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Spin-lattice relaxation times of protons in polycrystalline (NH4)oS04, (NH30H)2S04, 
(NH4)2HP04, NH4VO3, (NH4)2Cr04, (NH4)2C204 • H20 and NH4HF2 salts were measured 
over the temperature range 100—430 K. The double minima in T\ for the first three compounds 
were attributed to the nonequivalent NH4+ ions in the unit cells. In NH4VO3, the double minima 
were attributed to the reorientations about two and three fold axes. However only one minimum 
in T\ was observed for (NH4)2Cr04, (NH4)2C204 • H20 andNH4HF2 and the relaxation mecha
nisms for the first three compounds were attributed to random reorientations of NH4+ ions. The 
experimental results are in good agreement with the calculated values by using the existing 
theoretical expressions. The discrepancies between experimental and calculated values for 
(NH4)2HP04 and NH4HF2 at low temperatures were attributed to the tightness of the hydrogen 
bonding at those temperatures.

N H 4+ Io n  M o tio n s  in  Som e A m m o n iu m  Salts

1. Introduction

During the last years ammonium salts have been 
under investigation by pulsed and wide-line nmr 
techniques over a wide temperature range [1—6]. 
(NH4)2S04, NH4VO3 and (NH4)2H P04 were studied 
early by some authors [7—12]. I t is the purpose of 
this paper to investigate the NH4" motions in some 
more ammonium salts together with the above 
mentioned three compounds to make more careful 
measurements and test the agreement between the 
existing theoretical expressions and experimental 
results not only at limited points but over wide 
temperature intervals as well. I t is hoped that a 
standard commercial apparatus would make the 
experimental data comparable with the theoretical 
expressions when the standard parameters of the 
compounds are used.

2. Experimental

The spin-lattice relaxation times were measured 
with an SXP type Bruker pulse spectrometer at 
60 MHz using n — x — n\2 pulse sequence. The 
pure compounds used in this study were obtained 
from commercial sources and the samples were 
filled in glass tubes 9 x 10-3 m in diameter and 
5 X 10-3 m in hight. The samples were left under 
1.33 X 10~2 Nm-2 vacuum for several hours and 
then sealed off to erase any trace of water. The
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temperature control system used was a Bruker 
B-ST 100/700 temperature controller and approx
imately fifteen minutes were waited after each 
setting of the temperature to allow the sample to 
reach the desired temperatures.

3. Results

The experimental results of spin-lattice relaxation 
times have been plotted on a semi-logarithmic scale 
as a function of 103/T  in Figures 1—4. The Tx 
results for (NH4)2S04, (NH30H)2S04, (NH4)2H P04 
and NH4VO3 exhibit well defined double minima 
as shown in Figures 1—2. Furthermore the minima 
are exactly equal and 23 ms for (NH4)2S04, 25 ms 
for (NH4)2H P 04 and 56 ms for (NH30H)2S04. 
However the T\ minima for NH4V(>3 are not equal 
and the left minimum is 35 ms whereas the right is 
15.4 ms. On the other hand, for (NH4)2Cr04. 
(NH4)2C20 4 • H 20  and NH4HF2 the spin-lattice 
relaxation time passes through only one minimum. 
The minima are 12.5 ms, 12.5 ms, 11.5 ms, respec
tively, for the above order of the compounds. The 
results are very well reproducible over the whole 
temperature ranges in which the experiments were 
performed.

4. Analysis and Discussion

The spin-lattice relaxation results of the com
pounds studied can be analyzed by assuming re- 
orientational motions of the NH4" ion. When the
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Fig. 1. Spin-lattice relaxation times of (NH^SC^ (o) and 
(NH30H)2S04 (•) against 103 K/T.
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Fig. 3. Spin-lattice relaxation times of (NH^CrC^ 
(o) and (NH4)2C204 • H20 (•) against 103 k/T.
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Fig. 2. Spin-lattice relaxation times of (NH4)2HP04 (•) and
NH4VO3 (o) against 103 K/T.
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Fig. 4. Spin-lattice relaxation times of NH4HF0 
against 103 k/T.
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reorientational motion of NH^ ion is random the 
spin-lattice relaxation rate is expressed as [7],

9 y^h2 /  Tc 4 r c
10 76Ti-1 1 CO' 4&>5 T- (1)

where r c is the correlation time of random reorienta- 
tional motion of NH4" ion and the other symbols 
have their conventional meanings [13]. This equa
tion has a minimum when wotc =  0.6158 and
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On the other hand, when the reorientational 
motion is about the three-fold axis, then the spin-

(3)
4TC3

lattice relaxation rate becomes [14] 
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where r C3 is the correlation time or reorientational 
motion of the NH4* ion around the three-fold axis. 
Furthermore, when the reorientational motion of 
the NH4" ion is about the two-fold axis, then the 
spin-lattice relaxation rate turns out to be [14],

9 y*h* 
20 r6(TV1) 2 (4)
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where r C2 is the correlation time of the reorienta
tional motion of NH,f ion about the two-fold axis. 
On the other hand, it has been shown that in the 
presence of reorientational motion about three and 
two-fold axes when r C3 r C2) the spin-lattice 
relaxation rate becomes [14].

r f o b s ^ ^ h  +  ^ f V  (5)

Furthermore, when there are two nonequivalent 
types of equal numbers of NH± ions in the unit cell 
of the compound, then due to the spin exchange 
process the observed spin-lattice relaxation rate 
becomes [7]

2 m — 1 _ m — \ I m — \1 lobs — 1 1,1 T  J- 1,11 >-1 T-l (6)

where T \t \ and T \tu  are the spin-lattice relaxation 
times of type I and type II ammonium ions.

a) Ammonium Sulfate
The spin-lattice relaxation time of (NH4)2S04 

passes through double minima of equal value below

the ferroelectric phase transition at 223 K. These 
are in agreement in principle with the results re
ported in Ref. [7], however our T\ results above 
and around the ferroelectric phase transition agree 
with the results reported in Ref. [8], therefore our 
measurements at high temperatures stay only for 
comparison. The dashed line in Fig. 1 shows the 
first-order ferroelectric phase transition which has 
also been observed previously [7, 8]. However for 
T1 minima at low temperatures, T1 min =  23 ms 
was obtained using the standard value of r =  
16.8 nm and the Equations (2) and (6). At the left 
minimum (103IT =  5.80), T \t n becomes too long 
and from (6) T i0bs =  2^1,1, similarly at the right 
minimum (10S/T =  8.70) T \ti becomes too long and 
?1iobs =  2 21i in . From the straight line portion of 
the experimental results above the left minimum 
an activation energy of E&=  16.6±0.3 kJ mol-1 
was obtained. Using this activation energy and the 
Arrhenius equation

Tc =  T®exp (EijRT) (7)

in (1) and (6), the line on the experimental points 
in Fig. 1 was obtained. The pre-exponential factor 
found from the (oorc =  0.6158 condition was 7® =  
1.52 x 10~14s. Similarly, from the high temperature 
side of the right minimum Ea =  7.1 ±0 .3  kJ mol-1 
and t® =  9.60 x 10-13 s were obtained. Using these 
values in (7), (1) and (6), the line on the experi
mental points was obtained.

The experimental results obtained at 42 MHz [7] 
are somewhat longer (7Timin =  20 ms) than ours 
when the proportion of the Larmor frequencies is 
considered. If the standard distance between the 
protons in the ammonium group r =  16.8 nm used 
in [7], then the calculation would give our experi
mental minimum with the multiplication factor of 
the ratio of the Larmor frequencies. Another point 
is that in [7] the right minimum (~  24 ms) is some
what longer than the left one (20 ms), while our 
observed minima are equal.

b) Hydroxylavimonium Sulfate
The same interpretation can be made for 

(NH30H )2S04, but the Tx minima (56 ms) are 
significantly longer than for (NH4)2S04. One 
reason for this is that the distant proton in the OH 
group does not contribute significantly to the spin- 
lattice relaxation and there comes a factor of 2/3 
to Equation (1). But this does not account for the
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longness in T i . Due to the presence of OH group 
the NH4 tetrahedron is distorted and therefore, if 
we use r =  18.1 nm together with the factor 2/3 in 
(1), (2) and (6), then in the same way for (NH4)2S04 
the line on the experimental points in Fig. 1 was 
obtained. Above the left minimum (103/T =  3.94) 
the activation energy was found to be Ea =  23.0 +  
0.3 kJ mol-i and rj? =  3.0 X 10~14 s. However from 
the high temperature side of the right minimum 
(103/T  =  5.90) 12.6 ±  0.3 kJm ol-i and from 
the coqXc — 0.6158 condition Tc =  2.1 X 10~13 s were 
obtained. The agreement between the experimental 
and the calculated values is good. There is a factor 
of ~ 2  between the activation energies of the first 
type and the second type ammonium ions.

Only one x-ray diffraction study exists on 
(NH30H )2S04 [15] and that does not report the 
distance between the protons, however four mole
cules in the unit cell was reported, and this study 
shows that they are in different sites of equal 
numbers (i.e. 2 and 2) in the unit cell. The proton- 
proton distance, we have used, is in the order of the 
earlier reported th -h  values for ammonium com
pounds and is reasonable.

c) Diammonium Hydrogen Phosphate
The explanation of the experimental results for 

(NH4)2H P 04 follows the same lines as for the above 
mentioned two compounds. The experimental Ti 
minima are equal and 25 ms, which is somewhat 
longer than the calculated T imin =  23 ms. But this 
does not invalidate our conclusion. The activation 
energy above the left minimum (103/T =  3.20) is 
2?a =  37.6 ±  0.3 kJ mol-1 and t°c =  8.3 x 10~16 s. 
The straight line portion of the high temperature 
side of the right minimum (103/27 =  4.20) gives 
Ea =  23.0 ±  0.3 kJm ol-i and the w0r c =  0.6158 
condition at the minimum gives r® =  1.47 X 10-14 s. 
Using these values in (1), (6) and (7) as above, we 
obtain the solid curve on the experimental points 
in Figure 2. The agreement between the experi
mental and calculated values is good down to 210 K. 
Below 210 K the calculated values becomes longer 
than the experimental values. This compound has 
been studied by several authors [10—12], The 
experimental T\ minima in Ref. [10] (19 ms and 
16 ms) do not agree with ours when the ratio of the 
Larmor frequencies (60/30 =  2) is considered, and 
no attempt was made to predict the relaxation 
times in that work. However the experimental T1

minima in Ref. [11] agree with ours when the ratio 
of the Larmor frequencies (60/37) is considered. 
The activation energy reported ^  23 kJ mol-1 is 
exactly equal to the activation energy we obtained 
for the type II ammonium groups (i.e. high tem
perature side of the right minimum). But the ex
perimental results above the left minimum in that 
work do not agree with ours, and no attempt was 
made to predict the relaxation times over the whole 
temperature interval by the authors. On the other 
hand, when the study (at 18 MHz) by Shimomura 
et al. is considered [12], their high H\ field mini
ma agree with ours when the ratio of the Larmor 
frequencies is taken into account, but they made no 
attempt to predict the relaxation times explicitly. 
The longness in T\ that they have observed at low 
H\ field (4 X 10~4 T) is probably worth of trying it 
with a commercial spectrometer. We did not ob
serve the case, and this may be due to our strong 
Hi field (1.4 X 10 3 T). However our results are in 
good agreement with the predictions, and the Ti 
minima at 60, 37 [11] and 18 MHz [12] Larmor 
frequencies satisfy the frequency dependence of 
Timin- But there remains the explanation of the 
discrepancies of the calculated values from the 
experimental results below 210 K. This should be 
due to the fact that the .structure of (NH4)2HP04 
is determined to a large extend by hydrogen bonds 
[16]. The structure consists of P 0 4 and NH4 tetra- 
hedra held together by O—H ..0  and N —H ...0  
bonds. Therefore we think that this hydrogen 
bonding becomes stronger at low temperatures and 
restricts the motions of the ammonium groups. 
This case happens in completely hydrogen bonded 
NH4HF2 as seen in Figure 4.

d) Ammonium Metavanadate
The Ti minima for NH4VO3, 35 ms at 103/T =  

4.60 and 15.4 ms at 103/77 =  8.40, are different 
from the minima of the above mentioned com
pounds. The right minimum is due to the reorienta- 
tional motions of NH4 ions about the three-fold 
axis and the left minimum is due to the reorienta- 
tional motions about the two-fold axis. The 
activation energies for the motions obtained from 
the experimental results in Fig. 2 are 15.8 ±  
0.3 kJ mol-1 and 5.8 ± 0 .3  kJ mol-1, respectively, 
for the two and three-fold reorientations. The 
Timin for the three-fold reorientations obtained 
from (3) using cüqTc3 =  0.6158 gives 15.4 ms, which
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is exactly the experimental value. The calculated 
T\ values for three-fold reorientations above and 
below the right minimum are in good agreement 
with the experimental results. Two-fold reorienta
tions do not contribute to T\ below the Ti maxi
mum between the two minima in Fig. 2. The pre- 
exponential factor for the Arrhenius equation was 
found to be "rj?2 =  4.40 X 10-12 s. However the 
three-fold rotations contribute to T\ until the left 
minimum, and therefore (5) was used. Above the 
left minimum from (5), the observed spin-lattice 
relaxation becomes T i0bs =  3(Ti)2. Using this, 
(7) and (4), the calculated results were found to be 
in good agreement with the experimental results 
shown as a line on the experimental points. The 
pre-exponential factor was found to be r°2 =  2.47 X 
10-13 s at the left minimum using .£Ja=15.8kJ 
mol-1 and the condition 0)0 702 =  0.6158.

A previous study (at 38.3 MHz) on NH4VO3 was 
limited on the T\ minima [9]. Although the right 
minimum (11 ms) is in the same proportion of the 
Larmor frequencies, the activation energies and the 
value of the left T\ minimum are quite different 
from ours.

e) Ammonium Cromate and Oxalate
The experimental T1 minima for (NH4)2CrÜ4 

and (NH4)2C2C>4 • H2O are 12.5 ms and these agree 
with the calculated T\ min =  11.5 ms for random 
reorientational motions of NH4" ions given by (1) 
and (2). The activation energies from the high tem
perature sides of the T\ minima in Fig. 3 were 
obtained as 12.5 ±0.3  kJ mol-1 and 33.8 ±  0.3 kJ 
mol-1, respectively to (NH4)2Cr04 and (NH4)2C204 •
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H2O. The pre-exponential factors found for 
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ranges and found to be in good agreement with the 
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/) Ammonium Hydrogen Di fluoride
With the same lines as above the activation 
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bonded structure of the type N —H ...F [17]. Above 
180 K the hydrogen bonds become sufficiently weak 
to allow the reorientations of the ammonium 
groups, and therefore the experimental and cal
culated values agree. However below 180 K the 
bonds become stronger and the reorientations 
begin to cease.
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