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X-ray structure of the cyclomaltohexaicosaose triiodide inclusion
complex provides a model for amylose–iodine at atomic resolution
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Abstract

Cyclomaltohexaicosaose (CA26) is folded into two 12/3 turns long V-helices that are oriented antiparallel. Crystals of complexes
of CA26 with NH4I3 and Ba(I3)2 are brown and X-ray analyses show that I3

− units are located in the �5 A� wide central channels
of the V-helices. In the complex with NH4I3, two CA26 molecules are stacked to form 2×12/3 turns long channels harbouring
3 I3

− at 3.66–3.85 A� inter I3
− distance (shorter than van der Waals distance, 4.3 A� ), whereas in the Ba(I3)2 complex, CA26 are

not stacked and only one I3
− each fills the V-helices. Glucose···I contacts are formed with C5�H, C3�H, C6�H and (at the ends

of the V-helices) with O6 in (+ ) gauche orientation. By contrast, O2, O3, O4 and O6 in the preferred (− ) gauche orientation do
not interact with I because these distances are �4.01 A� and exceed the van der Waals I···O sum of radii by about 0.5 A� except
for one O2···I distance of 3.68 A� near the end of one V-helix. Raman spectra indicate that the complexes share the presence of
I3
− with blue amylose–iodine. © 2003 Elsevier Science Ltd. All rights reserved.
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1. Introduction

The dark blue complex formed between iodine and
amylose (that consists of a chain of �-(1�4) linked
glucose units) is known since 1814,1 but details of its
structure and the nature of the iodine are still under
discussion.2–4 The gross structure of the amylose–
iodine complex was first determined by X-ray fiber-
diffraction5,6 and described as folding of amylose into a
V-helix with left-handed screw sense, six glucoses per
turn and 8 A� pitch. In the central, �5 A� wide channel-
like cavity of the V-amylose helix, polyiodide is embed-
ded with average I···I distance of 2.9 A� . The exact form

of this polyiodide has since then been disputed and
studied by Resonance Raman and circular dichro-
ism,3,7–9 absorption,3,4 Mössbauer10 spectroscopy,
calorimetry,11 iodine L-edge X-ray absorption fine
structure (XAFS),12 other physical methods2 and the-
ory.3,4,11,13,14 The data have been interpreted as a linear
chain of equidistant iodine atoms,8 I2 and larger associ-
ates,2,11 triiodide (I3

−), pentaiodide (I5
−) and higher

iodides2–4,6,7,10,12 or a mixture of these species according
to an equilibrium model assuming coexistence of I3

−

and I5
− substructures in the amylose–iodide complex

whose balance depends on experimental conditions.3

Crystallization of well-defined fragments of amylose
with iodine/iodide remained elusive except for p-nitro-
phenylmaltohexaose that crystallized in the form of a
left-handed, antiparallel double helix with (I3

−)n located
in the central channel.15 Several model compounds were
used to simulate the amylose–iodine complex,7–10 the
closest being �-cyclodextrin as it resembles in its dimen-
sions and chemical nature one turn of V-amylose. In
complex with polyiodide, �-cyclodextrin forms a chan-

* Corresponding author. Tel.: +30-838-3412; fax: +30-
838-6702

E-mail address: saenger@chemie.fu-berlin.de (W. Saenger).
1 Present address: CallistoGen AG, Neuendorf Str. 24b,

D-16761 Germany.
2 Present address: Xerox GmbH, Vor dem Lauch 15, D-

70567 Stuttgart, Germany.

0008-6215/03/$ - see front matter © 2003 Elsevier Science Ltd. All rights reserved.

doi:10.1016/S0008-6215(03)00016-8

mailto:saenger@chemie.fu-berlin.de


O. Nimz et al. / Carbohydrate Research 338 (2003) 977–986978

nel-type structure, the channel being occupied by disor-
dered (I2I3

−)n or (I5
−)n, depending on counterion Li+

and Cd2+, respectively.16

Recently, very large cycloamyloses ranging from 10
to 32 glucoses in the macrocycle were prepared.17,18 The
crystal structure of the hydrated cyclomaltohex-
aicosaose (CA26) shows that the macrocycle is folded
like the figure ‘8’, with almost two (12/3) turns long
V-amylose helices in antiparallel orientation related by
a pseudo-C2 axis.19,20 The complex formation between
I3
− and CA26 analogs with 21–32 glucoses (DP21 to

DP32) was investigated with isothermal titration
calorimetry (ITC).21 The data suggest that CA26 has
two identical binding sites, each occupied by one I3

−, in
agreement with the folding structure of CA26. In the

present contribution, we report the structure of CA26
crystallized as I3

− inclusion complex with NH4
+ and

Ba2+ as counterions that shows atomic details of amy-
lose···I interactions and provides a new model for
amylose–iodine.

2. Experimental

Preparation and purification of CA26 are as previously
described.17–19 Complexes of CA26 and polyiodide
were prepared by mixing 3 �L of 20 mg CA26/mL
H2O, 1 �L saturated aqueous NH4I3 or Ba(I3)2, respec-
tively and 3 �L aqueous 25% (vol/vol) polyethylenegly-
col (PEG400). The drops were equilibrated against a
PEG400/H2O reservoir (25% vol/vol, 10 mL) according
to the hanging drop vapour diffusion method. After
several days, brown prismatic crystals formed with
characteristics given in Table 1. In the following, the
complex with NH4

+ counterions is designated (I) and
the one with Ba2+ counterions (II).

X-ray diffraction data to 0.9 A� resolution were mea-
sured at beamline X31 (EMBL outstation at DESY/
Hamburg) at 100 (I) and 300 K (II); using wavelengths
given in Table 1. Data of crystals II could not be
measured at lower temperatures because all attempts to
establish conditions for shock-freezing the crystals re-
mained elusive. The data were processed with the HKL
program suite,22 and symmetry equivalent reflections
were merged to yield the final data set described in
Table 1.

Attempts to solve the phase problem by molecular
replacement using CA2619 as search model failed due to
the strong contribution of I3

− (that is partially disor-
dered) to the structure amplitudes. The crystal structure
of I was finally determined by dual-space recycling
methods as implemented in the program SHELXD23

using data to a resolution of 1.05 A� . The internal loop,
which operates only on the strongest E magnitudes (in
this case, 3559 E�1.4) was set to locate the 18 highest
occupied iodine sites. Starting from a trial set of ran-
domly positioned atoms consistent with the Patterson
function, phases were refined by the tangent formula24

in reciprocal space, alternating with the selection of the
30 highest peaks in an E-map. Twelve of these potential
atoms were then eliminated at random. After 10 such
real/reciprocal space iteration cycles, possible solutions
for I were screened by checking the value of the correla-
tion coefficient (CC) based on all data25 and the value
of the Patterson superposition minimum function for
the highest occupied 18 iodine (6 I3

− sites) and 2 iodide
(I−) sites (PATFOM). Partial solutions with a CC
above 40% and PATFOM above 15 invariably led to a
structure determination characterized by a CC of al-
most 70% when expanded by eight cycles of progressive

Table 1
Crystallographic data

III

2(C156H260O130)·Chemical formula (C156H260O130)0.5·
6NH4I3·2NH4I· Ba0.5I3·23.75·H2O·
91.5H2O (PEG400)0.5·glycol
12761.0Formula weight 3113.2

Space group C2C2221

100Temperature (K) 300
0.92Wavelength (A� ) 0.75

Unit cell constants
31.79(3)a (A� ) 50.70(1)
44.13(4)b (A� ) 13.853(3)
80.65(8) 21.429(4)c (A� )
90� (°) 90

� (°) 90 114.57(3)
90� (°) 90

Volume (A� 3) 13,687113,143
Crystal size (mm) 0.3×0.2×0.10.5×0.3×0.1

1.461.35Calculated density
(g/cm3)

23.0–0.9010.0–0.91Resolution range
(A� )

Measured 182,685 45,274
reflections

8824Unique reflections: 32,818
all data

with �4� (Fobs) 788031,978
92.0Completeness (%) 98.6

Rsym (%) 4.39.8
6451Parameters 1685

0.087Final R-factor: all 0.085
data

with �4� (Fobs) 0.084 0.080
0.1020.101RFree: all data

0.100with �4� (Fobs) 0.092
1.973Goodness-of-fit 1.877

�(�)max, �(�)min 0.99, −0.87 0.56, −0.45
[e/A� 3]
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Fig. 1. Stereo view of complex I, CA26 in white/grey with glucoses numbered 1–26. Some of the water molecules in I shown in
red, with the structurally important water W1 and W2 labeled. The pseudo-twofold rotation axis relating the two halves of CA26,
glucoses G1�G13 and G14�G26, is perpendicular to the paper plane and located between W1 and W2. The triiodides T1, T2 and
T5, T6 shown in magenta, T3 and T4 not shown as they bind to adjacent CA26 molecules which participate in the formation of
the symmetry-independent V-helix channels, see Fig. 4.

incorporation of more atoms and peaklist
optimisation26 from bottom to top. During this process,
atoms were eliminated whenever this led to an improve-
ment of the CC between observed and calculated nor-
malized structure factors based on all data. After 100
random trials, the structure was solved in three ap-
proaches, each leading to the location of 740 atoms in
nearly identical sites. The number of iodine atoms to be
located in the internal loop proved to be a critical
parameter that had to be determined before arriving at
an undistorted, fairly complete solution. It was opti-
mized by examining the values of the Patterson func-
tion relating possible iodine atom pairs and led to the
determination of all major iodine sites in the structure.

The location of the barium ion in II at 0.5, 0.5, 0.5
could be determined from the Patterson function after
statistically removing the origin peak. Expansion of this
one-atom partial solution by five cycles of progressive
incorporation of more atoms and peaklist optimisation
based on all data as explained above led to the determi-
nation of the whole structure, characterized by a CC of
76% and location of 139 correct atom sites.

Both crystal structures were refined by full-matrix
least-squares with SHELXL97,27 restraining glucose and
triiodide 1–2 and 1–3 interatomic distances. Difference
electron densities provided the positions of the remain-
ing atoms of the structure (disordered I positions, dis-
ordered water and CA26 primary O6 oxygen atoms in
I and II and twofold disordered PEG400 (HO�CH2�
CH2�O�(CH2�CH2�O)4�CH2�CH2�OH) and two gly-
col molecules in II). During refinement, the sums of the
occupation factors of each of these O6 atom pairs and
the sums of major and minor I sites were fixed at 1.0,
C�H hydrogen atoms were placed into calculated posi-

tions at C�H bond length of 0.97 A� and their parame-
ters were varied according to the ‘riding’ model. To
avoid overfitting of the models, 5% of the reflections
were flagged for calculation of Rfree before initiating the
refinement.28 Refinement statistics for crystal structures
I and II are given in Table 1.

3. Results and discussion

Crystals of I have orthorhombic space group C2221

with two CA26 in the asymmetric unit, formula 2
CA26·6 NH4I3·2 NH4I·91.5 H2O; crystals of II belong
to the monoclinic space group C2 with half of the
CA26 molecule in the asymmetric unit, formula
(CA26)0.5·Ba0.5 I3·PEG4000.5·2 glycol·23.75 H2O (glycol
C2H6O2 was present in PEG400 as impurity).

In both crystal structures, the macrocycle of CA26 is
folded into a figure ‘8’ as recently described,20 Fig. 1. It
is clearly divided into two halves with 13 glucoses each,
G1�G13 and G14�G26, that are antiparallel and re-
lated by twofold axes passing right through the center
of the molecule, i.e., a local pseudo-C2 axis in I and a
crystallographic C2 axis in II. The two halves of CA26
are connected by band-flip motifs found thus far in all
cycloamyloses with 10 and more glucoses in the macro-
cycles.29 The characteristics of this motif are pairs of
glucoses (G13�G14 and G26�G1) oriented anti and
stabilized in this conformation by bifurcated (three-cen-
ter) hydrogen bonds with O3n�H as donor and O5n+1

and O6n+1 as acceptors. By contrast, all the other
glucoses in the two halves are oriented syn typical for
amylose and cyclodextrins so that O3n ···O2n+1 hydro-
gen bonds are formed. The two halves of each CA26



O. Nimz et al. / Carbohydrate Research 338 (2003) 977–986980

are folded into 12/3 turns long, left-handed V-amylose
helices (formed by 10 glucoses each) and stabilized by
intramolecular O6n ···O2n+6 or O6n ···O3n+6 hydrogen
bonds between glucoses in adjacent turns, with C6�O6
in the preferred (+ ) gauche orientation within helical
turns and the less preferred (− ) gauche orientation in
some of the glucoses near the end of the V-helices,
respectively. The conformations of glucoses, inter-glu-
cose torsion angles �, � and hydrogen bonds between
adjacent glucoses in CA26 are similar to those reported
recently.19,20

In addition to the intramolecular hydrogen bonds,
the folding of CA26 is stabilized by water molecules
W1 to W4 which crosslink the helical segments (W1
and W2 are shown in Fig. 1; W3 and W4 are located
‘behind’ W1 and W2 and hidden by atoms of
CA26). Since these water molecules were found in
comparable positions in all CA26 structures determined
thus far, they must be considered as essential structural
motifs.

In I, the glucoses of the two CA26 molecules in the
asymmetric unit are denoted as G1�G26 and
G101�G126, respectively. The CA26 molecules are
stacked such that the helical segments form 2×12/3

turns long V-amylose pseudo-helices. They are stabi-
lized by intermolecular hydrogen bonds that are direct
O3(G1)···O3(G114) and O6···O6� between glucoses
G22�G25 and G113�G110 (Fig. 2(A)) but both direct
and mediated by water O6···OW···O6�/O5� between glu-
coses G11�G13 and G123�G125 (Fig. 2(B)). The NH4

+

cations in I could not be distinguished from water
molecules and are consequently considered to be water.

The molecular arrangement is different for II as
V-helices of adjacent CA26 interact with their O2/O3
sides, G1�G4 of one CA26 hydrogen bonding to
G4��G1� of the adjacent one. Ba2+ is located at the
interface (and right on the crystallographic C2 axis),
and coordinated by twofold disordered PEG400 and by
two glycol molecules, Fig. 3. The coordination of Ba2+

with PEG400 is similar as previously described.30

Fig. 2. Connectivity between adjacent CA26 molecules in I (A and B) and in II (C). In (A), two different CA26 are stacked and
connected by direct O3···O3� and O6···O6� hydrogen bonds (dashed lines) to form a channel with 2×12/3 turns V-helix. Oxygens
dark grey, carbons white/grey, iodines large grey spheres, glucoses numbered G14 to G26+G1 for the lower (white) CA26, and
G101 to G113+G114 for the upper (grey) CA26. (B). In the ‘second’ channel two adjacent CA26 are connected by direct O6···O6�
and by water-mediated hydrogen bonds O6···W···O6�/O5� indicated by dashed lines. Note that the lowermost V-helical turns in (A)
and (B) are comparable, i.e., glucoses G14 to G21 in (A) and G1 to G8 in (B), but the positions of the lowermost triiodides T3
(A) and T4 (B) are not, T3 being shifted ‘upward’ relative to T4 by about 1.5 A� . (C) Connectivity between adjacent CA26
molecules in II, hydrogen bonds between O2, O3 hydroxyl groups indicated by dashed lines. The crystallographic C2 axis is
perpendicular to the paper plane and passes right through Ba2+ (large sphere). Glucoses numbered G1 to G13, with oxygens in
black and carbons in white, triiodides in grey, large spheres indicate iodine atoms I1, I2, I3.
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Fig. 3. Stereo view of the Ba2+ cation coordination in structure II. Electron density at the 1.0 � level shown in thin lines and
interpreted with Ba2+ (black sphere), two glycol molecules (center) and disordered PEG400 (HO�CH2�CH2�O�
(CH2�CH2�O)4�CH2�CH2�OH). O�C�C�O chains in grey, C�H bonds in white. The oxygen atoms coordinate Ba2+ at Ba2+···O
distances in the range 2.74–3.04 A� . A nearly identical geometrical arrangement has been found for Ba2+ tetra- and
pentaethyleneglycol dimethylether thiocyanates.30

3.1. Packing of molecules in the unit cell

In crystals II, the packing of molecules is determined by
the C2 axis parallel to b that coincides with the inherent
twofold rotation axis of CA26. These molecules are
consequently arranged in the a, c plane. The 12/3 turns
long V-helices are not stacked directly but separated by
the Ba2+···PEG400 2 glycol complexes.

In I, the packing is much more complex with the
triiodide (T) chains (T1�T2�T3 and T4�T5�T6) ori-
ented nearly parallel to the c-axis (Fig. 4(a and b)). The
two CA26 molecules in each asymmetric unit (indicated
by red and blue colors in Fig. 4(a and b)) and the
glucose units denoted G14 to G26 for one and G101 to
G113 for the other CA26 harbour triiodide chains
T1�T2�T3. The other chains T4�T5�T6 are located in
the channels of CA26 from different asymmetric units
and enclosed by glucose chains G1 to G13 from one
and G114 to G126 from the other CA26. The two
CA26 in an asymmetric unit are rotated by �60°
about an axis formed by T1�T2�T3, yielding the com-
plex zigzag pattern shown in Fig. 4(b).

3.2. Polyiodide chains

In both I and II, the V-amylose channels are filled by
I3
−. The channel in I is formed by two stacked CA26

(2×12/3) turns of V-helix and terminated at both sides
by voids filled by water molecules. This contrasts the
channel of II which is only one CA26 (12/3) turns long
and terminated by Ba2+ coordinated to PEG400 and 2
glycol, Fig. 3.

In I, each of the two symmetry-independent V-helix
channels is occupied by two independent chains com-
posed of three I3

− (T1�T2�T3 and T4�T5�T6) that are

twofold disordered and oriented along the crystallo-
graphic c-axis; for occupation factors see caption Fig.
5(A and B). One of the disordered chains has major
occupation of the I3

− units in the range 0.69–0.81
(T1�T2�T3 in one channel and T4�T5�T6 in the other
channel, see Figs. 4 and 5(A and B)) and the other
chain has minor occupation of 0.19–0.32. Since the I···I
distances between these two major and minor occupied
chains are in the range 0.74–1.62 A� , the chains exclude
each other mutually, i.e., only one of the chains can be
included in the V-channel at a time. Within the two
chains, the I3

− units are well defined, with I�I bond
lengths in the range 2.81–3.00 A� (see Fig. 5(A and B))
and I1�I2�I3 angles in the range 174.7–179.2°. Between
the I3

− units, the I···I distances are much larger, 3.66–
3.85 A� , but significantly shorter than the van der Waals
separation, 4.3 A� .31 The positional disorder of the I3

−

chains was already evident from diffuse streaks in the
X-ray diffraction pattern of crystals of I, their separa-
tion of 3.1 A� reflecting the average distance along the
polyiodide chains, similar as found in �-cyclodextrin-
polyiodide and in amylose–iodine complexes.16,5,6 In
the channel of II, there is only one twofold disordered
I3
−, both sites with low occupation, 0.32 (major) and

0.11 (minor), Fig. 5(C).
The interactions between iodine atoms/ions and the

V-helix channel (Table 2) are predominantly of type
C5�H···I (32 contacts in I and 8 in II in the range
3.18–3.50 A� , comparing well with the van der Waals
H···I distance of 3.35 A� ). Although feasible from a
geometrical point of view, there are much less C3�H···I
contacts (2 in I and 3 in II in the range 3.35–3.50 A� )
and an intermediate number of contacts for C6�H···I
(11 in I and 5 in II in the range 3.32–3.57 A� ). In
addition, there are several O6···I interactions (with O6
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in (+ ) gauche orientation, see Table 2) near the ends of
the channels, 7 in I in the range 3.50–3.95 A� and 3 in
II in the range 3.40–3.65 A� , close to the van der Waals
O···I distance of 3.55 A� . There is no interaction �4.01
A� of the form O4···I, O2···I and O3···I as these oxygen
atoms are further away from the central channel There
is one exception found at the very end and in fact not
part of a V-helix, G101 O2···I3 of T3, at 3.68 A�
distance, Table 2.

3.3. Two I− sites in I

Besides the triiodide chain filling the channels of the
V-helices in I, there are two I− sites, I7 and I8, Fig. 6.
The former is located on the pseudo-C2 axis and two-
fold disordered with major (0.42) and minor (0.06)
occupancy sites that are very close together (0.7 A� ). The
coordination of the major site is a distorted bipyramid

with six H atoms forming a plane. They belong to two
adjacent CA26 molecules, H1 of G110� and H4 of
G109� to one CA26 and H1, H2 of G7 and G20 in the
other CA26 (the pseudo-C2 axis is located between G7
and G20 of the latter CA26) with H···I− distances of
2.98–3.24 A� . The apical positions of the bipyramid are
occupied by water molecules W63 and W149 at O···I−

distances of 3.45 and 3.58 A� , respectively. The other
iodide, I8, is also only partially occupied (0.18) and
located at the interface between two V-helices. It is
sevenfold irregularly coordinated to O6 of G8 and O6
(disordered) of G9; O3 and H2 of G13 (at O···I−

distances in the range 3.26–3.47 A� and H···I− at 3.39
A� ), to H1 of G125� (H···I− at 3.00 A� ) and to water
molecules W32, W70 at 3.49 and 3.69 A� , respectively. A
comparable albeit not identical coordination of I− by
�-cellobiose was recently reported.32 Since in this latter
study all O�H hydrogen atoms were located and all

Fig. 4. Stereo views illustrating the packing of CA26 and triiodide molecules in structure I. (Top, a) View on the b,c plane. The
unit cell contains 4 asymmetric units (a.u.), each harbouring two CA26 indicated in red and blue and denoted G1 and G101 at
the positions of glucoses G1 and G101. Note that triiodide chain T1�T2�T3 is bound to two CA26 of the same a.u. whereas chain
T4�T5�T6 is bound to two CA26 of different a.u. (Bottom, b) View on the a, b plane, same coloring as in (A). Note that the two
CA26 in each a.u. are rotated by about 60° with respect to each other, with T1�T2�T3 and T4�T5�T6 acting as rotation axes.
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Fig. 5. Geometry of triiodide chains in I (A, B) and in II (C). Major occupancy sites (T1 0.69, T2 0.72, T3 0.68, T4 0.71, T5 0.80,
T6 0.81) shown in ball-and-stick representation with large spheres and denoted I(1), I(2), I(3) etc., low occupancy sites (T1 0.31,
T2 0.28, T3 0.32, T4 0.29, T5 0.20, T6 0.19) with small spheres and denoted I(1)b, I(2)b, I(3)b etc. Two extra sites I(4)c and I(13)c
with occupancy of 0.20 and 0.28 are marked by horizontal arrows as they could not be attributed to I3

−. Numbers at vertical bars
to the right of the triiodide chains indicate I�I distances of the major occupancy I3

− and between the I3
− units.

O�H groups are engaged in coordination to I− with
their H atoms forming O�H···I− interactions, we as-
sume that in our study as well it is not the O�H
oxygens that coordinate I− but rather the O�H hydro-
gens that could, however, not be located.

3.4. Raman spectra

Model compounds of polyiodides provided an assign-
ment of Raman spectra to different species: Raman
bands at 190 cm−1 to I2; strong bands between 100 and
120 cm−1 (�1) to linear I3

−, and bands in the 130–155
cm−1 region (�3) to asymmetric I3

−; bands at 75, 90 and
163 cm−1 to linear I5

− and at 76, 112, 145 and 155
cm−1 to bent I5

−.9,10 A band at 104 cm−1 in the Raman
spectrum of a model compound (trimesic acid·I5

−) was
initially assigned to I5

−10 but later suggested to be due
to impurities of I3

− because theoretical and far-infrared
studies assigned the band near 110 cm−1 to I3

− and not
to I5

−.3,9

Raman spectra taken from single crystals of I show
bands at 107 and 141 cm−1 that are clearly consistent
with the presence of I3

− and provide conclusive evidence
for the assignment of these bands to I3

− (Fig. 7). When
the crystals were dissolved in water, a strong I3

− band
comparable to that of the crystal spectrum was found
at 110 cm−1, however, different to the crystal spectrum

two major bands were found at 150 and 168 cm−1 that
indicate the presence of complicated vibrational states
of the iodide species in solution (Fig. 7). The 150 cm−1

band points to the presence of I3
− (�3 vibrations of

asymmetric I3
−) whereas the strong band at 168 cm−1

suggests the presence of another species. This might be
a distorted I3

− or linear I5
−. Weaker bands at 227, 281,

334 cm−1 could be assigned to combinations of over-
tone frequencies of the major bands. The Raman spec-
trum of II dissolved in water (Fig. 7) has the same

Table 2
Polyiodide-oxygen contacts �4.0 A� of I and II

Res/Atom I Res/Atom J Distance IJ (A� )

3.50102 O6T1 I1
22 O6 3.64T2 I3

T3 I1 19 O6 3.95
T3 I1 3.6120 O6
T3 I2 19 O6 3.79
T5 I1 9 O6 3.85

101 O2 3.68T5 I3

I1 7 O6 3.65
I2 5 O6 3.56

3 O6 3.40I3

All O6 in (+) gauche orientation, most are disordered.
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Fig. 6. Coordination of the two iodide anions I7 (Top) and I8 (Bottom) in crystals of I. In (Top), only the major occupancy site
of I7 is shown. Coordinated H atoms and O�H groups are indicated by dashed lines and distances (A� ) are given in the text.

spectral features as that of I dissolved in water, suggest-
ing the same interpretation as given above.

Principal bands at 109 and 160 cm−1 have been
observed in the Raman spectra of starch–iodine com-
plexes.3,7,10 The band at 109 cm−1 confirms the pres-
ence of I3

− as main component in starch–iodine
complexes, and the strong band at 160 cm−1 points to
the presence of I5

−, with I3
− and I5

− being key substruc-
tures in the polyiodide chain.3 The two species function
cooperatively and define the electronic excitations that
are responsible for the deep blue color of the com-
plexes.3 The band near 110 cm−1 in the Raman spectra
of starch–iodine and in complexes I and II supports the
view that I and II represent good models for certain
amylose iodine properties. The spectral features in the
region around 160 cm−1, however, clearly indicate
differences between I and II in the crystal and in
solution and between the solution properties of I and II
and amylose–iodine.

3.5. Absorption spectra

Absorption spectra recorded with the NH4I3 and

Ba(I3)2 solutions used for crystallization of I and II did
not indicate the presence of molecular iodine,
	max(I2)=460 nm, suggesting that the solutions con-
tained only I3

− and I−. Absorption spectra taken from
thin crystals of I and II and from aqueous solutions of
these crystals showed bands at 287 and 368 nm (not
shown), indicating the presence of I3

− and I−. These
absorption maxima are consistent with the brown color
of crystals of I and II. For amylose–iodine, the absorp-
tion maximum is in the range 566–572 nm depending
on conditions and in agreement with the deep blue
color of ‘iodine’s blue’. A similar deep blue/black color
(with metallic luster) was reported16 for the channel-
type complexes formed by �-cyclodextrin and LiI3·I2

and Cd(I3)2·I2, respectively, where the disordered I3
−·I2

chains are of infinite lengths and not only limited to
three or one I3

− as in I and II, respectively.

3.6. Conclusions

This study describes the inclusion complexes of CA26
with NH4I3 (I) and Ba(I3)2 (II). In I, two CA26
molecules are stacked on top of each other, providing
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channels with nearly 2×12/3=31/3 V-helical turns.
These channels are filled by three I3

−, the two ‘outer’
ones are located within the two CA26 channels, and the
‘central’ one occupies a position between the two
stacked CA26 molecules. In II, the two channels are
isolated, each one being occupied by one I3

− similarly
located as the ‘outer’ I3

− in complex I. The existence of
only I3

− (and not I2 or I5
− or any higher polymorph) is

also evident from Raman spectra taken from crystalline
I and II.

These findings are in agreement with isothermal titra-
tion calorimetry (ITC)33 which has shown that CA26
accommodates one I3

− each in two identical sites with
different binding constants K1=3.29(5)×103 M−1 and
K2=16.4(2)×103 M−1, respectively. The difference in
K1 and K2 indicates that the binding sites are not
independent but influence each other, suggesting that
slight molecular distortions occur upon binding of the
first I3

− to CA26 and are transmitted to the second
channel, thereby modulating the binding of the second
I3
−. All studied CA from CA21 to CA32 show different

binding constants (with maxima for CA24 (K1�2×103

M−1, K2�57×103 M−1) and CA31 (K1�5×103

M−1, K2�62×103 M−1). For all CA, �H and −T�S
compensate for each other and show a maximum of
112.8 kJ mol−1 for CA26. This indicates that �G is
relatively small (−20– −30 kJ mol−1 for all investi-
gated CA21 to CA32), and similar values have been
obtained for inclusion complex formation of the com-
mon �- and �-cyclodextrins.33 These findings are proba-

bly associated with the release of structural water
molecules from the interacting surfaces (I3

− and channel-
like cavities in CA26) and formation of hydrogen bonds
in bulk water.21

The interactions between I3
− and CA26 are mainly of

the type C5�H···I and C6�H···I, with only few of type
C3�H···O. There is no interaction with oxygen atoms
O4, O5, O2�H and O3�H as they are more than 4.01 A�
away from the iodine atoms except for O2 of G101
located at the end and outside the V-helix at O2···I of
3.68 A� . With O6, however, several contacts are formed,
O6···I, within the range 3.50–3.95 A� and only if O6 is
in the (+ ) gauche orientation and close to the end of
the V-helix. These data indicate that the frequently
proposed O4···I charge-transfer interactions cannot play
a role in the amylose–iodine complex.

The color of the CA26·I3
− complexes I and II is brown

and not blue–black as found in amylose–iodine5–7 and
in the structurally studied complexes of �-cyclodextrin
and I3

−···I2 or I5
−.16 This could be due to the limited

lengths of the T1�T2�T3 and T4�T5�T6 triiodide
chains. Since, however, the triiodide chains are ‘infi-
nitely’ long in the complex formed between p-nitro-
phenylmaltohexaose and I3

− and the color of these
crystals is also brown and not blue–black, it appears
that polyiodide chains containing I3

− and I2 are required
to produce the deep color characteristic for amylose–
iodine.

4. Supplementary material

The atomic parameters have been deposited with the
Cambridge Crystallographic Data Centre, CCDC Nos.
177578 and 177894 for compounds I and II. Copies of
this information may be obtained free of charge from
The Director, CCDC, 12 Union Road, Cambridge, CB2
1EZ, UK (Fax: +44-1223-336-033; e-mail: deposit@
ccdc.cam.ac.uk or www: http://www.ccdc.cam.ac.uk).
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