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ABSTRACT 
 

This dissertation presents comprehensive NMR studies of three related hydrogen-

bonded compounds ammonia borane (NH3BH3), ammonium dihydrogen arsenate 

(NH4H2AsO4) and ammonium dihydrogen phosphate (NH4H2PO4). All these compounds 

were known to exhibit phase transitions but the transition mechanisms were not well 

understood. Here we utilized as a probe the isotropic chemical shift, δiso, as well as spin-

lattice relaxation time, T1, using the magic angle spinning (MAS) technique at fields as 

high as 21.1 Tesla (900 MHz for 1H), to obtain a deeper understanding of their transition 

mechanism. 

NH3BH3, known as a potential source for hydrogen storage, was investigated via 
15N MAS around its phase transition temperature TP ~225 K. Both δiso and T1 exhibited 

strong anomalies around the TP. At T<TP the motional correlation time, c, increased from 

about 1 ps to 100 ps while the corresponding Arrhenius activation energy increased from 

6 to 14.5 kJ/mol upon cooling. These results imply that the NH3 rotor motion plays a 

pivotal role in the transition mechanism, and also that the transition is of a mixed order-

disorder and displacive type.  

Similar 15N NMR studies were carried out on the antiferroelectrics NH4H2AsO4 

(ADA) and NH4H2PO4 (ADP). Both δiso, and T1 exhibited anomalies around 216 K for 

ADA. It was found that c increased from about 100 ps to 400 ps, and the Arrhenius 

activation energy remains almost constant but 0 increases by a factor of 2.5 just below 

the TN (216 K).  15N MAS-NMR was also measured at 21.1 Tesla, which helped us to 

investigate the mechanism to a depth not possible with lower fields. The results imply 

that the motion of the NH4
+ site plays an important role in the transition mechanism. On 

ADP, the data above 148 K were similar to those for ADA. However, despite numerous 

attempts, we were unable to detect 15N signals below its TN, but it was possible to follow 

the transition via 31P NMR. The 31P signals exhibited anomalous increase in the 

linewidth, and a change in δiso around 148 K. Parallel measurements were conducted on 

the 75As NMR on ADA. Taken together these studies establish, in contrast to earlier 

models, that the antiferroelectric transitions in ADA and ADP also involve both order-

disorder and displacive components.  
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CHAPTER 1 

Introduction and General Background 

  

 1.1 Background 

 

            Hydrogen-bonded compounds play important roles in materials science as well as 

life sciences [1]; water being a primary example. These compounds exhibit structural 

phase transitions at certain well defined temperatures. Very often, the transitions are 

accompanied by thermodynamic, dielectric and optical anomalies that find many 

engineering and medical applications [2, 3], even if the mechanisms of the phase 

transition are not fully understood. It is clear that a detailed understanding of the 

transition mechanism would help to optimize and tailor any desired physical property. 

Study of the solid-solid phase transitions is thus an important field in materials science 

[4].  

 This dissertation contains detailed studies of phase transitions in three model 

hydrogen-bonded compounds: ammonia borane (NH3BH3), ammonium dihydrogen 

arsenate (NH4H2AsO4), henceforth ADA, and ammonium dihydrogen phosphate 

(NH4H2PO4), abbreviated as ADP. They all contain N-H groups that can participate in H-

bonding. All three compounds were known to undergo phase transitions, the latter two 

showing strong dielectric anomaly and exhibiting the phenomenon of antiferroelectricity, 

i.e. they developed antiparallel arrangement of electric dipoles below a critical 

temperature, termed TN [3, 5, 6]. Ammonia Borane was known to undergo a structural 

transition at 225 K, but had not been investigated by high resolution nuclear magnetic 

resonance (NMR) techniques. It was also known that the NH3 moiety must be involved in 

the phase transition, but the details were rather scanty [7-11]. Similarly, it was clear that 

the NH4
+ ions must play a significant role in the properties of ADA and ADP, because the 

substitution of NH4
+ for K+ in KH2PO4 (KDP) changes it from being a ferroelectric to an 

antiferroelectric lattice [3]. However, in none of these compounds the N atom site had 

been investigated directly by techniques such as high resolution NMR, providing the 
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motivation for our studies. We have utilized mainly the technique of magic angle 

spinning (MAS), employing 15N as the nucleus of choice since it is an I=1/2 nucleus, thus 

complication from quadrupole effects are eliminated. Because of its low natural 

abundance (0.366%), we needed to synthesize samples labeled with 15N. MAS 

experiments in particular at the high field of 21.1 tesla yielded the isotropic chemical 

shift, δiso, whose temperature dependence provided direct information on the nature of the 

phase transitions in these materials, since δiso is invariant to translational and rotational 

symmetry [12-18]. Thus any change in δiso would imply a variation in the chemical 

bonding around the 15N site [12-19]. Additional information on the motional dynamics 

was provided by the temperature dependence of the nuclear spin-lattice relaxation time 

T1. These resulted were supplemented with 31P and 75As NMR measurements.  

We start in Chapter 2 with some pertinent details of high resolution NMR 

spectroscopy. We provide an overview of the NMR phenomenon in liquids and solids 

and some details of the experimental techniques used, such as Magic Angle Spinning 

(MAS), cross polarization (CP), and pulse sequences for measuring T1 (spin-lattice 

relaxation time) and T2 (spin-spin relaxation time). 

Chapter 3 presents our 15N NMR studies on NH3BH3, henceforth abbreviated as 

AB where the chemical structure of AB is shown in Fig. 1.1 [9]. Our interest in AB arose 

because it is considered as a potential source of hydrogen storage and release [20, 21]. 

Moreover it is a donor-acceptor complex, and was known to exhibit a structural transition 

at about 225 K [7, 8] in which the role of the NH3 moiety needed to be investigated.  

Earlier NMR studies using 1H, 2D and 11B nuclei had indicated that the order-

disorder behavior of the NH3 molecules   plays a role in the transition mechanism [20, 

21], but there were no previous NMR studies employing the 14N or 15N nuclei. Another 

intriguing property of the NH3 sites is the possible existence of a dihydrogen bond (N-

H…H-B) [22, 23], which explains its high melting point, and whose existence is 

supported by recent high pressure Raman measurements [24]. All these studies 

emphasize the role of the rotational motion of the NH3 sites in the structural and 

thermodynamic properties of this lattice, and provided the main motivation for the 

present undertaking. It was noted that around the transition temperature, Tp, the unit cell 
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Figure 1.1: (a) The NH3BH3 molecule; (b) Chemical structure of an NH3BH3 cluster. 
Note the three-center hydrogen bond [9].  

 
dimensions changed fairly abruptly. Proton NMR line broadening and spin-lattice 

relaxation rate (T1
-1) measurements [10] indicated that the transition involved the slowing 

of the motional dynamics of both the NH3 and the BH3 groups below the Tp. We thus 

measured both δiso and T1 for 15N for AB over the temperature range of 150-300 K. A 

strong anomaly was detected for both δiso and T1 at the phase transition. The results show 

an indication of mixed order-disorder and displace mechanisms in the phase transition 

and conforms the important role of NH3 moiety in the mechanism.  

 Chapter 4 contains our 15N and 31P variable temperature CPMAS NMR 

investigations of NH4H2PO4 (ADP), which is a member of the KH2PO4-family and 

exhibits a phase transition at 148 K from its paraelectric to antiferroelectric phase. Figure 

1.2 shows its three-dimensional structure. The structure basically consists of PO4
3- groups  

 

 

(a) (b) 
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and NH4
+ ions alternating at the c/2 distance of the tetragonal lattice, c being the 

−

4  

symmetry axis. The PO4
3- groups are linked in a three-dimensional way by the H atoms in 

the O-H…O bonds. Figure 1.3 shows a 2-dimensional view of the structure as projected 

on the ab plane. Here our 15N NMR results were not conclusive regarding the change in 

δiso, despite numerous attempts; we were unable to detect 15N signals below its TN (148 

K), most likely due to a large chemical shift distribution of the many possible sites and 

the difficulty of fast enough (15-20 kHz) sample spinning at such low temperatures. We 

then resorted to 31P measurements and have detected a change in the δiso around the phase 

transition, which is an indication of a displacive component in the PO4
3- moiety. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.2: Schematic representation of the basic structure of NH4H2PO4 [2, 3]. Black 

circles represent N, and the grey circles represent H. Black circles in the middle of the 
tetrahedra represent P.  
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Figure 1.3: ab plane projection of the hydrogen-bonded structure of antiferroelectric 
NH4H2PO4 (ADP). Red spheres represent O, green P and grey H atoms. The arrows show 
the directions of the electric dipoles in the antiferroelectric phase.  
 

High resolution 31P NMR studies on KD2PO4 and RbH2PO4 have also suggested that the 

PO4
3- anionic sites exhibit a displacive character as well as the order-disorder behavior 

[18], as reported earlier for squaric acid [16, 19].  

 In Chapter 5 we present our 75As quadrupole-perturbed NMR studies on 

NH4H2AsO4 (ADA), in analogy to the 31P studies in Chapter 4. Its structure is similar to 

that of NH4H2PO4 (Fig. 1.2), with the P replaced by As. We were able to carry out 

detailed angular variation and temperature dependence studies in the paraelectric phase. 

The data have been analyzed in terms of Bayer’s theory, and compared with earlier NQR 

studies [25, 26]. It is concluded that the 75As data agree with simple theoretical model of 
75As quadrupole-perturbed NMR in the paraelectric phase. In addition to that, the 

resonance frequency exhibited an abrupt change at the phase transition which is an 

indication of the displacive character in the transition mechanism. More detailed work 

needs to be done in the antiferroelectric phase.  

Chapter 6 and 7 detail our studies on NH4H2AsO4 (ADA). Earlier NMR studies of 

ADA using 1H nucleus had indicated that the order-disorder behavior of the NH4
+ 

molecules plays a role in the transition mechanism [27]. We undertook a detailed 15N 

study which has indicated the mixed order-disorder and displacive behavior with the 

detection of a large anomaly in δiso and the T1, spin-lattice relaxation time. However, to 
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understand the mechanism to a depth that is not possible with lower fields we have also 

used higher field, 21.1 tesla, in addition to 11.7 tesla [28]. Chapter 6 summarizes the 15N 

studies at 21.1 tesla (900 MHz for 1H). Surprisingly, we observed significantly higher 

spectral resolution and sensitivity enhancement (by a factor of 3) than anticipated 

theoretically. This observation was explained in terms of the change in the spin-spin 

lattice relaxation time, T2. Hence in Chapter 7 we discuss the results of both 11.7 tesla 

and 21.1 tesla MAS-NMR experiments of ADA. We were able to measure the T1 values 

of the both phases at high field because the 15N peaks from the two phases were well 

separated. The results of T1 measurements indicated the coexistence of the 

antiferroelectric and paraelectric clusters for the first time. The correlation time for the 

paraelectric clusters was determined to be 100 ps and it increased to 400 ps for the 

antiferroelectric one. The 21.1 tesla measurements thus helped us to investigate the 

mechanism to a depth not possible with 11.7 tesla (500 MHz), which is one of high points 

of this dissertation. 

Finally, Chapter 8 provides the summary and overall conclusions of the studies 

presented in the dissertation. The main conclusions are (a) 15N is an excellent probe for 

high resolution NMR of solids, (b) NMR at high fields such as 21.1 tesla yields much 

improved data than possible at lower fields, and (c) the paraelectric-antiferroelectric 

transitions involve both order-disorder and displacive characteristics.  
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CHAPTER 2 
 

    High Resolution Solid-State NMR Spectroscopy:  

 

This chapter contains the basic principles of NMR spectroscopy and the 

differences between solution-state and solid-state NMR spectra. Magic angle spinning 

and its use with the dipolar decoupling and the cross polarization will be discussed. In 

addition the experimental techniques for measuring spin-lattice and spin-spin relaxation 

times are presented.   

 

2.1 Introduction: 

 

               Nuclear Magnetic Resonance (NMR) is one of the most applicable 

spectroscopic techniques that are used to characterize chemical structures [29]. NMR is a 

phenomenon which occurs when the nuclei possessing magnetic moments are immersed 

in a static magnetic field and exposed to a second oscillating magnetic field; it is the 

absorption of electromagnetic radiation of a specific frequency by an atomic nucleus that 

is placed in a magnetic field. Those frequencies (chemical shifts) are the characteristic of 

the magnetic (local or chemical) environments due to the shielding of the nuclei by the 

surrounding of the electrons. 

               In solution-state, atoms in different chemical environment give NMR signals at 

different characteristic values of the applied field because of the electronic clouds around 

the nucleus that shield the nucleus from the influence of the applied magnetic field. This 

results in the generation of small but finite induced magnetic field, B’, which is oriented 

to oppose the external field, Bo. Thus the nucleus experiences a magnetic field which is 

slightly less than the applied field, B=B0-B’. The difference is called nuclear shielding.  

 

                                                 B=B0-B’=B0(1- )                                                       (2.1) 
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where , the constant of proportionality between B’ and B0 is called the shielding 

constant. As a result of the nuclear shielding, the resonance condition is 

                                                  
( )
π
σγν

2

10 −
=

B
                                                             (2.2) 

           The shielding constant is an inconvenient parameter. A more convenient quantity 

is the chemical shift, δ, which is measured from a suitable reference compound [30, 31].  

                                                 
( )

0

610
ν
νν

δ ref
−

=                                                   (2.3) 

          The primary information for structural investigation provided by high-resolution 

liquid-state NMR spectroscopy is: 

a-the chemical shifts which are characteristic of the chemical environments present; 

b-the relative peak intensities which are related to the proportions of these environments. 

              In earlier years, the spectra were obtained by slowly sweeping the magnetic field 

while keeping the frequency constant (CW spectra). Later a number of technical 

improvements were made which have expanded the capabilities of NMR. The most 

important one is the development of higher magnetic field strengths based on 

superconducting solenoid magnets (which give better resolution and sensitivity) and 

pulse Fourier transformation (FT) techniques under computer control. These 

developments enable investigations involving a wide range of nuclei including the ones 

that could not be detected because of their low abundance. One of those nuclei, 15N, will 

be an important topic in this work.  

Unfortunately, direct application of solution state techniques to solid samples 

yields broad and generally featureless spectra [29-32]. There are two factors which affect 

the NMR response of solid samples which average to zero in the liquid phase. Chemical 

Shift Anisotropy and dipole-dipole interactions give very broad lines. Both of these 

interactions occur in solution NMR but they generally average to zero as result of random 

motion of the molecules. The difference between the solid and solution state spectra of 

polystyrene could be seen in Fig. 2.1. 
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Figure 2.1: 13C and 1H NMR spectra of polystyrene (up) in solution (down) for solid 
sample [33].  
 

             There are some techniques to remove those interactions and get the isotropic part 

of the spectra for solid samples. Magic Angle Spinning (MAS) is the method that 

averages the chemical shift and yields the isotropic part of the chemical shift [34]. 

Another method is the dipolar decoupling from protons. This removes the interaction 

between 1H and the X (31P, 15N, 13C) nuclei. Cross polarization (CP) is another strong 

method which enhances the signal to noise ratio of the dilute nuclei such as 15N and 13C. 

Transfer of magnetization from the high abundant nuclei (1H) to the low abundant nuclei 

(15N) is the basis of the technique. The details of all those methods will be discussed in 

the following sections.  

 

 

 

 

Solution 

Solid 
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2.2 Chemical Shift Anisotropy (CSA) and Magic Angle Spinning (MAS) 

 

  The anisotropic chemical shift is one reason why the NMR spectra of solid 

samples display broad spectral lines. When a molecule is placed in magnetic field, the 

electrons of the molecule will produce secondary magnetic field which makes a 

contribution to the chemical shift of the nuclei in the molecule. 

In liquids, isotropic and rapid tumbling averages out interactions such as the 

chemical shift anisotropy by a phenomenon called motional narrowing. In solids, these 

interactions are usually not completely averaged out because of the absence of molecular 

tumbling and diffusion, or to their insufficiency for complete motional narrowing. 

Magnitude of the chemical shift is related to the extent to which the electron can 

shield the nucleus from the applied magnetic field. In a spherically symmetric molecule, 

the chemical shift is independent of molecular orientation. In an asymmetric molecule, 

the chemical shift is dependent on the orientation. The magnetic field experienced by the 

nucleus varies as a function of the orientation of the molecule in the magnetic field (Fig. 

2.2). 

 

 

 

 

 

 

 

 

 

Figure 2.2: The effect of orientation on shielding [35]. 
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Depending on the local symmetry at the nuclear site, the magnitude of the 

chemical shift will vary as a function of the orientation of the molecule with respect to 

the external magnetic field. This orientation dependence of the chemical shift is referred 

to as chemical shift anisotropy (CSA) [36]. Due to the chemical shift anisotropy, the 

spectrum of a powder sample, where statistically all orientations of the molecule with 

respect to the magnetic field are present, will consist of a broad line shape with three 

distinct features, corresponding to the principal components. For an axially symmetric, 

powdered material the pattern is shown in Fig. 2.3b. In the case of asymmetric molecule 

the appearance of the powder pattern is shown in Fig. 2.3a. If the nucleus is at a site of 

cubic symmetry, the shielding will be independent of the orientation and the spectrum 

will be as in Fig. 2.3c. 

 

Figure 2.3: (a) Schematic representation of a powder pattern for anisotropic chemical 
shielding (general case) 11≠ 22≠ 33, (b) Pattern for axial symmetry where 11= 22= 
⊥ and 33= //. (c) Average of three principal components, iso. 

 

(a) 

(b) 

(c) 
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           Figure 2.4 shows the peptide plane where the electron cloud distribution 

surrounding the nucleus (nitrogen) is not symmetric. In this case, we have 11, 22 and 

33. 

 

         

Figure 2.4: The axes defined for the peptide plane. 

The Hamiltonian for the chemical shift is defined as [37]: 

iz

i

iobsCS IBH 0∑= σ                                                                                     (2.4) 

where the subscript i refers to a particular nucleus. If the symmetric part of the tensor i 

has principal values, i11, i22 and i33 along its principal axis, and if θi1, θi2 and θi3 are the 

three angles made between each of these axes and the direction of B (Fig. 2.4), then; 

3
2

332
2

221
2

11 coscoscos iiiiiiiobs θσθσθσσ ++=                                  (2.5) 
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In an isotropic liquid, each angle θi varies randomly (cos2θ takes on its random average 

over a spherical polar coordinate system), so that: 

∫ Ω=
π

θ
π

θ
4

0

22 cos
4

1
cos dipi  

                          ∫∫=
ππ

θθθφ
π

0

2
2

0

sincos
4

1
ipipip dd

 

                            3

1
=                                                                                                  (2.6) 

then the time average of izz is given by 

( )( )3322113/1 iiiizz σσσσ ++=                                                                     (2.7) 

which is the isotropic chemical shift.  

                     In a solid sample, however, different nuclear sites will have different values 

for the angles appearing in Eq. 2.5, so there will be a distribution of local fields and 

therefore a broadened line. If the solid sample is rotated at an angular frequency ωr about 

an axis S making an angle  with respect to the magnetic field B0 (Fig. 2.5) and if the 

angles are i1, i2 and i3with respect to the principal axes of the sample, we have: 

( ) ( )
ipripipip t φωββββθ ++= cossinsincoscoscos                     (2.8) 

where, p (or j)=1,2 and 3 and ipφ is the initial azimuthal angle.  
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Figure 2.5: Definition of angles for the rotation of a sample about an axis S. 

 

Thus,                                      

 

 

We have; 

ip

p

ippiobs θσσ 2
3

1

cos∑
=

=                                                                       (2.10) 
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++
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( )
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++
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Average over time gives: 

( )( ) ( )∑−+++=
−

p
ipipiii

iobs βσβσσσβσ 22

332211

2 cos1cos3
2

1
sin

2

1
        (2.12) 

              If = M, the same magic angle as for the dipolar Hamiltonian, then Eq. 2.12 

reduces to Eq. 2.7, hence the chemical shift anisotropy collapse to the chemical shift 

isotropy as in the solution NMR. o

M 7.543/1arccos ==β is called the magic angle (Fig. 

2.6) and the experimental technique is called magic angle spinning (MAS). 

 
 
 

 
 

Figure 2.6: Schematic of MAS description. 

 

 

 

β 

 
 
(2.11) 
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Under magic angle spinning (MAS), the chemical shift pattern collapses into 

isotropic value.  

 

 

 

 

 

 

 

 

 

 
 
 
 
 
 
 

 

 
 

        We rewrite the CSA as a function of time arising because of the sample spinning 

[37]:                                                                                                                                                                      

 

   

 

Figure 2.7: MAS frequency dependence of the 13C NMR of solid Glycine (NH3
13CH2

13COOH)
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( )
tStStCtC ririrri
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p

ipp
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ipp
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2

1
sin

2

1
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2
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1

2
3

1

2

+++

+−+= ∑∑
==               (2.14) 

 

Notice that CSA contains terms that are periodic with frequency υrot=ωr/2π. This 

time-dependence gives rise in the FID to a series of echoes separated by the time interval, 

2π/ωr. These echoes are related, in some sense, to the standard spin echoes due to forced 

refocusing of the magnetization by a sequence of π pulses, but arise in the case of a 

refocusing of magnetization by spinning of the solid sample. When FID is Fourier 

transformed to obtain the spectrum, these echoes give rise to the spinning sidebands (Fig. 

2.7) separated from the isotropic chemical shift at the spinning frequency υrot. 

In the study presented, these spinning frequencies were attained with an air-driven 

rotor. The mechanical design of the rotor is shown in Fig. 2.8. 

 

 
Figure 2.8: Design of a magic angle spinning probe. Schematic of a sample holder 
(spinner), rotating on air bearings within a stator, making the angle: 54.7º to the vertical 
magnetic field B0.  

 

  In Figure 2.9 the design of the MAS probes could be seen. 
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                                Figure 2.9: Picture of a MAS probe 

 

To achieve minimum linewidths, it is very important to set the angle to be very 

close to 54.7º. In our experiments the spinning angle was adjusted through monitoring the 

number of 79Br spinning side bands when spinning a sample of KBr. When we could see 

more and intense sidebands it means that we are more close to the magic angle.  

 

2.3 Dipolar Broadening and High Power Decoupling 

 

Dipolar broadening is another reason for broad lines. There are two types of 

interactions one of which is the homonuclear broadening. It could be avoided with the 

choice of nuclei such as 15N, 13C which has very small coupling because of the small 

natural abundance. The other type, heteronuclear broadening is caused by the interactions 

of low abundant nuclei with protons. A dipolar interaction is one between two nuclei. The 

magnitude of the interaction varies with angle and distance r.  

 The local magnetic field created by a proton at the nucleus (e.g. nitrogen N) of 

interest is given by: 
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( )
3

2 1cos3

4
HN

HN
Hloc

r

h
B

−

− −±= θγ
π

                                                                             (2.15) 

where rN-H is the N-H distance to a nearby proton. The ± comes from the fact that the 

local field may add to or subtract from the B0 depending upon whether the neighboring 

proton dipole is aligned with or against the direction of B0. θN-H is defined as the angle 

between B0 and rN-H which is shown in Fig. 2.10.  

 

 
Figure 2.10: The angle between B0 and the two neighboring nuclei. 

 
The physical origin of the line broadening due to dipole-dipole interaction is a 

local field at the site of the nucleus due to each of the neighboring nuclei, which will 

cause the Zeeman energy levels to shift slightly, corresponding to a slight shift in NMR 

frequency. This local field will vary from point to point around the sample. The effect of 

the local field around the sample can be treated by using time-independent perturbation 

theory, in which the dipole-dipole Hamiltonian shifts the Zeeman levels of the nuclear 

spin in the external magnetic field.  Hamiltonian for the two nuclei is [37]: 

 

( ) ( )( )
jzizjiijijji

ji

t

D IIIIrH 3.1cos32/ 232 −−= −

〈
∑ θγγ                (2.16) 

In an isotropic liquid, cos2θij takes on its random time average value of 1/3 (see 

section 2.2), so Ht
D averages to zero due to rapid and random molecular rotation, with the 

result that dipolar broadening of the NMR line vanishes.  
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In case of a rigid solid, every dipolar pair in each molecule has different 

orientation θij with respect to the magnetic field, resulting in a significant dipolar 

broadening of NMR line. If we spin the solid about an axis making an angle  with 

respect to the external magnetic field at an angular frequency ωr as in Fig. 2.5, with some 

trigonometry we have (Eq. 2.17) 

( ) ( )
ijrijijij t φωββββθ ++= cossinsincoscoscos                (2.17) 

where ’
ij is the angle between rij and the axis of rotation and ijφ is the initial 

azimuth angle of rij. Squaring the cosθij gives: 

                                 

(2.18) 

 

 

Taking the average over time leads to 

'22'222 sinsin2/1coscoscos ijijij ββββθ +=  

                      ( )( ) 2/cos1cos1coscos '22'22
ijij ββββ −−+=  

                       ( ) 2/1coscoscoscos3 '2222 +−−= ijij ββββ  

                        ( )( ) 3/16/1cos31cos3 '22 +−−= ijββ                       (2.19) 

By choosing  so that 3cos2 -1=0, the dipolar interaction HD=0 hence the dipolar 

broadening vanishes. o

M 7.543/1arccos ==β  is the magic angle. 

Dipolar broadening could be removed by magic angle spinning as it is explained 

above [37]. However sometimes the broadening is very large like 70 kHz that can not be 

removed by MAS, because there are no rotors built that could spin as high as 70 kHz. A 

more feasible method is high-power decoupling. Basically, the removal of the broadening 

is done by irradiating protons while 15N, 13C resonance is detected. Figure 2.11 below 

( )
( )

( )'

2'22'''
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shows the improvement of the proton decoupling to the spectra. Figure 2.11a is without 

proton decoupling and 2.11b is with proton decoupling. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

Figure 2.11: 31P static NMR signal for a single crystal of RbH2PO4 (a) without proton 
decoupling (b) with proton decoupling. 

 

2.4 Cross Polarization 

 

High resolution solid-state spectra of non-abundant (or dilute spins) nuclei have 

low sensitivity due to their low natural abundance and long spin-lattice relaxation time 

T1. Naturally abundant nuclei, such as 1H or 19F, have relatively larger magnetization and 

short T1 values. The cross polarization (CP) technique transfers the magnetization from 

the abundant nuclei (I: 1H, 19F) to the low-abundant nuclei (S: 15N, 13C) [38]. CP 
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increases the sensitivity in the NMR of the low-abundant nuclei. This sensitivity 

enhancement arises through two mechanisms one of which is the one increases the 

population difference between the spin up and spin down states for the low abundant 

nuclei. The other mechanism includes the shortening of the relaxation time of the low-

abundant nuclei by cutting down the times between the free induction decays [37].  

One mechanism of CP could be explained using the concept of spin temperature. 

If one prepares the abundant spin system in a state with an artificially low temperature, 

one then allows the low-abundant spin system to come in thermal contact with the cold 

abundant system. Heat will start to flow from the low abundant spin system to the 

abundant one, then the spin temperature of the low-abundant spin system will drop 

meaning that the population difference between the upper and lower state is increased 

leading to an increased sensitivity in NMR. This is basically accomplished by using π/2 

pulse at the resonance frequency of the abundant nuclei, followed by a spin-lock that will 

be described later. The other mechanism is based on decreasing the time between the 

runs. This could be accomplished by making this time between the runs five times the 

abundant nuclei’s (1H) T1 which is much shorter than the low abundant nuclei’s T1.  

To accomplish a good thermal contact between the low-abundant and the 

abundant spin systems one could use the Hartmann-Hahn match condition [38]. If the 

angular frequencies of the low-abundant and abundant nuclei, ω1S and ω1I are adjusted by 

varying the oscillating field amplitudes to satisfy: 

IISS
BB

11
γγ =     , 

IS 11
ωω =                                                                     (2.20) 

then such an experimental adjustment could lead to a good thermal contact between the 

spin systems.  

A typical pulse sequence of 1H →  15N CP is shown in Fig. 2.12. After a short π/2 

pulse along the x-axis of 1H, the rf phase is shifted by 90º along the y-axis so that the 

magnetization is spin-locked along the y-axis because the rf field B1 is larger than the 

local field based on dipolar interactions [37]. 
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           Figure 2.12: Cross Polarization pulse sequence, using the case 1H-15N as an   
example.  

 
The process of spin-locking is shown in fig. 2.13. If π/2 degree pulse, B1, is 

applied causing the magnetization M to precess into the y direction in the rotating frame, 

and if there will be no pulses applied after this, the transverse magnetization will decay 

with the spin-spin relaxation time T2 (Fig. 2.13a).  When rf irradiation is maintained, the 

magnetization M is established along the B1 magnetic field (phase is switched to y) which 

means that it is spin-locked. The magnetization will decay exponentially with spin-lattice 

relaxation time, T1ρ in the rotating frame.  

When spin-locking the protons, the rf magnetic fields should be matched with a 

period of double resonance (contact time) as I mentioned above. Condition for contact 

pulses Hartmann-Hahn Matching is:  

 

)()( 15
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1
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NNHH
γγ =                                                                               (2.21) 
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Figure 2.13: Spin-lock process. (a) without spin-locking field B1 (b) with B1.  

 
 

Let’s see what is going to happen when the protons are spin-locked. Basically the 

protons are precessing about the B1H field with a frequency of HB1H and the nitrogens 

are precessing with a frequency of NB1N about the B1N. When the Hartmann-Hahn match 

condition is established, these frequencies are equal. Hence the z components of the 

proton and nitrogen should have the same time dependence. Because of that, spin flip 

flops take place between the protons and nitrogens. This could be explained by heat-

transfer from the proton spins to the nitrogen spins as it was mentioned in the beginning 

of this section. After all the improvements, there is an enhancement of the low-abundant 

signal intensity by as much as the ratio of gyromagnetic ratios of the abundant and low-

abundant spins. It is ~10 in the case of 1H-15N [37, 39].  

The experimental conditions are very important in CP MAS. Hartmann-Hahn 

match condition and the contact time should be optimized very carefully as can be seen in 

Fig. 2.14. This figure shows the Hartmann-Hahn matching profile of hexamethylbenzene 
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CH3 resonance. The spectra were acquired at constant B1C, with varying the proton spin-

lock power B1H. 

 

 

 

 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

Another important experimental parameter in CP experiments is the contact time, 

. Figure 2.15 shows how the spectrum changes with contact time for Polythiophene. The 

optimum contact time which maximizes the signal of dilute spins is clearly 10 ms as can 

be seen in this figure. 

 

 

 

CCHH
BB

11
γγ =  

B1H (at constant B1C) 

Figure 2.14: The cross-polarization Hartmann-Hahn matching profile of the 
hexamethylbenzene 13CH3 resonance. 
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Figure 2.15: Proton-decoupled cross-polarization magic-angle spinning spectra for 13C in 
Polythiophene as a function of contact time.  

 

2.5 Spin-Lattice Relaxation 

 

 
The spin-lattice relaxation time T1 represents the "lifetime" of the first order rate 

process that returns the magnetization to the Boltzman equilibrium along the +Z axis. 

The spins of many atoms respond to magnetic fields by aligning themselves in the 

direction of an applied magnetic field. The net magnetization can be understood as the 

sum of the magnetic moments. When the orientation of the spin is ‘tilted’, it will lead 

back to an alignment with the original field. The time characteristic the spin takes to 

realign back to thermal equilibrium magnetization is called the spin-relaxation time, T1. It 

is a process through which the equilibrium population in spin states is reached after a 

perturbation for the population through the energy transfer from an excited spin to the 
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lattice, which is in equilibrium [40]. T1 can be thought of as the time it takes the energy of 

a spin to flow to its surroundings, or "lattice". 

It is possible to change the net magnetization by exposing the nuclear spin system 

to energy of a frequency equal to the energy difference between the spin states. If enough 

energy is put into the system, it is possible to saturate the spin system and make MZ=0. 

The magnetization does not build spontaneously. It takes a finite amount of time for the 

spin to move into equilibrium value. The rate of approach to equilibrium is proportional 

to the separation value from equilibrium, and is governed by the equation: 

1

0

T

MM

dt

dM Zz −
= ,                                                                               (2.22) 

where M0 is the equilibrium value of the magnetization.  

Inversion Recovery 

The inversion recovery method is used to measure the spin-lattice relaxation time, 

T1. First, a π pulse is applied to the sample. The magnitude of the net magnetization in the 

magnetic field at thermal equilibrium is Mz. After the π pulse, the net magnetization 

becomes –Mz. After some time , a π /2 pulse is applied to the sample. The amplitude of 

the signal when the π /2 pulse is applied varies with . The height of the π /2 pulse 

indicates the magnitude of the magnetization in the z-plane right before the π /2 pulse. 

Figure 2.16 below shows how the net magnetization changes exponentially with time. 

The coordinate axes are chosen so that when  = 0, the magnetization is equal to –Mz .To 

measure T1, we vary  and measure the amplitude of the π /2 pulse for each point. When 

making actual measurements, we only see one peak at a time, and then fit the data to the 

exponential curve seen in Fig. 2.17 [40].  
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Figure 2.16: Pulse sequence and magnetization trajectories for the inversion recovery 
method. (A) the net magnetization along the x-axis, (B) the π pulse inverts the 
magnetization vector lying along the z-axis to that lying along the –z-axis, (C) the 
inverted magnetization reverts to the equilibrium condition, and (D) the π/2 pulse is used 
as a second pulse after delay time  to inspect the z component of the magnetization Mz. 

When t=0, Mz=-M0, there fore equation (2.22) gives: 

( )( )
10

/exp21 TMM
Z

τ−−=                                                                           (2.23) 

                 

πX π/2X 
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The plot of Mz against  from a series of measurements is shown in Fig. 2.16. The 

T1 value is given by fitting the data to the equation (2.23). Before the first π/2 pulse, 

every experiment has to be done after enough retention time, at least five times T1, to 

reach the equilibrium condition [40]. 

 

Figure 2.17: The plot of Mz vs.  after a series of measurements with varying . 

 

 

2.6 Spin-Spin Relaxation 

 

T2, known as the spin-spin relaxation, time is the time characteristic of the loss of 

x-y magnetization where the spin is transferred into the z direction. It is a process of 

decay in the net transverse magnetization due to the loss of phase coherence by the 

exchange of spin energies after a pulse to make the transverse magnetization. 

The spin-spin relaxation is expressed with T2 as the time constant: 

2T

M

dt

dM xyxy −
=                                                                                 (2.24) 

with solutions: 

             ( )
)(

20)( T

t

xyxy
eMtM

−

=                                                       (2.25) 
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Figure 2.18: The plot of Mxy vs. t after a series of measurements with varying t. 
 

T2 is the spin-spin relaxation time and can be understood as the characteristic time 

the spin decays back to the z direction. Each spin is itself a magnet and affects the 

surrounding field. The spin as a result precesses with a wide distribution of frequencies. 

T2 gives information about the distribution of the local fields and is a wide subject of 

research in NMR [40]. 

Spin-Echo 

When the spins are flipped into the x-y plane they are at first all pointed in the 

same direction but they quickly begin to dephase because of interactions between nuclei. 

Figure 2.19 is a representation of the T2 spin-echo process. In the beginning π /2 pulse is 

applied. At time t= 0, all of the magnetization is aligned in the x-y plane (a). In (b) the 

spins precess around the z-axis, but some precess slightly faster and some slightly slower. 

In the rotating reference frame of the spins, this is equal to some spins traveling fast in 

one direction and others traveling in the opposite direction. If there is only the π /2 pulse 

(b), the spins decay and become completely dephased. However, if a π pulse is applied at 

the appropriate time, t = , the spins are flipped and instead of traveling away from each 

other, they travel towards each other, and rephrase in –y-axis (c). This rephasing after the 

π pulse is called a spin-echo [40].  
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Figure 2.19: Pulse sequence and magnetization trajectories for the spin echo experiment: 
(a) the individual spins are induced by the π/2x pulse precess to be the angle (α) from the 
x-axis during the  period, (b) the πx pulse flips the spin, (c) the individual spins precess 
during the next  period and are aligned on the –y axis. 

The magnitude of the net magnetization is t -dependent. The magnitude decays 

exponentially with a characteristic decay time T2. The plot of Mxy against  from a series 

of measurements is shown in Fig. 2.18. The T2 value is given by fitting the data to the Eq. 

2.25.  

2.7 Correlation Time 

 

The temperature dependence of spin-lattice relaxation time, T1 was analyzed 

using the semi-classical, Bloembergen, Purcell and Pound (BPP) model [41]. In this 

model, T1 is related to a correlation time, cτ , which is the characteristic time between 

significant fluctuations in the local magnetic field experienced by a spin due to 
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molecular motions or reorientations of a molecule. Here in this section, we discuss 

the origin of the relation ship between T1 and c as well as T2 and c. 

First we should define the spectral density. Assume we take a pair of spins, 

infinitely far apart from each other, and bring them to a normal internuclear distance 

in a molecule, then we will have an energy of interaction which is a constant for a 

particular arrangement. If we now make this energy time dependent by causing the 

spins to move randomly with respect to each other, the interaction energy will be 

distributed in frequency and time. The frequency dependence of the power is called 

the spectral density j(ω) and the spin-lattice relaxation time, T1 is directly related to 

the values of this function at the larmor precession frequency of the nucleus. j(ω) is 

defined as [42, 43]: 

        ( ) ( )∫
∞

∞−

−= dtetgj tiωω                                                        (2.26) 

with g(t) approximated as,  

             ( ) ct
etg

τ/−=                                                                                     (2.27) 

where c is a characteristic of decay known as the correlation time for the particular 

motion involved, t/ c is related to the ratio of the relaxation time to the correlation time, 

g(t) is the time-domain function corresponding to j(ω). When the integral is solved, we 

get: 
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1) For homonuclear dipole-dipole interaction; 
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where R is the dipolar interaction constant,  
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where r is the average bond distance, and  is the gyromagnetic ratios of the specific 

nucleus, respectively. Then;        
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2) For heteronuclear dipole-dipole interaction; 
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CHAPTER 3 
 

15
N NMR of Ammonia Borane, NH3BH3 

 

Ammonia Borane (NH3BH3) is a solid with many intriguing properties whose 

origin is still not well understood [10, 11]. This chapter details our 15N NMR 

investigation on NH3BH3, with a focus on the mechanism of its phase transition at about 

225 K. Some of the results have been published recently [44].  

 

3.1 Background 
 

Ammonia borane, a white solid at room temperature, crystallizes in a body-

centered tetragonal unit cell, space group mmI 4 , with the unique (c-) axis cell length = 

5.028 Å, and a= b= 5.240 Å, containing two molecules per unit cell [45, 46]. The early x-

ray studies revealed [46] also that its crystal structure changes to an orthorhombic (P2mn) 

phase between room temperature (~300 K) and 110 K.  Subsequent variable temperature 

powder X-ray diffraction measurements [7] showed that the temperature corresponding to 

the phase transition, Tp, is about 225 K. It was noted that around Tp, the unit cell 

dimensions changed fairly abruptly. The NH3 and BH3 molecular entities are located such 

that the B-N bond is formed, and the H’s are staggered around the B-N axis. Earlier 1H, 
2D and 11B NMR measurements revealed that in the high temperature phase, perhaps both 

NH3 and BH3 undergo reorientational motion about the B-N bond. This motion slows 

down on going through the phase transition, and neutron diffraction measurements show 

that a fairly linear NH…H bond is formed [9]. A schematic of the local molecular 

bonding and interactions obtained from neutron diffraction [9] is shown in Fig. 3.1.  
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Figure 3.1: (a) NH3BH3 molecule (b) A schematic representation of the closest N-H…H-
B contact from the neutron diffraction structure of NH3BH3, [9]. Distances and angles 
(deg): N-H2, 0.96 Å ; N-H2-H3, 156º; H2-H3, 2.02 Å ; H2-H3-B, 106º; H3-B, 1.15 Å. 

Proton NMR line broadening and spin-lattice relaxation rate (T1
-1) measurements 

[10] indicated that the transition involved the slowing of the motional dynamics of both 

the NH3 and the BH3 groups below the Tp. Subsequent 2D NMR studies on ND3BH3 

revealed [11] that the deuteration caused an increase in the activation energy of the NH3 

motion for both phases: from 5.8 to 7.3 kJ/mol for T>Tp and from 9.6 to 13.7 kJ/mol for 

T<Tp. On the other hand, deuteration of the BH3 portion did not alter the activation 

energy for the BH3 motion, staying at 5.9 kJ/mole for T>Tp, and 25 kJ/mole for T<Tp. 

The main conclusions were: (a) rotational motions of the NH3 and BH3 moieties are 

correlated in the T > Tp phase, but become uncorrelated below Tp; and (b) the transition is 

of the order-disorder type, the positionally disordered H’s (at T>Tp) becoming ordered 

below the Tp (225 K). Taken together, these results suggested that the NH3 group is the 

possible trigger for the phase transition.  However, the NMR work did not focus on the N 

atom itself. With these points in view, we have carried out detailed 15N high resolution 

NMR measurements on NH3BH3 in the vicinity of its Tp. We investigated the temperature 

dependence of the 15N isotropic chemical shift, δiso, as well as the spin-lattice relaxation 

time (T1; spin-lattice relaxation rate, T1 
-1). We focused on δiso because it is invariant to 

 

(a) 

(b) 

 

(a) 
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rotational and translational changes [13-16, 19], thus any change in δiso detected at the 

phase transition would imply that there is a distortion in the molecular structure and 

hence a ‘displacive’ component in the transition mechanism. Such effects have been 

reported for other hydrogen bonded compounds, such as squaric acid [13-16, 19], using 
13C NMR and the KH2PO4-related ferroelectric and antiferroelectric materials [18, 47, 

48], using 31P NMR. The 15N data obtained here are discussed in light of the earlier 

reported NMR studies using 1H, 2D and 11B nuclei in NH3BH3.   

 

3.2 Experimental Details 

 

3.2.1 Synthesis and 
15

N Labeling 

 

NH3BH3 was purchased from Aviabor (Moscow, Russia) as a powder, with a 

purity certification of >99%. Single crystals were grown by slow evaporation from cold 

diethyl ether [45, 20-21]. The crystals were thin needles, several millimeters long, with a 

base less than 1 mm 2. 15N –labeling was achieved by  adding liquid 15NH3 (condensed by 

cooling in dry ice or liquid nitrogen to -90ºC) to BH3...THF, stirring for ~3 hr under N2, 

then filtering and drying in air. The extent of 15N labeling was assessed by NMR at about 

10%, more precise value not critical for this investigation. 

 

3.2.2 NMR Equipment and Experimental Details 

 

For much of the work presented here, the departmental Varian UNITYINOVA 500 

MHz wide-bore solid-state NMR spectrometer from the Department of Chemistry and 

Biochemistry was used. We measured the 15N magic angle spinning (CPMAS) spectra to 

follow the 15N isotropic chemical shifts, δiso and the relaxation times as a function of 

temperature from room-temperature down to about 200 K. Temperature variation was 

achieved by using cold N2 gas, to an accuracy of about 0.2 K. The spinning rate was 5 

kHz. A recycle delay of 10 seconds and 4 number of scans were used to accumulate the 
15N peak. A spectral width of 20 kHz was used. Signal enhancement was obtained via N-
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H cross polarization (CP) with a contact time of 4.2 ms with the 1H spin lock field of 48 

kHz and then proton decoupling was used during the FID acquisition with the 

methodology outlined in Chapter 2.  

The spin-lattice relaxation time T1 was measured by using the inversion recovery 

pulse sequence (π − τ − π/2. . . ), and fitting the FID to Eq. (3.1) below: 

 

                                 Mz(τ ) = M∞[1 − 2exp(−τ/T1)]                                                  (3.1) 

 

The correlation times, τc, were obtained from using the Blombergen, Purcell and 

Pound (BPP) model [41] as discussed below.  

 

3.3 Results and Discussion 

 

3.3.1 Temperature dependence of the 
15

N isotropic chemical shift 

 

Fig. 3.2 shows some typical 15N NMR Spectra of solid NH3BH3. Figure 3.2 

depicts the spectrum obtained under static (i.e. no sample spinning) condition. The 

spectrum consists of a single peak; centered at 18.66 ppm relative to solid NH4
15NO3 

(taken as zero ppm) at room temperature. This is typical for 15N in the ammonia-boranes 

[49]. Our goal was to detect a change in the chemical shift at Tp, but the spectra (without 

magic angle spinning) exhibited no detectable anomaly, essentially because of the large 

line width of the observed spectra. We thus resorted to magic angle spinning NMR. 

The 15N CPMAS spectra exhibited significantly narrow lines. Figure 3.3 shows a 

comparison between 15N spectra of NH3BH3, without any spinning (top) and with 

spinning at 5 kHz (bottom). The linewidth decreases from about 1200 Hz to only about 

120 Hz under spinning, demonstrating the significant resolution enhancement provided 

by the MAS technique [50]. We ascribe the cause of the excess line broadening in the 

static spectrum to chemical shift anisotropy (CSA) for the powder sample. 
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Figure 3.2.: Temperature dependence of static 15N spectra of a bunch of NH3BH3 needle 
crystals. The spectra showed no measurable change at the phase transition temperature Tp = 
225 K. 

Figure 3.3: Comparison of 15N NMR spectra of bunched needles of NH3BH3 obtained by 
static (top) and CPMAS (bottom) methods at room temperature. Resolution enhancement 
of an order of magnitude by MAS can be noted.  
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The order-of-magnitude enhancement in the NMR resolution due to CPMAS 

enabled us to carry out detailed measurements of the δiso around the phase transition, as 

shown in Fig.  3.4. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.5 shows the temperature dependence of δiso for 15N in NH3BH3 upon 

cooling through the Tp. It can be seen that in the high temperature (T>Tp) phase, the δiso   

exhibits an approximately linear temperature dependence, then the variation slows down  

and the plot levels off well below Tp. A small dip was also observed within 2º of the Tp , 

as can seen in Fig. 3.5. This dip implies that the phase transition is essentially of a first-

order in nature. Similar dips have been observed for 31P and 15N shifts at the first – order 

phase transitions in NH4H2PO4 [18, 47] and NH4H2AsO4 [47, 48], respectively. 

 

Figure 3.4: Temperature dependence of 15N CPMAS spectra of NH3BH3. An anomalous 
decrease was observed within 2º of Tp (~225 K).  
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Figure 3.5: Temperature dependence of 15N isotropic chemical shift, δiso, for NH3BH3 

referenced to NH4NO3. The arrow indicates the transition temperature, Tp. 
 
 

 

 

 

 

 

 

 

 

 

Figure 3.6: Temperature dependence after subtracting the sharp anomaly due to the phase 
transition at 225 K. The solid red line represents the Bayer model fit (see text, Eq.3.2). 
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Figure 3.6 shows the temperature dependence after subtracting the small 

anomalous change in δiso due to the phase transition. The subtraction was done by (a) 

omitting the points representing the dip, within the 2 degrees of the phase transition, and 

(b) raising the rest of the lower temperature plot to be in line with the highest points on 

the T > Tp side.  It is seen that δiso varies rapidly but nonlinearly around the TP. We 

analyzed the temperature dependence of the chemical shift with using the Bayer model 

[51, 52]. It should be noted that the original Bayer Model [51] was used for explaining 

the temperature dependence of the 35,37Cl quadrupole splittings in terms of the vibrational 

modes of KPtCl6. Here we adopted it to the temperature variation of δiso. The modified 

Bayer equation is: 
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⎟
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1
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ω
ω

δδ ,                                      [3.2] 

 

where δ(T) is the measured isotropic chemical shift at temperature T, δ0 the δiso value at T 

= 0 K, I the moment of inertia and ω the librational angular frequency of NH3. This 

equation contains two fitting parameters, δ0 and ω. The theoretical fit is shown in Fig. 3.6 

as the curve in red color. The agreement with the theoretical fit appears to be satisfactory 

with ω/2π found to be ~3.8 THz which is comparable with the N-H stretching mode 

which is 2.8 THz [24]. This could also be interpreted as a correlation time of 2.6×10-13s. 

This will be discussed further in conjunction with the spin-lattice relaxation data, 

presented next. 

 

3.3.2 Temperature dependence of T1 

  

We measured the temperature dependence of the 15N spin-lattice relaxation time, 

T1, in order to study the NH3 motion around the transition. Figure 3.7 shows the 

temperature dependence of the T1 over a wide temperature range around the Tp. A clear 

discontinuity appears in the T1 data near Tp~225 K. On decreasing the temperature 
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through the Tp; the T1 changes anomalously, from 87.6 to 40.3 s and then to 11.5 s over 

the range of 10 K, as highlighted by the dashed line in Fig. 3.7. 

 

 

 

 

 

 

 

 

 

Figure 3.7: Temperature dependence of T1 for 15N in NH3BH3 at a resonance frequency of 
50.7 MHz (H0=11.7 tesla). The squares are the experimental data points while the line is 
the theoretical fit based on Eqs. (3-5), with the parameters presented in Table 3.1. 

 
The temperature dependence of T1 was analyzed using the semi-classical, 

Bloembergen, Purcell and Pound (BPP) model [41] wherein T1 is related to a correlation 

time, cτ , which is the characteristic time between significant fluctuations in the local 

magnetic field experienced by a spin due to molecular motions or reorientations of a 

molecule. It is assumed that the temperature dependence of cτ follows an Arrhenius - 

like behavior: 

                                   ⎟
⎠
⎞⎜

⎝
⎛=

RT

Ea
c exp

0
ττ                                     [3.3], 

where 
0

τ is the single particle correlation time, Ea the activation energy for the 

dynamic process, R the gas constant, and T the absolute temperature. 
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The relationship between the spin relaxation rate, 1/T1 and the correlation time is 

expressed by the BPP equation (see Chapter 2) for a heteronuclear dipole-dipole 

interaction [41, 42]: 
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where ωN and ωH are, respectively, the resonance frequencies of 15N and 1H and C is the 

dipole-dipole interaction constant,  
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Here rNH is the average N-H bond distance, and N and H are the gyromagnetic ratios of 
15N and 1H, respectively. C was calculated to be 7.38×108 s-2 using the N-H bond length 

of 0.96 Ǻ taken from Klooster et al. [9]. 

The experimental T1 data (Fig. 3.7) were fitted to Eqs. (3.3) and (3.4), with Ea and 

0 being treated as variables. Remarkably, Ea increased from 6 to 14.5 kJ/mole in going 

from the high-temperature (tetragonal) to the low-temperature (orthorhombic) phase. This 

increase in Ea reflects the enhancement in the barrier for ammonia reorientations, in 

conformity with the earlier from 1H and 2D relaxation data [10, 11]. The pre-exponential 

factors and activation energies derived from the fitting are given in Table 3.1, where we 

also include the corresponding values obtained from 1H and 2D studies [10, 11].  
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Table 3.1: Arrhenius parameters for the molecular motion of the NH3 obtained from 15N 
T1 measurements on NH3BH3, and its comparison with those on ND3BH3 by Penner [11] 
and NH3BD3 by Reynhardt [10]. The underlined letter in the group identifies the nucleus 
studied. 

 

Compound Phase Group Ea (kJ/mole)       0 (s) References 

NH3BH3 

ND3BH3 

NH3BH3 

High Temperature 
(tetragonal) 

NH3 

ND3 

NH3 

7.3±0.8  

5.8±0.4   

6.0±0.4 

4.4×10-14  

1.8×10-13 

4.1± 1×10-14  

     [10] 

     [11] 

This work 

NH3BH3 

ND3BH3 

NH3BH3 

Low Temperature 
(orthorhombic) 

NH3 

ND3 

NH3 

13.7±0.9  

9.6±0.4    

14.5±0.4 

5.7×10-15 

9.5×10-14 

4.8± 1×10-15 

     [10] 

     [11] 

This work 

 

The 0 and Ea values (Table 1) enabled us to calculate the correlation times for the 
15N site. The results are collated in Table 3.2.  In order to examine the mechanism of the 

spin-lattice relaxation process, we also compared it with the c for the motion of ammonia 

protons and deuterons using the 1H, 2D T1 data reported earlier by Reynhardt and Penner 

[10, 11]. Table 3.2 shows a comparison of the correlation times for 15N as measured in 

the present study and those of 1H, and 2D obtained from the results reported earlier  [10, 

11]. The close similarity between the two sets of data as seen in Table 3.2 implies that the 

same motion underlies the T1 process for all nuclei, and relates to the phase transition 

mechanism. The activation energy (Ea) values obtained for the 2D measurements were 7.3  

 

 

 

 

and 13.7 kJ/mole for the tetragonal and orthorhombic phases, respectively, which are 

comparable with the corresponding values (6 and 14.5 kJ/mol) for 15N. This anomalous 

slowing down of the NH3 motion thus appears to be the more prominent signature of the 

phase transition. 
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Table 3.2: Correlation times for 1H, 2D and 15N in NH3BH3. 

 

Parameter         250 K          150 K     Ref 

15N, 
c

τ      7.7×10-13 s     2.2 ×10-10 s This work 

1H , 
c

τ       2.0×10-12 s     1.6 ×10-9 s      [10] 

 2D , 
c

τ       1.6×10-12 s      3.2 ×10-10 s      [11] 

 

An important result is that the motional change due to the phase transition is much 

larger for the NH3 than for BH3,  since c increases by a factor of 100 for NH3 but only 

about 10 for BH3 [10], implicating the stronger role of NH3 in the transition mechanism. 

 

 

                   

 

 

 

 

 

                   Figure 3.8: Temperature dependence of c for 15N in NH3BH3 
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We note that the inverse frequency of the motion affecting the temperature 

dependence of the isotropic chemical shift obtained from the Bayer model, ~2.6×10-13 s, 

is of the same order as the
c

τ  obtained from the 15N T1 in the high temperature phase 

~7×10-13 s at 250 K and shorter at high temperatures. Here the librational frequency ω is 

an average value for the NH3 moiety, not affected strongly by the phase transition. 

Nevertheless, these results thus indicate that the NH3 librational motion that governs the 

temperature dependence of the isotropic chemical shift contributes to the T1 phenomena, 

in the high temperature phase. Below the transition, however, the librational motion 

continues while the rotational mode that affects the T1 process slows down considerably. 

 

3.4 Summary and Conclusion 

 

The detailed 15N high resolution NMR data clearly show that the molecular 

motion of the NH3 group plays a pivotal range in the mechanism of the phase transition 

of NH3BH3. Moreover, in contrast to earlier studies [10, 11], we find that not just the 

order-disorder but both displacive behavior and order-disorder play roles in the 

mechanism of the phase transition. 
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CHAPTER 4 
 

15
N and 

31
P NMR of Ammonium Dihydrogen Phosphate, NH4H2PO4  

 

Ammonium Dihydrogen Phosphate, NH4H2PO4, abbreviated as ADP, is 

considered as a model hydrogen-bonded solid, involving both N-H…O and O-H…O 

hydrogen bonds. It exhibits a structural and dielectric (antiferroelectric) phase transition 

at 148 K whose mechanism is still not fully understood. This Chapter describes our high 

resolution NMR studies for understanding the role of the NH4
+ and PO4

3- ions in the 

mechanism of the phase transition, using high resolution 15N and 31P NMR spectroscopy.  

 

4.1 Background 

  

 KH2PO4 (KDP)-family is one of the most studied model of the order-disorder 

phenomenon and cooperative phase transitions in hydrogen-bonded solids [53]. These 

compounds exhibit structural phase transitions, accompanied by changes in their 

thermodynamic, dielectric and lattice-dynamical properties [53, 2]. In KDP-type solids, 

the order-disorder motion of the H’s in the O-H…O bonds is considered to play a crucial 

role in the phase transition mechanism, since H D substitution leads to a change in the 

transition temperatures by up to 80% [53-60, 2, 17]. In NH4H2PO4, for example, the 

antiferroelectric transition temperature, TN, increases from 148 K to around 242 K on 

deuteration. The current model is the following. The H atoms in the O-H…O bonds 

occupy positions in a double-well potential. At temperatures above the phase transition in 

the paraelectric phase, the H’s are disordered within the two sites. Below the transition, 

the H’s localize onto one of the sites. One of the unresolved questions is what causes this 

localization. Another important issue is what role the cationic and anionic sites play in 

the mechanism of the phase transition. They must be important, as seen from the fact that 

the substitution of NH4
+ ion in place of K+ ion leads to antiferroelectricity. Similarly, the 

ferroelectric transition at TC=97 K in KH2AsO4 changes to an antiferroelectric one at 

TN=216 K in NH4H2AsO4 [53] on the replacement of K+ by NH4
+.  The origin of this 

effect is still not clear [61]. One such point concerns whether displacive effects on PO4
3- 
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or AsO4
3- ions play any role in the mechanism, in addition to the order/disorder behavior 

of the H atoms. Furthermore, if so, then are the time scales of the displacive and 

order/disorder interactions essentially the same or are they quite different? Earlier NQR 

studies by Blinc and coworkers on RbH2PO4 have suggested displacive behavior for the 

Rb sites [62]. They also specifically searched for a change in the isotropic chemical shift 

at Tc in KD2PO4 using 31P resonance as a probe [12]. The resolution of their 

measurements was not sufficiently high to detect the change in the isotropic part of the 

chemical shift because the isotropic component was much smaller than the dominant, 

anisotropic part. MAS techniques were not available then, nor were the high power 

decoupling techniques for removing dipolar broadening due to the protons and other 

nuclei. Figure 1 shows the 31P chemical shift data for KD2PO4 reported by Blinc et al. in 

1977 [12]. The reported line widths were about 10–15 ppm, as seen from the error bar in 

the figure. 

 

 

 

 

 

 

 

 

 

 

Figure 4.1: Temperature dependence of the 31P chemical shift for KD2PO4 on going 
through the phase transition, from Blinc et al. [12]. The Zeeman field is oriented in the ab 
plane, at 25º from the a-axis. 
 

The authors noted that the four peaks due to the two possible domains and two 

sites coalesce to only one above the transition temperature. They failed to detect any 

 

(ppm) 

T-Tc (K) 
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change in the average position of the peaks on going through the phase transition, within 

their accuracy of about 10 ppm. Blinc et al. considered this result as a direct evidence for 

an order/disorder driven phase transition, and for ruling out the role of a displacive 

component [12]. 

With the view of providing some new insight, we initiated studies of these lattices 

by means of modern high resolution solid state NMR spectroscopy. High resolution 31P 

NMR studies on KD2PO4 and RbH2PO4 have suggested that the PO4
3- anionic sites 

exhibit a displacive character as well as the order-disorder behavior [18]. Recent 15N 

MAS-NMR measurements of NH4H2AsO4 at 11.7 tesla have also suggested a mixed 

order-disorder and displacive behavior of the NH4
+ sites [44]. We have thus carried out 

detailed 15N and 31P high resolution NMR measurements on ADP in the vicinity of the 

TN.  

 

4.2 Experimental Details  

 

4.2.1 Synthesis and Labeling 

 

ADP was purchased from Sigma-Aldrich and single crystals were grown by slow 

evaporation after recrystallization. The crystals had the usual shape like a brick, 

elongated along the c-axis of their tetragonal unit cell. 
15N labeling was obtained by using 15N enriched 15NH4NO3. A suitable amount of 

15NH4NO3 was added to the ADP solution before the crystallization was started. The 15N 

enrichment in the ADP crystals was estimated at 9 ± 1%, using NMR. 

ADP is a white solid at room temperature that crystallize in a body-centered 

tetragonal unit cell, space group dI 24 , with the unique (c-) axis cell length = 7.542 Å, and 

a = b = 7.473 Å [63]. X-ray studies revealed [63] also that the crystal structure becomes 

orthorhombic (P212121) at temperatures below the phase transition. The basic crystal 

structure consists of PO4 
3- tetrahedra alternating with the NH4 

+ ions along the c-axis. 

The PO4 
3– units are connected by O – H...O hydrogen bonds in the ab plane, forming a 

three-dimensional hydrogen-bonded lattice (Fig. 4.2). In the antiferroelectric phase of 
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ADP, the H atoms are localized asymmetrically along one of the O atoms, as shown in 

Fig. 4.2. 

 

 

 

 

 

 

 

 

 

 

Figure 4.2: Schematic representation of ADP (AFE) structure from a top (z-axis) view. 
Short and long N-H…O bonds are indicated by long-dashed and dotted lines, 
respectively. 
 

4.2.2 NMR Equipment and Experimental Techniques 

 

A Varian UNITYINOVA 500 MHz wide-bore solid-state NMR spectrometer was 

used to measure the isotropic chemical shifts, δiso, of the 15N and 31P nuclei, employing 

the magic angle spinning (MAS) techniques as discussed in Chapter 2. A piece of ADP 

crystal was packed in a 4-mm MAS rotor. The spinning rate was 5 kHz. A recycle delay 

of 10 seconds (2 seconds for 15N) and 4 number of scans (128 for 15N) were used to 

accumulate the 31P peak. Signal enhancement was obtained via N-H (P-H) cross 

polarization with a contact time of 4.2 ms (2.3 ms) with the 1H spin lock field of 59.5 

kHz (62.5 kHz) and then proton decoupling was used during the FID acquisition. 

Temperature variation was obtained by cold N2 gas flow, 130 K to 300 K, with closely-

spaced (0.5 K) intervals in the close vicinity of the antiferroelectric transition TN= 148 K.  
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4.3 Results and Discussion 

 

4.3.1 Temperature dependence of the 
15

N isotropic chemical shift 

 

15N static NMR studies were initiated for ADP with the view of detecting the 

change in the electronic structure of the NH4
+ ion at the phase transition. A single strong 

peak was observed at all temperatures above the phase transition. Figure 4.3 shows the 

temperature dependence of the 15N static spectra around the transition temperature TN 

~148 K. It is seen that the peak intensity drops rapidly to zero as T TN from the high 

temperature side. 

 

 

 

 

 

  

 

 

 

Figure 4.3: 15N static spectra of NH4H2PO4 with CP around its antiferroelectric transition. 

The signal intensity decreased anomalously to essentially zero below the transition 

temperature.  

 

Figure 4.4 shows the temperature dependence of the linewidth. The width 

increases as we approach the phase transition and the peak became undetectable below 

the phase transition temperature as is shown in Fig. 4.5.  



52 

 

 

 

 

 

 

 

 

 

Figure 4.4: Temperature dependence of the linewidth at half-height of the 15N static 
spectra for ADP, showing an anomalous increase close to the phase transition 
temperature, TN. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.5: Temperature dependence of the normalized intensity of the 15N static signal 
from ADP.  
 

The origin of this intensity loss remains unclear, but it must relate to the loss of 

tetrahedral symmetry of the NH4
+ ion at TN and thus the splitting and broadening of the 
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peak into many components. Additional studies at much lower temperature are needed 

for further understanding of this unexpected phenomenon. Within these points in view to 

detect the signals below the transition we have used 15N CPMAS-NMR. A single strong 

peak was observed at all temperatures. At room temperature, the peak position was found 

at 19.6 ppm, when referenced to solid 15NH4NO3 [64]. Figure 4.6 shows the temperature 

dependence of the 15N MAS spectra around the transition temperature TN ~148 K, while 

Figs. 4.7 and 4.8 depict the temperature dependence of the peak position and the 

linewidth, respectively. It is seen that, not only for the static case, the peak intensity drops 

precipitously as T TN from the high temperature side as shown in Fig. 4.9. This 

observation was made at least three times and was found to be quite definitive. 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.6: 15N CP-MAS spectra of NH4H2PO4 around its antiferroelectric transition at 
148 K. The reference was 15NH4NO3. The signal intensity decreased anomalously to 
essentially zero at the transition temperature. See the plot in Fig. 4.9.  
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Figure 4.7: Temperature dependence of δiso for ADP around TN ~ 148 K. Note the 
anomaly close to 148 K, indicating the role of the displacive component in the phase 
transition mechanism. 
 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.8: Temperature dependence of the linewidth at half-height of the 15N CP-MAS 
spectra for ADP, showing an increase close to the phase transition temperature, TN. 
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Figure 4.9: Temperature dependence of the normalized area of the 15N CP-MAS signal of   
ADP.  

   

It is seen that the 15N δiso for ADP exhibits an approximately linear temperature 

dependence in the whole temperature range. The linewidth also increases as we approach 

the phase transition, as can be noted from Fig 4.8. However, then the ADP peak became 

undetectable below the phase transition temperature as it was in the static case (Fig. 4.5). 

Figure 4.9 shows how the intensity of the 15N signal changes and becomes zero with the 

temperature. It is most likely due to a much larger chemical shift anisotropy at low 

temperatures.  

 

4.3.2 Temperature Dependence of the 
31

P Chemical Shift and the Linewidth 

 

Figure 10 depicts the temperature dependence of the 31P CP-MAS spectra around 

the antiferroelectric phase transition at 11.7 tesla, using H3PO4 solution as a reference. It 

could be seen that within about 1 K of TN, the lattice consists of both phases. The line 

shape changed and the peak is no longer symmetric at TN. This is the evidence for 

coexistence of the two phases using MAS. Better evidence is obtained from the static 
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spectra as discussed in section 4.3.3. In the coexistence region of the two phases at TN, 

we noted an abrupt change in the chemical shift and the linewidth as discussed next.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.10: Temperature dependence of the 31P CP-MAS spectra of NH4H2PO4 at 11.7 
tesla around the phase transition, TN. 
 
 

Figures 4.11 and 4.12 show the measured temperature dependence of the 31P 

isotropic chemical shift and the linewidth, respectively. Figure 4.11 (right) shows the 

temperature dependence after subtracting the sharp anomaly due to the phase transition at 

around 148 K. The subtraction was done by (a) omitting the points representing the jump, 

within the 2 degrees of the phase transition, and (b) raising the rest of the higher 

temperature plot to be in line with the highest points on the T < TN side.  It is seen that 

δiso varies nonlinearly around the TN.  

 



57 

 

Figure 4.11:  Temperature dependence of δiso for 31P (left) in ADP at 11.4 T. The right 
side shows an expanded view around TN (right) without the jump (after subtracting the 
sharp anomaly) around the phase transition temperature, TN at 148 K. The large anomaly 
around TN indicates the presence of a displacive component in the transition mechanism. 
 

The linewidth shows a clear anomaly within the phase transition temperature 

regime. The increase in the linewidth may indicate the slowing down of the motion of the 

PO4
3- moiety, but additional systematic T1 measurements are needed for a definitive 

answer in the future. In the present work we focused on the evidence of cluster formation 

around the transition regime.  

The schematic in Fig. 4.13 (a) [15] shows how the temperature dependence of the 

isotropic NMR signals for a two-site model are supposed to vary through an 

order/disorder phase transition. Essentially, there ought to be two peaks in the slow 

motion regime, when the sites are ordered (below the phase transition). As the 

temperature is raised toward the transition, the order/disorder dynamics set in and the 

peaks coalesce at the transition and remain more or less unchanged at higher 

temperatures. An important point is that the average position of the peaks does not 
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Figure 4.12: Temperature dependence of the linewidth at half-height of the 31P CP-MAS 
spectra for ADP, showing a sharp anomaly around the phase transition temperature, TN. 

 

 

 
Figure 4.13: (a) Temperature variation of δiso for an order-disorder transition, and (b) a 
displacive transition. 

(a) (b) 
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change through the phase transition. Figure 4.13 (b) shows the case where the transition 

involves not only the order/disorder motion, but also a displacive component. In this case, 

the average peak position changes during the phase transition, the exact change 

depending on the nature of the transition mechanism. Such changes have been observed 

in the 13C spectra for Squaric acid [15]. In the 31P case we observed a single peak. Thus in 

the order-disorder change we are not supposed to see a change in the δiso, but a change 

should be observed if the mechanism includes a displacive character. The 31P data (Fig. 

11) agree with Fig. 4.13 (b), which is a clear indication of the displacive character of the 

PO4
3- anionic site. 

 

4.3.3. Evidence of Cluster Formation: 
31

P Static-NMR of ADP 

 

Figure 4.14 shows the static 31P NMR spectra through the phase transition at ~148 

K. The appearance of the four peaks at the phase transition indicates the four different 

sites of 31P in the antiferroelectric phase, as expected from the crystal structure [63]. The 

temperature dependence of the average of the chemical shift (Fig. 4.15) values of four 

peaks (labeled as 2, 3, 4, 5 in Fig. 4.14) in the low temperature phase is different from the 

high temperature peak value (labeled as 1 in Fig. 4.14), which is an indication of a 

displacive character in PO4
3- anionic sites. An important feature of Fig. 4.14 is the 

coexistence of peaks from the paraelectric and antiferroelectric phases, within about 1.5 

K range around the phase transition temperature (148 K). Thus, the paraelectric lattice 

starts to break down into locally-ordered regions (clusters of the antiferroelectric phase) 

as T TN from the high temperature side. The transition is complete when these clusters 

occupy the entire crystal lattice, which then attains the low-temperature structure.  
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Figure 4.14: Temperature dependence of the 31P static spectra (left) in ADP around the 
phase transition ~148 K. The right side shows a vertically expanded view around TN 
(right) and below TN. Note the coexistence of the signals from the two phases around TN. 
 

 

 

 

 

 

 

 

 

Figure 4.15: Temperature dependence of the average chemical shift around the phase 
transition ~148 K. 
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4.4 Summary and Conclusion 

 

The 15N δiso for ADP exhibits a linear temperature dependence in the whole 

temperature range and the linewidth increases as we approach the phase transition. 

However, then the ADP peak became undetectable below the TN for the spinning and the 

static cases. It is most likely due to large chemical shift anisotropy at low temperatures.  

The temperature dependence of 31P isotropic chemical shift, δiso, and the linewidth 

showed a clear anomaly at the antiferroelectric phase transition. This change is evidence 

of displacive component in the role of PO4
3- ion in the phase transition. Additionally, the 

spectra provide a new view of the ADP lattice undergoing the phase transition, within 1-2 

K, the lattice starts to form molecular clusters representing the ensuing phase. The 

transition is completed when these clusters fill in the entire lattice. The cluster life-time is 

static in our experimental time scale (~inverse of the linewidth, 1.2 ms).  
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CHAPTER 5 
 

75
As NMR of Ammonium Dihydrogen Arsenate 

 

Ammonium Dihydrogen Arsenate, NH4H2AsO4 (ADA), has a structural and 

dielectric (antiferroelectric) phase transition at TN=216 K whose mechanism is still not 

fully understood. ADA changes from a tetragonal to an orthorhombic phase at TN. This 

Chapter includes our 75As investigations aimed at understanding the role of the H2AsO4
- 

units in the transition mechanism. 

 

5.1 Background 

 

NH4H2AsO4, abbreviated henceforth as ADA, is an interesting material that 

undergoes an antiferroelectric transition at TN=216 K [3]. While this result has been long 

known, the transition mechanism is still not well understood. In this Chapter we have 

report the utilization of 75As NMR spectroscopy to probe the mechanism of the 

antiferroelectric phase transition in ADA, which is a model of  hydrogen-bonded systems, 

exhibiting order-disorder dynamics of the H’s in the O-H…O hydrogen bonds [3]. 

Previous models of this transition have stressed that the mechanism involves mainly the 

order-disorder dynamics of the H’s above the phase transition, and their ordering in the 

O-H…O bonds below the antiferroelectric transition temperature, TN=216 K. Our goal 

was to assess whether the mechanism also involves a displacive behavior of the H2AsO4
- 

units, as has been reported for the analogous ferroelectrics KD2PO4 [18] and for Squaric 

acid [16], in addition to the long-established role of the order-disorder behavior related to 

the motion of the H’s in the O-H…O bonds.   

There have been two previous studies on 75As NMR and NQR of ADA [25, 26]. 

Adriaenssens et al. [26] have measured the quadrupole coupling constant, υq, and its 

temperature dependence in the paraelectric phase [26], using the perturbation of the 75As 

NMR peaks by quadrupole effects, at a weak Zeeman field (150 to 700 Gauss). Blinc et 

al. [25] have reported on the angular dependence of 75As Zeeman perturbed NQR. They 



63 

have observed a large change in the υq below the phase transition from 4.7 MHz in the 

paraelectric phase to 59.2 MHz below the transition. They also found that there are 8 

nonequivalent As sites in the antiferroelectric phase. It was concluded that due to the 

difference of the charges on the two oxygen’s to which the protons are bonded and the 

two remaining oxygens, there is a large change in the quadrupole coupling constant 

below the phase transition. Based on these considerations, and on the 31P results on ADP 

(Chapter 4), we decided to study 75As NMR as a function of temperature, at magnetic 

fields of 8.5 and 11.75 tesla. In particular, we utilized single crystals and studied the 

angular dependence in the paraelectric and antiferroelectric phases. We measured the 

quadrupole coupling in the paraelectric phase more accurately than before [25, 26]. 

Unfortunately, however, in the antiferroelectric phase, the spectra were found to be too 

complex to arrive at a definitive conclusion, despite considerable efforts (vide infra). 

Nevertheless, we were able to analyze the 75As NMR spectra in the paraelectric phase 

and explain their temperature dependence on the basis of the Bayer model of the effect of 

AsO4
3- torsional motion on quadrupole splittings [51]. 

 

5.2. Experimental Details 

 

5.2.1. Synthesis 

 

Ammonium Dihydrogen Arsenate was prepared by gently evaporating a 1:1 

mixture of As2O5 and (NH4)2CO3, according to 

                           (NH4)2CO3 + As2O5 + 2H2O 2NH4H2AsO4 + CO2   

 Single crystals were grown by slow evaporation after recrystallization. The 

crystals had the usual shape like a brick, elongated along the c-axis of their tetragonal 

unit cell. 

ADA is a white solid at room temperature that crystallize in a body-centered 

tetragonal unit cell, space group dI 24 , with the unique (c-) axis cell length = 7.709 Å, and 

a= b= 7.674 Å [65]. The early x-ray studies revealed [65] also that the crystal structure 

changes to an orthorhombic (P212121) phase at temperatures below the phase transition 
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~216 K.  It becomes antiferroelectric, with the H’s localized asymmetrically along one of 

the O’s, as shown in Fig. 5.1. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.1: ab plane projection of the structure of antiferroelectric NH4H2AsO4 (ADA). 
The arrows point along the dipole moment of an H2AsO4

- unit. The green spheres in the 
center are As, and the grey spheres are the H’s in the O-H…O bonds [65]. 
 

5.2.2 NMR Equipment and Experimental Techniques 

 

NMR measurements were performed using a home built MagRes2000 

Spectrometer with quadrature detection. π/2-π spin-echo pulse sequences were utilized 

for frequency scanning. NMR coils for the single crystal samples were made by wrapping 

a Cu wire directly around the crystals. The single crystal was aligned in the coil such that 

the c-axis was either perpendicular or parallel to the Zeeman field as the crystal was 

rotated in the plane containing the magnetic field. Frequency sweeps were made at fixed 

fields of 11.75 T and 8.5 T. Temperature range was 300 K-200 K. A picture of the 

goniometer is shown in Fig. 5.2.  
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5.3 Results and Discussion 

 

5.3.1 NMR Spectrum 

 

Figure 5.3 shows the single crystal 75As NMR spectrum of ADA at 8.5 tesla with 

the a or b axis of the crystal oriented parallel to the Zeeman field (a) and c-axis (long-

axis) of the crystal oriented parallel to the Zeeman field (b). The energy level diagram in 

Fig. 5.4 shows the possible transitions derived from Eq. 5.1 and the peaks in Fig. 5.3 are 

labeled according to that diagram. 

 

Figure 5.2: Picture of the goniometer attached to the probe.
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Figure 5.3:  75As NMR spectrum of a single crystal of ADA at 300 K at 8.5 tesla. The 
peak assignments correspond to those shown in the energy levels shown in Fig. 5.4. 

5.3.2 Angular Dependence of 
75

As NMR Frequency at T>TN 

 

Angular variation studies within the ac plane were performed on the ADA single 

crystal with an applied field of 8.5 T and at a temperature of 295 K. The crystal was 

initially aligned with the field parallel to the c-axis and frequency scans were conducted 

at each different rotation angle. Frequency vs. angle plot for the satellites and the central 

transition is shown in Fig. 5.5. The contribution of the first and second order quadrupole 

effects for ac plane rotation could be seen in Fig. 5.5.  
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Figure 5.5: Angular dependence of the 75As NMR peaks, as the crystal is rotated in the ac 
plane at 300 K. The squares are the experimental data points while solid lines represent 
the calculated values from Eq. 5.2 for the central transition and Eq. 5.3 for the satellites. 
The labels x,y and z correspond to those shown in the energy levels in Fig. 5.4.  

Figure 5.4: Energy level diagram showing the peak assignment in Fig. 5.3. 

x 

y 

z 
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      To calculate the frequency values for the central transition and the satellites, 

equation 5.2 and 5.3 were used [66]. 

 

 

where υq is the quadrupole coupling constant, υ0 is the resonance frequency at 0 degrees 

and θ is the angle between the Zeeman field and the symmetry axis.  

Angular variation studies within the ab plane showed no change in frequency at  

T > TN. By using Eqs. (5.2) and (5.3), υq was found as 4.72 MHz at 300 K. The next step 

was to measure the temperature dependence of υq as T TN. 

 

5.3.3 Temperature Dependence of the υq  

 

Figure 5.6 shows the temperature dependence of the 75As quadrupole coupling 

constant, υq, as we approached the transition from T > 216 K. It is seen that υq varies 

rapidly but nonlinearly around the TN. We analyzed the temperature dependence of the υq 

with using the Bayer model [51, 52]. It should be noted that the original Bayer Model 

[51] was used for explaining the temperature dependence of the 35,37Cl quadrupole 

splittings in terms of the vibrational modes of KPtCl6. The Bayer equation is: 

 

 

 

 

where υq is the measured quadrupole constant at temperature T, υ0 the υq value at T = 0 
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two fitting parameters, υ0 and ω. The theoretical fit is shown in Fig. 5.6 as the curve in 

red color. The agreement with the theoretical fit appears to be satisfactory with ω/2π, the 

libration frequency found to be ~7.2 THz. This could also be interpreted as a correlation 

time of 1.4×10-13s. The librational frequency, 7.2 THz, could be attributed to the 

librational motion of the AsO4
3- ion. The room temperature mode from the Raman spectra 

of ADA have been reported [67]. The mode with a1 symmetry is at 7.0 THz, which is 

comparable to 7.2 THz. The υq value that we have experimentally found at 300 K agrees 

well with literature [67], within the limitation of the earlier measurements using very low 

Zeeman field [26].  

 

 

 

 

 

 

 

 

 

 

Figure 5.6: Temperature dependence of υq in the paraelectric phase. The red curve is the 
fit to the Bayer model.  

 

5.3.4 Temperature Dependence of 
75

As NMR Spectra at T<TN, H//a 

 

Figure 5.7 depicts temperature dependence of 75As NMR spectra at a //H through 

the phase transition. 

There is an abrupt splitting of the T>TN spectrum into a large number of peaks, 

showing that the AsO4 unit loses its symmetry below TN. Due to the difference of the 

charges on the two oxygen’s to which the protons bonded and to the two nonbonded 
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oxygens, there is a change in the quadrupole coupling constant below the phase 

transition.  

 

 

 

 

 

Figure 5.7: Temperature dependence of 75As NMR spectra at fixed angle, a or b //H 
around the phase transition. 

 

 

5.3.5 Angular Dependence of 
75

As NMR Spectra at T<TN 

 

Angular dependence studies with rotations in the ab plane were performed on the 

ADA crystal in the antiferroelectric phase, T < TN at 11.75 tesla. For these measurements 

a crystal was aligned such that the external field is applied parallel to the a or b axis. 
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Figure 5.8a shows the spectra at different orientations and Figs. 5.8b and c show the 

angular dependence within 25º to 50º. 

 

Figure 5.8: (A) Angular dependence of the 75As NMR spectra at 11.75 tesla in the ab 
plane, and antiferroelectric phase (T<TN). Notice the complex splitting pattern, as 
opposed to the simple 3 line pattern in the paraelectric phase (Fig. 5.5). 
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NH4H2AsO4, ab plane 
Temp = 100 K 
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Figure 5.8: (B) Angular dependence of the 75As NMR spectra in the antiferroelectric 
phase at 11.75 tesla within 25-35º, and (C) within 40-50º in the ab plane. 
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Figure 5.9: The angular dependence of the 75As frequency in a single crystal of ADA at 
100 K.  Peaks a, b and c are those marked in Fig. 5.8. 
  
 We tried several new crystals and carried out measurements continuously over 

three months with the view to understand the complex peak splittings below TN. 

However, it has really not been possible to analyze the spectra of the antiferroelectric 

phase, partly because the frequency range was very large. We also tried field scans, but 

were still unable to identify the observed peaks. Our conclusion is that the quadrupole 

effects are very sensitive to the domain and site splittings, as the crystal breaks down into 

multiple domains at T<TN. Perhaps one will have to carry out measurements under 

applied pressure to make the crystal monodomain. 

  

5.4 Summary and Conclusion: 

 

Using higher Zeeman fields than before [25,26], we were able to measure the 75As 

quadrupole coupling in the paraelectric phase more precisely than reported earlier [26]. 

Our value at room temperature is ~4.72 MHz vs. ~4.62 MHz by Adriaenssens [26]. The 

quadrupole coupling changes sensitively with temperature as the phase transition is 

approached from the high temperature side. The temperature dependence could be well 

c 

a b
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explained as being due to an internal librational mode of the AsO4
3- ion. Our hope of 

measuring precisely the change in the quadrupole coupling below the phase transition 

was hampered by the very complex nature of the low-temperature spectra. We then 

decided to focus on the 15N nucleus as a probe, as discussed in the following Chapters. 
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CHAPTER 6 
 

Advantages of 
15

N NMR at High Field (900 MHz, 21.1 tesla): Nonlinear 

Enhancement in Sensitivity and Resolution 

 
 This Chapter presents our investigations of variable frequency and variable field 
15N NMR that was undertaken with the hope of obtaining enhanced spectral resolution at 

increased fields and frequencies. We used 7.1, 14 and 21.1 tesla fields, and found an 

improvement for the spectral sensitivity as well as the resolution. A preliminary account 

was recently published [28].  

 

6.1 Background 

  

Advantages of very high fields in nuclear magnetic resonance (NMR) include the 

improved sensitivity, increased chemical shift dispersion, reduced second-order 

quadrupolar interactions, improved relaxation properties, and many others [68]. Such 

advantages have been well demonstrated for liquids [68-70] and for aligned samples [71]. 

For quadrupolar nuclei in solids, the line-narrowing effects are at least quadratic with the 

static magnetic field, B0, because of the combination of the chemical shift dispersion and 

the reduction of the second-order line broadening at high fields [72, 73]. However, the 

situation is less clear for spin-1/2 nuclei in solids, related in part to bulk magnetic 

susceptibility line-broadening effects, [74] which also scale with B0. One technique that 

is proving highly useful for minimizing the magnetic susceptibility effects in solids is 

magic angle spinning (MAS) of a single crystal, [16] especially as applied to the study of 

solid-solid phase transitions in which the resolution enhancement is crucial [48]. It was 

thus of interest to examine if high fields do provide an improvement in resolution in 

MAS NMR measurements of spin-1/2 nuclei, 15N of NH4H2AsO4, using the highest 

available ultra-wide bore 900 MHz NMR spectrometer, currently operating at 21.1 tesla 

[75].  
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6.2. Experimental Details 

 

6.2.1 Synthesis and 
15

N Labeling 

 

Ammonium Dihydrogen Arsenate (ADA) was prepared according to the 

procedure that was described in Chapter 5, section 2.1. 

 15N labeling was obtained by using 15N enriched 15NH4NO3. A suitable amount of 
15NH4NO3 was added to the ADA solution before the crystallization was started. The 15N 

enrichment in the ADA crystals was estimated at 9±1%, using NMR. 

 

6.2.2 NMR Equipment and Experimental Details 

 

The measurements were made using the 300, 600 and 900 MHz Bruker Avence 

spectrometers available at the National High magnetic Field Laboratory (NMHMFL) in 

Tallahassee.  Enhanced by cross polarization (CP) from protons, the 15N CP/ MAS NMR 

spectra of a 15N-labeled NH4H2AsO4 (henceforth, ADA) single crystal, an interesting 

antiferroelectric material [44] were recorded at different static fields (7.0, 14.1, and 21.1 

T). A small piece of ADA single crystal was packed in a 4-mm MAS rotor and used for 

NMR measurements on 300 and 600 MHz, while a slightly smaller piece was packed in a 

3.2-mm MAS rotor for the measurements on 900 MHz. In order to fairly compare their 

respective 15N line width at different static fields, the field shimming was performed prior 

to the 15N measurements through minimizing the 13C line width at half-height for the 

NMR resonances of natural abundance adamantane under high-power 1H decoupling. 

The measured 15N isotropic chemical shifts were referenced to solid valine for the 

21.1 Tesla. 
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                          Figure 6.1: The structure of the reference valine. 

 

The T2 measurements were carried out using the standard spin-echo sequence in 

which a π pulse is placed in the middle of the 15N spin-echo period, 2τ, to refocus the 15N 

magnetization generated by CP which could be seen in Fig. 6.2. The 1H decoupling 

during the evolution and acquisition periods was also applied [76]. 

                                  

                                   Figure 6.2: The pulse sequence of spin-echo with CP. 

 

900 MHz (21.1 tesla) spectrometer available at the National High magnetic Field 

Laboratory (NHMFL) in Tallahassee uses a magnet designed and built by the NHMFL, 
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with a wide bore of 105 mm., that allows a magic angle spinning probe with variable 

temperature capability. It uses a locally-designed NMR probe, but a Bruker designed 

console. Figure 6.3 shows a photograph of this unique spectrometer.  

 

 

 

 

          Figure 6.3: Picture of the 21.1 tesla magnet available at NHMFL.  

 

 

 

 

 

 

 

 



79 

6.3 Results and Discussion 

 

Figure 6.4 shows the 15N CP/ MAS NMR spectra of 15N-labelled ADA crystal  

recorded at different static fields (7.0, 14.1, and 21.1 tesla). 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.4: Field dependence of 15N CP/MAS spectra of an ADA single crystal at 300 K 
at a spinning rate of 2.5 kHz, recorded on Bruker DMX300 (red), DRX600 (black), and 
the ultra-wide bore 900 NMR spectrometer (green), referenced to 15N isotropic signal of 
powdered valine at 0 ppm. The signals were normalized to 32 scans. No line broadening 
was applied in these spectra.  

 

Clearly, as listed in Table 6.1, the observed line width, ∆υ*, of the 15N ADA 

resonance greatly decreases from 0.260 to 0.071 ppm with the increase of the static fields 

from 300 to 900 MHz; that is, the spectral resolution improved by 366%. It is worth 

noting that the resolution enhancement is not linearly proportional to the magnetic field 

strength. From 300 to 600 MHz, the resolution is improved by 260%, while just by 140% 

from 600 to 900 MHz. 
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Table 6.1: Resolution and Sensitivity Enhancement Factors of 15N CP/MAS Signals for 
NH4H2AsO4 at Various Static Fields. 
 
Field (T) ∆υ* (ppm) T2 (ms) 

))((

/1 2

Hzppm

Tπν =Δ S/N (obs) S/N observed 

over (B0)
3/2 

7.0 0.260 138 0.077    2.31 1 1 

14.1 0.100 160 0.033    1.98 4.44 1.6 

21.1 0.071 163 0.022    1.95 18.22 2.7 

 

 

In order to understand the mechanism underlying the resolution enhancement, we 

measured the T2 values at the various fields. Figure 6.5 shows the plots of the signal 

intensities versus the spin-echo time τ measured on the 300 and 900 MHz NMR 

spectrometers. 

Apparently, the 15N signal intensities decay monoexponentially as a function of τ, 

yielding transverse relaxation times T2 of 138 and 163 ms for 300 and 900 MHz, 

respectively. These relaxation times translate into natural line widths of 2.31 and 1.95 Hz, 

which are generally smaller than the observed ones owing to the refocusing of shift 

distributions (e.g., B0 inhomogeneity) in the T2 measurements [77]. Table 6.1 lists the T2 

values measured at different fields and their respective natural line widths. As can be 

seen from Table 6.1, the natural line width decreases by 14% from 300 to 600 MHz 

while remains almost constant from 600 to 900 MHz. However, by taking into account 

the chemical shift dispersion at different fields, the spectral resolution enhancement 

improves by 233% from 300 to 600 MHz and 150% from 600 to 900 MHz, which is 

similar to the observed line widths. 
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Figure 6.5: Normalized 15N signal intensities of ADA as a function of spin-echo time τ, 
recorded from 300 (red) and 900 (green) MHz. Monoexponential fittings yield the 
transverse relaxation times of 138 and 163 ms for 300 and 900 MHz, respectively. 
 

For relaxation mechanisms induced by spin interactions, the line width ∆υ is 

proportional to the spectral densities, SDs [42]. As an example, for dipolar interactions, 

SDs can be rationalized by 
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where ω0 is the Larmor frequency and τC characterizes the lattice motion. For the 

extremely fast (i.e., ω0τC <<1) and extremely slow (i.e., ω0τC >> 1) motions, the SDs are 

independent of B0. However, for ω0τC ~ 1, the SDs greatly depend on B0 as shown in 

figure 6.6. Although the SDs steadily increase as the motion slows down, for any given 

correlation time τC, higher static fields always give rise to smaller SDs, thus resulting in 

narrower line widths (or longer T2 values). Such an increase in T2 values at high fields 

was observed in solution NMR [69]. It is found that the most pronounced high field line-
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narrowing effect occurs at τC ~ 10-8 s. However, this field dependence of the line width is 

much more difficult to predict in solids in the presence of other significant line 

broadening effects, such as bulk magnetic susceptibilities and chemical shift anisotropies 

at high fields [74]. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.6: Spectral densities as a function of correlation time c at 300 (dashed), 600 
(dash-dotted), and 900 (solid) MHz using Eq. (6.1). 
 

This high field line-narrowing effect not only results in spectral resolution 

enhancement but also leads to an improvement of the sensitivity beyond what is expected 

from the (B0)
3/2 effect. The signal-to-noise ratios (S/N) measured from the spectra in Fig. 

6.4 were 9, 20, and 41 for 300, 600, and 900 MHz, respectively. By taking different 

signal accumulations into account, the experimental S/N enhancement factor from 300 to 

600 and 900 MHz becomes 1:4.4:18.2. It is expected that the sensitivity enhancement is 

proportional to (B0)
3/2, leading to the enhancement of a factor of 1:2.8:5.2 by the Zeeman 

fields from 300 to 600 and 900 MHz. Thus, on the top of the enhancement by the Zeeman 

fields, an additional enhancement of a factor of 1:1.6:3.5 was experimentally observed, 

which attributes to the high field line-narrowing effect, assuming that the 4-mm 300 and 
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600 MHz MAS probes and the 3.2-mm 900 MHZ MAS probe have a similar quality 

factor (Q). However, the sample used on the 900 MHz measurements was about 20% 

smaller than the one used on the 300 MHz measurements, while the coil volume for the 

3.2-mm MAS probe is smaller than that for the 4-mm MAS probe, additional correction 

to the sensitivity enhancement for 900 MHz is as follows: According to the S/N of the 

directly detected experiments 3, the S/N is proportional to the square root of the coil 

volume and the magnetic moment (i.e., the sample amount), provided that the Q value 

and filling factor are the same for the two probes. The ratio of the coil volume for the 

Bruker 4-mm over 3.2-mm MAS probe was measured to be 2.68. By taking the mass of 

the sample (20% less sample used on 900 MHz) into account, the enhancement at 900 

over 300 MHz should be corrected by a factor of 1.25/(2.68)1/2 = 0.76. Therefore, after 

the correction, an extra enhancement, beyond the expected (B0)
3/2 effect, of a factor of 

1:1.6:2.7 was achieved experimentally by going from 7.0 to 14.1 and 21.1 T. Figure 6.7 

shows the S/N and resolution enhancement versus B0.  

 

Figure 6.7: Resolution (A) and sensitivity (B) enhancement at various static fields B0 
after normalizing to the same number of scans. 
 

The enhanced resolution and sensitivity at 900 MHz enabled us to study the 

temperature dependence of the 15N isotropic chemical shift variation through the 

antiferroelectric phase transition of ADA at 215 K. This study was undertaken to 
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understand the role of the NH4
+ ion in the transition mechanism since the substitution of 

NH4
+ ion in place of K+ in KH2AsO4 switches the latter compound from a ferroelectric to 

an antiferroelectric one [3]. Figure 6.8 shows the 15N CP/MAS spectra recorded at 900 

MHz in the close vicinity of the phase transition at TN ~ 215 K. As the temperature 

approaches TN, the paraelectric phase steadily disappears while the antiferroelectric phase 

gradually merges. The two phases, whose 15N isotropic chemical shifts are just 0.3 ppm 

apart, coexist within 1.5 K. Such a small isotropic chemical shift difference can be hardly 

identified at lower fields. The sharp change in the isotropic chemical shift, δiso, at TN 

implies that the NH4
+ group takes part in the charge renormalization at the phase 

transition, and thus it is not just a spectator ion. Earlier theories of the ferroelectric (or 

antiferroelectric) behavior of this family of compounds have stressed the order-disorder 

role of the O-H…O protons in the transition mechanism. Specifically, the observation of 

the anomaly in δiso implies that the transition has a displacive character since δiso is 

invariant to any translational or rotational symmetry change (i.e., order-disorder effects). 

This aspect has not been appreciated in any earlier theory of transition in ADA and 

related antiferroelectrics [3, 16, 48]. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.8: Temperature dependence of the 15N CP/MAS NMR spectra of ADA in the 
close vicinity of the antiferroelectric phase transition recorded on the ultra-wide bore 900 
MHz NMR spectrometer. The peaks corresponding to the paraelectric and 
antiferroelectric phases are labeled by P and AF, respectively. 
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6.4 Summary and Conclusion: 

 

We have demonstrated that, for 15N CP/MAS NMR experiments, both the spectral 

resolution and sensitivity improve significantly at higher static fields. The resolution 

enhancement seems to have its origin in the T2 increase at higher fields. The enhanced 

resolution and sensitivity have enabled us to probe the nature of the antiferroelectric 

transition in ADA to a depth not possible at lower fields. These findings should open up 

new areas of investigations in NMR spectroscopy of solids, as well as its applications to 

new phenomenon in materials science. In the next chapter we will note the importance of 

the high field in terms of the detailed measurements on 15N MAS-NMR of ADA. 
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CHAPTER 7 
 

15
N NMR of the Antiferroelectric Transition in Ammonium 

Dihydrogen Arsenate, NH4H2AsO4 

 

Ammonium dihydrogen arsenate, NH4H2AsO4, is an interesting hydrogen-bonded 

solid, involving both N-H…O and O-H…O hydrogen bonds. It exhibits a structural and 

dielectric (antiferroelectric) phase transition at 216 K whose mechanism is still not fully 

understood. This Chapter describes in detail our 15N NMR investigations for 

understanding the role of the NH4
+ ion in the transition mechanism, using the very high 

Zeeman fields of up to 21.1 tesla, the maximum field available for high resolution NMR 

studies. Some preliminary results were reported recently [44]. 

 

7.1 Background 

 

NH4H2AsO4, ammonium dihydrogen arsenate, henceforth ADA, is an important 

member of the family of hydrogen-bonded ferroelectrics and antiferroelectrics [3], 

represented by KH2PO4. Its most interesting property is that it undergoes a paraelectric-

antiferroelectric transition at TN = 216 K. While the mechanism underlying this transition 

is still not fully clear, several facts are known. First, both the NH4
+ ion and the H’s (in the 

O-H…O and N-H…O bonds) play important roles. The role of NH4
+ follows from the 

fact that its replacement by K+ changes the transition temperature to 97 K and the 

material becomes ferroelectric [3]. As mentioned in the earlier chapters, the dominance of 

the role of the H’s follows from the fact that deuteration raises the TN to 304 K. Still, how 

the NH4
+ and H’s actually participate in the transition remains unclear. Earlier NMR 

studies addressing this question involved proton NMR line broadening and spin-lattice 

relaxation rate (T1
-1) measurements [27]. It was found that the correlation time c for the 

NH4
+ motion increases abruptly at T < TN, implying that the motion of the NH4

+ ion 

slows down significantly at TN [27]. A question still remained whether the NH4
+ ion 



87 

undergoes any displacive effects as well as the rotational changes. With the view of 

examining this point, we undertook a study of the N atomic site, using 15N high 

resolution NMR at the high Zeeman fields of 11.4 and 21.1 tesla. We investigated the 

temperature dependence of the 15N isotropic chemical shift, δiso, as well as the spin-lattice 

relaxation time (T1). As discussed in the earlier chapter, we focused on the temperature 

dependence of the δiso because it is invariant to rotational and translational changes [16, 

18, 19, 44]; this quantity should thus remain essentially unchanged through the phase 

transition if the transition is of a purely order/disorder nature. If, on the other hand, the 

transition involves electronic structural changes as well, then δiso should exhibit a clear 

change/anomaly in the vicinity of the phase transition. Such a change would imply that 

there is a distortion in the molecular structure and hence a ‘displacive’ component in the 

transition mechanism. While other techniques such as X-ray and neutron scattering can 

yield information on polarization fluctuations (displacive effects) at very high time scales 

[53], NMR spectroscopy has been found to be uniquely sensitive, because the motional 

dynamics involved in the phase transitions in hydrogen-bonded solids fall in the NMR 

time scale (10-3 to 10-10 s) of the NMR techniques. The 15N T1
 data are compared with 

those from earlier reported 1H NMR studies [27].  Measurements at the highest available 

field of 21.1 tesla show lattice details not seen in the NMR at lower Zeeman fields [28]. 

The conclusions provide an improved and detailed understanding of the phase transition 

and also the motional dynamics of the lattice, in that not only the order-disorder but also 

displacive behavior plays a role in the transition mechanism, and that long-lived 

molecular clusters of the low-temperature phase appear in the high symmetry lattice as 

T TN, and they fill the lattice at T < TN. 

 

7.2 Experimental Details 

 

7.2.1 Synthesis and 
15

N Labeling 

 

Ammonium Dihydrogen Arsenate (ADA) was prepared according to the 

procedure that was described in Chapter 5, section 2.1 [65]. 
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 15N labeling was obtained by using 15N enriched 15NH4NO3. A suitable amount of 
15NH4NO3 was added to the ADA solution before the crystallization was started. The 15N 

enrichment in the ADA crystals was estimated at 9±1%, using NMR. 

 

7.2.2 NMR Equipment and Experimental Techniques 

 

Initial 15N NMR measurements were made using a Varian UNITYINOVA 500 MHz 

wide-bore solid-state NMR spectrometer. Both isotropic chemical shifts, δiso and the 

relaxation time, T1 was measured. The spinning rate was 5 kHz. A small piece of ADA 

single crystal was packed in a 4-mm MAS rotor. A recycle delay of 2 seconds and 256 

number of scans were used to accumulate the 15N peak. Signal enhancement was obtained 

via N-H cross polarization (CP) with a contact time of 4.2 ms with 1H spin lock field of 

59.5 kHz and then proton decoupling was used during the free induction decay (FID) 

acquisition with the methodology outlined in Chapter 2.  

The measured 15N isotropic chemical shifts were referenced to solid valine for the 

21.1 tesla. 

Additional measurements were made using the 900 MHz (21.1 tesla) spectrometer 

available at the National High magnetic Field Laboratory (NHMFL) in Tallahassee. The 

description of the spectrometer was explained in Chapter 6. 

Temperature variation was achieved by cold N2 gas flow, from 140 K to 300 K, 

with closely-spaced (0.2 K) intervals in the vicinity of the antiferroelectric transition TN = 

216 K.  

The spin-lattice relaxation time T1 at 11.7 tesla was measured by using the 

inversion recovery pulse sequence (π − τ − π/2. . . ), and fitting the free induction decay to 

Eq. (7.1) below: 

Mz(τ ) = M∞[1 − 2exp(−τ/T1)]                                                           (7.1) 

The correlation times, τc, were obtained from using the Blombergen, Purcell and 

Pound (BPP) model [12] as discussed in the next section.  

The spin-lattice relaxation time T1 at 21.1 tesla was measured using the inversion 

recovery pulse sequence with the cross polarization which is shown in Fig. 7.1. 
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      Figure 7.1:  The pulse sequence of inversion recovery with CP. 

 

7.3 Results and Discussion 

 

7.3.1 Temperature dependence of the 
15

N isotropic chemical shift 

 

Figure 7.2 shows a comparison between 15N signals from CP-MAS spectra of a 

crystal of ADA, without any spinning (Fig. 7.3a) and with spinning at 5 kHz (Fig. 7.3b). 

The linewidth decreases from 80 Hz to only about 12 Hz under spinning, demonstrating 

the significant resolution enhancement provided by the MAS method [50]. We ascribe 

the cause of the excess line broadening in the static spectrum to chemical shift anisotropy 

(CSA).The spectrum is a single peak in both the paraelectric (T > TN) and the 

antiferroelectric (T < TN) phase, centered around 21.3 ppm, relative to solid 15NH4NO3 at 

room temperature [64].  

 

π/2 

1
H 

15
N 
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Figure 7.2: Comparison of 15N NMR spectra for NH4H2AsO4 obtained by static (a) and 
MAS (b) techniques. The reference was 15NH4NO3.  
 

The order-of-magnitude enhancement in the NMR resolution due to CPMAS 

enabled us to carry out detailed measurements of the δiso around the phase transition at 

11.4 tesla, as shown in Fig.  7.3. 

The data in Fig. 7.3  show that within about 2 K of TN, the lattice consists of both 

phases. The peak from the paraelectric phase is marked P, and that of the antiferroelectric 

phase by AF. However the strong overlap of the two peaks did not let us to measure the 

relaxation behavior of these separate phases. We then tried still higher Zeeman field, 21.1 

tesla, available at NHMFL. The enhancement of spectral dispersion was very significant, 

as can be noted from Fig. 7.4, which depicts the temperature dependence of 15N CPMAS 

spectra of ADA at 21.1 tesla upon cooling through the TN. Here the signals from the 

paraelectric and antiferroelectric phases were clearly resolved with higher fields. The 

evolution of the two phases around the phase transition temperature is shown in Fig. 7.5. 
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Figure 7.3: Temperature dependence of the 15N CPMAS spectra of NH4H2AsO4 at 11.7 
tesla around the antiferroelectric phase transition. The peaks corresponding to the 
paraelectric and antiferroelectric phases are labeled P and AF, respectively. 
 

Figure 7.6 shows the temperature dependence of the 15N δiso at 21.1 tesla. It could 

be seen that in the high temperature (T > TN) phase, the δiso exhibits an approximately 

linear temperature dependence, both above and below the phase transition with a step at 

TN caused by the nature of the first-order transition, and an almost S-shaped anomaly 

around the transition temperature. This anomaly at the phase transition is an evidence for 

the displacive behavior as suggested before [44].  
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Figure 7.4: Temperature dependence of 15N CPMAS spectra of NH4H2AsO4 at 21.1 tesla. 
Note the coexistence of the two phases within 2º of TN (~216 K).  
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Figure 7.5: Temperature evolution of the paraelectric and antiferroelectric phases around 
the phase transition temperature of NH4H2AsO4, obtained from Fig. 4. 
 

 

 
 
Figure 7.6: Temperature dependence of δiso for 15N (left) in ADA at 21.1 tesla referenced 
to Valine. The right side shows an expanded view around TN (right) without the jump 
(after subtracting the sharp anomaly) around the phase transition temperature, TN at 216 
K. Note the large anomaly around TN, indicating the presence of a displacive component 
in the transition mechanism. 
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Figure 7.6 (right) panel shows the temperature dependence after subtracting the 

sharp anomaly due to the phase transition at 216 K. The subtraction was done by (a) 

omitting the points representing the dip, within the 2 degrees of the phase transition, and 

(b) raising the rest of the lower temperature plot to be in line with the highest points on 

the T > TN side.  It is seen that δiso varies rapidly but nonlinearly around the TN.  

Figure 7.7 shows the temperature dependence of the linewidth through the phase 

transition. The width starts to increase as the antiferroelectric phase appears which is 

represented with the red circles. Black squares represent the paraelectric phase. It is 

showing that the motion of the NH4
+ ion is slowing down. Another evidence is obtained 

for the slowing down of the motion from the spin-lattice relaxation time, T1, 

measurements which will be discussed in section 7.3.2. 

 
 
 
 
 
 

 

 

 

 

 

 

Figure 7.7: Temperature dependence of the linewidth at half-height of the 15N spectra for 
ADA, showing an anomalous increase around the phase transition, at ~216 K. 
 

7.3.2 Temperature dependence of spin-lattice relaxation time, T1 at 11.7 tesla 

 

We measured the temperature dependence of the 15N spin-lattice relaxation time, 

T1, to probe the role of NH4
+

 ion motion in the transition mechanism using both 11.7 and 

21.1 tesla field. The importance of the high field is that we were able to get very detailed 
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measurements around the TN~216 K. We were able to resolve the two phases around the 

phase transition that helped us to measure the spin-relaxation time, T1 for both phases.  

The evidence for the order/disorder component is shown by the spin-lattice 

relaxation time (T1) studies. Figure 7.8 shows the temperature dependence of the 15N T1
 

over a wide temperature range around the TN, which was possible at 11.7 tesla. A clear 

discontinuity appears in the T1 data near TN~216 K.  

 

 

 

 

 

 

Figure 7.8: Temperature dependence of T1 for 15N in NH4H2AsO4 at a resonance 
frequency of 50.7 MHz (H0=11.7 tesla). Squares are the experimental data points while 
the line is the theoretical fit based on Eqs. (3-5), with the parameters presented in Table 
7.1.  

The temperature dependence of T1 was analyzed using the semi-classical, 

Bloembergen, Purcell and Pound (BPP) model [41] wherein T1 is related to a correlation 

time, cτ , which is the characteristic time between significant fluctuations in the local 

magnetic field experienced by a spin due to molecular motions or reorientations of a 

molecule. It is assumed that the temperature dependence of cτ follows an Arrhenius -

like behavior: 

                                   ⎟
⎠
⎞

⎜
⎝
⎛=

RT
Ea

c exp0ττ                                     [7.2], 

where 0τ  is the single particle correlation time, Ea the activation energy for the 

dynamic process, R the gas constant, and T the absolute temperature. 
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The relationship between the spin relaxation rate, 1/T1 and the correlation time is 

expressed by the BPP equation for heteronuclear dipole-dipole interaction [41, 42]: 
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where ωN is the 15N resonance frequency, ωH is the 1H resonance frequency and C is the 

dipole-dipole interaction constant,  
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where rNH is the average N-H bond distance, and N and H are the gyromagnetic ratios of 
15N and 1H, respectively. The calculated value for C was 4.86×1081/s2 using the N-H 

bond length of 1.031 Ǻ taken from NH4H2PO4 [78]. 

The experimental T1
-1 data (Fig. 7.8) were fitted to Eqs. (2) and (3), with Ea, 0 

and C being treated as variables. Once we find C from the low-temperature fit which is 

1.29×109 1/s2, then we used it for the high-temperature fit because the value of the N-H 

bond distance from the fitted value came out to be about within 10% error. This is 

acceptable in the absence of structural data on the N-H distances for ADA from the 

literature. It is seen that Ea remains more or less constant but 0 increases by a factor of 

2.5 in going from the high-temperature tetragonal to low-temperature orthorhombic 

phase, so the correlation time increases by the same amount on going through the TN. 

This result indicates that the slowing down of the NH4
+ motion, likely due to the 

formation of new N-H…O bonding, triggers the phase transition. The pre-exponential 

factors and activation energies derived from the fitting are given in Table 7.1. 
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Table 7.1: Arrhenius parameters for the molecular motion of NH4
+ in ADA obtained from 

15N T1 measurements. The nucleus being measured is underlined. 

 

Compound Phase    Group        Ea (kJ/mole) 0 (s) 

ADA High Temperature 

(tetragonal) 

      NH4
+      15.0±0.2 

       

2.4± 1 ×10-14  

  

ADA Low Temperature 

 (orthorhombic) 

     NH4
+       15.5±0.2 

        

6.0± 1×10-14 

 

  

The 0 and Ea values (Table 7.1) enabled us to calculate the correlation times for 

the 15N site (Fig. 7.9). The results are collated in Table 7.2.  In order to examine the 

mechanism of the spin-lattice relaxation process, we also compared it with the c for the 

motion of ammonia protons the 1H, T1 data reported earlier by Grosecu [27]. Table 7.2 

shows a comparison of the correlation times for 15N as measured in the present study and 

those of 1H, obtained from the results reported earlier [27]. The close similarity between 

the two sets of data as seen in Table 7.2 implies that the same motion underlies the T1 

process for all nuclei, and relates to the phase transition mechanism. This slowing down 

of the NH4
+ motion thus appears to be the more prominent signature of the phase 

transition. 

 

Table 7.2: Correlation times for 1H and 15N in NH4H2AsO4. 

 

      Parameter             250 K              150 K  Ref 

c
τ  for 15N              4.2×10-11 s             1.4 ×10-8 s This 

work 

 
c
τ  for 1H             3.4×10-11 s              1.5 ×10-8 s [27] 
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            Figure 7.9: Temperature dependence of c for 15N in ADA at 11.7 tesla. 

 
7.3.3 Temperature dependence of spin-lattice relaxation time, T1 at 21.1 tesla 

 

Spin-lattice relaxation time, T1, results of the high field (21.1 tesla) enabled us to 

probe the behavior of the ADA crystal lattice near the phase transition. Figure 7.10 shows 

the difference in the saturation curves from which we get the T1 values.  This data was 

taken at 215. 2 K, where we could see both phases equally. It is obvious that the curves 

are different and gave different T1 values. For the paraelectric phase T1 was found to be 

1.03 ± 0.05 s and for the antiferroelectric phase, it was significantly shorter, 0.82 ± 0.04 

s.  
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Figure 7.10: 15N signal intensities of ADA as a function of delay time, , recorded at 900 
MHz. Fittings yield the spin-lattice relaxation times of 1.03 ± 0.05 s and 0.82 ± 0.04 s for 
paraelectric and antiferroelectric phases, respectively.  

 

Figure 7.11 depicts the T1 vs. temperature plot around the TN~216 K. The results 

of T1 measurements had indicated the coexistence of the antiferroelectric and paraelectric 

clusters for the first time. The correlation time was found to be 100 ps for the paraelectric 

clusters and 400 ps for the antiferroelectric ones in the close vicinity of TN. Figure 7.12 

shows the correlation times of the antiferroelectric and the paraelectric phases around the 

TN. The correlation times were calculated using the T1 values from the 900 MHz data in 

the close vicinity of TN and were normalized according to the 500 MHz data. 
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Figure 7.11: (a) Temperature dependence of T1 for 15N in ADA at a resonance frequency 
of 91 MHz (H0=21.1 tesla), (b) expanded view of the highlighted region in (a). 

 

 

 

 

 

 

 

 

Figure 7.12: Correlation times, c in picoseconds for the NH4
+ fluctuations around the TN 

of ADA at 216 K. 

 

 

(a) 

 

(b) 
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7.4 Summary and Conclusion 

 

The temperature dependence of 15N isotropic chemical shift, δiso, showed a clear 

increase at the antiferroelectric phase transition. This change is evidence of displacive 

component in the role of NH4
+ ion in the phase transition. On the other hand, the motional 

dynamics observed via the T1 measurements indicates the presence of the order-disorder 

behavior at this site, since the NH4
+ motion shows a sudden change at the phase 

transition. Correlation times and activation energies for the motion of 1H and 15N nuclei 

are found to be essentially similar indicating that the same motion underlies the T1 

process for both nuclei. The rotational motion of the NH4
+ ion slows down by four-fold, 

facilitating the N H. . .O bond formation, and the onsetting of the phase transition.  With 

the measurements using the 21.1 tesla, we were able to detect the transition with better 

resolution and sensitivity.  

Figure 7.13 is taken from a book [79] which describes the Ising model of 

magnetism at its transition temperature Tc. Using the Monte Carlo method [80] the 

picture was generated. At high temperature, the system is non-magnetic. At the 

temperature shown (Fig. 7.13) the system is deciding whether to magnetize up (black) or 

down (white). The interaction energy is described as,  

j

ij

iij ssJE ∑=
                                                                                   (7.5) 

where J is the exchange energy (measures the spin-spin interaction) and si is the value of 

the spin at the i-th site in the lattice, and s=+1 if the spin is pointing up and s=-1 if the 

spin is pointing down. We could correlate this phenomenon to the antiferroelectric 

transition of the electric dipoles.  In this case we have electric dipoles which will be 

pointing randomly in the high temperature which describes the paraelectric phase. As we 

approach to the phase transition, TN, the electric dipoles will start to align to form the 

antiferroelectric clusters.  

The cluster volume increase rapidly as a function of temperature as T is lowered 

through the nominal transition temperature TN (~216 K), as can be seen from Fig. 7.5. It 
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is noteworthy that the spin-lattice relaxation time, T1, is significantly (~25%) longer for 

the PE lattice than for the AFE clusters, and for both clusters the T1 remains different, but 

essentially constant within the temperature range of the coexistence of the PE-AFE 

clusters. This is akin to a melting transition, in that the temperature remains constant until 

the whole lattice melts into the new phase. The cluster lifetime is long-enough to be 

observed by NMR, i. e., fraction of a second near the TN. The fact that the NMR peaks 

remain sharp implies that the diffusion of molecules from the AFE clusters to the 

paraelectric lattice is slow; the upper-bound on the cluster lifetime is the inverse of the 

linewidth ~ 1/4.66 Hz ~ 214 ms. The observations lead us to propose that the phase 

transition is completed when the entire crystal lattice is filled up by the low-temperature 

clusters.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7.13: A schematic representation of the snap shot of spin-correlated clusters in the 
Ising model. We envisage similar behavior of the electric dipoles in the antiferroelectric 
transition in ADA [79]. Thus, black regions represent the antiferroelectric clusters and the 
white area is the paraelectric lattice. 
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CHAPTER 8 
 
 

                      Summary and Concluding Remarks 

 

This study was conducted to investigate the details of the phase transitions in 

three model hydrogen-bonded compounds: ammonia borane (NH3BH3), ammonium 

dihydrogen arsenate (NH4H2AsO4), and ammonium dihydrogen phosphate (NH4H2PO4), 

using 15N, 31P and 75As NMR as a probe. 

The detailed 15N high resolution MAS-NMR data of NH3BH3 clearly show that 

the molecular motion of the NH3 group plays a pivotal range in the mechanism of the 

phase transition of NH3BH3 at Tp~225 K: the slowing down of the NH3 motion seems to 

trigger the transition. The evidence for this is seen in the increase in the NH3’s motional 

correlation time by nearly two orders of magnitude on cooling through the phase 

transition, but by only one order of magnitude for the BH3 moiety. The activation energy 

for the NH3 librational motion increases from 6 kJ/mole at T>Tp to 14.5 kJ/mol at T<Tp. 

Correlation times and activation energies for the motion of 1H, 2D and 15N nuclei are 

found to be essentially similar, indicating that the same motion underlies the T1 process 

for all of these sites. These results point to the order-disorder behavior of the phase 

transition. Other important result is the discontinuity in δiso at Tp which is interpreted as  a 

direct evidence that the transition involves a distortion of the NH3 unit i.e., a displacive 

character, in contrast to the order-disorder behavior assumed in the earlier studies. This 

discontinuity might be related to a slight change in the double hydrogen (N-H…H-B) 

bonding. 

The 15N high resolution studies on NH4H2PO4 were less successful, since below 

the antiferroelectric transition temperature (148 K), the 15N peak became undetectable, 

for both the MAS and the static cases which is most likely due to large chemical shift 

anisotropy at low temperatures. On the other hand, the temperature dependence of 31P 

isotropic chemical shift, δiso, and the linewidth showed a clear anomaly at the 

antiferroelectric phase transition. This change is evidence of displacive component in the 

role of PO4
3- ion in the phase transition. The static spectra show that the lattice starts to 
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form molecular clusters within 1-2 K of the phase transition. The transition is completed 

when these clusters fill in the entire lattice. The cluster life-time was found to be greater 

than the inverse linewidth (~1.2 ms).  

The bulk of the dissertation focused on the antiferroelectric phase transition in 

NH4H2AsO4 at 216 K. We used high Zeeman fields to measure the 75As quadrupole 

coupling in the paraelectric phase. Our value at room temperature is ~4.72 MHz which is 

comparable but more precise than the literature value of ~4.62 MHz. The quadrupole 

coupling changes sensitively with temperature as the phase transition is approached from 

the high temperature side. The temperature dependence could be well explained as being 

due to an internal librational mode of the AsO4
3- ion. Our hope of measuring precisely the 

change in the quadrupole coupling below the phase transition was hampered by the very 

complex nature of the low-temperature spectra. We then decided to focus on the 15N 

nucleus as a probe to investigate the details of the phase transition. 

Our 15N CP/MAS NMR experiments on NH4H2AsO4, using 7.1-21.1 tesla fields, 

showed that both the spectral resolution and sensitivity improve significantly at highest 

static field used, 21.1 tesla. The resolution enhancement seems to have its origin in the T2 

increase at higher fields. The enhanced resolution and sensitivity have enabled us to 

probe the nature of the antiferroelectric transition in NH4H2AsO4 to a depth not possible 

at lower fields. The temperature dependence of 15N isotropic chemical shift, δiso, showed 

a clear increase at the antiferroelectric phase transition which is an evidence of displacive 

component in the role of NH4
+ ion in the phase transition. In addition to the displacive 

nature, the motional dynamics observed via the T1 measurements indicate the presence of 

the order-disorder behavior at this site, since the NH4
+ motion shows a sudden change at 

the phase transition. Correlation times and activation energies for the motion of 1H and 
15N nuclei are found to be essentially similar indicating that the same motion underlies 

the T1 process for both nuclei. The rotational motion of the NH4
+ ion slows down by four 

near the phase transition, facilitating the N H. . .O bond formation, and triggering the 

localization of the O-H…O protons, and hence the phase transition. The measurements 

with 21.1 tesla enable us to detect the spectra with better resolution and sensitivity. We 

were able to see both phases within 2 K around the phase transition ~216 K which is an 

evidence for the cluster formation near the phase transition.  
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A striking observation in the cluster formation regime was that the spin-lattice 

relaxation time, T1, was significantly (~25%) longer for the paraelectric (PE) lattice than 

for the antiferroelectric (AFE) clusters. Additionally for both cases the T1 remained 

different, but essentially constant, within the temperature range of the coexistence of the 

PE-AFE clusters. The fact that the NMR peaks remain sharp implies that the diffusion of 

molecules from the AFE clusters to the paraelectric lattice is slow; the upper-bound on 

the cluster lifetime is the inverse of the linewidth ~ 1/4.66 Hz ~ 214 ms which was long 

enough to be observed by NMR. The observations lead us to propose that the phase 

transition is completed when the entire crystal lattice is filled up by the AFE clusters.  

The main conclusions from this study are (a) 15N and 31P are very sensitive probes 

to investigate the mechanism of the phase transitions using high resolution NMR of 

solids, (b) NMR at high fields such as 21.1 tesla yields much improved data in terms of 

the resolution and the sensitivity than possible at lower fields, (c) In the phase transition 

region, the lattice develops locally ordered regions, termed as AFE clusters, that are long-

lived on the NMR time scale (~214 ms), and these clusters rapidly increase in size to fill 

the entire lattice below the transition temperature, and (d) the transitions involve both 

‘order-disorder’ and ‘displacive characteristics’. 
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