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Abstract

Layered crystalline calcium phenylphosphonate, as anhydrous GR@EBs),, and hydrated Ca(H§PCsHs),-2H,0O forms were used as
hosts for intercalation of-alkyldiamine molecules iN(CH,),,NH, (n = 2—6) in water or 1,2-dichloroethane. The amount intercalatgevas
followed batchwise at 29& 1 K and the variation of the original interlayer distance (d) for hydrated calcium phenylphosphonate (1525 ppm)
and anhydrous calcium phenylphosphonate (1751 ppm) was followed by X-ray powder diffraction. Linear correlations were obfaingd for
as afunction of the number of carbon atoms in the aliphatic chgindm (1424+ 65) + (1084 14)n andns = (3.33%+ 0.15)— (0.39+ 0.03)#;,
for the hydrated compound ani: (1643+ 60) + (108+ 12)n, andns =(3.43+0.12)— (0.39+ 0.01)n, for the anhydrous compound. The
exothermic enthalpies of intercalation increased withwhich derived from the monomolecular amine layer arrangement with longitudinal
axis inclined by 58to the inorganic sheets. The intercalation, followed by titration with amine at the solid/liquid interface with both matrices,
gave the enthalpic/number of carbons correlatiafi® = — (0.54+ 0.12)— (1.104+ 0.09)r and AH° =— (1.394+ 0.15)— (1.56+ 0.10)x,
respectively. The exothermic enthalpic value increases ayitire more pronounced for the anhydrous compound. The Gibbs free energies
are negative while positive entropic values favor intercalation in these systems.
© 2005 Elsevier B.V. All rights reserved.

Keywords: Layered compoundg-Alkyldiamine molecules; Intercalation reactions; Thermodynamic properties

1. Introduction of six different phosphate groups. The fourth oxygen of each
phosphate group is bonded to a proton which is located in
Crystalline organophosphonate compounds, mainly thosethe interlayer spacf]. This phosphate group arrangement
derived from tetravalent metals, form a class of inorganic forms a zeolitic type cavity, containing water molecules
layered structures that consist of a sequence of alternatinghydrogen bonded to three of the acidic phosphate groups on
inorganic—organic layers. These kinds of compounds havethe same layer. Diffusion of species into the cavity is per-
received intense interest in recent years, not only from the mitted if the theoretical size is limited to 264 (8] and the
structural viewpoint, but also due to their ability to insert structural layers are only weakly held together by dispersion
polar molecules into the free interlamellar spgte]. For forces.
instance, in the zirconium compound whose layered structure  Changing to divalent cations forming crystalline struc-
was first determined, the metal atoms lie in a plane and aretures, a simple representative example of such a compound
bridged by phosphonate groups, which are located above ands hydrated calcium phenylphosphong4¢, in which two
below the metal atom plane. Three oxygen atoms of eachwater molecules are coordinated to the inorganic backbone in
tetrahedral phosphate are linked to three zirconium atoms andhe available space between the inorganic layers. The weak
each metal is octahedrally coordinated by six oxygen atomsinteractive effect of those coordinating molecules is mani-
fested when basic polar molecules are intercalated to yield
* Corresponding author. Tel.: +55 19 3788 3155; fax: +55 19 3788 3023. N€W anhydrous compounds, with gradual replacement of the
E-mail address: airoldi@igm.unicamp.br (C. Airoldi). original water moleculep?].
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During organic molecule intercalation into this kind of (n=2-6), in order to contribute to the understanding of
layered compound, the inorganic host layers interact with the the energetic of the intercalations. The calorimetric results
organic guest molecules by increasing the interlamellar sep-enable the calculation of the enthalpy of the acid—base
aration. The fully intercalated material consists of regularly interactions on acidic solid surfaces. Thermochemical data
alternating organic and inorganic layers and both the physicalrelated to these kinds of compounds are lim[@@-23]. The
nature and the chemical reactivity of the material can be intercalated compounds obtained are also characterized by
significantly altered. For example, amines intercalated into physical methods, in order to correlate physical properties
zirconium hydrogenphosphate change their properties whenwith the energies of intercalation.
in contact with water. The lamellae formed may be reconsti-
tuted to form thin films which have potential applications in
the field of ion exchange, chromatography, heterogeneous2. Experimental
catalysis and as protonic conductf$ On the other hand,
the same intercalated materials seem to be useful as precur2.1. Materials
sors in pillaring reactionfg] because the intercalation pro-
duces an increase in the interlayer space, favoring exchange All chemicals used were of reagent grade and deionized
between the intercalated amine and the pillaring agent. water was used throughout the experiments. Phenylphospho-

The proposal mechanism of amine intercalation was that nic acid (Aldrich), calcium chloride (Fisher), and sodium
the basic nitrogen group is firstly protonated by the available hydroxide (Vetec) were used for all preparations. The
hydrogen attached to the phosphate group and, therefore, theliamines (Aldrich) of the general formulapN(CHy),,NH>
maximum amount of intercalated amine should be two moles (n=2-6), i.e. 1,2-ethylene-, 1,3-propylene-, 1,4-butylene-,
per unit of metal phosphate. The intercalated amount also1,5-pentamethylene- and 1,6-hexamethylenediamines, were
depends on the free area of about 20.00* pn? surrounding used without further purification.
each phosphate group, which permits the accommodation of
one molecule of the base per phosphate group, and on a cross2.2. Preparations
sectional area ofrans—trans alkyl chains evaluatefl’/] as
18.6x 10* pr?. Hydrated calcium phenylphosphonate was synthesized

In spite of the great number of papers devoted to studiesas before, Briefly, phenylphosphonic acid reacts with
of intercalation in inorganic lamellar structurs-10], the calcium chloride in aqueous solution, and the solid
use of calcium phenylphosphonate as host is restricted.Ca[(HO)Q:PCGsHs]2-2H20 was isolated and dehydrated to
However, intercalations in this compound by a variety of yield the anhydrous form Ca[(HOYBCsHs]2 [11].
n-alkylmonoamines were recently investigatétil,12].

During the intercalation process the guest molecules are2.3. Intercalation procedure

oriented inside the free lamellar cavity, causing an increase

in the interlayer spade,13], with changes in both guest and The intercalation was carried out by suspending about
the host properties, and the resulting host-guest systems havé0 mg of solid compounds in 0.50 mol d solutions of
been explored from the technological point of vifly14]. each amine, dissolved in water (hydrated compound) or
As the guest molecule is accommodated inside the free spacd,2-dichloroethane (anhydrous compound), at room temper-
in the lamellar cavity, a variation in interlamellar distance ature[11]. The isotherms of concentration versus time were
takes place, which provides information about the orientation obtained through the batch methj@d]. For this determina-
and rough estimates of the disposition of the species intion, a series of flasks containing the suspension were contin-
the gallery[13,15-19]. The amount of alkylmonoamines uously stirred in a mechanical orbital apparatus thermosted
intercalated into the calcium compound corresponds to two at 298+ 1 K. The number of moles of amine intercalated
moles of amine per mole of the inorganic support with into the host matrix to () can be calculatefP5,26] by the

an inclination of 55 for the alkyl chain, in relation to the  difference between the initial number of moleg) @f added
inorganic layer, a value which is very close to that presented amine and that determined in the supernatagt @ivided

by lamellar zirconium phosphate. From the point of view by the mass (m) of the compound, i.ey=(nj — ng)/m.

of the energetics involved in the host—guest interaction, All amine solutions were previously standardized with
the entrance of these species into the free gallery space isa 0.1570moldm?3 hydrochloric acid solution, using as
accompanied by an intrinsic thermal eff¢t5-17,19]. indicator a 5:1 mixture of bromocresol green and methyl

Although intercalation is a well-established process, red[27]. After intercalation, the resulting white solid was
the great majority of publications have focused on the separated by centrifugation, washed with water and ethanol,
structural aspects of these kinds of compounds. The mainand dried at 323K in an oven for about 8 h. The isotherms
objective of this investigation is to report some calorimetric presented an increase in the number of moles of amines
determinations of the interaction of hydrated calcium intercalated () with time (7) or with the concentration of the
phenylphosphonate and its anhydrous derivative with supernatant (€. In all cases, these intercalation processes
n-alkyldiamines of the general formula,N(CH>),,NH> caused a total saturation of the inorganic layered structure to



116 A.M. Lazarin, C. Airoldi / Thermochimica Acta 437 (2005) 114-120

establish a well-defined plateau. The batchwise experimental Inthe presentcase, a plotxfA#k, versusX gave the angu-
conditions to obtain these isotherms were as close as possibldéar and linear coefficientsh i, andK, respectively, to give

to those used in the calorimetric determinations. AH° = Ahint/ns. Gibbs free energy and entropy changes were
calculated fromAG° =— RTInK° and AG® = AH® — TAS®
2.4. Calorimetric titration expressions, respectively7,19].

The intercalation processes were calorimetrically fol- 2.5. Characterization
lowed by an LKB 2277 Thermal Activity Monitor.
In a typical process, 10.0mg of host suspended in Elemental analyses, X-ray diffraction patterns, infrared
2.0cn? of water or 1,2-dichloroethane was incrementally spectroscopy and thermogravimetry were obtained as before
titrated with 0.5001 moldm® amine solution in water  [11].
and 1,2-dichloromethane, respectively, under stirring, at
298.15+ 0.20 K. The amine solutions where added in incre-
ments of 1QuL until the lamellar compound was saturated. 3. Results and discussion
Three independent titrations were done for the complete ther-
modynamic cycle: (a) thermal effects due to the host/amine  Based on the elemental analysis, where 10.1% (2.52 mmol
interaction §_0), (b) solvation of the solidY_Qs) and (c) g~1) and 15.6% (5.04 mmold}) were found for calcium and
dilution of amine solution Y_Qqj). The net thermal effect  phosphorus, a 2:1 molar ratio for these elements, and conse-
of intercalation is given by} " Oint => 0r — > _Odil — > 0s. quently, the molecular formulas Ca(HPGsHs)2-2H,0 and
The thermal effect of solvation of the inorganic lamel- Ca(HOQ;PCGsHs)2 were established.
lar compound suspended in water or 1,2-dichloroethane The high degree of crystallinity of the Ca(HRGCsHs)»-
was 0, thus) Qint =>_Or — > _Quil- An illustration for 1,4- 2H,0O compound is shown by the presence of a sharp and
butylenediamine is shown fRig. 1. The enthalpy of interac-  intense peakthat correspondsto aninterlayer distance of 1525
tion Ak was obtained by an expression fitted to a modified pm, which differs from the anhydrous compound with an

Langmuir equatioti29]: interlayer distance of 1751 pfh3]. This increase in distance
caused by water removal was interpreted as a distortion of the
XIAhy = 1/(K = 1) Ahing + X/ Ahing 1) original structure, as observed for similar organophosphonate

where X is the mole fraction of the amine remaining in COMPound$28]. S
solution after interactionAh, the enthalpy of intercalation The infrared bands distinguish the compounds, the
obtained by dividing the thermal effe@int, by the number hydrated compound presents a weak and broad band at

l .
of moles of intercalating molecules akds a proportionality ~ 3900 ¢ ™, due to the presence of OH groufid], which
constant that includes the equilibrium constant. is absent in the anhydrous form. A weak band at 1438%cm

and medium bands in the 720-694cthrange indicate the

presence of phenyl rings. The bands that appear at 1340 and

-60 A 1105cnT? represent POH vibrations and those at 1080,
/,A//‘ —n 1017 and 996 cmt are due to P@groups. Three bands, two

50 - AT of them weak, are related to the ring, in the 3000-2830tm

. region, and one at 1437 cth, correspond to symmetrical
40 / /. and asymmetrical €H stretching and to the basal stretching
| :/ C—C band of the ring, respective]g,11]. After amine inter-
a0 / calation, weak bands attributed to NH stretching vibrations
/ appear at 3580 and 3077 ¢t The shift of the N-H stretch-
1 4 ing bands towards lower frequencies suggests that the guest
20 diamine is coordinatef] and replaces water molecules in
T the intercalation process.
10+ The thermogravimetric (TG) curves for hydrated calcium
T I phenylphosphonate presented a mass loss of 4.3% at 583K,
; ; . : corresponding to the loss of water molecules, calculated value
0 S0 100 150 200 4.1%. The release of the phenylphosphonate groups attached
Voo ub to the inorganic framework started around 720K for both
compounds and is completed at 900K, but, some residual
Fig. 1. Calorimetric tit_ration of 0.01009g of_ hydrated calcium phenylphos- carbon is present29]. The observed mass loss of 32.1%
phonate suspended in 2.0&rof water with 0.5001 moldm® of 1,4- is assigned to the organic moiety, calculated value 34.1%.

butylenediamine in the same solvent at 2981620 K. The experimental . . .
. ; S 0
points represent the sum of the thermal effects of the direct tltr@:c@m The total mass loss of 35.0% up to 1200K is consistent with

(), dilution S" Qi (@) and the net thermal effe3C 0, (W); "0 andVag the expected value of 34.6%, coming from the conversion of
are the total thermal effect and total injected volume of titrant. Ca(HQ;)PGsHs)2-2H20 to the final Ca(Pg)2 residug29].

=Q/md
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The TG curves for the anhydrous compound showed the
absence of mass loss up to 570K. This feature emphasizes 5| = a3
the difference between the two host compounds, confirm- / o b
ing the anhydrous form obtained from the original hydrated T »
compound, which, upon continued heating, also gave the
same final product, Ca(R®. The curves for the interca- A
lated compounds are very similar to those observed for the
calcium phenylphosphonate compounds with a difference in _ . ?
percentages in the decomposition stage. As discussed previ- '
/,/. . y
104 [ ¥e ¢ €

ously, water elimination causes a mass loss of 4.3% while,
for the amine derivatives, this percentage is always larger,
varying from 5.2 to 7.1%. On examining these intercalated /
compounds the following processes were detected: (i) physi- ] /

cally adsorbed amine and water molecules are lost from room

temperature to near 583 K, (ii) the chemisorbed amine is lost 0.5+
from 583 to 720K and (iii) two steps are due to the loss of

phenyl groupg30] in the 720-900 and 900-1200 K ranges,

n,/mmol g

*

respectively, to end in with Ca(P) product[11]. 00777 T
The series of isotherms fot-alkyldiamine intercala- 0.0 2.0 4.0 6.0 80 10.0
tion in hydrated calcium phenylphosphonate are illustrated C,x 10"/ mol dm*

in Fig. 2. The maximum number of moles of the amines

intercalated was 2.48, 2.20, 1.87, 1.25 and 1.00 mmblg Fig. 3. Isotherms for intercalation of 1,2-ethylene- (a), 1,3-propylene- (b),

for 1,2-ethylene-, 1,3-propylene-, 1,4-butylene-, 1,5-penta- 1,4-_buty|ene- ©, 1,5-pfentamethylene- (d) and 1,6-hexamethylenediamines

. . . (e) into anhydrous calcium phenylphosphonate.

methylene- and 1,6-hexamethylenediamines, respectively.

For the same processes of intercalation on anhydrous cal-

cium phenylphosphonate the corresponding isotherms arechain. As expected, larger diamines have reduced freedom to

shown inFig. 3, giving the values 2.54, 2.32, 1.95, 1.29 and diffuse into the interlayer space and interact with the acidic

1.06 mmol g? for the same sequence of guest molecules. groups on the inorganic support. Also, as the amine chain

For both series, these values, which were obtained throughlength is increased it could be supposed that a restriction

a batchwise process, decreased with an increase of alkylto a best adjusting of the chain inside the interlayer cavity

chain length of the diamine. Such decrease in the amount ofoccurs.

the diamine intercalated with increasing chain length clearly = The amount of the amine intercalated per grarp) (n

demonstrates a behavior related to the size ofrntladkyl showed a higher value for the anhydrous calcium phenylphos-

phonate. This enhancement clearly reflects the increasing

number of available active sites on anhydrous calcium

phenylphosphonate as a consequence of water removal.

Water molecule displacement was previously shown not

b only by thermogravimetry but also with differential scanning
calorimetry[11]. In principle, after water removal, the hydro-

¢ gen on free OH groups can interact with the basic aming NH
center. However, when the amine molecules are dissolved in
water, such interactions are strongly favored as a solvation
process. In such unfavorable conditions, the amine groups are
highly solvated and the free available pair of electrons on the
nitrogen atom is blocked, causing difficulty to bond forma-
tion in the intercalation reaction. Based on this approach, an
increaseinthe amine intercalating process should be expected
when apolar solvents are used in intercalafgtj, as demon-
strated by this present series of results.

During the intercalation process an increase in the inter-

o0 20 | a0 &b 8o  1ho layer distance to accommodate the diamines in the free space

of the cavity occurred. This behavior can be followed via

the X-ray diffraction data listed ifiable 1. As observed, the

Fig. 2. Isotherms for intercalation of 1,2-ethylene- (a), 1,3-propylene- (b), mte_rlame”ar distance mcr_eased W_Ith _the increase of alkyl

1,4-butylene- (c), 1,5-pentamethylene- (d) and 1,6-hexamethylenediaminesChain length. However, this behavior is also dependent on

(e) into hydrated calcium phenylphosphonate. the degree of intercalation. The number of moles of diamine

2.5 a

2.0

0.54

0.0

C, x 10°/ mol dm™
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Table 1

Interlayer distance (d) for hydrated (CaPP) and anhydrous (CaPP1) cal-
cium phenylphosphonates and for the respeetigékyldiamine intercalated
compounds

Compound d (pm)
CaPP 1532
CaPP-xHN(CHg)zNHg-(Z—x)HzO 1640
CaPP-xHN(CHy)3NH-(2 — x)H20 1749
CaPP-xHN(CH2)4NH2-(2—X)Hzo 1856
CaPP-xHN(CH;)sNH2-(2 — x)H20 1964
CaPP-xHN(CH;)sNH2-(2 — x)H20 2072
CaPP1 1751
CaPP1-HN(CHz)2NH3 1859
CaPP1-HN(CHz)3NH3 1967
CaPP1-HN(CHz)4NH2 2075
CaPP1-HN(CHz)sNH3 2183
CaPP1-HN(CHz)sNH2 2291

intercalated () and the interlamellar distance (d) correlated
linearly with the number of carbons in the aliphatic chain,
as illustrated irFigs. 4 and 5. The linear correlation can be
expressed by Eq§2) and(3) for hydrated compound:

ni = (3.33+ 0.15) — (0.39+ 0.03)n¢ 2
d = (14244 65)+ (108=+ 14)n (3)
and for anhydrous compound:

ni = (3.434+ 0.12) — (0.39+ 0.01)n¢ 4)
d = (1643+ 60)+ (108+ 12)nc (5)

The intercalation reaction can be fundamentally consid-

A.M. Lazarin, C. Airoldi / Thermochimica Acta 437 (2005) 114-120

solid structure [Z], maintaining the structural characteristics
of the framework. The intercalation of the species takes place
in the accessible empty holes () of the inorganic layer, or
for the hydrated compound, the guest molecule replaces the
Lewis base water molecule. From the interlamellar distance
correlation shown ifrig. 5, the angular coefficient enables an
estimate of the inclination of the diamine molecule, as well
as its arrangement in either a mono or bilayer disposition
inside the interlayer cavity. For a sequence of diamines the
increment of 127 pm for one additional carbon atomin an all-
trans alkyl chain can be expected. If the diamines are present
as amonomolecular layer of extended molecules, their longi-
tudinal axes are inclined at an angle of arcsin(108/127y=58
in relation to the plane of inorganic sheet. This same
angle of inclination was found for zirconium phosphonate
with a series of diamines, also in a monolayer disposition
[32].

All data clearly show that the process of intercala-
tion of n-alkyldiamines in hydrated and anhydrous calcium
phenylphosphonate can be interpreted as an acid—base solid-
state reaction between a layered Lewis acid hog?-@H
and Lewis-base guesf20]. An illustration of the calori-
metric titration related to the amine intercalation into the
free cavity of the hydrated crystalline phenylphosphonate is
shown inFig. 6, and the thermodynamic data are listed in
Tables 2 and 3. The results show that an increase in carbon
number in the alkyl chain causes an increased exothermicity
of the enthalpy change of intercalation.

The enthalpic results in anhydrous compounds are
always more exothermic when compared with the hydrated

ered as an insertion of a mobile guest species A into the host

2.7+

2.4+

2.1+

1.8

e/ mmol g’

1.5+

Fig. 4. Number of moles intercalated as a function of the number of carbons
in then-alkyldiamines intercalated into hydrated (a) and anhydrous calcium
phenylphosphonates (b).

2300

2200

2100

2000 —

d/pm

1900 —

1800

1700

1600

n -
o -

Fig. 5. Interlamellar distance as a function of the number of carbons in
the n-alkyldiamines intercalated into hydrated (a) and anhydrous calcium
phenylphosphonates (b).
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Table 2
Thermodynamic data for the intercalation mfalkyldiamines (CH),(NH2). (n=2-6) in aqueous solution with hydrated calcium phenylphophonate at
298.15+0.20K

(CHa),.(NH>), —Ahine g ns (mmolg1) —AH° (kJmol~1) In K° —AG° (kImol?) AS° (Imoltk-1)
2 6.92 2.44 2.844+0.08 10.65 26.4£0.1 79+1

3 8.32 2.13 3.91+0.23 11.42 28.3:0.1 82+1

4 8.82 1.75 5.044+0.23 12.66 31.4£0.1 89+1

5 8.25 1.32 6.114+0.21 13.55 33.6:0.1 92+1

6 8.03 1.10 7.294+0.12 14.20 35.2:0.1 94+1

Table 3

Thermodynamic data for the intercalationshlkyldiamines (CH),(NH2)2 (»=2-6) in 1,2-dichloroethane with anhydrous calcium phenylphophonate at
298.15+£0.20K

(CHa),.(NH2)» —Ahing Qg1 ns (mmolg1) —AH° (kJmol ) InK° —AG° (kImol 1) AS° (Imol1k=1)
2 12.97 2.60 4.99+ 0.08 11.34 28.H0.1 76+1
3 14.60 2.41 6.06 + 0.23 12.50 31.0£0.1 84+1
4 14.42 2.02 7.144+ 0.23 13.47 33.4£0.1 88+1
5 13.00 1.40 9.28+ 0.21 14.81 36.740.1 92+1
6 13.34 1.19 11.21+ 0.12 16.09 39.9t£0.1 96+1

compounds. The enthapic values obtained from calorimetric A linear equation was also obtained from the calorimetric
titration are linearly correlated with the number of carbon titration data for intercalation for the samealkyldiamines
atoms in then-alkyldiamines intercalated into hydrated with the anhydrous compoundsig. 7), as indicated by the
calcium phenylphosphonate, as showrFig. 7 and given expression:
by the expression:

AH® = —(1.394 0.15) — (1.56+ 0.10)n¢ @)

AH® = —(054+0.12)~ (1.10+ 0.09)n ©6) Inthis case, the intercept value-el.39 kJ mot ! reflects that

the number of moles intercalated is higher than that observed

The slope of the straight line represents the effect of addi-
P d P with hydrated compound.

tion of one methylene group to the aliphatic amine chain.
The intercept is an estimate of the contribution of the amine
head group to the enthalpy of intercalation. For a similar sys-

tem, involvingn-alkyldiamines with titanium phosphonate, a i
value of—2.06 k mot! was obtained27], reinforcing the 3
greater ability to intercalate in this latter matrix. ]
-4
-5 u
] T T T T T T T : T i -12'0 ]
-4,0- " ; -6
~ 1-10,0 T J
~ 8
-3,51 _ 74 -
| e 180 @ 2 a
g = T 8-
3891 // {60 2 =
~ = -
= <
< < -0
-2,5 / .40 ><<j i
] / - -10
-2,0 4-2,0
414 o]
-1,5-— T T T T T T =00 " .
0,0 1,0 2,0 3,0 4,0 50 6,0 7,0 12 1
4 - T T T T T v T T T
Xx10 2 3 4 5 6
Fig. 6. Isotherm for the enthalpy of intercalatidh, vs. molar fraction, Me
X, obtained from a calorimetric titration of 0.0100g of hydrated calcium ) ) o )
phenylphosphonate suspended in 2.8 ahwater, with 0.5001 mol drm? Fig. 7. Enthalpy of !ntercalanon_oﬁ-alkyldlamlne as a function of the'
of 1,4-butylenediamine in the same solvent at 2981620 K. The straight number of carbons intercalated into hydrated (a) and anhydrous calcium

line is the linearized form of the isotherm. phenylphosphonates (b).
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