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Nomenclature 
The general molecular structure of the substances studied in this work is shown in Fig.1, 
the substituents and their abbreviations used in this work are listed in Tab. 1.1.  

NN

O
R X CH2 CH3n  

Fig.1.1  1,3,4-oxadiazole derivatives studied in this work. 

 

Tab. 1.1 The substituents and their abbreviations 

R / Abbreviation X / Abbreviation 

CN- (para) pC Ether, O  Et 

CN- (meta) mC Ester, C
O

O  Es 

CH3O- MO Amide, NH C
O

A 

CH3OCO- ME   

NO2- NI   

H- H   

Please note that all substances studied in this work are derivatives of 2,5-diphenyl- 
1,3,4-oxadiazole (DPO), so this part of the molecule is omitted in the nomenclature to 
keep the name concise. The basic nomenclature used in this work is illustrated with the 
following examples: 

Example 1: 

2,4-Bis(4-nitrophenyl)-1,3,4-oxadiazole 

 

NN

O
NO2O2N

DPO(omitted) NINI  

This substance is referred to NINI in this work. 
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Example 2: 

2-(4-Cyanophenyl)-5-(4-hexadecyloxyphenyl)-1,3,4-oxadiazole 

 

NN

O
NC O CH2

pC DPO(omitted) Et

CH315

 

So this substance is named as pCEt16 in this work, while 16 represents the number of 
carbon atoms in the aliphatic chain. 

 

Example 3: 

2,5-Di(4-dodecanoylaminophenyl)-1,3,4-oxadiazole 

 

N

O

N
NH CO (CH2)10HNOC(CH2)10H3C CH3

A ADPO(omitted)  

This substance is named as 11AA11 in this work, the number 11 at the beginning and the 
end represents the number of carbon atoms in each of the two aliphatic chains. 

The chemical structure of all the investigated oxadiazole derivatives and their 
abbreviations used in this work are listed alphabetically in Tab. 1.2. 
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Tab. 1.2 Chemical structure of all the investigated oxadiazole derivatives and their abbreviations 

Name Structure Note 

CDMO 
NN

O
CN N(CH3)2  

 

12EsEs12 
NN

O
CC
OO

OO CH2H2C CH3H3C
1111  

 

HA11 
N N

O
NH C

O
CH2 CH310  

 

HEt16 
N N

O
O CH215

CH3  
 

mCEt16 
N N

O
O CH2

NC

CH315

 
 

MEEt16 
NN

O
O CH2 CH315

C
O

CH3O
 

 

MEME 
NN

O
C
O

C
O

CH3O OCH3  
 

MOEt16 
N N

O
O CH2 CH3H3CO

15  
 

nAAn 
NN

O

H
N

H
NC

O
H2C C

O
CH2 CH3H3C

n n
n = 6, 10, 16 

NIA11 
NN

O
NO2 NH C

O
CH2 CH310  

 

NIEt12 
NN

O
NO2 O CH2 CH311  

 

NINI 
NN

O
NO2NO2  

 

pCA11 
N N

O
NHNC C

O
CH2 CH3

10  
 

pCEtn 
N N

O
O CH2 n CH3NC

 
n = 0, 4, 9, 11, 15 
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1 Introduction 
The research in the area of new materials in recent years arise more interest in organic 
materials. The physical and chemical properties of organic materials can be easily tuned 
by variation of their chemical structures and by control of the supramolecular architecture 
to meet the requirements of a particular application area [1, 2]. One such example is 
1,3,4-oxadiazole, which is a hetero-aromatic ring containing two nitrogen atoms, two 
carbon atoms and one oxygen atom. 1,3,4-oxadiazole compounds are highly thermal 
stable [3-7]. They possess promising emission in UV and blue region and are widely used 
as scintillator compounds [8, 9]. They are also interesting candidates for application areas 
like thin-film-transistors (TFT) and light emitting devices (LEDs) [10-13]. 

The development of electronic devices show clearly tendency of miniaturisation. In the 
nanometer range the inter- and intramolecular structures of materials have a large impact 
on the physical properties of the device. It is necessary to combine the functional parts 
which possess special physical properties and the support part which facilitate the 
formation of ordered film structures. 

Thin film based on 1,3,4-oxadiazole compounds can be prepared via methods like 
Langmuir-Blodgett technique (LB), Vapour Deposition method (VD) or Spin Coating 
process [3, 14-17]. Freydank et al. [18] have investigated systematically LB films of 
2,5-diphenyl-1,3,4-oxadiazole compounds. The results show that an apliphatic chain 
attached to the phenyl ring helps to stabilize the monolayer at the water-air interface. For 
some molecules, the intermolecular hydrogen bonds also contribute to the stabilization of 
LB multilayers after the film is transferred onto the substrates. 

Vapour Deposition (VD) is a widely used film preparation method. Several advantages 
such as freedom from impurities and high productivity make it widely applied in the 
electronics industry [19]. The use of 1,3,4-oxadiazole in LEDs is also realized through 
VD. Although the application of 1,3,4-oxadiazole compounds as electron transport layers 
in LEDs are quite often reported in the literature [20-22], the structure of the layers are 
rarely investigated, in spite of the fact that the physical properties are deeply influenced 
by the intermolecular structures of the layers [23-26]. 

The aim of this work is the investigation of the correlation between the chemical structure 
of a substance and its corresponding VD film structure. The influence of film preparation 
conditions on the film structure is also investigated in this work.  

The first step to achieve this aim is the synthesis of different 1,3,4-oxadiazole compounds, 
which are likely to form ordered VD films. The synthesis is concentrated on derivatives of 
2,5-diphenyl-1,3,4-oxadiazoles because the LB films made from these materials have 
already been systematically investigated. The chemical structures and the purities of the 
synthesized substances will be investigated using Infrared Spectroscopy (IR) and High 
Pressure Liquid Chromatography (HPLC). 

The next step is the preparation of VD films using the available as well as the new 
synthesized 1,3,4-oxadiazole compounds. The films will be characterized by means of 
X-ray specular reflection (XSR), Atom Force Microscopy (AFM) and Reflection 
Absorption Infrared Spectroscopy (RAIRS).  

Systematic experiments will be carried out to investigate the influence of the chemical 

 4



 

structure on the film structure. The main points are the influence of the head group of the 
molecule, the length of the aliphatic chain and the bridge group which connects the 
aliphatic chain and 2,5-diphenyl-1,3,4-oxadiazole unit. 

Physical deposition parameters such as substrate temperature and film growth rate can 
influence the film growth and therefore change the structure of the resulting film. For a 
given substance the film structure can be more or less controlled by changing these 
physical deposition parameters. For this reason the study of the influence of physical 
deposition parameters on film growth is also a part of this work. 

The change in film structure will result in a change of the physical properties. For 
1,3,4-oxadiazoles, the absorption in UV region and luminescence properties may be 
influenced. The last step of this work is the study of such effects using UV and PL 
spectroscopy.  
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2 Literature review 
VD as well as LB films of compounds, which have structures analogous to the oxadiazole 
compounds investigated in this work (see page 1, Fig.1.1), have been widely studied. 
Among them are 4-alkoxy-4’-cyanobiphenyls and 4-alkyl-4’-cyanobiphenyls (nOCB and 
nCB, n donates the number of methylenes in the substituents), thiophene derivatives and 
oligophenylenes. On the other hand, only few paper are published dealing with the 
morphology study of VD or LB films based on aromatically substituted 1,3,4-oxadiazoles. 

The nOCB and nCB differ with our oxadiazole compounds mainly in that they do not 
possess an oxadiazole ring between two phenylene rings. Therefore the two phenylene 
rings in nOCB molecules form a linear rod while the aromatic part of oxadiazoles is 
banana-shaped. Like oxadiazoles, thiophenes are also molecules with a heterocyclic 
aromatic five numbered ring. Moreover, some thiophene derivatives also tends to have 
banana-shaped molecules. 

2.1 Oxadiazole compounds 

2.1.1 Crystal structure of 1,3,4-oxadiazoles 

A knowledge of the molecular conformation and arrangement in a crystal is a very 
important information for the VD film investigation. In recent years the crystal structures 
of several oxadiazole compounds without substituted aliphatic chain were studied [27-44], 
most of them in our research group. This information is very useful in the analysis of the 
film structure, especially for the aliphatic chain substituted oxadiazoles, whose crystal 
structure is up to now unavailable due to the difficulty in obtaining crystals big enough for 
structural analysis. Franco [45] has summarized the results of these studies and found that 
the molecular arrangement in most of the crystals is determined by the presence of 
π-complexes, the complex which results from the interaction between the electron rich 
ring system (π-donor, phenyl ring) and electron poor ring system (π-acceptor, oxadiazole 
ring) of two molecules [46], outlined in Fig. 2.1. The inter-planar distances between the 
molecules which build the π-complexes are in the range of 0.333 to 0.371 nm.  

Ph

OXA

Ph

Ph

OXA

Ph

Ph

OXA

Ph  

Fig. 2.1 Schematic illustration of π-complexes in oxadiazole crystals. Ph and OXA represent phenyl and 
oxadiazole ring, respectively. Solid line is the chemical bond connecting phenyl and oxadiazole ring. π-π 
interactions are denoted by dashed bonds. 

In a crystalline form the 1,3,4-oxadiazole ring is always perfectly planar. The phenyl and 
oxadiazole ring derivate slightly from coplanar. The dihedral angles between the 
oxadiazole and phenyl rings are lower than 10° for most compounds. 
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2.1.2 Vacuum deposited and LB-films of oxadiazole derivatives 

Low molecular weight oxadiazole derivatives (Fig. 2.2) [47-52] as well as polymers 
containing oxadiazole structures [53, 54] are often employed in LED development. 
Spin-coating is the most widely applied method for polymer film preparation and vapour 
deposition for low molecular weight oxadiazoles. PBD is the most commonly used low 
molecular weight oxadiazole as electron transport material [21, 22, 55-61], but it 
crystallizes quickly as a pure VD film [62]. An et al. have avoided the crystallization by 
employing the multiple Alq3/PBD quantum well structure [61].  

NN

O
CH3C
CH3

CH3

PBD      

NN

O

NN

O
(CH3)3C C(CH3)3

OXD-7  
 

NN

O

NN

O
(CH3)2N N(CH3)2

OXD-8  

Fig. 2.2 Molecular structure of some oxadiazole derivatives used for VD film [47-52]. 

Hamada et al. [51] have prevented the degradation of LED due to the crystallization in 
organic layer by using OXA-7 and OXA-8. The life time of the cell was extended to 40 
days, 20 times that of a PBD cell.  

Although some authors [25, 26] have mentioned correlation between the film morphology 
and the electrical properties of the organic films, no work has been invested in 
morphology studies of VD oxadiazole films except in our group [14, 15, 63].  

NN

O
R A CH2 CH3n  

Fig. 2.3 General structure of oxadiazole compounds studied in [18]. R(head group): H, NO2, COOCH3, NH2, 
N(CH3)2, CN, CH3, CH3O; A(bridge group): -O-, -NHCO-, -COO-, -N=CH-. 

Freydank [18] and Reiche et al. [16, 64] have systematically investigated the influence of 
the molecular structure of oxadiazole compounds (general structure see Fig. 2.3) on their 
LB film structure. The results show that for the LB film at the water-air interface has the 
highest stability as the alkyl chain has an optimal length of 10 methylene units. The head 
group strongly influences the stability of a monolayer, when the brigde group is ether and 
ester, but such an influence is not observed when the bridge group is an amide structure. 
The interaction between the phenyl ring, which is an electron donor, and the oxadiazole 
ring, which is an electron acceptor, leads to the shift of molecules by the length of one 
phenyl ring along the direction perpendicular to the water surface during the compression 
of the monolayer at the water-air interface [18].  

Reiche et al. [63] have studied the VD film of 2-(4-Nitrophenyl)-5- 
(4-dodecanoylaminophenyl)-1,3,4-oxadiazole (Fig. 2.3 with R = NO2, A = -NHCO- and n 
= 10) and compared the structure with its LB film. The film periodicity of VD film (3.3 
nm) in direction normal to the substrate surface is much smaller than for LB film (5.7 nm). 
Molecular modelling gives a film structure which is in good agreement with experimental 
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data and consists of layers built up by molecules with alternating orientation with respect 
to the normal direction of the film (Fig. 5.63, page 90). Intermolecular hydrogen bonds 
between amide groups are regarded to stabilize the film. 

It worth noting that some of the oxadiazole compounds (pCEt16, NIEt12, MEEt16 and 
MOEt16) studied in this work could form thermotropic mesophase. 2,5-diphenyl 
substituted 1,3,4-oxadiazole compounds were regarded as non mesomorph due to the 
banana shape of the 2,5-diphenyl-1,3,4-oxadiazole part [65]. In the last twenty years, 
however, different shapes of molecules containing oxadiazole ring were found to have 
mesophases [66-72]. The formation of mesophases implies that the intermolecular 
interactions reach such a balance, that the molecules self-organize and form a certain 
degree of order. Although the films studied in this work were all prepared at the substrate 
temperature below the mesophase temperature, nevertheless the substances were 
evaporated above the mesophase, in some cases even above the isotropic temperature, the 
self-organization of the molecules could still have an influence on the film formation. 

2.2 Vacuum deposited films of other organic compounds 

2.2.1 Oligophenylenes 

Alkoxy-cyanobiphenyls (nOCB) are widely known as liquid crystals [73]. Itaya et al. 
have investigated the vacuum-deposited films of 8OCB, 9OCB, 10OCB and 12OCB by 
means of AFM, UV and in situ PL [74-76].  

CH2NC CH3n
 

Fig. 2.4 Chemical structure of nOCB. 

They have used two types of substrates: hydrophilic quartz plates and hydrophobic quartz 
plates, which were covered by a layer of closely packed long alkane chains normal to the 
substrate surface. 

The 8-, 9- and 10OCB-deposited films on hydrophilic substrates at elevated temperature 
(round 20°C) were in a needle type crystalline state and emitted monomer-like 
fluorescence, while films on hydrophobic substrates were amorphous and emitted excimer 
fluorescence. It was suggested that 8-, 9- and 10-OCB deposited on low-temperature 
hydrophilic substrates contain H-aggregate structures of cyanobiphenylyloxy groups. A 
discontinuous spectral change was found in the in situ PL spectra for the deposition on 
hydrophilic substrates. This change was ascribed to the structural transformation from an 
amorphous to crystalline state during film growth [76]. Such a spectral change, however, 
does not appears for films deposited on hydrophobic substrates. 

The influence of hydrophilicity of the substrates on the deposition behaviour of 8-, 9- and 
10OCB was interpreted on the basis of the molecular arrangement in the monolayer just 
on substrate surfaces. In case of hydrophobic substrates, the first layer consists of only 
one layer of down-pointing molecules (Fig. 2.5 a). On hydrophilic substrate the first layer 
is composed of anti-parallel pairs arranged in such a way that alkyl chains in the layer are 
likely to interpenetrate into long alkyl chains normal to the substrate surface (Fig. 2.5 b) 
[74]. The first layer arrangement on the hydrophilic substrate (Fig. 2.5 a) seems to be 
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unstable compared with that on the hydrophobic substrate (Fig. 2.5 b), because interaction 
among 8OCB molecules in the first layer in arrangement (a) is repulsive. As a result the 
structural transformation from amorphous to crystalline state occurs. 

 
Fig. 2.5 Illustration of model representing the orientation of 8OCB molecules deposited on (a) hydrophilic 
and (b) hydrophobic substrate (before the structural transformation during deposition). Figure from [74]. 

In contrast, the UV and PL spectra of 12OCB-based films were almost independent of the 
deposition conditions, the films consist of a number of small plate crystals with 
smectic-like structure [75]. The structural transformation from amorphous to crystalline 
state did not occur in the growth of 12OCB films. H-aggregate structures of the 
cyanobiphenylyloxy groups were also found in the film. The difference of film deposition 
behaviour between 12OCB and others (8-, 9- and 10OCB) were ascribed to large van der 
Waals attraction among long alkyl chains of 12OCB compared with other OCBs. So for 
12OCB, molecule-molecule interactions rather than molecule-substrate interactions are 
likely to be predominant in the molecular aggregation process during film growth.  

The 12OCB film has a bilayer structure in which molecules form the H-aggregate 
structure, the films of 8-, 9- and 10OCB deposited at low substrate temperatures (≈ 5°C) 
also have similar film structures. The long axes of the cyanobiphenylyloxy groups of 8-, 
9-, 10- and 12OCB molecules orient relatively perpendicularly to the substrate surface. As 
a result of large van der Waals intermolecular attraction, the degree of orientation of 
12OCB films is the largest among nOCB films. 

4-n-pentyl-4’-cyano-p-terphenyl (5CT) is also a mesogen (Fig. 2.6). It differs to our 
oxadiazole in that the middle ring is a phenylene instead of oxadiazole ring. It is worth 
noting that the three phenylenes are not coplanar, although they have a straight shape, 
while the three rings in 2,5-diphenyl-1,3,4-oxadiazole are almost coplanar and have a 
banana shape. 

CH2NC CH34
 

Fig. 2.6 Chemical structure of 5CT. 
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Sumiyoshi et al. [77] deposited 5CT on quartz glass plate. A UV and PL investigation 
demonstrated that 5CT films form H-aggregate-like structures with their long axes 
parallel to each other and relatively perpendicular to the substrate surface. Similar to 
nOCB, the 5CT films have a bilayer structure almost independent of deposition 
conditions.  

All the aforementioned results show that alkyl chain substituted oligophenylenes prefer to 
stand in the VD films, which is an important difference to the VD film of p-sexiphenyl 
(6P). 6P molecules are mainly oriented in crystalline thin films normal to the substrate 
surface at a high substrate temperature and a very low growth rate, but parallel to the 
substrate surface when deposited at low substrate temperature (50°C) [78]. 

2.2.2 Oligothiophenes 

The series of oligothiophenes (Fig. 2.7), quarter-(4T) and sexi-thiophene (6T) in particular, 
have attracted great interest due to their potential application in field effect transistors 
(FETs) or light emitting diodes (LEDs).  

SSS n  

Fig. 2.7 Chemical structure of oligothiophene.  

The most widely used technique for oligothiophene thin film preparation is vacuum 
deposition. The molecules prefer to have an all-trans configuration in bulk crystals [79-83] 
as well as in thin films [84, 85]. Here only the efforts devoted to the film preparation on 
Si(SiO2 or SiH) or glass is summarized.  

Horowitz et al. have deposited 6T on Si/SiO2 and found that increasing the substrate 
temperature close to the melting point of 6T could improve the field-effect mobility by an 
order of magnitude [86]. The end-on orientation of 6T molecules in films has been 
confirmed by means of UV spectroscopy [84, 87, 88] and IR [89, 90]. IR investigations 
reveal that a large proportion (70~80%) of the 6T molecules have their axis oriented 
nearly normal to the substrate when deposited at room temperature. This proportion can 
be further increased up to 90% by elevating the substrate temperature during deposition or 
annealing after deposition. Lovinger et al. [91] confirmed that in evaporated 
polycrystalline 6T films the molecules are oriented preferentially nearly normal to the 
Si/SiO2 substrate. On the Si(SiH) substrate, however, the 6T molecules orientated 
preferentially with their axis parallel to the substrate [89, 90]. 

Mena-Osteritz has investigated the alkyl substituted 4T and 10T (Fig. 2.8) films, which 
self-assembled on the surface of highly oriented pyrolytic graphite (HOPG) from solution, 
by means of STM. The results shows that the 4T and 10T backbones of the molecules lay 
parallel to HOPG surface. An all trans conformations for the thiophene rings and alkyl 
chains are preferred in the film. The side chains longer than propyl, e.g., hexyl, are 
essential to immobilize the backbones onto the surface [92].  
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S
S

S
S

R

R       

S
SS

R

R

R

R'
8

 
Fig. 2.8 Alkyl substituted 4T (left) and 10T (right) investigated in [92]. R=C12H25, R’=COOCH2C6H6

Mushrush et al. [93] have investigated the VD films of alkyl substituted 
phenylene-thiophene oligomers (Fig. 2.9). The results show that vertical molecular 
alignment is predominant for all films, but the longer oligomers exhibit smaller apparent 
tilt angles of the molecular long axes with respect to the substrate normal, contrary to 
what was observed for the unsubstituted analogues [94]. 

S
C6H13 C6H13

n  

Fig. 2.9 Alkyl substituted phenylene-thiophene oligomers investigated in [93]. n = 1,2,3,4 

Sassella et al. have investigated OMBD films of 4H6T molecules on (001)-oriented 
potassium acid phthalate (KAP) single crystals and silica. They have found that the 6T 
backbone stand at a tile angle of 55° with respect to the substrate normal in the film. 

S
S

S
S

R

S
S

R

R R  

Fig. 2.10 Alkyl substituted 6T investigated in [95]. R=C6H13 

In this part only the organic compounds with calamitic shape are reviewed. The study of 
substances with discotic shape like perylenetetracarboxylic dianhydride (PTCDA) and 
phthalocyanines are not reviewed here because they have few similarity to 
1,3,4-oxadiazole compounds. 
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3 Experimental 

3.1 Synthesis of aromatic 1,3,4-oxadiazoles 

One aim of this work is to investigate the influence of the chemical structure on film 
formation with general structures illustrated in Fig.1.1 (page 1). The main points of 
interest are the influence of the head group (R in Fig.1.1), aliphatic chain (n in Fig.1.1) 
and the bridge group (X in Fig.1.1) which connect the aliphatic chain and 
2,5-diphenyl-1,3,4-oxadiazole. Oxadiazoles with amide, ether and ester bridge groups are 
synthesised for the purpose of investigating the influence of bridge groups. Several 
oxadiazoles with different head groups such as cyano, methyl ester and nitro were 
prepared to the aim of head group influence investigation. Oxadiazoles with different 
lengths of substituted alkyl chain are also synthesised, so that the influence of alkyl chain 
length can be studied.  

Numerous methods of 1,3,4-oxadiazole synthesis have been developed due to the 
important role of this category of compounds. Hetzheim [96, 97] and Hill [98, 99] 
provides very extensive reviews of the synthesis and the characterisation of 
1,3,4-oxadiazoles. In this work several substituted 2,5-diphenyl-1,3,4-oxadiazole 
compounds were synthesised according to existing literature and the former work of our 
research group [18]. The synthesis is summarized in this section. 

The building of the 2,5-diphenyl-1,3,4-oxadiazole unit is always the most important step 
of synthesis, except in cases where the 2,5-diphenyl-1,3,4-oxadiazole unit is 
commercially available. In this work, the 2,5-diphenyl-1,3,4-oxadiazole structure is 
mainly achieved through elimination of water from dibenzoyl hydrazine compounds. This 
step is schematically illustrated in Scheme 3.1. For the elimination of water POCl3 or 
SOCl2 can be used. The dibenzoyl hydrazine is stirred in POCl3 or in SOCl2 at reflux. The 
resulted oxadiazoles are usually soluble in POCl3 or SOCl2, thus the system become a 
clear solution at the end of the reaction. 

C NH
O

NH C
O POCl3 / SOCl2

N N

O

R1 R2 R1 R2- H2O  

Scheme 3.1 The synthesis of 2,5-diphenyl-1,3,4-oxadiazole derivatives. 

3.1.1 2,5-Diphenyl-1,3,4-oxadiazoles with an alkoxy substituent 

This series of oxadiazoles is synthesised in roughly two steps. In the first step a 
diabenzoyl hydrazine with substituent is synthesised. Then the dibenzoyl hydrazine is 
cyclized to oxadiazole in the second step. The reaction route for synthesis of oxadiazoles 
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with an ether bridge is shown in Scheme 3.2. The phenyl ring of one of two raw materials 
is already substituted with an alkoxy group. However the synthesis routes for different 
alkyl chain lengths are somewhat different due to the availability of the raw materials.  

For alkyl chain lengths n = 8 or 15 (n is the number of –CH2– unit in the chain), the 
dibenzoyl hydrazine is obtained from the reaction of substituted benzoyl chloride with 
alkoxy benzoic acid hydrazide. The latter is synthesised by stirring alkoxy benzoic methyl 
ester in hydrazinhydrate. 

For alkyl chain lengths n = 9 or 11, the dibenzyol hydrazine is synthesised in the reaction 
of substituted benzoic acid hydrazide with alkoxy benzoyl chloride, which is available by 
heating the corresponding alkoxy bezoic acid under reflux in SOCl2. For alkyl chain 
length n = 4, the commercially available 4-pentyloxybenzoyl chloride can be directly used 
for synthesis.  

The dibenzoylhydrazines were then cyclized by eliminating a molecule of water. 
Phosphoroxyl chloride (POCl3) serves as a water eliminating agent.  

CO
O

OCH3

H2CH3C
n

NH2NH2.H2O

CO
O

NHNH2

H2CH3C
n

R C
O

Cl

C O
O

OH
CH2 CH3n

SOCl2

C O
O

Cl
CH2 CH3n

RC
O

H2NHN

R C
O

NH NH
C

O
O CH2 CH3n

POCl3

NN

O
R O CH2 CH3n

1a
1b

1c

 

Scheme 3.2  The preparation of 2,5-diphenyl-1,3,4-oxadiazoles with ether bridge 
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Tab. 3.1 1,3,4-oxadiazole derivatives with ether bridge group 

R n Name 

p-CN- 15, 11, 9, 4, 0 pCEt16,12,10,5,1 

m-CN- 15 mCEt16 

NO2- 15, 11 NIEt16,12 

CH3O- 15 MOEt16 

CH3OOC- 15 MEEt16 

H- 15 HEt16 

3.1.2 2,5-Diphenyl-1,3,4-oxadiazole derivatives with an amide 

bridge group 

Unlike the synthesis of oxadiazoles with ether bridges, which are obtained in the 
cyclization of alkoxy substituent dibenzoyl hydrazine, oxadiazoles with an amide bridge 
group are prepared by joining an alkyl acid chloride with an amino substituted 
2,5-diphenyl-1,3,4-oxadizole. The preparation can also be roughly divided into two steps, 
in the first step an amino substituted 2,5-diphenyl-1,3,4-oxadiazole is synthesised and 
afterwards the alkyl chain is connected to it over the amino group via an acylation 
reaction.  

In the first step the dibenzoyl hydrazine is obtained by dropping the substituent benzoic 
acid chloride solution (in THF) into the pyridine solution of 4-nitro benzoic acid 
hydrazide. Depending on the availability of the raw materials, substituent benzoic acid 
hydrazide and 4-nitro benzoic acid chloride can also be used. The resulting dibenzoyl 
hydrazine is then cyclized with POCl3, thus an oxadiazole with nitro end group is 
synthesised. Afterwards the nitro group is reduced to an amino group by HCOONH4 with 
Palladium/Carbon as catalyst in methanol.  

In the second step the connection of alkyl chain over an amide bridge to phenyl ring in the 
2,5-diphenyl-1,3,4-oxadiazole is realized in the reaction of amino substituted 
2,5-diphenyl-1,3,4-oxadiazole with alkyl acid chloride.  

The preparations of this series of oxadiazoles are shown in Scheme 3.3, Scheme 3.4 and 
Scheme 3.5. The prepared substances are listed in Tab. 3.2: 
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Tab. 3.2 1,3,4-oxadiazole derivatives with amide bridge group. 

R n Name 

NO2- 10 NIA11 

p-CN- 10, 15 pCA11,16 

H- 10 HA11 

R C
O

Cl

O2N C
O

NHNH2

O2N C
O

NHNH C
O

R

RC
O

H2NHN

NO2C
O

Cl

POCl3

NN

O
O2N R

HCOONH4
Pd/C

NN

O
H2N R

2c

2d

2e

 

Scheme 3.3  The preparation of amino substutuent 2,5-diphenyl-1,3,4-oxdiazole 

N N

O
NH2R + C CH2

O
Cl CH3n

DMAc/Pyridine

N N

O
NHR C

O
CH2 CH3n  

Scheme 3.4  Synthesis of 2,5-diphenyl-1,3,4-oxadiazoles with an amide bridge group 

 15



 

In the Scheme 3.3, when R is an amino group, the hydrazine can only be obtained with 
low yield using 4-amino benzoic acid hydrazide and 4-nitro benzoic acid chloride. The 
reason for this is that the amino group of the phenyl ring can also react with benzoic acid 
chloride resulting in byproducts, which are difficult to separate. Therefore the mixture is 
treated with POCl3 in the cyclization reaction and the subsequent reaction. The end 
product is purified by recrystallization. 

When R is a nitro group, a symmetrical nitro substituted 2,5-diphenyl -1,3,4-oxadiazole is 
synthesised. This substance will be reduced into 2,5-di(4-aminophenyl)-1,3,4-oxadiazole. 
After connecting the alkyl chains at both amino groups, symmetrical 2,5-diphenyl- 
1,3,4-oxadizole with two amide bridge groups can be obtained. This process is shown in 
Scheme 3.5: 

O2N C
O

NHNH2

O2N C
O

NHNH C
O

NO2

NO2C
O

Cl

POCl3

NN

O
O2N NO2

HCOONH4
Pd/C

NN

O
H2N NH2

+

THF / Pyridine

3c

3d

3e

 
N N

O
NH2H2N + C CH2

O
Cl CH3n

DMAc/Pyridine

N N

O
NHHN C

O
CH2 CH3n

2

C
O

H2CH3C n
 

Scheme 3.5 Synthesis of symmetrical substituted 2,5-diphenyl-1,3,4-oxadiazoles with amide bridge groups. 

Tab. 3.3 Symmetrical substituted 1,3,4-oxadaizole derivatives with amide bridge groups. 

n Name 

16, 10, 6 17AA17, 11AA11, 7AA7 
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3.1.3 Symmetrical substituted 2,5-diphenyl-1,3,4-oxadiazoles 

with ester bridges 

To synthesize this kind of oxadiazole, a short alkyl chain substituted symmetrical 
2,5-diphenyl-1,3,4-oxadiazole with ester bridges is first prepared. The alkyl chain is then 
extended in an ester exchange reaction with a long chain alkyl alcohol in 
tetraisopropylorthotitanat. The synthesis is shown in Scheme 3.6: 

CC
O

NHNH2 + C C
O

H3CO
O

Cl
O

OCH3

CC
O

NHNH
O

H3CO C
O

C
O

OCH3

POCl3

THF / Pyridine

C
O

H3CO
N N

O
C
O

OCH3

4c

4d

 

C
O

H3CO
N N

O
C
O

OCH3 + 2 HO CH2 CH3n

C
O

O
N N

O
C
O

OH2CH3C n CH2 CH3n

Ti(OC(CH3)2)4

 

Scheme 3.6  Synthesis of symmetrical 2,5-diphenyl-1,3,4-oxadiazoles with ester bridges, n = 11. 

Tab. 3.4  Symmetrical 1,3,4-oxadiazole derivative with ester bridges. 

n Name 

11 12EsEs12 
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3.2 Vapour deposition film preparation 

Vapour deposition (VD) is an important method for preparing thin films. There are two 
procedures in VD, namely the film deposition in High Vacuum (HV) and in Ultra High 
Vacuum (UHV), sometimes referred to as Organic Molecular Beam Deposition (OMBD). 
The difference between these two procedures is that in HV the residual gas can still 
influence the film growth, while in UHV this influence is so small that film can growth 
without disturbance. Compared with other well known methods for monolayer 
preparation such as Langmuir-Blodgett film deposition from, in most cases, water-air 
interface and self-assembled film deposition from solution, Vapour deposition in HV or 
UHV has the advantage of providing both a clean environment and substrate. Moreover, 
the OMBD technique allows in-situ film diagnostic methods such as Reflection 
High-Energy Electron Diffraction (RHEED), Low Energy Electron Diffraction (LEED) 
to be used [19].  

3.2.1 High vacuum deposition setup 

Polished silicon wafers with a thin, native oxide layer, characterized by a root mean 
square roughness (rms, definition see 3.3.2, page 22) of 5 Å are used as substrates. 
According to Kern [100], they are carefully cleaned by sonication in acetone, ethanol and 
chloroform (for 10 minutes in each solvent) and subsequently in piranha (a 1:2 mixture of 
H2O2 and H2SO4) under reflux just before the deposition. The oxadiazole powder is 
evaporated from a Knudsen cell (Fig. 3.1) with a shutter in front of the orifice at a vacuum 
of 10-6 mbar. The distance between the effusion cell and the substrate is 150 mm and next 
to the substrate a quartz micro-balance FTM 5 (Edwards) is fixed for monitoring the film 
thickness and deposition rate (see Fig. 3.2). The temperature of the substrate holder can be 
controlled in a range from –20 to 200°C by resistive heating elements and water cooling.  

1 2 3 4

5 6 7  

Fig. 3.1 Cross section of the effusion cell. 1. PBN end caps with apertures; 2. graphite crucible; 3. furnace 
housing; 4. heater connections; 5. PBN furnace liner; 6. heater; 7. thermocouple assembly 
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150 mm

Knudsen cell

Substrate holder

Quartz

 

Fig. 3.2. Experimental setup of High Vacuum deposition 

3.2.2 Film growth 

The process starts by the evaporation in the Knudsen cell (Fig. 3.1) at a background 
vacuum about 10-7 to 10-9 mbar. The evaporation rate of the substance is controlled by 
adjusting the temperature in the Knudsen cell, so the film growth speed is consequently 
controllable. A simple mechanical shutter in front of the orifice of the Knudsen cell can 
interrupt the beam fluxes, i.e., to control the film thickness exactly.  

The molecules rush out of the Knudsen cell through the orifice and form a molecule beam 
pointed towards the substrate. After the molecules are absorbed on the surface of the 
substrate, the film growth began. Several surface processes are involved in the film 
growth, the most important are: [101] 

1. adsorption of the molecules on the substrate surface, 

2. migration of the molecules or dissociation of the adsorbed molecules, 

3. incorporation of the molecules into the crystal lattice of the substrate or the layer 
already grown, 

4. thermal desorption of the molecules not incorporated into the crystal lattice. 

There are two types of absorption, physical adsorption and chemical adsorption. Chemical 
bonds are created between molecule and substrate in the case of chemical adsorption, i.e. 
electron exchange between molecule and substrate, while for physical adsorption there is 
no electron transfer between the adsorbed molecule and substrate, and the attractive forces 
are van der Waals type [101]. A simple criteria to distinguish between the two is given by 
Henzler [102]. The adsorption with an adsorption energy below 50 KJ·mol-1 is referred to 
physical adsorption, otherwise it is chemical adsorption.  
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The organic molecules are generally large and the usually employed substrate 
temperatures are maintained well below the desorption temperature of the molecules, as a 
result the sticking coefficient can be assumed equal to unity, i.e. all of the molecules 
striking the substrate surface adhere to that surface [19].  

The mobility of the molecules on the substrate depends strongly on the substrate 
temperature. The interaction between substrate and molecule determines the type of film 
growth. Three types of film growth are generally observed and accepted, they are 
illustrated schematically in Fig. 3.3. 

When the interactions between molecules and substrate are more strong than that among 
molecules, the first layer of molecules tend to form a complete monolayer on the substrate. 
The second layer is somewhat less tight than the first layer, and finally the binding 
towards that of the crystal of the substance. This is the layer-by-layer model of film 
growth. 

In the opposite case, the molecules are more strongly bund to each other than to the 
substrate, small clusters are nucleated directly on the substrate surface and then grow into 
islands of the condensed phase. This model of film growth is named as island or 
Volmer-Weber model. 

a b c  

Fig. 3.3 Schematic illustration of the three film growth type a) layer-by-layer or Frank-van der Merwe; b) 
layer plus island or Stranski-Krastanov; c) island or Volmer-Weber mode [19] [103]. 

The layer plus island model, or Stranski-Krastanov model, is an intermediate case. After 
the first or several monolayers islands are formed on top of the intermediate layer [101]. 

The two methods of vapour deposition, HV and OMBD, differ in the vacuum in which the 
deposition occurs. The vacuum must meet the following requirements: 

The mean free path, defined as the average distance traversed by the molecules between 
successive collisions, of the evaporated molecules must be longer than the distance from 
Knudsen cell to substrate.  

For growing a sufficient clean epilayer, the monolayer deposition times of the background 
gas must be much longer, usually 5 orders of magnitude,  than that of the deposited 
substance. 
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In a background vacuum of 10-5 mbar the average free path is much larger than the 
distance between the orifice of the Knudsen cell and the substrate (about 0.2 m). So the 
collision between molecules and gas is neglectable, the beam form depends mainly on the 
geometry of the Knudsen cell.  

A vacuum of 10-5 mbar, i.e. HV, does meet the first requirement, while the second 
requirement can only be fulfilled in UHV [101]. 

The main aim of this work is the investigation of correlation between chemical structures 
of the oxadiazoles and its corresponding VD film structures. Although in the literature the 
influence of vacuum on film quality of some substance is reported, the experimental 
results shows that the film quality of oxadiazole is not strongly influenced. So most films 
in this work are prepared in HV. 

In this work, the films were firstly prepared in vacuum at certain substrate temperature 
(Ts), then taken out and the film characterization such as X-ray specular reflectivity 
(XSR), Atom Force Microscopy (AFM) were carried out at room temperature. Some 
measurements were done in-situ by annealing the sample, the concrete conditions will be 
given by the corresponding discussion. 

3.3 Bulk material and film characterization 

3.3.1 X-ray 

X-ray diffraction is a method of investigating the fine structure of a material. Diffraction 
is essentially due to the existence of certain phase relations. Two rays of the same 
wavelength are completely in phase whenever their path lengths are the same or differ by 
a whole number of wavelengths. This condition for efficient specular reflection is called 
Bragg’s law: 

λθ nd B =sin2  3-1

where d is the distance between the lattice planes, θB the Bragg angle, which is defined as 
the angle between the direction of the incident beam and the lattice plane and n is an 
integer. 

X-ray diffraction can also provide information on the film thickness by analysis of a given 
peak using the so-called Scherrer formula: 

BD θ
λβ

cos
9.0

2/1 ⋅
=  3-2
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where β1/2 is the peak width at an intensity to half of the maximum intensity (FWHM), D 
is the film thickness, λ and θB are the same as in equation 3-1. It can be seen from this 
equation that the width of the diffraction curve increases as the thickness of the film 
decreases, providing that the film structure is not affected by the thickness. 

3.3.2 Atom force microscopy (AFM) 

Atom Force Microscopy (AFM) is a method of investigating nanometer- and atomic-scale 
structures and processes.  

In AFM a tip is built on a cantilever, which is a flexible beam and is used as a force sensor. 
Driven by piezoelectric driver the cantilever moves over the surface of a sample in a 
raster scan. The cantilever bends in response to the force between the tip and the sample. 
A photodetector detects the bending and sends the data to a computer. Unlike STM a 
tunnelling current between tip and sample surface is not necessary for AFM, so the 
sample must not be electro conductive. AFM measures the force caused by, for example, 
electrostatic, van der Waals, frictional, capillary and magnetic interactions.  

AFM images reflect the height information of the film topography. To quantitatively 
compare different films, the root mean square roughness (rms) can be calculated based 

on the height profile of the films obtained by AFM. The RMS  is defined as: RMSr

( )∑ −
=

=
n

i
RMS rrin

r
1

21  3-3

where r is the average height of the calculated region, ri is the height of single scanned 
point. The rms roughness describes the fluctuations of surface heights around an average 
surface height. It should be taken into account that rRMS depends on the size of the region 
where rRMS is calculated. So the comparison of rRMS is only meaningful when they are 
come form the region of same size.  

In this work the films were measured with an AFM PSI SA1/BD2 from Park Scientific in 
contact mode with feedback on. 

3.3.3 Reflection absorption infrared spectroscopy (RAIRS) 

While AFM delivers information about the film topography, RAIRS provides information 
not only about the chemical structure of the film, but also about the structure and 
orientation of the film. The chemical and structural analysis of the RAIRS spectra always 
relies on the comparison with the spectra of bulk materials. Certain band positions as well 
as intensities are influenced by the interaction between molecules, thus by comparison the 
band positions and intensities of difference condensed states a deep understanding of the 
interaction between molecules can be obtained. 
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The IR spectra of bulk n-alkanes [104], LB monolayer of alkyl acid [105] and self 
assembling films of alkanethiols [106-108] have been studied in detail, and the 
relationship between band position and mesoscopic structure is well understood. The 
methylene symmetrical and asymmetrical stretching vibrations, which are located 
between 3000-2800 cm-1, provide insights into the environment and conformation of the 
alkyl chain. These two bands shift to a higher wavenumber region when the freedom of 
the alkyl chain is increased. The band positions of methylene stretching vibrations are 
essentially higher in solution than in bulk, while that of the films are similar to the bulk, 
indicating a similar intermolecular environments for CH2 groups in bulk and film. 

Hydrogen bond (H-bond) is another kind of intermolecular interaction which can be best 
detected by means of IR spectroscopy. H-bond has been recognized as an interaction 
between the hydrogen in an X-H group of a molecule with a Y atom, usually in another 
molecule. So a hydrogen atom is associated with two atoms. X and Y can be same or 
different type of atoms, usually atoms with high electronegativities such as F, O, N are 
involved in the formation of strong H-bond. Typical H-bonds form between molecules 
with –OH, -COOH, -CONH groups. The hydrogen stretching band shifts to lower 
wavernumbers and becomes broader as result of formation of H-bond YHX L− . In 
contrast to the stretching band, the bending band, if visible in the spectra, usually 
increases in wavenumber due to the formation of H-bond. Vibrations involving the Y 
atom may be changed because the formation of H···Y bonds change the force field around 
Y. A good example is the blue shift of the C=O band of amide group from its solid state to 
solution.  

The main problem in RAIRS measurements is the low signal-noise ratio for the thin films, 
which are usually 20 nm to 50 nm thick. In this work the films for RAIRS are deposited 
on a both side polished silica substrate which is transparent to infrared light. The RAIRS 
spectra were measured in a Perkin-Elmer FTIR 2000 spectrometer with a reflection setup, 
which is shown schematically in Fig. 3.4. 

Light source Detector

Mirror

Sample  

Fig. 3.4 The reflection setup for RAIRS 

To increase the signal-noise ratio films are deposited on both sides of the substrate and 
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spectra are recorded with at least 300 scans. Because the silica substrate can reflect only 
less than 10% of the incident light, a metal mirror is put under the sample so that the 
reflection can be enhanced (Fig. 3.5). The sample and mirror are fixed on a heating plate, 
so the temperature influence on the film structure can also be studied. 

film

Substrate
film
mirror

Heat plate  

Fig. 3.5 Sample setup. A mirror is build under the sample to enhance the reflection. 

3.3.4 Thermal gravimetric analysis and differential scanning 

calorimetry (TGA and DSC) 

The thermal stability of the evaporated substance is of critical importance in vapour 
deposition. The Thermal Gravimetric Analysis (TGA) is a simple but practical method for 
determining the thermal stability of the substance. The bulk substance, about 5 mg, was 
measured under nitrogen flow using a TGA 7 Perkin-Elmer device. The 5% weight loss 
temperature was adopted as the thermal degradation temperature of the substance. All 
evaporations were carried out far below this temperature to ensure that the molecules are 
not destroyed during film deposition. After deposition the chemical structure of the 
substance is checked again with IR spectroscopy. 

The phase transitions of the substance is studied by means of Differential Scanning 
Calorimetry (DSC). About 5 mg of substance was tested with a DSC 7 device of 
Perkin-Elmer with a heating rate of 10 K/min. For some runs 5 or 20 K/min were used. 
The precision of the temperature control of both equipment is 0.5 K. 

3.3.5 Ultraviolet and Visible absorption and Photo Luminescence 

spectroscopy 

Ultraviolet and Visible absorption spectroscopy (UV-Vis) is the measurement of the 
absorption of ultraviolet (wavelength 200-400 nm) and visible light (wavelength 400-800 
nm) after it passes through a sample or after reflection from a sample surface. The energy 
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of UV-Vis light corresponds to the energy needed to excite eletrons between energy levels 
of the molecular orbitals, in particular, transitions involving π orbitals and lone pairs. 
UV-Vis spectroscopy is of most use for identifying conjugated systems which tend to have 
stronger absorptions. 

Photo Luminescence (PL) is the emission of photons when an electron moves form the 
lowest unoccupied molecular orbital (LUMO) of an excited state to the highest occupied 
molecular orbital (HOMO). 

The UV-Vis and PL properties are of great interest in the study of thin films. They reflect 
the change of energy levels of the molecules caused by intramolecular interaction or/and 
intermolecular interaction. Although the molecular conformation and consequently the 
electron distribution may be influenced by the intramolecular arrangement, information 
about intermolecular interaction can still be obtained by studying the optical properties of 
a substance in thin films, solution and solid states. 

3.3.6 Computer simulation 

Simple computer simulation was carried out in this work to obtain the length of molecules 
in vacuum. The energy minimization was done using closed shelled wave function in 
AM1 method of MOPAC, which is a component of Chemoffice 5.0 software package.  

3.4 Thermal stability of the studied oxadiazoles 

The thermal stability of the substances is of critical importance in vapour deposition and 
device applications. The thermal stability of the oxadiazoles were studied by means of 
TGA and DSC. The oxadiazoles were sublimated at least once before they are employed 
in film preparation. IR spectra and HPLC were used to test the stability of a substance in 
the process of sublimation or evaporation. If the HPLC shows that the substance still has a 
high degree of purity after evaporation and IR demonstrates that the chemical structure 
remains unchanged, it can be concluded that the thermal stability of the substance is high 
enough for vapour deposition. 

Here we take pCEt16 as an example to illustrate the analysis. The TGA and DSC analysis 
show that the degradation of this substance begins when the temperature reaches 250°C 
and the weight lost reaches 8% at 350°C in nitrogen. The melting of pCEt16 occurs  
between 123~127°C. The highest temperature applied to evaporate this substance is 
160°C, far below the thermal degradation temperature. This is also the case for all other 
oxadiazoles studied in this work. 
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Fig. 3.6 TGA investigation of thermal stability of pCEt16. The dash line is the highest temperature applied 
in the vacuum evaporation. 

The TGA gives information about thermal stability over a short period of time. A typical 
film preparation process could last as long as 10 hours. The long term thermal stability 
was tested with IR and HPLC. The HPLC shows that no other structure appears after 
evaporation and the IR spectra before and after evaporation are identical (Fig. 3.7). 
Combining the IR and HPLC results, we can conclude that the chemical structure of 
pCEt16 was not destroyed during deposition. 

Freydank [18] has investigated the thermal stability of NIA11 by means of gas 
chromatography (GC) and mass spectrometry (MS). The results showed that the NIA11 
was not degraded in the evaporation process. The substance possesses a thermal stability 
high enough for VD film preparation. 
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Fig. 3.7 IR investigation of original (up) and sublimated (down) pCEt16 in KBr. The curves are shifted 
along Y axis for clarity.  
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4 Influence of the deposition condition on the film 

formation 

4.1 Introduction 
The packing of organic molecules in a film is an equilibrium of several intermolecular 
interactions within a narrow energy range of less than 1 eV, including π-π overlap, 
electrostatic, van der Waals interaction and, for some molecules, hydrogen bonding [25, 
109-114]. Physical film deposition conditions such as vacuum, substrate temperature (Ts) 
and growth rate can also influence this equilibrium and subsequently the film morphology 
[19]. The influence of those factors were also investigated in this work. The result show 
that, however, they are correlated to each other, i.e. the effect of a given physical 
deposition factor is influenced by other factors. For this reason during the investigation of 
the effect of a physical deposition parameter, the other parameters were kept constant as 
well as possible. 

In this chapter the effect of the film growth conditions on its morphology will be 
discussed and experimental results presented to clarify aspects of the processes involved.  

4.2 Influence of the vacuum 
In the literature the typical growth of film were carried out in a background vacuum 
ranging from 10-7 to 10-11 mbar1 [87, 95, 115-122]. According to Herman, the deposition 
is a concurrence process between contaminants, usually the residual gas molecules, and 
substance. For growing a sufficiently clean film, the background vacuum must be high 
enough, so that time needed to grow one monolayer of contaminants is 105 times longer 
that needed for the substance [101]. According to Herman’s calculation, the vacuum 
required for growing film at typical film growth rate (1 monolayer/s) is 10-12 mbar.  

Tanigaki et al. [123] have compared the crystalline structure of films of GaPcCl grown at 
a rate of 0.5 Å/min on (001) KBr under base vacuums of 5 × 10-6 and 3 × 10-9 mbar. 
Electron diffraction investigation showed that films prepared at higher vacuum have a 
higher degree of orientational order. Forrest [19] has compared films of PTCDA on 
HOPG prepared in a bell jar metal deposition system with a base pressure of 10-7 mbar 
and UHV-OMBD system. The high resolution STM image of the films prepared with 
UHV-OMBD system could always be obtained, while no clear images can be obtained for 
similar films deposited in the bell-jar system, which provides vacuum in the HV range. 
Böhler et al. [124] has reported that by growing organic light-emitting diodes (OLEDs) at 
a base pressure ranged form 10-4 to 10-9 mbar, the device performance increased when the 
vacuum is increased. 

                                                 
1 It is customary to quote pressures in HV/UHV environments using units of Torr or mbar, where 1 Torr = 1.3332 mbar 
= 133.32 Pa. 
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In this work films prepared in HV and UHV were also compared. pCEt16 was chosen for 
this investigation, because within our labs there is considerable expertise built up from 
many experimental studies in its use and properties. Films with a thickness of 20 nm were 
deposited on Si/SiO2 in a background vacuum of 10-6 mbar (HV) and 10-9 mbar (UHV) 
with Ts = 80°C. Due to the difficulty in controlling the film growth rate, the growth rate 
for UHV is double that used in HV. According to the result of our study, the effect of this 
growth rate difference is negligible (See §4.3, page 29). After the deposition the films are 
taken out of the chamber and measured with AFM at ambient condition. The AFM images 
are illustrated in Fig. 4.1. 
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Fig. 4.1 AFM images of pCEt16 film deposited in background vacuum of 10-6 mbar (a) and 10-9 (b). The 
film thicknesses for both films are 20 nm. The film growth rates for 10-9 and 10-6 mbar are 1.2 and 0.5 
nm/min, respectively. 

The AFM images show similar topography for films deposited in HV and UHV. The 
surfaces of both films are characterized with slice-form domains. For films deposited in 
HV, the boundaries of the domains fuse together and form a large domain expanded over 
the whole scope of the image. Such fusion of small domains is not obvious for film 
deposited in UHV. The RMS roughness for films grown in HV and UHV are 4.7 nm and 
6.5 nm, respectively. The film periodicities for both films obtain by XSR are 4.7±0.1 nm.  

This comparison shows that, at least for our HV and UHV facility and for film 
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morphology study, the vacuum is not a critical deposition parameter. The main part of this 
work deals with the influence of the chemical structure of oxadiazole compounds on their 
VD film structure. The HV setup has the advantage of simplicity which means that the 
materials, the substrates, the evaporators and the chamber can be cleaned and changed 
quickly which enables a wide range of experiments to be conducted quickly and 
efficiently. For this reason the majority of the investigated films are prepared in HV 
equipment.  

4.3 Influence of the film growth rate 

The film growth rate, defined as the film thickness grown in a certain time, is a parameter 
describing the speed of film growth. In our deposition facility, the film thickness can only 
be measured indirectly using a quartz micro-balance (SQ) during deposition, so the 
growth rate deduced may bear an error to the real growth rate on substrate. However by 
comparing the film thickness measured by SQ and other method like XSR, this error is 
found to be below 20 % in most cases. Therefore the growth rate obtained by SQ is 
adopted in this work unless otherwise mentioned.  

The film growth is a process in which the molecules diffuse along substrate or sublayer 
and order themselves into the glitter structure. The more molecules arrive at the substrate 
in a certain time, the less time for molecules to diffuse on the substrate. Together with 
another factor, the substrate temperature, the film structure can be controlled. 

Typical growth rates for organics range from 10-3 to 102 Å/s [19]. Since the monolayer 
(ML) thickness ranges from 3 to 50 Å, these rates correspond to 0.7 ML/h to 6 ML/s. The 
low end of this range has a danger of adsorbing contaminants onto the surface faster than 
the deposited molecules, while at the high rates the growth is difficult to control. 
Generally, at the sufficiently high rate and/or low substrate temperatures the film growth 
becomes a kinetically controlled, nonequilibrium process, resulting in structures which 
can be significantly distorted from the bulk crystal [19]. For example, Botta et al. [125] 
have found that, under certain conditions, the growth type of films based on a 
sexithiophene derivative is determined by the growth rate. 

In this work the influence of growth rate on the topography of several oxadiazoles is 
investigated. Due to the fact that in-situ film characterisation is not possible, the 
substrate-substance lattice mismatch is neglected in this work. The focus of the work is on 
the structure of thick films, i.e. the film is thick enough that the influence of the substrate 
on the film structure is negligible. Reiche et al. [14, 63] have found that the molecules of 
oxadiazole compounds stand with a tilt angle on the Si/SiO2 substrate. The monolayer 
thickness ranges from 2 to 5 nm, moreover the surface of Si/SiO2 substrate is amorphous, 
so in this case the influence of substrate on the film growth over two or more monolayers 
could be neglected. 
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4.3.1 2-(4-Cyanophenyl)-5-(4-hexadecyloxyphenyl)- 

1,3,4-oxadiazole (pCEt16) 

The influence of growth rate on film morphology is studied in HV. Films were prepared at 
growth rates of 0.04, 0.17 and 0.48 nm/min and measured with AFM after deposition. The 
results are shown in Fig. 4.2. 
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Fig. 4.2 AFM images of pCEt16 films with Ts = 85°C. The growth rate for films in a),b) and c) are 0.04, 
0.17 and 0.48 nm/min. The thickness of the films obtained by XSR are 12, 19 and 24 nm for a) b) and c), 
respectively. The abruptly change of brightness in a) is caused by the measurement, not by the film itself. 
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The surfaces of all three films are characterized by the domain structures. Careful 
examination of the images revealed that each domain consists of many small sub-domains. 
The small and dark points or gaps in the images are a result of the incomplete fusion of 
sub-domains. The density of such dark points in Fig. 4.2 (a) are lower than in the other 
two images. The terrace is clear to recognize in all three images and their heights were 
determined to be 4.8 ± 0.5 nm, in good agreement with the value obtained by XSR. But in 
Fig. 4.2 (c) exist many spots with relative low brightness, some of them are denoted with 
arrows. The depth of such spots amounts 1 - 2 nm, much smaller than the terrace height. 
These low spots may come from the fast film growth. 

The investigation of the effect of growth rates in the range from 0.04 to 0.48 nm/min 
shows that in this region the growth rate has no influence on the film periodicity, however, 
lower rates result in smoother domains. 

4.3.2 4,4’-Bis(4-dodecanoylamino)-2,5-diphenyl-1,3,4- 

oxadiazole (11AA11) 
The influence of growth rate on the VD film building behaviour is also studied with 
11AA11, which is a symmetrical substituted oxadiazole compounds. 
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Fig. 4.3 AFM images of 11AA11 films with Ts = 155°C. The growth rates is 0.05 nm/min for a) and 0.5 
nm/min for b). 
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Only when the Ts is higher than 85°C, can 11AA11 form layered films on Si/SiO2 (See 
§5.3.4, page 94). Films of 11AA11 were prepared at Ts > 85°C at low (about 0.05 nm/min) 
and high (about 0.5 nm/min) growth rates, as the monolayer (ML) thickness is 3.2 ± 0.1 
nm, these rates correspond to 0.016 ML/min and 0.16 ML/min, respectively. 

AFM investigations revealed that the growth rates influence the film topology. Ts = 155°C 
as an example, both the films grown at high and low rate have domain structure and clear 
terrace, the AFM images show clear layer plus island (Stranski-Krastanov) growth mode. 
But the film with growth rate of 0.05 nm/min (Fig. 4.3 a) has averagely bigger domains 
than the film grown at higher rate (0.5 nm/min) (Fig. 4.3 b). Grown at low rate and high 
Ts, the slowly arriving molecules have sufficient thermal energy and time to diffuse on the 
substrate or film surface and order themselves into a minimum energy site. This results in 
domains with relative bigger size.  

When the substrate temperature is equal to or slightly higher than 85°C, where the film 
structure changes from an amorphous to a layered structure, the influence of growth rate 
is more obvious. At this Ts the growth is just at an equilibrium state and increasing the 
growth rate can turn it into a nonequilibrium, kinetically controlled process which results 
in films just like grown at Ts < 85°C. Fig. 4.4 illustrates this effect. The film grown at Ts = 
95°C at a growth rate of 0.5 nm/min has a layered film structure, one peak appears in its 
XSR curve. In contrast to that, the film grown at Ts = 105°C at a growth rate of 20 
nm/min has amorphous film structure with no peaks appearing in its XSR curve. 
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Fig. 4.4 The influence of growth rate on the film structure based on 11AA11. The films were prepared with 
growth rates of 0.5 and 20 nm/min at Ts = 95°C and 105°C, respectively. The peak in the XSR curve 
corresponds to film periodicity of 3.2 ± 0.1 nm. Film thickness for both films are 40 nm. 

In the literature, the most important argument of applying high rate for film growth is to 
assure that a minimal density of impurities and defects will be incorporated into the film. 
Estimated using a simple kinetic theory, even in a background vacuum of 5 × 10-9 mbar, 
the time needed for the rest gas to form a monolayer on the substrate is only 3 minutes 
[19]. According to this theory it is impossible to deposit a film without incorporating 
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impurities even at a background vacuum of 10-9 mbar, because the preparation of 
substrate etc. needs much longer than 3 minutes. The AFM results of this study have 
shown that lower growth rates result in larger and smoother domains. The reason may be 
that the impurities like molecules of rest gas have very limited influence on the film 
growth due to their small size compared with organic molecules. On the other hand, 
impurities are always expelled out in the slow growth of crystals. The latter factor has 
always been neglected in the theory of film growth. 

4.4 Influence of the substrate temperature (Ts) 

The substrate temperature (Ts) is a very important physical parameter which influences 
the structure of vapor deposited films [19, 24, 126-128]. In the literature the applied Ts 
ranged from 80 to 400 K. Similar to the situation of growth rate, low Ts has also the risk 
of absorbing impurities faster than substance on the substrate. For organic molecules the 
sticking coefficient is assumed equals to unity, i.e. all molecules striking the substrate 
adhere to its surface. This situation results since the organic molecules are large and the 
substrate temperature is maintained well below the evaporation temperature [19]. 

In this work the influence of Ts on the film morphology is investigated for many 
oxadiazole compounds. The investigation of the influence of Ts shows that the effect of Ts 
varies with the molecular structure, especially the amide group in the molecule. So the 
influence of Ts will be discussed in detail in §5, where the influence of chemical structure 
on the film formation behaviour of oxadiazole compounds are discussed. Here just 
pCEt16 and 11AA11 are taken as two examples to illustrate the general effect of Ts on the 
film formation. 

4.4.1 2-(4-Cyanophenyl)-5-(4-hexadecyloxyphenyl)- 

1,3,4-oxadiazole (pCEt16) 

The films of pCEt16 were prepared at Ts ranges from –15°C to 85°C. Since the 
investigation of growth rate on the film topography shows that low rate result in smooth 
domain surface, the growth rate was maintained between 0.01 and 0.02 nm/min. After 
deposition the films were measured with AFM and XSR. 

The AFM images demonstrate the strong correlation between film topology and Ts. The 
film prepared at –15°C has a surface characterized with random distributed thread-like 
structure. Increasing the Ts up to 25°C and 60°C, the film topology is significantly 
changed. These films are characterized by smooth terraces of several micrometers in 
lateral dimension with a height of the terraces of 5.0 ± 0.5 nm. 
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a) b)  

c) d)  
Fig. 4.5 AFM images of pCEt16 films deposited on Si/SiO2 at Ts = (a) –10°C, (b) 25°C, (c) 60°C and (d) 
85°C. The growth rates are maintained between 0.01 and 0.02 nm/min. The film thickness for all films 
measured with quartz micro-balance is 15 nm.  

Further increasing the Ts to 85°C, the size of domains in the lateral dimension became 
very long (up to 20 µm). The XSR investigation revealed that pCEt16 always forms films 
with layered structures in the investigated Ts range, but the film periodicity is different for 
Ts < 60°C and Ts > 85°C. The film periodicity for Ts < 60°C is 4.8 ± 0.1 nm, but 4.5 ± 0.1 
nm for Ts > 85°C (Fig. 4.6). The reason for this difference is discussed in §5.2.2 (page 
54). 
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Fig. 4.6 The influence of Ts on the film structure of pCEt16 film. The films were prepared at Ts = 60°C and 
85°C. The film periodicity for Ts = 60°C and 85°C are 4.8 ± 0.1 nm and 4.5 ± 0.1 nm, respectively. 
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4.4.2 4,4’-Bis(4-dodecanoylamino)-2,5-diphenyl-1,3,4- 

oxadiazole (11AA11) 

11AA11 has the ability to build intermolecular H-bonds due to the amide unit in its 
structure. In addition to π-π, dipole-dipole and Van der Waals interactions, H-bonds 
contributes also to the balance between different interactions in the process of film 
formation. Furthermore, the temperature influences the strength of H-bonds and 
subsequently the film structure. 

An XSR investigation of film grown at Ts = 30°C und Ts = 155°C was carried out to get 
an insight into the film structure (Fig. 4.7). For Ts = 30°C, a very weak peak in the XSR 
curve corresponding to a film periodicity of 3.9 nm was found, the film is nearly 
amorphous. In contrast to 30°C, the film with Ts = 155°C has a strong peak in its XSR 
curve corresponding to film periodicity of 3.2 ± 0.1 nm, indicating that the film has 
layered structure. 
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Fig. 4.7 The XSR results of 11AA11 films deposited on Si/SiO2 with Ts = 30 and 155°C. The peak in the 
curve for Ts = 155°C corresponds to film periodicity of 3.2 ± 0.1 nm. 

Fig. 4.8 shows the AFM images of 11AA11 films deposited on Si/SiO2 at Ts from 30 to 
175°C. The surface of films prepared at 30, 80 and 95°C are characterized with cloud-like 
structures, whose size increase with the increase of Ts (Fig. 4.8 a, b and c). Terrace 
structure could not be found in the AFM images for these films until the Ts was elevated 
to 135°C. Very unclear terrace could be recognized in the AFM images of films grown 
with Ts of 135°C. The film deposited at Ts = 155°C has already very clear terrace 
structure, revealing the layer-by-layer growth mechanism for the film. The average terrace 
height was measure by height profile scanning to be 3.1 ± 0.5 nm. This value is smaller 
than the calculated molecule length in extended conformation (3.83 nm). 

The size of domains in images e) and f) of Fig. 4.8 show the strong dependence on Ts. By 
increasing Ts by 20°C (from 155°C to 175°C), the average diameter of domains increased 
from about 5 µm to more than 10 µm. At higher Ts the molecules arriving at the substrate 
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have a higher energy and can therefore spend a longer time finding a minimum energy site 
at the edge of the already grown crystals, which results in larger domains. 

a)   b)  

c)   d)  

e)   f)  

Fig. 4.8 AFM images of 11AA11 films deposited on Si/SiO2 at Ts = (a) 30°C, (b) 85°C, (c) 95°C, (d) 135°C, 
(e) 155°C and (f) 175°C. The growth rates are maintained between 0.04 and 0.3 nm/min. The film thickness 
for all films measured with quartz micro-balance are 30 nm. The terrace height in e) and f) is measured to be 
3.1 ± 0.5 nm. Please note that the scale of f) is 30 × 30 µm. 
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The presence of amide groups in the molecules provides the possibility of intermolecular 
hydrogen bonding. The effect of Ts on film morphology is therefore also different. The 
oxadiazole pCEt16 has no amide group in molecules. In all the investigated Ts range, 
pCEt16 can form films with layered structure. The Ts influences only the topology of the 
deposited film. The films deposited at low Ts show granular surface, while those prepared 
at high Ts have smooth domains and clear terrace structure. Similar effect on film 
topography can also be found for 11AA11 film. In contrast to pCEt16, 11AA11 could not 
form layered film at low Ts, layered film structure could only be found for film deposited 
at relative high Ts. The amorphous film deposited at low Ts can be converted to layered 
film by annealing over certain temperature. For detailed discussion about H-bond and 
thermal induced structural transition please see §5.3.4 (page 94). 

4.5 Summary 

The study of the influence of the physical deposition conditions on the film formation of 
aliphatic substituted oxadiazoles can be summarized as follows.  

1. The vacuum in the range from 10-6 mbar to 10-9 mbar has a small influence on the 
film topology, but does not influence the film structure significantly. A vacuum of 
10-6 mbar is high enough for film morphology studies. 

2. Within the range of growth rates from 0.05 nm/min to 0.5 nm/min, lower rate 
results in smoother and bigger domains. 

3. The substrate temperature (Ts) has a significant influence on the film topology. 
High Ts results in large smooth domains with clear terrace structures. For different 
substances the Ts has different effects on the film structure. In the case of pCEt16, 
the films are always layered within the investigated Ts range. But 11AA11 can 
only form layered films at high Ts. 
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5 Chemical structure and film formation of substituted 
oxadiazoles 

As outlined earlier in chapter 1, the main aim of this work is the investigation of the 
correlation between the chemical structure of a substance and its corresponding VD film 
structure. In chapter 4 the general studies about the influence of physical deposition 
conditions on the film formation have been discussed. In this chapter results of growth 
studies performed using oxadiazoles with general structures shown in Fig.1.1 are 
described and discussed. These molecules differ by chain length, head groups and bridge 
groups. 

5.1 Influence of the aliphatic chain length 
The aromatic and the aliphatic part of the molecules prefer different periodic in-plane 
structures when they are separately packed in a crystalline arrangement [129]. The Van 
der Waals interaction between the aliphatic chains, the electrostatic interaction, π-π 
overlap and, for some molecules, the hydrogen bond contributes to the total energy of the 
system. The formation of layered films is a results of the balance between those 
interactions. A study of LB films based on 2,5-diphenyl-1,3,4-oxadiazoles shows that the 
aliphatic chain can help to form stable layers at the air-water interface as well as on 
substrate [18]. In VD films of oxadiazole compounds, the aliphatic chain may also has 
this effect and serve as the supporting part. 

Itaya et al. [74-76] studied the structures of VD films based on nOCBs with alkyl chain 
length of 8, 9, 10 and 12 carbon atoms by means of UV and PL spectroscopy. They found 
that, on the quartz substrate, the film structure of 12OCB is independent of substrate 
property (hydrophilic or hydrophobic) or temperature due to the strong Van der Waals 
interaction induced by the long alkyl chain. Leadbetter et al. [130] and Hori et al. [131, 
132] investigated the influence of aliphatic chain length on the mesophase (Smetic A) 
structure of 4-cyano-4’-alkoxybiphenyls (nOCB) and found that, when n > 6, the crystal 
structure is independent on n. The layer periodicities increase almost linearly with n. The 
relation between the film periodicity and n can be described with following equation: 

banD +=  5-1

D represents layer periodicity while a and b are the contributions of a methylene unit and 
the core region (biphenyl part), respectively, to the layer periodicity. Here a = 0.213 nm 
and b = 1.14 nm.  

In this section results of growth studies performed using oxadiazoles substituted with 
aliphatic chains with different lengths are described. 

5.1.1 2-(4-Cyanophenyl)-5-(4-alkoxyphenyl)-1,3,4-oxadiazole 
(pCEtn) 

To investigate the influence of aliphatic chain length on the VD film structure, cyano 
substituted 2,5-diphenyl-1,3,4-oxadiazoles with different length of aliphatic chains were 
synthesised. Their names are abbreviated here as pCEtn (n denoted the number of carbon 
atom in the chain).  
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From the chemical point of view, no typical intermolecular hydrogen bond can be formed 
for this series of oxadiazoles, instead, intermolecular interactions between cyano groups 
can influence the film building. 

The layer periodicity of films of pCEtn were investigated with XSR. For pCEt16, the 
layer periodicity is slightly influenced by the substrate temperature. For the purpose of 
comparison substrate temperature of 25°C was used for all films. This temperature is still 
below the phase transition temperature of pCEt16 and all other substance form layered 
films at this temperature. 

The lengths of the pCEtn molecules (L) in the extended chain conformation were 
determined by AM1 calculations using CS Chem3D Pro 5. The film periodicities were 
derived from XSR investigations. All those data are listed in Tab. 5.1. 

Due to the banana shape of aromatic part and the nonlinear shape of ether bonding, two 
possible conformations exist for pCEtn (Fig. 5.1). They are named as cis- (Fig. 5.1 a) and 
trans- (Fig. 5.1 b) conformation in this work for the convenience of discussion. 

a) N N

O
NC O

   b)   N N

O
NC O

 

Fig. 5.1 Possible conformations for pCEtn, a) cis; b) trans. 

Tab. 5.1 Calculated length of the pCEtn molecules in the extended chain conformation L(n) and layer 
periodicities D(n) derived from XSR measurements.  

n 5 10 12 16 

cis 1.8 2.4 2.7 3.3 
L(n) [nm] 

trans 2.0 2.6 2.9 3.5 

D(n) [nm] 2.4 ± 0.1 3.4 ± 0.1 3.7 ± 0.1 4.8 ± 0.1 

The film periodicities of pCEtn are obviously bigger than the corresponding molecule 
lengths. The film topographies were measured with AFM, the images are shown in Fig. 
5.2.  

The images clearly show layered film structure. Further research revealed that the film 
topologies of each oxadiazole are greatly correlated with substrate temperature (See §4.4, 
page 33). Generally the higher substrate temperature results in bigger domain and lower 
roughness . The heights of the terraces in Fig. 5.2 were obtained from the height profile of 
the images. They correspond to the internal layer periodicities in Tab. 5.1. The results of 
AFM and XSR show clearly a bilayer-by-bilayer film growth mechanism of pCEtn on 
Si/SiO2. 
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a) b)  

c) d)  

Fig. 5.2 AFM images of pCEtn films deposited at Ts = 25°C. a) pCEt5; b) pCEt10; c) pCEt12; d) pCEt16. 
The sizes of all images are 10 × 10µm. The film thickness for all films are 30 nm (measured with quartz 
micro-balance) 

The pCEt1, i.e. the molecule has the shortest aliphatic chain (only –OCH3), was also 
deposited on Si/SiO2. The AFM image of the film is shown in Fig. 5.3.  
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Fig. 5.3 The AFM image (left) of pCEt1 film deposited at Ts = 30°C. The height profile along the black line 
in AFM image is also shown (right). 

The AFM investigation reveals that the pCEt1 can not form layered films on the Si/SiO2. 
The image is characterized with many islands with size of micrometer in lateral and the 
normal direction of the substrate. No layered film structure could be found in the image. 

The comparison of film formation behaviour of pCEtn show the effect of aliphatic chain. 
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Even a short chain of 5 carbon atoms can contribute greatly to the layered growth of 
films.  

The film periodicities are plotted against n with the exception of n = 1. Linear dependence 
of film periodicity on n can be clearly seen from Fig. 5.4. This linearly dependence 
reveals that, in spite of their different length, the alkyl chains in the different films are 
standing at the same tilt angle to the substrate. The aromatic part of the molecules of 
different films have the same arrangement, i.e. the film structures are determined by the 
aromatic part of the molecules. 
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Fig. 5.4 Dependence of film periodicity (D) on the number of carbon atoms in the backbone of the chain. 

Finally, for pCEtn with 16 ≥ n ≥ 5 the dependence of bilayer thickness D on the alkoxy 
chain length can also be described with the equation 5-1. For pCEtn, the a and b in 
equation 5-1 are 0.214 and 1.29 nm, respectively. 

29.1214.0 +=+= nbanD  5-2

Similar to OCBs, here a and b are the contributions of a methylene unit and the core 
region to the layer periodicity, respectively. This linear dependence indicates that the 
molecules in the films of pCEtn with n ≥ 5 are ordered in the same manner. The aliphatic 
chain of pCEtn films are tilted at the same angle to the substrate. The variation of film 
periodicities are caused mainly by the change in chain length.  
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Fig. 5.5. Schematic illustration of tilt angle calculation of aliphatic chain. 

As shown in Fig. 5.5, the tilt angle of the alkoxy chains θ can be calculated according to 
the following equation: 
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In this equation, D is the film periodicity, Lchain is the length of the aliphatic chain, which 
was obtained by AM1 calculation of MOPAC. Because of the bilayer structure of the film, 
the Lchain in the equation is multiplied by 2. The tilt angle of the aliphatic part is 
determined according to this equation to be about 33°.  

5.1.2 4,4’-Bis(4-acylamino)-2,5-diphenyl-1,3,4-oxadiazole 
(nAAn) 

Besides pCEtn, the chain length dependence of nAAn were also investigated by means of 
XSR and AFM. All the films are prepared at Ts above 120°C, above which the film 
periodicities of nAAn are almost temperature-independent (See Fig. 5.67 at page 94).  

The film topologies were investigated with AFM (Fig. 5.6). Film surfaces of 17AA17 and 
11AA11 are characterized by smooth terraces several micrometers wide with a height of 
3.8 ± 0.5 nm and 3.2 ± 0.5 nm, respectively. The corresponding film periodicities obtained 
by XSR are 3.9 ± 0.1 nm and 3.2 ± 0.1 nm, in agreement with the values obtained by 
AFM. The film of 7AA7 has a granular surface, terraces can hardly be recognized (Fig. 
5.6 c), although XSR results revealed a layered film structure. 
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c)  
Fig. 5.6 AFM images of nAAn films deposited on Si/SiO2 at 155°C. a) and a’) 17AA17 film and the height 
profile scanned along the red line in the image; b) and b’) 11AA11 film and height profile; c) 7AA7 film.  

Computer simulations were carried out to explore the possible molecular conformation of 
11AA11 in a film. The simulations were carried out with Cerius 2 using a combination of 
geometry optimization with the universal force field and semi-emperical calculations 
using INDO/2. Fig. 5.7 shows the simulated conformation of 11AA11 molecules in a film. 

a) 

c

a    b) 

c

b  

Fig. 5.7 Simulated molecular conformation of 11AA11. 

In this conformation the carbonyl bonds remain in the plane of the aromatic parts. The 
aliphatic chain is extended slightly out of the aromatic plane. Viewed from b direction the 
molecule has a banana-shape (Fig. 5.7 a), and a S-shape from a direction (Fig. 5.7 b). The 
molecule lengths for nAAn were also derived from this conformation and are listed 
together with the corresponding film periodicities in Tab. 5.2. 

Tab. 5.2 Simulated molecule lengths of nAAn and the corresponding film periodicities derived from XSR 
measurements. 

n 7 11 17 

Molecule length (nm) 2.60 3.15 3.80 

Film periodicity (nm) 1.3 3.2 3.9 
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The data in Tab. 5.2 show clearly that the simulated molecule lengths for n = 11 and 17 
are in good agreement with the corresponding film periodicities, while in the case of n = 7 
the simulated molecular length is much larger than the film periodicity. So it is very likely 
that 11AA11 and 17AA17 have similar molecular conformations in a film but different 
with that of 7AA7. The difference could be caused by a different molecule conformation 
for 7AA7, or by a larger tilt angle for 7AA7 molecules in a film compared with that of 
11AA11 and 17AA17. The film periodicities are in agreement with (11AA11 and 17AA17) 
or smaller (7AA7) than the corresponding simulated molecule lengths, revealing a single 
molecular layer structure. 

The film periodicities were plotted again n in Fig. 5.8. It can be seen from the diagram 
that the linear dependence of film periodicity on chain length does not exist for nAAn.  
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Fig. 5.8 Dependence of the film periodicity on the chain length. The n is the number of methylene unit in 
the chain. The dash line is only for the guide of eye. 

For the pCEtn series of oxadiazole compounds, the film periodicity depends linearly on 
the length of the alkyl chain. But such dependence does not exist for nAAn series. 
Possible reason for this difference is the strong intermolecular interaction caused by 
H-bonds between nAAn molecules (See 5.3.4.2, page 94). When the alkyl chain is short 
enough, such interaction became dominating and cause the arrangement of molecules 
different to that of long chains, therefore the film periodicity depends not linearly on the 
chain length. 

5.2 Influence of the head group in oxadiazoles with ether 

bridge group 

The concept of the “head group” was originally used in LB technology. Here we take over 
this concept for the convenience of the discussion. The head group of the oxadiazole 
compounds influences the LB film building [18] due to their different hydrophilic abilities. 
The head groups also play an important role in the VD film formation because the 
electron donor or acceptor effect of the head group can change the dipole of the whole 
molecule, the dipole-dipole interactions and consequently the molecular packing. 
Furthermore, the possible interaction between head groups and/or head groups and other 
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structures of the molecules can also influence the film structure. By systematically 
changing the head group in the molecules and investigating their effect on film structure, 
the contribution of the head group in film building can be studied.  

The molecules used in this study are shown in Tab. 5.3. To avoid the influence of 
intermolecular hydrogen bonds, ether bridge unit was chosen in this study. Unless 
otherwise mentioned, the lengths of alkyl chains for most substance are chosen to be 16 
carbon atoms for the convenience of comparison. 

Tab. 5.3 Influence of the head group R on the film periodicity. Molecule length L, obtained by AM1 
calculations using the MOPAC in CS Chem3D Pro 5.0, refer to molecules in the extended conformation in 
vacuum. The film periodicity D is obtained from X-ray measurement. 

NN

O
O CH2R n CH3

 

Oxadiazole R n Molecule length 
L [nm] 

Film Periodicity 
D [nm] D/(2L) 

pCEt16 -CN(para) 15 3.49 4.8 ± 0.1 0.69 

mCEt16 -CN(meta) 15 3.46 4.4 ± 0.1 0.64 

HEt16 -H 15 3.30 4.9 ± 0.1 0.74 

NIEt12 -NO2 11 2.90 4.0 ± 0.1 0.69 

MEEt16 -COOCH3 15 3.66 7.1 ± 0.1 0.97 

MOEt16 -OCH3 15 3.52 4.5 ± 0.1 0.64 

As discussed later in this chapter, the film periodicity could be influenced by physical 
deposition parameters like substrate temperature, but within a limited range. The data in 
Tab. 5.3 show that for the substances such as pCEt16, MEEt16, MOEt16 and NIEt12, the 
film periodicities are clearly larger than the corresponding molecule lengths in extended 
conformation, therefore the films are very likely to have bilayer structures. However the 
extent to which the film periodicity exceeds the molecule length varied from substance to 
substance.  

Assuming that the molecules have a head-to-head arrangement and the alkyl chains have 
an all trans conformation in the layer structure, which is illustrated schematically in Fig. 
5.9, the D/2L value in Tab. 5.3 can be used to calculate the tilt angle of molecules in film. 
The tilt angle of the molecules can be calculated according to following equation: 

LD 2/)cos( =θ  5-4
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The tilt angle of the molecules list in Tab. 5.3 were calculated according to equation 5-4 to 
be 50° to 42°. In this region of tilt angle, the 2,5-diphenyl-1,3,4-oxadiazole part of the 
molecules can build π-complexes, which exist also in the crystal structures of many 
oxadiazole compounds (See §2.1.1, page 6) [45]. 

D

L

   

2L D

θ

 

Fig. 5.9 Possible head to head arrangements of the molecules in films with bilayer structure. 

The details of the films based on substance in Tab. 5.3 will be discussed in detail in the 
following sections. 

5.2.1 2-(4-Methoxycarbonylphenyl)-5- 

(4-hexadecyloxyphenyl)-1,3,4-oxadiazole (MEEt16) 

5.2.1.1 The film structure of MEEt16 

The films of MEEt16 were prepared at Ts ranges from –10°C to 100°C. The growth rate 
for all films was maintained between 0.5 and 1.1 nm/min. The films were taken out of the 
deposition set-up and AFM and XSR investigations were applied to investigate the 
topology and structure of the films. RAIRS was also applied in order to get a deeper 
insight into the film structure.  

The AFM images are shown in Fig. 5.10. The strong influence of Ts on the film topologies 
can be clearly seen. The film grown at –10°C has a mud like surface dotted with high 
islands and deep holes, which appears as white and black spots in the image, respectively 
(Fig. 5.10 a). The height of these islands were obtained by height profile scanning to be 
between 6~8 nm. The RMS roughness for 10×10 µm2 is 3.5 nm.  
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Fig. 5.10 AFM images of MEEt16 films deposited on Si/SiO2 at Ts = (a) –10°C, (b) 60°C, (d) 85°C and (e) 
100°C. The images were taken at room temperature. The growth rates are maintained between 0.5 and 1.1 
nm/min. The film thickness for all films measured with quartz micro-balance are 15 nm. Please note that the 
scale for (e) is 30 µm. (c) is the height profile along the black line in (b), the average terrace height obtained 
from the profile is 7.4 ± 0.5 nm. 
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Clear terraces appear when the film is deposited at Ts = 60°C (Fig. 5.10 b). The terrace 
height is measured by height profile scanning to be 7.3 ± 0.5 nm. The film is not closed, 
because the height of the boundaries of some dark areas, some of them are denoted with 
white arrows in the image, are same and are by 25 nm in depth, in agreement with the 
film thickness (23 nm) obtained from XSR investigation. Such blocks are substrate 
surface which is not covered by the film. 

The films were also prepared at 85°C and 100°C. The higher Ts results in bigger domains. 
At Ts = 100°C, the size of domains reaches 30 µm, much bigger than the size published 
for organic molecules, such as OMBD film for sexithienphenyl [24] and quaterthiophene 
[120]. To illustrate the extremely large domains in the film, an image of 30×30 µm is 
shown in Fig. 5.10 (e). Surprisingly the three dimensional crystals, which first appear at 
Ts = 60°C and became higher at Ts = 85°C, disappeared at Ts = 100°C. The domains in the 
AFM image for films deposited at 100°C have a thread-like form, hinting that the 
molecules have a much higher chance to order themselves into the narrow end of domains 
than the long edge.  

XSR investigations were also done in order to get an insight into the film structure. The 
results of XSR measurements for films deposited at –10°C and 100°C are illustrated in 
Fig. 5.11 
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Fig. 5.11 The XSR investigation for MEEt16 film on Si/SiO2 with Ts = -10°C and 100°C. The film 
periodicity for Ts = -10 and 100°C are 7.1 ± 0.1 and 7.5 ± 0.1 nm, respectively. 

The XSR results reveal the layered structure for the films deposited at all the Ts studied in 
this work. Even for the film grown at Ts of –10°C, the XSR results shows that the film has 
layered structure with a film periodicity of 7.1 ± 0.1 nm (Fig. 5.11 left), although in the 
corresponding AFM image no terrace could be found (Fig. 5.10 a). Elevating the Ts to 20 
and 40°C, the corresponding XSR curves do not show any significant change. The film 
periodicity for films grown at Ts of 100°C amounts to 7.5 ± 0.1 nm.  

The study of film structures reveals that the MEEt16 can form layered films on Si/SiO2 in 
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the Ts region from –10 to 100°C. The film topography is strongly influenced by Ts. Ts 
higher than 60°C results in terrace structures in the films and the size of domains increase 
significantly with the increasing of Ts. The film periodicities for all Ts amounts to almost 
double the molecule length (3.66 nm) in extended conformation, indicating that the film 
has a bilayer structure and the molecules arrange with a small tilt angle in the layer. The 
information obtained by means of AFM and XSR is still not enough for us to get an 
understanding of the molecular arrangement in the film. The information about the crystal 
structure of an oxadiazole with analogous structure to MEEt16 may provide more 
information. 

5.2.1.2 Crystal structure of an analogous oxadiazole compound 

Reck el al. [133] have investigated the crystal structure of 2,5-di(4-methoxycarbonyl- 
phenyl)-1,3,4-oxadiazole (MEME), which differs from MEEt16 in that it has two methyl 
ester groups, instead of a methyl ester and alkoxy chain for MEEt16, attached to each end 
of a DPO unit. This compound crystallizes under similar conditions in two different 
orthorhombic crystalline forms. In form 1 (Fig. 5.12) the molecules build up a herring 
bone structure with infinite stacks along the a axis. The plane of the molecule forms an 
angle of 45° with respect to the stack axis (a axis). There are strong π-π electron 
interactions between adjacent molecular planes.  
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Fig. 5.12 Molecular arrangement of MEME, form 1, viewed along the a axis (left) and b axis (right). The 
angle in the figure is the dihedral angle between long axis of molecule and a axis. 
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Fig. 5.13 Molecular arrangement of MEME, form 2, viewed along the a axis (left, only one layer of 
molecules are shown for clarity), b axis (middle, atoms of front molecules are shown by white circles and 
those of behind ones are shown by black circles, H atoms are not shown) and c axis (right). 

In contrast to form 1 no stack interactions are found in crystalline form 2 (Fig. 5.13) as no 
adjacent molecules are packed with their ring planes parallel to each other. The dihedral 
angle between oxadiazole ring planes of the adjacent molecules along the b axis amounts 
to 23.2°. The methyl group stay in the plane parallel to the b and c axis and form a methyl 
matrix. The angle between two line of methyl group is measured to be 82° (Fig. 5.13 left). 
The molecules form smectic-like structures comprising of layers stacked along the a axis 
(Fig. 5.13 middle and right). The C=O bonds are located in the plane of the phenyl ring 
and arranged parallel to each other, i.e. the dipole moments of C=O bonds as well as the 
oxadiazole ring accumulate along one direction. The intermolecular distances between the 
oxygen atom in the C=O bond and the H atoms in the methoxy are 3.08, 2.84 and 3.185 Å 
(Fig. 5.13 middle), respectively, indicating an interaction between the molecules of the 
neighbouring layers [134]. 

The topology of the smooth terraces of MEEt16 film shown in the Fig. 5.10 (d) can be 
further resolved. Fig. 5.14 shows a representative example of an AFM image with a 
pronounced molecular resolution. The terraces always show a periodic packing of 
molecules corresponding to an oblique two-dimensional lattice. The angle between two 
molecule line is 80°, and the lattice constants determined for the two directions are 4.4 Å 
and 4.8 Å, respectively, in very good agreement with the corresponding value for MEME 
crystalline form 2, which are 82° and 4.6 Å, respectively. So it is very likely that the 
MEEt16 film has a similar structure as MEME crystalline form 2. 
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4.8  Å

 
Fig. 5.14 Molecular resolution of the periodic in-plane structure by AFM. The angle between two marked 
molecule line is 80°. The lattice constants determined for the two directions are 4.4 and 4.8 Å, respectively. 

5.2.1.3 IR investigation 
The head groups usually have their characteristic absorption band in the IR range. Several 
factors such as electronic and intermolecular interactions can cause band shifts [135]. The 
former is determined by the chemical structure, while the latter may vary. By comparison 
of the band position of functional groups in different states information on the 
intermolecular interactions can be obtained.  

If the MEEt16 molecules in a film have similar molecular arrangements as those found in 
crystal form 2 of MEME, then the interlayer interaction between C=O bonds and carbon 
atom in the methoxy group should be reflected in an IR spectra, because the 
intermolecular interaction concerning C=O bonds can influence its band position. The IR 
transmission spectra of MEEt16 in KBr, CCl4 solution (10-4 M) and RAIRS spectra of thin 
MEEt16 films on Si/SiO2 are shown in Fig. 5.15.  
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Fig. 5.15 Carbonyl band of MEEt16 in different states. a) crystals in KBr vC=O = 1722 cm-1 ; b) thin films on 
Si(SiO2) vC=O = 1723 cm-1

 ; c) in CCl4 solution (10-3 M), vC=O = 1732 cm-1, the latter two spectra are 
multiplied by 20 and 10 for comparison. 
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The C=O stretching band (vC=O) of MEEt16 in crystals appears at 1722 cm-1, similar to 
that of thin film, which appears at 1723 cm-1. In contrast to solid and film, the vC=O for 
solution appears at 1732 cm-1, c.a. 10 cm-1 higher. This shift can be explained by an 
increase in C=O bond strength in solution. If the aromatic part and the methoxycarbonyl 
group of MEEt16 molecules have the same arrangement in film as in crystalline form 2 of 
MEME, then the interaction between oxygen atoms in carbonyl and H atoms in methoxy 
groups of neighbouring layers can weaken the C=O bond and cause the red shift of vC=O. 
Such interaction is the so called C-H···O H-bonding, which have in fact been recognized 
as important determinants of the stability and specificity of biological systems[136-139]. 
In the diluted solution, the molecules are separated by solvent and the intermolecular 
interaction is negligible, thus the C=O bond has relative higher wavenumber.  

5.2.1.4 Sructural transformation in the thermal treatment 

The intermolecular interaction can be changed by increasing the temperature. Fig. 5.16 
shows the temperature dependent RAIRS spectra. Up to 70°C, the spectra remains 
unchanged. The vC=O appears at 1723 cm-1. At 90°C a small shoulder can be seen on the 
lower wavenumber side of vC=O. This shoulder became very obvious at 130°C, meanwhile 
the CH3 out-of-plane deformation band at 1463 cm-1 shifted to higher wavenumber region 
and merged with CH2 deformation band, which originally located at 1473 cm-1. 
Unfortunately, the CH3 in-plane deformation at 1378 cm-1 is too weak to provide any 
useful information. The change of vC=O and CH3 band is a sign of a dissociation of 
C-H···O bonding in the thermal treatment. 
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Fig. 5.16 Temperature dependent RAIS spectra of MEEt16 film deposited on Si/SiO2 with Ts = 20°C. The 
film thickness is 50 nm. Spectra were scanned during the heating. 

The structure and topography of the film were investigated after thermal treatment by 
means of XSR and AFM, respectively, and the results are shown in Fig. 5.17 and Fig. 
5.18. 
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Fig. 5.17 The XSR investigation for MEEt16 film deposited at Ts = 20°C (left) and after being annealed at 
130°C for 2 minutes (right). The film periodicities for the film before and after annealing are 7.0 ± 0.1 nm 
and 3.6 ± 0.1 nm, respectively. 

    

Fig. 5.18 AFM images for MEEt16 film deposited at Ts = 20°C before (left) and after (right) being annealed 
at 130°C for 2 minutes. The terrace height measured for right image is 3.6 ± 0.5 nm. 

The results of XSR as well as AFM show clearly that the molecules performed a 
reorganization during the annealing. The film periodicity decreased from 7.0 nm to 3.6 
nm during the annealing. The latter value is in good agreement with the calculated length 
of the molecules (3.66 nm), so the film is likely to have a monolayer structure after 
annealing. An increase in the tilt angle of the molecules can also result in the decrease in 
film periodicities. Assuming that the film has a bilayer structure, the tilt angle calculated 
according to equation 5-4 is 60°, which is too big for the formation of intermolecular π- π 
electron interactions. In crystal form 1 of MEME, which is analogous to MEEt16, the 
angle between the plane of the molecule and the stack axis (a axis, Fig. 5.12) is only 45°. 

Based on the aforementioned analysis, a possible film structure of MEEt16 is proposed 
(Fig. 5.19). In this structure the molecules stand with a tilt angle of about 23° in the film. 
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Fig. 5.19 Possible arrangement of MEEt16 molecules in the monolayer of thin film. The aliphatic chains are 
arranged with a tilt angle of 22°, and C=O bonds are arranged parallel to each other. Interlayer interactions 
between H atoms and oxygen in the C=O bond is shown as dashed line. 

The study of MEEt16 film can be summarized as follows: 

The MEEt16 films have a bilayer structure in the investigated Ts range. The film 
periodicity amounts to nearly double the length of the molecule and the molecules stand 
at a relative small tilt angle (c.a. 23°) in the film. The presence of an intermolecular 
interaction induced by the carbonyl and methyoxy group in the methyl ester structure was 
found in the film. Upon being annealled at 130°C for a short time, the film periodicity 
was reduced to the length of one molecule. IR investigations during annealling revealed 
that a change occurs in the intermolecular interactions between the methyoxy and 
carbonyl groups. 

5.2.2 2-(4-Cyanophenyl)-5-(4-hexadecyloxyphenyl)- 

1,3,4-oxadiazole (pCEt16) 

5.2.2.1 The film structure of pCEt16 

The Ts influence on the film topography is described in §4.4.1 (page 33). The film has 
granular surface at low Ts but smooth terraces structure at high Ts. The XSR 
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investigations reveal layered structure for all the films, but the film periodicity for Ts ≤ 
60°C is by about 0.3 nm higher than for Ts ≥ 85°C. The absolute value of this difference 
varied slightly in different repeat, but this abruptly decrease of film periodicity does 
always exist. 

5.2.2.2 Crystal structure of an analogous oxadiazole compound 

The crystal structure of one oxadiazole with substituent CN group may give us hints in 
understanding the arrangement of molecules in the pCEt16 film. One such molecule 
whose crystal structure is known (Orgzall [140]) is 2-(4-cyanophenyl)-5- 
(4-dimethylaminophenyl)-1,3,4-oxadiazole (CDMO). The molecular packing of CDMO is 
characterized with stacks of molecules along the b axis (See Fig. 5.20). In a stack the 
molecules are packed alternatively π-donor to π-acceptor and π-donor to π-donor, a 
slightly different molecular arrangement from the structure shown in Fig. 2.1 (page 6). 
The CN group and dimethylamino group are aligned alternatively at both ends of the 
molecules of a stack. The CN-CN interaction, which can be proved by measuring the 
distance between CN groups, may be the main influence leading to this packing. The CN 
groups of adjacent molecules pack parallel to each other and the distance between them 
are measured to be 3.88 Å (Fig. 5.20 right), a little bit bigger than that for nOCB 
(3.39-3.57 Å) [141, 142]. This slightly longer CN-CN distance could be the result of the 
banana-shape of oxadiazole.  

b

c

     

Fig. 5.20 The crystal structure of 2-(4-cyanophenyl)-5-(4-dimethylaminophenyl)-1,3,4-oxadiazole (CDMO) 
(left) and schematic illustration of CN-CN interaction in CDMO crystal. The distance between N and C 
atom marked with a dash line amounts to 3.88 Å. 

The interaction between CN groups is already well known in the liquid crystal studies of 
4-cyano-4’-alkoxy-biphenyls (nOCB) and 4-cyano-4’-alkyl-biphenyls (nCB). To obtain 
an understanding of intermolecular interaction between CN groups, Hori et al. [132] has 
investigated the crystal structures of nOCB and found out that smectic-like bilayer 
structures with infinite networks of closely arranged CN groups are dominant for nOCB 
when n ≥ 9.  
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5.2.2.3 IR investigation and film structural transformation during the 

thermal treatment 

The IR investigation reveal the interaction between CN groups [131]. The CN band 
located at higher position in crystal than in solution. Furthermore, it shifted by several 
wavenumbers to lower wavenumber region when the crystals are heated over the 
crystal-nematic or crystal-smectic transform temperature. However, opposite shifts of CN 
group in IR spectra were also observed when crystals of nCB (n = 6,7,9,11) were heated 
over crystal-nematic or crystal-smectic temperature. In addition to nCBs, blue shifts of 
CN band were also found by Zhang et al. [143] in the investigation of 
N-(p-cyanobenzylidene)-p-octyloxyanline (CBOOA) and 4’-cyanobenzylidene-4- 
n-hexyloxyaniline (CBHA) etc. All of above substance have analog structures with 
pCEt16.  

Different shift directions of CN bands in IR spectra hints at different intermolecular 
interactions concerning the CN groups [131]. Shabatina et al. [144] concluded that 
dimmers were formed in the mesophase of 8OCB based on the association enthalpy 
estimated from the CN band. Hori et al. [145] summarized the different types of CN-CN 
interactions: dimer or tetramer, one-dimensional infinite chains and two-dimensional 
infinite networks, which are illustrated schematically in Fig. 5.21. 

 
Fig. 5.21 Schematic diagrams of CN-CN interactions: a) a cluster, b) an one dimensional chain and c) a two 
dimensional network. Nitrogen atoms are shown by hatched circles. Close C···N distances are denoted by 
dashed line [145]. 

To obtain information about the environment of the CN group, IR measurements of 
pCEt16 in VD film, crystal and solution (CCl4 10-3 M) were carried out. Matsui et al. has 
calculated the position of CN group with AM1 method, the results show that when a CN 
group has a richer electron density, its stretching vibration band shifts to a lower 
wavenumber position [146]. The results of IR investigation show that the CN band 
position (vCN) varied slightly in different condensed states (Fig. 5.21). In dilute (10-3 M) 
CCl4 solution, in which molecules are isolated to each other, vCN appears at 2233 cm-1. The 
same band appears at 2228 cm-1 with a small shoulder at 2236 cm-1 for solid material 
crystallized from ethanol and measured in KBr disk, indicating that the electron density in 
CN group is lower in solution with respect to solid state [146].  
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Fig. 5.22 CN band of pCEt16 in solid, solution and films. vCN peaks at 2236, 2228 and 2232 cm-1 for thin 
film (Ts = 25°C), crystal and CCl4 solution (10-3 M), respectively. The spectra for film and solution were 
multiplied with 20 and 10 for comparison, respectively. Curves are shifted for clarity. 

For VD films, vCN shows a dependence on the substrate temperature. Increasing Ts from 
20°C to 85°C, vCN shifted from 2236 cm-1 to 2234 cm-1 with a shoulder at 2229 cm-1 (Fig. 
5.23). The vCN of the film appear at higher wavenumber region with respect to the solid 
state, whether the films are deposited at high Ts or low Ts . This difference of CN band is 
caused by CN-CN or CN-phenyl interactions.  
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Fig. 5.23. CN (left) and phenyl band (right) of pCEt16 in film prepared at high and low Ts. The shoulder at 
2229 cm-1 for vCN for Ts = 85 hints a coexistence of two kinds of intermolecular interactions concerning CN 
group. Phenyl band split as a result of CN-phenyl interaction.  

The shoulder of the vCN form a film with Ts = 85°C hints at the coexistence of two kind of 
intermolecular interactions concerning the CN group. One is a CN-CN interaction, which 
is proved by the different CN band positions in solution and solid, the other is the 
CN-phenyl interaction, in which the CN group has some overlap with the phenyl ring 
[145]. These two kinds of intermolecular interactions result in two types of molecular 
arrangements in a layer. The proportion of these two types of arrangements in the film 
depends on Ts during deposition.  

The phenyl stretching band for the film grown at Ts = 25°C appears at 1499 cm-1 with a 
shoulder at 1492 cm-1(Fig. 5.23 right), both bands are a mixture of phenyl semicircle 
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stretching vibration with CH in plane bending for para substituted benzenes [147]. 
Usually this mixed band appears around 1490 cm-1, however, due to the overlap of 
neighbour CN group with phenyl ring, the band splits into two bands. The relative 
intensity of these two bands reflects the proportion of the two types of molecular 
arrangement in the film. In the film deposited at Ts = 25°C, the phenyl ring stretching 
appears mainly at 1499 cm-1

 with a small shoulder at 1492 cm-1, so the CN-CN interaction 
mode dominates in the film structure. In the film grown with Ts = 85°C, the phenyl ring 
stretching appears at 1493 cm-1 with a small shoulder at 1498 cm-1, so the proportion of 
CN-phenyl overlapping mode is higher than for films prepared at Ts = 25°C.  

These two type of intermolecular interaction hint that two kinds of crystal structures may 
exist for pCEt16. In the DSC curve (Fig. 5.24) of a pCEt16 crystal a peak appears at 
78-85°C by heating and at 67-73°C by cooling, indicating a phase transformation. If this 
transformation is caused by the interaction mentioned above, this should also be reflected 
in the IR spectra.  
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Fig. 5.24 DSC curve of pCEt16, second cycle. The heating rate is 10°C/min. 

Fig. 5.25 shows the temperature dependent RAIS spectra of a film deposited at Ts = 20°C. 
The spectra were scanned at the temperature denoted in the figure. Until the film was 
heated up to 82°C, no obvious change of the CN band and phenyl stretching band could 
be observed.  
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Fig. 5.25 Temperature dependent RAIS spectra of pCEt16 film deposited at Ts = 25°C. The film thickness is 
50 nm. Spectra were scanned during heating. Curves are shifted for clarity. 
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When the film was further heated to 85°C, obvious change of spectra occurred. The vCN 
shifted from 2236 cm-1 to 2230 cm-1, meanwhile the phenyl stretching band at 1499 cm-1 
disappeared. The phenyl stretching band became a single band at 1492 cm-1. Such change 
of absorption bands reflects the change of intermolecular interaction. Films deposited at 
lower temperature have CN-CN interactions, which change to CN-Phenyl interactions 
when heated up to 85°C.  

During this process the CH2 deformation band at 1467cm-1 became weak and broader. The 
symmetrical and asymmetrical stretching of CH2 bands shifted to higher wavenumber 
region, indicating a decrease in the ordering of the aliphatic chain. 

The structure change of the film was also measured by XSR, which was carried out 
simultaneously during the annealing of the film. The results are illustrated in Fig. 5.26. 
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Fig. 5.26 The in-situ XSR investigation of pCEt16 films during annealing. The film was deposited at 25°C 
and measured firstly at 20°C (left), then measured at 100°C (right). Afterwards it was heated up to 130°C 
and then cooled down to 30°C and measured again (right). The peaks denoted with a ‘v’ corresponds to film 
periodicity of 4.0 nm. 

The film prepared at Ts = 25°C has film periodicity of 4.8 nm, which upon annealing to 
100°C decreased to 4.4 nm (Fig. 5.26 left). This change could not be simply attributed to 
thermal expansion, otherwise the film periodicity should have been increased. Afterwards 
the film was cooled down to 30°C and measured again, the film periodicity increased 
slightly to 4.5 nm. Meanwhile, another group of peaks corresponding to 4.0 nm appeared 
(Fig. 5.26 right), this shows the coexistence of two types of structure in the film. 

Similar to annealing, the film growth process in vacuum is indeed also a cooling process 
of the materials. In pCEt16 crystals the annealing resulted in coexisting structures, while 
for vacuum deposition only uniform film structures. This difference may be caused by the 
different energy barriers for the two processes. During the film growth the molecules 
arriving at the surface encounter relatively lower energy barriers to diffusing on the film 
or substrate, because they are not as confined by the adjacent molecules, as is the situation 
for molecules in the film. As a result the molecules are ordered in a thermodynamically 
more stable structure, thus the film has a uniform structure. 
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5.2.3 2-(3-Cyanophenyl)-5-(4-hexadecyloxyphenyl)- 

1,3,4-oxadiazole (mCEt16) 

mCEt16 differs from pCEt16 with respect to the position of the substituted CN group. In 
mCEt16 the CN group is attached at the meta position of the phenyl ring instead of the 
para position for pCEt16. Deposited on Si/SiO2, the films of pCEt16 are layered and have 
a bilayer structure (See §5.1, page 38) and the molecules are oriented with a tilt angle to 
the substrate. IR investigation has revealed the CN-CN and CN-phenyl interactions 
between the layers. From a geometrical point of view, the meta position of the CN groups 
in mCEt16 should facilitate the formation of CN-CN or CN-phenyl interaction in films. 

5.2.3.1 The film structure of mCEt16 

A study of the influence of Ts on film based on mCEt16 shows that the topography is 
strongly dependent on Ts. The AFM images of mCEt16 films prepared at different Ts are 
shown in Fig. 5.27: 
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Fig. 5.27 AFM images of mCEt16 films deposited at Ts = (a) –10°C, (b) 60°C and (c) 85°C and the height 
profile along the line A and B lines in (d). The average terrace height obtained from different position is 4.7 
± 0.5 nm. The depths of the cracks varies from 0.8 to 2.4 nm. 
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The surface of the film grown at Ts = -10°C is characterized by many small particles. The 
film appears amorphous, the terrace structure can be clearly recognized when Ts is 
elevated to 60°C (Fig. 5.27 b). Interesting structures can be found in the AFM images of 
mCEt16 films deposited at Ts = 85°C (Fig. 5.27 c). The film topology is characterized 
with clear terrace structures and long parallel cracks, which divide the domain into many 
small parallel distributed slices. The height scanning of the AFM image shows that these 
cracks are not deep into the film, but only within one layer. The depth of these cracks 
varies from 0.8~2.4 nm, much less than the terrace height, which is obtained by AFM to 
be 4.7 ± 0.5 nm. In the film plane these cracks extend through the whole domain. It seems 
that these cracks are caused by the shrinking of film when cooled down at end of 
deposition. However this hypothesis, can not explain the fact that the cracks occurs at the 
same place of different layers in the normal direction of the substrate. Furthermore at 
some places the cracks are so big that it is unlikely to be the result of thermal induced 
shrink.  
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Fig. 5.28 XSR investigation of mCEt16 film at Ts = 20°C (left) and 85°C (right). The film periodicities 
calculated from these curves are 4.4 ± 0.1 and 4.1 ± 0.1 nm for Ts = 20°C and 85°C, respectively. 

XSR investigations of film deposited at 85°C revealed a layered film structure. The 002 
and 003 peaks in the curve are doubled and the 001 peak is quite broad, so there could be 
two structures coexisting in the film. One has the film periodicity of 4.4 ± 0.1 nm, another 
with 4.1 ± 0.1 nm. 

5.2.3.2 Thermal treatment and IR investigation of the film 

In the DSC curve of mCEt16 (Fig. 5.29) small peaks appear before melting process, hint 
that some structural changes happen. Unlike the peaks in the DSC curve of pCEt16, the 
energies of these peaks are quite small. The peak at 117°C of the heating process has the 
biggest area, which could be attributed to the melting process. 

 61



 

80 90 100 110 120

0

20

40

86 103

106

117

113.593

1st Cycle

 

 

H
ea

t f
lo

w
 / 

m
w

Temperature / oC

 

80 90 100 110 120

-15

0

15

30

2nd cycle

104

10186

117

93

 

 

H
ea

t f
lo

w
 / 

m
w

Temperature / oC

 
Fig. 5.29 DSC curve of mCEt16, the first (link) and second (right) cycle. The heating rate is 10K / min. 

IR measurement for mCEt16 in dilute solution (CCl4, 10-3 M), in bulk and VD films were 
carried out. The positions of vibration bands of CN and phenyl ring have been compared 
with the corresponding bands of pCEt16 (Tab. 5.4). 

Tab. 5.4 Summary of CN and phenyl band position for m- and pEt16 under different conditions. The peak 
with an asterisk appear as shoulder of another band in the same cell of this table.  

N N

O
O CH2 15NC

CH3

 

 CN band Phenyl band 

CN position     

Solution 2232 2236 1497, 1493 1493 

Bulk 2228, 2236* 2234 1492 1497 

Film, high Ts 2234, 2229* 2233 1497*, 1492 1493 

Film, low Ts 2236 2234 1499, 1492* 1493 

In solution the CN band of mCEt16 appears at 2236 cm-1, higher than 2232 cm-1 of 
pCEt16. According to Matsui et al. [146] CN at the meta position of the phenyl ring has a 
lower electron density with respect to the para position. This is the result of the electron 
withdrawal effect of the oxadiazole ring and such effects usually have different influences 
on different position of phenyl ring. 

The vCN of mCEt16 in bulk appears at 2234 cm-1 as a symmetrical single band, 2 cm-1 
lower than in solution. But the vCN of films deposited at Ts = -10°C and 95°C did not show 
any significant differences (2234 cm-1 and 2233 cm-1 for Ts = -10°C and 95°C, 
respectively, and are symmetrical peaks without any shoulder or split). For all cases vCN 
varies between 2236 cm-1 and 2233 cm-1, a much smaller range than that of pCEt16, 
which is between 2236 cm-1 and 2228 cm-1, indicating that the CN-CN interaction in 
mCEt16 is weaker than that of pCEt16. 
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The phenyl band locate at 1497 cm-1 in solid and at 1493 cm-1 in solution. For films with 
Ts = -15°C and 95°C, the phenyl band frequencies are same, 1493 cm-1. In contrast to 
pCEt16 the phenyl band for mCEt16 has no shoulder or split. So it is very likely that the 
CN-phenyl interaction does not exist in the film of mCEt16. 

Because the endothermal and exothermic processes in the DSC curve are reversible, it is 
possible that the film structures or intermolecular interaction depends exclusively on the 
environment temperature. The film prepared at different Ts may have same structure and 
subsequently the same IR spectra when the samples are measured at room temperature. To 
make clear whether the CN-CN or CN-phenyl interaction exist in the film, temperature 
dependent IR spectra of mCEt16 bulk material and thin films were performed. The 
temperature dependence of the CN band for the bulk substance in KBr and films prepared 
at Ts = -15°C, 95°C are shown in Fig. 5.30 and Fig. 5.31, respectively. 
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Fig. 5.30 Temperature dependence of CN band of mCEt16 bulk substance in KBr. Up to 90°C the CN band 
remains the same for heating and cooling processes and change linearly with temperature.  

During the heating process the vCN of the bulk substance shifted linearly from 2233.7 cm-1 
at 30°C to 2232.0 cm-1 at 115°C, then shifted slightly to 2232.4 cm-1, when further heated 
to 125°C. The endothermal peak at 93°C and 113°C in the DSC curve have no influence 
on the vCN. The vCN shifted back to 2233.6 cm-1, when the substance was cooled down to 
40°C. No connection between the exothermic peak and a shift of vCN be found either. 
Furthermore, for the same temperature the vCN in the heating and cooling process are 
almost the same, particularly in the temperature region from 30°C to 90°C.  

The temperature dependence of the vCN for thin films are somewhat different (Fig. 5.31). 
During the thermal treatment, the vCN of both films (Ts = -15°C and 95°C) shifted to a 
lower wavenumber region during heating and back to a high wavenumber region during 
cooling. Still no clear connection between the peaks in DSC and the shift of vCN exists. For 
a given temperature the vCN in the cooling process is always by about 1.5 cm-1 lower than 
in the heating process. Because the heating rate was very low, the spectra were scanned 
after the temperature was stable for at least 3 minutes, this difference of vCN position may 
indicate that the molecular environments of the CN group during heating and cooling 
processes are different. 
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Fig. 5.31 Temperature dependence of vCN of mCEt16 in thin films with Ts = -15°C (a) and 95°C (b). The 
position of vCN for both cases are lower in cooling process than heating. 

5.2.3.3 Long term stability of the film 
After five months of storage the mCEt16 films were found to have undergone some 
topological changes. The surfaces of films deposited at –10°C, 20°C and 40°C are quite 
different from the fresh prepared films. In Fig. 5.43 the film deposited at Ts = 20°C is 
presented to illustrate this change. 

a)  b)  
Fig. 5.32 The long term stability of mCEt16 film. a) is fresh prepared films at Ts = 20°C and b) is the same 
films measured after five months of storage. 

The AFM image of the freshly prepared film is full of fine particles. After five months of 
storage, at ambient conditions, long crystals could be found on the surface of the film. 
Such crystals have grown up to 10 µm in length and are always surrounded with dark 
areas, indicating that the molecules close by have moved to it and crystallized. This 
crystallization process began at the edge of the film and slowly extended to the middle. At 
the edge of the film only crystals could be found in the AFM images and the areas are 
fully crystalized. 

In contrast to the films with low Ts, the films deposited at 60°C and 85°C, which already 
had clear terrace structures after deposition, do not crystallize, indicating that the films 
with higher Ts have a more stable structure. 
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5.2.4 2-(4-Nitrophenyl)-5-(4-dodecyloxyphenyl)- 

1,3,4-oxadiazole (NIEt12) 

5.2.4.1 The film structure of NIEt12 

The influence of Ts on film morphology for NIEt12 films was also studied by 
systematically varying Ts from –10°C to 85°C. The films are prepared with low growth 
rate between 0.3 and 1.7 nm/min. After the deposition the films were studied with AFM 
and XSR. 

Fig. 5.33 shows the AFM images of NIEt12 films deposited at different Ts. Similar to 
MEEt16 and pCEt16, the film topologies show a strong dependence on Ts. The surface of 
the films with low Ts (-10°C and 20°C) appear quite rough, and no terrace structures can 
be found. A terrace with height of 4.1 ± 0.5 nm appears when the Ts is elevated to 40°C. 
The domains became larger than 30 µm when the film was grown at 60°C. By Ts of 85°C, 
the highest Ts a film can be obtained at, the size of the domains decreased slightly with 
respect to those found at Ts = 60°C. 
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Fig. 5.33 AFM images of NIEt12 films deposited on Si/SiO2 at Ts = (a) –10°C, (b) 20°C, (c) 60°C and (d) 
85°C. The growth rates are maintained between 0.01 and 0.02 nm/min. The film thickness for all films 
measured with quartz micro-balance are 20 nm. A height profile along the black line in (c) is shown in (e). 
The average terrace height is 4.1 ± 0.5 nm. 

XSR investigations showed the coexistence of two film structures in the film with low Ts 
(-10°C and 20°C). From the two Bragg peaks in the XSR curve of the film grown at Ts = 
20°C film periodicities of 4.0 ± 0.1 nm and 3.0 ± 0.1 nm were calculated, the latter is 
exactly the length of the NIEt12 molecule in extended conformation, which was 
determined by AM1 calculations. It is very likely that layers consisting of single 
molecules exist in the film. The antiphase structure1  can also result in the peak 
corresponding to single molecular layers, although the layer is also double molecular 
layer [148, 149]. Because the terrace height could not be obtained from AFM image, it is 
impossible for us to determine which structure results in the film periodicity of 3.0 nm. 
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Fig. 5.34 The XSR investigation for NIEt12 film deposited at Ts = 20°C (left) and 85°C (right). The film 
with Ts = 20°C has film periodicity of 4.0 ± 0.1 and 3.0 ± 0.1 nm. For Ts = 85°C one film periodicity of 4.0 
± 0.1 nm is available. 

In contrast to the films deposited at 20°C, the film deposited at Ts = 85°C has a uniform 
structure. From the Bragg peaks of the XSR curve a film periodicity of 4.0 ± 0.1 nm is 
obtained. 

                                                 
1 A concept firstly developed by Reiche to explain the quench of 00l peak in XSR curve of some Y-type LB films. 
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5.2.4.2 Crystal structure of an analogous oxadiazole compound 

Orgzall et al. [140] have investigated the crystal structure of 2,5-di(4-nitrophenyl)- 
1,3,4-oxadiazole (NINI), which differs from NIEt12 in that two nitro groups are attached 
to the para position of the phenyl ring instead of a nitro group and alkoxy chain for 
NIEt12. The three-dimensional packing of NINI is characterized by the presence of stacks 
of molecules along the a axis (Fig. 5.35). In a stack the molecules pack parallel to each 
other and strong π-π interactions exist between the oxadiazole and phenyl rings of 
adjacent molecules. The plane of the molecule forms an angle of 44° with respect to the 
stack axis (a axis). The tilt angle of the NIEt12 molecules in the VD film was calculated 
according to equation 5-4 to be 46°, so the angle between molecule and substrate surface 
is 44°, in good agreement with the angle between the plane of the molecule and the stack 
axis in the NINI crystal, so it is possible that the packing model of NIEt12 film is similar 
to that of NINI in crystal. 
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Fig. 5.35 Molecular arrangement of 2,5-di(4-nitrophenyl)-1,3,4-oxadiazole (NINI). View from a axis (left) 
and b axis (right). 
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Fig. 5.36 Interlayer interaction between nitro groups in NINI crystal. The interatomic distances in the figure: 
a = a’ = 3.45 Å, b = b’ = 3.02 Å 
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In the NINI crystal nitro groups occupy the space between the stacks along the c axis. The 
interatomic distances, a = a’ = 3.45 Å, b = b’ = 3.02 Å (Fig. 5.36), are comparable to the 
expected value for van der Waals contact (3.2 Å), indicating intermolecular contact of the 
two nitro groups between layers. 

The nitro group has a strong dipole moment. A highly polarized system like the nitro 
group tends to have an interaction with other nitro groups. In fact three nitro-nitro 
geometries are possible1, they are illustrated in Fig. 5.37. Considering the charge density 
difference of N and O atoms in nitro groups and the extra short distance b and b’ (3.02 Å) 
in the NINI crystal, the existence of electrostatic interactions between nitro groups of 
adjacent layers seems likely. This nitro-nitro geometry is similar to the packing mode 2 
illustrated in Fig. 5.37, where interaction between O of nitro group and N atom of another 
nitro group is the main reason of nitro-nitro interaction. 
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Fig. 5.37 nitro-nitro close interaction geometries. The hashed bonds are only used to illustrate the 
interaction between nitro groups, they are not real chemical bonding. 

5.2.4.3 IR investigation and the structural transformation in the thermal 

treatment 

The films of NIEt12 prepared at different Ts were investigated by means of RAIRS. Nitro 
groups have two identical NO bonds, which can vibrate asymmetrically or symmetrically, 
causing strong absorptions at 1556-1545 cm-1 (nitro asymmetrical vibration) and 
1385-1355 cm-1 (nitro symmetrical vibration) [150]. For NIEt12 bulk materials nitro 
asymmetrical vibrations appear at 1541 cm-1 and 1557 cm-1, while symmetrical vibration 
absorbs at 1365 cm-1 and 1352 cm-1. The splitting of the nitro symmetrical vibration band 
is also described by Epstein et al. [151, 152]. Several theories, including self-association 
and Fermi resonance, have been proposed to explain the splitting of the symmetrical 
vibration band of the Nitro group. Ancelin et al. have attributed the splitting to 
interactions between the nitro group and the substrate surface [153]. 

The RAIRS investigation of the NIEt12 films deposited at Ts = 25°C and 85°C revealed 
some differences in the relative intensity of the two bands for the nitro asymmetrical 

                                                 
1 From Cambridge Crystal Data Center (CCDC). 
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vibration (Fig. 5.38 left), but the band position remains uninfluenced by the substrate 
temperature. The intensity and position of the nitro symmetrical vibration are independent 
of Ts (Fig. 5.38 right). 
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Fig. 5.38 The IR nitro bands of NIEt12 films deposited on Si/SiO2 with Ts = 20°C (dash line) and 85°C 
(solid line). 

DSC investigation of bulk NIEt12 (Fig. 5.39) crystallized from ethylacetat shows that in 
the first heating run, two phase transformation peaks appear at 47°C and 125°C, while 
isotropic transformation occurs at 161°C. In the cooling process, only one peak appears at 
158°C. The transformation at 47°C and 125°C in the first heating run is not reversible, in 
the second heating process only the peak at 161°C appears. 
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Fig. 5.39 DSC investigation of NIEt12 bulk. The heating rate for first cycle is 10°C/min and 5°C/min for the 
second cycle.  

As revealed by XSR investigation, the film deposited at 20°C has a different structure to 
that deposited at 85°C (Fig. 5.34, page 66). The phase transform at 47°C and 125°C may 
have some correlation with this difference, since the growth of VD film is also a kind of 
crystallization process.  

The films were then heated up to 125°C, i.e. the second transform temperature in the first 
DSC cycle, and temperature dependent RAIRS spectra were obtained simultaneously. In 
this heating process only the relative intensity of nitro asymmetrical bands undergo some 
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changes. The film was then further heated to 130°C and a dramatic change occurred in the 
IR spectra (Fig. 5.40). The nitro asymmetrical band at 1552 cm-1 for a temperature of 
125°C shifted to 1550 cm-1 at 130°C, and its intensity was greatly reduced. Another nitro 
asymmetrical band at 1537 cm-1 visible at 125°C disappeared at 130°C and a new much 
broader band appeared at 1523 cm-1 (Fig. 5.40 link).  
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Fig. 5.40 Nitro asymmetrical (left), symmetrical (middle) and C-N (right) band of thin films between 125°C 
(above) and 130°C (below). 

This change in the nitro asymmetrical band is a sign of an environment change for the 
nitro group, it is also reflected in the symmetrical band of the nitro group [153]. From 
125°C to 130°C the most obvious change in the nitro symmetrical band is the decrease of 
band intensity at 1361 cm-1 and 1349 cm-1. The band at 1361 cm-1 almost vanished at 
130°C while the band at 1349 cm-1 shifted to 1340 cm-1 (Fig. 5.40 middle). The nitro 
symmetrical band is no longer a split band. According to the explanation given by 
Harrand for nitro symmetrical band splitting [154, 155], the change in the spectra is 
attributed to nitro-nitro disassociation during heating process.  

In addition to the nitro symmetrical and asymmetrical bands, the C-N stretching band 
(v(C-N)) of nitro substituted compounds can also provide information about the nitro-nitro 
interaction. Usually in aromatic compounds like nitrobenzene the v(C-N) is a medium band 
in the region of 875-830 cm-1 [147]. For NIEt12 this band appears at 865 cm-1 for bulk 
materials. During the thermal treatment of the thin film of NIEt12, particularly between 
125°C and 130°C, a significant shift of the C-N band to a lower wavenumber region was 
observed. Above 130°C the C-N stretching band shifted to a lower wavenumber region 
and overlapped with band at 854 cm-1, which is the nitro scissoring band, so it appears as 
a shoulder of the latter. The change of C-N stretching band is more evidence for the 
disassociation of nitro-nitro interaction. 

Moreover, the comparison of IR spectra of NIEt12 in solution and in a thin film can also 
prove this assumption. In a dilute CCl4 solution (10-3 M), the symmetrical band of the 
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nitro group appears as a single band at 1342 cm-1, a broad and weak shoulder can be seen 
around 1360 cm-1. Only the band at 1530 cm-1 of the nitro asymmetrical vibration can be 
seen, the band between 1590 cm-1 and 1537 cm-1 is overlapped by the strong absorption 
band of CCl4 in this region (Fig. 5.41). The position as well as the form of the 
symmetrical band in solution pass very good to that of the thin film at temperature over 
130°C. The position and shape of nitro bands at 1530 cm-1 also hints that asymmetrical 
bands of NIEt12 in dilute solution and in thin film heated over 130°C are identical. Thus 
the environments of NIEt12 molecules in these two states must be similar. In dilute 
unpolarized solvent like CCl4, the molecules disperse as unassociated. So the change of 
IR spectra of thin films during the heating process from 125°C to 130°C reveals the 
disassociation of nitro-nitro interaction. 
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Fig. 5.41 Comparison of nitro asymmetrical (link) and symmetrical (right) bands in solid state (solid line) 
and CCl4 solution (dash line). The band position as well as form in solution resemble that of films after 
thermal treatment. The spectra for solution was multiplied by 25 for comparison. The bands for 
asymmetrical bands above 1535 cm-1 is overlapped by the strong absorption of CCl4, thus not plotted here. 

The structure change induced by annealing was measured with XSR. Films deposited at 
Ts = 20°C were measured at room temperature before and after annealing at 135°C. After 
annealing the peak corresponding to film periodicity of 3.0 nm disappeared (Fig. 5.42 
right), implying a thermal induced reorganization of molecules in the film. 
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Fig. 5.42 The XSR investigation of NIEt12 film with Ts = 20°C before (left) and after (right) annealling at 
135°C. Measurement was done at room temperature. The film periodicity before annealling were 3.0 ± 0.1 
nm and 4.0 ± 0.1 nm, after annealing only that of 4.0 ± 0.1 nm remains. 
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The XSR curve of annealed film (Fig. 5.42 right) is nearly identical with that of films 
prepared at high Ts (Fig. 5.34 right). The film periodicity of 4.0 nm is much larger than 
the length of NIEt12 molecules in extended conformation (3.0 nm), and together with the 
AFM results (Fig. 5.33), it can be concluded that the film has a bilayer structure. 

5.2.4.4 Long term stability of the film 

After one year of storage the NIEt12 films were re-examined with AFM. Topological 
changes of varying degrees were observed in the films, in particular the films deposited at 
Ts = -10°C and 20°C were observed to be considerably different (Fig. 5.43). The surface 
of NIEt12 films freshly prepared at Ts = -10 and 20°C are characterized with many thread 
or cloud like structure. No terrace structure could be found. After one year of storage at 
room temperature, however, clear terrace structures appear in the AFM images of the 
same films. 

a) a’)  

b) b’)  

Fig. 5.43 The long term stability of NIEt12 film. a) and b) are fresh prepared films at Ts = -10°C and 20°C, 
respectively. a’) and b’) are the same films measured after one year of storage. 

The obvious change of film topology show that the films prepared at low Ts were not in a 
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stable state and as a result, the reorganization of molecules occurs continuously in the 
film. 

The study of NIEt12 films can be summarized as follows: 

The structure of NIEt12 films depends strongly on Ts. In the film with Ts = 20°C two 
structures coexist with film periodicities of 4.0nm and 3.0 nm, while the film with Ts > 
60°C has only one film structure with a periodicity of 4.0 nm. The structure of a film with 
low Ts can be converted irreversibly to that seen at high Ts by simply annealing above 
130°C. IR investigations revealed that the nitro-nitro interaction dissociated during the 
annealing. The films deposited at low Ts are found to have undergone structural changes 
in storage. 

5.2.5 2-(4-Methoxyphenyl)-5-(4-hexadecyloxyphenyl)- 

1,3,4-oxadiazole (MOEt16) 

5.2.5.1 The film structure of MOEt16 

MOEt16 was deposited on Si/SiO2 and the resulting films were investigated with AFM 
and XSR. Fig. 5.44 shows the AFM images of the MOEt16 films. The surface of the film 
deposited at –10°C are quite rough, with no apparent structure. Similar topologies are 
observed for films deposited at 20°C and 40°C. The surface of films deposited at 60°C is 
characterized by the existence of smooth terraces with a height of 4.7 ± 0.5 nm, higher 
than the calculated molecule length (3.52 nm), indicating a bilayer-by-bilayer growth 
mechanism. This step height corresponds to the internal bilayer thickness (4.5 ± 0.1 nm) 
determined by the XSR measurements (Fig. 5.45).  
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Fig. 5.44 AFM images of MOEt16 films deposited at Ts = (a) –10, (b) 20, (c) 40 and (d) 60°C. The height 
profile along the straight line in (d) is shown in (f). The average terrace height obtained from different 
position is 4.7 ± 0.5 nm. 

The results of XSR measurements reveal the layered film structure for MOEt16 in the 
studied Ts ranged from –10°C to 60°C. The film periodicities in direction normal to the 
substrate surface are same for all the films (4.5 ± 0.1 nm). 

1 2 3 4 5 6 7 8
0.1

1

10

100

1000

10000

Ts = -10 °C

 

 

In
te

ns
ity

 / 
a.

u.

2 Theta / deg.
1 2 3 4 5 6 7 8

0.1

1

10

100

1000

10000

Ts = 60 °C

 

 

In
te

ns
ity

 / 
a.

u.

2 Theta / deg.  
Fig. 5.45 XSR curve of MOEt16 films deposited at Ts = -10°C (left) and 60°C (right). The film thickness is 
20 nm. The film periodicity obtained from XSR is 4.5 ± 0.1 nm for both films. 
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5.2.5.2 Crystal structure of a methoxy substituted oxadiazole 

Similar to some other substances discussed in this chapter, the crystal structure of an 
analogue oxadiazole can provide useful information in understanding the film structure. 
Orgzall et al. [140] has investigated the crystal structure of 2-(4-methoxylphenyl) 
-5-(4-aminophenyl)-1,3,4-oxadiazole (MOA), which also has a methoxy group attached at 
the para position of the phenyl ring. The molecular packing of MOA is characterized by 
the existence of molecular stacks along the c axis (Fig. 5.46). 
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Fig. 5.46 Crystal structure of 2-(4-methoxylphenyl)-5-(4-aminophenyl)-1,3,4-oxadiazole (MOA). Top view 
(left) and lateral view (right) of the stacks. For clarity only the hydrogen atoms in amino group are plotted. 

The adjacent stacks pack parallel to each other. The molecules arrange parallel to each 
other in the stack and with alternating orientation with respect to the oxadiazole ring. As 
in the case of the NINI (§5.2.4.2, page 67) and the MEME (§5.2.1.2, page 49) crystal, the 
strong π-π interactions connects the oxadiazole ring of one molecule and the phenyl ring 
of the adjacent molecule. The methoxy groups are aligned at the same end of a stack. The 
long axis of the molecule forms an angle of 42° with the c axis and the distance between 
two adjacent molecule planes is 0.348 nm.  

From a chemical point of view, the methoxy groups can not form any strong interactions 
between each other. However, in the crystal structure and liquid crystal studies of 
4-methoxyphenyl 4’-oxcyloxybiphenyl-4-carboxylate, which also has a methoxy head 
group, Hori et al. have pointed out that a van der Walls contact exists between the 
methoxy groups. This interaction would maintain the bilayer structure until the thermal 
agitation overcomes the interlayer interaction at higher temperatures [134]. In the crystal 
of MOA, the interatomic distance between the O atom of adjacent methoxy groups and C 
atom in the neighbouring molecule is longer than 5 Å, so no intralayer interaction 
between methoxy groups in MOA crystal exists. 
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If the molecules pack themselves in the film in head-to-head model, the tilt angle of 
molecules can be calculated according to equation 5-4 to be 50°. So the molecules stand 
with an angle of 40° to the substrate surface, in good agreement with the angle between 
molecule long axis and the stacking direction in crystal of MOA (42°), indicating that the 
MOEt16 molecules have similar packing in film as MOA in crystal. 

5.2.5.3 DSC and IR investigation 

In the heating process of the MOEt16 DSC curve (Fig. 5.47) only one endothermal peak 
and one exothermic peak appears at 108°C and 88°C, respectively, while in the second 
cycle a small exothermic peak appears at 88°C of the heating process. The difference 
between these two peaks amounts to 17°C, indicating that the peak represents the melting 
process of the crystal. The energy of the peak at 88°C is quite small (3.85KJ·mol-1), and 
can therefore not be attributed to a phase transform. It is very likely that only very weak 
or no intermolecular interaction exists for MOEt16, otherwise peaks due to phase 
transforms would appear in the DSC curve as seen for pCEt16, MEEt16 and NIEt12. 
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Fig. 5.47 DSC measurement of MOEt16. a) first cycle; b) second cycle. The heating rate for both cycles are 
10 °C/min. 

By comparing the IR spectra of MOEt16 in a diluted solution (CCl4, 10-3 M) and crystal 
the difference in the molecular environment for the ether unit is revealed. The aromatic 
ethers usually give rise to two correlatable bands, 1310-1210 cm-1 and 1050-1010 cm-1 
[156-159]. The band between 1310-1210 cm-1 can be looked on as an aromatic C-O 
stretching frequency (also called asymmetrical C-O-C stretching), and the band between 
1050-1010 cm-1, as the aliphatic C-O (O-CH2 or O-CH3) stretching frequency (also called 
symmetrical C-O-C stretching) [147].  

The IR bands for MOEt16 in a solid and solution (CCl4, 10-3 M) at room temperature are 
summarized in Tab. 5.5. The asymmetric band consists of two overlapped bands at 1259 
cm-1 and 1255 cm-1, while the symmetric band appears as an asymmetrical band at 1021 
with a shoulder at 1032 cm-1. In a diluted solution, however, both bands are symmetrical 
single bands located at 1255 cm-1 and 1035 cm-1 (Fig. 5.48), respectively. Such a 
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difference in the C-O-C band position in solid and solution reveals that the environments 
of the ether groups in solid and solution are slightly different. 

Tab. 5.5 IR bands concerning ether structure for MOEt16 in solid and solution (CCl4, 10-3 M). The band 
marked with an asterisk appears as a shoulder. 

 Asy. C-O-C Sym. C-O-C 

Solid 1259, 1255 1021, 1032* 

Solution (CCl4) 1255 1035 
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Fig. 5.48 The O-CH3 band of MOEt16 in Bulk (solid line) and solution (CCl4 10-4 M) (dash line). The band 
in solution shifted by 14 cm-1 to higher frequency region with respect to bulk material.  

When the substance is heated over the melting point, the shift of the C-O-C band can also 
be observed in the IR spectra. However, two different ether substituents, methoxy and 
hexadecyloxy, exist in the molecule of MOEt16 and it is difficult to assign the shift to any 
of the two ether structures. In the analog investigation of HEt16, a compound similar to 
MOEt16 but with a hexadecyloxy substituent, such spectral changes were also observed. 
So these change can not be specifically ascribed to interaction between methoxy groups. 

The study of MOEt16 film can be summarized as follows: 

The films deposited in the investigated Ts range have the same bilayer structure, but the 
film topology depends strongly on Ts. Only at Ts = 60°C can films with a clear terrace 
structure be obtained. DSC revealed no phase transform and no obvious intermolecular 
interaction could be found by IR investigation, which may be responsible for the 
independence of film structure on Ts. 
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5.2.6 2-Phenyl-5-(4-hexadecyloxyphenyl)-1,3,4-oxadiazole 

(HEt16) 

5.2.6.1 The film structure of HEt16 

The topography of HEt16 VD films were measured by means of AFM. A 10×10 µm2 
AFM image of HEt16 film deposited at Ts = -10°C and a height profile along the line in 
this image are shown in Fig. 5.49 (a) and (a’). It worth pointing out that the film is very 
unstable and crystallized shortly after deposition. The AFM and XSR measurements were 
performed on crystallized films. The height of one crystal in the middle of the image was 
measured to be 250 nm from the height profile. The line RMS obtained from this image is 
60 nm. Taking into account that the average thickness is only 20 nm, this film is very 
rough indeed.  
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Fig. 5.49. The AFM image of HEt16 films deposited at Ts = -10°C (a) and 60°C (b). a’) and (b’) are the 
height profiles along the lines in the corresponding images.  

As the Ts was elevated up to 60°C, the film surface was featured with high plateaus. The 
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relative height of the plateaus was measured to be 12 nm, this value is about four times 
the length of the molecule (3.3 nm). The RMS roughness alone the line in Fig. 5.49 (b) is 
5 nm, much smaller than the RMS for Ts = -10°C. 
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Fig. 5.50 XSR investigation of HEt16 films deposited at Ts = -10°C (left) and 60°C (right). The film 
periodicity for Ts =60°C is 4.9 ± 0.1 nm. 

The XSR investigation reveals a layered film structure for films prepared with Ts = 60°C 
(Fig. 5.50). The film periodicity for this film obtained from XSR is 4.9 ± 0.1 nm, bigger 
than the calculated molecule length in extended conformation (3.3 nm), so the film should 
have a bilayer structure. In contrast to 60°C, the XSR curve for films deposited at Ts = 
-10°C has no Bragg peaks, indicating that the film does not has a layered structure. 

HEt16 has no substituent as head group. DSC investigations showed that no phase 
transform before the melting point. In the DSC diagram only one peak at 88°C of heating 
process and one peak at 76°C of cooling process can be observed (Fig. 5.51). The 
temperature difference between two peaks amounts to 12°C, indicating that these two 
peaks are caused by the melting and crystallization process.  
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Fig. 5.51 DSC investigation of HEt16 bulk. First cycle (left) and second cycle (right). The heating rate is 
10°C/min.  
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In situ IR investigations during thermal treatment were carried out for HEt16 bulk 
substance in KBr. The results correlated well with DSC. Although some changes such as 
intensity decrease or small shift of the band before melting were observed, the most 
significant changes occurred in the melting or crystallization process.  

5.2.6.2 The stability of the film 

The films of HEt16 were found to be very unstable. Films freshly prepared at Ts = –10°C 
were transparent and smooth just after deposition, but crystallized after just 10 minutes at 
room temperature and became white in colour. Very small crystals formed in the film, and 
as a result AFM as well as XSR measurement on the fresh prepared film could not be 
carried out. The films of HEt16 prepared in the investigated Ts range were also found to 
be unstable in the long term. In Fig. 5.52 the AFM images for a film grown at Ts = 20°C, 
the surface of fresh prepared film was doped with many high crystal structures but the 
film was closed. After one years of storage the film is fully crystallized, large area of 
uncovered substrate appeared in the AFM image. The film became spreads of thin crystals. 
Films prepared at other investigated Ts have undergone similar crystallization process. 

  

Fig. 5.52 Long term stability of the HEt16 film. 1 day (left) and 1 year (right) after the preparation. The film 
was deposited at Ts = 20°C. The dark area in the right image is bare substrate. 

The study of the HEt16 film could be summarized as follows: 

The film topology as well as structure depend strongly on Ts and layered films can only 
be obtained at Ts > 60°C. The films deposited on the Ts range from –10°C to 60°C are not 
stable in the long term, they crystallized quickly after the deposition and the 
crystallization went on during the storage. Since the only difference between HEt16 and 
the other oxadiazole compounds discussed in §5.2 is the absence of a head group in the 
HEt16 molecular structure, the low film stability and special Ts dependence can be 
attributed to the absence of a head group. 
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5.2.7 Summary 

From the study of VD film structures of oxadiazole compounds with different head groups 
the following conclusions can be made: 

1. Among the investigated oxadiazole compounds, the substances with head groups 
can form layered films within the whole investigated region of Ts. Layered films 
of the substance without head group, i.e. HEt16, can only be obtained at relatively 
high Ts.  

2. The film periodicities of the studied substances are larger than the calculated 
length of the corresponding molecules in extended conformation. These films 
therefore have a bilayer structure. 

3. With the exception of MEEt16, the tilt angle of the molecules calculated according 
to the head-to-head model ranges between 42° and 50°.   

4. The molecules have similar packing in the films as in the crystals, which consist of 
oxadiazoles substituted with same head group but without an alkyl chain. The 
exception to this is MEEt16, where the presence of π-π complexes between 
molecules determined the film structure. 

5. The interactions between head groups were found in films based on MEEt16, 
pCEt16 and NIEt12. These interactions are very likely responsible for the 
extraordinarly high film periodicity of MEEt16 film, the different film periodicity 
of pCEt16 at different Ts and the coexistence of two film structures in NIEt12 
films prepared at low Ts. 

6. Thermally induced dissociation of intermolecular interactions caused a change in 
the film structures. The film periodicity of MEEt16 was reduced from double its 
molecule length to a single molecule length. The film periodicity of pCEt16 films 
was reduced from 4.8 nm to 4.4 nm during the annealing. For films of NIEt12, the 
film structure corresponding to a film periodicity of 3.0 nm disappeared after 
being annealled at 135°C. 

7. The films of mEt16, NIEt12 and HEt16 deposited at low Ts were found to be 
unstable in the long term and during storage topological changes in the films were 
observed. The films of HEt16, which has no substituted head group, were found to 
be the most unstable.
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5.3 Influence of the amide bridge group  

The head group in the molecules of oxadiazole compounds can influence the formation of 
layered films. The structure in the molecule which connects the alkyl chain with the 
phenyl ring, named here as bridge group, has proven to be very important in LB film 
formation. Freydank et al. [18] investigated the influence of the bridge group of NIA12 on 
the LB film [16, 64] as well as the VD film stability [63] and concluded that the 
intermolecular H-bond help to stabilize the LB film on the water surface and the substrate. 

The film structure of oxadiazole compounds with an ether bridge group have been 
discussed in §5.2. In this section focus will be placed on oxadiazole compounds with an 
amide bridge group. For comparison the oxadiazole compound with ether compounds will 
also be further discussed. 

IR spectroscopy is one of the best methods of detecting H-bonds. In the case of an amide 
compound, the H-bond has been regarded as an interaction between the H atom in the 
N-H group and O atom in the carbonyl group. A single H atom is associated with N and O 
atoms and forms a N-H···O structure. The unbonded N-H stretching band is usually 
relatively sharp at 3480-3440 cm-1 in a solvent which can not form H-bonds with it [135, 
147, 159], for example CCl4. When the H-bond is formed, for example in more 
concentrated solutions or in the solid state, the N-H stretching band will shift to lower 
wavenumber region and becomes much broader. The carbonyl band, which is also called 
as an amide I band, appears for secondary amide at 1680-1630 cm-1 [160, 161]. For the 
similar reason, the amide I band shifts about 30 cm-1 to low wavenumber region due to the 
formation of H-bonds [135].  

The amide II band, which is in fact a mix band of C-N stretching vibration and C-N-H 
bending vibration, appears at 1570-1515 cm-1 for secondary amide in the bulk and shifts 
by about -10 cm-1 in solution [135]. 

5.3.1 2-Phenyl-5-(4-dodecanoylaminophenyl)- 1,3,4-oxadiazole 

(HA11) 

5.3.1.1 Film structure of HA11 

Compared with HEt16 (§5.2.6, page 78), HA11 has one amide unit and as a result H-bond 
can form between neighbouring molecules. The films based on HA11 were prepared at a 
Ts ranging from 25°C to 100°C. After deposition film topology and structure were 
investigated with AFM and XSR. 

Fig. 5.53 shows the AFM images for HA11 films deposited at different Ts. The effect of Ts 
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on the film topologies can be clearly seen from the images. The surface of the film 
prepared at 25°C are characterized with coarse grained structures (Fig. 5.53 a). The film 
surface underwent significant change when the Ts was further elevated to 75°C and 100°C. 
Thread like structures were formed on the surface of the film (Fig. 5.53 c). Terrace 
structure can also be seen in the images, but the heights of these terraces obtained by 
height profile scanning range from 10 to 20 nm, so they are not formed by layered growth 
of the film, because the calculated length of HA11 in extended conformation is only 2.8 
nm.  
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Fig. 5.53 AFM images of HA11 films deposited on Si/SiO2 at Ts = (a) 25°C, (b) 75°C and (c) (d) 100°C. 
The growth rates are maintained between 0.12 and 0.38 nm/min. The film thickness for all films measured 
with quartz micro-balance are 50 nm.  

The AFM image for films grown at 100°C shows bigger domains than at lower Ts. To 
show the size of domains an image with size of 30×30 µm2 is presented in Fig. 5.53 d). 
Similar to the film with Ts of 50°C and 75°C, the terrace height obtained from this image 
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is much larger than the molecule length, implying that the film does not have a 
layer-by-layer growth mechanism.  
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Fig. 5.54 XSR curves of HA11 films deposited at Ts = 25°C, 75°C and 100°C. The films thickness for both 
films are 50 nm. The film periodicities for Ts = 75°C and 100°C are 2.1 ± 0.1 nm. The data above 5° for Ts 
= 100 and 75°C are enlarged by factors of 20 and 50, respectively, to make the Bragg peaks in this region 
clear. 

The result of XSR investigation shown in Fig. 5.54 reveal that the films prepared at 25°C 
and 50°C are amorphous. Bragg peaks with strong intensities appear in the XSR curves 
for film deposited a 75°C and 100°C, indicating that the films have a layered structure. 
The film periodicity obtained from XSR is 2.1 ± 0.1 nm, lower than the length of the 
molecule (2.8 nm), so a layer of the film consists of only one molecule. 

5.3.1.2 IR investigation 

The IR spectra of HA11 in a solid state and in solution (CCl4 and CHCl3, 10-3M) were 
measured. Fig. 5.55 illustrates the difference of vN-H and vC=O bands in these two states and 
the band positions in solution as well as in thin films are also summarized in Tab. 5.6. 
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Fig. 5.55 Comparison of vNH (left) and vC=O (right) stretching band for HA11 as bulk and in CCl4(10-3 M). 
The spectra in CCl4 is multiplied by 20 for comparison.  
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Tab. 5.6 Characteristic amide bands for HA11 in different states. 

Band 
(cm-1) 

CCl4
 

(10-3 M) 
CHCl3 

(10-3 M) 
Bulk Film 

(Ts=25°C) 
Film 

(Ts=100°C) 

vNH 3439 3432 3323, 3291 3356 3258 

vC=O 1710 1696 1703, 1681 1702, 1693 1706, 1678 

vH-N-C NA NA 1528 1529 1540 

By comparing the characteristic bands for amide in CCl4 and in the bulk, an obvious red 
shift can be observed. The vNH shifted about 116 cm-1 and split into two bands at 3323 cm-1 
and 3291 cm-1, while vC=O shifted about 7 cm-1 and split also into two bands at 1703 cm-1 
and 1681 cm-1. The split of bands may hint that more than one type of H-bond exists in 
the solid state. This difference is reflected more clearly for films deposited at different Ts 
(Fig. 5.56). In CHCl3, where the formation of H-bonds between solvent and HA11 is 
possible, the red shift of amide bands can also be found but the shift is smaller with 
respect to the bulk material, so the molecules are not H-bonded in CCl4. The amide II 
band at around 1530 cm-1 overlaps with the strong absorption band of the solvent and is 
therefore unavailable for analysis. 
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Fig. 5.56 Comparison of RAIRS spectra of HA11 deposited on Si/SiO2 at Ts = 25°C (solid line) and Ts = 
100°C (dash line).  

The vNH for HA11 films grown at Ts = 25°C appears as a single sharp peak at 3356 cm-1, 
the vC=O appears as split band at 1702 cm-1 and 1693 cm-1, both bands are lower than in 
solution, implying a H-bond formation in the film. However the density or the strength of 
H-bond is still lower than in film with Ts = 100°C, which is a broad band at 3258 cm-1. 
The vC=O of the latter film appears as a sharp band at 1706 cm-1 and a broad band at 1678 
cm-1. Further evidence of a H-bond content increase is the blue shift of the amide II band 
from 1529 cm-1 (Ts = 25°C) to 1540 cm-1 (Ts = 100°C), i.e. a blue shift of 11 cm-1. The so 
called amide II band arises from N-H bending (60%) and C-N stretching (40%) vibrations 
[162-164]. When the H-bond holds the H atom of the N-H and increases the force 
constant of the N-H bending, a blue shift of the amide II band occurs.  

The formation of intermolecular H-bonds contributes to the stabilization of LB films [16, 
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64]. In the case of HA11, the film structure also shows strong correlation with the H-bond 
formation. The films deposited at lower Ts have a low content of H-bonds and an 
amorphous film structure, while the films deposited at high Ts are highly H-bonded and 
have layered structures.  

With an amide bridge group in the molecule the long term stability of the HA11 film is 
greatly improved in comparison to the HEt16 films. The film structure remains unchanged 
after several months of storage. The intermolecular H-bond increased the energy barrier 
for molecular movement and the film stability is consequently improved. 

5.3.2 2-(4-Cyanophenyl)-5-(4-dodecanoylaminophenyl)- 

1,3,4-oxadiazole (pCA11) 

5.3.2.1 Film structure of pCA11 
Comparing with HA11, pCA11 has a CN head group at one end of the molecule.  

N N

O
NHNC C

O
CH2

10
CH3

 

a) b)  

c) d)  

Fig. 5.57 AFM images of pCA11 films deposited on Si/SiO2 at Ts = (a)-10°C, (b)60°C, (c)85°C and 
(d)100°C. The average terrace height obtained from (d) is 5.3 ± 0.5 nm.  
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The AFM images of pCA11 films show the obvious dependence of film topology an Ts 
(Fig. 5.57). The films with low Ts has an amorphous surface. The amorphous film 
structure was also proved by XSR investigation (Fig. 5.58). Besides the terrace structure, 
there are many crystal-like structures with relative height up to 1 µm. The film deposited 
at high Ts are characterized by clear terrace structures with an average height of 5.3 ± 0.5 
nm, in good agreement with the film periodicity obtained from the XSR curves, which is 
also 5.3 ± 0.5 nm. 
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Fig. 5.58 XSR curves of pCA11 films deposited at Ts = -10°C and 100°C. The film periodicity for Ts = 
100°C is 5.3 ± 0.1 nm. 

5.3.2.2 IR investigation 

The IR investigation of pCA11 in a solid state and in a dilute solution (CCl4, 10-4 M) 
reveals the presence of H-bonds in the bulk material. Similar to the IR spectra of HA11, 
the N-H and C=O bands of the bulk material shift to a lower wavenumber region. In the 
spectra of the bulk substance a small shoulder still remains at 1706 cm-1. This could be 
attributed to non H-bonded C=O groups, implying that not all molecules are connected by 
H-bond. 
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Fig. 5.59 Comparison of pCA11 IR spectra in bulk, CHCl3 and CCl4(10-4 M). The spectra in solution is 
magnified along Y axis for comparison. 
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The existence of H-bond can be further proved by analysis of vNH and vC=O in different 
solvents. The characteristic IR bands of pCA11 are summarized in Tab. 5.7. In dilute CCl4 
(10-4 M) solution, in which no H-bond building possibility exists, vNH and vC=O have shifts of 
72 cm-1 and 37 cm-1, respectively. These values reduced to 64 cm-1 and 22 cm-1, 
respectively, when pCA11 was dissolved in Chloroform (CHCl3), in which the building of 
H-bond between pCA11 and solvent is possible.  

Tab. 5.7 Comparison of pCA11 IR band in different states. The band denoted with an asterisk appears as a 
small shoulder. 

IR band  
(cm-1) 

CCl4 
(10-4M) 

CHCl3 
(10-4M) 

Bulk Film 
Ts=-10°C 

Film 
Ts=110°C 

vNH 3439 3432 3367 3362,3342 3368,3315 

vC=O 1711 1698 1706*, 1674 1708,1693 1693,1668 

vH-N-C NA NA 1522 1527 1525 

The formation of H-bond in thin films is somewhat complicated. Both the vNH and vC=O 
appear as double bands in the IR spectra. The films deposited at higher Ts have vNH and vC=O 
with relatively lower wavenumbers with respect to films deposited at lower Ts, implying 
the H-bond in the film deposited at higher Ts is relatively stronger than in the film 
deposited at lower Ts.  
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Fig. 5.60 Comparison of vNH (left), vCN (middle) and vC=O (right) of pCA11 films of Ts = -10°C and 110°C.  

The vCN of films deposited at Ts = 110°C appears at 2237 cm-1 with an obvious shoulder at 
2229 cm-1, while the corresponding band for Ts = -10°C is a single band at 2233 cm-1. The 
CN band position is influenced by the electron density on the CN group. Higher electron 
density result in lower wavenumber of CN band [146]. The split of CN band hints, like in 
the film of pCEt16 (See §5.2.2, page 54), the coexistence of two kinds of environments 
for the CN group.  

The N-H and C=O bands are split for higher Ts and the extent of the split is bigger than 
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that for low Ts. These facts indicate that there are two kinds of H-bonds in the film with 
higher Ts, one is tight H-bonded while another is relatively loose. The CN-CN interaction  
also exists in the film. 

Temperature dependent IR measurements on the pCA11 film were carried out to get an 
insight into the film structure. When the film was heated above 192°C, i.e. a phase 
transformation temperature just below the melting point (196°C), an obvious change 
occurs (Fig. 5.61).  
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Fig. 5.61 Temperature dependent RAIRS spectra of pCA11 film with Ts = 110°C. Only the band for VNH, 
VCN and VC=O are shown here. The curves are shifted for clarity.  

The splitting of the NH and CN band disappeared and the NH band became a broad band 
around 3338 cm-1 and the two band at 2232 an 2225 cm-1, which build up the CN band 
below 186°C, joined together at 2230 cm-1. Meanwhile the C=O band shifted to higher 
wavenumber and appears as a broad band. All these changes make the spectra quite 
similar to the spectra of films deposited at low Ts (Fig. 5.60) and the film structure tends 
to be uniform after annealing above the melting point. In the AFM images of the annealed 
film the number of crystalline structures is greatly reduced. The XSR investigation of 
annealed film reveals a film structure nearly identical to the film deposited at Ts =100°C. 
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Fig. 5.62 AFM and XSR investigation of film with low Ts after annealed over 200°C for 5 min. The film 
periodicity obtained from XSR investigation is 5.1 ± 0.1 nm. 
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The change of film structure in the annealing is irreversible. After cooling down to room 
temperature, the IR spectra remains unchanged with respect to that at 200°C. 

In comparison with pCEt16, whose film structure is discussed in §5.2.2, pCA11 has 
H-bonds formed between molecules. The intermolecular H-bond make the film formation 
behaviour of pCA11 more complicated than pCEt16. pCA11 can form layered films only 
at relatively high Ts, while pCEt16 can form layered films even at Ts = -10°C, the Ts 
influences only the topologies of pCEt16 films. Like in pCEt16 film, the CN-CN 
interaction still exists in the films of pCA11, but due to the existence of intermolecular 
H-bond, the CN-CN interaction becomes more stable. In the case of pCEt16, the CN-CN 
interaction is destroyed as the film is heated over 82°C, which is still far below the 
melting point of the pCEt16. But for pCA11, the change of CN-CN interaction occurs 
only when the film is heated nearly to the melting point (196°C) of pCA11. 

5.3.3 2-(4-Nitrophenyl)-5-(4-dodecanoylaminophenyl)- 

1,3,4-oxadiazole (NIA11) 

The morphology of VD film based on NIA11 has been studied by Freydank [18] and 
Reiche et al. [63]. The results are similar to other oxadiazoles discussed in this part. The 
films deposited at relatively low Ts have an amorphous structure, while those grown at 
high Ts have layered film structures. The film periodicity was obtained to be 3.4 ± 0.1 nm, 
which is also longer than the calculated length of molecule (2.87 nm) in extended 
conformation. The H-bonds were also shown to exist in the film by means of IR 
investigation and were regarded as the stabilizing factor of film.  

Reiche et al. obtained a model of the supramolecular arrangement of the NIA11 molecules 
by molecular mechanics simulations (Fig. 5.63) [18, 63, 64, 148].  

 
Fig. 5.63 Simulated arrangement of NIA11 molecules in the VD film [64, 148]. 

This model structure is in good agreement with the experimental data and consists of 
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layers of NIA11 built up by molecules with alternating orientation with respect to the 
normal direction of the film. This arrangement allows the formation of hydrogen bonds 
between the amide groups in the centre of the molecules. 

Other oxadiazole compounds with amide structures form amorphous films at low Ts and 
such amorphous films could be converted to layered films by annealing them over a 
certain temperature. Furthermore, the resulting films have the same film periodicities as 
those deposited at high Ts. In a similar study, films of NIA11 prepared at low Ts, which 
have an amorphous structure, were annealed to see if a layered film could be obtained. 

Fig. 5.64 shows the results of XSR investigations of the NIA11 films. The film deposited 
at 25°C have an almost amorphous structure with only a very weak peak corresponding to 
a film periodicity of 3.8 nm appearing (Fig. 5.64 a). After annealing by 130°C for 10 
minutes, very clear Bragg peaks appear in the XSR curve (Fig. 5.64 b). The film 
periodicity calculated according to the Bragg peaks is 4.6 ± 0.1 nm, considerably higher 
than that for film deposited at Ts = 85°C, which is 3.5 ± 0.1 nm (Fig. 5.64 c).  
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Fig. 5.64 Temperature influence on the film structure of NIA11. a) film prepared at Ts = 25°C and b) after 
annealing by 130°C. c) The film prepared at Ts = 85°C. The film periodicities for b) and c) are 4.6 ± 0.1 nm 
and 3.5 ± 0.1 nm.  

Reiche [64] and Freydank [18] have studied the influence of temperature on the structure 
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of a Y-type Langmuir-Blodgett (LB) film of NIA11 consisting of 18 monolayers. The 
results show that the film can undergo structural transitions while being annealed up to 
100°C and 140°C. The original film periodicity of the LB film 5.68 nm at room 
temperature was reduced to 3.2 nm when the temperature reached 100°C. The evaporation 
of water in the LB film is regarded to be responsible for this transition. A second 
transition occurs at about 140°C, in which the film periodicity increased to 4.5 nm.  

A model of the structure based on the experimental data and on molecular mechanics 
simulations was given (Fig. 5.65). In this model the monolayer consists of bilayers of 
NIA11 interdigitated in the alkyl chain region [64]. Compared with the structure shown in 
Fig. 5.63, the aromatic and aliphatic regions are separated after being annealed at high 
temperature (c.a. 140°C). This phase separation is regard to have caused this structure 
[64]. The intermolecular H-bond was expected to still exist and stabilize the film as it was 
annealed slightly above 140°C. 

 
Fig. 5.65 Rough model of the structures resulting from the annealing of LB film of NIA11. 

A temperature dependent RAIRS investigation was carried out to monitor possible 
changes in the interactions between functional groups. The results are illustrated in Fig. 
5.66. 
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Fig. 5.66 RAIRS spectra of NIA11 film deposited at 25°C. The spectra were scanned at 30, 130 and 140°C. 

The characteristic bands for the amide group at 3338 (vNH) and 1672 cm-1 (vC=O, amide I) 
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did not undergo obvious changes from 30°C to 210°C. The change of vC=O band position is 
quite small (c.a. 6 cm-1) compared with the corresponding shift of other materials 
discussed in this section. Furthermore, the vC=O band remains stable until 210°C, therefore 
this shift could not be regarded as evidence of H-bond destruction and indicates that the 
H-bond remains unchanged during the annealing up to 210°C. This also supports the 
assumption proposed by Reiche et al. [64]. 

In contrast to the amide bands, the bands of the nitro group have undergone an obvious 
shift between 130°C and 140°C. The symmetrical and asymmetrical bands of the nitro 
group are located at 1526 cm-1 and 1341 cm-1 at 30°C, respectively, and shifted to 1537 
cm-1 and 1345 cm-1, respectively. The nitro bands of films deposited at 85°C appear at 
similar positions to the annealed film. The presence of these shifts indicates that the nitro 
group environments has changed between 130°C and 140°C. 

It is worth comparing the study of the NIA11 and NIEt12 films. Both substances differ in 
the bridge groups. NIA11 has amide group and has therefore intermolecular H-bonds 
while NIEt12 does not have. The film periodicity for different Ts and after annealing is 
listed in Tab. 5.8: 

Tab. 5.8 The comparison of film periodicities for NIEt12 and NIA11 films. 

Film Periodicity (nm) Ts (°C) 
NIEt12 NIA11 

20(NIEt12), 25(NIA11) 3.0, 4.0 Amorphous 

85 4.0 3.5 

Annealed over 130°C 4.0 4.6 

For both substances, the film structures resulting from deposition at low Ts are different 
with those found at high Ts. NIEt12 films grown at low Ts are layered and have film 
periodicities of 3.0 nm and 4.0 nm, while the corresponding NIA11 film is amorphous. 
After annealing over 130°C, structural changes occurred in both films. For the NIEt12 
film, only the film periodicity of 4.0 nm remains, while a film periodicity of 4.6 nm 
appeared in the NIA11 film. IR investigations revealed that there is a difference in the 
nitro group environment above and below 130°C for both films, but the H-bond in NIA11 
film is not destroyed by annealing. 

In the case of NIEt12, the film periodicity resulting from annealing is the same as that of 
the film deposited at high Ts, while for NIA11 the resulting film periodicity is 
considerably higher than that of the film deposited at high Ts. Annealing of NIA11 LB 
film has similar results [18, 148]. It can therefore be concluded that the NIEt12 film 
structure formed at high Ts is a thermodynamically stable structure, but the corresponding 
NIA11 film is not. The change of film structure is likely caused by a change in the 
nitro-nitro interactions during annealing. The H-bond in the NIA11 film provides an extra 
energy barrier to the molecule movement, so the film prepared at low Ts is amorphous and 
even the film with high Ts is not in a thermodynamically stable state. 
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5.3.4 2,5-Bis(4-dodecanoylaminophenyl)-1,3,4-oxadiazole 

(11AA11) 

5.3.4.1 Film structure of 11AA11 

The AFM images of 11AA11 films deposited at Ts ranging from 30 to 175°C is illustrated 
and discussed in §4.4.2 (Fig. 4.8, page 36). In this section more results of XSR 
investigation are given. 

In the XSR curve for Ts = 30°C, a very weak peak corresponding to a film periodicity of 
3.9 ± 0.1 nm could be found (Fig. 5.67). Compared with the peak intensity for films 
deposited at 85°C, the peak intensity is negligible and the film is nearly amorphous. Up to 
Ts of 85°C, an obvious peak corresponding to a film periodicity of 3.9 ± 0.1 nm appears in 
the XSR curve. Taking into account that the film thicknesses are controlled to be same for 
all the films, the strong Bragg peak intensity provides evidence for improved structural 
ordering in the films deposited at higher Ts.  
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Fig. 5.67 The XSR results of 11AA11 films deposited at Ts from 30°C to 175°C. Curves were shifted along 
Y axis for clarity. The film periodicities for film deposited below 85°C and above 95°C are 3.9 ± 0.1 nm and 
3.2 ± 0.1 nm, respectively. 

Peaks in the XSR curve corresponding to film periodicities of 3.2 ± 0.1 nm are observed 
for all films deposited at 95°C or above, taking into account the simulated molecule 
length (3.15 nm), it can be concluded that the films have monolayered structure. The film 
thicknesses obtained from XSR for all films are within 31 ± 2 nm, but the intensities of 
the Bragg peaks for film prepared at 95°C and above are much higher than those for Ts < 
85°C, indicating that the films deposited at Ts > 95°C are better ordered. 

The film deposited at 85°C have a larger film periodicity than those grown at 95°C or 
above. The structure of the former can be converted to that of the latter by simply 
annealing the film to 130°C, which will be discussed later in this section. 
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5.3.4.2 IR investigation and structural transformation in the thermal 

treatment 
11AA11 has a chemical structure analogous to HA11, but is symmetrically substituted by 
two alkyl chains over an amide groups on the phenyl rings. From a chemical point of view, 
a 11AA11 molecule can form more H-bonds with its adjacent molecules than HA11 can. 
The existence of intermolecular H-bonds can be proven by comparing the IR spectra of 
11AA11 in solid state and in dilute solutions (CCl4, CHCl3 10-4 M) solution. The N-H and 
C=O stretching bands are shown in Fig. 5.68. 

From Fig. 5.68 the shift of N-H and C=O stretching bands can be clearly seen. The N-H 
band for 11AA11 in dilute CCl4 solution appears as two peaks at 3536 cm-1 and 3418 cm-1, 
while in chloroform the same vibration appears at 3434 cm-1. In the spectra of the bulk 
material the N-H bands are found at 3335 cm-1 and 3301 cm-1. The C=O stretching 
appears for dilute CCl4 solution at 1705 cm-1 with a broad shoulder at higher wavenumber 
side, at 1696 cm-1 for dilute chloroform solution and at 1710 cm-1 and 1676 cm-1 for bulk 
materials. The continued red shift of the N-H and C=O stretching band from CCl4 solution 
to bulk materials can be explained by the formation of intermolecular H-bonds. 
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Fig. 5.68 Comparison of 11AA11 NH (left) and C=O (right) IR stretching bands as bulk, in CHCl3 (10-4 M) 
and in CCl4(10-4 M). The spectra for CHCl3 and CCl4 solution are enlarged by the parameters shown in 
figure for comparison. 

It worth to note that the N-H and C=O band appear as two bands in the bulk and one of 
the C=O bands even peaks at 1710 cm-1, comparable to the peak in CCl4 solution. Such a 
splitting of the bands indicates, similarly to HA11, that two kinds of intermolecular 
H-bonds exist for 11AA11. The H-bonds may even exist in the dilute CCl4 solution, 
because two N-H bands and a broad shoulder at the higher wavenumber side of C=O band 
can be found. Surprisingly, this phenomenon does not appear when 11AA11 is solved in 
chloroform.  

For the deposited films, the RAIRS spectra clearly reveals the difference in the H-bonding 
states in the films grown at different Ts (Fig. 5.69). The N-H and C=O bands of films with 
Ts = 25°C are sharp single peaks at 3304 cm-1 and 1661 cm-1, respectively. The low bands 
position and form illustrates that all the amide groups are H-bonded, almost no free NH or 
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C=O groups remains in the film. In contrast to that, the film with Ts = 155°C has N-H 
band at 3335 cm-1 and 3299 cm-1 and C=O band at 1718 cm-1 and 1673 cm-1. Both of 
them have two peaks in the IR spectra, quite similar to the spectra of bulk materials, 
indicating that the formation of H-bonds is not complete in the film grown at high Ts. 
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Fig. 5.69 Comparison of RAIRS spectra of 11A11 deposited at Ts = 25°C (dash line) and 100°C (solid line). 

The IR investigations reveal that in the film deposited at low Ts nearly all C=O groups are 
H-bonded. The high density of H-bond forms a high energy barrier to molecular 
movement on the substrate, thus the film deposited at low Ts has an almost amorphous 
film structure and a topography typical for amorphous film. On the other hand at high Ts 
not all C=O groups form H-bonds with NH group and the thermal movement of the 
molecules is more severe than at low Ts. The molecules can therefore overcome the 
energy barrier induced by the H-bond formation and arrange themselves in an ordered, 
thermodynamically stable structure.  

If the formation of intermolecular H-bonds thwarts the movement of molecules during 
deposition and the subsequent formation of layered film structures, then the molecules 
may undergo reorganization and cause the change of film structure, when the film is 
thermally treated over a certain temperature. To investigated this films deposited at low Ts 
were heated and the film structure was studied by means of XSR, AFM and IR. 
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Fig. 5.70 XSR curves of 11bAA11 film deposited on Si/SiO2 at Ts = 25°C. The XSR measurement is done at 
30°C, 130°C, afterwards cool down to 30°C and measured again.  
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The XSR results are shown in Fig. 5.70. The film was deposited on a Si/SiO2 substrate 
with Ts = 25°C. The XSR curve shows that the film is amorphous before being heated and 
no peaks in the curve can be found. In contrast the XSR reveals a layered film structure 
after the film is annealed at 130°C. A obvious peak corresponding to film periodicity of 
3.2 ± 0.1 nm appeared in the XSR curve. After the film is cooled down to room 
temperature, the peak remains and the film periodicity decreases slightly to 3.1 ± 0.1 nm, 
exactly the value for the film deposited at Ts = 155°C. The XSR results reveal that a 
thermally induced film structure transformation has occured. The film deposited at low Ts 
has an almost amorphous structure, which can be converted to layered structure by 
annealing to over 120°C and this process is irreversible. 
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Fig. 5.71 AFM images of 11AA11 film deposited at Ts = 25°C, 30 nm thick. (a) before and (b) after 
annealing at 160°C for 5 min. The height profile along the black lines in the images are shown right of the 
corresponding image. The RMS for the film before and after annealing is 2 nm and 17 nm, respectively. 

The film topography is also changed by the structural transformation (Fig. 5.71). After 
thermal treatment the film surface became more rougher with the RMS roughness before 
and after thermal treatment measured at 2 nm and 17 nm, respectively. The change in 
surface roughness could be caused by the formation of domain structures. Although the 
XSR investigation shows ordered film structure after thermal treatment above 120°C, no 
terrace structure with a height around 3.1 nm can be found in the AFM images, even after 
the film is further annealed at 160°C for three days. In contrast to that, the surface of films 
deposited with Ts = 155°C have a clear terrace structure (Fig. 4.8, page 36). Different 
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mechanisms of film structure formation should be responsible for this difference. In the 
deposition process the molecules can migrate after they are absorbed on the substrate or 
film and finally incorporate themselves into the lattice of the already grown layer, while in 
the case of annealing the migration of molecules must overcome the restriction of 
neighbouring molecules. The film structure formed during the deposition is therefore 
more prefect than that obtained by annealing an initially disordered film. 
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Fig. 5.72 Temperature dependent RAIRS spectra of 11AA11 film deposited at Ts = 25°C. The band in the 
right figure are : a), a’), a”) vC=O carbonyl stretching, b) vC=N oxadiazole ring, c) vCC phenyl ring stretching, 
d) vC-N + δC-N-H, e) phenyl ring stretching, f) δCH2

Fig. 5.72 demonstrates the influence of temperature on the RAIRS spectra of 11AA11 
film. The film was deposited on Si/SiO2 at 25°C. IR spectra show a complete formation of 
H-bonds in the film. The NH and C=O bands are sharp single peaks located at low 
wavenumber region. Obvious changes in IR spectra occurred when the film was heated 
above 100°C, particularly between 110°C and 120°C (Fig. 5.72). The characteristic amide 
bands are also summarized in Tab. 5.9. 

Tab. 5.9 The change of characteristic amide bands during annealing. The band denoted with an astrisk is 
higher than another in the same colume. 

IR band (cm-1) vN-H vC-O Amide II 

110°C 3304 1660 1522 

120°C 3336*, 3300 1713, 1679 1530 

30°C 
(cooled down) 3336, 3300* 1717, 1674 1536 

The NH band splits into two band at 3300 cm-1 and 3336 cm-1, the position of the first 
peak is higher than the original NH band. After the film is cooled down to room 
temperature, the intensity of the peak at 3300 cm-1 became higher than 3336 cm-1, the 
position and the relative intensity is exactly the feature of IR spectra for film deposited at 
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high Ts. The C=O band ( peak a in Fig. 5.72 right) split into two peaks at 1711 cm-1 and 
1678 cm-1 (peak a’ and a” in Fig. 5.72 right), both peaks shifted to higher wavenumber 
during the heating process. The blue shift and splitting of the NH and C=O bands in the 
heating process reflects the partial dissociation of the N-H⋅⋅⋅O=C H-bonds and the 
decrease of strength of the remaining H-bonds in the film.  

Although the dissociation of the H-bond could be confirmed, the change in the amide II 
band position could not be solely explained by the dissociation of the H-bond. Usually the 
formation of a N-H⋅⋅⋅O=C H-bond will result in a blue shift of the amide II band [135, 
162-166], but the amide II band at 1525 cm-1 (peak d in Fig. 5.72 right) shifts to 1537 
cm-1 during the heating process. Because a band corresponding to free C=O bond appears 
at 1712 cm-1, but a new NH band appears at 3300 cm-1, which is lower than the NH band 
position before thermal treatment, so it is very likely that the H atom in NH bond form 
H-bond with the atom other than O in carbonyl bond. In the 11AA11 molecule the only 
candidate for such interaction formation is the N and O atoms in oxadiazole ring. The 
change in the C=N stretching band (peak b in Fig. 5.72 right) of the oxadiazole ring [167] 
may reflect the formation of such a H-bond. However, due to the lack of further 
information, the existence of such a H-bond can not be confirmed.  

The study of the 11AA11 VD film reveals that, like other amide substituted oxadiazole 
compounds discussed in this chapter, films with layered structure can only be obtained by 
deposition at high Ts. The H-bond formation shows a correlation with Ts as well as film 
structure. Nearly all the NH are H-bonded with C=O in the films grown at low Ts, while 
free C=O bonds exist in film grown at high Ts. Moreover, the strength of the H-bond for 
films grown at low Ts is also higher than that seen in films grown at high Ts. The 
amphorous film deposited at low Ts could be converted to a layered film by annealing 
over 120°C. 

5.3.4.3 An analogous oxadiazole without amide groups 

To further investigate the influence of the H-bond on the film formation, an analogous 
substance to 11AA11, 11EsEs11, whose chemical structure shown in Fig. 5.73, was 
studied. The VD films of 11EsEs11 were deposited on Si/SiO2 at Ts ranging from 30 to 
110°C. The film topography shows an obvious dependence on Ts. The films prepared at Ts 
= 30°C show a granular surface structure (Fig. 5.73 a), while the surface of films grown at 
Ts = 70°C is characterized by a clear terrace structure (Fig. 5.73 b). The terrace height was 
measured to be 3.6 ± 0.5 nm.  

Unlike 11AA11, which shows amorphous film growth at low Ts and layered growth at 
high Ts, 12EsEs12 can form layered films on Si/SiO2 even at room temperature. Although 
AFM investigations showed a granular surface for the 12EsEs12 film, XSR investigation 
reveal a layered structure for films prepared at Ts = 30°C as well as at 70°C (Fig. 5.74). 
The film periodicities obtained from XSR for both films are the same, namely 3.2 ± 0.1 
nm.  
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Fig. 5.73 AFM images of 12EsEs12 films deposited at Ts = 30°C (a) and 70°C (b). The terrace height of 
film in (b) are measured to be 3.6 ± 0.5 nm. 
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Fig. 5.74 XSR curves of 12EsEs12 film deposited on Si/SiO2 with Ts = 30°C and 70°C. The film 
periodicities of both films obtained from XSR are 3.2 ± 0.1 nm. 

IR investigations of 12EsEs12 were also performed to find if H-bonds exist between the 
molecules. The characteristic bands for the ester group is the carbonyl stretching band 
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(vc=o) and the band involving interacting C-C, C-O and O-C bonds, for simplicity, it is 
called the stretching band of the C-O (vc=o) next to C=O. For 12EsEs12 solid state, vc=o 
and vc-o appear at 1719 cm-1 and 1278 cm-1, respectively. The comparison of the ester 
characteristic bands for 12EsEs12 in dilute CCl4 solution and solid state (KBr disk) is 
shown in Fig. 5.75. 
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Fig. 5.75 Comparison of ester characteristic bands for 12EsEs12 in dilute CCl4 solution (10-3 M) (dash line) 
and solid state (solid line). The band difference for vc=o and vc-o are 4 and 6 cm-1 , respectively. 

The vc=o and vc-o band positions are slightly different in solution and solid state. The vc=o 
band in solution is 4 cm-1 lower than in solid, whilst the vc-o band is 6 cm-1 higher. It is 
likely that there is no interactions between the ester groups, because the shifts of the 
corresponding bands are quite small. To further confirm this temperature dependent 
RAIRS investigations were carried out. The result spectra are shown in Fig. 5.76. The vc=o 
is not influenced by the temperature and its position remains unchanged up to 150°C, 
which is the melting point for 12EsEs12. The vc-o shifts slightly to a lower wavenumber 
region, but the shift is only 4 cm-1. Combining the results of the IR investigation for 
solution, solid state and VD film, it can be concluded that there is no intermolecular 
interaction caused by the ester group in 12EsEs12. 
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Fig. 5.76 Temperature dependent RAIRS investigation of 12EsEs12 film deposited at Ts = 25°C. Only the 
characteristic bands for ester group are shown here. The curves are shifted for clarity. 
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Both 11AA11 and 12EsEs12 are oxadiazole compounds with a symmetrically substituted 
alkyl chain. Though the chains in the 12EsEs12 molecules are one methylene unit longer 
than that in 11AA11, no large difference in film formation behaviour could be attributed 
to this difference (See §5.1). Another structural difference between the two substance is 
their bridge groups. The 11AA11 has an amide as a bridge group, while 12EsEs12 has an 
ester as a bridge group. In the IR study discussed in this chapter, H-bond is found and the 
state of H-bond are influence by the Ts by film deposition as well as the environment 
temperature by the ex-situ thermal treatment. The temperature, at which the change in the 
H-bond state occurs, is the same temperature at which film structure transformation 
occurs. The fact that 11AA11 can form a layered film only when Ts is higher than a 
certain temperature while films of 12EsEs12 are always layered, can be attributed to the 
presence of intermolecular H-bonding for 11AA11.  

5.3.5 Summary 

The study of the film formation of oxadiazole compounds with an amide bridge group can 
be summarized as follows. 

1. In the film, intermolecular H-bonds are found between the amide groups. All the 
substances form amorphous films at low Ts and layered films could be obtained 
only at high Ts.  

2. The state of H-bonds in films of HA11, pCA11 and 11AA11 depends on the Ts, 
but such a dependence is not observed for NIA11. The HA11 and pCA11 films 
deposited at low Ts have a low content of H-bonds, while the films deposited at 
high Ts are highly H-bonded. In contrast nearly all the molecules in 11AA11 film 
deposited at low Ts are H-bonded, while only a part of the molecules are H-bonded 
in film deposited at high Ts. 

3. For the substances with head groups, the film periodicity is larger than the 
corresponding molecule length in extended conformation. The films have 
therefore bilayer structures. For HA11, which has no substitute head group, and 
11AA11, which is symmetrically substituted by two alkyl chains, the film 
periodicity is smaller than the molecule length in extended conformation. Their 
films have therefore single layer structure. 

4. The amorphous films of pCA11 and 11AA11 could be converted to layered films 
by annealing them above certain temperature. The resulting films have the same 
film periodicity with those deposited at high Ts. Such structural changes are 
always accompanied by a change in the H-bond. Comparison with the 
corresponding oxadiazole compounds with ether groups, it can be concluded that 
the change in intermolecular H-bonds has induced the change of the film structure. 
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5. During the annealing of the NIA11 film, the H-bond remains stable, but the 
interaction between nitro groups is disassociated. At the same temperature the film 
has undergone structural change. The change of the NIA11 film is very likely to be 
caused by the disassociated of interlayer interaction between nitro groups. The 
resulting film has a layered structure and the film periodicity is much larger than 
that of the films obtained by deposition. 

6. Replacing the amide groups in 11AA11 with ester groups, i.e. 12EsEs12, the Ts 
dependence of the film structure does not exist any longer. The films of 12EsEs12 
deposited at all investigated Ts range have monolayered structure. 
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6 Effects of structure change on the optical properties 

of the VD film 
Aromatic substituted 1,3,4-oxadiazoles are well known fluorescence substances widely 
applied in OLED development (See §2.1.2, page 7). To optimize the performance of 
OLEDs, it is essential to understand the influence of the chemical and physical structure 
of the film on its optical properties. Kaminorz [168] has systematically investigated the 
relationship between the chemical structure and absorption (UV) as well as the 
fluorescence (PL) properties of 1,3,4-oxadiazole compounds. The influence of film 
structure on the optical properties of oxadiazole is still not investigated, although the 
optical and electrical properties are believed to be strongly influenced by the film 
morphology [24, 26, 127, 169-171]. 

The optical properties of films of were investigated in this work. Among all the 
investigated films, the optical properties of 11AA11 films show the most obvious 
dependence on the film structure. For this reason 11AA11 will be taken as an example to 
illustrate the dependence of the optical properties on the structure of the oxadiazole films.  

6.1 Absorption and PL properties of the VD films 

As described in §5.3.4, the film structure of 11AA11 depends strongly on Ts. The 
dependence of film structure on Ts is summarized in Tab. 6.1. 

Tab. 6.1 The dependence of 11AA11 film structure on the Ts. 

Ts /°C 30~60 85 95~175 

Film Periodicity/nm amorphous 3.9 3.2 

The UV/Vis absorption and fluorescence spectra of 11AA11 in chloroform solution and as 
drop-casted film (drop solution on quartz and dried up) are presented in Fig. 6.1. The 
peaks at 270 nm and 312 nm in the absorption spectra of the solution can be assigned to 
the nπ* and the So-S1 transition of the ππ* delocalization in the π electron system, 
respectively. This assignment follows from investigations of the structural analogous 
diphenyl-1,3,4-oxadiazoles in solution by Popova et al. [172] and by Feygelman et al. 
[173]. The absorption and fluorescence spectra do not overlap each other, therefore 
re-absorption effects can be neglected. In the absorption as well as emission spectra, the 
position of the maxima of the VD film grown at Ts = 30°C is strongly red shifted with 
respect to that of the solution. 
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Fig. 6.1 Absorption and fluorescence spectra of 11AA11 in solution (CHCl3, 10-5M) and in solid state. The 
absorption of a drop-casted film was measured in reflection. The fluorescence of the film was measured in a 
front-face arrangement. 

There are several explanations for the red shift. One such explanation was given at the 
molecular level is that the red shift is attributed to an increase of the π electron system of 
the molecule in the crystal compared with that in the diluted solution, in which the rings 
of the molecules can rotate freely around the bonds connecting them. In a solid state the 
three aromatic rings in the molecule adopt a nearly coplanar geometry, the wave functions 
of the π electrons overlap more, so the bandwidth of the delocalized S0 and S1 decreases, 
which leads to a lowering of the transition energy [174-176]. 

Another explanation given by Birks [177] at the supermolecular level is that the red shift 
of the absorption and emission spectra results partly from the influence of the 
surroundings as a continuum and partly from the interactions with neighbours. In most of 
the investigated oxadiazole crystals the molecules arrange parallel to each other (§2.1.1, 
page 6). The overlap of the wave functions of the neighbouring molecules are favoured in 
this arrangement. The increased delocalization of the electrons implies a broadening of 
the energy levels, which involves a decrease of the transition energy [45, 178, 179].  
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Fig. 6.2 Absorption and fluorescence spectra of 11AA11 VD films. The fluorescence spectra were excited 
with light of wavelength of 275 (left) and 345 nm (right). 

In the case of 11AA11, the intermolecular π-π interactions is mostly likely to be 
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responsible for the red shift of the red shift. Because the VD films grown at low Ts are 
nearly amorphous and those grown at high Ts as well as drop-casted film have layered 
structures and the red shift was not observed for the VD films grown at low Ts. For the 
VD film grown at Ts = 60°C, the peak represents a ππ* transition delocalized along the 
molecule and is not as intense as the peak for nπ* transition (Fig. 6.2). The former 
appears just as a slope around 325 nm. For the film deposited at 95°C, three peaks 
appeared at 330 nm, 345 nm and 360 nm, which also appear in the absorption spectra of 
crystal state films, indicating the formation of the π-π intermolecular interaction. 

When excited by light with a wavelength of 275 nm, the maxima of the emission spectra 
of the film grown at Ts = 95°C have a red shift of 30 nm in relation to that of Ts = 60°C. 
Excited by light with wavelength of 345 nm, the film grown at Ts = 95°C luminesces 
much intensive than that grown at Ts = 60°C. 

The obvious difference in the optical properties of the films deposited at different Ts hints 
that the molecular arrangements in the two films are also different, in agreement with the 
results obtained from XSR measurement, which showed that the film deposited at 60°C is 
amorphous while that at 95°C is layered (See §5.3.4.1, page 94). 

6.2 The change of optical properties during the film 

structure transformation. 
11AA11 films deposited at Ts < 85°C and Ts > 95°C exhibit different film structures. It 
was found that the structure of films deposited at Ts < 85°C could be converted to that 
seen at Ts > 95°C by simply annealing the film over 120°C (see §5.3.4.2, page95). IR 
investigations during the annealing revealed that the intermolecular H-bonds have 
undergone some changes (see §5.3.4.2). UV and PL measurements were also applied 
in-situ during annealing to examine if the structural transformation has any impact on the 
optical properties of the film. 
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Fig. 6.3 UV (left) and PL (right) spectra of 11AA11 film with Ts = 60°C during annealing. The temperature 
at which the spectrum were scanned is denoted along the arrow in the corresponding figure. The excitation 
wavelength for PL is 345 nm. 
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The UV and PL spectra obtained simultaneously during annealing are shown in Fig. 6.3. 
The peak at 275 nm vanished during annealing and three new peaks appeared at 330 nm, 
345 nm and 360 nm, when the film grown at Ts = 60°C was heated over 120°C. This is an 
indication of a change in the film structure, also seen by XSR investigation. The 
corresponding energies of peaks at 330 nm, 345 nm,and 360 nm are 3.76 eV, 3.59 eV and 
3.44 eV, respectively. It is worth mentioning that this structural transformation is 
irreversible. After cooling to room temperature, the position of the maxima remains 
unchanged, although the small peaks have undergone some change in intensity. 

It has been found that the temperature for structural transitions is somewhat different for 
film deposition and annealing. The film deposited at 95°C has an already layered film 
structure with film periodicity of 3.2 nm and absorbs at 345 nm, while the structural 
transition occurs between 110°C and 120°C by annealing a film deposited at Ts = 60°C. 
This difference could be explained by the different energy barriers for molecules to move 
in the two situations. For movement in the film a molecule must overcome the energy 
barrier resulting form the intermolecular interaction. For 11AA11 this energy barrier is 
enforced by the intermolecular H-bonds. During the film deposition, such an energy 
barrier is much smaller than annealing afterwards, because a molecule just arriving at the 
substrate does not have many neighbouring molecules and the intermolecular H-bonds are 
still not formed.  

The study of the optical properties of 11AA11 film illustrates a strong correlation between 
the optical properties and the film structure. The films prepared at Ts < 85°C absorb at 275 
nm and do not fluoresce when excited by light with wavelength of 345 nm. In contrast, 
the films grown at Ts > 95°C absorb at 345 nm and fluoresce strongly when excited by 
light of 345 nm. The optical properties of the former films could by converted to that of 
latter films by annealing over 120°C.  
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7 Summary and future work 

7.1 Summary 

In this work the correlations between the chemical structures of the 2,5-diphenyl- 
1,3,4-oxadiazole compounds and their corresponding VD film structures were 
systematically investigated for the first time. Oxadiazole compounds based on the 
2,5-diphenyl-1,3,4-oxadiazole as core, substituted with a variety of head groups and alkyl 
chains with different lengths attached over ether, amide or ester units were synthesised 
(Fig. 7.1). The VD films based on these substances were prepared on Si/SiO2 and the film 
topography, the film structure and possible intermolecular interactions were characterized 
by means of AFM, XSR and IR spectroscopy, respectively. 

NN

O
R X CH2 CH3n  

Fig. 7.1 General structure of studied oxadiazoles. R: head group; X: bridge group. 

For a given molecule, the film structure could be controlled through the variation of the 
physical deposition parameters such as the film growth rate, the substrate temperature (Ts) 
and the vacuum. The study of the influence of these deposition parameters on film 
formation provides the possibility of controlling molecular arrangement and the 
subsequent physical properties of the films. 

From a comparison of VD films based on 2-(4-cyanophenyl)-5-(4-hexadecyl- 
oxyphenyl)-1,3,4-oxadiazole (pCEt16) in HV and UHV, it was found that the film 
structures were not significantly influenced by the base vacuum and HV is adequate for 
the study of film morphology. The film grow rate and substrate temperature (Ts) both 
influence the film topology, the difference is that the effect of the latter is much more 
obvious than the former. The films grown at low rate and high Ts tend to have a layered 
structure, clear domains and terraces. The effect of Ts also depends on the chemical 
structure of the substance being deposited, which will be summarized later. 

The influence of the length of the alkyl chain was studied with alkyloxy (pCEtn) and 
acylamino (nAAn) substituted oxadiazole series. It was found that an alkyl chain attached 
to the aromatic part of the molecule can help the layer-by-layer growth of the film. For the 
alkyloxy substituted molecules, the molecule with a short chain of n = 5 can form a 
layered film, while the molecule without a substituted alkyl chain formed only islands on 
the substrate. The results also show that, for 5 ≤ n ≤ 16, the film periodicity depends 
linearly on n, indicating that the tilt angle of the molecules in the film is not determined 
by the alkyl chain. According to this linearly dependence, the tilt angle of the alkyl chain 
was calculated to be 33°. For the nAAn series of oxadiazoles, which have intermolecular 
H-bonds formed in the film, the linear dependence of film periodicity on the length of the 
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substituted alkyl chain does not exist for 7 ≤ n ≤ 17. A possible reason is the strong 
intermolecular interactions induced by H-bonds, which dominate when the alkyl chain is 
short enough and result in a different molecular arrangement in comparison with those of 
long alkyl chains. The film periodicity therefore does not depend linearly on the chain 
length. 

The influence of head groups on film formation was studied using oxadiazole derivatives 
with ether bridge groups. Most of the investigated oxadiazole compounds can form 
layered films within the whole investigated Ts region (-10°C to 100°C, depends on 
molecules) with Ts only influencing the topologies of the deposited films. Films prepared 
at relatively low Ts (usually below 40°C) have amorphous like surfaces, while high Ts 
(usually above 60°C) results in films with smooth domains and clear terrace structures. 
The only exception is the oxadiazole without a head group (HEt16), which can only form 
a layered film at high Ts. The film periodicities of the studied films exceed the calculated 
length of the corresponding molecules, implying the films have a bilayer structure. 

The intermolecular interactions between head groups such as methyl ester in MEEt16, 
para-cyano in pCEt16 and para-nitro in NIEt12 have been found by IR investigation. 
These interactions are very likely responsible for the extraordinarly high film periodicity 
of MEEt16 film, the different film periodicity of pCEt16 at different Ts and the 
coexistence of two film structures (film periodicities of 4.0 and 3.0 nm) in NIEt12 film 
prepared at low Ts. During the thermal treatment of the films, the thermally induced 
change in the intermolecular interactions caused a change of film structure. The high film 
periodicity of MEEt16, which was twice as long as its molecule length, was reduced to 
the value of single molecule length. The film periodicity of pCEt16 films was reduced 
from 4.8 nm to 4.4 nm during the annealing. For films of NIEt12, the film structure 
corresponding to a film periodicity of 3.0 nm disappeared after being annealed at 135°C. 

In spite of the aforementioned facts, the tilt angle of most molecules is, however, not 
determined by the interactions between head groups. With the exception of MEEt16, the 
tilt angle of the molecules calculated according to the head-to-head model amounts to 
between 42° and 50°. The molecules have similar packing in the films as in crystals, 
which consist of oxadiazoles substituted with the same head group but without an alkyl 
chain. Except for MEEt16, the presence of π-π complexes between the molecules 
basically determined the tilt angle of molecules. 

The influence of the amide bridge group on the film formation was investigated by 
comparing the film formation behaviour of oxadiazole derivatives with amide, ether and 
ester bridge groups. Films of amide bridged oxadiazoles prepared at low Ts were 
amorphous, layered films could only be obtained at high Ts, while, as summarized earlier, 
ether and ester bridged oxadiazole formed layered film within the whole investigated Ts 
region. This difference was attributed to the intermolecular H-bonds, which were only 
found to exist in the films based on amide bridged oxadiazoles. 
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When head groups were present in the molecules, the film periodicities of amide bridged 
oxadiazoles were larger than the corresponding molecule length in extended conformation, 
indicating bilayer structure of the films. For HA11, which is asymmetrically substituted 
and has no substituted head group, and 11AA11, which is symmetrically substituted by 
two alkyl chains, the film periodicity is smaller than the molecule length in extended 
conformation, indicating single layer structure for their films. 

The states of the H-bonds in films of HA11, pCA11 and 11AA11 varies with Ts, but such 
a dependence was not observed for NIA11. NIA11 forms the most stable multilayers of 
the investigated oxadiazoles in the LB technique. The HA11 and pCA11 films deposited 
at low Ts have a low content of H-bonds and an amorphous film structure, while the films 
deposited at high Ts are highly H-bonded and have layered structures. In contrast nearly 
all the molecules in 11AA11 film deposited at low Ts are H-bonded and the film is 
amorphous, while only a fraction of the molecules are H-bonded in film deposited at high 
Ts and the film is ordered. 

The amorphous films of pCA11 and 11AA11 could be converted to layered films by 
annealing them over a certain temperature. The resulting films have the same film 
periodicities as those found for films deposited at high Ts. Such structural transformations 
were always accompanied by a change in the H-bond state. Comparing with the 
oxadiazole compounds with ether bridge groups, it can be concluded that the change in 
intermolecular H-bonds has induced the change of film structure. 

During the annealing of the NIA11 film, the H-bond remains stable, while an interaction 
between nitro groups is disassociated. Meanwhile, the film has undergone a structural 
change. The change of the NIA11 film is therefore very likely caused by the 
disassociation of interlayer interactions between nitro groups. The resulting film has a 
layered structure and the film periodicity is much larger (4.6 nm) than that of the films 
obtained directly from deposition (3.5 nm). Such a transformation of the film structure 
was also observed during the annealing of Y-type LB films of NIA11.  

The study of the optical properties of 11AA11 films illustrates a strong correlation 
between the optical properties and the film structure. The films prepared at Ts < 85°C 
absorb at 275 nm and do not fluoresce when excited by light with a wavelength of 345 nm. 
In contrast films deposited at Ts > 95°C absorb at 345 nm and fluoresce strongly when 
excited by light of 345 nm. The optical properties of the former films could be converted 
to that of latter films by annealing over 120°C, this process is irreversible. 

7.2 Future work 

Several questions are still open at the end of this work which can be followed in the future 
work. The questions are related with substrate effect on film formation, physical 
properties, film characterization methode and computer simulation. 
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The investigations in this work focus on the influence of chemical structure on the 
formation of films, which are relative thick. The influence of the substrate on the film 
structure are not taken into consideration. In-situ characterization methods like LEED and 
RHEED and STM/AFM are required for this study. Two aspects should be taken into 
consideration for this study, the orientational effect of substrate on the first monolayer of 
films and the dependence of film structure on the film thickness. 

The in-plane structure of the films still remains to be investigated for the future. The 
grazing incidence diffraction (GID) provides the possibility. The difficulty for such 
investigation for the VD film is that the film is not so good ordered as LB films, so the 
signal-noise ratio of the spectrum is too low to interpret, which remains a problem to 
solve in the future.  

Many oxadiazole derivatives are mesogens. Up to now, the relationship between the liquid 
crystal properties and the film formation still remains unknown or has not attracted any 
interest at all. Taking into account that in both processes, formation of mesophase and 
film, the molecules perform self-organization and form a certain kind of organization, 
some correlation between these two processes may exist. 

The influence of the film structure on its physical properties, esp. electrical properties, 
remains to be intensively investigated in the future work. The work in this direction is of 
great importance for the application of oxadiazoles and for the understanding of electronic 
band structure of the films. 

It has been shown that Reflection Absorption Infrared Spectroscopy (RAIRS) is a very 
powerful mothod for investigating the film structure and the molecule-substrate 
interaction. Polarized RAIRS, in particular the microscopic RAIRS, will contribute 
greatly in the investigation of molecule orientation induced by substrate. 

Computer modelling was proved to be a very powerful tool for understanding the film 
structure. In this work the development of an appropriate approach to the film structure 
simulation of the substituted 2,5-diphenyl-1,3,4-oxadiazole is very demanding. The 
electronic band structure can also be calculated, which can provide very useful 
information in the study of electrical properties of films. 
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Appendix 

Synthetic procedures 

1. Alkoxybenzoyl chloride and alkoxy benzoic acid hydrazide 

4-Hexadecyloxybenzoic hydrazide (1a, n=15) 

5g (0.13 mol) methyl 4-hexadecyloxybenzoate was dissolved in 50 ml 2-propanol and 10 
ml hydrazine hydrate was added dropwise and the reaction was allowed to take place 
under reflux for 40 hours. After cooling down to room temperature the solid was filtered 
out and washed twice with 2-propanol. 

Yield : 98 %, Melting point : 103-105°C 

4-Nonyloxybenzoic hydrazide (1a, n=8) 

10 g (0.036 mol) methyl 4-nonyloxybezoate was dissolved in 100 ml 2-propanol and 20 
ml hydrazine hydrate was added dropwise and the reaction run at reflux for 17 hours. 
Then the mixture was cooled down to room temperature and the solid filtered out. 
Afterwards the solid was washed with 2-propanol and water. 

Yield : 62 %, Melting point : 89-91°C (Lit.: 90-93°C [180, 181]) 

4-Decyloxybenzoyl chloride (1b, n=9) 

3g (0.0108 mol) 4-decyloxybozoic acid was given in 36 ml SOCl2 and the mixture was 
allowed to run at reflux for 14 hours. The surplus SOCl2 was distilled in vacuum. The 
remaining liquid was used directly the next synthesis step. 

4-Dodecyloxybenzoyl chloride (1b, n=11) 

4.6 g (0.015 mol) 4-dodecyloxybenzoic acid was put in 50 ml SOCl2 and the reaction ran 
at reflux for 16 hours. The surplus SOCl2 was distilled in vacuum. The remaining liquid 
was cooled down to 4°C and the precipitated crystal was recrystallized with absolute 
ethanol. 

Yield: 95 %, Melting point: 31°C 

2. 1,2-Diaryl hydrazines 

1c, 2c, 3c, 4c: 0.01 mol hydrazide was added to 35 ml absolute pyridine to form a 
suspension. 0.01 mol benzoyl chloride was dissolved in 15 ml absolute THF and added 
dropwise to the hydrazide suspension. The reaction ran 5 to 15 hours at room temperature 
until the result of thin film chromatography showed that all the raw materials were 
converted. At the end of the reaction the mixture was poured into 500 ml 5 % HCl. The 
precipitated white solid was filtered and washed with water several times until it is neutral. 
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The resulted hydrazine was then dried up and recrystallized. 

2c (R = NH2) : 0.07 mol 4-aminobenzoyl hydrazide was added to 500 ml 5% HCl and 
formed a suspension. 0.07 mol 4-nitrobenzoyl chloride was solved in toluene and 
dropwise added to the hydrazide suspension. Afterwards a saturated K2CO3 water solution 
was added to adjust the PH value of the mixture to 9. The mixture was stirred at room 
temperature for 1 hour and neutralized with thin HCl at the end of the reaction. The 
resulting solid was filtered, washed with water and dried. 

1-(4-Cyanobenzoyl)-2-(4-hexadecyloxybenzoyl) hydrazine (1c, R = p-CN, n = 15) 

Yield: 85% , Melting point: 239-245°C 
IR (KBr, cm-1): 2920, 2850, 2230, 1680, 1600, 1555, 1510, 1470, 1390, 1300, 1250, 1170, 
1110, 860, 840, 750, 720, 695, 660, 625 

1-(4-Cyanobenzoyl)-2-(4-dodecyloxybenzoyl) hydrazine (1c, R = p-CN, n = 11) 

Yield: 95 %, Melting point : 213-218°C 

1-(4-Cyanobenzoyl)-2-(4-decyloxybenzoyl) hydrazine (1c, R = p-CN, n = 9) 

Yield: 97 %, Melting point: 196-206°C 

1-(4-Cyanobenzoyl)-2-(4-pentyloxybenzoyl) hydrazine (1c, R = p-CN, n = 4) 

Yield: 88 %, Melting point: 225-228°C 

1-(4-Cyanobenzoyl)-2-(4-meyloxybenzoyl) hydrazine (1c, R = p-CN, n = 0) 

Yield: 98 %, Melting point: 216-230°C 

1-(3-Cyanobenzoyl)-2-(4-hexadecyloxybenzoyl) hydrazine (1c, R = m-CN, n = 15) 
Yield: 29 %, Melting point: 178-182°C 
IR (KBr, cm-1): 3250, 2925, 2860, 2225, 1675, 1640, 1610, 1580, 1510, 1475, 1300, 1255, 
1185, 1115, 1025, 845, 820, 805, 745, 722, 685 

1-(4-Nitrobenzoyl)-2-(4-hexadecyloxybenzoyl) hydrazine (1c, R = NO2, n = 15) 
Yield: 47 %, Melting Point: 280-296°C 

1-(4-Nitrobenzoyl)-2-(4-hexadecyloxybenzoyl) hydrazine (1c, R = NO2, n = 11) 
Yield: 76 % , Melting Point: 144-190°C (LC) 

1-(4-Methoxycarbonylbenzoyl)-2-(4-hexadecyloxybenzoyl) hydrazine (1c, R = 
CH3OOC, n = 15) 
Yield: 57 %, Melting Point : 152-154°C ( from Ethanol) 

1-Benzoyl-2-(4-hexadecyloxybenzoyl) hydrazine (1c, R = H, n=15) 
Yield: 99 %, Melting Point : 137-146°C 

1-(4-Aminobenzoyl)-2-(4-nitrobenzoyl) hydrazine (2c, R = NH2) 
Yield: 38 %, Melting Point : 265°C 
IR (KBr, cm-1): 3450, 3380, 3150, 1680, 1640, 1600, 1520, 1510, 1410, 1350, 1240, 1130, 
840 
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1-(4-Cyanobenzoyl)-2-(4-nitrobenzoyl) hydrazine (2c, R = CN) 
Yield: 80 %, Melting Point: 295-298°C 

1-Benzoyl-2-(4-nitrobenzoyl) hydrazine (2c, R = H) 
Yield: 95 %, Melting Point: 244-246°C 

1,2-Di(4-methoxycarbonylbenzoyl) hydrazine (4c) 
Yield: 83 % , Melting Point: 300-302°C 

3. 2,5-Diaryl-1,3,4-oxadiazoles 

0.01 mol dibenzoylhydrazine was added to 35 ml POCl3. The mixture was stirred at reflux 
for 2 to 20 hours. The resulting oxadiazoles are usually soluble in POCl3, thus the mixture 
became a clear solution at the end of the reaction. The clear solution was further stirred at 
reflux for 1 hour. The clear solution was cooled down and added to water (1L) with 
crushed ice. The precipitated oxadiazole was filtered and washed with water, dried and 
purified by crystallization or by chromatography.  

2-(4-Cyanophenyl)-5-(4-hexadecyloxyphenyl)-1,3,4-oxadiazole (pCEt16) 
Yield: 83 %, Melting point: 123-127°C (from Ethanol) 
IR (KBr, cm-1): 2954, 2919, 2849, 2233, 1611, 1582, 1544, 1493, 1468, 1315, 1257, 1177, 
1073, 1017, 963, 850, 840, 744, 721, 702, 661 

2-(4-Cyanophenyl)-5-(4-dodecyloxyphenyl)-1,3,4-oxadiazole (pCEt12) 
Yield: 97 %, Melting point: 122-126°C (from Ethanol) 
IR (KBr, cm-1): 2959, 2921, 2853, 2232, 1610, 1583, 1547, 1495, 1466, 1309, 1257, 1176, 
1102, 1073, 1022, 848, 837, 745, 721, 701, 660, 552 

2-(4-Cyanophenyl)-5-(4-decyloxyphenyl)-1,3,4-oxadiazole (pCEt10) 
Yield: 97% , Melting point: 122-126°C (from Ethanol) 
IR (KBr, cm-1): 2954, 2921, 2851, 2232, 1610, 1583, 1547, 1495, 1467, 1390, 1308, 1257, 
1178, 1103, 1073, 1022, 964, 851, 838, 745, 720, 702, 661, 633, 552, 525 

2-(4-Cyanophenyl)-5-(4-pentyloxyphenyl)-1,3,4-oxadiazole (pCEt5) 
Yield: 76 %, Melting point: 143-146°C 
IR (KBr, cm-1): 3095, 3064, 2955, 2938, 2888, 2864, 2853, 2230, 1607, 1586, 1496, 1491, 
1479, 1425, 1413, 1395, 1316, 1301, 1257, 1179, 1127, 1106, 1070, 1012, 961, 854, 835, 
809, 780, 741, 701, 663, 550, 523 

2-(4-Cyanophenyl)-5-(4-meyloxyphenyl)-1,3,4-oxadiazole (pCEt1) 
Yield: 85 %, Melting point: 191-195°C 
IR (KBr, cm-1): 3093, 3060, 3014, 2972, 2943, 2924, 2840, 2230, 1611, 1583, 1547, 1493, 
1460, 1306, 1256, 1175, 1120, 1101, 1073, 1030, 963, 838, 747, 704, 625, 553, 525 

2-(3-Cyanophenyl)-5-(4-hexadecyloxyphenyl)-1,3,4-oxadiazole (mCEt16) 
Yield: 91 %, Melting point: 116-118°C 
IR (KBr, cm-1): 2955, 2920, 2850, 2234, 1612, 1543, 1493, 1468, 1309, 1259, 1173, 906, 
838, 807, 742, 720, 683, 657, 587, 523, 471 
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2-(4-Nitrophenyl)-5-(4-hexadecyloxyphenyl)-1,3,4-oxadiazole (NIEt12) 
Yield: 97 % , Melting point: 160-165°C 
IR (KBr, cm-1): 3107, 3073, 2954, 2921, 2850, 1612, 1585, 1556, 1540, 1496, 1482, 1466, 
1364, 1351, 1309, 1252, 1176, 1163, 1110, 1102, 1077, 1070, 1008, 966, 865, 855, 841, 
738, 721, 711, 660 

2-(4-Methoxycarbonylphenyl)-5-(4-hexadecyloxyphenyl)-1,3,4-oxadiazole (MEEt16) 
Yield: 44 %, Melting point: 137-140°C ( from dioxane) 
IR (KBr, cm-1): 2956, 2919, 2849, 1723, 1617, 1587, 1549, 1498, 1473, 1439, 1309, 1283, 
1258, 1193, 1178, 1111, 1101, 1019, 963, 868, 842, 824, 777, 739, 716, 662 

2-Phenyl-5-(4-hexadecyloxyphenyl)-1,3,4-oxadiazole (HEt16) 
Yield: 93 %, Melting point: 81- 84°C 
IR (KBr, cm-1): 3066, 2951, 1918, 2852, 1717, 1610, 1583, 1550, 1497, 1475, 1421, 1399, 
1372, 1316, 1300, 1259, 1178, 1107, 1064, 1043, 1020, 992, 963, 836, 775, 738, 719, 704, 
687, 654 

2-(4-Aminophenyl)-5-(4-nitrophenyl)-1,3,4-oxadiazole (2d, R = NH2) 
Yield: 78%, Melting point: 265°C (Lit.: >300°C [182]) 
IR (KBr, cm-1): 3460, 3360, 1605, 1555, 1520, 1495, 1340, 1310, 1180, 1110, 1070, 965, 
855, 745 

2-(4-Cyanophenyl)-5-(4-nitrophenyl)-1,3,4-oxadiazole (2e, R = CN) 
Yield: 99%, Melting point: 277-279°C (Lit.:279-280°C [18]) 

2-Phenyl-5-(4-nitrophenyl)-1,3,4-oxadiazole (2d, R = H) 
Yield: 90%, Melting point: 194°C (Lit.: 206-208°C [183]) 
IR (KBr, cm-1): 1610, 1555, 1520, 1480, 1450, 1340, 1315, 1290, 1270, 1105, 1080, 1030, 
995, 965, 930, 860, 785, 720, 695 

2,5-Di(4-nitrophenyl)-1,3,4-oxadiazole (3d) 
Yield: 78 %, Melting point: 310-312°C 

2,5-Di(4-methoxycarbonylphenyl)-1,3,4-oxadiazole (4d) 
Yield: 68 %, Melting point: 272°C (from DMF/Ethanol 9:1) 
IR (KBr, cm-1): 2970, 1730, 1550, 1495, 1440, 1430, 1280, 1195, 1180, 1120,1110, 1080, 
1020, 965, 870, 835, 785, 730, 695 

4. 2,5-Diphenyl-1,3,4-oxadiazoles with amide bridge unit 

General procedure for reduction of nitro group to amide group  

0.013 mol nitro compound and 4.1 g ammonium formate (HCOONH4) was added to 65 
ml methanol. 0.2 g Palladium/Carbon (Pd/C, 10 % Pd) as catalyst was poured into the 
mixture under nitrogen protection. Depending on the test results of thin film 
chromatography, the mixture was stirred at reflux for 2 to 20 hours. At the end of the 
reaction the mixture was warm filtered to eliminate the catalyst. The mixture was then 
cooled down or poured in water to let the product precipitate. Afterwards the solid was 
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filtered, recrystallized and dried. 

2-(4-Cyanophenyl)-5-(4-aminophenyl)-1,3,4-oxadiazole (2e, R = CN) 
Yield: 29 %, Melting point: 257-259°C (from Methanol) 
IR (KBr, cm-1): 3410, 3340, 3230, 2215, 1635, 1610, 1580, 1555, 1500, 1445, 1415, 1320, 
1270, 1180, 1075, 1020, 965, 850, 840, 745 

2-Phenyl-5-(4-aminophenyl)-1,3,4-oxadiazole (2e, R = H) 
Yield: 73 %, Melting point: 194-196°C, (Lit.: 192°C [184]) 
IR (KBr, cm-1): 3415, 3340, 3220, 1640, 1610, 1580, 1555, 1500, 1490, 1445, 1370, 1320, 
1275, 1180, 1080, 970, 960, 830, 820, 775, 745, 715, 700, 690 

General procedure for synthesis 2,5-diphenyl-1,3,4-oxadiazoles with amide unit. 

0.01 mol alkyl acid chloride and 2 ml pyridine was dissolved in 60 ml DMF or DMAc. 
0.01 mol amino substitute 2,5-diphenyl-1,3,4-oxadiazole was dissolved in 50 ml DMAc 
and dropped in under stirring. The reaction was allowed to run at room temperature for 2 
hours and then poured into a mixture of crushed ice and water. The precipitate solid was 
filtered, recrystallized and dried. 

2-(4-Dodecanoylaminophenyl)-5-(4-nitrophenyl)-1,3,4-oxadiazole (NIA11) 
Yield: 79 %, Melting point: 214°C 
IR(KBr, cm-1): 3334, 3109,2956, 2923, 2853, 1677, 1602, 1552, 1525, 1496, 1467, 1421, 
1412, 1341, 1316, 1256, 1184, 1108, 1072, 1013, 964, 854, 740, 711 

2-(4-Dodecynoylaminophenyl)-5-(4-cyanophenyl)-1,3,4-oxadiazole (pCA11) 
Yield:68 %, Melting point: 203-205°C 
IR (KBr, cm-1): 3361, 2956, 2921, 2851, 2233, 1692, 1612, 1600, 1579, 1560, 1525, 1492, 
1470, 1412, 1312, 1253, 1183, 1160, 1103, 1074, 1016, 964, 850, 743, 721, 704, 550 

2-(4-Dodecynoylaminophenyl)-5-phenyl-1,3,4-oxadiazole (HA11) 
Yield: 50 %, Melting point: 178-183°C 
IR (KBr, cm-1): 3324, 3290, 2954, 2921, 2851, 1703, 1682, 1608, 1568, 1537, 1493, 1416, 
1376, 1315, 1256, 1182, 1107, 1078, 1070, 1025, 964, 843, 777, 737, 706, 689 

2,5-Di(4-stearaminophenyl)-1,3,4-oxadiazole (17AA17) 
Yield: 77 %, Melting point: 261-265°C 
IR (KBr, cm-1): 3305, 2955, 2917, 2850, 1655, 1612, 1601, 1538, 1495, 1470, 1412, 1311, 
1257, 1181, 1102, 1076, 963, 845, 738, 718, 705 

2,5-Di(4-dodecanoylaminophenyl)-1,3,4-oxadiazole (11AA11) 
Yield: 54 %, Melting point: 279°C (from Ethanol) 
IR (KBr, cm-1): 3300, 2960, 2920, 2850, 1715, 1670, 1600, 1530, 1490, 1410, 1315, 1255, 
1160, 1075, 845, 745 

2,5-Di(4-octanaminophenyl)-1,3,4-oxadiazole (7AA7) 
Yield: 98 % , Melting point: 280-285°C (from Ethanol) 
IR (KBr, cm-1): 3332, 3301, 2956, 2855, 1713, 1677, 1600, 1530, 1491, 1412, 1317, 1255, 
1169, 1100, 1079, 843, 744, 722, 707 
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5. 2,5-Diphenyl-1,3,4-oxadiazoles with ester bridge unit 

General procedure 

A tree-neck flask was firstly purged with dry nitrogen, then 0.0059 mol 4d and 0.0752 
mol dodecanol were added in and heated to 100°C. Afterwards 0.3 ml 
tetraisopropylorthotitanat was injected in the mixture. The reaction was run at 130°C for 3 
hours and a further 10 hours at 150°C. The mixture became a clear solution at the end of 
the reaction. After cooling down to room temperature, the precipitate solid was filtered 
and washed with ethyl ether several times and recrystallized to eliminate the surplus 
dodecanol.  

2,5-Di(4-dodecyloxycarbonylphenyl)-1,3,4-oxadiazol (12EsEs12) 
Yield: 70 %, Melting point: 145°C  
IR (KBr, cm-1): 2960, 2920, 2850, 1715, 1545, 1490, 1465, 1420, 1280, 1160, 1150,1100, 
1010, 965, 940, 860, 780, 720 
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