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� “Guest” molecules in “host” layered
material were investigated.

� Amines and amino-acids were
selected as guest molecules.

� Natural and synthetic host with
smectite phyllosilicate structure were
used.

� Dielectric properties were investi-
gated by terahertz time domain
spectroscopy.

� Resonance absorption peaks of guest
were detected in far infrared region.
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a b s t r a c t

Layered clay minerals from the smectite group with different chemical composition and resulting layer
charge (e.g. pyrophyllite, illite, hectorite and montmorillonite) were characterised for their dielectric
properties in the far-infrared region using terahertz-time domain spectroscopy (THz-TDS). Samples with
distinct cation exchange capacity such as hectorite and montmorillonite were modified using cation
exchange reaction with alkylamines or amino acids. The presence of these species in 2D gallery was
proved by X-ray diffraction and Fourier transform infrared spectroscopy. The frequency-dependent
refractive index of these minerals was determined in the experimentally accessible range of 0.1
e3.0 THz (3e100 cm�1) using THz-TDS. Pristine samples revealed their refractive indices to be 1.82e2.15
at about 1 THz while the modified montmorillonite samples had their refractive indices changed by
organic molecules used for their modification to 1.70e2.35 for amines and 1.97e2.36 for amino acids. The
presence of organic substances in 2D gallery of clays was detectable despite the relatively high ab-
sorption of smectites with magnitude of 100 cm�1.

� 2014 Elsevier B.V. All rights reserved.
1. Introduction

Layered clay minerals from the smectite group belong to the 2:1
clays where the basic structural layers are composed of two
dimensional (2D) tetrahedral sheets formed by tetrahedrons [SiO4]
: þ421 2 60296231.
anek), mira.naftaly@npl.co.uk
and one octahedral sheet typically formed from octahedrons
[Al(O,OH)6]. In a single smectite layer one octahedral sheet is
sandwiched between two tetrahedral sheets terminated with
hexagonally arranged oxygen atoms forming siloxane surface
(Fig. 1) [1]. These oxygen atoms are involved in interactions with
the neighbouring environment, and stacking of single smectite
layers results in the formation of parent mineral particles. Gener-
ally, the chemical composition of smectites per unit cell contains
two formula units which can be expressed as:
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Fig. 1. Structure of dioctahedral 2:1 clay mineral; e.g. smectite layer showing
isomorphous substitutions in tetrahedral and octahedral sheets with sodium as sol-
vated exchangeable cations.
n ð2z3Þ

Here the excess layer charge (x þ y)- depends on the extent of
isomorphous (charge non-equivalent) substitutions occurring in
the tetrahedral (y) or octahedral (x) sheets. The excess charge
localised in the layers is compensated by the hydrated exchange-
able cations Mnþ located between the layers and is responsible for
the cation exchange capacity (CEC). This is connected to the layer
charge via the molecular mass of the silicate framework unit (Mw/
g mol�1) by a simple relation: CEC ¼ (x þ y)/Mw [2]. The cation
exchange reaction represents one of the basic routes for easy and
effective modification of the single particle interface, and thus the
physicalechemical properties of pristine mineral. To follow sys-
tematic changes in the interlayer space of smectites, a simple
characterisation tool is required by the chemist or physicist dealing
with clay minerals.

Recent developments in terahertz-time domain spectroscopy
(THz-TDS) operating in the far-infrared region may overcome the
problems associated with employing conventional FTIR spectrom-
eters for this type of investigation [3,4]. THz-TDS applications can
be found in areas such as pharmaceuticals, biomolecular systems,
dielectric materials or material quality control [5e7], but there is
only a small number of papers dedicated to the inspection of
layered or confined systems including clay minerals. To date, the
THz-TDS technique was applied by Nagai et al. [8] for the investi-
gation of dielectric properties of clay based polyamide nano-
composite films in the far-infrared region, leading to an
interpretation of molecular interaction and relaxation times of
polymer functional groups with montmorillonite surface. Janek
et al. [9,10] using THz-TDS found that this technique can be suc-
cessfully applied for investigating the dielectric properties of
selected micaceous clay minerals and differentiating their spectral
response in the far-infrared region, and for detecting hosteguest
intercalates of kaolinite or halloysite. [11] Recently, Wilke et al.
[12,13] investigated the optical constants of montmorillonite in the
THz region and calculated these values using the effective medium
theory.

The main objectives of this paper are to foster the application of
THz-TDS for the investigation of layered or confined 2D systems
such as clay based materials, and to gain a better understanding of
the processes involved during their physicalechemical modifica-
tion based on the specific spectral response in the far infrared re-
gion. This technique enables measurement with high signal
sensitivity and time-resolved phase information, allowing rich
spectroscopic and dielectric analysis. For this purpose we used the
terahertz time-domain spectroscopy technique based on
femtosecond-laser driven photoconductive emitter and electro-
optic detector in the frequency range of about 0.2e3.0 THz [14].
The selection of clay mineral samples was done in accordance with
the known available microcrystalline species with significant dif-
ferences in their chemical composition, which could be tested in
the transmission mode of THz-TDS measurements.

The present study used the following mineral samples: pyro-
phyllite, hectorite, montmorillonite and illite, having different
Table 1
Sample idealised structural formulae and determined cation exchange capacity.

Clay sample (origin) Idealised structural formula

Pyrophyllites (North Carolina) {[Si4][Al2]O10(OH)2}
Hectorite¼ (synthetic hectorite) Mþ

0:3$f½Si4�½Mg2:7Li0:3�O10ðOH; FÞ2g
Montmorillonite¼ (Wyoming) Mþ

0:4$f½Si3:9Al0:1�½Al1:5Fe0:2Mg0:3�O10ðOH
Illites (Illinois) Mþ

0:9$f½Si3:2Al0:8�½Al1:7Fe0:2Mg0:1�O10ðOH
snon-swelling; ¼swelling; *cation exchange capacity experimentally determined with c
chemical compositions and cation exchange capacities (Table 1). All
selected samples have smectite structure, where 6 negative charges
per half unit cell are neutralized by two tri-valent cations e.g.
montmorillonite (called dioctahedral occupancy). In contrast, this
charge can be neutralized by three di-valent cations in trioctahe-
dral minerals e.g. hectorite (Fig. 1). Depending on isomorphous
structural substitutions and chemical composition, distinct particle
swelling ability in aqueous environment can be observed in e.g.
hectorite and montmorillonite, but no such swelling can be seen in
pyrophyllite and illite. Despite the fact that the latter two samples
have no cation exchange ability, they differ significantly from each
other because pyrophyllite has inherently negligible excess layer
charge (see formula unit above and Table 1), while illite represents
a micaceous clay mineral variety with layer charge neutralized by
exchangeable cations which are entrapped between the collapsed
single mineral layers. For swelling clays, exchangeable interlayer
cations can be easily replaced via the reaction of cation exchange
using inorganic and/or organic cations, thus enabling preparation
of layered organiceinorganic hybrid materials. Fast and reliable
characterisation of physical properties of both pristine and modi-
fied minerals is of great interest. This is because these natural low
cost materials have broad industrial utilization as pollution adsor-
bents, catalysts or catalyst support, foundry plasticizers in cos-
metics, or are being investigated for novel application areas such as
biosensors, electronic and optical devices [15,16].

2. Experimental section

2.1. Materials

Idealised structural formulae of selected 2:1 clay minerals used
in the present study are summarised in Table 1. As can be seen from
this table, the clays differ in their cation density, CEC and ability to
swell. Pyrophylite (PYR) and illite (ILL) were obtained from Wards
Cation Density charge/unit cell CEC* mmol/g�1

0.00 0.00
0.30 0.72

Þ2g 0.40 0.89
Þ2g 0.90 0.00

opper triethylenetetramine complex [46].



Fig. 2. A: X-ray powder diffraction patterns of used parent samples (PYR) pyrophyllite e p, (HSH) hectorite e h, (M48) montmorillonite e m00 , (ILL) illite e i and admixtures of mica
e m0 , kaolinite e k and quartz e q with hkl indices. B: Corresponding FTIR spectra of respective minerals.
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natural science establishment clay minerals repository and were
used as received. The hectorite (HSH) and montmorillonite (M48)
were received from the former Süd Chemie AG (currently Clariant
International Ltd. Germany). No purification was needed for hec-
torite as synthetic sample; however, montmorillonite was washed
using a standardized procedure to remove carbonates, iron oxides,
humic materials, and fractionated to obtain the smaller-than-2-mm
particles fraction according to Tributh and Lagaly [17,18]. A small
amount of each sample was crushed in an agate mortar and used
for X-ray diffraction on powder (XRPD) and for Fourier transform
infrared (FTIR) analyses shown in Fig. 2A, B respectively.

Chemical modification of the interlayer space of swellable clays
such as hectorite and montmorillonite was done using 25 mL
dispersion with 2% solid content. Two different types of small
organic molecules such as amines and amino acids were used for
their surface modification. The first series used protonised amines:
monomethylamine hydrochloride (MoA), dimethylamine hydro-
chloride (DiA), trimethylamine hydrochloride (TrA) and tetrame-
thylammonium chloride (TeA), obtained from Aldrich. The second
series used L-amino acids such as glycine (Gly) and L-alanine (Ala),
from Lachema Brno, Czech Republic, and L-cystine (Cys) from Loba
Chemie, Austria. Clay samples (0.5 g) were dispersed in a solution of
respective chemical species with concentration of 33 mmol L�1
Fig. 3. Illustration of equilibrium reaction of cationic species Aþ with species Bþ bounded
surface bounded ðaÞ vs. solvent present (a) species.
using an ultrasonic bath and horizontal shaker. The process of
cation exchange is illustrated by Fig. 3, showing also the expression
for the equilibrium constant. Here Aþ represent the original
cationic species (e.g. Naþ for montmorillonite) and Bþ are the
protonated or cationic amines used for sample modification (Fig. 1).

Upon the ion exchange, the solid was separated from the su-
pernatant by centrifugation at 6000 rpm, treated one more time
with respective chemical solution in the ultrasonic bath and hori-
zontal shaker, washed with demineralised water until the silver
nitrate test for chloride anions was negative, air dried at 60 �C, and
crushed in an agate mortar to be stored in Eppendorf PE ampoules.
Each prepared samplewas further used for XRPD and FTIR analyses.
Both techniques confirmed the presence of organic molecules in
the interlayer space and a successful exchange reaction of relevant
mineral. For THz-TDS measurements, pellets of each sample were
prepared by the pressed disk technique using at least 100 mg of
sample material. The pellets used for THz-TDS experiments were
approximately 1 mm thick and were prepared by applying manual
force on torque with length of about 30 cm for 20 s. After THz-TDS
measurements the porosity of randomly selected pellets was
determined with helium picnometry, which revealed the mean
around 43.0 � 3.0%. For practical purpose the THz-TDS data
represent values achieved from pellets measurements without
to the surface of clay layer and expression of equilibrium constant using activities of



Table 2
a) Assignments of IR absorption bands of used layered clay minerals. b) Assignments
of IR absorption bands of amines and amino acids.

Wavenumber (cm�1) Attribution

a
3545e3340 OH stretching vibrations of water
3360e3180 Overtone of OH deformation
1690e1600 OH deformation vibrations of water
Pyrophyllite
3674 OH stretching of pyrophyllite structural hydroxyl groups
3629 OH stretching of mica structural hydroxyl groups
3621 OH stretching of kaolinite structural hydroxyl groups
1120 SieO stretching (longitudinal mode)
1068 In-plane SieO stretching
1049 In-plane SieO stretching
949 OH deformation of inner hydroxyl groups
854e812 SieO
755 AleOeAl of MICA
694 SieO of kaolinite
572 SieOeSi deformation
538 AleOeSi deformation
480 SieOeSi deformation
418 SieO
Hectorite
3620 OH stretching of hectorite structural hydroxyl groups
1180 Amorphous silica and/or broken edges like,

SieO stretching
1079 SieO stretching
1014 SieO stretching
798 SieO of silica and/or broken edges
656 Mg3OH deformation
526 SieOeAl (octahedral Al)
462 SieOeSi bending
Montmorillonite
3631 OH stretching of montmorillonite structural

hydroxyl groups
1107 SieO stretching (longitudinal mode)
1035 SieO stretching
916 AlAlOH deformation
848 AlMgOH deformation
794 SieO of silica and/or broken edges
623 Coupled AleO and SieO, out-of-plane
523 AleOeSi deformation
464 SieOeSi deformation
Illite
3694 OH stretching of kaolinite structural hydroxyl groups
3622 OH stretching of illite structural hydroxyl groups
1402 CO3 stretching of calcite
1161 SieO stretching of quartz
1085 Perpendicular SieO stretching
1030 SieO stretching
916 AlAlOH deformation
799 SieO stretching of quartz
779 SieO stretching of quartz
694 SieO stretching of quartz
523 AleOeSi deformation
470 SieOeSi deformation
428 SieO deformation
b
3400e3300 NH stretching
3300e2500 OH stretching of carboxylic acids
2965e2750 CH, CH2, CH3 stretching
2600 NHþ stretching
1725e1695 C]O stretching of carboxylic acid
1650e1590 NH deformation
1250 COH stretching or CH2 deformation
1460e1360 CH2, CH3 deformation
1160e1060 CeN stretching
950e910 OH deformation of carboxylic acids
850 NH deformation
800e600 NH, NH2 wag in amines
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known porosity correction. Hence they represent the values which
can be found for naturally accessible samples.

2.2. Techniques

X-ray diffraction patterns from all sample powders were ob-
tained using PANalytical EMPYREAN X-ray powder diffractometer
and Cu radiation (CuKa1 l ¼ 0.154056 nm and CuKa2
l ¼ 0.154439 nm with intensity ratio 2:1). The patterns were
scanned in the range of 2.5e65� 2q for parent materials and up to
25� 2q in case of intercalates, with a step size of 0.039� and a
counting time of 150.0 s/step.

FTIR spectrometer Nicolet Magna 750 equipped with a DTGS
detector was used for infrared spectra measurements of powdered
materials by the KBr pressed disc technique. The solid was homo-
genised using an agate mortar with spectroscopy grade KBr in a
ratio of 1:200 mg. Spectra were recorded over the range of 4000e
400 cm�1, accumulating at least 64 spectral scans, with the spectral
resolution of 4 cm�1. The background signal was collected prior to
every sample measurement. Spectra of all investigated samples in
KBr disks were first measured after 24 h drying at 60 �C; then the
parent samples were further dried at 80 �C during a period of 7 days
and the FTIR spectra were collected again. The spectra were eval-
uated using the data collection and control software Omnic�

(Thermo Electron Corporation).
The THz-TDS measurements were done on laboratory build

equipment with standard configuration based on femtosecond-
laser driven photoconductive emitter and electro-optic detection,
the details of which can be seen elsewhere [19e24]. The THz-TDS
has a bandwidth of approximately 4 THz with a peak signal-to-
noise ratio of better than 40 dB [20]. All measurements were per-
formed at the ambient temperature of 20.0 � 1.0 �C, and the THz
beam path was flushed with dry air to eliminate water absorption
lines. The measurements were performed in transmission mode,
with the pellet of clay sample mounted normal to the THz beam.
The values of the frequency dependent complex refractive index
were calculated from the transmission data as ~nS ¼ nS � ikS, where
nS is the real refractive index and kS is absorption. The power ab-
sorption coefficient aS of the samples was calculated from
aS ¼ 2kSu/c; where u is the angular frequency and c the velocity of
light in vacuum [25]. The power absorption coefficient is directly
proportional to the optical density (absorbance) of the sample [26],
hence is directly comparable to the spectral data obtained by other
spectroscopic techniques.

3. Results and discussion

3.1. Material characteristics

X-ray diffraction patterns of the parent samples showing dif-
ferences in the position of the first basal and other reflections are
shown in Fig. 2A. These data confirm that hectorite (d¼ 1.40, 0.449,
0.256, 0.152 nm) and montmorillonite (d ¼ 1.216, 0.618, 0.444,
0.404, 0.312, 0.254, 0.149 nm) samples represented pure mineral-
ogical species of the studied layered type mineral. However, pyro-
phylite (d¼ 0.920, 0.460, 0.426, 0.306, 0.257, 0.241, 0.230, 0.184 nm)
contained an admixture of mica (d ¼ 0.992, 0.497, 0.443, 0.332,
0.256, 0.200 nm), kaolinite (d ¼ 0.713, 0.443, 0.355, 0.256,
0.249 nm) and quartz (d ¼ 0.425, 0.334, 0.246, 0.228, 0.213, 0.182,
0.154 nm), while illite (d ¼ 1.02, 0.503, 0.448, 0.257, 0.198,
0.150 nm) contained quartz and kaolinite as an admixture. FTIR
spectroscopy (Fig. 2B) confirmed the presence of quartz in the illite
sample by showing the typical SieO deformation bands at 799,
779 cm�1, mica at 755, 694 cm�1 and a typical kaolinite stretching
band as a shoulder at 3694 cm�1. The pyrophyllite sample
contained mica absorption bands at 3629, 755 and 694 cm�1, and
kaolinite was identified with the low intensity band at 3621 cm�1

[3,27e29]. The FTIR spectra of materials used in the present study,
together with their bands attributions, can be found in papers
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dedicated to various studies using several investigation techniques
[3]. Briefly, in the mid infrared region 2:1 layered silicates have the
typical absorption bands of structural OH groups. The OH stretching
bands are identified in the region of 3630e3610 cm�1; whereas
deformation bands reflecting the chemical composition of the
layers, e.g. AlAlOH, AlFeOH and AlMgOH, can be found at 917e
913 cme1, 887e884 cm�1, 846e837 cm�1, respectively. A typical
feature is the presence of intense SiO stretching bands at 1120e
990 cm�1 and deformation bands of bonds such as AleOeSi and
SieOeSi. Where the material has adsorbed water molecules, these
can be found as stretching and deformation vibrations at 3545e
3340 and 1690e1600 cm�1, respectively. A more detailed assign-
ment of IR absorption bands is summarised in Table 2a.

Due to the fact that only Montmorillonite and Hectorite could be
chemically modified by the cation exchange reaction using suitable
molecules (Table 1), the modification of the interlayer space of
these minerals was performed using selected model substances of
amines and amino acids having low molecular weight. These were
selected in order to test the possibility of direct identification of
specific molecular or functional groups when presented in the
confined environment of interlayer space. Smaller molecular spe-
cies are expected to be more suitable for theoretical calculations of
corresponding vibration bands in the far-infrared region, e.g. using
Density Functional Theory, HartreeeFock approximations or mo-
lecular dynamics simulations [30e33]. There have been a number
of studies published on the THz spectroscopy of pure amino acids
[34,35], their dimers [36] and sulphur containing amino acids
[37,38]. However, to our knowledge there are no FIR data available
for these substances contained in confined layered environment.

The results of X-ray diffraction of the parent material and its
varieties modified with selected substances are shown in Fig. 4A for
M48 and in Fig. 4B for HSH. XRPD patterns of Montmorillonite
show a distinct change in the position of its first basal (d001)
reflection, while a simultaneous change of the peak shape can also
be observed depending on the modification molecule being used.
Changes in the first basal peak position are in the range of a few
tenths nm, because the sizes of intercalated molecules are
Fig. 4. Changes in the positions of the first basal reflection of montmorillonite intercalate
methylamine, (DiA) e dimethylamine, (TrA) e trimethylamine, (TeA) e tetramethylamine,
comparable to the original hydrated Naþ cations occupying the
interlayer space. Observed changes correspond to a change of the
gallery height in the range of about 0.02e0.17 nm, e.g. in the case of
Cys or TeA molecules the basal distance on the level of 1.33 and
1.38 nm, respectively. This basal distance at the level of 1.37 nm
corresponds approximately to the thickness of smectite’s primary
amines intercalates with the alkyl chain having about 6 carbon
atoms. The changes in the position of the first basal reflection of n-
alkylamine series have been used for the determination of the
mean layer charge and the layer charge density distribution [2].

In the case of Hectorite sample, XRPD shows a much broader
peak of its first basal reflection (d001) thanMontmorillonite (Fig. 4A,
B). This is due to the much lesser lateral size of HSH particles [39].
For instance, this sample is able to form transparent aqueous dis-
persions or gels at concentrations of >2 mass%, while turbid dis-
persions are formed with M48, indicating that particle size of HSH
is below the wavelength size of visible light (<380 nm) [40].
Nevertheless, the change in the peak shape and position of the first
basal reflection was clearly detected for all modified samples. To
confirm further the successful modification of interlayer gallery of
studied clays with selected molecules by an independent method,
they were characterised by FTIR in the mid-IR. The spectra of
modified smectites (solid lines) along with the spectra of pure
modifying substances (dotted lines) are shown in Figs. 5 and 6.
Assignments of typical IR absorption bands of modifying amines
and amino acids are summarised in Table 2b.

FTIR spectra of modified Montmorillonite (Fig. 5) show the
following. i) In the interlayer space there are present
hydrated organic cations, because the water OH stretching band at
3425e3435 cm�1 and an overtone of the deformation band at
3232e3270 cm�1 are observed in the 3900e2700 cm�1 region. ii)
The confinement of molecules in the interlayer space changes
significantly their absorption bands in the 1950e1350 cm�1 region,
although some bands retain their original positions e.g. in DiA, TrA,
TeA. iii) Only minor changes of stretching SieO vibrations are
resolvable in the 1050e450 cm�1 region, such as enhancement or
weakening of the shoulder at the 1115 cm�1, but these are
s e A e and Hectorite e B e modified with (M48/HSH) e parent material, (MoA) e
(Gly) e glycine, (Ala) e alanine, (Cys) e cystine.



Fig. 6. FTIR spectra of hectorite intercalate modified with (HSH) e parent material, (MoA) e methylamine, (DiA) e dimethylamine, (TrA) e trimethylamine, (TeA) e tetrame-
thylamine, (Gly) e glycine, (Ala) e alanine, (Cys) e cystine.

Fig. 5. FTIR spectra of Montmorillonite intercalate modified with (M48) e parent material, (MoA) e methylamine, (DiA) e dimethylamine, (TrA) e trimethylamine, (TeA) e tet-
ramethylamine, (Gly) e glycine, (Ala) e alanine, (Cys) e cystine.



Fig. 7. Frequency dependence of refractive index e nS and power absorption coeffi-
cient e aS of pyrophyllite (PYR), hectorite (HSH), montmorillonite (M48), and illite
(ILL).
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insignificant changes in comparisonwith deformation vibrations in
the parent M48 spectrum of e.g. OH, AleOeSi, or SieOeSi.

For modified samples of Hectorite (Fig. 6) the FTIR spectral
features indicated the following. i) The modification of this sample
with amines influences the OH stretching vibrations, resulting in
the gradual appearance of a well resolved shoulder and/or band in
samples modified with MoA, DiA, TrA and TeA, converging to 3712
and 3689 cm�1. The water OH stretching band at 3442e3453 cm�1

and the overtone of deformation band as shoulder at 3261 cm�1 are
observed in the 3900e2700 cm�1 region. ii) Because of the smaller
particle lateral diameter and smaller cation exchange capacity
value of hectorite, the number of molecules confined in the inter-
layer space is lower than in the case of montmorillonite. But, under
such conditions, a higher fraction of molecules could be located at
the particle edges. However, bands of lesser intensities than in the
case of montmorillonite are observed in the 1950e1350 cm�1 re-
gion, corresponding to modification molecules, except for Cystine
modified hectorite. iii) In contrast to montmorillonite, more
changes of stretching SieO vibrations were observed, such as the
appearance of a band at the 1086 cm�1 for CysH, AlaH, and GlyH.
The presence of these compounds in the interlayer space can be
seen in the appearance of vibrations at 798 cm�1 and 785 cm�1

found in TeAH. It was interesting to observe intense absorption
bands of Cystine in each spectral region of modified hectorite. This
indicated a relatively high affinity of this molecule for the hectorite
surface in comparison with other amino-acids used. Such intensive
interaction may be a consequence of the synergetic effect of e.g.
Cystine functional groups, with suitably configured hectorite OH
edge groups involved in the chemical interaction. The formation of
effective H-bonds was found to be essential for the peptide bonds
formation catalysed by clay surfaces [41e43].

The results observed by XRPD and FTIR proved that organice
inorganic hybrid materials were successfully prepared with
confined molecules present in the interlayer space of Montmoril-
lonite, where these molecules interact with its siloxane surface. In
the case of Hectorite the modifying molecules are present also in
the interlayer space, but they may interact intensively with a large
fraction of OH groups localised at the edges of the particles. These
differences are clearly connected to the morphological differences
among selected swelling smectites.

3.2. Optical characteristics in THz region

The mineralogical variability of the selected clay minerals with
their different chemical compositions (Table 1) offered a unique
opportunity to compare their dielectric and spectral properties in
far-IR region. The frequency dependence of the refractive index nS
and absorption coefficient aS of parent clays in the range of 0.1e
3.0 THz (3e100 cm�1) as determined by THz-TDS is shown in
Fig. 7A. The refractive indices of PYR, HSH, M48 and ILL found in
these types ofminerals at e.g.1 THz had the following values: 2.10e

PYR, 1.82 e HSH, 2.15 eM48, 2.15 e ILL. These refractive indices are
lower than those observed in micas with various chemical com-
positions (2.39e2.78@1 THz) [9,10]. The dispersion of refractive
index nS in studied frequency windows (Fig. 7A) was much lower
for PYR and ILL (w0.05), than for HSH and M48 samples (w0.17).

Very interesting results of different frequency dependence of
absorption coefficient aS, in the studied samples can be seen in
Fig. 7B. The steepest rise of absorption coefficient with frequency is
seen in HSH and M48, while the weakest is shown by PYR. This
behaviour can be due either to the water content present as
physically adsorbed molecules on the particle surface of PYR and
ILL, or as hydration water of exchangeable cations in HSH and M48
samples. The differences in the chemical composition of selected
samples and their crystallographic structure may also be
responsible for the observed behaviour. The absorptive properties
of all samples in the far-infrared region are relatively high and
reach the values of tens cm�1 (e.g. 15e78@1 THz). However, only
M48 and PYR showed absorption bands at around 0.89 THz
(29.7 cm�1) and 2.28 THz (76.1 cm�1), respectively. Different po-
sitions of low frequency bands in the region of 50e200 cm�1 were
found by Laperche and Prost [44] in micas containing various
inorganic exchangeable cations such as Kþ, Rbþ, Csþ, NH4

þ and Ba2þ.
The bands observed in M48 and PYR can therefore be associated
with low frequency skeletal vibrations of the smectite structure, or
in the case of M48, with low frequency vibration of exchangeable
cations of this mineral. However, as was shown by Laperche and
Prost [4], the final position of the low frequency bands is affected by
both the type of layered clay mineral and the type of exchangeable
cation represented, e.g. by its characteristic molecular mass.

The frequency dependence of refractive indices and absorption
coefficients of amine modified montmorillonite and hectorite are
shown in Fig. 8. A distinct effect of amines can be seen on the
spectral response of modified M48 as the number of CH3 groups
changes from 1 to 4 in the mono-, di-, tri- and tetra-methylamine.
The refractive indices of M48 and its amine forms were found to be
in the range of 1.70e2.35, while pristine M48 exhibited the highest
value of refractive index. In addition, clear absorption bands can be
observed, which change their position and shape with amine
treatment. The low frequency band observed at 0.89 THz
(29.7 cm�1) in pristine M48 changed its position after modification
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of M48 with mono-methylamine, while two distinct bands at 0.96
and 1.39 THz (32.0 and 46.4 cm�1) appeared in MoAM. A typical
spectral response can be found for each of the amines used: hence,
di-methylamine (DiAM) revealed one broad band at 0.78 THz
(26.0 cm�1), tri-methylamine (TrAM) showed three bands starting
at the lowest frequency of 0.75 THz (25.0 cm�1), overlapping with
1.06 and 1.38 THz (35.3 and 45.9 cm�1), and finally tetra-
methylamine (TeAM) had no bands in the studied THz region.
These observations confirm the potential of THz-TDS as a suitable
technique for the investigation of layered confined systems such as
clay based hybrid materials, despite the relatively high far infrared
absorption of clays of the order of 100 cm�1.

Indeed, the effect of clay mineral used is clearly seen in a similar
hectorite sample set (Fig. 8). The mono-, di- tri- and tetra-
methylamine modified HSH shows no detectable spectral bands
in the frequency window of 0.05e2.50 THz. The reason why these
amines were not resolved in the hectorite sample must be con-
nected to the concentration of organic species present in the HSH
sample. This difference is also seen in the mid-IR, where HSH
samples modified with amines showed greatly reduced intensities
of absorption bands (Figs. 5 and 6).

An important factor affecting the ability of swelling clays to
adsorb cationic organic molecules is the cation exchange capacity
of the respective claymineral. As seen in Table 1, HSH has about 20%
less cation exchange capacity than M48, but this fact only seems
insufficient to explain the observed differences. In this case also the
morphology of particles and the location of exchangeable positions
should play an important role. As mentioned above, the HSH par-
ticles used in the study had much smaller lateral dimensions than
Fig. 8. Frequency dependence of refractive index e nS and power absorption coefficient e a

(DiA), trimethylamine (TrA), tetramethylamine (TeA).
M48 particles, and as such had a much higher contribution of the
particle edge sites to the total cation exchange capacity [45]. The
particle size difference can be expected to affect the affinity of used
amines towards the exchangeable positions, while their location at
the particle edges could either decrease or increase it. In this
sample set, the tetramethylammonium cation apparently had suf-
ficient affinity, as could be expected from mid-FTIR measurements
and from the FWHM (full width at half maximum) of the first basal
diffractions seen in the XRPD patterns of TeAM and TeAH (Figs. 4e
6). Unfortunately, this substance was not observable in the inves-
tigated THz region even for TeAM.

A different situation was observed for M48 and HSH samples
modifiedwith Gly, Ala and Cys. As discussed above, GlyM, AlaM and
CysM affected the mid-IR spectra, exhibiting significant spectral
changes: however, in the case of hectorite, only the CysH sample
revealed vibration bands with noticeable intensities, which were
clearly higher than in the case of the CysM sample (Fig. 6). The
frequency dependence of refractive indices and absorption co-
efficients of montmorillonite and hectorite modified by amino
acids is shown in Fig. 9. A low frequency band in GlyM was
observed at 0.94 THz (31.5 cm�1). Very similar behaviour is seen in
AlaMwhich has a band at 0.91 THz (30.5 cm�1). CysM has a distinct
band at 0.88 THz (29.3 cm�1). The refractive indices of M48
modified by amino acids were in the range of 1.97e2.36, compa-
rable to the amine modified M48 refraction values. In the case of
HSH the refractive indices lie in a much narrower interval in the
range of 1.60e1.74. While the GlyH and AlaH samples did not show
any absorption bands, CysH revealed three distinct absorption
bands at 0.72, 1.50 and 2.03 THz (24.0, 50.0 and 67.6 cm�1). These
S of HSH and M48 samples modified with amines: methylamine (MoA), dimethylamine



Fig. 9. Frequency dependence of refractive index e nS and power absorption coefficient e aS of HSH and M48 samples modified with amino acids: glycine (Gly), alanine (Ala),
cystine (Cys).
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bands appear close to the positions observed by Yamamoto et al.
[37] and Brandt et al. [38] in investigating sulphur-containing
peptide dimers by THz-TDS.

The results seen for M48 and HSH modified by amino acids
demonstrate the difficulty of assigning the observed bands to the
respective species present in the interlayer space of layered min-
erals. As mentioned above, the low frequency bands are affected by
the type of layered clay mineral and the type of molecule intro-
duced in the interlayer space. However, this would assume a 100%
exchange of the original interlayer cations, which may often be an
overestimate due to the different affinity of exchanged species to-
wards clay surface in equilibrium reaction (Fig. 3). In cases where
the low affinity of exchanged species towards clay surface results in
low values of the equilibrium constants, only a small fraction of
original exchangeable cations would be exchanged. Under such
conditions, the position of the low frequency bands associated with
the original exchangeable cations would not significantly change,
as a significant fraction of them still remains in the interlayer space.

This is probably the case for M48 modified by amino acids, since
relatively small amounts of glycine were expected to be adsorbed
on various clays according to studies reported by Bujdák and Rhode
[41e43] dedicated to catalytic performance of layered silicates in
peptide bond formation. The high intensities of low frequency
bands [37,38] found in cystine-modified hectorite sample must
therefore be the consequence of the high affinity of this species
towards the surface of HSH with a high equilibrium constant value.
These results indicate that a study of a modified series with well-
defined amounts of respective species can lead to an estimation
of species occupancy in the interlayer space. For this reason there
are significant opportunities in applying THz-TDS to the identifi-
cation of such chemical substances and to their further character-
isation when located in the confined environment represented by
interlayer 2D galleries.

4. Conclusions

Presented study showed that microcrystalline clay minerals
such as pyrophyllite, illite, hectorite and montmorillonite can be
successfully investigated using terahertz-time domain spectros-
copy in the far-infrared region. Frequency-dependent refractive
indices and absorption coefficients of these minerals were
measured using the pressed disc technique. Samples with distinct
cation exchange capacity prior and after their modification with
alkylamines or amino acids were also studied. THz-TDS proved its
potential for the investigation of species, introduced in the 2D
gallery of mineral interlayer, which have high affinity towards clay
surface, are chemically bounded, or were prepared as fully satu-
rated with species introduced. Such chemical substances can be
identified by their low frequency vibration bands. This can be
further used for the study of equilibrium processes or reactions of
organic molecules in the 2D confined environment offered by
layered silicates.
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