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Molecular orbital theory In general and the Complete Neglect
\.

of DIfferentIal Overlap approximation are reviewed: The Self Consls-

tent Field perturbatIon theory for molecular crystals is discussed

In some detall---and used to study the binding energy and charge dls-

trtbutton of a number of real crystals which were chosen to represent

a wIde range of bonding situations. A discussion of Intenmolecular

charge transfer and tts possIble effect on the vibratIonal spectra Is

91 ven.

A method of obtaining the electronIc band structure, and hence

~denslty of electronic states, by a suItable transformation of the

~stal orbItals obtal~ed from the self consls~ent field perturbatIon

method Is presented. ThIs transformatIon is used to study the band

structure and densIty of electronic states of fonmamide, formic acId

and urea and the band structure of naphthalene and ethylene. The

effect of the crystal InteractIons on the ~~lecular electronic levels

Is dIscussed.
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A molecular orbital theory of the electronic states of

molecular crystals Is given and the resultant equations are compared

to those of Davydovls valence bond approach. Some of the limitations

of the neglect of differential overlap are discussed and the method

Is applied to the lUNest singlet states of naphthalene and for~mlde

crystals,

c
ttl

,

r



ACKNOWLEDGEMENTS

The support of the federal 90v~rnment through its tJatlonal

Research Council Scholarships and McMaster University through Its

University Scholarships are gratefully acknowledged.

I would like to thank Dr. D. P. Santry for suggesting the

topIcs of this thesis and for providing m~ with the opportunity to

continue the same type of research whilst he read·the initial version

of it. I also would like to thank Bob Crowe for the use of his

computer programs.

FInally, I would like to thank ~ wife, Nora, for her support

and understanding during this research, and for her corrections and

speedy typing of the final thesis copy_

1

:1
"I
II

I'



TABLE OF CONTENTS

Page

ItlTROOOCTION

CHAPTER 1

Bas Ie Theory

1

§ 1.1 Molecular Orbital Theory 8

§ 1.2 The CNDO Approximate Method 18

CHAPTER 2

§ 1.3 The SCF Perturbation Theory for Molecular Crystals 27

Theoretical Lattice Energies and Charge Distributions of
Molecular Crystals

§ 2.1 Introduction

§ 2.2 ComputatIonal Details

§ 2.3 The'Calculated Lattice Energies

§ 2.4 Charge Distributions In Molecular Crystals
•

§ 2.5 The Calculated Net Charge Distributions

§ 2.6 Comparison of TheoretIcal and Experlm~ntal Charge
Distributions

CHAPTER 3

A Self Consistent Field Perturbation Theory for Band Structures
/

§ 3.' Int'reductlon

45

46

48

S4

62

79

I

§ 3.2 The Orbital Energies 81

§ 3.3 The Zero Order Crystal Orbitals 84

§ 3.4 Band Structure Calculations for Ethylene, Naphthalene,
fonmamfde, Fonmlc Acid and Urea 95

v



§ 3.5 The Density of States for Formamlde. Formte~cld

Dnd Urea

CHAPTER 4

The Self Consistent Field Perturbation Theory for the Frenkel
and Charge Tr~nsfer States of Hydrogen Bonded Crystals

§ 4.1 IntroductIon

§ 4.2 Band Structures and Crystal Excited States

§ 4.3 The Wave functions In the Localized Representation

§ 4.4 The Evaluation of the Matrix Elen~nts

§ 4.5 Frenkel Excltons and the Oavydov Spllttlng

§ 4.6 Charge Transfer Excltons

§ 4.7 The Polarization Ratlo

§ 4.8 Appltcatlon to the Excited States of Naphthalene
and forrnamlde

CONCLUDING DISCUSSION

APPENDIX 1

APPENDIX 2

APPENDtX 3

REFERENCES

vi

Pago

111

"'115 I

115

118

123

129

133

135 I138
1
i

152 f
I

\
155

16l.t
[

165

172



LIST OF FIGURES

Figure

2.1 The structure of the s-triezlne, melamine and
cyanuric acl~ molecules

3.1 The hypothetlc~l two dimensional crystal wIth
t~~ molecules per unit cell

3:,2 Sections of the band structure for form.amlde
along the 100 and 111 directions

3.3 Sections of the band structure for formic acid
along the 100 and 111 directions

Page

53

91

106

107

i
"

3.4 Sections of the band structure for urea
along the 100 and 111 directions 108

3.5 Sections of the band structure for ethylene
along the 100 and 111 directions 109

3.6 SectIons of the band structure for naphthalene
along the 100 and 111 directIons 110

3.7 The densIty of states for formamlde, formic acid
and urea 113

4.1 The lONest single{ st~tes of molecular naphthalene 139

vII



Table

LI ST OF TABLES

Page

2.1 Lattice par~mBters and space groups of the crystals
studIed 1.1,7
I

2.2 ContributIons to the l~ttlce energies In kcal per n~le 49

2.3 Net molecular charges for form.amidc molecules in the
dIstorted unit cell 60

2.4 The calculated net atomic charges for the reference
mo lecul e of each crysta I 63

2.5 Theoretical and experimental net atomIc charges for
s-triazine. melamine, cyanuric acid and ~CHE

2.6 Crystal field induced ch~nge3 in the dipole morr~nts

of HCtJ, urea, forrt'klmide and formic acid

74

77

I

\

3.1 The first order lattice sums for the lowest occupied
level of formamlde and k '" (.2,.4,.8) 93

3.2 The second order lattice sums for the lowest occupied
level of fonnamlde and k ,. (.2,.4,.8) 93

'3.3 Group character ynalysls of the ethylene sIngle site
function under D2~ 96

3.4

3.5

3.6

3.7

3.8

}

Symmetries of the combinatIons of ethylene single sIte
functions under the Ci operation

Group character analysis of the naphthalene single site
functIons under C~h

Symmetries of the corrblnations of the naphthalene sIngle
site functions under the ~a operation

Group character analysis of the fonmamide sIngle site
functions under C~h

•
Syrrm.~trtes of the combInations of formamide sIngle site
functIons under the operations of C~h

vttt

97

99

99

101

101



Table Page
: ! I
, ' I
I "

, !

1
j
I I,

102

105

3.9 Group character analysis of the formic acid single
site functions under C~v

3.10 Symmetries of the combinations of formic acid single
site functions under the operations of C2v t02

3.11 Group character analysis of the urea single site
functions under D~d 103

3.12 Symmetries of the combinations of urea single site
functions under the C2 operation 103

3.13 ContributIons to the band levels derived from the
lowest occupied level of formamlde

4.1 Coefficients of the M type functIons In the a, ~,

p and B' Frenkel states of naphthalene 14t

4.2 Contributions to the energies of the a, B. p and ~'

states of crystalline naphthalene 142

4.) Contributions to the energies of the n~* and ~~*
bands of crystallIne fonmamlde 145

4.4 The calculated and experimental Oavydov spllttings_
1for the lowest singlet states of naphthalene In cm

4.5 The calculated and experimental polarizatIon ratIos
for the lowest singlet state of naphthalene

4.6 The calculated Davxdov spllttings and polarization
ratios for the n~ and ~* bands tn the formamlde
crystal

147

147 l
I

/

Ix



1

t NT RODLlCTt ON

The sIngle dIstinguIshable geometrical characteristIc of

molecular crystals Is that intramolecular bonded distances are

significantly smaller than Intermolecular nonbondcd distances 1.

For example, In hydrocarbon crystals the carbon hydrogen bonds are

about 1 Rwhereas the Intermolecular hydrogen contacts are at least

2.2 R. The carbon carbon bonded dIstances are 1.2 to 1.5 Rwhile

the corresponding Intermolecular spacings are at least 3.3 R.
Hydrogen bonded crysta~s, In which an electron deficient hydrogen

atom forms a weak Intermolecular bond with a lone pair of electrons

or a region of high electron density on an adjacent molecule 2, are

an exception to the above generalIzation. Although the Intermolecular

---hydrogen bonds ~y be as short as 1.6 ~, they are still classified

as molecular in nature.

Thts stngle property has had a profound Influence on the

"manner In which the theory of molecular crystals has been developed.

In general, they are c1assified accordIng to the nature of the

Intermolecular forces thought to be of greatest Importance in'the

,bIndIng of their lattices. Hence, theoretical studIes of these systems
"

are usually based on a priori assumptions concerni.ng the 'type of

tnteractions to be included and as to the pairwise additivity of these

Interactions. Little effort has been made in assessing the relative

Importance of various types of intermolecular forces or pairwise

addItivity by treating mole~ular crystals with a unified approach.

\
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The usual method of calculating the lattice energy Is to take

the difference in energy of molecular pairs and the ISQlated molecules

summed over the lattice. The intermolecular interactlo~ Is most

often calculated by a perturbation method 3t~ In whicH the wavefunctto~

on each molecule is expanded as a summation of excited free molecule

f
. Iun c t I on s, 't' ,

where

between

(I. 1)

is over all functions th~t Involve the excitation

e electron. Neglecting overlap of the electronic distributions

molecules. the wavefunction for the pair is written as

a slmple product and the resulting energy. up to second order In the
"-,

molecular potential, Vab , is:

L
J~O

+ L
i~O

L
J~O

<'t'O '¥°lv l'f l
a b ab a (1.2)

The most important feature of this result is that the energy appears

as four distinct terms: the first is the interaction between the
,

ground state charge distribution of the molecules and the remaining

terms are the dispersive contrlbumions to the intermolecular e~er9Y.

The last term is the one usually associated with the van der Waals

interaction betwee~ molecules which have zero or small moments of
>

charge distribution. Because of the form of the dispersiv~ term it

is the lowest excited states that contribute the most to the van der
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Waals Interaction. The potential Vab is usually expanded about the

centres of the two Interacting molecules in a series of terms which

are the Interactions between the various moments of the static and
.

transition charge distributions of the molecules. The integrals are

then evaluated using experimental moments of the static distribution
~

and molecular or bond polarizabillties by terminating this series

at the first term that is not zero.

Bucklngham5 has suggested that lithe structures of molecular
, I

crystals are~normally determined by the leading multipole moments"

and Nagl and Nakamura6 have confirmed that for ~2' UzO, CO2 and CO

the quadrup~le quadrupole interactIon has its minimum near the

actual orientation of the molecules in the lattice. However, Mason

and others 3,7,8 have shown that the major orientatlonal effect is

the short ranged repulsions between nonbonded atoms due to the

overlapping of their charge distributions not Included in equation

(1.2) and that although the dispersive term may contribute the largest

~ount to the binding energy Its variatJon with orientation within

the crystal lattice Is small. When all tne terms of (t.2) are Included,

the predicted values of the la~tice energy, lattice constants and

mol~cular orientations are within a few percent of the experimental

values 3'7-11.. HaRever, the evaluation of the repulsion energy between
f

nonbonded atoms often requires the use of an empirically ~termlned

parameter which may offset any inadequacies ,in treating the pther terms.

A method that has been useful in the study of hydrocarbon

crystals ts the method of atom atom potentials 4,lZ-14. In·thls

method the ~ntire Interaction is taken between nonbonded atoms and
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Is of the simple form

-6' 'Ar + B exp(Cr) , ('.3)

with the constants fitted empirically from the equilibrium structures

of crystals.

Recently. a method of cal.culating the Intermolecular forces
'\

~y treating the climer system as one molecule and using the difference

between this system and that of monomeric molecules has been used by

'Hasimoto and Isobe 15,16 to calcu'ate the latt)ce energy of N2 , CO2 ,

C
2

H
2

,' ~20; CO, HeN and F
2

crystals with 'some degree of success.

However. as this Is a sln91~ determinantal method. It cannot InclUde

any qlsperslve effects 3 and its good agreement with experiment should

be questioned. ThIs type of calculation for the dimer has been most

often applied to the hydrogen bond 17-~3 but it has not as yet been

applied'to extended hydrogen bonded networks.

T.he spectra of molecular crystals exhibit several interesting

features. The absorption bands In a molecular crystal are generally

displaced from the free molecule energy and split into a number of

components equal to the number of molecules in the unit cell. The

spectrum of the crystal also exhibits a strong variation with the

direction of polarization of the incident tight) transitions forbidden

,in the vapour may appear. molecular vibrations change slightly and

lattice vibrations appear.

In order to explain the number and polarizatJon of the crystal

• exci ted states Oavydov app It'ed Frenkt l ' s theory of Ilexci tat Ion

•

'waves" 21+ ,excltons, to molecular crystals 25 In doIng so Davydov
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considered only excttons in Whi$i tne el~tron and hole were tightly

bound, that Is spread over only one molecule at any particular time

as they travel throughout the latticel The main result is that the

~xcltatlon energies'can be>wrltten

I

AW .. AE + D + LLr w~. w~lM. J 0_

i 'J A I A I ,Mil

(I .~)

where AE is the excitation energy of the isolated molecule, D is the change

in the Coulomb interaction of a molecule with the lattice upo~ excitation,

MIJ,tm is the energy corresponding to the transfer of the exciton

from the molecule at site ~ In unit cell m to the molecule at site

lo'cell J and the wAr are coefficIents that are ~etermlned by the
~

crystal factor group. The matrix elements MIJ,tm for different

sItes, I"t, determIne the splitting bet,,,een the components that arise
"-

from one electronic band In the vapour and the elements for which

1-1 contribute to the shift of the centre of the band from the vapour

spectrum. The required matrix elements are usually evaluate~ by

expanding the interaction potential In a serIes of multipole-multlpole

terms. For strong transitions, the leading dipole-dipole term is

often used. This method has been used by Oavydov 25 and others 26-30

for the study of strong transitions In various aromatic hydrocarbons.

For weak transitions the transition dipole moments become

small and If the Intermolecular Interaction is represented by the

dIpole-dipole term alone the splltttngs are too small and the polarIzations

different from the experimental values •. Craig 31-32 has 'sugge~ted

that a crystal induced mixing of the upper state of one transition






























































































































































































































































































































































