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Abstract

The heterocyclic amines, 2-, 3- and 4-aminopyridine, 2-amino-4-methylpyridine and 2-aminobenzylamine, were intercalated into�-titanium
hydrogenphosphate and characterized through infrared spectroscopy, X-ray diffractometry and thermogravimetry. On intercalation, these
heterocyclic amines expanded the original 760 pm interlayer distance to 1338, 1177, 1262, 1577 and 1060 pm, for the same sequence of
amines. The change in POH and amine group frequencies clearly indicated cyclic amine intercalation. From the combination of batch
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ntercalation and calorimetric titration, the variation in enthalpy was calculated at 298.15± 0.02 K. The exothermic enthalpic results for
ntercalation process gave the sequence of values:−36.75± 0.78;−20.42± 0.28,−35.22± 0.70,−14.02± 0.10 and−29.77± 0.29 kJ mol−1,
espectively. The calculated negative Gibbs free energy and the majority of the positive entropic values are in agreement with th
ntercalation of these guest molecules inside the cavity of the host inorganic crystalline lamellar compound.

2004 Published by Elsevier B.V.
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. Introduction

Layered phosphates are of great interest as ion exchang-
rs, precursors for molecular sieves and pillaring materials

1]. Among these phosphates, in particular�-zirconium phos-
hate, a large number of investigations in recent years were
irected to applications in ion-exchange processes, inter-
alation and catalytic properties[1–4]. Some studies on
itanium(IV) phosphate reactivity have been carried out on
ayered microcrystalline phases that present low external
urface and high internal arrangement, as can be expected
rom the systematic correlation between surface area and
rystallinity in this kind of material[5]. The main charac-
eristics of these compounds are related to their property
f intercalating a great variety of polar molecules in the
avity between the inorganic backbones formed by the phos-
hate layers. The host–guest interaction has been shown for

∗ Corresponding author.
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a large number of alkylamines, alkanol diamines, glyc
urea, hydrazine, piperidine, pyridines, amides, amino a
and some organometallic compounds[1–4].

The intercalation behavior depends, among other fac
directly on the size and pKa of the guest molecules[6]. Cor-
relations between the interlayer distances with the alip
chain sizes were observed in intercalation studies invo
aliphatic amines[7–11]. The majority of these investigatio
deals with intercalation in zirconium hydrogenphosph
however, amine intercalations into�-titanium hydrogen
phosphate have recently been reported[6–8,11–14].

The intercalation of these species is of interest to fu
clarify the intercalation chemistry of layered metal ph
phates and also because the process leads to the prep
and characterization of new intercalated phases. Thes
phases are suitable for studying the interlayer organiz
of the intercalated species and the host–guest intera
as well as for their potential use in the field of storag
active species, phase-transfer catalysis and drug-relea
addition, quantitative data on guest–host interactions in
040-6031/$ – see front matter © 2004 Published by Elsevier B.V.
oi:10.1016/j.tca.2004.06.019
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cal intercalation processes can be followed through efficient
calorimetric techniques. Such a direct method enables obtain-
ing the enthalpy of acid–base interactions on acidic solids. In
spite of the great number of favorable systems that could
be explored, only limited thermochemical data have been
reported[5,7,8,13–16].

The aim of this investigation is to obtain calorimetric
data for the intercalation of 2-, 3- and 4-aminopyridine
(2, 3, 4amp), 2-amino-4-methylpyridine (ammp) and 2-
aminobenzylamine (abza) into�-titanium hydrogenphos-
phate. Such data can contribute to better understanding of the
intercalation process and to establish a relationship between
the basicity center of the guest molecule and the thermochem-
ical data.

2. Experimental

2.1. Reagents

All chemicals were reagent grade. Titanium trichloride,
15% in hydrochloric acid solution (Carlo Erba), 85% phos-
phoric acid (Nuclear), and cyclic amines of 99% purity
(Aldrich) were used. Crystalline titanium hydrogenphos-
phate, in alpha form (TPH), was obtained through the oxida-
tion reaction of titanium trichloride and the aromatic amines
w
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20 mg of the host material was suspended in 2.0 cm3 of dou-
bly distilled water in a stainless steel ampoule. The solid was
suspended by stirring in the thermostated calorimetric cell at
298.15± 0.20 K. After baseline stabilization, the amine solu-
tion was incrementally added through a microsyringe coupled
to a stainless steel needle. The thermal effect caused by the
reaction was recorded after each addition. The same proce-
dure was used to follow the thermal effect of the host and the
guest solutions in water[10,15,16].

3. Results and discussion

The series of aromatic amines, 2-, 3- and 4-aminopyridine,
2-amino-4-methylpiridine and 2-aminobenzylamine, shown
in Scheme 1, was intercalated into the�-Ti(HPO4)2·H2O
matrix. With exception of 2-aminobenzylamine, all other
intercalated phases have previously been structurally studied
via X-ray diffraction [14], as illustrated inFig. 1. A rela-

S o-4-
m

Fig. 1. X-ray diffraction patterns of Ti(HPO4)2·H2O host (a) and the respec-
tive intercalated compounds with guest amines: 4amp (b), 2amp (c), 3amp
(d), ammp (e) and abza (f).
ere distilled before use[13].

.2. Intercalation

The intercalation procedure was performed by a b
ethod in which 100 mg of TPH compound was suspen

n 15.0 cm3 of an amine aqueous solution in several
erent concentrations, which varied from 2.0× 10−3 to
.50 mol dm−3. The solution was mechanically stirred
2 h at 298± 1 K. The time required to reach equilibriu
as previously established in a series of intercalations
ifferent times. The amount of amine inserted into the lam
nint) was calculated by:nint = (ni − ns)/m, whereni is the
nitial number of moles of amine in solution,ns is the numbe
f moles of amine in the supernatant andm the TPH mas
10,13].

.3. Characterization

Intercalated materials were characterized by the
ravimetry (TG) with a DuPont model 1090B at a hea
ate of 1.67× 10−2 K s−1 in argon flow, X-ray diffractometr
ith Cu K� radiation in a Shimadzu model XD3A diffra

ometer from 3 to 50◦ 2Θ, infrared spectrophotometry wi
Bomem model MB with a resolution of 4 cm−1.

.4. Calorimetry

Calorimetric titrations were performed in an LKB 22
ifferential isothermal microcalorimetry system. Ab
cheme 1. Structural formulae for 2-, 3-, 4-aminopyridine (A), 2-amin
ethylpyridine (B) and 2-aminobenzylamine (C).



120 L.M. Nunes, C. Airoldi / Thermochimica Acta 435 (2005) 118–123

Table 1
Maximum intercalated amine value (nint), interlamellar distance (d),xandy
values in the formula�-Ti(HPO4)2·xamine·yH2O obtained from volumetric
titration,xtitr , and thermogravimetry,xtherm, and the moles of watery

Guest nint (mmol g−1) d (pm) xtitr xtherm y

2amp 3.37 1338 0.84 0.79 0.47
3amp 3.37 1177 0.82 0.76 0.34
4amp 6.40 1262 1.65 1.47 1.00
ammp 4.52 1577 1.16
abza 1.70 1060 0.44 0.42 0.61

tive decrease in crystallinity of the intercalated phases was
observed and the interlamellar distances are always higher
than the original value of 760 pm found for TPH, as listed
in Table 1. Only the guest molecule 4amp did not present
the characteristic peak associated with the original matrix,
located at 2θ= 11.6◦ [14]. In this case incomplete intercala-
tion caused matrix mixture phases[14].

Accommodation of the molecules into the free space of
the cavity has been previously discussed[3,4,17]. The guest
molecules 2amp and ammp are oriented in an inclined posi-
tion in relation to the inorganic layers, caused by the steric
hindrance of the 2-amino group attached to the ring and 3amp
and 4amp assume a perpendicular position into inorganic lay-
ers[14]. An expansion of the lamella of 300 pm was observed
for the 2-aminobenzylamine molecule, which suggests an
arrangement in a parallel position inside the inorganic lay-
ers. The largest interlamellar distance expansion, more than
800 pm for 2-amino-4-methylpyridine is consistent with an
inclined position in a double layer arrangement inside the
cavity [14].

The intercalation of amines was quantitatively followed by
fitting the experimental data to a modified Langmuir equation
[10,14,15]. The number of intercalated amines (nint) inside
the crystalline matrix was plotted against the amount of amine
in the supernatant solution (Cs), the maxima values of inter-
calated amines are given inTable 1. The amount of amine
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Fig. 2. Isotherm of intercalation of guest amines: abza (b), 2amp (c), 3amp
(d), ammp (e) and 4amp (f) into�-titanium hydrogenphosphate at 298±
1 K.

at 1631 and 1538 cm−1. These three arylamines exhibit
tautomeric equilibria[14], the canonical forms change the
character of the aromatic bonds of the ring, affecting the
mode of vibration of the pyridinium cation[14,19]. The
presence of both bands is in agreement with formation of the
organic cation, giving clear evidence of intercalation. The
addition bands related to the protonation of the nitrogen pyri-
dine ring are at 1482, 1531, and 1486 cm−1 and are attributed
to the vibration mode of the 2- and 4-aminopyridinium
and 2-amino-4-methylpyridinium cations, respectively. The
characteristic band for the NH3+ group may also be due

F er-
calated compounds with guest amines: abza (b), ammp (c), 2amp (d), 3amp
(e) and 4amp (f).
ntercalated is lower than the expected 7.76 mmol g−1, maxi-
um ion-exchange capacity of this inorganic matrix[1,3,15].
he isotherms presented inFig. 2showed that the host matr
xhibits a preference for the guest 4amp. The amount of
alated amine decreased in the sequence: 4amp > am
amp≈ 3amp > abza.

The mechanism of intercalation of a heterocyclic am
nto the inorganic layers presumes the protonation o
asic centers by the acidic POH groups located in th

norganic matrix[7,8], which is supported by infrared spe
rophotometry[14]. The infrared spectra inFig. 3 indicate
hat the amines interacte strongly with the proton of

OH group. The OH band[18] at 1250 cm−1 in all spectra
xcept indicates partial amine saturation of the host. Fo

ntercalated 2amp, 4amp and ammp compounds abso
ands may be associated with: (i)NH2 bending vibration
ode, (ii) pyridinium ion, or (iii) symmetric and asymmet
NH3

+ deformation. For 2amp these bands are at 1623
551 cm−1; for 4amp at 1655 and 1581 cm−1; and for ammp
ig. 3. Infrared spectra of Ti(HPO4)2·H2O host (a) and the respective int
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to the participation of the canonical form located at 1670,
1655, and 1664 cm−1 for the same sequence of cations.

The guest 3amp molecule showed one band at 1637 cm−1,
assigned to the NH2 group[18,19] and two others at 1560
and 1487 cm−1 are attributed to the protonated nitrogen of
the aromatic ring in the interlayer region of the phosphate
structure. The absence of the NH3

+ group could be explained
by the absence of such tautomerism.

The intercalated abza compound showed bands at 1560
and 1656 cm−1 associated with: (i) NH2 bending vibra-
tion mode, or (ii) symmetric and asymmetricNH3

+ defor-
mation [18,19]. Another band at 1399 cm−1 is assigned
to NH3

+ bending, while the weak band at 1614 cm−1

could be attributed to angular water deformation or to NH2
deformation. The stretching vibration of this group in the
3400–3250 cm−1 region is masked by the OH stretching
vibration mode of the inorganic matrix.

The number of intercalated organic molecules determined
from the titration data is in agreement with the thermogravi-
metric results listed inTable 1and ammp did not show defined
stages of decomposition. The thermogravimetric curves pre-
sented four steps of decomposition for 2, 3, 4amp and abza
intercalated compounds, corresponding to 2.5, 1.8, 5.5 and
4.2% of loss of mass, to give 0.50, 0.30, 1.0 and 0.60 mol
of water of hydration, respectively. The intercalated ammp
molecule presented overlapped stages in the curve that did
n sec-
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Fig. 4. The experimental curve represents the sum of the thermal effects
� �tith (�), � �dilh (�), � �rh (�) for calorimetric titration of 3-
aminopyridine into Ti(HPO4)2·H2O.

of the host (�hydh) and that related to dilution (�dilh) should
also be considered. Thus, the net enthalpy change of the reac-
tion (�rh) can be calculated by means of the expression:
� �rh = � �tith− � �dilh, due to the fact that a null effect
was found for hydration of the host matrix[10,15,16]. These
values are represented as a function of the volume added
(Vad), as exemplified for 3amp inFig. 4.

From the thermal effects related to direct titration and
the recorded dilution, the enthalpy of reaction (��RH) and
also the enthalpy of intercalation (��intH) can be calcu-
lated (J mol−1) by the modified Langmuir equation[20]. The
calorimetric data enable the calculation of the enthalpy of
intercalation to form a monolayer per unit mass of the host,
�monoH. For this modified Langmuir equation was adapted
to describe heterogeneous systems[14,15,21-25].

�X

� �RH
= 1

(K − 1)�monoH
+ �X

�monoH
(2)

whereX is the fraction, in moles, of the amine in solution after
the interaction,�RH is the integral enthalpy of interaction
for one gram of the matrix (J g−1), K is a proportionality
constant that includes the equilibrium constant, and�monoH
is the integral enthalpy of interaction to form a monolayer
for a unit of mass of the matrix (J g−1). For each incremental
solute addition, a correspondingX value can be calculated.
T
v vely,
u
T
= es,
a uid
i ion
o n in
T

fects
t ugh
a ic
ot permit the quantification of the decomposition. The
nd and third steps, from 373 to 700 K corresponding to
elease of amines, gave 23.0, 20.0, 35.0 and 17.0% of w
or 2, 3 and 4amp and abza. These data give 0.79, 0.76
nd 0.42 mol of amine intercalated per each mole of the
atrix, respectively. The last loss of mass is attributed to

elease of 1 mol of water, due to the condensation of the
nal hydrogenphosphate groups of the inorganic structu
orm the pyrophosphate as residue.

To obtain better information on the energetics of the in
alation processes for cyclic amines, represented he
∼NH2, calorimetric titrations were carried out in aq
us solution. On entrance of the amine into the lam
avity, it interacts with the monohydrogenphosphate gr
O3P OH), enabling proton transfer to the base to form
rganic cation. This species is electrostatically bonded t

norganic sheets with the aromatic amine in the original
nterlamellar space. Thus, the overall reaction is related t
rotonation of the amine basic centers by the acidic gr
f the inorganic layer, in a typical acid–base interaction[7],
epresented by the following series of reactions:

O3P OH = O3P O− + H+

N ∼ NH2 + H+ = N ∼ NH3
+

O3P O− + N ∼ NH3
+ = O3P O− + H3N ∼ N

O3P− OH + N ∼ NH2 = O3P− O− + H3N ∼ N

(1)

n the course of the calorimetric titration, the thermal eff
bserved (�tith) are related to overall reaction in the prec

ng scheme. For completeness the thermal effect of hydr
hus, a plot of�X/� �rH versus�X gives�monoH andK
alues from the angular and linear coefficients, respecti
sing the linearized form of the equation, as shown inFig. 5.
he calculation of�intH was based on the expression:�intH
�monoH/nint wherenint is the number of intercalated mol
fter establishing calorimetric equilibrium in the solid/liq

nterface[21–25]. The enthalpic results for the intercalat
f these heterocyclic amines are exothermic, as show
able 2.

The presence of a substitute group on pyridine ring af
he effectiveness of heterocyclic nitrogen atom thro

Bronsted acid–base interaction[13,14]. Such energet
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Fig. 5. Isotherm of the integral enthalpy of intercalation (�intH) of 2-amine-4-methylpyridine guest given by� �rH vs. �X plot. The linearized form is
represented by�X/� �r vs.�X plot.

effects of monoamine groups when intercalated in monolayer
should be related to features associated with the structural
arrangement of the active group bonded on ring. However,
the enthalpy of interaction listed inTable 2gave very close
values for amine groups on carbons 2 and 4. These values
suggested that: (i) the inclined arrangement of 2amp favors
the interaction of amino group with the acidic center beyond
that one with the heterocyclic nitrogen atom, (ii) the amino
group on position 4 of the ring causes also a favorable canon-
ical condition[14] to intercalate as demonstrate through the
partial saturation of acidic POH groups on each lamella, and
(iii) neither of these favorable conditions were available for
3amp, which gave the smallest enthalpic value. Based on the
restricted thermodynamic data on such systems, comparison
with aminopicoline molecules[13] can be done. For example,
the aminopyridine molecules showed a relative dependency
of intercalation on the attached amine groups on hetero-
cyclic ring in bond formation. Such behavior contrasted with
that observed with picoline molecules, in which the methyl
steric hindrance can superimpose on the favorable inductive
effect for bond formation, as observed with 2-aminopicoline,
to give the smallest adsorption and thermodynamic values
[13,26,27].

The association of the favorable methyl inductive effect
on the amine heterocyclic ring of 2-amino-4-methylpyridine
caused a high degree of adsorption, 4.52 mmol g−1, with a

large lamellar expansion to 1577 pm, in a proposed double
guest layer formation inside the lamellar cavity. The lowest
enthalpic value,−14.02± 0.07 kJ mol−1, can be interpreted
by considering the unfavorable thermal effect caused simul-
taneously as the interlamellar space is expanded, during bond
formation. Such endothermic effects on lamellar expansion
decrease the expected favorable exothermic value.

The entrance of abza molecules in parallel position within
the lamellar space gave the lowest number of moles inter-
calated, 1.70 mmol g−1. When this molecule is bound the
available acidic centers are covered and the reactivity of the
neighborhood sites is obligatorily blocked, to give the small-
est interlamellar distance of 1060 pm. This aromatic molecule
does not contain a heteroatom in the ring and both amine
primary basic centers differ in coordinating behavior from
the other molecules. Consequently, the obtained enthalpy,
−29.77± 0.29 kJ mol−1, is not comparable with that of the
other guest molecules, which contain a heteroatom nitrogen
basic center.

The Gibbs free energy was calculated from the expres-
sion �G = − RTlnK and the equilibrium constant value
was obtained from the calorimetric data[13–16] by Eq.
(2) and the results are shown inTable 2. The negative val-
ues for all systems indicate that the reactions are sponta-
neous in nature. The entropic values were calculated from
the expression�G = �H − T�S. With the exception of

T
I f the ho�m the
i

G

2
3
4
a
a

able 2
ntegral enthalpy of intercalation to form a monolayer per unit mass o
ntercalation

uest −�monoH (J g−1) −�intH (kJ mol−1)

amp 123.84± 0.07 36.75± 0.78
amp 68.81± 0.01 20.42± 0.28
amp 225.76± 0.87 35.23± 0.07
mmp 63.37± 0.01 14.02± 0.07
bza 50.61± 0.02 29.77± 0.29
st (onoH), enthalpy (�intH), Gibbs free energy (�G) and entropy (�S) for

lnK −�G (kJ mol−1) �S(J K−1 mol−1)

12.42 30.8± 0.3 −20± 1
12.02 29.8± 0.1 32± 1
10.29 25.5± 0.1 −33± 1
10.33 25.6± 0.1 39± 1
14.28 35.4± 0.4 19± 1
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2amp and 4amp, the heterocyclic amines presented unfa-
vorable entropic contribution to�G values. However, this
effect is compensated by the large favorable enthalpic val-
ues. The positive favorable entropic results are in agreement
with the replacement of the water molecule initially bonded
to the matrix or those associated with the aromatic amine
through hydrogen bonding, which causes a disorganization
of the system, and are free as the intercalation takes place
[28,29].

4. Conclusion

The series of aromatic amines intercalated into crys-
talline �-titanium hydrogenphosphate causes interlamellar
expansion in accord with the structural features of each
polar molecule. The non-heterocyclic aromatic molecule, 2-
aminobenzylamine, was arranged in a position parallel to the
inorganic layer. Such disposition of the organic ring restricts
intercalation reflect in a low number of inserted molecules.
When the basic nitrogen atom is within the aromatic ring the
set of molecules is intercalated in inclined or in perpendicu-
lar positions in relation to the inorganic backbone. However,
due to the favorable condition established for both basic nitro-
gen centers, supported by an increase in the methyl inductive
effect, as in 2-amino-4-methylamine, a double layer of this
m the
l

ca-
l d by a
n The
l cule
m pan-
s
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