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bstract

Hydrated layered crystalline barium phenylarsonate, Ba(HO3AsC6H5)2·2H2O was used as host for intercalation of n-alkylmonoamine molecules
H3(CH2)n-NH2 (n = 1–4) in aqueous solution. The amount intercalated (nf) was followed batchwise at 298 ± 1 K and the variation of the
riginal interlayer distance (d) for hydrated barium phenylarsonate (1245 ppm) was followed by X-ray powder diffraction. Linear correlations
ere obtained for both d and nf as a function of the number of carbon atoms in the aliphatic chain (nc): d = (2225 ± 32) + (111 ± 11)nc and
f = (2.28 ± 0.15) − (11.50 ± 0.03)nc. The exothermic enthalpies of intercalation increased with nc, which was derived from the monomolecular
mine layer arrangements with the longitudinal axis inclined by 60◦ to the inorganic sheets. The intercalation was followed by titration with amine
t the solid/liquid interface and gave the enthalpy/number of carbons correlation: �H = −(7.25 ± 0.40) − (1.67 ± 0.10)nc. The negative Gibbs free
nergies and positive entropic values reflect the favorable host/guest intercalation processes for this system.
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. Introduction

The insertion process of organic neutral polar molecules into
he nanospace void of sheets of layered insoluble nanocom-
ounds leads to well-organized inorganic/organic structural
aterials. The guest molecule–host matrix interaction is

trengthened and the layers are spread apart to accommodate the
ntrance of the guest molecule. Such dynamic guest/host interac-
ions occupy the available active sites disposed on the inorganic
upport and the intercalation of molecules result in a stoichio-
etric composition, in which the active sites are exactly covered

y the guest agents [1–3]. The class of compounds involving
ayered nanomaterials have diverse activities with participation
f phosphonates [4–6], phosphates [7,8], arsonates [9], vana-
ates [10], smectite [11], etc and are susceptible to intercalating
arious species. The insoluble crystalline acidic salts of the gen-
ral formula M(O3XR)2·2H2O (M = Ba, Ca, Mg, Cd, Co, Zn,

n, X = P, As and R = organic moiety) constitute a well-studied

roup of compounds from the view point of ion exchange and
amellar properties [12].
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ynamic properties

Advances in the intercalation field have been obtained
y observing if any property of the lamellar nanocompound
hanges, by comparing these with those related to the host, as
ell as to the inserted guest molecules at the end of the process

13]. The intercalation behavior depends on several factors such
s the compounds employed, their sizes and the pKa values of the
uest molecules [1,5]. Moreover, an increase in temperature or
he use of an appropriate solvent can accelerate the intercalation
rocess several times [14]. However, the success in intercalating
eak bases and or even large molecules is strongly depen-
ent on a prior expansion of the interlamellar distance by an
ppropriate molecule, in order to make the final insertion easier
14].

The expansion of the original interlayer distance to accom-
odate the inserted molecule and some details associated with

uest–host interactions are easily detected by X-ray diffrac-
ion powder patterns and vibrational features of the formed
ompound through infrared spectroscopy [15]. After insertion,
hermal analyses constitute a set of helpful technique to fol-
ow the reaction by comparing the successive stages on heating

16].

The great majority of the investigations related to the
rystalline lamellar research field are devoted to some structural
eatures [13,14] with only limited studies focused on the
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nergetics [1,4–6] of acid–base reactions for this class of
ompounds. Thermodynamic data involved with the host/guest
nteraction of a chosen molecule or with a series of guest
olecules and the inorganic polymeric lamellar matrix can give

nformation of the acid–base reactions. From the experimental
iew point, calorimetric techniques can be successfully applied
o such kinds of heterogeneous systems and the effectiveness
f the interactive effect that is established at the solid–liquid
nterface can be determined [1,4–6].

The present investigation reports calorimetric determi-
ations involving the interaction of barium phenylarsonate
ith n-alkylmonoamines, CH3(CH2)n-NH2 (n = 1–4), in order

o study the energetics of the intercalation. These new
ntercalated compounds were characterized through physi-
al and thermal methods and some correlations of these
ata correlate with the energetics of intercalation were obse-
ved.

. Experimental

.1. Materials

Reagent grade chemicals and deionized water were
sed throughout the experiments. Phenylarsonic acid (98%,
ldrich), barium chloride (99%, Merck) and sodium hydrox-

de (99%, Vetec) were employed in all preparations.
mines (Aldrich) of the general formula H3C(CH2)n-NH2

n = 1–4), i.e., ethyl, propyl, butyl and pentylamines were
sed.

.2. Preparation

Hydrated barium phenylarsonate was prepared by reacting
0.0 cm3 of a 1.0 mol dm−3 aqueous solution of phenylarsonic
cid with 25.0 cm3 of a 0.50 mol dm−3 aqueous BaCl2·2H2O
olution to give an initial pH 1. The final pH of the mixture was
djusted in the 5–6 range with sodium hydroxide 0.10 mol dm−3,
y using a volume of near 1 cm3. The resulting solid was filtered,
ashed and air dried at 320 K. The general synthetic reaction

an be written as:

BaCl2·2H2O + 2[C6H5AsO(OH)2]

→ Ba[(HO)O2AsC6H5]2·2H2O + 2HCl (1)

.3. Intercalation

The intercalation was carried out by suspending about 50 mg
f barium phenylarsonate in 0.50 mol dm−3 aqueous solutions of
ach amine and the concentration versus time curve was obtained
hrough the batch method. This assay consisted in stirring a
eries of flasks with variable guest/host ratios in a mechani-
al orbital stirring apparatus at 298 ± 1 K. The time required

o saturate the host by each guest molecule was determined
y observing the formation of a well-defined plateau in the
sotherm of intercalation [1,4–6]. The interactive process at the
olid–liquid interfaces involving all n-alkylmonoamines, RNH2,

B

R

B

imica Acta 454 (2007) 43–49

an be generally represented as follows:

Ba[(HO)O2AsC6H5]2·2H2O + xRNH2

→ Ba[(HO)O2AsC6H5]2·xRNH2·(2 − x)H2O + xH2O

(2)

The number of moles of amine intercalated (nf) was cal-
ulated [1,4–6] by the difference between the initial number
f moles (ni) of amine added and those determined in the
upernatant (ns) after reaction, divided by the mass (m) of the
ompound used, as expressed by nf = (ni − ns)/m. All amine
olutions were previously standardized with 0.1570 mol dm−3

ydrochloric acid [1]. In all cases, the isotherms presented an
ncrease in the number of moles of amine intercalated (nf) with
ncreasing concentrations of the free amine in the supernatant
Cs), in agreement with a total saturation of the inorganic layered
tructure, as demonstrated by the plateau. After intercalation, the
esulting white solids were separated by centrifugation and dried
t 323 K in an oven for about 8 h. The isotherms presented an
ncrease in the number of moles of amines intercalated (nf) with
ime (t) or with the concentration of the free amine in the super-
atant (Cs). In all cases, these intercalation processes caused a
otal saturation of the inorganic layered structure to establish a
ell-defined plateau. The batchwise experimental conditions to
btain these isotherms were as close as possible to those used in
he calorimetric determinations.

.4. Calorimetric titration

The thermal effects of the intercalation of the series of n-
lkylmonoamines into the crystalline lamellar compound were
ollowed in an isothermal LKB 2277 microcalorimetric system
1,4–6]. The typical calorimetric titration consisted in dissolv-
ng or suspending the samples in the calorimetric solvent with
igorous stirring at 298.15 ± 0.02 K. After baseline stabiliza-
ion, the titrand solution was incrementally added through a

icrosyringe coupled to the microcalorimeter by a stainless steel
eedle. For each increment, the respective thermal effect was
ecorded during the progress of the reaction, up to its completion
1,4–6,17].

The enthalpic determination for each reaction required three
ndependent calorimetric titrations: (a) thermal effect of reac-
ion, Qr, where the aqueous amine solution is added to a
uspension of about 10 mg of the inorganic host matrix in
.0 cm3 of water, (b) thermal effect of dilution, Qdil, by adding
he same aqueous amine solution to the same volume of pure
ater and (c) the thermal effect of hydration, Qh, that involves

he addition of water to the matrix in suspension. The effects of
he thermodynamic cycle for this series of interactions involving
ydrated barium phenylarsonate (BaAsP) and the sequence of
-alkylmonoamines (RNH2) can be represented by:
aAsP(aq) + RNH2(aq) = BaAsP·H2NR(aq), Qr (3)

NH2(aq) + nH2O = RNH2·nH2O(aq), Qdil (4)

aAsP(aq) + nH2O = BaAsP(aq)·nH2O(aq), Qh (5)
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Fig. 1. Isotherm for the integral enthalpy of intercalation ��h vs. molar
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Table 1
Percentages of carbon (C), hydrogen (H) and nitrogen (N) for hydrated barium
phenylarsonate (BaAsP) and intercalated n-alkylmonoamine compounds

Compound C (%) H (%) N (%)

BaAsP 26.9 1.9 –
BaAsP·xCH3CH2NH2·(1 − x)H2O 27.2 3.4 3.0
B
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raction, �X, obtained from a calorimetric titration of 0.0100 g of hydrated
arium phenylarsonate suspended in 2.0 cm3 of water, with 0.5001 mol dm−3

thylamine in the same solvent at 298.15 ± 0.02 K. The linearized form is given
y �X/��hint.

BaAsP·nH2O(aq) + RNH2·nH2O(aq)

= BaAsP·H2NR(aq) + 2H2O, Qint (6)

Reactions (3)–(5) represent the individual calorimetric titra-
ion experiments carried out in duplicate for each determination.
he thermal effects of reaction for each experimental point of the
alorimetric titration were considered in the calculation of the
et thermal effect (Qint) of these interactions, as represented by
eaction (6) to give �Qint = �Qr + �Qdil + �Qh, in which �Qh
s null [4–6].

From the set of thermal effects related to direct titration and
ilution, the enthalpy of reaction can be calculated by using these
ata adjusted to the modified Langmuir equation. The sequence
f values obtained from the calorimetric data enabled the cal-
ulation of the net enthalpy of interaction to form a monolayer
er unit mass of matrices, �hint, by using Eq. (7), a modified
angmuir model adjusted to describe several types of systems

1,5,18,19].

�X

��hr
= 1

(K − 1)�hint
+ �X

�hint
(7)

here �X is the sum of the molar fractions of the titrand
emaining in solution after interaction, ��hr in the enthalpy
f intercalation obtained by dividing the thermal effect result-
ng from �Qint by the number of moles of the intercalating

olecules and K is a proportionality constant that includes
he equilibrium constant. Therefore, a �X/��hr against �X
lot gives �hint and K values from the angular and linear
oefficients, respectively, after linearization of the equation,
s shown in Fig. 1. The calculation of �H was based
n the expression �H = �hint/ns, were ns is the number

f adsorbed moles after reaching calorimetric equilibrium
18]. Gibbs free energy and entropy changes were calcu-
ated from �G = −RT ln K and �G = �H − T�S expressions,
espectively.

p
T
a
l

aAsP·xCH3(CH2)2NH2·(1 − x)H2O 31.7 3.5 2.8
aAsP·xCH3(CH2)3NH2·(1 − x)H2O 33.0 3.7 2.7
aAsP·xCH3(CH2)4NH2·(1 − x)H2O 34.3 3.9 2.6

.5. Characterization

Arsenic [20] and barium elemental analyses were determined
hrough atomic absorption spectroscopy using a Perkin-Elmer

odel 5100 atomic absorption spectrometer and phosphorus
21,22] was determined using a spectrophotometric method with

Shimadzu Model MultiSpec-1501 spectrophotometer. Car-
on, hydrogen and nitrogen were obtained using a Perkin-Elmer
odel PE 2400 instrument, applied to the precursor and to the

ntercalated compounds.
X-ray diffraction patterns were obtained with nickel-filtered

u K� radiation on a Shimadzu XD3-A diffractometer
30/20 kV/mA).

Infrared spectra were performed on a Perkin-Elmer model
600 FTIR spectrophotometer by using pressed KBr pellets,
ith 4 cm−1 of resolution.
Thermogravimetric curves were recorded using a DuPont

odel 1090 B apparatus coupled to a model 951 thermobal-
nce, on heating from room temperature to 1273 K at a heating
ate of 0.17 K s−1 in an argon flow of 1.67 cm3 s−1. The samples
aried in weight from 15 to 30 mg.

The surface area measurements were performed on a
icromeritics Flow-Sorb 2300 instrument through gaseous

itrogen adsorption at 77 K, by applying the BET method.
Scanning electron microscopic (SEM) images were obtained

or samples dispersed on a double-faced conducting tape
dhered to an aluminum support. The samples were coated with
old using a low voltage sputtering Balzer MED 020 apparatus,
nd the measurements were carried out on a JEOL JSM-T300
canning electron microscope.

. Results and discussion

Barium, arsenic, carbon and hydrogen were determined
or the layered crystalline host to give 25.5, 27.8, 26.9 and
.9% which are in excellent agreement with the required
mounts, 25.5, 27.9, 26.8 and 1.9% for the expected formula
a(O3AsC6H5)2·2H2O. The complete percentages for carbon,
ydrogen and nitrogen for host and their intercalated compounds
re listed in Table 1.

The high degree of crystallinity of the host compound was
eflected by the well-formed X-ray diffraction powder patterns,
hich presented a sharp and intense peak attributed to the 0 0 1

lane at 7.1◦, corresponding to an interlayer distance of 1245 pm.
he series of amine-intercalated nanocompounds obtained from
queous solutions clearly displayed an increase in the inter-
ayer distances due to the entrance of these guest molecules and
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Table 2
Interlayer distance (d) and surface area (S) for hydrated barium phenylarsonate
(BaAsP) and the intercalated n-alkylmonoamine compounds

Compound d (pm) S (m2 g−1)

BaAsP 1245 125.7 ± 1.1
BaAsP·xCH3CH2NH2·(1 − x)H2O 2337 115.3 ± 1.0
BaAsP·xCH (CH ) NH ·(1 − x)H O 2447 111.5 ± 1.0
B
B
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3 2 2 2 2

aAsP·xCH3(CH2)3NH2·(1 − x)H2O 2559 108.7 ± 1.3
aAsP·xCH3(CH2)4NH2·(1 − x)H2O 2670 100.1 ± 1.1

lways presented larger interlayer values than those observed for
he original matrix. These increases in interlayer distance cor-
elate with the number of carbon atoms of the organic amine
hains, a behavior that was also observed for other systems
19,23,24]. The sequence of values for these distances is listed
n Table 2. The linear relationship between the interlayer dis-
ance (d) and the number of carbons in the amine molecules
nc) is shown in Fig. 2 and is correlated by the following
xpression:

= (2225 ± 32) + (111 ± 11)nc (8)

Based on this expression, the mean increase in interlayer
istance from two subsequent carbon atoms attached to the
rganic amine chain reflected in an addition of 111 pm. How-
ver, by considering the straight alkylmonoamine chain in a
ormal trans–trans arrangement, the successive additions of
ach methylene group causes an increase in the chain length
stimated as 127 pm [25]. Then, the increased range per carbon
tom of 111 pm observed for the present compounds indicates
hat the alkyl chains must be arranged in bilayers tilted at a 60◦

ngle (sin−1 θ = 111/127), in relation to the inorganic basal plane
26].

The surface area values for the present host and all inter-
alated nanocompounds are listed in Table 2. As expected, the

ig. 2. Interlamellar distance as a function of the number of carbon atoms
ntercalated.
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ig. 3. Percentage of mass loss as a function of temperature for hydrated barium
henylarsonate (a), and when intercalated with ethylamine (b) and pentylamine
c) molecules.

resence of molecules inside the free lamellar cavity inevitable
auses a decrease in these values. This for the amine chain
olecule insertion show that a progressive increase in interlayer

istance is occurring in going from ethylamine to the largest
entylamine molecule. Under these conditions, the decrease in
urface area can be interpreted as a consequence of the diffi-
ulty of the gaseous nitrogen molecules to cover the free space
s the intercalation takes place. For such kind of synthetic mate-
ials, a high surface area is an advantage in some technological
pplications [27].

All infrared spectra presented characteristic bands at
500 cm−1, demonstrating the existence of water molecules
onded to the inorganic matrix. When intercalated, the original
road band changed in shape with a slight maximum displace-
ent to the 3676–3140 cm−1 interval, which was attributed to
–H bond formation. Another vibrational mode that appeared

n the 2984–2824 cm−1 range corresponds to amine C–H bonds.
he small peak at 3047 cm−1 corresponds the C–H bond of the
henyl group, followed by a sharp and intense peak at 1430 cm−1

nd also peaks at 748 and 690 cm−1. As expected, all bands in the
147–1033 cm−1 region are related to the vibrations associated
ith the arsonate group [9].
The thermogravimetric curve for the host and those obtained

or all intercalated nanocompounds with n-alkylmonoamines are
hown in Fig. 3. The hydrated host compound presented a mass
oss of 4.0% up to 400 K, which corresponds to the release of
ater molecules. The loss of the organic groups started around

00 K and is completed at 990 K, to yield a final Ba(O3As)2
esidue. The observed mass loss of 34.0%, corresponding to
he organic moiety, is in agreement with the calculated value
f 34.1% [28]. Based on these results, a possible mechanism of
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ig. 4. Isotherms of intercalation, represented by the number of moles inter-
alated (nf) into hydrated barium phenylarsonate against the concentration of
upernatant (Cs), with ethyl (a), propyl (b), butyl (c) and pentylamines (d).

ecomposition can be formulated as follows:

Ba(HO3AsC6H5)2 · 2H2O
−2H2O−→ Ba(HO3AsC6H5)2

−2C6H6−→ Ba(O3As)2 (9)

The thermogravimetric curves for all intercalated nanocom-
ounds are very similar to those observed for the precursor
ydrated crystalline compound with a difference in percentages
f the decomposition stages which reflects the degree of each
uess molecule intercalated. The similar shape of all curves pre-
ented the continuous mass loss in parallel decreasing, where the
xtreme amine nanocompounds are shown in Fig. 3. As previ-
usly discussed, water elimination from the parent compound
auses a mass loss of 4.0%, while for the amine derivatives
igher percentages of 5.2, 5.4, 5.7 and 5.9% for ethyl, propyl,
utyl and pentylamines, respectively, were observed. On exam-
ning these intercalated compounds, the following processes
ere detected: (i) amine and the remaining water molecules are

ost from room temperature to 700 K and (ii) two phenyl groups
re lost, by possible combine to give diphenyl molecule, from
50 up to 990 K range, to give the residue Ba(O3As)2 [28].

The scanning electron microscopic (SEM) photographs (not
hown) of barium phenylarsonate and also the intercalated
amples showed that the crystal morphology of these nanocom-
ounds is clearly lamellar, in agreement with the expected
tructural characteristics. The morphology of intercalated penty-
amine is very similar to that observed in the image for the
ost matrix. These results are very important in order to obtain
illared nanocompounds with a high degree of crystallinity [26].

The series of isotherms involving n-alkylmonoamine interca-

ations on hydrated barium phenylarsonate are shown in Fig. 4.
he maximum numbers of moles of the amines intercalated were
.18, 2.02, 1.95 and 1.82 mmol g−1 for ethyl, propyl, butyl and
entylamines, respectively. To evaluate the data obtained from

r
h

p

ig. 5. Isotherm of intercalation of ethylamine indicating (nf) vs. concentration
Cs). The straight line is the linearization Cs/nf vs. Cs with coefficient correlation
.999.

he isotherms in order to determine the amine molar fraction
n solution, the results were adjusted to a Langmuir model, in
hich it is assumed that a monolayer of amines is formed on the

norganic matrix [1,5]. The data were adjusted to the expression:

Cs

nf
= Cs

ns
+ 1

bns
(10)

here Cs and nf are the number of moles of the amine in the
upernatant and intercalated, per gram of the host, ns is the
mount of amine necessary to form a monolayer and b is a con-
tant related to the intensity of the reaction [1,5]. The intercalated
sotherm for ethylamine and its linearized form Cs/nf versus Cs
re shown in Fig. 5.

These values obtained from the batchwise procedure
ecreased with an increase of alkyl chain length of the amine.
uch decreases in the amount of the amine intercalated clearly
emonstrate a behavior related to the chain size of the guest
-alkyl molecule. As expected, larger amines have reduced
reedom to diffuse into the interlayer space when interacting
ith the acidic groups on the inorganic support. In addition,

s the amine chain length increases it could be supposed that
certain restriction to a best adjusting of the chain inside the

nterlayer nanocavity can occur. Consequently, the number of
oles decreased with the increase of alkyl chain length and this

ehavior is dependent on the degree of intercalation. The num-
er of moles of amine intercalated (nf) correlated linearly with
he number of carbons in the aliphatic chain, as is illustrated in
ig. 6. The linear correlation can be expressed by equation:

f = (2.28 ± 0.15) − (11.50 ± 0.03)nc (11)

The intercalation reaction can be considered as an insertion of
mobile guest species into the host solid structure, while main-

aining the framework structural characteristics and an acid/base

eaction of the guest species takes place in the accessible empty
oles of the inorganic layer.

The thermal effect of amine intercalations inside the barium
henylarsonate matrix was calorimetrically determined. This
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Table 3
Thermodynamic data for the intercalation of n-alkylmonoamines CH3(CH2)n-NH2 (n = 1–4) in aqueous solution into hydrated barium phenylarsonate at
298.15 ± 0.02 K

Amine ns (mmol g−1) −�inth (J g−1) −�H (kJ mol−1) K (×10−5) ln K −�G (kJ mol−1) �S (J mol−1 K−1)

Ethyl 2.39 22.8 9.51 ± 0.21 1.64 12.01 29.8 ± 0.1 68 ± 1
P
B
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t
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e
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t
that the molecules of the solvents initially bonded to the inor-
ganic matrix are progressively disrupted as the reactions take
place, as well as the water molecules hydrogen bonded to the
ropyl 2.20 25.4 11.5 ± 0.10
utyl 2.05 26.3 12.8 ± 0.15
entyl 1.97 28.9 14.7 ± 0.08

echnique consists in following a sequence of individual thermal
ffects that occur during solute–substrate interactions when the
itrand is added to a given solution. By considering the presence
f a solid in the system, each thermal effect value is obtained
y the injection of titrand solution to a confined suspension of
he desired matrix in the calorimetric vessel. The total thermal
ffect of interaction at each point of titration is then determined
y the sum of all thermal effects obtained during the calorimetric
itration.

The thermodynamic data related to amine intercalation into
he free nanocavity of the hydrated crystalline phenylarson-
te are listed in Table 3. The results show that an increase in
arbon number in the alkyl chain causes an increased exother-
icity of the change in enthalpy of intercalation. The enthalpic

alues obtained from calorimetric titration are linearly cor-
elated with the number of carbon atoms in the intercalated
-alkylmonoamines, as shown in Fig. 7 and is given by the
xpression:

H = −(7.25 ± 0.40) − (1.67 ± 0.10)n (12)
c

The slope of the straight line represents the effect of addi-
ion of one methylene group to the aliphatic amine chain. The
ntercept is an estimative of the amine group contribution to the

ig. 6. Number of moles intercalated as a function of the number of carbons in
he n-alkylmonoamines intercalated into hydrated barium phenylarsonate.

a

F
n

4.79 13.08 32.4 ± 0.1 70 ± 1
8.73 13.68 33.9 ± 0.1 71 ± 1

18.86 14.45 35.8 ± 0.1 71 ± 1

nthalpy of intercalation. For a similar system involving this
ame sequence of guest molecules with calcium phenylphos-
honate, a value of −1.30 kJ mol−1 was obtained [29], which
ndicates the effectiveness in intercalation with this present inor-
anic host.

The sequence of the enthalpies determined here with a limited
umber of n-alkylmonoamines contributes to an understanding
f these types of systems. The linear correlations observed sug-
est that enthalpic values can be inferred for other intercalated
pecies by using these linear correlations for an unknown guest
olecule, in order to readily estimate this desired value from the

umber of carbons present in the alkyl chain moiety.
From the equilibrium constant, the values of the Gibbs free

nergy and entropy changes for all intercalation were calcu-
ated. All entropic values are also consistent with the argument
hat the reactions are entropically favored. These values suggest
mine groups, causing an increasing of these free molecules in

ig. 7. Enthalpy of intercalation of n-alkylmonoamine as a function of the
umber of carbons intercalated into hydrated barium phenylarsonate.
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