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Abstract—A detailed structural characterization of organo-clays is a key in understanding their properties.
In this work, mono-, di-, tri-, and tetra-butylammonium (nBA; n = 1�4) cations intercalated in the layered
clay mineral montmorillonite (Mnt) have been studied for the first time by combining a theoretical
approach based on density functional theory (DFT) and infrared spectroscopy. The DFT calculations
revealed the detailed structure and position of nBA cations in the interlayer space. A relation between the
basal spacing (d001 parameter) and the cation size and structure was found, and explained with respect to
the structure, composition, and size of the organic cations. Hydrogen bonds between –NHx/–CH3/–CH2

groups of the nBA cations and oxygen atoms of the basal planes of the Mnt layers were found to be an
important factor for the arrangement and energetic stabilization of cations in the interlayer space. The
N�H_O hydrogen bonds are stronger than C�H_O hydrogen bonds and the stabilization decreases with
decreased number of bands. Analysis of DFT-calculated vibrational modes helped in understanding a
problematic region of the experimental infrared spectra (4000�3000 cm�1), in which assignment of all
vibrational modes unambiguously was not possible because of a significant overlap of broad bands.

Key Words—Butylammonium Cations, DFT, FTIR, Hydrogen Bonds, Interaction Energy, Modeling,
Montmorillonite.

INTRODUCTION

The production of organo-clays from montmorillon-

ite, the most important clay mineral of the smectite

group, has attracted much attention from researchers

because of prospective application of these materials in

various areas, e.g. as adsorbents of organic contaminants

from waste water, as catalysts for reactions using non-

polar substrates, or as reinforcing fillers in composites

with polymers (Theng, 1974; Ruiz-Hitzky and Van

Meerbeek, 2006; de Paiva et al., 2008; Guegan, 2010,

2013; Seyidoğlu and Yilmazer, 2013). Natural smectites

are predominantly hydrophilic, due mainly to hydration

of inorganic exchangeable cations that compensate the

negative layer charge due to isomorphic substitutions in

the tetrahedral and/or octahedral sheets. Although

natural smectites have a high sorption affinity for

cations, the ability to adsorb weakly polar, non-polar,

and anionic species in the interlayer space and/or on the

clay surface is limited. Modifying the surface hydro-

philic/hydrophobic ratio, e.g. by intercalating organic,

most often quaternary ammonium cations, into the

interlayer space can enhance the capacity of smectites

to retain these species (Raussell-Colom and Serratosa,

1987; Kukkadapu and Boyd, 1995; Lagaly et al., 2006;

He et al., 2014).

Small quaternary alkylammonium cations are often

used to modify the surfaces of clay minerals for better

adsorption of neutral organic contaminants (Lee et al.,

1990; Chun et al., 2003). For example, tetramethylam-

monium (TMA) and tetramethylphosphonium (TMP)

modified smectites have been examined as possible

adsorbents for chlorinated phenols from water. The

TMP-smectite was a better sorbent than TMA-smectite,

which did not measurably adsorb any of the phenolic

compounds. This disparity in sorption efficiency was

attributed to differences in hydration of the interlayer

cations (Lawrence et al., 1998). Water inhibits sorption

of neutral organic compounds on montmorillonites

saturated with small alkylammonium cations. An infra-

red study was, therefore, conducted to follow the

interaction of water with TMA- and trimethylphenylam-

monium (TMPA) montmorillonites. The results showed

that water preferentially hydrates TMA and TMPA

cations, rather than the siloxane surface of mont-

morillonite (Stevens and Anderson, 1996).

Changes in the adsorption properties of kaolinite and

montmorillonite modified with tetrabutylammonium

(TBA) ions have been previously reported with respect

to cations such as Pb(II) (Sen Gupta and Bhattacharyya,
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2005), Cd(II) (Sen Gupta and Bhattacharyya, 2006), and

Cu(II) (Bhattacharyya and Sen Gupta, 2006). The organo-

clays, TBA-kaolinite and TBA-montmorillonite, were

also used for adsorption of Fe(III), Co(II), and Ni(II)

cations from aqueous solution under different conditions

of pH, time, and temperature (Bhattacharyya and Sen

Gupta, 2009). Organo-clays prepared from montmorillon-

ite saturated with cetyltrimethylammonium (i.e. hexadecyl

trimethylammonium) bromide and tetrabutylammonium

bromide were used to catalyze the production of glycerol

monolaurate (Wibowo et al., 2010). The alkylammonium

ions can also act as phase-transfer catalysts to accelerate a

slow reaction stemming from poor interaction between the

reactants (Ghiaci et al., 2003). The size and the amount of

alkylammonium cations, the intensity of acid treatment,

and the type of clay mineral significantly influence the

extent of organo-clay dissolution (Breen et al., 1997).

Comparison of organic cations containing one long alkyl

chain (e.g. hexadecyltrimethylammonium) with tetra-

methylammonium showed a higher catalytic activity of

materials with the smaller TMA cation.

Organo-clays are routinely studied by X-ray diffrac-

tion (XRD) methods. In addition to XRD analysis,

spectroscopic research on organo-clays, e.g. by infrared

(IR), Raman (Vaia et al., 1994; Yariv, 2001; He et al.,

2004; Zhu et al., 2005; Frost et al., 2008; Madejová et al.,

2010; Jankovič et al., 2015), or ultraviolet�visible
spectroscopy (Czimerova et al., 2009), can also provide

information about the structure and properties of organo-

clays. Infrared spectroscopy was found to be useful in

studies of acid-treated organo-clays prepared as potential

catalysts (Breen et al., 1997; Madejová et al., 2012). The

stability of montmorillonites intercalated with quaternary

short alkyl-chain cations (TMA, tetraethyl (TEA), tetra-

propyl (TPA), and tetrabutyl (TBA) in HCl was studied by

different analytical techniques, including IR spectroscopy,

in the near-IR region (NIR) because of potential applica-

tion of organo-clays as acid catalysts (Pálková et al.,

2011; Madejová et al., 2012; Palkova et al., 2013).

Experimental XRD and spectroscopic data are, however,

often unable to provide comprehensive answers to

questions related to, for example, the detailed arrange-

ment or the nature of organic cation interactions in the

interlayer spaces or on the surfaces of clay minerals.

The use of theoretical computational methods and

molecular simulations can effectively complement

experimental data. These methods range from quan-

tum-chemical to molecular mechanics (based on sets of

empirically derived interatomic potentials, called Force

Fields (FF)), often in combination with classical

molecular dynamics (MD) or Monte Carlo (MC)

methods (Teppen et al., 1998; Heinz et al., 2005). The

simulations can predict the distribution and orientation

of molecules in the interlayer space and on the surface,

the bonding relations in organo-clays (Scholtzova et al.,

2008; Scholtzova and Smrcok, 2009), or the character of

interactions between layer and interlayer host species. In

addition, calculating spectroscopic parameters is also

possible helping significantly in the interpretation of

complex experimental spectra (Hafner, 2003). For

example, a good agreement with experimental data was

achieved for the relationship between interlayer space

height and intercalated cation size which was predicted

by classical FF simulations (Heinz et al., 2007; Fu and

Heinz, 2010a). The MD simulations were performed in

order to study ethylene glycol interactions with smectite

(Szczerba et al., 2014), in a study of the crystalline

swelling behavior of montmorillonites with different

interlayer Na+ and Ca2+ ion compositions, and tempera-

ture and pressure effects on the swelling behavior (Sun

et al., 2015). Examples of the MC method are studies of

montmorillonite intercalated with the tetraphenylpho-

sphonium cation which has a high sorption ability for

acetocholor (Aggarwal et al., 2007), and of surface

coverage effects and alkyl chain length n on alkyltri-

methylammonium chloride (C(n)TMA)Cl aggregate

structures assembled on the montmorillonite-water inter-

face (Klebow and Meleshyn, 2012).

The results presented in a previous study (Madejová

et al., 2012) raise an interesting question by comparing

experimental IR data for montmorillonite intercalated

with TMA-, TEA-, TPA-, and TBA- cations with

quantum chemical calculated data based on density

functional theory (Scholtzová et al., 2013; Scholtzová et

al., 2014). These theoretical results provided informa-

tion on the arrangement and bonding of tetraalkylam-

monium cations in the montmorillonite interlayer space.

The calculated vibrational spectra helped in the inter-

pretation of the experimental IR spectra, specifically in

distinguishing the stretching modes of the �CH3 and

�CH2 groups. In those works, all the organo-clays

studied contained small cations with four identical alkyl

chains bonded to a nitrogen head. Thus, only the

interactions of the �CH3 and/or �CH2 groups with the

montmorillonite layer were considered. A different

situation, however, may arise if some of the alkyl chains

are substituted with protons, i.e. if the cation also

contains �NH3, =NH2 or :NH head groups. The aim of

this study was, therefore, to explore the structure,

interactions, and vibrations of several short n-butylam-

monium (n = 1�4) cations in the interlayer space of

montmorillonite, and to study the stability of the organo-

clays at the molecular level by a combination of DFT

calculations and infrared measurement. This approach

has principally yielded, in this present work, interpreta-

tion of the NH and CH stretching bands in the

experimental mid-IR spectra by means of the DFT-

calculated vibrational density of states.

MATERIALS AND METHODS

Experimental details

Montmorillonite (SAz) was separated from the

bentonite SAz-1 (Cheto, Arizona, USA), obtained from
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the Source Clays Repository of The Clay Minerals

Society. The clay was suspended in distilled water, Na-

saturated by repeated treatment with 1 M NaCl, and

<2 mm fractions were collected. The excess ions were

removed by washing with distilled water. The prepared

NaMnt (determined structural formula [Si8 .00]

[Al2.59Fe0.16Mg1.26]Na1.14Ca0.03K0.01O20(OH)4.nH2O)

was dried at 60ºC and ground to pass a 0.2 mm sieve. A

cation exchange capacity (CEC) of 1.2 mmol g�1 was

obtained using the Cu-trien method (Pálková et al.,

2011). All chemicals (n-butylamine, dibutylamine,

tributylamine, tetrabutylammonium bromide, hydrogen

bromide, cyclohexane, and n-propanol) were obtained

from Sigma-Aldrich (St. Louis, Missouri, USA).

Mono-, di-, and tri-butylammonium bromides were

prepared by reaction of anhydrous hydrogen bromide

(HBr) gas with the corresponding free amine dissolved

in cyclohexane. The solution of the pure butylamine in

cyclohexane (0.1 M) was prepared in a 250 mL three-

necked flask equipped with a mechanical stirrer, an

immersion thermometer, and a glass inlet tube. The flask

and its contents were cooled to 5ºC in an ice bath and

pure gaseous HBr was slowly introduced into the flask at

a rate such that the reaction temperature did not exceed

10ºC. On completion of the HBr addition, the reaction

mixture was stirred for 10 min. After completion of the

addition, the ice bath was removed and the product was

isolated by filtration through a 50 mL medium-porosity

sintered-glass funnel. The filtrate was washed with dried

cyclohexane. Further purification was achieved by

recrystallization from n-propanol.

For the preparation of all butylammonium-mont-

morillonite samples (nBAMnt), the solvent intercalation

process was used. One gram of sodium montmorillonite

(NaMnt) was added to 100 mL of distilled water and the

suspension was stirred for 24 h at room temperature to

ensure the NaMnt was adequately dispersed.

Subsequently, a calculated volume (equal to the CEC

of NaMnt) of a 1% aqueous solution of butylammonium

bromide was slowly added (1 mL min�1) to the

suspension and the mixture was vigorously stirred for

24 h at laboratory temperature (~25ºC).

After the reaction, the suspension was centrifuged

and the final product was washed by centrifugation five

times with 250 cm3 of distilled water to remove excess

amounts of water-soluble butylammonium and inorganic

(NaBr) salts. Saturation with nBABr was repeated three

times in order to achieve the highest possible loading.

Colloidal dispersions of organo-clays were mounted

by suction onto glass slides, air dried for 3 h, and mounts

with the oriented clay film were transferred to a

desiccator over a saturated solution of Mg(NO3)2 for

equilibration at 54% relative humidity prior to XRD

analysis.

The X-ray powder diffraction data were collected on

a D8 Advance Bruker diffractometer (Bruker AXS

GmbH, Karlsruhe, Germany) using CuKa (40 kV,

40 mA, l = 1.541 78 Å) radiation and a diffracted

beam graphite monochromator. The patterns were

recorded in the range of 1.5�72º (2y) using a step of

0.05º2y. In Bragg-Brentano geometry (Theta-2Theta), a

1.0 mm divergent slit, a 1.0 mm detector slit, and a

6.0 mm antiscatter slit were used.

The IR spectra were collected with a Nicolet 6700

Fourier Transform Infrared (FTIR) spectrometer from

Thermo Fisher Scientific, Inc. (Madison, Wisconsin,

USA). The KBr pressed disk technique (1 mg of sample

and 200 mg KBr) was used to measure spectra in the

mid-infrared region (4000-400 cm�1). The pellets were

heated overnight at 120ºC to minimize the amount of

adsorbed water on the KBr and/or outer montmorillonite

surfaces. During measurement, the instrument was

continually purged with dry air. For each sample, 64

scans were recorded with a 4-cm�1 resolution. Spectral

manipulations were performed using the Thermo

Scientific OMNIC’’ software package. To compare the

intensities of the CH stretching bands, the spectra were

normalized to the Si�O stretching band of mont-

morillonite near 1030 cm�1.

Structural models

The compositional variety and structural complexity

of clay minerals usually require a certain level of

simplification when constructing a model for use in

molecular simulations, especially when quantum chemi-

cal methods are involved. Owing to a lack of complete

structural data for the SAz-1 montmorillonite used in the

experiment, structural models for the calculations were

derived from the monoclinic structure of Wyoming

montmoril lonite with a structural formula of

Na0 . 7 5 (Al3 . 5Mg0 . 5 ) (S i 7 . 7 5Al0 . 2 5 )O20 (OH)4 ·nH2O

(Tsipurski, 1984). The structural models used in the

calculations have the simplified composition of

Wyoming montmorillonite, only with Mg2+ substituted

for Al3+ and without the presence of Fe3+ cations in the

octahedral sheets. This simplification is consistent with

the composition of the SAz-1 montmorillonite used for

organo-clay preparation in this work. Similar models

with the same clay composition have also been used in

theoretical studies of this montmorillonite intercalated

with TMA- (Scholtzová et al., 2013), TEA-, TPA-, and

TBA-cations (Scholtzová et al., 2014).

Owing to the size of the organic cations, computa-

tional cells for the nBAMnt models have a size of 4a4bc

of the montmorillonite elementary cell with final lattice

vectors a = 20.966 Å, b = 18.176 Å, and c = 20.7 Å

(summary formula was MgAl31Si64O192H32). Two initial

configurations were used for the 4BA cation in the

previous simulations of 4BAMnt intercalate (Scholtzová

et al., 2014): one with the cation in a quasi-planar

configuration in an interlayer space corresponding to the

minimal (MIN) interlayer distance (Figure 1a), and the

second with the cation in a configuration corresponding

to the maximal d001 spacing (MAX) (Figure 1b).
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Geometric optimizations on both models converged to

identical structures with a quasi-parallel (with respect to

the layer surface) arrangement of the butylammonium

(BA) chains. Only a parallel initial configuration of BA

chains, therefore, was used in the construction of the

models of 1�3BAMnt (Figure 1a). The structure of the

2BA cation was placed in two planar configurations (cis

and trans, Figures 2a, b) in the interlayer space.

Computational details

The DFT calculations were performed using the

Vienna Ab Initio Simulation Package (VASP) program

(Kresse and Hafner, 1993; Kresse and Furthmuller,

1996). The exchange-correlation energy was expressed

in the framework of the generalized gradient approx-

imation (GGA) using the DFT functional proposed by

Perdew, Burke, and Ernzerhof (PBE) (Perdew et al.,

1996). The Kohn-Sham equations were solved by

applying the variational method (mathematical interative

algorithm) using a plane-wave (PW) basis set with an

energy cutoff of 500 eV. The electron�ion interactions

were described using the projector-augmented-wave

(PAW) method (Blochl, 1994; Kresse and Joubert,

1999). Brillouin-zone sampling was restricted to the

gamma-point alone due to the large computational cells.

Structural relaxation was performed in two steps. Firstly,

all atomic positions were relaxed while keeping the unit

cell fixed. Secondly, the atomic positions were relaxed

together with the unit cell parameters. No symmetry

restrictions were applied during any relaxation proce-

dure. The relaxation criteria were 10�5 eV/atom for the

total energy change, and 0.005 eV/Å for the maximum

force acting on any atom.

Normal modes of vibrations were calculated within

the fixed optimized cells using a finite difference

method, and normal mode analysis was performed

within the harmonic approximation. The Hessian was

constructed from single-point energy calculations on the

6n structures generated from the optimized structures by

displacing each of the n atoms in the cell in a positive

and negative direction along the three Cartesian direc-

tions x, y, and z (Hafner, 2003).

RESULTS AND DISCUSSION

Structural relaxation

Unfortunately, obtaining complete structural data of

organo-clays from the powder XRD method is practi-

cally impossible; therefore, only the d001 spacing was

determined from the XRD patterns of the nBAMnt

samples (Table 1). The geometric optimization of the

nBAMnt models provided optimized unit-cell para-

meters and d001 values (Table 1).

In the case of the two proposed models for an

intercalated cation with two butyl �C4H9 chains, the

d001 value of the 2BAMnt cis model (13.50 Å) was in

better agreement with the experimental one (13.56 Å)

than the value for the 2BAMnt trans model (12.97 Å).

Figure 1. Initial configurations of 4BA cation in the interlayer

space of montmorillonite: (a) quasi-planar structure (MIN),

(b) tetrahedral structure (MAX).

Figure 2. Initial configurations of 2BA cation: (a) cis, (b) trans.
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The comparison of the total electronic energies of both

2BAMnt models favors the cis model by 66 kJ/mol in

comparison to the trans configuration. This finding

suggests, thus, that the cis configuration is preferred in

the interlayer space and it also agrees with the better

match between calculated and experimental d001 spacing

for the cis model.

The a- and b-lattice vectors of all models were almost

unaffected by cation size, and the optimized a and b

values were almost identical (Table 1). As expected, the

c vector extends on increasing the cation size, but this

increase is not substantial except in the case of the

4BAMnt model. The optimized structures had BA chains

in a configuration parallel to the basal surfaces of the

montmorillonite layers (Figure 3). The calculated d001
spacing values correlate very well with the experimental

data. The interlayer expansion in the 1BAMnt, 2BAMnt,

and 3BAMnt samples was only ~1�1.5 Å compared to

the original Na-montmorillonite (12.53 Å calculated at

the PBE DFT level for the montmorillonite model

intercalated with [Na(H2O)6]
+ (Berghout et al., 2010)).

A similar parallel arrangement was also observed for

tetraalkylammonium cations with short alkylammonium

chains (C = 2�4) (Scholtzová et al., 2014). Both the

calculated and experimental d001 spacings (Table 1)

indicate an expansion of the interlayer space for TBA

cations. The cations with 1�3BA chains have polar NH

bonds in a cationic head that occupies a relatively small

volume. In contrast, the 4BA cation has four large non-

polar aliphatic chains, which takes up a large space in

the interlayer galleries. Moreover, the interactions of the

aliphatic chains are generally of a weak dispersive

nature and the �CH3/�CH2 groups form weaker

hydrogen bonds with the surface oxygen atoms of the

montmorillonite layer than the NH bonds (details are

discussed later). The cations in the models 1�3BAMnt,

Table 1. DFT-optimized structural parameters (a, b, c, a, b, g�cell parameters (Å, º), d001 � basal spacing (Å]), DEr �
interaction energy (kJ/mol) of nBAMnt models (n = 1�4). opt � optimized, exp � experimental.

Model a b c a b g d001_opt d001_exp DEr

1BAMnt 20.897 18.117 12.896 89.7 96.9 90.0 12.80 13.23 –120.87
2BAMntcis 20.887 18.105 13.547 90.2 85.5 90.0 13.50 13.56 –101.38
2BAMnttrans 20.890 18.105 12.969 88.8 90.7 90.0 12.97 –100.98
3BAMnt 20.888 18.103 13.707 91.8 94.7 90.0 13.65 13.74 –73.53
4BAMnt 20.911 18.132 15.585 90.2 93.9 90.0 15.55 16.60 –21.20

Figure 3. DFT-optimized structures of (a) 1BAMnt, (b) 2BAMnt cis, (c) 2BAMnt trans, and (d) 3BAMnt models.
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therefore, were sandwiched more tightly by the mont-

morillonite layers than in the 4BAMnt model, as was

reflected in the larger d001 spacing of the 4BAMnt

model.

Hydrogen bonds and energetic stability

Although the basic interactions between intercalated

cations and negatively charged montmorillonite layers

are of an electrostatic nature, hydrogen bonds and

dispersion interactions also play an important role in

interlayer cation stabilization. The analysis of the

optimized models showed that the intercalated nBA

cations were anchored in the interlayer space by two

types of hydrogen bonds with basal oxygen atoms as

proton acceptors – N�H_O and C�H_O (Table 2),

which both could be classified as of moderate-to-weak

strength (Desiraju and Steiner, 2006).

In the 1�3BAMnt models the N�H_O hydrogen

bonds were a little stronger than those formed by

�CH3/�CH2 groups (Table 2). The range of the H_O

distances was 2.0-2.3 Å for the N�H_O hydrogen

bonds, whereas for the C�H_O hydrogen bonds this

range was 2.2�2.6 Å.

The literature provides no relevant experimental data

on the geometry of hydrogen bonds in organo-clays and

only some results can be found in the theoretical papers.

Heinz et al. (2007) published FF-based data on hydrogen

bonding for R�NH3
+ surfactants on montmorillonite and

mica with an average N�H_O distance of 1.5 Å.

According to this value, these hydrogen bonds should be

classified as strong. However, results from the DFT

study did not confirm such short hydrogen bonding. For

the nBAMnt models, distances obtained for N�H_O in

the range of 2.0-2.5 Å (Table 2) classify these bonds as

relatively weak. Heinz et al. (2007) also published

results for R�N(CH3)3
+ surfactants obtaining an average

H_O distance of 2.9 Å. The DFT calculations here

resulted in C�H_O distances in the range 2.2-2.9 Å,

depending on the type of the nBA cation (Table 2). The

results, thus, also showed that �CH3/�CH2 groups can

form weak hydrogen bonds and these results differ in

some respects from those published by Heinz et al.

(2007), especially for N�H_O bonding. This discre-

pancy can be assigned to the inaccuracy of the force

field used in the work by Heinz et al. (2007).

The weakest C�H_O hydrogen bonds were found

for the 4BAMnt model (2.7�2.9 Å) (Scholtzová et al.,

2014) and the H_O distances increased slightly and the

D�H_O (D = donor = N, C) angles also had a larger

variation in comparison to the Mnt intercalated with

tetramethylammonium (TMA-M) model in the work by

Scholtzová et al. (2013). The calculated hydrogen bond

angles (D�H_O, Table 2) indicate that some hydrogen

bonds were not optimal (D�H_O < 150º), mainly due

to steric factors and imperfect matching of the organic

cations distributed in the interlayer space with the

surface pattern of the basal oxygen atoms. A further

observation is that in the case of the 1BAMnt cation, one

NH bond was not involved in hydrogen bonding.

In order to show a difference in the energetic stability

of NaMnt and nBAMnt structures, the reaction energy

for the exchange of the hydrated [Na(H2O)6]
+ by nBA

cations was estimated using the reaction scheme NaMnt

+ nBA+ ? nBAMnt + [Na(H2O)6]
+. The energetic gain

(DEr in Table 1) documents the thermodynamic stability

of all nBAMnt models. The stability decreased with the

increasing number of butyl chains in order 1BAMnt >

2BAMnt cis & 2BAMnt trans > 3BAMnt > 4BAMnt and

correlated very well with type, number, and strength of

hydrogen bonds (Table 2). The presence and strength of

the N�H_O hydrogen bonds is crucial for the stability

of nBA cations keyed in the interlayer space of

Table 2. Parameters of hydrogen bonds for nBAMnt models (n = 1�4). The three numbers for C�H_O hydrogen bonds
represent lower limit, median, and upper limit. In the case of N�H_O hydrogen bonds, only one or two such bonds are found
in the structures, D = donor = N, C atom.

Model H-bond H_O (Å) D_O (Å) D�H_O (º)

1BAMnt
N�H_O 2.01;2.37 3.04;2.83 168;105
C�H_O 2.4;2.54;2.58 2.94;3.30;3.57 103;128;162

2BAMntcis
N�H_O 2.49;2.50 3.02;3.49 111;161
C�H_O 2.48;2.58;2.6 3.10;3.59;3.66 113;152;163

2BAMnttrans
N�H_O 1.97 2.96 158
C�H_O 2.31;2.43;2.59 3.20;3.35;3.54 128;142;176

3BAMnt
N�H_O 2.28 3.22 149
C�H_O 2.18;2.54;2.60 3.00;3.47;3.62 123;142;167

4BAMnt*
N�H_O - - –
C�H_O 2.75;2.84;2.91 3.52;3.58;3.65 116;124;157

* Scholtzova et al., 2014
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montmorillonite. This assumption is confirmed by a

large drop of DEr (Table 1) from 1BAMnt (three

N�H_O hydrogen bonds) to 4BAMnt (no N�H_O

hydrogen bond) which accounted for ~64.2 kJ/mol while

a difference between [1BAMnt and 2BAMnt (both cis

and trans)] and [2BAMnt and 3BAMnt] was about

20�25 kJ/mol. This can be explained by a difference in

estimated energies of N�H_O and C�H_O hydrogen

bonds, respectively (Jeffrey, 1997). The energy of the

N�H_O t y p e b o n d c a n b e i n t h e r a n g e

4.2�16.7 kJ/mol, whereas C�H_O hydrogen bonds

are much weaker (< 2.1 kJ/mol) (Steiner, 2002). The

hydrogen bonds of the R-NHx
+ are stronger, mainly due

to the large portion of the Coulombic interactions

coming from the positively charged head groups. On

the other hand, van der Waals interactions dominate in

weak C�H_O hydrogen bonds. The observed signifi-

cant differences between types and strengths of the

hydrogen bonds formed between organic cations and the

montmorillonite layers can have a significant impact on

interlayer and superficial mobility of surfactants and

cleavage energies of organo-clays. An additional impor-

tant factor can also be alkyl chain length. The effect of

head group structure and chain length on cleavage

energy was demonstrated by classical MD simulations

(Fu and Heinz, 2010a, 2010b).

Infrared spectra

The IR spectra of NaMnt and nBAMnt demonstrated

a pronounced variability in the XH (X = O, N, C)

stretching region that depended on the character of the

exchangeable cation (Figure 4). The NaMnt spectrum

showed an OH stretching vibration (n(OH)) signal at

3623 cm�1 due to structural OH groups from mont-

morillonite, and a broad band near 3420 cm�1 due to

overlapping contributions from differently bonded water

molecules adsorbed on KBr and/or montmorillonite

inner and outer surfaces. The position of n(OH)

remained similar for organo-clays containing �NHx

groups, but a slight shift to higher wavenumbers and a

shoulder near 3687 cm�1 appeared for 4BAMnt.

In addition to OH vibrations, the stretching CH and

NH vibrations of the butylammonium cations in the

spectra of organo-clays occur in the range of

3300�2800 cm�1 (Figure 4, Table 3). The spectrum of

1BAMnt showed two bands at 3262 cm�1 and 3187 cm�1,

assigned to the nas and ns stretching vibrations of the

�NH3 group, respectively (Yariv, 2001). A broad

shoulder with a weak maximum near 3020 cm�1 appeared

in the spectrum of 1BAMnt as well. The origin of this

band has not been reported so far, but its position suggests

that it might correspond to NH groups hydrogen-bonded

to basal oxygens and/or to residual water molecules. This

interpretation was supported by the calculated vibrational

Figure 4. Experimental FTIR absorption spectra for NaMnt and

1�4BAMnt samples � OH, NH, and CH stretching regions.

Table 3. Frequencies (in cm�1) and assignment of bands in experimental IR spectra of SAz-1 montmorillonite saturated with
(1�4)-butylammonium cations.

1BAMnt 2BAMnt 3BAMnt 4BAMnt Assignment

3687 n(OH)
3624 3624 3624 3626 n(OH)
3262 3228 nas(NH3

+), nas(NH2
+)

3209 n(NH)
3187 3154 ns(NH3

+), ns(NH2
+)

3020 H-bonded ns(NH3
+)**

2968 2965 2964 2964 nas(CH3)
2936 2938 2937 2935 nas(CH2)
2879 2877 2876 2876* ns(CH3)
2852* 2852* 2852* 2853* ns(CH2)

* wavenumbers obtained by 2nd derivative.
** assigned on the base of calculated spectrum.
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spectra (Figure 5). The lowest frequency (3186 cm�1) of

the three NH stretching modes of the model 1BAMnt

might correspond to the experimentally detected band at

3020 cm�1.

In comparison with the spectrum of 1BAMnt, the

broadening, intensity decrease, and red shift of two NH

stretching bands to lower positions (3228 cm�1 and

3154 cm�1) was observed for the 2BA cation, which

contains an NH2 group. A weak and broad band that

appeared near 3200 cm�1 in the 3BAMnt spectrum arose

from the n(NH) vibration. To obtain more band

positions, the second derivatives of the spectra were

calculated.

The most characteristic IR bands of organic surfac-

tants are in the 3000�2800 cm�1 region due to the

vibrations of the �CH3 and �CH2 groups (Yariv, 2001).

While well resolved bands near 2965 and 2935 cm�1

were due to nas(CH3) and nas(CH2), respectively; the

complex band near 2877 cm�1 involved vibrational

contributions of both moieties, ns(CH3) and ns(CH2)

(Table 3).

A comparison of the calculated (Figure 5) and experi-

mental (Figure 4) spectra showed very good correspon-

dence in all three sectors of the high-frequency region

(3800�2800 cm�1). The calculated spectra, however, did

not have the broad band observed in the experimental

spectra at ~3420 cm�1, which was assigned to residual

water in the samples as in the other nBAMnt models, no

water molecules were present. Generally, the calculated

frequencies were higher than the experimental as a

consequence of the harmonic approximation used in the

frequency calculations. Anharmonicity of the XH (X = O,

N, C) stretching modes is relatively high and could account

for 60�150 cm�1 of the difference (Balan et al., 2007).

Figure 5. Calculated vibrational spectra for 1�4BAMnt models � OH, NH, and CH stretching regions.
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Using an analysis of the eigenvectors of the calculated

bands, exact assignment of all types of stretching modes

was possible, and it was compared to the traditional

interpretation of the experimental IR spectra.

The stretching vibrations of the montmorillonite

inner �OH groups were clearly identified in the

calculated spectrum (Figure 5). The bands at

3830 cm�1 were assigned to the Mg�OH stretching

vibrations, whereas the bands at a lower energy

(~3765 cm�1) belonged to the Al�OH stretching vibra-

tions. These bands were relatively stable for all models;

only a small red shift (~10 cm�1) was observed for the

4BAMnt model. This shift could be related to the larger

interlayer space expansion seen in the 4BAMnt model in

comparison to the 1�3BAMnt models (Table 1). The

usefulness of the calculated spectra was nicely demon-

strated for the OH stretching modes. The calculated

spectra clearly distinguished the Mg�OH and Al�OH
stretching modes, whereas in the experimental spectra

these bands overlapped to give only one broad band. The

most visible Mg�OH stretching mode observed in the

experiment was the shoulder seen at ~3687 cm�1 in the

4BAMnt spectrum (Figure 4).

In the 3500�3100 cm�1 region of the calculated

spectra, NH stretching vibrations were unambiguously

identified (Figure 5). The 1BAMnt spectrum had three

NH stretching modes, corresponding to signals in the

experimental spectrum at 3262, 3187, and 3020 cm�1

(Figure 4). The calculated band with the highest energy

(3430 cm�1) represented the NH stretching vibration of

the free �NH group which was not involved in hydrogen

bonding to the surface oxygen atoms of the layer. The

second calculated band at 3360 cm�1 was assigned to the

symmetric stretching vibration of the free �NH group

and of one �NH group involved in hydrogen bonding,

and corresponded to the band in the experimental

spectrum at 3187 cm�1. The third calculated band at

3186 cm�1 was the symmetric stretching vibration of the

second �NH group, which was involved in the shortest

hydrogen bond (2.01Å, Table 2), and corresponded to a

broad, poorly distinguishable experimental peak at

3020 cm�1. Theoretical calculations revealed that the

two stretching vibrations of the �NH3 group at (3430

and 3360 cm�1) were decoupled due to different

H-bonding environments of the two hydrogens, and

also indicated that the weak experimental signal at

3020 cm�1 was the third �NH3 stretching mode.

Both cis and trans 2BAMnt models had calculated

spectra with two well resolved NH stretching bands

(Figure 5) that had a good correspondence with the

bands at 3228 and 3154 cm�1 in the experimental

spectrum (Figure 4). The band with the highest energy

represented the asymmetric stretching vibration, whereas

the second band represented the symmetric stretching

vibration of the �NH2 group. The calculated spectra of

the 2BAMnt cis and trans models showed a difference in

the position and intensity of the NH stretching vibrations

as a consequence of the different strengths of the

corresponding N�H_O hydrogen bonds (Figure 5,

Table 2). This assignment was consistent with the

interpretation of the 2BAMnt sample experimental

spectrum (Table 3). Unfortunately, with the FTIR

technique, distinguishing cis and trans configuration of

butyl chains is not possible because of small (low

intensity) and broad NH stretching mode peaks on a

nonlinear background (Figure 4). Moreover, the experi-

mental samples probably contained a mixture of cis and

trans configurations in some ratio which can result in

a superposition of the corresponding NH vibrational

modes for these conformations in 2BA.

For the 3BAMnt model, only one NH stretching mode

was calculated with a frequency of 3277 cm�1. This

band also corresponded to a feature of the experimental

3BAMnt spectrum (Figure 4), a broad band with a

maximum at 3209 cm�1. The calculated frequency for

this mode was higher than the lowest NH frequency of

the 1BAMnt model (3187 cm�1), demonstrating differ-

ent strengths of the N�H_O hydrogen bonds.

The CH stretching vibrations are predominantly

found in the 3000�2800 cm�1 region. The analysis of

the calculated spectrum of the 4BAMnt model

(Scholtzová et al., 2014) showed that �CH3 and �CH2

vibrations had nearly identical energies, in the following

order �nas(CH3 and CH2) > nas(CH3) > ns(CH2) >

ns(CH3). This assignment was in disagreement with the

standard assignment based on the experimental spectra,

in which asymmetric stretching vibrations of the �CH3

groups were higher than asymmetric stretching vibra-

tions of the �CH2 groups (Table 3). The MD simula-

tions of the TEA-M model (Scholtzová et al., 2014)

revealed that the CH stretching vibration positions were

sensitive to the d001 spacing, which could lead to a

reordering of the CH stretching modes.

The vibrational analysis of the calculated spectra of

the 1-3BAMnt model was similar to that of the 4BAMnt

spectrum (Figure 5). The slightly higher positions of all

n(CH) in the 1�3BAMnt models than in the 4BAMnt

model could result from the vicinity of the �NHx groups

to the �CH3 and �CH2 groups (Vaia et al., 1994). The

discovered CH3/CH2 stretching mode order for the

1�3BAMnt models was: nas(CH2) > nas(CH3) >

ns(CH3+CH2) > ns(CH3) for the 1BAMnt and 2BAMnt

trans models, and nas(CH2) > nas(CH3) > ns(CH3+CH2) >

ns(CH2) for the 2BAMnt cis and 3BAMnt models

(Table 4). The difference in the order between the two

2BAMnt models indicated a high sensitivity of the CH3/

CH2 stretching modes to the arrangement and relative

positions of the alkyl chains in the monolayer quasi-

planar configuration in the montmorillonite interlayer

space.

The CH3 and CH2 stretching vibration bands in the

calculated spectra had a more complicated structure than

the corresponding experimental bands, and had some

shoulders at the high frequency edge. These shoulders
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were assigned to the vibrations of the individual groups

which were involved in the hydrogen bonds. In the

experimental spectrum, these shoulders were not dis-

tinguished (Figure 4). The bands in the experimental

spectra were broadened and strongly overlapped and

complete and unambiguous assignment was somewhat

difficult.

Several factors impacted the band broadening. The

arrangement and the distribution of the organic cations

in the monolayer configuration were not perfectly

regular in the samples (in contrast to the regular periodic

models in the simulation). Further, the samples could

still contain some residual interlayer or surface water in

spite of the overnight heating (e.g. 1.3 wt.% water was

detected in the 4BAMnt sample). Residual water

molecules, thus, can disturb NH and CH vibrations.

The sample particles are usually <2 mm in size (Tributh

and Lagaly, 1986), and significant contributions from

the edge surfaces and edge effects are expected. Indeed,

the calculations on the structural models have an

advantage as these complicating effects are not involved

in the models and the structure and interactions of the

organic cations in the interlayer space can be analyzed in

isolation.

CONCLUSIONS

The DFT calculations showed that the optimized

structures of the nBAMnt models had a nearly planar

arrangement of the n-butylammonium cations (n = 1�4)
and that the basal spacing d001 increased only slightly

with increasing size of the cation. The calculated values

corresponded well with the XRD-determined d001 values

of the experimental samples.

Hydrogen bonds play an important role in the

arrangement and stabilization of interlayer cations

combined with the electrostatic interactions between

montmorillonite layers and intercalated organic cations.

The nBA cations form moderate-to-weak N�H_O and

weak C�H_O hydrogen bonds between �NHx/�CH2/

�CH3 groups and basal oxygen atoms of the mont-

morillonite layers. Some of the bonds are not optimally

formed due to steric factors.

Calculated exchange reaction energies showed the

thermodynamic stability of all models that increased

from 4BAMnt to 1BAMn. The analysis of the exchange

reaction energies documented the importance of the

N�H_O hydrogen bonds in the stability of the organic

cations in the interlayer space of montmorillonite.

The calculated vibrational spectra of the nBAMnt

models showed good correspondence with the experi-

mental FTIR spectra. Unambiguous assignment of the

NHx and CH2/CH3 stretching bands to individual types

of vibrations was performed on the basis of the

calculated spectra and was compared to traditional

interpretations of the experimental bands. Very good

agreement was found between calculated and experi-

mental NHx stretching modes. On the basis of the

calculated spectrum of the 1BAMnt model, a possible

interpretation was suggested for the poorly resolved

band at 3020 cm�1. The calculated vibrational spectra

showed a small shift of the CH2/CH3 stretching modes to

lower values with increasing number of butyl chains in

the nBA cation. The order of the CH2/CH3 stretching

modes, however, was not always identical for all models.

The observed changes of the CH stretching vibration

bands indicate that CH2/CH3 stretching modes are very

sensitive to the local environment. These tiny effects

were not distinguishable from the experimental spectra

and could be analyzed only from the calculated spectra.
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