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Abstract
Hydrogen bond-mediated self-assembling biscarbamates were studied as model
compounds of polyurethanes with respect to the crystallization and gelation behaviour in
both solid state and solution phase respectively. Systematic investigation of effects of the
structural features of biscarbamates on their crystallization and gelation morphologies
was performed by varying the length of the alkyl side chains and the spacer group as well
as the carbon atom parity and the type of terminal groups of the alkyl side chains. We
found that change in any of these structural features results in significant variation in their
crystallization and gelation morphology. Biscarbamate show odd-even effect in their
thermal and crystallization Behaviours as a function of carbon atom parity in the alkyl
side chains. Variation in the length of alkyl side chains as well as the spacer dictates the
balance in relative contribution of hydrogen bonding and van der Waals force resulting in
the change in their crystallization kinetics and subsequent morphology. Blending of these
homologous molecules shows molecular selectivity and self-sorting behaviour leading to
immiscibility. However, they mutually affect the thermal and morphological features.
While the morphology can be tailored by changing any of the structural features
mentioned above, blending thus provides extra control over the morphology of these
molecules. Unlike monocarbamates, biscarbamates show a different morphology upon
gelation. Biscarbamate gels show hollow tubular morphology because of the asymmetry
of interactions between the molecules in three directions of fiber growth. We exploited
the mechanism of such hollow gel fiber formation to fabricate metal nanoparticles or dye
molecule-loaded organogel. The shape, size and the crystal growth kinetics of the dye
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molecules were found to be the governing factors in fabrication of such lumen-loaded
gels. Heterologous blending of a biscarbamate with a polymer also shows immiscibility
and self-sorting behaviour. We utilized such immiscibility to fabricate mechanically
robust composite gels comprised of an immiscible pair of a low molecular weight
organogelator and a biocompatible polymer. The gelation in this case is driven by the
mutual solvophobic effect.
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Chapter 1

Introduction

2

1.1

Molecular Self-Assembly
"Molecular Self-assembly" is the most explored concept in modern chemistry and

contemporary applied scientific disciplines that paved the basis of supramolecular
chemistry. The term refers to the spontaneously and reversibly creating structures or
patterns with a significant order out of molecules of specific design. Molecular selfassembly under thermodynamic and kinetic conditions leads to stable, structurally welldefined aggregates joined mainly by noncovalent interactions e.g., hydrogen bonding,

TT-TT

interactions, van der Waals force, electrostatic interactions etc.1"3 Although these
interactions themselves are rather weak, collectively they result in the formation of very
stable molecular aggregates. Chemical complementarity and structural compatibility4
appear to be the key elements in molecular self-assembly leading to exquisite chemical
structures. Since the power of self-assembly lies on the "molecular-scale" control over
the nanostructural morphology/pattern, it is now imperative to understand the underlying
key principles of molecular self-assembly to create structures of desired dimensions and
functionality through this approach.

1.2 Nature: The Grandmaster of Molecular Self-Assembly
Molecularly self-assembled structures are ubiquitous in nature. Nature shows its
mastery in building extraordinary materials and molecular machines that includes nonbiological

minerals, well-ordered

clays and

photonic

crystals

and

biological

multifunctional macromolecular assemblies, such as hemoglobin, polymerases, ATP
synthase, membrane channels, the spliceosome, the proteosome, ribosomes etc. A basic
set of molecules consisting of 20 amino acids, a few nucleotides, a dozen or so lipid

3

molecules and a couple of dozen sugars have evolved in nature through molecular
selections and constitute the paradigm of molecular biology. Natural processes are
capable of creating enormously diverse, self-sustaining and evolving refined structures,
both of chemical and biological in nature, from these apparently simple molecules with
high precision, flexibility and error correction. The most interesting and well-known
biological system of this process is the formation of DNA double helix from two
complementary oligonucleotides.6

The exotic functionality and superiority of biological supermolecules can be
exemplified by the highly sophisticated protein assemblies of the bacterial flagellar
motor. Bacteria, such as colon bacillus can swim by rotating its flagella at high speed by
means of a protein motor. This motor is composed of various proteins built up through
supramolecular assembly in a very sophisticated way. The flagellar motor has a diameter
of ~30 nm which can rotate at 1500 rpm. It can change its direction of rotation within one
millisecond.7 Its size and functionality are far superior to those of any man-made ultrasmall machines.

Optical systems of marine organisms supersedes the delicacy of the most advanced
top-down technology for fabricating a contemporary synthetic optical systems by
molecular self-assembly (Figure 1.1). Fiber-optical spicules, for example, of the
brittlestar

Ophiocoma wendtii

and the sponge Euplectella

derived

from

the

biomineralization have the dimensions of a single human hair and can act as multimode
waveguides. In comparison to the contemporary synthetic optical fibers, the microfibers
are much more fracture resistant because of the presence of organic ligands connecting

4
the nanofibers. These spicules have high refractive indices and considerable flexibility
with the capacity to act as single-mode or multi-mode waveguides.

Figure 1.1. (a) A marine brittlestar and its lens, (b) SEM images of the calcite
microlenses of Ophiocoma wendtii after chemical cleaning to remove proteins and other
organic substances, (c) Top, high-magnification SEM image of O. wendtii microlenses.
Bottom, high-magnification SEM image of the cross-section of microlense showing the
pathway of light focused by the microlens. The functional region of this lens (Lo) closely
matches the profile of a lens that compensates for spherical aberration (red lines). The
light paths are shown as blue lines, (d) Structure and fiber-optical properties of spicules
in the glass sponge Euplectella. Top, photomicrograph showing the basket-like cage
structure and basalia spicules (arrow). Bottom, wave guiding for individual spicules upon
coupling with white light. Spicules embedded in epoxide act as single-mode or few-mode
waveguide (left); free-standing spicules act as multimode waveguide (right panel).
[Taken from Ref. 8].

Replication of the cell component and subsequent assembling into another cell
during mitosis, paring of bases, self-splicing and self-cleaving of RNA, ribosome
assembly, formation of lipid bilayer, folding of some proteins etc. constitute a set of some
representative examples of molecular self-assembly in biological systems.9 Although
mimicking these biological phenomena in the laboratory is an enormous challenge, the

5
sophistication and success of effortless accomplishments of nature in creating biological
superstructures inspire the human engineers to create new and varied structures with
novel utilities.

1.3 Molecular Self-Assembly: The Designer Toolkit
Inspiration from nature is of particular importance for designing functional building
blocks towards self-assembly. Nature-inspired molecular self-assembly has thus recently
emerged as a new approach in chemical synthesis, nanotechnology, polymer science,
materials science and engineering. Assembly of functional materials has long been a
focus of research because of their promising applications such as in nanoelectronics,
photonics, computing, environmental monitoring, medical imaging, diagnostics etc.10

Considerable advances have been made in the use of peptides, phospholipids and
nucleic acids as building blocks to fabricate potential bio-based materials for a wide
range of applications.11 Structural order over multiple length scales can be created in selfassembling materials by the incorporation of recognition sites and moieties of several
molecular interactions including hydrophobic and hydrophilic effects, hydrogen bonding,
Coulombic interactions, and van der Waals forces.1

Collier and co-workers12 have discussed multifunctional extracellular matrices
based on peptide self-assembly that can regulate and be regulated by cellular processes.
Base-pair structures that assemble into oligomeric units and imitate nucleic acids have
been introduced by Lehn and co-workers (Figure 1.2).13
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Figure 1.2. Structure of a monomer bearing self-complementary DAAD-ADDA patterns
of hydrogen bonding sites and its directional self-assembly into a ribbon-like
supramolecular polymer through an array of four hydrogen bonds [Taken from Ref. 13c].

Molecular ropes were produced out of matched base-pair segments that form strands of
complex units. These strands resemble some of the natural fiber-forming polymers while
they are held together entirely by hydrogen bonds. DNA or RNA oligonucleotide
aptamers14 have recently emerged as an important class of targeting ligands that can be
used in biosensing,15 drug delivery,16 diagnostic imaging17 and phototherapy.18
Specificity and affinity of such aptamer ligands are governed by the hydrogen bonding
between the base-pairs leading to appropriate binding sites in the aptamer structures.
Similar base-pair chemical groups have been introduced by Stadler et al.19 into
elastomers to create thermally reversible networks by taking advantage of the modest
thermal stability of these weak non-covalent bonds. There have been some reports on
attaching liquid crystalline (LC) groups to polymer backbones by using single hydrogen
bonds and the resulting structures are found to be thermally stable at the required
processing temperatures.

7

Organic conjugated molecular materials, popularly referred to as organic
semiconductors, with a delocalized x-electron system have an intrinsic wide band gap.
This wider band gap of these systems results in their affinity for electrons and emerged as
potential materials for organic electronics.21 Self-assembly through strong 7T-7T stacking in
such molecules has been utilized as an effective approach to construct nanostructures of
99

planar, rigid organic molecules leading to organic nanodevices.

91

Zang et al.

reported

the enhancement of one-dimensional charge transport through intermolecular x-electron
delocahzation in an organic nanobelt of perylene tetracarboxylic diimide (PTCDI). The
long-range x -electron delocahzation enabled enhancement of electrical conductivity of
such nanobelts. Molecular self-assembly through x-stacking of liquid crystals (LC) led to
some exquisite structures with improved properties.24 Kato and co-workers25 have
synthesized new electrochromic molecular materials combining ionic and electronic
functions using liquid crystals consisting of terthiophene-based mesogens and terminal
imidazolium groups that showed thermotropic smectic A phases. Nanosegregation of the
x-conjugated mesogens and the ionic imidazolium moieties led to the formation of
layered liquid-crystalline (LC) structures consisting of two dimensional alternating
pathways for electronic charges and ionic species.
x-stacking interactions between aromatic rings have been employed by Stoddard
96

and co-workers

to construct catenanes which are large interlocked molecular ring

structures with oligomeric properties. Such materials were found to display exceptional
optical properties. Preparation of rotaxanes represents another example of supramolecular
assembly leading to macromolecules in which a polymer backbone is threaded through
several macro cycles and locked in place by capping the chain ends.27 Development of
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molecular devices based on rotaxanes and catenanes is a subject of current interest.28
Various polyrotaxanes have been investigated as new building blocks to construct
nanostructures as well as to realize novel functions.

The self-assembly of block copolymers often lead to micelles or vesicles which can
be used as nanocarriers of diagnostic and therapeutic agents.

Dissolution of an

amphiphilic block copolymer in a solvent that is only "good" for one block, leads to an
attractive and a repulsive force that results in microphase separation and self-assembly of
individual molecules into supramolecular structures called spherical micelles. The
intended drug is either entrapped in the hydrophobic core of the micelle during its
formation or covalently bound to the hydrophobic block in such formulations.30'31 The
advantage of such drug delivery systems stems from the alterations of the
pharmacokinetic profile of entrapped drugs, drug solubilization and/or stabilization.31'32
Chilkoti and co-workers33 have reported the fabrication of multivalent spherical micelles
from stimuli responsive elastin-like polypeptides for drug targeting by thermally
triggered multivalency. Micelles have been also used in anticancer drug carrier to probe
into the cancer cell apoptosis.

Molecular self-assembly has evolved as a highly promising field of contemporary
research and the above mentioned examples are only a few of the immense possibilities
that molecular self-assembly can offer. It has now become evident that molecular selfassembly will surely be the most important designer toolkit in the coming decades.4

9
1.4

Self-Assembling Carbamates
This thesis deals with the morphological investigations upon crystallization and

gelation of hydrogen bond mediated self-assembling biscarbamates, which are the
analogues of the hard segment of polyurethanes. The association process in
biscarbamates resembles that of biological self-assembly such as protein molecules
involving hydrogen bonding as shown in Figure 1.3.

Figure 1.3. Schematic showing the hydrogen bonding in biscarbamates.

1.4.1 Applications of Carbamates
Scientific studies of carbamates date back to early 1900s and continues to the
contemporary time because of their potential applications as sequence-specific DNA
alkylation agents,35 organic intermediates,36 photosynthetic inhibitors,37 models for
alcohol prodrugs,38 efficient and nontoxic gene delivery system39 and antileukemic
agents.

Because of their structural similarity carbamates and biscarbamates are

considered model compounds for polyurethanes and the mechanism of decomposition41
and surface adhesion

of polyurethanes has been studied in terms of that of

biscarbamates. They have been used to understand some catalytic processes and the
kinetics of the reactions accompanying the polyurethane synthesis process.43'44 The
structural similarities of polyurethanes and carbamates were also utilized in hydraulic
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stability and thermal resistance tests of these polymers.45'4 They can be used for
increasing the abrasion resistance of polyurethane composites.47 Moreover, they have
been used in improving hardness of polyurethane-based adhesives and sealants,
adjusting the viscosity of oil and grease and as anti-inflammatory agents

and

pesticides.50 Because of their low melt viscosity of about 8-12 centipoises, melting
temperatures of 60 - 120 °C and rapid crystallization upon quenching from the melt,
carbamates have been considered as potential candidates as ink vehicle for ink-jet
printing technologies.51

1.4.2 Structural Investigation on Carbamates
Although reports on studies that deal with the structure and properties of
carbamates are not abundant in the literature, there have been some attempts to reveal the
structure-property relationship of this class of molecules. There was an attempt to
compute the dynamic and electro-optical parameters (EOPS) of carbamates by the
MINDO/3 method.52 Furer reported an extensive study on the hydrogen bonding and IR
spectra of different carbamates in conjunction with quantum-chemical calculations to
probe into the actual conformations present in the different phases of carbamates.53 Deetz
et al54 used hydrogen bonding template as an effective "conformational switch" to
control the syn-anti C-N rotamer equilibrium in pyridyl carbamates. X-ray diffraction and
thermal analysis were utilized to investigate the structure and properties of some short
chain mono- and dicarbamates as model compounds for urethane polymers by Krol et
al.

It was found that single component carbamates developed far better crystal

structures than that of mixtures of two isomers. X-ray diffraction of the mixtures of two
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isomers revealed lower intensity and wider peaks indicative of lower crystal organization
and/or defective crystal structures of these compounds. Recent studies done in our group
revealed the influence of single versus double hydrogen bonding motif and symmetric
versus asymmetric alkyl substitution of carbamates on crystallization

and gelation

morphology. It was seen that the balance between the hydrogen bonding and van der
Waals forces can be optimized both by incorporating multiple hydrogen bonding motifs
as well as varying the alkyl side chain length leading to the desired morphology in both
the solid state and gel phase structures. This study aimed at further investigation of
carbamates with respect to the variation in the length of the spacer separating the
hydrogen bonding motifs as well as the effect of carbon atom parity on crystallization and
gelation properties in their neat form and composites.

1.5

Terms in morphology
Because of the nature and context of this work, we will be referring frequently to

some basic terms related to crystallization and morphology in the following chapters.
These terms are briefly introduced below.

1.5.1 Birefringence
Birefringence is a measure of orientation in the axial directions. Many crystalline
materials show optical anisotropy as birefringence which arises from the different indices
of refraction associated with different crystallographic direction (Figure 1.4). Crystals
that possess two distinct indices of optical refraction are called birefringent materials.
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Figurel.4. Schematic showing distinct indices of refraction in two directions.

Birefringence is defined as the numerical difference of the refractive indices in an
anisotropic crystal. It appears as a band of polarized colors under crossed polars.
Birefringence = n-i -n\
where ni is the higher refractive index and n\ is the lower refractive index in two different
crystallographic directions.

1.5.2 The Crystallite Size
Crystallization study of crystalline or semi crystalline materials deals with two
parameters very often related to growth and perfection, namely the crystallite size and the
long spacing or lamellar spacing. The crystallite size is defined as the growth of a
crystalline region along a specific lattice direction (Figurel.5a). These parameters can be
calculated from X-ray Diffraction analysis. Although the phase identification using x-ray
diffraction relies mainly on the peak positions, the relative intensities of the peaks in a
diffraction profile and the shapes of the peaks can also provide additional and often
valuable information regarding the crystalline structures. The shape, particularly the full
width at half maxima (fwhm) of the peak (see Chapter 2) is a measure of the amplitude of
thermal oscillations of the atoms at their regular lattice sites. The well known Scherrer
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equation (discussed in chapter 2) explains peak broadening in terms of incident beam
divergence which makes it possible to satisfy the Bragg condition for non-adjacent
diffraction planes and calculation of the crystallite size as a function of peak width, peak
position and wavelength. The larger the crystallite size, the sharper will be the x-ray
reflection corresponding to that lattice direction. Directional specifications need to be
mentioned in terms of the miller indices of the reflection in reporting the crystallite size.
Crystallite size is usually of the order of a few hundred angstroms.
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given by crystallite size along a
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ongspacing
Figure 1.5. Schematic representation of (a) crystallite size, and (b) long spacing.

The long spacing is the overall size of a crystalline lamellar domain (Figure 1.5b).
This can be calculated from small angle x-ray scattering (or neutron diffraction) analysis.
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Long spacing values of crystalline materials are usually in the range of 200 to 1000A.
Since this is an "average overall", no directional specifications apply.

1.5.3 Spherulites
As the self-defining term implies, spherulites are sphere-shaped crystalline
structures formed in the bulk of a crystalline material. These are ubiquitous forms of
crystalline aggregates occurring in a wide range of materials and are characterized by
radial growth leading to spherical symmetry.

Figure 1.6. Optical micrographs of biscarbamate showing spherulite growth over time
during isothermal crystallization.

The term "spherulite" may seem to be a misnomer sometimes when we look at the
final shape of the crystalline aggregate referred as a spherulite. Normally the spherulites
are really spherical in shape only during the initial stage of crystallization (Figure 1.6a).
However, during the latter stages of crystallization, the spherulites impinge on their
neighbors (Figure 1.6b) leading to deformation of the spherical shape. Boundaries
between two spherulites may be straight (the imaginary line between the two white spots
in Figure 1.6c) when the spherulites are nucleated almost simultaneously. However, their
boundaries may appear as hyperbola if the spherulites have been nucleated at different
times and hence they are different in size when impinging on each other.
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Spherulites are optically anisotropic. The anisotropy arises from the arrangement of
the crystallites within the spherulites with different radial and tangential refractive indices
CO

denoted by nr and nt respectively.

This optical anisotropy gives rise to birefringence

(Figure 1.7), which is defined as
An = nr - nt

Spherulites with larger refractive index in the radial direction show positive
birefringence while the spherulite having higher refractive index in the tangential
direction show negative birefringence.59 Spherulites of polyethylene and polyamide are
such examples showing negative and positive birefringence respectively.

Figure 1.7. Optical anisotropy in spherulites.

When light is shed on a thin section of a sample containing spherulites between
crossed polars in a polarized optical microscope, it is observed that each spherulite
exhibit an extinction cross called Maltese cross.
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Figure 1.8. A thin section of bulk crystallized polylactide showing Maltese cross in the
birefringent spherulitic texture. The inset show the schematic of a Maltese cross.
In such a Maltese cross, one arm is aligned with the vibration direction of the polarizer
and the other arm is aligned with the vibration direction of the analyzer. Figure 1.8 shows
the Maltese cross in the spherulites of a polylactide sample. On rotation of the specimen,
the arms of the Maltese cross remain parallel to the vibration directions of the polars
indicating that the section of the spherulite has circular symmetry, which could be either
radial or tangential.

1.6

Importance of Controlling the Morphology
The synthesis of materials and assembling them into ordered structures to render

them functional and operational are crucial aspects of material science. Controlling the
outward morphology of such functional materials is of paramount importance. The
interplay among the structure, morphology and fabrication processes determines the
physical and mechanical properties of the materials. For example, control of spherulite or
crystallite size and crystallinity during crystallization of a material is very critical for its
application. In this context, we can consider the case of self-assembling carbamates. As
mentioned above, because of the melt viscosity of the order of 10 - 12 centipoises and
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semi-crystalline nature, long chain carbamates can be used as a vehicle in ink formulation
for ink-jet printers.51 High transparency and crease resistance are two important attributes
for a vehicle in such applications. Crystallization with larger spherulitic morphology will
hamper the transparency and crease resistance. Ideally, the average size of the spherulites
upon crystallization should be of the order of the wavelength of light to impart
transparency. Such small spherulites will also result in the crease resistance. The large
spherulites such as in Figure 1.9a will lead to hazy and brittle prints, whereas the small
spherulites shown in Figure 1.9b will lead to transparent prints. Thus, control of the
crystalline morphology is an important factor for such an application of a material.

Figure 1.9. (a) large spherulites of an opaque biscarbamate film, and (b) very small
spherulites of a transparent polycaprolactone (PCL) film.

1.7

Thesis Objectives
The exact self-assembly behavior and the resulting morphology of a given

molecular system are difficult to predict and control a priori. However, it is possible to
tailor these behaviors by employing a stepwise approach, i.e., by systematically varying
the chemical structure (e.g. the length of the side groups and spacers) during synthesis.
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The overall objective of this thesis was to systematically investigate the role of hydrogen
bonding and van der Waals forces, owing to the variation in the structural features, in
controlling the morphology of self-assembling molecular systems during their
crystallization in solid state and gelation in solution phase. Long chain biscarbamates
were used in this study for such investigations because of their potential applications as
mentioned in section 1.4.1.

The main objectives of this thesis were:
1.

To synthesize a series of long chain biscarbamates (Figurer 1.10) with different
alkyl side chain and spacer lengths, different terminal groups (methyl versus
phenyl) of the alkyl side chains and different carbon atom parity (odd versus even)
of the alkyl side chains.
o

H

Figure 1.10. Molecular structures of representative biscarbamates with different alkyl
side chain and spacer length and odd versus even carbon atom parity in the alkyl side
chains.
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2.

To examine the crystallization behaviour and morphology of these biscarbamates
with respect to the length and carbon atom parity of the alkyl side chains.

3.

To investigate the crystallization behaviour and morphology of these biscarbamates
in their neat forms as a function of the variation in spacer length and type of the
terminal groups of the alkyl side chains.

4.

To examine the immiscibility and self-sorting behaviour of the blends of these
biscarbamates as a function of alkyl side chain length.

5.

To investigate the gelation behaviour leading to hollow gel fiber morphology of
these biscarbamates as low molecular organogelators.

6.

To fabricate dye molecule and metal nanoparticle encapsulated organogels of
biscarbamates following two-component gel route.

7.

To prepare mechanically robust, two-component physical gels comprised of
biscarbamates and a biocompatible polymer.

1.8

Thesis Overview
This thesis is divided into nine chapters. In chapter 1, we have given a general

introduction to the molecular self-assembly with some discussion on the importance of
self-assembling systems. Literature review of self-assembling carbamates and their
applications, some basic terminologies related to crystallization and morphology, and the
importance of controlling the morphology also briefly discussed in this chapter.
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Chapter 2 describes the synthesis of biscarbamates, chemical structures and physical
properties of other materials used in this study, procedures used for sample preparation
and different methods employed to characterize the biscarbamates and their composites.

Chapter 3 presents the results of the crystallization and morphological investigations of
the biscarbamates with respect to the variation in the length and carbon atom parity of the
alkyl side chains. The observed odd-even effect of these biscarbamates on the
crystallization and morphology is discussed in this chapter.

Chapter 4 presents the effect of alkylene spacer length and the type of terminal groups
present in the alkyl side chains on the crystallization and morphology of the
biscarbamates.

Chapter 5 discusses the effect of blending of two (hydrogen bond mediated) selfassembling homologous molecules on the structure and morphology and reveals the
immiscibility and self-sorting behaviour of the chemically similar biscarbamates.

Chapter 6 describes the gelation behaviour of the non-chiral biscarbamates with hollow
gel fiber morphology. The mechanism of the hollow fiber formation and their oriented
nature is also discussed in this chapter.

Chapter 7 discusses the encapsulation of dye molecule and metal nanoparticle into the
hollow fibers of biscarbamate during their gelation. The effect of size, shape and growth
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rate of the dye crystals on their inclusion into the hollow fibers is elaborately discussed in
this chapter.

Chapter 8 presents the facile formation of mechanically robust composite porous gels
comprising PCL and a series of hydrogen bond mediated self-assembling biscarbamates
driven by their immiscibility and self-sorting at the molecular level.

Chapter 9 presents the overall conclusion derived from this present work and
recommends some ideas for future work.
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2.1

Introduction
This chapter lists and describes the synthesis, purification and characterization

procedures of the materials used in this study. The chemical structures, physical
properties and general sample preparation procedures of the materials are also discussed
briefly. Any special sample preparation and characterization procedure is described
separately in the appropriate section of this thesis. The basic principles of the various
techniques used for the characterizations of the samples are also described briefly in the
following sections of this chapter.
The materials used for this present study were:
(i)

Two homologous series of long-chain biscarbamates with alkyl side chains and
spacer groups of different lengths.

(ii)

Perylene

(iii) Phthalocyanine
(iv) Poly(e-caprolactone) (PCL)
(v)

2.2

Blends of different biscarbamates

Synthesis and Characterization of the Biscarbamates

Synthesis of the biscarbamates was performed as described by Goodbrand et al} by
reacting 1,6-diisocyanato hexane or 1,12-diisocyanato

dodecane (0.1 mol) with

appropriate alcohols (0.2 mol) separately in presence of a catalyst 1,4—Diazabicyclo
[2,2,2] octane (DABCO) as shown in scheme 2.1. The reaction was carried out in toluene
(200 ml), at 85-90 °C for 6 h except for 1-octadecanol (8-9 h). All the reagents were
purchased from Sigma-Aldrich Inc., USA and were used as received.
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Scheme 2.1. Scheme for synthesis of the biscarbamates from respective diisocyanates
and alcohols.

Products of the reactions were isolated by suction filtration. These products were
purified by recrystallizing them from a solution in toluene at 60 °C. This procedure was
repeated twice in order to remove any impurity or unreacted reagent (1,6-diisocyanato
hexane or 1,12-diisocyanato dodecane and respective alcohols). Infrared and J H NMR
spectroscopy were used to confirm the reaction products and their purity.

The names of the synthesized compounds are listed in Tables 2.1 and 2.2, and for
convenience each of them has been designated as CxQe and CxCn where x denotes the
number of carbon atoms, derived from the respective alcohols, in the alkyl side chains
and the numbers 6 and 12 denote the number of carbon atoms in the spacer group. These
sample IDs (QC6 and C^C^) will be used to designate these compounds throughout this
thesis.
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Table 2.1. Biscarbamates (CXC6) synthesized from reaction of an appropriate alcohol
with 1,6- diisocyanato hexane.

CXC6 Biscarbamate
T

°C

parent alcohol

molecular formula

C3C6

1 -propanol

H7C3OOCHN(CH2)6NHCOOC3C7

101.9

C4C6

1-butanol

H9C400CHN(CH2)6NHCOOC4C9

91.3

CeC6

1-hexanol

H13C600CHN(CH2)6NHCOOC6Ci3

97.1

C7C6

1-heptanol

Hi5C7OOCHN(CH2)6NHCOOC7Ci5

108.9

CgC6

1-octanol

Hi7C8OOCHN(CH2)6NHCOOC8C17

106.6

C9C6

1-nonanol

H19C900CHN(CH2)6NHCOOC9C19

113.5

C11C6

1-undecanol

H23Ci 1 OOCHN(CH 2 ) 6 NHCOOC 1 iC23

117.9

C12C6

1-dodecanol

H 2 5Ci200CHN(CH2)6NHCOOCi2C 2 5

114.9

C13C6

1-tridecanol

H27Ci 3 OOCHN(CH2) 6 NHCOOCi3C27

121.5

C15C6

1-pentadecanol

H3iCi500CHN(CH2)6NHCOOCi5C3i

123.2

C16C6

1-hexadecanol

H3 3 C 1 6 OOCHN(CH2)6NHCOOCi 6 C 3 3

117.8

CisCe

1-octadecanol

H37Ci800CHN(CH2)6NHCOOCi8C37

120.4

ID
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Table 2.2. Biscarbamates (C^Cn) synthesized from reaction of an appropriate alcohol
with 1,12- diisocyanato dodecane.

CxCi2 Biscarbamate
ID

parent alcohol

molecular formula

Tm, °C

C4C12

1-butanol

H^OOCHNCCF^iiNHCOCX^C

101.3

PhC6Ci2

6-phenyl-l-hexanol

PhHi2C600CHN(CH2)i2NHCOOC6Ci2Ph

91.14

C8C12

1-octanol

H17C8OOCHN(CH2)12NHCOOC8Ci7

108.1

Ci2Ci2

1-dodecanol

H25Ci2OOCHN(CH2)12NHCOOC12C25

113.4

C18C,2

1-octadecanol

H37C18OOCHN(CH2)i2NHCOOCi8C37

117.6

2.2.1 FTIR Spectra of the Biscarbamates
The samples were prepared for IR spectroscopy by mixing 5 mg of the
biscarbamates with dried KBr and were ground into fine power. The samples were
coalesced into a transparent or semitransparent disk applying high pressure (ca. 1470.00
MPa) by means of a hydraulic press. The prepared sample was mounted in the cell, which
was aligned with the infrared beam of the spectrometer. For comparison, FTIR spectra of
the same set of samples were taken under ambient conditions with the same
spectrophotometer in attenuated total reflectance (ATR) mode. We did not see any
difference between the normal transmission mode and ATR mode. The FTIR spectra of
all the biscarbamates showed a strong carbonyl stretching vibration (amide I band) at
-1682 cm"1. The band due to C=0 out-of-plane vibrations was observed at 782 cm"1,
which is a characteristic band as it is used as an internal standard in the IR spectra of
polyurethanes.2 The amide II band, which is due to N-H bending, appears at 1537 -1539
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cnf1 whereas N- H stretching frequencies3 are recorded at 3317-3336 cm"1. Figure 2.1
represents the FTIR spectra of the Ci2C6 sample and the stretching frequencies of some of
the bands observed in its spectrum are listed in Table 2.3.
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Figure 2.1. FTIR spectrum of the C12C6 biscarbamate.

Table 2.3 Stretching frequencies of the IR bands of the representative Ci2C6
biscarbamate.
Frequency (cm"1)
3318
2959
2916
2850
1682
1536
1471
1255
1143
781
718

Band Assignment
N-H stretching
CH3 asymmetrical stretching
CH2 asymmetrical stretching
CH2 symmetrical stretching
C=0 stretching vibrations
CHN gp vibration
CH3 bending
C-O stretching
C-N stretching
C=0 out-of-plane vibration
(CH2)n -in -phase rocking 4
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2.2.2 The XH NMR Spectra of the Biscarbamates
The [H NMR spectra were taken in deuterated chloroform using a 300 MHz
spectrometer (Bruker). Tetramethylsilane, (CH3)4Si was used for internal calibration.
Figure 2.2 represents the [ H NMR spectra of Ci2Ci2. In the *H NMR spectrum, the CH3
protons show a triplet around 8 0.90 ppm. N-CH2 absorption at around 8 3.18 ppm splits
into a quartet by coupling with the N-H and neighboring CH2 proton. The N-H proton
shows a broad signal around 8 4.63 ppm. The signal is affected by the magnetic and
electric properties of 14N nucleus in such way as to make it appear as a broad signal. The
-O- CH2 protons show a triplet around 8 4.05 ppm. The CH2-C-O- protons show a triplet
at 8 1.6 ppm and the CH2-C-N- protons show another triplet at 8 1.5 ppm. The remaining
CH2 protons show a multiplet around 8 1.27ppm.

CDC1,

TMS

Li\

'w

L
0 ppm

Figure 2.2. H NMR spectra of C12C12 biscarbamate.
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2.3

Perylene
Perylene belongs to a class of polycyclic aromatic hydrocarbon dyes that have been

widely utilized in many applications e.g., optoelectronics, waveguides, semiconductor
devices, and organic light emitting diodes (OLEDS).6 Perylene has also been used as
optical N0 2 gas sensor and as the probe molecule because of its high fluorescence
quantum yield. Its fluorescence intensity decay kinetics are single exponential, and its
excited state fluorescence lifetime is not particularly solvent and/or temperature
dependent.7 The chemical structure of perylene is shown in figure 2.3. Perylene used in
this study was purchased from Sigma-Aldrich Inc. and was used as received.

Figure 2.3. Chemical structure of perylene.
2.4

Phthalocyanine
Phthalocyanines (Pc) are macrocyclic dye molecules belonging to a class of organic

molecules called porphyrinoids. Pes have a two-dimensional 18-7T-electron aromatic
system isoelectronic with that of porphyrins and possess unique physicochemical
properties which make these macrocycles valuable building blocks in materials science.
Pes are thermally and chemically stable compounds which present an intense absorption
in the red/near-infrared (NIR) region of the solar spectrum with very high extinction
coefficients and fluorescence quantum yields. Facile tuning of band gaps and redox
potentials of Pes can be achieved by metal insertion into the core and /or modification at
o

the peripheral positions. The phthalocyanine used in this present study is 1, 4, 8, 11, 15,
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18, 22, 25-octabutoxy- 29//, 31Z/-phthalocyanine which has a chemical structure as
shown in the figure 2.4. Phthalocyanine was purchased from Sigma-Aldrich Inc. and was
used without any further purification.

Figure 2.4. Chemical
phthalocyanine.
2.5

structure

of

1,4,8,11,15,18,22,25-octabutoxy-29//,31//-

Poly(e-caprolactone) (PCL)
Polycaprolactone is a linear, semicrystalline, synthetic aliphatic polyester (figure

2.5) and has been of immense research interest in tissue engineering9 and drug delivery
systems10 owing to their excellent biocompatibility and biodegradability. PCL is one of
the biomaterials used in bone repair and is regarded as a soft and hard tissue compatible
material. Because of their suitable thermo-mechanical properties, PCL gives rise to
polymeric composites in the form of fibers, films, or membranes with biomedical
properties. Beside their applications in biomedicine, PCL and/or its composites have been
explored for other applications, e.g., as biodegradable shape memory devices,
micropatterning biomacromolecules on polymer surfaces, "active packaging" materials
with antimicrobial properties, and stress sensing.
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Figure 2.5. Chemical structure of polycaprolactone.

PCL used in this study was purchased from Sigma-Aldrich Inc., USA and were
used as received without any further purification. The weight average molecular mass of
this polymer sample was 65,000 g mof1. The melting temperature of the PCL was
recorded as 60 °C by differential scanning calorimetry. Figure 2.6 shows the DSC
thermogram of PCL recorded at a heating rate of 10 °C/min.
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Figure 2.6. DSC thermogram of polycaprolactone.

2.6

Preparation of the Binary Blends
Binary blends of biscarbamates were prepared by melt mixing. Since the melt

viscosity of these samples is very low, mixing via this procedure was found to be
convenient. Pre-weighed mixtures of biscarbamates (total 0.5 g) corresponding to the
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percent composition of the blend components were heated in a 5-mL vial at a temperature
of 20 °C above that of the higher melting component with continuous stirring. After 1 h,
the melt was slowly cooled to room temperature. Another set of samples was prepared
following the same procedure but quenching the sample from the melt.

2.7

Methods of Characterization
Thermal behaviour of the biscarbamates, their blends and organogels was

investigated by differential scanning calorimetry (DSC). Optical microscopy (OM),
Scanning Electron Microscopy (SEM), and powder X-ray Diffraction (XRD) were used
to investigate the morphology of the samples. The following subsections briefly describe
the basic principles of the methods and the instruments used for this study.

2.7.1 Differential Scanning Calorimetry (DSC)
Differential scanning calorimetry is used as a common technique for quantitative
studies of thermal transitions in polymers, metals, organic materials, ceramics and
composites. In DSC, the sample and an inert reference are heated, usually in an inert
(e.g., nitrogen) atmosphere and thermal transitions in the sample are detected, traced and
measured. Figure 2.7 represents a schematic of the DSC cell. The sample and the
reference in figure 2.7 are provided with individual heaters and energy is supplied to keep
the sample and reference temperatures constant. The electrical power difference between
sample and reference (dAQ/dt) is recorded as a function of temperature. This heat
flow/temperature data thus obtained provides valuable information of physical/chemical
properties of the materials. For example, the crystalline melting temperature (Tm), the
crystallization temperature (Tc) and the heat of fusion (7/f) of a crystalline or
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semicrystalline substance can be obtained from DSC. It is possible to determine the glass
transition temperature (7^) and the specific heat capacity (Cp) of a polymer from DSC
analysis. DSC is also used in detecting polymorphic transitions of materials."

Sample

Reference

Heating
element

Sample
temperature
sensor

Reference
temperature
sensor

Block

Figure 2.7. Schematic representation of a DSC cell.

In this study, thermal analysis was performed using a TA Instruments 2010
differential scanning calorimeter at a heating rate of 10 °C/min. A few select samples
were heated at a heating rate of 1 °C/min. The instrument was calibrated for temperature
and energy with indium and tin as certified reference materials. DSC traces were
recorded with about 7-10 mg of the biscarbamte and their blend samples, in a nitrogen
atmosphere. Traces for organogel samples were recorded with about 1 0 - 1 5 mg of the
samples under the flow of nitrogen. The uncertainty in the measurements was ±1 °C for
the melting and crystallization points and ±2 J/g for the heat of fusion and crystallization.
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Isothermal crystallization kinetics was studied using the same calorimeter and the
following procedure. The biscarbamate samples were heated to a temperature about 40 °C
above their melting points and then allowed to cool down to a temperature 5 °C above
their crystallization temperatures. The melt of the samples were then cooled to their
crystallization temperature at a rate of 1 °C/min and allowed to stay at isothermal
condition for 30 min. The heat of crystallization was measured at 0.6 s intervals and the
crystallinity was determined by integrating the isothermal heat flow curve with respect to
time. The fractional degree of crystallization (a) was calculated by the ratio of the heat of
crystallization at time to the total heat of crystallization using the following equation.

a^J-^J

(2.1)

0 dt

where, AHt is the partial area between the DSC curve and the time axis at time t and AHa,
is the total area under the peak that corresponds to the total heat of crystallization.

2.7.2 Optical Microscopy
Optical microscopy in its simplest form is a convenient and relatively inexpensive
technique to study the surface and bulk morphology of a substance. But modern
microscopy is far more than merely a technique by which the details of an object which
are not visible to the naked eye are rendered visible and clear with respect to
magnification and resolution. It can resolve surface characteristics of the order of 2000
This technique is now employed not only to see more clearly the fixed and
unchanging features of an object but also to probe into it to observe the behavior or other
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changes that can occur in a variety of applied conditions and circumstances. An advanced
instrument thus can be equipped with a range of accessories and features - such as for
various systems of illumination or technique including heating-stage, phase-contrast,
interferometry, photomicrography, fluorescence, ultra-violet light, and polarizations. For
example, optical microscopy now helps to determine the sing of birefringence of the
spherulites when the spherulities are examined with a X plate. This plate adds to or
subtracts from the path difference of the spherulite, depending on whether the
birefringent units in the spherulite are oriented parallel to the plate or perpendicular to it.
This means that one pair of quadrants of a spherulite will be raised up the scale of colors
and the other will be lowered. Therefore, with spherulites showing only first order white,
which is normal in a thin section, one fair will be raised to blue and the other lowered to
orange.13 The housing of the X plate has an arrow showing the polarization direction. If
the quadrants of the spherulites parallel to the arrow appears orange and the other
quadrants appear blue, the spherulites are called negative spherulites and vice versa are
called positive spherulites. Depending on the thickness of the sample, the colors may
vary. Figure 2.8 shows the appearance of the positive and negative spherulite under
optical microscope.

Figure 2.8. Schematic presentation of a (a) positive spherulite, (b) negative spherulite,
and (c) tint (X) plate.
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In our study, optical microscopy was used extensively to investigate into the
morphology of the neat biscarbamates, their blends and organogels. In this study, the
optical micrographs were recorded using a Zeiss Axioplan polarized optical microscope
(OM), equipped with a Linkam hot stage for variable temperature optical microscopy. All
the optical micrographs were taken in transmission mode. Northern Eclipse (version 6.0
and 8.0) image processing software was used to record the images as well as to calculate
(where it was possible) the size of the features, e.g., spherulites, pores, fibers etc. The
samples for the optical microscopy of the neat biscarbamates and their blends were
prepared by melting a small amount of the material on the microscope slide at a
temperature 20 °C higher than its melting point (in case of blend, 20 °C higher than the
melting temperature of the higher melting component), holding it isothermally for 10 min
to remove any morphological history and then cooling it down slowly to room
temperature at the rate of 10 °C/min. Another set of samples was prepared following the
same procedure, but this time the samples were quenched from the melt, instead of slow
cooling.

2.7.3 Scanning Electron Microscopy (SEM)
The need to observe, analyze, and correctly explain phenomena occurring on a
micrometer or submicrometer scale is the driving force behind the development of
sophisticated microscopic techniques in this era of rapidly expanding nanotechnology.
The Scanning Election Microscopy is such a technique which permits the observation and
characterization of heterogeneous organic and inorganic materials and surfaces on such a
local scale. In SEM, the area of the sample to be examined is irradiated with a finely
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focused electron beam which is swept in a raster across the surface of the specimen.
Upon irradiation, various types of signals are produced which includes secondary
electrons, backscattered electrons, Auger electrons, characteristic x-rays and photons of
various energies.14 In SEM, the secondary and backscattered electrons are the signals of
greatest interest because of their variance as a result of differences in surface topography
as the electron beam scans across the specimen surface. These scattered electrons are
used to produce a signal that modulates the intensity of the electron beam in a cathoderay tube, scanning in synchronization with the microscope beam. The resulting images
have great depth of fields1 '15 and a remarkable three-dimensional appearance11 due to the
confinement of the secondary electrons to a volume near the beam impact area of the
sample and the shadow relief effect of the secondary electron contrast. SEM provides
useful information on surface topology with a resolution of about 100 A.11'12 Figure 2.9
represents the schematic of a Scanning Electron Microscope.

In this study, SEM images were obtained using a JEOL JSM-6400 scanning
electron microscope. Samples were prepared for SEM by mounting on carbon tape and
sputter coating with 80:20 Au/Pd alloy. The accelerating voltage of SEM was 15kV.
Scanning electron microscopy (SEM) images of some samples were obtained using a
VEGAII XMU (TESCAN, Czech Republic) scanning electron microscope. Dried
samples were sputter coated with 80:20 Au/Pd target using a Hummer VIII Sputtering
System (Anatech Ltd., Alexandria, VA) before recording the images. SEM images were
captured at an accelerating voltage ranging from 5 to 20 kV. Vega TC software were used
for both the microscope manipulation and capturing the images.
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Figure 2.9. Schematic diagram of a Scanning Electron Microscope [Taken from Ref. 16].

2.7.4 X-ray Diffraction
The X-ay diffraction (XRD) is a powerful, non-destructive method for investigating
orderly arrangement of atoms or molecules through the interaction of electromagnetic
radiation to give interference effects with structures comparable in size to the wavelength
of radiation.11 In XRD, the wavelengths of X-rays are such chosen that it can be
comparable to interatomic distances in crystals. Most of the information about atomic
positions and intramolecular distances can be obtained from x-ray

diffraction

measurements. Depending on the physical state of the crystalline materials, partial or
complete information of the crystal structure can be obtained from XRD. It is necessary

45

to obtain a single crystal of the compound to get complete information of the molecular
ordering in a crystalline or semicrystalline material. In single crystal XRD, the crystal is
rotated at an angle perpendicular to the incident beam so that diffraction patterns at all
possible angles are recorded. However, when a single crystal is not available, powder Xray diffraction can provide valuable information regarding the interplanar distances
between atomic planes (^-spacing), crystallite (grain) size and crystallinity. In powder Xray diffraction, the reflections are obtained from several microcrystals present in a real
sample with different orientation. This method is more convenient, but gives less
information than the single crystal methods. It gives at best 20 reflections whereas single
crystal can usually give >2000 reflections. Direct methods are available to determine the
crystal structure using single crystals whereas this is not the case with the powder pattern.
The basic equation of X-ray diffraction is the Bragg formula:
2d sind = nX

(2.2)

where X is the wavelength of X-ray radiation, d is the distance between atomic planes, 6
the angle of incidence of the x-ray beam on the atomic planes and n (1, 2, 3 ..., n) is the
order of the reflection.

Figure 2.10. Bragg construction illustrating the principle of diffraction where d is the
spacing between two atomic planes.
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In real cases, higher order reflection corresponding to ri>\ are extremely weak in
intensity. Hence only those corresponding to n = 1 are observed. Thus, the above
equation reduces to
2dsin6 = X

(2.3)

Rearrangement of Bragg's equation gives the J-spacing as

d=

X
2Sin0

(2.4)

Equation 2.4 shows that when the distance (d) between the two planes in the lattice is
large, the scattering angle (2d) has to be small to produce a diffraction pattern. Depending
on the scattering angle X-ray diffraction can be of two types. The diffractions obtained at
angles smaller than 2° (d > 44 A) are called Small Angle X-ray Diffractions (SAXS).17
The diffractions obtained at all larger angles, theoretically extending up to 180° are called
Wide Angle X-ray Diffractions (WAXS).17 WAXS provides information about the spatial
arrangement of atoms, whereas SAXS provides information about domain arrangements
(e.g., long spacing).11

In our study, X-ray diffraction data were collected within the range of 2°<2# ^>0°
for most of the samples using a Philips automated powder diffractometer, Model PW
1710. Nickel-filterd Cu Ko, radiation (A, = 1.542A) was used. The possible presence of
texture of many samples was checked by taking additional diffractograms with samples
turned in the plane of measurement by 90°. Figure 2.11 shows a schematic of the Bragg
diffraction with this diffractometer.
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Figure 2.11. Schematic of the Bragg diffraction of the powder X-ray diffractometer used
for the present study [from Alexander]. Here, Si, S2 and S3 are the divergence slit,
receiving slit and scatter slit respectively; a =1- 4°.
The MDI Datascan 3.2 software (Materials Data Inc., Livermore, CA) was used for data
collection. The results were analyzed using MDI Jade 5.0 XRD Pattern Processing
software.
Percent crystallinity of the sample, Xc, was calculated using the formula
X c =(/ c //,otai)xl00

(2.5)

Where /c is the crystalline area under the peak and /total is the total crystalline and
amorphous area as shown in figure 2.12. The reproducibility in the calculation was ±2%.
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Figure 2.12. Schematic showing the crystalline and amorphous peak areas used for
calculating percent crystallinity.
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The crystallite size, L corresponding to a particular reflection was calculated by the
Scherrer Equation.
L = KMPcosO

(2.6)

where X is wavelength of the X-ray, 9 is half the scattering angle, and /? is the half width
of the peak on the 20 scale in rains; K =0.9.
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Figure 2.13. Schematic of full width at half-maximum (fwhm) of a particular peak.

2.7.5 FTIR Spectroscopy
Among various spectroscopic methods, IR spectroscopy is one of the most widely
used techniques for the determination of molecular structure and for the quick
identification of compounds. Beside its application in structure elucidation of chemical
compounds, IR spectroscopy can also provide valuable information regarding the
molecular level interactions between the components in the mixtures of chemical
compounds. This technique relies on the changes in vibrational energy state of molecules
caused by the irradiation of the sample with a broad-band source of radiation in the
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infrared region. To be IR active, molecules should experience a change in the dipole
moment during the vibration upon irradiation. The theory of IR transitions has been
discussed in details by Herzberg18 and Steinfeld.19
Applications of infrared spectroscopy in organic chemistry are almost entirely concerned
with the range of 650-4000 cm"1 (15.4—2.5/xm) (the mid infrared).2 The wavenumber
measured in reciprocal centimeter (cm" ) is related to the wavelength, by the following
equation:

v=

(with X in cm)

(2.7)

X
The region of frequencies lower than 650 cm"1 refers to the far infrared, and that of
frequencies higher than 4000 cm"1 is called the near infrared. The regions from 4000 —
1400 cm" gives information about the functional groups present in the molecular
structure of a specific compound. The regions from 600 - 1400 cm"1 is called the
fingerprint region because of its uniqueness in the pattern of absorption in this region to
any particular compound.21 The bands in this fingerprint region have thus been used with
great utility to assign the aromatic ring substitution patterns of organic compounds.22

In our study, FTIR spectroscopic measurements were carried out at ambient
conditions using a Varian 1000 Scimitar Series spectrophotometer. The FTIR spectra
were recorded using a transparent KBr pellet with a background correction using the
identical sample holder. Spectra of some select samples were taken under ambient
conditions with the same spectrophotometer in attenuated total reflectance (ATR) mode.
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The FTIR spectra were recorded with MIRacle

M

single reflection ATR accessories from

Pike Technologies (Madison, WI) with a background correction using the identical
sample holder. The data were processed using the Varian Resolution (version 4.0.5.009)
software.

2.7.6 NMR Spectroscopy
!

H NMR spectra of biscarbamates were recorded in CDC13 with TMS as internal

standard on a Bruker-300 spectrophotometer at ambient temperature.

2.7.7 Molecular Modeling
Simple molecular Modeling was performed using HyperChem (from Hypercube
Inc.) (version 6.01) and Spartan ES software. Geometry optimization of the molecular
structures was done using the MM+ force field.
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Chapter 3

Influence of Odd-Even Carbon Atom Parity of Alkyl Side
Chains on the Morphology and Crystallization Behaviour of
Biscarbamates
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3.1

Introduction
Molecular self-assembly mediated by non-covalent interactions such as hydrogen

bonding, dispersion forces, 7T-7T interactions etc. has long been studied and emerged as a
powerful tool for creating supramolecular architectures of desired dimension and
functionality.1 This toolbox offers a "bottom-up" and in fact the only practical approach
for producing a variety of structures at multiple length scales.2 Among various noncovalent interactions leading to molecular self-assembly, hydrogen-bond mediated selfassembly has been extensively studied in recent years and employed to create specific
secondary structures with oligomers,3 molecular strands employed in specific modes of
intermolecular aggregates,4 etc. The effectiveness of hydrogen-bonding in such molecular
self-assembly depends largely on the design of tailored recognition elements in the form
of hydrogen-bond donor-acceptor arrays.5 It was seen that extended supramolecular
assembly requires selectivity, self-complimentarity and orthogonality of recognition
events which can be achieved by incorporation of multiple hydrogen-bond donoracceptor moieties in the molecules. While appropriate design of molecules with hydrogen
bonding moieties leads to molecular self-assembly, morphology of the structures created
by such assembly was found to be dependent on the secondary noncovalent interactions
ft 7

such as van der Waals forces. ' In many cases the length and carbon atom parity in the
alkyl spacer or side chains play an important role in such secondary interactions leading
to "odd-even" effect on the molecular packing, morphology and subsequent physical
properties.
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The "odd-even" effect of the carbon number parity of methylene groups in aliphatic
Q

chains is a well-known and extensively studied phenomenon. This effect has been
observed in the solid state,9 solution phases,

and solid/liquid interfaces1 and has been

mainly attributed to packing differences in the crystal structure12 between chains having
an odd or even number of carbon atoms. The most known class of compounds that
display such an odd-even effect is liquid crystals13 although other classes of compounds
e.g.,

polyurethanes,14

n-alkanes,

5

carboxylic

acids,

alcohols,

bifunctional

hydroxycarboxylic acids18 etc. also show odd-even effect as a function of carbon atom
parity. In the overwhelming majority of the literature, this effect is discussed with respect
to the carbon atom parity in the spacer groups. However, there are some reports where
this effect is discussed as a function of the carbon atom parity in the alkyl side chains.
In most of the cases the odd-even effect is manifested in the phase transition
temperatures13b and optical properties130 of such compounds. In this chapter we discuss
the significant differences in crystallization and morphological behaviour of a class of
self-assembling molecules namely biscarbamates as a function of the carbon atom parity
in the alkyl side chains symmetrically attached to the hydrogen bonding moieties (scheme
3.1).

Scheme 3.1
We have been studying the influence of side chain length as well as single versus
double hydrogen-bond motifs on the morphology and miscibility behaviour upon
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crystallization, blending and gelation of a class of hydrogen-bond mediated selfassembling system of carbamates and biscarbamates with their conceived importance in
scientific and technological applications. Scientific studies of these classes of molecules
date back to early 1900s and continues to the contemporary time because of their
potential application as described in section 1.4.1.

In our previous works, we compared the morphology and thermal behaviours of Nf\

7

octadecyl carbamates referred therein as mono carbamates and biscarbamates with alkyl
side chains of various lengths ranging from C4 to Qg with an even carbon atom parity in
the alkyl side chains of the compounds of both series. We observed a significant
difference in their morphology and thermal properties which were attributed to the
influence of single versus double hydrogen bonding motifs as well as asymmetric versus
symmetric alkyl substitution of the molecules. In a sharp contrast to the monocarbamates,
biscarbamates with an alkyl side chain length of Cg showed the maximum spherulite size,
spherulite growth rate and rate of crystallization. These observations were rationalized
with the relative contributions of hydrogen-bond and van der Waals forces. In another
work,21 we showed that the biscarbamates show immiscibihty and molecular selectivity
at the molecular level upon blending. The alkyl side chains play the role in such
selectivity and immiscibihty of these chemically similar molecules. Moreover, a
preliminary study7b on the gelation behaviour of these biscarbamates showed a significant
difference in their gel state morphology depending on their carbon atom parity in the
alkyl side chains. Based on these observations, we believed that it would be of interest to
study the crystallization behaviour of these materials in solid state as a function of the
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carbon atom parity in the alkyl side chains. To this end, we synthesized a series of
biscarbamates with both odd and even number of carbon atoms in the alkyl side chains
and studied their morphology and crystallization behaviours with appropriate techniques.
In this chapter, we discuss the morphology and thermal properties of these molecules and
compare them with respect to the carbon atom parity in the alkyl side chains.

3.2

Experimental
Biscarbamates containing odd and even number of carbon atoms in the alkyl side

chains were synthesised as described by Goodbrand et al.22 from the appropriate
diisocyanate and alcohols.

Thermal analysis was performed using a TA Instruments 2010 differential scanning
calorimeter following the method described in section 2.7.1. The crystallization kinetics
was studied by using the Avrami equation23 as follows:
l-X(t) = exp(Ktn)

(3.1)

\n{-\n[l-X(t)]}= In K+n In t

(3.2)

where X(t) is the relative crystallinity, t the crystallization time, n the Avrami exponent,
and K the crystallization rate constant. Half crystallization time (t\a), that represents the
crystallization rate, can be obtained from the following equation:
tm = [\n2/kfn

(3.3)

For the kinetic study of the spherulite growth, a Linkam hot stage LTS 350
equipped with a Linkam TMS 94 thermo-controller and coupled with a Zeiss Axioplan
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polarized optical microscope was used. The samples were heated to a temperature of 20
°C above the melting temperature of the biscarbamate at a rate of 5 °C/min and held at
that temperature for about 10 min. The samples were then cooled at a rate of 2 °C/min
down to a temperature of 5 °C above the crystallization temperature (Tc) and then at the
rate of 0.1 °C/min down to the Tc. Northern Eclipse image processing software was used
to capture the images at specific time intervals during the crystallization of the samples
isothermally held at their Tc followed by the calculation of the spherulite size for
subsequent data processing.

3.3

Results and Discussion

3.3.1 Thermal Behaviour
We denote the samples as CXC6, where x corresponds to the number of carbon
atoms in the alkyl side chain, and 6 refers to the (CH2)6 spacer. The melting temperatures
(r m ) of both odd and even biscarbamates as a function of number of carbons in the alkyl
side chains are plotted in Figure 3.1. Two representative DSC traces of C3C6 (odd) and
C4C6 (even) biscarbamates are shown in Figure 3.2, depicting phase transitions
corresponding to their melting from solid to liquid and crystallization from melt to solid
in heating and cooling cycles respectively. The appearance of sharp peaks without any
other transitions prior to their both melting and crystallization implies high purity,
crystalline property and the absence of any polymorphism in biscarbamates studied here.
The actual values of Tm are listed in Table 3.1. It is seen from Figure 3.1 that
biscarbamates of this series show odd-even oscillation of melting temperatures with
higher Tm for a molecule with odd number of carbon atoms than that of the molecule

59

T

1

i

i

i

i

i

i

i

i

i

i

i

i

i

i

i

r

2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19
Number of Carbon Atoms in the Alkyl Side Chains

Figure 3.1. Change of melting temperature of the biscarbamates as a function of the
number of carbon atoms in the alkyl side chains.
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containing one carbon atom higher. The difference is more pronounced with the shorter
side chains. The Tm of C 3 C 6 biscarbamate is 102 °C while that of C 4 C 6 is 91.3 °C with a
difference of ~11 °C. However, the difference between the melting temperatures of Ci5C 6
and Ci6C6 is 4.43 °C. Among this series of molecules we see the least difference in Tm
between C-jCe and CgC6 which is only 2.27 °C. While the odd-even effect is less
pronounced with an increase in the alkyl side chain strength, the least odd-even effect in
Tm is seen between C7C6 and C8Cg which show the maximum crystallization rate and
spherulite size (discussed in the following sections) among the members of the
biscarbamates containing odd and even number of carbon atoms.

Table 3.1. Melting temperatures of CXC6 biscarbamates.
ID

Molecular Formula

Tm, °C

C3C6

H7C3OOCHN(CH2)6NHCOOC3C7

101.96

C4C6

H 9 C 4 OOCHN(CH2)6NHCOOC4C9

91.3

C7C6

Hi 5 C 7 OOCHN(CH2)6NHCOOC7Ci 5

108.87

CgC6

Hi 7 C 8 OOCHN(CH 2 ) 6 NHCOOC 8 Ci7

106.6

C9C6

Hi 9 C 9 OOCHN(CH2)6NHCOOC 9 Ci9

114.55

CnC6

H23CnOOCHN(CH 2 ) 6 NHCOOC 11 C 2 3

114.9

Ci 2 C 6

H 2 5Ci200CHN(CH2)6NHCOOCi2C 2 5

114.9

Ci 3 C 6

H 2 7C 1 300CHN(CH 2 )6NHCOOC 1 3C 2 7

121.29

C, 5 C 6

H 3 iCi 5 OOCHN(CH 2 ) 6 NHCOOC 15 C3i

123.24

C 16 C 6

H33C 16 OOCHN(CH 2 ) 6 NHCOOC 16 C33

118.81

Ci 8 C 6

H37C18OOCHN(CH2)6NHCOOCi8C37

121.78
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The odd-even effect of carbon atom parity on thermal properties seen here is
different from the trend reported for n-alkanes. Boese et. al.12 noted that n-alkanes having
an even number of carbon atoms have higher melting temperatures than those of odd
numbered alkanes. The even numbered n-alkanes are centrosymmetric, and the odd
numbered ones are C2 symmetric. As shown in Scheme 3.2, in the case of hexane, the
terminal methyl groups are pointing in opposite directions (anti), and those of heptanes
are in the same direction (syn). This leads to differences in the packing of terminal methyl
groups in the crystal structures of these molecules. The even-numbered n-alkanes have
symmetrical intermolecular contacts at both ends, whereas the odd numbered ones have a
longer distance of contact at one end.

A different trend in odd-even effect is seen with

the biscarbamates studied here. Biscarbamates with odd number of carbon atoms show
higher melting temperatures and heat of fusion than the even numbered. By analogy to
the n-alkanes shown in Scheme 3.2, we note that the terminal methyl group is disposed in
a direction opposite to the ester oxygen in C7C6 (anti, similar to the terminal methyl
groups in hexane), whereas both the ester oxygen and the terminal CH3 group are in the
same direction with CgCe (syn, similar to the case of heptanes in Scheme 3.2).

Such a syn disposition is also seen in the crystal structure

of C10C6. Inherent

differences of this nature in the molecular structure would lead to different packing
modes of the odd and even series. Based on the analogy with n-alkanes, we speculate that
hydrogen bonding in consonance with dispersion forces lead to a more dense packing of
biscarbamates with odd numbered carbon atoms in the side chain than the even numbered
biscarbamates.
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Contrary to this trend, we see a less pronounced odd-even effect on the heats of
fusion (AH) of these biscarbamates. Figure 3.3 shows that the AH of the series containing
both odd and even number of carbon atoms increase linearly with the alkyl side chain
length. We do not see any significant difference in heat of fusion of two biscarbamate
containing successive odd and even number of carbon atoms in extreme lengths of alkyl
side chains. However, there is a significant difference in AH between two biscarbamates
with intermediate alkyl side chain lengths. For example, the difference in AH is only 1.1
and 0.6 J/g between the C3C6/C4C6 and C15C6/C16C6 odd-even pairs respectively. On the
other hand, the difference in AH is 10.1 J/g between CnC6 and Q2C6 biscarbamates.

3.3.2 X-ray Diffraction and Structural Features
The crystal structure of C10C6 molecule was found to be triclinic with a center of
symmetry due to the symmetric attachment of alkyl side chains on both sides of the
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Figure 3.3. Change of heat of fusion of the biscarbamates as a function of the number of
carbon atoms in the alkyl side chains.
hydrogen-bonding motifs.

To our knowledge, crystal structures have not been reported

for the other biscarbamates studied here. Based on X-ray powder diffraction data, we
note a few structural features. All the biscarbamates studied here show a number of
reflections in the range 18° < 20 <26° while the most intense one appears at 20 <5°
except for C3C6. The most intense reflection for C3C6 appears at 20 = 6.8°. The ^-spacing
and corresponding relative intensities of the reflections (normalized with respect to the
most intense reflection in each case as 100%) of quenched and slow-cooled samples are
listed in Tables 3.2 and 3.3 respectively. We do not see any significant difference
between the corresponding peak positions of quenched and slow-cooled samples, which
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Table 3.2. Interplanar spacings, d (A), and Intensities, I (%) of X-ray diffraction patterns
of slow-cooled samples.
C3C6

C7C6

C9C6

CnC6

d

20.64

12.95

7.33

24.3

100

99.1

17.31

100

10.22

10.5

7.26

2.1

5.63

7.6

C13C6

I

C15C6

d

I

21.46

100

19.00

100

20.23

100

18.35

3.3

11.41

3.1

12.22

1.2

16.18

2.2

7.62

5.8

6.36

8.2

6.88

6.8

6.26

0.6

5.63

0.4

5.34

1.6

4.77

1.1

23.22

100

8.32

5.4

5.83

3.0

4.44

1.2

4.61

1.3

4.57

0.8

4.55

0.7

4.48

0.4

4.26

5.4

4.26

4.3

4.28

9.9

4.28

0.6

4.31

0.5

4.31

26.9

4.11

8.1

4.18

0.8

4.18

2.0

4.19

62.7

3.95

24.4

4.06

1.1

3.89

15.2

4.00

0.8

4.02

0.6

4.04

7.9

3.83

12.3

3.77

9.7

3.88

0.3

3.89

0.4

3.87

21.3

3.78

0.6

3.65

0.9

3.64

1.2

3.62

27.0

3.49

12.6

3.49

65.8

3.32

12.1

2.34

4.4

3.51

48.7

3.53

16.6

3.52

13.5

3.47

21.8

3.19

3.3

3.22

3.8

3.40

5.6

3.29

0.8

3.07

2.7

3.25

1.6

3.21

1.5

3.26

1.1

2.19

0.4

2.19

0.3
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Table 3.3. Interplanar spacings, d (A), and Intensities, / (%) of X-ray diffraction patterns
of quenched samples.
C3C6

C7C6

C9C6

CnC6

C13C6

C15C6

d
20.08
19.24
18.24

19.7

17.68

100

12.97

100

10.30

8.3

7.33

55.7

7.30

2.0

5.66

6.6

4.44

6.3

4.62

1.7

4.26

15.4

4.27

18.3

3.96

3.51

33.3

63.5

11.46

6.39

100

100

2.8

8.4

12.26

6.89

21.48

100

18.49

10.9

16.33

8.1

23.26

100

18.06 24.8

1.9

9.6

4.54

2.1

7.64

8.32

5.6

5.83

3.3

6.1

5.33

1.7

4.28

19.0

4.33

10.4

4.31

7.7

4.31

27.1

4.11

14.2

4.17

27.3

4.18

17.1

4.19

61.2

4.06

5.5

3.89

25.2

4.00

15.2

4.01

3.0

4.04

7.1

3.83

47.9

3.77

20.9

3.89

4.9

3.86

6.4

3.87

21.6

3.77

7.1

3.65

10.4

3.64

11.6

3.62

26.8

3.53

29.3

3.54

11.0

3.48

63.5

3.49

29.4

3.49

63.2

3.23

8.3

3.40

3.8

3.30

5.6

3.32

2.2

3.31

12.4

2.27

2.7

2.33

3.8

3.06

5.1

3.27

1.5

3.21

2.7

2.26

3.1

2.35

1.3

2.20

1.8
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indicates that molecular packing of these molecules is independent of sample preparation
procedure (i.e., quenching or slow-cooling). It is seen from Table 3.2 that the largest dspacing of individual biscarbamates increases from 12.95 A for C3C6 to 23.22 A for
CigCn. Figure 3.4a shows the variation of the molecular length (/) and d-spacing with the
highest intensity peak. It is seen from this figure that the J-spacing of the highest intense
peak increases linearly with the increase in the alkyl side chain length. A similar trend
was found in the case of even numbered CXC6 biscarbamates where the largest J-spacing
increased linearly with the calculated molecular length.83 Although this trend is similar
for both odd and even biscarbamates, we see a significant difference in the values of dspacings of the highest intensity peaks. The d-spacing values of odd biscarbamate are
found to be almost half of that of the consecutive even biscarbamate (Figure 3.4a), which
indicate that the packing modes are different, as could be rationalized from Scheme 2.
The peak with the largest J-spacing was found to be the most intense one for all the
biscarbamates except C3C6. Tables 3.2 and 3.3 show that two reflections with d-spacings
of- 4.3 A and 3.5 A are common to all the samples studied here. These reflections were
observed at 4.6 A and 3.8 A in the case of even CXC6 biscarbamates and were assigned to
the distance between the molecules in the H-bonding plane and distance between those
planes, respectively. The shift of these reflections to lower J-spacings indicates closer
packing of the molecules in that plane and between these planes.

Figure 3.4b shows the variation of crystallite size of the reflections at d - 3.5 and
4.3 A as a function of the alkyl side chain length of quenched samples.
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Figure 3.4. Variations of the (a) molecular length (/) and J-spacings of the highest
intensity peak, and (b) crystallite size (L) corresponding to the d3.5 and 4.3 A reflections
as a function of alkyl side chain length of the biscarbamates.

It is seen from this figure that the crystallite size at d = 3.5 A increases sharply with the
increase in alkyl chain length from C3 to C7 and decreases significantly with further
increase. A similar trend is seen with the reflection at d = 4.3 A with less extent of
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variation in crystallite size. This observation conforms to the variation of spherulite size
and rate of crystallization of these molecules (vide infra). A comparison of crystallite
sizes of the corresponding reflections of both the odd and even biscarbamates reveal that
odd biscarbamates show larger crystallite size than the corresponding even biscarbamate.

Another feature that is seen commonly amongst the biscarbamates with even and
odd alkyl side chains as well as the longer C12 spacer (Chapter 4) is that apart from the
high intensity reflection with the large J-spacing (which we relate to the length of the
molecule), most of the other reflections are weak, as seen in Figure 3.5 for C3C6 and
C15C6. As will be seen later (Figure 4.10 of Chapter 4), this effect is pronounced with the
longer side chains. This indicates predominant columnar stacking along one direction.

3.3.3 Morphology
Polarized optical microscopy was used to investigate the morphology of these
biscarbamate samples prepared with two different sample preparation protocols. Figure
3.6 shows the cross polarized optical micrographs of the quenched (left) and slow-cooled
(right) samples of the corresponding CXC6 biscarbamates. All of these samples show
spherulitic morphology with varying extent of optical birefringence. The C3C6
biscarbamate having the lowest number of carbon atoms studied in this series shows well
defined spherulitic morphology for both quenched and slow-cooled samples. This is in
contrast to the morphological behaviour of the corresponding C4C6 biscarbamate which
showed no spherulitic morphology for either quenched or slow-cooled sample.

(a)
—
—

i

C3C6
C15C6

i

i!
ii
i!
1

Ui
J\
2

4

6

8

1.

__A

.yv_A.

10 12 14 16 18 20 22 24 26 28 30 32 34

2-Theta (°)

(b)

C3C6
C-15C6

2

4

-1

1

6

8

1

r

1

r~

r

-1

1

1

1

10 12 14 16 18 20 22 24 26 28 30 32 34

2-Theta (°)

Figure 3.5. X-ray diffraction traces of (a) as synthesized, and (b) slow-cooled samples
C3C6 and C15C6 biscarbamates. J-spacing values are in A.
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It is seen from Figure 3.6 that the slow-cooled samples of these biscarbamates form
larger spherulites than those of quenched samples upon crystallization. Figure 3.7a shows
the variation of the spherulite size with respect to the alkyl side chain length for both
quenched and slow-cooled samples.

Caption on next page
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Figure 3.6. Optical micrographs of biscarbamates with different odd number of carbon
atoms in the alkyl side chains: (a, a') C3, (b, b') C7, (c, c') C9, (d, d') Cn, (e, e') C13, and
(f, f ) biscarbamates. The first column represents the micrographs of quenched samples
and the second column represents those of slowcooled samples.
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Figure 3.7. Variation of spherulite size of CXC6 biscarbamate samples as a function of
alkyl side chain length containing odd (a), and both odd and even (b) number of carbon
atoms.

Spherulite size of these biscarbamates increases, like their even numbered counterparts,
from C3C6 to C7C6 with an increase in the alkyl side chain length and then drastically
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decreases up to Cn chain length, and more slowly thereafter. Fewer nucleation sites in
the samples result in larger spherulites. The variation in nucleation site density and of
spherulite size with respect to the alkyl side chain length can be rationalized with the
relative contribution of H-bonding and van der Waals interactions of the molecules.
Increased intermolecular association is expected to contribute to increased nucleation site
density and hence to reduction in the spherulite size. This rationale can be explained with
infrared spectroscopy of these biscarbamates. Figure 3.7b shows the change in spherulite
size of biscarbamates with both odd and even number of carbon atoms. An odd-even
oscillation in spherulite size is also seen in this case with a good agreement in such
variation of melting temperatures and heat of fusions.

3.3.4 Spherulite Growth Rate
The effects of odd versus even number of carbon atoms and the length of alkyl side
chains on crystallization of these molecules were further investigated with isothermal
spherulite growth kinetics using hot stage microscopy as described in the experimental
section. Figure 3.8 shows the micrographs of Ci3C6 recorded at different times of
spherulite formation from such an experiment. Because of the very fast growth of
spherulite, we could not capture the images right at the beginning of the formation of the
spherulites centering at the point of nucleation. It is seen from the micrographs that
spherulite grows radially with extensive sequential branching of the lamellae over time.
The variation of the size of the spherulites as a function of time is shown in Figure 3.9a.
It is seen that the spherulite growth is complete due to impinging of the adjacent
spherulites within 10 s for C7C6 while it takes about 33 and 24 s for C3C6 and C15C6
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respectively. Thus, biscarbamates with extreme alkyl side chain length show slower
spherulite growth rate than that of biscarbamates with intermediate side chain length.

Figure 3.8. Optical micrographs of CnCebiscarbamate captured at different time interval
during isothermal spherulite growth.
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Figure 3.9. (a) Growth of spherulites with time, and (b) rate of spheruhte growth as a
function of number of carbon atoms in the alkyl side chains.

None of these plots extrapolate to a spheruhte size of zero at t = 0 s indicating a very fast
growth of spherulites at the beginning. Figure 3.9b shows the spheruhte growth rate as a
function of alkyl side chain length. It increases from C3C6 to C7C6 and decreases
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significantly with the increase in the alkyl side chain length. Along this series of
biscarbamates C7C6 shows the maximum growth rate. This observation conforms with the
change in spherulite size of these molecules with respect to the alkyl side chain length.
Comparison of the spherulite growth rate of biscarbamates containing odd number of
carbon atoms with that of biscarbamates with even number of carbon atoms shows that
odd biscarbamates have slower growth rate than the even biscarbamates up to the Ci 2
chain length. Beyond C12 chain length there is a trend reversal - odd biscarbamates show
higher spherulitic growth rate than the corresponding even biscarbamates. For example,
the spherulite growth rate of C7C6 is 100 um/s while that of CgC6 is aboutl20 um/s. The
similar trend is seen in the case of C11C6/C12C6 pair where the growth rate of CnC6 is
55um/s and that of Q2C6 is about 65 um/s. However, the spherulite growth rate of Q5C6
is higher (50 um/s) than that of C16C6 biscarbamate (~ 30 um/s).

3.3.5 Rate of Isothermal Crystallization
Isothermal crystallization studies of the samples were performed on the DSC and
analyzed using the Avrami approach to further investigate the differences in the
crystallization rates between the odd and even number of carbon atoms in the alkyl side
chains. Figure 3.10 shows the fractional heat of fusion (a) as a function of time for three
representative odd-biscarbamates with extreme and intermediate alkyl side chain length
namely, C3C6, C7C6 and Ci5C6 as well as C8C6. Data of the other biscarbamates studied in
this series are not shown in this figure for the sake of clarity. As noted with the spherulite
size and spherulite growth rate variation, we see a much slower rate of crystallization for
the biscarbamates with extreme alkyl side chain length compared to those having
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Figure 3.10. Fractional heats of fusion of the biscarbamates as a function of time. Data
for other biscarbamates in this series are omitted for clarity.

intermediate side chain length. It is seen from Figure 3.10 that biscarbamate with the
shortest side chain length (C3C6) requires longer induction period for the commencement
of crystallization while those with longer side chain length (e.g., C15C6) starts
crystallization immediately after reaching the desired temperature. However, the faster
rate of initial crystallization of longer chain biscarbamates slows down over time with the
progress of crystallization and the initial slower crystallization rate of shorter chain length
biscarbamate is overcome after certain time period during their isothermal crystallization.
Along this series of biscarbamates C7C6 has the shortest induction time and narrowest
peak time range (1.9 min) compared to those of the extreme chain length biscarbamates
(9 min for C3C6 and Q5C6 respectively) indicating the fastest crystallization rate. It is
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also seen that the rate of crystallization of C7C6 of the odd series and CsCg show very
similar growth rates.
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Figure 3.11. Plots of In {-In [1- X(/)]} versus Int during isothermal crystallization of the
biscarbamates. Data for other biscarbamates in this series are omitted for clarity.

Figure 3.11 shows the plots of ln{-ln[l-Xfy]} versus Int for biscarbamates crystallized
isothermally at their respective crystallization temperatures with a linear relationship
between these two parameters. The results derived from the Avrami equation are given in
Table 3.4. It is seen that the exponent n is significantly smaller than 3, varying from 1.6
to 2.5 depending on the side chain length. A decrease of n from 3 shows that the
crystallization (nucleation and growth) is not truly three dimensional. This is evident
from the eaves trough-like growth of the spherulites seen for C13C6 in Figure 3.8, which
shows the smallest value of n.
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Table 3.4. Isothermal Crystallization Data Calculated According to the Avrami Equations
and Corresponding Avrami Plots.
Sample
C3C6
C7C6
C9C6
C11C6
C13C6
C15C6

Slope (n)

Intercept (\nK)

1.9164
2.5795
2.2149
1.8899
1.6390
1.9346

K
1.60 XI0" 4
3.56 XI0" 5
9.33 X 10~5
3.12 X10" 4
6.41 X 10"4
1.41 X 10"4

-8.740
-10.241
-9.280
-8.073
-7.353
-8.861

\n2/K

\ln

ha (s)

4332
19470
7429
2221
1081
4916

0.5218
0.3877
0.4515
0.5291
0.6101
0.5169

79
46
56
59
71
81

The Avrami exponent obtained from the slope of the curves in Figure 3.11 were used to
calculate the the t\a (time required for 50% crystallization) for the respective
biscarbamates according to Eq. (3.3). The variation in t\n values as function of alkyl side
chain length is shown in Figure 3.12.
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Figure 3.12. Change of half crystallization time, t\a as a function of number of carbon
atoms in the alkyl side chains.
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It is seen that C7C6 has the lowest ty2 value and hence the highest crystallization rate
along this series while the biscarbamate with extreme side chain length have higher tin
and consequently lower crystallization rate. This observation is in good agreement with
their spherulite size and spherulitic growth kinetics. The ty2 of C7C6 and CnC 6 are 46 and
59 s respectively while that of C8Cg and C12C6 studied earlier were only 8 and 40 s
respectively. Comparison of the t\a values of two biscarbamates containing successive
odd and even number of carbon atoms show that biscarbamate with even number of
carbon atoms show faster crystallization rate than that of the odd biscarbamate with
comparable side chain length.

3.3.6 Infrared Spectroscopy
Infrared spectroscopy of the biscarbamate molecules containing odd number of
carbon atoms in the alkyl side chains was performed with samples prepared with two
different protocols i.e., by quenching and slow-cooling. There is no significant difference
in the spectral profiles of the slow cooled and quenched samples which indicates that the
type of intermolecular interactions of these molecules seemed to be independent of
sample preparation protocol (quenching or slow-cooling) and the data presented here are
of slow-cooled samples. The spectral data corresponding to N-H, C=0 and CH2 groups
are summarized in Tables 3.5 and 3.6. Biscarbamates of this series show H-bonded N-H
stretching band at around 3319 cm"1 except for C3C6 which appears at 3326 cm"1. The
C=0 stretching band of these molecules appears at 1682 cm"1 without any significant
shift in position with respect to side chain length. Other two strong absorption bands
corresponding to the symmetric and asymmetric stretching vibrations of CH2 groups were
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Table 3.5. Infrared data of H-bonded N-H, and C=0 stretching bands of biscarbamates
with odd number of carbon atoms in the alkyl side chains.
H-bonded O=0

H-bonded N-H
ID

FWHM

Frequency (cm ') Intensity

Frequency (cm" ') Intensity

FWHM

C3C6

3326

25.8

26.6

1681

43.6

26.4

C7C6

3320

26.9

17.1

1681

47.7

16.7

C9C6

3320

25.6

18.9

1682

52.4

21.1

CnC6

3319

27.8

19.0

1682

54.1

22.0

C13Q

3318

25.9

19.5

1682

57.2

21.4

C15C6

3318

25.4

19.7

1682

58.7

24.6

Table 3.6. Infrared data of symmetric Cusym), and asymmetric (uasym) C-H stretching bands
of biscarbamates with different alkyl side chains.
Asymmetric C-H
ID

Frequency (cm"1)

Intensity

Symmetric C-H
Frequency (cm"1)

Intensity

C3C6

2938

42.5

2858

28.6

C7C6

2921

40.5

2856

27.0

C9C6

2918

40.5

2853

27.0

CnC 6

2917

40.5

2851

27.0

C13C6

2916

40.5

2851

27.0

CisCg

2915

40.5

2850

27.0

observed at around 2853 and 2920 cm"1 respectively. A weak band at around 2953 cm"1
and a very weak band at around 2877 cm"1 corresponding to the C-H asymmetric and
symmetric vibrations of the terminal CH3 groups are also observed. These latter weak
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bands diminish with the increased contribution of the CH2 groups as the alkyl side chain
length increases. Because of the difference in their bond order, N-H stretching mode was
found to be more susceptible to the change in intermolecular interactions than that of
C=0 group. A similar trend was seen with the symmetric and asymmetric C-H vibrations
where asymmetric vibrations were found to be more susceptible than the symmetric
modes of vibrations. The N-H stretching band of C3C6 appears at 3326 cm"1 and shifts to
3318 cm"1 for Q5C6 while that of C4C6 appears at 3321 cm"1 and shifts to 3316 cm"1 for
C16C6. However, the C=0 bands appear at around 1682 cm"1 for all of these molecules of
both the odd and even numbered series. It is seen from Table 3.5 that the full width at
half maxima (FWHM) of the H-bonded N-H and C=0 bands significantly decreases with
the increase in alky side length from C3 to C7. Beyond C7, FWHM increases, although
marginally, with further increase in alkyl side chain length. Such variation in the half
width is indicative of molecular interactions and was attributed to the crystalline order of
simple polyurethanes.24 Reduction in half width indicates increase in crystalline order.
Thus the lowest half width of the H-bonded N-H and C=0 bands of C7 indicates the
highest crystalline order among the biscarbamates of this series studied here. Note that
this molecule also showed the largest value of the Avrami exponent, n.

The variation of van der Waals interaction as a function of the alkyl side chain
length was reflected in the shift of asymmetric (vas) and symmetric (vs) absorption band
positions. Figure 3.13 shows that vas decreases exponentially while vs follow a sigmoidal
decrease with the increase of alkyl side chain length. For C3, vas and vs appear at 2938 and
2858 cm"1 while they shift to 2915 and 2850 cm"1 respectively for C15.
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Figure 3.13. Variation of (a) asymmetric and (b) symmetric CH2 stretching vibration
frequency of biscarbamates as a function of alkyl side chain length.
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The shift to lower wave number with side chain length reveals the stronger interaction
and hence more organization of the alkyl groups via van der Waals forces. Between the
two complementary attractive forces, hydrogen bonding dominates over the van der
Waals interactions when the alkyl side chain length is short (C3 - C7). With further
increase in the alkyl side chain length (C9 - C15) van der Waals interactions become more
significant leading to enhanced packing of the alkyl side chain length. A similar trend
was seen with the biscarbamate with even number of carbon atoms in the alkyl side chain
length.

3.4

Conclusions
We discussed the crystallization behaviour and morphology of a series of

homologous biscarbamate molecules with alkyl side chains of different carbon atom
parity. DSC analysis showed that these molecules do not show any polymorphism and are
highly crystalline in nature. The melting temperatures of CXC6 molecules with odd versus
even number of carbon atoms in the alkyl side chains show an odd-even alternation.
Biscarbamates with odd number of carbon atoms show higher melting temperatures than
the even numbered biscarbamates, which is in contrast to the thermal properties of nalkanes. The heat of fusion shows a relatively less pronounced odd-even effect. Optical
microscopy reveals that carbon atom parity in alkyl side chains influences the extent of
packing of these molecules leading to spherulitic morphology. C4C6 biscarbamate does
not show any spherulitic morphology whereas C3C6 forms well defined spherulites upon
crystallization from the melt. It is seen that the spherulite size increases with the increase
in alkyl side chain length reaching to a maximum at a certain length and then decreases
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with further increase. Hence the length of alkyl side chain, carbon atom parity in the alkyl
side chains and sample preparation protocol (i.e., quenching versus slow-cooling) play an
important role in the morphology of these molecules. Along this series of molecules, we
have seen a maximum spherulite size, spherulite growth rate and rate of crystallization
for C7C6 (odd series) and CsC6 (even series) biscarbamates. We rationalize this behaviour
with relative contribution of hydrogen bonding and van der Waals forces as discerned
from IR spectroscopy. Hence, we conclude that the thermal properties and the
morphology of these molecules can be tailored to the desired functional level by
changing the alkyl side chain length with right carbon atom parity.
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Chapter 4

Influence of Spacer Length and the Type of Terminal Groups
of Alkyl Side Chains on the Morphology and Crystallization
Behavior of Biscarbamates
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4.1

Introduction
While appropriate design of molecules with hydrogen bonding moieties leads to

supramolcular assembly, controlling the morphology of the structures created by such
assembly still remains as a challenge. Moreover, depending on the conditions of
solidification, molecular self-assembly may lead to formation of single crystals,
spherulites or gels of the materials. If a process, for example, allows the material to
solidify with large spherulitic morphology, the resultant solid would suffer from
brittleness and the lack of optical clarity. It thus becomes an important attribute to tailor
both molecular structure and the process protocol to achieve the desired morphology and
functionality of the materials. To this end, we have been studying the influence of side
chain length as well as single versus double hydrogen-bond motifs on the morphology
and miscibility behavior upon crystallization, blending and gelation of a class of
hydrogen-bond mediated self-assembling system of carbamates ' and biscarbamates '
because of their various potential applications as described in Chapter 1.

In our previous publications1"4 we studied and compared the morphology and
thermal behaviour

of N-octadecyl

carbamates

referred

therein as simple or

monocarbamates and biscarbamates with alkyl side chains of various lengths ranging
from C4 to Ci8. We observed significant differences in their morphology and thermal
properties which were attributed to the influence of single versus double hydrogen
bonding motifs as well as asymmetric versus symmetric alkyl substitution of the
molecules. The monocarbamates showed an increase in spherulite size with the alkyl side
chain length. However, with biscarbamates, the maximum spherulite size and growth rate
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were observed for a C% alkyl side chain. These observations were rationalized on the basis
of the relative contributions of hydrogen-bond and van der Waals forces.

Changing the alkyl spacer and side group length to modulate the ratio of
hydrophobicity to hydrophilicity of a molecule is a trivial but effective technique. There
has been a report that describes the effects of spacer group length on critical micelle
concentration in self-organization and micelle formations of polymerizable amphiphilic
organophosphorous surfactants. In other studies, Kawatsuki et al.6 showed that alkyl
spacer length affects the photoinduced molecular reorientation and LC alignment in
liquid crystalline methacrylate polymers.

In this chapter, we discuss the influence of spacer group length and the type of
terminal group (i.e., methyl versus phenyl) of the alkyl side chains on the morphology
and thermal behaviour of a set of biscarbamates. We synthesized a series of molecules
containing a spacer group which is twice the length of that of previously studied
biscarbamates and with alkyl side chains of variable length symmetrically attached to the
hydrogen bonding moieties. For the purpose of this study, we designate these molecules
as Cx-C6 and Cx-Ci2 where x refers to the number of carbon atoms in the alkyl side chains
and numbers 6 or 12 refer to the number of CH2 units in the spacer group between the
hydrogen-bonding moieties. We also synthesized a token compound with alkyl side
chains terminated with phenyl groups instead of terminal methyl groups and designate it
as PhC6-Ci2. The molecules studied here are shown in scheme 4.1.
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O
1II1

O

f
R— O—CHN-J- CH2

Biscarbamate:

O

NHC—O—R
O

Phenyl terminated biscarbamate: ^ - ( c H 2 ) —O—CHN~4- CH2 -4- NHC— C—(CH2)-@
R = n- alkyl, number of C atoms ranges from 4 to 18; x = 6 or 12
Scheme 4.1
We believe that the increase in spacer length would lead to an increase in the
relative contribution of the van der Waals forces with respect to that of hydrogen bonding
which remains constant in all the molecules in this series. This in turn would result in
morphologies different from those observed with a ( C H ^ spacer. The substitution of the
terminal methyl group with a bulky phenyl group is supposed to affect the molecular
organization of the molecules. In this study, we discuss the observed properties of these
molecules and compare them with previously studied biscarbamates with different spacer
length and alkyl terminal groups in terms of their morphology and thermal behaviour.

4.2

Results and Discussion

4.2.1 Thermal Behaviour
The biscarbamates studied here showed a single sharp transition in the DSC
corresponding to their melting in the heating cycle and crystallization from melt to solid
in the cooling cycle as shown in Figure 4.1. The sharp melting peak without any other
transitions prior to melting indicate the purity, crystallinity and the absence of any
polymorphism in these samples.
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Figure 4.1. DSC traces of biscarbamates showing phase transitions corresponding to
melting and crystallization in the heating and cooling cycles respectively.

The melting temperatures of these compounds are shown in Table 4.1 and Figure
4.2 along with those of another set of previously studied homologous biscarbamates with
a (CH2)6 spacer between the hydrogen bonding moieties. If we consider that an increase
in molecular flexibility would lead to a decrease in the melting temperature, based on a
comparison of the melting temperatures, we find that increasing the spacer length from
C6 to C12 does not lead to an increase in flexibility of the molecules. Sandwiched between
two hydrogen bonding moieties, the longer alkyl spacer enhances the van der Waals
interaction and leads to higher melting temperatures. Figure 4.2a shows that the melting
temperatures (Tm) of these biscarbamates increase with the alkyl side chain length. The
effect of the alkyl chain length on the Tm is more significant with the C6 spacer than the
C12. With the shorter spacer, the Tm increases by 29 °C (from 91 to 120 °C) as the side
chain length increases from C4 to Ci8, whereas the increase is only 16 °C with the Cn
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spacer. In addition, with the (CH2)6 spacer, an increase of ~15 °C is seen between C4 and
Cg side chains. However, the increase is only 7 °C with the Q 2 spacer.

Table 4.1. Comparison of the melting temperatures of the biscarbamates with different
spacer groups and alkyl side chains.

CxCi2 Biscarbamate

CXC6 Biscarbamate

ID

molecular formula

T °C

ID

molecular formula

C4-C12

H 9 C 4 OOCNH(CH 2 ) 1 2 NHCOOC 4 C 9

101 3

C 4 -C 6

H 9 C400CNH(CH2)6NHCOOC 4 C9

91 3

PhC 6 -Ci 2

PhHi 2 C 6 OOCNH(CH 2 ),2NHCOOC 6 Ci 2 Ph

91 14

C 6 -C 6

Hi 3 C 6 OOCNH(CH2) 6 NHCOOC 6 Ci3

97 1

C 8 -C, 2

Hi 7 C800CNH(CH 2 ) 1 2 NHCOOC g C 1 7

108 1

C 8 -C 6

Hi 7 C 8 OOCNH(CH 2 )6NHCOOC 8 Ci 7

106 6

C12-C12

H 2 5 C 1 200CNH(CH 2 ) 1 2NHCOOC,2C2 5

113 4

Ci2-C 6

H 25 Ci 2 OOCNH(CH 2 ) 6 NHCOOCi2C25

114 9

C, 8 -Ci2

H 3 7C, 8 OOCNH(CH2)i 2 NHCOOC, 8 C 3 7

117 6

C, 8 -C 6

H 3 7 C 1 8 OOCNH(CH2) 6 NHCOOC I 8 C 3 7

120 4

T

°C

Thus, the effect of the alkyl side chain becomes less pronounced with the longer
spacer. In both cases, the increase in Tm becomes less significant as the side chain length
increases (e.g., from C12 to C18). Similar decrease in increment of Tm with an increase in
side chain length was also observed with aliphatic polyurethanes.7 It is also seen that with
the C4 side chain, the Tm is higher by 10 °C with the C i2 spacer. With a short C4 side
chain, the van der Waals interaction promoted by the longer Ci2 spacer leads to an
increase in Tm, relative to the C& spacer. The difference becomes less with an increase in
side chain length. With both spacers, the Tm approaches that of short chain polyethylene.
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Figure 4.2. The variation of (a) melting temperature of biscarbamates as a function of
alkyl side chain length with (CH2)6 (
) and (CH2)n (—) spacers; (b) Tm as a function
of the total number of (CH2) groups in the biscarbamates and n-alkanes; (c) heats of
fusion. The Tm and Hf for the phenyl terminated C6C12 are also shown in (a) and (c).

96
The van der Waals and hydrogen bond interactions play a role in the variation of the
Tm with the length of the spacer and the side chain. Let us consider the number of carbon
atoms (not including the carbonyl carbons) in the biscarbamate molecules with C(, and
C12 spacers. Figure 4.2b shows a plot of the Tm versus the number of carbon atoms in the
biscarbamates. It is seen that irrespective of the spacer length, Tm values fall on the same
curve. (We see the difference in the variation of Tm between the two cases in Figure 4.2a
since the alkyl side chains are placed differently). A common attribute is the contribution
from the two hydrogen bond moieties. The melting temperatures of n-alkanes are also
plotted in Figure 4.2b. There is difference of 71 °C in Tm between C4-C6 and hexadecane
(both having 16 carbon atoms), which can be attributed to the presence of two hydrogen
bonds in the biscarbamate. We attribute the difference in the Tm of an n-alkane and the
biscarbamate (having the corresponding number of alkyl carbon atoms) to the hydrogen
bond contribution. As the number of carbons in the molecule increases, the relative
contribution of the hydrogen bonds decreases with respect to the van der Waals
interaction. The difference in Tm is only 25 °C between Cig-Ci2 and pentacontane
[CH3(CH2)48CH3].

While the biscarbamates studied before had hydrogen bonding and van der Waals
interactions, the purpose of introducing a phenyl termination (PhC6Ci2) in this work was
to include a third self-assembling code, namely 7T-stacking. Such a system with three
self-assembling codes is expected to be highly stabilized, with a high Tm. However, the
phenyl terminated PhC6-Ci2 biscarbamate has a lower melting temperature (91.3 °C) than
that of C4-C12 biscarbamate (101.3 °C) (Figure 4.2). This could be due to the disruption in
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the conformational ordering of the alkyl side chains arising from the presence of bulky
terminal phenyl groups, and leads to the conclusion that the terminal phenyl groups act as
defects. Figure 4.2c shows the variation of heat of fusion (AH) as a function of alkyl side
chain length. As with the Tm, the AH is larger for the biscarbamates with the C12 spacer
and C4 and Cg side chains, with a side chain length of C12 or longer, the difference in AH
between the C6 and C12 spacers becomes less significant. It is also seen that the heat of
fusion of PhC6-Ci2 biscarbamate is lower than that of the corresponding alkyl terminated
biscarbamate by a few tens of joules per gram of the sample, indicating less order.

4.2.2. Morphology
Morphology of these biscarbamates was investigated with optical microscopy.
Figure 4.3 shows the cross polarized optical micrographs of the quenched (left) and slowcooled (right) samples of the corresponding Cx-Ci2 biscarbamates. All these samples
exhibit spherulitic morphology, with the slow-cooled samples crystallizing with larger
spherulites than the corresponding quenched samples. This is in contrast to the
morphological behaviour of the corresponding C4-C6 biscarbamate which showed no
spherulitic morphology for either quenched or slow-cooled sample.3 It indicates that the
longer spacer group between two H-bonding moieties plays an important role in
induction of the spherulitic morphology of this sample. Figure 4.4 shows the variation of
the spherulite size with respect to the alkyl side chain length and the type of terminal
group for both quenched (4.4a) and slow-cooled (4.4b) samples. The spherulites of the
slow-cooled samples are larger than those of quenched samples by a factor of more than
an order of magnitude.
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Figure 4.3. Optical micrographs of quenched (left) and slow-cooled (right) Cx-Ci2
biscarbamate samples with different alkyl side chain lengths and terminal groups.
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Figure 4.4. Variation of spherulite size of (a) quenched, (b) slowcooled Cx-Ci2
biscarbamate samples as a function of alkyl side chain length and the type of terminal
groups, (o) methyl terminated and (•) phenyl terminated biscarbamates.

The range of spherulite sizes is about the same with both Cf, and C12 spacers,
varying from 80 to 200 [im for the quenched and from 500 to 2500 [im in the case of
slow-cooled samples, depending on the length of the alkyl side chain.3 A maximum in
spherulite size is seen for C8-Ci2, similar to the case of Cg-C6. However, with a further
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increase in side chain length, the spherulite size decreases for C12-C12 and a sharp
increase is seen for Ci8-Ci2 for both quenched and slow-cooled samples. While the
micrographs in Figure 4.3 show the morphology of the quenched and slow-cooled
samples, the spherulitic growth is highly fibrous, consisting of twisted lamellae during
isothermal growth. This is shown in Figure 4.5 for C12-C12. Figure 4.4 also shows that
phenyl terminated FhC^Cn biscarbamate form smaller spherulites than expected for its
corresponding methyl terminated biscarbamate. Fewer nucleation sites in the samples
result in larger spherulites. The variation in nucleation site density and of spherulite size
with respect to the alkyl side chain length can be rationalized with the relative
contribution of H-bonding and van der Waals interactions of the molecules. Increased
intermolecular association is expected to contribute to increased nucleation site density
and hence to reduction in the spherulite size. This rationale can be explained with
infrared spectroscopy of these biscarbamates.

4.2.3 Spherulite Growth Rate
The influence of alkyl side chain and spacer group length on crystallization of these
molecules was further investigated with isothermal spherulite growth using hot stage
microscopy as described in the experimental section. For example, Figures 4.5 and 4.6
show the micrographs of C12-Q2 and PhC6-Ci2 respectively, recorded at different times
of spherulite formation. It is seen that the spherulite grows radially with extensive
sequential branching of the lamellae. The size of the spherulites with time is shown in
Figure 4.7a for the biscarbamates studied in this work. None of these plots extrapolate to
a spherulite size of zero at t = 0 s indicating a very fast growth of spherulites in the
beginning.
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Figure 4.5. Optical micrographs of C12Q2 biscarbamate showing isothermal spherulite
growth with time.

It is seen that the spherulite growth is complete due to impinging of the adjacent
spherulites within 8 s for C4-C12 and Cg-C^ while it takes about 16 and 12 s for Q2-C12
and C18-C12 respectively. Such completion of growth occurs faster with the C12 spacer. It
was seen in our previous study that with C^ spacers, it took 20 s for the C12 side chain and
28 s with Ci6 and Cjg side chains to complete the growth.3 Figure 4.7b shows the
spherulite growth rate as a function of alkyl side chain length. The spherulite growth rate
increases from C4 to Cs with a minimum with C12. Consistent with the time to complete
the growth, the rate of growth is also higher with the C12 spacer. For example, with the Cg
alkyl side chain, the rate of spherulite growth is 160 um/s with the C12 spacer (Figure
4.7b), and 115 um/s with the C6 spacer.3 The spherulite growth rate decreases
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significantly when the terminal methyl group is replaced with phenyl groups. This
observation conforms with the change in spherulite size of these molecules with respect
to the alkyl side chain length and the type of alkyl terminal groups.

2.1 sec

250 micron
3.9 sec

250 micron

Figure 4.6. Representative optical micrographs of PhCgC^ showing isothermal spherulite
growth over time.
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Figure 4.7. (a) Growth of spherulites with time, and (b) rate of spherulite growth as a
function of number of carbon atoms in the alkyl side chains of the biscarbamates.

4.2.4 Rate of Crystallization
While the spherulite growth data discussed above were obtained from optical
microscopy, isothermal crystallization studies were performed with the DSC as described
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in the previous chapter. The crystallization rates vary with the alkyl side chain and spacer
group lengths. Figure 4.8a shows the fractional heat of fusion (a) as a function of time for
Cg-Ci2, C12-C12 and Cig-C12 biscarbamates isothermally crystallized in the DSC. As noted
with the variations in spherulite size and spherulite growth rate, a slower crystallization
rate is seen for C12-Q2 than the other two mentioned above. The t\a (time required for
50% crystallization) values are 1.07, 1.70, and 1.09 min for Cg-C^, C12-Q2 and C18-C12
respectively. The differences in these values indicate that C12-C12 takes about double the
time to crystallize than the other two. Comparison of the rate of crystallization of Cx-Ci2
with that of previously studied Cx-C6 biscarbamate3 shows that increase in the spacer
length significantly decreases the crystallization rate of these molecules.

Figure 4.8b shows a plot of the crystallization in terms of the Avrami equation for
Cg-Ci2, C12-C12 and Ci8-Ci2. The parameters are given in Table 4.2. It is seen that the plot
for C12-C12 consists of two regions. There is a significant change in the slope after 12
seconds (ln£ = 2.5). The value of n varies from 2.5 to 2.8 for the rest. Such values close to
3 indicate three dimensional growth of the nuclei and the non-integral values denote
constant radial growth of the spherulites. For C12-C12, the initial value of n is 3.2, and it
reduces to 1.3 after 12 seconds. The value close to 1 has been interpreted as due to nonrandom one dimensional growth.
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Figure 4.8. (a) Fractional heat of fusion of the biscarbamates as a function of time; (b)
The plot in terms of the Avrami equation.
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Table 4.2. Avrami parameters calculated from isothermal crystallization data.
Sample

Avrami Exponent, n

C4C12
PhC6Ci2
C8C12
CnCn
CnCn
C18Ci2

2.79
2.46
2.42
3.19
1.31
2.46

K
2.14 X10" 6
3.12 X I 0 - 5
2.12 X10" 5
6.42 XI0" 6
1.28 X 10~3
2.29 X10" 5

"based on the first crystallization regime (data range: Int up to 2.67 {t = 14.4 s)).
*based on the second crystallization regime (data range: \nt from 2.67 onward).

4.2.5 X-ray Diffraction and Structural Features
The J-spacings and corresponding relative intensities of the reflections of quenched
and slow-cooled samples are listed in Tables 4.3 and 4.4 respectively. There is no
substantial difference between the corresponding peak positions of quenched and slowcooled samples, which indicates that molecular packing mode is independent of sample
preparation procedure (quenching or slow-cooling). It is seen from Table 4.3 that the
largest J-spacing of individual biscarbamates increases from 17.28 A for C4-C12 to 26.72
A for C18-C12. This increase is almost linear with respect to the alkyl side chain length.
Figure 4.9 shows a plot of the largest <i-spacing and the calculated molecular length as a
function of alkyl side chain length. A similar trend was found in the case of Cx-C6
biscarbamates where the largest J-spacing increased linearly with the calculated
molecular length. Table 4.3 shows that apart from the reflection corresponding to the
longest d-spacing, most of the other reflections are either weak or of moderate intensity.
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Figure 4.9. Longest observed d-spacing and the calculated molecular length.
As mentioned above, these are from either quenched or slow-cooled samples from the
melt. We thought that it could be due to the orientation of the lamellae during the
spherulitic growth. However, placing the sample in different directions in the X-ray beam
did not significantly change the intensity pattern.

Figure 4.10 shows the X-ray diffraction profiles of the as-synthesized methyl
terminated biscarbamates with the C12 spacer. It is seen that except for the large dspacing reflection, all the others are weak, and the reduction in intensity of these
reflections becomes more significant as the alkyl side chain length increases. This is
found to be the case for both Q^ and C12 spacers. Figure 4.11a compares the X-ray
diffraction traces for Cig-C6 and Cig-Ci2. In both cases, only a single reflection is of
significant intensity and the others are weak.
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Figure 4.10. XRD trace of as synthesized biscarbamates: (a) C4-C12, (b) C8-Ci2, (c) CnC12, and (d) C18-C12. ^-spacing values are in A.

Figure 4.11b shows, as an illustration, a plot of the ratio /35//100 for the biscarbamates
with C12 spacer and different alkyl chain lengths. Here, h 5 is the intensity of the
reflection with d = 3.5 A, and /100 the most intense reflection in each case. The 3.5 A
reflection was assigned to the distance between the hydrogen bonding planes in our
previous work with the C6 spacers.3 It is seen that the ratio becomes small with an
increase in the alkyl side chain length. This shows that even with the as-synthesized
sample, there is a preferential stacking of the molecule in one direction and that it
becomes more significant as the length of the alkyl side chain increases.

Table 4.3. Interplanar spacings, d (A), and Intensities, / (%) of X-ray diffraction patterns
of slow-cooled samples.
PhC6C12

C4C12

d

d

I

35.45

41.1

26.05

100.0

17.82

25.4

17.29

11.92

37.2

8.93

37.9

7.14

67.7

12.3

4.79

2.4

4.44

4.2

4.34

18.6

4.23

34.9

3.95

3.69

30.8

I

9.9

3.32
3.22

I

d

I

d

I

100.0

23.36

100.0

26.72

100.0

70.3

12.62

42.7

14.84

18.0

17.02

17.6

10.02

100.0

9.09

2.6

10.78

3.6

10.23

11.3

7.09

8.1

7.10

0.9

8.49

11.3

6.98

2.2

6.33

2.0

5.94

0.6

5.17

2.1

5.05

0.7

4.29

31.4

4.12

20.9

4.26

1.7

7.0

5.83

9.4

4.60

0.3

4.58

0.3

4.24

0.9

4.27

10.8

4.02

50.6

3.99

2.8

3.79

2.6

3.79

0.6

3.72

0.1

44.2

3.54

d

C18C12

20.69

5.49
5.06

C12C1

CgCi2

3.53

32.7

4.01

15.0

3.95

13.0

3.73

3.0

3.73

7.4

3.65

8.4

3.58

8.2

3.56

10.1

3.56

12.9

3.1

3.33

2.7

3.37

7.3

3.41

15.2

2.6

3.09

0.3

3.16

0.5

3.28

1.6
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Table 4.4. Interplanar spacings, d (A), and Intensities, / (%) of X-ray diffraction patterns
of quenched samples.
PhCeCi2

C4C12

d
35.45

41.1

26.05

100.0

17.82

25.4

17.29

11.92

37.2

8.93

37.9

7.14

67.7

12.3

4.79

2.4

4.44

4.2

4.34

18.6

4.23

34.9

3.95

3.69

30.8

9.9

3.32

3.1

3.22

2.6

I

d

C18M2
^C

I

d

100.0

23.36

100.0

26.72

100.0

70.3

12.62

42.7

14.84

18.0

17.02

17.6

10.02

100.0

9.09

2.6

10.78

3.6

10.23

11.3

7.09

8.1

7.10

0.9

8.49

11.3

6.98

2.2

6.33

2.0

5.94

0.6

5.17

2.1

5.05

0.7

4.29

31.4

4.12

20.9

4.26

1.7

7.0

5.83

9.4

4.60

0.3

4.58

0.3

4.24

0.9

4.27

10.8

4.02

50.6

3.99

2.8

3.79

2.6

3.79

0.6

3.72

0.1

44.2

3.54

d

C12C1

20.69

5.49
5.06

i

CgCi2

3.53

3.09

32.7

0.3

4.01

15.0

3.95

13.0

3.73

3.0

3.73

7.4

3.65

8.4

3.58

8.2

3.56

10.1

3.56

12.9

3.33

2.7

3.37

7.3

3.41

15.2

3.16

0.5

3.28

1.6
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The two reflections with J-spacings of 4.2 A and 3.5 A are common to all the samples
studied here. In our previous work, the 4.2 A reflection was assigned to the distance
between the molecules in the hydrogen bonding plane and the 3.5 A reflection, to the
distance between these planes (it was actually 3.8 A in the case of biscarbamates with C$
spacer). Figure 4.12 shows the variation of crystallite size at d = 3.5 and 4.2 A with
respect to the number of alkyl side chains which conforms with the variation of spherulite
size and rate of crystallization of these molecules.

4.2.6 Infrared Spectroscopy
Infrared spectroscopy of these molecules does not show any significant difference
in the spectral profile of the slow-cooled and quenched samples, and the data presented
here are of the former.

Biscarbamates of this series show H-bonded N-H and C=0 bands at around 3331
and 1682 cm" respectively. Other two strong absorption bands corresponding to the
symmetric and asymmetric stretching vibrations of C-H bonds were observed at around
2850 and 2920 cm"1 respectively. A weak band at around 2958 cm"1 and a very weak
band at around 2874 cm"1 corresponding to the C-H asymmetric and symmetric vibrations
of the terminal CH3 groups are also observed. These weak bands diminish with the
increased contribution of the CH2 groups as the alkyl side chain length increases and
vanish when the terminal CH3 groups are replaced by phenyl groups as shown in Figure
4.13 a. Because of the difference in their bond order, the N-H group was found to be more
susceptible to change in intermolecular interactions than the C=0 group.
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Figure 4.11. (a) XRD traces normalized to the highest intensity peak of Cig-C6 and CigC12 biscarbamates, and (b) the ratio of the peak intensity at d = 3.5 A to that of the peak
with highest intensity as a function of alkyl side chain length of Cx-Ci2 biscarbamates.
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Figure 4.12. The variation of crystallite size of the biscarbamates at d 3.5 and 4.2 A as a
function of alkyl side chain length.

Table 4.5. Infrared data for H-bonded N-H and C=0 stretching bands of biscarbamates
with different alkyl side chains.
H-bonded N-H
ID
PhC6-C12
C4-C12

C$-Cn
C12-C12
C18-Q2

Frequency 1cm"1) Intensity
3336
3331
3330
3330
3328

23.2
28.9
26.9
24.9
20.0

* Full width at half maximum

H-bonded C=0
FWHM*
27.1
30.8
22.9
23.0
22.5

Frequency ( cm"1) Intensity
1683
1682
1683
1684
1684

61.9
65.1
60.0
57.2
53.8

FWHM
20.5
22.1
20.8
18.7
18.7
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A similar trend was seen with the symmetric and asymmetric C-H vibrations where
asymmetric vibrations were found to be more susceptible than the symmetric ones due
probably to the energy differences related to these modes of vibrations. This trend is
found to be common among the molecules within both the Cx-C6 and Cx-Ci2 series and
between the corresponding molecules of these two series. The N-H band of C4-C6 appears
at 3324 cm"1 and shifts to 3319 cm"1 for Cig-C6 while that of C4-C12 appears at 3331 cm"1
and shifts to 3328 cm"1 for C18-C12 (Figure 4.13b). However, the C=0 bands appear at
1682 cm"1 for all of these molecules. The bands corresponding to vas and vs show a
similar trend. The v^ of C4-C6 appears at 2935 cm"1 and shifts to 2915 cm"1 for Ci8-C6
while vas of C4-C12 appears at 2923 cm"1 and shifts to 2915 cm"1 for Cig-Ci2. The
difference in vas between C4 and Cis molecules of both the series is more than that in vs.
Table 4.5 shows that among the molecules of Cx-Ci2 series, the position of H-bonded NH remains almost same from C4-C12 to C12-C12 and shifts slightly to a lower wave number
for Cig-Cn. The intensity of the peak decreases from C4 to C12, but the half width also
decreases from 30.8 to 22.5 wave numbers.

Table 4.6. Infrared data for symmetric (us), and asymmetric (uas) C-H stretching bands of
biscarbamates with different alkyl side chains.
Asymmetric C-H
Sample ID
PhC6-C12
C4-C12
C8-C12
C12-C12
C18-C12

Frequency (cm")
2923
2923
2919
2916
2915

Symmetric C-H

Intensity

Frequency (cm" )

Intensity

42.5
40.5
44.6
54.5
60.0

2850
2850
2851
2850
2850

28.6
27.0
32.5
39.0
45.2
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On the other hand, Figure 4.13 and Table 4.6 show that the vas changes significantly
from C4-C12 to C12-C12 indicating enhancement in van der Waals force with increased
alkyl side chain length. The intensity of the N-H band decreases while vas increases
consistently with the increase of the alkyl side chain length indicating the relative
decrease in the contribution of H-bond compared to van der Waals forces in molecular
association. Thus it is likely that there is a balance between these two forces in the C12C12 molecule that contributes almost equally to all the three directions of crystal growth.
It should be noted that these molecules assemble through both H-bond and van der Waals
forces in the H-bonding directions and with the aid of only van der Waals force in the
other two directions. When the terminal groups of one of these molecules are replaced
with phenyl groups, the H-bonded N-H and asymmetric C-H vibration bands appear at
3336 and 2923 cm"1 respectively. The absorption frequencies of these two bands of PhC6C12 are quite higher than that of the corresponding methyl terminated molecule. The shifts
of these bands to higher wave numbers compared to the corresponding methyl terminated
molecule indicate that both the H-bond and van der Waals forces are less strong in this
molecule. The bulky phenyl groups seem to prevent closer packing of these molecules
due to conformational mismatch instead of enhancing it through 7T-7T interactions. These
observations are consistent with the lower melting temperature and smaller heat of fusion
of the PhCe-Cn molecule compared to the methyl terminated molecules which has even
fewer number of carbon atoms in the alkyl side chain.
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4.3

Conclusions
We studied the thermal properties and morphology of a series of homologous

biscarbamate molecules with a longer spacer group than those in our previous work. DSC
analysis showed that these molecules lack polymorphism and are highly crystalline in
nature. While it might be expected that a longer spacer would lead to more
conformational flexibility, we find that it is not the case with these molecules. With both
C6 and C12 spacers, we find that the maximum in the spherulite size as well as the rate of
spherulite growth occur with an alkyl side chain length of Cg. The Avrami analysis of
crystallization shows that the highly symmetric molecule with the Ci 2 spacer and C12 side
chain follows two-stage crystallization. Along this series of molecules, a minimum
spherulite size, spherulite growth rate and rate of crystallization were observed for this
symmetric C12-C12 biscarbamate. We rationalize this behaviour with relative contribution
of hydrogen bonding and van der Waals forces as discerned from IR spectroscopy. When
the terminal methyl group is replaced with a bulky phenyl group the melting temperature,
heat of fusion and the spherulite size of the molecule decreased significantly. The phenyl
terminal groups act as defects. These structural features thus provide extra knobs to tune
the functional properties of these molecules.
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5.1

Introduction
The complementarity and specificity of hydrogen bond mediated self-assembly in

biological systems has been effectively used in recent years to create supramolecular
structures of various architectures.1"5 Such strategy involves design of molecules with
multiple hydrogen-bonding sites, with specific donor-acceptor sequence. By the choice of
complementary DAD: ADA and DAAD: ADDA pairs, linear pseudopolymer structures,
and ribbonlike polymers, respectively, have been achieved.3 There is also a significant
interest currently in the area of organic/inorganic hybrid materials,6 organometallics with
M-H

OC type of hydrogen bonding,7 donor/acceptor complexes, etc., which involve

blending/doping in order to create such hybrid systems. In designing self-assembling
supramolecular structures, the side chain plays a role. Blending of two homologous self
assembling small molecules, which differ only in the length of the side chain (e.g., alkyl),
is expected to lead to a miscible, cocrystallized system, in which the alkyl chain of the
components could intercalate. It is then of interest to investigate how the hydrogen
bonding or aromatic interaction that mediates the self-assembly of the individual
component would drive the final structure and morphology in the blend. We discuss here
a system of homologous self-assembling small molecules, which differ only in the length
of the alkyl side chain, do not show such miscibility. However, they mutually modify the
crystallinity, spherulitic morphology, and spherulite growth rate.

The phenomenon of self-sorting during the association of mixtures of molecules has
been studied by a number of authors. _I These molecules possess self-assembling
attributes such as hydrogen bonding. During aggregation in solution or crystallization,
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these molecules discriminate between self- and non-self-species, i.e., one type of
molecule recognizes and interacts with its own kind. Although the possibility of
interaction with the other species might exist, this is ignored. This has been termed the
narcissistic self-sorting, as in enantiomeric self-recognition. '

Self-sorting polymers

have also been described.12 These are polymers with hydrogen-bonding side chains, such
as thymine and cyanuric acid based recognition units. These were shown to self-assemble
with their complementary diamido pyridine and isophthalic wedge moieties. In this
paper, we describe the behaviour of mixtures of homologous self-assembling molecules.
These have identical hydrogen-bonding moieties and differ only in the length of the alkyl
side chain. Even a small difference in the length of the alkyl chain is not tolerated during
the mixing, and each type crystallizes separately.

Although there have been studies on creating supramolecular polymeric structures,
small molecules bearing such hydrogen-bonding moieties have been explored for
applications such as vehicles for phase-change inkjet technologies. Examples are
carbamates and biscarbamates (Scheme 5.1) with alkyl side chains.15"17 These systems
have a low melt viscosity of about 8-12 centipoises, which is ideal for jetting from the
melt and melting temperatures (Tm) of 60 - 120 °C. The viscosity and Tm are varied by the
choice of length of the alkyl side chains. Whereas carbamates have been known

since

the 1950s and have such diverse applications as anti-inflammatory agents,19 pesticides,20
etc., new applications are emerging in technologies such as inkjet printing.
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O

Simple carbamate:

I

H 3 7 C 1 8 - N H ~ C ~ O —R
O

Biscarbamate:

R — O — CHN

O

CH2" - N H C - O - R
6

Scheme 5.1. R = n-alkyl; Number of C atoms ranging from 4 to 18.

In this chapter, we discuss the effect of blending two homologous self-assembling
molecules on the structure and morphology. We examine if blending two homologous
self-assembling molecules, which differ only in the length of the alkyl side chain, leads to
miscibility between them such that a sharing of the hydrogen-bonding scheme and mutual
intercalation of alkyl chains occur. Or, do they self-sort and each of them selectively
assembles with its own type? We use biscarbamates as an example, with different alkyl
chain lengths. Although the central part of the molecules is the same, the difference in the
side chain length causes a disruption in the packing of the molecules and changes in the
melting temperature and crystallinity. In addition to a reduction in the spherulite size, the
rate of growth of the spherulites is also affected. The miscibility behaviour seen here is
91 9^

compared with studies on hydrogen-bonded polymer mixtures.

5.2

Experimental

5.2.1 Preparation of the Blends
The synthesis of biscarbamates used in this study has been described before 5 ' [ '
and involves reacting 1,6-diisocyanatohexane with different alcohols ranging from 1butanol to 1-octadecanol. Binary blends of biscarbamates were prepared by melt mixing,

123
with 80/20, 60/40, 50/50, 40/60, and 20/80 (wt %) compositions. Since the melt viscosity
of these samples is very low, mixing via this procedure was found to be convenient. Preweighed mixtures of biscarbamates were heated in a 5-mL vial at a temperature of 20 °C
above that of the higher melting component with continuous stirring. After 1 h, the melt
was slowly cooled to room temperature. Three types of binary blends were prepared with
C4/Ci8, Cg/Cn, and CWCis biscarbamates (the sample Cx refers to the biscarbamate
having x number of carbon atoms in the alkyl side chain derived from the alcohol). The
Cs/Cn series was used for most of the study. The other two were used to rationalize the
miscibility behaviour.
5.2.2

Methods
The optical micrographs were recorded on a Zeiss Axioplan polarized optical

microscope (OM) following the method described in Chapter 2. For the kinetic study of
the spherulite growth, a Linkam hot stage LTS 350 equipped with a Linkam TMS 94
thermo-controller was used. In these studies the samples were heated to a temperature 20
°C above that of the higher melting component at a rate of 5 °C/min and held at that
temperature for about 10 min. The samples were then cooled at a rate of 2 °C/min down
to a temperature of 5 °C above the crystallization temperature (Tc) and after that at the
rate of 0.1 °C/min down to the Tc. Northern Eclipse image processing software was used
to capture the images at specific time intervals during the crystallization of the samples
isothermally held at their Tc followed by the calculation of the spherulite size for
subsequent data processing.
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FTIR spectra of the pure biscarbamates and their blends were taken under ambient
conditions with a Varian 1000 Scimitar Series spectrophotometer following the method
described in Chapter 2. Spectra for select samples were recorded at different
temperatures, by heating the pellet beyond the melting temperature of the sample and
recording the spectra as the sample cooled and solidified.

5.3

Results and Discussion

5.3.1Thermal Behaviour
The change of heat of fusion as a function of the composition of the binary blends
prepared from Cs and Cn is shown in Figure 5.1. It is seen that the heat of fusion
decreases initially with an increase in the fraction of Cn in the blend. It passes through a
minimum with a weight fraction of 0.5. It then increases significantly with the amount of
C12 in the blend. A similar trend was seen with the other two sets of C4/C18 and C16/C18
blends. Such variations in heat of fusion with respect to the blend composition raises a
question as to whether the components of the blends are miscible, at least at certain
compositions, leading to cocrystallization with a decreased crystallinity or whether they
act as mutual diluents. This was addressed by examining the DSC traces.

The components of the blends are members of a homologous series having two
hydrogen-bonding moieties and symmetric alkyl side chains with a possibility of
hydrogen bond either between its own type or with the other component. In all cases, the
two hydrogen bonding moieties are separated by a hexyl group. The DSC thermograms
of the C8/Ci2 blends at different compositions are shown in Figure 5.2. It is seen that a
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60/40 blend of Cg/Cn shows a single peak in the DSC trace indicating the possibility that
the blend components are miscible with each other. It seems, however, not to be the case
if we look into the crystallization curve of this blend and melting characteristics of the
blends of other compositions.
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The melting points of the blends of biscarbamates obtained from DSC analysis are
shown in Table 5.1. The difference in the Tm with a scan rate of 1 °C/min was less than 1
°C. The melting points of slow-cooled and quenched samples are not significantly
different, and we discuss the slow-cooled samples here. It is seen from Table 5.1 that the
melting temperature of Cs is lower than that of C12 by about 8 °C. Among the various
compositions of Cg/Ci2 blends only 60/40 composition shows a single peak in DSC
(Figure 5.2a). If this single peak arises from the complete miscibility of the blend
components at this particular composition, we expect the Tm of the blend to be in between
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the melting temperatures of the respective pure components. However, it is found to be
less than that of the lower melting component. Moreover, the cooling curve (Figure 5.2b)
shows a splitting of the peak with a temperature difference of about 6 °C, which indicates
a phase separation in the blend during its crystallization. The DSC trace obtained with
the scan rate of 1 °C/ min for this blend is shown in Figure 5.2c. The inset in this figure
shows a shoulder at a temperature close to the peak of the endotherm.

To rationalize again the possibility of miscibility vs mutual diluent effects, another
two sets of blends were prepared and investigated with respect to their thermal behaviour.
The first set comprises of C4 and Cjg (Figure 5.2d) with the largest possible difference
between the chain lengths of the alkyl groups and the other consists of C16 and Cig
biscarbamates with the least difference in their alkyl chain length. The results obtained
are also summarized in the Table 5.1. Table 5.1 shows that, for AB-type binary blends
(where A refers to the biscarbamate with shorter alkyl side chain), there is a splitting of
the peaks in DSC thermograms at certain compositions (Figures 5.2). The peaks
correspond to two melting points where the first melting point is lower than that of the
pure biscarbamate A, and the second one was lower than that of the pure biscarbamate B.
It is seen that with the increment of fraction of B in the blend the second melting point
increased while the first melting point decreased, as seen from Figure 5.3 for these
blends. This observation can be attributed to the possible diluent effect exerted on each
other by the components present in the blend. This figure shows the effect of one
component on the melting temperature of the other.

127

/
10-

D)

\

/'

20I

I
I

30-

ra
X

c jc„ 100/0
40-

8

12

8

12

8

12

C /C

1 I

60/40

c /c 0/100
50-

60

1

I

'

70

I

•

80

(a)
I

90

•

l

100

i

i

i

110

i

120

i

i

130

i

140

Temperature ( C)

30
25
20
15
10

D>

5

^

0.

1 S -15X

20-

-2530 •

3520

C8/C12 60/40 heating
C 8/C12 60/40 cooling

-r40

60

80

(b)
100

Temperature ( C)

(Caption on next page)

120

140

C S /C 12 100/0
•C 8 /C 12 60/40

c 8 /c 12 0/100

(C)

Tamparatu a ( C)

—I—

40

60

80

100

120

140

160

Temperature ( C)

100

120

160

Temperature ( C)
Figure 5 2. DSC thermograms of Cg/C[2 blends (a) and (b) at a rate of 10 °C/min, (c) at 1
°C/min, and (d) CVCis blends at a rate of 10 °C/min at various compositions.

129
Table 5.1 Melting Points of Mixtures of Biscarbamates

C4/Ci8 Blend

C8/C12 Blend

Ci6/C18 Blend

Sample,

T °C

Sample

T

93.6

100/0

106.3

100/0

118.8

80/20

87.3, 104.8

80/20

97.3, 100.3

80/20

115.6

50/50

81.7, 109.2

60/40

96.9

60/40

114.2

20/80

74.6,113.1

50/50

95.3, 99.8

50/50

114.6

0/100

121.8

40/60

93.9, 103.7

40/60

115.5

20/80

87.3, 107.6

20/80

116.9

0/100

114.89

0/100

121.8

Sample

T

100/0

°C

°C

Higher concentrations of A depress the melting point of B to such an extent that
these two peaks overlap and appear as a single peak. If the difference between the
melting points of the two pure components is small enough then there is such a good
agreement in their mutual diluent effect that almost every composition gives a single
peak in DSC thermograms. This is evident from the melting characteristics of the C^/Cis
blends. This rationale can be validated with the melting characteristics of C8/Ci2 binary
blends of 80/20, 60/40 and 50/50 compositions. The 60/40 composition gives a single
peak in DSC trace. But an increased amount of Cg in 80/20 blend depressed the melting
point of C12 to such an extent that the melting peak appeared at a position lower than that
of pure Cg. On the other hand, with an increased amount of C12 in the 50/50 blend leads
to a single peak with a shoulder at a position higher than that of 60/40 single peak. This
indicates that the single peak at some compositions of binary biscarbamates blends is not
due to the miscibility of components but to their mutual diluent effect on each other.
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Figure 5.3. Variation of the first and second melting temperatures of (a) C8/Ci2 and (b)
C4/C18 blends at different compositions.

Similar was the conclusion reached in the case of monocarbamates, with a single
hydrogen bonding motif.

Thus, in the case of these self-assembling molecules, self-

sorting occurs through preferential association between molecules with the same alkyl
chain length, although they are not chemically very different, with only a small difference
in the alkyl chain length. The association hence seems to be specific.
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5.3.2 Effect on Spherulite Size
Optical micrographs of biscarbamates and their blends are shown in Figures 5.45.6. All the biscarbamates show spherulitic morphology with negative birefringence
indicating that the long alkyl chains, symmetrically aligned on the both side of the Hbonding moieties, are disposed tangentially along the spherulite.

JA. ' > .-.

^:Jk^k

#.f

1000 micron

Figure 5.4. Optical micrographs of biscarbamates and their blends: (a) C4 100%,
quenched, (b) C4 100%, slow-cooled, (c) C4/C18 (50/50), quenched, (d) C4/C18 (50/50),
slow-cooled, (e) Qg 100%, quenched, and (f) Cig 100%, slow-cooled.
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Figure 5.5. Optical micrographs of Cg and Cn biscarbamates and their blends: (a) 100%
C8, quenched, (b) 100% C8, slow-cooled, (c) C8/Ci2 (60/40), quenched, (d) C8/Ci2
(60/40), slow-cooled, (e) 100% Cn, quenched, and (f) 100% Cl2, slow-cooled.
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Figure 5.6. Optical micrographs of Ci6 and Cis biscarbamates and their blends: (a) 100%
Cie, quenched, (b) 100% Ci6, slow-cooled, (c) Ci6/Ci8 (50/50), quenched, (d) C V d g
(50/50), slow-cooled, (e) 100% Ci8, quenched, and (f) 100% Ci8, slow-cooled.

This was shown to be the case in our previous work,

24

where the direction of the alkyl

chain was determined by XRD. The C4 biscarbamate, both in quenched and slow-cooled
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samples, did not show significant birefringence, but the presence of spherulites can be
seen. As expected, the size of spherulites of biscarbamates and their blends depend on the
sample preparation protocol. Slow-cooled samples of both blends and their corresponding
pure components show spherulites sizes several times larger than those of quenched
samples. The spherulites corresponding to the blends are smaller than those of the
individual components.

Parts a and b of Figure 5.7 show the variation in spherulite size as a function of
composition of the Cs/Cn and C4/C18 blends, respectively. It is seen that the spherulite
size reduces significantly with the incorporation of the second component into the blends,
and at 50/50 composition of Cg/Ci2 blend, it shows the minimum size. A similar trend is
seen in the case of C4/C18 blend also. In the latter, adding a small amount (e.g., 20%) of
C4 to C18 reduces the spherulite size drastically in the slow-cooled sample. In the
quenched samples, the opposite effect is seen: a small amount of Cis causes a significant
reduction in size. With the large variation in each of the curves for the C4/C18 blends
(with the large difference in the alkyl chain lengths, and two melting temperatures), parts
c and d of Figure 5.7 show the distribution of the spherulite size to be bimodal for the
quenched and slow-cooled samples, the latter being rather broad. In the case of Ci6/Cig
blends, well-defined spherulitic morphology is not seen with any of the compositions
(see, e.g., parts c and d of Figure 5.6) perhaps due to their very small size, and it was
practically impossible to measure the spherulite size. Thus, although there does not seem
to be any mutual intercalation or cocrystallization between the components, the growing

spherulites of one provide the nucleation sites for the other, leading to
spherulites.
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5.3.3 Spherulite Growth Rate
We have shown before24 that the growth rate of spherulites of the biscarbamates
depends on the length of the alkyl side chain, exhibiting a maximum with C&. The results
discussed above show that blending leads to a depression of the Tm, reduction in the heat
of fusion and a decrease in spherulite size.
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1.1 Sec

Figure 5.8. Optical micrographs showing spherulites of Cg/Ci2 blend (50/50) at different
times during isothermal crystallization.

It is likely that the rate of growth of the spherulites would also be affected by blending.
To investigate the effect of blending on the growth rate, isothermal spherulite growth of
Cg/Ci2 blends was studied following the procedure described in the experimental section.
Figure 5.8 shows some of the micrographs of Cg/C^: 50/50 blend recorded at different
times. It is seen that the spherulite grows symmetrically in this case,
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Figure 5.9. (a) Variation of spherulite size as a function of time and (b) spherulitic growth
rate for different compositions of Cs/Ci2 blend.

in contrast to the fan-shaped growth seen, e.g., in parts b and f of Figure 5.5 for the
individual components. The change of spherulite size with time for Cg, C12, and their
blends are shown in Figure 5.9a. The growth is complete within 9 s for Cg (due to
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impinging with other spherulites) and within 14 s for C12. The growth is slower for the
blends. The time for completion progressively increases with an increase in the
concentration of C12, up to the 50/50 composition. For the latter it takes 31 s to complete
the growth. With a further increase in Q 2 (e.g., 20/80), the time to completion decreases
again. The rate of growth is plotted in Figure 5.9b. With incorporation of the second
component the spherulite growth reduces significantly and reaches a minimum at 50/50
composition. With rate of growth of Cg being higher than that of C12, adding the latter as
a minor component to Cg gradually reduces the growth rate. However, adding Cg as a
minor component to C12 actually increases the rate. This behaviour is similar to the
change of heat of fusion and percent crystallinity of these blends.

Since the thermal studies indicate that there is no miscibility between the
components, it would be of interest to examine if the spherulites corresponding to each
can be identified and if each of them form distinctly from each other. To this end, the
blends of Cg and Ci 2 , with 80/20 and 20/80 compositions, were heated on the hot stage,
and the temperature was increased successively to (a) to the first Tm (b) 1°C higher than
the first Tm, (c) to the second Tm, (d) 1 °C higher than the second Tm, and (e) 1.8 °C higher
than the second Tm. The heating rate was 5 °C/min up to 50 °C and at 1 °C/min to get to
the desired temperature. The sample was kept at the desired temperature for about 5 min
before capturing the images. The results are shown in Figures 5.10 and 5.11 for the 80/20
and 20/80 compositions, respectively. By comparison of parts c and d of Figures 5.10,
below and above the second melting temperature, the Cg has completely molten in the
latter, and the parts of spherulites corresponding to C12 are seen.
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Figure 5.10. Optical micrographs of Cg/C^ 80/20 blend recorded at different
temperatures: (a) at below the first melting temperature, (b) at the first melting
temperature (95 °C), (c) at 1 °C higher than the first melting temperature, (d) at second
melting temperature (99 °C), (e) at 1 °C higher than the second melting temperature, and
(f) at 1.8 °C higher than the second melting temperature.
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Figure 5.11. Optical micrographs of Cg/Ci2 20/80 blend recorded at different
temperatures: (a) at below the first melting temperature, (b) at the first melting
temperature (87 °C), (c) at 1 °C higher than the first melting temperature, (d) at second
melting temperature (108°C), (e) at 1°C higher than the second melting temperature, and
(f) at 1.8 °C higher than the second melting temperature.
There is a further decrease in the birefringent material in Figure 5.10e. Note that the
original contours of spherulites are still seen, and the arrows in these figures point to the
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fragments that were part of the spherulitic region in Figure 5.10c, which still remained in
parts d and e of Figure 5.10. The latter correspond to Cn in the blend. Figure 5.1 Of shows
the isotropic structure after the melting of both components. Similar features are seen in
Figure 5.11, for the C8/Ci2 with 20/80 composition. The fragments that are seen in parts e
and f of Figure 5.11 (indicated by arrows) were part of the spherulitic structure in parts ad of Figure 5.11.

The above observations show that although the components of these selfassembling molecules are immiscible at the molecular level and crystallize by selfsorting, these crystalline domains profusely participate in forming the spherulitic
domains. The two species do not form distinct spherulites of their own. We could identify
such mixing of crystalline domains by locating the remnants of one component in the
spherulitic domains of the other component after the melting of the latter, as seen from
Figures 5.10 and 5.11.

5.3.4 X-ray Diffraction
The structural characteristics of the biscarbamates as derived from XRD were
discussed before.

Figure 5.12a shows the XRD traces of binary blends of C8 and Cn at

different compositions along with those of pure components. All the blends at different
compositions show the most intense reflection at 26 less than 5° and most of the
reflections are in the range 18 < 26 < 26° similar to the corresponding pure components.
For Cg/Ci2:80/20 blend, there is a reduction in both the number of peaks and their relative
intensities while in other compositions there is an obvious reduction in peak intensities if
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not in number of peaks. At compositions 80/20, 60/40, and 50/50, broadening of peak
occurs almost in every reflection. Figure 5.12b for the Cg/Ci2:50/50 blend shows that the
XRD profile is unchanged until the melting temperature is reached. Figure 5.13 shows
the percent crystallinity as a function of the composition of the C4/C18, Cg/Cn and C^/Cis
blends. It is seen that all of them show a minimum in crystallinity with 50/50
composition. This is in accord with the trend seen with the heat of fusion (Figure 5.1). All
the biscarbamates show a common reflection with J-spacing of 4.6 A (26 = 19.3°) and 3.8
A (26 = 23.4°). These reflections were assigned to the distance between the molecules in
the hydrogen bonding plane and the distance between these planes, respectively.24 It is
seen that the relative intensities of the peaks at d = 4.6 A increases initially with the
incorporation of C12 in Cg/Ci2 blend and reach a maximum at 0.5 weight fraction of Cg.
After that it decreases significantly with the increase of weight fraction of C12. In the case
of the reflection at d = 3.8 A, we see an opposite trend. With incorporation of C\2 the
intensity of this peak decreases substantially and reaches a minimum at 0.5 weight
fraction of Cg in the blend. After that it recovers to a significant extent. Figure 5.14 shows
full width at half-maximum (fwhm) of reflections at d = 4.6 A and 3.8 A and the
corresponding crystallite size as a function of weight fraction of Cg in C8/Ci2 blend. It is
seen that for all the blends the fwhm is higher than that of the pure components. The
largest fwhm (smallest crystallite size) is seen with 50/50 composition. Thus, the XRD
data show that at certain compositions the blends exhibit the least crystallinity and
smallest crystallite size similar to the heat of fusion and spherulite size at those
compositions. This behaviour of the blend raises a question whether the reduction in the
crystallinity is due to the reduction in the extent of hydrogen bonding and consequently
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less efficient self-assembling capability of molecules in the blends with respect to their
corresponding pure components. This was addressed using FTTR spectroscopy.

15 16 17 18 19 20 21 22 23 24 25 26 27 28

2-Theta (°)

15 16 17 18 19 20 21 22 23 24 25 26 27 28
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Figure 5.12. X-ray diffractograms of Q/C12 blend (a) at different compositions, (b) of
50/50 blend at different temperatures. In part b, the top most curve corresponds to 70 °C
and then at 5 °C interval to downward.
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5.3.5 IR Analysis
The IR spectra of all the biscarbamates and their blends studied here showed (in the
solid state) absorption bands at about 3321 and 1683 cm"1 corresponding to the hydrogenbonded N-H and C=0 groups with an absence of absorption peaks corresponding to free
N-H and C=0 groups (Figure 5.15a). This shows that the extent of hydrogen bonding
remains unaffected by blending any two biscarbamates. The absorption peaks were broad
when the sample was in the melt state (figure 5.15b and c). Figure 5.16a shows the
change in the peak position of N-H and C=0 groups with temperature, for C8/Ci2:50/50
mixture. In the melt, there is no indication of the presence of hydrogen bond, since, e.g.,
the C=0 peak at 1717 cm"1 corresponds to non-hydrogen bonded carbonyl group. There
is a sudden decrease in the N-H and C=0 absorption frequencies at about 95 °C as the
sample crystallizes. There is very little change in the peak positions below this
temperature. Figure 5.16b shows the change in the full width at half-maximum of the NH and C=0 peaks with temperature. There is a significant decrease in peak width as the
sample crystallizes. The spectral changes were similar for the individual components. In
our previous study on the biscarbamates,24 the symmetric (us) and antisymmetric (vas)
stretching vibrations of the CH2 groups were found to shift to lower wave numbers with
an increase in the alkyl side chain length. This was attributed to enhanced packing of the
alkyl chains.

By this token, if there was miscibility, and the ordering of longer alkyl

chains, e.g., in Ci8 was disrupted by the intercalation of C4, one should see an increase in
the wave number of the vs and uas vibrations. However, no change in these vibrations was
noted upon blending.
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5.4

Comparison with Hydrogen-Bonding Polymer Blends
The influence of hydrogen bonding on the miscibility of polymers have been

investigated extensively.21'22 The bulkiness of the side group, spacer length between
hydrogen bonding, the tacticity, etc., influence the miscibility. The mutual accessibility
(in terms of the conformation of the chain) of the hydrogen-bonding groups to each other
is the major factor. Strategic positioning of such groups has been used to enhance the
miscibility in such cases. Recently Park et al.23 discussed the factors that affect the
miscibility of hydrogen-bonding polymers. They concluded that a pair of polymers, each
of which hydrogen bonds to itself in the pure state, is less likely to be miscible with each
other. They also suggested that, if the volume fraction of the hydrogen-bonding
functional group relative to the volume of the polymer repeat unit differs significantly
between the two polymers, they will phase separate, even if they have identical
hydrogen-bonding functional groups.
In the case of the small molecules that we discuss here, the hydrogen-bonding
group is the same. The molecules differ only in the length of the alkyl side chains. The
difference in the volume fraction of the hydrogen-bonding group between, e.g., Ci6 and
Ci8, is not significant. Yet, these mixtures show immiscibility. Similar was the case with
the simple carbamates with a single hydrogen-bonding moiety.

Thus, the miscibility

criteria for the small molecules that self-associate by themselves parallels those derived
for the case of hydrogen-bonding polymer mixtures.

5.5

Conclusions
The results discussed above indicate that blending of two molecules used here,

which are capable of hydrogen-bond mediated self-assembly lead to specific association
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between the same types and does not involve mutual intercalation at the molecular level.
The melting temperatures of the blends are not intermediate between those of the lower
and higher melting components, which would otherwise imply miscibility. The DSC
analysis shows that the components of the blend exercise a mutual diluent effect, thereby
reducing the spherulite size, crystallinity, and the heat of fusion.

Isothermal

crystallization studies show that the growth rates of the spherulites are also reduced upon
blending, with respect to those of the individual components. In situ observations during
the melting of the blends show that the spherulites of each constituent do not form
separately but by mixing with each other and providing nucleating sites for each other. IR
spectra show absorption peaks corresponding to only the hydrogen-bonded C=0 and N-H
groups, indicating that the extent of hydrogen bonding is not affected by blending. In
addition, there is no evidence of disruption of alkyl chain packing from the IR spectra,
since there was no shift of the CH2 stretching vibrations.

In the previous studies8"14 on self-sorting small molecules, specific pairing was
found in crystal structures as well as in solution. In the present case, we find that,
although these carbamates are self-sorting during crystallization, they exercize mutual
diluent effect by affecting the spherulite size, melting temperature, spherulitic growth
rate, etc. IR spectra also show that there is no hydrogen bonding between them in the
melt.

We found a similar behaviour with the blends of homologous monocarbamates.
Thus these types of molecules show selectivity during crystallization and form
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immiscible blends. The alkyl side chains play a role in such selectivity. The behaviour
seen here with these small molecules is similar to that observed in the case of mixtures of
polymers, which self-associate through hydrogen bond.
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Chapter 6

Influence of Double Hydrogen Bonds and Alkyl Chains
on the Gelation of Nonchiral Biscarbamates:
Sheets, Eaves Trough, Tubes and Oriented Fibers*
* Langmuir 2009, 25(22), 13183.

155

156
6.1

Introduction
Design and control of self-assembling molecules plays a vital role in developing

new classes of compounds that might offer many opportunities to build systems with new
types of functions and low molecular weight organic gelators (LMOGs) are examples of
such compounds. Gels can be easily transformed into solution by heating them and back
to gel by cooling the solution above and below their sol-gel transition temperature.1 This
reversible property of the gels can be used to make matrices for applications such as
controlled release of drugs, fragrance, photonic materials, catalysts, and is useful in
crystal and fuel engineering.2"4 A low concentration is sufficient for gel formation, and
network filaments (length up to few micrometers) are formed by well-ordered arrays of
molecules.
Some of the extensively studied examples of the organogelators are certain
cholesterol and anthracene derivatives,5 fatty acid derivatives,6'7 carbohydrates,8 peptide
derivatives amino acid derivatives,10'11 porphyrins and phthalocyanines,1 n-alkanes,
bis-urea, 4'

condensed aromatic rings,16 etc. These gelating agents of enormous

structural diversity have a common trait i.e., self-assembling property. Gelator molecules
self-assemble by highly specific non-covalent interactions, leading to fibrous structures,
which

form

a three-dimensional

network.

Therefore,

self-complementary

and

unidirectional intermolecular interactions can be considered a prerequisite for the gelation
ability.1 The intermolecular interactions between the organogelator molecules can be
hydrogen bonding, London dispersion forces, electrostatic attractions, and x stacking.1 ''
21
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In the case of many ureas, amides, amino acid derivatives and carbamates a
combination of these hydrogen bonding and van der Waals forces drive gel formation.
Since not all strongly hydrogen bonding molecules form gels, the van der Waals
component of the interactions has strong bearing on the molecules' ability to form gels.
Based on studies on ureas containing single hydrogen bonding motif and bisureas with
two such sites, Feringa et al22 concluded that the latter is more susceptible to gelation
and that increasing the length of the spacer is also effective. Here we discuss the gelation
behavior of a set of model compounds for polyurethanes, namely, biscarbamates with two
hydrogen bond motifs separated by an alkyl segment, and having terminal alkyl chains of
lengths ranging from C4 to Cig. Our previous studies on mono and biscarbamates with
different alkyl chain lengths showed significant differences in the crystallization
behavior.23'24
o
monocarbamates:

C18H37v. ^ - v _Xn2n+1
H
N' ^o
i

H
H
biscarbamates:

H

c ^°^^
0

N

O

\/\/'~\/^ N '^Q^ c n H 2n+i
n=4-18

"

The mono carbamates contain single hydrogen bonding group and unsymmetrical
substitution of alkyl chains (except Cig) on either side. The biscabamates contain two
hydrogen bonding sites separated by a (CH2)6 spacer and symmetrical substitution of the
alkyl chains on either side. The sample preparation technique (i.e., slow-cooled or
quenched) also influences the morphological and crystallization behavior of these selfassembling biscarbamates.23 The influence of the length of the alkyl side chain on gel
formation was discussed previously for the case of mono carbamates.1
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Creation of tubular structures via molecular self assembly is an active area of
research. Such structures are envisioned to serve as reaction chambers, molecular sieves
and nanoscale transport media.25 Schnur2 discussed the possible mechanisms of tube
formation and the related theories. Based on a series of studies on diacetylenic lipids,26' 7
molecular packing driven by chirality was identified as a requirement for such tube
formation. Surfactant-like peptides28 were also found to form helical structures leading to
nanotubular shapes, with bilayer formation as a precursor. Diamides with bulky aromatic
esters also led to tubules during gelation.

In addition, a two-component system with

amphiphilic groups exhibited tubular shape, with an internal diameter of about 5 um
although the mechanism of formation was not discussed in this case.30

While the above examples involve either chirality or amphiphilicity, in this chapter
we discuss the formation of tubular ribbons during the gelation of the biscarbamates,
which do not belong to either class of molecules. They initially form sheets, which then
wrap into hollow tubes. Due to competing tendency between gelation and crystallization,
the fibers are short, and in some cases both forms occur. In contrast, the previous work on
mono carbamates showed long libers and crystal formation was not seen generally. In an
effort to obtain oriented X-ray diffraction pattern for identifying the growth direction, we
were able to induce some orientation of the gel fibers by simply stirring during gelation.
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6.2

Experimental
The synthesis of biscarbamates of different alkyl side chain lengths was described

in Chapter 2. In this chapter, we designate the biscarbamates as Cx where x denotes the
number of carbon atoms in the alkyl side chains.

6.2.1 Preparation of the Gels and Xerogels
Similar to our previous work17 on mono carbamates, benzonitrile was used for most
of the experiments. Gels were prepared in capped vials to avoid evaporation of the
solvent. Weighed amounts of biscarbamates of different alkyl side chain lengths were
dissolved in requisite amount of benzonitrile at a temperature ranging from 95-110 °C,
resulting in clear solutions. Gels were made either by quenching the clear solution in an
ice bath or by slowly cooling to room temperature by turning off the hot plate. The vials
were turned upside down to check for gelation. If the samples were not visually separated
and did not flow perceptibly they were considered as gels. All the gels were opaque.
These gels were dried at room temperature for a few weeks and then kept under vacuum
for a few days to form xerogels. A few experiments were performed with dodecane,
toluene, xylene, and 1-octanol.

6.3

Results and Discussion
As the self assembly is governed by the number of hydrogen bonds in the molecule

and the length of the alkyl side chain, there is a competition between the trend towards
gelation and crystal formation. The formation of gel fibers is due to rapid two
dimensional growth whereas three dimensional growth would result in crystal formation.
This is reflected in the morphology of the biscarbamate gels discussed below.
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6.3.1 Morphology of the Xerogels (0.08 M)
The morphology of the gels of biscarbamates is distinctly different from those of
mono carbamates. The SEM images of quenched and slow-cooled gels (xerogels) of C6,
C8 and Cig are shown in Figure 6.1.
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Figure 6.1. The SEM images of quenched (left) and slow-cooled xerogels with
benzomtnle (a) C6, (b) C8, and (c) C18

The morphology in this case consists of shorter tapes, ribbons and hollow fibers
depending on the length of the alkyl side chain and the method used for gelation (slow
cooled versus quenched). Long smooth fibers that were seen with mono carbamates are
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not observed here. The xerogels of quenched C(, form irregular tape or ribbon like
structures, with a semicylindrical shape (Figure 6.1a). These tapes tend to wrap,
ultimately forming fibers. Wrapping of the tapes can result in the formation of hollow
fibers. The population of tapes is more compared to the fibers. The fibers are not long and
do not show entanglement. The slow cooled samples of C6 form densely populated petal
like structures (Figure 6.1a, right). These gels did not form fibers. The Cg quenched gels
exhibit a combination of semicylindrical tapes, similar to an eaves trough. Similar to the
Ce samples, wrapping is common here too. While partial wrapping leads to the eaves
trough morphology, near-complete wrapping results in hollow fiber formation, showing a
slit (Figure 6.1b). The length of the Cg fibers is more than that of C&. The fibers of slow
cooled Cg xerogels (Figure 6.1b, right) are longer than their quenched counterparts. Note
that the gel fibers resemble the radiating lamellae of a spherulite. The quenched xerogels
have a combination of wide and narrow fibers while the slow-cooled xerogels form
relatively uniform fibers. The C^ and Ci6 gels also exhibited similar morphologies.
Typical of fiber-forming gels, in all the cases the length of the fibers is more than their
width. This indicates that the rate of growth is anisotropic, which is the result of a
preferred orientation of the molecules within the sheets. The fibers of quenched C\g
xerogels form a corolla like structure. This structure can result from the branching of the
fibers and these branches further divide into daughter branches or there is a possibility
that the fibers, which are already branched, overlap with each other and finally form a
corolla-like structure (Figure 6.1c, left). This again resembles a spherulitic lamellar
morphology. The slow cooled Cis xerogels result in a very different morphology than
their quenched counterparts (Figure 6.1c, right). They form very smooth fibers without
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any entanglements. Thus, biscarbamate xerogels show very different morphology than
mono carbamate xerogels. The latter xerogels form long, branched, entangled and rope
like fibers.17
The SEM images reveal stacking and wrapping of the sheet in the case of quenched
gels which indicates the possibility that fibers obtained from the quenched as well as
from the slow cooled gels could be hollow in nature. Figure 6.2 shows the SEM images
of the transverse section of the slow cooled xerogel of Cn which clearly indicates that the
fiber is hollow, although it is not uniform as in the case of lipids and diamides mentioned
in Introduction.26"30

Figure 6.2. SEM images of the transverse section of Cn slow cooled xerogels with
benzonitrile.

van Esch et al22 studied the gelation of a series of diurea compounds, with two
hydrogen bonding motifs separated by a (CH2)n group (n = 3, 6, 9, and 12), in different
solvents. They observed that those with (CH2)9 and (CH2)i2 spacers gelled 1- and 2octanol, whereas C3 and C& did not. Likewise, the latter gelled toluene and p-xylene,
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while Cg and C\2 did not. None of them gelled hexadecane. In the present case, the
biscarbamates have a (CH2)6 spacer between the hydrogen bonding groups.
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Figure 6.3. SEM images of xerogels of C\2 biscarbamate prepared with different organic
solvents by quenching the solution: (a) benzonitrile, (b) dodecane, (c) toluene, (d) xylene,
and (e) 1-Octanol.

The side groups in our case are long alkyl chains, whereas these were only phenyl
groups in the case of ref. 22. Although we did not examine the biscarbamates with
different alkyl chain lengths with such solvents, it was found that Cn side chain was able
to gel 1-octanol, toluene, xylene and dodecane. The morphologies of the quenched and
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slow-cooled gels are shown in Figures 6.3 and 6.4 respectively. These are similar to those
prepared with benzonitnle. The gel fibers were birefiringent as seen in the optical
microscope (Figure 6.5). Thus the diurea and the biscarbamate compounds have a few
common gellable solvents.
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Figure 6.4. SEM images of xerogels of Cn biscarbamate prepared with different organic
solvents by slowly cooling the solution: (a) benzonitrile, (b) dodecane, (c) toluene, (d)
xylene, and (e) 1-Octanol. Scale bar is 20 urn.

During our studies on monocarbamates, we were exploring various solvents to grow
single crystals, in order to determine their crystal structures. During one of those
attempts, we found that with benzonitrile gelation occurred. We then began studying the
gels using this solvent, for both mono and biscarbamates. With the above finding that it is
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possible for biscarbamates to gel other solvents, as in the case of diurea compounds, our
future studies would examine the features of gels using such solvents, and determine the
role of the type of solvent on these features.

Figure 6.5. Optical micrographs of Ci2gels in (a) xylene, and (b) dodecane.

6.3.2 Morphology of the Gels
To further examine the hollow nature of the fibers, the morphology of quenched
(Figure 6.6) and slow-cooled gels (Figure 6.7) of different concentrations of Cis was
studied using SEM under cryogenic conditions. The quenched gels of 0.03 M
concentration form a tape or ribbon like structure, with eaves trough morphology.
Moreover, crystals were also found in between these fibers (Figure 6.6a). The slowcooled gels of the same concentrations show that the fibers are not fully formed and
crystals as well as fibers are seen. The image appears as if while the fibers are part of
spherulitic growth. Crystals are found to be embedded in the gel (Figure 6.7a). The
quenched gels of 0.04 M show a morphology in which the tapes are short, irregular in
shape and show wrapping. The eaves trough morphology is seen as well.
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Figure 6.6. SEM images (cryo condition) of quenched gels of C lg for various
concentrations in benzonitrile: (a) 0.03 M, (b) 0.04 M, (c) 0.05 M, and (d) 0.06 M.

Crystals were seen in this case also (not shown here). The slow cooled gels of 0.04 M
formed fibers and some of the fibers are bifurcated (Figure 6.7b). Such bifurcation is
commonly seen with these biscarbamates. A profuse population of crystals is seen with
the quenched samples of 0.05 M gels (Figure 6.6c).
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Bifurcation

Figure 6.7. The SEM images (cryo condition) of slow cooled gels of different C i8
concentrations in benzonitrile: (a) 0.03 M, (b) 0.04 M, (c) 0.05 M, and (d) 0.06 M.

The slow-cooled gels of 0.05 M show petal like structures (Figure 6.7c) with a wrapping
at the edges. This indicates that these gels first form such petal like structures and then
their wrapping takes place, ultimately leading to the formation of hollow fibers. In fact, a
fiber with a slit is seen in the left part of Figure 6.7c. The quenched 0.06 M gels, in
addition to the short tapes (Figure 6.7d), also showed petal-like structures (not shown). It
seems that generally, the tapes become shorter with an increase in concentration.
6.3.3 Aging of the Gels
The petal-like wrapping seen in Figure 6.7c cannot be attributed to shrinkage and
wrinkling upon drying, as these were wet gels observed under cryo condition. To verify
that these petals wrap into hollow fibers (or even partially as seen in the above images
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with a slit), aging of the Cs and Cis slow-cooled gels was studied. The gels were
examined in the cryo SEM after 1, 7 and 14 days after preparation. In both the cases
freshly prepared gels showed a petal-like structure (Figures 6.8a and d for C8 and Cis,
respectively) with wrapping at the edges. The micrographs recorded for both the samples
a week later (Figures 6.8b and e) showed that the sheets are almost completely wrapped
leaving behind very thin slits. When the micrographs of the same samples were recorded
another week later, these gel platelets or sheets were fully transformed into fibers
(Figures 6.8c and f). Thus the formation of the petals is the partial stage of growth. Note
that the morphology seen in Figure 6.6 b and c (quenched 0.04 and 0.05 M Cig gels) also
resemble the partially wrapped petals. Figure 6.9 shows the morphology of slow-cooled
and aged gels of C n prepared with toluene, xylene, dodecane and 1-octanol. The arrows
show the wrapping, eaves trough and hollow tube formation. While in the case of lipids
and diamides the tube formation " is uniform and complete, the often incomplete
wrapping and hollow fibers observed in this case can be attributed to the sheets that tend
to wrap into tubes.
Schnur

reviewed the various theories proposed for tube formation in chiral

systems. Of these, according to Helfrich and Prost31 an intrinsic bending force due to
chirality would lead a tilted chiral bilayer to form a cylinder. Similar theory has also been
advanced by Ou-Yang and Liu

using an analogy with cholesteric liquid crystals. Both

experiments and calculations show that the tubule diameter is independent of tubule
length. The fundamental basis of these theories is that the interaction between molecules
in the bilayer is chiral. This results from the three-dimensional chirality of the molecules.
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Schnur

also noted that helical twist due to chiral interaction is a precursor to tube

formation.
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Figure 6.8. SEM images (cryo condition) of C8 (a, b, and c), and C18 gels (d, e, f). (a, d)
1st day, (b, e) 7th day, and (c, f) 14th day, with benzonitrile.
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Figure 6.9. SEM images of xerogels ofCi 2 biscarbamate with different solvents prepared
by slowly cooling the solution to room temperature: (a) toluene, (b) xylene, (c) dodecane
and (d) 1-octanol. The gels were dried after 3 weeks (aged) of gel formation. The arrows'
indicate the slits and hollow parts of the fibers.

In the previous sections we discussed the differences in the morphology upon
quenching and slow cooling, the effect of the length of the side chain on the nucleation
and diffusion. We also noted the relative contributions of the hydrogen bond and van der
Waals interactions. The previous study on the crystallization of these biscarbamates
showed that the rates of spherulitic growth and crystallization were maximum for the C8
side chain. The reason for the wrapping and hollow tube formation has now to be traced.
In the case of chiral molecules, the twist propagates in the packing of successive
molecules, leading to helical structures and tubule formation. However, in the case of
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biscarbamates, there is no unidirectional twist in the molecular shape. The crystal
structure of Cio is known and it is triclinia33 The molecular packing of two molecules of
Ci6, energy minimized with HyperChem software, is shown in Figure 6.10. Both the
conformation of the individual molecule and the packing are similar in the crystal
structure of Cio- Such a curvature in the molecule does not lead to helical twisting. Thus,
the crystalline packing itself can not account for the wrapping and tube formation.

Figure 6.10. HyperChem rendition of (energy-minimized) packing of two Ci6
biscarbamates along the hydrogen bonding direction. The packing in the crystal
structure33 of Cio is similar.

We then offer the following as a plausible origin of tubes in this case. Helfrich and
Prost31 noted that amphiphilic mono and bilayers are not at their minimal energy when
they are flat, and preference is for a bent state. In the case of biscarbamates, there is no
chiral interaction. As seen in the micrographs discussed above (e.g., Figures 6.1a, 6.6b,
6.7c, 6.7d, 6.8c, and 6.8d) the gels of biscarbamates form sheets. We propose that when
these sheets, when the gel is wet, prefer not to be flat but curl and wrap into hollow
fibers. The curling and twisting occur due to the anisotropy of interactions in the sheet. In
addition, as shown in Scheme 6.2, due to the long alkyl chains on either end of the
molecules, van der Waals interaction between these side chains also occur along the same
direction as the hydrogen bonds, i.e., along the growth direction. The interaction in the
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direction normal to the growth direction is simply the van der Waals interaction between
the terminal methyl groups of the molecules. There is only the van der Waals interaction
between the hydrogen bonded sheets also. Thus, both hydrogen bond and van der Waals
interactions predominate along the growth direction. This could lead to significant
anisotropy, and cause the twisting of the sheets, leading to hollow tubes, similar to the
case of chiral molecules.
van der Waals

j S ^

van der Waals

Scheme 6.2

Chappell and Yager34 also concluded such anisotropy of intermolecular interactions
in the case of chiral lipids would lead to hollow tube formation. Note that the internal
diameter of the tubes in the case of chiral molecules is in the nanometer scale, where as it
is of the order of a few microns in the case of biscarbamate gels. SEM micrographs show
crystallization (i.e., three dimensional crystal formations) along with gelation (rapid
growth along the hydrogen bond direction). Such combination of events might be the
cause of the formation of tapes and sheets, which are shorter than the fibers usually
observed during organo gelation.
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6.3.4 Effect of Shear
The formation of fibers and tapes during gelation is due to higher growth rate in one
dimension compared to the other two. Such faster growth is due to the formation of
sheets that are facilitated by self-assembly, e.g., via hydrogen bonds. It is informative to
determine the direction of these (hydrogen-bonded) sheets along the fibers of the gels. If
the fibers could be aligned (oriented), X-ray diffraction could be used to characterize the
direction of growth. However, the fibers in the gels are randomly intertwined and they
lack the mechanical integrity for stretching (in contrast to the case of polymer gels). In
the case of polymer films, rubbing is a technique used for aligning the molecules.35
Rubbing-induced molecular alignment has been studied in the case of thin polystyrene
films, liquid crystals and other polymers. In order to determine the growth direction of
the hydrogen bonded sheet, in our previous study on mono carbamates the gel fibers were
gently stroked with fingers to impart some orientation, and a partially oriented X-ray
diffraction was obtained.17

The flow induced alignment and crystallization of polymers is also a well known
phenomenon. Rotational shear of polymer melts (as in a parallel plate or cone and plate
rheometer) and applying longitudinal velocity gradients are known to cause alignment of
the molecules.
solutions.

Such alignment and crystallization have also been observed in stirred

In addition, orientation is also observed in the case of spin casting of

solutions. Due to the centrifugal force during spinning, in-plane optical anisotropy has
been observed,

and the spinning speed could be used to control the morphology of the

films in devices. Following these examples, an attempt was made in the present case, to
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induce such orientation in situ, by applying rotational shear during gelation by using the
magnetic stirrer. This is a first attempt to induce orientation during the gelation, and we
describe the trends observed with speed of stirring.

A shear was applied at different rpm speeds (70, 80, 100, 110) using the magnetic
stirrer bar (size: 5x2 mm) during the preparation of 0.08 M slow-cooled Ci8 gels, in a
bottle with 2 cm internal diameter. The xerogels were obtained from their corresponding
gels after the removal of the solvent. Note that the speeds of 70 to 110 rpm used here are
far less than the several hundred rpm usually employed for spin casting of thin films. A
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comparison of Figures 6.11 a-d shows that well-oriented fibers were only seen in the case
of xerogels obtained at 100 and 110 rpm. The orientation was not limited to a small area
of the sample. Figure 6.12 shows the optical micrographs of an area of approximately
1500 [xm x 1250 [im for the samples prepared with 70, 80, 100 and 110 rpm. Figure 6.12a
and b do not show significant alignment of the fibers. However, by increasing the speed
from 80 to 100 and 110 rpm, significant orientation is seen. Note that the centrifugal
force varies (not linearly but) with the square of the velocity.

Figure 6.12. Optical micrographs of Ci8 biscarbamate organogel (0.08 M) prepared with
benzonitrile as the solvent at different shear rates: (a) 70 rpm, (b) 80 rpm, (c) 100 rpm,
and (d) 110 rpm.

To further confirm the orientation, X-ray powder diffraction traces were recorded,
with the sample aligned with the intended orientation direction parallel to the direction of
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the incident beam and then perpendicular, by turning the sample by 90°. In the absence of
orientation, no difference would be observed in the intensities of the diffraction peaks
recorded in these two directions.

Figure 6.13 shows the diffraction traces thus recorded

for the xerogels prepared with no shear, 80, 100 and 110 rpm. Consider the intense
diffraction peak at 26 - 25° which corresponds to the distance between hydrogen bonded
planes.24 With no shear, Figure 6.13 (a) shows that there is no difference in the intensity
of this peak in the parallel (||) and perpendicular (±.) modes of recording the pattern,
indicating the absence of orientation. With 80 rpm, the peak is slightly lower in intensity
in the ± mode than in the || mode. This shows that there is some preferred orientation in
the sample. The difference becomes more pronounced with 100 and 110 rpm, confirming
significant orientation. The ratios I|| / LL for the peak are 1.02, 1.3, 2.63 and 3.2 for 0, 80,
100 and 110 rpm, respectively. Significant differences in the diffraction between the ||
and x modes are also seen in the region of 20 = 7 to 14° with 110 rpm. This is a first
attempt to induce orientation during the gelation, and the general effectiveness of the
method will be studied further. All the gels obtained from different shear levels showed
the existence of hollow fibers. Application of a shear itself might be a route to tailor the
length of the gel fibers. The shear did not affect the process of fiber formation i.e.,
wrapping of the sheets leading to the formation of fibers.
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Figure 6.13. X-ray diffractograms of Cjg biscarbamate xerogels prepared with different
shear rates: (a) no shear, (b) 80 rpm, (c) 100 rpm, and (d) 110 rpm. The designation
"parallel" denotes the sample orientation along the direction of the incident X-rays and
"perpendicular" denotes the samples turned around by 90° in the beam.
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6.3.5 Cooperative Gelation with Mono and Biscarbmate Mixtures and Odd-even
Biscarbamate Mixtures (Sergeant and Soldiers)
There have been several studies41 on the principle of "Sergeants and Soldiers" i.e.,
amplification of chirality in self-assembling systems and that the achiral components
assume the helicity of the chiral members. Our previous study on the monocarbamates
showed that crystallization rather than gelation occurred with alkyl side chains of Ci6 and
Ci8- In an attempt to examine if these would gel in the presence of biscarbamates of the
same side chain length, gels of binary mixtures were prepared in benzonitrile.

Figure 6.14. Optical micrographs of the Ci8 biscarbamate and Qg monocarbamate (25
wt% with respect to the weight of Cis biscarbamate) binary gels with benzonitrile: (a) at
25 °C, (b) at 90 °C. The arrows point to the molten drops of Ci8 monocarbamate.

We found that while the biscarbamate gelled, the mono carbamate crystallized on the gel
fibers of the former (Figure 6.14a). To distinguish the two components, hot stage optical
microscopy was used to selectively melt the monocarbamate which has a lower melting
temperature. The Ci6 mono and biscarbamates melt at 83 and 117.8 °C respectively.
Likewise, the melting temperatures of Cis mono and biscarbamates are 86.5 and 120.4
°C, respectively.

The optical micrographs in Figure 6.14 b of the binary mixture at 90
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°C show the gel fibers of the biscarbamate and the melt droplets of the crystallized
monocarbamate.

Our previous study on the crystallization (Chapter 5) of blends of biscarbamates
(homologous series with C4 to Cig side chains) showed that these molecules are highly
selective in their assembly and that no cocrystallization was observed even with close
pairs such as Ci6 and Ci 8 . The same trend was observed during the crystallization of
monocarbamates as well. Thus, the gelation of C16 or Cig did not influence that of the
corresponding mono carbamates.

Figure 6.15. SEM images of the xerogels of C9 (0.08 M) and binary gels of C8 and C9
biscarbamates prepared with an equimolar concentration (0.04 M) of each component in
benzonitrile: (a) C9 quenched, (b) C9 slow cooled, (c) C8/C9 quenched, and (d) C8/C9
slow-cooled.
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In the next example, a preliminary study was performed with a biscarbamate having
an odd number of (CH2) groups in the side chain. Figures 6.15 a and b show the SEM of
the gels of C9 prepared with benzonitrile by quenching and slow cooling, respectively.
Long fibers are seen in this case. Flat ribbons are seen as well, but the crystals that were
seen with the even numbered biscarbamates are absent. Figures 6.15 c and d show the
micrographs for the compound gels with equimolar concentrations of C9 and Cg
biscarbamates. The fibers are again long, and the short fibers or crystals are not seen.
Thus, the presence of C9 biscarbamate significantly modified the gel morphology of the
even numbered Cs biscarbamate. This is an example of the sergeant-soldier behavior in a
non-chiral system. We will report a detailed study of this system in future.

6.4

Conclusions
Of the polyurethane model compounds, the gelation behavior of biscarbamates with

two hydrogen bond motifs and symmetrically disposed alkyl chains is very different from
that of mono carbamates with a single hydrogen bond group flanked by alkyl chains of
unequal lengths. Long alkyl chains such as C\6 and Cis gel the various solvents used here
(benzonitrile, toluene, xylene, dodecane and 1-octanol), whereas such long side chains
promoted only crystallization in the case of mono carbamates.

Hollow fibers were seen in the gelation of biscarbamates, although the system is
neither chiral nor amphiphilic. We propose that due to the predominant van der Waals
interaction between the long alkyl chains, in addition to the double hydrogen bonding in
biscarbamates, the morphology consists of sheets and tubules, in contrast to long fibers
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seen in the case of mono carbamates and other organogelators. Due to the bending force
described by Helfrich and Prost,

the sheets and tapes wrap into tubes. Incomplete

wrapping shows the eaves trough morphology. While the tubules seen in the case of
chiral molecules were attributed to the twisting caused by chirality, the bending of the
sheets in the present case could be rationalized on the basis of the asymmetry of the
strength of the interactions: (i) a dominant force of hydrogen bonding as well as the van
der Waals interaction between the long alkyl chains along the gel tape growth direction,
(ii) weak interaction between essentially the terminal methyl groups in the direction
normal to the gel tape growth direction, and (iii) van der Waals interaction between the
sheets of hydrogen bond in the third direction.

Well-oriented fibers were formed in the gels made by simply using a magnetic
stirrer on a hot plate, at 100 and 110 rpm. A preliminary study on the gelation of mixtures
of biscarbamates with odd and even number of (CH2) groups in the side chains, e.g., C9
and Cg shows that the presence of the odd member promotes long fiber formation for Cg,
and the crystals and short fibers that were seen with Cg are not observed. This is perhaps
the first example of the sergeant-soldier principle in a non-chiral system.
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Chapter 7

Encapsulation of Dye Molecules and Nanoparticles in Hollow
Organogel Fibers of a Nonchiral Biscarbamate*
* Chem. Eur. J. 2011, 77, 1184.
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7.1

Introduction
Low-molecular weight organogels have emerged as an important class of organic

smart materials in the last few years. Their importance lies largely in their ease of
fabrication, reversibility in their gel-sol phase transition, and rapid response to a number
of physicochemical stimuli, such as light,1 temperature,2 pH,3 and ionic chemical
species.33'4'5 The facile tunability of the properties up to the optimum functional level and
sufficiently quick response of these gels to various microenvironments have caused them
to be considered for various potential applications, for example, sensors, chirooptical
molecular switches, drug delivery and release, template synthesis, electrophoresis, and
light-harvesting solar cells,10 and can be expanded to the limit of the imagination of
scientists and technologists. Molecular engineering transformed the serendipitous
discovery of organogels into an efficient method of making gels with presumed structure
and properties. A wide spectrum of organic molecules has been discovered as lowmolecular-weight organogelators, that is, amino acid derivatives,

l

benzoic acid

hydrazides,12 carbazoles,13 saccharides,14'15 dendrimers,16 and carbamates.17' 18 Noncovalent interactions, such as hydrogen bonding, van der Waals interactions, 7T-7T
interactions, and coordination bonding between organic molecules, have been
successfully employed to fabricate self-assembled fibrilar networks. Several examples of
organogelators, such as small peptides or pseudopeptides19 and urea or thiourea,20 have
been previously reported in the literature and have been studied as models for hydrogenbonding-type organogelators.
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Several factors, such as solubility14 and structure of the gelator and solvent,21 were
found to play important role in the gelation process. There is a recent report on the
fabrication of a low-molecular-mass organogel system through synergistic multicomponent interactions, in which the presence of five components is required to form a
gel.22 Three dimensional fibrillar network of the gels can be comprised of different types
of structures, for example, solid

or hollow fibres, '

strands, tapes, depending on the

type of the noncovalent interactions and the molecular geometry of the organogelators.

Hollow fibers are subjects of particular fascination and interest, with conceived
applications as reactor vessels and functional delivery systems.

Such tube formations

have been observed when chirality-driven molecular packing occurs in lipids, and when
bilayer formation leads to helical structures with tubular morphology.24 We described in
previous chapter the tube formation in nonchiral biscarbamate gels, in which we initially
observed long sheets, which then folded into eaves trough morphology and then wrapped
into hollow tubes with time (while still in the wet gel state).

This was rationalized as

being due to the difference in the strength of molecular interactions along and across the
sheets. The energy of interaction between the molecules along the growth direction
involves both hydrogen bonding and van der Waals forces, whereas the other two
directions involve only the latter.

The tubular morphology in the organogels was

confirmed by using cryo-SEM and this morphology was maintained in the xerogels (see
Figures 1-5 in ref. 18).
Fabrication of nanocomposites with incorporated metal nanoparticles is another
active area of research. Zan and Su25 recently described a method to incorporate
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nanoparticles into polyelectrolyte multilayers through counterion exchange and in situ
reduction of the precursor metal ions. In an another report, organic-inorganic hybrid type
metal nanoparticle-incorporated mesoporous silica spheres have been synthesized with
adsorbed zinc phthalocyanine in the channels and on the surfaces of the spheres as
electrode modifiers.26

In terms of conferring similar functional attributes to organogels, fibrous gels have
been found to be particularly important as structure-directing agents in the synthesis of
multiwalled metal nanotubes and nanoporous materials.

Gels doped with a suitable

dye/chromophore molecule that interact with the molecular aggregates in the gel have
been found to change its color upon gel-to-sol transition and can be used as
thermochromic sensors.

Moreover, there has been an attempt to fabricate a two-

component gel through the self-assembly of a hydrogen-bonded organogelator and
entrapment of the conventional columnar discotic-shaped liquid crystalline molecule,
which resulted in a thermoreversible physical gel that shows an electro-optical
27,29

response. '

There have been some attempts to create hybrid organic-inorganic structures by
loading the lumen of wood-pulp fibers with inorganic magnetic materials by using both
impregnation and in situ synthesis of ferrites to fabricate magnetic papers.30"32 A similar
approach to making two-component gels, in which the gel morphology consists of hollow
tubes, was thought to be viable.
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-"' "CH3
Perylene

cyamne

C 1 2 Biscarbamate

Scheme 7.1. Structure of 1, 4, 8, 11, 15, 18, 22, 25 octabutoxy- 29H, 31Hphthalocyanine, perylene and C12 biscarbamate.
Herein we report a facile sol-gel method of fabricating two-component organogels
that encapsulate metal nanoparticle and organic dye molecule into the hollow fibers of
the gel. We used a low-molecular-weight organogelator, namely C12 biscarbamate
(Scheme 7.1), which has double hydrogen-bonding moieties symmetrically attached to
alkyl side chains (the subscript 12 indicates the number of carbon atoms in the alkyl side
chain of the biscarbamate molecule, henceforth designated as C12). This work is an
attempt to exploit the tube-forming mechanism to fabricate two-component physical gels
of biscarbamate with poly (vinyl pyrrolidone) - functionalized silver nanoparticles (SNP),
perylene dye (Pe), and liquid-crystalline phthalocyanine (Pc) molecules incorporated into
the hollow fibers of biscarbamate organogels. We expect entrapment of particles from a
mixture of gelator/nanoparticle or gelator/dye molecules in solution to occure during the
wrapping of the biscarbamate sheets, leading to the particle-loaded fibers. We found that
in the case of the dye molecules, the morphology of the dye crystal determines whether or
not the dye is incorporated in the hollow fibers.
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7.2

Experimental

7.2.1 Materials
The Cn biscarbamate was synthesized according to the procedure described in
Chapter 1 as well as in our previous papers. ' PVP-functionalized silver nanoparticles
were synthesized by polyol synthesis method

and was used as particle-dispersed

solution in ethanol. The average size of the particles was determined to be about 50-60
nm from atomic force microscopic (AFM) measurements. Perylene, phthalocyanine and
other chemicals were purchased form Sigma-Aldrich Inc., and were used as received
without any further purification.

7.2.2 Preparation of the gels
Pre-weighed amount of C12 biscarbamate was dissolved in 2 mL benzonitrile to
make a 0.08M solution by heating it up to 90 °C in a 5-mL scintillation vial. The solution
was kept at that temperature for about 10 min and then slowly cooled (the hot plate was
turned off). The completion of the gel formation was confirmed by vial inversion
method.

SNP-loaded C12 gel was prepared by dissolving a pre-weighed amount

(corresponding to 0.08M concentration of the C [2 in the solution) of the C12 sample in
benzonitrile and adding drop wise an equal volume of SNP/ethanol solution. The solution
mixture was then slowly cooled to room temperature after stirring it for 10 min at 90 °C.
For the two-component gels with C12 and perylene or phthalocyanine, required amount of
the dye, according to the percent composition, was dissolved in benzonitrile along with
the C12 following the same protocol as above. Another set of gels was prepared following
exactly the same procedure but quenching the hot solution using an ice bath. We chose
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C12 as a representative example for lumen loading, and benzonitrile as the solvent,
because we have used it in our previous work.

7.2.3 Characterization
TA Instruments 2010 differential scanning calorimeter was used for thermal
analysis at a heating rate of 10 °C per min. The DSC was calibrated for temperature and
energy with indium standard reference material. DSC traces were recorded in a nitrogen
atmosphere with ca. 7-10 mg of the gel samples placed carefully into an aluminum pan
and capped with a lid by using a Perkin Elmer hand press.

Optical micrographs were recorded with a Zeiss Axioplan polarized optical
microscope. Northern Eclipse (version 6.0) image processing software was used to
capture the images and for subsequent data acquisition and processing. For the kinetic
study of the isothermal crystal growth of Pc and Pe and the partial melting experiment
with the Ci2/SNP, C12/PC and Ci2/Pe xerogels, a Linkam hot stage (LTS 350) equipped
with a Linkam TMS 94 thermo controller was used. For the isothermal crystal growth, a
temperature of 63 °C was used and the micrographs were recorded as the crystals were
growing in benzonitrile. This temperature is the range in which the gelation of C12 occurs
in the slow-cooled gels.

Scanning electron microscopy (SEM) images of the xerogels were obtained using a
JEOL JSM-6400 scanning electron microscope. Gel samples were prepared for SEM by
mounting them on carbon-tape-coated aluminum stubs and drying them in air for ca. 24 h
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and under vacuum for ca. 5 h. Some samples were mounted on carbon-tape-coated brass
pucks and were dried in the same way to record the images of the edges of the gel fibers
at different angles. Scanning electron microscopy (SEM) images of some of the SNP
loaded C12 xerogel samples were obtained using a VEGAII XMU (TESCAN, Czech
Republic) scanning electron microscope. Dried samples were sputter coated with 80:20
Au/Pd target using a Hummer VIII Sputtering System (Anatech Ltd., Alexandria, VA)
before recording the images. SEM images were captured at an accelerating voltage
ranging from 5 to 20 kV. Vega TC software was used for both the microscope
manipulation and capturing the images from the latter microscope.

UV-visible spectra were recorded by using a Varian Cary 3 UV-Visible
spectrometer equipped with Cary WinUV Scan Application software. FTIR spectra of the
pure biscarbamates and their gels were taken under ambient conditions with a Varian
1000 Scimitar Series spectrophotometer. The FTIR spectra were recorded by placing the
sample on transparent NaCl disc, with a background correction using the identical sample
holder. Varian Resolution (version 4.0.5.009) software was used for data recording and
further processing.

7.3

Results and Discussion

7.3.1 Thermal Analysis
Organogels prepared from C\2 biscarbamate along with lwt% of phthalocyanine
(Pc) or perylene (Pe) loading with respect to the gelator are shown in Figure 7.1. A
solution of C12 biscarbamate (0.08 M) in benzonitrile was used to prepare the gels. The
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clear solutions of the components formed turbid gels upon cooling to the gelation
temperature (63 °C), which indicated the fibrous aggregation of the gelator molecules.
Gels formed from Ci 2 biscarbamate and Pe or Pc show thermo reversibility, which is
observed in the differential scanning calorimetry (DSC) scans in Figure 7.2 for the
Cn/2wt% Pe and Ci2/2wt% Pc slow-cooled and quenched samples.

Figure 7.1. Organogels prepared from Cn biscarbamate: (a) neat C12, (b) Ci2/1% Pe and
(c)Ci 2 /l%Pcgel.

Table 7.1 summarizes the gel-to-sol transition temperatures (Tge\) of these two-component
gels at various compositions. There was no difference in the transition temperatures
between scan rates of 5 and 10 °C/min. The DSC results show that these two-component
systems form quite stable gels with Tge\ values ranging from around 63 °C to 87 °C
depending on the fabrication procedure and compositions of the components.
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Figure 7.2. DSC thermograms of (a) d 2 / 2 % Pe and (b) C12 /2% Pc gels.

The rgei of slow-cooled samples is about 23 °C higher than that of the quenched samples
in the case of C^/Pc and about 12 °C higher for C^/Pe gels, which indicates more
gelation behavior in the slow-cooled samples than the quenched ones. This can be
understandably attributed to better formation and entanglement of fibrils in the slowcooled samples as compared with quenched samples, in which formation and
entanglement are hampered by the thermodynamic arrest of the molecules during rapid
cooling.

198
Table 7.1. Gel-Sol transition temperatures (T^ei) of the two-component C12/PC and CWPe
gels.
Gel composition

Tge\ (°C)
Slowcooled

C12

C12 + l%Pc
C 1 2 +2%Pc
C 1 2 +5%Pc
C, 2 +10%Pc

73.3
85.2
86.8
87.2
84.8

Gel composition

Quenched
62.7
62.9
63.7
64.0
63.1

7^1 (°C)
Slowcooled

C12+l%Pe
C 1 2 +2%Pe
C 1 2 +5%Pe
C 1 2 +10%Pe

74.4
77.1
79.9
73.1

Quenched

66.8
67.4
67.5
62.8

Table 7.1 shows that the Tge\ of the both series of samples increases slightly with the
incorporation of Pc and Pe and reaches maximum at 5wt% Pc or Pe with respect to C12,
after which it decreases as the percentage of Pc and Pe is increased. The significantly
higher Tgei values of slow-cooled C12/PC gels compared with Ci2/Pe gels indicates the
enhanced contribution of Pc in the gelation capability of C12 and thus increased thermal
stability compared with Pe in these two-component gels. We found that phthalocyanine
by itself does not gel benzonitrile.

7.3.2 Morphology of the Xerogels
The morphology of the xerogels of Ci2 biscarbamate and C12/PC and C^/Pe gels
were studied by using optical (OM) and scanning electron microscopy (SEM). For OM,
samples were prepared by dispersing the gel fibers in a saturated solution of the gel,
placing a small amount of this solution on a microscope slide, and drying the sample in
air for 24 h and under vacuum for 5 h. Figure 7.3 shows the optical micrographs of the
slow-cooled and quenched gels with different compositions of Pc and Ci2. It is seen that
the fibers in quenched gels (Figures 7.3a and b) are around 45 to 50 um long and about 5
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to 10 um wide. The slow-cooled gels, however, show significantly longer and wider
fibers. This leads to better entanglement and thus improved solvent immobilization
capability and higher thermal stability than the quenched gels. This is evident from the
rgei values for the slow-cooled and quenched gels listed in Table 7.1. Similar differences
in morphology between the quenched and slow-cooled gels were also seen in Cnl Pe
gels.

Figure 7.4 shows the change in fiber width as a function of the dye component
loading in the gel. It is seen that with the addition of Pc in the gel, the width of the fibers
increases exponentially with concentration and tends to level off between 5 and 10 wt%
Pc loadings. This indicates the possibility of Pc being incorporated within the hollow C12
fibers. A different trend is seen with regard to the change in the fiber dimensions of
Ci2/Pe gels. Even at 1 wt% Pe loading, the width of the fiber increased significantly and
reached the plateau level. Further addition of Pe did not significantly change the width of
the fiber. This observation raises a question as to whether or not the Pe molecules are
entrapped within the C12 gel fibers. This was resolved by studying the SEM images.

Figure 7.5 shows the SEM images of neat C12 xerogels. It is seen that C12 molecules
form thin sheets that wrap into hollow fibers, as reported previously.18 In the case of
quenched gels the wrapping of the sheets are not complete (Figure 7.5a), but for slowcooled gels the sheets completed the wrapping to form hollow tubes (Figure 7.5b).
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(a)l%Pc, Q

50 microns
(c)l% Pc, SC

50 microns

(b)2%Pc, Q

50 microns
(d)2%Pc, SC

50 microns

Figure 7.3. Optical micrographs of CnfPc gels with different compositions and
conditions: (a) lwt% Pc, quenched; (b) 2wt% Pc, quenched; (c) lwt% Pc, slow-cooled;
(d) 2wt% Pc, slow-cooled; (e) 5wt% Pc, slow-cooled; (f) 10wt% Pc, slow-cooled.
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Figure 7.5. Ci 2 biscarbamate gels: (a) quenched and (b) slow-cooled samples.

Figure 7.6 shows the morphology of the fibers in the two-component C^/Pc and
Cn/Pe gels. When Pc is added to Cn, we see a different morphology in which most of the
fibers are not hollow but filled with the second component, namely, Pc (Figure 7.6a-d).
The Pc crystals deposit themselves onto the gel sheets and as the sheets wrap into tubes
they become encapsulated, as shown in Scheme 7.2.
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Figure 7.6. SEM images of slow-cooled xerogels: (a) C12/lwt% Pc; (b) Ci2/2wt% Pc; (c)
C12/5% Pc, (d) C12/10% Pc, (e) and Ci 2 /l%Pe. The arrow 1 in panel e indicates a well
formed Pe crystal on the outer surface of the gel fiber. Arrow 2 shows the slit of a tubular
fiber.
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On the other hand, the C^/Pe gels show both hollow and flat fibers on addition of Pe
(Figure 7.6 e). It appears that Pe molecules are not encapsulated within the fibers; rather
they tend to crystallize outside the fibers (Figure 7.6e). This hinders the flat sheets of Cn
(arrow 1 in Figure 7.6e) from wrapping into tubes and leads to a flattened growth of the
C12 fibers with the growth of the Pe crystals (see also Figure 7.6f). This might be the
reason for the sudden increase in the average width of the Ci2/Pe gel fibers seen in Figure
7.4. The fibers without Pe crystals on the surface are hollow (arrow 2 in Figure 7.6e).
This difference in morphology can be attributed to difference in the crystal-growth
kinetics of Pc and Pe with respect to the gelation kinetics of C12, as discussed below.

Figure 7.7 shows SEM images of SNP-loaded slow-cooled gels of C ]2 . It is seen
that the morphology of these gel fibers is also different from that of the neat Ci2 gel
fibers. Most of the fibers are solid-filled with SNPs. The nanometer sized individual
particles or even the aggregates of the nanoparticles cannot completely fill the
micrometer-sized lumens of the tubes.

Figure 7.7. SEM images of SNP-loaded xerogel of C12 biscarbamate at different
magnifications. The smooth surfaces of the fibers clearly indicate the absence of
aggregation of the nanoparticles on the outer surface of the fibers. The arrows in (c) and
(d) indicate pores in the SNP-filled solid fibers, which are remnants of the lumen of the
hollow tubes.

Therefore, we see a few small pores, indicated by the arrows in Figures 7.7c and d, as
remnants of the lumen of the tubes. Close study of these images reveals the smooth outer
surfaces of the gel fibers and the absence of any aggregation of the nanoparticles on the
outer surfaces of the fibers. Partial melting experiments with hot-stage optical
microscopy further confirmed these obsevations.
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7.3.3 Gelation versus Crystallization Kinetics
The SEM observations described above show that Pc was occluded in the gel fibers
whereas Pe was not. This is attributed to the differences in the crystal-growth kinetics and
morphology of Pc and Pe under the gelation conditions. During gelation, it was seen that
complete immobilization of the solvent occurred within about 25 min for the neat Cn gel
and for the Q2/PC or Ci2/Pe gels.

Figure 7.8. Optical micrographs showing isothermal crystal growth of Pc at 63 °C in
benzonitrile as a function of time. Scale bars 20 \im.
To compare the crystallization kinetics of Pc and Pe with the gelation of these two
component gels in benzonitrile, we studied the isothermal crystal-growth kinetics by
using an optical microscope equipped with a hot stage. Figures 7.8 and 7.9 show the
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micrographs recorded at different times during the crystallization of Pc and Pe,
respectively, from corresponding sols of the same concentration used to prepare the gels.

Figure 7.9. Optical micrographs showing isothermal crystal growth of Pe at 63 °C in
benzonitrile as a function of time.

It is seen from Figure 7.8 that Pc crystallizes in needle shapes of about 35 \im in length
and a few micrometers in width. On the other hand, Pe forms almost square-shaped
crystals with diagonal length of around 105 \im (Figure 7.9). Plots of the linear (Pc) and
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diagonal (Pe) lengths of the growing crystals with time are shown in Figure 7.10. It is
seen that crystallization of both Pc and Pe initially occurs almost linearly as a function of
time. It is evident that the initial growth rate of Pc crystals is comparable to that of the
Cn fibers in the gel. The favorable needle-like geometry and a width of a few
micrometers, which is well below the internal diameter of the Cn fibers, leads to
encapsulation of the Pc crystals by the hollow fibers of C12 during the gelation process.
On the other hand, the initial growth rate of Pe crystals is greater than that of the C12 fiber
formation. Moreover, the Pe crystal dimension exceeds the interior diameter of the C12
fibers within about 15 min, which is earlier than the commencement of the formation of
the gel fibers and thus rules out the possibility of the encapsulation of Pe crystals within
the fibers. This argument was further confirmed by partial melting of the C12/Pc and
Ci2/Pe xerogels.
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Figure 7.10. Isothermal growth of Pe and Pc crystals in benzonitrile as a function of time.

208

7.3.4 Partial Melting of the Xerogels
Pc and Pe melt at 230 and 280 °C, respectively, whereas the melting temperature of
neat Cn is only 115 °C. This large difference in the melting temperatures of the
components of the gels was exploited in the partial melting experiment to confirm the
incorporation of the Pc and Pe molecules into the hollow tubes.

Figure 7.11. Optical micrographs of slow-cooled CnfPc gel at different temperatures of
(a) 25, (b) 97, (c) 100, and (d) 108 °C, showing the Pc crystal inside the Cn fibers of the
gel. The white arrows show the Pc crystals before and after melting the fibers. The purple
arrows in (d) show the coaxially aligned globular aggregates of the Pc molecules floating
in the C12 melt.
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Figure 7.12. Optical micrographs of slow-cooled Ci2/Pe gel at different temperatures of
(a) 25, (b) 97, (c) 108, and (d) 255 °C, showing the Pe crystal outside the C ]2 fibers of the
gel.

It was seen that in the xerogel the components mutually plasticize each other and thus
reduce their melting temperature significantly (about 5, 22, and 30 °C for C12, Pc, and Pe,
respectively). We partially melted the xerogel at different temperatures above the melting
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temperature of the lowest melting component, Cn, by using the Linkam hot stage
described in the Experiment Section. Figures 7.11 and 7.12

show the micrographs

recorded at different temperatures from this experiment with C12/PC and Ci2/Pe gels. It is
seen from Figure 7.11 that Pc forms crystals longitudinally along the axis of the gel
fibers. When the C12 fibers are completely molten, the Pc crystals are seen as remnants of
the fibers that, along with the solid fibrous morphology depicted in the SEM images
(Figure 7.6), clearly indicate the inclusion of Pc molecules within the hollow fibers of
C12. Contrary to this observation, we see a sort of epitaxial growth of Pe crystal at the
outer surface of the C12 fibers (Figure 7.12). After melting the C12 at a temperature above
its melting point, we see the presence of the Pe crystals. This observation clearly proves
that the Pe molecules are not encapsulated within the hollow fibers of C12 in the gels but
form crystals outside the fibers. Figure 7.13 shows optical micrographs from similar
partial melting experiments with the SNP-loaded C12 xerogels. Figure 7.13a shows the
smooth outer surface of a free-standing gel fiber at room temperature and clearly
indicates the absence of nanoparticle aggregation on the surface. After partially melting
the fiber of C12, we see a coaxial array of nanoparticles both at the edges and the centre of
tubes in Figures 7.13b and c.

The nanoparticles remain exposed even after the

crystallization of the melt by cooling down to the room temperature, as shown in Figure
7.13d. These observations clearly prove the inclusion of the nanoparticles into the hollow
gel fibers.
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Figure 7.13. Optical micrographs of SNP-loaded Cn biscarbamate gel at different
temperatures of (a) 25, (b) 115.8, (c) 116 °C, and (d) 25 °C after cooling.
7.3.5 X-ray Diffraction
X-ray diffraction traces of neat components and their organogels and xerogels are
shown in Figure 7.14. All the gels show a series of intense reflections in the 20 ~ 20 to
25° range, which indicates the layered structure of the molecules in the gel fibers. Figure
7.14a shows the XRD patterns of the C12 biscarbamate in both its powder and xerogel
forms. The peaks of C12 biscarbamate with d-spacings of 4.6 and 3.8 A were assigned to
the distance between the hydrogen-bonding molecules in a plane and the distance
between these planes in the bulk crystals, respectively.34
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Figure 7.14. X-ray diffraction patterns of (a) Cn biscarbamate in powder and xerogel
form, and (b) C12 organogel, Ci2/Pc two-component organogel, and neat Pc. The dspacing values are in A.

213

In the xerogel, the reflection at d = 3.8 A appears at the same position compared to that of
the powder form. The full width at half maxima and thus the crystallite size
corresponding to this reflection remains essentially the same. But the reflection at d = 4.6
A becomes less intense and shifted to about 4.8 A. We attribute the reduction in intensity
of several reflections to the wrapping of the fibers into tubes and the resultant nonuniformity in the sample exposed to the X-ray beam. This is in contrast to our previous
observations with the xerogels of monocarbamates,17 in which the X-ray diffraction
remained the same for the powder and xerogel forms. No wrapping was observed in that
case.

XRD traces of Cn organogel (not dry), neat Pc, and the Ci2/10wt%Pc twocomponent organogel are shown in Figure 7.14b. The crystal structures of both the metalfree and the Cu derivative of the octabutyl Pc are known.37'38 The former crystallizes in
the triclinic form and the latter in the monoclinic form. In both cases, the closest face-toface packing distance is 3.57 A, and the centre-to-centre distance is 8.14 A. The peaks in
the XRD trace for neat Pc with J-spacings of 3.69 and 8.26 A correspond to these
distances. In the XRD pattern for the two-component gel, these peaks are present,
although at 3.52 and 8.26 A. The peaks at IB = 21.6 (d = 4.15 A), 15.9 (d = 5.54 A), and
13.2 (d = 6.70 A) are derived from Pc and clearly indicates the presence of crystalline Pc
in the Ci2/Pc organogel. Note that peaks corresponding to large J-spacings recorded for
the Pc powder that would reflect the three-dimensional structure of Pc, are absent in the
XRD pattern for the C12/PC gel. Thus, growth of the Pc crystals seems to be
predominantly one-dimensional, similar to the growth of the gel fibers. Spectroscopic
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analysis was performed

to further investigate the molecular packing through

intermolecular interactions between molecules of same type versus different types in the
gels.

7.3.6 Spectroscopy
Pc and Pe are intensely colored compounds with l max =

773

and

437

nm,

respectively, in benzonitrile.
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Figure 7.15. UV-visible spectra of C^/Pc gels: (a) quenched and (b) slow-cooled
samples.
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Figure 7.16: UV-visible spectra of C]2/Pe gels: (a) quenched and (b) slow-cooled
samples.

Figures 7.15 and 7.16 show the UV/Vis spectra of the C^/Pc and Ci2/Pe gels along with
that of the neat Pc and Pe in benzonitrile. It is evident from the spectra that there is no
shift in the absorption position of Pc in the gels compared to its absorption in the pure
form. Neither the sample preparation protocol (i.e., quenching or slow cooling) nor the
concentration of Pc has any influence on the absorption profile. There is simply an
increase in the absorption intensity with the increase of concentration of Pc and Pe in the
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gels. This shows that the packing of the Pc molecules by themselves in benzonitrile and
as a component in the gel is the same.

The modes of aggregation of Cn and Pc in the gel were further investigated by IR
spectroscopy of the components. Figure 7.17 shows the IR spectra of Cn, Pc, and CWPc
organogel. In the IR spectra of neat C12, absorption bands at v = 3320 and 1683 cm"1
correspond to the hydrogen-bonded N-H and C=0 groups, respectively. Appearance of
the absorption bands essentially at the same frequencies and absence of free N-H and
C=0 bands in the IR spectra of the C12 gel clearly indicates the presence of the
intermolecular hydrogen-bonding during their aggregation into a fibrillar structure in the
gel. The presence of C12 and Pc in the two-component gels has no effect on either
component's absorption frequencies in the IR spectra, which indicates self-sorting
aggregation of the components in the gels. Therefore, this is an example of organic dye
occluded two-component organogel.

7.4

Conclusions
Herein, we discussed a novel biscarbamate-based organogelator for benzonitrile

doped with metal nanoparticles and organic dye molecules. These are examples of
lumen-loaded organogel fibers. Our previous morphological studies18 showed that C12
biscarbamate gels benzonitrile at a nominal concentration of 0.08 M with hollow fibrillar
network morphology. Optical and scanning electron microscopy showed that C !2
molecules form sheets that eventually wrap into hollow fibers to form the gel network.
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Although chirality driven hollow tube formation is known, in the present case a nonchiral molecule forms hollow tubes, and this was previously rationalized

as being due to

the asymmetry of interactions between the molecules in the three directions. Herein,
addition of PVP-coated silver nanoparticles during the gelation of C12 led to a different
morphology of the gel, in which the nanoparticles deposited on the sheets and these
sheets wrapped into SNP-loaded fibers. Likewise, lumen-loaded organogel fibers were
prepared with Pc dye molecules with needle-like crystal growth inside the hollow fibers.
Lastly, Pe molecules were found more prone to form crystals on the outer surface of the
C12 fibers. This different behavior of Pc and Pe molecules is attributed to their crystal
geometry and significantly different crystal-growth kinetics compared with that of C12
fiber formation in the gels. DSC analysis showed that C12 forms quite a stable gel with
benzonitrile, and addition of Pc contributes more to the thermal stability of these gels
than Pe. XRD and spectroscopic analysis showed that the hydrogen-bond mediated selfassembly of the C12 molecules and the packing behavior of the Pc and Pe molecules were
not affected during the two-component gel formation. We find that for the dye molecule
crystals to be occluded in the hollow gels, the growth rate of the crystals and the size and
shape should be similar to those of the gel fibers. We have thus shown that lumen-loaded
gel fibers (with nanoparticles and dye molecules) can be prepared by the two-component
gel route, without any inter-molecular interaction in effect, provided that the abovementioned growth rate, shape, and size conditions are satisfied.
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Chapter 8

Immiscibility Driven Two Component Gels of Biscarbamates
with Poly (e-Caprolactone)
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8.1

Introduction
Exploring the potential of molecular self-assembly and organic templates to

fabricate functional materials constitutes significant contemporary research interest.
Strategic use of noncovalent interactions between molecular units leading to molecular
self-assembly has been developed as a highly promising means for the construction of
supramolecular architectures that have specific structures, dimensions, properties, and
functions.2 Low molecular weight organogels have emerged as an important class of soft
organic materials in recent years. Significant research effort has so far been invested in
transforming the serendipitous discovery of organogels into an efficient way of making
gels with predetermined structure and properties.4 Two-component gel route is one such
idea which relies on the non-covalent interactions between the two complementary
components with an additional level of control in the hierarchical assembly process. Even
a facile change in the composition of a two-component system can induce a significant
change in the morphology of the resulting gel-phase materials that underscores the
usefulness of this approach.5
Since the number of synthetic polymers leading to organogels is limited, efforts
have been made to covalently functionalize polymers such as poly (dimethyl siloxane),
polycarbonate, poly(ethylene glycol) (PEG), poly(propylene glycol) (PPG) etc, with
known organogelators, e.g., L-isoleucine and L-valine derivatives.6 The latter promote
the formation of organogels of these polymers. Two-component systems of blends of a
gelator and a polymer which mutually interact via hydrogen bonding e.g., blends of
sorbitol and PEG or PPG or blends of a cyclodextrin and poly(acrylic acid) have also
been studied.

These systems are based on hydrogen bonding interactions between the

polymer and the organogelator, or chemical functionalization. In this chapter we describe
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a two-component gel system in which the polymer and the gelator are immiscible, and
neither of them gel chloroform individually.
Self-assembly of incompatible molecular components leading to phase separation
comprises a powerful approach toward the fabrication of complex nano-architectures and
new materials.8 Phase-separated systems leading to various architectures of different
dimensions and functionalities have been developed so far based on the immiscibility of
block-copolymer segments or fluorinated compounds with hydrocarbons.

This toolbox

has recently been extended to low molecular weight gels in liquid crystalline phases1' and
surfactant micelles.
Component-selective self-assembly, popularly known as self-sorting, of complex
mixtures of building blocks have been of significant interest to fabricate materials with
desired dimension, morphology, and functionality.13 Concepts of self-sorting have
recently been employed to quantify the extent of molecular scale information that
controls the selective self-assembly process in gel-phase materials.14
O
Biscarbamate:
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H
R = C n H 2n+1 ;n = 3 - 1 8
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2 ^— C -O
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Scheme 8.1. Structures of biscarbmates and poly (e-caprolactone).

In Chapter 5 we discussed the self-sorting behaviour during crystallization of a set
of polyurethane (PU) model compounds.15 These are biscarbamate molecules having two
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hydrogen bonding motifs separated by an (CH2)6 spacer and symmetrically attached with
alkyl side chains of different length (Scheme 8.1). It was found that blends of any two of
these molecules are immiscible at the molecular level in spite of their chemical similarity.
Molecular recognition leading to component-selective self-assembly took place even with
a small change in the alkyl side chain length. However, they mutually affect the
crystallization kinetics, crystallinity and morphology of the blends. These features
parallel those of hydrogen bond-mediated self-sorting in polymer blends.
Our previous studies on gelation of these biscarbamates showed that they could gel
benzonitrile at a nominal concentration of 0.02 M with hollow tubular morphology.16
Gelation accompanied by precipitation occurred in benzonitrile with some of the
17

biscarbamates unlike the case of monocarbamates

in the same solvent. A preliminary

study16 on two-component gels based on homologous biscarbamates with odd versus
even number of carbon atoms in the alkyl side chains showed enhancement of gelation
with significantly different morphology following the sergeant-and-soldier principle
and absence of precipitation of the gelator molecules (Chapter 6). Hollow tubes are
observed typically when chirality-driven molecular packing occurs, for example, in lipid
bilayer formation leading to helical structures with tubular morphology.19 Such hollow
tube formation during gelation of biscarbamates is the first instance of a non-chiral
molecule exhibiting this behavior. However, hollow biscarbamate gels are too soft to be
used in any practical application. Dispersing or impregnating these in a polymer via the
two-component gel route could improve their mechanical properties and these could
serve as separation membranes and find use in similar applications. To this end, the

226
present study explores the gelation of a series of homologous biscarbamte molecules with
polycaprolactone (PCL).
Poly(e-caprolactone), a linear, semicrystalline, biocompatible and biodegradable20
synthetic aliphatic polyester has been of interest in tissue engineering21 and drug delivery
systems22, biodegradable shape memory devices23, micropatterning biomacromolecules
on polymer surfaces24, "active packaging" materials with antimicrobial properties25, and
stress sensing. . Because of their suitable thermo-mechanical properties, PCL gives rise
to polymeric composites in the form of fibers, films, or membranes with biomedical
properties.
To develop biodegradable polyurethanes, incorporation of PCL as the soft segment
has been reported, with a view to study the phase separation of the hard and soft
segments.27 These contained aromatic or cyclohexyl based hard segments. For example, it
was found that with low molecular weight of PCL (Mw =800) there was compatibility
between the hard and soft segments, whereas higher Mw led to phase separation.

7

In this

chapter, we discuss the phase separation during crystallization, and gelation of the two
component blends, with the PU model compound (biscarbamates) and PCL. Thus, in this
case, it is the blend of PCL instead of covalently linked polymer as in biodegrable
polyurethanes.

c

We discuss the facile formation of composite porous gels comprising

PCL and a series of hydrogen bond mediated self-assembling low molecular weight
organogelators driven by their immiscibility and self-sorting at the molecular level,
although these components do not gel chloroform individually.
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8.2

Experimental

8.2.1 Materials
Biscarbamates with different alkyl side chain length were synthesized from
respective diisocyanate and alcohols according to the procedure described in Chapter 2 as
well as in our previous papers.28'29 PCL (Mw = 65,000 g mol"1) was purchased from
Sigma-Aldrich Inc., USA and was used as received.

8.2.2 Preparation of the Blends
To study the miscibility behavior of PCL/biscarbamate blends, pre-weighed
amounts of PCL and the corresponding biscarbamate sample with respect to the intended
compositions were dissolved in a 20-mL scintillation vial with sufficient amount of
chloroform at 60 °C with constant magnetic stirring. The solution was kept at that
temperature for 10 min and then cooled to room temperature. The solvent was then
allowed to evaporate by removing the vial cap. The blends thus prepared were dried in
the fume hood for 3 days and under vacuum for 24 h. To study the dispersion behavior of
biscarbamates in the PCL matrix, films of some select biscarbamate samples at
concentrations ranging from 1 to 10 (w/w) % of the biscarbamates with respect to PCL
were prepared by casting the chloroform solutions on a glass surface using an electrically
driven film coater. These films were dried in the fume hood for 24 h and under vacuum
for another 24 h.
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8.2.3 Preparation of the Gels
Pre-weighed amount of Cx biscarbamates (the subscript x indicates the number of
carbon atoms in the alkyl side chain of the biscarbamate molecule) and PCL were
dissolved in required volume of chloroform to make solutions of varying concentrations
with respect to PCL (w/v %) by heating it up to 60 °C in a 20-mL scintillation vial. The
solution was kept at that temperature for about 10 min after dissolution of both
components and then slowly cooled at a rate of ca. 5 °C/min to the room temperature.
The completion of the gel formation was confirmed by vial inversion method and was
considered gel when complete immobilization of the solvent was attained. Another set of
gels with some select biscarbamates samples was prepared following the same procedure
but quenching the hot solution using an ice bath.

8.2.4 Characterization
TA Instruments 2010 differential scanning calorimeter was used for thermal
analysis at a heating rate of 10 °C per min. The DSC was calibrated for temperature and
energy with indium standard reference material. DSC traces were recorded in a nitrogen
atmosphere with ca. 7-10 mg of the samples in an aluminum pan and were capped with a
lid by a Perkin Elmer hand press. The crystallinity of PCL was calculated using a value
of 139.3 J/g for the heat of fusion (AH) of 100% crystalline PCL28, using the equation303'0
XC=AH/AH°

(8.1)

where Xc is the weight fraction crystallinity, and AH° is heat of fusion corresponding to
the 100% crystalline sample.
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Small-angle light scattering in the Hv mode was used to measure the average size of
the PCL spherulites, using the set up and Eq. (8.2), as described by Jabarin and Stein.31
4 7i (RA.) sin (9/2) = 4

(8.2)

with 0 = tan l (r/D)

(8.3)

where R is the radius of the spherulite, X (0.6328 |^m) is the wavelength of the laser
beam, r is the distance from the center of the incident beam to the point of maximum
intensity on the H v four-leaf clover pattern, and D is the distance between the sample and
the recording plane.

8.3

Results and Discussion
We will first discuss the immiscibility as deduced from thermal analysis and

morphology of the blends and then the gelation behavior.

8.3.1 Thermal Analysis
The miscibility behavior of PCL and biscarbamate blends was studied with
differential scanning calorimetry. Figure 8.1 shows the DSC thermograms of neat PCL,
neat Cu, and PCL/C12 (50/50) blend. Both the PCL and C12 show a single endothermic
peak in their DSC traces corresponding to their melting temperatures (Tm) at 60 and 115.5
°C, respectively while the 50/50 blend of these components shows two distinct peaks in
its DSC trace. The large difference in the melting temperatures of these two components
led to well separated distinct peaks and implied the immiscibility and consequent phase
separation of these components at this composition. Table 8.1 shows that the melting
temperatures of PCL and the biscarbamate in the blend depends on the length of the alkyl
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side chain and the blend composition. The Tm and the heat of fusion (A//) recorded here
for 100% PCL are about the same as those reported by other authors.28
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Figure 8.1. DSC thermograms of neat PCL, neat C12 and PCL/C12 50/50 blend.

The Tm of PCL slightly increases, by 4.4 °C with 20% C4, and the increase becomes
smaller with further concentration of C4. With the addition of Cn, a maximum increase of
4.3 °C is seen with 50%, and the addition of Cig causes less of an increase. On the other
hand, the Tm of the biscarbamate is reduced with the addition of PCL, the reduction being
more significant for C4 (varying from 6.5 to 2.3 °C as the PCL content of decreasing from
80 to 40%). The Tm of C12 is reduced by 3 °C with 80% PCL, and no further change is
seen at lower concentrations of PCL. The reduction of Tm is less pronounced for Qg. It
thus appears that lower concentrations of a biscarbamate serve as a nucleating agent and
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increase the Tm of PCL, while PCL itself plasticizes the biscarbamate, lowering its
melting temperature.

Table 8.1. Melting temperatures and normalized heats of fusion of PCL/ biscarbamate
blends at different compositions.
Composition

Blends"
PCL/C4
r m (°C)

PCL/C12

Ht(J/g)

Tm(°Q

PCL/C18

H{(]/g)

Tm(°Q

H{g/g)

100/0

60.0

70.5

60.0

70.5

60.0

70.5

80/20

64.4,87.1

40.5,0.8

62.8,112.6

39.8,7.5

61.6,120.7

40.7,8.3

60/40

63.9,89.5

20.6,10.3

63.8,115.7

20.9,30.5

63.6,122.9

19.3,39.8

50/50

60.9,89.9

15.4,23.1

64.3,115.5

17.4,36.9

62.4,123.4

12.0,59.1

40/60

60.9,91.3

9.6, 35.2

63.0,116.7

8.4, 65.0

61.9,123.2

6.0, 77.3

20/80

60.3,93.2

2.8, 84.4

61.3,115.6

2.7, 100.6

61.6,122.6

2.1, 120.6

0/100

93.6

122.1

222.4

a

160.0

115.5

196.2

= first value corresponds to PCL and second, to the respective biscarbamate.

The increase in the Tm of PCL with the addition of biscarbamate does not lead to an
increase in its crystallinity, as seen from the change of heat of fusion (AH). Contrary to
the trend in the change of melting temperatures, the heats of fusion of both components in
the blend decrease significantly. Figure 8.2 shows the variation of normalized (with
respect to the relative weight of each component) heat of fusion as a function of the
weight percent composition of the blends. Irrespective of the alkyl chain length, the AH
of PCL decreases from 70.5 to about 3 J/g, with an increase of the weight fraction of the
biscarbamate (see Table 8.1 also).
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It is seen from this figure that the effect of PCL on the AH of biscarbamate is more
significant. For C4, for example, the AH decreases from 160 to 0.8 J/g with an increase in
the weight fraction of PCL. Similar significant reduction of AH is seen for Cn and Cig in
Figures 8.2b and c, respectively, with an increase in PCL content. This trend in change

233

of heat of fusion parallels that of the homologous blends of biscarbamates and we
attribute this to the mutual diluent effect of immiscible blend components on each other.15
van Bogart et al27d found that in the case of polyurethanes with PCL as the soft segment,
there was compatibility with the hard segment with a PCL of Mw of 830, but increasing
the Afw of the PCL segment to 2000 led to microphase separation. These authors used
aromatic or cyclohexyl based hard segments. In the present case of blends of PCL with
biscarbamates (model compounds for aliphatic polyurethanes), such phase separation
occurs, as seen from the DSC results. Since the purpose of this study is to disperse gel
fibers in a polymer to make a system that would be amenable to handling, we did not use
a low molecular weight (Mw of 830) PCL as in the work of van Bogart et al.

1

8.3.2 Morphology of the Blends
Since we wanted to disperse the biscarbamates in the PCL matrix, we studied the
morphology of the blends with PCL as the major component. We chose the
biscarbamates with extreme and intermediate lengths of the alkyl side chains. Figure 8.3
shows the OM of PCL and PCL/C4: 99:1 and 98:2 (wt %) films cast from chloroform
solutions. The PCL crystallizes with the well known spherulitic morphology (Figure
8.3a), with an average spherulite size of 9 urn (as measured from solid state light
scattering).

Figures 8.3 b and c for PCL/C4: 99/1 and 98/2 (wt %) show that the

biscarbamate forms phase separated droplet domains in the PCL matrix (these are
birefringent droplets, but appear black due to the thickness). That these droplets are those
of C4 was confirmed by partially melting the sample above the Tm of PCL. Similar phase
separated domains of biscarbamates are seen with an increase in alkyl side chain length,
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as shown in Figure 8.4 for PCL/C12 and PCL/Ci8 blends with 99/1 and 98/2 (wt %)
compositions.

Figure 8.3. Optical micrographs of PCL/C4 biscarbamate blend films cast from
chloroform solution at different compositions: (a) neat PCL (b) 1%, and (c) 2% C4
biscarbamate.

Increase in the concentration of biscarbamates leads to pronounced phase separated
domains, as shown in Figure 8.5 for C4, C12 and Qg biscarbamates with 5 and 10 wt % in
PCL. With PCL/C4: 95/5 and 90/10 (wt %), the domains of C4 become more numerous
and larger than those in Figure 8.3. As the alkyl chain length increases, the size of the
PCL spherulites increases as well, as seen from Figures 8.5d, e and f, and the
biscarbamates form domains within the lamella of the spherulites. Although the
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biscarbamates are known to crystallize rapidly, the presence of PCL as the major
component prevents the spherulite formation. The decrease in the heat of fusion of PCL
with biscarbamate concentration could be attributed to the interspersion of the latter in
the spherulitic domains of PCL.

Figure 8.4. Optical micrographs of blend films cast from chloroform solutions, (a, b):
PCL/ C12 biscarbamate: 99/1 and 98/2 (wt%), respectively; (c, d): PCL/ C ]8 biscarbamate:
99/1 and 98/2 (wt%), respectively.

While the partial melting experiments confirmed the statements above that
biscarbamates form crystalline aggregates in the PCL matrix in the case of solvent cast
films, phase inversion occurs upon cooling the molten film. This is illustrated in Figure
8.6 for the case of PCL/Ci8: 95/5 (wt %) film. At 25 °C, aggregates of C ]8 crystals are
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seen (Figure 8.6a) in the PCL matrix. At 110° C (Figures 8.6 d), PCL had melted, and
channels arise (seen from top left to right) due to the phase separated, molten polymer.

.50 -•wflfigfon

'5\i».:r^;^>1;

Figure 8.5. Optical micrographs of PCL/biscarbamate blend films cast from chloroform
solutions with 5% (wt) (left column) and 10% (right column) of biscarbamate. (a, b): C4
biscarbamate; (c, d): Cn biscarbamate, and (e, f): Qg biscarbamate.
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At 125 °C, Ci8 has also melted. Upon cooling to 104 and 70 °C, Cj 8 crystallizes as
radiating lamellae. Upon further cooling to 40 °C PCL crystallized along the channels and
also as aggregate crystals between the lamellae of Cis (Figure 8.6 i and j). Such phase
inversion occurs since the crystallization temperature of Cig (111.9 °C) is higher than that
of PCL (40.7 °C).
While the above discussion relates to films cast from chloroform, we also examined
the bulk morphology of the PCL/biscarbamate blends prepared by solution blending and
the effect of temperature. To this end, a blend of PCL/C12: 80/20 (wt %) (not the cast
film) was heated on the hot stage, and the temperature was increased successively to (1)
the melting temperature of PCL, (2) the melting temperature of Cj 2 , (3) 5°C higher than
the melting temperature of Ci2; and decreased successively to (1) the crystallization
temperature of C )2 , (2) the crystallization temperature of PCL, and (3) room temperature.
The heating rate was 5 °C/min up to 50 °C and then 1 °C/min to get to the desired
temperature on heating and cooling. The sample was kept at the desired temperature for
about 5 min before recording the images. Figure 8.7a and b show the samples of C12 and
PCL slowly cooled from the respective melts with spherulitic morphology. However,
when they are blended together, only the biscarbamate crystallizes as spherulites while
PCL crystallizes as droplets dispersed between the lamellae of C12 (Figure 8.7c). This
indicates that the presence of C12 significantly impedes the crystallization and the
corresponding spherulitic morphology of PCL in the blends. Selective melting at 60 °C
leads to droplets of molten PCL (indicated by the arrows in Figures 8.7d and e), while the
spherulites of C12 remain unaffected. Increasing the temperature to 115 °C above the Tm
of C12 resulted in an isotropic melt (Figure 8.7f).
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Figure 8.6 continued on next page
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Figure 8.6. Optical micrographs of PCL/5%Cig biscarbamate films at different
temperatures: Heating to: (a) 25 °C, (b) 60 °C, (c) 70 °C, (d) 110 °C, (e) 115 °C, (f) 125
°C, and cooling to (g) 104 °C, (h) 70 °C, (i) 40 °C, and (j) 25 °C. The channels running
from top left to right in (d) - (j) are the trenches separating the domains created upon
melting of the polymer at elevated temperatures. The arrows point to the crystalline
aggregates of Ci 8 .

Upon cooling to 107 °C, the spherulitic morphology of C12 redevelops, and further
cooling to 40 °C results in the droplet formation of PCL in the matrix of Ci2, although
PCL is the major component in the blend (Figures 8.7g and h). Such droplet formation of
PCL in the matrix of polyurethanes with PCL as the soft segment, in the melt-mixed
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blends of PCL and PU has been reported by Ajili et al.27 In their work, the Mn of PU was
2000 g/mol, and that of PCL was 42,500 g/mol. They rationalized droplet formation on

Figure 8.7. Optical micrographs of (a) neat C ]2 at 25 °C, (b) neat PCL at 25 °C, and
PCL/C12 80/20 blend at different temperatures : (c) 25 °C, (d) 60 °C, (e) 110 °C (f) 115
°C, (g)107 °C upon cooling, and (h) 40 °C upon cooling. The white arrows indicate the
droplets of the molten PCL.
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the basis that due to its higher molecular weight, PCL did not fully mix with the lower
molecular weight PCL diol segment of the PU, and formed micellar droplets.

The droplet formation in the present work could be attributed to the difference in
the crystallization rate of the components. Goulet and Prud'homme

reported a

crystallization half time (tm) of 4.5 min, for a PCL sample crystallized from the melt at
45 °C. The tin for C4 is only a few seconds.29 Thus, while the biscarbamate forms
domains in the PCL matrix in solution cast films, the opposite is seen with the asprepared blends upon crystallization from the melt. These observations show that the
self-assembling component (biscarbamate) of the blend is immiscible with PCL at the
molecular level and crystallizes by self-sorting. The volume filling crystallization of the
biscarbamate from the melt precludes the crystallization of PCL, which has a much lower
temperature. Even otherwise, a similar study on the homologous blends of the
biscarbamates15 studied here showed that these self-assembling molecules are also
immiscible at the molecular level and crystallize by self-sorting although the melting and
crystallization temperatures differ only by a few degrees. However, the crystalline
domains of the homologous blend components of biscarbamates profusely participate in
forming the spherulitic domains than forming distinct spherulites of their own. We
utilized this immiscibility between PCL and the biscarbamates to fabricate composite
gels using the two-component gel route. The gelation behavior and the morphology of the
resulting gels are discussed in the following sections.
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8.3.3 Gelation
The immiscibility driven gelation of PCL/biscarbamate blends in CHCI3 was
studied with the biscarbamates having alkyl side chains with number of C atoms in the
side chain ranging from C3 to C18 at different compositions. The clear solutions of PCL
and biscarbamate components either form semi-solid turbid mass indicating the fibrous
aggregation and/or crystalline precipitation of the gelator molecules or remained as clear
solution upon cooling to the gelation temperature (43 °C). Neither neat PCL nor neat
biscarbamates gel chloroform. However, the presence of both PCL and biscarbamate lead
to gelation. Figure 8.8 shows the phase diagram of the composite gel with respect to the
biscarbamate concentration as a function of number of carbon atoms in alkyl side chains.
We kept the PCL concentration constant at 20% (w/v) while varying the concentration of
biscarbamates with respect to that of PCL. It is seen that the gelation of biscarbamates in
PCL solution is dependent on the alkyl side chain length irrespective of their relative
concentration. Biscarbamates with alkyl side chain shorter than Cn remain soluble and
do not form a gel (Figure 8.8a) while beyond Cn they precipitate (Figure 8.8c) at ambient
temperature. Only three members of the series with Cn to C13 side chains form gel at a
relative concentration ranging from 5% to 25% (Figure 8.8b).
The critical gelation concentration (CGC) of these three biscarbamates differs
significantly as shown in Figure 8.9. It is seen from this figure that the CGC for Cn is
10% which is quite high compared to the other two biscarbamates (5 and 4% for Ci2 and
C13, respectively). This gelation behavior of biscarbamates can be attributed to the
immiscibility of biscarbamates in PCL matrix which helps them self-sort and phase
separate in the polymer matrix.
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Figure 8.8. Phase diagram of gelability of biscarbamates having alkyl side chains of
different lengths at different concentrations.

The varying extent of intermolecular association of biscarbamates with different alkyl
side chain length plays important role in such phase separation. The increased alkyl side
chain length leads to increased van der Waals interaction while the extent of hydrogen
bonding remains same. Because of this, the biscarbamate molecules with optimal van der
Waals to hydrogen bonding ratio leads to unidirectional aggregates of the molecules
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resulting in gel fiber formation. Biscarbamates with shorter chain length and hence
smaller van der Waals force tends to be dispersed in the polymer matrix while
biscarbamates with longer alkyl chains precipitates. Thus the immiscibility and gelation
of biscarbamates in the presence of PCL depend on intermolecular forces between the
molecules of same type and of the blendophobic components.
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8.3.4 Morphology of the Composite Gel
The morphologies of both slow-cooled and quenched samples of PCL/biscarbamate
gels were studied with electron and optical microscopy.
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Figure 8 10. SEM micrographs of xerogels of PCL/biscarbamate: 90/10 (wt %) blends
(a, a') PCL/C U ; (b, b') PCL/C12, and (c, c') PCL/C13 The left column represents the
micrographs of quenched samples and the nght column corresponds to the slow-cooled
samples The arrows show the eaves trough morphology of the fibers
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(a')

(a)

125 micron

125 micron

125 micron

Figure 8.11. Optical micrographs of xerogels of PCL/ biscarbamate: 85/15 (wt %) blends
recorded after partially melting at 60 °C: (a, a') PCL/Cii, (b, b') PCL/C12, and (c, c')
PCL/C13. The left column represents the micrographs of quenched samples and the right
column corresponds to those of the slow-cooled samples.
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We discuss the xerogels as it was difficult to maintain the wet gels due to the rapid
evaporation of chloroform. Figure 8.10 shows the SEM micrographs of the quenched and
slow-cooled xerogels. It is seen that the PCL does not form any spherulites upon gelation,
rather it serves as a coarse fibrillar polymer matrix in which the biscarbamate fibers that
formed upon gelation are impregnated. The eaves trough morphology that led to hollow
fibers that was seen before with biscarbamate gels1 is present here as well.

PCL melts at ~ 60 °C while the Tm of the biscarbamates studied here are over 100
°C. That the network of fibers corresponds to the biscarbamates was confirmed by
partially melting the PCL component at 60 °C. Figure 8.11 shows optical micrographs of
both slow-cooled and quenched samples of biscarbamates in PCL from such partial
melting experiments. The left column represents micrographs of quenched samples and
the right column corresponds to those of the slow-cooled samples. It is seen from both the
SEM (Figure 8.10) and OM images (Figure 8.11) that the slow-cooled samples form
longer and wider fibers than those of the corresponding quenched samples. This
difference could be attributed to the better formation and entanglement of the fibrils in
the slow-cooled samples as compared to the quenched samples in which these are
hampered due to the arrest of the molecules during rapid cooling. Similar behavior was
seen in the spherulitic morphology as well, with the slow-cooled samples forming larger
spherulites.15'29

To study the effect of concentration on the gel fiber morphology we prepared gels
of biscarbamates in PCL at different concentrations. Figure 8.12 shows the micrographs
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of PCL/Cn and PCL/Co gels at 10%, 15% and 20% compositions. It is seen that there is
no significant difference in the fiber morphology except an increase in fiber density with
concentration. The dense fibrous matrix implies that PCL also forms fibrous morphology.

Figure 8.12. Optical micrographs of PCL/Cn (a, b, c) and P C L / C B (d, e, f) biscarbamate
gels at different compositions of Cn and C13: (a, d) 10%, (b, e) 15%, and (c, f) 20%.
White arrows indicate the globular precipitates of C13.
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With an increase in C13 concentration, precipitation occurs along with gelation leading to
less stable and opaque gels. With a relative concentration of 10% of C ]3 , only fibers are

Figure 8.13. Optical micrographs showing the change in the fiber width as a function of
alkyl side chain length at a constant (15%) composition: (a) Cn, (b) C12, and (c) C13. A
graph of the variation is shown in (d).

seen (Figure 8.12d). As its concentration is increased to 15 and 20%, precipitation in the
form of aggregates occurs (indicated by white arrows in Figures 8.12e and f). These are
crystal mass of the biscarbamate and appear black due to the large thickness.

To further investigate the effect of alkyl chain length, we studied the
PCL/biscarbamate gels of Cn, C12 and C13 at a constant composition. Figure 8.13 shows
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the effect of alkyl side chain length on the morphology in the OM of the partially melted
xerogels prepared with the same concentration of the biscarbamates. A plot of the gel
fiber widths is given in Figure 8.13 d. It is seen that among the three biscarbamates, Cn
and C13 form longer and thinner fibers than those of C12. We attribute this to the distinct
difference in the (hydrogen bond mediated) self-assembling behaviour between the odd
and even number of carbon atoms in the side chain. Results of the studies, discussed in
Chapter 3, show that the odd and even number of carbon atoms in the alkyl side chain
exhibit different thermal and crystallization behavior.

8.3.5 Bulk Morphology of the Composite Xerogels
The morphology in the bulk of the xerogels was investigated by cutting them with a
razor blade and recording SEM images of the cross sections. Figure 8.14 shows such
cross sections for the PCL/ biscarbamate xerogels with Cn, C12, and Cn at 15% w/w
concentration. The SEM image of PCL/Cn gel (Figure 8.14a) shows pores with the size
of a few microns which are homogeneously distributed over the scanned area of the
sample. However, a more porous morphology is observed with larger and irregular pores
with inhomogeneous distribution in the case of PCL/C12 gel (Figure 8.14b). We attribute
the porosity to the formation of hollow biscarbamate fibers which are impregnated in the
PCL matrix upon gelation. The difference in the pore size is consistent with the
difference in the fiber width of biscarbamates with odd versus even number of carbon
atoms in the alkyl side chains (Figure 8.13). Contrary to the gels containing Cn and Ci 2 ,
SEM image of the PCL/C13 gel shows macro voids along with some small pores (Figure
8.14c). An enlarged view of the macro voids reveals a network of C13 fibers impregnated
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in the polymer matrix. Gelation of C13 accompanied by precipitation could be responsible
for the macro voids in the bulk of the composite gel.

Figure 8.14. SEM images of cross sections of PCL/15% biscarbamate gels with different
number of carbon atoms in the alkyl side chains of the biscarbamate molecules: (a) Cn,
(b) C12, (c) C13. (d) is the magnified view of (c).

To examine the effect of concentration on the extent of porosity, SEM micrographs
of the gels were recorded with different concentrations of biscarbamates. Figure 8.15
shows the cross-sectional view of PCL/Ci2 with 90/10, 85/15, and 80/20 (relative wt %)
compositions. A low biscarbamate concentration results in gels with less porosity while
an increase in concentration leads to higher porosity with less control on the pore size
distribution. These observations thus indicate that the morphology of these composite
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gels can be tailored by controlling two competing phenomena - gelation versus
precipitation - by right choice of the biscarbamate with appropriate side chain length. On
the other hand, the extent of porosity and pore size distribution of the composite gels
prepared with the same biscarbamate can be controlled by changing the composition of
the gel components.

The benzonitrile/ biscarbamates gels that we reported before16 were very fragile. As
mentioned in the Introduction, it was expected that impregnating the gel fibers in a
polymer matrix would improve their handling. While we were able to cut the gels in the
present study with a razor blade to look at the cross section, it was not possible to do so
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with the benzonitrile/biscarbamate gels. Although we did not perform extensive
mechanical property measurements, the elongation of the present gels was measured
using a manual stretching devise (shown under Table 8.2).33

Tabel 8.2. Elongation ratios of PCL/biscarbamate xerogels with varying concentrations of
biscarbamates with different alkyl side chain lengths.

% composition

Biscarbamates
C\\

C12

Co

10

6.39 ±1.43

5.98 ±1.49

5.11 ±1.39

15

6.34 ±1.37

5.19 ±1.33

4.31 ± 1.42

20

6.04 ±1.41

4.14 ±1.51

3.13 ±1.59

Sample dimension: Initial Length = ~ 2 cm; Width = ~ 3 mm; Thickness = ~ 0.5 mm

Hand-held device used for measuring elongation ratio

Table 8.2 lists the elongation ratios calculated using Eq. 8.4 for the PCL/Cn, PCL/Cn,
and PCL/Cn gels for different relative concentrations. The large error in these
measurements is due to the inhomogeneity of the porous structure of the gels as discussed
above. The intent here is to note the trend.
X = (L-Lo)/L0

(8.4)
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Compared to the fragile gels without the polymer, preparing them with a polymer matrix
enhances the elongation, as seen from Table 8.2. It is seen that X decreases with an
increase in the alkyl side chain length, as well as the relative concentration of the
biscarbamates. The significant reduction in X upon increasing the relative concentration
from 10 to 20% for the PCL/Q3 gel could be attributed to the precipitated crystalline
aggregates serving as reinforcing filler in the polymer matrix.

8.3.6 X-ray Diffraction of the Composite Gel
To investigate the structural features of the components upon gelation, we recorded
the XRD traces of the neat components and the composite xerogels at ambient
temperature. Figure 8.16 shows the XRD traces of neat PCL, neat Q 2 and a
representative PCL/C12: 85/15 (relative wt %) composite xerogel. Neat PCL shows two
intense reflections at d = 4.2 and 3.7 , with a shoulder at d = 4.0 A. XRD trace of neat C12
shows a number of reflections at d = 3.5, 3.8, 4.1, 4.6, 5.6, and 8.4 A. X-ray diffraction
studies on a series of biscarbamate molecules homologous to C12 showed two common
reflections at d = 4.6 and 3.8 A and were assigned to the distance between the molecules
in the hydrogen bonding plane and the distance between such two planes respectively.29
The low intensity reflection at d = 4.6 A is smeared out due to the low concentration of
C12 in the composite gel. Appearance of those two peaks in the XRD trace of the
composite xerogel confirms hydrogen bond mediated self-assembly of the biscarbamate
molecules in the composite gels. The XRD trace of the composite xerogel simply consists
of the peaks corresponding to PCL and Ci 2 , which indicates the immiscibility at the
molecular level.
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8.3.7 Infrared Spectroscopy of the Composite Gel
The interaction between the components of the composite gel via possible hydrogen
bond exchange and/or change in its strength was investigated with IR spectroscopy.
Figure 8.17 shows the IR traces of neat PCL, neat Co and PCL/Co xerogel at ambient
temperature. IR spectrum of neat PCL shows a strong absorption band at 1721 cm"1
corresponding to the stretching vibration of C=0 group typical of an aliphatic ester.
Absorption band corresponding to C-O and C-C stretching in the amorphous phase
appears as a broader band centered at 1165 cm"1. The symmetric and asymmetric CH2
stretching bands appear at 2865 and 2945 cm"1 respectively.34 Infrared spectra of neat Co
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Figure 8.17. ATR- FTIR spectra of neat Ci2, PCL/15%C12 xerogel, and neat PCL.

shows absorption bands at 3319 and 1682 cm"1 corresponding to the H-bonded N-H and
C=0 groups respectively. Strong absorption bands appeared at 2850 and 2916 cm"
correspond to the symmetric and asymmetric CH2 vibrations of C12 molecules
respectively. The absorption bands belonging to the individual components appear
essentially at the same position without any shift in their absorption frequency which
could otherwise mean an interaction between the components.

Appearance of the

absorption bands at the same frequencies and absence of free N-H and C=0 bands in the
IR spectra of the PCL/C12 gel confirms the presence of intermolecular H-bonding during
the aggregation of the C12 molecules into a fibrillar structure in the gel. C12 and PCL in
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the two-component gels do not affect each other's absorption frequencies in the IR
spectra indicating self-sorting aggregation of the biscarbamates in the gels and rules out
the possibility of the H-bond exchange between the components.

8.4

Conclusions
We conclude that biscarbamates remained immiscible in blends with PCL though

both of the components possess hydrogen bonding donor-acceptor moieties. The
immiscibility and self-sorting characteristics at the molecular level were confirmed by
DSC, X-ray diffraction, FTIR and microscopy studies. DSC measurements showed that
there is no significant change in the melting temperatures of the components upon
blending. However, blending does result in significant reduction in their heats of fusion
and hence the crystallinity. There was a distinct difference between the crystallization in
solvent cast films and the bulk of the blend. In the former, PCL formed spherulites and
the biscarbamates formed crystalline aggregates in the polymer matrix. However, in the
bulk, the latter formed spherulites, and PCL formed droplets. We exploited this
immiscibility to fabricate two-component organogels in CHCI3. Neither of the neat
components gel CHCI3. However, when they are dissolved together, within a narrow
range of alkyl side chain lengths, they form gel upon cooling the solution. Biscarbamate
below Cn remain soluble and those beyond C13 precipitate. Microscopic studies showed
that biscarbamates form the hollow gel fibers which are impregnated in the PCL matrix
and immobilizes the solvent. Hollow nature of the gel fibers results in microchannels and
macrovoids depending on the alkyl side chain length of the biscarbamate. The extent of
porosity and the pore dimensions can be tailored by the right choice of biscarbamate
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molecules with odd versus even number of carbon atoms in the alkyl side chains as well
as varying the composition with the same biscarbamate molecule. Impregnation of the gel
fibers in the polymer matrix enhances the mechanical robustness of the gel fibers. Thus
these are examples of two-component physical gels comprised of an immiscible pair of a
low molecular weight organogelator and a biocompatible polymer.
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Chapter 9

Conclusions and Recommendations for Future Work
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9.1

Conclusions
The purpose of this thesis was to systematically study the effects of varying the

structural features of a series of hydrogen bond-mediated self-assembling biscarbamates
on their crystallization behaviour and morphology in solid state as well as the gelation
behaviour from the solution phase.
Thermal analysis showed that the biscarbamate molecules studied in this work do
not show any polymorphism and are highly crystalline in nature. The outward spherulitic
morphology of these biscarbamates was found to be dependent on the sample preparation
protocol, i.e., quenching or slow cooling of the samples although the extent of
intermolecular interactions and hence the molecular packing was independent of these
processes.
We studied the crystallization behaviour and morphology of a series of homologous
biscarbamate molecules with alkyl side chains of different carbon atom parity as the first
instance of structural features that affected the functional properties of these
biscarbamates. Biscarbamate molecules with (CH2)6 spacer between the hydrogen
bonding motifs with odd versus even number of carbon atoms in the alkyl side chains
showed an odd-even alternation in melting temperatures and heats of fusion although the
odd-even effect was less pronounced in the latter case. Biscarbamates with odd number
of carbon atoms showed higher melting temperatures than the even numbered
biscarbamates, which is in contrast to the thermal properties of n-alkanes. We found that
carbon atom parity in alkyl side chains influences the extent of packing of these
molecules leading to different thermal behaviour and spherulitic morphology upon
crystallization from the melt. Biscarbamates with odd number of carbon atoms in the
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alkyl side chains show higher spherulite size and spherulite growth rate compared to the
consecutive even numbered biscarbamates resulting in the odd-even effect in the
spherulitic morphology similar to that in the thermal properties. It was seen that the
spherulite size, spherulite growth rate and the bulk crystallization rate increases with the
increase in alkyl side chain length, reaching to a maximum at a certain length and then
decreases with further increase. Hence the length and carbon atom parity of the alkyl side
chains as well as the sample preparation protocol (i.e., quenching versus slow-cooling)
play an important role in the morphology of these molecules. We rationalize this
behaviour with relative contributions of hydrogen bonding and van der Waals forces as
discerned from IR spectroscopy. Hence, we conclude that the thermal properties and the
morphology of these molecules can be tailored to the desired functional level by
changing the alkyl side chain length with right carbon atom parity.
As the second instance of our pursuit to investigate the structure-property
relationship of biscarbamates, we studied the thermal properties and morphology of a
series of homologous biscarbamate molecules with a longer spacer group than those
discussed in Chapter 3. While it was expected that a longer spacer would lead to more
conformational flexibility, we found that it was not the case with these molecules. With
both (CH2)6 and (CH2)i2 spacers, we found that the maximum in the spherulite size as
well as the rate of spherulite growth occur with an alkyl side chain length of Cg. The
Avrami analysis of crystallization shows that the highly symmetric molecule with the C [2
spacer and C12 side chain follows two-stage crystallization. Along this series of
molecules, a minimum spherulite size, spherulite growth rate and rate of crystallization
were observed for this symmetric C12-C12 biscarbamate. We rationalized this behaviour

267
with relative contribution of hydrogen bonding and van der Waals forces as deduced
from IR spectroscopy. When the terminal methyl group is replaced with a bulky phenyl
group the melting temperature, heat of fusion and the spherulite size of the molecule
decreased significantly. Contrary to the expectation that it would add another self
assembly code (interaction) and provide increased stability (in terms of melting
temperatures etc.), the phenyl terminal groups act as defects. It was thus proved that the
properties of these molecules can be tailored to the optimum functional level by varying
one of these structural features.
The miscibility behaviour of the biscarbamates was studied by blending two
molecules with similar spacer but different alkyl side chain length. It was found that these
molecules are capable of hydrogen-bond mediated self-assembly leading to specific
association between the same types and does not involve mutual intercalation at the
molecular level which implied their immiscibility during blending. The components of
the blend exercise a mutual diluent effect, thereby reducing the melting temperatures
spherulite size, crystallinity, and the heat of fusion. Isothermal crystallization studies
showed that the growth rates of the spherulites are also reduced upon blending, with
respect to those of the individual components. In situ observations during the melting of
the blends revealed that the spherulites of each constituent do not form separately, but by
mixing with and providing nucleating sites for each other. The extent of hydrogen
bonding and the packing of alkyl side chains were not affected by blending. The variation
in the length of the alkyl side chains plays a role in such immiscibility and selectivity of
these molecules during crystallization that paralleled those of monocarbamates and
hydrogen bond-mediated self-assembling polymers.
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In another aspect, we were interested in studying the self-assembling behaviour of
the biscarbamates in solution phase. Of the polyurethane model compounds studied by
our group, the gelation behaviour of biscarbamates with two hydrogen-bonding motifs
and symmetrically disposed alkyl chains was found to be very different from that of
mono carbamates with a single hydrogen bond group flanked by alkyl chains of unequal
lengths. Biscarbamates with long alkyl chains such as Ci6 and Cig gel various solvents
used here (benzonitrile, toluene, xylene, dodecane and 1-octanol), whereas such long side
chains promoted only crystallization in the case of mono carbamates.
Hollow fibers were seen in the gelation of biscarbamates, although the system is
neither chiral nor amphiphilic. We proposed that due to the predominant van der Waals
interaction between the long alkyl chains, in addition to the double hydrogen bonding in
biscarbamates, the morphology consists of sheets and tubules, in contrast to long fibers
seen in the case of monocarbamates and other organogelators. Because of the bending
forces in effect, the sheets and tapes wrap into tubes. Incomplete wrapping shows the
eaves trough morphology. While the tubules seen in the case of chiral molecules were
attributed to the twisting caused by chirality, the bending of the sheets in the present case
was rationalized on the basis of the asymmetry of the strength of the interactions along
the three dimensions of fiber growth. Well-oriented fibers were formed in the gels made
by simply using a magnetic stirrer on a hot plate, at 100 and 110 rpm. A preliminary
study on the gelation of mixtures of biscarbamates with odd and even number of CH2
groups in the side chains, e.g., C9 and Cg showed that the presence of the odd member
promotes long fiber formation for C8. This is perhaps the first example of the sergeantsoldier principle in a non-chiral system.
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We exploited the above mentioned mechanism of hollow gel fiber formation of
biscarbamates to fabricate a novel biscarbamate-based organogelator for benzonitrile
doped with metal nanoparticles and organic dye molecules. These are examples of
lumen-loaded organogel fibers. Addition of PVP-coated silver nanoparticles during the
gelation of Cn led to the deposition of nanoparticles on the sheets. Complete wrapping of
these sheets eventually led to SNP-loaded fibers. Likewise, lumen-loaded organogel
fibers were prepared with phthalocyanine (Pc) dye molecules with needle-like crystal
growth inside the hollow fibers. However, it was found that perylene (Pe) molecules were
more prone to form crystals on the outer surface of the C12 fibers. This different
behaviour of Pc and Pe molecules was accounted for by their crystal geometry and
significantly different crystal-growth kinetics compared with that of C12 fiber formation
in the gels. Optimum crystal geometry and comparable crystal growth kinetics with
respect to that of C i2 gel fibers favors the occlusion of Pc crystals. Thermal analysis
showed that C12 forms quite a stable thermo-reversible gel with benzonitrile, and addition
of Pc contributes more to the thermal stability of these gels than Pe, although the packing
behaviour of the Pc and Pe molecules were not affected during the two-component gel
formation. We find that for the dye molecule crystals to be occluded in the hollow gels,
the growth rate of the crystals and the size and shape should be similar to those of the gel
fibers. We have thus shown that lumen-loaded gel fibers with nanoparticles and dye
molecules can be prepared by the two-component gel route, without any inter-molecular
interaction in effect, provided that the above-mentioned growth rate, shape, and size
conditions are satisfied.
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To further investigate into the miscibility behaviour in polymer matrix, we studied
the heterologous blends of biscarbamates with biocompatible polycaprolactone (PCL) as
an example. We found that biscarbamates remained immiscible in blends and showed
self-sorting characteristics at the molecular level with PCL though both of the
components possess hydrogen bonding donor-acceptor moieties. Thermal analysis
confirmed that there is no significant change in the melting temperatures of the
components upon blending. However, blending does result in significant reduction in
their heats of fusion and hence the crystallinity. There was a distinct difference between
the crystallization in solvent cast films and the bulk of the blend. In the former, PCL
formed spherulites and the biscarbamates formed crystalline aggregates in the polymer
matrix. However, in the bulk, the latter formed spherulites, and PCL formed droplets. We
exploited this immiscibility to fabricate two-component organogels in chloroform.
Neither of the neat components gels chloroform. However, when they are dissolved
together, within a narrow range of alkyl side chain lengths, they form gel upon cooling
the solution. Biscarbamate below Cn remained soluble and those beyond C ]3
precipitated. Biscarbamates formed the hollow gel fibers which are impregnated in the
PCL matrix and immobilized the solvent. Hollow nature of the gel fibers resulted in
microchannels and macrovoids depending on the alkyl side chain length of the
biscarbamate. It was found that the extent of porosity and the pore dimensions could be
tailored by the right choice of biscarbamate molecules with odd versus even number of
carbon atoms in the alkyl side chains as well as varying the composition with the same
biscarbamate molecule. Impregnation of the gel fibers in the polymer matrix enhanced
the mechanical robustness of the gels. Thus we conclude that we were able to fabricate

271
two-component physical gels comprised of an immiscible pair of a low molecular weight
organogelator and a biocompatible polymer.

9.2

Recommendations for Future Work
In this present work, we have shown that the length of the alkyl side chains and

spacer, carbon atom parity (odd versus even) and the type of terminal groups (methyl
versus phenyl) of the alkyl side chains have profound effect on the morphology and
crystallization behaviour of biscarbamates in solid state as well as on the gelation in
solution phase. It would be of immense interest to similarly study the effect of these
structural features on the morphology and crystallization behaviour of another class of
self-assembling molecules to validate the generalization derived from this work. Bisurea
could be that another class of molecules which self-assemble via bifurcated hydrogen
bonding between the donor-acceptor moieties.
We have seen that carbon atom parity of the alkyl side chains show an odd-even
alternation in thermal properties and crystallization behaviour of these biscarbamates. It
would be of further scientific importance to study the odd-even effect of the carbon atom
parity of the spacer group between the hydrogen bonding motifs. Moreover, it would be
worthy to investigate the effect of the presence of aromatic group in the spacer instead of
the alkyl side chains on their morphology and crystallization.
We revealed the immiscibility, molecular selectivity and self-sorting behaviour of
the biscarbamates with even-even carbon atom parity in the alkyl side chains in their
homologous blending. These observations could be further generalized by similar studies
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with homologous blends of biscarbamates with odd-odd and odd-even carbon atom parity
of the blend components. Heterologous blending of biscarbamates with polymer also
showed same self-sorting behaviour with PCL as an example leading to immiscibility
driven gelation of the composite system. Other polymers with similar self-assembling
traits can also be explored to validate the effectiveness and generalize this approach.

Appendix A

FTIR Spectra of the Biscarbamates

~i

3800

3400

3000

2600

'

1

2200

'

1

1800

'

r

1400

1000

600

A

Wavenumber (cm )
Figure A.l. FTIR spectrum of C3C6 biscarbamate.
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Figure A.2. FTIR spectrum of C4C6 biscarbamate.
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Figure A.3. FTIR spectrum of C^C^ biscarbamate.
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Figure A.4. FTIR spectrum of C7Cg biscarbamate.
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Figure A.5. FTIR spectrum of CgC6 biscarbamate.
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Figure A.6. FTIR spectrum of C9C6 biscarbamate.
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Figure A.7. FTIR spectrum of CnCe biscarbamate.
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Figure A.8. FTIR spectrum of C13C6 biscarbamate.
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Figure A.9. FTIR spectrum of C15C6 biscarbamate.
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Figure A. 10. FTIR spectrum of C^Ce biscarbamate.
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Figure A.l 1. FTIR spectrum of Ci8C6 biscarbamate.
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Figure A. 12. FTIR spectrum of PhC^Cn biscarbamate.
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Figure A.14. FTIR spectrum of QC12 biscarbamate.
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Figure A. 15. FTIR spectrum of C12C12 biscarbamate.
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Figure A.16. FTIR spectrum of Ci8Ci2 biscarbamate.
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H NMR Spectra of the Biscarbamates
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