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Abstract 

We investigated if [SiF4(NH3)2] can act as a fluoride ion acceptor in its reactions with the 

fluorides AF (A = Li - Cs, Tl, NH4) in anhydrous liquid ammonia. While LiF and NaF did not 

react, we obtained the compounds K[SiF5(NH3)], Rb[SiF5(NH3)], and Cs[SiF5(NH3)], as well 

as [NH4(NH3)2]2[SiF6], and [Tl2(NH3)6][SiF6]·2NH3 from the other starting materials and 

characterized them either by single crystal or by powder X-ray diffraction. The compound 

[NH4(NH3)2]2[SiF6] contains the very rarely observed hydrogen bonded, C2v-symmetric 

diammine ammonium cation [NH4(NH3)2]+, and the compound [Tl2(NH3)6][SiF6]·2NH3 is an 

example for an uncommon Tl(I)−Tl(I) interaction. This “thallophilic” interaction was 

investigated with quantum chemical methods. 

 

Introduction 

In the year 1898 Franklin and Kraus mentioned that “fluorides are insoluble” in anhydrous 

liquid ammonia.1 This was correctly attributed to the high lattice energies of many fluorides 

and to the resulting low solubilities. Therefore, reactions of fluorides in/with ammonia remained 

largely unexplored. Fluorides like NH4F, the alkali and alkaline earth metal fluorides, many 

transition metal fluorides, the rare earth and the actinoid fluorides were reported to be insoluble 
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in liquid ammonia.2–4 As exceptions AgF, LiF, NaF, BeF2, BF3, SiF4, and UF6 were given.2 

These statements were too general as, of course, other molecular fluorides such as MF6 (M = 

e.g. Mo, W, Os, Ir, U, …), PF5, AsF5, SbF5, …, dissolve readily undergoing ammonolyses and 

NH4F reacts with ammonia under precipitation of [N2H7]F as the main product.5  

Biltz and coworkers could circumvent the solubility problem of the fluorides by reacting their 

hydrates with ammonia, as these hydrates have a lower lattice energy compared to the neat 

fluorides.6 However, using hydrates is not a generally applicable route as many fluorides simply 

do not form a hydrate. Additionally, depending on the oxophilicity of the (non-)metal atom, 

water can lead to products containing O2− or OH− anions. Therefore, other ways were needed 

to circumvent the solubility issue of fluorides. 

Fluorides that contain atoms in unusual higher or highest oxidation states, e.g. VI, V, IV, can 

react with NH3 as they are powerful oxidants. Also, the usage of strong fluoride ion acceptors 

in anhydrous liquid ammonia for the activation of the “insoluble” fluorides has been discussed.7  

For the latter purpose we explored the chemistry of [SiF4(NH3)2] in anhydrous liquid ammonia 

and its applicability as a fluoride ion acceptor in the NH3 system. The compound [SiF4(NH3)2], 

already reported in the year 1812,8 was the first known compound containing a Si−N bond, 

while its crystal structure was determined only quite recently.9 Previous evidence that 

[SiF4(NH3)2] can act as a fluoride ion acceptor was demonstrated by the isolation of 

NH4[SiF5(NH3)].9 When [SiF4(NH3)2] is allowed to crystallize from ammonia at −40 °C, the 

diammoniate [SiF4(NH3)2]·2NH3 is obtained. 10,11 

Here we present the reactions of [SiF4(NH3)2] with the fluorides AF (A = Li – Cs, Tl, NH4) and 

the crystal structures of K[SiF5(NH3)], [NH4(NH3)2]2[SiF6], and [Tl2(NH3)6][SiF6]·2NH3. 

 

Results and Discussion 

We obtained [SiF4(NH3)2], diammine tetrafluorido silicon(IV), by reaction of SiF4 with liquid 

ammonia as a colorless powder that is easy to handle as it is only moisture sensitive. Its thermal 

stability is remarkable as it can be sublimed at 400 °C.9 We then attempted the reactions of the 

alkali metal fluorides AF (A = Li – Cs) with [SiF4(NH3)2] in anhydrous ammonia according to 

equation 1. 

 

 [SiF4(NH3)2] + 2 AF    A2[SiF6] + 2 NH3 ? (1) 

 

In the case of A = Li and Na, and despite three years of crystallization time, we only obtained 

crystals of the diammoniate [SiF4(NH3)2]·2NH3 besides powders of the starting material LiF 

NH3 

−40 °C 
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and NaF, respectively. As LiF and NaF were reported to be soluble in NH3, we had expected a 

reaction. 

 

Synthesis and crystal structure of K[SiF5(NH3)] 

For A = K we only detected the formation of [SiF4(NH3)2]·2NH3 after four months of reaction 

time. However, after three years of storage we observed colorless crystals of K[SiF5(NH3)], 

potassium monoammine pentafluorido silicate(IV), besides left-over KF and the diammoniate 

of the starting material [SiF4(NH3)2]. The formation of K[SiF5(NH3)] can be described by 

equation 2. 

 

 [SiF4(NH3)2] + KF   K[SiF5(NH3)] + NH3    (2) 

 

K[SiF5(NH3)] crystallizes as colorless octahedra in the tetragonal crystal system, space group 

P4/nmm (No. 129), with the lattice parameters a = 6.0005(9), c = 6.904(1) Å, V = 248.58(9) Å3, 

Z = 2, at T = 100 K. Table 1 holds selected crystallographic data and details of the structure 

determination, Table 2 contains the atomic coordinates and isotropic displacement parameters 

of K[SiF5(NH3)]. 

 
Table 1. Selected crystallographic data and details of the structure determinations of K[SiF5(NH3)], 
[NH4(NH3)2]2[SiF6], and [Tl(NH3)3]2[SiF6]·2NH3. 

Compound K[SiF5(NH3)] [NH4(NH3)2]2[SiF6] [Tl2(NH3)6][SiF6]·2NH3 

Formula F5H3KNSi F6H20N6Si F6H24N8SiTl2 

Molar mass / g·mol−1 179.22 246.31 687.10 

Space group (No.) P4/nmm (No. 129) C2/c (No. 15) C2/m (No. 12) 

a / Å 6.0005(9) 9.5119(19) 12.118(2) 

b / Å = a 9.4246(19) 7.3493(15) 

c / Å 6.904(1) 12.788(3) 9.762(2) 

β / ° 90 101.08(3) 110.24(3) 

V / Å3 248.58(9) 1125.0(4) 815.7(3) 

Z 2 4 2 

Pearson symbol tP16 (w/o H atoms) mS52 (w/o H atoms) mS34 (w/o H atoms) 

ρcalc. / g·cm−3 2.394 1.454 2.798 

µ / mm−1 1.319 0.266 19.858 

Color colorless colorless colorless 

Crystal morphology octahedron column column 

Crystal size / mm3 0.24 × 0.28 × 0.50 0.20 × 0.20 × 0.25 0.05 × 0.10 × 0.33 

T / K 100 100 100 

NH3 

−40 °C 
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λ / Å 0.71073 (MoKα) 0.71073 (MoKα) 0.71073 (MoKα) 

No. of reflections 4214 7418 5842 

θ range / ° 2.950 – 32.029 3.072 – 30.504 3.301 – 32.020 

Range of Miller indices −8 ≤ h ≤ 8 −13 ≤ h ≤ 13 −18 ≤ h ≤ 17 

 −8 ≤ k ≤ 8 −13 ≤ k ≤ 13 −10 ≤ k ≤ 10 

 −10 ≤ l ≤ 10 −18 ≤ l ≤ 18 −14 ≤ l ≤ 14 

Absorption correction numerical none numerical 

Tmax, Tmin 0.9666, 0.9048  0.5140, 0.0614 

Rint, Rσ 0.1483, 0.0555 0.0522, 0.0285 0.0378, 0.0240 

Completeness of the data set 1.000 1.000 0.998 

No. of unique reflections 285 1733 1514 

No. of parameters, restraints, 

constraints 
19, 0, 0 118, 0, 0 74, 0, 0 

S (all data) 1.105 1.016 1.095 

R(F) (I ≥ 2σ(I), all data) 0.0278, 0.0285 0.0244, 0.0291 0.0177, 0.0196 

wR(F2) (I ≥ 2σ(I), all data) 0.0730, 0.0738 0.0628, 0.0646 0.0403, 0.0407 

Extinction coefficient - - 0.00153(16) 

Flack parameter x - - - 

Twin ratio - - - 

Δρmax, Δρmin / e·Å−3 0.496, −0.547 0.290, −0.314 1.498, −1.541 

 
Table 2. Wyckoff positions, site symmetries, atomic coordinates and equivalent isotropic displacement parameters 
Uiso for K[SiF5(NH3)]. 

Atom Position x y z Uiso / Å2 

K 2a, 4�𝑚𝑚2 ¾ ¼ 0 0.0179(2) 
Si 2c, 4mm ¾ ¾ 0.25865(12) 0.0155(2) 

F(1) 2c, 4mm ¾ ¾ 0.0158(3) 0.0196(4) 
F(2) 8j, ..m 0.94825(12) 0.55175(12) 0.26066(13) 0.0204(3) 

N 2c, 4mm ¾ ¾ 0.5337(4) 0.0178(5) 
H(1A) 16k, 1 0.751159  0.607024 0.577599 0.027 
H(1B) 16k, 1 0.625599  0.820484 0.577599 0.027 
H(1C) 16k, 1 0.873241  0.822492 0.577600 0.027 

 

Whereas the ammonium compound NH4[SiF5(NH3)] was reported to crystallize in the 

tetragonal crystal system, space group P4/n, with a = 6.1491(7), c = 7.2101(8) Å, V = 272.62(5) 

Å3, Z = 2, T = 298 K, it is not isotypic to the potassium compound as one may expect. That is 

presumably due to the additional H atoms and the hydrogen bond interactions of the ammonium 

ion. However, the authors that had made NH4[SiF5(NH3)] mentioned that a description of the 

crystal structure in space group P4/nmm was possible when the H atoms of the NH4
+ cations 
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were omitted. So, a structural relation of the NH4
+ and the K+ compounds is present and also 

evident from the lattice parameters. Figure 1 shows the crystal structure of K[SiF5(NH3)].  

 
Figure 1. The crystal structure of K[SiF5(NH3)]. Displacement ellipsoids are shown at 70 % probability level at 
100 K. The H atoms are disordered due to site symmetry and only one set is shown isotropic with arbitrary radii. 

 

Previously, Si−F bond lengths of 1.678(1) and 1.680(2) Å were reported for the [SiF5(NH3)]− 

anion.9 In agreement, we observe 1.677(2) Å for Si−F(1) and 1.682(1) Å for Si−F(2). The Si−N 

bond length was given with 1.902(4) Å, which our value 1.899(3) Å agrees with. The 

[SiF5(NH3)]− anion is shown in Figure 2. 

 
Figure 2. A section of the crystal structure showing the [SiF5(NH3)]− anion of K[SiF5(NH3)]. Anisotropic 
displacement ellipsoids are shown at 70 % probability level at 100 K. The H atoms are disordered due to site 
symmetry and only one set is shown isotropic with arbitrary radii. Symmetry transformations for the generation 
of equivalent atoms: #1 y, 3/2 − x, z; #2 3/2 − x, 3/2 − y, z; #3 3/2 − y, x, z. 



 

6 
 

 

The K+ cations form 4.4.4.4 square nets parallel to the ab plane at heights of z = 0 and z = 1. 

The Si atoms also form 4.4.4.4 square nets parallel to the ab plane at z circa ¼ and ¾ (Figure 

3). With respect to the square net of the K+ cations the nets are rotated by 45 ° along the c axis 

and shifted, so that the Si atoms at z circa ¼ reside above every second square of the K+ net, 

while the Si atoms at z circa ¾ reside above every other second square of the K+ net. 

 
Figure 3. The 4.4.4.4 square nets in the crystal structure of K[SiF5(NH3)]. K atoms and connections in green, Si 

atoms in grey, the net at z circa ¼ in pale blue, at z circa ¾ in violet. 

Overall, this arrangement of the 4.4.4.4 square nets is reminiscent of the crystal structure of red 

PbO. 

 

Reactions of RbF and CsF with [SiF4(NH3)2] 

In the reactions of RbF and CsF with [SiF4(NH3)2] we unfortunately could only obtain powders. 

Selected “lumps”, obtained directly from the cold liquid ammonia suspension, consisted only 

of Rb2SiF6 and Cs2SiF6, respectively. However, after removing the liquid ammonia, the 

respective powder X-ray diffraction patterns show reflections of a second phase that resemble 

the calculated pattern of the single crystal structure of K[SiF5(NH3)]. As expected, the 

reflections are shifted towards smaller diffraction angles but the patterns are comparable. We 

therefore assume that also Rb[SiF5(NH3)] and Cs[SiF5(NH3)] may have been formed. 

 

Synthesis and crystal structure of [NH4(NH3)2]2[SiF6] 
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We reacted [SiF4(NH3)2] with NH4F in liquid ammonia at −40 °C and obtained colorless, 

column-shaped single crystals of the compound bis(diammine ammonium) hexafluorido 

silicate(IV), [NH4(NH3)2]2[SiF6]. The reaction can be described by equation 3. 

 

 [SiF4(NH3)2] + 2 NH4F + 2 NH3   [NH4(NH3)2]2[SiF6]  (3) 

 

The compound crystallizes in the monoclinic crystal system, space group C2/c (No. 15) with 

the lattice parameters a = 9.5119(19), b = 9.4246(19), c = 12.788(3) Å, β = 101.08(3)°, V = 

1125.0(4) Å3, Z = 4 at T = 100 K. See Table 1 for selected crystallographic data and details of 

the structure determination, and Table 3 for the atomic coordinates and isotropic displacement 

parameters of [NH4(NH3)2]2[SiF6]. The compound was handled always below −40 °C as the 

crystals otherwise burst giving off ammonia. We expect that then (NH4)2[SiF6] remains. 

 
Table 3. Wyckoff positions, site symmetries, atomic coordinates and equivalent isotropic displacement parameters 
Uiso for [NH4(NH3)2]2[SiF6]. 

Atom Position x y z Uiso / Å2 

Si 4e, 2 ½ 0.71806(2) ¾ 0.01629(8) 
F(1A) 8f, 1 0.32608(17)  0.74499(16) 0.71189(13) 0.0315(3) 
F(1B) 8f, 1 0.32267(17)  0.68733(13) 0.70939(13) 0.0274(3) 
F(2) 8f, 1 0.52714(15)  0.54125(8) 0.74458(19) 0.0327(3) 
F(3) 8f, 1 0.46670(12)  0.89257(8) 0.75185(14) 0.0337(3) 
F(4) 8f, 1 0.48055(6)  0.71956(6) 0.87837(4) 0.03363(13) 
N(1) 8f, 1 0.30710(8)  0.53937(7) 0.44916(6) 0.02877(14) 

H(1A) 8f, 1 0.3596(16)  0.4969(14) 0.4103(11) 0.049(3) 
H(1B) 8f, 1 0.3640(16)  0.6036(14) 0.4861(10) 0.050(3) 
H(1C) 8f, 1 0.2427(16)  0.5858(14) 0.4087(10) 0.048(3) 
N(2) 8f, 1 0.51411(8)  0.14935(8) 0.60909(6) 0.03009(15) 

H(2A) 8f, 1 0.5153(14)  0.1412(13) 0.5406(10) 0.042(3) 
H(2B) 8f, 1 0.4942(15)  0.0689(13) 0.6355(10) 0.043(3) 
H(2C) 8f, 1 0.6017(15)  0.1688(14) 0.6393(9) 0.039(3) 
N(3) 8f, 1 0.30215(8)  0.35892(8) 0.62481(6) 0.03062(15) 

H(3A) 8f, 1 0.3655(15)  0.2915(12) 0.6226(10) 0.036(3) 
H(3B) 8f, 1 0.2895(14)  0.4109(14) 0.5637(10) 0.045(3) 
H(3C) 8f, 1 0.2215(15)  0.3165(14) 0.6361(10) 0.044(3) 
H(3D) 8f, 1 0.3374(15)  0.4132(14) 0.6767(10) 0.044(3) 

 

 

NH3 

−40 °C 
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The compound contains a [SiF6]2− anion with disordered F atoms (Figure 4). The apparent 

disorder suggests the possible alternative explanation of twinning via the two-fold rotation axis 

and via the c-glide plane. Therefore, we attempted respective twin refinements in the space 

groups Cc, C2, and P1�, however, in any case there was electron density left close to the F atoms. 

So, it seems that the [SiF6]2− anion is disordered and the crystal is not twinned. We therefore 

describe the crystal structure using a disorder model in space group C2/c where the F atoms 

F(1) to F(3) have a site occupancy factor of circa 0.5. 

 
Figure 4. A section of the crystal structure of [NH4(NH3)2]2[SiF6] showing the disordered [SiF6]2− anion. 

Anisotropic displacement ellipsoids are shown at 70 % probability level at 100 K. Symmetry transformations for 
the generation of equivalent atoms: #1 1 – x, y, 3/2 – z. 

 

Due to the disordered F atoms the Si−F bond lengths may become biased. They lie in the range 

from 1.652(2) to 1.692(2) Å and are still comparable with those of K2[SiF6] (1.683(2) to 

1.706(9) Å),12 of KLi[SiF6] (1.676(1) to 1.701(1) Å),13 CsLi[SiF6] (1.667(2) to 1.699(2) Å),13 

and of (NH4)2[SiF6] (1.688(3) Å).14 

The cation of the compound consists of an ammonium cation to which two ammonia molecules 

are hydrogen bonded, resulting in an almost C2v-symmetric diammine ammonium cation, 

[NH4(NH3)2]+ (Figure 5). To the best of our knowledge, such [NH4(NH3)2]+ cations have so far 

only been structurally characterized in the compounds (NH4)3[AsS4]·5NH3 and 

(NH4)3[SbS4]·8NH3,15 where the NH4
+···NH3 distances were reported with 1.93 to 2.13 Å, and 

the D−H···A angles (D = donor, A = acceptor of the hydrogen bond) with 163 to 171°. Table 4 

holds selected hydrogen bond characteristics of [NH4(NH3)2]2[SiF6].  
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Figure 5. A section of the crystal structure of [NH4(NH3)2]2[SiF6] showing the [NH4(NH3)2]+ cation. Anisotropic 
displacement ellipsoids are shown at 70 % probability level at 100 K, H atoms are shown isotropic with arbitrary 
radii. Dashed bonds indicate hydrogen bonding. H atoms were located from the difference Fourier map and refined 
isotropically. 

Table 4. Selected hydrogen bond lengths, angles, and donor···acceptor distances for [NH4(NH3)2]2[SiF6]. D = 
donor, A = acceptor. 

D−H···A d(D−H) / Å d(H···A) / Å d(D···A) / Å ∢(DHA) / ° 

N(3)−H(3A)···N(2) 0.880(13)  1.979(14) 2.8569(11) 175.3(11) 

N(3)−H(3B)···N(1) 0.911(13)  1.932(13) 2.8249(11) 166.3(12) 

 

We note that the donor···acceptor distances within the [NH4(NH3)2]+ cation presented here are 

much more uniform with 2.8249(11) and 2.8569(11) Å in comparison with those of the As 

compound (2.805(5) and 2.970(5) Å) and the Sb compound (2.832(7) and 2.932(7) Å).15 The 

same holds true for the H···A distances. The N−N−N angle of our cation is 103.91(4)°, while 

in the AsS4
3− compound this angle is only 88.9(1)° and in the SbS4

3− compound it is even 

smaller with 87.1(1)°. It seems that the additional hydrogen bonds to other ammonia molecules 

and to S atoms have a pronounced influence on the structure of the cation. With D···A distances 

below 3 Å and DHA angles close to 180°, the N−H···N hydrogen bonds can be classified as 

strong ones. In our case several N−H···F hydrogen bonds are present, their D···A distances 

range from 2.9878(14) to 3.3625(17) Å for the NH3 molecules, and from 2.709(2) to 3.2721(16) 

Å for the NH4
+ cation. Note that these distances are biased due to the disordered F atoms. 

The [SiF6]2− anions form a distorted cubic-close packing, however the [NH4(NH3)2]+ cations 

with their NH4
+ cations do neither reside in the proximity of the tetrahedral nor of the octahedral 

voids of the packing. 

 

Synthesis and crystal structure of [Tl2(NH3)6][SiF6]·2NH3 
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In the reaction of [SiF4(NH3)2] with TlF in anhydrous ammonia we obtained the compound 

bis(triammine thallium(I)) hexafluorido silicate(IV)―ammonia(1/2), [Tl(NH3)3]2[SiF6]·2NH3. 

As we will see below, the compound is better described as [Tl2(NH3)6][SiF6]·2NH3. Its 

formation may be given by equation 4.  

 

[SiF4(NH3)2] + 2 TlF + 6 NH3   [Tl2(NH3)6][SiF6]·2NH3 (4) 

 

The compound crystallizes in form of colorless columns in the monoclinic crystal system, space 

group C2/m (No. 12), with lattice parameters a = 12.118(2), b = 7.3493(15), c = 9.762(2) Å, β 

= 110.24(3)°, V = 815.7(3) Å3, Z = 2 at T = 100 K. See Table 1 for selected crystallographic 

data and details of the structure determination, and Table 5 for the atomic coordinates and 

isotropic displacement parameters of [Tl2(NH3)6][SiF6]·2NH3. 

 
Table 5. Wyckoff positions, site symmetries, atomic coordinates and equivalent isotropic displacement parameters 
Uiso for [Tl2(NH3)6][SiF6]·2NH3. N(3A) and N(3B) are disordered and were refined with a site occupancy factor 
of 0.57(2) and 0.43, respectively, and their H atoms could not be located. 

Atom Position x y z Uiso / Å2 

Tl 4i, m 0.49702(2)  ½ 0.80132(2) 0.02035(6) 
Si 2d, 2/m 0 ½ ½ 0.0118(2) 

F(1) 8j, 1 0.05927(15)  0.6625(2) 0.62629(17) 0.0206(3) 
F(2) 4i, m 0.1225(2) ½ 0.4552(3) 0.0243(5) 
N(1) 4i, m 0.3812(3) ½ 0.5313(3) 0.0169(5) 

H(1A) 8j, 1 0.396(4)  0.401(6) 0.492(5) 0.037(12) 
H(1B) 4i, m 0.304(5) ½ 0.530(7) 0.026(14) 
N(2) 8j, 1 0.3318(2)  0.2582(3) 0.7696(3) 0.0233(4) 

H(2A) 8j, 1 0.329(5)  0.197(7) 0.838(6) 0.047(14) 
H(2B) 8j, 1 0.341(5)  0.191(7) 0.710(6) 0.040(12) 
H(2C) 8j, 1 0.257(5)  0.306(7) 0.735(6) 0.039(12) 
N(3A) 4i, m 0.1533(10)  ½ 0.9432(7) 0.029(2) 
N(3B) 4i, m 0.0867(12) ½ 0.9397(9) 0.025(3) 

 

The compound contains an octahedron-like [SiF6]2− anion (Figure 6) with Si−F bond lengths of 

1.6877(15) and 1.687(2) Å. The F−Si−F angles within the anion are almost ideal with 

89.95(11)°, 89.95(9)°, 90.05(9)°, and 90.05(11)°. These Si−F bond lengths agree with those of 

[NH4(NH3)2]2[SiF6] (1.652(2) to 1.692(2) Å), of K2[SiF6] (1.683(2) to 1.706(9) Å),12 of 

Rb2[SiF6] (1.693(3) Å), Tl2[SiF6] (1.686(6) Å), and Cs2[SiF6] (1.679(4) Å),16 of KLi[SiF6] 

NH3 

−40 °C 
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(1.676(1) to 1.701(1) Å),13 CsLi[SiF6] (1.667(2) to 1.699(2) Å),13 and of (NH4)2[SiF6] (1.688(3) 

Å).14 

 

 
Figure 6. A section of the crystal structure of [Tl2(NH3)6][SiF6]·2NH3 showing the [SiF6]2− anion with 

anisotropic displacement ellipsoids at 70 % probability level at 100 K. Symmetry transformations for the 
generation of equivalent atoms: #1 −x, y, 1 − z; #2 −x, 1 – y, 1 – z; #3 x, 1 – y, z. 

 

The anion is surrounded by six [Tl(NH3)3]+ cations in the shape of a tetragonally distorted 

octahedron, best described as elongated, with four next-nearest Tl+ cations about 4.7 and two 

Tl+ cations about 5.7 Å away from the Si atom. The interaction is due to N−H···F hydrogen 

bonds as shown in Figure 7. There are no bi- or trifurcated hydrogen bonds, the F(1) atoms act 

as acceptors of two, the F(2) atoms act as acceptors of three hydrogen bonds. 
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Figure 7. A section of the crystal structure of [Tl2(NH3)6][SiF6]·2NH3 showing the N−H···F hydrogen bonds of 

the [Tl(NH3)3]+ cations towards a [SiF6]2− anion. Hydrogen bonds are shown dashed, the ions are shown as 
polyhedra, atoms are shown with arbitrary radii. The D···A distances for the N−H···F hydrogen bonds range 

from 2.961(4) to 3.163(3)Å, with angles from 161(5)° to 177(5)°. 

 

The trigonal-pyramidal triammine thallium(I) cation has Tl−N bond lengths of 2.521(3) and 

2.614(2) Å. From the C3v-like shape, one is reminded of the stereochemical activity of the 6s2 

lone pair. Additionally, another symmetry-equivalent [Tl(NH3)3]+ cation is close with a Tl···Tl 

distance of only 3.8546(8) Å. Thus, one may speculate if some sort of Tl(I)···Tl(I) interaction 

is present. For that see the quantum chemical part of the manuscript below. Such a Tl(I)···Tl(I) 

distance shorter than 4 Å has also been observed in β-Tl2SO4 with 3.9141(6) Å.17 Two 

symmetry-equivalent [Tl(NH3)3]+ cations are shown in Figure 8. Due to the short Tl(I)···Tl(I) 

distance, shown dashed, we will refer to the cation as [Tl2(NH3)6]2+.  
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Figure 8. A section of the crystal structure of [Tl2(NH3)6][SiF6]·2NH3 showing the [Tl2(NH3)6]2+ cation with 

anisotropic displacement ellipsoids at 70 % probability level at 100 K. Hydrogen atoms shown white, isotropic 
with arbitrary radii. Symmetry transformations for the generation of equivalent atoms: #1 x, 1 – y, z; #2 1 – x, y, 

2 – z; #3 1 – x, 1 – y, 2 – z. 

The next-nearest F atoms of [SiF6]2− anions are 3.2454(18) Å away from the Tl cations and the 

overall coordination sphere of the Tl+ cation is best described with C.N. = 3 + 2 + 1 for the three 

ammine ligands, the two F atoms, and the other Tl+ cation, respectively. See Figure 9 for an 

illustration. The next-nearest ammonia molecules of crystallization are circa 3.936(3) Å away 

from the Tl+ cation and therefore we expect no significant interaction. 



 

14 
 

 
Figure 9. A section of the crystal structure of [Tl2(NH3)6][SiF6] illustrating the coordination sphere of a Tl+ 

cation. The view is along the (approximate) threefold rotation axis of the central [Tl(NH3)3]+ cation. Anisotropic 
displacement ellipsoids at 70 % probability level at 100 K, hydrogen atoms isotropic with arbitrary radii. 

 

The [SiF6]2− anions form a distorted cubic-close packing with the hexagonally close packed 

layers parallel to the ab plane. The centers of gravity of the [Tl2(NH3)6]2+ cations, which happen 

to be the center between the two Tl+ cations within the dication, reside on Wyckoff position 2a 

at (½ , ½, 0). This corresponds to the octahedral voids of the cubic-close packing of [SiF6]2− 

anions. Vice versa, these centers also form a distorted cubic-close packing with Si atoms in all 

octahedral voids. Thus, the crystal structure of [Tl2(NH3)6][SiF6] corresponds to the simple AB 

structure type of NaCl. The relation is illustrated in Figure 10. 
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Figure 10. Relation of the crystal structure of [Tl2(NH3)6][SiF6] to the NaCl structure type. The unit cell of 
[Tl2(NH3)6][SiF6] is shown in black, the pseudo cubic, pseudo face centered unit cell in red. Red spheres 
correspond to the centers between two Tl atoms, shown in green, within the [Tl2(NH3)6]2+ cations. Grey octahedra 
represent the [SiF6]2− anions. Atoms isotropic with arbitrary radii. While the building units are nicely arranged on 
the “top” and “bottom” side of the red pseudo cubic unit cell, the building units at x ≈ ½ need to be virtually shifted 
to obtain the pseudo F centering. 

 

Quantum chemical calculations on the dication [Tl2(NH3)6]2+ 

We were interested if some sort of attractive “thallophilic” interaction would exist within the 

cation observed by us, as such interactions have been in focus of theoretical and experimental 

studies before.18–21 First theoretical interpretations of short Tl(I)−Tl(I) contacts within crystal 

structures have been made by Janiak and Hoffmann.18 They carried out bonding analyses at the 

Extended-Hückel level of theory (EHT) for model solid-state compounds like Tl2H2. They 

described certain Tl(I)−Tl(I) contacts without bridging ligands as bonding interactions (keeping 

in mind the limitations of the EHT approach when it comes to the description of dispersion 

interactions and relativistic effects). In addition to the theoretical results of Janiak and 

Hoffmann, others suggested that the “thallophilic” Tl(I)−Tl(I) interactions are very weak in 

comparison to the lighter homologs or the well-known argento- and aurophilic as well as 

mercuro- and cuprophilic interactions.20,22–26 As already described above, the experimentally 
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observed Tl(I)−Tl(I) distance of 3.8546(8) Å is shorter in comparison to the doubled van der 

Waals radius of Tl with 2 × 1.96 Å (Bondi)27 or 2 × 2.47 Å (Alvarez).28 Motivated by the short 

interatomic Tl(I)−Tl(I) distance and the previous studies on “thallophilic” interactions, we 

carried out quantum chemical calculations at different levels of theory, starting with dispersion-

corrected Density Functional Theory (DFT) methods and ending with post-Hartree-Fock (HF) 

methods like CCSD(T), which can describe weak dispersion interactions. All details regarding 

the calculations are given in the experimental section.  

 

We first had a look at the bonding situation in the [Tl2(NH3)6]2+ dication at the DFT-PBE0/def2-

TZVP (COSMO) level of theory using the Intrinsic Bond Orbital analysis (IBO).29 The analysis 

shows that two s-orbital shaped IBOs are located on the Tl atoms, arising from the 6s2 lone pair 

of the Tl(I) atoms. The lone pair IBOs are shown in Figure 11. 

 

 
Figure 11 The two intrinsic bond orbitals (IBOs) showing the 6s2 lone pairs of the [Tl2(NH3)6]2+ cation. H atoms 
in white. IBOs are drawn in such a way that 80% of the density is enclosed within the isosurface. 

 

We started the investigation on the Tl−Tl interaction by studying the experimentally observed 

[Tl2(NH3)6]2+ cation within the idealized point group C2h. For the sake of clarity, only the results 

at the highest level of theory are discussed in the following part and compared to the results of 

the lower-level methods. All results are available in the Supporting Information. We studied 

the Tl−Tl interaction by carrying out single point energy calculations for eleven different Tl−Tl 

distances varying from 3.35 to 4.35 Å with an increment of ∆d = 0.1 Å. The lowest-energy 

structure was used as a reference and the energies of the other structures were compared to it. 
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At the CCSD(T)/def2-QZVPP level of theory, the [Tl2(NH3)6]2+ cation shows no minimum on 

the potential energy surface for the studied Tl−Tl distances. This may be explained by the 

Coulomb repulsion between the Tl(I) atoms. In comparison, the calculation at the DFT-PBE0-

D3/def2-TZVP level of theory combined with the COSMO solvent field shows an energy 

minimum at a Tl−Tl distance of 3.95 Å, which is rather close to the experimentally observed 

distance of 3.8546(8) Å. The COSMO solvent field counters the positive charge of the cation, 

providing a better correspondence with the situation in the solid state. As the use of COSMO 

solvent field with post-HF methods is not straightforward, we decided to pursue another model 

system. 

 

To obtain a better picture of the Tl−Tl interaction in the solid state, we took the experimentally 

observed structure of the [Tl2(NH3)6]2+ cation combined with the [SiF6]2− counteranion. The 

point group of the resulting neutral complex [Tl2(NH3)6][SiF6] is C1 and the complex was 

studied with DFT-PBE0-D3 and post-HF methods. To reduce computational costs, we used the 

Pair Natural Orbital (PNO) CCSD(T)30 formalism. Total energies were calculated for the 

[Tl2(NH3)6][SiF6] complex at eleven geometries, with an increment of ∆d = 0.1 Å for the Tl−Tl 

distances. The atomic coordinates of the Tl(NH3)3 group closer to the [SiF6]2− anion were fixed, 

while the other group was moved. The relative energies of the geometries as a function of Tl−Tl 

distance are illustrated in Figure 12.  

 

In contrast to the bare [Tl2(NH3)6]2+ cation, the results obtained for the neutral complex 

[Tl2(NH3)6][SiF6] at the PNO-CCSD(T)/def2-QZVPP level of theory show a minimum at a 

Tl−Tl distance of 3.55 Å. The optimum Tl−Tl distance is underestimated in comparison to the 

experimental solid-state distance of 3.8546(8) Å, but considering the very shallow nature of the 

minimum and the molecular nature of our model system, the agreement is still reasonable. 

Furthermore, the DFT-PBE0-D3/def2-TZVP (COSMO) level of theory results in a minimum 

at a Tl−Tl distance of 3.75 Å. These findings at two different levels of theory suggest that there 

is a weak attractive interaction between the Tl(I) atoms.  
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Figure 12 Relative energy ΔE as a function of Tl−Tl distance for [Tl2(NH3)6][SiF6]. For each plot, the geometry 
with the lowest total energy has ΔE = 0.  

 

Finally, we studied the Tl−Tl interaction using a simple, neutral model system without the 

[SiF6]2− counteranion. We substituted two of the ammine ligands in the [Tl2(NH3)6]2+ cation 

with Cl− anions and studied the hypothetical [Tl2Cl2(NH3)4] complex. C2h point group 

symmetry was retained by substituting the NH3 ligands located on the mirror plane. 

Analogously to the systems studied above, we then studied eleven geometries where the Tl−Tl 

distance changed with an increment of ∆d = 0.1 Å.  

Figure 13 shows relative energies of the geometries as a function of the Tl−Tl distance at three 

different levels of theory. The Hartree-Fock method cannot describe the weak dispersion 

interaction and the energies obtained at the HF/def2-QZVPP level of theory show only 

increasing repulsion when the Tl−Tl distance becomes shorter. In contrast, at the 

CCSD(T)/def2-QZVPP level of theory, where electron correlation is considered, an optimum 

Tl−Tl distance of 3.75 Å emerges. This points towards a weak attractive interaction between 

the two Tl atoms. Furthermore, dispersion-corrected DFT calculations at the DFT-PBE0-

D3/def2-TZVP (COSMO) level of theory lead in similar conclusion, resulting in an optimum 

Tl−Tl distance of 3.85 Å.  
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Figure 13. Relative energy ΔE as a function of Tl−Tl distance for [Tl2Cl2(NH3)4]. For each plot, the geometry with 
the lowest total energy has ΔE = 0. 

 

In summary, quantum chemical methods suggest that there is a weak attractive interaction 

between the two Tl atoms in the experimentally observed complex cation [Tl2(NH3)6]2+, as well 

as in the neutral model complex [Tl2Cl2(NH3)4]. Proper description of the thallophilic 

interaction requires consideration of electron correlation at the post-HF level or inclusion of 

empirical dispersion correction for DFT methods. 

A Natural Population Analysis (NPA)31 shows that the free 6s electron pair remains at the Tl 

atom in the [Tl2(NH3)6]2+ cation. Additionally, the charge distribution shows clearly the 

expected picture, with a positive partial charge located at the Tl atom with +0.72 and the H 

atoms with an average positive partial charge of +0.39. The N atoms are partial charged 

negatively with −1.09, which sums up to an overall charge of approximately two. These results 

are in good agreement with the expectation. 

 

Conclusion 

[SiF4(NH3)2] can be used as a fluoride ion acceptor in the liquid NH3 system and while LiF and 

NaF did not react, the compounds K[SiF5(NH3)], Rb[SiF5(NH3)], and Cs[SiF5(NH3)] were 

obtained. Reaction of NH4F formed [NH4(NH3)2]2[SiF6] containing the very rarely observed 
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hydrogen bonded, C2v-symmetric diammine ammonium cation [NH4(NH3)2]+. The compound 

[Tl2(NH3)6][SiF6]·2NH3 was obtained from the reaction with TlF. Quantum chemical 

calculations with post-HF wavefunction methods and dispersion-corrected DFT methods 

suggest the presence of uncommon thallophilic Tl(I)−Tl(I) interactions within the [Tl2(NH3)6]2+ 

cation. 
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Experimental Part 

All work was carried out excluding moisture and air under dried and purified argon (Praxair, 

5.0) using high-vacuum glass lines or a glove box (MBRAUN). Liquid ammonia (Air Liquide, 

99.98 %) was dried and stored over sodium (VWR) in a special high-vacuum glass line. All 

glass vessels were flame-dried under vacuum three times before use.  

 

Synthesis of [SiF4(NH3)2] 

Circa 2 mL of SiF4 (Merck-Schuchardt, for synthesis) was condensed into a Schlenk tube at 

−196 °C and an excess of ammonia was added at this temperature. The reaction mixture was 

slowly warmed to −78 °C and then the dry ice / isopropanol cooling bath was removed. After 

all the ammonia had evaporated, [SiF4(NH3)2] remained as a white powder. Its identity was 

shown by powder diffraction. 

 

Synthesis and Crystallization of K[SiF5(NH3)] 

99.5 mg [SiF4(NH3)2] (0.72 mmol, 1 eq.) and 84.1 mg KF (1.45 mmol, 2 eq.) were ground and 

mixed in an agate mortar and suspended in ~ 10 ml of NH3 inside a Schlenk tube. After storing 

the visually unchanged colorless mixture at –40 °C for 4 months, single crystals of 

[SiF4(NH3)2]∙2NH3 could be isolated. After 40 months large opaque crystalline slabs of 

K[SiF5(NH3)] had grown. However the reaction was still incomplete and crystals of 

[SiF4(NH3)2]∙2NH3 were also present. Single crystals of K[SiF5(NH3)] did not decompose after 

warming to room temperature. After removing residual liquid ammonia, a colorless powder 

remained. 
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Synthesis and Crystallization of [NH4(NH3)2]2[SiF6] 

101 mg [SiF4(NH3)2] (0.73 mmol, 1 eq.) and 53.3 mg NH4F (1.44 mmol, 2 eq.) were ground 

and mixed in an agate mortar and suspended in ~ 10 ml of NH3 inside a Schlenk tube. After 

storing the visually unchanged colorless mixture at –40 °C for 40 months, clear, spheroidal 

single crystals of [NH4(NH3)2]2[SiF6] could be isolated. After removing residual liquid 

ammonia, a colorless powder remained. 

 

Reactions of [SiF4(NH3)2] with RbF and CsF 

1 eq. of [SiF4(NH3)2] (101.2 mg, 0.73 mmol and 50.8 mg, 0.37 mmol, respectively) and 2 eq. 

of alkali metal fluoride (151.3 mg, 1.45 mmol of RbF and 110.0 mg, 0.72 mmol of CsF) were 

ground and mixed in an agate mortar and suspended in ~ 10 ml of NH3 inside a Schlenk tube. 

After storing the visually unchanged colorless mixture at –40 °C for 40 months, white lumps 

were identified as polycrystalline Rb2SiF6 and Cs2SiF6, respectively, by evaluating the Debye 

rings recorded with a single crystal X-ray diffractometer. After removing residual liquid 

ammonia, colorless powders remained. 

 

Synthesis and Crystallization of [Tl2(NH3)6][SiF6] 

50.8 mg [SiF4(NH3)2] (0.37 mmol, 1 eq.) and 160.8 mg TlF (0.72 mmol, 2 eq.) were ground 

and mixed in an agate mortar and suspended in ~ 10 ml of NH3 inside a Schlenk tube. After 

storing the visually unchanged colorless mixture at –40 °C for 40 months colorless and mostly 

opaque rods of [Tl2(NH3)6][SiF6] crystallized. The solid showed a blueish fluorescence under 

UV-light. 

 

Computational Details 

All calculations were carried out with the TURBOMOLE32,33 program suite (version 7.5). For 

all DFT calculations, the PBE0 hybrid density functional method34,35 was used, combined with 

the Karlsruhe def2-TZVP36 basis set for all atoms. For Tl, scalar relativistic effects were taken 

into account by using a 60-electron effective core potential.37 Dispersion corrections were 

included in the DFT-PBE0 calculations with the DFT-D3 formalism (zero-damping 

approach).38 Multipole-accelerated resolution-of-the-identity approximation (MA-RIJ) was 
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used to speed up the DFT calculations39–41 and an m4 integration grid was used for the 

numerical integration of the exchange-correlation part. In the DFT calculations, the Conductor-

like Screening Model” (COSMO) was applied for all charged systems to compensate for the 

overall charge.42 For the ab initio wavefunction methods (HF, MP2, CCSD, and CCSD(T)), the 

Karlsruhe def2-QZVPP43 basis set was applied for all atoms. For Tl, scalar relativistic effects 

were considered by using a 60-electron effective core potential.37 Resolution of the identity (RI) 

approximation was used to speed up the post-HF calculations.44 Core orbitals with energy lower 

than −3.0 a.u. were frozen in the post-HF calculations. To save computational costs, the pair-

natural-orbital30 (PNO) based CCSD(T) formalism was used for the complex 

[Tl2(NH3)6][SiF6].45 For all other structures, the canonical CCSD(T) method was used. All 

energies and geometries are included in the SI.  

 

Single crystal structure analyses 

Single crystals were selected under liquid nitrogen-cooled, pre-dried perfluorinated oil (Galden 

PFPE, Solvay) below –50 °C and mounted using a MiTeGen MicroLoop. Intensity data of 

suitable crystals were recorded with an IPDS 2 diffractometer (Stoe & Cie). The diffractometer 

was operated with Mo-Kα radiation (0.71073 Å, graphite monochromator) and equipped with 

an image plate detector. Evaluation, integration and reduction of the diffraction data was carried 

out using the X-Area software suite.46 A numerical absorption correction was applied with the 

modules X-Shape and X-Red32 of the X-Area software suite. The structure was solved with 

dual-space methods (SHELXT-2014/5) and refined against F2 (SHELXL-2018/3).47,48 All non-

hydrogen atoms were refined with anisotropic displacement parameters. Representations of the 

crystal structures were created with the Diamond software.49 CCDC 2079396 

([Tl2(NH3)6][SiF6]·2NH3), 2079397 (K[SiF5(NH3)]), and 2079398 ([NH4(NH3)2]2[SiF6]) 

contain the supplementary crystallographic data for this paper. These data are provided free of 

charge by The Cambridge Crystallographic Data Centre. 
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TOC synopsis 

We investigated if [SiF4(NH3)2] can act as a fluoride ion acceptor in its reactions with the 

fluorides AF (A = Li - Cs, Tl, NH4) in anhydrous liquid ammonia. Among others we obtained 

the compounds [NH4(NH3)2]2[SiF6], and [Tl2(NH3)6][SiF6]·2NH3. The compound 

[NH4(NH3)2]2[SiF6] contains the very rarely observed hydrogen bonded, C2v-symmetric 

diammine ammonium cation [NH4(NH3)2]+, and the compound [Tl2(NH3)6][SiF6]·2NH3 is an 

example for an uncommon Tl(I)−Tl(I) interaction. This “thallophilic” interaction was 

investigated with quantum chemical methods. 


