 
4157–4169. e) A. Peuronen, H. Rinta, M. Lahtinen, CrystEngComm, 
2015, 17, 1736–1740. 

[6] A. J. Blake, F. A. Devillanova, R. O. Gould, W.-S. Li, V. Lippolis, S. 
Parsons, C. Radek, M. Schrçder, Chem. Soc. Rev. 1998, 27,195–205. 

[7] E. Redel, C. Rçhr, C. Janiak, Chem. Commun. 2008, 2103–2105. 
[8] Z. Yin, Q.-X. Wang, M.-H. Zeng, J. Am. Chem. Soc. 2012, 134, 4857–

4863. 
[9] S. Madhu, H. A. Evans, V. V. T. Doan-Nguyen, J. G. Labram, G. Wu, 

M. L. Chabinyc, R. Seshadri, F. Wudl, Angew. Chem. Int. Ed. 2016, 55, 
8032-8035. 

[10] K. Rissanen, CrystEngComm 2008, 10, 1107–1113. 
[11] G. R. Desiraju, P. S. Ho, L. Kloo, A. C. Legon, R. Marquardt, P. 

Metrangolo, P. Politzer, G. Resnati, K. Rissanen, Pure Appl. Chem. 2013, 
85, 1711–1713. 

[12] G. Cavallo, P. Metrangolo, R. Milani, T. Pilati, A. Priimagi, G. Resnati, G. 
Terraneo, Chem. Rev. 2016, 116, 2478–2601. 

[13] C. E. Housecroft, A.G. Sharpe, Inorg. Chem. (3rd ed.). Prentice Hall, 
p.541. 

[14] M. Müller, M. Albrecht, V. Gossen, T. Peters, A. Hoffmann, G. Raabe, A. 
Valkonen, K. Rissanen, Chem. Eur. J. 2010, 16, 12446–12453. 

[15] a) G. Cavallo, P. Metrangolo, R. Milani, T. Pilati, A. Priimagi, G. Resnati, 
G. Terraneo, Chem. Rev. 2016, 116, 2478–2601; b) P. H. Svensson, L. 
Kloo, Chem. Rev. 2003, 103, 1649–1684; c) P. H. Svensson, L. Kloo, 
Inorg. Chem. 2008, 47, 11464–11466; M. D. Garcia, J. Martí-Rujas, P. 
Metrangolo, C. Reinador, T. Pilati, G. Resnati, G. Terraneo, M. Ursini, 
CrystEngComm 2011, 13, 4411–4416. 

[16] N. K. Beyeh, F. Pan, K. Rissanen, Angew. Chem. Int. Ed. 2015, 54, 
7303–7307. 

[17] F. van Bolhuis, P. B. Koster and T. Migchelsen, Acta. Cryst. 1967, 23, 
90–91. 

[18] A. S. Balchin, H. G. Drickamer, J. Chem. Phys. 1961, 34, 1948–1949. 
[19] Z. Wang, Y. Zhang, M. Kurmoo, T. Liu, S. Cilminot, B. Zhao, S. Gao, 

Aust. J. Chem. 2006, 59, 617–628. 
[20] a) K. D. M. Harris, J. M. Thomas, Faraday Trans. 1990, 86, 2985–2996; 

b) K. D. M. Harris, J. Chin. Chem. Soc. 1999, 46, 5–22. 
[21] A. Bondi, J. Phys. Chem. 1964, 68, 441–451. 
[22] SPARTAN ’16; Wavefunction Inc.: Irvine, CA, 2016.  
[23] O. V. Dolomanov, J. J. Bourhis, R. J. Gildea, J. A. K. Howard, H. 

Puschmann, J. Appl. Cryst. 2009, 42, 339–341. 
[24] L. J. Barbour, J. Supramol. Chem. 2001, 1, 189–191. 
[25] S. Mecozzi, J. Rebek, Jr., Chem. Eur. J. 1998, 4, 1016–1022. 
[26] T. Li, P. W. Ayers, S. Liu, M. J. Swadley, C. Aubrey-Medendorp, Chem. 

Eur. J. 2009, 15, 361–371. 
[27] F. Pan, R. Puttreddy, K. Rissanen, U. Englert, CrystEngComm 2015, 17, 

6641–6645. 
[28] a) M. Noltemeyer, W. Saenger, J. Am. Chem. Soc. 1980, 102, 2710–

2722; b) B. Zaslow, V. G. Murphy, A. D. French, Biopolymers, 1974, 13, 
779–790; c) W. T. Winter, A. Sarko, Biopolymers, 1974, 13, 1447–1460. 

[29] a) T. Dong, H. Lin, M. Hwang, T. Lee, L. Tseng, S. Peng, G. Lee, J. 
Organomet. Chem. 1991, 414, 227–244; b) T. Akutagawa, Y. Abe, Y. 
Nezu, T. Nakamura, M. Kataoka, A. Yamanaka, K. Inoue, T. Inabe, C. A. 
Christensen, J. Becher, Inorg. Chem. 1998, 37, 2330–2331; c) F. Pan, 
N. K. Beyeh, R. H. A. Ras, K. Rissanen, CrystEngComm 2016, 18, 5724. 

[30] R. C. Teitelbaum, S. L. Ruby, T. J. Marks, J. Am. Chem. Soc. 1980, 102, 
3215–3217. 

 

10.1002/chem.201901734

A
cc

ep
te

d 
M

an
us

cr
ip

t

Chemistry - A European Journal

This article is protected by copyright. All rights reserved.



COMMUNICATION          

 
 
 
 

Entry for the Table of Contents 
Layout 1: 
 
COMMUNICATION 
Text for Table of Contents   

 
 

 Author(s), Corresponding Author(s)* 

Page No. – Page No. 

Title 
 

 
Layout 2: 

COMMUNICATION 

 

 Fangfang Pan,* Yingchun Chen, Siyu Li, 
Minzhi Jiang, and Kari Rissanen* 

Page No. – Page No. 

Iodine Clathrated: A Solid-State 
Analog of the Iodine-Starch Complex 

 
 

 

 
 
 
The clathration of the I-I•••I-I•••I-I halogen-bonded iodine (I2) helices inside the helical channels 
formed by 1,8-diammoniumoctane chloride was reported. The structure shows a marked similarity with 
the well-known starch-I2 system, and thus may provide insight for the yet unresolved structure of the I2 
in the helical starch channel. 

 

10.1002/chem.201901734

A
cc

ep
te

d 
M

an
us

cr
ip

t

Chemistry - A European Journal

This article is protected by copyright. All rights reserved.


