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Abstract

The phase transitions of naphthalene and its 2-substituted methyl, methoxy, and
chloro derivatives confined in mesoporous silicas were investigated by differential
scanning calorimetry. A depression of phase transition temperature was observed.
A comparison of the naphthalene in spherical and cylindrical pore systems was made,
and the effect of molecular properties on the phase transition depression of the four
compounds was investigated. It was found that depression and freeze-melt hysteresis
is generally greater in spherical pores, and that electronic and size effects are con-
tributing factors to transition temperature depression. Using powder X-ray diffraction
it was found that while the crystal structure of confined naphthalene is the same as
the bulk, there is a lattice expansion of the crystal. Furthermore, using differential
scanning calorimetry and Raman spectroscopy it was shown on both a thermody-
namic and molecular level that there is a non-freezing layer on the pore walls for each

confined compound.

Keywords:

phase transition, mesoporous silica, confinement, naphthalene, 2-methylnaphthalene,
2-methoxynaphthalene, 2-chloronaphthalene, transition temperature depression, molec-
ular effects, Raman, differential scanning calorimetry, hysteresis, contact layer, nano-

porous materials
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Chapter 1

General Introduction

1.1 Phase Transitions

With regards to the physical sciences, a phase is defined as a set of states of a physical
macroscopic system which have relatively uniform chemical composition and physical
properties such as density, compressibility, and magnetization. I While there are many
examples of phases, the most familiar of them are solids, liquids, and gases.

A phase transition is defined as a thermodynamic transformation of a state of
matter. For a phase transition to occur, energy must be added or removed from the
system, and the distinguishing characteristic of this is an abrupt change in one or
more physical properties with a small change in a thermodynamié variable such as
temperature or pressure. 1’2 For example, phase transitions between solids, liquids,
and gases can occur via evaporation, boiling, melting, freezing, or sublimation.

In the modern classification scheme, phase transitions are divided into two
broad categories based on latent heat association: first-order and second-order phase
transitions. First-order phase transitions are those which involve a latent heat; dur-
ing such a transition a system either absorbs or releases a fixed amount of energy.
Because energy cannot be instantaneously transferred between the system and the
surroundings, first-order phase transitions are associated with “mixed-phase regimes”

where some portions of the system have completed the transition while others have



2
not. Thus, although the Gibbs free energy is continuous, the system exhibits a dis-
continuous change in the first derivative (such as enthalpy, entropy, and volume) of

the free energy. First derivatives can be expressed:2

(%)T:v (1.1)

(%) —-s 12

Solid/liquid/gas transitions fall into the category of first-order phase transitions.
Second-order phase transitions, such as ferromagnetic and superfluid transi-
tions, are almost always associated with a disordering process. They have no asso-
ciated latent heat and therefore no discontinuity in the first derivative of the Gibbs
free energy. As such, entropy, enthalpy, and volume are continuous functions of tem-
perature. Discontinuity is displayed in the second derivative of the free energy, such

as heat capacity. This can be expressed: 2

(f@) :_<5’_5> __Cr (1.3)
ar? ) p or/, T '

A comparison of the Gibbs free energy G, entropy S and heat capacity Cp for
first- and second-order transitions is shown in Figure 1.1. In the first-order transition,
G is continuous but has a kink, and the first-order derivative S is discontinuous. The
second-derivative C'p therefore has a singularity. In the second-order transition, G is
also continuous but has no kink, while the first-order derivative S does have a kink.
The second-order derivative C'p is discontinuous.

In the present study we are concerned with first-order phase transitions, specii-

ically solid-liquid transitions. At the transition temperature T', the system is in phase

equilibrium, which necessarily means that the chemical potentials p, or Gibbs free



First-order transition Second-order transition

Figure 1.1. Schematic comparison of G, S, and Cp for first-
and second-order transitions.

energies G are equal. Thus Ay = 0 and AG = 0. If either the temperature T or
pressure P is changed, the other must change to keep this equality, and so the changes
in chemical potentials of both phases a and § must be equal: duy, = dpﬁ.Q Because

@ = —SdT + VdP, this can be rewritten:

—S4dT + VodP = —SgdT + VdP (1.4)

The ratio of pressure change to temperature change can then be calculated:



dP_Sa—Sg_AS

dT ~ Vo—V5 AV (1.5)
It is known that:
AG =AH —TAS (1.6)
therefore:
AH
AS = — .
p (17)

where AH is the latent heat of the transition at constant temperature and pressure.
The change of the pressure and temperature of a phase transition are therefore related

as:

dP AH

AT ~— TAV (1.8)

This is known as the Clapeyron equation, which describes the thermodynamics of

first-order transitions.?2

1.2 Confined Phase Transitions

While phase transitions of bulk materials have been well-studied, less is known about
the phase transitions of confined materials. Phase change in porous media is a broad
subject, encompassing the gas, liquid, or solid phases occupying the pore space or
the solid matrix of the porous medium itself.3 Currently there is considerable interest
in the behaviour of materials in confined geometry, in particular the behaviour of
liquids in porous substances and, more recently, in the formation of solids of restricted

dimensions on the nanoscale.4



)
It is well known that the properties of materials confined in pores differ from
those of their bulk counterparts due to geometrical confinement and interaction with
the surface of the pore wall.> Most commonly observed are the hysteresis between
freezing and melting cycles and the shift in phase transition temperatures.%7 The
topic of phase transitions of confined materials is of considerable importance in com-
mercial areas such as catalysis, interfacial adhesion, and separation science.8 Tt also
serves practical interest in such areas as frost heave and weathering of rocks.? In
the last twenty years there has been an incredible expansion in research devoted to
the controlled preparation of nanocrystals using porous materials as nanoreactors. 10
However, crystallization in confining media is not well understood. 11

12,13

The Gibbs-Thomson equation relates the temperature shift AT of crystal-

lization to the pore size of the confining material according to: 12,14,15

g_ 273l Vs

T, - ?P_Hsl (1.9)
where Ty is the bulk transition temperature, v the solid-liquid surface tension, v
the molar volume of the solid phase, r, the pore radius, and AHy; the latent heat
of the solid-liquid transition. According to this equation the shift of the transition
temperature of a confined liquid is inversely proportional to the radius of the pore in
which it is confined.

However, it is known that not all of the solvent takes part in the transition; a
significant portion of it remains adsorbed to the pore surface. As a result, the Gibbs-
Thomson equation has been shown to inadequately describe some systems. Equation
(1.9) should therefore be reformulated to include the thickness ¢ of this adsorbed

layer: 11

AT (1.10)

B AHg(rp — 1)
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where the value of ¢ is traditionally determined by a calibration procedure using ma-
terials containing various pore sizes. The problem with this method is the underlying
assumption that the thickness ¢ does not vary with pore size. Meziane et al.11 pro-
posed a different method of measuring ¢ which allows for the determination of its
value specific to a certain pore size.

Much of the previous research on phase transitions of confined materials was
conducted in porous systems such as Vycor glasses, controlled porous glasses (CPG),
or porous silica. 46816 However, these materials exhibit broad pore size distributions,
inducing disorder which complicates the interpretation of results. 17 More recent re-
search has turned its focus to mesoporous media with simple geometry instead. Specif-
ically, mesoporous silicas are well-ordered and are characterized by narrower pore size

distributions, lending advantage over CPG and Vycor glasses.?

1.3 Mesoporous Materials

Since the discovery of Mobil Composition of Matter (MCM)-41 and related M41S

18,19 nmeso-

family molecular sieves by Mobil Research Scientists in the early 1990’s,
porous materials have become a current and intensive research field because they hold
muchl potential in an extensive range of applications: 20 these include heterogeneous
catalysis, adsorption, separation, drug delivery, development of advanced materials
for electronic and optical devices and luminescence ampplicatilons.ﬂ’22

While previously discovered molecular sieves were microporous, having a range
of approximately 0.2 to 1.2 nm, the M41S materials allowed for mesoporous (>2 nm)
molecular sieves. Of particular interest is MCM-41, a molecular sieve which is chara-
terized by a hexagonal array of relatively large and uniform pores, large surface areas

(up to 1000 m?/g), and narrow pore size distributions. 18 It is synthesized in the

presence of surfactants, discussed in Section 1.3.1, which allow for the formation of
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regular arrays of uniform channels. 19 By varying the chain length of the surfactant

1.18 were able to tailor the MCM-41 pore sizes from 1.5 to 4.5 nm.

molecule, Beck et a
Furthermore, the use of swelling agents, discussed in Section 1.3.3, has been shown
to expand the range of pore sizes accessible to MCM-41. However, the upper limit of

diameters was generally approximately 10.0 nm. 22

23,24 gynthesized Santa Barbara

To overcome these limitations, Zhao et al.
Amorphous (SBA) type materials which have reported pore sizes ranging from 2 to
30 nm. Instead of surfactants, SBA-15 is prepared using non-ionic block copolymers
in acidic media. Block copolymers are discussed in Section 1.3.2.

SBA-15 was initially thought to be more or less a large-pore equivalent of MCM-
41 mesoporous silica. Like MCM-41, SBA-15 has a well-ordered hexagonal meso-
porous silica structure.2! However, the framework of SBA-15 contains mesoporous
channels interconnected by micropores; this is one of the fundamental differences
between SBA-15 and MCM-41-type materials and is crucial to the further develop-
ment of block copolymer-directed silicas.2% With regard to this, many studies have
attempted to determine whether possibilities for control and tailoring of these micro-
pores exist. 26:27

SBA-15 is also characterized by higher thermal and hydrothermal stability than
MCM-41 because of its large wall thickness; the lack of hydrothermal stability in
MCM-41 is a considerable drawback in applications requiring the presence of wa-
ter.2,28 It has been shown by Zhao et al. 28 that SBA-15 materials are stable for
at least 48 hours in boiling water. Furthermore, the textural properties of SBA-
15 can easily be controlled by variation of experimental conditions such as reaction
time, aging time and temperature, and the amount of hydrophobic swelling agent. A
schematic of SBA-15 formation is shown in Figure 1.2.

Exploiting the tunability of MCM-41 and SBA-15, it is possible to access cylin-

drical pores ranging from about 1.5 to 15 nm.
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Figure 1.2. Schematic of non-ionic copolymer-templated formation of SBA-15.

1.3.1 Surfactants

Surfactants play a central role in directing the formation of the inorganic mesostruc-
ture from soluble silica species.?? For this reason, the surfactants are often referred
to as structure-directing agents. 30 They have small, usually ionic hydrophilic head
groups with hydrophobic alkyl tails 23 and form a micellar system in solution through
the favourable hydrophobic interactions between surfactant chains. Due to the prefer-
ential interaction of the negatively charged silica moieties with the positively charged
ammonium group of the surfactant, the soluble silicate precursors settle on the heads
which are located on the external surface of the micelles. Calcination of this mate-
rial removes the surfactant, leaving behind MCM-41.29 Specifically, MCM-41 utilizes
quaternary trimethylammonium cations C,H, H(CHB)?)NJr (C,TMA™, 8 <n < 18)
as structure directing agents. Of these, C;¢TMABr (CTAB) has been found to be
most useful.?% Beck et al. 18 were able to tailor the MCM-41 pore sizes from 1.5 to

4.5 nm by varying the chain length of C,;TMA™ cations.



1.3.2 Block Copolymers

Nonionic poly(ethylene oxide) surfactants and poly (alkylene) block copolymers have
been widely used in emulsifying, defoaming/antifoaming, coating, thickening, solubi-
lizing, cleaning, lubricating, wetting, pharmaceutical, coal and petrochemical indus-
tries as well as household applications. 81-34 Curjosity regarding poly(ethylene oxide)-
poly(propylene oxide)-poly(ethylene oxide) (PEOz-PPO,-PEO;) triblock copolymers
arose during the past decade due to their wide range of applications as nonionic

surface-active agents35_38

that are able to, as supramolecular templates, impart large
pores and thick walls.30 Furthermore, their unique behaviour has been of fundamen-
tal interest in physics.39 Because of their mesostructural ordering properties, am-
phiphilic nature, low cost-commercial availability and biodegradability, PEO-PPO-
PEO copolymers make excellent candidates for structure-directing agents. 24,40

The advantage of using block copolymers for templation is that their ordering
properties can be nearly continuously tuned by adjusting solvent composition, molecu-
lar weight, or copolymer architecture. Furthermore, they permit solution organization
of larger structural features than is possible with low-molecular-weight surfactants.
This is achieved from lower solution concentrations. The overall strategy of utiliz-
ing block copolymers in materials synthesis can be applied to any self-assembling
surfactant or copolymer system in which a network-forming additive is selectively
partitioned among different mesostructured components. 40

These block copolymers posses much longer hydrophilic and hydrophobic chain
lengths than surfactants2? and thus introduce several effects which are of importance
to the phase behaviour of the micellar systems (Figure 1.3) and silica materials they
template. Firstly, due to the long chain hydrophilic group, hydration and entropy
effects are very significant in determining the shape of the hydrophilic block and the

volume it occupies.?3 Moreover, the specific nature of the interactions of PEO and
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Figure 1.3. Micelle formed by block copolymer P123. Dark
and light portions represent the hydrophobic PO and hy-
drophilic EO chains, respectively.

PPO with water affords aqueous solutions with a dramatic temperature dependency;
while PPO is water soluble at temperatures below approximately 15 °C, it aggregates
at higher temperatures. On the other hand, PEO is largely hydrophilic within the
temperature range of 0 to 100 °C.4! It follows that at low temperatures all PEO-
PPO-PEO triblock copolymers display the characteristics of fully dissolved polymers,
whereas at elevated temperatures aggregates are formed due to the PPO hydrophilic-
to-hydrophobic transition.3® Various architectures, denoted generically by PEO,-
PPOy-PEOz, have been studied. Additionally, it was found that the core size of the
micelles tended to increase with decreasing z and increasing temperature. 3°

Solubilization of nonionic poly(alkylene oxide) block copolymers in aqueous
media is due to the association of water molecules with the alkylene oxide moities
through hydrogen bonding.3! This interaction is enhanced in acidic media where
hydronium ions, instead of water molecules, associate with the alkylene oxygen atoms
40

thus adding long-range Coulombic interactions to the co-assembly process.

SBA-15 is prepared using PEO;-PPOy-PEOy, specifically P123 (EO2PO7gEOq),
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as a micelle-forming templating agent. During synthesis, the use of concentrations of
PEO-PPO-PEO higher than 6% by weight will result in either silica gel or no silica
precipitation at all. Conversely, concentrations below 0.5% by weight will generate

amorphous silica only. 24

1.3.3 Swelling Agents

Swelling agents can be introduced to supramolecular templated systems in order to
increase pore size. This occurs by the preferential solubilization of the additive into
the surfactant or PEO-PPO-PEQO hydrophobic micelle core. 1,3,5-Trimethylbenzene
(TMB, mesitylene) has been used to swell the pore diameters of MCM-41 materials
from 4 to 10 nm while maintaining the hexagonally packed pore structure. 19,23 T the
same way, TMB can also be introduced to SBA-15 to increase pore size past 4-12 nm.

In a study by Lettow et al.,23 it was found that varying the P123:TMB mass
ratio had different effects on the pore morphology as shown in Figure 1.4. At a
ratio of 0.2, there was a significant increase in the pore size of the mesoporous SBA-
15 material while maintaining long, straight cylindrical pores. At ratios of 0.2-0.3,
however, TEM imaging indicates a change in pore morphology in which the walls
of the cylindrical pores begin to buckle, forming spherical nodes down the length
of the pores. Above a ratio of 0.3 the mesoporous material no longer matches the
highly ordered p6mm space group; instead it is transformed into a mesostructured
cellular foam (mesocellular foam, MCF') composed of uniformly sized, large spherical
cells which are interconnected by uniform windows, thus forming a continuous 3D
pore system. The interconnected nature of these large uniform pores render MCFs
promising candidates for catalyst supports and also in separations involving large

molecules such as proteins. 4243
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1.4 Spherical Mesopores

While mesocellular foams provide access to spherical mesopores measuring approxi-
mately 24 - 42 nm in diameter, % they cannot form smaller spherical pores. To address
this issue, it is possible to take different synthetic routes to form spherical mesopores
of varying sizes. For instance, micelle-templated silicas (MTS) are also built from
a cooperative assembly of micelles and silicates, employing cetyltrimethylammonium
bromide (CTAB) as a surfactant in basic conditions. 4947 Varying the TMB/CTAB
ratio from 0 to 13, Ottaviani et al.4> were able to synthesize MTS materials ranging
from 4 to 11 nm. Low ratios rendered hexagonally arranged cylindrical pores, while
at a ratio of 13 the sample was described as having large pores resembling connected
soap bubbles. A third method of synthesizing spherical cavities yields SBA-16, a
mesoporous silica with interconnected cage-like pores.48 SBA-16 is a cubic material
with the pores arranged in cubic body-centered Im3m symmetry. 28 Whereas SBA-15
is templated by P123, SBA-16 employs F127 (EO194PO79EOg6), also under acidic
conditions. Similarly, pore diameters can be tuned by varying reaction time and

49 as well as by changing the quantity of swelling agent. In a study by

temperature,
Kleitz et al.,%0 it was found that varying the molar ratios of the silica precursor and
BuOH swelling agent gave rise to spherical pores between 4.7 and 7.2 nm. Among the

aforementioned spherical-pored materials, it is possible to access such pore geometry

ranging from diameters of 4.7 to 42 nm.

1.5 Aim of Present Work

Although studies regarding confined phases have been already conducted on simple

8,51-53

organics such as water, benzene, and cyclohexane, many others have not been

explored in detail. As such, one goal of our research is to examine the confinement
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effects on the phase behaviour of naphthalene confined in cylindrical mesopores, and,
in the interest of the effects of molecular properties on confinement, we also study
several naphthalene derivatives.

Furthermore, while there is considerable interest in the behaviour of fluids con-
fined within simple geometries, the number of studies conducted on slit and cylin-

drical pores®¥™9 far outweighs those regarding spherical pores.90-62

Another goal
of our research is to examine the phase behaviour of naphthalene confined in meso-
porous silicas with spherical pore geometries and compare the results to those of the
cylindrical-pored system.

To characterize our silica materials we utilize nitrogen adsorption porosime-
try, which is capable of assessing a very wide range of pore sizes. We examine
the phase transitions of confined naphthalene and its derivatives using differential
scanning calorimetry as the primary experimental method. This technique quickly
identifies thermal effects over a large temperature range, allowing us to easily deter-

mine relevant temperatures and characteristic caloric values of naphthalene in varying

degrees of confinement.

1.6 Characterization Methods

1.6.1 Nitrogen Adsorption Porosimetry

Adsorption can be thought of as the enrichment of one or more components at an
interface and in gas adsorption it is the gas/solid interface that is considered. The
solid is termed the adsorbent and the gas, which has the capacity to be adsorbed, is
termed the adsorptive. Once in the adsorbed state, the fluid is called the adsorbate.83

There exist two types of adsorption: chemical and physical. The former is also

referred to as irreversible adsorption or chemisorption. It is characterized by large
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interaction potentials and involves true chemical bonding between the adsorptive
and the surface of the adsorbent. Compared to physical adsorption, chemisorbed
molecules are more localized to the surface due to the formation of a chemical bond
and presents potential problems in surface area analysis in that the spacing between
adsorbed molecules depends on the adsorbent surface structures as well as the size of
the adsorbate itself.64

Since chemical bonding is involved, chemisorption is often found to occur at
temperatures above the critical temperature of the adsorbate,65 and as chemical
bonding necessarily entails a chemical reaction, an activation energy is involved in
this process. The nature of chemisorption also restricts it to a single layer, at most,
of the adsorbate on the adsorbent.

Physical adsorption, also termed reversible adsorption or physisorption, is a
general phenomenon occurring whenever an adsorptive is brought in contact with the
surface of the adsorbent. It refers to the adhering of gas molecules to a surface at a
pressure below the vapor pressure through interactions much weaker than ionic or co-
valent interactions.%* Because the adsorption process is reversible, we will refer to the
experiment itself (adsorption plus desorption event) as sorption to avoid confusion.

_Fluids in contact with a planar surface form a multilayer adsorbed film where
the thickness of the film can increase without limit. Within pores, however, the film
thickness cannot grow unlimited because the film stability depends on the attractive
fluid-wall interactions, surface tension, and curvature of the liquid-vapor interface.
At a critical thickness, the attraction between fluid molecules in mesopores will give
rise to capillary condensation (pore filling). This refers to the phenomenon in which a
gas condenses into a liquid-like phase in pores at a pressure p less than the saturation
pressure pg of the bulk fluid.%% A characteristic feature associated with capillary
condensation is sorption hysteresis, %6 where the evaporation of the adsorbate occurs

at a pressure lower than the condensation pressure.
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A sorption isotherm is the measurement of the amount adsorbed versus rela-
tive adsorptive pressure p/pg at a constant temperature. The size and shape of the
isotherm depends on the interplay between the strength of fluid-wall and fluid-fluid
interactions as well as the effects of confined pore space on the state and thermody-
namic stability of the confined fluid. It is therefore possible to determine the pore
shape from the isotherm. There are six different classes of isotherms as shown in
Figure 1.5 named Type I through VI. The materials prepared for our studies present
Type IV isotherms, which are typical for mesoporous materials. This isotherm type
is characterized by a high energy of adsorption and a hysteresis loop.% The lower
branch represents the adsorption event (increasing p) while the upper branch depicts
the desorption event (decreasing p). The inflection points at the base and the top
of the loop indicate sudden pore filling and pore evaporation, respectively, where
evaporation occurs at a lower pressure than filling thus giving rise to the hysteresis
loop.
There are four types of hysteresis loops named H1 through 4 shown in Figure
1.6. Our spherical-pored materials give rise to H2 loops which are associated with
interconnectivity of porous networks, where pore blocking effects may play a role
during evaporation from a pore that only has access to the external gas phase through
narrow constrictions. The desorption branch of the hysteresis loop is steeper than
the adsorption branch because it reflects a percolation transition. 2% Our cylindrical
pores give rise to H1 loops, which are associated with porous materials consisting of
well-defined cylindrical-like pore channels. 62
A number of methods exist which can be used to treat sorption data in order
to extract information regarding porous materials such as pore size and distribution,
volume, and surface area. The BET%7 and BJH® methods are commonly used but
somewhat limited in accuracy, while the more accurate BdB method %70 is difficult

to apply and therefore not widely used. We utilize a simplified version of this method
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called BAB-FHH."! These methods will be addressed in Section 3.1.

1.6.2 Differential Scanning Calorimetry

The objective of calorimetry is to measure heat, which necessarily means heat must
be exchanged. The exchanged heat tends to effect a temperature change in a body;
this may then be used as a measure of the quantity of heat exchange. The process
of heat exchange can be connected with a heat flow which leads to local temperature
differences along its path; this can serve as a measure of the flowing heat. 2 Differential
scanning calorimetry (DSC) is a thermal technique in which differences in heat flow
into a substance and a reference are measured as a function of sample temperature
while the two are subjected to a controlled temperature program. An attractive
feature of DSC is that measurements can be obtained using sample quantities in the
milligram range.

There exist two types of differential scanning calorimeters: the heat flux DSC
and the power compensation DSC. Both use a differential method of measurement
whereby the sample is compared with a quantity of the same kind of known value
(reference sample), and the difference between the two values is measured. 3 The
characteristic feature of all DSC measuring systems is the twin-type design and direct
in-difference connection of the two measuring systems. The advantage of this is
that disturbances to the system such as temperature fluctuations in the environment
and measuring equipment affect both measuring systems in the same way and are
compensated when the differential signal is formed. Furthermore, this signal can be
strongly amplified as the high base signals of the individual measuring systems are
also compensated when the difference between them is formed. "2
The DSC machine can also be heated or cooled at the desired heating or cooling

rate. This dynamic operational mode distinguishes it from classic calorimeters. 7




19
Moreover, with most classic calorimeters, the measured signal is proportional to a
heat; with DSC the measured signal is proportional to a heat flow rate ®, which
allows time dependencies of a transition to be observed on the basis of the ®(t). The
direct measurement of heat flow rates allows the DSC to solve values such as heat
capacity and heats of reaction.

The output from a DSC experiment is a thermogram in which the heat flow
or power, usually given in mW, is plotted against temperature. A representative
thermogram is shown in Figure 1.7. Crystallization is an exothermic process so the
peak, denoted T\, rises above the baseline when the heat flow increases up the y-axis.
The melting peak is denoted T, and appears below the baseline because it is an

endothermic event.

heat flow

m

T, iT

temperature ——

Figure 1.7. Representative thermogram depicting crystal-
lization (T,.) and melting (T,,) events.

1.6.3 Raman Spectroscopy

When light is scattered from a particle, most photons undergo Rayleigh or elastic

scattering; that is, they have the same energy and wavelength as the incident photons.
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Figure 1.8. Origin of Rayleigh and Raman scattering

However, a small fraction of the scattered light (~1/108 photons) is inelastically
scattered by an excitation. These photons have a different frequency than that of the
incident photons and this is referred to as Raman scattering. It occurs because the
electron cloud can be perturbed by molecular vibrations; it is possible for the optical
(incident light) and vibrational oscillations to interact to produce Raman scattering.
Raman scattering is much weaker than the incident beam (~10"°yy; vp= incident
beam). Its frequency is equivalent to vy & vy, where vy, is the vibrational frequency
of the molecule. Stokes scattering is generated when a molecule is excited from the
ground state to a virtual energy state and then relaxes into a vibrational excited
state (vg + vm). If the molecule was already in an elevated vibrational energy state,
anti-Stokes scattering is generated as the molecule relaxes back to the ground state
(v9 — vm). Rayleigh and Raman scattering are shown in Figure 1.8.

Raman spectra are acquired by irradiating a sample with a powerful laser source,
and the scattered radiation is measured using a spectrometer. The oscillating electric

field of the incoming light induces a polarization in the sample molecule, and this
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short-lived distortion of the electron cloud is indicated as the virtual state in Fig-
ure 1.8. In the acquired spectra, the difference in energy between the incident and
scattered photons is represented by the Raman shift in wavenumbers (cm™1):

1 1

Ay = — 1.11
/\incident Ascattered ( )

Raman spectroscopy is useful for aqueous samples as water is Raman-inactive,
and also for samples which must be contained in glass or quartz cells. As silicates
are weak Raman scatterers, this type of spectroscopy is appropriate for the study of

aromatics confined in mesoporous silicas.

1.6.4 Powder X-ray Diffraction

X-ray diffraction is the most widely used and least ambiguous method for the precise
determination of the positions of atoms in molecules and crystalline solids. ™ X-
rays interact with electrons; when an X-ray beam strikes a material it is scattered in
various directions by the electron clouds of the atoms. If the wavelength of the X-rays
is comparable to the separation between atoms, interference can occur. Interference
maxima and minima will result if the scattering centers are in an ordered array, such
as atoms in a crystalline solid.

X-rays interact with planes of atoms in the three-dimensional lattices of the
crystal structure. The lattices show the translational symmetry of the structure, and
each plane is a representative member of a parallel set of equally spaced planes. The
planes are described by labels called Miller indices, denoted h, k, and [, and can
take values of positive or negative integers or zero. The Miller indices are given by
the reciprocals of the fractional intercepts h,k,[ along the unit cell directions a,b,c,

respectively. The separation between the planes is the d-spacing, denoted dyy,;.
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diffracted beams
incident beams

Figure 1.9. Reflection of X-rays from two parallel planes of atorms.

Figure 1.9 shows the scattering of X-rays from a set of planes. The scattering of
the X-ray beam will provide useful data if the scattered beam from the points X and
Z produce diffracted beams which are in phase. For this to occur, it is necessary that
the extra distance traveled by X-ray photon from W to X to Y is an integral number
of wavelengths. It is clear that this path difference depends on the d-spacing and the

angle of incidence € of the beam, and this is described by the Bragg equation:

Path difference = WX + XY = 2dy50n0 = nA (1.12)

where n is an integer representing the order of the diffraction maximum, typically
treated as 1. The X-ray diffraction pattern displays the intensity of diffraction maxima

as a function of the detector angle 26.
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Chapter 2

Experimental Detalils

2.1 Commercial Solvents and Reagents Used

The reagents PEO-PPO-PEO triblock copolymers P123 (EOQ9gPO79EO9g) and F127
(EOggPOg7EOgsg), 1,3,5-trimethylbenzene (TMB, Mesitylene), cetyltrimethylammo-
nium bromide (CTAB), 1-butanol, tetraethyl orthosilicate (TEOS), naphthalene (scin-
tillation grade, 99.8%), 2-methylnaphthalene (97%), and 2-methoxynaphthalene (99%)
were purchased from Aldrich and used as received without any further purification.
2-chloronaphthalene (98.0%) was purchased and used as received from TCI Amer-
ica. Hydrochloric acid was purchased from ACP, and Aerosil®200 was purchased
from Degussa. All solvents were purchased and used as received from Caledon and

Commercial Alcohols Incorporated.

2.2 Synthesis of Cylindrical Mesopores

2.2.1 SBA-15

The syntheses of SBA-15 materials were carried out according to Zhao! and Lettow. 2
In a typical synthesis, 2.0 g (0.4 mmol) PEO-PPO-PEOQ triblock copolymer P123 was
first dissolved in 75 mL of 1.6 M HCL. 4.25 g (21 mmol) of TEOS was added drop-wise

as the silica source. This mixture was stirred for 24 h and maintained at 35-40 °C.
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Following this, the reaction mixture was transferred to a teflon-lined autoclave and
aged for 24 h at 100 °C. After cooling to room temperature, the solids were collected
by filtration on a Buchner funnel and dried in air for at least 24 h, and the resulting
powder was calcined at 500 °C for 6 h to produce the mesoporous silica material.
To expand the pore size, 0.23 mL TMB (TMB:P123 mass ratio 0.1) was added and

stirred for 1 h prior to the addition of TEOS.

2.2.2 MCM-41

MCM-41 was prepared as described by Beck et al.,’ except using half of the quantities.
20 mL H,O and 6.7 mL of N-brand (sodium silicate, 28% silica) were combined with
0.6 g HySO, at room temperature and stirred for 10 min. Meanwhile, the template
solution was prepared by stirring 8.4 g CTAB into 25.1 mL H,O. This was then
added to the silicate solution and stirred for 30 min. 10 mL of H,O was added to the
solution before transferring to a teflon-lined autoclave and aged at 100 °C for 144 h.
After cooling to room temperature, the solids were recovered by vacuum filtration,
washed with water, and dried in air at room temperature. This was then calcined for

6 h at 540 °C.

2.3 Synthesis of Spherical Mesopores

2.3.1 Mesocellular Foams

The syntheses of mesocellular foams (MCF) were carried out as prescribed by Zhao!
and Lettow.2 In a typical synthesis, 2.0 g (0.4 mmol) PEO-PPO-PEO triblock copoly-
mer P123 was first dissolved in 75 mL of 1.6 M HCL. 1.38 mL TMB (TMB:P123 mass
ratio 0.6) was added and stirred for 1 h, and then 4.25 g (21 mmol) of TEOS was

added drop-wise as the silica source. This mixture was stirred for 24 h and maintained
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at 35-40 °C. Following this, the reaction mixture was transferred to a teflon-lined au-
toclave and aged for 24 h at 100 °C. The solids were collected by filtration and dried
in air for at least 24 h, and the resulting powder was calcined at 500 °C for 6 h to

produce the mesoporous silica material.

2.3.2 Micelle-Templated Silicas

Micelle-templated silicas (MTS) were synthesized according to Ottaviani et al.* The
following components were added under stirring in the following sequence: distilled
H,0, molar ratio 20; CTAB, molar ratio 0.1; NaOH, molar ratio 0.25; TMB, molar
ratio 1.3, 2.0, or 5.0; SiO,, molar ratio 1.

Following each addition, the mixture was allowed to equilibrate by stirring for
1 min. The final mixture was stirred for 30 min at room temperature and transferred
to an autoclave to heat for 5 h at 70 °C. The materials were then filtered, washed
with distilled water, and dried at 115 °C. Lastly, the MTS were calcined for 8 h at

550 °C to eliminate organic matter.

2.3.3 SBA-16

SBA-16 materials were prepared according to Kleitz.? The molar composition of the
reaction mixture was varied in the range of 0.0035 F127/ zTEOS/ yBuOH/ 0.91
HCl/ 117 HyO, with z ~ 0.5-3 and y ~ 0-3.

In a typical synthesis, 5.0 g (0.4 mmol) PEO-PPO-PEO triblock copolymer
F127 was dissolved in 240 g distilled water and 10.5 g hydrochloric acid (35 wt %).
After complete dissolution, 17.0 g of butanol was added at once at 45 °C and stirred
for 1 h. 20.9 g of TEOS was then added. This synthesis was carried out in a closed
flask and then transferred to a polypropylene bottle, where the mixture was aged at

100 °C for 24 h under static conditions. The white precipitate was filtered hot and
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dried at 100 °C for 24 h. To remove the organic template, the materials were briefly

washed with EtOH/HCI and calcined at 550 °C for 6 h.

2.4 Characterization of Mesopores

The template-free mesoporous silica materials were characterized by nitrogen adsorp-
tion analysis using the Micromeritics ASAP2020 analyzer at 77 K. Before acquir-
ing the adsorption-desorption isotherms, the samples were degassed at 200 °C for
8 h. The Micromeritics software uses the Brumauer-Emmett-Teller (BET) method
to calculate specific surface areas, and the Barrett-Joyner-Halanda (BJH) method to
calculate pore volumes. However, these methods were found to underestimate both
values; instead the Broekhoff-de Boer-Frenkel-Halsey-Hill (BdB-FHH) method was
used to calculate the pore size distributions and pore volumes.® For spherical pores,
the adsorption and desorption branches of the isotherms were used to derive the pore
and window diameters, respectively.

Transmission Electron Microscopy (TEM) micrographs of the spherical meso-
pores were recorded using a Philips CM10 Transmission Electron Microscope (LaBg
filament, 100 kV, 0.2 nm resolution); several were acquired by Dr. Harald Rosner at

the Institut fiir Nanotechnologie in Germany on a FEI Tecnai F20 ST microscope.

2.5 Method of Loading Aromatics into Mesopores

In a typical loading, a carefully weighed sample of the silica material was degassed
in a glass tube, either on the Micromeritics ASAP2020 using the degas method or
on a vacuum line at 400 °C for 2 h. The sample was re-weighed after degassing and
the total pore volume was obtained to calculate the correct mass of organic required.

Samples for DSC experiments were prepared directly in the Al crucibles and the pores
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were typically overloaded by 60%. For Raman spectroscopic studies, organics were
added to samples inside glass tubes which were then quickly sealed by flame. In all
cases, the loaded samples were allowed to equilibrate just below the boiling point of

the organic for several hours and then cooled slowly to room temperature.

2.6 Measurements of Confined Organics

2.6.1 Differential Scanning Calorimetry Measurements

DSC measurements were performed using either a Mettler Toledo DSC822¢ and
STAR® software, or a TA Instruments DSC Q20 equipped with the Liquid Nitrogen
Cooling Accessory and Universal Analysis 2000 software. All samples were overloaded
in order to detect both the bulk and confined transition temperatures and thus ob-
tain precise determinations of temperature depression. All scans were carried out at
heating rates of 10 °C/min after a 10 min isothermal stage at starting temperature.
It was found that changing the rate from 5 to 10 to 20 °C/min did not affect the
position or breadth of peaks in the thermogram. Calibration was performed using

indium metal.

2.6.2 Raman Spectroscopic Measurements

Raman spectra were recorded on a Bruker RFS 100/S FT-Raman Spectrometer
equipped with Nd3+ /YAG laser operating at 1064.1 nm and a liquid nitrogen-cooled
Ge detector. The laser power was 120 mW at the sample, and the resolution was
2 eml. Low-temperature measurements were carried out using a Bruker Eurotherm
800 series temperature control unit, which is capable of temperature regulation within

= 1K.
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2.6.3 Powder X-Ray Diffraction Measurements

Powder XRD patterns were recorded on a Rigaku diffractometer using Co Ko radi-
ation (A = 1.7902 A). Samples were scanned from 5° < 20 < 65° at a scan rate of

10° /min with a step-size of 0.02°.
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Chapter 3

Characterization of Mesoporous Sil-

ica Hosts

3.1 Introduction

For our studies we chose to work with a range of pore sizes of cylindrical geometry,
namely SBA-15 and MCM-41, as well as a range of spherical pores, namely MCF,
MTS, and SBA-16 materials. The main focus of our current work is with regards to
the cylindrical pore system. However, we would like to make a comparison between
the two geometries and, as such, verification of the geometry of each host material is
crucial. While there are several techniques which can be used to characterize porous
materials such as transmission electron microscopy (TEM), small angle X-ray diffrac-
tion, and nitrogen adsorption porosimetry, we chose to employ mainly porosimetry
due to limited or lack of availability of the other methods. TEM imaging is used as
a secondary characterization technique to support our results from porosimetry.
With regards to nitrogen adsorption porosimetry there exist a number of calcu-
lation methods which can be applied to isotherm data in order to extract information.
The simplest method for determining the diameter of a mesopore is the 4V/A method
(where V' is the volume and A the surface area of the pore), which can accurately mea-

sure well-defined cylindrical pores such as MCM-41.1 In the presence of small pores,
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especially micropores, however, its accuracy is limited in that A is determined by the
BET method. There will be a large increase in the surface area with only a small
increase in pore volume, resulting in an underestimated diameter. Furthermore, tex-
tural mesoporosity due to large mesopores formed between particles will significantly
increase the pore volume without greatly increasing the surface area, resulting in an
increased apparent diameter of the primary mesopore.1 The 4V/A method cannot
therefore be applied to SBA-15 or MCF materials due to microporosity and textural
porosity.

For pores which are not well-defined and non-cylindrical, the most well known
alternative is the BJH method.! Unfortunately, pore sizes are underestimated as it
neglects the effect of curvature of the pore walls on the thickness of the adsorbed
gas layer. The more widely applicable BdB method is outlined by Broekhoff and de
Boer. %3 While this method is more accurate than the BJH method, its application
finds difficulty due to the rigorous calculations involved. A modified version of this
method, described by Stucky et al.,! simplifies calculations such that the equations to
be solved do not involve derivatives. From the adsorption branch of the isotherm, the
pore size can be analytically determined using Equation (3.1) and the square root of
Equation (3.2). From the desorption branch, the pore size can be solved numerically

by solving Equations (3.1) and (3.3) simultaneously: !

pPo_ @ YV (3.1)
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where p/pg is the relative pressure, f is a factor determined by the Laplace curvature
of the meniscus (f = 1 and 2 for a cylindrical and hemispherical meniscus, respec-
tively), v and V,, the surface tension and molar volume, respectively, of the adsorbed
gas, r the pore diameter and t the statistical thickness of the adsorbed gas layer
described by some adsorption isotherm. « is an empirical constant from Hill’s ap-
proximation determined by the adsorbent (pore surface) and the adsorbate (adsorbed
gas). Its value is —5(3.54)3; this is the usual value used for determining the statistical
thickness of the adsorbed nitrogen layer (3.54 Ais the thickness of a monolayer of N,
at 77K, and 5 is determined empirically).4’5 R and T have their usual meanings.

Besides its superior accuracy and ease of application, another useful feature
of the BdB-FHH method is the ability to differentiate between different mesopore
structures. For these reasons, we have chosen to use this method for the treatment

of our isotherm data in order to characterize our porous host materials.

3.2 Application of the BdB-FHH Model

As described above, the procedure for SBA-15 synthesis at high TMB/P123 mass
ratios actually renders MCF'. To be able to discriminate between them, we prepared
and characterized several samples using various TMB/P123 ratios. The graph in
Figure 3.1 shows the change in our pore diameters with increasing ratio. Below a
ratio of 0.2 SBA-15 is formed. Between 0.2 and 0.3 the material is in the transition
region, where it is neither SBA-15 nor MCF; above this ratio MCF is produced. The
TEM images we acquired depict the contrasting pore morphologies at 0.0, 0.3, and
0.8 TMB/P123 mass ratios. The images of the materials prepared at 0.0 and 0.8
mass ratios (Figures 3.1 (a) and (c)) were kindly acquired by Dr. Harald Rosner at

the Institut fur Nanotechnologie in Germany. The materials corresponding to the






37

Table 3.1. Summary and comparison of SBA-15 and MCF materials using the
BdB-FHH method

Smple L it (5 Ry Ras by e go
Al 0 7.7 7.1 SBA-15 cylinder
D7 0.2 11.5 4.6, 5.8 transition “ink-bottle”
F2 0.3 17.2 7.3, 8.6 transition “ink-bottle”
St 0.8 28.5 9.5 MCF sphere
A4 1.0 42.8 9.6 MCF sphere

the cylindrical model are in good agreement with each other. They are also in good
agreement with the pore size of 7.5 nm determined from the TEM image in Figure 3.3.
This image was also acquired by Dr. Harald Rosner at the Institut fiir Nanotechnologie
in Germany.

Spherical pores are described as “ink bottles” in which the spherical “bottles”
are interconnected by smaller “necks.” If the pore sizes determined from the adsorp-
tion and desorption branches using the cylindrical model differ substantially, the pores
must be “ink-bottles” and the adsorption branch needs to be re-evaluated according
to the spherical model in order to determine the body diameter. Applying the model
to the adsorption branch, the pore size of MCF S1 is shown in Figure 3.4 to have a
value of 28.5 nm. The initial application of the cylindrical model gives a value of 9.5
nm for the diameter for the windows or “necks.”

The transition-type materials listed in Table 3.1 follow neither BAB-FHH mod-
els. Applying the cylindrical model yields different pore diameter values; it is clear
that these materials are not cylindrical. However, as is evident in Figure 3.5, the
desorption branch of F2 shows two pore size distributions meaning that there are two
significant window sizes present in addition to the 17.2 nm pore body found from
spherical adsorption. As mentioned above, pore walls buckle at the same periodicity

as the pore diameter during the transition from SBA-15 to MCF such that spheres
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are formed at the end of the transition. Although the transition materials are indeed
“ink-bottle” shaped, the bodies are not yet spherical and we propose that the two
size distributions from the desorption branch are a result of two different “neck” sizes.
Though “ink-bottle” pores are not necessarily spherical, capillary condensation does
occur via a hemispherical meniscus and so the spherical model is generally the most

appropriate. 1

3.3 Characterization of Cylindrical Mesopores

In order to obtain a broad range of cylindrical mesopore diameters for our study,
SBA-15 and MCM-41 materials were synthesized. While SBA-15 provides the upper
range of diameters, MCM-41 allows access to smaller pore sizes. Table 3.2 provides
a summary of the properties of the cylindrical mesopores selected for our studies;
adsorption values are taken as the true pore sizes. The nitrogen adsorption-desorption
isotherms of these pores are shown in Figure 3.6. Samples C1 -3 are SBA-15 materials,
characterized by the H2 hysteresis loops® seen in the diagram. The HI hysteresis
loop seen in the isotherm for C4 is typical of MCM-41 materials. When the BdB-
FHH cylindrical model was applied to these samples, the adsorption and desorption
branches for each yielded PSDs of comparable values (Figure 3.7), indicating that
the pores were indeed of cylindrical geometry. Evaluation of these samples using the
spherical model was therefore unnecessary.! A powder XRD pattern of sample C4
(MCM-41) was obtained and shown in Figure 3.8. The (100) reflection” is labeled
and occurs at 260 = 3.44°, giving a lattice spacing of d = 29.8 nm. The pore sizes
of the other samples in both the spherical and cylindrical systems were too large to

obtain powder patterns for on the present equipment.
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Table 3.2. Summary of Cylindrical Mesopores

; Bd 1 Dpip-rgH Pore Volume SSA ‘
Sample % (F § des nm{ (em® g71)  (m? g~ 1) Lype
C1 7.3 1.03 674 SBA-15
C2 6.5 6.2 0.82 562 SBA-15
C3 9.5 4.8 0.51 419 SBA-15

C4 2.6 3.1 0.54 695 MCM-41
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3.4 Characterization of Spherical Mesopores

In order to obtain a broad range of spherical mesopore diameters for our study, SBA-
16 and MTS materials were synthesized in addition to the MCFs. While MCFs are
>20 nm, SBA-16 and MTS form smaller pores. We were able to synthesize SBA-16
with pore diameters 4.3 to 9.0 nm, as well as MTS with diameters > 10.9 nm. 8 Table
3.3 summarizes the properties of the spherical mesopores selected for our studies.
The nitrogen adsorption-desorption isotherms and pore size distributions, calculated
from the adsorption branches by the BdB-FHH method, are shown in Figures 3.9 and
3.10, respectively, indicating the range of pore sizes studied.

For each sample the isotherm desorption branch yielded a pore size different
from that of the adsorption branch when the cylindrical model was applied, confirming
that none of the materials are cylindrical-pored. Re-evaluation of the adsorption

branches via the spherical model provided the correct pore diameters. From the
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SBA-15 to MCF transition study above, we know that only non-spherical “ink-bottle”
pores give rise to more than one pore size from the desorption branch (see Figure 3.5).
The desorption branches of our set of spherical-pore samples indicate the presence of
only one window diameter for each, confirming that the pores are indeed spherical.
We could not obtain an accurate window diameter for the smallest pore, S4, due
to meniscus instability; however the distribution plot does indicate only one peak,

confirming spherical pore morphology. The PSD given by the desorption branch is

not shown.
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Table 3.3. Summary of Spherical Mesopores

Jat1r DBd —FH DBd -FH Pore (Volume SSA ) T

Sample (adS (ﬁm§1 (deg (hia (cmd g 1) (mZg 1) ype
S1 28.5 9.5 1.14 813 MCF
S2 18.3 8.6 0.87 413 MTS
S3 9.0 4.6 0.58 780 SBA-16

S4 6.6 N/A 0.34 959 SBA-16




12 —e— Adsorption
- a8 ~—B—Desarption
o 10
g
s 0B
S
a 0.4
g

0.2

) 0 \—\
10 100 1000
Pore Diameter (&)
(a)
0.25 —o— Adsarption
8B —B&—Desarption
B 0.20 183
5
@ 015
£
>
9 o010
=4
& 005 \QA
0
10 100 1000
Pore Diameter (&)

0.25 —&— Adsaorption
= 43 —&—Desorption
B o020
t
Té 015
2 0
S o010
a
S
a 005

0 —
10 100 1000
Pore Diameter (A)
(c)
046 —e—Adsorption
0.14
I,Em 012
£ 010
@
€ 008
Ed
S 0.06
& 86
5 0.04
o
0.02
0 L
10 100 1000

Pore Diameter (&)

(d)

Figure 3.10. Pore size distributions of spherical pores S1 (a), S2 (b), and S3 (¢)
based on the adsorption and desorption branches of corresponding isotherms,
and S4 (d) based on the adsorption branch of the isotherm.



3.5 Conclusions

Knowing that varying the TMB/P123 ratio of the same synthesis procedure would
yield SBA-15, MCF, and “transition” type mesoporous materials, we were able to
prepare a system for comparison of pore morphology. Using the Broekhoff-de-Boer
Frankel-Halsey-Hill method, we can accurately differentiate between cylindrical and
spherical geometries based on the pore size distributions calculated from adsorption
and desorption isotherm branches. Our results are comparable to work done by
Lukens et al.! Using the PSDs we were also able to determine values for the pore
diameters. TEM images provide further evidence of both pore morphology and di-
mension, and our findings agree with those by Lettow et al.”

After verifying the accuracy of the BAB-FHH method for determination of pore
morphology and size, we were able to apply this to the different pore samples syn-
thesized for our confinement studies. In order to access a range of diameters for both
cylindrical and spherical pores, we synthesized numerous MCM-41, SBA-15, MCF,
MTS, and SBA-16 mesoporous silicates. Although there exist less complicated meth-
ods for accurate pore size analysis of MCM-41, we chose to use the BdB-FHH method
for all types of materials in order to determine pore sizes in both an accurate and con-
sistent manner. From these samples we selected a series of cylindrical and spherical
pores to study. The cylindrical system ranges in pore diameter from 2.6 to 8.0 nm,

and the spherical system from 6.6 to 28.5 nm.
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Chapter 4

Confinement Effects on the Phase

Transitions of Naphthalene

4.1 Introduction

Polycyclic aromatic hydrocarbons (PAHs) are major recalcitrant hydrophobic com-
pounds, usually produced by industrial activities, disposal of processing wastes, and
incomplete combustion of organic materials.! The PAH family include phenanthrene
and anthracene, as well as the chemically-related benzene and naphthalene molecules.
They are often found in soils, coals, and tar deposits. As many PAHs are known or
suspected to be carcinogenic, mutagenic, and teratogenic to hurnans,2 the decontam-
ination of PAH-polluted sites is of substantial importance. Due to the low aque-
ous solubility and strong sorption properties of PAHs, the extent and rate of their
biodegradation are restricted by limited bioavailability, so that contaminated sites
are not easily treated by biological means.!

Aromatic compounds in diesel are considered contaminants, and they signifi-
cantly lower the cetane number of fuel as well as increase undesirable emissions. >4
As such, there has been considerable effort worldwide in the reduction of aromatics.

However, hydrodearomatization and desulfurization of diesel are still challenging tasks

because diesel contains bulky aromatic and sulfur-containing compounds. 5,6 Zeolite-Y
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The topic of hydrophobic hydration has become one of considerable interest in the

last half-century 1112

because such hydrophobic effects are important in stabilizing
biological structures, and they also determine the environmental fate of PAHs and
other aromatic contaminants. Naphthalene is an important bicyclic aromatic species
and its molar solubility in water at room temperature is approximately two orders of
magnitude lower than that of benzene.? Due to aromaticity, a small partial negative
charge is placed on the carbon atoms of benzene (periphery hydrogens carry par-
tial positive charges), which favours a m-type hydrogen bond with water molecules.
However, ab initio studies'3 have shown that the two carbons making up the fused-
ring region of C;yHg (Cq and Cy; in standard nomenclature, see Figure 4.1) exhibit
partial positive charges. The ability to form hydrogen bonds with water is there-
fore constrained due to a reduction in the negative charge density on its fused-ring
structure.?

At room temperature, pure C;,Hg exists in the solid phase. Crystalline naph-
thalene belongs to the monoclinic system and space group P21/c with two molecules

1,14 as shown in Figure 4.2. It has a rigid lattice structure and shows no

per unit cel
plastic crystalline phase. 15 The maximum span, along the diagonal, of the naphtha-
lene molecule is ~6.9 A; looking in the plane of the rings the height is estimated to
be ~2.6 A or less. The enthalpy of fusion of CioHg i1s 148.31 J g~ ! and the melting
and boiling points are 80.26 and 217.90 °C, respectively. 16

Disorder induced by broad pore-size distributions of host mesoporous silicas
renders the interpretation of results difficult. For this reason, we chose to work with
host materials of well-defined geometries, specifically spherical and cylindrical pore
shapes, which also exhibit narrow pore-size distributions. Furthermore, the synthesis
of these materials can be reproducibly tailored to yield desired pore sizes. Synthesis

conditions of the host materials as well as descriptions regarding the method of loading

C,oHg into the pores for the following studies are described in Chapter 2.



Figure 4.2. Two views depicting the monoclinic
crystal structure of naphthalene.

4.2 DSC Studies in Spherical Pores

To ensure that we could accurately measure the transition temperatures and enthalpy
of confined naphthalene, we first acquired the DSC thermogram of pure naphthalene.
Figure 4.3 presents the thermogram for pure C,,Hg upon heating and then cooling.

The onset temperature of melting was found to be 79.36 °C and in good ac-
cordance with the literature value. 16 Crystallization, however, occurred below this
temperature at 66.05 °C. This expected thermal hysteresis is due to the small delay
in the heterogeneous freezing nucleation of the pure liquid;1” the melting temperature
is then identified with the true transition temperature and taken as the reference tran-
sition temperature 7. The measured enthalpy values A H; upon heating and cooling

were found to be 147.18 J g~1 and 145.80 J g1 respectively, and in agreement with
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Figure 4.3. DSC curve of pure napthalene
upon heating and cooling.

the literature value of 148.31 J g~1.16 Note that the complete freezing event usually
takes place over a broader temperature range due to crystal rearrangement, so the
tail end of the peak extends such that differentiation from the baseline is difficult.®
It follows that the integrated peak area usually gives rise to a smaller enthalpic value
than that given by the melting peak. The enthalpy calculated from the melting curve
is therefore more accurate.

It is well known that materials confined in silica-based materials exhibit a tran-
sition temperature depression AT.19 As previously stated, the general form of the

Gibbs-Thomson equation is typically used to interpret these measurements: 17,20,21

g — _olsl Vs
TO Tp AHSZ

(4.1)

where Tp is the bulk transition temperature, 7, the solid-liquid surface tension, vg

the molar volume of the solid phase, ry the pore radius, and AHg the latent heat of



Table 4.1. DSC values of the transition temperatures, transition temperature shifts
(AT), and hysteresis values of C,;Hy confined in spherical pores

Sample P L Ty Ty Ty ATy ATy Hysteresis
PO ) o) X)) ®) & (K]
bulk - - 35251 339.20 - - 16.68

S1 14.3 24 35255 33894 33492 1361 17.63 4.02
S2 9.2 11T 35141 331.93 316.02 19.48 3539 15.91
S3 4.5 1.3 35230 303.30 213.67 49.00 138.63 89.63
S4 3.3 0.9 35177 286.66 200.57 65.11 151.20 86.09
55 2.2 0.2 353.19 279.49 207.11 73.70 146.08 72.38

! Extrapolated from experimental data.

the solid-liquid transition. Note that Equation (4.1) is the same as Equation (1.9) in
Chapter 1, and is shown here again for convenience.

The volume of each spherical mesoporous sample was calculated from nitrogen
sorption data and the correct mass of C;,Hg was introduced to achieve approximately
a 60% overload. In this way we were able to obtain the DSC melting and freezing
curves of both the bulk and confined organic for comparison as shown in Figure 4.4.
The peaks corresponding to phase transitions of the confined C,yHg are denoted by
arrows, and it can be seen that both melting and freezing transition temperatures
decrease with pore diameter. A summary of these values can be found in Table
4.1. Also note that for the bulk transitions, the tangent to the peak represents the
beginning of the transition process and determines the transition temperature; the
FWHM (full width at half maximum) is small and due to kinetic effects only. In
other words, the transition is first-order and does not occur instantaneously. In the
confined phases there is a broadening of the transition peak which cannot be simply
attributed to kinetics and so the transition temperature is taken at the maximum of
the peak. 17,22

It is evident from Figure 4.4 that there is a depression in both the confined

melting and freezing transitions of C;yHg relative to those of the bulk transitions.
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Furthermore, this depression increases as the pore sizes become smaller. Evans et
al.23 used a simple pore model to explain the freezing temperature shift of confined
liquids using Equation (4.2) where v,s and 7,,; are the wall-solid and wall-liquid
surface tensions, v; is the molar volume of the liquid phase and AH; is the bulk
latent heat of melting. For sufficiently large pores (> 6 nm diameter), the shift
in freezing temperature AT can be related to the pore width D on the basis of
the Gibbs-Thomson equation that is obtained by equating the free energies of the

confined liquid and solid.

(Yws — ’le)’/l

DAH, (42)

ATf = Tf,pore - Tf,bulk = -2

The sign of the shift in freezing temperature is given by the difference of the
surface tensions yys — Yy1; thus the equation predicts that the freezing temperature
will, as in our case, decrease compared with the bulk value if the pore wall prefers
the liquid phase to the solid phase. Conversely, if the solid phase is preferred then
there will be an increase in the freezing temperature.23 As we observe a decrease in
the freezing temperature of confined C, Hg in the present work, this suggests that
our silica-surface pore walls prefer the liquid phase of naphthalene over the solid.
Howéver, because Equation (4.2) uses derivations of macroscopic concepts such as
surface tensions (which implies an interface separating two bulk-like phases) and does
not account for the strong inhomogeneity of the confined phase, it fails for smaller
pores. 24

According to the Gibbs-Thomson equation the shift of the transition temper-
ature of a confined liquid is inversely proportional to the pore radius. Among the
assumptions made in the Gibbs-Thomson relationship are that the values of ~g,
AHg, and v are independent of crystal size. Furthermore, considerations that have

not been incorporated into this equation are the confined fluid-fluid and fluid-wall
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interactions,25 but it has been found that the strength of the fluid-fluid interaction
relative to the fluid-wall interaction plays an important role in determining the sign
of the shift of the freezing point.26 Nevertheless, many previous studies have largely
confirmed the melting point depression expressed from the Gibbs-Thomson equation
for nanoparticles as well as materials in confinement, where deviations are observed
only for the smallest pore sizes.2” Because it does reasonably describe many general
systems, and because numerical values for the parameters involved are relatively sim-
ple to determine experimentally and from the literature, the Gibbs-Thomson equation
is quite often used to describe the relationship between melting point depression and
pore radius. 19,25,27

In plotting ATy, as a function of ry 1 as prescribed by the Gibbs-Thomson
equation (Figure 4.5) our results do show a reasonably linear trend. However, this
trend line does not pass through the origin (0,0). At r~1 =0, r = 0o and the pore
size is infinitely large (ie. corresponds with unconfined bulk naphthalene), and it is
expected that there is no transition temperature depression. It has been previously
noted 28731 that a so-called “contact layer” exists on the pore walls when a material
is introduced to the pore interior. This layer remains in the liquid state below the
melting temperature of the substance, and many authors have reported experimen-
tal evidence of such layer for numerous substances. For example, using IH NMR
spectroscopy, Booth and Strange31 examined the melting of cyclohexane in porous
silica. They found that the confined melting temperature was below the bulk, and
in the confined solid phase there were two distinct components of the transverse re-
laxation time. The long phase was attributed to the contact layer and their findings

agree with the Raman studies by Shao et al. 32

A non-freezing layer has also been ev-
idenced by 13C nuclear spin-spin relaxation studies on confined benzene. 33 DSC and
dielectric relaxation spectroscopy, 30 heutron scattering,3? and and molecular simu-

lations3® have also been used to observe contact layer behaviour for a number of
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spherical pores.

substances such as water, benzene, nitrobenzene, and methane. The presence of such
a non-freezing layer thereby reduces the effective pore radius in the application of the
Gibbs-Thomson equation such that r = rp — ¢, where rp is the radius of the pore and
t is the thickness of the contact layer. As a result, Equation (4.1) should be rewritten

as: 36

E — 9 sl __Us
T (rp—t) AHy

(4.3)

We have verified the existence of this non-freezing contact layer using Raman
spectroscopic studies and DSC, discussed in Section 4.5. We therefore used this
modified Gibbs-Thomson equation to treat our data as it allows for the evaluation of
AT with respect to the effective pore radius rp. The value of ¢ can be determined
by the traditional calibration procedure using materials of various pore sizes, where
the transition temperature depression is related to the pore radius through a value

of t. From experimental data, ¢ can be determined by calculating the limit of the

pore radius as AT approaches oo (no confined freezing).37 However, there is an
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underlying assumption that ¢ does not vary with pore size.36 Instead, we determined

¢t according to a previously reported procedure36:38

which does not assume that ¢
is constant. For this procedure, sequentially various amounts of organic are added
to or removed from the sample while DSC thermograms are obtained in between.
In the method where the organic is progressively removed, the authors allow the
inert gas to flush the DSC sample pan throughout the entire experiment. However,
we have found that more accurate results can be obtained by flushing the pan for
several minutes only in between DSC scans, as evaporation during scans decreases
the mass of the sample. In our experience, this constant evaporation results in a
skewed baseline. Briefly, a known mass of sample is placed in a DSC pan with
an excess of G yHg. Several holes are drilled in the crucible lid and the C,qHg is
progressively evaporated at 80°C by N, gas flushing between thermal cycles. We
were able to calculate the amount of C;yHg remaining after each flush by weighing
the pan; from there we were able to obtain semi-quantitative information about CioHg
(both free and confined) undergoing solid-liquid transition. Figure 4.6 presents some
typical DSC curves recorded upon evaporating the C,,Hg by flushing. The labels
b and ¢ denote the bulk and confined transition peaks, respectively. It can be seen
that as flushing time increases, peak b decreases and eventually cannot be observed.
Following this, peak c also decreases until no transition can be observed.

A plot of the heats corresponding to peaks b and ¢ as a function of the quantity
of naphthalene is shown in Figure 4.7. The point at which H. differs from zero
corresponds to the mass of the contact layer m;. In the portion where H. remains
constant the pores are completely filled and we can measure H¢ mqz. (From the graph,
the mass required to fill the pores is 2.2 mg which agrees with the 2.4 mg calculated
from N, sorption.) Here the enthalpy corresponds to the mass of the C;jHg present
myp minus the mass participating in the contact layer, namely m = my,—my¢. We can

then deduce the enthalpy of melting per gram for confined C;jHg (AH, =101 J g™ 1.
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Using the mass of the contact layer m; determined from the plot, we were able

to calculate the thickness of the layer according to:36

mye

= p(SSA)(mg;0,)

where SSA is the specific surface area of the silica sample given in Table 3.3. Knowing

(4.4)

the pore radius rp and ¢t for S2 we calculated the surface tension v = 27.6 mJ m—2
from Equation (4.3). There are a number of vy values for naphthalene that can be
found in the literature. Jackson and McKenna3? found values of 8.2 and 6.1 mJ m—2
from experimental data, and they report a value of 31.7 mJ m~2 from empirical

42 reported

calculations based on previous work by Turnbull4? and Dunning.%! Jones
a value of 61411 mJ m™2. Our value is generally comparable to the empirical value
within the large variability of such measurements reported in the literature. As such,
we chose to use our vy, value for our calculations. Furthermore, use of the lower and
higher reported values presents unreasonable results (ie. negative values of t). Jackson

39 suggested one reason for such great variation in the reported values

and McKenna
of 4 for CjyHg may be that there are changes in the crystallographic form when
C,oHg crystallizes in confined geometry. However, we have found that this is not the
case and our results are discussed in Section 4.6.

If the value of t is constant for varying pore sizes, then t will be 75% of the
pore radius for the second-smallest pore S4, and twice as large as the radius of the
smallest pore Sb. This is clearly unreasonable, and we conclude that for our system,
t does indeed vary with pore size. Putting our calculated value for 7, back into
Equation (4.3) we determined the thickness ¢ of the contact layer in each pore size.
It was found that ¢ generally decreases with pore size. This trend agrees with results

reported by Meziane et al.36 for carbon tetrachloride confined in mesoporous silica

gels. Our results are presented in Table 4.1 and a plot of ¢ as a function of r is shown
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in Figure 4.8.
From the evaporation experiment results we were also able to deduce the porous
volume V}, according t0: 36
Myp

v, — e (4.5)
P pmgio,

where p is the solid density of of naphthalene. We extrapolated the value 0.832 g mol~!
at 80°C from previous work by Gryzll et al. 43 The value found for Vp is comparable
to that obtained by N, sorption (VNQ). These results are summarized in Table 4.2
for comparison.

It is clear from the DSC thermograms in Figure 4.4 that the breadths of confined
transitions broaden as pore size decreases, suggesting a progressive layer-by-layer
melting in confinement where the outer portions of the confined material melt first
and those in the centre melt last.3%%4 In the case of freezing, the liquid outside the
pore freezes first and freezing inside the pores occurs through the slow penetration of a

freezing front. This penetration is delayed in the smallest pore apertures, broadening



62

the confined transition peak.1”

Table 4.2. Thickness ¢, porous volumes and transition enthalpies
measured by DSC and N, sorption for sample S2

Sample t (nm) V, (em® g7 VN2 (em3 ¢~y AH (Jg™h
S2 1.1 0.85 0.87 101

4.3 DSC Studies in Cylindrical Pores

Using the same method of pore loading for spherical pores, we loaded our cylindrical
pores with naphthalene such that the DSC thermograms provide information regard-
ing the phase transitions of both the bulk and confined C,,Hg. Thermograms are
shown in Figure 4.9. Results following the Gibbs-Thomson equation are shown in
Figure 4.10, where ATy, is plotted against the inverse of the pore radius without tak-
ing into account the thickness ¢ of the contact layer. Again, the trend is reasonably

1 — 0. However, as we have determined

linear and in this case ATy, = 0 when r~
that the contact layer does indeed exist in Section 4.5, the calculation of AH will
be uﬁderestimated if this layer is not accounted for. We therefore performed the
evaporation experiment in order to determine ¢. It should be noted that Meziane et
al.36 employed high volume DSC pans so that the quantities of solvent used in their
studies were much greater than that used in ours. The most sophisticated balance
we had access to was an analytical balance, accurate to a milligram, and we realize
that the error in our masses could contribute quite significantly to our results. As
such, we performed the experiment three times using three samples of C1 (8.0 nm

diameter) and C;3Hg to ensure that our method is reasonably accurate.

Some typical DSC thermograms recorded upon evaporation of C;,Hg from Trial
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1 are presented in Figure 4.12; labels b and ¢ denote the bulk and confined transition

peaks, respectively. For each of Trials 1 - 3, the plots of the heats corresponding

to peaks b and ¢ as functions of the quantity of naphthalene present are shown in

Figure 4.11. Results from the three sets are reasonably consistent and the calculated

volumes V), correspond well with the pore volume Vjy, determined by nitrogen ad-

sorption porosimetry. We therefore report the averages of each as the true values for

pore C1; results are shown in Table 4.3 and these numbers are used in the calculations

of ¢ for the other pores in this system. Although our results are semi-quantitative,

we are able to determine the trends of the systems under study.

Table 4.3. Mass and thickness ¢, porous volumes and transition enthalpies
measured by DSC and N, sorption for sample C1 in three separate trials

Trial mass (mg) ¢ (nm) Vj, (em? g™1) VN2 (em® g=h) AH (Jg™!)

1 0.45 0.7
2 0.26 0.6
3 0.41 0.5

avg - 0.6

0.90
1.07
0.90
0.96

1.03
1.03
1.03
1.03

101
76
91
89
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As in the previous section, we calculated the value of the surface tension vy
using Equation (4.3). For C; Hg in cylindrical pores we find that it has a value of
19.0 mJ m™2. We note a small discrepancy between the 7, values found for naphtha-
lene in our spherical pores (27.6 mJ m~2) and our cylindrical pores. Although both
numbers are within the range of those values reported in the literature (see above),
the value calculated from the cylindrical system is 70% lower than the value calcu-

39 4 possible

lated from the spherical system. According to Jackson and McKenna
reason for this is a reduced value of the solid density p, and thus increased value of
the mvolar volume vg, resulting from poor packing in confinement which causes a lower
value of 7.

Nevertheless, we chose to use our calculated value of v = 19.0 mJ m~2 in the
treatment of our cylindrical system as this value provides the most reasonable results
for t. Putting this value back into Equation (4.3) we can calculate ¢ for the other
pores in this system. Again, we find that there is a decrease in ¢ with decreasing pore
size. The trend is shown in Figure 4.13.

Plotting ATy, as a function of r, — t as shown in Figure 4.14, we expected

to see a confined melting transition in the smallest pore C4 (radius 1.3 nm) in the
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Figure 4.13. ¢ plotted as a function of r, for C,;Hy in cylindrical pores.

vicinity of 230 K; however, the DSC thermogram showed only the bulk transition
peak. Since 230 K is well above the lowest temperature we could attain on the
instrument used, we ruled out the notion that the phase transition was perhaps too
far depressed to be seen. It is known that as a particle becomes smaller, there
is a larger percentage of its atoms residing at the surface where they have more
freedom to move. At some point the particle will be practically all surface, decreasing
the likelihood of a transition into the solid phase.#® This argument is in agreement

with experiments by Dosseh et al.?2

Their results showed that for simple molecules
with van der Waals type interactions, such as benzene and carbon tetrachloride,
the minimum pore size required for crystallization is roughly 10 molecular sizes. In
a computational simulation by Song et al., the critical diameter of C, Hg (ie. the
minimum diameter it can pass through without distortion) was found to be 7.19 A.
Not accounting for the contact layer, the core of our pore C4 has a diameter of 2.6 nm,
which is only equivalent to about 4 molecular diameters. We therefore propose that
the core of the pore is not sufficiently large to host enough naphthalene molecules for

crystallization to occur. On the other hand, crystallization did occur in our smallest

spherical pore S5 which has a diameter of 4.4 nm, or approximately 6 molecular
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diameters. However, crystallization in confinement also depends on other factors
such as the stability of the crystal, pore topology, and pore geometry. 22 1t therefore
appears that for C10H8, the minimum pore diameter required for crystallization is
somewhere between 4 and 6 molecular diameters. To support this claim, we found
that the calculated enthalpy for the bulk transition peak in the DSC curve of CioHg
in pore C4 gave a much higher value than what the expected value should be. This
confirms that there must be some mass existing inside the pores which does not
undergo phase transition. The results for the other cylindrical pores are tabulated in

Table 4.4.

0 0.1 0.2 0.3 0.4 05
1(r-t) (nm)

Figure 4.14. AT, plotted as a function of (r —t) for C, Hy
in cylindrical pores.

4.4 Comparison of Cylindrical and Spherical Pores

The DSC thermograms indicate a thermal hysteresis of the confined C;qHg which
increases with decreasing pore radius, summarized in Tables 4.1 and 4.4 for both

spherical and cylindrical pores, respectively. As noted above, the hysteresis seen in
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Table 4.4. DSC values of the transition temperatures, transition temperature
shifts (AT'), and hysteresis values of C,,Hy confined in cylindrical pores

Sample P t T T, Ty ATy, ATy Hysteresis
e iy om) ®) ® ® W &/
bulk oo - - 352.561  339.20 - - 16.68

C1 4.0 0597 351.99 309.49 29035 42.50 61.64 19.14
C2 3.3 048 352.01 304.61 283.25 4740 68.76 21.36
C3 2.8 032 351.18 28745 218.452 63.73 132.35 69.03

T Extrapolated from experimental data.

the bulk phase is typical and is due an uncontrollable delay in nucleation on cooling.
Because the transition mechanisms of a confined liquid are different from those of
the bulk, the physical cause of such feature differs. Materials confined in small pores
exhibit transition temperature depressions due to their high acquired surface area to
volume (S/V) ratios; the presence of this surface introduces excess energy for the
solid phase and shifts the solid-liquid equilibrium toward the liquid state. Petrov
and Fur6?! attribute this hysteresis to pore curvature-induced metastability of the
solid phase which is, thereby, an intrinsic property of the system defined by the pore
morphology and interfacial interactions.

Consider a situation illustrated in Figure 4.15 in which an arbitrary pore is filled
by a liquid. The Helmholtz free energy F' is dependent on the thickness of the liquid
layer ¢, which increases with melting and decreases with freezing, and the temperature
T. At low temperatures F'(¢,T) has two local minima where the minimum at £ = r
corresponds to a pore filled by liquid, while the minimum at ¢ = ¢ corresponds to a
pore filled by solid except for the non-freezing film of width ¢. The energy barrier be-
tween the minima reflects the competition between volume and surface contributions
to F. In increasing the temperature, the solid-liquid equilibrium point T is reached
where the two corresponding minima of F are equally deep. However, melting cannot
occur at this temperature because growing the liquid phase from the nonfreezing film

at the pore wall would advance the liquid-solid front along increasing £. Because this
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is a free-energy penalty, melting will not start until 73, where thermal fluctuations
are sufficient to overcome the energy barrier. This temperature is therefore associated
with the melting point of the pore solid; ie Tj, = T3. Upon cooling from T where
the pore is filled with liquid, freezing will occur at the equilibrium point Ty =Ty if
there is excess solid which exists outside the pore, as in our case. The area between

T, and T3 is metastable, and it is this region which provides the hysteresis.2!

pore wall

=0+t

(nd m)

F(¢,

¢ (nm)

Figure 4.15. The Helmholtz free energy of an arbitrary solvent as a function of [
and T. The metastable region providing the hysteresis is hatched. Figure modified
from Petrov et al.>* A schematic of an arbitrary pore is shown on the right. The
case where | = 0+t corresponds with a pore full of solid except for the contact layer
denoted by ¢, and the case where | = r corresponds with a pore full of liquid.

If Tt and Ty are defined as above, they can be expressed using conditions for
the extrema and inflection point of F(¢,T), respectively: F' =0 and (0F/d¢) =0 at
T =Ty, and (0F/0¢) = 0 and (02F/00%) = 0 at T = Tyy. Solving the functions for
ATf and ATy, allows for the relation of AT, and AT f:21

ATy, = Ang';—V (4.6)
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Figure 4.16. AT, versus AT} for naphthalenc confined in spherical
and cylindrical pores.

where « is the integral mean curvature of the pore surface.

It turns out that for any pore 2k < (S/V) (2kV/S = 2/3 for a spherical pore
and 2kV/S = 1/2 for a cylindrical pore), freeze-melt hysteresis always occurs with
AT, < ATy.

Using values given in this model for ideal pores, we can calculate that ATy, =
%AT s for a spherical pore and AT}, = %AT ¢ for a cylindrical one. This implies that
in plotting ATy, as a function of ATy for both geometries, we should find that the
slope of the linear relationship for the spherical system should be 1.3 times greater
than that of the cylindrical systems; the calculations leading up to this point rely on
the assumptions that the solid-liquid interface inside the pore is equidistant to the
pore wall and that the pore sizes are much greater than t. Plotting our results in
Figure 4.16 we find that the slope of this relationship for our spherical pores is 1.4
times greater than of our cylindrical ones. Nonetheless, the trend from our data is

consistent with that of the model.
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Figure 4.17. Hysteresis plotted as a function of effective pore radius r, — ¢ for the
spherical and cylindrical pore systems.

To further describe the relationship between the cylindrical and spherical pore
systems, we determined the ratio of the change in the freeze-melt hysteresis of C, Hyg
in the spherical system versus the cylindrical system. Figure 4.17 shows a plot of
hysteresis values as a function of effective pore radius r, — ¢ for both cylindrical and
spherical pores. Data from the spherical pores clearly indicates that with increasing
effective pore radii, the hysteresis value approaches zero. It is unreasonable for hys-
teresis to take negative values because that would imply that ATy is less than ATy,
but as explained in the hysteresis model (Figure 4.15) this is not possible. Thus,
it appears that with increasing pore size hysteresis approaches, but does not reach,
zero. As hysteresis exists even in the bulk (ie. no confinement), this trend is intu-
itively reasonable. Because the cylindrical pores used in this study were relatively

small, we do not see this approach to zero in the data. However, it is clear that
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Figure 4.18. Difference in hysteresis values Hyst,p,—Hystqy, as a

function of effective pore radius r, — t.
hysteresis cannot decrease linearly with increasing pore size as it would eventually
take on negative values. We suggest that with larger cylindrical pore radii, hysteresis
would also approach zero as with the spherical pores.

Using the equations of the exponential fits for each pore shape shown in Fig-
ure 4.17, we were able to calculate the hysteresis values for a range of effective pore
sizes I'rp — t. The difference in hysteresis values of spherical versus cylindrical pores
Hystgpp—Hystey as a function of rp — ¢ could then be plotted as shown in Figure
4.18. In this way, we were able to relate the differences in hysteresis for spherical
and cylindrical pores of comparable pore radii. It is clear that the change in hystere-
sis increases much faster with increasing spherical pore size compared to that of the
cylindrical system. From the equation of the trend line we found that at approxi-
mately rp —t = 26 nm, the difference in hysteresis values for the two geometries is
0.0. Thus, it appears that as pore size increases beyond 26 nm, hysteresis becomes

independent of pore geometry.
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4.5 Raman Spectroscopic Studies

From the above heat plots from the evaporation experiment in spherical pore S2 we
were able to determine the presence of a contact layer which does not participate in
the phase transition. However, the mass of the contact layer is very small and so
it may be questionable whether the phase transition was simply undetectable. To
verify the nature of this layer we obtained the Raman spectra of C,jHg participating
in only the contact layer and compared it to that of C;,Hg filling the entire pore.
To ascertain the sample containing C;3Hg in the contact layer only was correctly
prepared (ie. no C;yHg exists outside the layer), a portion of the sample was used
to obtain a DSC thermogram. Figure 4.20 indicates that all C;,Hg present is within
the contact layer as no thermal event has occurred. The Raman experiments were
performed using sample S2 at room temperature, which is well below the melting
point of naphthalene confined in this pore size. If the contact layer does participate
in the phase transition we can expect both spectra to indicate the solid phase, but if
the contact layer remains adsorbed on the pore wall we expect the spectra to differ.
The results are presented in Figure 4.19. For comparison, the spectra of pure solid
naphthalene (PS) and liquid naphthalene (dissolved in CCly) (CL) are also shown.
Table 4.5 summarizes the changes in several Raman bands which are sensitive to
phase transition in naphthalene. The low-frequency shift of the C-H stretching mode
vg indicates a liquid — solid transition in pure naphthalene. At room temperature
the frequency of this band in the contact layer corresponds to that of the bulk liquid
at about 3063 cm™!, while the frequency when naphthalene is occupying the entire
pore is in accordance with the pure solid at about 3055 cm~ L. In the pure liquid and
contact layer spectra, a peak appears at approximately 3051 cm ™~} which is not seen

in either the pure solid or full pore spectra. According to Stenman,*® the Raman
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Figure 4.19. Raman spectra of pure solid naphthalene (PS), liquid naph-
thalene (PL), naphthalene confined in pores (80% loading) (FP), and naph-
~ thalene coating the pore walls (CL).

spectrum of solid C;,Hg shows single peaks at 3051 and 3056 cm ™1 with relative

intensities of 4 and 27, respectively. The latter corresponds with the peak seen at

' (mode not

3055 cm™! (mode vg) in our solid spectra, but the peak at 3051 cm™
assigned) is not observed due to its low relative intensity in the solid state.

Similarly, the 3(CCH) in-plane bending vibration mode vg shows a low-frequency
shift from 1463 cm™ in the full pore to 1460 cm™? in the contact layer. The v(CC)

C-C stretching mode v3 at a frequency of 1021 cm™! also displays a low-frequency
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Figure 4.20. DSC thermogram of naphthalene existing as
the contact layer in S2.

shift in the contact layer.

Band-splitting can be observed in the a(CCC) in-plane angle deformation mode
vy. The liquid and contact-layer bands at 511 cm ™! split into doublets at 509 and
513 cm ™! in the solid and full pore. Band splitting also occurs in the vj3 mode, which
represents the intramolecular non-planar torsional vibration of the carbon skeleton
#(CC). The frequency at 386 cm ™! in the contact layer splits into two frequencies at
388 and 392 cm ™! in the full pore.

Furthermore, the vo; fundamental C-H stretching mode is seen only in the
spectvra of the pure solid and the full pore. The intensity of this band decreases quite
significantly in the pure liquid and contact layer spectra such that we cannot assign
a frequency. These results are comparable to work done by Hanson and Gee*" and
Schnepp and McClure8, where this band is observed in the pure crystal Raman
spectrum, but not in that of the vapor.

From the Raman spectra we conclude that the contact layer does indeed exist
as a non-freezing liquid adsorbed on the pore surface, verifying the results from our

DSC studies.
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Table 4.5. Raman assignments for selected C;yHg frequencies in em=! at RT

Pure Pure Full Contact

Solid  Liquid  Pore Layer Mode”  Vibration
3055 3063 3056 3064 Ay vy C-H stretch
1464 1460 1464 1460 vg B(CCH)in-plane H bending
1021 1025 1021 1026 V3 v(CC)C-C stretching
514 513 . , a(CCC) in-plane
509 } oLl 509 } b12 U1 angle deformation
392 _ 392 , o #(CC) intramolecular
388 } 387 388 } 386 Bag w13 non-planar torsional vibration
1444 - 1443 - B3, v91  fundamental C-H stretch
- 3050 - 3051 -

. . =4
@ Agsignments from literature. 474950

4.6 Powder XRD Studies

The possibility that growing a crystal inside a small pore may result in a crystal
structure different from that of the bulk has been previously mentioned by Jackson
and McKenna.3? If this were the case, all of the thermodynamic parameters defined in
the Gibbs-Thomson and modified Gibbs-Thomson equations would change. To this
effect, powder X-ray diffraction patterns of naphthalene existing inside and outside
of spherical pore S2 were obtained in order to determine whether or not confinement
causes a change in the crystal structure. In a typical experiment for the former, the
total pore volume of the mesoporous sample was calculated after degassing and the
amount of C;yHg required to fill the pores was introduced. The sample tube was
flame-sealed, heated at 135 °C for several hours, and then allowed to cool on the
bench. To prepare a comparable sample in which C;yHg is outside of the pores, the
amount of C;,Hg required to fill the pores was ground into a powder and physi-

cally mixed with the mesopore sample prior to spectral acquisition. Heating was not
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Figure 4.21. DSC thermogram of C,jHy Figure 4.22. DSC thermogram of C,oHg

existing outside pores. Confined freezing existing only inside pores exhibiting the
event (*) is due to heating cycle. confined melting transition.
required.

To ensure the samples were correctly prepared we first acquired DSC thermo-
grams. We expected that for the sample in which C;jHg exists outside the pores,
the DSC curve will show no confined melting transition of the solid. For the sample
in which C;yHg resides only inside the pores, we expected to see only the confined
phase transitions. Figures 4.21 and 4.22 present typical DSC curves of these samples,
where only the bulk transitions can be seen in Figure 4.21 and only the confined tran-
sition is seen in Figure 4.22. Note that the DSC curve corresponding to the sample
containing C;qHg outside of the pores there is no confined melting transition, but a
confined freezing event does take place as indicated by the asterisk (*). This occurs
because during the heating cycle of the DSC experiment, liquid C;,Hg can enter the
pores, giving rise to a confined freezing transition upon subsequent cooling. For the
DSC curve corresponding to the sample containing C,,Hg inside the pores, the con-
fined melting transition is quite obvious but the freezing transition appears to have
broadened into the baseline.

Figure 4.23 illustrates the powder XRD patterns of C,3Hg inside and outside

of pore S2 at room temperature. We have already determined in Section 4.2 using



79
DSC that both bulk C,,Hg and C;,Hg inside pore S2 are solid at this temperature,
so our experimental conditions are appropriate for crystal structure analysis. Our
powder patterns were comparable to the pattern simulated based on work by Brock
and Dunitz!4; the assignments of the reflections shown in the figure were taken from
their findings.

It is clear from Figure 4.23 that the overall powder powder patterns are the
same, indicating that crystallization in the pore does not cause a change in the crystal
structure. There is, however, a shift in the 26 values to lower angles in the pattern
for confined naphthalene. This implies a larger d-spacing in confinement, or lattice
expansion. This expansion is the result of the interfacial energy and mutual surface
tension attraction of the confined material.®! In the first-order reflection (001), 26 =
14.72° for C;yHg outside the pore (bulk), but 14.34° for confined C;yHg. This results
in dygp values of 6.99 and 7.17 nm, respectively.

It is well known that compared to the bulk, there is a broadening in the full-
width at half-height (FWHH) of XRD reflections of nanoparticles. This has been
shown in a variety of nanomaterials such as silver, silica, diamond and transition
metal complexes. 174 This line broadening is attributed to the lattice strain induced
by stress due to the excess volume of grain boundaries of the nanoparticles and surface
dislocations.®4 6 In comparing the FWHH values of our powder patterns, we have
found that there is indeed line broadening in confined C;yHg. The most significant
broadening can be seen in the (200), (211), and (210) reflections. The FWHH of these
lines are greater than their corresponding bulk lines by 0.10 to 0.18°. The broadening
seen throughout the confined pattern further verifies that the shift in the 20 values is

a result of confinement. The specific FWHH values are indicated in Table 4.6.
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Figure 4.23. Powder XRD patterns of C, Hg existing outside and inside of pore
S2. Reflections are expanded below.
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Table 4.6. Comparison of FWHH
values for reflections in bulk and con-
fined C,yHg powder XRD patterns

FWHH
Reflection Bulk Confined
(001) 0.22 0.26
(11T)(011) 0.20 0.24
(110) 0.20 0.24
(201) 0.22 0.28
(200) 0.16 0.34
(217) 0.20 0.32
(210) 0.22 0.32

4.7 Conclusions

It is well known that materials in confinement undergo a shift in phase transition
temperature. Using differential scanning calorimetry we have shown that confined
naphthalene exhibits a phase transition temperature depression which is dependent on
both pore size and geometry, where a greater degree of confinement results in greater
depression. The Gibbs-Thomson implies that the melting temperature depression
varies inversely with pore radius, while according to the modified Gibbs-Thomson
equation it varies inversely with the effective pore radius. Although our results appear
to agree quite reasonably with the Gibbs-Thomson equation, we chose to use the
modified Gibbs-Thomson equation because it accounts for the thickness t of the non-
freezing contact layer. For specific samples of particular pore sizes, we used DSC to
experimentally deduce the amount of confined C,,Hg which is actually participating
in the phase transition. In this way we were able to verify that there is indeed some
quantity of naphthalene inside the pores which does not undergo phase transition.

We then calculated t for that pore size and, applying the modified Gibbs-Thomson
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equation, we were able to determine ¢ for the other pores in that particular system.
Although ¢ has sometimes been assumed constant, this assumption is unreasonable
for our case and we have found that ¢ generally decreases with decreasing pore size.
Based on the heat of the transition in the DSC experiment we were then able to use
this information to calculate the enthalpy AH of the confined transition.

The origin of hysteresis in confinement differs from that of the bulk and is related
to the differences in pore geometry of the two systems, specifically the surface-to-
volume ratios and curvatures.?! For both the spherical and cylindrical pore systems,
we have found that the freeze-melt hysteresis generally increases with decreasing pore
size. That is, AT} is greater than ATy, and increases more quickly with decreasing
pore size. The increase in ATf relative to ATy, is 1.6 times faster for spherical pores
than cylindrical pores, and this trend is consistent with the literature.2! In plotting
our hysteresis data as a function of pore radius for both geometries we have found
that the relationship cannot be linear, as this would imply that hysteresis becomes
negative as pore size increases. We therefore propose that the change in hysteresis
must be exponential, approaching zero for large pores. From the equations of these
exponential relationships, we were able to calculate the hysteresis values for a range of
spherical and cylindrical pores sizes. We have found that the difference in hysteresis
values between spherical and cylindrical pores ( Hyst Sph_HyStcyl) of comparable radii
decreases exponentially with increasing effective pore radius until approximately 26
nm, where hysteresis appears to become independent of pore geometry.

Furthermore, we have also demonstrated on a molecular level using Raman
spectroscopy that the contact layer is indeed non-freezing. The frequency shifts of
modes v3, vg, and vg and the band splitting of modes v; and v13 seen in the liquid
spectrum of CCl, mirror those observed in the contact layer. Similarly, both spectra
show a dramatic decrease in intensity of the vy peak into the baseline. These obvious

differences from the solid spectrum are indicative of the liquid nature of the contact
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layer.

Using powder X-ray diffraction we have shown that although there is no change
in crystal structure of C;yHg in confinement, there is a lattice expansion. These
conclusions were drawn due to the fact that bulk and confined CyoHg gave rise to the
same powder pattern, but the reflections in the confined pattern were shifted to lower
20 angles. The resulting lattice expansion from dygy = 6.99 nm in the bulk to 7.17 nm
inside the pore occurs due to the interfacial energy and surface tension attraction in
confinement. In comparing the spectra of bulk and confined CioHg we have found
that there is a global line broadening of up to 0.18° in the confined spectrum, further

verifying that the shift in 26 occurred as a result of confinement.
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Chapter 5

Confinement Effects on the Phase
Transition of Naphthalene Deriva-

tives

5.1 Introduction

From our studies regarding naphthalene confined in cylindrical and spherical meso-
porous silicas we have found that the phase transition temperature depression in-
creases with decreasing pore size, and that the freeze-melt hysteresis increases more
dramatically with decreasing pore size in a spherical pore geometry. However, it is also
important to the understanding of confined phase behaviour to examine the effects
of molecular properties, so to further our studies on confined naphthalene, we selected
several naphthalene derivatives to examine. Specifically, we chose 2-methylnaphthalene
(2-CoH;CH;), 2-methoxynaphthalene (2-C,yH,OCH;), and 2-chloronaphthalene
(2-C,yH,Cl), shown in Figure 5.1.

The three derivatives are substituted at the same position on the parent C;,Hg
moiety, but the moieties differ in their electronic properties; for example the methoxy
group is strongly electron donating, whilc the choloro group is electron withdraw-

ing. These properties affect the aromatic 7 system of the naphthalene ring, thereby
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R = CH,
OCH,
Cl

Figure 5.1. Naphthalene derivatives used in this study.

affecting the molecule’s ability to interact with the pore surface through 7-type hydro-
gen bonding. 1.2 Because an increase in interactions with the surface causes a greater
melting point depression,! we expect that 2-C1yH,OCH4 will show the greatest de-
pression, followed by 2-C,,H,CH,4, C;,Hg, and 2-C; H,Cl. In examining and relating
the properties with the trends of the behaviour of these derivatives in confinement,

we hope to expand our studies on confined aromatic organics.

5.2 DSC Studies in Confinement

To ensure that we could accurately measure the transition temperatures and en-
thalpies of confined naphthalene derivatives, we first acquired the DSC thermograms
of the pure compounds. Figures 5.2, 5.3, and 5.4 present the thermograms for pure
2-methylnaphthalene, 2-methoxynaphthalene, and 2-chloronaphthalene, respectively,
upon heating and then cooling. The onset melting temperature for 2-C, H,CH4 was
found to be 307.80 K, which is in accordance with the literature value of 307.8 K, 3 and
the freezing onset is 300.55 K. The enthalpy of fusion for melting and freezing were
82.85 and 83.66 J g1, respectively, and also in accordance with the literature value
of 85.30 J g~1.3 According to Chanh et al.,* 2-methylnaphthalene undergoes a solid-

state transition at 291 K upon melting (253 K upon freezing), but our thermograms
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do not indicate such event for either pure 2-C;oH,CH, or when it is introduced to a
porous host material. Solid 2-C;,H,CHj belongs to monoclinic space group P2; / ¢4

however, we have been unable to find crystal structure data for this molecule.

12 ~

8

Heat Flow (mW g)

-8 T T T T 1
275 285 295 305 315 325

Temperature (K)

Figure 5.2. DSC curve of pure 2-
methylnaphthalene upon heating and cooling.

The melting and freezing onsets of 2-C;,H,OCH; were found to be 346.47 and
322.84 K, respectively. The melting onset is in good agreement with the literature
value of 346.6 K.? The enthalpy of fusion for melting has a value of 152.60 J g1

and that for freezing has a value of 139.30 J g L.

To the best of our knowledge,
there are no previous reports of AH in the literature for comparison. As such, we
obtained several thermograms of pure 2-C;;H,OCH3 on two different instruments for
comparison. The enthalpy values were consistent between the experiments and so we
report 152.60 J g1 as the bulk AH value. Crystalline 2-C1oH,OCH; is monoclinic
and belongs to space group P2;/c with Z = 4.5 The crystal structure is shown in
Figure 5.5.

The DSC thermogram of pure 2-C,,H-Cl provided a melting onset temperature
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Figure 5.3. DSC curve of pure 2-
methoxynaphthalene upon heating and cool-
ing.

of 331.01 K, which agrees with the literature value of 331.15 K. 3 The freezing temper-
ature onset was 326.33 K, and the enthalpies of fusion for melting and freezing were
85.21 and 83.03 J g~ 1, in good accordance with the literature value of 86.0 J g~1.3
It has been shown that some 2(R)-substituted naphthalene compounds (R=F, Cl,
Br) exhibit crystalline order-disorder transitions®. This type of transition corre-
sponds with substructure phenomena in the direction of crystallographic axis ¢ in
the monoclinic cell system due to the re-orientational motions of the molecules from
form II (semi-ordered) to form I (totally disordered) at higher temperature. %7 Form
II belongs to space group P21/c¢ with Z = 4, whereas Form I, isostructural with
naphthalene, belongs to space group P2;/a with Z = 2.78 The crystal structure of
Form II is shown in Figure 5.6. In the inset of Figure 5.4 the transition between these
two forms is indicated by arrows; the solid-solid transition from form II to form I

upon melting occurs at 314.95 K, comparable to findings by Chanh et al.,* and the

transition from form I to form II upon freezing occurs at 297.57 K. This phase transi-



91

20
15 A
= 10 \ﬂ
o | S— T 1
% 54 275 325 375
2
2 04— N
5
T 57
-10 1
'15 T T T
275 300 325 350

Temperature (K)

Figure 5.4. DSC curve of pure 2-
chloronaphthalene upon heating and cooling.

tion has also been reported to occur over a large temperature range from 253 - 320 K
during melting, but is seen in the DSC curve as a low, broad transition where only
the peak maximum near the high temperature limit of the transition is visible.®9 In
our thermograms, we were only able to see the peak maximum at high temperature
as sho'wn in the figure.

In comparing the AH values of the solid-liquid transitions for 2-C,,H,CH,,
2-C,yH,0CH; and 2-C;4H-Cl, it can be noted that the enthalpy of this transition
is almost twice as great for 2-C,,H,OCH; than the others. This is due to the fact
that 2-ClOH7OCH3 does not undergo a solid-solid transition; thus when the liquid
phase undergoes a phase change into the ordered solid, there is a great decrease in
the entropy; te. AS has a large absolute value. Conversely, because form I (high
temperature) of solid 2-C,oH-Cl is highly disordered,? the entropy change associated

with the phase change from the liquid form is relatively small. Specifically, in form I
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Figure 5.5. Two views depicting the monoclinic crystal structure of 2-C,;H;OCH;.

Figure 5.6. Two vicws depicting the monoclinic crystal structure of 2-CyoH,CL
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the occupancy factor of two of the four 3 (2-substituted) sites for chlorine is 0.33 while
the other two are 0.17. In the semi-ordered form II crystal, one of the four molecular
orientations is predominant (occupancy factors of 0.64, 0.11, 0.09, and 0.16).8 Since
AS = AH/T, where T is the temperature at which the process occurs, it follows that
AH for the liquid to solid transition is comparably smaller for 2-C,,H.Cl than for
2-C,,H,OCHj since 2-C;3H,OCH4 does not have a disordered solid form. Similarly,
the high-temperature form of crystalline 2-C,jH,CHj is also disordered, while the
low-temperature form is semi-disordered. 7 The phase transition from the liquid to
the disordered high-temperature solid also results in a relatively small change in
entropy and, thus, enthalpy.

As in the case with naphthalene in Chapter 4, there is a freeze-melt hysteresis
between the melting and freezing events of each of the three derivatives due to the
small delay in the heterogeneous freezing nucleation of the pure liquid. 1 Again, the
melting temperature is then identified with the true transition temperature and taken
as the reference transition temperature 7y in our studies.

The volume of each cylindrical mesoporous sample was calculated from nitro-
gen sorption data and the correct mass of 2-C,,H,CHj, 2-C, H,OCH,, or 2-C,,H,Cl
was introduced to achieve approximately 60% overload as with the studies for naph-
thalene. In this way we were able to obtain the DSC melting and freezing curves of
both the bulk and confined organic for comparison. They can be seen in Figure 5.7,
Figure 5.8, and Figure 5.9. The peaks corresponding to solid < liquid phase tran-
sitions of the confined C;yHg derivatives are denoted by arrows, and it can be seen
that both melting and freezing transition temperatures decrease with pore diameter.
Summaries of these values can be found in Table 5.1 for 2-C;jH,CH,, Table 5.2 for
2-C,,H,OCH,, and Table 5.3 for 2-C,oH,CL Note that for the bulk transitions, the
tangent to the peak represents the beginning of the transition process and determines

the transition temperature, but in the confined phases the transition temperature is
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Table 5.1. DSC values of the transition temperatures, transition temperature shifts

(AT), and hysteresis values of 2-C;,H,CH; confined in cylindrical pores
Sample T t Ty Tm T AT,, AT; Hysteresis
ey ey @) K ® ®
bulk - - - 307.80  300.55 - - 7.25

C1 4.0 120 30586 27246 25216 33.41 53.70 20.29
C2 3.3 0.8 305.75 26891 24501 36.84 60.74 23.90
C3 2.8 0.7 305.23 260.82 22833 44.41 76.90 32.49

I Extrapolated from experimental data.

taken at the maximum of the peak because of broadening. 1911

Upon closer inspection of the confined 2-C,;,H,Cl DSC thermograms in Figure
5.9, it appears that there are two confined transition peaks for freezing. The two peaks
are obvious for 2-C;yH,Cl in sample C2, and they occur at 253.97 and 270.69 K.
The peak at lower temperature appears in the thermogram corresponding to C1
at 254.82 K, while the second peak appears at a higher temperature of 278.87 K.
These two peaks are due to the confined solid-solid and liquid-to-solid transitions,
respectively. The thermogram for the smallest pore C3 indicates two overlapping
peaks at 247.90 and 250.37 K. The breadths of the confined liquid-solid transition
peaks for C1 and C2 were approximately 18 and 20 K, respectively, while the total
breadth of the overlapping peaks in C1 is almost 40 K. This further indicates that
these are indeed two separate peaks, and not one broad peak. The asterisks (*)
and triangles (V) denote solid-solid transitions of the bulk and confined materials,
respectively.

In plotting ATy, as a function of rj 1 according to the Gibbs-Thomson equation
we find again that our results do show a reasonably linear trend. The plots are shown
in Figure 5.10. However, we have shown using DSC studies and Raman spectroscopy
that a contact layer does exist for each of these systems. As such, we determined

the thicknesses of the contact layer for each by overloading a sample and recording a
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Figure 5.7. DSC thermograms of bulk 2-C, H,CH; and 2-C,;H,CH; confined in cylin-
drical pores (2)C1, (b)C2, and (¢)C3. Confined phase transitions are indicated by arrows
and the transition temperatures are given.
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Figure 5.8. DSC thermograms of bulk 2-C,,H;OCH; and 2-C,,H,OCH; confined in
cylindrical pores (a)C1, (b)C2, and (c)C3. Confined phase transitions are indicated by
arrows and the transition temperatures are given.
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Table 5.2. DSC values of the transition temperatures, transition temperature shifts
(AT), and hysteresis values of 2-C,,H;OCHj; confined in cylindrical pores

Sample P L Ty T Ty ATy, ATy  Hysteresis
(nm) (nm)  (K)  (K) (Ig) (K) (Kf
bulk - - - 346.47 322.84 - - 23.63
C1 4.0 151 34461 301.96 276.69 42.65 67.92 25.27
C2 3.3 1.1 34476 297.01 267.52 47.75 77.24 29.49
C3 2.8 1.0 34450 285.33 237.77 59.17 106.73 47.56

! Extrapolated from experimental data.

Table 5.3. DSC values of the transition temperatures, transition temperature shifts
(AT), and hysteresis values of 2-C,,H,Cl confined in cylindrical pores

Sample P t Ty Tm Ty ATy, ATy Hysteresis
wm) om) © ® 0 ® ®
bulk - - - 331.01 326.33 - - 7.25
C1 4.0 2.1Jr 330.80 297.77 278.87 33.03 51.93 18.90
C2 3.3 1.5 330.12 294.22 270.68 35.90 59.44 23.54
C3 2.8 1.3 330.10 286.97 250.37 43.13 79.73 36.60

t Extrapolated from experimental data.

series of thermograms while evaporating from a DSC sample pan. The procedure is
described in Section 4.2 and the results can then be applied to the modified Gibbs-
Thomson relationship (Equation (4.3)).

Figure 5.11 shows a series of typical thermograms upon evaporation of
2-methylnaphthalene from sample C1. The bulk melting peak is denoted b and the
confined peak is denoted c¢. Peak b gradually decreases as evaporation occurs un-
til there is no bulk 2-C,,H,CH, left in the sample pan, at which point ¢ begins to
decrease until there is no confined material left.

A plot of the heats corresponding to peaks b and ¢ as a function of the quantity
of 2-C;H,CH; is shown in Figure 5.12. The point at which H. differs from zero
corresponds to the mass of the contact layer m;. In the portion where H. remains

constant the pores are completely filled and we can measure H¢ gz From the plot,



Figure 5.10. AT, plotted as a function of 7'51 for (a) 2-C,yH,CHj, (b) 2-C, H,OCH;,
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Figure 5.11. Thermograms recorded for various flushing times for
sample C1 filled with 2-C,,H;CH;.

the mass required to fill the pores is 1.4 mg. At H. mqgy the enthalpy corresponds to
the mass of the 2-C, H,CHj present myp minus the mass participating in the contact
layer, namely m = myp — m¢. We can then deduce the enthalpy of melting per gram
for confined 2-C,(H,CHy (AH. = 31 J g™1).

Using the mass of the contact layer my determined from the plot, we were able

to find the thickness ¢ of the non-freezing 2-C,,H,CHj layer in C1 according to: 12

t= i
p(SSA)(mg;0,)

where SSA is the specific surface area of the silica sample given in Table 3.3. Knowing

(5.1)

the pore radius rp and ¢ for C1 we calculated the surface tension yg = 12.7 mJ m ™2
from Equation (4.3).

We were also able to deduce the porous volume V; according to: 2

Vy = — 2 (5.2)
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Figure 5.12. Evolution of H. (O) and H; (O) as a function of the
mass of 2-C,,H,CH; present in sample C1.

where p = 1.0058 g mL~1 is the solid density of of 2-C10H7CH3.3 The value found
for V, is comparable to that obtained by N, sorption (VNQ)- These results are shown
in Table 5.4.

In the same way, we evaporated 2-C;,H,OCH4 and 2-C;jH-Cl from pore C1
and recorded series of thermograms, shown in Figures 5.13 and 5.15. Plots of the
heats of the bulk b and confined ¢ peaks as a function of the mass of the organic
present are shown in Figures 5.14 and 5.16.

Performing the same series of calculations we were able to determine the thick-
nesses of the contact layer for each cylindrical pore, the enthalpy AH, in confinement,
and the porous volume Vj, from the experiments. Results are shown in Table 5.4. The
solid density p used in the calculations for 2-C;,H,OCH,; was 1.072 g mL™1:3 that
for 2-C,,H,Cl was calculated from crystal data parameters!3 to be 1.327 g mL—1.

For each system, AH. is much smaller than the corresponding bulk value AH.



102

s | g c \ /
o
£ | £
p a
[13] =
aQ =
T G
o
S b
=
T T T —
275 300 325 350 375

Temperéture {K)

Figure 5.13. Thermograms recorded for various flushing
times for sample C1 filled with 2-C,,H,OCH,.

Again, AH, for 2-C, H,OCHj is approximately twice the values for 2-C,,H,CH; and
2-C,yH,Cl, maintaining the same general relationship displayed by their bulk values.
This indicates that the disordered and semi-ordered solid forms of 2-C,,H,CH; and
2-CoH,Cl do exist even in confinement. Furthermore, confinement does not appear
to induce a plastically crystalline phase in 2-C;,H,OCH;.

The pore volumes calculated from the experiments with 2-C,,H,CH, and
2-C;oH;0CH; are in good agreement with the volume Vy, for Cl determined by
nitrogen adsorption porosimetry. The value obtained from 2-C,,H.Cl, however, dif-
fers from the nitrogen adsorption value. This is a result of the solid-solid transition
seen in 2-C; H,Cl. In the DSC thermograms, this peak overlaps with that of the
confined solid-liquid transition under study. As such, the heat corresponding to the
confined peak is overestimated when there is bulk 2-C;,H,Cl present. The mass of

the contact layer, and hence thickness, are also overestimated as a result.
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Table 5.4. Mass and thickness ¢, porous volumes and transition enthalpies mea-
sured by DSC and N, sorption for 2-C,,H,CH;, 2-C,;H,OCHj;, and 2-C,,H,Cl
in sample C1 (radius 4.0 nm)

Mup 1 Vsl Vi VN2 AH,
Derivative (mg) (nm) (mJ m"z) (cm3 g_l) (cm3 g“l) (J g_l)
2—C10HTCH3 0.15 1.2 12.4 0.8 1.03 31
2-C,H,OCH, 012 15 253 1.0 1.03 70
2-CH,C1° 017 21 108 1.4 1.03 35
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5.3 Comparison of Derivatives

The surface of confining pores may have attractive or repulsive properties which affect
the confined material, and it can be surface-modified to replace existing functional
groups with other groups. 14 The SBA-15 materials used in this study have not been
modified, so their surfaces contain the usual hydroxyl groups!® which can interact
with delocalized 7 systems through 7-type hydrogen bonding. 12 This type of bond-
ing has also been found to occur between the hydrogens of water and the m-electronic
system of aromatic rings.l&18 Using the hydrophobic hydration of benzene as an
illustrative example of this, there is a small partial negative charge on the carbon
atoms of molecule with the periphery hydrogens carrying positive charges. The nega-
tive charge on the carbons favours hydrogen bond formation between the central area
of the ring and surrounding water molecules.? It is known that this mtype hydrogeﬁ
bonding in naphthalene differs from that of benzene due to a reduction of the negative
charge density of the naphthalene 7 system compared to benzene.l® To this effect,
it is possible that electronic effects from substituent groups on C,yHg’s delocalized 7
system will affect confined phase behaviour.

Because the same system of porous samples was used in this study for each
compound, and the only difference between C,,Hg, 2-C,,H,CH,, 2-C; H,OCHj,
and 2-C; H,Cl is the group on the 2-position of the parent naphthalene molecule,
we were able to draw a comparison between phase behaviour and substituent prop-
erties. As C;,Hg interacts with the pore surface through its aromatic 7 system, the
electron-withdrawing and electron-donating properties of each substituent affects this
interaction through alteration of the electron density.

The strength of the fluid-fluid interaction relative to the fluid-wall interaction

plays an important role in determining the sign of the shift of the freezing point, 2"



106
and the fluid-wall interactions appear to play a crucial role in the melting point de-
pression. 111421 Dosseh et al.1! have found that, using SBA-15 materials with pore
diameters between 6 and 14 nm, agreement with the Gibbs-Thomson equation is
strongly dependent on surface interactions. According to their study using cyclohex-
ane (CgH,,), benzene, and water in a series of four SBA-15 materials, AT}, versus
the inverse of the diameter is not linear for cyclohexane, almost linear for benzene,
and linear for water. Apparently, the fewer interactions with the surface, the more
departure from the Gibbs-Thomson linear relation. This result is questionable as
the diameters used in the plot for CgH,, are different than what was reported from
the pore-size analysis (though the plotted values for benzene and water do match
the reported values). One could also argue that the trendlines are reasonably lin-
ear. Furthermore, they compared their results for cyclohexane in SBA-15 with those
in the literature for CgH,, in dehydrated porous silica®! and trimethylsilyl-grafted
controlled pore glasses.!* According to this comparison, the more hydrophobic the
pore surface, the more interactions with C¢H;, and the smaller the melting point de-
pression. However, geometry is also one of many factors which can affect changes in

confined behaviour,10:22

and in this particular comparison, the three confining mate-
rials differ in the surface properties of the pores as well as their geometries. The pores
of SBA-15 are cylindrical, those of porous silica are spherical, and CPGs exhibit disor-
dered porous structures of interconnected pores with broad pore size distributions. 23
It is therefore possible that the differences in confined melting point depression could
be a result of the hydrophobicities of the various pore surfaces, but could also be
attributed to differences in pore shape, pore distribution, or a combination of such
factors.

These results by Dosseh et al. 11 are contrary to findings by Takei and cowork-

ers!, who have shown that for a given pore size, increasing the number of surface

hydroxyl groups in the same type of porous silica samples caused a greater melting
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point depression for benzene but not for n-hexane. n-Hexane was determined by IR
spectroscopy to have negligible surface interactions with the pore, which is in accor-
dance with their observations that there was no change in the confined melting point
with increasing surface hydroxyl groups. They proposed that the interaction between
the benzene 7 electrons with the surface hydroxyl groups causes a change in the liquid
structure of benzene, such that benzene molecules in the vicinity of the silica surface
are oriented parallel to the surface. Melting point depression occurs as a result, and
the degree of orientation depends on the concentration of surface hydroxy groups.
Thus a higher degree of interaction results in a greater melting point depression.}
Based on these findings, the naphthalene derivatives in the present study should fol-
low such trend. As mentioned above, we expect that 2-C;yH,OCH5 will show the
greatest depression, followed by 2-C,,H,CH,, C,,Hg, and 2-C,jH,Cl. While our
results show that 2-C,; H,OCH; is indeed further depressed than 2-C; H,CH; and
2-C,oH-Cl, the overall trend is not in accordance with results by Takei.

~CH,; in 2-C,jH,CH; is slightly electron donating, and it does this by o - con-
jugation from one of the methyl C-H o bonds. 24 The electron density of the fused-ring
portion of 2-C; H,CHj is thus increased slightly. In comparison, -OCHj is heavily
electron donating due to the lone electron pair on the oxygen,24 significantly increas-
ing the electron density of the fused-ring portion of 2-C;;H,OCH,. The increased
electron densities in 2-C;,H,CH4 and 2-CoH,0OCH; in turn improve the molecules’
abilities to form hydrogen bonds with surface hydroxyl groups. The greater electron
donating capacity of -OCH; allows 2-C,;,H,OCHj to form stronger m-type hydrogen
bonds with the surface. It follows that the melting point depression of 2-C 10H7OCH,4
is greater than that of 2-C;,H,CHj, as can be seen in Figure 5.17.

—Cl has three lone pairs of electrons, and one pair may conjugate with the aro-
matic ring system. However, there is a size mismatch of the 3p orbital of the chlorine

atom with the 2p orbital of the carbon atom in the naphthalene ring. For this reason,
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109
chlorine is only slightly electron donating; in fact it is strongly electron withdrawing
due to its electronegativity. 24 Ag such, the electron density of 2-ClOH7Cl’s m system is
decreased, causing a decrease in the molecule’s ability to form 7-type hydrogen bonds
with the surface hydroxyl groups. Of the four compounds, 2-C10H7Cl generally has
the least depressed confined melting point.

However, based on these arguments one would expect that AT, for 2—ClOH7CI
differs more significantly from ATy, for 2-C,,H,CHj,, and that ATy, for unsubstituted
C,oHg should be somewhere between 2-C;qH,CH; and 2-C, H,Cl. However, it is
likely that other factors are involved which contribute to AT;,. For instance, the
effects of size and intermolecular interactions have not been accounted for. Fyfe et
al.?® conducted 29Si MAS NMR studies on p-dichlorobenzene and p-xylene adsorbed
in the pores of highly siliceous ZSM-5. They found that it is the shape and size
characteristics of organic molecules which are the main factors involved in interactions
between the sorbate and the confining walls, as the 298] NMR spectra of zeolites they
obtained were remarkably similar for p-dichlorobenzene and p-xylene. Furthermore,
they found that the spectrum for p-chlorotoluene was also very similar, despite the
fact that it has a net dipole while the other two do not. This indicates that dipole is
not an important factor with regards to the interactions in such systems. Our data
shows that 2-C,yH,CH; and 2-C;yH,Cl have very similar ATy, trends, which can be
explained by the similar size and shape of the two molecules. However, this reasoning
cannot be extended to the similarity of ATy, between C,,Hg and 2-C; H,OCH;. In
this case, intermolecular interactions may be a factor which requires consideration.
In a study of the steric inhibition of such 7-m stacking by Moorthy et al., %6 it was
found that derivitization of aromatic pyrene molecules with bulky groups impede
these interactions. In fact, the sterically hindered aryl rings did not undergo close
77 stacking, leading to solid-state properties that parallel those in the solution state.

C,oHg, being un-substituted, does not experience steric hinderance of 7-7 stacking by
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functional groups. Interactions between naphthalene rings are therefore undisturbed
and the molecules can also interact with the silica surface, which causes molecules near
the pore wall to to align in an orderly arrangement, increasing the depression of AT}y, !
In the case of 2-C; H,CH, and 2-C,jH,Cl, steric hinderance prevents the ordered
arrangement of the molecules. The ability for the surface to order the molecules
is thus hindered, resulting in a less depressed ATy,. Although the methoxy group
is a relatively bulky group, its electron donating properties increases the electron
density of the aromatic 7 system of the parent naphthalene moiety. This improves
the molecules’ ability to form m-type hydrogen bonds with the silica surface as well as
m-7 stacking interactions with each other. Furthermore, the oxygen from the methoxy
group may also interact favourably with hydrogens on the pore surface, increasing
the overall ability of 2-C;,H,OCH, to interact with the surface.

From our results it is clear that electronic effects caused by the different func-
tional groups cannot be the only factor which must be taken into account in the
analysis of differences in AT;,. Other factors such as relative molecular sizes and
shapes and steric hinderance must be considered as well. Ultimately, such factors
affect the ability of molecules to interact with the pore surface and the propensity of
these interactions determine the degree of depression of AT},. In the case of aromatic
molecules in siliceous pores containing surface hydroxyl groups, the surface causes an
orderly arrangement of the molecules in its vicinity. This order causes a change in
the liquid structure such that it becomes more orderly than the bulk liquid structure.

Thus, there is a greater depression in the melting temperature. 1
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5.4 Raman Spectroscopic Studies

Using Raman spectroscopy we were able to show that a non-freezing contact layer
does exist for each of these derivatives in confinement, as with naphthalene. We
loaded each derivative into sample C1 such that there was only enough to coat the
pore walls and form a non-freezing layer. DSC thermograms of the prepared samples
were obtained before acquiring the Raman spectra. As shown in Figure 5.18, no phase
change occurred in any of the samples, indicating that any material loaded into the
pores resides in the vicinity of the pore walls and remain liquid.

All solid spectra were acquired at -100 °C, and the liquid spectra were acquired
at room temperature by dissolving in CCl,. The spectrum of 2-C; H,CH, in the
contact layer of pore C1 was acquired at -20 °C, 2-C,oH,OCH4 at room temperature,
and 2-C,,H,Cl at 0 °C. These temperatures are all below the melting points of their
respective C;yHg derivatives confined in pore C1. The spectra are shown in Figures
5.19 through 5.21, and in all cases the pure solid, pure liquid, and contact layer
spectra are denoted PS, PL, and CL, respectively.

Figure 5.19 presents some bands from the Raman spectra of pure solid and liquid
2—(]10H7CH3 and 2-C; H,CH; in the contact layer of the pore. The differences in
the solid and liquid spectra are subtle compared to the differences in C;,Hg (Section
4.5), even though the solid spectra were acquired at low temperature. Nevertheless,
there are several indicators that contact layer 2-C; H,CH, is in the liquid state as
the contact layer spectrum resembles that of the liquid spectrum, but not the solid.
In the pure solid spectrum, a triplet of peaks can be seen at 2915 cm™1 where the
most intense of the three occurs at this wavenumber. This triplet is due to the two
antisymmetric and one symmetric C-H stretch of the CH, group.?” In the liquid

spectrum it is difficult to determine whether all three peaks of the triplet are present
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Figure 5.19. Raman spectra of pure solid 2-C,,H,CH4 (PS), pure liquid
2-C,,H,CH; (PL), and 2-C,;H,CH,4 coating the pore walls (CL).

or not because of the low signal intensity, but the maximum of the signal(s) occurs

at 2923 cm ™!, significantly shifted from the solid spectrum. Similarly, this signal is

shifted to 2926 cm™! in the contact layer spectrum. The C-C stretching peak?®

seen
in the solid spectrum at 1384 cim ™! has a full width at half height (FWHH) of 5 cm ™!,
and is shifted to 1381 em™! and broadened to 9 cm~! in the liquid spectrum. The
shift and line broadening are even more pronounced in the contact layer spectrum;
the peak appears at 1378 cm ™! with an FWHH value of 12 cm ™!, There is also a low-

1

frequency shift of the ring torsion vibration28 from 452 cm™! in the solid spectrum
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Figure 5.20. Raman spectra of pure solid 2-C, H,OCH; (PS), pure liquid
2-C,,H,0CH, (PL), and 2-C,,H,OCH, coating the pore walls (CL).

to 450 and 499 cm ™! in the liquid and contact layer spectra, respectively. Lastly, we
consider the low frequency region of the spectra. As indicated by the dotted line in
Figure , peaks arising below 100 cm ™! may be due to artifacts and are not considered
in our analysis.29 However, it is clear that there are two peaks above this region at
115 and 142 cm™!; it has been suggested by Librando and Alparone?® that a peak
in this region is indicative of torsion of the methyl group. In the liquid and contact
layer spectra, only one weak peak can be seen.

Figure 5.20 presents several peaks from the Raman spectra of pure solid and
liquid 2-C;,H,OCH; and 2-C,,H,OCH, in the contact layer. The spectra for pure

CCl, was subtracted from the liquid 2-C,,H,OCHj in order to reveal peaks of interest
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which overlap with CCl, vibrations. Several obvious changes can be seen in the 2950-
3100 cm ™! region. Two aromatic C-H stretches?? are found in the solid spectrum at
3058 and 3008 cm™!. In the liquid spectrum the high frequency peak is shifted to
3062 cm ™!, while the peak at 3008 cm ™! decreases in intensity such that it cannot be
differentiated from the baseline. The contact layer spectrum shows the same trend.
An antisymmetric C-H stretch from the OCH; group can be found in the pure solid
spectrum at 2962 cm™!; again the intensity of this peaks decreases into the baseline
for the pure liquid and contact layer spectra. The 1350 to 1500 cm™! region in
Figure 5.20 shows a number of overlapping peaks which correspond to aromatic C-C
stretching.30 Such overlap renders the determination of peak shifts and characteristic
changes in the liquid spectrum difficult. To the best of our knowledge, these peaks
have not been assigned in the literature for C,,H,OCHs, but it is clear from Figure
5.20 that the overall profile of the contact layer spectrum reflects that of the liquid
spectrum and differs from the solid spectrum. The solid peak at 1017 em~Lisalso part
of the C-C stretching regionsY and is shifted in the liquid and contact layer spectra to
1021 and 1020 cm_l, respectively. The fundamental frequency31 at 925 cm 1 is quite
obvious in the solid spectrum but its relative intensity decreases dramatically in the
liquid and contact layer spectra. This decrease in intensity can also be seen for the
solid doublet at about 1032 cm™!; we have not been able to reference an assignment
for this doublet but in comparing the spectra we acquired for naphthalene and its
derivatives, we see that it is unique to 2-C; H,OCH4 and we suggest that it arises
from a vibration involving the oxygen of the OCHg group. A solid band at 774 cm™1,
attributed to a ring breathing motion,28 is also clearly shifted to a lower frequency
of 771 cm™! in the liquid and contact layer spectra.
Lastly, the solid, liquid, and contact layer spectra of 2-C,,H,Cl are presented
in Figure 5.21. Assignments are taken from Michaelian and Ziegler3? and Hanson

and Gee.3! The C-H stretching vibration at 3058 has an FWHH of 11 cm™! in the
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Figure 5.21. Raman spectra of pure solid 2-C,,H,Cl (PS), pure liquid 2-C,,H,Cl
(PL), and 2-C,,H;ClI coating the pore walls (CL).

solid spectrum. The peak does not appear to shift significantly in the liquid and con-
tact layer spectra, but the FWHH more than doubles 26 and 30 cm™!, respectively.
A C-C stretching vibration at 1574 cm ™! in the solid spectrum undergoes a high-
frequency shift to approximately 1578 cm™1 in the liquid and contact layer spectra.
Furthermore, planar C-C-H bending vibrations at 1194, 1153, and 1144 cm™! seen
in the solid spectrum all decrease in intensity in the liquid and contact layer spectra,
rendering them indistinguishable from the baselines. Band splitting of a C-C stretch-
ing vibration at about 769 cm ! in the liquid and contact layer spectra can be seen

in the solid spectrum, and the two peaks occur at 765 and 768 cm ™!, Finally, in the
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low frequency end of the spectra two peaks at 144 and 113 cm™! are quite obvious
in the solid spectrum, but only one broad peak can be seen in the other two spectra.
We have been unable to assign these peaks from the literature. Again, a dotted line
at 100 cm™! is given in the figure to show that lines at lower frequencies may be due
to artifacts and are therefore not considered.

For each of 2-C, H-CHj,, 2-C,,H,OCHj3, and 2-C,;,H,Cl, the spectra of the
contact layers are in accordance with their corresponding pure liquid spectra but
differ from those of the pure solids. Using Raman spectroscopy we were able to
show on a molecular level that these three naphthalene derivatives, like naphthalene,

remain liquid in the contact layer.

5.5 Conclusions

Because it is important to the understanding of confined phase behaviour to examine
the effects of molecular properties, we extended our studies regarding the confined
phase behaviour of naphthalene using three 2-substituted derivatives of the molecule.
Specifically, we chose 2-C,,H,CHj, 2-C;yH,OCH;, and 2-C;3H,Cl for their differ-
ences in electronic properties. Similar to C;,Hg we observed an increase in the de-
pressioln of the phase-transition temperatures for all three systems with decreasing
pore size. Although our data agree reasonably with the Gibbs-Thomson equation, we
again chose to report our findings based on the modified Gibbs-Thomson equation
because we have shown using both DSC and Raman spectroscopy that the contact
layer does exist and does not undergo phase change. In this way we were able to ac-
count for the thickness t of this layer, and again we have found that it decreases with
pore size. Taking ¢ into consideration allows for a more accurate estimate of AH in
confinement. However, because of the solid-solid transition displayed by 2-C,,H,Cl

from 253-320 K which overlaps with the confined phase transition peaks, the value
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of t is overestimated in our experiment. The porous volume V) estimated by this
experiment is a further indicator that our data are affected by the overlapping bulk
solid-solid transition peak, as we found V} to be significantly larger than the value
found by nitrogen adsorption. In contrast, the V,, values found using 2-(}10H7CH3 and
2—ClOH7OCH3 in the same pore size agree reasonably with the nitrogen adsorption
value.

We were able to show using Raman spectroscopy that for each derivative in con-
finement there is a non-freezing contact layer. Although the differences in the Raman
spectra of the pure solid and liquid phases of these derivatives were generally more
subtle than the differences in the spectra of solid and liquid C,,Hg, we were able to
see several obvious peak shifts, intensity decreases, and increased FWHHs from the
solid to liquid spectra. Comparing the contact layer spectra, acquired at tempera-
tures below the confined melting points, showed that the contact layer spectra resem-
ble the liquid spectra and not the solid spectra. Therefore, confined 2-C,,H,CHj,
2-CoH,OCHj, and 2-C;yH,Cl in the vicinity of the pore walls exist in the liquid
phase even below their respective confined melting points.

In comparing DSC results of C; Hg, 2-C,qH,CH,, 2-C;jH,OCH,, and
2-C;H-Cl, we were able to examine the effects of the electron-withdrawing and
electron-donating properties of the substituent of each derivative. We expected that
2-C,oH,OCH; would show the greatest depression of ATy, followed by 2-C,,H,CHj,
CygHg, and 2-C,3H,Cl as the pore surfaces of our mesoporous silicas contain hydroxyl
groups which interact with the delocalized 7 system of the fused-ring portion of the
four organics. The substituents on the derivatives modify the electron density of
their respective 7 systems, thereby changing the molecules’ abilities to form m-type
hydrogen bonding with the pore surface. This bonding has been proposed to cause a
change in the liquid structure of benzene, such that benzene molecules in the vicinity

of the silica surface are oriented to the surface. Melting point depression occurs as a
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result, and the degree of orientation depends on the concentration of surface hydroxy
groups, or the degree of interaction. ! Following this reasoning, an increase in the
interaction of the pore surface with C,,Hg derivatives results in an increase in ATyy,.
However, our results were not as expected; 2—C10H7OMe and CloH8 show approxi-
mately the same ATy, depression trend, while that of 2—ClOH7CH3 and 2—C10H7Cl
are comparable. While the greater depression in ATy, of 2-C;3H,OCH; compared
to 2-C;yH;Cl can be reasonably explained by electronic effects, our data indicates
that it is necessary to consider other effects in order to compare all four molecules.
Based on previous studies in the literature, 2 the similar size and shape of the CH,q
and Cl groups cause these two derivatives to interact similarly with the pore wall,
resulting in similar AT}, trends. Additionally, previous studies 26 regarding the steric
inhibition of m-7 stacking showed that sterically hindered aryl rings did not undergo
close m-m stacking, leading to solid-state properties that parallel those in the solution
state. Un-substituted C,,Hg does not experience steric hinderance of 7-m stacking;
thus, interactions between naphthalene rings are undisturbed and the molecules can
interact with the silica surface and align parallel to the pore wall. The depression
of ATy, is therefore increased.! However, steric hinderance prevents ordered stacking
of 2-C,oH,CH; and 2-C,,H,Cl molecules, diminishing the ability for the surface to
order the molecules. ATy, is therefore relatively less depressed. While the methoxy
group is a relatively bulky group, its electron donating properties increases the elec-
tron density of the aromatic 7 system the 2-C,,H,OCHgz molecule. This improves its
ability to form 7-type hydrogen bonds with the silica surface as well as -7 stacking
interactions with each other. Furthermore, the oxygen from the methoxy group may
also interact favourably with hydrogens on the pore surface, increasing the overall
ability of 2-C,yH,OCH;, to interact with the surface. It is clear from our results
that besides electronic effects, factors such as molecular size and shape and steric

hinderance must be considered in comparing ATy,.
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Chapter 6

General Conclusions

It is well known that the properties of materials confined in pores differ from those
of their bulk counterparts due to geometrical confinement and interaction with the
surface of the pore wall.! Most commonly observed are the hysteresis between freezing
and melting cycles and the shift in phase transition tempera‘cures.2’3

Using the Broekhoff-de-Boer Frankel-Halsey-Hill (BdB-FHH) method, we were
able to accurately differentiate between cylindrical and spherical geometries based
on the pore size distributions calculated from adsorption and desorption isotherm
branches and our results are comparable to work done by Lukens et al.* Using the pore
size distributions we were able to determine values for the pore diameters. Transmis-
sion electron microscopy imaging provided further evidence of both pore morphology
and dimension. Having verified the accuracy of the BdB-FHH method for determina-
tion of pore morphology and size, we were able to apply this method to the different
pore samples synthesized. We were able to access a range of diameters for both cylin-
drical and spherical pores by synthesizing several MCM-41, SBA-15, MCF, MTS, and
SBA-16 mesoporous silicates. From these samples we selected a series of cylindrical
and spherical pores for our studies. The cylindrical system ranges in pore diameter
from 2.6 to 8.0 nm, and the spherical system from 6.6 to 28.5 nm.

Using differential scanning calorimetry (DSC) we have shown that confined

naphthalene and its 2-substituted methyl-, methoxy-, and chloro- derivatives exhibit
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a phase transition temperature depression which is dependent on both pore size and
geometry, where a greater degree of confinement results in greater depression. Our
results agree reasonably with the Gibbs-Thomson equation, which implies that the
melting temperature depression varies inversely with pore radius. However, it is
known that in confinement there is a layer near the pore surface which does not
undergo phase transitions; instead it is non-freezing and remains in the liquid state.
The modified Gibbs-Thomson equation, which accounts for the thickness ¢ of this
contact layer, is therefore used in the determination of AH in confinement. Although
t has sometimes been assumed constant, this assumption is unreasonable for our case
and we have found that ¢ generally decreases with decreasing pore size.

The origin of hysteresis in confinement differs from that of the bulk and is re-
lated to the differences in pore geometry of the two systems, specifically the surface-
to-volume ratios and curvatures.® We have found that hysteresis generally increases
with decreasing pore size in both the spherical and cylindrical systems. The increase
in ATy relative to AT, is 1.6 times faster for spherical pores than cylindrical pores,
and this trend is consistent with the literature.® From our data, we find that the
relationship between hysteresis and pore radius for both geometries cannot be lin-
ear, as this'would imply that hysteresis becomes negative as pore size increases. We
therefore propose that the change in hysteresis is exponential and approaches zero
for large pores. Moreover, the difference in hysteresis values calculated for a range
spherical and cylindrical pores (Hystsp,—Hysty) of comparable radii decreases ex-
ponentially with increasing effective pore radius. At approximately 26 nm, however,
the Hystg,p—Hystey = 0.0 and hysteresis appears to become independent of pore
geometry.

In order to address the question of whether or not confinement causes a change
in crystal structure, we used powder X-ray diffraction to examine solid C;jHg in

confinement. We found that there was no difference in the powder patterns of the
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solid and bulk C,yHg, meaning that the crystal structure is the same. However,
there is a lattice expansion indicated by the shifting of the reflections in the confined
pattern to lower 20 angles. The resulting lattice expansion inside the pore occurs due
to the interfacial energy and surface tension attraction in confinement.® In comparing
the spectra of bulk and confined C,jHg we have found that there is a global line
broadening of up to 0.18° in the confined spectrum, further verifying that the shift
in 26 occurred as a result of confinement.

We have also demonstrated on a molecular level using Raman spectroscopy
that the contact layers of confined C,,Hg and its derivatives are indeed non-freezing.
Through frequency shifts, band splitting, and intensity changes we were able to dif-
ferentiate solid from liquid spectra and compare our spectra of the respective contact
layers with them. In all cases, the contact layer spectrum resembles that of the pure
liquid, but not the pure solid.

In comparing DSC results of C; Hg, 2-C; H,CH;, 2-C,3H,OCH;, and
2-C;oH;Cl, we examined the effects of the electron-withdrawing and electron-donating
properties of the substituent of each derivative. The pores contain surface hydroxyl
groups which interact with the delocalized 7 system of the fused-ring portion of the
four aromatics. Substituents on the derivatives modify the electron density of the 7
system, thereby reducing or increasing its ability to form 7-type hydrogen bonding
with the pore surface. This bonding has been proposed to cause a change in the liquid
structure of aromatic molecules in the vicinity of the silica surface such that they be-
come ordered along the pore walls.” Melting point depression occurs as a result, and
the degree of orientation depends on the concentration of surface hydroxy groups, or
the degree of interaction. We have found that 2-CyyH,OMe and CoHg show approxi-
mately the same ATy, depression trend, whereas that of 2-C, H,CH;4 and 2-C,H,Cl
are comparable. While the greater depression in ATy, of 2-C;,H,OCH;4 compared to

2-CoH,Cl can be reasonably explained by electronic effects, it is necessary to consider
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other effects in order to compare all four compounds. The similar size and shape of
the CH and Cl groups cause their respective 2-substituted naphthalene derivatives to
interact similarly with the pore wall,® resulting in similar AT}, trends. Furthermore,
steric hinderance prevents stacking of 2-C,H,CH; and 2-C;,H,Cl molecules, im-
peding the ability for the surface to order the molecules. ATy, is therefore relatively
less depressed. The oxygen from the methoxy group may also interact favourably
with hydrogens on the pore surface, increasing the overall ability of 2-C,,H,OCHj, to
interact with the surface. From our rcsults, it is clear that besides electronic effects,
factors such as molecular size and shape and steric hinderance must be considered in

explaining the trends of ATy, for confined aromatic systems.
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