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Behavior of H,O surrounding NH,* and Al** in
NH4AL(SO,4),-12H,0 by *H MAS NMR, **N NMR, and
27Al NMR

Ae Ran Lim @ *ab

In order to understand the thermodynamic properties and structural geometry of NH4Al(SO4),-12H,0, we
studied the magic angle spinning nuclear magnetic resonance (MAS NMR) and static NMR as a function of
temperature. The changes of the chemical shifts, linewidths, resonance frequencies, and spin-lattice
relaxation times for *H, ¥*N, and 2’Al nuclei near T4 (=335 K), which is interpreted as the onset of partial
thermal decomposition, are due to the structural phase transition. The changes near T4 are related to the
loss of H,0, which probably disrupts the forms of the octahedra of water molecules surrounding NH4*
and AI®" ions. This mechanism above Ty is related to hydrogen-bond transfer involving the breakage of
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. Introduction

The alums can be represented by the general formula
A'B"™(SO,),*12H,0, where A is a monovalent cation such as Na,
K, Rb, Cs, or NH,, and B is a trivalent cation such as Al, Fe, or
Cr.*'* It is well known that there are a considerable number of
alums A'B™(SO,), 12H,0 that exhibit ferroelectric activity.'> The
twelve water molecules are located in an octahedral coordination
in two crystallographically-different areas surrounding the A'
cation and the B™ ion complex. A complex network of H-bonds is
one of the main features of alum structures. Current interest in
these compounds lies in the fact that a number of them, partic-
ularly when A" is NH,, are ferroelectric at low temperature.
NH,AI(SO,), - 12H,0 crystals, one of the A'B™(SO,), - 12H,0 types,
have a cubic structure and belong to the space group Pa3 with Z =
4 per unit cell at room temperature. The lattice constants of
NH,AI(SO,),-12H,0 crystals are a = b = ¢ = 12.242 A.™* The NH,;"
and AI** ions in the NH,AI(SO,), 12H,O crystal are each sur-
rounded by six water molecules, as shown in Fig. 1. As in other
alums, each trivalent AI** is surrounded by an almost regular
octahedron of six water molecules, whereas the remaining six
water molecules surrounding the NH," cation form a highly
distorted octahedron. In the case of NH,AI(SO,), 12H,0, the
bond-length of Al-6H,0 is 1.916 A and the bond-length of NH,-
6H,0 has a mean value of 3.051 A."

The phase transition temperature of NH,4AI(SO,),-12H,0
crystals at low temperature has been reported to be 58 Kand 71 K
on cooling and heating, respectively.®** According to previous
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the weak part of the hydrogen bond.

reports, NH,Al(SO,),-12H,0 melts congruently at 367.13 K with
a phase transition enthalpy of 122.2 k] mol ™~ ".** In addition, the
phase transition temperatures were reported as 370 K, 390 K, and
495 K using differential scanning calorimetry (DSC) by our
group.'® Furthermore, the mass loss begins in the vicinity of 335
K (=Ty), which is interpreted as the onset of partial thermal
decomposition. On the other hand, the quadrupole coupling
constants for "N and *’Al in NH,4AI(SO,4), - 12H,0 crystals have
been reported to be 202 kHz and 446 kHz at room temperature,
respectively.'*** The 'H spin-lattice relaxation time T; in the
laboratory frame and spin-lattice relaxation time Ty, in the
rotating frame of NH4AI(SO,),-12H,0 below 200 K have been
studied by Svare et al,” and were explained in terms of the
hopping of NH," between two positions with different orienta-
tions and electron dipole moments.” In addition, the nuclear
magnetic resonance (NMR) spectrum and the spin-lattice relax-
ation times in the laboratory frame for "H and *’Al of NH,-
Al(SO,),-12H,0 crystals above 180 K were previously reported;
the changes in the temperature dependences of the relaxation
times near T4 were related to the loss of H,O, which probably
disrupts the forms of the octahedral of water molecules
surrounding AI**.** Although these interesting properties have
been studied by many methods, those related to the thermody-
namic properties at high temperature have not yet been reported.

In the present study, the chemical shift, linewidth, and spin-
lattice relaxation time, Ti,, in the rotating frame of NH,-
Al(SO,),-12H,0 were measured as a function of temperature
using 'H magic angle spinning (MAS) NMR, focusing on the role
of NH, and H,O. In addition, the "N NMR spectra in NH,-
Al(SO,),-12H,0 single crystals as a function of temperature
were discussed in order to elucidate the structural geometry. At
high temperature, we use these results to analyze the behavior
of NH,” and AI*" surrounded by six water molecules,

This journal is © The Royal Society of Chemistry 2017
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Fig. 1 The cubic structure of NH4Al(SO4),-12H,0 single crystals at room temperature. (a) Six water molecules surrounding NH4* and (b) six

water molecules surrounding Al**.

respectively, from the results of "H MAS NMR, N NMR here
obtained, and the *’Al NMR previously reported. The connec-
tion between the crystal structure and the thermal properties of
NH,AI(SO,),-12H,0 is discussed.

Il. Experimental procedure

Single crystals of NH,Al(SO,), - 12H,0 were prepared by the slow
evaporation of an aqueous solution. The single crystals are
transparent, colorless, and hexagonally-shaped.

"H MAS NMR spectra and the spin-lattice relaxation time Ty,
in the rotating frame were obtained at the Larmor frequency of
400.13 MHz using a Bruker 400 MHz NMR spectrometer at the
Korea Basic Science Institute, Western Seoul Center. Chemical
shifts were referred with respect to tetramethylsilane (TMS).
Powdered samples were placed in a4 mm CP/MAS probe, and the
MAS rate was set to 10 kHz for "H MAS measurement to minimize
spinning sideband overlap. 'H T;, values were determined using
a T/2-t sequence by varying the duration of the spin-locking
pulses. The widths of the /2 pulses used for measuring the
T, values of 'H were 3.6 us below 340 K and 4.35 ps above 350 K.

In addition, the "N NMR spectra of the NH4Al(SO,4),- 12H,0
single crystals in the laboratory frame were measured using
a Unity INOVA 600 NMR spectrometer at the Korea Basic Science
Institute, Western Seoul Center. The static magnetic field was
14.1 T, and the Larmor frequency was set to wy/21 = 43.342 MHz.
The '*N NMR experiments were performed using a solid-state
echo sequence: 4.5 us-t-4.5 ps—t. The temperature dependent
NMR measurements were obtained over the temperature range
180-400 K. The samples were maintained at a constant temper-
ature by controlling the nitrogen gas flow and the heater current.

lll.  Experimental results and
discussion
A. 'H MAS NMR

The 'H MAS NMR spectrum in NH4AI(SO,),-12H,0 was
measured as a function of temperature. The 'H MAS NMR

This journal is © The Royal Society of Chemistry 2017

spectra shows only one peak at a chemical shift of 6 = 6.6 ppm
at room temperature, as shown in Fig. 2. There are ammonium
protons and water protons of two kinds in the NH,AI(SO,),-
‘12H,0 structure. In our experimental results, the proton
signals due to the ammonium and water protons cannot be
distinguished; the four ammonium protons and the twenty-four
water protons should yield two superimposed lines with
intensity in a theoretical ratio of 1: 6. The signal due to the
ammonium protons might include the signal due to the water
protons with a broad linewidth. The abrupt change in the
chemical shift near 335 K (=Ty), interpreted as the onset of
partial thermal decomposition, may be due to the breaking of
N-H bonds in NH, or loss of H,O.

The full width at half maximum (FWHM) of the 'H MAS
NMR signal as a function of temperature is shown in the inset in
Fig. 2. As the temperature increases, the FWHM near Ty
decreases in a stepwise shape. This stepwise narrowing is
generally caused by internal motions, which have a temperature
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Fig.2 Chemical shift of *H MAS NMR spectrum in NH4AI(SO,4),-12H,0
as a function of temperature (inset: line width of *H MAS NMR spec-
trum in NH4AlSO4),-12H,0 as a function of temperature).
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dependence that is related to that observed for the chemical
shift. The shape of the line abruptly changes with increasing
temperature from the Gaussian shape of a rigid lattice to
a Lorentzian shape. The linewidth below Ty is severely broad-
ened because of the overlap of the ammonium protons and
water protons. Above Ty, the linewidth undergoes an abrupt
drop, and the linewidth becomes much narrower. This mech-
anism above Ty is related to hydrogen-bond transfer involving
the breakage of the weak part of the hydrogen bond.

The recovery traces for the resonance line of 'H in NH,-
Al(SO,4),-12H,0 are represented by a single exponential func-
tion of M(¢) = M( % )exp(—t/T;,), where M(¢) is the magnetization
as a function of the spin-locking pulse duration ¢, and M(®) is
the total nuclear magnetization of 'H at thermal equilibrium.?!
Fig. 3 shows the recovery traces fitted with the single exponen-
tial function for delay times ranging from 0.001 ms to 70 ms at
200, 250, 300, and 360 K. The recovery traces for the 'H nuclei
vary with the delay time. These recovery traces also varied
depending upon the temperature. From the slopes of the
recovery traces, the 'H spin-lattice relaxation time, T1p, in the
rotating frame is obtained in Fig. 4 as a function of inverse
temperature. As for the chemical shift, the Ty, values of 'H are
significantly different with the temperature. This indicates that
the configuration of "H in the NH, and H,O is strongly depen-
dent on the temperature. The significant difference in the T},
values indicates that NH,Al(SO,),-12H,0 is strongly affected,
which is mainly the result of structural changes involving water
molecules. The proton T}, data show evidence of a change near
T4, which coincides with the measured changes in the 'H
chemical shift. The "H T, values are strongly dependent the
temperature, ie., distinct molecular motions are present as the
temperature changes. Below Ty, the relaxation time undergoes
two minimum of 1.81 ms at 230 K and 1.44 ms at 340 K,
respectively.

The T, values are related to the rotational correlation time
7c, which directly measures the rate of molecular motion. The
experimental value of T;, can be expressed in terms of 7¢ using

14
—
2 o014
£ ]
=
£
=
=
~
—~
=
= 0014
T T T T T T T M T M T T T
000 001 002 003 004 005 006 0.07

Delay Time (s)

Fig.3 Recovery traces for *H nucleus as a function of the delay time at
200, 250, 300, and 360 K.

55278 | RSC Adv., 2017, 7, 55276-55281

View Article Online

Paper
1000 -
m ]
107 4
E
= @
|_ ;E)‘ - E0=32.14+2.98 ki/mol
o T
E 100 3 § : £0-33.4741.82 k)/mol .
] D 400 L]
: § 10°
kel .
ﬁ 10* ! L
X 30 35 40 45 50 55
E T 1000/Temperature (K)
] 10 3 d .
x ] . .
8 ¢ * ] s
% . .
- . s @
< e
a 1 T T T T T T T
w 25 3.0 35 4.0 45 5.0 55 6.0

1000/Temperature (K)

Fig. 4 Temperature dependence of the spin-lattice relaxation time
Ti, in the rotating frame of the 'H nuclei in NH4AISO4),-12H,0 (inset:
the correlation times for *H as a function of inverse temperature in
NH4AL(SO4),-12H,0).

a molecular motion suggested by the Bloembergen-Purcell-
Pound (BPP) theory. Ty, for a spin-lattice interaction of
molecular motion is given by**>*

Ty ' = (20)(yrynhilra ~°)[4g(w:)
+ g(wpg — wN) + 3g(wn) + 6g(wy + wN) + 6g(wn)], (1)

where,
glon) = 7l + 0’7,
glon — wn) = [l + (wn — ox)’tc),
glon) = 1l + on’tcl,
glon + on) = /[l + (wn + on)’1c’], and
glon) = 1o/l + wi’tc’)

Here, vy and vy are the gyromagnetic ratios for the 'H and "*N
nuclei, respectively, n is the number of directly bound protons,
ry-n is the H-N internuclear distance, 7 is the Planck constant,
wy and wy are the Larmor frequencies of *H and N, respec-
tively, and w; is the spin-lock field frequency of 69.44 kHz. Our
data analysis assumed that T, would show a minimum when
w1Tc = 1, and that the BPP relation between T, and the char-
acteristic frequency of w, could be applied. Since T, displayed
two minimum in Fig. 4, it was possible to determine the coef-
ficient in the BPP formula. This coefficient enabled us to
calculate the parameter 7¢ as a function of inverse temperature.
The temperature dependence of 7¢ follows a simple Arrhenius
expression®

Tc = 1o eXp(—EJ/RT), (2)

where 1, is a pre-exponential factor, T is the temperature, R is
the gas constant, and E, is the activation energy. E, for the
tumbling motion can be calculated as the slope in the In ¢ vs.

This journal is © The Royal Society of Chemistry 2017
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1000/T plot, which is shown inset in Fig. 4. For tumbling
motion, we obtained the values E, = 33.47 & 1.82 k] mol™* and
E, = 32.14 + 2.98 k] mol " for the low- and high-temperature,
respectively. These values are considered equal within the
error range.

B. N NMR

In order to obtain information concerning the possible distor-
tion surrounded the "N ion, the NMR spectrum of **N (I = 1)
was obtained using static NMR at a Larmor frequency of
wo/2T = 43.342 MHz, as a function of temperature. Two reso-
nance lines were expected from the quadrupole interactions of
the "N nucleus. The magnetic field was applied along the

View Article Online
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crystallographic axis. The in situ "*N NMR spectra and the
resonance frequency in NH,Al(SO,),-12H,0 single crystals are
plotted in Fig. 5(a and b), as a function of temperature. The "N
NMR spectra of the three groups of two resonance lines for N
are attributed to the NH,. The lines represented by the same
color indicate the same pairs for N, as shown in Fig. 5(b).
According to the crystallography results previously reported, the
NH, tetrahedron appears to be slightly elongated along a 3-fold
symmetry axis; the NH," ions have a longer N-H distance and
shorter N-H distance.?® The results of the three groups of **N
show that the tetrahedral symmetry for NH," ion is not highly
symmetric and that the stronger distortion of the crystallog-
raphy is indicated. In addition, this splitting of the ‘N
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Fig. 5 (a) In situ **N NMR spectrum in NH4AL(SO,),-12H,0 single crystal as a function of temperature and (b) resonance frequency of **N NMR
spectrum in NH4ALSO4),-12H,0 single crystal as a function of temperature.
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resonance lines slightly decreases with increasing temperature.
Note that temperature-dependent changes in the '*N resonance
frequency are generally attributed to changes in the structural
geometry, indicating a change in the quadrupole coupling
constant of the **N nuclei. In addition, the "N signal near Tq
disappears, and this phenomenon may be related to the
ammonium ions dissociating.

C. *Al NMR

The NMR spectrum of >’Al (I = 5/2) consists of a central line and
four satellite resonance lines. The NH,4Al(SO,),-12H,0 crystal
structure is cubic, so a single resonance line is expected for the
*’Al nuclei. However, the NMR spectrum of >’Al in NH,-
Al(SO,),-12H,0 single crystals below T4 shows two groups of
five resonance lines, as shown inset in Fig. 6. Moreover, only
one 2’Al resonance line above Ty is obtained. The two types of
magnetically inequivalent Al nuclei, Al(1) and Al(2), are present
in the unit cell. Although the structure of the NH,AI(SO,),-
-12H,0 crystal is cubic, the environment of the Al sites sur-
rounded by water molecules is not cubic; the water molecules
surrounding AI’* form a distorted octahedron. The presence of
only one *’Al resonance line near Ty is due to the structural
phase transition. On the other hand, the temperature depen-
dence of the resonance frequency of '*N decreases with
increasing temperature, whereas those of >’Al have an opposite
tendency to the usual decrease with increasing temperature.

The magnetization recovery of >’Al does not follow a single
exponential, but can be represented by a combination of three
exponential functions:*>*

[M(%0) — M(6)[/M(%) = 0.06 exp(—0.8W;1)
— 0.85 exp(—1.5W,1) — 0.09 exp(—0.33W,7), 3)

where W, denotes the 2’Al spin-lattice transition rate corre-
sponding to the Am = +1 transitions when W; = W,. M(¢) is the
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Fig.6 Temperature dependence of the spin—lattice relaxation time T;
in the laboratory frame of the 2’Al nuclei in NH4AL(SO4),-12H,0 single

crystal (inset: the resonance frequency of 2’Al NMR spectrum in
NH4AL(SO4), - 12H,0 single crystal as a function of temperature).

55280 | RSC Adv., 2017, 7, 55276-55281

View Article Online

Paper

nuclear magnetization at time ¢ after saturation and the spin-
lattice relaxation time, T}, is the inverse W;.

The *’Al spin-lattice relaxation time, Ty, in the laboratory
frame was measured in the temperature range of 180-420 K.
The T, for >’Al in this single crystal show very strong tempera-
ture dependences, as shown in Fig. 6. The T for the Al(1) and
Al(2) sites cannot be distinguished because of the overlap of the
two central resonance lines for the Al(1) and Al(2) nuclei. T} near
Tq4 is an abrupt drop, and T; above Ty is nearly constant with
temperature. The change in the temperature dependence of T;
near Ty is related to the beginning of the loss of H,O. This drop
is related to the loss of H,O, and the forms of the octahedra of
water molecules surrounding AI** are probably disrupted by the
loss of H,O.

IV. Conclusion

The thermodynamic properties and structural geometry of
NH,4AI(SO,),-12H,0 focusing on the role of NH, and H,O, were
investigated by "H MAS NMR, static **N NMR, and *’Al NMR as
a function of temperature. The changes in the temperature
dependences of chemical shifts, line widths, spin-lattice
relaxation times, and resonance frequency near T4 are related to
changes in the symmetry of the octahedra of water molecules
about NH," and AI’*; these changes are related to the loss of
H,0, which probably disrupts the forms of the octahedra of
water molecules surrounding NH," and AI’*. The structural
changes due to the loss of H,O are significant at Ty, and the
transformation at Ty is due to the breaking of hydrogen bonds.
This mechanism above Ty is related to hydrogen-bond transfer
involving the breakage of the weak part of the hydrogen bond.
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