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Abstract 

Metal closo-borates have recently received significant attention due to their potential applications as 

solid-state ionic conductors. Here, the synthesis, crystal structures, and properties of 

(NH4)2B10H10∙xNH3 (x = ½, α-1, β-1) and (NH4)2B12H12∙xNH3 (x = 1, 2) are reported. In-situ 

synchrotron radiation powder X-ray diffraction allows for the investigation of structural changes as 

a function of temperature. The structures contain the complex cation N2H7
+, which is rarely observed 

in solid materials, but can be important for proton conductivity. The structures are optimized by 

density functional theory (DFT) calculations to validate the structural models and provide detailed 

information about the hydrogen positions. Furthermore, the hydrogen dynamics of the complex cation 

N2H7
+, is studied by molecular dynamics simulations, which reveals several events of a proton 

transfer within the N2H7
+ units. The thermal properties are investigated by thermogravimetry and 

differential scanning calorimetry coupled with mass spectrometry, which reveals that NH3 is released 

stepwise, resulting in the formation of (NH4)2BnHn (n = 10, 12) during heating. The proton 

conductivity of (NH4)2B12H12∙xNH3 (x = 1, 2) determined by electrochemical impedance 

spectroscopy is low, but orders of magnitude higher than that of pristine (NH4)2B12H12. The thermal 

stability of the complex cation N2H7
+ is high, up to 170 °C, which may provide new possible 

applications of these proton rich materials. 

1. Introduction 

Research into proton conductors accelerated in 1980s with the discovery of their potential as H2 

separation membranes, which may be utilized in a wide range of applications, e.g. H2 sensors, 

dehumidifiers (water removal from wet gases), water electrolysis, fuel cells, and solid-state 

batteries.1,2 Indeed, the requirements of a proton conductor are very different depending on the 

application. Concerning solid-state electrolytes, a high proton conductivity and a low electrical 
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conductivity is required. Additionally, high chemical stability towards oxidizing and reducing 

atmosphere and thermal resistance are required.3 

A few examples of compounds exhibiting high proton conductivity are the hydrated hetero-polyoxo-

metallate acids (heteropolyacids), e.g. hydrated phosphomolybdinum acid (H3PMo12O40·xH2O) and 

phosphowolfram acid (H3PW12O40·xH2O). Proton conductivities in the order of 10−2 S cm−1 are 

achieved at room temperature for these compounds, due to a three-dimensional proton conduction 

network, and thus they are considered among the best proton-conducting solids.4  However, a severe 

drawback is the loss of water of crystallization due to low humidity (typically below 70% relative 

humidity), or compression of the compounds, which leads to a noteworthy decrease in the proton 

conductivity, as the 3D hydrogen bonded network is lost.4,5 Hence, their application is restricted to 

temperatures below 100 °C.5 Recently, research has been focused on proton-conducting polymer 

membranes for low-temperature applications and proton-conducting oxide ceramics for intermediate- 

and high-temperature devices.4 Currently, promising ceramic oxide-based proton conductors for 

high-temperature applications are perovskite-type oxides, e.g. yttrium stabilized zirconia, which 

exhibits an ionic conductivity of ~10-2 S cm-1 at T = 700 °C.6,7 Previous interest has also been on 

inorganic ionic solids, such as CsHSO4, CsH2PO4, and Cs2(HSO4)(H2PO4), which usually undergo a 

polymorphic transition into a superprotonic conducting state, typically around 100-230 °C, where the 

compounds reach an ionic conductivity of up to ~10-2 S cm-1.8–13 Another interesting class of 

compounds, containing large borate anions, has been extensively studied in recent years as potential 

solid-state electrolytes, especially for Li+ and Na+, but also K+ and Ag+ ion conduction.14–26 There are 

also a few reports of proton conductivity in these materials, e.g. H2B12(OH)12, (NH4)2B12(OH)12, and 

(NH4)2BnHn (n = 10, 12).27,28  

Two different mechanisms have been proposed for proton conductivity, the Grotthuss mechanism 

and the vehicular mechanism.29–34 The Grotthuss mechanism suggests that protons jump according to 
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a cooperative motion across a complex network of hydrogen bonds extending over large domains of 

the proton-conducting crystal lattice.4,30–34 On the other hand, the vehicular mechanism suggests that 

the proton is transported via a carrier molecule, e.g. H2O/H3O+ or NH3/NH4
+, and may involve other 

types of complexes that can act as proton carriers.29 The solid-state proton conductivity of ammonium 

perchlorate (NH4ClO4) is significantly enhanced when an ammonia atmosphere is applied.2 

Theoretical investigations reveal that the Grotthuss mechanism comes into play via short-lived N2H7
+ 

complexes formed by NH4
+ and NH3 hydrogen bonded aducts.2 There are only very few X-ray 

investigations of structures containing the N2H7
+ complex, e.g. [N2H7

+][CH3COO-], [N2H7
+][I-], and 

[N2H7
+][calix[4]arene-].35–37  

This paper investigates a new type of materials based on the stabilization of the ammonium-ammonia 

complex, NH4
+−NH3, i.e. the N2H7

+ cation, in the solid state, which can be considered a new 

instrument for the design of low-temperature proton conductors. A series of new ammonium closo-

borate ammines, (NH4)2BnHn⋅xNH3, are investigated here, which both contain hydrogen bonds, i.e. 

N−Hδ+⋅⋅⋅−δN−Hδ+, but also di-hydrogen bonds, i.e. N−Hδ+⋅⋅⋅−δH−B, in the solid state. Attention has 

lately been drawn towards the properties of these weak interactions for the design of fast Li+ and 

Mg2+ ion conductors, and may also introduce hydrogen elimination in the solid state.38–42  

Five new ammonium closo-borate ammines, (NH4)2B10H10⋅xNH3 (x = ½, α−1, β−1) and 

(NH4)2B12H12⋅xNH3 (x = 1, 2), are discovered and structurally characterized using high-quality 

synchrotron radiation powder X-ray diffraction (SR PXD) data coupled with density functional theory 

(DFT) calculations. The new compounds are additionally characterized by Fourier transform infrared 

spectroscopy (FT-IR), thermogravimetric analysis and differential scanning calorimetry coupled with 

mass spectrometry (TGA-DSC-MS), and electrochemical impedance spectroscopy (EIS).  

2. Experimental 
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2.1 Sample preparation 

Ammonium decahydro-closo-decaborate, (NH4)2B10H10 was synthesized following previously 

published procedures.16,43 Decaborane, B10H14 (~10 g, Katchem), was added to a 250 mL reaction 

flask and dissolved in dimethyl sulfide (DMS), and left to stir for three days at room temperature, 

resulting in precipitation of a white powder. Excess DMS was removed and the reaction flask was 

cooled to -78 °C using an ethanol/dry ice (CO2(s)) bath after which ammonia, NH3, was added until 

the powder was covered by liquid NH3. The solution was left to stir for one hour, after which NH3 

was gradually evaporated by slowly increasing the temperature to room temperature. A yellow 

impurity was present; hence the powder was recrystallized from milliQ water. Excess water was 

removed by rotary evaporation and the resulting powder was dried under dynamic vacuum for two 

days at room temperature. The white powder of (NH4)2B10H10 was stored in a glovebox (MBraun, 

H2O < 1 ppm; O2 < 1 ppm).   

Ammonium dodecahydro-closo-dodecaborate, (NH4)2B12H12, was synthesized using an ion-exchange 

column. The ion-exchange column was loaded with Amberlite IR120-H (hydrogen form, Sigma 

Aldrich). Li2B12H12∙4H2O (Katchem) was dissolved in milliQ water and added to the column. The 

column was flushed continuously with milliQ water to form (H3O)2B12H12, which was detected by 

measuring the pH of the eluent. Subsequently, an aquous solution of NH3 (∼30 wt% NH3, Sigma 

Aldrich) was added dropwise to the solution while stirring until pH = 7. Excess water was removed 

by rotary evaporation. Subsequently, the powder was heated to 50 °C for 16 hours under vacuum to 

obtain white powder of (NH4)2B12H12. 

Synthesis of (NH4)2BnHn∙xNH3 (n = 10, 12). (NH4)2BnHn was loaded into a 250 mL reaction flask, 

and cooled to -78 °C using an ethanol/dry ice bath. NH3 was slowly added while stirring, until ca 5 

mL liquid NH3 was formed. The temperature was gradually increased to a specific temperature 
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between T = -50 °C and T = 10 °C, see Table 1. First, dynamic vacuum was applied (~ 5 min), then 

the flask was flushed with argon, followed by dynamic vacuum for 5 minutes at the specific 

temperature. The resulting white powdered samples were stored in the glovebox freezer (T = -34 °C).  

Synthesis of (NH4)2BnHn∙xH2O (n = 10, 12). (NH4)2BnHn was loaded into a 250 mL reaction flask and 

the powder was dissolved in water. Subsequently, the sample was dried in vacuo at room temperature 

for 1 hour, resulting in a white powder.  

Safety. (NH4)2B12H12∙xNH3 may form a solid compound during NH3 removal, which can suddenly 

release a large portion of liquid or gaseous NH3. Care should be taken to make sure that all excess 

NH3 is removed at T > -40 °C before handling the samples. This can be achieved by changing between 

argon atmosphere and dynamic vacuum while kept below -40 °C.  

2.2 Characterization 

2.2.1 In-house powder X-ray diffraction 

In-house powder X-ray diffraction (PXD) was measured on a Rigaku Smart Lab diffractometer, using 

a Cu source and a convergent beam mirror (Cu Kα1 radiation, λ = 1.540593 Å). Data were collected 

in the 2θ range 7-70° using a Rigaku D/tex detector. The samples were packed in 0.5 mm borosilicate 

capillaries in a glovebox and sealed with grease.  

2.2.2 Synchrotron radiation powder X-ray diffraction 

In-situ SR PXD data were measured at the Swiss-Norwegian Beam Lines (SNBL) at the European 

Synchrotron Radiation Facility (ESRF), with a Pilatus area detector,44 λ = 0.7129 Å, and at beamline 

I11 at the Diamond Light Source with λ = 0.824958 Å and λ = 0.82585 Å. The samples were packed 

in 0.5 mm borosilicate capillaries in a glovebox and sealed with grease. During data acquisition, 

samples were heated from T = -30 °C to 150 °C with a heating rate of ΔT/Δt = 5 °C/min using an 
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Oxford Cryostream 700+. Samples were kept in the freezer (T < -20 °C) prior to measurement. 

Exposure time was 10 s. The samples were rotated during data acquisition. 

 

2.2.3 Structural solution and refinement 

The crystal structures were solved and refined from SR PXD data. The general procedure involved 

indexing of the unit cell in the program FOX, and from careful inspection of systematic absences, the 

space group was determined.45 Subsequently, the structure was solved by ab initio structure solution 

by global optimization in direct space, as implemented in FOX. The structural models were refined 

by the Rietveld method in the program Fullprof, and were checked for higher symmetry using the 

ADDSYM procedure implemented in Platon.46,47 NH4
+, NH3, B10H10

2-, and B12H12
2- were treated as 

rigid bodies during structure solution and Rietveld refinement. After initial DFT optimization, N2H7
+ 

was treated as a rigid body during subsequent Rietveld refinements. A linearly arranged 

H3N−H+⋅⋅⋅NH3 (symmetry C3v) conformation was used with bond lengths as calculated by DFT 

(Table S1).48  

2.2.4 Density functional theory calculations 

The structure solutions from the Rietveld refinement were re-optimized by DFT calculations. The 

calculations were performed using the Vienna Ab-initio Simulation Package (VASP)49 with van der 

Waals density functional by Lee et al.50,51 to take the weak interactions into account. A projector-

augmented wave potential52 with a planewave cutoff energy of 500 eV was used, and a higher cutoff 

energy of 600 eV was employed for the lattice parameter optimization. The optimized lattice 

parameters are compared with the experimental ones in Table S2 and the N-H…N and N-N distances 

are compared in Table S1. 
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An ab initio molecular dynamics simulation was carried out to trace proton transfer in 

(NH4)2B12H12·2NH3. The simulation was performed using the VASP, employing the same van der 

Waals density functional and simulation parameters as in the static calculations. The unit cell 

containing four N2H7
+ complex cations was used for simulation. The simulation was run for 30 ps 

with 1 fs time step after 5 ps of equilibration. The temperature was fixed at 27 °C using a Nosé-

Hoover thermostat. 

2.2.5 Fourier transform infrared spectroscopy 

The samples were characterized by infrared absorption spectroscopy using a NICOLET 380 FT-IR 

from Thermo Electron Corporation with a diamond attenuated total reflectance (ATR) crystal. The 

samples were exposed to air for approximately 20 s during measurement. Data were collected in the 

range 500-4000 cm-1, and 32 scans with a spectral resolution of 4 cm-1 were collected per sample and 

averaged.  

2.2.6 Thermal analysis and mass spectrometry 

Thermogravimetric analysis (TGA) and differential scanning calorimetry (DSC) were measured 

using a PerkinElmer STA 6000 coupled with a mass spectrometer (MS), Hiden Analytical HPR-20 

QMS sampling system. Approximately 5 mg of sample was placed in an Al2O3 crucible with a lid 

and heated from 28 to 150 °C with a heating rate of ΔT/Δt = 5 °C/min and an argon flow of 40 

mL/min. The outlet gasses were detected for hydrogen (m/z = 2), ammonia (m/z = 17) and water (m/z 

= 18) using mass spectrometry.  

2.2.7 Ionic conductivity measurements 

Electrochemical impedance spectroscopy data were collected on a BioLogic MTZ-35 impedance 

analyzer. The temperature was controlled using a furnace in the temperature range T = 22 to 70 °C in 

steps of ΔT = 10 °C. The samples were pressed into 6.0 mm diameter pellets with thicknesses of ca. 



   

9 
 

1 mm. Molybdenum discs were used as blocking electrodes. Impedance data were measured at 50 

mV ac from 1 MHz to 1 Hz. The data were analyzed using MT-Lab software using the model 

R1+Q1/(R2+Q2). Ionic conductivity data (σ) were derived from Nyquist impedance plots, using the 

pellet thickness l, the resistance R2, and the area of the pellet face (A), according to σ = l/(R2∙A).  

3. Results and discussion 

3.1 Synthesis and initial phase analysis 

The synthesized samples (see Table 1) were initially characterized by PXD and FTIR. This revealed 

that (NH4)2B12H12 and (NH4)2B10H10 had reacted with ammonia (s1-s4) according to equation (1): 

(NH4)2BnHn (s) + x NH3 (l) → (NH4)2BnHn∙xNH3 (s) (n = 10 or 12) (1) 

During removal of NH3, the temperature and time are crucial parameters in order to obtain pure 

samples with a specific NH3 content. (NH4)2B12H12∙2NH3 is unstable under dynamic vacuum, and 

slowly releases NH3, even at T = -50 °C, but is stable in the glovebox freezer at T = -34 °C under Ar 

atmosphere. (NH4)2B12H12 does not coordinate water at room temperature (s5), while (NH4)2B10H10 

coordinates 1½ equivalent of H2O to form (NH4)2B10H10∙1½H2O (s6) 

Table 1. Overview of synthesized and investigated samples. 

Name Reactants T(a) (°C) t(b) 

(min) 
Product(s) after synthesis 

s1 (NH4)2B12H12 + NH3 -50 °C 10 (NH4)2B12H12∙2NH3 (87 wt%), 
(NH4)2B12H12∙NH3 (13 wt%) 

s2 (NH4)2B12H12 + NH3 -10 °C 10 (NH4)2B12H12∙NH3 
s3 (NH4)2B10H10 + NH3 -20 °C 10 (NH4)2B10H10∙NH3 
s4 (NH4)2B10H10 + NH3 10 °C 10 (NH4)2B10H10∙½NH3 (77 wt%), 

(NH4)2B10H10 (23 wt%) 
s5 (NH4)2B12H12 + H2O 22 60 (NH4)2B12H12  
s6 (NH4)2B10H10 + H2O 22 60 (NH4)2B10H10∙1½H2O 

a) Temperature used during removal of NH3. b) Time under dynamic vacuum. 
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The FTIR-spectra of (NH4)2BnHn·xNH3 are shown in Figure S1. New N-H stretch modes are observed 

at higher wavenumbers (3250-3400 cm-1) for the ammoniated (NH4)2BnHn as compared to the pristine 

compounds. Similarly, new N-H bend modes are observed and assigned to (NH4)2BnHn∙xNH3, both 

at higher and lower wavenumbers (1250-1700 cm-1). Regarding B-H stretch modes, a broadening of 

the absorption bands are observed. The modes at ~1110 cm-1 are assigned to new B-H bend modes. 

All stretch and bend modes in the (NH4)2B10H10 compounds are at lower wavenumbers as compared 

to the corresponding modes in the (NH4)2B12H12 compounds, e.g. the maxima of the N-H stretch 

modes are shifted by ~45 cm-1, while the maxima of the B-H stretch modes are shifted by ~24 cm-1.  

3.2 In-situ synchrotron radiation powder X-ray diffraction 

The thermal decomposition pathway of (NH4)2B12H12·2NH3 (s1) and (NH4)2B10H10·NH3 (s3) has 

been studied by in-situ time-resolved SR PXD,53 see Figure 1 and 2. For s1, only Bragg reflections 

from (NH4)2B12H12·2NH3 are observed at T = -25 °C (Figure 1). Upon heating, all Bragg reflections 

from (NH4)2B12H12·2NH3 disappear at T ~ 85 °C, while others from (NH4)2B12H12·NH3 appear. Bragg 

reflections from (NH4)2B12H12·NH3 disappear at T ~ 175 °C, where reflections from (NH4)2B12H12 

appear.  
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Figure 1. In-situ SR PXD data for (NH4)2B12H12·2NH3 (s1) (beamline I11, Diamond, λ = 0.82585 Å, 

ΔT/Δt = 5 °C/min, p(Ar) = 1 bar).  

Bragg reflections from a low-temperature polymorph, α−(NH4)2B10H10·NH3, and a set of weaker 

unidentified peaks are observed at T = 0 °C for s3 (Figure 2). Upon heating, the minor unidentified 

peaks disappear at T ~ 60 °C (Figure S2). A gradual polymorphic transition into a high-temperature 

polymorph, β−(NH4)2B10H10·NH3, is observed at T ~ 85 °C, resulting in a minor 2θ shift of all 

reflections, while new low-intensity Bragg reflections are observed, resulting in a doubling of the c-

axis and the unit cell volume (see Table 2). The high-temperature polymorph is only observed in a 

short temperature interval, as the intensity of the Bragg reflections starts to decrease at T ~ 100 °C, 

while reflections from (NH4)2B10H10·½NH3 appear. The Bragg reflections from (NH4)2B10H10·½NH3 

disappear at T ~ 145 °C, where Bragg reflections from (NH4)2B10H10 appear.   
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Figure 2. In-situ SR PXD data for (NH4)2B10H10·NH3 (s3) (BM01A, ESRF, λ = 0.7129 Å, ΔT/Δt = 5 

°C/min, p(Ar) = 1 bar).  

3.3 Crystal structures 

The crystal structures of five new compounds have been solved from SR PXD data in this 

investigation, including a low-temperature (α) and a high-temperature (β) polymorph of 

(NH4)2B10H10·NH3, see Table 2. Rietveld refinements of the new compounds are provided in the 

supplementary material (Figure S3-S7). The volume per formula unit (V/Z) for the compounds are 

shown in Figure S8. Interestingly, only a minor difference in V/Z is observed between (NH4)2B12H12 

and (NH4)2B12H12∙NH3, likely because of the small size of the NH3 molecule, thus it can occupy the 

empty octahedral site in the anion lattice without an expansion of the unit cell.  

The crystal structure models appear to have a lot of local minima in static DFT calculations, which 

are almost energetically degenerated, thus minor changes in configuration could result in more stable 

structures. Numerous DFT optimizations were carried out in this work, and the structures which gave 

the lowest energy and closest resemblance to the experimental PXD data were used. The optimal 
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orientation of NH4
+ within the N2H7

+ cation was found to be with the shared proton in between NH4
+ 

and NH3.  

Table 2. Crystallographic details for the compounds investigated in this study. 

Compound Crystal 
system 

Space 
group 

a [Å] b [Å]  c [Å] β (°) V [Å3] T(a) 
[°C] 

Ref. 

(NH4)2B12H12·2NH3 Trigonal P31c 8.1057(1) - 12.5040(2) - 711.47(2) -23 * 

(NH4)2B12H12·NH3 Trigonal R3 8.1306(3) - 17.1841(6) - 983.79(6) 115  * 

(NH4)2B12H12 Cubic Fm-3 10.8781(9) - - - 1287.2(2) 22 54 

α-(NH4)2B10H10∙NH3 Tetragonal P42 11.777(1) - 8.607(1) - 1193.7(2) 67 * 

β-(NH4)2B10H10∙NH3 Tetragonal P41 11.672(2) - 17.345(2) - 2363.0(5) 93 * 

(NH4)2B10H10∙½NH3 Tetragonal P42 12.193(2) - 15.189(3) - 2258.3(7) 71 * 

(NH4)2B10H10 Monoclinic P21/n 13.196(3) 11.412(2) 6.965(1) 94.621 (7) 1045.5(7) 22 55 

(NH4)2B10H10∙1½H2O Monoclinic P21/n 11.674(2) 8.623(2) 23.318(5) 98.97(3) 2318.6(1) -123 56 
a) Temperature for diffraction data collection. * New compounds discovered in this study 

 

Figure 3. The crystal structures of a) (NH4)2B12H12·2NH3 (P31c), b) (NH4)2B12H12·NH3 (R3), c) α-

(NH4)2B10H10·NH3 (P42), d) β-(NH4)2B10H10·NH3 (P41), and e) (NH4)2B10H10·½NH3 (P42).  

B (blue), N (red), H (grey). H bonded to B is omitted for clarity. The bond within the N2H7
+-units is 

illustrated by the blue dashed lines.  
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(NH4)2B12H12∙2NH3 crystallizes in a trigonal unit cell with space group symmetry P31c, see Figure 

3a. Initially, the structure was solved in the hexagonal space group P63mc. However, DFT 

optimization and subsequent Rietveld refinement revealed a rotation of the B12H12
2--unit, resulting in 

the space group adjustment. The crystal structure is built from an hcp anion lattice of B12H12
2-, where 

N2H7
+ cations occupy two distinct positions, located on the 2a and 2b Wyckoff sites, being 

octahedrally and trigonal bipyramidally coordinated by the B12H12
2--units, respectively. The N-N 

distance within both N2H7
+-units is 2.79 Å. The N2H7

+-units at the 2a site are oriented along the c-

axis with a relatively short N-N distance of 3.46 Å to the adjacent N2H7
+ at the 2a site, which forms 

a 2D-conduction channel. An N-N distance of 4.68 Å between the N2H7
+ located at the 2a and the 2b 

sites, connects it into a 3D-conduction network.  

(NH4)2B12H12∙NH3 crystallizes in a trigonal unit cell with space group symmetry R3, see Figure 3b. 

The crystal structure is built from an fcc anion lattice of B12H12
2-, where the NH4

+ cations occupy two 

distinct 3a Wyckoff sites, centered in the tetrahedral sites of the anion lattice. Half of the cations are 

coordinated by NH3, resulting in a 7-fold coordination of the N2H7
+ cation, in an octahedron face 

monocapped geometry. NH3 is positioned on a 3a Wyckoff site in the octahedral holes of the anion 

lattice. The N-N distance in N2H7
+ is 2.91 Å. The N-N distance between N2H7

+ and NH4
+ is 4.80 Å 

to connect it into a 3D-conduction network.  

α-(NH4)2B10H10∙NH3 is a low-temperature polymorph (T < 70 °C), crystallizing in a tetragonal unit 

cell with space group symmetry P42, see Figure 3c. The crystal structure is built from a bcc anion 

lattice of B10H10
2-, with one NH4

+ cation positioned in a tetrahedral site (2c) and another in an 

octahedral site (2b). Half of the cations are coordinated by NH3, with N2H7
+ located on a general site 

(4d) in a square pyramidal coordination geometry. The N-N distance in N2H7
+ is 2.80 Å. The N-N 

distance between N2H7
+ and NH4

+ is 4.48 Å, to form a 2D-conduction channel, while an N-N distance 

of 4.68 Å between N2H7
+ and NH4

+ connects it into a 3D-conduction network. The octahedral 
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coordination of NH4
+ and tetrahedral coordination of NH3 are unexpected. However, this coordination 

provides the most convincing Rietveld refinement of the PXD data and the lowest energy of the DFT 

optimized structural models. Exchanging the sites of NH4
+ and NH3 would result in too short N-N 

distances between two NH4
+’s and leave an NH3 uncoordinated, thus is not considered a viable 

solution. It may be speculated that the unexpected NH4
+ and NH3 coordination in α-

(NH4)2B10H10∙NH3 contributes to the occurrence of the polymorphic α- to β-transition at T ~ 85 °C. 

β-(NH4)2B10H10∙NH3 is a high-temperature polymorph, formed at T ~ 85 °C, crystallizing in a 

tetragonal unit cell with space group symmetry P41, see Figure 3d. The crystal structure is slightly 

more compact than the low-temperature polymorph. The bcc anion lattice of B10H10
2- is preserved, 

while a rearrangement of the cations causes the polymorphic change. The a- and b-axis decrease by 

~0.8 %, while the c-axis is doubled. N2H7
+ are positioned in the octahedral sites in the anion lattice, 

while NH4
+ are positioned in the tetrahedral sites. The N-N distances in N2H7

+ is 2.85-2.87 Å. The 

N-N distance between N2H7
+ and NH4

+ is 4.48 Å to form a 2D-conduction network, while an N-N 

distance of 4.73 Å connects it into a 3D-conduction network. Rietveld refinement of the atomic 

positions after DFT optimization resulted in a reorientation of the B10H10
2- anion and a change in the 

atomic positions of the cations. This may indicate dynamics in the high-temperature polymorph, 

which are often observed in high-temperature polymorphs of metal closo-borates, where the anion 

rotations are found to promote cation conductivity.16,17,22,57,58  

(NH4)2B10H10∙½NH3 crystallizes in a tetragonal unit cell with space group symmetry P42, see Figure 

3e. The crystal structure is built from a bcc anion lattice of B10H10
2-, with NH4

+ located in the 

tetrahedral sites. One quarter of the NH4
+ are coordinated by NH3, forming the N2H7

+-cation, located 

on an octahedral site. The N-N distance in N2H7
+ is 2.69 Å. The N-N distance between adjacent N2H7

+ 

is 4.4 Å, while the distance between N2H7
+ and NH4

+ is 5.23-5.26 Å to form a 3D-conduction network.  
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3.4 Thermal analysis 

Simultaneous thermogravimetric analysis, differential scanning calorimetry, and mass spectrometry 

(TGA-DSC-MS) data were measured for (NH4)2B12H12·2NH3 (s1) and (NH4)2B10H10·NH3 (s3), see 

Figure 4. The TGA data for (NH4)2B12H12·2NH3 (s1) reveal a mass loss possibly starting prior to the 

measurement, which is assigned to a release of NH3 in accordance with the MS data. A second mass 

loss in the temperature range 35 to 75 °C of 7.1 wt%, associated with an endothermic DSC signal 

peaking at T ~ 71 °C, is also assigned to the release of ammonia. The calculated mass loss 

corresponding to one molecule of NH3 is 8.0 wt%. No further changes are observed upon heating to 

150 °C.  

The TGA data for (NH4)2B10H10·NH3 (s3) also show a gradual mass loss prior to initiation of the 

measurement, in accord with the MS data, which reveal a gradual release of NH3. The MS data also 

show that ammonia release occurs in two steps with peak values at T ~ 59 and 75 °C. TGA reveals a 

mass loss of 12.0 wt%, in the temperature range 30 to 80 °C, which is slightly higher than the 

calculated mass loss corresponding to one NH3 molecule (9.94 wt%), possibly due to the presence of 

a minor amount of a compound with higher NH3 content. No further changes are observed upon 

heating to 150 °C. 

The ammonia release rate is strongly influenced by the partial pressure of NH3, clearly observed from 

the synthesis procedure and the lower NH3 release temperatures by TG-DSC-MS as compared to the 

in-situ SR PXD measurements performed in closed capillaries. To investigate this further, a capillary 

of (NH4)2B12H12·2NH3 (s1) was sealed with grease and monitored with PXD, revealing a half-life of 

approximately 13 hours at room temperature in a closed capillary (Figure S9).  
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Figure 4. a) TGA-DSC-MS for (NH4)2B12H12·2NH3 (s1) and b) (NH4)2B10H10·NH3 (s3). Both 

samples are heated from 28 to 150 °C (ΔT/Δt = 5 °C/min, argon flow 40 mL/min).  

3.5 Proton conductivity 

The proton conductivity of (NH4)2B12H12∙xNH3 (x = 2, 1), (NH4)2B10H10∙xNH3 (x = 1, ½) and 

(NH4)2B10H10∙1½H2O was measured using EIS as a function of temperature, see Figure 5. Due to 

limited thermal stability the measurements have only been conducted from 22 to 70 °C. The 

temperature dependency of the proton conductivity can be described according to equation (2), 

𝜎𝜎 = (𝜎𝜎0
𝑇𝑇

)exp(− 𝐸𝐸𝑎𝑎
𝑘𝑘𝐵𝐵𝑇𝑇

)  (2) 
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where σ is the proton conductivity, σ0 is a pre-exponential factor, T is the absolute temperature, Ea is 

the activation energy, and kB is Boltzmann’s constant.59 The proton conductivity of the compounds 

are low at room temperature, σ ~ 1.9∙10-9 - 10-11 S/cm, but slightly higher than that of (NH4)2B10H10 

at T = 70 °C.28 The temperature dependence of the proton conductivity is similar to that of 

(NH4)2B10H10 (Ea = 0.60 eV)28 with activation energies in the range 0.51-0.65 eV. (NH4)2B12H12∙xNH3 

(x = 2, 1) showed a significant enhancement in the proton conductivity at lower temperatures as 

compared to (NH4)2B12H12, which could not be determined at temperatures below T = 175 °C. The 

activation energy of (NH4)2B12H12∙NH3 was not determined due to the non-linear temperature 

dependency and the activation energy of (NH4)2B12H12∙2NH3 (Ea = 0.58 eV) is comparable to that of 

(NH4)2B12H12 as determined in this work (Ea = 0.56 eV).28 The ionic conductivity of (NH4)2B12H12 

and (NH4)2B10H10 have previously been reported in literature and was remeasured in this study. The 

results for (NH4)2B10H10 agree  well with the values reported in literature, but slightly higher 

conductivity is observed for (NH4)2B12H12 and with a lower activation energy of Ea = 0.56 eV as 

compared to Ea = 1.63 eV.28 It should be noted that only a small part of the semicircle in the Nyquist 

plot was observed for (NH4)2BnHn (n = 10, 12), complicating accurate determination of the 

conductivity for these two samples. 
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Figure 5. Proton conductivity as a function of temperature for samples s1-s4 and s6, compared to 

other proton-conducting closo-borates (symbols indicate data measured in this investigation).27,28 

Data for (NH4)2BnHn (n = 10, 12) are shown both from this study and literature. 

The proton conductivity measured in this investigation is comparable to that of similar closo-borates 

shown in Figure 5. The higher proton conductivity of H2B12(OH)12 may be due to the protonic H on 

the B12(OH)12
2- anions. However, significantly higher proton conductivity is observed for some other 

inorganic compounds, e.g. Cs2(HSO4)(H2PO4) and H3[PM12O40]∙29H2O (M = Mo, W), see Figure 

S10. 

3.6 Discussion 

Thermal analysis reveals that NH3 is released in multiple well-defined steps from (NH4)2B12H12·2NH3 

and (NH4)2B10H10·NH3, giving rise to the structural changes observed by in-situ SR PXD. The 
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formation of the complex cation N2H7
+ is of great interest for proton conductivity, and is here 

stabilized up to T ~ 170 °C, possibly due to the presence of dihydrogen bonds. In the complex N2H7
+, 

i.e. H3N−H−NH3
+, a ‘shared’ proton is situated in between NH4

+ and NH3, being closer to NH4
+, but 

with a small energy barrier between two energy-equivalent minima.48 A small energy barrier of ΔE 

= 0.0546 eV has been calculated in a theoretical study, assuming a N−N distance of 2.723 Å, which 

is similar to the N−N distances of 2.69 to 2.91 Å observed here.48 The energy barrier varies with 

changes in the N−N distance, where shorter distances result in smaller energy barriers.60 Here we find 

that the shared proton is closer to the center in N2H7
+ if the N−N distance is short (Table S2).  

H+ migration may proceed between N2H7
+, either by proton migration, i.e. the Grotthuss mechanism, 

or with NH3 as a carrier molecule, i.e. the vehicular mechanism. However, the presence of N2H7
+ did 

not result in a high proton conductivity in the new compounds, possibly due to the lack of a complete 

conduction pathway, i.e. the proton may be ‘locked’ in a local minimum, contained within the N2H7
+ 

complex. Hydrogen-bonded chains where proton defects can diffuse are crucial to obtain proton 

conduction through the material. This has been investigated by theoretical calculations for imidazole 

and methanol, where proton migration occurs mainly via the Grotthuss mechanism.61,62 Similarly, 

extended hydrogen networks are found in superprotonic phases of e.g. CsHSO4 and CsH2PO4, where 

H+ propagate via Grotthuss-type jumps. Moreover, it was found that the reorientations of the SO4
2− 

or PO4
3− tetrahedra also influences the jump rate of H+ between adjacent units.12,13  

Although the absolute conductivity is still low, the enhancement of conductivity in 

(NH4)2B12H12∙xNH3 (x = 1, 2) with respect to (NH4)2B12H12 at lower temperatures is notable, possibly 

due to improved proton migration between the N2H7
+ complexes. A molecular dynamics simulation 

was run for (NH4)2B12H12∙2NH3 and the result confirms the transfer of the shared proton within the 

N2H7
+ complex. Some interesting results were found which were not evident from the static 
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calculation. First, the proton transfer within N2H7
+ is more frequent at the 2b site. In the static 

configuration, the N−N distance at the 2a site is slightly shorter, which may be interpreted as a lower 

activation barrier for the proton transfer. However, the N2H7
+ complexes are aligned along the c-axis 

with a distance of 3.46 Å at the 2a site and the conversion from NH3 to NH4
+ due to the proton transfer 

would increase the repulsion with the nearest NH4
+. In the simulation cell, there are overall four 

independent N2H7
+ complexes, two for each 2a and 2b site. During the 30 ps of runtime, the original 

NH3 takes the shared proton only for 0.7 ps in one N2H7
+ at the 2a site (Figure S11) and for 0.08 ps 

in the other. On the other hand, a proton transfer is quite frequent for N2H7
+ at the 2b site, where the 

original NH4
+ exists as NH3 for 14.1 ps in average (Figure S11). The result indicates that the two 

states are almost degenerate. Indeed, in a static calculation, shifting the shared proton in one of the 

two N2H7
+ at the 2b site increases the energy by only 11 meV. Second, the rotation of NH4

+ takes 

place and the shared proton changes over time (Figure S11). The rotation indicates a moment of 

weakened hydrogen bonding within the N2H7
+ complex, which could promote a proton transfer to 

other nearby NH3 via the Grotthuss mechanism. We were not able to capture the net translational 

motion of a proton due to the limited simulation cell size and time. More importantly, it is likely that 

the initiation of a proton transfer is triggered by native NH3 defects, either interstitial or vacancy, 

which are not considered in our simulation. Introduction of some NH3 defects would be necessary to 

observe proton dynamics in a reasonable time scale.2  

The proton conductivity of the B10H10
2- based compounds are higher than those of B12H12

2-, both for 

the ammines and (NH4)2BnHn. This is possibly linked to shorter jump-distances between the cationic 

sites. The N−N distances within the N2H7
+ cation do not seem to correlate with the observed 

conductivity, e.g. for (NH4)2B12H12∙xNH3, a higher proton conductivity is observed for x = 2, which 

has shorter N−N distances compared to x = 1, while the opposite trend is observed for 

(NH4)2B10H10∙xNH3. However, a higher NH3 content seems to increase the conductivity, possibly due 
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to a higher concentration of carrier molecules or a more extended conduction pathway, in agreement 

with the shorter N-N distances between adjacent cations, NH4
+ or N2H7

+. The analogous system 

(NH4)2B10H10∙1½H2O was investigated for comparison, which shows a similar proton conductivity 

to (NH4)2B10H10∙NH3 (Figure 5). This structure contains a related complex ion, NH4
+-OH2, and an 

OH2 shared between two NH4
+.56  

Conclusions 

Synthesis, characterization, and structure determination have been carried out for five new ammine 

ammonium closo-borates based on the anions B12H12
2- and B10H10

2-. The structures of 

(NH4)2B10H10∙xNH3 (x = ½, α−1, β−1) are built from bcc packing of B10H10
2-, while 

(NH4)2B12H12∙xNH3 (x = 1, 2) are built from either an fcc (x = 1) or hcp (x = 2) packing of B12H12
2-. 

The complex cation, N2H7
+, formed between NH4

+ and NH3, is located within the anion lattice 

coordinated by five to seven closo-borate anions. The formation of the complex cation, N2H7
+, was 

investigated as a means of improving the proton conductivity of (NH4)2BnHn (n = 10, 12), and a minor 

improvement was observed for n = 10, while a lower activation energy and several orders of 

magnitude higher proton conductivity were observed for n = 12. The stabilization of N2H7
+ in these 

materials did not result in a high proton conductivity, likely related to the lack of a 3D-interconnected 

framework due to long distances between NH4
+ and N2H7

+ complexes. This may be due to the 

relatively large size of the anions, r(B10H10
2-) = 3.0 Å and r(B12H12

2-) = 2.9 Å.16 Thus, a higher proton 

conductivity may be achieved in related compounds where a 3D proton conduction pathway is 

present. However, this work reveals a relatively high thermal stability of the N2H7
+ complex, up to T 

~ 170 °C, and may be further utilized for the design of novel proton conductors. Furthermore, the 

relatively weak interactions, hydrogen-bonds, and di-hydrogen bonds, may facilitate other properties 

such as hydrogen elimination from the solid state. More insight into the dynamics and the interesting 
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N2H7
+ cation may be achieved by nuclear magnetic resonance and quasi-elastic neutron scattering 

measurements.28,42,58,63  
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The ammonium-ammonia complex, N2H7
+, is stabilized in the solid state by large anionic boron 

clusters, B12H12
2- and B10H10

2-. Stabilization of N2H7
+ is here investigated as a potential tool to obtain 

high proton conductivity at low temperatures. Five new crystal structures are presented and the 

thermal properties and ionic conductivity are assessed.  
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