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Layered silicates are widely used in nanotechnology and composite materials. We describe a force
field for phyllosilicates (mica, montmorillonite, and pyrophyllite) on the basis of physically justified
atomic charges, van der Waals parameters, vibrational constants, and distributions of charge defects in
agreement with solid staf€Si NMR data. Unit cell parameters deviate onlQ.5% relative to experimental
X-ray measurements and surface (respectively cleavage) energies deviate less than 10% from experimental
data, including the partition between Coulomb and van der Waals contributions. Reproduction of surface
energies facilitates quantitative simulations of hybrid interfaces with water, organics, and biomolecules
for which accurate force fields are available. Parameters are consistent with the force fields PCFF (polymer
consistent force field), CVFF (consistent valence force field), CHARMM (chemistry at Harvard
macromolecular mechanics), and GROMACS (Groningen machine for chemical simulations). As an
example of interest, we investigate the structure and dynamics of octadecylammonium montmorillonite
(“C18"—montmorillonite, cation exchange capacity9l mmol/100 g) by molecular dynamics simulation.

The surfactant chains assemble essentially as a bilayer with minimal interpenetration within the gallery
while the ammonium headgroups are hydrogen-bonded to cavities in the montmorillonite surface. In
contrast to quaternary ammonium ions, no rearrangements on the surface have been observed (cavity
crossing barrier5 kcal/mol). The alkyl chains are in a liquidlike state with approximately 30% gauche
conformations, in agreement with previous Fourier-transform infrared and solid-state NMR measurements.
Computed X-ray diffraction patterns of sodium angs-@montmorillonite agree very well with X-ray
patterns from experiment, and the computational model can assist in the assignment of complex reflections.

1. Introduction ment’~® Recent attempts are directed toward controlling the

orientation of aluminosilicate sheets in nanocomposites

"through application of magnetic fielfln the molten state.
Molecular simulations at the atomistic level are useful to

range from cosmetics, packaging materials, and commoditiescom'Ole_ment experimental data on thg structure and inte_rface
to aerospace and automotive parts. A common nanoscald’roperties of nanostruct_ured .matenals. on t_he baS|s_ of
reinforcement for polymer-layered silicate composites are accurgtg force .fle_lds, simulations often. prpwde (sem!)-

organically modified montmorillonites where alkali cations quantitative predictions, for example, coordination geometries

in the galleries are replaced by primary or quaternary alkyl- gr;d fdyna;nlcql behav:jor Zt motr'gamorgan_lc '”teffa‘;e? |
ammonium cationd:® Similar sheet silicates such as mica "o ?Ct? efnsmps an | at'sorp IOT etnergles, orlenta |o?a
and pyrophyllite are frequently used as fillers for nanocom- correlation functions, e/astic constan's, or parameters for

-grai i 7

posited and as model systems for interfaces with aqueous coarse-grained and mult_|scale mpd?é@. :

solutions, surfactants, polymers, or friction under confine- Although several classical atomistic models for (alumino)-
silicates have been developed over the y&ars,a number

Layered silicates are used industrially in greases, paints
and drilling fluids, as well as in polymeiclay nanocom-
posites for plastics, rubbers, and thin fildtsApplications
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Table 1. Parameters and Their Primary Effect in Force Fields for Table 2. Force Field Parameters for Mica, Montmorillonite, and
Minerals Pyrophyllite, According to Equation 1 (PCFF)?2
parameter effect on the simulation I. nonbond chargg(e) ro (pm) Eo (kcal/mol)
atomic charges surface energy, interface K +1.0 410 [380] 0.20[0.20]
structure, adsorption energies, Na +1.0 330 [310] 0.06 [0.06]
long-range effects Sisurface +1.1 420 [400] 0.035 [0.05]
equilibrium nonbond surface energy, interface A surface +0.8 450 [420] 0.035 [0.05]
energy (Lennard-Jones structure, adsorption energies Aloctahedral 1 45
well depth) Mgpoctahedral 47 1 450 [420] 0.035 [0.05]
vibrational constants elastic properties, lattice dynamics (Qsurface —0.55 (~0.783 33) 380 [350] 0.015[0.025]
distribution and interfacial properties Opapical —0.758 33 (-0.866 66)
parametrization of and dynamics Ohydroxyl —0.683 33 (-0.791 66)
charge defects Hhydroxyl +0.20 109.8[109.8] 0.013[0.013]
compatibility of the energy scope of application
expression with force fields
for (bio)organic compounds 1. Bonds ro (pm) [kcal/(mol-A2)]
) o all bonds between Si, O, Al, Mg exptP-1.05 860
of essential problems have not been addressed sufficiently O-H 92.9 990
(Table 1): (1) assumptions for atomic charges are in a wide k%
range, for example, Si in tetrahedral oxygen coordination IIl. angles 0o (deg) [kcal/(motrach)]
varies from+0.5 to+4.0; (2) van der Waals parameters are " g angles between Si, O, Al, Mg exptf 340
poorly validated, for example, well depths for Si range from  H-0-Al 116.2 23

0.0 to 0.4 kcal/mol; (3) prir_lcipal \{ibrational constants ‘_jiffer aFor the force fields CVFF, CHARMM, and GROMACS with a 12-6

by several 10%; (4) the distribution and parametrization of Lennard—Jon(;ﬁ potential (eq 2), the van der Waals parameters in square
; ; ; i .brackets apply? Reference 24. Excessive decimals are included to maintain

Charge defeas. in the minerals are handled in emplrlgal Wa.ys’overall charge neutrality. When bonded to Al defect.When bonded to

and (5) force field parameters are often not compatible with Mg defect.c Reference 37. The experimental value refers to the bond lengths

existing force fields for (bio)organic molecules and polymers. and angles as given in the X-ray crystal structure.

As a consequence, calculated crystal geometries, surface. _ L _
energies, elastic constants, and dynamical properties comJial is used |n_the fabr_lcatlon of polymer nanocomposn_es,
monly differ significantly from experimental observations. 2nd we explain experimental data [IR, X-ray, NMR, dif-
In particular, interfacial properties in nanostructured hybrid ferential scanning calorimetry (DSC)] on the basis of
materials are of increasing interest. They can be computed™olecular dynamics (MD) simulation.
correctly when the surface energy (or another form of The outline of this paper is as follows. In section 2, we
cohesive energy) of each component is reproduced in adiscuss the physical meaning and assignment of our force
simulation, which is sensitive to the nonbond parameters, field parameters for the dioctahedral phyllosilicates mica,
that is, atomic charges and van der Waals parameters_montmorillonite, and pyrophyllite, followed by extensive
Unfortunately, these quantities often deviate up to 1 order €valuation. In section 3, we apply the extended polymer
of magnitude from experimental values in common force consistent force field (PCFF) to study the structure and
fields. Our aim is to introduce a thoroughly reliable, widely dynamics of Gs—montmorillonite, including hydrogen bond-

compatible force field for mica-type silicates, based on some ing to the surface, chain conformations, temperature depen-
earlier steps in this directic-2’ dence, and analysis of X-ray data. Computational and

experimental details are given separately in each section. We

Thereafter, we consider an example of practical interest, i : :
conclude with a summary in section 4.

the structure and dynamics of montmorillonite modified with

octadecylammonium ions (&-montmorillonite). This mate- ) S
2. Force Field and Validation

17) lga_ll)l Ijilth-sR.; Satjgr,PJrJ\. "héﬁ' %ggrglggzlggg, 6%%261244' (b) In this section, a new force field for phyllosilicates is
1, J. R.; Sauer, . yS. e A . . . .
(18) Teppen, B. J.; Rasmussen, K.; Bertsch, P. M.; Miller, D. M.; Schafer, presented. We begm Wlth_ an_ou“me of the C_OhCGptS and
L. J. Phys. Chem. B997, 101, 1579-1587. general aspects for the derivation of the force field, describe
(19) (a)Skipper, N. T.; Refson, K.; McConnell, J. D. €.Chem. Phys. ; ; ; ;
1991 94, 7434-7445. (b)Greathouse, J. A.; Refson, K.; Sposito, G. compute_monal and eXpe_“mental de.tall.s’. discuss the energy
J. Am. Chem. So@00Q 122, 11459-11464. (c)Park, S. H., Sposito, ~ €Xpression and the assignment of individual parameters in

G. Phys. Re. Lett. 2002 89, 085501. detail, and conclude with an evaluation of the performance.
(20) Kuppa, V.; Manias, EChem. Mater2002 14, 2171-2175. . .
(21) (a) deLeeuw, N. H.; Manon Higgins, F.; Parker, SJCPhys. Chem. 2.1. Concept.Our approach to the major challenges listed

B 1999 103 1270-1277. (b)Fang, C. M.; Parker, S. C.; De With, G.  in Table 1 is the following.
J. Am. Ceram. SoQ00Q 83, 2082-2084. (c)Sayle, D. C.; Parker, S.

C.J. Am. Chem. S0@003 125, 8581—8588. (1) The interpretation and assignment of atomic charges
(22) Cygan, R. T, Liang, J. J.; Kalinichev, A. G. Phys. Chem. B004 in classical simulations of polar systems was recently
108 1255-1266. ; . o
(23) Manevitch, O. L.; Rutledge, G. G. Phys. Chem. B004 108, 1428~ addressed by Heinz and SutéTthere is systematic evidence
1435. that atomic charges can be determined experimentally with
(24) Heinz, H.; Suter, U. WJ. Phys. Chem. B004 108 18341-18352. n r fr hi n h char rem
(25) Heinz, H.; Castelijns, H. J.; Suter, U. \&. Am. Chem. So2003 an accuracy ot roug y:o.le a d'suc charges are O.St
125, 9500-9510. suited for corresponding force fields. In agreement with
(26) ?2e&n§é4H7'; g’g;‘ll, W.; Suter, U. W.; Binder, K. Chem. Phys2004 experiment and a novel theoretical concept (the extended
(27) Heinz, H. Suter, U. WAngew. Chem., Int. E2004 43, 2239~ Born model), atomic charges for our phyllosilicates were

2243, assigned with an accuracy &f0.1e to +0.2e (Table 2)?*
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Preliminary evaluation demonstrated improvements in re- The transfer from a 9-6 to a 12-6 Lennard-Jones potential

production of geometry and phase behavior of organically requires slightly different Lennard-Jones parameters while

modified micas in agreement with experimental data [X-ray the other parameters remain the same.

diffraction (XRD), near-edge x-ray absorption fine structure, ~ Our primary energy expression is based on the PEFF.

NMR, IR, DSC], and further evidence will be presented For the mineral, not all PCFF energy terms are reqéired

here825-27 and we consider only the following contributions (eq 1):
(2) To the best of our knowledge, we are first to consider quadratic bond stretching, quadratic angle bending, Coulomb

surface and cleavage energies in the design of atomisticenergy, and a 9-6 nonbond potential with geometric com-

models for inorganic surfac8sSurface tensions are primary  binations rules.

thermodynamic characteristics of surfaces and determine

. . N . 1
interfacial processes in mixtures with other componéhts. Epot = K — rou)z +

For the quantitative simulation of such interfaces, surface ijbonded

and cleavage energies in mineral models must, therefore, be 1 G
physically realistic. Besides, classical surface theory divides Kok (Oi — (90Yiik)2 + Z —+
surface tensions into polar (electrostatic) and dispersive ijkbonded Are e, ijnofbonded Iy

(Lifschitz—van der Waals) contributiorf§,33 for which (1,3exch

appropriate energy terms in classical force fields are available foi|®  [Foii|®
(see egs 1 and 2), allowing the analysis of such partitions. ) Z Eoji| 2 r_ -3 r_
To achieve that goal, it is important to assign physically e L L
justified van der Waals parameters (dispersive contribution) ,

next to reliable atomic charges (polar contribution). On the When the force fields CV,FF' CHARMM, and GROMACS i
basis of available concepts, we discuss the physical meaningare used, the last term is a 12-6 Lennard-Jones potential
of van der Waals parameters and fine-tune the parameterdStéad (eq 2):

to fit experimental data on surface tensions and cleavage
energies? 3 The exceptional ability of layered silicates to
form even, defect-free surfaces that extend over micrometers

@)

E .= 1K
Pet ijbSmded2

(rj — rO,ij)Z +

r,ij

warrants reasonably accurate experimental re$g®.33 1 5 1 a9

(3) We refine vibrational constants by comparison of . EKG,ijk (O = Oojpd” + Qe Z T"'
computed IR spectra from the velocity of the autocorrelation <P Cor ”?g’ge‘;';?fd L
function to experimental IR spectra. ¢ \12 AT

(4) The distribution of [SiQ — [AIO4]++-K* charge E,; Bl I ) @)
defects in the tetrahedral layer is parametrized according to ijnor;nded "\ r

(1,3excl)

available?®Si NMR data?” [AIO ¢] — [MgQOg] ~++*Na' defects

in the octahedral layer of the phyllosilicates are treated  aswe will see at the end of this section, these simple and
analogously. computationally efficient expressions are suited for a surpris-
(5) The primary force field under consideration is the ingly good force field. Next, we describe computational and
PCFF® which contains a 9-6 Lennard-Jones potential and experimental procedures in the derivation and validation of
is well-parametrized for alkyl chains, organic residues, and parameters and then their individual assignment.
polymers?>25The force fields consistent valence force field 2 o Computational and Experimental Details. We
(CVFF)? CHARMM (chemistry of Harvard macromolecular  employed the Ceridgyraphical interface with the Discover
mechanics}! and GROMACS (Groningen machine for program® Unit cells of the minerals mica, montmorillonite,
chemical simulations), which employ a 12-6 instead of & and pyrophyllite have been constructed according to the
9-6 Lennard-Jones potential, are equally considered to ensurgjterature3t-4° For preliminary calculations, a simple small
compatibility of our phyllosilicate parameters with the ypjt cell can be used, but for final evaluations and parameter
excellent parameters for organic and biological moleciiiés. adjustment, supercells have been employed (as given in Table
3)

(28) Parker et al., in ref 21b, calculated the surface energy for spineland . ;
and found roughly 50% deviation from the experimental value. Further IR spectral frequencies and cell parameters were calculated

development of the force field to reproduce experimentally measured By MD simulation using the NPT ensemble, three-dimen-

surface properties was not considered. sional periodic boundary condition$,= 298 K, velocity
(29) Hirschfelder, J. O.; Curtiss, C. F.; Bird, R. Blolecular Theory of

Gases and Liquidswiley: New York, 1954.

(30) Van Oss, C. J.; Chaudhury, M. K.; Good, RChem. Re. 1988 88,
927-941.

(31) Israelachvili, J. N.Intermolecular and Surface Force2nd ed.;
Academic Press: London, 1992.

(32) Adams, A. W.; Gast, A. PFPhysical Chemistry of Surfaceth ed.;
Wiley: New York, 1997.

(33) Giese, R. F.; van Oss, C.Qolloid and Surface Properties of Clays
and Related MineralsMarcel Dekker: New York, 2002.

(34) Chassin, P.; Jounay, C.; QuiquampoixGtay Miner.1986 21, 899—
907.

(35) Accelrys, Inc.Ceriug and Discover (programs) andiscaver User
Guide version 96.0/4.0.0; Molecular Simulations, Inc.: San Diego,
CA, 1996.

(36) Given, N.Z. Kristallogr. 1971, 134, 196-212.

(37) Rothbauer, RNeues Jahrb. Mineral., Monatst971, 143-154.

(38) (a) Brown, GThe X-ray Identification and Crystal Structures of Clay
Minerals Mineralogical Society: London, 1961. (lRReviews in
Mineralogy, Bailey, S. W., Ed.; Mineralogical Society of America:
Chelsea, MI, 1988; Vol. 19. See also http://www.webmineral.com.

(39) (a) Tsipurski, S. I.; Drits, V. AClay Mineral. 1984 19, 177-193.
Mg positions not correct. (b) The exact crystal structure of montmo-
rillonite depends on the nature of the cations {N&™, C&*"), charge
density (in ref 39a:Ko 59, and presence of crystal water. Mainly the
parametersc (roughly 9.9-10.3 A) andg (roughly 95-100°) are
affected.

(40) Lee, J. H.; Guggenheim, 8m. Mineral.1981 66, 350-357.
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Table 3. Cell Parameters for Phyllosilicates, Calculated from NPT MD for the Given Supercells and Compared to Experimental Data

mineral celldimensions a(nm) b(m) c(m) o(deg) B(deg) 7y (deg) V(nm’) rmsdev (pm/atom)

mica expt 5x3x1 2.596 2.705 2.005 90 95.74 90 14.00 <1

sim 2.585 2.690 2.004 89.45 95.33 90.01 13.87 20
Ko.4—montmorillonite expt 5x3x2 2.6 2.7 ~2.0 20 95-100 90 14

sim 2.582 2.685 2.061 89.98 96.12 90.02 14.21
Nag4—montmorillonite  expt 5x3x2 2.6 2.7 ~2.0 90 95-100 90 14

sim 2.580 2.683 1.913 89.96 96.05 90.02 13.19
pyrophyllite expt 5x3x2 2.580  2.690 1.869  91.18  100.46 89.64 12.76 <1

sim 2.586 2.691 1.872 90.65 101.18 90.06 12.78 15

aReference 370 References 38 and 39. The exact composition of the samples is not known; thus, data are approRisfietence 40.

Table 4. Surface and Cleavage Energié{mJ/m?) of the Minerals in the Experiment and Simulation with Different Force FieldsP

pyrophyllite montmorillonite mica principal charge)( principal well depth (kcal/mol)

ref Vtot Vel VVdW AEcleav AEcIeav Sitet AJoct Si Al o)
exptl 39.7 5.8 33.9 50—200 377 1.X 1.48
this work 40 8 32 140 380 1.1 1.45 0.03 0.03 0.015
13,15 [155] 4 3 9 09 49
16 [>30] [>300] [>500] 2.4 0.4F
17 —515 2 —517 —3000 —433 0.52 1.33 0 0 0
18 —1094 13 —1107 —433 —162 14 1.68 0 0 6.86
19 [>15] 1.2 3 0 0 i
20 [>15] 1.2 2.8 i i i
22 81 30 51 167 484 2.1 1.58 10 1076 0.155
23 265 155 110 251 683 4 3 0.04 9.04 0.228
25 260 8 252 340 631 11 1.45 0.40 0.50 0.06

a Pyrophyllite contains no alkali cations so that surfaces remain practically unchanged upon separation of the sheets, therefore the surfp€e=tension
ye + ¢ is directly obtained a¥; the energy difference upon infinite separation of two sheets. Montmorillonite and mica contain alkali cations between
the sheets that change their positions upon sheet separation (surface reconstruction), therefore equivalent cleavayEgaeagiesbtained? Estimates
are given in square brackets. Force field parameters of major influence (charges and equilibrium nonbond energies) aré Rafeifete 339 References
33 and 34. The exact value depends on the CERference 32\ Reference 249 Mixture of Buckingham potentials in ref 18.Buckingham potential
(three parameters)Extended Buckingham potential (four parametersy:@parameters not givehSi—Si, Al—Al, and O-0 van der Waals parameters
not given.

scaling, a time step of 1 fs, Ewald summation for Coulomb corresponds to the cleavage energy; it differs from a surface
interactions (accuracy 1®kcal/mol), and a cutoff for van  energy through surface reconstruction. Cleavage energies are
der Waals interactions at 1.2 nm. For IR spectra, we collectednormalized to one surface in the same fashion as surface
snapshots every 3 fs for a total trajectory length of 5 ps, tensions. More details will be given in a separate publica-
calculated the velocity autocorrelation function (VACF) tionS5!
involving all atoms, and performed the Fourier transform.  The Southern Clay montmorillonite IR spectrum has been
To calculate cell parameters, snapshots were taken every 20@xperimentally measured as an average of 32 scans with
fs for a duration between 50 and 100 ps so that deviationsoverall resolution of 4 cmt, using a Nexus 470 Fourier
in block averages were lower than 0.1%. transform infrared spectrometer. The sample was prepared
The calculation of surface energies for pyrophyllite was from 2 mg of dried powderized montmorillonite [Southern
performed both through single point energy evaluations and Clay, cation exchange capacity (CEE)91 mmol/100 g]
MD (NVT ensemble), with high accuracy of the Ewald and 200 mg of KBr, pressed to an optically clear tablet.
summation of Coulomb interactions (Xkcal/mol) and the 2.3. Bonds and AnglesEquilibrium bond lengths, and
same van der Waals cutoff at 1.2 nm. The difference betWeenang|eseo can be Obtained from experimenta| Crysta' struc-
the (average) energies for two sheets adjoined and separatefiires with fractional atom coordinates for the unit cell or,
by 10 nm was calculated (three-dimensional periodic boX with somewhat more uncertainty, from models optimized
with a longc axis of 100 nm). Differences between the single \ith ab initio method<! We consider crystal structures for
point and the MD approach are negligible1%), because
pyrophyllite sheets undergo minimal changes during MD and 41y aray, v.; Marquez, M.; Rodriguez, J.; Coll, S.: Simon-Manso, Y.:
no interlayer cations are present. The energy difference is  Gonzalez, C.; Weitz, D. Al. Phys. Chem. B003 107, 8946-8952.
independent from the separation path chosen and equals t\N(542) In ref 25, vibrational constants were approximated coarsely. However,

. ; ! . . results are not affected because no elastic properties were investigated.
times the surface tension (two identical surfaces moving (43) Huheey, J. E.; Keiter, E. A.; Keiter, R. linorganic Chemistry:
apart). Principles of Structure and Reacity, 4th ed.; Harper Collins: New

. . . . York, 1993.
The_cal_culauon of cleavage energies for montmonllomte (44) Batsanov, S. Snorg. Mater. 2001, 37, 871-885.
and mica is more complex because interlayer cations change§453 Halgren, T. AJ. Am. Chem. Soc1|99ﬁ 114 7827;3845» it
; . ; o ; 46) Rappe, A. K.; Casewit, C. J.; Colwell, K. S.; Goddard, W. A.; Skiff,
their posn!ons. Sheet separation and equilibration was W. M. J. Am. Chem. Sod992 114, 10024-10035.
performed in very small steps. For any path chosen, however,47) Miller, K. J.; Savchick, J. AJ. Am. Chem. Sod.979 101, 7206~
the start and end points turn out to be the same, or convertible,  7213.

S ) ) (48) Nagle, J. KJ. Am. Chem. Sod.99Q 112, 4741-4747.
through some minimization steps when different force fields (49) gilz, H.; Benedek, G.; Bussmann-Holder, Rhys. Re. B 1987, 35,
were employed for the comparison in Table 4. Thus, the start 50) éSF?glec?B  of Cherni 4 Phvsigath ed.: Lide. D. R Ed
: . . andbook o emistry an ysi84th ed.; Lide, D. R., o
and end points were calculated essentially once and refined CRC Press: Boca Raton, 2003.

for use with different force fields. The energy difference (51) Heinz, H.; Vaia, R.; Farmer, B. Submitted.
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120 wherew is the angular frequenay = 27v (corresponding
100' Si(A1)-O bond stretching to the frequency) andu the reduced mass = mumy/(my
| _ _ _ + my) of the two atoms bonded together (with masegs
T w0l SNa) O SHAD OSATD. andmy). The complete formula reads as
p angle bending
c
.é 60—_ \ O-H bond stretching kr= mm, (2.7'[C17)2 (4)
2 4 N m, -+ m,
2 d
20+ This relationship, however, is not suited for a three-body
bending vibration Kp).
2 0 500 1000 1500 2000 2500 3000 3500 4000 Alternatively, the effect of given individual force constants,

either bond stretching or angle bending, on absorption(s) in
Figure 1. Experimental IR spectrum for Southern Clay montmorillonite the IR spectrum can be momtor_ed using the Fourier tran_Sform
(CEC= 91 mmol/100 g) and calculated IR spectrum for the atomistic model. Of the VACF for a short MD trajectory. The procedure is as
follows: (1) turn off all other vibrational constants, electro-
mica®®3" Ky o[SizAl1Og][Al 20o(OH);], montmorillonite®3®  static, and van der Waals interactions by setting them to zero
Ny 4SiaOg][Al 1.6Mgo.402(OH).], and pyrophyliité® [SisOg]- in the force field (for analyzing an angle bending vibration,
[Al20-(OH),] to derivero and 6o values. The framework  the associated bond stretching constants must remain at their
of covalent bonds and angles is the same in all three min- original values); (2) record a short MD trajectory (typically
erals, and values for bond lengths and angles deviate bys ps NPT at intervals of 3 fs); (3) calculate the velocity
only a few percent from one mineral to anoter® The  autocorrelation function; and (4) carry out the Fourier
small differences arise from varying amounts of charge transformss The signal(s) found in the resulting IR spectrum
defects and impurities, as well as uncertainty in the experi- originate only from the selected vibration, and adjusting the
mental measurements. Pyrophyllite contains no chargeconstant allows one to fine-tune the IR spectrum. This
defects, montmorillonite contains predominantly [A]G~ procedure shows the response of the system to a particular
[MgOg] --*Na" defects in the octahedral layer, and mica force constant and is, thus, suited as a guide to physically
contains predominantly [Sip — [AIO4]~---K* defects in  reasonable values. However, it cannot (yet) be used to
the tetrahedral layer. The alkali ions compensate the one-calculate force constants from an experimental IR/Raman
electron deficiencies at each defect site and are locatedspectrum because the experimental peaks are broad and it is
between the clay lamellae. A detailed description of the difficult to map the inverse Fourier transform to individual
charge distribution can be found in ref 24. For the best pond stretching and angle bending constants.
compatibility with all three minerals and lowest deviations,  The most important experimentally obervable IR features
we consider the equilibrium bond lengthisand equilibrium are bands at1050 cnt and at~500 cnt® (Figure 1). The
bond anglest, from the crystal structure of Rothbalér.  |r pand at 105@ 50 is caused by bond stretching vibrations.
Defect atoms are treated equal to nondefect atoms with regardr assign a spring constaktin the model, both eq 3 and
to bonds and angles; there are no indications they wouldhe VACE method yield the same valle= 860+ 20 kcal/
significantly distort the crystal lattic&.%° As a result of the (mol-A?) as an average for all SO and A-O stretching
variety of bonds and, in particular, angles, 18 force field types yiprations in the mineral (Table 2). Combined with all other
are defined (K, Na', two Al, Mg-def, two Si, Al-def, nine  terms in the force field, this average reproduces the experi-
O, H). mental frequency of the IR band correctly, though with lower
When the force field is considered as a whole, the presencejntensity (Figure 1). The IR band at 3600 chis caused by
of simultaneous nonbond interactions (especially strong g—nH stretching vibrations, represented through a constant
electrostatic attraction) tends to contract bond lengths andy. — ggo kcall(motA?).
the unit cell by a few precent. For optimum reproduction, @8  The |R band measured at 58050 cnt (Figure 1) with

scaling factor of 1.05 for_qll _equilibrium bond Ieng_thsis two strong absorptions is caused by angle bending. As a
employed (Table 2). Equilibrium bond anglésremain the o1t of the complex sheet structure, phyllosilicates have a
same as in the experimental crystal structure. As a side effecrvariety of bond angles, such as-Gi—0O, Si-O—Si, Si-

of bond scaling, the intensity of the bond stretching vibration O—Al, and so forth, in chemically different environments.

is Iower(_ed (Eigure 1). ) . The VACF method suggests individual angle bending
2.4. Vibrational Constants. Vibrational constant& and constantsk, in a range of 346700 kcal/(moirach) to

ko can be derived from ab initio calculations or from the reproduce experimental absorptions around 500'ch the
experimental density of vibrational states (IR/Raman Spec- ¢,ntext of the entire force field, vibrations couple with each
trum). We fit the vibrational constants for bond stretching e and include contributions from nonbond interactions.
k-and angle bending, to experimental IR data (Figure 1). e gutcome is less predictable, and couplings may lead to
For a two-body stretching vibration, the conversion between ,qitional bands in the calculated IR spectrum. In such cases,
wavenumbers’ and the force constark is possible with 4 \ibrational constants may not be fine-tuned correctly or
the relationship for a harmonic oscillator some nonbond parameters (Lennard-Jones) may have physi-
2 cally unreasonable values. For example, the-@+H
o” = kip ©) vibration significantly affects the vibrational spectrum, owed

Wavenumber (cm™)
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to the approximate treatment of the hydroxyl group. Hydroxyl 0.60

H atoms are likely to be H-bonded to adjacent O atoms in 0.55 %gg?ﬁw

the octahedral layer and less localized than we assume in a 0501  owmmUFF

model restricted to localized bonds. After careful evaluation 045 [ Corresponding rare gas

of several 18 parameters sets, we suggest an average angle 040

bending constank, = 340 kcal/(moiracf) for all angle § 0.351
bending vibrations involving Si, Al, Mg, and O, and alow 3 %307
constantky = 23 kcal/(motrac?) for Al—O—H, reflecting & 0251
the high H mobility (Table 2). w’ g-fz'

Both experimental and computed IR spectra for mica, WG
montmorillonite, and pyrophyllite are very similar because ' ﬂ_.
0.05 1
1l
H ciliic

of the same covalent bonding framework so that—Na
montmorillonite is sufficiently representative. As a result of
our parameter assignment, vibrational frequencies agree well Element

with experiment while intensities remain a difficult part to Figure 2. Well depths for selected elements:¢H, C---C, etc.) according
reproduce (Figure 1). The broad-Gf stretching band in 9,CHARMM, PCFF, and UFF, wih eference valuesfo the corresponding
the experiment (30003600 cnt?l) is also observed in

organically modified montmorillonite. We conjecture it are best suited to parametrizgfor polar solids. Electrostatic
originates from moisture or H bonding (delocalization) in  attractions in the energy expression as a whole reduce this
the octahedral layer. IR spectra according to other force fields “gqujlibrium” separation by 1615%, leading approximately
cannot be easily included for comparison because oftentg the correct “crystallographic” van der Waals radii. Given
parameters are missitg®>*%?or force fields refer to other  an element and its electronic configuration (for example, K
silicates with dissimilar IR spectra (SiOzeolithes)>'*" — at 3 charge of+1.0 is similar to Ar), Batsanov's talste
In some force fields?232%4?the major vibrations at 1050  provides useful values fap. To fine-tune the density and
cm* and at 500 cm* are shifted up to several 100 ¢t correct geometry of the sheet silicates, minor adjustments
and additional bands are found. Deviations on the order of on the order of 10% are necessary (Tables 2 and 3). With a
+100 cn1?! to experiment were reported in biomolecular 12.6 Lennard-Jones potential (CVFF, CHARMM, GRO-
force fields such as CHARMM: Computed IR spectra, on  \ACS), r, values are slightly lower than with a 9-6 potential
the basis of the velocity autocorrelation function, are a pecause the repulsive term is stronger (Table 2).
valuable tool to monitor the “fingerprint” range up to 4000 Attempts to estimate equilibrium nonbond energi&®
cm™* for bond stretching and angle bending vibrations in ave been made by Miller and Savchiék\agle*® Rappe
force fields, as well as a guide to improve parametrizations. ot al.#6 and Halgrerf® however, it remains difficult to treat
2.5. Atomic Charges.We rely on previous assignments el depthsE, systematically for all elements because they
of partial charges in agreement with both experimental resultsajso depend on coordination geometry and atomic charges
and theory (Table 2! Atomization energies and ionization  for the same elemeft:#%5°As a useful semiempirical rule,
energies of the constituting elements, as well as their Halgrerf> suggests that the well depi for neutral elements
coordination geometry in the mineral, provide the physical rises uniformly towardE, of the respective rare gas within
basis?* Fluctuations of bond and angle constants have a a row of the periodic table. Although exceptions can be found
negligible effect on the charges-Q.1¢€). (e.g., transition metals with strong cohesion), this rule relates
2.6. van der Waals Parameters.The van der Waals  well depths for any element to accurately knotvalues
energy is described by the last term in egs 1 and 2. Theof rare gases for each row of the periodic table. We find the
nonbonded “radius” of the atonts is related to atom size  following procedure helpful to obtain a first guess &y
and determines the repulsive part of the van der Waals (1) Compare the electron configuration and polarizability of
energyi344the equilibrium nonbonded energy or well depth the element to the corresponding rare gas, considering
Eo is related to the polarizability of the atoms and determines Halgren’s rule. (2) Consider the number of chemical bonds
the dispersive part of the van der Waals nonbonded erfergy. and atomic charges: high covalent coordination numbers
The determination of these constants is often quite empirical, strongly reduceE, because of many nearest neighbors (as
especially for dispersive energiBs** 4 Good estimates for ~ compared to a rare gas), and positive charges reByes
ro can be obtained on the basis of a recent work by a result of loss of available electron density for dispersion.
BatsanoV}! and rough estimates fd, can be made on the On the basis of these criteria, initial estimate&gfelative
basis of the work by Halgrett, as outlined below. Final  to the closest rare gases can be made. The final equilibrium
parameters are fitted to reproduce the experimentally deter-nonbond energies (Table 2), however, are fine-tuned to
mined density and surface/cleavage energies of the mineralsreproduce the experimentally measured surface tension of
Batsanof* presented an extensive treatment of van der pyrophyllite (contains no charge defects and no interlayer
Waals radiiro, including a compilation of average “equilib-  cations), as well as the cleavage energies for montmorillonite
rium” and average “crystallographic” van der Waals radii and mica (Table 43345 Comparison of thes&, values
across the periodic table, on the basis of experimental data(Si, Al, and O) to corresponding rare gas values indicates
and theoretical considerations. With a 9-6 Lennard-Jonesagreement within qualitative expectations (Figure 2). Well
potential (PCFF, eq 1), the “equilibrium” van der Waals radii depths are distinctly lower than for corresponding rare gases,

0.00

silicate) Al (silicate) Si (silicate)
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as a result of the dense covalent bonding framework and
significant ionization. Equilibrium dispersive energk&sfor

the 12-6 nonbond potential (CHARMM, CVFF) are higher
than for the 9-6 nonbond potential (PCFF), compensating
for shorter 12-6 nonbond radii and stronger repulsion (Table
2). Benchmark values for C and H in saturated hydrocarbons,
which are largely in agreement between PEFREHARMM,1*

and GROMACS?%? are also shown in Figure 2. Besides,
we note that universal force field (UFF) parameteime
least suited (Figure 2).

rFn

4 % ’
Table 4 compares experimentally determined surface and ¢ T ., ¥
cleavage energies for phyllosilicates to computed surface and Xor Mt
cleavage energies with our force field and silicate force fields e sl e s oibs alts o
in the literaturel315-2022.23.25The evaluation of other force Moo Mo
fields is in some cases difficiift'>161%2because refs 13 and b it il dits s alits 4

16 refer to the simpler Sistructure and some parameters
are missing in refs 19 and 20. Reference 15 is an outgrow
of ref 13 for mica, on the basis of a mixture of different
Buckingham potentials, and ref 16 relies on a specialized
Buckingham potential with four rather than two van der
Waals parameters, which cannot be implemented in our Figure 3. Octahedral layer of montmorillonite, viewed normal to the
35 ’ . .. surface. An average distribution of Mg defects (highlighted) is shown.
program?® In these cases, estimates based on the accessiblé
part of the parameters are given. In all other cd$&%%2:23.25

parameters were implemented in PCFF or CVFF and tested

The impact of atomic charges on snIJrface energies s rq|ative abundance of local environments of the Si atoms in
demonstrated by the polar contributigff to the surface 1o tetrahedral layer of mica (0 Al neighbors, one Al

tension of pyrophyllite. If atomic charges are excessively peighnor, and so forth). We assume transferability of the

smalf’ or excessively larg&;'>1%1%2 deviations of several  oqits to montmorillonite, where Al atoms in the octahedral
multiples up to 1 order of magnitude are found, particularly |ayer are analogously surrounded by three metal neighbors
5,23 i . . . . .

whep formgl charges are employ&d>23The pest value is through oxygen bridges. The defect distribution in a mont-

obtained with our force field (Table 4). The impact of van . Juilonite model with an average CEE 108, Na.r

der \_Nagls p\z\r/\z/imeters can be seen from the dl_sper5|ve[Si408][A| LeMdo.O:(OH)y], is shown in Figure 3. A total

contributionyVd¥ to the surface tension 01_‘ pyrophyllite. If  J¢ 3504 of the Al atoms are surrounded by three Al atoms

Lennard-Jones parameters are excessively repufst¥e, 5,4 o Mg: 550% of the Al atoms are surrounded by two Al

mineral _sheets move apart.from each other, correspondindaiyms and one Mg atom; 10% of the Al atoms are surrounded

to negative cleavage energies. If Lennard-Jones parameter:By one Al atom and two Mg atoms; and none of the Al atoms
. o on i ;

are excessively attracti#® (as recommended in UFF), 50 gyrounded by three Mg neighbors. Several defect

the van der Waals contribution to the surface enet§y/is istributions according to these data are possible, depending
several times overestimated. The best value is obtained Wlthon the size of the model cell. All of them contain domains
our force field. Polar contributions, van der Waals contribu- with a density of three defects per squared nanometer to a

tions, and the net surface or cleavage energies are in go0Gjensity of only one defect per squared nanometer (Figure
agreement with experimental observations. We have showng

that nonbond parameters must be carefully evaluated, which 28 Validation and Transferability. As a result of our
is required to facilitate (semi)quantitative modeling of surface parameter assignment, the force field (Table 2) reproduces

and interface processes. experimental bond lengths and angles within a few percent
2.7. Distribution of Charge Defects.The density and  deviation, and reproduction of vibrational frequencies is good
distribution of tetrahedral [Sig) — [AlOg¢]~+--K™ charge  in comparison to experiment (Figure 1). Unit cell parameters
defects in mica and octahedral [AJO— [MgOe ---Na* deviate on average0.5%, while deviations between 1 and
charge defects in montmorillonite determine the properties 504 are seen with other force fields (Table!3)?325Surface
of these minerals on the nanometer scale. Typically, every or cleavage energies as well as its Coulomb and van der
4th tetrahedral silicon atom in mica (CE€251) and every  \aals contributions computed from the force field are in
6th to every 4th octahedral aluminum atom in montmoril- very good agreement with experimenta| data (Tab|e 4) The
lonite (CEC= 90-135) are substitutet. The distribution  syccessful implementation of these quantities for surface and
of such defects has been studied in detail in the tetrahedralipnterface thermodynamics corroborates the concepts to assign
layer of mica (Si— Al defects) using®Si NMR by Lipsicas  atomic charged and to assign van der Waals parameters

H Al Mg

et al., Sanz and Serratosa, and Herrero and 3&hzand
was summarized elsewhefeNMR spectral shifts indicate

(52) Different functional forms of the Lennard-Jones potential, such as 12-6 (53) Lipsicas, M.; Raythatha, R. H.; Pinnavaia, T. J.; Johnson, I. D.; Giese,
(CHARMM, GROMACS) or 9-6 (PCFF), do not significantly affect R. F.; Constanzo, P. M.; Robert, J. Nature 1984 309, 604-607.
well depths if systems are of low polarity. A plot of these functions (54) Sanz, J.; Serratosa, J. M.Am. Chem. S0d.984 106, 4790-4793.
with the same parameters and Ey illustrates this argument. (55) Herrero, C. P.; Sanz, J. Phys. Chem. Solide991 52, 1129-1135.
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Figure 4. Structure and repeat (in the plane) of a single montmorillonite sheet used for the simulation. The dimensions of a single sheet are .60 nm
2.70 nmx ~1 nm.

(section 2.6). The elimination of uncertainties on the order  3.1. Computational and Experimental Details.A su-

of multiples in surface energies and its components in force percell with the above composition, the corresponding
fields for minerals allows quantitative simulations of inter- distribution of Mg defectd! and cell parameters listed in
facial processes. Table 2 (2.6 nmx 2.7 nm) was constructed. We cut out

The distribution of charge defects is considered in detail one of the two lamellae along with the appropriate number
(see ref 27 and Figure 3), and the parameters are embedde@f alkali ions and rotated the structure around lheis so
in force fields for organic and biological molecules: PCFF, that a cubic cell was obtained. The extension in the
CVFF, CHARMM, and GROMACS (Table 2). This facili-  direction amounts to 20 nm, much larger than the extension
tates the simulation of complex interfaces with water, organic Of the system, leaving the system effectively periodic in the
molecules, polymers, amino acids, proteins, sugars, DNA, X andy directions (Figure 4). This procedure allows the use
and other biologically important molecules. Differences Of the NVT ensemble. It was verified earlier that the smalll
between our parameters implemented in PCFF (9-6 Lennard-difference in the pressure componeptrelative to an NPT
Jones potential) and implemented in CVFF, CHARMM, and €ensemble is negligible in the simulation (0 GPa vs*BPa),
GROMACS (12-6 Lennard-Jones potential) are negligible: and uncertainties in selecting the barostat are elimiréted.
simulated IR spectra are virtually the same (Figure 1), To obtain equilibrium positions of the alkali counterions on
simulated cell parameters (Table 3) agree to experimentthe residual single sheet, we placed half of them 1 nm away

within 0.5%, and computed surface energies/cleavage eneron side and half of them 1 nm away on the other side of the
gies (Table 4) agree to experiment within 5%. lamella in several different arrangements and carried out

molecular mechanics until convergence (lamella fixed). The
structure with lowest energy was used in further simulations,
assuming that the alkali ions had achieved their equilibrium
Montmorillonite modified with octadecylammonium ions, positions.
n-CigH37—NHs" (in the following called Gg), is one of the Models of the ammonium ions-CigHz7—NH3™ were
main components for claypolymer nanocomposites. Un-  constructed with the Ceritigraphical interface, using default
derstanding the structure and dynamics of the inorganic force field type§5 The Charges on the ammonium headgroup
organic interface is important with regard to possible were derived as previously outlined in ref 24, leading-@5
modification and interactions with a polymer matfi¥. We for N, +0.4 for H, and+0.3 for C bonded to Né The alkali
investigate the structure and dynamics of these inorganic jons on the montmorillonite surface were then replaced with
organic interfaces, as an application of the model outlined the alkylammonium ions, whereby the ammonium head-
above. The composition of the model for montmorillonite groups occupy roughly the former positions of the alkali ions.
is adjusted to match that of montmorillonite from Southern Structures with different orientations of the alkyl tails relative
Clay Products with a CEC of 9% 10 mmol/100 g and the  to the surface were prepared. The structures are effectively
formula N& 34 Siz oAl 0.10g][Al 1.46~€.223V1G0.22C8.0100.06502- periodic in thex andy directions while thez coordinate of
(OH)] (O = unknown from analysis). Our model formula  the cubic box was set to 20 nm to avoid interactions in this
is Na)33:{8|403][A| 1_667N|go_33@2(OH)2] with a CEC of 90

mmol/100 g. Vv_e neglect Fe in the octahedral Iayer and (56) Dipole moments for CENH> and NH; indicate nitrogen charges of
charge defects in the tetrahedral layer. —0.70 and—0.80, respectively (ref 50).

3. Structure and Dynamics of Gg—Montmorillonite
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direction (system height 4 nm). After a short minimization
to soften close contacts (100 steps, conjugate gradient
method), MD simulations were performed: NVT ensemble,
time step 1 fs, integration by Verlet algorithm, temperature
control through velocity scaling, temperatures 298 and 373
K, van der Waals and Coulomb energy summation with the
cell multipole method (octupoles, two layers of cells), and
total duration 2-3 ns2 Thereafter, duplicate structures were
generated and equilibrated again for-2 ns. Different
starting structures converged to similar geometries and
energies €2 kcal/mol deviation per chain). The trajectories : i ) ! ¢ i )
were recorded every 1 ps (1000 time steps). Coor_dinateg of 3 Yr 1Y YY YT Y YT YT TTr YY
i)he IeistISOO snapshots wzre used to calfculatet'dens(% ;gggltés, S ¢3¢ §<.»<‘ 505 5"‘2 -5(% $eae Sec §<,< 3(% <
asal plane spacings, and average conformations ! ="ty e
ions and 160 000 torsions total). 8 '**J_"_A* ,M~ :k*._'*k Sadat _'_J"*_ ;J"
For comparative conformational studies, models of octa-
decylamine were prepared in both the crystalline and the
liquid state. A single molecule of octadecylamine was
constructed with the Cerigigraphical interface, using PCFF Al
default force field types. The charges at the headgroup were
set-to—0.8 for N, 0.3 for H, and O'_2 for C adjacent t‘_’ the Figure 5. Snapshot (after 2 ns of simulation time) of the systepg—C
amino groug> A model of a unit cell for crystalline  montmorillonite-Cys—Cis—montmorillonite-Cys at 25°C, viewed along
octadecylamine at 2%C is difficult to build because no unit the x direction. The formation of hydrocarbon mon'olayers on the Clay
cell parameters could be found in the literature. We assiJmeﬁggggfgugzqobguSgﬁ{gia?i)gggnagt:ﬁr_oge” bonding of the ammonium
two outstretcheah-CygHs7NH, molecules in a tentative unit
cell with the experimental density of 862 kg/fi oriented
such that interaction between the ammonium headgroups is ®
facilitated. This is similar to the structure nfalkane$’ and
dimethyldioctadecylammonium bromide>*® A 3 x 3 x 1
supercell (18 molecules) at 2% was subjected to NVT
dynamics. The gauchef/trans ratio of the chain backbones was
analyzed, which is essentially the same for different unit cell
geometries (alkyl chains are always parallel to each other).
A model of the liquid octadecylamine at 100 was obtained
by placing 30 molecules in a cubic box at a density of 850
kg/m?46 using the amorphous builder in Ceritidollowed
by 1 ns of equilibration time (NVT dynamics) and 1 ns
production time to analyze chain conformations.

XRD for determination of montmorillonite gallery spacings
was conducted on a Bruker AXS D8 Discover at the Gu K
wavelength of 1.5418 A. The wide angle regime was
collected using an evacuated Statton camera with a point-
collimated X-ray beam via two pinholes (0.05 mm) at the
Cu Ko wavelength of 1.5418 A.

3.2. Results and Discussiorin the following, we discuss
results from simulation and experiments. We begin with a
qualitative description of the structure and dynamics and thenFigure 6. Top view (after 2 ns of simulation time) of the modified
follow up with quantitative indicators Representative shap- montmorillonite surface at 25C, viewed along the direction. All the Mg

. ) . . charge defects in the octahedral layer (green pellets) but only;gheh@ins
shots of the octadecylammonidrmontmorillonite system o, the top surface are shown.

are shown in Figures 5 (side view) and 6 (top view). The

simulated structures have no periodicity in thdirection; Inorganic-organic interfaceFor most of the MD trajec-
thus, they include interfaces with a vacuum or an inert gas tory, alkylammonium ions lie flat on the mineral surfaces,

a ) .
(100 t|me§ the deinsi|ty of the solid) 1?” tihe top,ia”d on the f5ming essentially monolayers. Compared to mica where
bottom. The basal-plane spacing is freely equilibrated. ¢ “chains stand upright as homogeneous tilted layers or
islands?>-27 the density of charge defects (angs€hains)
(57) EI;E%éJse_sg&,:,E.;Weiss, H. C.; Blaser, Bngew. Chem., Int. EA.999 38, per surface area amounts to only 1/3 in montmorillonite
(58) Okuyama, K.: Soboi, Y. ljima, N.; Hirabayashi, K.; Kunitake, T.: (CEC= 91 for this montmorillonite vs CEE& 251 for mica),

Kajiyama, T.Bull. Chem. Soc. Jpri98§ 61, 1485-1490. leading to this picture. As can be seen from Figure 6, the

- - -
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available surface area is not covered entirely, as a conse- .
quence of the CEC of this clay and the chain length (Figure
6). The position of the ammonium headgroups on the surface
correlates with the position of the Mg charge defects in the
octahedral layer (Figure 6). Headgroups prefer to be closely
located above charge defects and avoid surface regions fur-
ther away from defects. The likely reason is that Mg defects
are less positively charged than Al (1.1 compared to 1.45)
and the excess negative defect charge {is mainly distri-
buted across the six oxygen atoms coordinated to Mg (Table
2)2*This concentration of negative charge likely attracts the
positiv_ely cha_rged ammonium ions to the defect site_s. 001) (020) (003) (200) (2012)(0 6
An interesting and so far unreported feature is the ———— T
formation of hydrogen bonds between the ammonium o 20 30 40 50 60
headgroups and surface cavities in montmorillonite (Figures 26(°)
5 and 6). RNH' groups are attached to the mineral surface Figure 7. XRD patterns for Nermontmorillonite and g—montmorillonite
by compensating the equivalent amount of (O~ b eenment Souber Cly Products, CECoD snd smulion. T
[MgOg]~ charge defects in the octahedral layer and addition- intercalated material.
ally through hydrogen bonds between the fHs;™ hydrogen
atoms and oxygen atoms on the mineral surface. The threeof the model structure, such as considering only selected
N-terminal hydrogen atoms are oriented toward the three atoms (Si, Al, O), translating single sheets horizontally and
nearest oxygen atoms of the superficial (Si, O) 12 rings, Vvertically, and analyzing the response in the calculated X-ray
resulting in a relatively rigid coordination geometry (Figure pattern. Main contributions result from Si and Al lattice
6). The average distance between surface oxygen atoms ang@pacings; oxygen, nitrogen, and particularly hydrocarbons
ammonium hydrogen atoms amounts to 3880 pm. In make no significant contribution because of their low
contrast to systems with peralkylated ammonium head scattering factor8262 The marked peaks (003) in Figure 7
groups?>27 the primary ammonium headgroups sit closer change upon organic modification: they shift to lowet 2
to the surface than the hydrocarbon tails. No rearrangementsvalues with increasing intercalation of organic material,
across cavities on the surface are observed in the course ofonsistent with an increase in gallery height. Additionally,
the simulation (up to 5 ns). This indicates strong binding to a broadening of the (003) reflection is observed (Figure 7).
the mineral surface, in agreement with dielectric spectroscopyNone of the XRD peaks other than (p@an be attributed
measurement®. The absence of rearrangements in the to reflections involving different sheets for the reason of
simulation leads to an estimated barrier higher than 5 kcal/ turbostratic disordef® Simulation, however, indicates an
mol for crossover to another cavity. increased lateral mobility of the modified silicate sheets.
XRD.Montmorillonite in its natural form (with Naions) Oscillations of£70 pm in both thex and they directions
and modified with octadecylammonium ions,gChas been  between two g—montmorillonite sheets are found while
characterized by XRD (Figure 7). The X-ray patterns are two Na—montmorillonite sheets oscillate less thad0 pm
also computed from the atomistic models on the basis of in the horizontal direction.
atomic scattering factors (averaged over 20 configurations). Conformational AnalysisThe density profile of the ¢g—
For Na—montmorillonite, the experimental (001) peak is montmorillonite system in thedirection is shown in Figure
shifted to smaller angles than in the simulated pattern because8. The sharp peaks arise from montmorillonite, showing
H,0 is intercalated between montmorillonite sheets (which symmetrically two doublets from oxygen and silicon of the
are hygroscopic), leading to increased basal plane spacingtetrahedral layer around a middle triplet by aluminum and
All other experimental peaks match closely with those from oxygen in the octahedral layer of the lamellae. Each of the
simulation®! allowing interpretation aided by modeling organic layers is characterized by a small peak due to the
results. ammonium headgroups and a larger, relatively broad peak
Cigs—montmorillonite and Namontmorillonite have a  for the Gg hydrocarbon tail. The primary ammonium
number of peaks in common, which arise from lattice nitrogen is only 220 pm away from the superficial Si plane,
spacings within single silicate sheets (Figure 7). Assignment compared to 380 pm for (G#N*—C,gH37).2>26The distance
of the reflections is confirmed through stepwise modifications from the basal plane (defined through octahedral Al) is 490
pm. Each hydrocarbon layer is approximately 400 pm thick.
(59) (a) Quantum mechanical methods are currently not able to predict The two outer layers have somewhat more flexibility than
Yl Siclures of e Moleculs, Paricun 1 S the inner ones and appear slighiy broadened (Figure 8). On
sufficiently matured. See, for example: Zimmerli, U.; Parrinello, M.; heating to 100C, only minor differences are observed. The

Koumoutsakos, Rl. Chem. Phys2004 120, 2693-2699. Trials with basal plane spacing increases slightly (Table 5). and the
CASTEP or Dmol (ref 35) do not yield coherent results. (b) Cell P b 9 gntly ( )’
parameters for crystalline-octadecylamine could also not be unam-

biguously assigned in an extensive series of classical NPT MD (62) Pinnavaia, T.; Beall, G. WPolymer-Clay Nanocompositesohn

C1g-montmorillonite

exptl

Na-montmorillonite

Intensity (a.u.)

simulations. The best values aae= 0.47 nm,b = 0.44 nmc = 5.4 Wiley: New York, 2000.
nm, o~ 74, f ~ 90°, andy ~ 77°. (63) Moore, D. M.; Reynolds, R. C., JiX-Ray Diffraction and the
(60) Jacobs, J. D.; Vaia, R. A.; Koerner, H.; Garrett, P. H. Submitted. Identification and Analysis of Clay Minerals2nd ed.; Oxford

(61) The reflex module in Ceridsvas used (ref 35). University Press: Oxford, 1997.
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Figure 8. Density profile of the @g—montmorillonite system at 25 and
100°C.

0 30 60 90 120 150 180 210 240 270 300 330 360
Torsion angle (°)

Figure 9. Distribution of torsional angles of the-CigHz7—NH3" chains
on montmorillonite. As a reference, the curves for solid and liquid
octadecylaminentCigHsz7—NH,) are also shown.

Table 5. Basal Plane Spacings and Backbone Conformations

basal plane spacing

(nm) gauche/gs
25°C 100C 25°C  100°C chains are, under the given condition of confinement, in a
Cis—montmorillonite 1,760 (10) _ 1.795 (10) significantly disordered state that does not allow for a phase
(exptl) transition to higher disorder under ambient conditions and
Cig—montmorillonite  1.787 (5) 1.813(8) 455(1) 5.36(1) 100°C.
(sim)
bulk octadecylamine 0.7 (1) 6.30 (1)

4. Conclusions
increased conformational freedom leads to broadening of the

peaks_ '? t'?he d((ejr_15|ty E{)LOf('jle (F|%ure|8). Son:je altkyl dctf;]alns yrophyllite, montmorillonite, and mica. Compared to ex-
cross info the adjacent hydrocarbon fayer and extend IN€ réSh oy anta) data, average deviations of unit cell parameters

of th_e|r chambo_r(; thebsturface Olf thehothter_?L]_eet}feﬁfgt|vely amount ta+-0.5%, deviations of surface energies (or cleavage
SErving as a bridge between clay sheets. 'his efiect IS moreenergies) tak5%, and deviations of vibrational frequencies
pronounced at the higher temperature (200 and persists

. to less than 50 cni. Distributions of charge defects in the

to some extent on cooling. minerals are modeled in agreement with solid-state NMR

Figure 9 shows the average distribution of torsional angles data. The reproduction of surface tensions, including their
at 25 and at 100C, measured from the N atom of the polar and dispersive contributions, corroborate the assignment
ammonium headgroup toward the last carbon atom of the of atomic charges on the basis of experimental X-ray
Cis chain (total 16 torsions per chain). At both temperatures, deformation electron densities and a recent theoretical
the average number of gauche bonds per chain backbone igipproact? as well as our scheme to assign van der Waals
remarkably high, between 4.5 and 5.4 pefs Gackbone  parameters (section 2.6). Thus, the force field describes
(Table 5). This indicates that the alkyl chains, which do not thermodynamics of surface processes more reliably by
fill the total surface area for geometric reasons (Figure 6), reducing common deviations of 5800% in surface and
are in a liquidlike state. For comparison, we also investigated interface energies to less than 10%, which is an important
the primary amine-CigH3/NH: in the bulk crystalline state  step toward quantitative modeling of interface processes
at room temperature and as a melt at 2G0(melting point involving layered silicates.
52.9°C).*® We find only 0.7 gauche incidences along the  The force field parameters are suited for the PCFF (9-6
Cis backbone in the crystal and 6.3 in the liquid phase. nonbond potential), CVFF (12-6 nonbond potential), and
Crystalline octadecylamine, thus, is very different fromg-€ CHARMM and GROMACS (both 12-6 nonbond potential).
montmorillonite at 25°C, and freely movable, liquid  |ncorporation in biologically oriented force fields (CHARMM,
octadecylamine molecules at 180, thus, exhibit somewhat ~ GROMACS) allows the investigation of biologically oriented
more gauche torsions thandbackbones tethered to mont-  hyprid systems involving layered silicates. In contrast to
morillonite, in agreement with expectation. Besides, in Figure some earlier modef$;1516.19 oyr semiempirical energy
9, partition of the gauche torsional angles for liquid octa- expression is also simpler (no exponential terms) and
decylamine into two maxima is noticeable. This effect might computationally less expensive.
be associated with the very high gauche fraction (40%) in A an example, we investigated the structure and dynamics
the backbone, but it is not certain if the force field (which is ¢ octadecylammonium chains on montmorillonite with a
in principle quite accurate for reproducing torsional angfes) cgc of 90 mmol/100 g. The alkyl chains form a bilayer
gives the correct result. The existence of a liquidlike phase pyenyeen the clay surfaces, and the ammonium headgroups

of C13 0n montmorillonite at both temperatures is supported 5.0 hydrogen-bonded to oxygen in the cavities on the clay
by solid-state®>C NMR measurements (dominance of the

13C chemical shift at 30 pprf) and by the absence of a
significant phase transition upon heating in D8Che alkyl

We presented a new force field for the layered silicates

(64) He, H.; Frost, R. L.; Deng, F.; Zhu, J.; Wen, X.; Yuan(ays Clay
Miner. 2004 52, 350—-356.



Force Field for Mica-Type Silicates Chem. Mater., Vol. 17, No. 23, 200669

surface. The mean squared displacement of the ammoniunhas been found, making the atomistic model helpful in
ions does not exceed (100 phafter long simulation times  understanding experimentally observed reflections.

(2 ns), indicating the absence of rearrangements on the

surface and a barrier for rearrangements greater than 5 kcal/  Acknowledgment. We acknowledge support from the Air
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