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Abstract

We introduce an extended Born-Haber cycle, which enhances the understanding of chemical

bonding in polar solids. The atomization enthalpies ofthe elements are found to be the strongest

indicator for the degree of covalent bonding, next to ionization energies, electron affinities and

other trends across the periodic table. Precise atomic charges for clays are derived and applied

in the development of a reliable molecular mechanics force field for silicate minerals with at¬

tached alkylammonium surfactants.

Besides, we modeled an aromatic chromophore (perylene) in different w-alkane matrices and

developed various simple methods to compute the UV spectral shifts due to solvation. In all cas¬

es, we found evidence that the dispersive part ofthe van-der-Waals energy, which stabilizes the

4
LUMO of perylene more than the HOMO, falls off with a distance dependence of \lr in a

range up to ~1 nm and not as 1/r
,
as has been assumed for a long time. This finding corre¬

sponds to the interpretation of temporary dipoles as being equivalent to weak permanent di-

poles.

Molecular dynamics simulation with the aforementioned force field (an extension of cff91) was

performed to determine the relative arrangement of alkali ions and various alkylammonium ions

on the mica surface with reference to existing experimental data; a geometric parameter X is

introduced to account for the formation of one or two phases on the mica surface. We explore

the conformations of the alkyl chains on mica, their tilt angles relative to the mineral surface,

and the basal-plane spacings ofthe agglomerated structures, each at different temperatures. The

results allow an interpretation of solid-state NMR data and agree quantitatively with experi¬

ments where available. The phase transitions upon heating of the organo-micas can also be ex¬

plained; they mainly involve an increase of intra-chain disorder of the tethered hydrocarbon

chains as well as rearrangements of the ammonium headgroups on the mica surface. The inci¬

dence of rearrangements depends on the geometry (accessibility of the neighbor cavities on the

surface). The rearrangements or their reversals, respectively, are slow at ambient temperature.

This leads to the formation of metastable structures on fast cooling of the heated alkyl-micas

when rearrangements occured in the heat.
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Zusammenfassung

Wir führen einen erweiterten Born-Haber-Kreisprozess ein, der das Verständnis der che¬

mischen Bindung in polaren Festkörpern verbessert. Die Atomisierungsenthalpien der Ele¬

mente, neben den Ionisierungsenergien, Elektronenaffinitäten und anderen Tendenzen im

Periodensystem, stellen sich als stärkster Indikator für das Ausmass kovalenter Bindung heraus.

Genaue atomare Ladungen für Tonminerale werden abgeleitet and angewendet zur Entwick¬

lung eines verlässlichen Molekularmechanik-Kraftfeldes für Silikatmineralien mit angehefteten

Alkylammonium-Tensiden.

Ausserdem modellierten wir einen aromatischen Chromophor (Perylen) in verschiedenen «-A1-

kan-Matrizen und entwickeln verschiedene einfache Methoden zur Berechnung der spektralen

Verschiebungen im UV-Bereich durch das Lösungsmittel. In allen Fällen stellte sich heraus,

dass der dispersive Teil der van-der-Waals-Energie, der das niedrigste unbesetzte Molekülor¬

bital von Perylen mehr stabilisiert als das höchste besetzte, mit einer Abstandsabhängigkeit von

4 6
\lr im Bereich bis ~1 nm abfällt und nicht mit \lr

,
wie seit langer Zeit angenommen wird.

Dieser Befund entspricht der Anschauung temporärer Dipole als gleichwertig zu schwachen

permanenten Dipolen.

Molekulardynamik mit dem oben erwähnten Kraftfeld (ein erweitertes cff91) wurde ausgeführt,

um die relative Anordnung von Alkali-Ionen und verschiedenen Alkylammonium-Ionen auf der

Glimmeroberfläche mit Bezug auf vorhandene experimentelle Daten zu bestimmen; ein geom¬

etrischer Parameter X wird eingeführt, um die Ausbildung einer oder zweier Phasen auf der

Glimmeroberfläche zu beschreiben. Wir untersuchen die Konformationen der Alkylketten auf

Glimmer, ihre Neigungswinkel relativ zur Oberfläche des Minerals und die Schichtabstände der

agglomerierten Strukturen, jeweils bei verschiedenen Temperaturen. Die Ergebnisse erlauben

eine Interpretation der Daten von Festkörper-NMR und stimmen quantitativ mit den Experi¬

menten, wo verfügbar, überein. Die Phasenübergänge beim Erwärmen der Organo-Glimmer

können auch erklärt werden; es handelt sich hauptsächlich um eine Erhöhung der Unordnung

innerhalb der angehefteten Kohlenwasserstoffketten sowie um Umlagerungen der Ammonium-

Kopfgruppen auf der Glimmeroberfläche. Das Auftreten von Umlagerungen hängt von den ge¬

ometrischen Gegebenheiten (Verfügbarkeit der Nachbar-Kavitäten auf der Oberfläche) ab.

Diese Umlagerungen bzw. ihre Umkehrungen sind langsam bei Raumtemperatur. Dadurch
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entstehen beim raschen Abkühlen der erhitzten Alkyl-Glimmer metastabile Phasen, wenn im er¬

hitzten Zustand Umlagerungen stattfanden.
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1. Overview

1. Overview

Partial charges for classical (semiempirical) atomistic simulations are often poorly defined

quantities, although they have a major influence on the computed properties in significantly po¬

lar systems, e. g., containing clay minerals or zeolithes. We extend the Born model of ionic sol¬

ids to include bonding of any polarity. The concept bases on correlations between the

atomization energy of the elements and covalent bonding, as well as between the ionization en¬

ergies and electron affinities ofthe elements and ionic bonding. Physically justified atomic par¬

tial charges in compounds or structural units can be assigned based on a few reference

compounds with experimentally ascertained partial charges. The procedure is applicable to any

polar compound and is more accurate than density-functional and ab-initio methods. We discuss

the cases of the phyllosilicates mica and montmorillonite, as well as tetraalkylammonium ions,

and the treatment of local charge defects, e. g., by Si —» Al or AI —» Mg substitution (Chapter

2).

A new approach is introduced for calculating the spectral shifts of the most bathochromic

k —» k* transition of an aromatic chromophore in apolar environments. As an example, peryl¬

ene in solid and liquid n-alkane matrices was chosen, and all shifts were calculated relative to

one well-defined solid-inclusion system. It was shown that a simple two-level treatment of the

solute using Hiickel theory yields spectral shifts in excellent agreement with experimental re¬

sults for the most prominent inclusion sites of perylene in solid w-alkane surroundings and for

the dilute solutions in liquid w-alkanes. The idea is general enough to be applied to any aromatic

chromophore in a nonpolar solvent matrix. In contrast to earlier treatments, this approach is

_4
based on geometry-dependent polarizabilities, employs a r dependence for the dispersion en¬

ergy, is conceptually simple and computationally efficient (Chapter 3).

We use molecular dynamics as a tool to understand the structure and phase transitions [Osman

et. al. J. Phys. Chem. B 2000, 104, 4433-4439; Osman et. al. J. Phys. Chem. B 2002, 106, 653-

662] in alkylammonium micas. The consistent force field 91 is extended for accurate simulation

ofmica and related minerals. We investigate mica sheets with 12 octadecyltrimethylammonium

(C18) ions or 12 dioctadecyldimethylammomum (2C18) ions, respectively, as single and layered

structures at different temperatures with periodicity in the xy plane by NVT dynamics. The alky¬

lammonium ions reside preferably above the cavities in the mica surface with an aluminum-rich

boundary. The nitrogen atoms are 380 to 390 pm distant to the superficial silicon-aluminum
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1. Overview

plane. With increasing temperature, rearrangements of C18 ions on the mica surface are found,

while 2C18 ions remain tethered due to geometric restraints. We present basal-plane spacings in

the duplicate structures, tilt angles of the alkyl chains, and gauche-trans ratios to analyze the

chain conformation. Agreement with experimental data, where available, is quantitative. In Cr¬

imea with less than 100 % alkali-ion exchange, the disordered C18 rods in the island structures

[Hayes and Schwartz Langmuir 1998, 14, 5913-5917] break at 40 °C. At 60 °C, the headgroups

of the C18 alkyl chains rearrange on the mica surface and the broken chain backbones assume a

coil-like structure. The C18-mica obtained on fast cooling ofthis phase is metastable due to slow

reverse rearrangements of the headgroups. In 2C18-mica with 70-80 % ion exchange, the alkali

ions are interspersed between the alkyl chains, corresponding to a single phase on the surface.

The observed phase transition at -53 °C involves an increase of chain disorder (partial melting)

ofthe 2C18 ions without significant rearrangements on the mica surface. We propose a geomet¬

ric parameter X for the saturation of the surface with alkyl chains, which determines the pre¬

ferred self-assembly pattern, i. e., islands, intermediate, or continuous. X allows the calculation

of tilt angles in continuous layers on mica or other surfaces. The thermal decomposition seems

to be a Hofmann elimination with mica as a base-template (Chapter 4, Sections 4.1 to 4.5).

Since the quality of polymer-clay nanocomposites is essentially determined by the organoclay

components and their properties are not yet sufficiently understood, we extend our study to the

simulation of separated and unified phases of dialkyldimethylammonium ions and alkali ions

on mica surfaces for different chain lengths, using a more detailed model of the mica surface.

Our results explain experimental data. High surface saturation or long chains (>2C18) lead to a

mixed phase of alkali ions and organic ions on the surface. Chains of a medium length (2C12)

give rise to phase separation. Very short chains, by thermodynamical arguments, are expected

to yield a uniform phase again. We predict tilt angles and chain conformations. On heating, an

order-disorder transition of the alkyl chains is found when roughly 20% of the torsional angles

along the hydrocarbon backbones are gauche. We find again the occurence of rearrangements

of the ammonium headgroups occur on heating, which lead to metastable structures after fast

cooling (Chapter 4, Sections 4.6 and 4.7)
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2. Reliable Simple Energy Models

2. Reliable Simple Energy Models

2.1. Preface

In classical atomistic simulations of polar solids, the values ofthe partial charges are of primary

importance. The question becomes particularly relevant when inorganic-organic interfaces with

high polarity are considered, e. g., modified clay minerals or zeolithic catalysts. The Coulomb

energy and an appropiate repulsive energy are then the major determinants for the spatial dis¬

tribution of the potential energy. The assignment of point charges is essential for a reliable pre¬

diction of structures and dynamical properties, e. g., using molecular mechanics, molecular

dynamics, or Monte Carlo methods.

X-Ray diffraction methods allow the experimental determination of electron distributions with

corresponding partial charges, but the procedure is lengthy and cannot be applied every¬

where (see Table 1).

Table 1: Partial charges (with standard deviation) of some metals in crystalline solids from

experimentally determined electron distributions (in units of elementary charges).

LiFa Lilb NaCla KBrc CaF2a MgOd Al203e A10(OH)f

0.95 (3) 0.67 (5) 1.00(0) 0.8(1) 2.00 (0) 1.6(2) 1.32(5) 1.47(27)

Ref. 5.
b
Ref. 43.

c Ref. 6.
d
Ref. 4.

e Ref. 9.
f
Ref. 7.

In order to obtain partial charges for a variety of compounds, different approaches have been

developed: extended Hiickel theory, ab-initio methods at various levels, density func-

tional methods, and semiempirical equilibration. The principal question, to which extent a

given polar solid can be considered as a covalent structure and to which extent as a dense pack¬

age of spherical ions, however, has not yet been answered and the resulting values are unrelia¬

ble. Calculated partial charges exhibit considerable scatter and approximate the experimentally

determined values with hardly predictable errors (see Table 2).
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2. Reliable Simple Energy Models

Table 2: Partial charges (with standard deviation) for Al

in six-fold oxygen coordination and the associated

hydrogen, from experiments and different theoretical

approaches (in units of elementary charges).

Al H in OH

A10(OH)a
Exptl

Al203b

+1.47(27) +0.20 (5)

+ 1.32(5)

MP2/CHELPG0 +1.5-2.0 +0.40

SCF (Turbomole)d +2.6 +0.12

DFT (Dmol3)e +2.1 +0.44

Extended Hiickela +2.1 +0.39

Charge Eq. +1.15 +0.25

a Ref. 7.
b
Ref. 9.

c Refs. 13, 19.
d
Refs. 14, 15.

e Ref. 20.

fRefs. 18,21.

The discrepancy is even greater for the partial charge assignments in classical force-fields. For

99

example, Si in tetrahedral oxygen coordination was considered to have atomic charges of+4, '

23 2.8,24 2.4,25 1.8,26 1.4,19 1.0,27' 28
and 0.5.15 For Al in octahedral oxygen coordination,

charges of 3.0,29"31 2.1,20 1.7,19 and 1.315 have been employed.

T-. 19 1 (~\

Some methods have gained wide acceptance. The CHELPG method, '

e. g., in combination

1 ^

with MP2-optimized geometries, has been considered a useful tool to derive partial charges,

but we notice an error of a factor of 2 for the hydrogen in Table 2. The charge-equilibration
1 S

method by Rappé and Goddard (Qeq) gives usually better results. However, the contributions

of atomization energies are not included (see Section 2.2) and the estimated charge of Si in tet¬

rahedral oxygen coordination, for example, is, as a result, higher than that of the more electro-

9 1

positive Al in octahedral oxygen coordination (the opposite should be the case for both,

98

electronegativity and coordination arguments ). The partial charge of-0.14 for H in saturated

hydrocarbons also seems overestimated. Moreover, local charge inhomogenities by isomor-

phous metal substitution, which are characteristic for silicates and zeolithes, can not be account-
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2. Reliable Simple Energy Models

ed for by any method and the underlying concepts are far from simple. This makes it very hard

to comprehend the results and to specify error estimates.

It is our goal to develop a general, accurate, and comprehensible approach for the estimation of

"39 'XA.

partial charges. First, we will revise the Born model to account properly for covalent bond¬

ing contributions (Section 2.2). We will discuss general periodic trends, and establish a charge-

estimation procedure relative to reference compounds by use ofthe available experimental data

on partial charges. Useful features are good precision, applicability across the entire periodic

system, and the awareness about errors (Section 2.3). As an example, we apply our arguments

to mica and montmorillonite, which are used as fillers for nanocomposites and have been in¬

vestigated by Monte Carlo and molecular dynamics methods (for applications, see also Chapter

4). ' ' ' The local charge defects in these systems are addressed and, besides, common

charge estimates for tetraalkylammonium ions are corrected to physically more reasonable val¬

ues (Section 2.4). Finally, we summarize this Chapter in Section 2.5.

2.2. The Extended Born Model38 for Solids

2.2.1. The Born Model: Necessityfor Extension

A thermochemical cycle containing cleavage of an ionic compound into the elements, their at¬

omization, ionization of the atomic components to formal charges, and condensation back into

a purely electrostatic lattice was proposed by Born and further developed by Haber in

1919. ' Lattice enthalpies can be calculated according to a law of combined electrostatic

^9 'X'X AC\

attraction and repulsion at small interatomic distances, ' '

NÂaqtqe f i\

where NA is the Avogadro constant, a the Madelung factor for the respective crystal lattice, qt

and q the partial charges of the cation and anion, e the elementary charge, r0 the distance be¬

tween cation and anion, and n an empirical quantity between 5 and 12 approximating the dis-

tance dependence r of the repulsive energy.
' This lattice energy (eq 1) matches the

cohesive enthalpy calculated as the remaining contribution in the closed thermochemical cycle

for any compound because full formal charges are assumed as a matter of course in both calcu¬

lations and the experimentally measured interionic distance r0 is incorporated in eq 1. Besides,

while the thermochemical cycle is by definition accurate, eq 1 has a somewhat approximate
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2. Reliable Simple Energy Models

character by means ofthe row-dependent exponent n for the repulsive energy and the interionic

distance r0, which might be slightly different when the assumed formal charges are unreason¬

able.

At this point a word of caution must be interjected. In Born's original paper, the a-priori as¬

sumption of formal charges was justified, since several alkali halides possess complete formal

charges, although with noticeable deviations (see Table 1 and Section 2.3.1). In most other cas¬

es, compounds are significantly covalent and the Born model is inaccurate. The calculated "lat¬

tice energies" then represent hypothetical values for the case of completely ionic bonding, but

the real cohesive energy in the compound is different, i. e., there are important covalent bonding

contributions. Extensive listings of misleading lattice energies for compounds with various de-

grees of covalent bonding are presently still in use and often formal charges are employed for

99 9^ 9Q ^ 1

solids with highly covalent character. ''

2.2.2. The ExtendedBorn Model

For a more general model, we allow for localized bonding. We assume ionization towards par¬

tial charges instead of ionization towards formal charges. The cohesive energy is divided into

an electrostatic part and a covalent part. From purely covalent to purely ionic, more realistic co¬

hesive energies can now be obtained.

o

Since the electron density in solids is a three-dimensional and often anisotropic function, we

consider partial charges on each atom as the difference between spherical integrals over the va¬

lence electron density of the neutral atom and the valence electron density of the same atom in

a compound. The sum of those integrals over all atoms in the compound is normalized to the

total number of valence electrons in this compound. Collectively, the spherical integrals will

thus account for all valence electrons and should comply with the experimental electron-density

map in the best possible way.
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Atomized Elements

with Partial Charges
x/2-

Six+(g) + 2 0x,/-(g)

Electrostatic

attraction / 4

AHel

Partial (or

full) charge
transfer

AU, - AU,

Lattice without

Localized Bonding
Si02 (s)

Atomic Elements

Si (g)+ 2 0(g)

Covalent

energy

AHrm,

Atomi¬

zation

AHat

Compound

Si02 (s) Cleavage

Elements

Si(s) + 02(g)

AHf

Figure 1. The extended Born-model with the example of silicon dioxide. The single-headed ar¬

rows describe reversibly taken steps, as indicated in the text. Partial ionization energies and

electron affinities are involved in step 3. The lattice energy is divided into an electrostatic/re¬

pulsive part in step 4 plus a covalent part in step 5. The respective stoichiometric coefficients

must be remembered. The shaded, double-headed arrows point out the complementary electro¬

static (top) and covalent (bottom) contributions to the cycle.

Our extended model for solids is presented in Figure 1. The first step is the overall decomposi¬

tion of a compound or a structural unit into the elements. The associated enthalpy is the negative

enthalpy of formation, -AHf. For stable inorganic and organic compounds, the average en¬

thalpy of formation per atom is essentially a constant for compounds of similar polarity, e. g.,

0.0 MJ/mol (+0.1 ) for organic compounds or -0.3 MJ/mol (+0.1 ) for the utmost ionic alkali

and earth alkali fluorides, chlorides, and oxides. The second step is the conversion of the ele¬

ments into isolated gaseous atoms by sublimation or dissoziation; the associated enthalpy is

AHat. The value per atom is between 0.0 and 0.85 MJ/mol atom (see Figure 2). In step 3, the

atoms are ionized towards the physically reasonable partial charges, which we want to estimate.

The ionization requires partial ionization energies for the cationic part and releases partial elec¬

tron affinities for the anionic part. These quantities can be estimated on the basis of Tables 3 and
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4, with a meaningful interpolation for broken partial charges. We designate the energetic bal¬

ance for this step as AUt - AUea, and this contribution does not exceed 0.5 MJ/mol atom for a

small electroneutral structural unit, as we will point out below (Section 3.2). In steps 4 and 5,

the gaseous ions condense to form the solid; we separate the cohesive energy into two parts. In

step 4, only the electrostatic energy AHel resulting from the partial charges is released. It can

be calculated according to eq 1. In step 5, the energy contribution AHcov of localized bonding

is added.

Table 3: Atomization enthalpy (in MJ/mol atoms) and the first three ionization

energies (in MJ/mol atoms) for Mg, Al, Si, and related elements in the periodic

table (ref. 34).

Element Wat Af/; AU1! AUm

Li 0.16 0.52 7.30 11.81

Be 0.32 0.90 1.76 14.85

B 0.57 0.80 2.43 3.66

C 0.72 1.09 2.35 4.62

Na 0.11 0.50 4.56 6.91

Mg 0.15 0.74 1.45 7.73

Al 0.33 0.58 1.82 2.74

Si 0.45 0.79 1.58 3.23

P 0.32 1.01 1.90 2.91

K 0.09 0.42 3.05 4.41

Ca 0.18 0.59 1.15 4.91

Zn 0.13 0.91 1.73 3.83

Ga 0.27 0.58 1.98 2.96

Ge 0.37 0.76 1.54 3.30

As 0.30 0.94 1.80 2.74
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2. Reliable Simple Energy Models

Table 4: Atomization enthalpies and electron

affinities of some nonmetals (in MJ/mol atoms).

Row Element A^a AU
b

ea

N 0.47 0.01

-0.67

N1-

N2"

2 0 0.25 0.14

-0.74

o1-

o2-

F 0.08 0.32

3 Cl 0.12 0.35

4 Br 0.11 0.33

5 I 0.11 0.30

a Ref. 34.
b
Ref. 40.

Every step in the cycle is taken reversibly and the cycle leads back to the starting material. Thus,

the sum of changes of the thermodynamic state functions over all steps, such as internal energy

U, enthalpy H, entropy S, and Gibbs' energy G, amounts to zero:

£A£/, = £AZ7, = £AS, = £AG, = 0. (2)

/ / / /

The enthalpy of formation for a compound is contained in steps 2 to 5,

AHf=AHat + (AU,-AUea) + AHel + AHcov, (3)

and can be divided into the "ascending" and "descending" pathway in Figure 1. The process of

atomization and ionization requires energy. The cohesive process delivers electrostatic and cov¬

alent lattice energy to the environment.

AHat signifies a purely covalent energy, since no charge separation exists between atoms ofthe

same element, and the atomization enthalpy contributes fully in every cycle. In contrast,

(AUt - AUea) is caused by charge transfer between a group of isolated atoms; this energy is

determined by the true partial charges in the compound. Upon condensation, the electrostatic
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2. Reliable Simple Energy Models

energy of ionization is returned as electrostatic lattice energy AHel for the entire crystal; it may

be calculated according to eq 1. Finally, the covalent energy of atomization is recuperated as

covalent lattice energy AHcov, but the magnitude depends on the number of valence electrons

available after ionization and the electronic structure (orbitals, coordination in the solid). Alto¬

gether, there are two ionic contributions, namely, ionization of single atoms in step 3 vs the elec¬

trostatic energy of the entire lattice in step 4, as well as two covalent contributions, namely,

cleavage of homoatomic bonds in step 2 vs forming (partial) heteroatomic bonds in step 5.

The extent of covalent and of electrostatic contributions to bonding is determined by the relative

values of the atomization energy (see Figure 2) and the ionization energy/electron affinity

(AUt -AUea, see Tables 3 and 4):

(1) If the atomization energies of the constituent atoms are small, no significant covalent bond¬

ing is possible a priori and the cohesive energy of a stable solid must be primarily ionic, e. g.,

in alkali halides. In case the ionization energies and the negative electron affinities are too high,

little driving force for compound formation remains, e. g., for noble gas compounds.

(2) If the atomization energies of the constituent atoms are high, this covalent potential helps in

the condensation process (step 5 in Figure 1). It will be complemented by a degree of ionic

bonding, depending on (AUt- AUea). However, strong electrostatic bonding is limited be¬

cause it diminishes the available valence electron density for beneficial localized bonding. This

is the case, e. g., for carbon compounds or certain transition metal compounds (see Figure 2).
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2. Reliable Simple Energy Models

In order to calculate atomic charges from the extended Born cycle, we need to quantify the cov¬

alent cohesive energy. AHcov can be crudely estimated as the part of the atomization energy

AHat that formally remains after ionization (step 3) when accordingly less valence electrons are

available. Then we know more or less exactly the energies for all steps from 1 through 5 as a

function of the atomic charges, and satisfaction of eq 3 yields the right values for the partial

charges. However, we will not rely on this approach for direct calculations because the uncer¬

tainty of AHcov and also of AHel according to eq 1 is too high. We employ available reference

compounds instead (see Table 1), taking advantage of accurate experimental charge determina¬

tions. Our assessment of the quantities in the extended Born cycle and the semiquantitative re¬

lations are a solid basis to derive accurate atomic charges for related compounds. In addition,

often macroscopic properties such as melting points or solubilities give indications about partial

charges. For the determination of partial charges within a compound or a structural unit in rela¬

tion to reference compounds, Table 5 lists the indicators in roughly decreasing order of impor¬

tance.

Table 5: Indicators for partial charges in polar solids, in order of decreasing relevance.

ionic bonding covalent bonding

atomization enthalpy AHat small

(<0.2 MJ/mol atom)

large

ionization energies and electron affin- small large

ity(A^-A£/ea) (A£/[<0.8 MJ/mol or

^ea > 0.2 MJ/mol)

polarizability small large

coordination numbers in equal elec¬ large small

tronic configurations

preferred solvents polar nonpolar

melting points of compounds with low high low

AHat (only AHel prevents melting)

dipole moments (when no vectorial large small

cancellation)
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2. Reliable Simple Energy Models

2.3. Periodic Trends in Partial Charge Assignments

2.3.1. Alkali Halides Revisited: Covalent Bonding Contributions

It is worthwile to look at the alkali halides again, which were the subject of Born's study. Rel¬

atively few experimental electron density determinations have been performed (see Table 1).

The charges of alkali halide molecules in the gas phase are better known, based on dipole mo-

ments, and likely to correlate with the corresponding point charges in solids (since the crystal

structures are often almost identical). From these results, we conclude that LiF, NaF, KF, NaCl,

KCl, and perhaps RbCl have a cation charge greater than +0.95, while the cation charge of the

remaining alkali halides is smaller down to a minimum near +0.67 for Lil. This trend correlates

with a decrease of melting points (see Table 6). With a larger cation or anion, e. g., Rb, Cs, Br,

or I, the higher polarizability will introduce important covalent bonding contributions. In con¬

clusion, only a minority of the solid alkali halides has full formal charges.

Table 6: Melting points of some metal halides in K (ref. 34). Substantially lower melting

points relative to KF, NaCl, or CaF2 within a related group indicate lower partial charges

compared to the formal charges (see text).

Group la Ha lib Ilia

Element Li Na K Rb Be Mg Ca Sr Zn Al

Fluoride

Chloride

1121

883

1269

1073

1131

1044

1106

988

825

688

1536 1691

987 1048

1750

1147

1145

548

1563

465

With given partial charges, the covalent cohesive energy AHcoy (see Figure 1) can be calculated

using eq 1 and eq 3. We illustrate this for the example of Lil with atomic charges of +0.67 (see

Table 1). Using the Madelung constant a = 1.748 for a 6:6 lattice, r0
= 301 pm, and

n = 9, we obtain an electrostatic cohesive energy of AHel = -0.32 MJ/mol from eq 1. The

enthalpy of formation is AHr = -0.270 MJ/mol, the total atomization energy AHat = 0.27

MJ/mol (see Tables 3 and 4). The energy for the partial ionization is obtained by scaling the first

ionization potential of Li and the electron affinity of I with the corresponding charge of 0.67

(see Table 4): AUrAUea = 0.67(0.52-0.30) MJ/mol = 0.15 MJ/mol. Using eq 3, we obtain

AHcov = -0.37 MJ/mol. The cohesive energy for Lil, AHel + AHcov = -0.69 MJ/mol, is

therefore roughly 50 % covalent.
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2. Reliable Simple Energy Models

2.3.2. GeneralPeriodic Trends

We will now discuss in more detail the main indicators for assigning partial charges (see Table

5). Thereby we collect already some results for use in section 2.4.

Atomization enthalpies. The most apparent criterion to evaluate the extent of covalent bonding

in solids are the atomization enthalpies ofthe elements (see Figure 2). Although there are cor¬

relations with ionization energies and electron affinities, elements ofthe largest atomization en¬

thalpies have the smallest partial charges and the strongest covalent character; they are

chemically relatively inert and form a wide variety of stable compounds. Examples are C, B, N,

and Si from the main group, as well as several J-electron metals, which may also form multiple

bonds with carbon. The chemistry ofthese elements is dominated by the high number of avail¬

able valence electrons. On the other side, alkali metals and the halogens with the smallest atom¬

ization enthalpies have the largest charges and prefer ionic lattices; they are very reactive and

yield a much smaller number of compounds. These tendencies are linked to the number of va¬

lence electrons. When there is only one valence electron available to create covalent bonds to

twelve neighbors, e. g., in solid alkali metals, the bonding forces are weak and, consequently,

the melting points are low. In alkali halides with coordination numbers of six or eight, only the

possibility of ionization and subsequent strong Coulomb attraction stabilizes the compounds.

With increasing atom size and polarizability, as well as available J-orbitals for interaction, the

covalent character may increase to become equal to the electrostatic, as shown above for Lil,

although atomization energies, ionization potentials, and electron affinities are almost the same

(even with a small tendency of diminution, see Tables 3 and 4). Another example for the corre¬

lation of atomization energy with covalent bonding tendency is the trend from the alkali metals

towards earth alkali metals and from halogens towards chalkogens. The atomization energy in¬

creases in both cases (see Figure 2, Tables 3 and 4) and the concomitant increase in covalent

character is illustrated by the emergence of relatively stable organometallic compounds (Grig-

nard reagents) and polymeric structures (BeCl2), as well as from the lower electron affinity of

O (see Table 4) with a maximum at a negative charge of -0.6 to -0.7. Full formal charges

are disfavoured and the tendency of covalent bonding increases when there are more bonding

electrons available. The electron-density analysis ofMgO shows partial charges distinctly lower
c i o

than ±2 (see Table 1), while the isoelectronic NaF is fully ionic.
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2. Reliable Simple Energy Models

Ionization Enthalpies andElectron Affinities. Changes in ionization enthalpies and electron af¬

finities within a row or a column of the periodic table affect the charges. If the ionization en¬

thalpy increases significantly, the partial charges decrease. This can be illustrated by the sum of

the two first ionization energies of Ca, Mg, and Be: 1.74, 2.19, 2.66 MJ/mol. CaF2 has full

charges of+2 and -1 (see Table 1), but its high melting point drops a little towards MgF2 and

sharply towards BeF2 (see Table 6). The same trend appears for the respective chlorides. The

conclusion is that MgF2 has a slightly decreased charge of 1.8, and we may assume a low charge
AS)

around 1.0 for BeF2, which has the same structure as quartz, Si02. Support comes also from

the change in coordination numbers from 8:4 via 6:3 towards 4:2 and the relative increase of

(AHat + AU] + AU11) from CaF2 to BeF2 (1.93, 2.35 and 2.98 MJ/mol). The partial charges in

the corresponding earth alkali chlorides are presumably around 1.3 due to their generally lower

melting points and concomitantly different crystal structure. The Be point charge is probably as

low as +0.8 in BeCl2, which forms a covalent polymeric (BeCl2)x chain structure. The small

partial charges on beryllium are also supported by the amphoteric behaviour of the hydroxide

Be(OH)2 in relation to the increasing basicity of the hydroxides of Mg, Ca, Sr, and Ba.

Similarly, a strongly negative electron affinity, e. g., -0.74 MJ/mol for O (see Table 4), disfa¬

vours a high negative charge of -2.0, even if the counterion is an alkali metal. The main differ¬

ence between oxides and halides is that oxygen has a maximum of its electron affinity of about

0.2 MJ/mol for a charge between -0.6 to -0.7 while the electron affinity for halogens is high¬

est for a full negative charge of -1 (see Table 4). If oxygen accomodates a charge of -2, 0.6

MJ/mol are required while two halide ions with charges of -1 yield 0.65 MJ/mol. Therefore,

oxygen preserves always some covalent bonding while there is a strong tendency towards

modest negative charges. The trend to covalent bonding is reflected in the higher atomization

enthalpy.

Polarizability. The polarizability ofnonmétais increases with larger row number in the periodic

table, which is associated with a drop in their first ionization energy. There is a particular gap

from the second to the third row that makes any compounds with CI or Br more covalent than

compounds with F. From dipole moments, e. g., we obtain partial charges of carbon in CH2F2,

(H2CO)3 (trioxane), and CH2C12 of+0.52, +0.39, and +0.34, respectively.
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As a conclusion of the previous arguments, elementary charges larger than +2 or -2 are very

unlikely and rather give yield to bond formation. Compounds from elements, which can donate

or accept more than two valence electrons, gain their cohesive energies mainly from covalent

bonding contributions (see the larger atomization energies in Figure 2). The electrostatic com¬

ponent, however, is important and can be described on the basis of atomic charges.

2.4. The Atomic Charges in Mica, Montmorillonite, and Tetraalkylammonium Ions

We consider these laminated silicates as examples because they are standard substrates in nu-

i^ iQ oo o'x OQ 'x^ ^^* 'xn ao

merous experimental and theoretical investigations (see Chapter 4). ' ' ' 'Ay'3^ ^,^', ^ jn

order to derive all partial charges, a good understanding of the structural units in the minerals is

necessary. The general formula for muscovite mica is K[AlSi308][Al404(OH)4][08Si3Al]K

and for a typical Na-montmorillonite Na04[Si4O8][Al3 2Mg0 804(OH)4][08Si4]Nao4.35 The

formulas are written in this order to illustrate the three consecutive layers that constitute one la-

mella ofthese layered silicates. Firstly, there is a tetrahedral layer, which has the composition

of silicon dioxide. In case of mica, one out of four silicon atoms is replaced by aluminum. Sec¬

ondly, oxygen atoms that point from the even surface of this tetrahedral layer to the lamella

center connect with the aluminum atoms of an internal octahedral aluminum oxide-hydroxide

layer; in case of montmorillonite, some aluminum is replaced here by magnesium. Thirdly, this

layer with octahedral coordination of the Al or Mg is in turn connected to another tetrahedral

layer, which is identical in composition to the first. The rigid unit of the three discussed layers

forms a sandwich-like lamella. Between such lamellas sit the alkali counterions, and the alkali

amount matches the charge-deficiency, which is caused by the metal replacements Si —» Al or

Al —» Mg, respectively, within the lamellas. In this manner, the minerals form two-dimension-

ally extended sheets that are stacked on each other (see Section 4.2, Figure 7 for mica). Because

montmorillonite has relatively few alkali ions between the polar surfaces of its sheets, many wa¬

ter molecules are normally intercalated.

For atomic charge assignments, we consider first the unsubstituted tetrahedral and octahedral

layers. The tetrahedral layer contains Si in tetrahedral oxygen coordination, like in Si02, and no

reliable experimetal values for partial charges have been obtained. The octahedral layer con¬

tains Al in octahedral oxygen coordination, as well as hydroxyl hydrogen (like in AIO(OH)),

and some experimental data are available (see Table 2). After we have obtained the estimates

for the unsubstituted tetrahedral and octahedral layers, we will consider the local charge imbal-
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ances by Si —» Al and Al —» Mg substitution. Additional reassurance for our charge estimates

is also sought from the general chemistry of the elements ' ' because physical properties

and most reactions depend on the polarity.

2.4.1. Charges in the Unsubstituted Tetrahedral and Octahedral Layers

(1) For Si02, the sum of atomization energies (0.95 MJ/mol), the first two ionization energies

for Si (2.37 MJ/mol), and the negative electron affinity for 2 O at a charge of -1 (-0.28 MJ/

mol) is siginificantly higher than for heavier earth alkali fluorides and chlorides (3.04 vs 1.4-1.9

MJ/mol, see Tables 3 and 4). MgF2 was shown (see Section 3.2) to have a metal charge around

+1.8. The remaining covalent bonding in Si02 AHcov « -1/2 • AHat « -0.5 MJ/mol compared

to ~0 MJ/mol in MgF2 does not outweigh the gap between 3.0 and -1.8 MJ/mol. This implies

the Si charge in Si02 to be distinctly smaller than +1.8. Moreover, for Si02, the sum of atomi¬

zation energies (0.95 MJ/mol), the first ionization energy for Si (0.79 MJ/mol) and the corre¬

sponding negative electron affinity for 20 (-0.28 MJ/mol; recall from Section 3.2 that for a

partial charge of -0.5 the O electron affinity is -0.14 MJ/mol) is also higher than in heavier

earth alkali halides (1.46 vs -0.7 MJ/mol). The metal charges in the heavier earth alkali fluo¬

rides and chlorides score as high as +1.3 or above (see Section 3.2). The remaining covalent

bonding energy in Si02 at a metal charge of+1 AHcov « -3/4 • AHat « -0.7 MJ/mol compared

to ca. -0.2 MJ/mol for the earth alkali halides accounts for most of the gap between 1.46 and

0.7 MJ/mol. A Si charge somewhat lower than +1.3 and definitely higher than +0.5 can be in¬

ferred. With regard to both statements for cation charges of+2 and+1, we estimate the Si charge

inSiO2as+1.0(±0.2).

(2) Since carbon and silicon are neighbors in the periodic table, a comparison seems useful. A

C-O-C single bond with 142 pm length in dimethylether effects a charge of+0.17 on carbon and

the O-C-0 bonds in cyclic acetals around +0.39, as obtained from dipole moments. If carbon

would be tetrahedrally coordinated by oxygen, its approximate charge might be +0.80. For sil¬

icon with smaller atomization energy and first ionization energy (see Table 3) compared to car¬

bon (1.24 vs 1.81 MJ/mol), the charge should be larger, despite an increased polarizability, at

roughly 1.1 (±0.2).

(3) For an SiO molecule with 151 pm bond length, a charge of+0.43 is found from dipole mo¬

ments. This bond has a slightly larger double bond character than in solid Si02 or aluminosil-
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icates, where the bond length is 161 pm. If we crudely assume additivity, we obtain +0.86 as a

maximum charge for a hypothetical Si02 gas. The charge is increasing when the coordination

number is increased to four in solid silicon dioxide. Such an increase has been estimated to

about 40 %. Therefore, we estimate a Si charge of+1.2 (±0.3).

A'X

(4) BeF2 and Si02 have the same stoichiometry and crystal structure. The Be-F and Si-0 dis¬

tances are both equal to 160 pm. The sum of atomization energies, first ionization energy, and

negative electron affinity for the anions with a charge of -0.5 each is slighly larger for Si02

(1.44 vs 1.06 MJ/mol). This difference equals roughly the difference in "remaining" atomiza¬

tion energy for that charge (0.75 AHat(Si + 02) - 0.5 AHat(Be + F2) = 0.46 MJ/mol ), which is

a measure of the higher covalent contribution in Si02. Therefore, we assume the same partial

charge of+1.0 (±0.3) for Si as +1.0 for Be (see section 2.3.2).

(5) Considering Zn compounds, the melting points indicate significant covalent character, es¬

pecially relative to CaF2 with a partial charge of+2.0 for Ca (see Table 6). The partial charge

may be +1.4 in ZnF2, which coordinates octahedrally and is hygroscopic, but only +0.7 in

ZnCl2, which coordinates tetrahedrally and is soluble in organic solvents. Since the sum of at¬

omization and ionization energies for Zn is similar to that for Si and Al (see Table 3), we assume

similar atomic charges. We also consider that oxygen has a slightly higher atomization energy

than fluorine and is less polarizable than chlorine. This suggests a charge near +1.1 (±0.3) for

Si in Si02.

(6) Similar relationships are found for the Al halides. A1F3 melts at a temperature similar to

A O

MgF2, and the metal in both compounds coordinates octahedrally. MgF2 has a charge of+1.8

(see section 2.3.2). Atomization enthalpy plus the first two ionization energies are slightly larger

for Al than for Mg (2.73 vs 2.34 MJ/mol). The influence of the additional F atomization and

electron affinity is small (see Table 4); thus we assume a slightly reduced charge of+1.6 in

A1F3. The aluminum chloride melts significantly lower (see Table 6), due to a change of the

coordination number from six to four while melting and a predominantly covalent character. It

A Q

is soluble in benzene and chloroform; the Al charge is likely to be +0.8, accordingly. Since

the metal-nonmetal bond lengths for MgF2, A1F3, and octahedrally coordinated AIO(OH) are

very similar, and oxygen is slightly more covalent than fluorine, we can make a reasonable

estimate for the charge at Al in octahedral O coordination of+1.4 (±0.3).
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From these arguments, we conclude that Si carries a charge of+1.1 in the tetrahedral layer, as

in Si02. The oxygen charge is then -0.55 in the tetrahedral layer, when it is not bonded to alu¬

minum at the same time.

The Al charge in the octahedral layer is around +1.4 (see argument 6). We can also employ the

observation that charges for Si02 increase by -25% when going from tetrahedral to octahedral

coordination, which makes also sense for similar Al compounds. A tetrahedral Al charge

would be +1.3 compared to +1.1 for Si, taking account of the slightly lower atomization and

ionization energy of Al compared to Si (0.91 vs 1.24 MJ/mol). In the octahedral layer, the

charge should then be near +1.65 and shared between Al and H, because the net formula is (Al

+ H)02. The partial charge for the hydrogen atoms in the AIO(OH) layer can be derived from

dipole moments of gas-phase water and the hydroxyl radical. We obtain H charges of+0.33

and +0.36, respectively, as expected for (AHat + AUt ) between Si and C (see arguments 2 and

3 above). In contrast to water, the hydroxyl oxygen atoms in the minerals are bonded to two

electropositive aluminum atoms, which transfer more electron density to the oxygen than the

second H atom in water. This influence reduces the H charge up to a value of+0.20. Therefore,

we assign a partial charge of+1.45 to Al and one of+0.20 to H. The values are in concordance

with available experimental data (see Table 2); the precision is ±0.1 for Al and slightly better

for H. The oxygen charges are now given by their connectivity and the coordination numbers

of their neighbors. Two thirds of the oxygen atoms in the octahedral layer are bonded to two Al

atoms and one Si atom, one third is bonded to two Al atoms and one H atom. The first set of O

obtains 2/6 of the Al charge plus 1/4 of the Si charge, i. e., -0.75833
,
and the OH oxygens 2/6

of the Al charge plus 1/1 of the H charge, i. e., -0.68333 (see Table 7) (the long fractions serve

the purpose of overall charge neutrality). We could also use a weighted average of -0.73333

for all oxygen atoms in the octahedral layer instead, but the distinction of the two sets of atoms

has a physical background, even though a difference of 0.075 is ofthe same order as the possible

error (see Table 7).
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Table 7: Partial charges for mica, montmorillonite, and tetraalkylammonium

ions (in units of elementary charges). Mica has usually no Mg-defects and

montmorillonite no Al-defects. The unreasonably precise values for oxygen

are given to maintain charge neutrality.

Atom type Charge
Confidence

limit

Tetrahedral layer

Si 1.1 ±0.1

Al-defect 0.8 ±0.2

0 on the surface, -0.55 ±0.1

when bonded to Al-defect -0.78333

Octahedral layer

Al 1.45 ±0.1

Mg-defect 1.1 ±0.2

0 connected to tetrahedral layer, -0.75833 ±0.1

when bonded to Mg-defect -0.86666

0 connected to H, -0.68333 ±0.1

when bonded to Mg-defect -0.79166

H 0.20 ±0.1

Interlayer

Alkali cations (Li+, Na+, K4) 1.0 -0.1

Tetraalkylammonium ions

N -0.10 ±0.1

C connected to ammonium N +0.275a ± 0.025

This charge may be partly spread over adjacent hydrogen atoms.

2.4.2. Local Charge Defects

In the tetrahedral layer of mica, roughly every forth tetrahedral Si atom is replaced by Al. In the

octahedral layer of montmorillonite, roughly every fifth octahedral Al atom is replaced by Mg.

It was verified experimentally that there are no Al-O-Al contacts in the tetrahedral layer of mi-

AH zlS

ca.
' Charge inhomogenities are probably not occuring next to each other because the inter-
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nal energy of the lattice would be increased it is entropically not favored. For the same reason,

Mg-O-Mg contacts in the octahedral layer are unlikely. The A102 and MgO(OH) units are,

therefore, separated from each other by at least one Si or Al atom, respectively, and we can treat

each of the defects independently.

The negative charge on the defect atoms maintains the electronic skeleton of the lattice. To a

significant extent, it is spread out as additional negative charge on the defect-surrouding oxygen

atoms. In case of tetrahedral defects by Si —» Al substitution, we assume that the excess charge

distributes only over the three O neighbors on the surface. These three O atoms are nearer to the

interlayer cations and have smaller partial charges than the fourth, apical O (see section 2.4.1).

In case of octahedral layer defects by Al —» Mg substitution, we assume that the excess charge

is spread evenly over all six O neighbors, because they are located in the geometric center be¬

tween the two adjacent interlayers and all six surrounding oxygen atoms have similar charges

(see Section 2.4.1).

Given the partial charge of 1.1 for Si in the tetrahedral layer and the partial charge of 1.45 for

Al in the octahedral layer, the same covalent contributions in the lattice are made with a partial

charge of 0.1 for an Al-defect and with a partial charge of 0.45 for a Mg-defect, respectively.

In these cases, the partial charges on the neighboring oxygen atoms remain the same as without

substitution. The electrostatic contribution in the defects, however, is reduced drastically com¬

pared to the unsubstituted lattice because it is directly proportional to the partial charge. We sug¬

gest that the defect-metals are increasing their partial charge until a balance of the increasing

ionic contribution and the decreasing covalent contribution is reached. During this imagined

equilibration, the charge ofthe affected bonded oxygen atoms rises above the non-defect values.

Due to the slight decrease of atomization energy and first ionization energy from Si to Al, the

maximum charge for Al-defects is +1.3 instead of+ 1.1 for Si. A similar trend is found from Al

to Mg. The sum of atomization energy and the first two ionization energies decreases (see Table

3), thus the maximum charge for Mg-defects will be +1.6 instead of+1.45. In case ofthese max¬

imum charges, however, the charge difference of -1.2 towards optimum covalent bonding

would be spread as excessive charge on the neighboring oxygen atoms, which is partly unfa¬

vourable. Additionally, the ability of covalent bonding is increasingly lost.
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Balancing the covalent and somewhat stronger ionic contributions yields a partial charge of

+0.8 for Al-defects and one of+1.1 for Mg-defects. We estimate the reliability at least as ±0.2.

The charge of the three considered oxygen neighbors of Al-defects is then

-0.55—:—-——= -0.78333
. Similarly, the charge of the six oxygen atoms connected to Mg-

defects will be -0.86666 when connected to the tetrahedral layer and -0.79166 when part of a

hydroxyl group.

All charges for the mica and montmorillonite constituents are summarized in Table 7. Musco¬

vite mica usually has no Mg-defects in the octahedral layer and montmorillonite no Al-defects

in the tetrahedral layer, in accord with the chemical formula.

2.4.3. The Charges in Tetraalkylammonium Ions

Tetraalkylammonium ions are often used to modify mineral surfaces ' and in related simu¬

lations. Strongly negative nitrogen charges such as -0.63 or values in excess of -0.4 with the

methods in Table 2 are commonly employed. This seems somewhat surprising because the ions

have an overall positive charge. The dipole moment of neutral trimethylamine, N(CH3)3,
S9

yields a partial charge of only -0.28 on the nitrogen and qc
= +0.093 on each carbon atom.

The nitrogen charge would be even closer to zero when the dipole length is extended by spread¬

ing some positive charge further over the hydrogen atoms.

A tetraalkylammonium cation can be constructed by attachment of a positively charged carbo-

cation to the nitrogen of N(CH3)3. The incoming positive charge from the carbocation spreads

out to the nitrogen atom and the three carbon atoms of trimethylamine, so that all four carbon

atoms have finally the same charge. Assuming that nitrogen and the three carbon atoms with

initial charge qc in trimethylamine take up the same partial charge x from the added carboca¬

tion, we obtain for the final carbon charge qc,
=

qc + x = 1 - 4x. The result is a final carbon

charge of+0.275 and a nitrogen charge of -0.10 in the tetraalkylammonium ion. Nitrogen may

indeed transfer slightly more or less electron density than the three carbon atoms of trimethyl¬

amine. However, the result is precise to ±0.1 for nitrogen and suggests that a misleading value

of -0.6 may affect interfacial simulations noticeably.
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2.5. Summary

In this part, we pointed out a way for realistic assignments of partial charges in atomistic simu¬

lations, which has often involved significant errors. We extended the Born cycle for the descrip¬

tion of bonding in any compound, providing a simple physical basis for covalent and ionic

bonding contributions. Using the readily available atomization and ionization energies ofthe el¬

ements, together with other basic properties, partial charges can be determined relative to avail¬

able reference compounds. The precision is higher than with present-day DFT or ab-initio

methods and no time-consuming computations are required.

Our considerations may be applied across the entire periodic table. We witness that earth alkali

ions and even alkali ions have substantial amounts of localized bonding in numerous com¬

pounds. We exemplified our charge assignments for mica, montmorillonite, and tetraalkylam¬

monium ions. In the correlations of AHat and (AUt- AUea) with partial charges for

compounds of similar polarity, a difference of+0.1 to +0.2 MJ/mol per metal atom indicates a

partial charge that is -0.1 elementary units lower. Our derived atomic charges have a standard

deviation of ca. ±0.1. Local charge defects can be described by balancing the covalent and elec¬

trostatic disturbances in the electronic skeleton with an accuracy of ca. ±0.2.
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3. Reliability of Energy Models

3.1. Preface

A solvent-induced UV/Vis spectral red shift is due to the lowering of the transition energy be¬

tween the ground and the excited state of a chromophore, caused by interactions ofthe chromo-

phore-bearing (solute) molecule with the solvent molecules. We restrict ourselves to the case of

k —» k* transitions of aromatic chromophores in nonpolar solvents, in which permanent elec¬

trostatic interactions and hydrogen bonding are absent and where, therefore, the predominant

interaction is dispersive. For the shifts in UV spectra of aromatic chromophores, environments

9 (~\ 7 10 1

of noble gases, of alkanes, and of polymeric nonpolar media have been the primary tar¬

gets in previous studies; several models have been proposed, ' and considerable experi-
9 A 1 (~\ 9A

mental data, mostly on chromophores in alkane crystals, have been collected. '

Nevertheless, the theoretical concepts are far from simple and the concomitant computational

approaches are difficult.

If we consider just one solvent unit, which may be a single atom in the simplest case, this unit

is interacting with the dye molecule in its ground state and (after excitation) in its excited state.

The only difference between the two states is the promotion of one electron from the HOMO

into the LUMO. Since we consider a single electron to be promoted, the only possible cause for

the spectral red shift must be a solvent-induced change in the dispersive interaction of this elec¬

tron with the solvent unit that cannot be the same for the HOMO and the LUMO, since other¬

wise they would cancel. Since the direction of the spectral shift is always towards lower

energies and dispersive energies are always stabilizing, we conclude that the electron in its ex¬

cited state (LUMO) has a stronger dispersive interaction with the solvent unit than in the ground

state (HOMO). It is often assumed that this is due to a higher diffusivity of the electron density

within the LUMO; this idea is at the heart of the present treatment and is represented in Figure

3. The spectral shift, 8E, is the difference of the dispersive energy between the solvent and the

dye molecule with one electron promoted into the LUMO, ôElQ, and with the electron in the

HOMO, 5E00 :

5E = 5El0-5E00. (4)
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LUMO
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HOMO
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Figure 3. The relative energies ofHOMO and LUMO of the solute molecule in vacuum and in

a solvent matrix. Solvation lowers the energy through dispersive interactions, which are greater

for the LUMO.

Here, our goal is to develop a quantitative understanding of environmental effects on these en¬

ergies and thereby to obtain a simple, yet accurate method of estimating the most bathochromic

k —» k* transition of an aromatic chromophore in apolar surrounding.

3.2. Critical Review on Calculations of Dispersive Interactions with Perturbation Theory

The earliest approach for the calculation of UV/Vis spectral shifts is that of Longuet-Higgins
1 9

and Pople, who used time-independent perturbation theory for the description of dispersive

interactions. Shalev et. al. extended this work. The dispersive energy arises from fluctuating

dipole moments of the otherwise nonpolar molecules. This temporary dipole-dipole interaction

energy is contained in the perturbation Hamiltonian, H'. Assuming point-like atom-based di-

_3

poles, their pair-wise interaction energy varies like r
,
where r is the distance between the

centers of the two dipoles. In fact, this interaction energy depends on the orientation of the two

dipoles at small and medium distances and converges to an r distance dependence when the

9 ^ 9£*

distance is ~6 times the dipole length or more.
' In either case the first order correction to

the energy,

E{1) = (A0B0\H'\A0B0) , (5)
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is zero because the expectation values of the dipole moment operators in H' are zero for non-

polar atoms in their ground state. The second order correction to the energy, when both atoms

are in the ground state, is given by

E(2) =

(AMH'A^XA^H'AM
L 2- -(E+Fk)

K )

where E and Fk are the energies of the atoms A and B in theiry'-th and k-th state. The dipolar
3 1. 19

interaction was usually approximated as an r distance dependence, ' and the closure

97

approximation for the excited-state energies of atoms A and B yields directly London's for¬

mula for dispersive interactions (see ref. 27 for details):

E(2) oc
^2

. (7)
6

r

However, as we pointed out, the dipole-dipole energy falls off as r at long ranges so that

-12

perturbation theory actually yields a strange r distance dependence by the same procedure.

Therefore, perturbation theory might not be a suitable approach to calculate such energies. Eq

7 or similar expressions relate to the dispersive energy between two atoms. The same approach

can be used to obtain the dispersive energy of molecules, but the entire chromophore has to be

considered instead of atom A and a solvent unit in the place of atom B. For the chromophore,

the total wave function is split into a linear combination of all atomic orbitals although this dis¬

connects the included atoms. For the solvent, quasi-spherical entities with an "atomic" wave

function are considered, e. g., a methyl group or a methylene group. The spectral shift from eq

4 with the two dispersion energies from the excited state i and the ground state 0 of the solute

molecule^, assuming the perturbation approach, is:

{ABAH'AB,)2 (A^BAH'AB,)2
5£R = (5£,n

-

ÔEoo)^ = y y -^—i_j_JL
-

y y 1_2_°!—Ll_ËL (g)

B v ,o oo;B Zu Zu E-Œ+FA L L -(E+FA
KJ

This is the spectral shift caused by one solvent unit B; to obtain the total spectral shift, one must

add the contributions of all solvent units.

If eq 8 is implemented, the following needs to be considered: (1) The distance dependence for

intermediate-range intermolecular interactions is better approximated by an r dependence

than by one that goes as r (London's formula). Also, the obtained r distance dependence
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with perturbation theory is quite arbitrary, as discussed above. Some theories are based on the

r dependence for long-range dispersive interactions ' ' ' ' but are, generally speaking,
_4

not very accurate. An r dependence has been shown several times to better represent the in-

i r o ^q zj.
termediate range interactions. ' ' ' In what follows, we will also assume that an r depend¬

ence is better (trials of the method described below with an r dependence yield less

satisfactory results). (2) By inserting the LCAO expansion of a complex chromophore ' into

the perturbation expression eq 8, one explicitly considers only two-atom interactions (the treat¬

ment was initially formulated for the interaction of two atoms). However, an aromatic chromo¬

phore has delocalized % electrons, the polarizability of which is strongly anisotropic and

dependent on the environment. The derealization of the electrons between the atoms or the ex-

4
istence of nodal planes are not considered. (3) The evaluation of eq 8 then yields n terms in

the summation, when n is the number of terms in the LCAO expansion — all the two-body in¬

teractions, which incorporate one solute atom and the solvent unit, and, in addition, a large

number ofthree-body interactions, ' which incorporate all possible pairs of atoms in the solute

molecule and the solvent unit. The two-body terms are proportional to the square of the orbital

coefficient on one solute atom, i.e., to the local electron density. The three-body terms have no

explicit physical meaning because they contain products of orbital coefficients at both solute at¬

oms, each of them belonging to a different state, and comprise somewhat arbitrary geometry

factors. These three-body terms constitute an essential part in this approach, even though a

physical justification has never been given. ' ' ' (4) The evaluation of the matrix elements in

eq 8 with appropiate electrostatic potentials is almost impossible, especially considering the nu¬

merous two-body and three-body terms arising from the LCAO expansion. A simple two-atom

1 4
interaction with n terms instead of n (see Section 3.5.2) gives results of the same precision.

(5) From the computational point of view, the perturbation approach is not efficient. For a

chromophore such as perylene, for instance, 92 states would have to be included in the LCAO

expansion and all of them would have to be used in the calculations. Overall, more than 10

terms in the perturbation summation eq 8 must be computed per solvent unit ' whereas our

method featured below requires only 40 terms per solvent unit and is more accurate (see Table

11).

In conclusion, the approach of Shalev and Jortner et. al. can hardly be recommended because

an excessive number of matrix elements in eq 8 is required that are of uncertain physical mean¬

ing and are evaluated with several arbitrary scalings, as well as an r distance dependence of
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the dispersive energy (see the details in ref. 3). The underlying concept in perturbation theory

that the (dispersive) interaction energy is summed over any possible combinations of states of

each of the two atoms is only a postulate. We evaluate the dispersive energies in eq 4 in a direct

_4

way (see below): using an r distance dependence of the dispersive energy and employing ex¬

plicit polarizabilities at the locations of measurable electron density, taking into account the

shape ofthe electron clouds (which is not the case with perturbation approaches). Ajustification
_3

may be as follows. As a direct consequence of the Coulomb-law, we obtain an r distance de¬

pendence of the energy between two permanent dipoles for short ranges (distance ~ dipole

length) and an r distance dependence between two permanent dipoles at long distances (dis-
9£*

tance > 6 x dipole length). If, therefore, our two atoms or electron clouds can be understood

as two weak permanent dipoles, the interaction energy in a medium distance range might be pro-

-4 4

portional to r so that E <x aAaB/r .
Some other methods, based on "single-centre" molecular

9 A

polarizabilities, '

are even less demanding computationally, although their precision is also

considerably smaller. Nevertheless, Adams and Stratt ' have obtained good results for benzene

approximated as a spherically-symmetric solute.

3.3. Systems Considered and Methods Employed

3.3.1. The Chromophore-alkane System

The systems considered here are (1) inclusion sites of perylene in solid w-alkanes, and (2) dilute

solutions of perylene in liquid w-alkanes.
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Figure 4. The numbering system employed for perylene and its orbital coefficients for HOMO

and LUMO. The absolute values of the orbital coefficients at the atoms 1 to 4 are denoted cl to

c4, at all other atoms they are obtained by symmetry. Their relative signs can be derived from

the MO pictures in Figure 3. The LUMO coefficients are multiplied with a factor x to account

for the increased polarizability of the electrons in the excited state (see text).

(1) In solid w-hexane, a perylene molecule (see Figure 4) can be inserted into the lattice by re¬

placing two alkane molecules so that the molecular plane of perylene is either parallel to the be

or to the ab plane of the crystal axis system. If it is parallel to the be plane, the long axis of

perylene has two possible orientations: it can be parallel to the long axis (b axis) of the lattice,

corresponding to inclusion "site 1", or rotated against it by 60°, corresponding to the inclusion

"site 2". If it is parallel to the ab plane, the long axis of perylene is parallel to the b axis, yielding

inclusion "site 3". These sites are very well defined in the total luminescence spectra (TLS, see

Section 3.3.3). Leontidis et al. have shown that for higher w-alkanes, inclusion site 1 exists and

corresponds to a sharp, intense peak in the TL spectrum, but that there are no clearly identified

arrangements corresponding to sites 2 and 3; instead, we find an ill-defined inclusion site with

a considerably lower spectral shift and only a weak structural analogy to site 3. We employ the

well-defined sites, the three sites in w-hexane and sites 1 of «-heptane to w-nonane to test the

model developed.
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(2) In solution, the molecular environment of any molecule is relatively vaguely defined. We

consider the spectral shift of perylene in dilute solutions ofw-alkanes with 6 to 10 carbon atoms,

estimated from a number of thermalized snap-shots for every system and compared to experi¬

mental values (see Section 3.3.3).

3.3.2. Molecular Modeling

The Shpol'skii (solid inclusion) systems of perylene in w-alkanes were modeled starting with

crystals defined by periodic boxes of 300 to 400 alkane molecules; room for a single perylene

inclusion was obtained by replacing two or three ofthe alkane molecules, depending on the spe¬

cific inclusion site studied. All molecular simulations were carried out with the Discover

o

program and the Insight 400 graphic interface. The energy ofthe generated structures were first

minimized by molecular mechanics, then the solid was equilibrated by NVT molecular dynam¬

ics for about 40 ps (time step 1 fs, Verlet's integrator, temperature control by velocity scaling).

During the next 50 ps, 100 snapshots were collected and for each of them, the spectral shift for

perylene estimated. The final values are the averages of those spectral shifts.

The dilute solution systems were constructed by placing 60 «-alkane molecules and one peryl¬

ene molecule in a cubic cell with the overall density of the liquid n-alkane at 300 K and 1 bar.

After energy minimization, the system was exposed to NVT and NpT molecular dynamics for

600 to 1000 ps, and during the next 200 ps, 100 snapshots are taken to calculate the spectral

shifts (for the NpT simulations, Andersen's manostat was used with a cell mass of 100 and a

pressure of 0.16 GPa to maintain the density). During the sampling interval, the molecules on

average diffuse about three to six times the box edge length; the calculated shifts for each snap¬

shot are not noticeably correlated. The spectral shifts obtained through NpT and NVT simula¬

tion are not significantly different.

3.3.3. Experimental

The spectral shifts for the solid inclusion sites, measured with total luminescence spectroscopy

S IQ 9^ 9A 9Q

(TLS), have all been taken from the literature. ' ' ' ' The spectral shifts in the dilute al¬

kane solutions were measured using a LAMBDA 9 Perkin-Elmer UV/VIS/NIR spectrometer

with a slit width of 0.5 nm. The solutions had a concentration of about 1.5 • 10 M. At this con¬

centration we assume that % -stacking interactions due to mutual instantaneous polarization of

perylene molecules do not frequently occur. The results are included in Table 11.
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3.4. The Electronic States

3.4.1. Aromatic Solute

We employ a standard semi-empirical method, appropriate for the chromophore in question

(perylene), such as the Hiickel method, Extended Hiickel method, MNDO, or AMI. From

these we obtain for each electronic state its symmetry, its energy, and its orbital coefficients (the

square of which represents the electron density at each atom). It has to be decided, which elec¬

trons exert influence in the excitation process. The wave function ofthe solute molecule written

as a linear combination of atomic orbitals is

*total = ECA> + ECA = *a + ** (9)

i J

where the §G are the atomic orbitals of the s electrons and the §n are those of the k electrons.

All semi-empirical methods surmise that for any ofthe states, the contribution ofthe s electrons,

YCT, is orthogonal to that of the k electrons, xü% ((YJ^} = 0 ). Thus, there will be no chang¬

es in the distribution of the s electrons during a % —» k* transition and the considerations can

be limited to k electrons only. Consequently, it is also possible to ignore all hydrogen atoms on

the aromatic molecule.

It is also unlikely that all k states need to be considered, since we are interested in k —» k* tran¬

sitions only. In order to assess the relevance of particular states, the energy spacings of the k

orbitals around the HOMO and LUMO need to be examined. For our example of perylene, the

corresponding values are listed in Table 8. Here we assign the relative energy 1.0 to the frontier

orbital transition. Table 8 shows that the energy spacing to the neighboring orbitals is of the

same magnitude, which indicates that to a good approximation we can neglect electronic states

other than the HOMO and LUMO for the transition of concern (interestingly, the different semi-

empirical methods give rather different values!). By considering only the HOMO and LUMO,

the problem is considerably reduced.
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Table 8: The relative energy spacing near the frontier orbitals in perylene as given by

various semi-empirical methods.

Extended
7T orbitals considered Hiickel

TT..
. .

MNDO AMI
Huckel

[HOMO - 1] -> HOMO 0.39 0.77 1.41 1.37

HOMO -> LUMO 1.00 1.00 1.00 1.00

LUMO -> [LUMO±l] 0.39 1.08 1.29 1.25

The frontier orbitals of perylene are graphically presented in Figure 5. There are nodal planes

along all the principal molecular axes in the HOMO and along two of the principal axes in the

LUMO. Only four different absolute values for the orbital coefficients exist in both states con¬

sidered: these values, Cj to c4, are assigned to carbon atoms 1 to 4 in Figure 4. Their signs can

be taken from the symmetries in Figure 5. In the HOMO, we can distinguish between two types

of electron clouds, each spread over two atoms and occurring four times. In the LUMO, there

are three types of electron clouds, two spread over two atoms and one localized on one atom

only (see Figure 5).
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Figure 5. HOMO (above) and LUMO (below) of perylene. There are two nodal planes along

the long axis of the molecule. In the HOMO, two differently shaped lobes of electron density

can be found that are spread over two atoms. In the LUMO, three different lobes of electron

clouds are observed; one ofthem is localized on one atom only. All these lobes occur repeatedly

for symmetry reasons.

Since the semi-empirical methods do not all give the same results, one must be chosen for a par¬

ticular piece of work. The four principal orbital coefficients are compared in Table 9. The dif¬

ferences between them are not significant, and we found that the particular choice of method

does not change the results of the shift calculations significantly. The Hiickel method was cho¬

sen for its simplicity and because it has no adjustable parameters.
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Table 9: Comparison of the absolute values of the orbital coefficients generated by several

semi-empirical quantum mechanical methods.

coefficient Hiickel Extended MNDO AMI

Hiickela

0.3267 0.3154 0.3186

0.1085 0.1003 0.1007

0.2972 0.2957 0.2943

0.2078 0.2302 0.2274

a
In the ground state.

Consider the difference in the electron distribution between the HOMO and LUMO. If the elec¬

tron densities, represented by the square of the orbital coefficients, are the same at every atom

in both states, the polarizabilities should be similar because the polarizability is dependent on

electron (de)localization. As a result, only a minimal spectral shift would be observed. Because

there are more nodal planes in the LUMO, which tends to increase electron localization, we

might even expect the polarizability to diminish upon excitation and the dispersive stabilization

to be less than in the HOMO, resulting in a positive spectral shift. However, experience shows

that the reverse is true. The cause is probably that LUMO electrons posses a higher energy and

are more delocalized than those in the HOMO. This electron mobility must be perpendicular to

the plane of the aromatic molecule, because horizontally there are more restrictions in space

caused by the extra nodal planes. Thus the anisotropy of the polarizability increases in the ex-

Q 1

cited state. Excited state polarizabilities are not known locally in larger molecules, and only

roughly yet for some complete simple molecules. The simplest way to account for the "dif-

fusivity" of the electrons in the LUMO is to relay on the additional nodal planes. We propose

to include the cross terms cc1 in the normalization of the orbital coefficients,

Zc>+ S c>cj
= 1 (10)

i connected atoms

i and j

which will produce negative contributions for nodal areas between connected atoms, thereby in¬

creasing the orbital coefficients. The scaling factor x for the orbital coefficients derived from eq

10 is:

c2

c3

Ca

0.3283

0.1140

0.2887

0.2143
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x= 1- £ cf] . (11)

I connected atoms

Al i andj

This factor will be used to scale the orbital coefficients of the LUMO relative to the HOMO

(xlumc/xhomo )' ^e coefficients for the HOMO are normalized in the usual way, without

cross terms, and represent the real electron densities. For perylene, we obtain

xlumc/xhomo = 1192
,
i.e., in the LUMO the electrons are roughly 42 % more polarizable

(1.1922 « 1.42 ). It is interesting that even deviations in this ratio from 1.15 to 1.25 do not alter

the results in a significant manner. The experimentally determined polarizability of the whole

perylene molecule in the excited state is indeed 40 % higher than in the ground state.

To sum up, we consider only the k electrons of the chromophore in the frontier orbitals, using

the simple Hiickel-MO scheme. The increased "mobility" of the electrons in the LUMO is esti¬

mated with the aid of cross terms including products of the orbital coefficients.

3.4.2. Solvent

The alkanes in our case are divided into methyl and methylene groups and are treated as quasi-

atoms. This approach works well because the electrons that give rise to dispersive forces are lo¬

calized on these groups. Methyl and methylene groups have different polarizabilities (2.22 and

1.84 Â ). ' The effect of a solvent group on the solute molecule transition is then calculated,

and the contributions of each group are independently summed.

3.5. Computations of Spectral Shifts

For our model case, perylene, the symmetry ofthe electron distribution in the HOMO and in the

LUMO are first calculated plus the numerical values for the four distinct orbital coefficients.

Bond polarizabilities are then taken from the literature to describe the direction-dependent po¬

larizabilities of the various electron clouds in the frontier orbitals. This and the geometry of the

system allow then to compute the dispersive interaction between the electron clouds and the sol¬

vent units. This procedure is executed for all relevant electron clouds in the HOMO and LUMO,

yielding the dispersion energies in both electronic states. The desired red shift is finally calcu¬

lated using eq 4.
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The dispersion energy between one solvent moleculeB and the solute molecule^ is given by

&Ed = -tonZlT > (12)

i rA,B

where the summation over i comprises all carbon atoms ofA and al is the polarizability at atom

i. The distance dependence for medium-range dispersion forces was discussed in Section 3.2;

all alkyl groups with a distance of more than 1000 pm will be omitted since their contribution

to the shift is not significant. The value of al is calculated using bond polarizabilities from the

literature, '

see below. at depends on the position of the solvent unit relative to the respec¬

tive electron cloud on the solute. aB is the polarizability of the alkyl group considered, and k is

a fitting constant used to adjust the spectral shift of one selected line; for perylene, inclusion site

o

1 in w-hexane was used (see Section 3.3.1). The total spectral shift for solvent unit B is then

given by

excited ground

ÔEB = (ÔEl0-ÔE00)B = -kaB^- ^ , (13)

i rA,B

where a^xcl
e

and afroun are the polarizabilities ofthe electron cloud at carbon atom i for the

excited and the ground state, respectively. This is the spectral shift caused by one solvent unit

B; to obtain the total spectral shift, one must add the contributions of all solvent units.

3.5.1. MethodA: The GeneralApproach

The polarizabilities a^xcl
e

and afroun are obtained as follows. The shape of the electron

clouds is between that of a single % bond and that of a singly occupied/» orbital (see Figure 5).

The polarizability tensors for the C=C and the C-C bond are known and that of a single/» or-

bital can be deduced from the polarizability of a methyl radical minus the bond polarizabilities
TO

for the C-H bonds. For the n bond, we estimate the polarizabilities in the direction ofthe prin¬

cipal axes as the difference between those of a double bond and a single bond (see Table 10);

the bond lengths of the two bonds are different (133 vs. 154 pm) and also different from that of

an aromatic bond (141 pm), but calculations with slightly changed values give essentially iden¬

tical results (bear in mind that the electron localization description on the basis of the shape of

an ordinary % bond is already a considerable approximation). The similarity in the values for

a and azz (see Table 10) suggests cylindrically symmetric aromatic bonds and we surmise

that a» =1.83 Â and a , =0.49 Â . (Here we use the conventional unit Â: 1 Â = 10 m ) For
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the single/» orbital we assume an isotropic polarizability and estimate it from that of a methyl

radical, calculated using Miller's atomic polarizability increments to 3.088 Â
.
After subtrac¬

tion of the polarizability of three C-H bonds (3 • 0.65 Â ) one obtains a =1.14 Â
.
Modifica¬

tion of this value between the limits a = 0.88 and 1.23 Â still gave excellent agreement with

experiment. The best value overall seems to be a = 1.06 Â
.

Table 10: Polarizability components for various occupied lobes, from Ref. 38, in Â
.

The x direction is parallel to the given bond, y and z perpendicular so that the z axis

is in the direction of the/» orbitals forming the k bond.

electron space axx ayy azz

C=C bond 2.80 0.73 0.77

C-C bond 0.97 0.26 0.26

k bond (estimated) 1.83 0.47 0.51

One must now calculate the values for an and a± for each type of electron cloud in the HOMO

and LUMO because the shape of these lobes deviates considerably from that of a "normal" k

bond (see Figure 5). A normal k bond is centered at two carbon atoms and characterized by a

cloud with an integral charge density ofunity and the same electron density at both atoms, while

a singly occupied k orbital has the electron density zero at one of the two atoms. A crude ap¬

proximation might involve scaling the two atomic polarizability components linearly between

these two extreme cases, using the ratio of the electron densities at the two carbon atoms as a

scaling parameter. The physical justification rests on the fact that the polarizability in a given

direction depends on the electron density; also, this approach avoids introducing new parame¬

ters. Hence, assuming that exactly one electron is localized in the cloud, we scale the longitudi¬

nal and vertical components of the polarizability of atom i as shown in Figure 6.
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a.

2 2
c. / c.

i J

Figure 6. When an electron cloud is delocahzed over two atoms i and/, on which we find dif¬

ferent electron densities, the normalized polarizability components parallel (a» t) and perpen¬

dicular (a_|_ t
) to the long axis of the cloud are obtained by linear interpolation between a

"normal" k bond and a single/» orbital, according to the ratio ofthe electron densities at the two

carbons (see text).

Next we multiply these "normalized" polarizabilities, a» and a±, with the electron densities at

the respective carbons (the polarizability is proportional to the polarizable charge). Thus, we ob¬

tain for the longitudinal components of the polarizabilities at the atoms i and/':

OCm

f
0 0 (k

S\

ap
+ (a\\~ap)-

V CjJ
(14)

Otii

f ^

0
,

, 0 Ckc,

ap + (a\\-ap)-
V CjJ

(15)
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2 2
i and/' must be chosen such that ct <c The vertical components are given similarly:

a±,r
=

Cr

f 2\

ap
+ (a±-aP)— (I6)

V CjJ

a±,J
=

cj

f ^

ap
+ (a±-ap)— (17)

V C]J

The total atomic polarizability of atom i is a second-rank tensor. For a polarizability tensor of

cylindrical symmetry, the effective direction-dependent scalar polarizability can, therefore, be

9£*

approximated as

al
= an zcos2cp + a_|_ zsin2cp . (18)

where cp is the angle between the long axis of the electron cloud and the direction vector con¬

necting the carbon atom ofthat cloud and the solvent unit. Explorative calculations with an el¬

liptical model for the polarizabilities yielded essentially identical values.

For an electron cloud centered on only one atom, as for perylene atoms 1, 8, 9, and 16 in the

LUMO (see Figure 4 and Figure 5), a singly occupied/» orbital with an isotropic polarizability

is used:

02
/,m

«,
=

aPci (I9)

In summary, Method A consists of first calculating the two principal polarizability components

or the isotropic polarizability for each atom of perylene, for both, HOMO and LUMO, using

equations 14-17 and eq 19. The total spectral shift arising from all solvent units B is then given

by eq 13, where the summation runs over all perylene carbons /'. Carbon atoms 17 to 20 on the

long axis (see Figure 4) can be omitted, since they lie in a nodal plane. The polarizabilities

a^xcl
e

and afroun for perylene atom /' with respect to the solvent unit considered are calcu¬

lated from eq 18 and eq 19.
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Table 11: Experimental and computational spectral shifts (in cm") for well defined inclusion

sites of perylene in solid «-alkanes and in dilute liquid solutions The computational results

were obtained with the methods described in the text and that by Shalev, Ben-Horin, Even, and

Jortner (Refs 3, 8, 9) The accuracy of the method is measured by the root-mean-square

deviation of the predicted from the observed shifts The transition in vacuum occurs at 24'070

cm

system or

exp

methoda

inclusion site
A B C D E SBEJ

k [cm-VÂ2] - 29265 24229 7367 10599 23338 0 3094

inclusion sites in the solid

site 1 hexane -1657 -1657 -1657 -1657 -1657 -1657 -1657

site 2 hexane -1596 -1593 -1582 -1597 -1581 -1644 -1537

site 3 hexane -1532 -1532 -1563 -1596 -1558 -1523 -1527

site 1 heptane -1605 -1601 -1619 -1606 -1574 -1560 -1570

site 1 octane -1565 -1570 -1589 -1570 -1536 -1514 -1544

site 1 nonane -1540 -1558 -1592 -1559 -1512 -1463 -1524

rms deviation - ±8 ±30 ±18 ±26 ±51 ±62

liquid solutions

«-hexane -1071 -1072 -1073 -1072 -1047 -1063 -938

«-heptane -1095 -1131 -1127 -1126 -1108 -1125 -997

«-octane -1121 -1148 -1148 -1150 -1126 -1144 -1022

«-nonane -1142 -1192 -1192 -1185 -1164 -1183 -1067

«-decane -1163 -1203 -1209 -1206 -1183 -1200 -1088

rms deviation - ±35 ±36 ±33 ±18 ±30 ±98

a The column labels refer to the naming of the method in the text, given in the section headings

(A Section 3 5 1, B Section 3 5 2, C Section 3 5 3, D Section 3 5 4, E Section 3 5 5) The

column label "SBEJ" refers to results obtained with the perturbation summation by Shalev,

Ben-Horin, Even, and Jortner (Refs 3, 8, 9) This site is used to determine the factor k in the

computation, which is the only adjustable parameter
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The method outlined above applies to any structure containing perylene and a nonpolar solvent.

We have applied it to two different situations: (1) the Shpol'skii system perylene in solid «-al¬

kanes, and (2) dilute solutions of perylene in «-alkanes. Computation results for some promi-
o

nent inclusion sites of perylene in solid «-alkane matrices and in solution at standard

temperature and pressure are displayed in Table 11 together with the experimental values. The

agreement with the measurement data is very good.

In the following sections, the sensitivity of the method towards greater simplifications is exam¬

ined.

3.5.2. MethodB: Atom CenteredPolarizabilities Only

Consider the spatial extension and the shape of the electron distribution, but only take account

ofthe local electron densities centered at each atom of the chromophore, summing over explicit

two-atom interactions only in eq 13. The polarizability difference of each carbon atom of the

aromatic molecule in the two electronic states is thought to be proportional to that atom's elec¬

tron density only. One can then use the electron density itself, e. g., that for the HOMO, in place

of a^
°' e

- a^roun because we are using a fitting factor k to match the calculated shift for the

inclusion site 1 in «-hexane to experiment. In this case the formula for the shift calculation for

molecule^ and all « solvent unitsB simplifies considerably:

2

&E = -k^a^-^- (20)

Despite its simplicity, this method gives excellent results, of a precision not significantly lower

than those from the perturbation treatments, '

as can be seen in Table 11.

3.5.3. Method C: Atom CenteredPolarizabilities With an Empirical Geometry Factor

A cumulative polarizability factor might improve Method B. It is based on the following con¬

siderations: a solvent unit positioned above the plane ofthe aromatic molecule will interact with

fewer polarizable electron clouds in the chromophore than if it were located in the plane of the

aromatic molecule. Trying to account for this effect, we suggest an empirical geometric factor,

2 - I cosyJ ,
where yt is the angle between the normal to the plane ofthe perylene molecule and

the distance vector between perylene carbon i and the solvent unit. This factor is equal to 1 if
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the connector between atom i and solvent unit is perpendicular to the plane and equal to 2 if the

solvent atom lies in the perylene plane, and

2

C, (2- COSY, )
8E = -k^X

lK

4'
1A)

(2D

This formula gives results with somewhat improved precision compared to Method B (see Ta¬

ble 11).

3.5.4. MethodD: Four-center Model with Interaction on Both Sides ofthe Plane

A further simplification begins with Model B (eq 20), but takes into account only the four sym¬

metrically distinct carbon atoms of perylene that have the highest electron density. These form

the outer carbons, numbered 1, 8, 9, and 16 (see Figures 4 and 5). Together they account for 40

% of the total electron density and are arranged symmetrically around the central aromatic ring.

This simplification is rather crude, but the values obtained are still of reasonable quality (see

Table 11).

An attempt to refine this model was made taking into account that the p electron clouds of the

chromophore are divided into two enantiomeric parts, below and above the molecular plane,

which have equal polarizabilities but contribute differently to the dispersion energy because

their distance to the particular solvent unit is different. The two parts are displaced by ca. ±60

pm from atom i in the perylene plane, a little less than halfthe aromatic C-C bond length of 140

pm. This refinement was found not to cause significant changes in the results.

3.5.5. MethodE: Symmetric Electron Clouds

The final simplification involves the assumption that every electron cloud that is distributed

over two carbon atoms be symmetric with respect to the midpoint between these two atoms (as

if the orbital coefficients at both atoms were the same). This is equivalent to modeling the elec¬

tron distribution with ordinary % bonds with lower overall electron density. Furthermore, these

two-center clouds are represented by a single polarizable entity in the middle ofthe bond. Equa¬

tions 14 to 17 simplify to

a,,
= a°(cf + c2) (22)
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a±,m
= a±(Cf + Cj) (23)

where i and/' denote the two atoms of the cloud. The summation in eq 13 involves fewer terms

since only the mid-points of C-C bonds are considered. For the single atom clouds in the LU¬

MO, eq 19 still applies.

Inspecting the squares ofthe orbital coefficients at perylene carbon atoms 1 and 2 in the HOMO

(they differ by about one order of magnitude, see Table 9) indicates that this is a severe approx¬

imation; indeed, the results thus obtained deviate often more than 50 cm from the experimen¬

tal results (see Table 11).

3.6. Summary

A new, conceptually very simple approach to the calculation ofUV/Vis spectral shifts has been

introduced, which can be applied to any aromatic molecule in a nonpolar solvent matrix of ar¬

bitrary density and structure. The approach contains one fit parameter, used to reproduce one of

the well-understood shifts ofthat chromophore. The agreement with the experimental results is

excellent considering the simplicity of the models, and the method is certainly computationally

very much less demanding than its many alternatives. A number of simplifications allow one to

choose between accuracy and simplicity.

An often used perturbation-theory approach, the SBEJ method (see Table 11), fares only rea¬

sonably well in solid matrices, and is computationally very demanding. It seems to be less well-

suited for liquid structures, where even our dramatically simplified models, e. g., Model D that

only has 8 terms per solvent unit in the summation, give better values when compared to exper¬

iment. It must be said, however, that the system-size sensitivity of our results have not yet been

sufficiently explored for liquid systems (in contrast to the crystalline systems considered); a full

investigation of this point would, however, require extensive further calculations. The advan¬

tage of our methods lie in their theoretical simplicity, ease ofimplementation in a computational

program for a particular system, and efficiency. A major outcome is that the distance depend-

ence of the dispersive van-der-Waals energy is indicated as r
,
as when the temporary dipoles

are equivalent to weak permanent dipoles. According to ref. 26, shorter range dipole-dipole in-
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teractions fall off with r and at longer range, when the relative orientation becomes insignif¬

icant, the distance dependence of the energy is r

The ideas put forward in this part are rather general. They lend themselves to expansion to more

complicated systems, e. g., those with polar constituents or hydrogen bonding.
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4. Simulation of Organically Modified Silicates

4.1. Preface

Mica was originally a waste product from minery, but extraordinary electrical insulating prop-

1 9

erties and high thermal stability lead to many applications. ' Moreover, mica became a cheap

filler in joint cement, paints, plastics, and rubber. Mica addition increases stiffness, ductility,

and high-heat dimensional stability in plastics, and improves resiliency in rubber. A limiting

factor for its utility is, however, that mica flakes may delaminate from nonpolar host materials

under shear.

The poor adhesion of mica to nonpolar materials is due to the fact that mica is hydrophilic (see

Section 4.2) and, accordingly, only the interaction in aqueous cement and water-based paints

seems favourable. In mainly hydrophobic plastics and rubber, the components remain separa¬

ble. The interaction with hydrophobic matrices might be significantly improved by changing the

polarity of the surface of the mica sheets, for example by exchange of the natural alkali ions

against alkylammonium ions of a certain length. Then the mica surface is rendered nonpolar and

the interfacial free energy with the adjoining organic polymeric material is strongly reduced.

The resulting nanocomposites may obtain greater strength and resiliency.

The properties of such organically modified mica have been the subject of several experimental

studies, however, a large amount of data on the structure and phase transitions remains un-

19 1 ^

clear. ' Especially the interaction between the polar mineral surface and the alkylammonium

ions has not yet been investigated in detail. Molecular dynamics is a powerful tool for such pur-

14-22
pose.

In the following section, we discuss some structural details of mica and the modification by ion

exchange. In Section 4.3, we describe the development of our forcefield, which allows accurate

simulation of several unit cells of mica, or similar minerals, and attached organic ammonium

ions. In Section 4.4, we present the results from our molecular dynamics simulation concerning

the structure ofthe interface, inclination angles, basal-plane spacings, and conformational anal¬

ysis of the alkyl chains in neat octadecyltrimethylammonium mica (C18-mica) and dioctade¬

cyldimethylammomum mica (2C18-mica). Section 4.5 contains a juxtaposition of the

simulation results with the available experimental information. We discuss the structures with

less than quantitative ion exchange and explain the observed phase transitions. Thereafter, a ba-
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sic geometric model is introduced to rationalize the occuring structural patterns. Mechanisms

for ion exchange and thermal elimination are suggested. In Section 4.6, we discuss how we sim¬

ulated mica with 80 % alkali exchange against dialkylammonium ions from 2C18 to 2C12 in

both a phase-separated and a mixed-phase setup, including a slightly larger simulation box and

an enhanced model of the mica surface. Section 4.7 comprises a discussion concerning the de¬

gree of phase separation between the surfactant chains and the alkali ions, as well as about par¬

tial melting transitions upon heating, whereby we relate to experimental observations and

clarify them. We conclude this chapter with a summary in Section 4.8.

4.2. Mica Structure, Ion Exchange, and Cation Exchange Capacity (CEC)

We consider muscovite 2Mj, the most abundant of the micas and one of the most stable soil

minerals. Ion exchange of the surface alkali cations (see Figure 7) against ammonium ions on

9^

treatment with aqueous (NH4)2S04 solutions had been found before the crystal structure of

the mineral was formulated.24 Mica, K[AlSi308][A10(OH)]4[08Si3Al]K (the alkali ions are

given as K for simplicity, but are often mixtures, in nature), is a laminated mineral, where each

lamella consists of a three-layer sequence (see Figure 7b), as indicated in the formula.
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(a)

(b)

Figure 7. A conglomerate of 4 x 3 x 1 mica unit cells. Al atoms are depicted in blue, Si yellow,

O red, H white, and K (or Li) ions in violet, (a) Top view onto a cleaved mica sheet along the c

direction. Only the upper tetrahedral layer is shown. The Al atoms are distributed in an ideal¬

ized para-arrangement (ref. 28). The negative charges on oxygen atoms bonded to aluminum

are higher than on oxygen atoms bonded only to silicon (see Section 2.4.2, Table 7, or ref. 25).

The position of the alkali ions corresponds to the energetically most stable arrangement,

(b) Side view along the a direction. The cavities in the lamellas are fully occupied with alkali

ions and stacked on each other. The formation of duplicate mica structures with organic ions

can be imagined by intercalation of an amphiphilic bilayer.
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4. Simulation of Organically Modified Silicates

4.2.1. Structural Details

(1) There is a tetrahedral layer with the composition of silicon dioxide. Approximately one out

of four silicon atoms is replaced by aluminum. (2) The oxygen atoms normal to the surface of

the tetrahedral layer are connected to two Al atoms of an inner octahedral layer. The composi¬

tion can be described as AIO(OH), where we formally count one fraction of the connecting O

atoms to the tetrahedral layer and another equal fraction to the octahedral layer. A third fraction

of O atoms is only connected to H and two Al atoms (see Figure 7b). (3) On the other side of

the octahedral layer, a second tetrahedral aluminosilicate layer is attached, which has the same

composition as the previous one. (4) Such lamellas, each consisting ofthree layers, are stacked,

yielding the laminated structure typical for phyllosilicates. The alkali ions, e. g., potassium, are

located between the lamellas (see Figure 7).

The aforementioned Si —» Al substitution in the tetrahedral layers introduces a deficiency of

one valence electron, which is offset by the valence electrons from an alkali ion between the

lamellas. The balance of partial charges within mica is rather intricate because, generally, a mix-

9 S

ture of covalent and electrostatic bonding is present. Accurate modeling of the charge distri-

9 S

bution is important for a serviceable simulation (see Chapter 2).

Moreover, the extent of Si —» Al substitution is directly related to the available surface area per

9£* TQ

cation. The ratio usually amounts to Alj 00S13 00 m
natural mica, but may deviate in less

9Q ^n

common species down to Al0 75Si3 25
' The available surface area per alkylammonium ion

is determined by this stoichiometry and the percentage of alkali-ion exchange.

4.2.2. Cation Exchange Capacity (CEC)

Although many workers have prepared mica with exchanged cations, 'ZJ' J1"J^ there is con¬

fusion about an accurate method to determine the amount of exchangeable cations per mass unit

19 1 ^ 'XA

of ground mica. ' ' This may be, firstly, because the cation exchange capacity depends on

the cations present in the mica. The degree of lamination is lowest for Li+ in the interlayer and

magnifies for Na+, K+, Rb+, towards Cs+. Therefore, the cation exchange capacity is highest for

Li-mica and diminishes towards Cs-mica. Secondly, in exchange experiments, alkaline cati¬

ons substitute often to some extent with other than the desired cations, e. g., with H+ at lower

pH values or traces of ammonium ions. Thirdly, exchange reactions may not be quantitative.
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For example in eq 24,

2 mica-K (aq) + Cu(trien)2+ (aq) ^
»* (mica)2Cu (aq) + 2 K+ (aq) + trien (aq), (24)

where trien designates triethylenetetraamine, potassium release is -10 % less than with Cs+ as

a reaction partner and -10 % ofthe released potassium is exchanged against something else than

copper. Measuring the Cu(trien) adsorption will underestimate the CEC by -20 %.

C18 2C18

Figure 8. Sketch of an octadecyltrimethylammonium ion (C18) and a dioctadecyldimethylam¬

momum ion (2C18), used to modify the mica surface.

1 9
In the experimental work on C18-mica and 2C18-mica (see Figure 8) to be used later in this

1 ^ ^9 ^zl

work, the CEC is known only with limited precision. Although the reactive Li-mica was

used, a stated extent of 80 % ion exchange might actually be between 70 % and 80 %. This is

of some importance in Section 4.5.

For an accurate estimation of the CEC, we recommend the use of Li-mica and Cs+ ions, which

makes the reaction quantitative. The amount of released Li+ is then an accurate measure of the

CEC because it is not affected by possible substitution against other cations present.

4.3. Force Field Development and Simulation Setup

We need a force field to model both the inorganic mineral and the organic residues. However,

modeling of strongly electrostatic interactions makes different demands than modeling of main¬

ly covalent and dispersive interactions. Using conventional energy expressions, proximity to

physical reality for the overall system is difficult to achieve.

4.3.1. Force FieldDevelopment

The consistent force field 91 (cff91) is specially designed for covalent organic matter and re¬

produces crystal structures, liquid densities, torsional barriers, and vaporization energies of al-
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Q/T lO

kanes well. This is mainly related to the physically more realistic, "softer" 9-6 nonbond

potential compared to the "harder" 12-6 potential in the consistent valence force field (cvff). '

However, spectral shift calculations indicate that an r distance dependence of the disper-

sive energies might be more physical (see Chapter 3). The organic part of our system requires

a good reproduction of torsional barriers because they are the major force field parameters to

determine the degree of disorder in the chains (see Table 12). Structural deviations from

refined alkane geometries and a known 2C18 bromide monohydrate structure are only on

the order of 1 % in the scaled coordinates.

Table 12: The rotational barrier in ethane and the conformational energies in «-butane,

relative to the anti-îovcn (in kcal/mol). Determined from molecular mechanics with angle

restraints (ref. 35).

ethane «-butane

gauche part, eclipsed fully eclipsed

Exptl/Lit 2.8a 0.70b'c 3.6e 3.95e

cff91 2.7 0.72 3.8 4.8

cvff 3.1 0.98 4.0 6.7

a Ref. 40.
b
Ref. 41.

e Refs. 42, 43.

For mica or other polar solids, the interplay between the attractive Coulomb potential and an

appropiate repulsive potential plays the major role. To date, no useful force field is available for

1 A 9^

mica, since often ill-defined partial charges have been used or even full formal charges. The

partial charges are important to construct a physical potential energy surface, which in turn

yields sensible interfacial properties in the simulation. We solved this problem by assigning
9 S

physically justified atomic charges based on a novel procedure (see Chapter 2, Table 7). The

significant Coulomb interactions in such polar solids are one to two orders of magnitude higher

than the usual dispersive interactions in organic nonpolar systems. This requires a stronger re¬

pulsive energy on the same scale. Ifwe had not to consider the presence of organic residues, an

exponential potential like a Morse function or a very "hard" distance dependence of the repul-
-14 -9

sive energy in excess of r would be adequate. However, using the common r dependence

of cff91 to take advantage of precise hydrocarbon modeling, we are forced towards approxima¬

tions for the inorganic solid. Both the coefficients A of the repulsive energy and the equilibri¬

um bond lengths r0 in the polar mineral must be increased in order to counteract the Coulomb
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attraction properly (see eq 25 below). If solely the A are increased to very high values (-100

times), the layers of the phyllosilicates start artificial translations in horizontal direction, as in

1 (~\ 17

the attempts of cff91 extension by Hill and Sauer and Teppen et. al.

Since we take advantage of the full parametrization of the cff91 for the hydrocarbons that has

been made assuming a \lr distance dependence of the dispersive energy, we are not yet using
4

the 1 Ir distance dependence, which we found to be more adequate in the medium distance re¬

gime (see Chapter 2). This is done for reasons of convenience because the implementation in

our software was not possible during the thesis. The derivation, validation, and implementa-
4

tion of a force field using the \lr expression for the dispersive energy remains an interesting

task for the future.

Due to the nature of the polar solid, we can make simplifications in the energy expression of

cff91. (1) We need only the quadratic bond stretching and quadratic angle bending, cutting all

cubic and quartic contributions to zero, due to the overall diminished significance of bond and

angle terms to the total potential energy. (2) Torsions and out-of-plane interactions are unphys-

ical in clay minerals and can be cancelled together with all cross-terms, which contribute less

than 0.1 % to the total potential energy. The force field terms relevant for mica or other clays

are, therefore,

Epor I K(r_r°)2+ £ K(e_e°)2 (25)

y bonded ijk bonded

(An Bi}\ 1 <IA

-9 -6 47rsns L
r

j

\r r J &o°,. 'ij

nonbonded y nonbonded

(l,3excl) (l,3excl)

97 Af\

We use the experimental crystal structure ' for a first guess of the bond lengths r0 and bond

angles 90. The definition of several force-field types seems important because the variation of

An

bond lengths and angles between the same connected elements in silicates is considerable.

The constants Kr and KQ for harmonic bond stretching and angle bending can be derived from

I AQ

the approximate IR frequencies of 1000 and 500 cm
, corresponding to approximately 600

kcal/(mol-Â ) and 80 kcal/(mol-rad ), respectively. The initial Lenard-Jones parameters are tak-
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en from the universal force field because these values are consistent with periodic correla¬

tions: nonbond equilibrium distances r0 with atom size and dispersive energies E0 with

polarizabilities. ' The atomic charges are taken from Chapter 2 where their derivation is

thoroughly described.

We carried out a global optimization of the adjustable parameters towards an optimum geomet-

S9

ric reproduction of mica, using a box of 4 x 3 x 2 unit cells with a multipole cutoff in a series

of molecular-mechanics energy minimization. The resulting force field produces a minimum

of acting forces on the equilibrated structure and gives fast convergence. The final parameters

are summarized in Table 13.

Table 13: Extension of cff91 for mica. Parameters for bonds (r0 in Â, Kr in kcal/(mol-Â )),

angles (90 in degrees, KQ kcal/(mol-rad )), and van-der-Waals interaction (r0 in Â, E0 kcal/

mol). Charges are contained in Table 7, Chapter 2. See eq 25.

Bonds Angles Nonbond

K Al Si O H

Kr/KQ/E0

exptl- 1.07 a'b

600

exptla'b

80

4.2

0.035

4.7

0.50

4.7

0.40

3.98

0.06

2.5

0.02

Within mica, 34 bonds and 104 angles are defined. Ref. 27.

As a final test of the force field, we applied it to our 4x3x2 mica structure with -3000 atoms.

97

The fit to the experimental crystal structure is very good: The rms spatial deviation over all

atoms amounts to 18 pm in molecular mechanics and to 24 pm in molecular dynamics (MD) at

ambient temperature. No signs of distortions or artificial movements are present; an equilibra¬

tion time of-30 ps is needed to obtain constant energies. As we stated above, no alterations are

made to cff91 for the organic residues.

4.3.2. Influence ofthe Parameters on the Simulation

For mica and the inorganic-organic interface, correct partial charges are important. We found

that when these values are too high, the barrier for rearrangements of the ions on the surface is

increased as well as the attraction of separated mineral sheets. Also, the positions of the alkali

ions and the ammonium headgroups on the surface are very sensitive to the relative and absolute
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atomic charges around the Al-defect sites. The repulsive van-der-Waals parameters must be ad¬

justed according to the charges and are mainly responsible for an accurate geometric reproduc¬

tion (especially the r0 value for oxygen). The bond and angle terms are not completely physical

in significantly polar solids because the "harmonic" vibrations are obscured by superposition of

strong electrostatic attraction and counteracting repulsion. However, this has no influence on

our simulation.

For the organic residues, the complex balance of bond, angle, torsion, and van-der-Waals pa¬

rameters is responsible for meaningful simulation results. While for bonds and angles experi¬

mental data are abundant, this is less the case for torsions, and even less for van-der-Waals

parameters. The nonbond equilibrium distances r0 (especially for H) determine the density, the

nonbond energies E0 determine the cohesive energy. The distance dependence of the repulsive

and dispersive van-der-Waals energy as well as the actual parameters have also major influence

1Q —4
on (C-)C-C(-C) bond rotations. We think that an r law for the dispersive energy might

be better than r in cff91. However, the whole parameter set has been validated for numer¬

ous compounds with good precision and is used here once more without alterations.

4.3.3. Setup ofthe System and Simulations

We have chosen molecular dynamics instead of a Monte Carlo method because MD is more

convenient to conduct and gives us the oppurtunity to follow the dynamics of the system, for

example, the course of head group rearrangements. Monte Carlo simulation is more versatile

and would allow to "scan" the configurational space completely, however, it was more efficient

to use MD because the convergence of physically reasonable starting structures (according to

available literature, see below) as well as somewhat arbitrarily chosen structures to the same fi¬

nal structures was apparent. The influence of the time scales was thoroughly tested by running

simulations up to 3 ns. Usually after 10 % of this simulation time, steady energies and stable

structures have been obtained.

The size of our 2D-periodic box is limited by the duration of the simulation. We choose the up-

97 Af\

per half of 4 x 3 mica unit cells ' (see Figure 7). This unit can accomodate 12 cations (see

Figure 8) and is rotated to have ordinary cubic symmetry by changing the angle ß in the C 2/c

symmetric cell from 95.74° to 90°. Then the mica sheet lies in the xy plane and the lattice direc¬

tion c is identical with the Cartesian z axis. This operation is permitted because we do not
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change any relative atomic coordinates and do not aim for periodicity in the vertical (z-) direc¬

tion. Si —» Al substitution on the side opposite to the quaternary ammonium ions is omitted to

limit the box size and maintain charge neutrality; the effects on the simulation are negligible.

The substitution pattern of Al against Si on the mineral surface is important because it deter-

9 S

mines the distribution of negative charge, which directly influences the position of positive

counterions. Between nearest Al atoms, Al-O-Al contacts do not occur, Al-O-Si-O-Al con¬

tacts are rare, Al-0-(Si-0-)2-Al contacts form the majority, and the incidence of Al-0-(Si-0-)3-

Al or longer nearest connections is again rare.
' ' For the substitution ratio Al/Si = 1/3

,

the charges are homogeneously dispersed without long-range order ofthe Al-defects on the sur¬

face. For our small box, we make the concession of a regular para-distribution of the Al over

the six-membered rings in the tetrahedral sheet, which reflects the main feature of the distribu-

9Q

tion (see Figure 7a). The small box size and this idealization must be seen in relation to the

real macroscopic structures (see Section 4.4.5).

Our octadecyltrimethylammonium (C18) and dioctadecyldimethylammomum (2C18) ions were

constructed to agree with the crystal structure of the solid 2C18 bromide monohydrate. The

most reasonable starting conformations are extended, as supported by AFM data and surface

force measurements.

We assemble the organic cations on one mica surface and carry out the simulation to an equi¬

librium state at a given temperature. Then we combine two ofthe equilibrium structures to form

a layered structure, which is subjected again to molecular dynamics until equilibration and sub¬

sequent sampling of snapshots. The procedure comprises always a few hundred steps of poten¬

tial energy minimization on the starting structure and then NVT dynamics with initial velocities

from the Boltzmann distribution, velocity-Verlet integrator, 1 fs time step, direct velocity scal¬

ing with a temperature window of 10 K for temperature control, using the Discover program

from MSI. sr is 1.0. For the summation of the Coulomb energy for each atom, spatial seg¬

ments of sufficient size and electrical neutrality are essential. The cell multipole method by
S9

Ding et. al. is a useful tool in our case (third order, 2 layers of cells). The simulation boxes are

always at least 2 nm larger than the alkyl-mica system in the vertical direction to facilitate free

movement of the chains and adjustment of equilibrium basal-plane spacings in the duplicate
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structures. Employing this machinery, mica or related minerals with organic structures can be

simulated.

4.4. Results of Molecular Dynamics Simulations for C18-Mica and 2C18-Mica

We performed molecular dynamics on single and duplicate mica sheets where 12 and 24 organic

cations are attached, respectively. The structures are equivalent to complete alkali-ion ex¬

change, periodic in the x and y directions, and investigated at 20 °C and 100 °C to examine the

19 1 ^

structure and to surmise on the phase transitions in this range.
'

At equilibrium, the structures are characterized by thermal fluctuations around a mean value.

We employed always several starting structures that converged to the same average structure.

Equilibration was possible after 150 ps in the best cases, but simulations up to 3 ns were usually

done. All changes with temperature reported below are fully reversible upon reversal ofthe tem¬

perature to its original setting. Therefore, we assume that they reflect equilibrium changes.

4.4.1. Arrangement ofthe Ammonium Groups on the Surface

In any ammonium-mica structure, the ammonium groups prefer positions above the surface

cavities. The pattern on the surface depends on the short-range ordered Al distribution: positions

in cavities surrounded by two Al atoms are preferred over positions in cavities surrounded by

only one or zero Al atoms. For both, C18-mica and 2C18-mica, the nitrogen atoms ofthe ammo¬

nium ions sit 380 (±10) pm (20 °C) to 390 (±10) pm (100 °C) above the plane of the superficial

silicon and aluminum atoms. In the case of 2C18 ions, the side arm of the second alkyl chain

may have different orientations on the surface for each ion.
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Figure 9. Distribution of C18 ions on the mica surface, represented by the green nitrogen

atoms of the headgroups, (a) at 20 °C, (b) at 100 °C. With increasing temperature, C18 ions can

move across cavities. For 2C18 ions, this is not possible and their arrangement is similar to Fig¬

ure 7a at both temperatures.
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4. Simulation of Organically Modified Silicates

(c) (d)

Figure 10. Snapshots of C18-mica and 2C18-mica in MD after 400 ps, viewed along the a-

direction. (a) C18-mica, 20 °C; (b) C18-mica, 100 °C; (c) 2C18-mica, 20 °C; (d) 2C18-mica, 100

°C. A major conformational change (corresponding to two phase transitions) in C18-layered

mica can be seen, whereas in 2C18-mica only some more gauche-conformations are present at

100 °C and no order-disorder transition occurs due to close packing.

The positions of the ammonium nitrogens change remarkably upon heating in C18-mica. The

C18 ions are largely confined to their initial location at room temperature, but they move readily

across the surface cavities to form new arrangements when the temperature is higher (see Fig¬

ures 9 and 10). In 2C18-mica, the ions are strictly confined at both temperatures; the higher av¬

erage number of alkyl chains per surface area imposes sufficient geometric restraints.

Compared to unsolvated alkali ions, both C18 ions and 2C18 ions (when not very close-packed)

can move from one cavity to another with less activation energy because the positive charge is

spread over the neighboring atoms to nitrogen, lowering the "electrostatic" crossing barrier.
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4.4.2. Tilt Angles ofthe Alkyl Chains

The orientation of the alkyl chains with respect to the a or b (x ory) axes does not show a clear

preference. It may depend on the Al substitution pattern on the surface and the orientation ofthe

side-arms in case of 2C18-mica. In contrast, the chains tilt relative to the surface normal with a

rather constant angle 9 for a given structure, thus optimizing the van-der-Waals interactions.

The tilt angles are essentially the same for single and layered mica sheets. Following Nuzzo et.

al., we define the tilt angle 9 as the angle between a fitted straight line along the carbon atoms

of an extended alkyl chain and the projection normal to the surface. 9 is the average over all 12

alkylammonium ions in 10 independent snapshots of the single-layered mica sheets after equi¬

libration. As shown in Table 14, the inclination angle is largest (55°) in C18-mica at 20 °C (see

Figure 10a). At 100 °C, the system is "molten" (see Figure 10b) and the inclination angle cannot

be defined. In 2C18-mica, we obtain a tilt angle of 30° at 20 °C, which is smaller than in Cr¬

imea due to dense packing because ofthe second alkyl arm (see Figure 10c). At 100 °C, the sys¬

tem still exhibits a rather strict order and the tilt angle is obtained at 13°. The value decreases

with increasing temperature because more gauche-conformations exist at higher temperature

and the effective "thickness" of the chain increases (see Figure lOd).
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Table 14: Results of the molecular dynamics simulations and comparison with experiments.

Tilt angles are given in degrees and basal plane spacings in nm.

Single structures Double structures

Tilt an|gle to the Basal plane spacing in sand- Number of

surface normal wiched structures gauche-tor¬

sions per ion

MD exptla MD, 100 % XRD, 70-80 % (MD)
substituted substituted

C18" 20 °C 55 ±2 55 ±3 3.67 ±0.02 3.89 ±0.02b 3.8 ±0.1

mica
100 °c - - 3.82 ±0.02 4.02 ±0.02b 4.9 ±0.1

2C18- 20 °C 30 ±2 30°, 38 5.40 ±0.03 4.80-4.70d 5.3 ±0.1e

mica

100 °c 13 ±3 - 5.63 ±0.03 5.04 ±0.02d 7.2 ±0.1e

a Ref. 9. Ref. 12.
c
See section 4.5.2. Ref. 13.

e There are 4 intrinsicgarwc«e-arrangements at

the junction of the two alkyl chains via the nitrogen, included in these numbers.

4.4.3. Basal Plane Spacing andArchitecture ofthe Duplicate Structures

The basal plane spacing can be deduced for the layered structures (see Figure 10). It is given as

the difference between the average z coordinates of the octahedrally coordinated Al atoms (see

Figure 7) in the two mica sheets, and constitutes a measurable quantity (e. g., by XRD). We state

the average over 100 snapshots at a time interval of 1 ps, after the system's energies are equili¬

brated. For C18-mica with quantitative cation exchange, we obtain a slight increase in basal

plane spacing from 3.67 nm to 3.82 nm when the temperature is higher. For 2C18-mica with

quantitative cation exchange, the basal-plane spacing of 5.40 nm increases to 5.63 nm upon

heating (see Table 14).

The relative orientation of the alkyl chains (given by the abovementioned fitted straight line

through the carbons) in both halfs of the layered "sandwich" can be different. In the presented

structures (see Figure 10), the alkyl chains arrange with a common director. They may also form

a "fishbone" pattern without a significantly higher internal energy (± 4 kJ per mole 2C18). The

basal-plane spacing is then about 0.05 nm to 0.10 nm higher. A wide distribution of orientations

(from 0° to 360°) between the two parallel mica platelets seems possible.
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4.4.4. Gauche-Arrangements

The conformations of the chains can be conveniently analyzed. As shown in Figure 10 a/b, the

C18 chains are "melting" when the temperature is increased from 20 °C to 100 °C, in combina¬

tion with the above mentioned rearrangements on the surface. The 2C18 chains retain their order

with increasing temperature, although the irregularities in the chain conformation are more fre¬

quent and the basal-plane spacing increases (see Figure 10 c/d).

These effects can be quantitatively described by the number ofgauche-torsions (C-C-C-C

torsion angle in the range [-120 °, ±120 °]) per alkylammonium ion. We count them along the

backbone from the terminal C atom towards the N atom and going further along the chain to¬

wards the second terminal C atom in the case of 2C18 ions. We calculate average values over

all chains in 100 snapshots after equilibration. In C18 ions at 20 °C, 3.8 out of 16 torsion angles

are gauche, and at 100 °C the number of gorwc/ze-conformations is increased to 4.9 (see Table

14). In 2C18 ions at 20 °C, 5.3 out of 34 torsion angles are gauche, whereby four of them arise

from the presence of the side-arm of the second alkyl chain and are already present in the solid

2C18 bromide structure. At 100 °C, the number ofgauche-torsions increases to 7.2. Ifwe con¬

sider only the extended parts of the 2C18-chains, the number ofgauche-torsions increases from

1.3 to 3.2 upon heating. Thus even at 100 °C, there are only 1.6 garwc«e-arrangements per C18

chain leading to disorder in 2C18 ions, which is less than half the 3.8 garwc«e-arrangements in

C18 ions at 20 °C. With this small fraction of gauche-arrangements in 2C18 ions, an order-dis¬

order transition is unlikely.

It should be noted that these values depend critically on the surface charge. For a Si3 06^0 94

composition of the tetrahedral layer instead of Si3Al1, e. g., the available surface area on mica

per alkyl chain is by 6 % greater and may increase the number ofgauche-incidences noticeably.

4.4.5. Reliability ofthe Data

The extended cff91 has a high precision and geometric deviations in the reproduction of the

mineral with attached alkyl chains are in the order of 1 to 5 percent (rms deviation in scaled co¬

ordinates). While the reproduction of the mineral is precise within 1 % in scaled coordinates,

we assume that the cff91 could be improved for the reproduction of the organic part, eventually
_4

employing an r distance dependence for the dispersive van-der-Waals energy (see Chapter

3).38
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Moreover, we assume a regular Al substitution pattern. This leads to a higher order of the su¬

perficial chains and makes processes such as the rearrangements of the C18 ions more clearly

visible. However, we find a tendency towards ideal close packing then, e. g., an optimized in-

terdigitation ofthe chain ends in the double structures, and should be aware that real, \xm -sized

mica sheets carry more than one million tethered ions and their minimal closest approach deter¬

mines the basal plane spacing.

In conclusion, the main sources for deviations are the force field and the higher degree of order

in the small periodic box compared to a real system. There is a systematic trend to underrate the

basal-plane spacings by few percent (see Section 4.5.1), but within this small deviation all data

are reliable.

4.5. Juxtaposition with Experiment
A 7 Q 1 ^

In this section, we want to combine the available experimental data ' and our simulation

results for structural understanding of the modified mica, including less than 100 % ion ex-

19 1 ^

change. We explain the previously reported phase transitions ' and order the results by ge¬

ometry considerations. We also explain the mechanism of ion exchange as far as possible and

propose a thermal elimination mechanism.

When we discuss transitions they are related to the experiment because the simulation results

are based on thermalized snapshots only. Real phase transitions in macroscopic systems require

timescales that are several orders of magnitude larger than the simulation time.

4.5.1. Cj8 on Mica: Structure

From the work of Hayes and Schwartz, as well as Fujii et. al., we know that C18-ions form

islands on the mica surface, i. e., the alkali ions and the organic ions are separated in different

phases, even if the overall degree of ion exchange is 85 % or higher. The areas with C18 islands

are 100 % ion-exchanged and the zones between them contain almost exclusively alkali ions.

Therefore, our simulated C18-mica corresponds to the inner part of such island structures. The

simulated tilt angle of 55° (see Table 14) matches exactly the result from NEXAFS spectrosco¬

py, for which 55 ° is a special case where no scaling parameter is required.
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Table 15: Basal-plane spacings (in nm) at ambient temperature for

different degrees of alkali exchange. In C18-mica, no dependence on ion

exchange is visible. In 2C18-mica, the basal-plane spacing increases

roughly linear.

50% 70-80 % 100%(MD)

C18-mica

2C18-mica

3.9a

3.9b

3.9a

4.7-4.8°

3.7

5.4

Ref. 12.
b
Estimated (see text).

c Ref. 13.

The basal-plane spacing in the experimental XRD patterns is indifferent to the degree of cat¬

ion exchange (see Table 4); the basal-plane spacing remains at a constant value of 3.9 nm. In

the simulation, which is equivalent to 100 % cation exchange, we obtain 3.7 nm, which is within

the combined limits of accuracy (see Section 4.4.5). This finding is consistent with the oc¬

curence of islands. The basal plane spacing is solely defined by the height of the separate C18

phases on the surface (see Figure 11). The regions containing the small alkali ions (alkali not

shown in Figure 11) are "empty spaces" that decrease the density ofthe conglomerated material.
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d

d

Figure 11. Sketch of C18-mica conglomerates. Phase separation in case of nonquantitative

alkali exchange (above) leads to the same basal plane spacing Jas in case of quantitative alkali

exchange (below). The inclination direction of the islands may vary.

From the computed value of 3.8 gauche-arrangements per C18 chain in the islands and a repre¬

sentative snapshot of the system (see Figure 10a), we recognize a considerable deviation from

an a\\-trans conformation at 20 °C. It is, therefore, not surprising that there is a phase transition

12
commencing at 40 °C in experiment and in the simulation

4.5.2. 2Cj8 on Mica: Structure

For quantitative ion exchange, we found inclination angles ofthe chains around 30°. A tilt angle

of 38° was reported from NEXAFS spectroscopy with relative scaling to a hexadecane thiol-

on-gold standard, for which 33° was assumed. Regarding this reference system, a range of val-

ues between 20° to 40° has been reported in the literature. ' We tend to trust the suggestion
en

of 25° by Porter et. al., which is based on measurements on a whole series of homologous al¬

kane thiols with different techniques. This implies an inclination angle of-30° for 2C18-mica,

in agreement with our simulation. In contrast to 2C18-mica, an absolute assignment of the tilt

angle by NEXAFS was possible for C18-mica, which matches our computed value (see Section

4.5.1).
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For less than 100 % ion-exchanged 2C18-mica, no structural propositions have been made, al-

1 ^

though some measurements are available. The computed basal-plane spacing of 5.40 nm in

100 % alkali-exchanged 2C18-mica is clearly above the value of 4.7 to 4.8 nm in 70-80 % cati¬

on-exchanged 2C18-mica (see Tables 14 and 15). Assuming a homogeneous coverage of all sur¬

face area, we can guess an expectation value of 3.9 nm for 50 % cation-exchanged 2C18-mica

because it has the same number of alkyl chains as found in 100 % ion-exchanged C18-mica per

surface area, while the effects of small alkali ions and ammonium head groups may be neglect¬

ed. A linear relationship between the degree of alkali exchange and the basal plane spacing is

then obeyed (see Table 15), which strongly suggests a homogeneous mixture of alkali ions and

2C18 ions. We provide some evidence for this conclusion: (1) The density of the hydrocarbon

moiety is a constant and the effect of the small alkali ions is negligible; if then additional ex¬

change of alkali against 2C18 rises the basal-plane spacing, this additional 2C18 could not be

built into an empty space (refer to Figure 11) but rather into an existing homogeneous layer of

less than 100 % exchange, which adjusts to the incoming mass by augmentation of its volume.

(2) The enlarged XRD peaks for 70-80 % ion-exchanged 2C18-mica seem to be a superposition
1 ^

of more than one definite structure and indicate possible deviations from ideal homogeneity

in the single-phase layer. (3) The density of alkyl chains per surface area is double as high in

2C18-mica with 20 to 30 % alkali ions compared to C18-mica with 20 to 30 % alkali ions. This

may foster a uniform phase because it gives more conformational freedom to the alkyl chains.

1 ^

(4) Moreover, we find only one reversible phase transition upon heating. The alkyl chains oc¬

cupy double as much space on the mica surface per head group compared to C18-mica, so that

rearrangements ofthe head groups and the resulting metastability after fast cooling are minimal

(see Section 4.5.3).

These arguments suggest that the alkali ions are "randomly" interspersed between the 2C18-ions

in 2C18-mica with 70 to 80 % ion exchange. (A degree of alkali exchange less than -50 %

might, however, favor island formation.)
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4.5.3. C]§ on Mica: Phase Transitions

In C18-mica with complete alkali exchange, or a separate C18 phase on mica, the simulation in¬

dicates a major conformational change due to "melting" of the templated chains (see Figure 10

a/b) and an increased mobility of the C18-ions across the surface cavities (see Figure 9) at ele¬

vated temperature. With the limited temperature precision in the simulation, we cannot decide

if the entire changes observed in the simulation are brought about by one or more successive

1 9

phase transitions. From the experimental observations (see below in this section), however,

we conjecture that there are two separate phase transitions: one transition is due to the conver¬

sion of the disordered C18 rods into broken C18 rods, and the second transition is due to rear¬

rangements of the ammonium head groups on the surface with a concomitant conversion of the

broken C18 rods into a coil-like structure. Altogether, a high degree of disorder is introduced.

However, the chains remain essentially at the same locations once they have equilibrated and

the number ofgorwc/ze-conformations does not increase significantly (Table 14). The first phase

transition seems to occur when the number ofgauche-incidences per chain reaches a threshold

value around 4.0 out of 16 torsional angles. The enthalpy of a transition, AHm = ASm Tm ,
is

then associated with the entropy increase ASm ofthe system by breaking down the regular order

ofthe chains during "melting" while the number ofgauche-arrangements remains approximate¬

ly steady.

Experimentally, in C18-mica with 50 to 80 % alkali ion exchange, two distinct phase transitions

have been observed on heating and metastable phases were obtained on fast cooling after the

second transition. Since the C18 ions are always arranged in islands, ' the situation is anal¬

ogous to 100 % ion exchange. Therefore, we surmise that the first phase transition at 40 °C is

due to breaking of the disordered C18 rods in the islands (see Figure 10a), and the second tran¬

sition at 60 °C is due to rearrangements of the C18 ions on the surface, conceitedly leading to

more conformational freedom ofthe whole backbone and a coil-like disordered structure. In ad¬

dition to these findings, there is evidence that the phase boundaries between islands and alkali

ions are preserved. On fast cooling, the structures resulting from the second transition at 60 °C

"freeze" into a metastable disordered-rod structure, where the head groups have not returned to

their original positions. This metastable system exhibits one immediately reversible phase tran¬

sition around 40 °C similar to the first recorded transition until the reverse rearrangements to

yield the original structure have taken place (after several hours).

86



4. Simulation of Organically Modified Silicates

We provide detailed evidence in the following. Firstly, we reason that all transitions occur with¬

in the islands and that the shape of the islands is essentially preserved. Since pure mica does not

exhibit phase transitions until very high temperatures are reached and C18 ions forms separate

phases on mica, '

we assume that the phase transitions of C18-mica originate in the C18 is¬

lands. We mentioned that alkali ions have much less mobility on the surface than the alkylam¬

monium ions (see Section 4.4.1) so that they cannot leave the cavities without the help of a polar

solvent. As a consequence, also the alkylammonium ions are fixed in proximity to their initial

locations. Otherwise, excess negative charges would be created where the alkylammonium ions

leave and excess positive charges where they migrate to. Rearrangements are, therefore, limited

to the neighbor cavities. The basal-plane spacing increases slightly on heating in the

1 9

experiments (see Table 14), in accordance with preservation of an island structure. If the sep¬

arate phases were coalesced after the transition, we would expect a decrease of the basal-plane

spacing (see Section 4.5.2). According to these arguments, the basic shape of the islands is pre¬

served and no significant extension of the boundaries occurs during the transitions.

Secondly, we discuss the phase transitions. For the first event at 40 °C, the data from Osman et.

1 9

al. suggest a transition enthalpy of less than 6 kJ per mol C18, which is -12 % of the melting

enthalpy of«-C19H40 at 32 °C. The comparatively small corresponding entropy gain (and the

slightly elevated transition temperature in C18-mica compared to «-C19H40) can be related to

the tethering ofthe chains. The changes are also not sufficient to be detected in the IR spectrum

1 9

and the density is almost constant (no increase in basal-plane spacing). Therefore, we conjec¬

ture that the transition corresponds to a breaking of the disordered rods, i. e., a partial melting

of the chain backbones, while rearrangements of the head groups are less likely at only 40 °C.

The transition enthalpy at 60 °C is 12 kJ per mole C18, compared to only 6 kJ/mol for the tran-

1 9

sition at 40 °C, which means that the entropy gain due to both transitions amounts to roughly

one third of the melting entropy of «-C19H40 . Also, a change in the IR spectrum occurs as in

1 9

the melting of nonadecane, although to lesser extent, (the C - H stretching vibrations in the

- CH2 - groups shift to slightly higher energies) and the density decreases (increase of the ba¬

sal-plane spacing). When the heated samples with 50 to 80 % ion exchange are cooled at 10 °C/

min, several hours at room temperature are required to recover the transition at 60 °C again; the

1 9

enthalpy of the second transition increases with standing time. These experimental arguments

require a substantial increase of disorder of the C18 chains: when the temperature increases
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above 40 °C, the broken C18 rods increase their internal energy further until a new threshold for

expansion is reached. As we have seen in the simulation (see Figure 9), rearrangements of the

head groups occur and at the same time the chain backbones obtain more conformational free¬

dom to adopt coil-like conformations (see Figure 10b). We believe this constitutes the transition

at 60 °C and accounts for the higher melting enthalpy, the IR spectrum, as well as the density

increase. We obtained indications in the simulation that rearrangements are slow at ambient

temperature (Figure 9a). Therefore, we can understand the generation of a supercooled metast¬

able phase after fast cooling; the chains reorganize themselves slowly by reverse rearrange¬

ments of the ammonium headgroups.

Finally, the metastable form of C18-mica with -80 % ion exchange, which is obtained on fast

cooling of the product of the second transition at 60 °C, undergoes one reversible melting tran-

1 9

sition near 40 °C on heating and cooling with approximately ±7 kJ per mol C18. This transition

is similar to the first recorded transition at 40 °C, but the DSC peak is slightly broader and AHm
1 9

is slightly higher. The transition is likely to proceed between a disordered-rod structure and

the coil-like structure. The difference to the first recorded transition is, however, that the am¬

monium head groups are still in a favourable position for the partially molten (coil-like) struc¬

ture but not for the disordered-rod structure. This explains the less-well defined DSC peak as

well as a tendentiously higher melting enthalpy and melting entropy. The reverse rearrange-

1 9

ments of the ammonium headgroups may even be incomplete after several hours.

4.5.4. 2Cj8 on Mica: Phase Transitions

In 2C18-mica with 100 % alkali exchange, no phase transition can be discerned on heating in

our simulation (see Figure 10 c/d). Although the ordering of the chains decreases (Table 14),

the number ofgauche-incidences in the extended parts ofthe C18 chains is not enough to trigger

an order-disorder transition. We estimated that 4.0 torsional angles should be gauche in the ex¬

tended part of a C18 chain to facilitate a phase transition, whereas in the geometrically restrained

2C18-mica only 0.8-1.6 angles are gauche in a C18 backbone between 20 and 100 °C (see Sec¬

tion 4.4.4).

In 2C18-mica with 70 to 80 % alkali-ion exchange or with decreased Al/Si substitution, one

S 1 ^

reversible phase transition occurs at -53 °C. ' It is due to a conversion of disordered rods into

tethered coils without significant head group rearrangements on the surface.
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The evidence is as follows. As we derived in Section 4.5.2, the 2C18 ions are mixed with inter¬

spersed alkali ions in certain domains. The melting transition proceeds smoothly and quickly in

n il

both directions. The C - H stretching vibrations as well as the C-NMR chemical shifts for

1 ^

the inner methylene groups ofthe octadecyl chains are changing during the transition. The oc¬

curence of a single reversible "melting" transition implies that rearrangements of 2C18-ions

across the cavities rarely occur. The density of alkyl chains on the 2C18-mica surface is roughly

double as high as in C18-mica so that the vast majority ofthe cavities on the mica surface is cov¬

ered by either alkyl chains or potassium ions. Thus rearrangements, in particular, a second phase

transition, are hardly possible in 2C18-mica. The number of gauche-arrangements is probably

-12 per 2C18 ion at 53 °C, corresponding to the required threshold value of-4 gauche-arrange-

ments in the extended part of each C18 backbone (see Section 4.5.3). The transition is likely to

be a "melting" process of the tethered disordered C18 rods to a structure between tethered bro¬

ken C18 rods and tethered C18 "coils".

4.5.5. Prediction ofStructuresfrom Geometrical Arguments

We notice that the occuring structural patterns on mica depend on the number of alkyl chains

per unit surface area. With increasing number of alkyl chains per unit surface area, the structural

patterns change from phase-separated via intermediate to continuous layers. There is also a cor¬

relation with inclination angles in continuous layers (see Table 14).

This aspect relies exclusively on the geometric conditions. We define the surface saturation X

as the quotient of the cross-section Ac perpendicular to the outstretched hydrocarbon chains

and the surface area As available to them:

Ac
X =

f. (26)

The cross-section of an all-trans hydrocarbon chain perpendicular to its axis is

Ac trans
= 0.188 nm at ambient conditions (0.175 nm at 90 K), ' and the area of two cav-

2 if\ 98 ^n

ities on the mica surface is As = 0.468 nm (see Figure 7). ' With an AljS^ composition

on the surface, As bears one negative charge. X gives an idea what percentage of the surface

area would be needed to force the chains to be normal to the surface. We obtain ^0TA-mica ~ 0-4,

and ^DODA-mica ~ 0-8
> neglecting the gorwc/ze-conformations. The value for C18-mica is rather

low, and it seems not surprising, that islands are preferred structures when the surface saturation
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is only -0.3 for 75 % ion exchange. In 2C18-mica, most ofthe available surface area is used and

a continuous layer is preferred. The value of X indicates which structure will be found on a flat

surface (Table 16), regardless of its chemical composition.

Table 16: Relation between surface saturation X and occuring surface structures for

octadecyl chains.

X <0.4 0.4-0.6 >0.6

Preferred Structure Islands Intermediate Continuous Layer

Moreover, there is a simple relation between X and the tilt angle 9 in homogeneous layers.

When / is the length of the chain, the volume of the chains in the whole layer with (vertically)

extended chains is Vc = Ac I. When the chains tilt, their volume remains constant, but their

cross-section parallel to the mica surface increases to match the value of As. According to Cav-

alieri's theorem, the volume of the chains is now given by the new cross-section and the height
h

I

we obtain:

« of the chains normal to the surface, Vc = As • «. From the volume identity and - = cos 9.

Ac
X =

-r
= cos9. (27)

As

With this relation, we predict the tilt angle for C18-mica as 66° and for 2C18-mica as 37° for all-

trans configured chains. These values are upper limits. Ifwe add 0.024 ± 0.001 nm to Ac trans

per gauche-torsion in the extended part of the C18 chains, we obtain a good fit to all determined

tilt angles, with less than 2° deviation (see Table 17).

Table 17: Prediction of tilt angles 9 (in degrees) of octadecyl chains in continuous layers with

the surface saturation X.

C18-mica, 20 °C 2C18-mica, 20 °C 2C18-mica, 100 °C

X 0.597 0.870 0.968

9 = arccosX 53.4 29.5 14.6

Exptl/MDa 55 30 13

a
See section 4.5.1/4.5.2.
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Further effects caused by the bulky quaternary amino group, irregular distribution ofthe ammo¬

nium groups over the cavities, as well as interspersed cations may lead to a real tilt angle a few

degrees lower than the calculated value, although these influences become negligible the longer

the alkyl chains are.

4.5.6. Exchange Mechanism

We want to summarize in short the likely mechanism of formation for alkylammonium mica as

far as progress in structural understanding has been made because it is crucial to the understand¬

ing of the self-assembly structures. Upon dry cleavage of mica, the surfaces usually have no

electroneutrality and the potassium will be scrambled over roughly half the cavities without a

high degree of order. When this mica is brought into aqueous solution, we can assume that the

_|_ _|_ Q 11 11

distribution of alkali ions, which are Li instead of K after delamination, ' ' changes to¬

wards its minimum surface energy (for example, see Figure 7a). Rearrangements of solvated al¬

kali cations will be possible because the positive charge is spread as in tetraalkylammonium

ions (see section 4.4.1.)

When alkali ions on small mica particles are exchanged against alkylammonium ions below the

_3
critical micelle concentration (cmc) of roughly 1x10 M, the following steps are likely: (1)

Firstly monomeric C18 or 2C18 ions are randomly adsorbed onto single mica surfaces. (2) The

ions rearrange on the surface to form more stable structures. In the case of C18-mica, these are

homogeneous islands. ' If the average number of alkyl chains per surface area rises above a

certain value, a relatively homogeneous layer is preferred, as for nonquantitatively exchanged

2C18-mica with interspersed alkali ions. (3) With elapse oftime the single-layered surfaces pair
19 1 ^

themselves with others to form sandwich-like structures. '

The speed of steps 1 and 2 is governed by the temperature and the nature of the exchanged cat¬

ions (see section 4.2.2). If Li+ is present, ion exchange takes only hours, whereas with K+ it is

not completed after many days at ambient conditions. ' Termination of step 3 depends on

the polarity of the solvent and its removal.

For concentrations of the alkylammonium ions above the cmc, first cylindrical structures and at

higher alkyl density homogeneous bilayers are formed. ' The details about these mechanisms

are not yet clear.
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4.5.7. A Possible Mechanismfor Thermal Decomposition

The thermal decomposition oftetraalkylammonium micas may proceed analogous to the cleav¬

age of quaternary ammonium hydroxides (Hofmann elimination), since the mica-multianion is

a medium strong base with the corresponding acid H-mica. The favoured a«#-periplanar tran¬

sition state for the ß -elimination is not very difficult to achieve. Especially at higher temper¬

ature, where the conformational flexibility is high, the first two carbon atoms departing from the

nitrogen in an alkyl chain arrange often roughly parallel to the surface, so that conformations

promoting the transition state for an E2 elimination are found in the simulation. The ß -hydro¬

gens on the ammonium ions approach the level of the upper oxygen atoms of the mica surface

about 300 pm, so that H-abstraction may occur. The usual elimination temperature for quater¬

nary hydroxides is 100 to 200 °C. ' Mica is not as strongly acting as hydroxide ions and,

19 1 ^

therefore, the elimination temperature is roughly 300 °C. ' Further evidence could be ob¬

tained by a detailed analysis of the elimination products.

4.6. Simulation of 2Cn-Micas with 20 % Alkali Ions

The inorganic-organic interfaces have been the subject ofnumerous experimental studies, ' '

12,13, 61
an(j theoreticai investigations of related systems were performed at coarse-grained '

£*9 99 f^^Z

and atomistic ' levels (see Sections 4.1 to 4.5). However, a number of basic questions re¬

main and molecular dynamics simulation at atomistic level is a useful tool to explain experi¬

ments, e. g., solid-state NMR data. ' In the preceding sections ofthis Chapter we have shown

that inclination angles of the alkyl chains and basal-plane spacings of the filler particles are re¬

produced very well and predictions of the interface structure as well as conformational analyses

of the hydrocarbon chains are possible. In this section and in the following, we report about the

phases on the mica platelets with both alkali ions and surfactant ions of different length, at dif-

19 1 ^

ferent temperatures, and give insight in occuring phase transitions. '

4.6.1. Methodology

We consider dry mica surfaces where 80 % of the alkali ions, i. e., most commonly lithium in

the experimental studies, have been exchanged by organic ammonium ions of different length

(see Figure 12) so that 20 % ofthe alkali ions remain. This is a technologically realistic situation

in view of the relatively difficult quantitative replacement of all interlayer cations. We investi¬

gate two borderline cases. The first simulated structure is a homogeneous mixture of surfactant

ions and alkali ions on the mica surface. The second simulated structure refers to phase-separa-
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tion. In that case, we model the most interesting part, i. e., the surfactant islands on mica where

the alkali exchange is quantitative. In both cases, we employ a mica model containing the upper

9 S

half of 5x3 x 1 unit cells with realistic atomic charges (see Chapter 2, Table 7). For the unified

phase, at each case twelve dialkyldimethylammonium ions (see Figure 12) and three potassium

ions are attached, accounting for 80 % cation exchange. For the simulation of islands, at each

case 15 dialkyldimethylammonium ions are added on the surface, corresponding to 100 % ion

exchange. All structures have periodicity in the xy plane and are open in the z direction. At the

outset, the plain, single-coated (mica-alkyl) structures are subjected to NVT dynamics at a cer¬

tain temperature and tilt angles of the alkyl chains are determined. Thereafter, duplicate assem¬

blies (mica-alkyl-alkyl-mica) are constructed and equilibrated again (>400 ps). 100 snapshots

are subsequently taken at intervals of 1 ps (1 ps
= 1000 integration steps) to compute the sys¬

tem's properties, such as basal-plane spacings and conformations of the alkyl chains. We con¬

duct our calculations with the extended consistent force field 91, which is very accurate in

modeling organically modified silicates and was described above together with other simulation

i r

details (see Section 4.3), using the Discover program from MSI.

2C18 2C16 2C14 2C12

Figure 12. The dialkyldimethylammonium ions used to modify the mica surface, and their ab¬

breviations.

4.6.2. EnhancedModel ofthe Mica Surface

Since we use an enlarged simulation box compared to the above study (see Sections 4.3 to 4.5),

we consider the distribution of Al-defects on the mica surface in a more elaborate way (see Fig.

13).29,54,55 por a ratj0 Aj/gi _ i/3 on the surface of natural mica, we see from Fig. 13a that (1)

60 % of the surface Si atoms are connected via oxygen atoms to 1 Al atom and 2 Si atoms, (2)

20 % of the Si atoms are connected via oxygen to 0 Al atoms and 3 Si atoms, and (3) 20 % of

the Si atoms are connected via oxygen to 2 Al atoms and 1 Si atom. Also, Al-O-Al contacts are

avoided. With these statistical criteria, we obtain a more realistic distribution of Al-defect sites

than in a regular arrangement as in Section 4.3. As can be shown by Molecular Mechanics, the

alkali ions and ammonium headgroups preferably reside over cavities containing two or three
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Al-defects along their boundary (see Fig. 13b). This is a consequence of electrostatic forces,

whereby precedence is given to the alkali ions that have a greater charge density per volume

relative to the more bulky tetraalkylammonium group. The distribution of the three Li+ ions in

the simulation box for a unified phase needs basically no further attention, since our small pe¬

riodic simulation box with -10 alkyl chains generates a uniformly mixed surface almost on its

own when we compare it with the 10 to 10 alkyl chains on a \xm -sized mica flake. However,

we have chosen a uniform pattern (see Figure 13b).
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(a)

0.1 0.2 0.3 0.4

Al/(Al±Si) fraction

(b)
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Figure 13. (a) Si microenvironments on the surface of tetrahedral layers in phyllosilicates as a

9Q

function of Al substitution, as monitored by Si-NMR (refs. 29, 54, 55). (b) Application to our

mica model. The proper statistical connectivity around Si (yellow) and Al (blue), locations of

the alkali ions (violet pellets), and representative positions ofthe headgroup N atoms (green pel¬

lets) of 2C18 ions on the mica surface with 80 % potassium exchange are shown (oxygen red).
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4.7. Surface Structure in Synopsis with Experiments

4.7.1. Headgroup Positions

Let us now turn to the simulation results after more than 400 ps. The lattice of the ammonium

headgroups is relatively stable for all cations from 2C12 to 2C18 in both borderline cases of is¬

land formation or interspersion of alkali ions, but rearrangements across surface cavities are, in

principle, always possible and are observed in the course of the simulation in several instances.

When the temperature is raised, some ammonium ions change their place to another cavity, es¬

pecially in the mixed structures where rearrangements are geometrically easier to achieve. A

representative example of ammonium headgroup positions for 2C18 ions in the mixed phase is

contained in Fig. 13b.

4.7.2. MixedPhases vs Separated Phases, Partial Melting Transitions

It is, however, not possible to decide from the simulation which limiting structure is preferred

because we cannot simulate a large system with two separate phases. We will, therefore, consult

1 ^

the experimental data. Phase-separated and mixed structures can be distinguished by their dif¬

ferent basal-plane spacings according to simple geometry (see Section 4.5.5, Figure 11). Phase-

separated structures have always a higher basal-plane spacing than the corresponding homoge¬

neous structure because the orientation ofthe surfactant chains is nearer to the perpendicular. In

Figure 14, the computed basal-plane spacings for one- and two-phase surfaces are compared
1 ^

with the experimental values at low and high temperatures.
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Figure 14. Computed basal-plane spacings for the two limiting cases of one uniform phase and

two phases of dialkylammonium ions (80 %) and alkali ions (20 %) on mica. The experimental

values are also shown and indicate the real structure.
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Table 18: Computed properties for 2C18 and 2C12 ions on mica where 20 % of the alkali ions

remain: basal-plane spacings (in nm), number of gauche-incidences in the alkyl chains, and

their tilt angles (in °). Given for a mixed 2C18 - K+ phase and a separated phase of 2C12.

Basal plane spacing
No. ofgauche-

arrangements

exptl MD-simulation total backbones Tilt angle

o°c 4.7-4.8 4.76 9.6 -5.6 29 ±5a

80 °C 5.02 4.96 11.5 -7.5 _b

-20 °C - 4.14 5.9 -1.9 5 ±4

60 °C 4.33 4.22 6.7 -2.7 5 ±4

2Ci

2C 12

a The orientation in the layer with interspersed alkali ions is not very strict. Molten.

Both the graphs indicate within the possible deviation that the 2C18 chains are mixed with the

alkali ions on the surface. With decreasing chain length, a trend towards phase segregation be¬

tween organic chains and alkali ions is apparent. The 2C12 ions are fully organized into islands.

The result is supported by the close match between experimental and computed basal-plane

spacings for 2C18-mica and 2C12-mica (see Table 18), and also the irregular thermal behaviour

1 ^

reported by Osman et al. can be explained meaningfully:

(1) For 2C18 chains, only one sharp phase transition is observed with DSC (Differential Scan¬

ning Calorimetry) on heating, which is practically fully reversible upon subsequent cooling and

reheating. It is in accordance with a homogeneously mixed surface structure where the tethered

alkyl chains undergo a reversible partial melting without significant rearrangements (see Fig¬

ure 15 a/b). We count the number ofgauche-arrangements from the end of one Cn chain via the

nitrogen atom to the end of the second Cn chain. 2C18 chains, which have generically -4

gauche-torsions near the ammonium head group, possess roughly 3.3 garwc«e-arrangements per

C18 backbone and a significant tilt angle of 29° (Table 18) below the order-disorder transition

1 ^

at 55 °C. In the partially molten state, no tilt angle can be specified (see Figure 15b).
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(a)

(c)

(b)

(d)

Figure 15. Snapshots of the uniform 2C18 - K+ phase on mica at 0 °C (a) and 80 °C (b) after

400 ps of molecular dynamics. A partial melting of the tethered chains is visible. Snapshots of

separate 2C12 ions on mica at -20 °C (c) and 60 °C (d). The absence of a melting transition and

the almost perpendicular orientation of the alkyl chains are apparent.
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(2) For 2C14 chains instead, one sharp DSC signal of relatively small area at -35 °C is observed

1 ^

upon heating, which produces a metastable phase. This phase exhibits subsequent transitions

1 ^

on cooling and reheating at the same temperature, but they are weaker and smeary. These facts

are in agreement with substantial accumulation of the C14 ions into island-like structures and

some mixed domains on the mica surface (as conluded from Figure 14). Less possibility for con¬

formational disorder is given (smaller area of the DSC peak and less pronounced changes in the

IR spectrum compared to 2C18 chains during the transition). In the sharp transition, the chain

backbones are partially melting with some rearrangements ofthe ammonium headgroups occur¬

ing simultaneously. Subsequent cooling and reheating reveals the instantaneous freezing and re-

melting of the obtained metastable phase with nonideal headgroup positions (less well-defined

transition). The original structure is formed after standing several hours at room temperature be¬

cause reverse rearrangements to reorganize the displaced headgroups are slow at ambient tem¬

perature (see Sections 4.4.1 and 4.5.3).

(3) For 2C12 chains, no phase transition is found in the IR spectrum (DSC not shown in ref. 13),

and also the basal-plane spacing is not significantly changing from 60 °C towards 20 °C (not
1 ^

shown at -20 °C). The chains are tightly packed in the islands and also too short for extensive

entanglements in a disordered phase (see Figure 15 c/d). The number of gauche-incidences is

only 1.0 to 1.3 per C12 backbone (Table 18). Therefore, no order-disorder transition is possible

(see Figure 15 c/d) in contrast to the higher homologues.

4.8. Summary

We developed an accurate extension of cff91 for mica, which can be employed for other clay

minerals or zeolithes. Although the repulsive nonbond potential should be stronger for highly

polar solids than in the given 9-6 formulation, the structures of both the mineral and the organic

residues can be adequately modeled.

The computed properties of 2C18-mica and C18-mica are in satisfying agreement with experi¬

ments. The ammonium ions occupy positions above the cavities in the mica surface, preferen¬

tially with a higher number of Al-defects. The nitrogen atoms reside -385 pm above the plane

of the superficial Si and Al atoms. For less than quantitative alkali-ion exchange, C18 on mica

forms phase-separated structures, while 2C18 on mica forms a homogeneous phase mixed with

remaining alkali ions. For solid liquid-like phase transitions in a bulk of tethered C18 chains,
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approximately 4.0 garwc«e-arrangements along the backbone are required. The two phase tran¬

sitions upon heating in partially or fully cation-exchanged C18-mica are likely due to breaking

disordered C18 rods at 40 °C, followed by a transition into a coil-like state at 60 °C with rear¬

rangements of the ammonium headgroups on the surface. On fast cooling, a metastable system

is obtained. Reversible "melting" transitions between a disordered-rod state and the coil-like

state at -40 °C are observed until the slow reverse rearrangements to the original structure are

achieved. 2C18-mica with 70 to 80 % ion exchange undergoes only one phase transition at -53

°C, which is a partial melting of the tethered alkyl chains without significant rearrangements of

2C18-ions. For 100 % ion exchange, no transition can be discerned in the simulation.

The occurence of island, intermediate, or homogeneously mixed surface structures and the val¬

ue of the tilt angle in continuous layers are associated with the surface saturation ratio X (see

Tables 16 and 17). X allows to make predictions for other surfaces. We suggest that the thermal

decomposition of the tetraalkylammonium micas is a Hofmann-type elimination with mica act¬

ing as a rigid base.

A second factor to determine the surface structure is the chain length. We have shown that, for

80 % alkali exchange, 2C18 ions on mica form a mixed phase with the 20 % remaining alkali

ions. In the series over 2C16 and 2C14, there is a gradual transition to the formation oftwo sep¬

arate phases, which are fully created in the system of 2C12 and alkali on mica. Therefore, long

chains have a higher tendency towards a uniform phase than short ones.
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5. Conclusions and Outlook

We have derived an extended Born model to describe chemical bonding of any polarity. It be¬

came obvious that the atomization enthalpies of the elements primarily determine the tendency

of covalent bonding. When we take also into account the ionization energies, including the elec¬

tron affinities, we can evaluate partial atomic charges that are, for example, needed in Monte

Carlo or Molecular Dynamics simulations. Interestingly, the polarizabilities ofthe elements can

be described by looking at both the (first) ionization energy and the electron affinity. This pro¬

vided the basis of various electronegativity definitions, which are only valid for gaseous atoms.

According to the extended Born model, which is valid for compounds, the contribution of the

atomization enthalpy must be included to assess the polarity.

The procedure was applied with help from available reference compounds and trends through¬

out the periodic table to derive accurate partial charges for aluminosilicates, where no consensus

has been found in the literature with the existing methods, including also density functional and

ab-initio approaches.

We have then presented an accurate model to compute sovatochromic shifts of an aromatic mol¬

ecule in nonpolar hydrocarbon environments. The k —» k* transition can be reduced to HOMO

and LUMO and the solely geometry-based description with Huckel's theory leads to a precise

reproduction of numerous spectral shifts. It is striking that only the connectivity of the aromatic

carbons enters the estimate of the local electron densities on each aromatic carbon. We take ac¬

count of the natural shape of the electron clouds given by the sign of Huckel's orbital coeffi¬

cients, which is missing in the approaches by perturbation theory.

The second achievement ofthese spectral shift analyses is that the dispersive van-der-Waals en¬

ergy falls offwith a distance dependence of 1 Ir
.
The commonplace 1 /r dependence was test¬

ed as well and found not to be appropiate. Hirschfelder, Curtiss, and Bird (p 27/28 in ref. 26,

Chapter 3) stated that the energy between two permanent electric dipoles at shorter distances,

where their relative orientation is important, may fall off as 1/r
,
and then approaches 1/r at

longer distances. The most influential range of our dispersive intermolecular interactions is be¬

tween 300 pm and 1000 pm so that (dipole) orientation effects are essential, since atomic radii

or short bond lengths have a magnitude around 100 pm. We may tentatively explain our detect-

4
ed 1 Ir distance dependence by the presence ofweak permanent dipoles in our solid and liquid
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structures. We also avoid then the notion of "fluctuating" dipoles, which are hard to describe by

perturbation theory. A further investigation of this finding, e. g., for noble gases, and the possi¬

bility of more accurate parametrizations for complex force fields seem to be an interesting chal¬

lenge for the future.

In the last part of the work, we developed an adequate force field to model organosilicates and

report about instructuve simulations of organic-inorganic interfaces. The geometric reproduc¬

tion of hydrocarbons and clays is accurate to the order of 1-5 %. We have shown order-disorder

transitions in the chains and rearrangements of the ammonium headgroups, which explain the

phase transitions previously reported. It is interesting to note the substantial fraction ofgauche-

conformations in the chains at ambient temperature, where often conformations close to all-

trons have been presumed. About 20 % of the torsional angles need to be gauche to induce a

partial melting transition. The experimentally easily accessible basal-plane spacings of the ag¬

glomerated organo-micas proved as a sensitive indicator to signalize the presence of a mixed

phase, intermediate cases, or phase-coexistence of the alkylammonium ions and remaining al¬

kali ions on the surface.

We can understand the phenomenon of phase separation vs uniform phases on the mica surface

using a geometric parameter X, which describes the surface saturation, and the effects of chain

length. X is the ratio of the hydrocarbon-cross section to the available surface area and deter¬

mines the surface structure for a given chain length. Additionally, it gives us directly the cosine

of the tilt angle 9 in a uniform layer and is independent of the chemical nature of the surface.

While for C18 chains the critical surface coverage ratio below which phase-separation occurs is

^critical = 0-6, we find, tentatively, that Xcritlcal ~ 0.9 for shorter chains like C12. In this way,

the foundations for a phase diagram with the axes surface coverage X and chain length are laid

down.
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