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The deintercalation and reintercalation processes in ammoniated Ti& have been studied by thermo- 
gravimetric analysis, differential scanning calorimetry, vapor-pressure measurements, and powder X- 
ray diffraction. The enthalpies determined calorimetrically for complete NH3 and NH; deintercalation 
of (NH;)0.24(NH3)0.23TiS~24- are approximately 10.5 and 22 kcal/mole, respectively. These enthalpies 
are in good agreement with those reevaluated from a previous calorimetric study of ammoniated Ta& . 
Ammonia vapor-pressure curves for deintercalation and reintercalation of (NH:)o.24(N~~),“TiSk24- 
exhibit hysteresis, and the enthalpies for these reactions are estimated to be 15.5 and - 13 k&/mole, 
respectively. The absolute values of these enthalpies decrease progressively as NH3 is deintercalated 
and then reintercalated. The structural changes that accompany these processes are relatively complex 
and involve at least two phases. Further structural studies are necessary to help elucidate the ener- 
getics of these intercalation compounds. 0 1987 Academic Press, Inc. 

Introduction 

In 1971, Gamble et al. (1) reported a wide 
range of Lewis bases that could be interca- 
lated into lamellar transition metal dichal- 
cogenide hosts. During the past 15 years 
these intercalation compounds have been 
studied rather extensively, with the interca- 
lation compounds of the prototypical Lewis 
base NH3 in transition metal disulfides 
(T&) receiving the most attention (Z-17). 
The most thoroughly characterized interca- 
lation compound of this type is ammoniated 
TiSz (2%Z7). However, the behavior of this 
simple inter&ant in TiSz and TaS2 is com- 
plex in the sense that NH3 is oxidized ini- 

* This research was supported by NSF Grant DMR 

tially to NH: (II, 15, Z6), NH3, and NH: 
may be ordered (Z6), the orientation of NH3 
is unusual (8, Z5), NH3 can execute a vari- 
ety of molecular motions (4, 9, 10, 18) and it 
may be structurally distorted (18). 

Ammoniated TiS2 is best formulated as a 
mixed ionic-molecular intercalation com- 
pound (NH:),,,(NH&TiS;‘-, in which 
NH: and NH3 occupy interstitial sites be- 
tween two-dimensional [Ti!$]Y’- macro- 
anionic sheets (1.5). For charge compensa- 
tion, one electron is donated to the TiS2 
conduction band per NH: ion (15). Interca- 
lation of NH3 into TiS2 results in formation 
of NH: withy’ = 0.22 -t 0.02 and the inter- 
calation of neutral NH3 as well (15, 16). The 
proposed reaction sequence for NH: for- 
mation upon intercalation of Ti& is (1.5, 16) 

82-15315. 
t To whom correspondence should be addressed. fy’NH3 + $y’N2 + y’H+ + y’e- (1) 
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y’H+ + y’NH3 + y’NH: (2) 

y’e- + TiS2 + [Ti&]Y’-, (3) 

where presumably the NHrcracking reac- 
tion given by Eq. (1) is catalyzed by ex- 
posed Ti at the crystal edges. The reverse 
processes, i.e., NH3 and NH: deintercala- 
tion, occur via the following reactions (15): 

(NH:),,(NH,),,,TiS”- + 
(NH:),,TiS;‘- + y”NH, (4) 

(NH:),,TiS: - ---, 
TiSz + y’NH, + ty’H2. (5) 

There is a conspicuous lack of informa- 
tion concerning intercalation energetics in 
the literature. The only previous study was 
performed by Dines and Levy in 1975 (7) on 
ammoniated Ta&. However, their work 
was based on the assumption that the only 
intercalant present in TaSz was NH3. In 
1977, Schollhorn and Zagefka (II) reported 
the presence of NH: in ammoniated Ta&, 
so that this intercalation compound is best 
described as (NH:),,(NH&TaS; -, where 
y’ = 0.1. Moreover, the recent detection of 
NH: in ammoniated Nb& (19) strongly 
suggests that NH: formation is a general 
phenomenon for NH3 intercalation into 
TS:! . 

In this paper we report the results of the 
first detailed investigation of the reaction 
energetics of intercalation compounds. 
Well-characterized ammoniated-TiS2 inter- 
calation compounds have been selected for 
this work, and they have been studied both 
energetically and structurally using thermo- 
gravimetric analysis (TGA), differential 
scanning calorimetry (DSC), vapor-pres- 
sure measurements, and powder X-ray dif- 
fraction. 

Experimental 

Highly stoichiometric TiSz was prepared 
by direct reaction of the elements at 640°C 
using 40 mg/cm3 of excess S, as described 

previously (15). The stoichiometry of the 
Tii+,& prepared in this fashion is Tii.&$, 
with the maximum error in x being -+O.OOl 
(16). Both the host and ammoniated TiS2 
samples were handled in a helium-filled 
Vacuum Atmospheres Model MO-40-1H 
Dry Train dry box (<l ppm Hz0 and 02) 
and only removed from the dry box in leak- 
checked, sealed containers. 

Polycrystalline samples of (NH:),, 
(NH,),.TiSy2 were prepared by loading 
TiS2 into one leg of an h-cell. Ammonia 
(99.9% from Matheson Gas Products) was 
dried over Na on a high-vacuum line and 
cryopumped using liquid nitrogen into the 
opposite leg of the h-cell. Sufficient NH3 
was cryopumped to be in large excess of its 
maximum 1 : 1 stoichiometry with TiS2 (15). 
The h-cell was then sealed to form an n- 
tube, and the NH3 was poured onto the 
Ti&. The intercalation reaction was com- 
plete in about 2 hr at 20°C which reflects 
the near stoichiometry of the Ti& (20). The 
excess NH3 was condensed in the opposite 
branch of the n-tube and sealed off from the 
intercalate. The tube containing the sample 
was broken in the dry box, and the interca- 
late was transferred to a vial which was 
sealed and stored in the dry box. 

(NH&,TiSs - was prepared by thermally 
deintercalating the NH3 from (NH:),c 
(NH3&nTiS{‘-. Samples of (NH:)JNH3),f, 
TiS$‘- (=I00 mg) were loaded in the dry 
box into the deintercalation vessel shown in 
Fig. 1, which was attached to a high-vac- 
uum line. The sample was held initially at 
liquid-nitrogen temperature while the he- 
lium from the dry box was removed, after 
which the vacuum pumps were isolated 
from the line. The sample was allowed to 
warm to ambient temperature, after which 
it was heated slowly to 147°C using a mag- 
netically stirred mineral oil bath to selec- 
tively remove NH3. The temperature and 
pressure were monitored by a thermometer 
located in the oil bath as close as possible to 
the sample and a Model 220B MKS Bara- 
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FIG. 1. Schematic diagram of the vessel used for 
vapor-pressure measurements. The magnet facilitates 
removal of the sample. 

tron gauge, respectively. After the NH, 
pressure stabilized at 147°C the sample 
was isolated from the vacuum line. The 
NH3 in the line was condensed with liquid 
nitrogen to make sure no noncondensable 
gases were present and NH: decomposi- 
tion had not occurred (see Eq. (5)). Next, 
the sample was evacuated to 10e3 Tot-r for a 
few minutes to remove the deintercalated 
NH3. The absence of NH3 in (NH&TiS{‘- 
was verified by TGA. 

The stoichiometries of (NH:&(NH& 
TiS$- and (NH:),,TiS;‘- were determined 
by TGA and vapor-pressure measurements 
as described previously (15, Z6), with the 
TGA experiments again performed using a 
modified Perkin-Elmer TGS-2 system with 
a 0. I-Fg sensitivity and 0.01% weight reso- 
lution. The precise NH3 composition was 
determined prior to each measurement due 

to the continuous evolution of NH3 from 
these compounds (25). 

The deintercalation and reintercalation of 
NH3 were studied volumetrically using a 
vacuum line having a volume of 690 cm3, 
and the pressure was measured using a 
Baratron gauge calibrated to 0.01 Tot-r. 
Over the pressure range studied (0 to 15 
Torr), a negligible quantity of NH3 (51%) 
was adsorbed by the vacuum system. 
(NH:),,(NH,),,,TiS:‘- samples were loaded 
into the deintercalation vessel, attached to 
the vacuum line, cooled to liquid-nitrogen 
temperature, and evacuated to 1O-5 Tot-r. 
The line and sample were then isolated 
from the vacuum pumps, and the sample 
was allowed to warm to ambient tempera- 
ture. Once the pressure stabilized and re- 
mained constant for at least 20 min, a pres- 
sure-volume-temperature (PVT) data point 
was taken. The sample was then heated at 
approximately 10°C intervals to 147°C using 
a mineral oil bath. After each 10°C interval, 
the temperature was held constant (*O.YC) 
until the pressure was stable for at least 20 
min prior to recording PVT points. After 
NH3 deintercalation was complete, as 
judged by stabilization of the NH3 pressure 
at 147°C the sample was cooled back to 
ambient temperature at 10°C intervals, 
thereby reintercalating the NH3 gas. PVT 
measurements for reintercalation of NH3 
were performed in the same manner as for 
NH3 deintercalation. 

A Perkin-Elmer Model DSC-4 differen- 
tial scanning calorimeter was used for the 
DSC studies. The power was calibrated us- 
ing an electrical heater which supplies a lo- 
mcahsec signal (2 1%) to the sample con- 
tainer. The melting transition of In was 
used to verify the power calibration and to 
calibrate the temperature (kO.2 K). Argon 
(99.999% pure from Matheson Gas Prod- 
ucts) was passed slowly through a cold trap 
at -78°C to reduce any residual water to 
below 1 ppm prior to its use as the DSC 
carrier gas. The ratio of the carrier-gas flow 
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rate to the sample-gas evolution rate as a 
function of time was increased progres- 
sively until no thermal effect of the evolved 
gases could be observed, i.e., until the ob- 
served deintercalation enthalpies were con- 
stant for further increases in this ratio. 
Samples were weighed (-5.00 ? 0.03 mg), 
sealed in Al pans in the dry box, and trans- 
ferred to the DSC-4. Essentially the same 
procedure was used as for the TGA work 
(15, 16). An argon-purged dry bag attached 
to the DSC sample-introduction port was 
used to prevent any sample degradation. 

Powder X-ray diffraction patterns were 
recorded at ambient temperature using Ni- 
filtered CuKa radiation. Samples were 
loaded into 0.3-mm Pyrex capillaries in the 
dry box and sealed prior to loading them 
into a Debye-Scherrer camera, which was 
calibrated using NBS SRM 640 silicon. 

9~~25~c-2'c/M :' - 230x- 

FIG. 2. TGA curves for the thermal deintercalation 
of (NH:)0.23(NHs)o.99TiS~23~ (a) and (NH:)0.ZOTiS~~20~ 
(b). The low- and high-temperature steps originate 
from NH1 and NH: deintercalation, respectively. 

Results and Discussion 

(2) TGA and Compound Stability occur during the deintercalation of (NH& 
Typical TGA curves for the thermal dein- 

tercalation of (NH4+),t(NH&TiSJ’- and 
(NH&TiS$‘-, as shown in Fig. 3. Also 
shown in Fig. 3 is the same DSC curve after 

(NH:),,TiS$‘- are shown in Fig. 2. The correcting for the exponential background. 
low- and high-temperature steps in the de- Since essentially the same exponential 
intercalation curve for (NH&OH& 
TiS$‘- are due to NH3 (< ISO’C) and NH: 
(> 150°C) deintercalation, respectively. 
Comparison, of this curve to that for 
(NHi),,TiSP - in Fig. 2 reveals that the 
NH3-deintercalation step is totally absent. 
Hence, it is possible to isolate the pure am- 
monium intercalate without any detectable 
concentration of NH3 by vacuum deinterca- 
lation slightly below 150°C. Great care must 
be taken in the handling and storage of 
(NH4+),,TiS$‘-, since it is extremely air sen- 
sitive and is also a powerful absorber of 
NH3 as well as other small polar molecules. 

(2) DSC 

t 

40 70 loo 130 160 190 220 250 2a 

TEwEwn.mE (%) 

In agreement with the TGA studies, DSC FIG. 3. DSC curves for (NH:)o.2z(NH3)0.23TiSF22- 
indicates that two distinct thermal events before (a) and after (b) background correction. 



146 MCKELVYANDGLAUNSINGER 

background occurs for completely deinter- 
calated TiS2 , it is characteristic of the calo- 
rimeter and not the sample. 

The onset temperatures for the low- and 
high-temperature endothermic peaks are 
the same within experimental error to those 
determined in the TGA experiments. 
Therefore, the low-temperature peak is due 
to the deintercalation of NH3, whereas the 
high-temperature peak reflects the deinter- 
calation of NH:. The enthalpies estimated 
from the peak areas for NH3 and NH: dein- 
tercalation are approximately 10.5 kcal/ 
mole NH3 and 22 kcal/mole NH:, respec- 
tively. These enthalpies are estimated to be 
accurate to about 520% due to the experi- 
mental errors inherent in this type of analy- 
sis, especially when the thermal events oc- 
cur over such broad temperature ranges 
with concurrent evolution of different gases 
(see Eqs. (4) and (5)). The larger enthalpy 
for NH: deintercalation suggests that it is 
bound more strongly between the host TiS2 
layers, which is plausible because of the 
more favorable ionic, as opposed to dipole, 
interactions of NH: with the negatively 
charged TiS2 layers. However, according to 
Eq. (5), a chemical reaction occurs upon 
NH: deintercalation, but the enthalpy 
change for this reaction is estimated to be 
rather small in view of the relatively low 
NH: and NH3 deintercalation enthalpies. 
Our reasoning is as follows. The deinterca- 
lation reaction can be written NH: + e- * 
NH3 + *Hz. The enthalpy change for this 
reaction is AHn = AHc + AHf,, where AHc 
and AHt, are the redox and nonredox con- 
tributions to the measured deintercalation 
enthalpy, respectively. If the redox reac- 
tion occurs in the interior of the TiS2 parti- 
cles, then NH3 and Hz must deintercalate, 
and, neglecting AH;, for Hz, we estimate 
that AHc = AHn - AHf, (NH3) ^- 12 kcal/ 
mole. However, if the redox reaction oc- 
curs at the edges of the Ti!$ particles, then 
NH: must diffuse from the interior of the 
particles to the edges. In this case we esti- 

mate that AHc = AHn - AHh (NH:) 5 
AHn - AHf, (NH3) 5 12 kcal mole, be- 
cause of the enhanced electrostatic interac- 
tions of NH: with the negatively charged 
Ti& layers. In either case, AHc is relatively 
small and of the order of 10 kcal/mole. 

It is instructive to compare these results 
to those of Dines and Levy (7) for nomi- 
nally (NH3)0.93TaS2, taking into account 
that similarly prepared intercalates have 
been shown to have the formula (NH:),, 
(NH+TiS$‘-, where y’ -L 0.1 (II). Assum- 
ing the weight loss after the TGA inflection 
at approximately 94.5 wt% appearing in 
Fig. 3b of their paper (7) is due to NH:, 
then we estimate the formula for this inter- 
calate to be (NH:)o.os(NH~)o.84TaS~.08-. 
Furthermore, assuming the main enthalpy 
peak shown in Fig. 3a of their paper (7) is 
symmetrical, we find that the enthalpies of 
NH3 and NH: deintercalation for (NH&.os 
WH3h.t+tTa% ’ OS- are roughly 8 and 19 kcal/ 
mole, respectively. Although this is a rather 
crude estimation, it does suggest that the 
deintecalation energetics in ammoniated 
TiS2 and Ta& are comparable, even though 
the electronic properties of these hosts are 
quite different, with TiS;! being an extrinsic 
semiconductor (16, 21, 22) and TaS2 exhib- 
iting metallic behavior (23). Furthermore, 
this result is consistent with the idea that 
the intercalation process involves rather 
weak host-intercalant and intercalant-in- 
tercalant interactions, which underlies the 
reversibility characteristic of intercalation 
reactions. 

(3) Vapor-Pressure Measurements 

The volumetric deintercalation and rein- 
tercalation of NH3 can be described by the 
reaction 

(NH:),,(NH3)YMTiS: f, 
(NH:),,TiS: - + y”NH3. (6) 

The temperature dependence of the NH3 
vapor pressure for the forward and reverse 
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FIG. 4. Hysteresis in the NH3 vapor pressure vs temperature curves for (NH:)0.24(NH3)y,,TiS~.24-. 
The top and bottom curves represent the deintercalation and reintercalation processes, respectively. 

reactions is given in Fig. 4. It is clear in Fig. 
4 that the same NH3 pressure and sample 
composition (y”) achieved during deinterca- 
lation requires a lower temperature to at- 
tain during reintercalation. The observation 
of hysteresis shows that the intercalation 
process is not always truly reversible, ex- 
perimentally, as is often assumed. Al- 
though it is conceivable that the observed 
hysteresis is due to slow kinetics, we be- 
lieve that this is not the case because the 
data in Fig. 4 were taken only after equilib- 
rium had been attained and also because of 
the linearity of the Clausius-Clapeyron 
plots discussed below. Due to this hystere- 
sis, the absolute value of the NH3 deinter- 
calation enthalpy is expected to be greater 
than the absolute value of the NH3 reinter- 
calation enthalpy, i.e., IA&,1 > IAHRI. 

By making the approximation that sepa- 
rate equilibria exist for the NH3 deintercala- 
tion and reintercalation curves and plotting 
In P vs l/T for different compositions, a di- 
rect comparison of the deintercalation and 
reintercalation enthalpies can be made. 
Such Clausius-Clapeyron plots for NH3 de- 
intercalation and reintercalation are shown 
in Figs. 5 and 6, respectively. By integrat- 

ing the enthalpy as a function of composi- 
tion for (NH:)0.24(NH3)~l~TiSq.24- for 0.00 5 
y” 5 0.23, we find IA&I = 15.5 kcal/mole 
NH3 and \A&,( = 13 kcal/mole NH3. 

A summary of the deintercalation and 
reintercalation enthalpies for ammoniated 
TiS2 and TaS2 is given in Table I. The agree- 
ment between the enthalpies determined by 
DSC and vapor pressure measurements is 
considered reasonable in view of the limita- 
tions on the accuracy of these methods. 

+ 0.237 
* 0.75. 0.258 

2.64 2.68 2.72 2.76 2.80 2.84 2.58 2.92 2.96 

l/Tx103 K-’ 

FIG. 5. Clausius-Clapeyron plots for the deintercala- 
tion of NH3 from (NH:)o.24(NHS),“TiS~24- for different 
NH3 stoichiometries. 
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FIG. 6. Clausius-Clapeyron plots for the reintercala- 
tion of NH3 into (NH:)o.24(NH~),“TiS~.24- for different 
NH3 stoichiometries. 

The average value of AHD is 13 kcal/mole 
NH3 for y” = 0.23. The somewhat higher 
AH,, determined from vapor pressure stud- 
ies, apart from experimental error, may be 
due in part to the slightly higher NH: con- 
tent in the vapor pressure samples (y’ = 
0.24) compared to DSC samples (y’ = 
0.22), since the enhanced ion-dipole inter- 
actions in the former compounds should in- 
crease AHD . In addition, both IAHDI and 
IAHR( decrease progressively during NH3 
deintercalation and reintercalation, with 
nearly equal values when y” is near 0.00 for 
(NHi h4N-Wy~TiS 2’ 024-. Although it is 
tempting to speculate about the origin of 
the relative magnitudes of (AHRI and 1~~~1 
and their variation with NH3 composition, 
we prefer to refrain from this exercise be- 
cause there are too many unknown factors 
that can influence these enthalpies, includ- 
ing host-intercalant and intercalant-inter- 
calant interactions; area1 and mechanical 
effects associated with the contraction and 
expansion of the TiS2-layer spacing upon 
deintercalation and reintercalation, respec- 
tively; and possible composition-dependent 
structural changes, such as staging of NH:, 
which are discussed below. 

(4) X-ray Diffruction 

Both the initial intercalation compound 

(NH: h.dNHdo.32TiS 2’ 024- as well as the 
same material after complete NH3 deinter- 
calation and reintercalation were single- 
phase, stage- I, jR structures having identi- 
cal cell parameters within experimental 
error of (c = 26.1 A and a = 3.42 A). The 
finding of a simple stage I structure in 
which every van der Waals gap is occupied 
does not necessarily mean that NH: and 
NH3 are not staged in some fashion in this 
compound, since such ordering would be 
nearly impossible to detect with powder X- 
ray diffraction due to the very similar X-ray 
scattering factors for NH: and NH3. How- 
ever, as discussed below, the structural sit- 
uation is more complex for lower NH3 con- 
tents. 

If all the NH3 in (NH~)o.~~(NH~)o,~~ 
TiSi.“- is deintercalated to form the ionic 
compound (NH:)0.24TiSq.24-, then the stage 
I phase is absent and the largest d spacing 
in the new diffraction pattern is 7.21 A. If 
this d spacing is attributed to a stage II 
phase, then the interlayer distance c/n, 
where n is the number of layers per unit 
cell, should be 14.42 A. This repeat dis- 
tance is in good agreement with the value of 
14.4 A calculated from the sum of the inter- 
layer spacing for the stage I phase (8.7 A) 
and that of the TiS2 host having an empty 
van der Waals gap (5.7 A). However, the 
remainder of the diffraction pattern could 

TABLE I 

DEINTERCALATION AND REINTERCALATION 
ENTHALPIES FORAMMONIATED TiSz AND TaSz 

Compound Process" Meth& 
Enthalpy 

(kcallmole) 

cl**- 
U&k zz(NHh 23TiSz’ WWD DSC 10.5 

WH:b DSC 22 

WH~hzdNHda zTiS!‘*4m WHh VP 15.5 

(NH,k VP -13 

(NH;)0.08(NH3)084TaS9°8-c (N&h DSC =*’ 

(NH: )D DSC ==19c 

a D and R denote deintercaiation and reintercalation, respectively. 
b DSC and VP denote differential scanning calorimetry and vapor 

pressure, respectively. 
c Composition and enthalpies estimated from data given in Ref. (7). 
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not be indexed completely to a simple stage 
II compound having cJn = 14.4 A. Since 
this pattern cannot be indexed on the basis 
of any simple structural model, the possible 
presence of more than one phase for 
(NH4+)o.zdTiS$24- cannot be ruled out. 

After complete NH3 deintercalation and 
reintercalation of 85% of the NH3 for 

0 24- (NH: h.dNHdo.32TiS 2’ , at least two 
phases were present. The stage I structure 
was dominant and had a 1% decrease in its 
interlayer spacing compared to the same 
sample prior to the deintercalation-reinter- 
calation procedure. The largest d spacing 
not belonging to the stage I phase was 7.57 
A. If this d spacing corresponds to a stage 
II intercalation compound, then c/n = 15.14 
A and the expansion of every other layer 
for the stage II intercalate would be 3.75 A. 
This is much larger than the 2.9- or 3.2-A 
expansion expected from the van der Waals 
diameters of NH: (24), NH3 ,’ respectively. 
Consequently, it seems unlikely that the 
7.57-A d spacing corresponds to a simple 
stage II structure, especially since the rest 
of the diffraction pattern could not be in- 
dexed on this basis. This d spacing may be 
related to the 7.21 A spacing observed for 
(NH4+)0.24TiS q.24-, which is consistent with 
(NH:)0.24TiS i.24- not being a simple stage II 
compound. However, if both the 7.57- and 
7.21-A d spacings do not belong to the same 
phase, then at least three phases exist over 
the range of NH3 compositions investigated 
in Figs. 4, 5, and 6. Hence, the structural 
variations accompanying NH3 deintercala- 
tion and reintercalation appear to be rela- 
tively complex, with at least two phases be- 
ing present. 

Conclusions 

The deintercalation and reintercalation 
enthalpies in ammoniated TiS2 and TaSz are 

I This value is estimated from the van der Waals 
radii of N and H. 

approximately lo-20 kcal/mole, which are 
probably typical of TS2 compounds. The in- 
terpretation of such enthalpies, even for the 
simple NH3 molecule, is complicated by the 
many factors that can influence the interca- 
lation process. Since intercalation ener- 
getics involves a delicate balance of several 
contributing processes, it can best be eluci- 
dated by precise, systematic studies of a 
broad spectrum of TS;! hosts. On the basis 
of this study, it is clear that detailed struc- 
tural determinations of intercalation com- 
pounds will be necessary to help evaluate 
some of the key contributions to the en- 
thalpy, such as NH:-NH3 ion-dipole inter- 
actions, as well as changes in these contri- 
butions due to structural changes 
accompanying intercalation. As a first step 
in this direction, we are currently undertak- 
ing a structural investigation of (ND:)0.24 
TiSf24- by powder neutron diffraction. 
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