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Abstract: The macrocyclic complex [Ni2(L)(OAc)]ClO4 (1)
adsorbs up to 17 molar equivalents (> 270 wt %) of iodine,
although it does not exhibit permanent porosity. Vibrational
spectroscopic and crystallographic studies reveal that two I2

molecules are captured by means of thiophenolate!I2 charge-
transfer interactions, which enable the diffusion and sorption of
further I2 molecules in a polyiodide-like network. The efficient
sorption and desorption characteristics make this material
suitable for accommodation, sensing, and slow release of I2.

The search for new charge-transfer (CT) complexes of the
halogens is an attractive research area, given their importance
for many practical applications such as batteries for pace-
makers,[1] drugs for wound healing and infection treatment,[2]

charge carriers in dye-sensitized solar cells (DSSCs), and
supercapacitors to name but a few.[3] Thus, a variety of new
CT complexes have been reported in recent years,[4] partic-
ularly polyhalides[5] of the lighter and more reactive halo-
gens.[6, 7] More exotic halogen CT adducts such as those
involving extremely good electron-pair donors such as
alcoholates and thiolates have received less attention,[8]

presumably due to their lower stability and tractability, and
only a few compounds have been characterized. In fact,
thiolate–dihalogen adducts (RS�!Hal2, Hal = I, Br) are
instable with respect to disproportionation, and have never
been isolated in their free form, but they can be accessed
when the thiolate anion is coordinated to a metal ion.[9]

In previous work we reported a unique thiolate!Br2 CT
complex [Ni2L(OAc)(Br2)](ClO4) (2 ; Scheme 1), trapped in
the coordination sphere of the macrocyclic complex [Ni2L-
(OAc)](ClO4) (1).[10] Complex 2 was expected to form
a bis(Br2) adduct [Ni2L(OAc)(Br2)2]

+ as well, but dispropor-
tionation took place to give a sulfenyl bromide complex
[Ni2L

Br(OAc)]2+ (3). We now show that such a bis(CT) adduct

is accessible with the weaker Lewis acid I2. We further
demonstrate the remarkable ability of 1 to adsorb large
amounts of I2 from the gas phase, and that the RS�!Hal2 CT
interactions play a crucial role in the uptake process. The
sorption of I2 in porous systems such as starch, zeolite MFI,[11]

organic zeolites,[12] and metal–organic frameworks is well
known,[13] but is without precedence for metal thiolate
complexes.[8, 14]

The bis(I2) adduct [Ni2L(OAc)(I2)2](I5)I2 (5) can be
reproducibly obtained in roughly 80 % yields by reaction of
the mono(I2) adduct [Ni2L(OAc)(I2)](I5) (4)[15] with a fivefold
excess of I2 in acetonitrile (Scheme 1). The same product is
also directly accessible from [Ni2L(OAc)](ClO4) (1), but this
requires 10 equiv of I2. Exposure of the perchlorate salt 1 to
iodine vapors for 25 days followed by recrystallization from

Scheme 1. Structures and syntheses of complexes 1–5.
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MeCN also leads to 5. Notice that the bis(CT) adducts are
obtained as polyiodide salts. This can be traced to dispropor-
tionation of I2 in MeCN,[16] followed by adduct formation, and
anion exchange according to Equations (1a)–(1c).

CH3C�Nþ I2 ! ½CH3C�N�I�þ þ I� ð1aÞ

2 I2 þ I� ! I5
� ð1bÞ

½Ni2LðOAcÞ�ðCIO4Þ þ 2 I2 þ I5
� ! ½Ni2LðOAcÞðI2Þ2�ðI5Þ þ ClO4

�

ð1cÞ

The lower solubility of the polyiodide salts is attributed to
secondary CT interactions (see the crystal structure below).
Compounds 4 and 5 are air stable, paramagnetic (NiII (d8

, S =

1)),[15] crystalline solids, and are readily distinguished by IR
and UV/Vis spectroscopy (n(OAc) = 1585 cm�1 (4),
1578 cm�1 (5); n!s*, s!s* = 362, 292 nm (4), 362, 284 nm
(5).

The crystal structure determination of 5·MeCN confirmed
the presence of the bis(I2) CT adduct. The asymmetric unit
contains two crystallographically independent but chemically
identical [Ni2L(OAc)(I2)2]

+ cations (Figure 1) and two I5
�

ions, along with two I2 and two MeCN molecules of
crystallization. The RS!I�I linkages are all linear, and the
I�I distances are longer than in free I2 (2.667(2) �)[17] in
agreement with charge transfer from the thiolate to the I2. The
S�I distances are also longer than the value of 2.37 � for
a covalent RS�I bond.[18,19]

As shown by Tebbe et al., the I�I bond lengths and angles
in iodine-rich polyiodides are often characteristic and can be
used to define the constituting species.[4] In [(C5H5)2Fe]3I29,

[4]

for example, the anionic I29
3� substructure can be decomposed

to I3
� , I5

� units, and bridging iodine molecules, which are
connected by cross-linking secondary interactions. In the
present compound, similar cross-linking interactions are
present between the V-shaped I5

� anions, the [Ni2L-

(OAc)(I2)2]
+ cations, and the cocrystallized I2 molecules as

illustrated in Figure 2. Only few RS!I2 CT adducts are
known. One nickel thiolate complex NiL’�I2 (H2L’= N,N’-
bis(2-mercaptomethylpropane)-1,5-diazacyclooctane) has
been described by Darensbourg et al.[9] A dinuclear Mo2S2

complex with two S(sulfido)!I2 linkages has also been
reported.[20]

In view of the high affinity of 1 for I2, it was of interest to
examine possible adduct formation between 1 and gaseous I2

[Eq.(2)]. Therefore, a powdered, microcrystalline sample of

Ni2L OAcð Þ½ � ClO4ð Þ
1

þn I2;g ! Ni2L OAcð Þ½ � ClO4ð Þ
1 I2ð Þn

I2ð Þn ð2Þ

1 (30 mg) was placed in a chamber and exposed to I2 vapor at
294 K.[21] The gradual color change from pale-green to black,
a substantial increase (ca. 270 %) in the mass of the sample
(Figure 3), and conversion to an amorphous state (Figure SI-
1) clearly confirmed adsorption and uniform penetration of
the sample by I2. The I2 content increased gradually with time
and eventually approached the equilibrium value nsat

� 10.2 mol I2/mol (1), corresponding to an iodine adsorption
of 2.697 g(I2)/g(1), a value much higher than the 0.3–1.2 gg�1

range typically observed for microporous adsorbents and
activated carbon.[22–24] This is particularly intriguing, given
that 1 does not exhibit permanent porosity (according to the
N2 adsorption isotherms at 77 K, BET surface area ABET<

1.5 m2 g�1, Figure SI-2).

The above findings suggested that penetration of I2 into
1 is accompanied by the generation of openings in the
structure to allow the I2 molecules to thermally jump from
one position to a neighboring one, thereby enabling Fickian-
type diffusion similar to that of diatomic gases in amorphous
polymers matrices.[23] For this reason the sorption of I2 by
1 was studied as a function of temperature. Figure 3 shows the
data at 40, 50, and 60 8C. Two trends are apparent. First the
equilibrium solubility of iodine (nsat) increases slightly with
temperature, from 11.1(1) at 21 8C to 16.46(1) mol(I2)/mol(1)
at 60 8C. Secondly, the rate of the I2 adsorption increases

significantly with temperature. The time (t1/2)
required to reach half of the saturation value
(nsat) dropped more than tenfold from about
300 h at 21 8C to 30 h at 60 8C.

There are not many solids whose proper-
ties can be compared with those of 1. The
sorption of I2 in amorphous polymer foams
has been investigated theoretically.[25] Here,
the unidirectional, isothermal diffusion
within a polymer film of thickness L is
described by Fickian second law.[26] We tried
to model the sorption data of 1 in terms of the
long-time (n/nsat> 0.4) approximation
[Eq. (3)] of this model.

nt ¼ nsat 1� 8
p2

� �
exp

�p2Dt
L2

� �� �
ð3Þ

In each case a good fit was possible
suggesting that the sorption is indeed diffu-
sion controlled following Fickian kinetics.

Figure 1. Left: Structure of the CT adduct [Ni2L(OAc)(I2)2]
+ (molecule A) in crystals of

5·MeCN (50% thermal ellipsoids, H atoms omitted, bond lengths in � (those in square
brackets for molecule B)). Right: Illustration of the core structure of the [Ni2L(OAc)(I2)2]

+

cation.
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The increase of the sorption rate can be rationalized in terms
of the large (ca. 20-fold) increase of the iodine vapor pressure.

Both nsat and Deff = D/L2 were found to be
linearly dependent upon the iodine vapor
pressure; however, the diffusion is much
smaller than in rubbery polymers.[23, 27] Given
the higher flexibility of the polymer chains this
is not surprising.[28]

When the I2-loaded samples are exposed to
air atmosphere, a weight loss due to I2 desorp-
tion occurs (Figure 3a). The release of I2(g) is
slow at 20 8C and does not reach completion
during the time scale of the experiment
(2 months). Raising the temperature to 60 8C,
on the other hand, leads to a rapid weight loss.
The saturation stage is reached in about six
days and corresponds to a final content of two
molecules of I2 per formula unit of 1. The IR
spectrum of this material shows a band at
1579 cm�1 (nas(OAc)) strongly suggesting that
these residual I2 molecules are due to the
bis(I2) adduct [Ni2L(OAc)(I2)2](ClO4). This is
further supported by thermogravimetric anal-
ysis performed on a sample with the compo-
sition [Ni2L(OAc)(I2)2](I2)ClO4 (obtained
after exposure of 1 to I2 vapors for eight

days). This compound decomposes in two steps (75–180 8C:
14.2%, 232 8C: 37.8%), which can be explained by the
sequential evaporation of two different kinds of I2 molecules
(first step: release of one “free” enclathrated I2 molecule,
calcd. 14.8 %; second step: release of two CT-bonded I2

molecules, calcd. 29.6%). The low tendency of the enclath-
rated I2 molecules to evaporate is indicative of secondary CT
bonding interactions of the RS!I2···(I2)n kind similar to those
authenticated in the crystal structure of 5·MeCN. Thus, in the
present case the reversible solid–gas equilibrium is in fact
governed by the CT adduct [Ni2L(OAc)(I2)2]ClO4, whose
polarizable molecular surface acts as a kind of nucleation seed
to stimulate the adsorption of molecular iodine at room
temperature. Desorption from the solid occurs only slowly at
room temperature, but is promoted by heat.

We finally analyzed the sorption of I2 by IR and Raman
spectroscopy.[29] Figure 4 shows IR spectra of three samples
(I–III) withdrawn from a sorption experiment after 2 d, 4 d,
and 25 d, corresponding to a content of one (sample I), two
(sample II), and eight molecules of I2 (sample III) per
formula unit of 1, respectively. The spectrum of pure 1 is
shown for comparison.

A successive red-shift of the antisymmetric carboxylate
stretching mode nas(OAc) is clearly discernible until a I2/
1 ratio of 2:1 (i.e. sample II) is reached. Beyond this ratio the
carboxylate stretching mode remains constant. Notice that
the carboxylate stretching frequencies for adducts 4 and 5 are
also red-shifted upon formation of CT adducts. This strongly
suggests that the sorption process is indeed accompanied by
the formation of a thiolate!I2 adduct.[29] The loss of
crystallinity during the sorption process can be rationalized
in this way. The formation of the linear S!I�I CT linkages
most likely induces steric strain, prevents a tight packing of
the molecules, and creates voids for the inclusion of further I2

molecules.

Figure 3. a) Plot of the number (n) of adsorbed (gray squares) and
desorbed molecules of I2 (black triangles) per mol of 1 as a function of
time under isothermal and isobaric conditions at 21, 40, 50, and 60 8C.
The solid lines are the least-squares fit according to Equation (3).
b) Plot of the saturation values nsat and effective diffusion constants
Deff against the I2 vapor pressure. The solid lines represent linear
regression fits of the data, that is, nsat = 10.4(3)+0.0107(9) ·p(I2,gas);
Deff = 1.9(10)·10�4 h�1 + 0.0030(3)·10�3·p(I2,gas)·h

�1 Pa.

Figure 2. Section of the polyiodide network in crystals of 5·MeCN. C, H, and N atoms
are omitted for clarity. Intermolecular I···I contacts are represented as dashed lines.
Cocrystallized I2 molecules: I15-I16, I17-I18. Selected bond lengths/�: I5-I6 2.811(2),
I6-I7 3.034(2), I7-I8 3.129(2), I8-I9 2.805(2), I10-I11 2.944(2), I11-I12 2.8658(16), I13-I14
2.7388(15), I15-I16 2.715(2), I17-I18 2.724(4). Symmetry codes used to generate
equivalent atoms: �x, 2�y, �z (’), 1�x, 2�y, �z (’’), �1 + x, + y, + z (’’’).
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In conclusion, the macrocyclic amino-thiophenolate com-
plex 1 forms a stable bis(I2) CT adduct, whose RS!I2

linkages can engage in secondary I···I bonding interactions.
The intriguing chemistry of these compounds is attributed to
the special ability of nickel thiolates to form Lewis acid–base
adducts through use of the available lone pairs on sulfur and
the widely nonpolar but polarizable molecular surface of the
nickel complex which aids in the stabilization of elemental
iodine (comparable to iodine in benzene). The efficient
sorption and desorption characteristics make this material
suitable for accommodation, sensing, and slow release of I2

and even the removal of radioactive 129I2.
[12]

Received: May 12, 2014
Published online: July 30, 2014

.Keywords: adsorption · charge-transfer complexes · iodine ·
structure elucidation · thiophenolates

[1] C. L. Schmidt, P. M. Skarstad, J. Power Sources 1997, 65, 121 –
128.

[2] K. Reimer, P. M. Vogt, B. Broegmann, J. Hauser, O. Rossbach,
A. Kramer, P. Rudolph, B. Bosse, H. Schreier, W. Fleischer,
Dermatology 2000, 201, 235 – 241.

[3] a) B. O�Regan, M. Gr�tzel, Nature 1991, 353, 737 – 740; b) G.
Boschloo, A. Hagfeldt, Acc. Chem. Res. 2009, 42, 1819 – 1826;
c) G. Lota, K. Fic, E. Frackowiak, Electrochem. Commun. 2011,
13, 38 – 41.

[4] The chemistry of polyiodides has been thoroughly investigated,
see: a) K. F. Tebbe, R. Buchem, Angew. Chem. 1997, 109, 1403 –
1405; Angew. Chem. Int. Ed. Engl. 1995, 34, 1345 – 1346; b) I.
Pantenburg, I. Mueller, K. F. Tebbe, Z. Anorg. Allg. Chem. 2005,
631, 654 – 658.

[5] P. H. Svensson, L. Kloo, Chem. Rev. 2003, 103, 1649 – 1684.
[6] M. Wolff, J. Meyer, C. Feldmann, Angew. Chem. 2011, 123,

5073 – 5077; Angew. Chem. Int. Ed. 2011, 50, 4970 – 4973.
[7] H. Haller, M. Ellwanger, A. Higelin, S. Riedel, Angew. Chem.

2011, 123, 11732 – 11736; Angew. Chem. Int. Ed. 2011, 50, 11528 –
11532.

[8] Halogen adducts of regular electron-pair donors (alcohols,
ethers, thioethers, thiones) are quite common: a) 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;

b) H. Bock, Z. Havlas, A. Rauschenbach, C. N�ther, M. Kleine,
Chem. Commun. 1996, 1529 – 1531; c) M. C. Aragoni, M. Arca,
F. Demartin, F. A. Devillanova, A. Garau, F. Isaia, F. Lelj, V.
Lippolis, G. Verani, Chem. Eur. J. 2001, 7, 3122 – 3133.

[9] E. J. Lyon, G. Musie, J. H. Reibenspies, M. Y. Darensbourg,
Inorg. Chem. 1998, 37, 6942 – 6946.

[10] G. Steinfeld, V. Lozan, H.-J. Kr�ger, B. Kersting, Angew. Chem.
2009, 121, 1988 – 1991; Angew. Chem. Int. Ed. 2009, 48, 1954 –
1957.

[11] G. Wirnsberger, H. P. Fritzer, A. Popitsch, G. van der Goor, P.
Behrens, Angew. Chem. 1996, 108, 2951 – 2953; Angew. Chem.
Int. Ed. Engl. 1996, 35, 2777 – 2779.

[12] T. Hertzsch, F. Budde, E. Weber, J. Hulliger, Angew. Chem. 2002,
114, 2385 – 2388; Angew. Chem. Int. Ed. 2002, 41, 2281 – 2284.

[13] a) H. J. Choi, M. P. Suh, J. Am. Chem. Soc. 2004, 126, 15844 –
15851; b) M.-H. Zeng, Q.-X. Wang, Y.-X. Tan, S. Hu, H.-X.
Zhao, L.-S. Long, M. Kurmoo, J. Am. Chem. Soc. 2010, 132,
2561 – 2563.

[14] F. A. Cotton, E. V. Dikarev, M. A. Petrukhina, Angew. Chem.
2000, 112, 2452 – 2454; Angew. Chem. Int. Ed. 2000, 39, 2362 –
2364.

[15] Y. Krupskaya, A. Alfonsov, A. Parameswaran, V. Kataev, R.
Klingeler, G. Steinfeld, N. Beyer, M. Gressenbuch, B. Kersting,
B. B�chner, ChemPhysChem 2010, 11, 1961 – 1970.

[16] N. Herzmann, I. Pantenburg, I. M�ller, W. Tyrra, G. Meyer, Z.
Anorg. Allg. Chem. 2006, 632, 2209 – 2216.

[17] I. L. Karle, J. Chem. Phys. 1955, 23, 1739 – 1740.
[18] R. Minkwitz, H. Preut, J. Sawatzki, Z. Naturforsch. B 1988, 43,

399 – 402.
[19] T. Klapçtke, J. Passmore, Acc. Chem. Res. 1989, 22, 234 – 240.
[20] J. Allshouse, R. C. Haltiwanger, V. Allured, M. R. DuBois,

Inorg. Chem. 1994, 33, 2505 – 2506.
[21] Crystal size < 0.1 mm (estimated by optical microscopy).
[22] Y. Wang, G. A. Sotzing, R. A. Weiss, Polymer 2006, 47, 2728 –

2740.
[23] C. R. Fox, “Industrial wastewater control and recovery of

organic chemicals by adsorption” in Adsorption Technology,
a Step by Step Approach to Process Evaluation and Application,
Chemical Industries Series, Vol. 19 (Ed.: F. L. Slejko), Marcel
Dekker, New York, 1985, pp. 167 – 182.

[24] Under our experimental conditions, the iodine adsorption
capacity of MgSO4, CaCl2, and Ni(OAc)2·4H2O are 17, 300,
and 87 mgg�1 (at 298 K, pi(I2) = 45 Pa, 1600 h).

[25] C. E. Rogers in Polymer Permeability (Ed.: J. Comyn), Elsevier
Applied Science, London, 1986, Chap. 2.

[26] Diffusion in Polymers (Eds.: J. Crank, G. S. Park), Academic
Press, London, 1968.

[27] One can roughly estimate the diffusion constant D [cm2 s�1]: If L
is taken as the distance from the surface to the center of the
microcrystalline sample (~ 0.2 cm), then D (21 8C) = 0.00027
(h�1) � (0.2 cm)2/3600 (sh�1) = 3 � 10�9 cm2 s�1; D(60 8C) =
0.0019 (h�1) � (0.2 cm)2/3600 (sh�1) = 2 � 10�8 cm2 s�1. However,
these values should considered to be indicative rather than
definitive.

[28] I2 sorption has been observed for other metal complexes
supported by the N6S2 macrocycle [M2L(m-L’)]ClO4 (e.g. M =
NiII, L’= O2COMe, nsat

294 K = 10.3; M = ZnII, L’= OAc, nsat =

15.0; M = CoII, L’= OAc, nsat = 7.2). It is concluded that it is
a general property of thiolato-bridged metal complexes.

[29] A comparison of the infrared spectra of [Ni2L(OAc)](ClO4) (1)
and [Ni2L(OAc)(I2)2](I2)x(ClO4) (sample III) shows small shifts
of the (triply spit) n3 and n4 vibrations of the ClO4

� ion
(Figure SI-4). This suggests that the iodine also interacts with the
ClO4

� ions. The Raman spectrum (Figure SI-5) of sample III
shows strong peaks at 170, 231, and 233 cm�1 which are
attributed to the I�I and RS�I2 stretching vibrations. W.
Kiefer, H. Herbstein, J. Raman Spectrosc. 1973, 1, 417 – 431.

Figure 4. Section of the FTIR spectra of solid 1 and of three samples
with I2/1 compositions of 1:1, 2:1, and 4:1 prepared by exposing 1 to
iodine vapor for 48, 96, and 600 h, respectively, under isothermic and
isobaric conditions (294 K, pi(I2) = 29 Pa).

.Angewandte
Communications

9952 www.angewandte.org � 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Angew. Chem. Int. Ed. 2014, 53, 9949 –9952

 15213773, 2014, 37, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/anie.201405199 by B

elarus R
egional Provision, W

iley O
nline L

ibrary on [23/02/2026]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

http://dx.doi.org/10.1016/S0378-7753(96)02604-3
http://dx.doi.org/10.1016/S0378-7753(96)02604-3
http://dx.doi.org/10.1002/ange.19971091233
http://dx.doi.org/10.1002/ange.19971091233
http://dx.doi.org/10.1002/zaac.200400410
http://dx.doi.org/10.1002/zaac.200400410
http://dx.doi.org/10.1021/cr0204101
http://dx.doi.org/10.1002/ange.201004804
http://dx.doi.org/10.1002/ange.201004804
http://dx.doi.org/10.1002/anie.201004804
http://dx.doi.org/10.1002/ange.201105237
http://dx.doi.org/10.1002/ange.201105237
http://dx.doi.org/10.1039/cc9960001529
http://dx.doi.org/10.1002/anie.200805028
http://dx.doi.org/10.1002/anie.200805028
http://dx.doi.org/10.1002/1521-3757(20020703)114:13%3C2385::AID-ANGE2385%3E3.0.CO;2-Y
http://dx.doi.org/10.1002/1521-3757(20020703)114:13%3C2385::AID-ANGE2385%3E3.0.CO;2-Y
http://dx.doi.org/10.1002/1521-3773(20020703)41:13%3C2281::AID-ANIE2281%3E3.0.CO;2-N
http://dx.doi.org/10.1021/ja0466715
http://dx.doi.org/10.1021/ja0466715
http://dx.doi.org/10.1021/ja908293n
http://dx.doi.org/10.1021/ja908293n
http://dx.doi.org/10.1002/1521-3757(20000703)112:13%3C2452::AID-ANGE2452%3E3.0.CO;2-R
http://dx.doi.org/10.1002/1521-3757(20000703)112:13%3C2452::AID-ANGE2452%3E3.0.CO;2-R
http://dx.doi.org/10.1063/1.1742448
http://dx.doi.org/10.1021/ic00090a005
http://dx.doi.org/10.1016/j.polymer.2006.02.063
http://dx.doi.org/10.1016/j.polymer.2006.02.063
http://dx.doi.org/10.1002/jrs.1250010502
http://www.angewandte.org

