
ALLISON J. DOBSON AND ROGER E. GERKIN 1503 

Johnson, C. K. (1976). ORTEP!I. Report ORNL-5138. Oak Ridge 
National Laboratory, Tennessee, USA. 

Molecular Structure Corporation (1988). MSC/AFC Diffractometer 
Control Software. MSC, 3200 Research Forest Drive, The Wood- 
lands, TX 77381, USA. 

Molecular Structure Corporation (1995). TEXSAN. Single Cr3"stal 
Structure Analysis Software. Version 1.7-2. MSC, 3200 Research 
Forest Drive, The Woodlands, TX 77381, USA. 

Muthmann, W. (1889). Z. Ko'stallogr. Mineral. 15, 385-403. 
Muthmann, W. & Nef, J. U. (1887). Bet. Dtsch Chem. Ges. 20, 636- 

638. 
Sheldrick, G. M. (1985). SHELXS86. Cr3"stallographic Computing 3, 

edited by G. M. Sheldrick, C. Krtiger & R. Goddard, pp. 175-189. 
Oxford University Press. 

Skraup, Z. H. (1880). Ann. Chem. 201, 291-333. 
Spek, A. L. (1990). Acta Crvst. A46, C-34. 
Stewart, R. F., Davidson, E. R. & Simpson, W. T. (1965). J. Chem, 

Phys. 42, 3174-3187. 
Stuhlmann, C. C. (1888). Z. Ko'stallogr. Mineral. 14, 155-165. 
Weidel, H. (1874). Ann. Chem. 173, 76-116. 
Zachariasen, W. H. (1963). Acta Crvst. 16, 1139-1144. 
Zachariasen, W. H. ( ! 968). Acta Crvst. A24, 212-216. 

terials (Poli et al., 1992; Bailar et al., 1973). Dur- 
ing the last decade, various compounds with interesting 
structures were found when protonated aromatic nitro- 
gen bases were combined with polyhalides. Many of 
these structures possess interesting hydrogen-bonding 
patterns. These aromatic nitrogen bases include pyri- 
dine (E1-Kholi et al., 1988; Hendrixson et al., 1991), 
bipyridine (Tebbe & Bittner, 1995; Liu et al., 1992) 
and quinoline (Liu et al., 1991). Rich polyhalide chem- 
istry is found in these simple systems with structures 
varying from discrete to extended. For example, in the  

2,2'-bipyridine-I2-HI (Tebbe & Bittner, 1995) system, 
different polyiodides are produced simply by adjusting 
the molar ratio of the reactants. We have investigated 
recently the 1,10-phenanthroline-HCI-KI-I2 system. At 
least three different types of crystals have been obtained. 
The title compound, (I), is one of them, and its crystal 
structure is reported here. 
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A b s t r a c t  

The title compound, 2CI2H9N~-.I2C1-.IClj-, consists 
of 1,10-phenanthrolin- 1-ium (phenH ÷) cations, trihalide 
anions (IC12-) and the polyanion [I2C1-],,. The phenH ÷ 
cations stack in columns and the [I2C1-],, polyanion 
forms chains, both running along the a direction. The 
packing of the phenH + columns produces channels 
occupied by the [I2C1-],, chains and cavities occupied 
by the IC12-- anions. Hydrogen bonds between the 
N- -H  groups of phenH ÷ and C1 atoms of the I2CI- 
chain, along with many weak C - - H . . . X  (X = CI, I) 
interactions, play important roles in the formation of 
the crystal structure. 

C o m m e n t  

Polyhalides display a variety of structures and belong 
to a class of long known but poorly understood ma- 
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The asymmetric unit consists of two mono-protonated 
1,10-phenanthrolinium cations (phenH ÷) and two differ- 
ent trihalide moieties, ICIC and I2CI- (Fig. 1). Both 
phenH ÷ cations are planar, with deviations of the non- 
H atoms from the least-squares plane of less than 
0.020 (3),~, in the phenH ÷ cation (A) consisting of N1, 
N2, C 1 to C 12, and 0.039 (4) A, in the phenH ÷ cation (B) 
defined by N3, N4, C l 3 to C24. The angle between the 
two planar cations in the asymmetric unit is 53.68 (6) ° . 
Compared with the neutral base, 1,10-phenanthroline 
(Nishigaki et al., 1978), the bond distances in the 
phenH + cations show no significant differences, but 
some internal bond angles vary slightly. The internal 
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Fig. I. The molecular structure of (I) drawn with 30% probability 
displacement ellipsoids. 
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bond angles at the protonated N atoms (N1 and N3) are 
ca 5 ° larger than those in neutral 1,10-phenanthroline, 
while those at the neutral N atoms (N2 and N4) are 
slightly smaller than those in 1,10-phenanthroline. The 
enhancement of the internal angles at the protonated N 
atoms was also reported for quinolinium (quinH+; Liu et 
al.,  1991), 8-hydroxyquinolinium (Balasubramanian & 
Muthiah, 1996a,b) and bipyridinium (Liu et al.,  1992). 
This is due to the formation of N- -H bonds, which have 
a less repulsive effect on the N- -C bonds than the lone 
electron pair (Shriver et al.,  1994), and the N - - H . . . X  
hydrogen bond (Jebarnony & Muthiah, 1998). 

The phenH + cations, A and B, stack alternately to 
form columns running along the a direction. In one 
column, the neutral rings of adjacent phenH + cations 
overlap each other, and are opposite in orientation. They 
are almost parallel to each other, as the angle between 
the stacked A and B cations is 1.35 (10) °. The cations 
are inclined relative to the stacking direction and are 
separated by ca 3.55 ~,. 

The IC12-- anion is almost linear and symmetric, 
with Cl--I  distances of 2.5417(11) and 2.5575 (10)A, 
and a CI-- I - -CI  angle of 178.65 (4) °, similar to that 
reported in the literature (Bailar et al.,  1973). The 
[I2C1-]n polyanion, which is an infinite chain with the 
IzC1- moiety as the chain unit, is the most interesting 
part of the structure. To the best of our knowledge, 
this work is the first structural characterization of the 
I2C1- moiety !n an organic structure. The I - - I  distance 
of 2.7371 (4)A is obviously smaller than those in I£ 
(Tebbe & Bittner, 1995; Liu et  al.,  1991, 1992), but 
close to that in neutral iodine (Bailey et al.,  1992; Tebbe 
& Nagel, 1995). The I--C1 distances of 3.0404 (9) and 
3.1584 (9)A indicate that the I--C1 bonds are covalent, 
as these bond distances are much smaller than the sum 
of the van der Waals radii (ca 4.2,4,). The [I2C1- ], chain 
propagates along the a direction and fluctuates slightly, 
as the I - -CI - - I  and I--I--C1 angles differ slightly from 
180 ° . 

The packing of the phenH ÷ columns gives two 
different types of interstices for the occupation of the 
[IzC1-]n chain and the IClf- anion. A large infinite 
channel is formed by three adjacent phenH ÷ columns 
and is occupied by the [I2C1-]n chain. The inner wall 
of the channel is lined with the positive ends, i.e. the H 
atoms of C - - H  and N- -H bonds of the phenH ÷ cations. 
These C- -H and N- -H bonds point to the [I2CI-],, 
chain in the channel. In this combination of positive 
channel and negative chain, many C- -H- . .X  (X = CI, 
I) and N--H. . .C1 interactions exist. Each C1 atom 
of the [I2C1-]n chain forms two N--H.- .CI  hydrogen 
bonds with two phenH ÷ cations in the two adjacent 
phenH + columns. The N...C1 distances of 3.181 (3) and 
3.162 (3) ,4,, and the N1.. .C1.. .N3 angle of 103.78 (8) °, 
are comparable to those found in [(quinH+)3Cl(I3)2] 
(Liu et  al.,  1991). The C1 atom is also involved in 
one C--H. . .C1 interaction or hydrogen bond, with a 

short H...C1 contact, from the third phenH ÷ column. 
The C1 atom is therefore surrounded by three H atoms 
with short H...C1 contacts of 2.53 (4) and 2.48 (4),~ 
for two N- -H  groups, and 2.82 (5)A for the C- -H 
group. The three H. . .CI . . .H  angles are 117 (1), 102 (1) 
and 140(1) °. The I atoms of the [I2C1-], chain are 
also involved in some C - - H . . . I  interactions, with short 
H. . . I  distances ranging from 3.05 (5) to 3.13 (5),4,. The 
other interstices are small long-shaped cavities. They are 
formed between another three adjacent phenH ÷ columns 
and are occupied by IC12- anions. Each IC1y anion 
is surrounded by nine phenH ÷ cations, and the two 
negative ends of the ICl2- anion, i.e. the C1 atoms, 
point to the two positive pyridinum rings of the two 
cations at the top and the bottom of the cavity. The 
inner side wall of the cavity is also built by the H 
atoms of C- -H groups provided by seven surrounding 
phenH ÷ cations in a style similar to those found in 
the aforementioned channel. So there are also many 
C - - H . . . X  (X = C1, I) interactions in this part of the 
structure, with short H.-.C1 distances ranging from 
2.84 (4) to 2.93 (4),~ and H. . . I  distances ranging from 
3.24 (4) to 3.31 (4),4,. These intermolecular interactions 
certainly have an important role in and give interesting 
characteristics to the packing of the crystal structure 
(Fig. 2). 

Fig. 2. A packing diagram for (I) viewed along the a direction. H 
atoms have been omitted for clarity. 
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Experimental 

KI (1.17 g) and I2 (1.36 g) were dissolved in a mixed solution 
of  ethanol (70 ml) and concentrated hydrochloric  acid (30 ml) 
(36%). On addition of  1,10-phenanthroline (0 .50g)  to the 
above  solution (10 ml), a dark-red precipitate formed. The 
mixture was stirred for 48 h, then filtered. The filtrate was 
left at room temperature to al low the solvent  to evaporate.  
Light-yel low transparent rectangular crystals were  obtained 
after  two weeks  and dark-red  transparent  co lumnar  crystals  of  
the title compound  were  obtained after one month. Elemental  
analysis,  found: C 33.93, H 2.00, N 6.67%; analysis calculated 
for C24H18CI313N4: C 33.90,  H 2.12,  N 6 .50%.  

Crystal  data 

2C12H9N~.12C1-.ICl~- 
Mr = 849.47 
Monocl in ic  
e2~/c 
a = 8.9031 (4) ,~, 
b = 15.7897 (6) ,~, 
c = 20.0697 (7) A, 
/3 = 99.569 (4) ° 
V = 2782.09 (19) A3 
Z = 4  
D~ = 2.028 Mg m -3 

Dm not measured 

M o  K& radiation 
A = 0.71073 A, 
Cell parameters  f rom 25 

reflections 
0 = 11 .46-13.75  ° 
# -- 3.679 m m -  
T = 293 (2) K 
Column 
0.40 × 0.19 × 0.19 mm 
Dark red 

Data collection 

Enra f -Nonius  C A D - 4  
M A C H 3  diffractometer  

0 - 2 0  scans 
Absorpt ion correction: 

~b scan (North et al., 
1968) 
Train = 0.441, Tmax = 0.497 

7821 measured  reflections 
7376 independent  reflections 

5866 reflections with 
I > 2o'(/) 

Rint = 0.009 
0max = 28.99 ° 
h = - 1 2 - - - ~ 0  
k = 0 ---, 21 
l = - 2 6  + 27 
3 standard reflections 

frequency:  60 min 
intensity decay:  1.3% 

Refinement  

Refinement  on F z 
R[F z > 2o.(FZ)] = 0.033 

w R ( F  2) -- 0.075 
S = 1.084 
7376 reflections 
379 parameters  
All H atoms refined 
w = I/[O.2(F 2)  + (0 .0266P)  2 

+ 2.6180P] 
where  P = (Fo 2 + 2F2)/3  

(A/o.)m~x = 0.003 
Apmax = 0.617 e .~-3 
Apmin = --0.783 e A, -3 
Extinction correction: none 
Scattering factors from 

International  Tables f o r  
Crystal lography (Vol. C) 

Table 1. Selected geometric parameters (A, o) 
II---CII 2.5417(11) I3---CI3 3.0404(9) 
!1~12  2.5575 (10) C13--12 i 3.1584 (9) 
12--I3 2.7371 (4) 

CI I--I1----CI2 178.65 (4) 13--CI3--I2' 174.44 (3) 
I2--I3--C13 172.11 (2) C13"--12--I3 168.68 (2) 

Symmetry codes: (i) x - 1, y, z; (ii) 1 + x, y, z. 

Table 2. Hydrogen-bonding 
D--H.  • .A 

NI--HI. • .C13 
N3--H 10. • -CI3 
CI--H2- - .CII' 
C5--H5. • -CI I i' 
C6---H6...I2 '~i 
CI3--HII. -CI2 
C14---H 12. .11 
C15--H13- .C13" 
C18--H15. .13' 
C21--H 17. -C12" 

geometry (A, o) 

D--H H. . .A D. • .A D--H. • .A 
0.76 (4) 2.53 (4) 3.162 (3) 142 (4) 
0.80 (4) 2.48 (4) 3.181 (3) 148 (4) 
0.88 (4) 2.90 (4) 3.606 (4) 138 (4) 
0.93 (5) 2.90 (5) 3.667 (5) 141 f4) 
0.92 (5) 3.05 (5) 3.813 (4) 142 (4) 
0.86 (4) 2.93 (4) 3.531 (4) 128 (3) 
0.89 (4) 3.24 (4) 3.900 (4) 133 (3) 
0.87 (5) 2.82 ¢5) 3.634 ~4) 158 ¢4) 
0.95 (5) 3.13 (5) 3.956 (4) 146 (4) 
1.04 [5) 2.84 (4) 3.722 (4) 143 (3) 

C22--H18. -i1"" 0.86 (4) 3.31 (4) 3.983 (4) 137 (4) 

Symmetry codes: (i) l+x, y, z; (ii) I - x ,  1 - y ,  1 - z ;  ( i i i )x-  1, 3 _y,  z -  ½ ; 
(iv) 2 - x , y -  ½,23 - - z ; t v )  x, 3 - y ,  ½+z;(vi) l + x ,  3 - y ,  ½+z;(vii) 
2 - x ,  ½ +y,  3 - z .  

All H atoms were located by  difference Fourier  synthesis,  and 
refined isotropically. C - - H  distances are in the range 0.84 (4 ) -  
1.09 (6) A. 

Data collection: CAD-4  A R G U S  Software (Nonius,  1996). 
Cell refinement: CAD-4  A R G U S  Software.  Data reduction: 
M o l E N  (Fair, 1990). Program(s)  used to solve structure: 
SHELXS97  (Sheldrick, 1997a). Program(s)  used to refine 
structure: SHELXL97  (Sheldrick, 1997b). Molecular  graph- 
ics: S H E L X T L / P C  (Sheldrick, 1990) and Z O R T E P  (Zsolnai,  
1998). Sof tware  used to prepare material for publication: 
SHELXL97 .  

This work was supported by the National Natural Sci- 
ence Foundation of China (Nos. 29701001 & 29525101) 
and Founder Foundation of Peking University. 

Supplementary data for this paper are available from the IUCr 
electronic archives (Reference: DA1070). Services for accessing these 
data are described at the back of the journal. 
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or diprotonated resulting in diverse structures. In the 
system 1,10-phenanthroline-HCI-KI-I2, several com- 
pounds have been obtained under different conditions 
(Wang et al., 1999), of which the title compound, (I), is 
one example. 

- . . "~k  ~2+ 

. ( C l - - i -  - C l ) -  

i , \ i :  
~ N H  H N :  - 

(1) 

-C1-  
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A b s t r a c t  

The title compound, C12H10N22+.IC1y.C1 - ,  consists of 
1,10-phenanthrolinium(2+) cations (phenH2+), and IC12- 
and C1- anions. The IC12- anions occupy two crystal- 
lographic sites, one on a twofold axis and the other 
on a centre of symmetry. The phenH 2+ cations build 
up positive columns along the b direction, while the 
IC12- anions form infinite branched zigzag chains run- 
ning along the a direction. The C1- anions embedded in 
the interstices of the positive columns form N--H. . .C1 
hydrogen bonds, which contribute to the stabilization of 
the structure. 

C o m m e n t  

During the last decade, there has been considerable in- 
terest in the structure and properties of species obtained 
by combining protonated aromatic nitrogen bases with 
halide or polyhalide ions (E1-Kholi et al., 1988; Hen- 
drixson et aI., 1991; Liu et al., 1991, 1992; Tebbe et 
al., 1995). Among these aromatic nitrogen bases, 1,10- 
phcnanthroline is a good candidate for study as it has 
two close aromatic N atoms which can be neutral, mono- 

The crystal structure of (I) consists of diprotonated 
1,10-phenanthroline cations (phenH2+), and C1- and 
IC1U anions (Fig. 1). In the phenH~ ÷ cations, the 
bond lengths are very similar to those in neutral 
1,10-phenanthroline (Nishigaki et al., 1978), but the 
C - - N - - C  angles [both 122.7(3) °] are significantly 
greater than the corresponding values in the neutral 
species [117.2 (6)-117.9 (5)°], in agreement with other 
structures containing protonated 1,10-phenanthroline 
(Hensen et al., 1998; Lis, 1979). The enlargement of 
the internal angles at the protonated N atoms was also 
reported for quinolinium (Liu et al., 1991), 8-hydroxy- 
quinolinium (Balasubramanian & Muthiah, 1996) and 
bipyfidinium (Liu et al., 1992). The phenH_~ + cation is 
planar and parallel to the ac plane, with deviations from 
the least-squares plane of less than 0.057 (3) ,~,. 

Cll 

C7 

CI~ • • 

c1 

Fig. 1. The molecular structure of (I) showing 50c~ probability 
displacement ellipsoids. 
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