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N M R wideline and pulse techniques have been used to study orientation and molecular 
motions of the intercalation compounds of niobium disulfide with monolayers of mono-, di-, and 
trimethylamine, te t ramethylammonium and ammonia. Specific information has been obtained 
from the 'H and 2 D spectra and from spin-lattice relaxation measurements of the selectively 
deuterated monomethylamines. Models for the arrangement of the various molecules within the 
layers and for the motions have been derived. One-dimensional rotation of CH 3 and N H 3 groups, 
rapid intermolecular exchange of NH, N H 2 and NH 3 protons, as well as translational and 
reorientational motions of whole molecules are of importance. Interpretation of spin-lattice 
relaxation rates at various temperatures and frequencies yields details of some of these mo-
tion and numerical values for the activation energies. 

1. Introduction 

From both the chemical point of view and the 
aspect of technical application there has been con-
siderable interest in intercalation compounds which 
are formed by the insertion of atomic of molecular 
guest species into suitable host lattices [1]. The 
chemical process associated with intercalation into 
conducting host lattices may be considered as a 
reversible topotactic redox reaction by electron/ion 
transfer, and stoichiometric or nonstoichiometric 
crystalline compounds can thus be obtained. Among 
various host lattices with different structure and 
dimensionality layered transition metal (M) dichal-
cogenides MX 2 in particular are capable of inter-
calating a large variety of molecular species of 
different size and geometry. The host lattice has 
hexagonal structure and can be described in terms 
of a stacking of MX 2 sheets which are held together 
by weak van der Waals forces. The conduction elec-
trons in the layers display quasi-two-dimensional 
properties. Upon intercalation the lattice is expand-
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ed perpendicular to the layer planes depending on 
the size and orientation of the guest species. The 
properties of the guest phase are strongly influenced 
by the nature of the guest-host and guest-guest 
interactions and the two-dimensional character of 
the interlayer space. 

For studying structure and motion of such inter-
calation compounds nuclear magnetic resonance 
(NMR) techniques have proved to provide powerful 
tools. We investigated in particular the structure of 
the guest phase and the mobility of water in various 
layered chalcogenides of the type Av(H20)v.[MS2]v~ 
with A = Li, Na, K, N H 4 , Rb, Cs [2, 3]. In the 
monolayer hydrates the diffusion turned out to be 
two-dimensional in character and proton exchange 
within the layers was shown to exist [4], We have 
now extended such investigations to molecular 
intercalates with Lewis base character, and we 
present here results of a study of the intercalation 
compounds of niobium disulfide NbS 2 with mono-
layers of mono-, di-, and trimethylamines, tetra-
methylammonium ion and ammonia itself. The aim 
was to gain information on the molecular dynamics 
and orientation of the guest species and on the 
guest-host and guest-guest interactions, respectively, 
by solid state N M R techniques. In principle the 
spectra and the spin-lattice relaxation were expected 
to depend on interactions associated with 
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i) one-dimensional rotation of CH 3 or N H 3 groups 
about their threefold (C3) symmetry axes, 

ii) reorientation of the molecular symmetry axes 
within the layer, 

iii) two-dimensional diffusion of molecules, and 
iv) proton-exchange. 

The question whether rapid proton exchange 
occurs is closely connected with the postulated 
existence of ionic species [5], vide infra. The results 
for NH 3 [NbS 2 ] will be compared with those for 
NH3[TaS2] obtained from extensive studies of 
Silbernagel et al. [6-11] . 

2. Preparation of Samples 

Host lattice 

Niobium disulfide was obtained by reaction of the 
elements (purity: sulfur 99.5%, niobium 99.9%) in 
evacuated sealed quartz ampoules at 950 ° C / 8 d 
under addition of iodine (5 mg/ml ampoule vol-
ume) for isothermal transport. The ratio N b / S was 
equivalent to 1:2.1. After the reaction iodine and 
excess sulfur were removed by treatment of the 
resulting product in vacuum at 150 °C/10" 2 bar. 
The size range of the crystallites corresponded to 
0.05-0.1 mm. Hexagonal lattice parameters of the 
product 2H-NbS 2 were a = 332.1 pm. c = 1188 pm. 

Ammonia and monomethylamine compounds 

These phases were prepared by thermal intercala-
tion of NbS 2 with the corresponding guest species in 
a vacuum system. For removal of traces of H 2 0 and 
0 2 ammonia was first condensed on sodium metal 
and subsequently allowed to react with 2 - 3 g of 
outgassed NbS 2 close to the temperature of the 
boiling point of N H 3 in a vycor glass ampoule of 

Table 1. Character izat ion of amine intercalation com-
pounds G v [NbS2]. G = guest species, .v = nominal rat io 
guest molecu le /NbS 2 as de termined from the C/N content. 
d = interlayer spacing, n = electrochemical charge t ransfer 
in e~ /NbS 2 . 

G V c/(pm) n 

N H , 1.0 902 — 

C H , N H , 0.5 934 -

C H , N D , 0.5 934 -

C D , N H , 0.5 935 -

( C H ^ N H ; 0.33 969 0.34 
( C H , ) , N H + 0.3 962 0.30 
(CH,) 4 N + 0.28 1141 0.31 

appropriate size. After a reaction time of 8 h the 
temperature was slowly increased to 25 °C and the 
ampoule was sealed. 

The gaseous monomethylamines CH 3 NH 2 , 
CH 3 ND 2 and CD 3 NH 2 were prepared from the 
commercially available hydrochlorides by reaction 
with aqueous solutions of N a O H or N a O D . respec-
tively, and condensed on freshly prepared CaO. To 
remove the last traces of water, the amines were 
subsequently condensed on sodium metal and 
stirred until the intense blue color of the meta l / 
amine solution appeared. The following procedure 
was similar to that described above for the am-
monia phase. 

Compounds with higher methylamines 

The preparation of these phases was achieved by 
electrochemical intercalation at ambient tempera-
ture. Pressed polycrystalline electrodes of NbS 2 

(2 — 3 g) were reduced cathodically under N 2 atmo-
sphere in aqueous 1 M solutions of dimethyl-, tri -
methyl- and te tramethylammonium sulfate at con-
stant current. X-ray data and potential /charge trans-
fer curves indicated for all systems a two phase 
region up to n ~ 0.3 e" /NbS 2 , followed by a non-
stoichiometric region at higher values of n. The 
resulting products were washed with N 2 saturated 
water to remove the electrolyte, dried at 10~2 m b a r / 
25 °C and sealed in glass ampoules under inert gas. 

Characterization 

The composition of the intercalated phases was 
checked by microanalysis (C, H. N) and gravimetric 
determination of the Nb content (Nb 2 0 5 ) . From the 
hexagonal lattice parameters (X-ray Guinier photo-
graphs) the interlayer spacing values were obtained. 
The data are summarized in Table 1. 

3. Experimental Results 

The 'H wideline measurements were carried out 
with a homemade spectrometer operated at 8 MHz. 
The signals were measured as derivated curves of 
the absorption lines, then averaged and stored in a 
computer of average transients. 2D N M R signals 
were measured at 13.5 MHz using a Bruker 
SWL 3—100 wideline spectrometer equipped with a 
Datalab DL 400 signal averager. For the T\ mea-
surements a Bruker variable frequency pulsed N M R 
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0.5 mT 

Fig. 1. 'H-NMR spectrum (derivative curve) of Fig. 2. Proton spin-lattice relaxation rate versus reciprocal 
(CH3NH2)o5[NbS2] measured at two different tempera- temperature for (CH3NH2)0 5[NbS2] . 
tures. 

spectrometer and 90°- t -90° pulse sequences were 
employed. The samples were placed in different 
variable temperature nitrogen or helium flow cryo-
stats depending on the temperature range in 
question. 

(CH3NH2)a5fNbS2] 

At room temperature the 'H N M R spectrum for a 
powder sample of methylamine intercalated in 
niobium disulfide layers consists of an intense 
central line with poorly resolved shoulders (Figure 
1). Upon cooling the signal broadens from ÖH = 
0.11 mT to 0.58 mT, where ÖH denotes the magnetic 
field separation between derivative maxima of the 
absorption spectrum (Fig. 1, below). The second 
moment of the absorption line increases f rom 0.014 
(mT)2 to 0.24 (mT)2. Figure 2 shows the tempera-
ture dependence of the spin-lattice relaxation rate 
1 / r , measured at two different N M R frequencies 
and plotted against reciprocal temperature. The 
log ( 1 / r , ) vs. (103/F) curves appear to be greatly 
asymmetric and extend to lower temperature. The 
solid lines correspond to the data fits discussed in 
the next chapter. 

(CD3NH2)a5[NbS2] and (CH3ND^NbSJ 

In order to understand the observed behaviour we 
prepared and studied analogous materials with 
selectively deuterated methylamines. The proton 
resonance of CH 3 ND 2 looks rather similar to that of 

Fig. 1, but the satellite lines having a separation of 
A/ / = 0 .37mT are now well resolved (Figure 3 a). 
The 'H N M R spectrum of CD 3 NH 2 consists of a 
narrow line only (Figure 3 b). At low temperature 
the 'H N M R spectra of both CH 3 ND 2 and CD 3 NH 2 

broaden considerably (not shown). 
The 2D spectrum of CD 3 NH 2 shows the powder 

line shape characteristic of an / = 1 spin system sub-
ject to an axially symmetric quadrupole coupling 
[12]. The most prominent features are the singulari-
ties leading to a doublet in the derivative mode 

Fig. 3. ' H - N M R (left hand side) and 2 D - N M R spectra 
(right hand side) of the methyl and amino group, respec-
tively, of (CH 3NH 2) 0 5[NbS 2] . Selectively deuterated com-
pounds were used. 
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300 , 2Q0 1$0 120 1Q0 8,0 7.0 T/K 

---o CH3ND2 

15 MHz 

^30 MHz 

103/T 
K"1 

Fig. 4. Proton spin-lattice relaxation rate versus reciprocal 
temperature for (CD 3 NH 2 ) 0 5 [NbS 2 ] (solid line) and 
(CH 3 ND 2 ) 0 5 [NbS 2 ] (dotted Fine). The measurements were 
carried out at 15 MHz (o, • ) and 30 MHz ( • , • ) . 

with a splitting of AH = 2.9 mT, accompanied by 
satellites exhibiting twice this splitting, Figure 3c. 
The deuteron spectrum of the amino group in 
CH 3 ND 2 shows a similar pattern, the central part of 
which with a splitting of approximately 8 mT is dis-
played in Figure 3d. Note the difference to the 
proton spectrum, where a narrow central line only is 
observed. Figure 3 b. 

As compared with CH 3 NH 2 , in the temperature 
dependence of 1 /T, for CD 3NH 2 only the high tem-
perature maximum is left (Figure 4). For CH 3 ND 2 

the low temperature maximum is more or less iden-
tical with that of CH 3 NH 2 , whilst the high tempera-
ture peak is much weaker. 

287 K 

5 mT 

2 9 5 K 

5 mT 

J\ 
2 8 7 K 

5 mT 

Fig. 5. 'H-NMR spectra of a) ((CH3)2NH)0 3[NbS2] , b) 
((CH3)3N)0 .3[NbS2], and c) ( (CH 3 ) 4 N + ) 0 iNbS 2 ] . 

((CH3)2NH)a3fNbS2J, ((CH3)3N)0.3[NbS2] 
and [(CH3)4N+]().3[NbS~2] 

Figure 5 shows the 'H NMR spectra measured at 
room temperature. The spectrum of dimethylamine 
is of the same type as that of methylamine, but the 
separation between the satellites is smaller 
(0.21 mT). Trimethylamine has a rather broad and 
structureless line and tetramethylammonium a very 
narrow signal. At 77 K the spectra appear to be 
much broadened (not shown) and the second 
moments become 0.11 (mT)2, 0.08 (mT)2 and 0.20 
(mT)2, respectively. The corresponding values at 
room temperature are 0.002 (mT)2 and 0.024 (mT)2; 
for (CH3)4N+ it is smaller. 

The temperature dependences of 1/7^ (Figs. 6 to 
8) are distinguished by a similar character as that of 

Fig. 6. Proton spin-lattice relaxation rates versus reciprocal 
temperature for ((CH 3) 2NH) 0 3[NbS 2] . 



10VT 

Fig. 7. Proton spin-lattice relaxation rates versus reciprocal 
temperature for ((CH3)3N)0.3[NbS2]. 

IPVT 
K-1 

Fig. 8. Proton spin-lattice relaxation rates versus reciprocal 
temperature for ((CH3)4N+)o.3[NbS2]. 

methylamine, but the m a x i m a occur at d i f fe ren t 
temperatures, and in case of ( C H 3 ) 4 N + there is more 
overlap between the two curves. 

NHifNbSJ, (NHsJojfNbSJ and NHjfTaSJ 

We have also studied several intercalation com-
pounds with ammonia itself since the results for the 
methylamines could be expected to be useful for the 
understanding of some prob lems still open a f te r the 
comprehensive work of Silbernagel et al. [6—11], 
The wideline spectra of NH 3 [NbS 2 ] correspond to 
those observed in TaS 2 and TiS 2 [8, 9], but the tem-
perature dependence of the relaxation rate \/T\ 
(Fig. 9) is much more similar to that of 
((CH 3) 4N+) 0 . 3[NbS 2] rather than to that publ ished 
for NH3[TaS2] [10, 11]. We therefore repeated the 
measurements for NH3[TaS2] , obtaining essentially 
the same results as those of Ref. [10] with one 
maximum only. Finally measurements were m a d e 
on a sample (NH3)0 .s[NbS2] which was not fully 
intercalated. In contrast to measurements publ ished 
for (NH3)0.8[TaS2] [11], giving results not much 
different f rom those of the fully loaded mater ia l , 
Fig. 10 shows that the m a x i m a are shif ted towards 
lower tempera ture and that the relaxation strengths 
are different. 

3. Interpretation 

3.1. Wideline Spectra 

Analysis of the spectra is facil i tated by consider-
ing first the selectively deutera ted methylamines of 

F igure 3. The 'H N M R powder spectrum of the 
methyl group (Fig. 3 a) corresponds to the d ipolar 
l ineshape calculated for a t r iangular conf igura t ion 
of protons when isolated C H 3 groups rotate about 
their threefold (C3) axes with a f requency larger 
than the frequency splitting in the exper iment [13]. 
For such a si tuation the spectrum consists of a 
central line and two satellites with a magnet ic field 
splitting of 

Using the values p0/4n= 10 7 SI units, y p = 2.675 
• 1 0 8 T H s ~ ' (magnetogyric ratio of the proton) , 

)/T, 
s-i 

50 

20 

10 

Fig. 9. Proton spin-lattice relaxation rates versus reciprocal 
temperature for NH3[NbS2]. 

350 300 250 200 150 , 130 T/K 
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200 150 100 80 70 60 50 4.0 T/K 

Fig. 10. Proton spin-lattice relaxation rates versus recipro-
cal temperature for (NH3)o.5[NbS2]. 

ti = 1.0545 • 10 -34 Js (Planck's constant) and R = 
0.179nm (proton-proton distance) Eq. (1) yields a 
splitting of 0.74 mT, which is twice as much as that 
observed experimentally. This means that there is 
an additional reduction by a sufficiently rapid re-
orientation of the whole molecules about another 
axis. In such a case the right hand side of Eq. (1) 
has to be multiplied by a factor y ( 3 c o s 2 0 - l ) , 
where 0 is the angle between the axis about which 
the molecule rotates and the C 3 direction. The ex-
perimental results are consistent with <9 = 90°, i.e. 
reorientation takes place about the crystallographic 
e axis, see Fig. 11 (next chapter). 

This interpretation is supported by the 2D N M R 
spectrum of the CD 3 group. Figure 3c. In this case 
the theory of the 2D N M R is similar to that of the 
'H N M R of a proton-proton pair [14], and a doublet 
is found with a magnetic field splitting of [15] 

A H = 
3 e2q Q 

4 yDti 
(2) 

e Q is the quadrupole moment, and eq is the electric 
field gradient at the 2D nuclei, which is first of all 
determined by the electrons within the C - D bonds 
and which is assumed to be axially symmetric. Ex-
perimental values of the quadrupole coupling con-
stant e2qQ/h published for rotating CD 3 groups in 
solids normally lie between 50 and 60 kHz [15. 16]. 
This corresponds to splittings between 5.9 and 
6.9 mT (7o = 4.106 • 107 T _ 1 s_1), cf. (2). Of course, 
the reorientational motion about the c axis again 

reduces these values by a factor 2. so that there is 
satisfactory agreement with our experimental value 
of 2.9 mT. 

The proton resonance of the amino group is a 
single narrow line (Fig. 3 b) rather than a two-spin 
doublet which was observed for water in layered 
chalcogenides [2]. The singulet can neither be ex-
plained in terms of a N H 2 rotation, nor by any kind 
of isotropic random motion, since the 2D spectrum 
of the amino group (Fig. 3d) is a doublet. For rigid 
N D : groups experimental values for quadrupole 
coupling constants e2qQ/h between 125 and 
195 kHz have been published [15, 16], depending 
upon whether hydrogen bonds exist or not. The 
electric field gradient is approximately axially sym-
metric, since it is dominated by the electrons within 
the N - D bonds. In our case, therefore a splitting 
between 14 and 22 mT would be expected, cf. (2), 
when the molecular rotation about the c axis is not 
yet considered. The latter reduces the values by 
4 (3 cos2 0 - 1) with 0 = 3 5 . 3 s e e Fig. 11. Thus a 
field splitting between 7 and 11 mT is expected in 
satisfactory agreement with our experimental value 
of 8 mT. 

It remains to explain the narrow 'H N M R line, 
and here intermolecular proton exchange is the only 
mechanism which is not at variance with the experi-
ments. Indeed, proton exchange has been shown to 
exist even in the analogous monolayers of water [4], 

The 'H N M R of CH 3 NH 2 intercalated in NbS2 

layers (Fig. 1) is just the superposition of the 
spectra of Figs. 3 a and 3 b. Since the central 
resonance contains large contributions from both 
the methyl and the amino protons the satellites 
cannot easily be recognized. At low temperature 
broadening occurs since several modes of molecular 
or protonic motion are frozen out. 

The aforementioned results also explain the nar-
row lines observed for NH3[NbS2] and for 
NH3[TaS2], where the latter was interpreted by a 
molecular motion which averages the proton-proton 
dipolar interactions to zero [8]. As in the case of 
intercalated methylamine. however, the narrow and 
symmetric powder spectrum of ammonia at room 
temperature can readily be understood in terms of a 
rapid proton exchange. This interpretation agrees 
well with data of Silbernagel et al., not only as far as 
the : D spectrum is concerned [9], but also with 
respect to the anisotropy of the spin-lattice relaxa-
tion time [7], 
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The 'H N M R spectrum of ((CH3)2NH)o.3[NbS2], 
Fig. 5 a, looks rather similar to that of the inter-
calation complex of methylamine. The spectrum 
again is determined by both the rotating three-spin 
system of the methyl protons and the exchange-
narrowed line f rom the amino proton, where the 
splitting is fur ther reduced by molecular reorienta-
tion about the c axis. The smaller magnet ic field 
splitting of 0.21 mT indicates that the angle 0 be-
tween the C3 axis and the c axis is about 113° which 
is in complete agreement with the arrangement of 
Fig. 11, where the lone pair orbital of the nitrogen 
atom lies parallel to the disulf ide layers. The two 
outer lines that can be recognized in Fig. 5a are 
probably due to intercalated water impurities. 

No specific information is obtained f rom the 
structureless signal of (CH3)3N[NbS2] , Fig. 5 b, 
probably because of the various intra- and inter-
molecular interactions between the methyl protons. 
The 'H N M R line of (CH 3 ) jN[NbS 2 ] , Fig. 5c, is 
again narrow, and this mirrors the high symmetry of 
the intercalated molecules which makes the re-
orientational motion more ore less isotropic. The 
second moment values of the intercalation com-
plexes at 77 K show that (in contrast to molecular 
reorientation, exchange, and di f fus ion) the rotations 
of the methyl groups are not yet completely frozen 
out. 

3.2. Spin-Lattice Relaxation Data 

With the exception of intercalated C D 3 N H 2 (Fig. 
4) all the log 1/7^ vs. 10 3 /F representations (Figs. 2, 
6 - 1 0 ) display two maxima of the relaxation rates. 
Assignment is achieved by compar ing the data of 
monomethylamine (Fig. 2) and its selectively deut-
erated derivatives (Figure 4). T h e " low" tempera-
ture peak which occurs in Fig. 2 between 110 and 
120 K disappears upon deuterat ion of the methyl 
group. Figure 4. From this and also f rom general 
considerations it is clear that in Figs. 2 and 6 to 8 
the " low" tempera ture peak belongs to the hindered 
rotation of the methyl groups about the C 3 sym-
metry axes, and the "h igh" tempera ture peak is as-
sociated with the reorientation and translation of 
the molecules. Those protons which do not partici-
pate in the respective motion in the tempera ture 
range in question will be relaxed via spin d i f fus ion 
[12] to the center of thermal motion. The assignment 
of the relaxation peaks for ammonia (Figs. 9 and 10) 

is more involved. By analogy with the methylamines 
the "h igh" temperature peak is assumed to be as-
sociated with the reorientation and translation of 
the N H 3 molecules, and the " low" tempera ture 
relaxation could be associated with the rotation of 
N H 3 about the symmetry axis. 

The data can neither be explained in terms of the 
simple BPP relation [17] 

1/7" i = C + 
4 r , 

1 + CO2 ZL 1 + 4 (JO2!2 
( 3 ) 

nor by the ln-dependence, derived for a two-
dimensional diffusion [18] 

\/T= C Tr In 1 + 
CO' '•r2 + 4 r P l n 1 + 

4 CO2!2 

( 4 ) 

which has been verified experimentally in the 
analogous monolayer hydrates [4], In the present 
work two-dimensional diffusion was only observed 
in the sample (NH3)0.s[NbS2], which is not fully 
intercalated, cf. Figure 10. Here the solid line cor-
responds to Eq. (4) with a relaxation strength 
C = 1.9- 109 s - 2 and an activation energy EA = 7.5 kJ / 
mol. As usual the correlation t ime rc of the respec-
tive motion is connected with the temperature by an 
Arrhenius law 

tc = rc0 e EJRT 
( 5 ) 

In the fit of Fig. 10 a prefactor rc0 = 1.2 • 10~12 s was 
used. 

All the other relaxation peaks are distinguished 
by different apparent activation energies at tem-
peratures above and below the l / F , max imum. 
Moreover, below the maxima the 1 /T\ values are 
not proportional to the square of the Larmor fre-
quency co as required by Eqs. (3) and (4). A similar 
experimental behaviour was found for molecular or 
ionic motion in glasses [19, 20], biological materials 
[21] and several other samples which are listed e.g. 
in [22], It is possible to explain all this data in 
terms of an asymmetr ic distribution of correlation 
times [ 1 9 - 2 1 ] or by a phenomenological modif ica-
tion of the BPP theory [22, 23], In the second case it 
has been suggested that one may write, at tempera-
tures below the max imum, a simple power law, 

l / 7 W c / ( w r c r + l . 

We have applied this treatment and generalized the 
phenomenological formula in order to obtain BPP 
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behavior at temperatures above the maximum as 
observed experimentally 

Tr 4 Tc 1 /T, = C 
+ (W Tc) j + 1 + • 

1 + ( 2 w t c ) j (6) 

For i = 1 Eq. (6) reduces to the BPP formula. At 
temperatures below the maximum the apparent 
activation energy is and the ratio of relaxation 
times at two different Larmor frequencies is 
r , (co,) / r , (w2) = (w, /co 2 ) l + a . 

Our experimental data of Figs. 2 and 6 to 10 can 
be Fitted by the expressions given in Eqs. (5) and 
(6). There is, within experimental error, complete 
agreement as far as temperature and frequency 
dependence are concerned. The parameters thus ob-
tained for both relaxation peaks of each sample are 
listed in Table 2, and the fits are shown in the 
figures by solid lines. 

4. Discussion 

4.1. Orientation of Guest Molecules within the Layers 

The precise orientation of the methylamines can 
be derived from the N M R spectra, as described 
above, and the lattice expansions. Figure 11 gives a 
schematic representation for each of the inter-
calated molecules. These are drawn on scale as far 
as the size of the amine molecule and the expansion 
of the van der Waals gap (Table 1) are concerned. 
Only one of the respective molecules, which are 
arranged two-dimensionally in the gap, is shown. 
For CH 3 NH 2 and (CH3)2NH the axis of the lone 
pair orbital of the nitrogen atoms always lies par-
allel to the disulfide layers and, as already stated, 
hindered internal rotations of the methyl groups and 
reorientational motion of the molecules about the 
axes indicated in the figure take place. In addition 
there is translational diffusion. The position with 
the lone pair orbital parallel to the layers is ener-
getically favourable, but it was only found for the 
smaller molecules intercalated in NbS 2 . In case of 
(CH3)3N, for steric reasons, as revealed by the gap 
expansion observed, the axis of the lone pair orbital 
of the nitrogen atom has to be perpendicular to the 
layers; otherwise the expansion should be 545 pm 
rather than the experimental value of 362 pm. 
(CH 3 ) 4N+ finally has cubic symmetry and the 
motion is believed to be more or less isotropic. 

NH;, is also included in Figure 11. All the experi-
ments. including those of Silbernagel et al. [6-11] . 

300 pm ' 

cfT 
NH3 

334 pm 

CH3NH2 

362 pm 

(CH3)2NH (CH3)3N 

541 pm J 

(CH3)^N+ 

Fig. 11. Schematic representat ion of the arrangement and 
motions of the various molecules between the disulf ide 
layers. 

for NH3[TaS2] and the analogy with CH 3 NH 2 fully 
agree with the proposed position, where one-
dimensional rotation of the NH 3 group, reorienta-
tional motions of the molecule, diffusion and proton 
exchange make this molecule a complicated object 
to study. 

4.2. Intermolecular Proton Exchange 

The existence of intermolecular proton exchange 
has been directly shown to exist for CH 3 NH 2 . In a 
monolayer arrangement rapid proton exchange is 
not at all obvious, but it was already observed in 
monolayers of water [4], For chemical reasons the 
existence of rapid proton exchange requires the 
presence of ionic species, and we believe that a 
certain fraction of the amines occur protonated as 
cations, where the electrons are transferred to the 
NbS 2 layers. This is in agreement with an earlier 
investigation of the mechanism of N H 3 intercalation 
into TaS2 [5] which demonstrated that the corre-
sponding redox process involves the oxidation of a 
fraction of the guest molecules with formation of 
N 2 . H+ and finally NH 4 . About 10% NH 4 cations 
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Table 2. Numerical results for the relaxation strength C, the activation energy £ A , the distribution parameter a, and the 
limiting value of the correlation time T c o as obtained from the best fitting curves after Eq. (6) for the relaxation maxima 
at "h igh" and " low" temperatures. 

Fig. 
No. 

Guest 
molecule 

"h igh" temperature relaxation " low" temperature relaxation 

•So9 s - 2 
EA 
kJ/mol 

Tco , , 
• 1 0 - | 2 s • 109 s"2 kJ/mol 

Y. r c o 
• 10"12 s 

2.6 36.6 0.4 0.02 1.1 12.5 0.1 0.09 
1.1 30.8 0.3 0.02 1.3 5.9 0.2 3.8 
1.1 23.0 0.2 1.5 4.9 11.3 0.5 0.07 
1.9 22.5 0.6 0.03 4.7 13.3 0.5 0.26 
2.6 23.3 0.7 0.06 4.2 16.6 0.5 0.10 

CH^NH-) 
(CH 3 ) 2 NH 
(CH 3 ) ,N 
(CFh) 4 N + 

NH 3 

solvated by neutral N H 3 molecules were estimated. 
Such a model would also explain the unusual orien-
tation of N H 3 , C H 3 N H 2 , and (CH3)2NH, which is 
unfavourable for charge transfer between the nitro-
gen lone pair orbital and the NbS 2 layers, but 
determined by ion-dipole interaction between guest 
species. Finally, the value of the quadrupole coup-
ling constant of the amino deuterons suggests that 
intermolecular hydrogen bonds exist. 

4.3. Molecular Motions within the Layers 

As described above, the spectra of the amines at 
room temperature are determined by intramolecular 
fields which are greatly influenced by translation, 
molecular reorientation, CH 3 rotation and proton 
exchange. Upon cooling, these motions slow down 
and become finally frozen. At a temperature of 77 K 
the second moments of intercalated CH 3 NH 2 and 
(CH3)4N+ have more or less reached their rigid 
lattice values, which is not the case for (CH3)2NH, 
(CH3)3N and N H 3 . The CH 3 rotation of the last-
named amines freezes at a temperature below 77 K, 
which can also be concluded from the spin-lattice 
relaxation data, if one examines the numerical 
values of Table 2. 

From the N M R point of view it is interesting to 
ask why the resolved three-spin system signal of 
rotating methyl protons was not yet observed in 
other materials. The situation is probably similar to 
that of water in metal disulfide interlayer com-
pounds, where averaging of the intermolecular 
dipole-dipole interaction resulted in the occurrence 
of a nearly perfect "Pake doublet" [2], In case of the 
amines, and particularly if there are not too many 
methyl groups in the molecule, we have more or less 
isolated three-spin systems, where, above a certain 

temperature, intermolecular local fields are aver-
aged and only intramolecular interactions persist. 
The fact that the we do not find three-spin and two-
spin signals for the N H 3 and N H 2 protons, respec-
tively, clearly indicates rapid proton exchange with 
exchange rates above 10 kHz [4], Recently we have 
indeed observed well-resolved three-spin signals for 
N H 3 , but for ammonia solvated by alkali cations in 
order to suppress protolysis: in Li(NH 3) 2C v , 
Li0.8(NH3)0.8MoS2[24] and Cs 0 . 3 (NH 3 ) ,NbS 2 [25], 

Dipolar fluctuations determine the spin-lattice 
relaxation rates. The values of the low temperature 
relaxation strength CLT (Table 2) appear too small 
as compared with the theoretical value of 7.8 • 109 s - 2 

which should at least be reached for (CH3)3N and 
(CH3)4N+ having methyl protons only. This is prob-
ably connected with the occurrence of distribution 
parameters a being much smaller than 1. Since 
relaxation by hindered rotation of methyl groups 
has always shown BPP behaviour, if quantum ef-
fects were absent, the irregularity of all our low 
temperature relaxation peaks looks surprising at 
first glance. The reason may be that the local 
environments of the methyl groups, which are par-
ticularly determined by the host lattice, are dif-
ferent within the layers, in contrast to the methyl 
sites of molecular crystals. The values of the activa-
tion energy for CH 3 rotation have the usual order of 
magnitude; it is, however, not clear why the rotation 
is less hindered in dimethylamine. 

The exceptional behaviour of the low tempera-
ture relaxation of N H 3 , cf. Table 2, needs special 
attention. Although the assignment of the peak is 
not quite certain, the somewhat higher activation 
energy compares well with activation energies 
usually found for relaxation by N H 3 and CH 3 
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rotation. The activation energy for the mot ion of 
NH 3 molecules within the NbS 2 layers ("high" tem-
perature peaks) does not agree with what was found 
for the translational d i f fus ion in TaS 2 by quasi-
elastic neutron scattering [26], Our smaller value of 
23 kJ /mol as compared to 40 kJ /mol for the trans-
lational motion may indicate that the relaxation 
peak is greatly de te rmined by reorientat ion. Fur ther 
studies of ammon ia intercalated in various host 
lattices are in progress in order to explain the dif-
ferent behaviour of N H 3 [ N b S 2 ] and NH 3 [TaS 2 ] , 

The asymmetry of the high t empera tu re relaxa-
tion of the methylamines is less surprising since 
distinction between molecular reorientat ion and 
translation is not unequivocal . The results can be 

compared with those of bilayer hydrates in layered 
chalcogenides [3, 4]. where translational d i f fus ion is 
accompanied by changes of the or ientat ion of the 
water molecules. Only samples not loaded complete-
ly with ammonia displayed dominan t two-dimen-
sional diffusion like those of monolayer hydrates. 
The values of CHT mirror the contr ibut ions of all 
protons in the molecule with a motional ly reduced 
local field of the methyl protons. There fore 
CHT < CLT holds when the same protons are respon-
sible for both relaxation mechanisms as in tri-
methylamine. t e t r ame thy lammonium and a m m o n i a 
itself. The succession of activation energies shows 
that the molecules with the lone pair orbi tal parallel 
to the layers are located in deeper potential troughs. 
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