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Investigation of bistetramethylammonium hydrogencyclotriphosphate – 
a molecular rotor?** 

Martin Mangstl,[a] Johannes Weber,[a] Daniel Jardón-Álvarez,[b] Olaf Burghaus,[c] Bernhard Roling[c] and Jörn 

Schmedt auf der Günne*[a] 

Abstract: The crystalline phase β-[N(CH3)4]2HP3O9 undergoes a reversible phase transition to γ-[N(CH3)4]2HP3O9, which was studied by dynamic scanning 

calorimetry and X-ray diffraction. The rotational dynamics of the anion [P3O9]3− were evident from variable temperature 31P MAS NMR spectroscopy. The 

rotational dynamics could be simulated with a 3-site jump model, which yields spectra in good agreement with experiment. An activation energy of 0.6 eV 

could be estimated from line shape analysis. Impedance spectra reflect a bulk proton conductivity of γ-[N(CH3)4]2HP3O9 of 6.9·10−5 S/cm at 240 °C and an 

activation energy of approximately 1.0 eV. Thus this salt features bulk protonic motion while local rotational anionic motion happens with activation 

energies of the same order, as suggested by the paddle wheel mechanism. 

Protonic conductors are mainly used for fuel cells, sensor 
applications and hydrogen separation.[1–4] Thereby phosphate-based 
compounds are interesting because of their low cost of production and 
relatively low toxicity. Among many different phosphate-based 
protonic conductors the following are promising candidates: 
RbH2PO4,[5] CsH2PO4,[6] Mn(H2PO4)2,[7] α-Zr(HPO4)2

[8] and γ-Zr-
(PO4)(H2PO4)·2H2O.[9] Especially CsH2PO4 is under investigation due 
to the intermediate operating temperature range (200–300 °C) under 
relatively dry conditions, showing a high conductivity of 2.2·10−2 S/cm 

at 240 °C.[6] This allows the production of cheaper membranes than the 
Nafion[10] based ones due to the possibility of using cheaper catalysts 
than platinum. Furthermore this temperature window is interesting for 
sensor applications because it allows the detection of species towards 
which the sensors are inert at lower temperatures.  

In general high ionic conductivities can be expected for systems 
with relatively big cations due to lower Coulomb interaction between 
anions and cations. Thus bigger cations than Cs+ like the 
tetramethylammonium cation are desirable. From literature only the 
tetramethylammonium orthophosphates [N(CH3)4]H2PO4 · 0.5 H2O,[11] 
[N(CH3)4]H2PO4 · H2O[12] and the metaphosphates α- and β-
[N(CH3)4]2HP3O9 which contain the more bulky anion P3O9

3− are 
known.[13,14] 

For the conduction mechanism of high temperature ionic 
conductors two different mechanisms are discussed in literature. Some 
authors try to explain the high temperature conductivity with a 
percolation-type mechanism.[15,16] Other authors claim that the paddle-
wheel mechanism within so called rotator phases is responsible for the 
increased ion conductivity in certain high temperature ion conductors, 
e.g. for CsH2PO4.[17–19] Moreover big molecular rotors are used as 
mechanical elements for molecular machines.[20–22] 

In this article we investigate the phase transition of β-

bistetramethylammonium hydrogencyclotriphosphate to a phase which 
features molecular dynamics at elevated temperatures by means of 
differential scanning calorimetry (DSC), impedance spectroscopy, 
variable temperature powder X-ray diffraction and variable 
temperature solid state nuclear magnetic resonance (NMR). 

In order to identify the nature and temperature of appearing phase 
transitions DSC measurements were performed. The as prepared 
sample of α-[N(CH3)4]2HP3O9 shows an irreversible first order phase 
transition to β-[N(CH3)4]2HP3O9 with an onset temperature of 
195 °C.[14] If β-[N(CH3)4]2HP3O9 is heated up to higher temperatures a 
reversible phase transition to γ-[N(CH3)4]2HP3O9 can be observed 
(Figure 1). 

 

Figure 1. DSC measurement of β-[N(CH3)4]2HP3O9 between 98 and 262 °C 
with a heating/cooling rate of 5 K/min (heating: lower line, cooling: upper line). 
Onset temperature of a reversible phase transition during heating at 232°C 
and during cooling at 206 °C. 

 
By integration of the signal within a background corrected heating 

curve the following reaction enthalpies can be estimated: 

 

β-[N(CH3)4]2HP3O9 → γ-[N(CH3)4]2HP3O9 ΔTraH = +3.56 kJ / mol 
 
γ-[N(CH3)4]2HP3O9 → β-[N(CH3)4]2HP3O9 ΔTraH = −3.53 kJ / mol 

 

Moreover powder X-ray diffraction measurements at various 
temperatures during heating and cooling were carried out for analyzing 
the thermal behavior on a macroscopic scale. During heating a phase 
transition of phase α into β takes place at approximately 152 °C 
(Figure 2). The β-phase undergoes a phase transition into the γ-phase at 
approximately 230 °C. 
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Figure 2. Observed powder diffraction patterns of initially α-[N(CH3)4]2HP3O9 
measured with CuKα1 radiation at variable temperatures during first heating 
run. 

During cooling the phase transition of the γ-phase into the β-phase 
happens at approximately 210 °C (Figure S2). However no phase 
transition from phase β into phase α can be observed which means that 
phase β is the thermodynamic stable phase. Exactly the same 
experiments were done for a second time directly after the first run 
(Figure S3). Again a phase transition of phase β into phase γ can be 
observed at the same temperature than for the first heating run. This 
also can be applied for the cooling behavior of the sample which 
denotes that this process is reversible (Figure S4).  

The powder diffraction pattern of γ-[N(CH3)4]2HP3O9 could be 
indexed by using the program FOX.[23] The Le Bail fit for a monoclinic 
unit cell (a = 11.4339 Å, b = 9.2719 Å, c = 17.5704 Å, α = 90 °, 
β = 90.133 °, γ = 90 °) was in good agreement with the experimental 
data. The value for the cell volume of γ-[N(CH3)4]2HP3O9 increased by 
approximately 6% compared to β-[N(CH3)4]2HP3O9. Due to low 
resolution of the measured powder diffraction pattern caused by the 
high temperature setup it was not possible to identify the space-group 
of γ-[N(CH3)4]2HP3O9 unambiguously. 

 

Figure 3. 31P{1H} CP-RAMP MAS NMR spectra of α-[N(CH3)4]2HP3O9 
recorded at 20 °C before heating. Phase γ was measured at 240 °C and 
phase β after heating to 240 °C and subsequent cooling. The spectra include 
all rotational sidebands, isotropic shifts are signed with an asterisk (spinning 
frequency: 3 kHz). 

Furthermore variable temperature NMR measurements were 
performed in order to analyze the thermal behavior on a microscopic 
scale. The spectra presented in Figure 3 show the appearance of three 

different phases during heating to 240 °C and subsequent cooling to 
20 °C. This is in agreement with the phase transitions identified by 
DSC and variable temperature XRD measurements. 

Due to the presence of rotational sidebands in all three phases it 
can be concluded that solid crystalline phases are present within the 
complete temperature range of 20 and 240 °C. The obtained results are 
summarized in Table 1. 

 

Table 1: Chemical shift parameters obtained by fitting the 
experimental spectra with SIMPSON[24] assuming a single spin 
system at 20 and 240 °C during heating and at 20 °C after cooling: 
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Figure 4. Isotropic peaks in a 31P{1H} CP-RAMP MAS NMR spectrum of 
[N(CH3)4]2HP3O9 at different temperatures during heating (spinning frequency 
3 kHz, complete spectra Figure S6 ). 

During heating three different signals merge into a single broad 
signal with an average chemical shift. At approximately 180 °C a 
single broad signal can be observed caused by coalescence. Within the 
high temperature phase γ the phosphorus atoms cannot longer be 
distinguished, so that only one sharp signal can be observed (Figure 4). 
The cooling behavior can be viewed in Figures S5 and S7. 
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31P MAS NMR spectra were simulated in order to find out whether 
the observed changes in line width and the apparent merging of the 
resonances observed in the experimental spectra at high temperature 
are consistent with a stochastic rotational motion of the 
cyclotriphosphate ion. The simulation takes into account only the 
chemical shift as dominating interaction but neglects through-space 
and through-bond dipolar interactions. An input to these simulations is 
the orientation of the chemical shift tensors, which were estimated 
from quantum chemical calculations (Figure S8), while the principle 
values were taken from experimental data (Table 1). An important 
insight which the quantum chemical calculations convey is that the 
three sites share an approximately common direction for δzz when 
taking the crystal structure as a reference for our simulations. 
Consequently the rotational motion reduces the chemical shift 
anisotropy δaniso only slightly (Table 1). The expected change becomes 
obvious from the calculated second moments M2 of the total line shape 
of all peaks and their spinning sidebands as shown in Figure S9. 
Experiment and simulation show in a good agreement only a minor 
reduction of M2 of a few per cent. From the simulations it becomes 
clear that the experimental data lack points in the coalescence regime 
which is due to the rather limited temperature resolution of the LASER 
MAS probe head. In view of the fairly high activation energy this is to 
be expected (see below). We conclude that the observed changes of the 
line shape are in full agreement with a rotational stochastic motion of 
the cyclotriphosphate anion, which is a necessary prerequisite to the 
paddle wheel mechanism. 

Obviously such a rotational motion is not possible if the protons 
would remain immobile. We thus further try to estimate activation 
energies for the rotational cyclotriphosphate motion and the proton 
dynamics. 

Figure 5. Plot of second moments M2
½ of the complete 31P MAS NMR line 

shape (including spinning sidebands) of [N(CH3)4]2HP3O9 at various reciprocal 
temperatures. 

The activation energies for the rotational cyclotriphosphate motion 
can be estimated from the onset of the reduction of the second moment 
M2 of the complete line shape with rising temperatures. We assign the 
reduction in the square root of the second moment in between 172 and 
179 °C (Figure 5) of about 1100 Hz to the stochastic rotational motion 
of the cyclotriphosphate because the already mentioned quantum 
dynamic simulations show a similar reduction (Figure S10). The 
activation energy for this process can be estimated with the empirical 
expression EA ≈ 1.617·10−3Tonset eV / K by Waugh and Fedin[25] with an 

error of approximately 10 % which translates to an activation energy of 
approximately 0.73±0.08 eV. 

Additionally we note a minor reduction of 200 Hz  between 134 
and 141 °C which could be attributed to a vibrational mode of the 
cyclotriphosphate. The estimation for the activation energy for this 
process results in 0.66±0.08 eV. 

A second independent approximation of the activation energy can 
be obtained from the second moment of an individual spinning 
sideband in the high temperature, fast exchange regime. For this 
regime it has been shown that τc and the line width are proportional to 
one another.[26,27] Assuming an Arrhenius behavior for the correlation 
time as devised by a theory put forward by Bloembergen, Purcell and 
Pound (BPP) the activation energy can be determined from the slope in 
a logarithmic plot of line width or square root of the second moment vs. 
inverse temperature to a value of 0.6±0.1 eV (Figure 6).[28,29] This is in 
good agreement with the values obtained by estimation via Waugh and 

Fedin. 

Figure 6. Arrhenius plot of the natural logarithm of the second moment M2
½ of 

the 31P MAS NMR line shape of an individual spinning sideband versus 
reciprocal temperature. 

Finally AC impedance spectra were measured to determine the 
bulk ion conductivity. The ionic conductivity was characterized by 
means of impedance spectroscopy over a broad frequency range and at 
temperatures from 100 to 250 °C. 

Figure 7. Logarithmic plot of proton conductivities of γ-N(CH3)4]2HP3O9 for a 
single run between 230 and 250 °C. Filled squares: heating; empty circles: 
cooling; consecutive runs of heating and cooling cycles (not shown) show a 
minor improvement of the proton conductivity, which could be explained by a 
compaction of the material in the measurement cell. 
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Within the complete temperature range from 230 to 250 °C the 
temperature dependence of the conductivity (Figure 7) can be well 
described by an Arrhenius law: σ = A · exp(−EA / kBT). The obtained 
value for the conductivity at 240 °C is 6.9 · 10−5 S/cm with an 
activation energy of 1.0 ± 0.1 eV. This value is slightly higher than the 
values for the activation energy determined by BPP-theory or by 
Waugh- and Fedin-estimation. This can be explained by a higher 
activation energy for the bulk material than for the molecular activation 
energies. 

In conclusion, we have demonstrated that fast dynamics of the 
cyclotriphosphate ion at elevated temperatures are accompanied by 
increased protonic conductivity. The activation energies of both 
processes are of similar magnitude which agrees with the paddle-wheel 
mechanism. Tetramethylammonium proved to be a viable (supersized) 
alternative to monovalent inorganic cations and allowed us to prove the 
rotational motion of cyclotriphosphate in a crystalline solid for the first 
time. 

Keywords: NMR spectroscopy • ion conductor • second moment 

analysis • phase transition • paddle wheel 
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