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Abstract

Lamellar crystalline calcium phenylphosphonate, as anhydrous GRE{BI5), and hydrated Ca(H§PCGsHs)2-2H,0
compounds, were used as hosts for intercalation of petdkylmonoamine molecules of the general formula@EH,),, NH2
(n = 0-4, 7) in water or 1,2-dichloroethane. An increase in the interlayer distance was observed. The exothermic enthalpic
values for intercalation increased with the number of carbon atoms and with increasing concentration of the amines. The inter-
calation followed by a titration procedure in the solid/liquid interface with Ca{PiqHs),-2H,0 and Ca(H@PGsHs), gave
the enthalpy/number of carbons correlatiofg; H = —(1.7440.43)—(1.30+0.13)n. andAjn H = —(4.15+0.15)—(1.0A4
0.03)r, for water and 1,2-dichloroethane, respectively. A similar correlatippd = —(4.27 + 0.80)—(1.85+ 0.21)n, was
obtained in water by using the ampoule breaking procedure for Cgf#B§bs)»-2H,O. The increase in exothermic enthalpic
values with the increase imaliphatic carbon atoms is more pronounced for the anhydrous compound and also when using
the ampoule breaking procedure. The Gibbs free energies are negative. Positive entropic values favor intercalation in these
systems.
© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction the overlapping lamella. Applications of these mate-

rials include catalysis, sorption and ion exchange, as
There is considerable interest in synthesis of new well as uses in intercalation chemis{ty-3].

layered metal phosphonate salts due to their robust Calcium phenylphosphonate was first synthesized

and vyet flexible structural properties. This class of [4,5] through reaction of an aqueous solution of cal-

layered inorganic—organic hybrid compounds presents cium ion with an organophosphonic acid, followed by

an inorganic backbone with pendant organic groups addition of aqueous sodium hydroxide solution. How-

on both sides of the central layer. This kind of ever, the success of this procedure is largely dependent

structural arrangement was first synthesized with on the occurred pH. The chemical formula of the an-

tetravalent metals and more recently with a series hydrous calcium phosphondt] was previously pro-

of divalent cations. Polymeric units, containing the posed as Ca(HgPCsHs)o.

metallic cations between phosphonate groups, form  The present investigation is focused on the hydrated
compound, Ca(HgPCsHs)2-2H20, in which two wa-

* Corresponding author. Fax:55-19-3788-3023. ter molecules are coordinated to the inorganic back-
E-mail address:airoldi@igm.unicamp.br (C. Airoldi). bone. When basic polar molecules are intercalated,
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these water molecules are gradually replg@édDur- formula CH(CH2),NH2 (n = 0-4, 7), i.e. methyl-,
ing the intercalation process the guest molecules areethyl-, propyl-, butyl-, pentyl- and octylamines, were
oriented inside the free lamellar cavity, causing an in- used without further purification.

crease in the interlamellar distance to accommodate

them inside the interlayer spa¢g8]. Thus, interca- 2.2. Preparations

lation changes both guest and host properties. The re-

sulting host—guest systems have been explored from Hydrated calcium phenylphosphonate, Ca@RGs
the technological point of vie\d—3]. The variation in Hs)2-2H,0, was prepared by reacting 60.0twf a
interlamellar distance permits extraction of informa- 1.0 moldn2 aqueous solution of organophosphonic
tion about the orientation and rough estimates of the acid with 25.0cm of 0.50 moldnt3 CaCh-2H,0.

disposition of the species in the gallery spfc8-13]. To this mixture, maintained with vigorous stirring,
Entrance of these species into the free gallery space is0.30 moldnT? of a NaOH solution was added drop-
accompanied by a thermal effd&-13]. wise, to adjust the pH to 5-6. An abundant white solid

The energetic of intercalation is associated with immediately precipitated. The compound was isolated
the interaction between the basic guest molecule andby filtration, washed with doubly distilled water and
the host acidic center located on the inorganic matrix. air dried at 320 H19]. This compound was dehydrated
Studies ofn-alkyldiamines with amx-titanium hydro- by heating the sample at 573K in vacuum for 8 h to
genphosphate system established the mechanism ofive the final anhydrous compound, Ca(§RTsHs);.
the gradual substitution of solvent molecules initially
bonded to the inorganic layer by the intercalating 2.3. Intercalation procedure
molecule[14]. Linear correlations between the en-
thalpy of the reaction and interlayer distance or with ~ The intercalation process was carried out by sus-
the number of carbon atoms in the aliphatic chain can pending about 70.0 mg of the lamellar crystalline solid
be used to infer properties for other non-intercalated in 0.10 mol dnT> aqueous solutions of each amine at
species [7]. Some other investigations involving roomtemperature. The isotherms of concentration ver-
n-alkylmonoaminesp-alkyldiamines and some hete- Sus time were obtained through a batch metfiog.
rocyclic amines with inorganic layer compounds have For this determination a series of flasks containing the
also been reporte®,10,15]. suspension were continuously stirred in an orbital me-

The present study reports calorimetric data, based chanical apparatus thermostated at 298 K. Thus,
on calorimetric titration[16,17] and the breaking the number of moles adsorbed per gram of the inter-
thin-glass ampoule$18], on intercalation between calated compound {his calculated by the difference
hydrated Ca(H@PGCsHs)2-2H,O and anhydrous  between the initial () and the supernatantdmum-
Ca(HO:PGsHs), crystalline calcium phenylphos-  ber of moles of amine divided by the mass (m) of the
phonates anch-alkylmonoamines, Cg(CHy),NH> compound usedys = (nj — ng)/m [16,17]. All so-

(n = 0-4, 7), to establish correlations between the lutions were standardized with 0.1079 moldfrhy-
physical properties of the host inorganic matrix and drochloric acid, using an indicator made by mixing
the guest molecules. bromcresol green and methyl red in a 5:1 proportion.
The number of moles of amine intercalated)(m-
creased with time (t) and with the concentration of
2. Experimental the supernatant , until the plateau related to total
saturation of the layered structure was obtained.
2.1. Materials
2.4. Calorimetric titration

All chemicals used were of reagent grade and
deionized water was used throughout the experiments. The thermal effects of the intercalation of the
Phenylphosphonic acid (Aldrich), calcium chloride series of amines for both crystalline lamellar com-
(Fisher), and sodium hydroxide (Vetec) were used for pounds were followed in an isothermal LKB 2277
all preparations. The amines (Fluka) of the general microcalorimetric system, as previously described
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[13]. A sample of approximately 20mg was sus- was filtered and aliquots of supernatant were titrated
pended in 2.0 crhof water or 1,2-dichoroethane and  with standard hydrochloric acid solution to obtain
vigorously stirred at 298.1% 0.02 K. After equilib- values.

rium, a solution of amine in the chosen solvent was
added through a microsyringe. For each increment
of solution the thermal effect (%Q) was recorded
until saturation was reached, indicated by a constant
thermal effect. Identically, titrations of the amine  The synthesized compounds were characterized
solutions in each solvent Q) without the solid by means of a complexometric titration for calcium
were monitored as was also the solution with calcium [21] and a spectrophotometric method for phosphorus
phenylphosphonate suspended in the calorimetric sol-[22,23], and also by carbon, hydrogen and nitrogen
vent, which gave a null value. Combining these ther- elemental analysis. X-ray diffraction patterns, infrared
mal effects gives the thermal effect for intercalation: Spectroscopy, thermogravimetry and nuclear magnetic
SintQ = ZiitQ — Zgil Q. From Qi the change in resonance were also used for characterizafiz#].
enthalpy associated with the amine—matrix interaction The hydrated compound was heated to determine the
can be determined by fitting the intercalation data to Water content of the solid.

a modified Langmuir equatiofi3-17]. The isotherm of intercalation of ah-alkymono-
amines using the batch method measured the accep-

tance by host solid, Ca(H{PCsHs)2-2H,0 in the
present case, of the amines, as illustrated with propy-
An LKB 8700-1 isoperibolic precision calorimetric  lamine inFig. 1. To linearize the results obtained in
system and a Thermometric 2225 precision solution the isotherms the data were fitted to the Langmuir
calorimeter were used for reaction—solution measure- model, in which it is assumed that a monolayer of
ments for the intercalation of amines into lamellar amine is formed on the crystalline layered inorganic
host solid. The thermal effects caused by break- compound25]. The values are fitted to the expression:
ing thermostated thin-glass ampoules containing the C 1
solid matrix (ca. 50mg) into 0.090 dimof amine == —SS —
solutions of variable concentration, varying from R b
0.10 to 0.50 moldm?, were recorded. The response whereCs is the remaining amine concentration in so-
of ampoule breaking in well-stirred solutions indi- lution after intercalation equilibriumg; as defined
cated a kinetically favorable system, whose baseline previously,n® the maximum amount of amine interca-
was reached in a few minut¢$3—17]. As observed lated to form a monolayer, per gram of the host, and
with other lamellar compounds, a null thermal effect b is a parameter associated with the thermodynamic
resulted when anhydrous or hydrated calcium phos- equilibrium of intercalatior{13,17,26]. Thes&® and
phonate samples were broken into the calorimetric b values can be estimated from angular and linear co-
solvent in the absence of amiffi#8]. The standard  efficients after linearizing the isotherm, as represented
molar enthalpies of intercalation were obtained by in Fig. 1.

3. Results and discussion

2.5. Ampoule breaking calorimetry

breaking at least five ampoules in the calorimetric sol-
vent at 298.15: 0.02 K. Moreover, the thermal effect
of empty ampoule breaking was found to be negligible
[18,20]. For the Thermometric system, Sol Cal soft-
ware was used to calculate the enthalpy, which was
given by considering the net thermal effect produced
during the ampoule breaking divided by the number
of moles of the amine intercalatedH = XQ/n¢
[16,17]. The results obtained in both calorimetric
systems showed identical enthalpic values. At the
end of each ampoule breaking, the resulting solution

In an attempt to understand the energetics of interca-
lation, then-alkylmonoamines Ck{CHy),,NH2 (n =
0—4, 7) were inserted into hydrated Ca(§RsHs)2-
2H,O and anhydrous Ca(HPGsHs)2, calcium
phenylphosphonates, whose interactive effect was
calorimetrically followed through ampoule breaking
or titration methods. The first procedure consisted of
breaking a series of ampoules in a given calorimet-
ric solvent and recording the corresponding thermal
effects. In the titration procedure the thermal effects
due to solute—substrate interaction were obtained in



54 C.B.A. Lima, C. Airoldi/ Thermochimica Acta 400 (2003) 51-59

2.0+ ~ 086

n/mmol g
R -3
C.,n//gdm

0.2 . .

. ; . ; . T : T 0.0
0.0 0.2 0.4 0.6 0.8 1.0

C, x 10% mol dm™

Fig. 1. Isotherm of intercalation of propylamine in Ca(§RsHs)2-2H,0, indicatingns values versus concentrati@y. The straight line
represents the linearizatidds/ns vs. Cs. The linear correlation coefficiemtis 0.999.

a sequence of incremental titrand additions. In both ~ With the exception oh-butylamine, where 13.0 mg
cases, these data were used to calculate the variatiorof hydrated calcium phenylphosphonate were used, all
of enthalpy[17,18]. othern-alkylmonoamines used 20.0 mg when titrating
Determination of the enthalpy of reaction requires a suspension of the host solid in the calorimetric titra-
three independent series of measurements, whichtion, as shown iffable 1. For these identical series of
are applied to ampoule breaking or titration proce- calorimetric determinations, the number of additions
dures and also to the particular calorimetric solvent and the volumes of amine solution to saturate the mass
(S) employed, from which a considerable number of of the matrix are also listed iffable 1. For exam-
molecules (a) are used in the solvation process. The ple, 13 identical additions of 30l of 0.450 mol dnT3
sequence of reactions (1)—(3) yields the main reac- propylamine were used to saturate the sample. The in-
tion (4), as represented here for anhydrous host solid, dividual thermal effects obtained for the calorimetric

represented by CaPP: titration of the host with this same-alkylmonoamine
are shown irFig. 2.
CaPP. aS+ RNH, - aS= CaPP- RNH; - 2aS; 0Oy From the calorimetric titration procedure, better in-
(1) formation about the energetic process involving all in-
vestigated systems can be obtained, as shoWwigir?.
RNH, +aS= RNH; - aS; Qi (2) The incremented addition of amine solution to the
CaPP+ aS= CaPP-aS; Qn 3) Table 1

Experimental conditions established by calorimetric titration of
2.0cn? of a suspension of Ca(HPGsHs)2-2H,0 with amines

CaPP+ RNH2 + 2aS= CaPP- RNH; - 2aS; Qint (RNHy) having concentrations (C) in aqueous solution with a
sequence of identical additions (N) of 1D to give the number
(4) of moles intercalatedy for mass (m) of the guest compound
Reactions (1)—(3) represent individual calorimet- RNH: C (moldm3) N (ul) n¢ (mmol) m(mg)
ric experiments which were carried out in duplicate cp,— 0.41 13 267 20.0
for each determinatioffil3]. The net thermal effect CHs-CH—~  0.55 10 2.22 20.0
(ZintQ) of those interactions, i.&ZintQ = %0 — CH3—(CHp).  0.45 13 1.86 20.0
qil Q, for the net reaction (4) was calculated for each CHs—(CHp)s  0.54 1 1.56 20.0
CHz—~(CHp)s  0.34 10 1.39 13.0

experimental point.




C.B.A. Lima, C. Airoldi/ Thermochimica Acta 400 (2003) 51-59 55

zQ /)

" ._,.———.’—".’_'.'—‘

oo o ¢
T T T T T T 1

0 10 20 30 40 50 60 70

naax 10°/ mol

Fig. 2. Calorimetric titration curves for 20.0 mg of Ca(kR¥sHs)2-2H,0 suspended in 2.0 chof water with 0.498 mol dm?® propylamine
at 298.15+ 0.02 K. The thermal effects of the reactiol], dilution (@) and net value A) are shown.

host solid leads to its saturation. In such conditions whereXis the sum of molar fractions of the remaining
the maximum amount of the titrand causes the accom- amine in solution after intercalatioi,is obtained for
modation of the amine in the free interlamellar space, each point of titrand addition by using the modified
with formation of a monolayer inside the lamella. Us- Langmuir equation, which was previously shown to be
ing the isotherm data through a batch method, the mo- a good adjustable model for such systgi%14,18].
lar fractions of amine in equilibrium were obtained, A;H is the integral enthalpy of intercalation obtained
by usingX/AH versusX plots, to give the enthalpy of by dividing the thermal effect resulting from interca-
interactionAjytH andK values, from the angular and lation by the number of moles of the lamellar host,
linear coefficients of the straight lines, respectively. A{H = AjnH/nS, with n® being calculated from

The following equation describes this process: the batch process intercalation resytt8,15,17,27]
X 1 A H X 5 (Fig. 3). From these an values, the other ther-
AH O K-—1 intH + AintH ®) modynamic data, such as Gibbs free energy, by the
10.0 104
- 804 1%° 2
> ©
e jo]
o {02 %
Z 6.0 .
i k=
401 %
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Fig. 3. Isotherm obtained from calorimetric titration of 20.0mg of CagRAQsHs).-2H,O suspended in water with 0.450 moldfn
propylamine. The molar fractioXi,;Q vs. X plot and its linearizedX/ZitQ vs. X form are also shown.
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Table 2
Thermodynamic values for intercalation through calorimetric titration of aqueous amines;jRHldtions into the hydrated or anhydrous
(a) form of calcium phenylphosphonate, with linear correlatign (

RNH, —AH (kJmol?) —AG (kJmol?) AS (JK~Imol?t) r

CHs— 3.18+ 0.06 314+ 0.1 21+1 0.982
CH3z—CHa— 4.41+ 0.07 39.8+ 0.1 28+ 1 0.997
CH3—~(CHyp)o— 5.55+ 0.06 353+ 0.1 30+1 0.997
CH3—~(CHy)3— 6.41=+ 0.04 19.6+ 0.1 28+ 1 0.997
CH3—~(CHyp)s— 8.70+ 0.03 19.6+ 0.1 36+ 1 0.990
CHz—(CHp)3- (a) 8.03+ 0.06 13.44 0.1 31+1 0.982
equationAG = —RTIn K, and the variation in en- The enthalpic values obtained from calorimetric
tropy, is obtained by employing the expressivg = titration are linearly correlated with the number of

AH — TAS, and the values are listed ifable 2. The carbon atoms () on the aliphati;m-alkylmonoamines
variation in enthalpy increases as the aliphatic amine intercalated in water into Ca(H®GsHs)2-2H,0
chain length increases for this energetically favorable [11,13-15], as shown ifig. 4, and expressed by

system, as expressed by negath@ values. A similar AH = —(1.74+ 0.43)—(1.30+ 0.13)nc (6)
behavior was also observed when 1,2-dichloroethane
was used as solvent, as listedTiable 3. The slope represents the effect of addition of one

For the guest molecule-butylamine intercalated in ~ methylene group to the aliphatic amine chain. The in-
the matrix in aqueous solution, the enthalpic values tercept,—1.74kJ mot?, is an estimate of the contri-
changed from-6.41+0.04 to —8.03=+0.06 kJ mot™* bution to the enthalpy of intercalation of the amine
for the hydrated and anhydrous hosts, respectively. bonding to the matrix. For a similar system, involv-
This observed increase in enthalpic values shows a fa-ing n-dialkylmonoamines with titanium phosphate, a
vorable condition of intercalation. This fact suggested value of—2.06 kJ mot* was previously obtainefd 5].
that immersion of the anhydrous compound in water A linear equation was also obtained from the
does not replace the solvent molecules in the lattice, ascalorimetric titration data for intercalation of the
indicated by distinguishable enthalpic values. Support same series of-alkylamines with Ca(HgPCsHs)2
for this behavior was obtained when the anhydrous in 1,2-dichloroethane:
compound Qa(H@3C6H5)2 was mtercqlated in er . AH = —(4.154+ 0.15)—(1.07+ 0.03)nc @)
apolar 1,2-dichloroethane. The enthalpic results in this
solvent for a given amine are always higher whencom-  In this case, for each carbon atom added to
pared with water as solvent. However, similar results the n-alkylamine, the increase in the enthalpy
of enthalpic intercalation were obtained for anhydrous change is—1.07 kJmot!, while the intercept of
host in water and 1,2-dichloroethane, as illustrated for —4.15kJ mot?, suggests that the number of moles

n-butylamine, which gave-8.194-0.10 kJ mot 1 with intercalated is greater than that obtained during the
this apolar solvent. same process in water.
Table 3

Thermodynamic data for intercalation of amine (RNHolutions through calorimetric titration into Ca(HPGCsHs), in 1,2-dichloroethane,
with linear correlation (r)

RNH, —AH (kJmol?1) —AG (kJmol 1) AS (K Imol™Y) r

CHs— 5.34+ 0.20 322+ 0.1 29+ 1 0.997
CH3—CH,—- 6.35+ 0.30 235+ 0.1 29+ 1 0.997
CH3—~(CHyp)o— 7.44+ 0.20 35.8+ 0.1 38+1 0.998
CHa—(CHy)a— 8.19+ 0.10 235+ 0.1 35+1 0.998

CHz—(CHy)7— 12.9+ 0.10 123+ 0.1 47+ 1 0.997
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Fig. 4. Correlation between the enthalpy of intercalatiagnH) in aqueous solution and the number of carbon atom$ ¢n the
aliphatic chain for ethyl-, propyl-, butyl and pentylamines. These values were obtained from calorimetric titration on the hydrated
Ca(HO;PGsHs)2-2H,0 compound.

The other method used to determine the variation  The set of enthalpic values is listed Table 5for
in enthalpy for the host—guest interaction was based Ca(HO;PCsHs)2-2H,0, obtained in aqueous solution
on the ampoule breaking proce3able 4shows the with the ampoule breaking method for this series of
experimental values when five ampoules with simi- aliphaticn-alkylmonoamine. A correlation was calcu-
lar mass (m) of hydrated calcium phenylphosphonate lated as expressed by the following expression, repre-
were broken into aqueous propylamine solutions. In sented inFig. 5.
such experiments the corresponding net thermal ef-
fectsEQF\J/vere determined andr'ihe intgrcalated amount AintH = —(4.27+ 0.80~(1.85+ 0.21)n ®)
(nr) was obtained by difference, through theftitration of  The slope of-1.85 kd mot represents the effect of
the amine in the supernatant. The linearizaf29] ~ addition of a methylene group to the aliphatialkyl-
of ¢ versus the quotienEQ/m gives the enthalpic  amine on the enthalpic value. On the other hand, the
value for the process of intercalation of the hydrated intercept—4.27 kJ mot?, corresponds to the enthalpy
host with propylamine, which wasinH = —9.80+ change for reaction of the amino group. This value is
0.70kJ moi’l, with a correlation coefficient of 0.992. h|gh in Comparison to that obtained by calorimetric

titration, as observed ifFig. 4, of —1.74kJImotl.
Table 4

The thermal effects (Q) obtained from the ampoule breaking pro-
cess for mass (m) of Ca(H®GCsHs)2-2H,O with propylamine in Table 5

90.0 cn? of aqueous solution, the number of moles intercalated, Variation of enthalpy for intercalationAHint) of n-alkylmono-
and the ratioQ/m, to obtain the enthalpy-9.80+ 0.70 kJ mot?, amines (RNH) with Ca(HO3PCsHs)2-2H,0 in agueous solution,
with a linear correlation coefficients of 0.992 obtained by the ampoule breaking method, with the corresponding
m (mg) 30 ) v (mmol) —rQim@gh linear correlation coefficients)(

RNH; —AHine (kJmol 1) r
46.60 1.30 9.75 27.9
48.45 1.98 8.12 40.87 CH3—CHy— 8.17 + 1.06 0.97
58.68 2.90 7.87 49.42 CH3—(CHy)2— 9.80+ 0.70 0.99
52.22 4.00 5.17 76.59 CH3—(CHy)3— 11.13+ 0.98 0.98

53.87 4.70 3.48 87.24 CHz—(CHp)a— 13.90+ 1.31 0.98
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Fig. 5. Correlation between the enthalpy of intercalatioiid(y;) in agueous solution and the number of carbon atamsdn the aliphatic
chain for ethyl-, propyl-, butyl and pentylamines. These values were obtained by the ampoule breaking process with the anhydrous
Ca(HG;PGsHs), compound.
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