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Abstract Molecular mechanics simulations, combined with X-ray powder diffraction and infrared
spectroscopy, have been used in structure analysis of montmorillonite and beidellite intercalated with
tetramethylammonium tans. A complex structure analysis provided us with the detailed structure
model, including characterization of the disorder, the total sublimation energy and a charge distribution
in the structure of intercaies. Thecalculated basal spacings (14.36 A for TMA-montmorillonite and
14.12 A for TMA-beidellite) are in good agreement with the experimental values (14.31 A for TMA-
montmorillonite and 14.147 A for TMA-beidellite). Both intercalated structures exhibit positional and
orientational disorder in the arrangement of TMA cations, and consequently disorder in layer-stacking.
In the present work we analyse the effect of octahedral and tetrahedral substitutions in a 2:1 silicate
layer on the arrangement of tetramethylammonium (TMA) cations in the interlayer space of montmo-
rillonite and beidellite. The most significant difference begwTMA-montmorillonite andTMA-
beidellite is in the charge disttibon on the TMA ctons and silicate layer. The TMA-beidellite
structure is highly polarized, the total charge on one TMA cation is +0:1@MRike the total charge on

the TMA cation in montmorillonite is +0.050.e
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» the detailed structure modék. the position and ori-
entation of the TMA cations with respect to the silicate lay-
, i ers, the character of layer-stacking and characterization of
Organoammonium-clays have been studied as sorbentsyf@r structural disorder.
organic contaminants dissolved in water [1, 2] and . the total sublimation energy, including the compari-
photofunctional materials. [3-5] If a clay mineral has metgh, of host-guest and guest-guest interaction energies.
cations in the cation exchange sites, its surface and interlayes tpe charge distribution on the silicate layer and
space is hydrophilic and it is not a good sorbent for Orgam‘t?erlayer cations.
species. However, when the interlayer metal cation is replacedyolecular mechanics simulations have been carried out
by an organoammonium cation, the surface and interlay@fihe Ceriud modeling environment. Experiment plays a

space of the clay become strongly organophilic. [4-6] It hgsy role in setting up the modeling strategy and in confirma-
been revealed that the assembly of the intercala of the modeling results.

alkylammonium ions acts as a novel support for organizing

organic molecules on the surface and in the interlayer space

of organoammonium clays. [4-6] -
In the present work, we analyze the effect of octahedfgmplementary experiment

and tetrahedral substitutions in the 2:1 silicate layer on the

arrangement of tetramethylammonium (TMA) cations in the )

interlayer space of montmorillonite and beidellite. The struRreparationof samples

ture analysis is based on a combination of molecular me-

chanics simulation with X-ray powder diffraction and infral MA-montmorillonite was prepared in the Central Analyti-

red spectroscopy. This Comp|ex structure ana|ysi5 provic{éﬂ Laboratory, Technical University Ostrava. Montmorillo-

Introduction

us with : nite from lvancice (Czech republic) was used for the experi-
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Figure 1 X-ray powder diffraction pattern of TMA-beidelliteFigure 2 X-ray powder diffraction pattern of TMA-montmo-
rillonite
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mental work. The original sample was ground in an agatMA-beidellite is shown in Figure 1. Information about the
mortar and the fraction with grain size less thapnd was phases present and thg,dspacing, which is considered as
prepared by sedimerien. A saturdéed sodium form of one of the most characteristic parameters of intercalated clays,
montmorillonite was prepared from this fraction by shakingas obtained with the APD1700 software.
with 1 mol-I* NaCl solution. Following multiple saturation TMA-beidellite is highly crystalline and virtually pure,
treatments, the sample was washed with deionized water aaghown by XRD. The spectrum exhibits the characteristic
air-dried. The following crystallochemical formula was cahk bands at 4.44 A (02,11), 2.55 A (13,20) and 1.487 A
culated (using the program VZORCE [7]) for fully saturate@®6,33). The lter reflexion indicates the dioctahedral na-
Na-montmorillonite from the chemical analysis: ture of the matéal. The (001) peak is located at 14.147 A.
Thus, the interlayer spacing is 4.547 A since the basal spac-
(N&y 81K, 0C% 02) (Al 6MU 76FE 0 50T10.00d Slg 0:020(OH),.  ing (dhyy,) equals the thickness of the silicate layer (i.e. 9.60 A
for the beidellite) and the interlayer spacing. Some (00I)
Na-montmorillonite was used as the starting material fagflexions are also present, with a (003) band at 4.68 A and a
intercalation bythe TMA-cations. Intercalated mont-(004) band at 3.49 A. Assuming orthorhombic symmetry, the
morillonites were prepared by a conventional ion-exchangeit-cell parameters deduced from XRD data are:
method using aqueous solutions of tetramethylammonium b
chloride. The amount of added TMA-chloride was sufficienf, — -
to give fully satuated TMA-montmorillonite(i.e. 0.98 mmol b \/5 5.15 A, b= 6 dyey = 8.92 A, ¢ = 14.147A.
TMA-chloride per 1g of montmorillonite). After the ion ex-
change, the product was washed with deionized water re-

peatedly until a negative chloride test was obtained. The fi. The X-ray powder difiractogms of TMA-montmorillo-
nal product was air-dried at &Dfor 15 hours. nite were measured on an INEL powder diffractometer with

The TMA-beidellite samples were prepared in thad PSD 120 position sensitive detector, under the following

Laboratoire de Matériaux, Uniaté de Haute Alsace, theconditions: reflgctjon mgde, rotating sample holder (capil-
elemental angkis of TMA-beidellite was perfoned by the lary), Cuk, radlatlpn, mixture of silicon and Ag-behenate'
service central d’Analyse of the Centre National de la Rggs .USEd as a calibration standarq for PSD' The pqwdgr dif-
cherche Scientifique (CNRS). The host clay used to prep pectzlorjl_rg)atter.r;eo;tt'!'MA-morljtmonIlI)on::'Le I%ISFhISXEII'RIlIn Fig-
TMA-beidellite was a Na-beidellite synthesized in an acidf{€ <- '€ Praie niting was done by the pro-

fluoride medium under hydrothermal conditions. A hydroggfam' [8] .The Qstimated basal spacing Was_d :.14'31.A: The
of the following molar composition: 1 Si00.382 AlO, ; powder diffraction pattern of TMA-montmorillonite exhibits

0.176 NaF ; 0.1 HF ; 48 J® was prepared. In these condithe same characteristic features as TMA-beidellite with the

tions, the theoretical layer charge per one unit cell is eqﬁ’lgfbands inq_icating the turbostratic layer stacking. The fact
to -1.2 according to the composition? at the positions of hk-ban'ds are the same in powder pattern
N2y (A1) (S Al )O,OH), oF o o5 Hydrofluoric acid (HF, of the host structures and intercalates, and consequently the
Fluka, 5% water) was first added to distilled water, then andb parameters of s!l[cate layer remain the same, con-
dium fluoride (NaF, Prolabo, 98%) was dissolved. After di Ims the rigidity of the silicate layers.

solution, the alumina (AD,, Condea, 75,6%) and silica (SiO

Aerosil 130, Degussa, 99,5%) were added. This mixture wa,

matured at room temperature for 2 hours before being he\g[ﬁ&ared spectroscopy

in a PTFE-lined stainless-steel autoclave at 220 °C un
autogenous pressure for /ddfter crystallization, the prod-
uct was filtered, washed with distilled water and dried at 60

for 12 hours. 1 g of this material was then added to 21.5 .
of a 1M aqueous solution of tetramethylammonium chioriddc0l€t IMPACT 400 FTIR spectrometer in an®tpurged

(TMA-CI, Fluka, >98 %). Tis mixture was stirred at room&nvironmentAll spectra in the range 400 — 4000 tmith
temperature for 24 hours. The TMA-exchanged beidellite %ml spectral resolution were obtained from compressed

r . :
q’%e structural and optical propies of the TMA-montmo-
sonite were checked using Fourier transform infrared (FTIR)
gctroscopy. Infrared measurements were performed on a

separated by centrifugation and thoroughly washed with dig=" Pellets in which the samples were evenly dispersed. Two
tilled water, until no chloride ions were detected in t ndred scans were used to record each FTIR spectrum. The

supernatant liquid. The final product was finally dried at 60 ﬁﬁggﬁp";ﬁ:e corrected for the@Hand CQ content in the
for 12 h . : .
or ours Figure 3 shows the comparison of IR spectra of the host

structure Na-montmorillonite and intercalate TMA-montmo-

rillonite and TMA-chloride. The structure of TMA-chloride

exhibits the characteristic absorption bands of TMA-cations
a-corresponding to: (1) C-H stretching mode of methyl group
0(ﬁgymmetrical at ~ 3005 cthand symmetrical at ~ 2925
cnhrl); (2) C-H bending mode of the methyl group (asym-
metrical at ~ 1489 crh and symmetrical at ~ 1403 cy

X-ray diffraction measurements (XRD)

The X-ray powder diffraction (XRD) patterns of TM
beidellite were recorded on a Philips PW1800 automatic p
der diffractometer employing Cykradiation and with auto-
matic divergnce slits. The peder diffraction pattern of
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. . . . . is also the basic assumption in the modeling strategy. Fol-
Na-form lowing the results of XRD diffraction and IR spectroscopy,
1  the rigidity of silicate layers have been found to be a reason-
able approximation for the modeling strategy. As to the guest
species, we have chosen two ways:

* Rigid silicate layers and igid TMA cations. Assum-
ing rigid layers and rigid guest cations during energy mini-
mization, we can use tiystal Packer mdule in theCeriug
modeling environment, which leads to significant reduction
of CPU time for the calculations.

" * Rigid silicate layers, variable bonding @omety of
TMA cations. In this case, the energy minimization has been
[ 1 performed using thinimizer module inCeriug.

Crystal Packer is a computational module that estimates
the total sublimation energy and packing of molecular crys-
tals. Energy calculations in Crystal Packer only take into ac-
count the non-bond terms, i.e. vder WAals interactions
(VDW), Coulomb interactions (COUL), hydrogen bonding
Figure 3 Comparison of IR spectra of the host structure N&H-B), internal rotations and hydrostatic pressure. The asym-
montmorillonite, guest compound TMA-chloride and the imetric unit of the crystal structure is divided into fragment-
tercalate TMA-montmorillonite based rigid units. Non-bond (VDW, COUL, H-B) energies

are calculated between the rigid units. During the energy

minimization, the rigid units can be translated and rotated
and (3) N-C asymmetrical skeletal (tetrahedral) stretchingaad the unit cell parameters varied.
~950 cntt overlapped with methyl rocking vibration at ~946 The Ewald summation method is used to calculate the
cnrl. (Peak assignment according to Silverstein et al. 196oulomb energy in a crystal structuf#2] The Ewald sum
[9]). As one can see in Figure 3, the IR spectrum of intere@nstant was 0.5 A The minimum charge taken into the
late preserves all the characteristic absorption bands of Bveald sum was 0.00001e. All atom pairs with separations
host structure — Na-montmorillonite. The IR spectrufass than 10 A were included in the real-space part and all
of TMA intercalate also exhibits the strong peak corresporiéciprocal-lattice vectors with lengths less than 05wkre
ing to asymmetrical C-H bending of methyl group at ~ 14&3cluded in the reciprocal part of the Ewald summation.
cnrl. The other TMA absorption bands such as the symme€tharges in the crystal are calculated in Cénising the QEQ-
cal and asymmetrical C-H stretching, the symmetrical C¥rethod (Charge equilibrium approach. [13] For VDW we
bending and the skeletal N-C stretching are suppressed inugrd the well-known Lennard-Jones functional form, with
IR spectrum of the intercdlg i.e. the corresponding vibra-the arithmetical radius combination rule. A non-bond cut-off
tion modes exhibit only broad shoulders on the IR spectrufistance for the VDW interactions was 7.0 A.
of the intercalate. This broadening of absorption bands isThere are three force fields available@mnystal Packer
caused by the crystal field surrounding the TMA cations fiar VDW parameters: Tripos, [14] Universal [15] and
the interlayer space of montmorillonite. The positions amfeiding. [16] In our previous paper [10] we tested the con-
orientations of TMA cations in the interlayer are not regulargnience of these force fields for modeling of clays interca-
as in vermiculite. [10, 11] Consequently, due to this disordtated with organoammonium cations. The results of modeling
the methyl groups may be anchored differently to the silicatere compared with the structure parameters obtained from
layers, and they can also reside in the central part of giiegle crystal diffraction data for vermiculite intercalated with
interlayer space (see figures 4a and 5a). These irregularigggamethyammonium and aniline. Best agreement between
in position and orientations of methyl groups result in wideglculated and experimental results was obtained with the
range of vibrational frequencids. in broadening and weak-Tripos force field. (For more details see [10]). An additional
ening of the corresponding absorption bands in the IR spist usingab initio calculations Gaussian confirmed Tripos
trum of intercalate. as the most convenient force field for the layered silicates
intercalated with organic molecules. [10]

TMA intercalate

Transmittancea.u.

400C 3500 3000 2500 2000 1500 1000 500
Wavenumbercnit

Strategy of modeling Initial models

The host-guest interactions in phyllosilicates intercalated wiHjtial models for montmorillonite were built using structure
organic and inorganic cations are of a non-bonded natiga published by Tsipursky and Drits (1984), [17] space group
This generally accepted opinion is based on the characteg9fm.The unit cell parameters according to Méring (1967)
the intercalation reaction (an ion exchange) and confirma®] have been used to define the planar unit cell dimen-

by the present vibrational spectroscopic measurements. Whs: a = 5.208 A and b = 9.020 A. The silicate layers were
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Table 1 Average values of the calculated basal spacing MA-MMT) and TMA-beidellite (TMA-BEID). All the cal-
the total sublimation energy;fnd the corresponding fluc- culated energy values are related to one supe@alk 2b x
tuation range of d- and Evalues for TMA-montmorillonite 1c

d (R) d-range (A) Eg (kcal-mol?) Esrange (kcal-mot?)
TMA-MMT 14.36 14.02 — 14.52 1181.6 1156.8 — 1202.6
TMA-BEID 14.12 13.89 — 14.29 1129.7 1122.3 - 1137.4

removed to a distance of 14.5 A, allowing the placementrafarly the same) energy. This is a clear indication of struc-
the TMA-cations into the interlayer space. Assuming a cortural disorder. Comparison and analysis of all the minimized
position of the montmorillonite layer of (fMg,)Si;O,,(OH), models can reveal the character of the disorder. In the case of
_the supercela x 2b x 1avas built, with a total layer chargeTMA-montmorillonite and TMA-beidellite, the structures
(-4) and consequently witbfirTMA-cations in the interlayer exhibit disorder in the positions and orieidas of TMA
space. This means that 5 rigid units are assigned to #tations with respect to the silicate layer and consequently

supercell: 4 TMA-cations and montmorillonite layer. disorder in layer-stacking. This result is in agreement with
The initial model for beidellite was built using the samie observed diffraction pattern for both structures.
size of superceta x 2b x 1cywhere the cell parameteas= The average value of the basal spacing calculated from

5.15 A andb = 8.92 A were determined by a profile analysithe series of minimized models is d = 14.36 A for TMA-
of the XRD powder pattern. Assuming the crystallochemicalontmorillonite and d = 14.12 A for TMA-beidellite. The
formula of the beidellite layer to be (MSi,Al,)O,,(OH),, experimental values are 14.31 for TMA-montmorillonite and
which is a reasonable approximation of the real sample ca-147 for TMA-beidellite. Table 1 contains the comparison
position (see Preparation of samples), 5 rigid units were ag+esults for TMA-montmorillonite and TMA-beidellite,
signed to this model: 4 TMA-cations and beidellite layer. where E is the average value of the total sublimation en-
ergy, and d-range andifange are the fluctuation ranges of
d- and E values for the series of calculated models.

No correlation has been observed between the d-value and
total sublimation energy Ewithin an estimated fluctuation
range. For example: two minimized models of TMA-montmo-
rillonite with the same Evalue 1185 kcal-mdland with the
same arrangement of the octahedral-Mg substitutions

The arranaement GFMA cations in the interlaver ave d-values of 14.33 A and 14.48 A. The rearrangement of
ngement ¢ S erayer space ok, ,ctahedral Al Mg substitutions may have a slight effect
montmorillonite is illustrated in Figures 4 and 5 for two dif:

f L . —on the total sublimation energy, which may change within
erent minimized models with nearly the same total subllmt%-e given range (see table 1), but no correlation has been
tion energy. While for the model TMA-MMT-1 in Figure 4a, nd between the arrangement of octahedral substitutions

the total sublimation energy per supercell was 120 and the d-value. The same conclusion as to the relationship

.moft i = 2
kcal-mof’, basal spa'cmg.d 14.334 A, for the model TM'Ab tween the d-value, total sublimation energy and arrange-
MMT-1l the total subllmatmn energy per supercell was 1201, ent of tetrahedral SiAl substitutions can be derived for
kcal-mof, basal spacing d = 14.478 A. As one can see A beidellite

both figures, the TMA cations are not regularly ordered as to The average total sublimation energy for TMA-montmo-
their orientation and position with respect to the silicate Iayﬁ(A

Results

Structure of TMA-montmorillonite and TMA-beidellite

The same character of disorder in the arrangement of i r%nite Es= 1181.6 kcal mal consists of a Van der als
TMA-cations has been observed in the case of beidellite, tribution &, = 51.78 keal: mol and as electrostatic con-

: o i A “tribution B, = 1129.8 kcal-mdl. In the case of TMA-
e ey L eielte i &= 11207 consists o, = 5.0 cal o
gy and B, = 1074.7 kcal-mdl. In both cases, the electro-

ent starting positions a_nd o.rientations of TMA cations in ﬂ% atic interactions are predominant. It seems to be a paradox
interlayer space and with different arrangements of the tefha; .

h o : o~ at the lower total sublimation energy and lower Coulombic

edral and octahedral substitutions in the silicate layer. Ag rgy in the case of beidellite leads to a lower value of the
result of minimization, we have obtained a series of structyfe | spacing. The value of the basal spacing is a result of
models with different arrangements (i.e. positions and ori Smpetition bétween the host-guest and guest-guest interac-
tation of TMA cations) and with different basal spacing, b'd ns. The mutual relation between the host-guest and guest-
with nearly the same total sublimation energy. This res es;[ interaction is different in TMA-MMT and TMA-BEID
showed that the system does not exhibit a deep global rra} '

mum and that the energy minimum has the shape of a 4nks to the different charge distribution in the two struc-

teau with a series of shallow minima havina th m ? es. The Hgher total charge of TMA-cations in beidellite
0 a having the same {8l s to stronger repulsion between them and consequently
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Figure 4a Model TMA-MMT-I: Arrangement ofTMA-cati- Figure 4b Model TMA-MMT-I: upper view perpendicular
ons in the interlayer space of TMA-montmorillonite (side viewg) silicate layer

Figure 5a Model TMA-MMT-II: Arrangement of TMA-cati- Figure 5b Model TMA-MMT-II: upper view perpendicular
ons in the interlayer space of TMA-montmorillonite (side viewg) silicate layer

to a decrease of the total sublimation energy of TMAults as to the disorder of TMA cations in the interlayer space.
beidellite. The results of energy minimization also showed that com-
Energy minimization with rigid silicate layers and variparing the models with fixed and variable TMA bonding ge-
able bonding geometry of TMA cations was performed usiognetry, there are negligible changes in N-C bonding distances
the Universal force fielgdas the only convenient force field~ 0.001 - 0.002 A. The changes in C-H bonding distances are
in the Minimizer module. This strategy led to the same re- 0.003 - 0.01 A, the changes in tetrahedral angles C-N-C
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Tgble 2 Total charges per one supercell calcu[ated on tl’lﬁscussion and conclusions

silicate layer for the individual sheets of atomic planes In

electron units. Q-silicate layer is the total charge on the sili- i ) i
cate layer per on@a x 2bx 1c supercell and Q-TMA is the The present .results shpw t'hat. the mtercala’uqn behaylor of
total charge on one TMA cation montmorillonite and beidellite is very similar, in the disor-
der in arrangment of TMA-cations and in the turbostratic

- stacking of layers. The main difference betn TMA-
Charges (el. units) TMA —MMT  TMA - BEID  montmorillonite and TMA-beidellite is in host-guest charge
istribution, which leads to a different mutual relation be-

Ezaggff;tjgtgftloennoaqcoms -0.63 - (-0.66) -0.61 - (-0.6Q}ccn the host-guest and guest-guest interaction energies in
Q-oxygen (surﬁce) -15.335 -15.382 the two ir;)terc?lates: This %lfferelncebrl_esult's ina sllght'ly lower f
o ) +20.¢ +20. average basal spacing and total sublimation energy in case o
S_allAl (tetr. cations) 597238 +f()7$é6 beidellite. | o
Q-oxygen (apical+Q) -16.052 -16.602 'Res-ults of modelmg for TMA-mqntmorlllonlte and TMA-
Q-AliMg (oct. Cation) +1% 77 +1g 316 beidellite are in good agreement with the XRD measurement
i % I : total 0'200 (5668 for the basal spacing and the character of the disorder (the
8:?_'&02 (?at?gr?r (total) +(') 050 +(') 167 turbostratic layer stacking observed in diffraction pattern was

confirmed by modeling. The fluctuation of d-values, which

is higher in the case of TMA montmorillonite (14.02 A —

14.52 A) than for TMA-beidellite (13.89 A — 14.29 A) was

are ~ 0.8 -1.0 The most pronounced changes have been @@nfirmed by the comparison of 00! line width in the two

served for the H-C-H angles in the methyl groups, whigfiffractograms. Thefull width at half-maximum FWHM of
fluctuate for variable TMA geometry between 104.7 — 109891 reflection was estimated i 20 for TMA-beidellite

A. These results also explain the differences in IR spectraa@fi 1.2 in 20 for TMA-montmorillonite.

TMA-intercalateand TMA guest compound. A similar structure of TMA-vermiculite has been studied
by Vahedi-Faridi and Guggenheim [11] using X-ray single
crystal diffraction. In contrast to our resultse TMA-

Analysis of the charge distribution in vermiculite exhibits a regular arraement of TMA cations

TMA-montmoitionite and TMA-beidellite and 3D-ordered intercalated structure. This is a result of higher
layer charge in the case of vermiculite, which requires a higher

Table 2 summarizes the results of charge analyses for TM#ncentration of guests in the interlayer and consequently

montmorillonite and TMA beidellite. The total charge Q istronger host-guest and guest-guest interactions. A more de-

one supercell was calculated for the individual atomic shegiled comparison of modeling and experiment in structure
in the silicate layer. As one can see from the table 2, thereatelysis of TMA-vermicullite is given in our previous paper.

differences bet@en TMA-MMT andTMA-BEID in the layer [10]

charge of the surface oxygen sheet, and in the fluctuationThe present structure analysis also showed that the mo-

range in the surface oxygen chesgWhile in TMA-MMT  lecular mechanics simulation combined with XRD and IR

the charge on the surface oxygen atoms varies within the ramg@asurement can provide us with a detailed structure model,

-0.63 — (-0.66) g for TMA-BEID the corresponding fluctua- including characterization of the disorder and with the analysis

tion range is —0.61 - (-0.66).e of charge distribution and the total sublimation energy.

Thanks to charge transfer betn the TMA ctions and

silicate layer, the most significant differences between theknowledgement: This work was supported by the Grant

charge distributions can be observed for the central partAgfency of Czech Republic - GACR, grant no.: 205/99/0185,

the silicate layer, i.e. for the octahedral cations and adjac@nant Agency ofCharles University — GAUK, grant no: 37/

oxygen sheet. Thiotal charge of the silicate layer per 2x®7/B and by Ministry of Education of Czech Republic, project

supercell for TMA-MMT (Q-silicate layer = -0.200) and fol/Z 113 000.

TMA-BEID (Q-silicate layer = -0.668), consequently the to-

tal charge per one TMA cation is +0.050 in TMA-MMT and

+0.167 in TMA-BEID. This means, that the charge polariz of

tion between the host layer and guest cations is much hig%eaprences

in TMA-beidellite than in TMA-montmorillonite. This higher

TMA and layer charge leads to the stronger host-guest inter-

action in beidellite, and consequently to the lower basal spac- ) S

ing. On the other hand, the higher TMA charge in beidelli?e ig}lxses’ W. F.; Boyd, S. Soil Sci. Soc. Am. 11991, 55,

leads to a higher mutual repulsion between the guest catigns.” >~ .
in the interlayer, which results in a lower total sublimatio%‘ Seki, T.; lchimura, KMacromolecules199Q 23, 31-35.
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