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The phase transition at Tc = 243 K in ammonium chloride is well established to be of the 
order-disorder type. The ammonium chloride has a CsCl-type cubic structure with hydrogen atoms 
pointing toward four of the eight chloride ions at the corners of the unit cell. This means that there 
are two possible orientations of ammonium tetrahedron; a and b. In the ordered phase below the 
Tc temperature all ammonium ions have the same, let it be a, orientation. Above the Tc temperature 
ions are randomly distributed among the two possible orientations a and b. An attempt was made 
to correlate such structural transition with the second moment of the proton NMR absorption line. 
This approach was chosen because the second moment is the parameter of the NMR line for which 
the exact theoretical formula exist, and which is mainly a function of the structure and the reorien-
tational state of the studied material. It was found that the NMR second moments calculated for the 
described above model of the structural transition properly reflect the changes of the experimental 
NMR second moments measured at temperatures below and above this transition. 
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1. Introduction 

A m m o n i u m compounds have been a subject of ex-
tensive studies by different experimental techniques 
[1], with N M R methods being one of the most prolif-
erated. Researcher 's interest in the ammonium ion is 
due to its unique properties in a wide tempera ture 
range, f rom liquid helium to r o o m temperature. Am-
m o n i u m chloride is one of the simplest compounds in 
this family and one of the most extensively studied by 
a wide range of experimental and theoretical methods. 
It is p robab ly the most often studied a m m o n i u m com-
p o u n d if one considers XH and 2 H N M R techniques. 
The interest of N M R researcher's in NH 4 C1 does not 
decrease with time, and papers on the subject have 
been published since 1954 [2-6] . One of the main 
points of interest is the lambda- type transit ion at 
243 K discovered in N H 4 C 1 in 1992 [7], It is now well 
established that this transit ion is of the order-disorder 
type [8], 

We have made a successful a t tempt to correlate this 
s t ructural t ransi t ion with the second moment of the 
p ro ton N M R absorpt ion line. This approach was cho-
sen because the second moment is the parameter of 
the N M R line for which the exact theoretical formula 
exists [9], and it is mainly a funct ion of the s t ructure 
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and the reorientat ional state of the studied material. 
By reorientat ional state we unders tand the frequency 
and geometry of the reor ientat ion as well as the model 
of mot ion involved. F o r the model of mot ion we chose 
ins tan taneous j u m p s between allowed positions of 
a toms with correlat ion frequency vc = 1/(2 7TTc) where 
the correlat ion time Tc is the average time spent in the 
equil ibrium (allowed) posit ion. 

2. Order-Disorder Transition in NH 4 C1 

X-ray studies have shown [10] tha t on both sides of 
the t ransi t ion tempera ture TC = 243 K the a m m o n i u m 
chloride has the CsCl- type cubic structure. The am-
m o n i u m ions in this cubic s t ructure are oriented in 
such a way that hydrogen a toms point toward four of 
the eight chloride ions at the corners of the unit cell. 
This leads to two possible or ientat ions of the a m m o -
nium te t rahedron; we call them a and b. If we look 
down the z axis, the or ientat ion b can be obtained 
f rom a by rota t ing the a m m o n i u m ion by 90° a round 
this axis. 

In the ordered phase below the tempera ture TC all 
a m m o n i u m ions have the same orientat ion, let it 
be a. All p ro ton -p ro ton vectors in every plane pepen-
dicular to the z-axis are parallel. Vectors f rom the 
nearest neighboring (along the z-axis) planes are of 
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course perpendicular to themselves. Above the tem-
perature Tc ions are randomly distr ibuted a m o n g the 
two possible or ientat ions a and b. This gives a struc-
ture with the consecutive p ro ton -p ro ton vectors in 
each plane mentioned above being perpendicular to 
each other. The transit ion f rom the ordered to the 
disordered state is interpreted as the onset of ammo-
nium ion rotat ion about the three fourfold axes C 4 , 
with the potential curve for this ro ta t ion having two 
sets of wells with different depth. The C 4 ro ta t ion 
changes the degree of order in the lattice as defined by 
the number of ions in the allowed (a or b) positions. 

F r o m early N M R studies [2, 3] it is known that on 
both sides of the transi t ion tempera ture Tc a m m o n i u m 
ions undergo hindered ro ta t ion a r o u n d C 3 axes of 
symmetry. This ro ta t ion has a correlat ion frequency vc 

of the order of 109 s _ 1 , and f rom the N M R point 
of view it is high enough for this geometry of mot ion, 
to result in the max imum averaging of dipol-dipol 
interaction. It is impor tan t to notice that C 3 - ro ta t ion 
does not affect, contrary to the C 4 rota t ion, the degree 
of order in the lattice as it does not change the posit ion 
of a m m o n i u m ion f rom a to b or vice versa. 

This model of s tructure and reor ientat ion can easily 
be simulated on the computer , and Van Vleck's second 
moment can be calculated for the ordered and disor-
dered phase. O n the other hand, the experimental 
values of the J H N M R second momen t s in single crys-
tal samples of N H 4 C 1 differ for ordered and disor-
dered phases [3,4], giving the possibility of confirming 
or rejecting the models of s t ructure and order-disor-
der t ransi t ion assumed for second momen t calcula-
tion. 

3. Second Moment Calculation 

Van Vleck's formula for the second momen t was 
originally derived for rigid structures [9], In the N M R 
context rigid structure means that any reorientat ion 
occurring in the sample must have a frequency much 
lower than the absorpt ion line-width in frequency 
unit. The formula for the second m o m e n t of the N M R 
absorpt ion spectrum arising f rom single crystal of the 
a m m o n i u m chloride (rigid structure), when only hy-
drogen and nitrogen a toms are taken into account , 
can be written as 

(1) 
Nhi NHT nhi NNT 

= N h . 1 C „ H Z Z B f j + N h V C H N z Z B f k , 
i = 1 j = 1 i = 1 k = 1 

where Nm is the number of pro tons in a single ion, 
N h t the total number of p ro tons considered in the 
calculation and ATnt the total number of ni t rogen con-
sidered in the calculation. 

The index i describes p ro tons from the single ion for 
which the second moment is calculated, j describes all 
p ro tons (including those denoted by the index i) taken 
into account in the calculation, and k describes all 
nitrogen a toms considered in the calculation. This de-
finition of the indexes means that the value calculated 
f rom formular (1) is the second moment of one a m m o -
nium ion, arbitrarily chosen f rom the block of unit 
cells taken for calculation. At the same time it is a 
second momen t for the macroscopic single crystal 
sample of a m m o n i u m chloride. The last s ta tement is 
true if we take for the calculation a reasonably large 
block of unit cells and choose our single ion (with 
p ro ton indexes i) to be in the center of this block. 

The meaning of the other symbols in (1) are as 
follows: 

C„„ = - y 2 f c 2 / ( / + l ) , 

C H N = y 7
2 f t 2 S ( S + l ) , 

= 
3 cos2 0 , . — 1 

( l a ) 

( l b ) 

( I c ) 

with yH and yN being the magnetogyric rat io of the 
hydrogen and nitrogen nucleus, respectively. 7 = 1/2 
denotes the p ro ton spin and 5 = 1 the spin of 1 4 N, as 
only this isotope of nitrogen is included in the calcula-
tion. 0 ,2 are the angles between the nucleus-nucleus 
vector and the direction of the external magnet ic field 
H0, riy, are the nucleus-nucleus distances. The index a 
should be replaced by j for p ro tons or k for nitrogens. 

To calculate the second moments for a m m o n i u m 
chloride with N H 4 ions reorienting one must replace 
the ß 0 and Bik terms in (1) with their values averaged 
by reorientat ion - <ß0-) ro t and <ß ifc>rot [11-13]. These 
averaged values can be calculated from the expression 

<ß,A>ROT = ^ P " 1 Z 
3 cos2 

( 2 ) 

where Np is the number of positions taken by a toms 
in the course of reorientation, which averages the Biot 

term. The index m denotes successive posit ions taken 
in the course of reorientation, and index a has the 
same meaning as before ( j for protons, k for nitrogens). 
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The angles 0 and the distances r are defined as in (1). 
For practical application of (2) it is very convenient 
to express these values as a functions of Cartesian 
coordinates (x, y, z), and this can symbolically be writ-
ten as 

®iam  = fe (Xixm » 3^/am > ziam) > (2 a) 

^iam = fr(Xioim> .Viam» ^iam) • (2b) 

The functions fe and fr are simple relations from 
analytical geometry. 

The only difficulty connected with the evaluation of 
<ß I 2 m ) r o t f rom (2) is the necessity of knowing the 
xm,ym, zm coordinates for all atoms considered in the 
calculation at each position m taken in the course of 
reorientation. In case of ammonium ion reorientation, 
due to the high symmetry of all possible atom posi-
tions, this is a trivial task. If we construct a cube with 
protons of the ammonium ion at four of its corners, 
than any type of the allowed reorientation, described 
in Part 2 can be realized by proper permutation of the 
protons between the eight corners of this cube. The 
analogous procedure of "rotating" the benzene 
molecules is detailedly described in [14]. 

There is one question to be answered. How to sim-
ulate reorientation with a frequency much higher then 
the N M R line-width for the rigid structure? The an-
swer can be found through the following reasoning. 
The F I D signal from the sample with transverse relax-
ation time T2 lasts for the order of T2 before it falls 
below noise level of the apparatus. Therefore the total 
time of recording the N M R signal can be assumed to 
be of the order of T2. If during that time all molecules 
(ions or atoms) do not change their position, the spec-
trum resulting from the experiment (after performing 
Fourier t ransform of the FID) will be the "rigid struc-
ture" spectrum. If, however, during the recording of 
the F I D signal molecules will perform a number of 
reorientational jumps, the shape of the FID, and con-
sequently the frequency spectrum will be affected by 
these jumps. Therefore the frequency of jumps re-
quired to influence the line shape and width can be 
"translated" into the number of positions Np taken for 
averaging of the terms B defined by (2). 

For practical reasons, the calculation of the second 
moment is often divided into two parts: calculation of 
the intra- and intermolecular (or intra- and interionic) 
contributions. We also followed this scheme, which 
required the summations in (1) over i, j, and k to be 
split into two parts. This procedure was introduced at 
the stage or writing the computer program and can be 

considered as a simple technical detail of the calcula-
tion, not needed to be described here. 

For the ammonium ion the number of positions 
required for averaging is as small as Np = 3 if one is 
interested in intraionic contributions, but must be a 
few hundred to give the maximum possible averaging 
of the interionic contribution. As we want to calculate 
the total (intra- plus interionic) second moment to be 
compared with the experimental values, we have to 
choose N p large enough to get maximum averaging of 
the final M 2 . 

It is worth reminding that for each geometry of 
motion there is a maximum averaging obtainable at a 
certain frequency of reorientation, and further increas-
ing this frequency (number of positions N p in calcula-
tion) does not have any other effect except increasing 
the C P U time required for performing the calculation. 

To make the simulation of the reorientation as close 
to reality as possible, the frequency of reorientation, 
and following from it the number of positions N p , 
were calculated on the basis of an Arrhenius relation, 
assuming values of activation energy £ a and preexpo-
nential factor v0 close to the values given in [15]. This 
was done to follow in the calculation the real situation 
in which the frequencies of C 3 and C 2 reorientations 
increase continuously with temperature, while above 
the temperature Tc the C 4 type of rotation is released. 
The number of positions N p as a function of tempera-
ture was calculated from the equation 

Np = r vc s (yH V M ^ e V ) - 1 v0 exp ( - EJR T), 

where exp r denotes experimental values, rig stands 
for rigid structure and vc is the correlation frequency 
of reorientation. Other symbols used in this equation 
have already been explained in the text. 

It is necessary to point out that (3) is not used for 
any type of fitting procedure, aimed at evaluating the 
activation energy £ a or correlation frequency vc. It is 
only a tool to relate the calculated second moment to 
the temperature. In the vicinity of the transition tem-
perature Tc = 243 K, the second moment is already 
averaged to the lowest possible value and does not 
change with temperature, which is the case in the 
experiment as well as in our calculation. 

With M ^ | x p r = 40 x 10~8 T2, Ea = 13 kJ/mol, and 
v0 = 1.0 x 1 0 n s _ 1 the N p value changes from about 
1000 at 200 K to about 8000 at 250 K. The Np = 1000 
gives nearly maximum possible averaging of the sec-
ond moment. An increase of Np to 8000 diminished 
the calculated value of M 2 by less than 0.5%. 
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4. Numerical Calculation 

The calculation of the second momen t was per-
formed for a block of 1331 (11 x 11 x 11) unit cells, 
assuming the N - H distance to be 0.103 nm and the 
lattice constant a = 0.387 nm. O n both sides of the 
transit ion temperature the ro ta t ion of a m m o n i u m 
ions about four C 3 axes and three C 2 axes was simu-
lated. The number of posi t ions N p calculated f rom (3) 
at 243 K was about 5000. The second momen t was 
evaluated for the magnet ic field H0 parallel to the 
c-axis of the unit cell of the a m m o n i u m chloride crys-
tal. 

The order-disorder transi t ion was simulated 
through rearranging the a m m o n i u m ions in such a 
way that some of them, taken randomly, were rota ted 
by 90°C a round the C 2 symmetry axis. The disorder 
parameter rj was introduced, and it was defined as the 
percentage of a m m o n i u m ions which rota te by 90° 
a round the C 2 axis at the order-disorder transit ion. 
Therefore the complete ordered state has rj = 0, and 
the "ideal" disordered state has rj = 0.5. The calcu-
lated second moment was compare with experimental 
values taken from [3]. A reasonably good agreement 
between the experimental and calculated values was 
achieved for the ordering parameter being in the range 
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Fig. 1. Proton NMR second moment versus temperature for 
ammonium chloride in the vicinity of the order-disorder 
transition for the H0 direction along the unit cell axis. Cir-
cles: experimental values from [3], squares: values calculated 
as described in the text with rj = 0.32. The dotted and contin-
uous lines are added to guide the eye. 

0.3 < rj < 0.35. Figure 1 presents results of the calcula-
tion together with experimental values of the second 
moment . 

5. Conclusions 

The procedure for confirming the s t ructure an d dy-
namics of solids on the basis of the second m o m e n t 
calculations seems to be very promising. Wi th the 
computa t iona l power of modern computers the evalu-
ation of the second moment , which takes in to account 
a few thousand a toms and allows different types of 
reorientat ion to be introduced, is now feasible and can 
be exploited for many types of materials, including 
biomolecules. It must be pointed out that Van Vleck's 
formula for the second momen t is correct on the basis 
of q u a n t u m mechanical calculations. 

If one is able to perform a calculation based on this 
formula, up to the nuclei-nuclei distances of the order 
of 5.0 nm, then the error due to truncating the s u m m a -
tion before the number of nuclei reaches infinity is less 
then 0.1 % . With the typical experimental e r ror in sec-
ond momen t measurements of the order of 5 % , the 
calculations can be considered as more than satisfac-
tory. 

The numerical calculations described in this paper 
give nearly exact values for the total (intra- and inter-
ionic) second moment . This is a very impor t remark , 
as most of the calculations presented before give only 
the intraionic (or intramolecular) part of the second 
moment in the case of reorientat ion of the a toms. O n 
the other hand, the measured values of the second 
moment are, of course, the total values arising f rom 
intra- and intermolecular interactions, and for quant i -
tative analysis must be compared with the tota l values 
calculated f rom Van Vleck's formula. 
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