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hydrogen bond donors to form a two-dimensional framework 
perpendicular to the [−101] direction. Similar two-dimen-
sional framework structures are well known for several hexa-
halogenidometallate salts, which are discussed. The infrared 
spectrum recorded at room temperature is provided and dis-
cussed on the basis of the structural data of the  (C2H5)2NH2

+ 
cation and its connection to  [PbCl6]2− anions in the title 
compound.

Abstract Bis(diethylammonium) hexachloridoplumbate(IV) 
was obtained by the reaction of  PbO2 and  (C2H5)2NH2Cl 
in hydrochloric acid solution. From the obtained crystal-
line powder a Rietveld refinement verified the structure of 
bis(diethylammonium) hexachloridoplumbate(IV) to be iso-
typic to the corresponding tin(IV) and platinum(IV) salts. The 
hexachloridoplumbate(IV) anions act as fourfold hydrogen 
bond acceptors and the diethylammonium cations as twofold 
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Introduction

Alkylammonium hexahalogenidometallates  (RnNH4−n)2 
[MX6] (1 ≤ n ≤ 4 ; R = alkyl; M = Si and X = F, Cl) show 
phase transitions that involves changes in hydrogen bond-
ing as well as re-orientational motions of the alkylam-
monium cations [1–4]. Hexafluoridosilicates such as 
((C2H5)NH3)2SiF6, ((CH3)3NH)2SiF6,  (C6H5NH3)2SiF6, 
 (CH3(CH2)2NH3)2SiF6,  (CH3(CH2)3NH3)2SiF6 and 
((C2H5)2NH2)2SiF6 were studied by X-ray, DSC, Infra-
red and Raman spectroscopy and computational analyses 
[5–10]. Furthermore, there is broad scope of hydrogen 
bonded hexahalogenidometallates with tetravalent metal 
centers: tin(IV) [11–15], iridium(IV) [16], osmium(IV) 
[17], ruthenium(IV) [18], platinum(IV) [19]. It has also 
been shown that some hexahalogenidometallate anions (Sn, 
Ir) predominantly act as fourfold hydrogen bond acceptor, 
whereas the dialkylammonium counter cations doubly act 
as hydrogen bond donors. The combination of these ions 
yields layered structures [16]. The structure refinement 
in this class of compounds is hindered by the presence of 
pseudosymmetry problems. In detail such problems may 

arise in this class of compounds because the heavy haloge-
nidometallate anions show a highly symmetrical arrange-
ment, whereas the lighter organic counter cations may 
break this symmetry [16]. In these and comparable cases 
a careful refinement, which may be supported by the use of 
restraints is needed [20–22].

We here present the synthesis, crystal struc-
ture and infrared spectra of diethylammonium 
hexachloridoplumbate(IV), ((C2H5)2NH2)2[PbCl6]. An 
assignment of the observed infrared bands to the corre-
sponding vibrational modes, based essentially on the previ-
ous works [5, 6, 10] is carried out.

Results and Discussion

Crystal Structure

The asymmetric unit of the title structure contains one 
diethylammonium (deaH) cation located at a general posi-
tion and one-half of a hexachloridoplumbate(IV) anion 
located on an inversion center. Each anion acts as fourfold 
hydrogen bond donor, whereas each deaH cation donates 
two hydrogen bonds. Consequently, a two-dimensional 
framework is constructed roughly perpendicular to the [–1 
0 1] direction (Fig.  1). The hydrogen bonded rings that 



175J Chem Crystallogr (2017) 47:173–181 

1 3

are formed can be classified with the graph set descriptor 
 R8

8(24) [23–25] as shown in Fig. 2. The pseudosymmetry 
element of a face-centering is clearly visible.

The title structure is at least homeotypic to 
(deaH)2[SnCl6] [12] and (deaH)2[PtCl6] [19] (Table 1), as 
in an isotypic relation the atomic coordinates should be the 
same. The two-dimensional hydrogen bonded framework, 
which is present in these three structures is also frequently 
encountered in other compounds of this class. The exchange 
of the deaH cation by another cation leads to structur-
ally closely related compounds. With (dipH)2[SnCl6] 
(dipH = diisopropylammonium) a homotypic structure is 
literature known (Table  1). Other compounds feature the 
same hydrogen bonding pattern but crystallize in a different 
way (Table 2).

An inquiry to the Cambridge structural database showed, 
that there are at least two more structurally related com-
pounds. These two isotypic tetrakis(dimethylammonium) 
hexachloridometallate chloride double salts (dmaH)4[MCl6]
Cl (M = W [27], Ru [28]; dimethylammonium (dmaH)) 
contain the aforementioned two dimensional hydrogen 
bonded framework built from hexachloridometallate(III) 
anions and dimethylammonium cations which are-due to 
the oxidation state of the metal - are formally negatively 
charged. Two more dimethylammonium cations and the 
chloride anion form the neighbouring anionic layers.

In all these structures discussed before the hexahaloge-
nidometallate anions show roughly the same sub structure, 
which is an arrangement of the four anions with an identi-
cal orientation and a fifth, symmetry related one between 
them with a different orientation (Fig. 3). In the title struc-
ture and its isotypic ones (Table  1) the hydrogen bonded 
layers are located in the diagonal of the unit cell. Conse-
quently, the shortest distances of  [PbCl6]2− anions in the 
title structure are 8.4697(3), 10.7284(3) and 13.109(4) Å 
(Figs. 1, 3). These values are similar for all isotypic struc-
tures given in Table  1 and can also be found in some of 
the lattice metrices of the structures of (dipH)2[IrCl6], 
(dmaH)4[WCl6]Cl and (dmaH)4[RuCl6]Cl (Tables 2, 3). It 

Fig. 1  View along [−101] of the hydrogen bonded polymeric layer 
of the title structure

Fig. 2  Constructor graph [25] for the hydrogen bonded topology of 
the title structure

Table 1  Space groups and lattice parameters of the isotypic (deaH)2[M(IV)Cl6] structures and a homeotypic (dipH)2[SnCl6] (dipH diisopro-
pylammonium) structure (Z′=1 for all entries)

Space group a b c α β γ Ref.

(deaH)2[SnCl6] P21/n 9.078(1) 10.644(2) 9.801(2) 90 93.02(1) 90 [12]
(deaH)2[PtCl6] P21/n 8.8745(2) 10.4444(3) 9.7268(2) 90 93.79 90 [19]
(deaH)2[PbCl6] P21/n 9.1564(3) 10.7284(3) 9.8372(3) 90 92.789(2) 90
(dipH)2[SnCl6] P21/n 9.54362(13) 11.9818(2) 9.90669(14) 90 92.941(2) 90 [11]

Table 2  Space groups and lattice parameters of two structures, which are structurally related to the title compound (dipH diisopropylammo-
nium; Z′ = 2)

Space group a b c α β γ Ref.

(dipH)2[IrCl6] P21/c 16.0939(14) 10.3961(12) 13.6382(13) 90 100.20(1) 90 [16]
(S3N2NH2)2[SnCl6] P21/c 9.084(2) 23.758(4) 6.587(1) 90 101.86(3) 90 [26]
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is worth mentioning that the formal antitype [29] of these 
hexahalogenidometallates salts has been reported. In the 
structure of (dimethylphosphoryl)methanammonium nitrate 
[30] dimeric units of cations act as fourfold hydrogen bond 
donor, whereas the nitrate anion acts as a twofold hydrogen 
bond acceptor.

Symmetry Considerations of Internal Vibrations 
of  (C2H5)2NH2

+ Cation

The free  (C2H5)2NH2
+ cation may be taken to belong to the 

 C2v symmetry point group. It has 45 internal vibrational 
modes which are described by the following representa-
tion: 14  A1 (IR, Ra) + 9  A2 (Ra) + 12  B1 (IR, Ra) + 10  B2 

(IR, Ra). Theses cationic modes correspond mainly to the 
vibrations of the  NH2,  CH2 and  CH3 groups and to those of 
the cationic skeletal C–C–N+ and C–N+–C. For an isolated 
cation, the vibrational modes of  A1,  B1 and  B2 symmetries 
are infrared active.

Within the (deaH)2[PbCl6] crystal which may be belong-
ing to P21/n (C5

2h
) space group, the  (C2H5)2NH2

+ cations 
have the  C1 sites symmetry that is lower than  C2v. Then 
as a result of two formula units per primitive unit cell, i.e. 
four cations per cell, each of the  A1,  A2,  B1 and  B2 vibra-
tional modes should split into four components by Davydov 
splitting effect (Table 4). In the crystal  (C2h group factor), 
which is centrosymmetric, the ungerade modes of sym-
metry  Au and  Bu are Infrared active. This implies that all 
the characteristic  (C2H5)2NH2

+ infrared bands should be 
observable for this salt. Details are discussed in the Experi-
mental section of this contribution.

Experimental

Synthesis

Crystals of (deaH)2[PbCl6] were prepared in ice-cold 
hydrochloric acid solution containing stoichiometric 
amounts of  PbO2 and  (C2H5)2NH2Cl. To a HCl solution 
still in the ice bath,  PbO2 was slowly added with constant 
stirring and a yellow solution obtained. The solution was 
left in the ice bath for a few minutes to allow it to settle. 
After the yellow solution was decanted into the ice-cold 
 (C2H5)2NH2Cl solution (still in the ice bath) with stirring; 
the mixture was allowed to sit in the ice bath for many min-
utes to complete precipitation of (deaH)2[PbCl6].

Fig. 3  The packing of the title structure is shown with a view along 
[001]. For the cations only the nitrogen atoms are shown. (Color fig-
ure online)

Table 3  Space groups and lattice parameters of two isotypic, layered structures which contain hydrogen bonded {(dmaH)2[MCl6]}+ layers 
(dmaH dimethylammonium, M Ru(III), W(III))

a The lattice constants given in the literature has to be permutated to fit the needs of a stand setting for the space group P21212

Space group a b c α β γ Refs.

(dmaH)4[WCl6]Cl P21212 10.297(2) 13.107(3) 8.7121(17) 90 90 90 [27]
(dmaH)4[RuCl6]Cl P21212 10.087(5) 12.744(6) 8.698(14) 90 90 90 [28]a

Table 4  Correlations 
diagramme  (C2v--->C1---
>C2h): vibrational modes of 
 (C2H5)2NH2 +

Point group : C2v Site group : C1 (4) Factor group : C2h
14 A1 (IR, Ra)

9 A2 (Ra)

12 B1 (IR, Ra)

10 B2 (IR, Ra)

45 A (Ra, IR)

45 Ag (Ra)

45 Bg (Ra)

45 Au (IR)

45 Bu (IR)
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Powder Diffraction

The crystalline powder was characterized by X-ray dif-
fraction. XRD data were collected with a STOE STADI-P 
diffractometer working with CuKα1 radiation. Independ-
ent from using the parameters of the probably isostruc-
tural (deaH)2[SnCl6] [12] indexing was carried out using 
the program TOPAS [31]. The solution was adopted from 
the literature known (deaH)2[SnCl6] [12] in the mono-
clinic space group P21/n. The pattern was refined with the 
program TOPAS [31] (classical Rietveld method) using 
a TCHZ pseudo-Voigt function [32] for peak modelling. 
Chebyshev polynomials were used for shaping the back-
ground. Preferred orientation has been minimized by using 
spherical harmonics [33] (Fig. 4).

The structure was refined by the Rietveld method using 
the [(C2H5)2NH2]+ ion and  [PbCl6]2− ion with restrained 
bond length and angels (Pb–Cl 2.4–2.7  Å and 86–94°; 
C–C 1.45–1.55  Å and 110–115°; C–N 1.4–1.5  Å and 
110–115°). Final refined bond length and angles are shown 
in Table  5. These soft rigid bodies stabilize the refine-
ment [34]. The necessity for these restrained refinements is 
based on the fact that the diffraction pattern is dominated 
by the  [PbCl6]2− ions. Consequently, the orientation of the 
cation is badly defined. The orientation of the diethylam-
monium cation was checked via pattern fitting. The best fit-
ting was found building the shortest H···Cl hydrogen bonds 
between N–H···Cl as shown in Fig.  1 (N···Cl distances: 
4.41–3.45  Å). Rotating the cation to get shorter C–H···Cl 
hydrogen bonds carried out only a local minimum-energy 
configuration with the best result. Therefore we decided 
on a chemical reasonable orientation, which is almost the 
same as those, which was reported for (deaH)2[SnCl6] [12]. 
Observed, calculated and difference pattern of the final 
refinement of the title structure are represented in Fig. 4.

Crystal data and structure refinement parameters are 
given in Table 6.

Fig. 4  Blue line measured pattern; Red line: simulated pattern; Grey line difference pattern; vertical bars Bragg-Positions (deaH)2[PbCl6])

Table 5  Selected bond length [Å] and bond angles [°]

Pb1–Cl1 2.460(8) Pb1–Cl2 2.496(8)
Pb1–Cl3 2.469(8) C1–C2 1.55(2)
C3–C4 1.55(2) C2–N1 1.40(2)
C3–N1 1.40(2) Cl1–Pb1–Cl2 91.6(2)
Cl1–Pb1–Cl3 91.0(2) Cl2–Pb1–Cl3 88.0(2)
C2–N1–C3 115(1)
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The Infrared Spectrum of (deaH)2[PbCl6]

The infrared spectrum of (deaH)2[PbCl6] was recorded at 
room temperature, in the 600–4000  cm−1 spectral range, 
on a VERTEX 70 FTIR spectrometer (BRUKER Optics) 
by using the ATR MIRACLE DIAMANT technique. The 
spectral resolution was 4 cm−1 (20 scans).

The infrared spectrum of this compound is presented in 
Fig. 5. Several characteristic bands corresponding to cati-
onic  (C2H5)2NH2

+ vibrational modes were observed in the 
infrared spectrum of this compound. The assignment of the 
majority of infrared bands (Tables 7, 8), especially in the 
 (C2H5)2NH2

+ cationic spectral ranges (600–4000 cm−1) is 
made on the basis of literature data of some alkylammo-
nium compounds [3–7, 10] and the factor group analysis.

In the 3500–2700  cm−1 spectral region, appeared gen-
erally the N–H and C–H stretching modes. So, the strong 
band located at 3142  cm−1 is assigned to the asymmet-
ric modes of  NH2 group νas(NH2); while the two medium 
bands observed at 3089 and 3004 cm−1 may be due to the 
symmetric νs(NH2) modes. The C–H stretching modes 
give rise in the infrared spectrum of this compound to 
five bands. The band of medium intensity observed at 
2806 cm−1 and the two weak features occurred at 2838 and 
2885 cm−1 are assigned to the symmetric stretching modes 
νs(CH2) and νs  (CH3); while the two weak bands observed 
at 2969 and 2990  cm−1 correspond to the asymmetric νas 
 (CH2) and νas  (CH3) stretching modes.

The bands observed at lower frequencies of NH and CH 
stretching spectral region (2700–2000  cm−1) have been 

considered as being due to overtones and combinations 
modes. These bands with appreciable intensities may be 
intensified by Fermi resonance as has been stated for sev-
eral hybrid compounds in the literature [3–5, 7]. The obser-
vation of these non-fundamental modes in this IR spectral 
region may be an indication of the formation of appreci-
able N–H···Cl hydrogen bonds in the (deaH)2[PbCl6] crys-
tal. This is in agreement with the X-ray results that showed 
that the stabilisation of the structure of this compound by 
shorter hydrogen bonds [2.37(3) Å]. An attempt of assign-
ing bands observed at 2650 and 2100 cm−1 to correspond-
ing combination and overtone modes is given in Table 8.

The bands appeared in the 1650–600 cm−1 range cor-
respond generally to asymmetric and symmetric bending 

Table 6  Crystal data and structure refinement parameters of 
(deaH)2[PbCl6])

a Rp,Rwp,RBraggas defined in the program system TOPAS [31]

Empirical formula {(C2H5)2NH2}2[PbCl6]
Formula weight [g/mol] 568,21
Crystal system Monoclinic
Space group P21/n
a [Å] 9.1636(2)
b [Å] 10.7319(3)
c [Å] 9.8386(3)
β[°] 92.750(1)
V [Å3] 966.45(5)
Z 2
Dcalc. [g/cm3] 1.955
Start and finish angle [°] 8 < 2θ < 80
Wavelength [Å] Cu Kα1 (1.54056)
Rp

a 0.0397
Rwp

a 0.0483
RBragg

a 0.0205
CCDC-no 1534988

Table 7  Assignment at room temperature of (deaH)2[PbCl6] infrared 
bands  (cm−1)

s Strong, vs very strong, m medium, w weak, vw very weak, b broad, 
sh shoulder

IR bands Assignment

760 s υs (C–N)/υs (C–C)
792 w υs (C–N)/υs (C–C)

ρ(CH2)
870 w ρ(CH2)/ρ(CH3)
922 w ρ(CH2)/ρ(CH3)
1033 s υas(C–N)/υas (C–C)
1063 s υas(C–N)/υas (C–C)
1160 m ρ(CH3)/ω  (CH2)
1201 w ρ(CH3)/ω  (CH2)

ρ(CH3)/ω  (CH2)
1320 w ω(CH2)
1333 sh ω(CH2)
1373 m ω(CH2)
1387 s δs  (CH3)/ω  (CH2)
1424 s δs  (CH3)/ω  (CH2)
1456 s δas  (CH3)/δas  (CH2)
1465 s δas  (CH3)/δas  (CH2)
1571 s δ (+NH2)
1635 m δ  (H2O) of moisture
2100–2650 Combination and 

overtone modes
2806 w υs  (CH2)/υs  (CH3)
2838 w υs  (CH2)/υs  (CH3)
2885 w υs  (CH2)/υs  (CH3)

υs  (CH2)/υs  (CH3)
υas  (CH2)/υas  (CH3)

2969 vw υas  (CH2)/υas  (CH3)
2990 w υas  (CH2)/υas  (CH3)
3004 m υs (+NH2)
3089 m  υs (+NH2)
3142 s υas (+NH2)
3387 m, b υ  (H2O) of moisture
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modes of  CH3,  CH2 and  NH2 groups, to  CH3 and  CH2 
rocking modes, to  CH2 wagging, to scissoring (δas  CH2) 
vibrations and to the skeletal stretching and bending 
modes of the diethylammonium cations. So, the band 
of strong intensity observed at 1571  cm−1 is assigned 
to δ (+NH2). The band of medium intensity appeared at 
1635 cm−1 may be due to δ  (H2O) deformation of mois-
ture that is present in the compound itself. The TGA 
curve (cooling) confirms that (deaH)2[PbCl6] is hygro-
scopic and the elimination of moisture water was made 
in the 30–80 °C temperature domain. The two strong 
bands observed at 1465 and 1456 cm−1 were assigned to 
δas  (CH2) or δas  (CH3) modes, whereas the two features 
of strong intensity at 1424 and 1387  cm−1 were attrib-
uted to δs  (CH3) modes or  CH2 wagging ones. The bands 
corresponding to  CH2 wagging,  CH3 and  CH2 rocking 

modes, the skeletal stretching and bending modes were 
all observed between 1400 and 600 cm−1 (Tables 7, 8).

The observation of some non-fundamental bands 
with appreciable intensities are interesting since they 
are indicative of the formation of moderate to strong 
N–H–Cl hydrogen bonding between  (C2H5)2NH2

+ cati-
ons and  [PbCl6]2− anions. But, this makes the assignment 
of some characteristic cationic bands, in the NH and CH 
stretching spectral region, more difficult since the hydrogen 
bonding may be the origin of such deviations of some fre-
quencies values in this region.

Conclusion

The X-ray powder diffraction pattern of the title compound 
deaH2PbCl6 shows monoclinic symmetry. A detailed 
analysis of the powder diffraction pattern verified that the 
title compound is isotypic to deaH2MCl6 (M = Sn, Pt). 
Even though, alkylammonium hexahalogenidometallates 
of lead(IV) are well known for decades [35], a search in 
the Cambridge Structural database proved that there is no 
structure containing a [Pb(IV)Cl6]2− anion reported until 
now and even the [Pb(II)Cl6]4− containing structures are 
rare [36–38]. This is surprising as hexahalogenidometal-
lates are well known to be useful tectons for the construc-
tion of hybrid solids [39]. The main structural feature of 
the title structure is a hydrogen bonded two-dimensional 
framework, which is discussed on the basis of a construc-
tor graph. In all the discussed layered structures each cation 

Fig. 5  Infrared spectrum of 
(deaH)2[PbCl6]
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Table 8  Assignment of the combination and overtone bands 
observed on the IR spectrum of (deaH)2[PbCl6] at room temperature

w weak, vw very weak

Combination and over-
tone bands  (cm−1)

Assignment

2121 w, b ≈ 1201 + 921 = 2122
≈ ρ  (CH3)/ω  (CH2) + ρ(CH2)/ρ(CH3)

2326 w ≈ 1387 + 921 = 2308
≈ δs  (CH3)/ω  (CH2) + ρ(CH2)/ρ(CH3)

2432 w ≈ 1387 + 1033 = 2420
≈ δs  (CH3)/ω  (CH2) + ρ(CH2) ρ(CH3)

2485 w ≈ 1424 + 1063 = 2487
≈ δs  (CH3)/ω  (CH2) + δas (C–N)/δas (C–C)
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donates two hydrogen bonds, whereas each halogenidomet-
allate accepts four hydrogen bonds. The isotypic structures 
deaH2MCl6 (M = Sn, Pt, Pb) and other structurally related 
ones seem to be dominated by this hydrogen bonding motif.

Funding Funding was provided by Deutsche Forschungsgemein-
schaft (Grant No. INST 208/533-1).
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