
Introduction

Layered double hydroxides (LDHs) belong to the clay

family. The general formula for these compounds can

be represented as [M M1–x

II

x

III (OH)2]
x+(An–)x/n�mH2O,

where MII and MIII are di- and trivalent metals, such as

Zn2+, Ni2+, Mg2+, Al3+ and Fe3+, respectively, and A is

an anion. The main component of the LDHs is com-

posed of infinite sheets of positively charged brucite-

type Mg(OH)2, where trivalent cations have replaced

a fraction x of the divalent cations in octahedral coor-

dination. LDHs have attracted interest due to their

ability to exchange their anions for other negatively

charged species [1–11]. The replacement of inorganic

anions with organic species yields modified organo-

LDHs, which have potential application such as nano-

composites [12, 13], drug delivery reagents [14, 15],

catalysts [16–18] and adsorbents [19].

Recently, anionic drug molecules have been inter-

calated into a variety of LDHs [20, 21], with aim to de-

termine the feasibility of using these intercalation com-

pounds as materials for the storage, transport and ulti-

mately controlled release of the drug. 2,3- and 2,5-PDC

are drug intermediates which have potent biological ac-

tivity, and there are very few reports about PDC interca-

lated into LDHs. In this paper we report the preparation

and characterization of 2,3- and 2,5-PDC intercalated

ZnAl–LDHs. Furthermore, a combination of technique

including in situ HT-XRD and TG-DTA-MS has been

used to investigate the thermal decomposition process

of the composites. Therefore, this work provides an un-

derstanding of the thermal stability of drug-LDH hybrid

for prospective application as the basis of a novel drug

delivery system.

Experimental

Sample preparation

The precursor ZnAl–NO3–LDHs was synthesized by

coprecipitation. Typically, an aqueous solution of NaOH

(0.6 mol) in 40 mL deionized water was added dropwise

to a vigorously stirred freshly prepared solution contain-

ing Zn(NO3)2�6H2O (0.2 mol) and Al(NO3)3�9H2O

(0.1 mol) (Zn2+/Al3+=2) in 100 mL deionized water under

a nitrogen atmosphere at 70°C. The final pH was ca. 8.

The resulting slurry was aged with stirring at 70°C for

48 h. The solid precipitate was collected by filtration us-

ing a membrane filter under suction, washed thoroughly

with water and dried at 70°C for 18 h.

The intercalation compounds of both 2,3- and

2,5-PDC–ZnAl–LDHs were synthesized by ion ex-

change method. A solution of 2,3- or 2,5-PDC (1.8 g,

0.011 mol) in 50 mL deionized water was added to a sus-

pension of ZnAl–NO3–LDHs (1.5 g, ca. 0.012 mol) in

50 mL water, and the solution pH was kept 5.0 by adding

0.1 mol L–1 NaOH solution during reaction. The mixture

was heated at 70°C under a nitrogen atmosphere for 24 h.

The product was washed extensively with deionized wa-

ter, centrifuged and dried at 70°C for 18 h.
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Experimental techniques

In situ XRD patterns were performed on a Shimadzu

XRD-6000 diffractometer in the temperature range

25–600°C under N2 atmosphere, using CuK� radia-

tion (�=1.542 �) at 40 kV, 30 mA. The samples as

unoriented powders were scanned in steps of 0.02° in

the 2� range 3–70° using a count time of 4 s per step.

Infrared spectra of samples were recorded using a

Brucker Vector 22 model Fourier transform infrared

spectrometer (FTIR). Specimens were tested in the

form of KBr pellet.

TG-DTA analysis were performed on a Seiko

6300 simultaneous DTA-TGA from Seiko Instru-

ments with a heating rate of 10°C min–1 under N2 at-

mosphere (flux of 100 cm3 min–1) in the temperature

range 25–600°C. Simultaneous TG-MS analysis was

performed in a Pyris Diamond TG-DTA coupled to

ThermoStarTM QM220 mass spectrometer by a quartz

capillary transfer line. Elemental analysis of the metal

contents was performed on an ICPS-7500 model in-

ductively coupled plasma emission spectroscopy. C,

H and N elemental analysis were carried out with an

elementar vario model elemental analyzer.

Results and discussion

The crystalline structure and chemical composition
of 2,3- and 2,5-PDC–ZnAl–LDHs

Figure 1 shows the XRD patterns of ZnAl–NO3–LDHs,

2,3- and 2,5-PDC–ZnAl–LDHs, and the corresponding

indexing parameters are listed in Table 1. It can be seen

that all of the samples show an XRD pattern characteris-

tic of LDH-like materials. Compared with

ZnAl–NO3–LDHs (d003=0.893 nm), both 2,3- and

2,5-PDC–ZnAl–LDHs exhibit a significant expansion of

the interlayer domain (d003=1.561 and 1.382 nm respec-

tively), which is indicative of successful intercalation.

Figure 2 displays the FTIR spectra of the three

samples. The absorption band at around 3423 cm–1 in

the FTIR spectrum for 2,5-PDC–ZnAl–LDHs (Fig. 2c)

is attributed to OH stretching arising from the hydroxyl

groups of LDHs and/or physically adsorbed water mol-

ecules. The characteristic bands at 1609 and 1395 cm–1

are assigned to the asymmetric and symmetric stretch-

ing vibration of carboxylate group of 2,5-PDC anions,

indicating a successful intercalation. The weak shoul-

der at around 1365 cm–1 indicates the presence of little

contamination of carbonate. In the case of

2,3-PDC–ZnAl–LDHs (Fig. 2b), a broad peak centered

at about 3448 cm–1 is attributed to OH stretching. It can

be seen that there was some difference in the absorp-

tion bands of carboxylate group compared with those

of 2,5-PDC–ZnAl–LDHs. The asymmetric stretching
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Table 1 XRD parameters of ZnAl–NO3–LDHs, 2,3- and 2,5-PDC–ZnAl–LDHs

Parameter ZnAl–NO3–LDHs 2,3-PDC–ZnAl–LDHs 2,5-PDC–ZnAl–LDHs

d003/nm 0.893 1.561 1.382

d110/nm 0.153 0.153 0.152

Gallery height/nm 0.413 1.081 0.902

*Length of acid anion/nm 0.249 0.592 0.768

Lattice parameter c/nm 2.679 4.638 4.146

Lattice parameter a/nm 0.306 0.306 0.304

*calculated by ChemWin 6.0

Fig. 1 XRD patterns of a – ZnAl–NO3–LDHs,

b – 2,3-PDC–ZnAl–LDHs and c – 2,5-PDC–ZnAl–LDHs

Fig. 2 FTIR spectra of a – ZnAl–NO3–LDHs,

b – 2,3-PDC–ZnAl–LDHs and c – 2,5-PDC–ZnAl–LDHs



vibration of carboxylate group was demonstrated to be

the overlapped two-peak band at 1629 and 1582 cm–1

respectively, which is much different from the FTIR

spectra of other reports on intercalated organic

carboxylate in which only one-peak band can be ob-

served for the asymmetric stretching vibration of

carboxylate group [22, 23]. The broad band at

1385 cm–1 is due to both the symmetric stretching vi-

bration of carboxylate of 2,3-PDC and the stretching

vibration of nitrate. The double peak of asymmetric

stretching vibration of carboxylate group may indicate

that there were two different host-guest interactions

between the host layer and the two adjacent carboxyl

groups of interlayer 2,3-PDC anions, which will be fur-

ther confirmed by TG-MS.

Based on elemental analysis, the chemical com-

position of 2,3- and 2,5-PDC–ZnAl–LDHs (Zn/Al=2)

are listed in Table 2. It can be seen that NO3

– was

co-intercalated into both of the two composites, and

some little contamination of carbonate was also found

in 2,5-PDC–ZnAl–LDHs, which is in accordance

with the results of FTIR.

Study on thermal decomposition process

The XRD parameters of 2,3- and 2,5-PDC–ZnAl–LDHs

show that the interlayer distance are 1.561 and

1.382 nm, respectively. Taking into account the layer

thickness of brucite (0.48 nm), the gallery height was

calculated to be 1.081 and 0.902 nm, respectively. Com-

parison of the length of 2,3-PDC (0.592 nm) with a gal-

lery height of 1.081 nm suggests that the anions are ac-

commodated as an interdigitated bilayer arrangement

with the two adjacent carboxyls of individual anion at-

taching simultaneously to the upper or lower hydroxide

layers. Moreover, the existence of hydrogen bonding in-

teractions between hydroxyl groups and interlayer water

molecules may lead to the stability of this composite

structure. A schematic representation of the probable ar-

rangement for 2,3-PDC–ZnAl–LDHs is shown in

Fig. 3a. While in the case of 2,5-PDC–ZnAl–LDHs, the

length of anion (0.768 nm) indicates that the guest are

accommodated as a monolayer of species with their op-

posite carboxyls of individual anion attaching respec-

tively to the upper and lower hydroxide lamella, as

shown in Fig. 3b.

The TG-MS profiles of 2,3-PDC–ZnAl–LDHs

under N2 atmosphere are displayed in Fig. 4. It exhib-

its four mass loss events according to the DTG curve.

The first event in the temperature range 25–197°C is

attributed to the loss of the surface adsorbed and

interlayer water, corresponding to the m/z 18 peak ob-

served at about 171°C. The second event from 197 to

271°C is due to dehydroxylation of the LDHs layers

and partial decarboxylation of the interlayer 2,3-PDC.

The second m/z 18 peak at about 289°C is attributed

to dehydroxylation of the LDHs layers, and the m/z 44

signal (due to CO2) occurred at about 238°C results

from the decarboxylation of 2,3-PDC. The third event

(271–344°C) is related to dehydroxylation of the

LDHs layers, loss of the interlayer nitrate and

decarboxylation of the interlayer 2,3-PDC. The weak

J. Therm. Anal. Cal., 85, 2006 797

PYRIDINEDICARBOXYLATE INTERCALATED LAYERED DOUBLE HYDROXIDES

Table 2 Chemical composition of 2,3- and 2,5-PDC–ZnAl–LDHs

Samples Element Calc. mass% Exp. mass% Chemical composition

2,3-PDC–ZnAl–LDHs

Zn
Al
C
H
N

32.39
7.28

10.39
3.29
2.04

32.28
7.31

10.27
3.21
2.03

[Zn0.649Al0.351(OH)2] (NO3

– )0.029

(C7H3NO4

2– )0.161�0.9H2O

2,5-PDC–ZnAl–LDHs

Zn
Al
C
H
N

33.91
7.49

10.26
3.08
1.34

33.81
7.50

10.11
3.03
1.45

[Zn0.653Al0.347(OH)2] (NO3

– )0.017

(CO3

2– )0.013(C7H3NO4

2– )0.151�0.7H2O

Fig. 3 Schematic representation of the possible arrangements for

a – 2,3-PDC–ZnAl–LDHs and b – 2,5-PDC–ZnAl–LDHs



m/z 30 signal (due to NO) and the m/z 46 signal (due

to NO2) occurred at approximately 300°C correspond

to the decomposition of a small amount of impurity

nitrate. The last mass loss between 344 and 600°C is

the result of further dehydroxylation of the LDHs lay-

ers and the complete decomposition of the interlayer

guest. The m/z 79 signal (due to pyridine), the m/z 52

signal (due to C4H4) and the m/z 39 signal (due to

C2HN) occurred at approximately 360°C correspond

to the complete decomposition of 2,3-PDC anions. It

can be observed that the decomposition of 2,3-PDC

ring occurred at approximately 360°C, which is much

higher than that of decarboxylation of the interlayer

2,3-PDC (238°C). This is an indication that the de-

composition of the interlayer 2,3-PDC includes two

stages: first is the partial decarboxylation of the

2,3-PDC anions, and the second stage is the complete

decomposition. The results by TG-MS is in accor-

dance with those of FTIR to some extent in which one

two-peak band was observed for the asymmetric vi-

brational absorption of carboxyl and thus two differ-

ent host-guest interactions existed between the layers.

The carboxyl which interacts with the host layers

weakly might decompose firstly, and then another

carboxyl as well as the decomposition of PDC ring.

The TG–MS profiles of 2,5-PDC–ZnAl–LDHs un-

der N2 atmosphere are shown in Fig. 5. The thermal de-

composition of 2,5-PDC–ZnAl–LDHs was similar to

that of 2,3-PDC–ZnAl–LDHs. Three m/z 18 peaks were

observed: the first at about 182°C and the second at

229°C are attributed to the loss of the surface adsorbed

and interlayer water and the third at about 312°C is as-

sociated with dehydroxylation of the LDHs layers. The

weak m/z 46 signal (due to NO2) and the small m/z 30

signal (due to NO) occurred at approximately 309°C

correspond to the decomposition of interlayer nitrate.

Two m/z 44 (due to CO2) peaks were observed. The first

weak one, in the temperature range 122–321°C results

from the decomposition of a small amount of impurity

carbonate anions, which has not been found in

2,3-PDC–ZnAl–LDHs. This is in agreement with the re-

sults of elemental analysis (Table 2). The second rather

strong m/z 44 signal occurred at about 348°C is attrib-

uted to the decarboxylation of 2,5-PDC. The m/z 79 sig-

nal (due to pyridine) and the m/z 52 signal (due to C4H4)

occurred at approximately 404°C correspond to the

complete decomposition of 2,5-PDC anions. Compared

with 2,3-PDC–ZnAl–LDHs, it can be seen that the tem-

perature of decarboxylation of the interlayer 2,5-PDC

(348°C) is much higher than that of

2,3-PDC–ZnAl–LDHs (238°C), indicating that the

host-guest interaction in 2,5-PDC–ZnAl–LDHs is stron-

ger than that of in 2,3-PDC–ZnAl–LDHs. It also can be

seen that the temperature of the complete decomposition

of 2,5-PDC (404°C) is higher than that of

2,3-PDC–ZnAl–LDHs (360°C), which further confirms

the conclusion that the former composite has higher

thermal stability than the latter.

The in situ HT-XRD patterns of

2,3-PDC–ZnAl–LDHs in the temperature range
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Fig. 4 TG-MS profiles of 2,3-PDC–ZnAl–LDHs under N2 at-

mosphere. The m/z peaks correspond to the following

fragments: H2O (18), NO (30), C2HN (39), CO2 (44),

NO2 (46), C4H4 (52) and pyridine (79)

Fig. 5 TG-MS profiles of 2,5-PDC–ZnAl–LDHs under N2 at-

mosphere. The m/z peaks correspond to the following

fragments: H2O (18), NO (30), CO2 (44), NO2 (46),

C4H4 (52) and pyridine (79)



30–600°C under N2 atmosphere are displayed in Fig. 6.

It can be observed in Fig. 6 that the (003), (006) and

(009) reflections of 2,3-PDC–ZnAl–LDHs clearly

moved to higher-angle 2� with the increase of temper-

ature. There was a decrease in d003 basal spacing from

1.561 (30°C) to 1.218 nm (180°C). Since there was no

decomposition of 2,3-PDC in this temperature range

confirmed by TG-MS (Fig. 4), the decrease in d003 is

possibly related to two reasons: (1) the destruction of

hydrogen bonding area as a result of deintercalation of

interlayer water molecules, which has been demon-

strated by other researchers [24]; (2) the re-orientation

of the interlayer guest anions. When the temperature

was above 210°C, the (006) and (009) reflections of

2,3-PDC–ZnAl–LDHs disappeared, indicating that

there was a major structural change resulting from de-

crease in sequence order. The further decrease in d003

value from 210 to 330°C is attributed to the decompo-

sition of interlayer guest anions, which is in consis-

tence with the results by TG-MS (Fig. 4) that the de-

composition occurred at about 238°C. The (003) re-

flection of 2,3-PDC–ZnAl–LDHs disappeared at

360°C, implying the complete collapse of the layered

structure. It can be seen that a new peak was observed

at about 270°C (marked with * in Fig. 6) and disap-

peared at about 500°C, which indicates that a new

phase formed in this range, however, its definite struc-

ture was unknown.

The in situ HT-XRD patterns of

2,5-PDC–ZnAl–LDHs in the temperature range

30–440°C under N2 atmosphere are shown in Fig. 7.

Compared with the in situ HT-XRD patterns of

2,3-PDC–ZnAl–LDHs, there are mainly two differ-

ences. Firstly, it can be observed in Fig. 7 that there

was a decrease in d003 basal spacing from 1.382

(30°C) to 1.320 nm (180°C). The value of decrease in

d003 is 0.062 nm, which is smaller than that of

2,3-PDC–ZnAl–LDHs (0.343 nm). This indicates the

lower water content in 2,5-PDC–ZnAl–LDHs (actu-

ally been confirmed by TG curve in mass loss in

30–180°C) and thus thinner hydrogen bonding area

which might lead to stronger host-guest interaction,

compared with 2,3-PDC–ZnAl–LDHs. As a result,

the thermal stability of 2,5-PDC–ZnAl–LDHs is

higher than that of 2,3-PDC–ZnAl–LDHs. Secondly,

the complete collapse of the layered structure of

2,5-PDC–ZnAl–LDHs occurred at 390°C (at which

the (003) reflection disappeared, as shown in Fig. 7),

which is higher than that of 2,3-PDC–ZnAl–LDHs

(360°C, Fig. 6), further indicating the higher thermal

stability of 2,5-PDC–ZnAl–LDHs.

Conclusions

In this paper, 2,3- and 2,5-PDC intercalated LDHs

composites have been synthesized by the method of

ion exchange. Based on XRD, IR, and elemental anal-

ysis of the resulting intercalates, schematic represen-

tation of the possible arrangements for interlayer an-
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Fig. 6 In situ HT-XRD patterns of 2,3-PDC–ZnAl–LDHs in

the temperature range 30–600°C under N2 atmosphere

Fig. 7 In situ HT-XRD patterns of 2,5-PDC–ZnAl–LDHs in

the temperature range 30–440°C under N2 atmosphere

Fig. 8 A schematic representation of thermal decomposition

process of 2,3-PDC–ZnAl–LDHs; a – loss of water,

b – dehydroxylation of the LDHs layers and partial

decarboxylation, c – decomposition of nitrate and

decarboxylation of the interlayer 2,3-PDC, d – com-

plete decomposition



ions have been proposed. The study indicates that the

2,3-PDC anions are accommodated as an interdigi-

tated bilayer arrangement with the two adjacent

carboxyls of individual anion attaching simulta-

neously to the upper or lower hydroxide layers, while

2,5-PDC anions are accommodated as a monolayer of

species with their opposite carboxyls of individual

anion attaching respectively to the upper and lower

hydroxide lamella. Furthermore, TG-DTA-MS and in

situ HT-XRD were used to investigate their thermal

decomposition process under N2 atmosphere in detail.

Both of the two samples exhibit four main de-

composition events as shown in Fig. 8

(2,3-PDC–ZnAl–LDHs was selected as an example).

The first event is attributed to the loss of the surface ad-

sorbed and interlayer water, corresponding to the de-

crease in d003 basal spacing with the increase of temper-

ature. The second event is due to dehydroxylation of the

LDHs layers and partial decarboxylation of the

interlayer PDC anions, accompanied with the decrease

in d003 and the disappearance of the (006) and (009) re-

flections resulting from decrease in sequence order. The

third event is related to dehydroxylation of the LDHs

layers, decomposition of the little contamination ni-

trate/carbonate and decarboxylation of the interlayer

2,3-PDC. The last event is related to further de-

hydroxylation of the LDHs, complete decomposition of

PDC which leads to collapse of the layered structure.

Based on the comparison study on the tempera-

tures of both decarboxylation and complete decompo-

sition of interlayer PDC, it can be concluded that

2,5-PDC–ZnAl–LDHs has higher thermal stability

than that of 2,3-PDC–ZnAl–LDHs.
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