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ABSTRACT

Paraffins of sufficient chain length can serve as model compounds for flexible macro

molecules. They crystallize almost completely and do not suffer jfrom chain folding as long

as their chain length is less than about 37 nm. The melting and crystallization of n-paraffms,

C50H102 («-pentacontane, C50), C44H90 («-tetratetracontane, C44), and C26H54 (^i-hexacontane,

C26) was analyzed as such model compounds with both a standard differential scanning

calorimetry (DSC) and a temperature-modulated DSC (TMDSC) using sawtooth modulation

and quasi-isothermal modulation with very small temperature amplitude (0.05 K). Melting

and crystallization of C50 and C44 showed practically no superheating or supercooling,

respectively, i e, with heating and cooling rates up to 12 K min'' the onsets of the

corresponding transitions occurred at the same temperature. Similarly, the isotropization of

the condis crystals of C26 and the ordering of the melt to the condis crystals are detected at

practically the same temperature without superheating and supercooling. The observation

of no supercooling for crystallization was confirmed by visual inspection using hot-stage

microscopy and a melting-point apparatus. Only the transition on cooling of the C26 condis

crystal, which results in fully-ordered crystals, shows a supercooling of 4.0 K when nuclei

are not present

To make the link to linear macromolecules, polyethylene of molar mass 15520 Da

(PE15520) and oligomers of 2150 Da (PE2150) and 560 Da molar mass (PE560) were

analyzed in same manner, using standard DSC only. The PE560 has a molar mass close to

the paraffin C40 and also shows almost no supercooling for crystallization from the melt,

iv



while PE2150 (»C153) and PE15520 (=C1106) need atypical degree of supercooling for

polymer, namely «10 K, assumed to be due to molecular nucleation. Due to the well-known

chain folding, which starts with C294 (37 nm molecular length), the melting temperature of

PE15520 is lower than that expected for equilibrium, extended-chain crystals of this molar

mass (411.9 K), and even lower than that for PE2150 which grows as an extended chain

crystal and melts at a temperature close to the equilibrium melting temperature of 397.2 K.

The apparent heat capacity measurements using quasi-isothermal TMDSC with

0.05 K amplitude, revealed that melting of C50 was completed within 1.0 K, isotropization

of C26 -within less than 0.6 K, and melting of C44 within 4.3 K. But 62-78% of total

transitions of C26 and C50 occurred over a much narrower temperature range of 0.1 K or

less. A "reversing" melting in the paraffins was detected by TMDSC and integral analysis

was proven to be a useful tool for quantitative analysis of the thermal transition, specially of

samples exhibiting multiple transitions like C26.
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CHAPTER 1

EVTRODUCTION

1.1 Melting and Crystallization

1.1.1 Melting

Traditionally, condensed phases are classified as solid phases (crystals or glasses) and

the liquid phase (or melt). At low temperature, the solid phases have vibrations as their only

thermal motion. Moreover, the ideal crystals are fully ordered. The liquid phases have in

addition to the vibrations all large-amplitude motion possible for the given molecule. Large

amplitude motions are translation, rotation, and intemal rotation (conformational motion).

The transition from crystals to melts is characterized by the attainment of this large-

amplitude motion. Of course, the order in the crystal also decreases on melting, as indicated

by its increase in entropy, measured by the entropy of fusion. Thermodynamically the

melting transition is characterized by:

(U)

where is the equilibrium melting temperature and and are the heat and entropy

of fusion, respectively [1].

Some crystals acquire large-amplitude motions in more than one step. The

intermediate phases obtained in this way are called mesophases [2]. There are three types

of mesophases: liquid crystals, plastic crystals, and condis crystals. The transition to a

mesophase is called a disordering transition and occurs at T^. The final melting from the



mesophase to the melt is then called the isotropization at T,, to distinguish it jfrom the one-

step melting temperature of the crystal.

1.1.2 Melting and crystallization of small molecule

Melts of small molecules, such as metals or water, supercool before crystallization

because of the need to nucleate crystals before growth can commence. Crystal nucleation

is, thus, the first step of any crystallization, but it can be circumvented by either incomplete

melting before crystallization (selfnucleation) or by adding of foreign nuclei (crystallization

by heterogeneous nucleation) [3]. For example, indium shows reversible melting and

crystallization on analysis by temperature-modulated differential scanning calorimetry

(TMDSC). In this technique the temperature is cycling about a mean value. As long as the

melting during the previous heating cycle is incomplete and nuclei are left for re-

crystallization during the cooling cycle there is no supercooling [4, 5]. Once, melting is

completed; i.e, no nuclei are left, the sample needs to be be supercooled by an amount AF

(=r„-r,)ofl-1.5K[4,5].

1.1.3 Melting and crystallization of linear macromolecule

In contrast to small molecules, the supercooling of linear macromolecules cannot be

avoided, even on self-nucleation or heterogeneous nucleation. The molecule is not a small

particle, but a long flexible chain which needs a proper conformation to be added to a crystal

surface, it must be nucleated itself before the rest of the molecule can add to the growing

crystal. This process has been called molecular nucleation. Crystallization without

-2-



supercooling due to molecular nucleation is unlikely since the first segment of a molecule

that adds to a crystal restricts the molecule as a whole, z.e., the entropy decrease of the

molecule cannot be made up by the small heat of crystallization of the initial p.hain segment

[6].

Below the equilibrium melting temperature, after crystal nucleation, the second,

reversible nucleation process, the molecular nucleation occurs and overcomes the positive

barrier in free enthalpy. The critical length for molecular nucleation is measurable by a study

of the lengths of molecules that get rejected by the growing crystal surface despite the fact

that they are below their equilibrium melting temperature. The process is shown

schematically in Figures 1.1 (a) and (b). The completion of the crystallization of the

molecule is drawn in Figure 1.1 (c). As soon as the whole molecule is melted, crystallization

is not possible again until sufficient supercooling has occurred to permit renewed molecular

nucleation in the presence of polymer crystals or nuclei [6].

First temperature-modulated differential scanning calorimetiy experiments over the

last few years have resulted in the observation of the expected full irreversibility of melting

of polymers [7, 8], but also the kinetics of small amounts of partially or fully-reversible,

local, latent-heat effects [7-10]. The earlier analyses ofwell crystallized poly(oxyethylene)s

(FOE) of 1500 and 5000 Da molar mass showed that their melting is practically completely

irreversible (see Figure 1.2) [7—10]. The major melting range ofthe polymers can be judged

to be 2- 3 K wide. This range was several times the modulation amplitude for these analyses

(±0.5 K), i. e., in the melting range, crystal nuclei must remain during the cooling cycle ofthe



Ik
M

crystal'

uncrystalllzed
molecule

\
uncrystalllzed
portions of the
molecule

g^|g||o^tal| crystal, enlarged
by one molecule

III crystallization andI  melting may remain largely
reversible as long as the
molecular nucleus is not
affected.

Figure 1.1. A schematic of molecular nucleation of linear
macromolecules, (a) to (b) describing molecular nucleation, and
(c) the completion of crystallization of the molecule. Copied
from [TAM 16-39 to 16-41].



Heat Capacity Measurement through the Melting Range

MDSC^ofTA Instruments. Inc
_ 3000

1 2500

^ 2000

2 1500
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Q.

o 1000

ts

X 500

.  POE 5000
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atlOKfmln

Parameters.

7.68 kJ/mol

87.6% crystN.

• TMDSC-*..

quasi-isothermal
p = 60 s

Ajg = 0.5 K
sample mass

= 1.0 mg
RCS cooling

220 260 300 ' 34o
Temperature (K)

Figure 1.2. An example of irreversibility of melting ofpolymers.
Well crystallized poly(oxyethylene) (POE5000). Copied from
[TAM 21-41].

quasi-isothermal modulation, but do not initiate recrystallization of any of the melted

molecules [7, 8]. The quasi-isothermal analysis of the melting of POE is, thus, taken as

proof that molecular nucleation is needed in addition to crystal nucleation [9, 10] for

crystallization of linear macromolecule.

1.2 Paraffins ^

1.2.1 Chemical structure and physical properties

Paraffins are saturated hydrocarbons (alkanes) with a chemical formula of

with straight chains (normal or n-paraffins) or branches (isomeric or wo-paraffins). As their

name indicates in LsAn-parum affinis they have very little chemical reactivity except for

combustion [11]. They find wide applications as solid waxes, as well as liquid fuels, and as

lubricating, lighting or hydraulic oils. Commercial paraffin waxes and oils are mixtures of

-5-



n- and wo-paraffins of different molar masses as the main component (80-95%) and are the

main subject of most paraffin-related references in industry [11,12].

From many accurate measurements of of homologous series of organic

compounds, it was proposed that there seemed to be a common convergence melting

temperature for compounds with large numbers of CHj groups (for example, see ref. [13]).

Gamer et al. concluded in 1926 that the heats and entropies of fusion increase linearly with

molecular mass and in 1931 derived the linear equations for and IT^ from the

measurements of «-parafifins [14,15]. It is possible to derive a universal description of the

melting temperature of «-paraffins from these linear equations. In Figure 1.3, experimental

data of the melting temperatures of n-paraffins are plotted together with an empirical

expression of the melting temperature, given by Broadhurst in 1962 [16]:

.y, 414.3(x - 1.5)

°  . 5.0)

where x is the number of carbon atoms. It was initially based on the linearity of Ai7f and

AHflT^ and shows a standard deviation of ±0.41 K. The ultimate goal was to extrapolate

the melting temperatures to infinite molecular weight linear hydrocarbon. The melting

temperature of polyethylene is 414.3 K by this equation. The solid curve in Figure 1.3 is the

calculated melting temperature using equation (1.2) and the filled circles are the measured

ones which are collected from different references [16-20]. The melting temperature

increases quite regularly with molecular mass, starting from C11. Some deviations are seen

below C20, depending on the even and odd number of carbon atoms. More advanced

equations have been derived since the time of Broadhurst's work and are discussed in

-6-
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400
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2 200

Q.

H 100

0-1-,
y /

40 80 120

Number of carbon atoms

Figure 1.3. The melting temperature of K-paraffins as a function
of the number of carbon atoms. Solid curve: calculated melting
temperature using equation 1.2. Filled circles: measured data.
Generated using data from references [16-20].

reference [1]. Ultimately the newer, more involved melting temperature equations do not

provide more improved melting temperatures. The measured equilibrium melting

temperature of a high molar mass polyethylene of close to 100% crystallinity and without

chain folding is 414.6 K.

Between C21 and C36 a disordering transition from crystal to mesophase is detected

below the melting temperatures, alternately from C21 to C32 for even and odd numbered n-

paraffrns, as illustrated in Figure 1.4 with the open and filled triangles, respectively. The

disordering transition for the even and odd numbered paraffin alternate below their

isotropization temperatures. They gradually merge with the isotropization temperature above

C36 and then the even-odd differences have totally disappeared. The reason for these

changes (as well for the alternating melting temperature below C20) is a differences in the

packing ofthe end group layers of the crystals [21]. It is a well known phenomenon and will

-7-



350-

• A

340-

A ^

• A A
330
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Q.

E 320-

310-
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Figure 1.4. Melting and disordering transitions, circles and
triangles, respectively. Open and filled symbols refer to even and
odd numbered «-paraffins, respectively. Generated using data
from reference [21].

be discussed more detail in Section 1.2.2.

1.2.2 Crystal structure and crystallization

In general, the odd-numbered n-paraffin crystals have an orthorhombic structure and

even-numbered ones have a triclinic structure (up to C24) or a monoclinic structure (above

C26) at room temperature [17]. At higher temperatures, the more stable structures are the

structures with higher symmetry like hexagonal structures (6-fold rotation axis). The motifs

in the crystal (as shown in Figure 1.5 a) become cylindrical (in Figure 1.5 b) as the

temperature increases [17]. The cylindrical motifs are caused by the time and/or positional

averaging caused by the conformational disorder and motion. The ̂-paraffins are long chain

molecules and fiie rotation of the whole molecule in one step is not possible. Instead, the

-8-



(a) (b)

zoo
a/

3>—8.24 A ^200 — 4.12 A
b = 4.76A duo = 4.12 A

a = 7.45 A

b = 4.97A

d2oo ~ 3.725 A
duo ~ 4.14 A

Figure 1.5. (a) Orthorhombic structure, (b) Hexagonal structure of paraffin in a-b
projection. Copied fi-omref. [17].

These phases with larger mobility within the molecules are not crystals anymore, but are

called mesophases. In this particular case they are conformationally disordered crystal,

called condis crystals. The orthorhombic structures of crystals (see Figure 1.5 a) are changed

into the hexagonal structures of condis crystals (Figure 1.5 b) with higher symmetry.

On heating, paraffins above C36 exhibit only melting transitions, while paraffms

between C21 and C36 display an additional disordering transition below T,. This implies that

the stable phases just below the final melting temperature are totally different in these two

cases. That is, for ̂ -paraffins above C36, there are crystal phases below and for C21-

C36, there are mesophases below T^. Hence, for the latter case, mesophases are what are

converted into the liquid phases on the isotropization. For example, C26 has a disordering

transition of the monoclinic crystal to the hexagonal condis crystal at 325.5 K and an

-9-



isotropization of the condis crystal to the melt at 329.3 K [22]. However, C50 melts from

the monoclinic crystal structure to the melt at 365.3 K.

Since the different packing in the end group layers become insignificant for longer

chains, there is no even-odd effect above C36. Besides, during the disordering transition of

paraffins from C21 to C36, the crystals are converted to hexagonal condis crystals without

packing differences at the interfaces due to their disorder, so the even and odd paraffins

become indistinguishable. Therefore, the even-odd differences do not show up on

isotropization of these paraffin, but at the disordering temperatures T^.

1.3 Temperature-modulated Differential Scanning Calorimetry

(TMDSC)

1.3.1 Calorimetry

Calorimetry is a main thermal analysis method involving the measurement of heat,

Q in units ofjoules (J). Since there is no perfect insulator for heat, heat-loss problems are

of overriding significance in calorimetry [2]. To better eliminate heat losses, twin

calorimeters have been developed that permit measurements in a differential mode. Both

calorimeters should then have similar heat losses and eliminate the major loss contribution.

The scanning mode is usually a continuous, usually linear, temperature change of both

calorimeters or their surroundings. These two developments in calorimetry, coupled with

a decrease in size to milligrams to increase the measuring speed, were combined in modem

differential scanning calorimetry, DSC. The details of the method will be discussed m the

-10-



next Section. This is lowed by the rather new development of the temperature-modulated

DSC (TMDSC) which adds a temperature modulation to the temperature change.

1.3.2 DSC

There are two types of differential scanning calorimeters, a heat-flux and a power

compensation DSC. Ofthe heat-flux type, a Mettler-Toledo DSC 820 and a TA Instruments

Thermal Analyst 2920 system are used for the research described in this thesis. Since the

differential mode in calorimetry is coupled with development of twin calorimeters, the

precise name of DSC is scanning isoperibol (equal surrounding) twin calorimetry [23].

Differential measurements are made with a reference and a sample calorimeter within

the silver furnace block, as illustrated in Figure 1.6. There has been some confusion

regarding their description. To clarify, the reference calorimeter consists usually only of the

empty almninum pan with a temperature sensor underneath and outside of the calorimeter

proper. The sample calorimeter consists of an identical aluminum pan that encloses the

sample of interest, again with the sensor underneath and outside of the calorimeter. Both

Reference side Sample side

Gas inlet-

Chrome! disk-

Siver furnace block-

Tb

LidOig -Pan

Constantan disk

- Chrome! disk

'Chrome! wire

Alumel wire

Figure 1.6. Schematic drawing of the TA Instrument 2920.
Copied from ref. [24].
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sides are heated by conduction from a single furnace, governed by the block temperature

(Mettler-Toledo DSC 820) or a separate block temperature sensor and the sample sensor (TA

Instruments Thermal Analyst 2920) [2,25]. In contrast, a power compensation DSC, such

as the Perkin Elmer DSC 7, has reference and sample sides heated separately as required by

their temperatures and the temperature difference [2,26]. The Perkin-Elmer DSC was used

only once in this research for a comparison of the instrument effect on data obtained by the

heat-flux calorimetry. Only the heat-flux DSC will be emphasized in this Chapter.

Sample and heating block temperatures are shown in Figure 1.7 [27] for the

beginning of a typical heating scan. The block temperature, T^, increases linearly and is

followed, after reaching steady state, by the sample temperature, T^, with the same heating

rate, but lagging in temperature proportional to the heat capacity of the sample and pan which

comprise the sample side [28]. A similar graph can be drawn for the reference temperature

at the intermediate temperature

The differential scanning calorimeter records the difference of the two temperatures

which is directly connected to the heat capacity ofthe sample. The heat capacity is given by:

(1.3)
AT dAT
K— + Cwc_ =

dT

Tb Tr Ts

at = Tr-Ts

Time

Figure 1.7. Typical start of a heating scan for the block,
reference and sample temperatures of a standard DSC, Tt, and
Tj, respectively. is initial temperature. Copied from ref. [24].
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where m is the sample mass, Cp the specific heat capacity of the sample (in J K"' g''), K is the

Newton's law constant (in J K'^min"'), q is the heating rate (in K min"'), and Q is the total

heat capacity of the sample calorimeter (sample + pan) [29].

1.3.3 TMDSC

In the more recently developed temperature-modulated DSC (TMDSC) [30-32], a

sinusoidal or other periodic change in temperature is superimposed on the underlying heating

rate The modulation adds, thus, a small periodic component to the linear heating ramp <q>t,

where the <> indicate an average over a full modulation cycle as depicted in Figure 1.8. The

basic temperature-modulation equation for the block temperature can be written as:

= ̂ 0 + ̂7.^sinci)r (14)

with T; representing the isotherm at the beginning of the scanning. The modulation

frequency oo is equal to 2%lp in units of rad s"', withp representing the length of one cycle

[s]. TMDSC gives a better precision in heat capacity, higher by as much as a factor 10 [33].

All error signals of frequencies other than cd are eliminated. The heat capacity is now given

by

P  A \

K

V

+ Cp,2 (1.5)

where Ai^ and A are the maximum amplitudes of the modulation found in the temperature

difference and sample temperature, respectively, and o is the modulation frequency [29]

The equation represents the reversing heat capacity. In case there is a difference between the

result of the equations (1.3) and (1.5), this is called a non-reversing heat capacity. It is

-13-



<q>t

Ts for TMDSC

Time

Figure 1.8. A typical heating scan for the sample temperature
(Tj) of a TMDSC, the line indicated with <q>t is linear response.
To is initial temperature. Copied from ref. [24].

connected to irreversible processes within the sample that cannot be modulated properly,

such as slow chemical reactions (oxidation, curing, evaporation, etc.) and non-equilibrium

phase transitions (crystallization and reorganization). It may even enable us to separate the

complicated simultaneous fusions, glass transitions, and annealing, common in many

macromolecules [34].

The TMDSC in the melting and crystallization region of linear macromolecules is

complicated by the need to evaluate the reversible heat capacity in the presence of

superimposed, latent-heat effects which are often non-reversing. The latent heat may be

absorbed or evolved abruptly, causing difficulties in the Fourier analysis of the apparent heat

capacity, so that the data treatment has to be carried out on the raw heat-flow and sample-

temperature data in the time domain [HF({) and TJif), respectively, where HF{t) is

proportional to the temperature difference AT= T,- TJ [5]. Despite these difficulties,

TMDSC offers the possibility of new insight into the micro-structure ofpolymers by yielding

information on re-crystallization, crystal perfection, melting and crystallization kinetics, and

metastability.
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1.4 Literature Review and Objective of this Thesis

Literature about paraffin was searched from 1980 to 2000 only with keyword of

paraffin using Scij5nder™ program which provides all chemical abstracts. The references

before 1980 were reviewed in references [1,3]. A total of 17351 references were found. Of

these references, about 60% were about paraffin mixtures which are not of interest to this

research. Only 10% dealt with, either melting or crystallization of paraffin. There is an

interesting trend in paraffin-related scientific research. Back to the 1970's much research was

done on paraffin itself, i.e., its physical properties and crystal structure. Since the 1970's,

paraffin has lost its popularity and seemed to fade from the research field. However, from

late of 1990's the number of citations regarding paraffins is increasing drastically again^ but

the topic is changing to the modeling of polymer chains, as is also discussed in this thesis.

Paraffins of sufficient chain length should be able to serve as model compounds for

flexible macromolecules. They have the advantage that they crystallize almost completely

and do not suffer from chain folding, as long as their chain length is less than about 37 nm

[35, 36]. In this thesis, n-hexacosane (C26H54), «-tetratetracontane (C44H90) and n-

pentacontane (C50H102) are analyzed using standard differential scanning calorimetry, DSC,

and TMDSC. The paraffins are abbreviated as C26, C44, and C50, respectively.

As depicted schematically in Figure 1.9 and described further in Sections 1.1.2 and

1.1.3, there is a big gap between the rates of crystallization and melting between monomer

and polymer. To understand these differences and find the limit of chain length for no

supercooling in the presence of crystal nuclei, the research was extended for the paraffins to

polyethylene fractions. The low molar mass polyethylenes are better called oligomers and
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Figure 1.9. A schematic drawing of crystal growth rate versus
degree of supercooling. Copied from [TAM 17-04].

bridge the size of the parafSns analyzed to the polymer which should have a molar mass of

more than 10,000 Da. First, differences between monodisperse ^-paraffin and polydisperse

polyethylene will be studied and then the melting and crystallization behavior ofparaffin will

be compared to polyethylene. The properties will be shown to change continuously from

those of the paraffin to those of the polymer. The research presented in this thesis is based

on the publications [37-42]. For convenience in comparison, the molar masses and the chain

lengths of the paraffins and polyethylenes analyzed in this research are given in Table 1.1.
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Table 1.1. Molar mass and chain length of paraffins and polyethylene

sample number of carbon atoms molar mass ® chain length (nm)

C50 50 703.37 6.20
C44 44 619.20 5.44

C26 26 366.70 3.16

PE560 40 560 4.93

PE2150 153 2150 19.23
PE15520 1106 15520 139.78

' It is the mass average molar mass for polyethylene samples.
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CHAPTER 2

EXPERIMENTAL

2.1 Instrumentation

2.1.1 Mettler-Toledo DSC 820 and its New Sensor

In the Mettler-Toledo DSC 820 module, a sample and a reference calorimeters are

separated, as shown in Figure 2.1. The heat from the frjmace to both calorimeters flows

through the heat leak disk. The heating rate is controlled through the furnace temperature

sensor, and the temperature of the reference calorimeter, is calibrated relative to this

furnace temperature. The temperature difference between the reference and the sample

Sample side pan

Silver furnace
block

Oliver lurriacc

block

pan Reference side

Heat leak
disk

Silver furnace
''block

Sensor

Temperature.
difference

— n'—Th

Furnace
temperature

ermal resistor
♦ Purge to heat sink

gas (cooling)

Figure 2.1. Schematic drawing of the Mettler-Toledo DSC 820.
The calorimeter is modulated at the furnace temperature. The
sensor consists of multiple thermocouples, to give an averaged,
sensitive measurement of the temperature difference AT. Copied
from [TAM 20-11], drawn after Mettler-Toledo instrument
descriptions.



sides, Ar, is obtained with the heat-flux meter shown in Figure 2.2, located underneath the

calorimeters (see Figure 2.1.). The obtained AT signal is proportional to the heat flux, as will

be shown below. Both, the reference temperature T, and the temperature difference, AT, are

brought out to the computer [The noise level is ±1 pW, sample volumes of 35 and 150 mm^

can be analyzed with different crucibles, heating rates of up to 250 K min"' can be

programmed] [43]. The furnace lid is operated automatically. The Mettler-Toledo DSC 820

module was used for all measurements, except for the sinusoidal temperature modulation for

quasi-isothermal analyses [44, 45]. These were carried out with the DSC 2920 of TA

Instruments, described in Sect. 2.1.2. Dry Nj gas with a flow rate of 20 mL min"' was purged

through the instrument. Cooling was accomplished with a liquid-nitrogen cooling-accessory.

The Mettler-Toledo DSC 820 was upgraded in 1998 with a new ceramic sensor

(FRS5) which consists of 56 thermocouples, as shown in Figure 2.2, to give an averaged,

sensitive measurement of the AT. The conventional sensors where a thermocouple is used

sample

t  referencemarker

Figure 2.2. Top view of a FRS5 sensor plate with 56
thermocouples for sample and reference. Copied from [TAM
20-11] drawn after a picture in ref. [46]. Note that the
thermocouples alternate between inside and outside of the
calorimeter, averaging the temperature difference between the
sensor plate and the calorimeter placed on the inside
thermocouples.
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to measure Ar signal generates a signal of relatively low magnitude [46] which results in a

not as good baseline stability and repeatability. With the new sensor, the heat flux difference

(not AT) between the two thermocouple junctions indicated with 'a' and 'b' in Figure 2.2 is

measured on 28 positions on each side. The heat flux to sample is ̂ QJdit, expressed by

dQs 1 '
dt

28 28

EAr.,- Eat
^ 1=7 1=7 7

(3.1)

where is the thermal resistance, and T^, and T„ are the temperature differences of

thermocouple on sample and reference sides, respectively. The heat flux measured in this

manner is proportional to AT. The reference and sample sides and thermal amplification of

the sensor signal is accomplished by connecting all thermocouples in series to get a better

signal-to-noise ratio [46].

The temperature modulation is controlled using the furnace temperature sensor, at the

position far from the sample (see Fig. 2.1) [27]. As a result the reference side shows the

standard modulation and the sample side is influenced by the sample behavior. During

melting, for example, the sample temperature will stop changing until melting is completed.

The heat flow rate curves are automatically smoothed by the manufacturer's software

[47]. Therefore, the heat flow rate curves are not raw data. This adaptive data smoothing

technology works the following way: Through all of the data points inside the window of

time, a smooth function is fitted. The next step is to calculate the square of the deviations

of all data points from the fitted function. If the average of this sum is larger then a defined

but not specified Imnt, the window size is made smaller and the procedure is repeated. Out
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of this fitted function only the smoothed data point in the center, is computed. This new

data point replaces now the old data point Next, the window is moved by steps of 1 s until

the whole DSC traced is smoothed up to the point where larger changes from the baseline

occur.

2.1.2 TA Instrument 2920

The TA Instruments DSC 2920 was used for all sinusoidal, quasi-isothermal analyses.

It is a twin calorimeter as well, and has a single thermocouple underneath each calorimeter.

The fumace block is programmed to give a linear increase in the sample temperature, and the

sample temperature sensor controls the temperature modulation [48]. The temperature range

is 125 to 1000 K [the heating rate, 0.1 to 100 Kmin"', noise, ±5 |xW, and the sample volume

may be 10 mm^] [28]. The constantan disc provides sufficient thermal resistance and the

heat from the fumace flows through the disk to both calorimeters (see Figure 1.6. in Section

1.3.2.) [24]. Cooling was achieved with a refngerated cooling system (RCS, cooling

capacity to 220 K). Dry Nj gas with a flow rate of 20 mL min"' was purged through the

instrument. The recorded data consist of the sample temperature and the temperature

difference AT = -T^. The heat-flow rate is proportional to AT and available as the

uncorrected measurement, in contrast to the Mettler DSC 820.

2.1.3 Optical microscope

Direct observation of melting and crystallization of C50 and C26 were tried with a

Mettler hot stage FP-82 moxmted on an Olympus stereo microscope. The temperature of the
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disappearance of birefringence at a magnification of about 50x was taken as the melting

temperature and the temperature of the appearance of birefiingence, as the crystallization

temperature. Repeated melting and crystallization was observed at heating and cooling rates

ofO.l Kmin"' on about 0.55 mm big crystals which were formed on preliminary heating and

slow cooling segments. The hot stage was calibrated by the manufacturer, Mettler, to about

±0.1 K. It was, however, not possible to improve on this calibration by the use of standard

indium. The observed melting and crystallization temperatures of C26 were 329.45 K and

329.25 K and for C50,364.65 K and 364.65 K, respectively. Each is an average value out

of 20 measurements. Despite the fact that I could not define absolute and 7; due to the

failure of calibration, I observed visually that there is almost no supercooling needed for

crystallization of these paraffins, i.e., C50 and C26 melt and crystallized at almost same

temperatures under these conditions within ±0.05 K.

2.1.4 Melting temperature apparatus

Another effort to assess the melting temperatures of the paraffins was done with a

"Gallenkamh" meltmg point apparatus made in England with alumimim heating block

Three glass capillary tubes were mounted on aluminum heating block and the temperatures,

where half melting of each sample were observed visually through a window on the

apparatus, were read and recorded. The capillary tubes were purchased fi-om Kimble

Products and the inter diameter is 0.8 mm, the extemal diameter, 1.10 mm, and the length,

90 mm. Before the measurement the instrument was calibrated with three standard materials

-22-



at 0.2 K min"' of heating rate. The standard deviation of the calibration measurements is

0.28 K.

For comparison, three standard materials were measured 4-5 times at 10 K min"' of

heating followed by a -10 K min"' cooling segment using the standard DSC. The results are

summarized in Table 2.1. The first runs of fresh samples always give a higher T^.

Naphthalene and benzole acid show lower, repeatable after cooling, indicating that they

do not crystallize well at a cooling rate of -10 K min"', while adipic acid gives continuously

decreasing and seems to decompose gradually. To determine the standard deviation of

of the standard materials in a standard DSC, each was measured 5 times with fresh

samples. The results are in Table 2.2 with the standard deviation of 0.15 K.

2.2 Calibration

The sample temperature was initially calibrated in the standard DSC mode. The

onset-temperatures of the transition peaks were used for this calibration [tin (505.05 K),

indium (429.75 K), water (273.15 K), and n-octane (216.4 K)]. A scanning rate of 10 K

min"' was employed. The heat-flow rate was calibrated with the heat effusion of indium

(28.62 J g"') [49]. The onset of melting was determined by extrapolating the sample

temperature from the linear portion of the melting peak to the baseline[2, 50]. For the

Mettler-Toledo DSC 820 there was an additional tau-lag calibration with indium prior to

both calibrations. It eliminates the effect of different heating rates, so that the onset

temperatures do not change with different heating rates. However, this calibration is not
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Table 2.1, of standard material measured at 0.2 K min"' with a melting point apparatus

standard material sequence of run ̂ measured Indium corrected ^

Naphthalene
(353.42 ±0.05 K)®

1st
353.16 352.91

2nd
352.99 352.74

^td
353.00 352.75

4th
352.99 352.74

Benzole acid

(395.50 ±0.05 K)"

1st
395.45 395.41

2nd
395.14 395.10

^td
395.08 395.04

4th
395.07 395.03

5^^ 395.08 395.04

Adipic acid
(424.58 ±0.05 K)"

1st
424.57 424.53

2nd
423.40 423.36

^id
422.49 422.45

4th
421.84 421.80

5*^ 421.58 421.54

® the sequences are within a single measurement. I®' run is for fresh sample.
^ corrected by of indium measured prior to each standard material measurement.
" certified found on the label of each sample.
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Table 2.2. of standard material measured at 10 K min'' by standard DSC

standard material measured T„ (K) ̂ Indium corrected (K)

>

o

Naphthalene
(353.42 ±0.05 K)

353.16 352.91 0.51

352.95 352.92 0.50

352.96 352.93 0.49

352.94 352.91 0.51

352.97 352.94 0.48

Benzole acid

(395.50 ±0.05 K)

395.45 395.41 0.09

395.05 395.04 0.46

395.01 395.00 0.50

395.04 395.03 0.47

394.96 394.95 0.55

Adipic acid
(424.58 ±0.05 K)

424.57 424.53 0.05

424.23 424.19 0.39

424.34 424.30 0.28

424.23 424.19 0.39

424.22 424.18 0.40

standard deviation of measurement by standard DSC 0.15

^ Precision of the measurement of temperature difference is ±0.005 K; the precision of
absolute value of temperature is ±0.55 K. The significant figures in this table are only for
computation.

'' Every measurement is done with fresh sample.
Temperature differences from literature values.
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precise and does not work well for cooling, so that the change of transition temperature with

heating and cooling rate was determined separately.

The melting temperature of indium was also measured in the quasi-isothermal

modulation mode with a 0.05 K temperature amplitude after the measurement in the standard

DSC mode, to identify any differences between two modes of measurement (see Sect. 1.3.3).

The melting temperature, r„, of indium was set to 429.75 K in the standard mode and found

then to be 429.31 K in the modulation mode. This 0.44 K difference between the two

measurements is not fully explained at present, but occurs in Mettler-Toledo DSC 820 with

quasi-isothermal sawtooth modulation mode. To correct the sample temperatures from

quasi-isothermal measurements we added 0.44 K as a calibration constant into every data out

of quasi-isothermal measurements.

2.3 Samples

The paraffms discussed in this thesis are «-hexacosane (C26Hs4-briefly C26), n-

tetratetracontane (C44H9o-briefly C44) and n-pentacontane (CjoHioz-briefly C50) with 99%

purity were obtained from Aldrich Chemical Co., Inc., Milwaukee, WI. Data bank values

[51,52,53] ofthermal properties for these paraffins are listed in table 2.3. Polyethylene (PE)

standard materials were purchased fi*om Scientific Polymer Products Inc., Ontario, NY.

Their weight average molar masses (determined by scattered light photometry) are 560,2150

and 15520. The number average molar masses are determined to be 515, 1870 and 14400,

respectively by membrane osmometry. The each polydispersity index are 1.09, 1.15 and

1.08. PB560 and PE15520 are synthesized by hydrogenation of polybutadiene.
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Table 2.3. Thermal properties of paraffins

sample equilibrium T (K) heat of transition (kJ moT')

«-C2gH54 Ti = 326.5 ATTd = 32.22

r. = 329.5 A/T. = 59.5

W-C44H90 TV =359.6 ATTf= 140.1

«-C5oHio2 rf= 365.3 A/Tf= 158.17

The sample masses were 0.5-16.3,0.4-9.3 and 0.6-1.9 mg for C26, C44 and C50,

respectively. PE sample masses were 0.7-2.1 mg. The samples were weighed on a Cahn C-

33 electro-balance to an accuracy of ±0.001% of the total load (50 mg). For the Mettler-

Toledo DSC 820 the samples were encapsulated in the 40 pL standard aluminum pans

without center pins and with a cold-welded cover. The reference pan was an aluminum pan

with a center pin and a cover. The TA Instruments MDSC 2920 was used with 20 pL

standard A1 pans with cover for the samples and the empty reference. In all cases the

reference pan was the same, and its mass was smaller than the sample pans.
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CHAPTERS

RESULTS

3.1 Standard DSC

3.1.1 DSC Traces

Figiire 3.1 is a typical standard DSC trace for C50. The left figure (a) contains the

heat-fiow rate, HF, plotted versus time, and the right one is the same plot versus temperature.

The first peak in curve (a) and in the bottom curve in (b) are the heating traces, the second

peak curve in (a) and the top curve in (b); are the cooling traces, as is easily deduced from

the upward exotherm direction. The endothermic and exothermic peaks correspond to

melting and crystallization, respectively. The melting begins gradually while the

crystallization starts more abruptly. There seems to be practically no supercooling or

(a) (b)

20

10

q:

LL.
-10

C50 1 894 mg

10.0 Kmin-''
:C-20

-304

500 1000 1500 20*00
Time (s)

320 340 360 380 400

Temperature (K)

Figure 3.1. A typical standard DSC trace. HF{t) of C5Q versus
time (left) and sample temperature (right). The upward direction
HF(t) is exothermic. Heating and cooling rates are 10 K min''.
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superheating. The onset temperature of melting is 364.69 K and the onset of crystallization

is 364.38 K.

With increasing heating rates, the peaks increase in width and height, indicating an

increasing instrument lag, and a higher sensitivity of the measurement on faster heating,

respectively [see Equation (1.3)]. To eliminate most of the lags of the instrument, quasi-

isothermal TMDSC measurements were performed and are discussed in Section 3.2.

3.1.2 Change of Melting Temperature with Heating Rate

Paraffins C50, C44 and C26 were heated and cooled at various scanning rates fi-om

1 to 12 K min"'. The C50 and C44 showed onset temperatures of melting and crystallization

of about 363 K and 357 K, respectively. The C26 showed two different transitions on

heating, disordering of the crystal to a condis crystal at about 325 K and isotropization of the

condis crystal at about 330 K. The onset temperatures of these transitions are plotted in

Figure 3.2 as a function of the scanning rate for C50, C44 and C26 (from the top to the

bottom). The tau correction, described in Sect. 2.2 removes all rate dependency of the

transition temperature, and none of the paraffins supercools on initial crystallization, as is

seen from the filled symbols. Only C26 has a supercooling of about four kelvins on ordering

from the condis crystal to the crystal as shown by the open squares.

To observe the difference between linear macromolecules and paraffins, the low-

molecular mass polyethylene (PE560) with a molar mass close to the paraffm C40 was

investigated in the same manner. The squares in Figure 3.3 are the onset temperatures of the
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transitions as a function of the scanning rates. The onset temperatures of PE560 are only

little less than the equilibrium melting temperature of pure C40 which is 354.5 K. The very

small indication of supercooling is in need of further research.

The melting and crystallization of the longer polyethylene oligomer, PE2150 (=0153)

and the true polyethylene PE15520 (^^Cl 106) is also shown in Figure 3.3 with triangles and

circles, respectively. In contrast to the paraffins, there is a significant amount of

supercooling in the PE2150 and PE15520. However, the melting temperature of PE15520

is lower than that expected for an equilibrium crystal ofpolyethylene ofthis molar mass with

an extended chain macroconformation (411.9 K), and even lower dian that for PE2150. The

PE2150 is expected to have an equilibrium melting temperature of 397.2 K, close to the

observed value. It is obvious, that the well-known chain folding is the main reason for this

large difference between expected and measured melting temperature of PE15520.

Furthermore, we expected the difference between extended chains and folded chains on

molecular nucleation process, but there seems to be no difference. Of importance for the

further discussion is that both, PE2150 and PE15520 show similar supercoolings of about

10 K on crystallization, compared to almost none seen for the paraffins and PE560.

3.1.3 Annealing Effects

The paraffins C50 and C44 were aimealed isothermally just below their melting

temperatures for 100 min, followed by quenching with a cooling rate of 100 K min"'.

Heating and cooling curves at 10 K min"' before and after annealing are compared in

Figures 3.4 and 3.5. It can be seen that the melting peaks of C50 and C44 shift to higher
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temperature by about 0.3 K and the subsequent crystallization peaks shift to lower

temperatures. It is not known why the crystallization is affected by annealing.

The paraffin C26 was aimealed isothermally below and T, for ICQ min each

followed by quenching. In Figures 3.6 and 3.7, the endothermic peaks shift up to higher

temperature and the exothermic peaks shift to lower temperature after annealings as is

observed for C50 and C44. The predominantly shifted peak changed with the annealing

temperature. Figure 3.6 is for C26 annealed below T^, and Figure 3.7 for C26 annealed

below r,. The disordering endotherm after annealing below was shifted twice as much as

after annealing below T,, while the isotropization endotherm shifts up twice as much when

the sample was annealed below T,. Also, the initial ordering transition to the condis-crystal

shifts down twice as much after annealing below 7,.
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Figure 3.6. Comparison DSC trace before and after annealing of
C26. Aimealed isothermally at 323 K (below for 100 min,
followed by quenching with 100 K min"' of cooling.
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C26. Annealed isothermally at 327 K (below T.) for 100 min
followed by quenching with 100 K min"' of cooling.

3.1.4 Heat capacity by standard DSC

The apparent heat capacities (Cp) of C50 are depicted in Figure 3.8. The thick,

continuous solid line is the apparent Cp by standard DSC run at 10 K min"' and the filled

cncles, by quasi-isothermal TMDSC run with a temperature amplitude 0.05 K. The Cp by

quasi-isothermal TMDSC will be dealt in Section 3.2.4. The thin solid and dotted lines

represent the computed heat capacities for the solid and liquid paraffin, respectively [51].

The first small peak at around 335 K is likely due to some impurities such as short paraffin

chains and the second small peak at around 360 K seems to be poorly crystallized C50 which

melts at a lower temperature. The experimental Cp by standard DSC of the crystals begins

to deviate from the computed one (thin line) at about 249 K and
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Figure 3.8. Heat capacity of C50 by standard DSC and quasi-
isothermal TMDSC. The thin solid line: computed Cp for solid,
dotted line: for liquid. Data from ref. [51].

gradually increases. Then the Cp suddenly increases at around 330 K and drastically shift up

at around 363 K. It is the main melting region in which we are interested. This melting

region is enlarged and will be dealt in Section 3.2.4.

Such deviations of the heat capacity from the vibrational contributions are always

observed in paraffmic materials and also in polyethylene [54] due to the formation of an

increasing number of gauche conformations [55,56]. The paraffins C44 and C26 also show

these deviations, as is exhibited in Figures 3.9 and 3.10, respectively. The small peak at

around 340 K is likely also due to some impurities such as shorter paraffin nhaing for C44.

However, there is no impurity peak in the Cp of C26. The two peaks in the quasi-isothermal

TMDSC (filled circles) and the standard DSC runs (thick solid line) are due to the

disordering and isotropization of C26.
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isothermal TMDSC. The thin solid line: computed Cp for solid,
dotted line: for liquid. Data from ref. [53].
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3.1.5 Melting temperature

The melting temperatures ofparaffins C50, C44 and C26 are measured several times

at 10 K min ' of heating rate. The Table 3.1 shows the results. The standard deviations are

±0.31, ±0.18, and ±0.43 K for the melting of C50, C44 and C26, respectively, and ±0.55 K

for the C26 disordering transition. They are all 0.65-1.57 K below their equilibrium melting

temperatures. It might be due to bad crystal melting or impurity.

During the quasi-isothermal measurements, the paraffin may anneal due to the long

measuring time of approximately 15 hours. Therefore, the of C50 in TMDSC run may

be closer to the equilibrium T^. The of C50 in TMDSC run is 364.62 K after all

corrections required for quasi-isothermal measurement (see section 2.2). Still, it registers

0.68 K lower than the literature value for the equilibrium T^, of 365.3 K [51].

The paraffin samples used in this work were labeled as 99+% purity. For example,

in standard DSC heating trace of C50 with 10 K min"', a small endothermic peak appears at

around 335 K. Guessing that this arises from the 1% impurity, and calculating the melting

temperature lowering derived for purity determinations[57], one finds:

AT' = 1— (3 n

%

Assuming the impurity is a shorter-chain paraffin C30 [1] and the small peak is either the

melting of C30 or a eutectic peak of C30 and C50, the small endotherm yields an impurity

of about 0.8-1.6 wt.-%. The melting temperature lowering calculated using equation (3.1)

from such amount of impurity is only 0.05-0.1 K. To get 0.68 K of melting temperature
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Table 3.1. Melting of paraffins measured at 10 K min"' by standard DSC'

Paraffin sample Measured Indium corrected AT"
(K) (K) (K)

364.20 364.15 1.15

C50r„ 364.01 363.98 1.32

(365.3 K) = 364.57 364.41 0.89

364.74 364.69 0.61

averaged 364.06

Standard deviation ±0.31 K

357.89 357.99 1.61

C44 7'„ 357.95 357.98 1.62

(359.6 K) •= 357.86 357.89 1.71

358.31 358.27 1.29

averaged 358.03

Standard deviation ±0.18 K

329.29 329.33 0.17

C26r„ 328.70 328.80 0.70

(329.5 K) = 329.01 328.98 0.52

328.45 328.29 1.21

averaged 328.85

Standard deviation ±0.43 K

325.62 325.66 0.84

C26T^ 325.00 325.10 1.40

(326.5 K) 325.31 325.28 1.22

324.50 324.34 2.16

averaged 325.09

Standard deviation ±0.55 K

^  J^A^VAI^4.Vri..L

of absolute value of temperature is ±0.55 K. The significant figures in this table are
only for computation

'' Temperature differences from the literature values [T(lit.) - T(meas.)].
° Values quoted from the ATHAS data bank.
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lowering, 11.2 moI-% of C30 impurity is needed.

After correcting the melting temperature lowering due to impurity, there is still more

than 0.58 K difference between experiment and literature values of the of C50 measured

in quasi-isothermal TMDSC. From this observation we assumed that the literature values

might be wrong. So I needed to check the literature value of the of C50.

I measured the of C50 directly using a melting point apparatus at about 0.2 K

min"'. It is calibrated with three TherMetric™ standard materials, adipic acid (424.58 ±0 05

K), benzoic acid (395.50 ±0.05 K) and naphthalene (353.42 ±0.05 K) from Fisher Scientific

company. Fair Lawn, NJ. The half-melting of C50, C44 and C26 is detected at 364.12 K,

358.61 K and 329.3 K, respectively. Each value is an average from 15 measurements. The

standard deviation of these measurements is ±0.48 K. After correction for the melting

temperature lowering due to impurity C26 melts only 0.10 K below its literature value, i e ,

it melts at the equilibrium melting temperature within error range, but C44 and C50 melt 0.9

degree below. In this measurement, despite the troubles on determination of the equilibrium

melting temperature for each paraffin, I successfully observed again that there is no

supercooling needed for crystallization of C50, C44 and C26. With this technique the

disordering of C26 was not visible.
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3.2 Temperature-Modulated DSC

3.2.1 Sawtooth TMDSC with an underlying heating rate

3.2.1.1 C50 and C44

Figures 3.11 and 3.12 illustrate the results of the melting and crystallization generated

by TMDSC with a sawtooth modulation for €50, and €44, respectively. An underlying

heating rate of 1.0 K min"' is achieved by heating of 7.24 K min"' and followed cooling of

5.24 K min'' in one cycle of 90 s. The dashed curve represents the time-dependent heat-flow

rate, HF(t). It increases strongly in the melting and crystallization regions. The solid curve

represents the sample temperature.

In the melting and crystallization regions it deviates from the expected sawtooth

C50 0.58 mg

370-1 <q>= 1.0 K/min
p = 90 s

j2368-

366

Q.

0) 364-

362-

'>

■10

^  -0

--5

I
(D
lU

T]
O

--10

100 200 300 400 500 600
Time (s)

Figure 3.11. Modulated heat flow rate and sample temperature
of €50, plotted versus time for a sawtooth modulation TMDSC
run. The dashed curve: the modulated heat flow rate, the solid
line: the sample temperature, the dotted line: the sawtooth
temperature program. Odd numbers: melting peaks, even
numbers: crystallization.
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C44 0 439 mg
<q>= 1.0 K/min

p = 90 s

10
362-

Q 360- T-5

3 358-
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!Q. 356 I  \
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352-
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Figiire 3.12. Modulated heat flow rate and sample temperature
of C44, plotted versus time for a sawtooth modulation TMDSC
run. The dashed curve: the modtilated heat flow rate, the solid
line: the sample temperature, the dotted line: the sawtooth
temperature program. Odd numbers: melting peaks, even
numbers: crystallization.

temperature-program (dotted curve) because of the absorption and evolution of latent heat

Odd numbered peaks mark the melting and even numbers, the crystallization. The heats of

transition, tsH, taken over an appropriate baseline, are summarized in Table 3.2. The peaks

3,4,5 in Figure3.11 agree within experimental error with the heat of fusion of C50,known

to be 224.78 J g"' [51]. The onsets of melting from peaks 1,3, and 5, are ca 0.25 K higher

than the onsets of crystallization from peaks 4 and 6. This difference is in reasonable

agreement with the expected shift of these onsets with heating and cooling rates as given in

Figure 3.2 (0.17 K). The same is true for Figure 3.12 for C44. The heats of transition, A/7,

taken over the appropriate baseline, are also summarized in Table 3.2.
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Table 3.2. Heats of fusion by integral analysis from TMDSC

Paraffin Number® 1 AH/AHA%) Height ratio (%)

1 63.59 28.29 29.2

2 -69.41 30.88 29.2

C50 3 215.84 96.02 97.7

4 -217.24 96.65 97.7

5 220.32 98.02 98.5

6 -29.77 13.24 15.2

7 34.30 15.26 15.2

1 28.54 12.61 12.90

2 -25.65 11.34 12.90
C44 3 147.85 65.34 69.44

4 -149.30 65.99 69.44

5 207.41 91.67 96.51

6 -193.09 85.34 87.98

7 187.06 S2.67 87.98

1' 80.92 92.10 90.00

2' -79.15 90.09 90.00

3' 85.44 97.24 96.67
C26 1 165.20 101.81 98.21

2 -162.49 100.14 98.21

3 165.33 101.89 100

4 -147.22 90.73 91.38

5 151.13 93.14 91.38

The numbers correspond to the peak numbers in Figures 3.11,3.12 and 3.13.
Aflo is the total heat of transition of C50, C44 and C26.
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3.2.1.2 C26

Figure 3.13 shows the results from TMDSC measurement of C26 with a identical

sawtooth modulation used for C50 and C44 in section 3.2.1.1. It looks similar to Figures

3.11 and 3.12 for C50 and C44. However, it is different that there are two sets of transitions

in Figure 3.13. They are separated by a full transition-free modulation cycle between

endothermic peak (3') and the endothermic peak (1). The first three peaks are the disordering

to the condis crystal (1' and 3') and the much slower ordering to the crystal (2'), the others are

the isotropization (1,3 and 5) and the ordering to the condis crystal (2 and 4). The ordering

of the condis crystal to the crystal by standard DSC showed a 4 K of supercooling as shown

in Figure 3.2. The ordering peak 2', however, shows no supercooling. Peak 1' is incomplete,

C26 0.51 mg
<q>= 1.0 K/min
p = 90 s

-10334 -

332 -
2^ 5 X

330

•S328 I— / -n

-J LJ ■ 0 Q^  I ,_j I—<u

Q-326 .

H 324 - -5

322 -
3'

1 I --10320 -

1  1 1 1 1

100 200 300 400 500 600 700

Time (s)

Figure 3.13. Modulated heat flow rate and sample temperature
of C26, plotted versus time for a sawtooth modulation TMDSC
run. The dashed curve: the modulated heat flow rate, the solid
line: the sample temperature, the dotted line: the sawtooth
temperature program. Odd numbers: endothermic peaks, even
numbers: exothermic.
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i.e, followed by a cooling segment before completion, and it proves that this transition is

controlled by nucleation. In the following heating segment, it disorders fully in peak 3'. The

subsequent cooling segment cannot produce a new ordering to the crystal. No nuclei are left,

and at least 4 K of supercooling is necessary to achieve the ordering, but each segment has

only 1 K of temperature amplitude. Next transition occurs only when the temperature

reaches the melting range. Peaks 1,2 and 3 reach complete isotropi2ation and ordering to

the condis crystal. The last two peaks (4 and 5) seem to be incomplete because of a too short

cooling segment for full ordering to the condis crystal. On heating, the sample immediately

begins isotropization and carries transforms as much as was ordered in the previous cooling

segment (see Table 3.2 where Ml, is listed).

3.2.2 Quasi-isothermal sawtooth TMDSC

Using quasi-isothermal sawtooth modulation with various temperature amplitudes,

C26 was heated to study the reversibility of the disordering and isotropization transitions.

The results are depicted in the Lissajous figures in Figure 3.14. From the top curve to the

bottom, the temperature amplitudes are 0.05 K, 0.5 K, and 2.5 K. One cycle of each

modulation consists of heating and cooling segments of 0.1 K, 1.0 K, and 5.0 K. In the top

two curves the disordering transitions appear irreversible and the isotropizations, close to

reversible. With a wide temperature amplitude of 2.5 K, the disordering and isotropization

can be reversed, but with considerable supercooling for the ordering to the crystal. The

disordering transition of C26 is reversing within 5 K, its isotropization is reversing within

at least 0.1 K.
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3.2.3 Quasi-isothermal, sinusoidal TMDSC

More information about the melting process has been gained from the sinusoidally

modulated heat-flow rate, HF{t). A quasi-isothermal modulation TMDSC run is carried out

at one temperature (mid-temperature of sinusoidal temperature cycle). C50, C44 and C26

sit at the constant temperature and are heated and cooled for 40 min within ±0.05 K

temperature range by temperature program modulated for 60 s sinusoidally. Inside the

melting transition region, 40 min was not enough to reach steady state so the duration of the

modulation was extended up to 600 min to achieve steady state which is necessary to

evalixate accurate heat capacity values. Identical quasi-isothermal TMDSC runs are carried

out at higher temperature with step-wise of 0.1 K in series. The measurement series, for

example, are accomplished from 360.22 K to 365.72 K for C50. Figure 3.15 depicts the

measurements partly, four quasi-isothermal TMDSC sets of C50. The top curve is the

1 1-2-
^ 1.0-
■o 0.8-

M 0.6^
o 0.4-

C50
0.936 mg

Figure
plotted
Figure

f  .-364.32 1
-i

riiiM -36442 ^IMM At.= 0.05K .36432 -I
I  p = 60s -364.22 -i-
■—I 1 1 1 1 1 1 vC
1760 1780 1800 1820 1840 1860 1880

Time (min)
3.15. Modulated heat flow rate and sample temperature
versus time for C50 by quasi-isothermal TMDSC as in
3.8. In the dovmward direction HF(t) is endothermic.



modulated heat-flow rate, HF(t) versus time and the bottom curve is the modulated sample

temperature, T^. Up to the quasi-isothermal set C, the amplitudes of the heat-flow rates are

symmetrical and quickly reach a steady state. Most of the 38% of heat of fusion absorbed

before the quasi-isothermal set D come from the heating steps needed to achieve the

temperature-increments between the runs. This means that up to and including measurement

C melting and crystallization are reversible in each modulation cycle. At point C the

crystallization and melting within one cycle accounts for about 4% of the total crystallinity.

Figure 3.16 shows Lissajous figures for the same quasi-isothermal runs as shown in

Figure 3.15. A Lissajous figure is a plot of the modulated heat-flow rates versus the

modulated sample temperatures and has been suggested as means to analyze TMDSC traces

[44, 58]. Only the Lissajous figures for the liquid state and the (not shown) solid before

melting are truly elliptical, which is indicative of reversibility and (close to) constant heat

1.4

At,= 0 05 K

p = 60 s

step 0.1 K

?1.

> 1.0

0.8

X
0.6

T3

S 04

TJ

02 C50
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00 ■  • I

364.32 364 42 364.52 364 62 364 72

Sample Temperature (K)
Figure 3.16. Lissajous figures for the five quasi-isothermal
TMDSC runs also shown in Figure 3.15. In the downward
direction HF{t) is endothermic.
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capacity over the full range of modulation [59]. The Lissajous figures of A, B, and C reach

a steady state, but the apparent heat capacity changes with sample temperature and is much

larger than expected from the low-temperature heat capacity. The Lissajous figure D reveals

larger melting than crystallization and a continuous decrease in the transition activity as is

also seen in Figure 3.15,

3.2.4 Heat capacity by quasi-isothermal sinusoidal TMDSC

Because ofthe large lags observed in previous Cp measurement with a standard DSC

at 10 K min Cp measurements by quasi-isothermal experiments v^dth sinusoidal modulation

were carried out to identify the intrinsic melting behavior of C50, C44 and C26. This type

of TMDSC avoids many of the instrument lags and indicates any slow changes within the

sample. The quasi-isothermal TMDSC experiments were carried out with the very smal]

modulation amplitude of 0.05 K as described in section 3.2.3 and were repeated in three

separate experiments to obtain quantitative apparent heat capacities [for a sample run, an

asymmetry correction run (empty pans), and a reference run (sapphire), all three under the

same conditions].

The method of quasi-isothermal measurement of the reversing heat capacity

represents the absolute magnitude of the complex heat capacity and is described in the

references [44,45]. The filled circles in Figure 3.17 represent the reversing heat capacities

of C50 calculated using Equation (1.5) from same quasi-isothermal measurement as

displayed in Figure 3.15. Only last 10 min data were collected for this evaluation of Cp

They show that a small amount of reversible melting of C50 starts at 363.52 K with a first
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Figure 3.17. Heat capacity of C50. The filled circles: the
reversing heat capacities by quasi-isothermal TMDSC, solid line:
the heat capacity by standard DSC.

deviation from the heat capacity by standard DSC (solid line) and ends at point D at a

temperature of364.62 ±0.05 K. The Cp at point D is from the last 10 min run of modulation

set D in Figure 3.15 as well. Therefore, it becomes the first point that reproduces the value

of the reversing heat capacity of the melt.

A different interpretation applies to the melting of C44, displayed in Figure 3.18. The

increased reversing Cp starts at 354.75 K and ends at point E, 358.95 K. Even in the quasi-

isothermal measurement with 0.05 K of temperature amplitude, the width of melting is 4.3

K, 4 times wider than seen for C50 and the all runs yield 223 J g"' (compare with 226.26 J

g"' for C44). Also, the melting peak is not as sharp as for C50. After the maximum in Cp

(A), the modulation runs B, C, D and E are not symmetric and give a relatively large amovmt

heat of fusion and high Cp. The sums of the endotherms and exotherms for the quasi-

isothermal experiments at A, B, C, D and E (in Figure 3.18) are 19.2, 34.8, 37.2, 34.8 and

-49-



25-

o

E
20-

—3

o
(0

u

(Q
0)

I

• Quasi-isothermal TMDSC / \ C44
—Standard DSC \

358.55 K • 7 \
•  / \
•  / '

/ /d
•  /

/ /
t /

354.75 K

• E 358 95 K

359.05 K—— ••

352 354 356 358 360 362

Temperature (K)
364
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7.0 J g" respectively. It means that C44 melts completely within 4.3 K and 60 % of the total

melting occurs over the relatively wide temperature range of 0.5 K from 358.5 to 359.0 K.

The broad melting of C44 seems to be due to the sample distribution.

The isotropization of C26 is shown in Figure 3.19. The sum of all endotherms and

exotherms generated during all quasi-isothermal runs that cover the full melting range of 0 6

K including the endotherms generated for each heating step between successive quasi-

isothermal runs yields 152 J g"' (compare with 162.26 J g"' for C26). But the sum of the

endotherms and exotherms for the quasi-isothermal experiment at 329.06 ±0.05 K alone

(point D in Figure 3.19) is 119.1 J g''. This proves that C26 isotropization occurs almost

completely within less than 0.6 K, but 78% of the total isotropization takes place over the

much narrower temperature range of 0.1 K from 329.01 to 329.11 K. It is similar to the

melting of C50.
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Figure 3.19. Heat capacity of C26. The filled circles: the
reversing heat capacities by quasi-isothermal TMDSC, solid line:
the heat capacity by standard DSC.

The most interesting part is that the Cp in temperature region between the disordering

and isotropization is constant and higher than those of the solid and liquid. It starts from

326.17 K and lasts until the isotropization begins. It is the Cp of the mesophase which is a

condis crystal in the case of C26.

Recently, a new method to determine Cp is developed in our research group. The

work is described in references [47,48] with an effort to test the limits of the measurement

of heat capacity. It is carried out with quasi-isothermal complex sawtooth modulation

TMDSC using frequencies with periods from 3'A to 840 seconds at an amplitude of 1K. The

goal has been reached to establish the parameters needed to make measurements of heat

capacity approaching a precision of 0.1%. The theoretical detail for this complex sawtooth

modulation was reported in ref. [60]. In the future, this complex sawtooth modulation
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method will be used to determine the frequency-dependent heat capacity of n-parafiins with

0.1% precision.
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CHAPTER 4

DISCUSSION

4.1 Link to linear macromolecules

Paraffins were chosen as model compoimds for linear macromolecules because they

have the advantage that they are monodisperse and crystallize almost completely. At the

beginning of this work we expected that C50 vwll show some degree of supercooling and

should be a model for extended polymer chain undergoing molecular nucleation. But, there

was no supercooling, not even crystal nucleation. We needed longer paraffin samples with

good purity. Currently very long paraffins are synthesized up to 294 of carbon atoms [35,

36]. However, these paraffins are considered by the British research establishment to be

important to establish their research superiority and are forbidden to be shared with US

researchers.

Fortunately, by the research described in this thesis it is revealed that there is no

significant difference between monodisperse w-paraffins and the polydisperse polyethylene

as long as their molar masses are similar as depicted, for example, by C44 and PE560 in

Figures 3.1 and 3.2. This makes it possible to make a link from the n-paraffins to

polyethylene without further effort in synthesis of longer chain paraffins.

In this thesis, C50, C44, and C26 are mainly analyzed using standard differential

scanning calorimetry (DSC), and temperature-modulated DSC (TMDSC). Polyethylene and

its oligomers are studied only with respect to their onsets of transitions by DSC. TMDSC
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experiments of PE560, PE2150 and PE15520 are in progress and will in the future be

analyzed as was done for the paraffins in this thesis.

All onset temperatures do not change significantly with scanning rates, as exhibited

in Figure 3.2. But the onset temperatures of crystallization for three paraffins were

drastically decreased, while the onset of melting was not changed, when the measurements

were extended to ±30 K min"' using Mettler-Toledo DSC 820 with the FRS5 sensor, as I

reported in reference [37]. At the beginning of this research I spent about six months to

study the kinetics of this crystallization using increasing supercooling with cooling rates.

These phenomena are only observed with an isothermal segment between heating and

cooling, I e., one cannot see the increasing supercooling with sawtooth-like heating and

cooling without the isothermal segment. Also, when the duration of the isotherm was

extended up to 600 min, the degree of supercooling increased up to 300 min holding time.

But these observations were not repeatable with different calorimeters. No matter what

pretreatment was introduced, the onset temperatures of crystallization and mftlting did not

change with scanning rate when using the TA instrument MDSC 2920 or the Perkin Elmer

DSC 7. After comparison ofthe results from all three calorimeters, it was concluded that we

observed apoorly reproducible instrument effect present only in the Mettler-Toledo DSC and

discarded the data from faster cooling than -12 K min"'. As a result, it is concluded that the

paraffins have no supercooling needed on crystallization using the standard DSC, as depicted

in Figure 3.2.
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4.2 Melting of paraffins observed by sawtooth modulation TMDSC

(Integral analysis)

Using an integral analysis, as described in reference [27], one can get clear

information about the degree ofcompletion of the transition during each cycle. Such analysis

for C50 is shown in Figure 4.1. The stable crystal and melt can be clearly distinguished in

a time domain as depicted in Figure 4.1. The solid curve was obtained by integrating the

heat-flow curve of Figure 3.11m section 3.2.1.1. The dotted curves are extrapolations from

the integral data before and after the transition region. The dotted curve at the bottom

represents the enthalpy of the crystalline paraffin and at the top, the enthalpy of the liquid

paraffin. Each difference of height between two dotted curves corresponds to the literature

value of for C50 [51], and the height of the deviation firom the dotted curve, the heat of

transition exchanged during each peak in Figure 3.11. Such values are also summarized for

extrapolated melt enthalpy
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Figure 4.1. Enthalpy as given by the integral analysis in the time
domain for the sawtooth TMDSC run of Fig. 3.11.
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C44 in Table 3.2.

Just measuring the height ofthe enthalpy gives an answer ofhow much of the crystals

melts and how much melt crystallizes in each segment ofthe sawtooth. In Figure 4.2, Figure

4.1 is transposed to a plot versus sample temperature. It permits an interpretation of the

behavior of the sample during each of the transition peaks. The heat-flow rate HF{t) is

proportional to the temperature difference between the temperatures of the reference and

sample sensors, AT=T^- T^.

In the first, incomplete melting, represented by peak 1 in Figure 3.11, the heating

cycle switches to cooling at the point "a" of Figure 4.2. Since the modulation is controlled

at the furnace, one notes that at this point hardly any change occurred in the rate of melting

(see Figure 4.1). In the interior of the sample, melting continues up to point "b". At this

point, which is close to the onset of melting, the excess melting stops and one reaches a

dynamic melting/crystallization equilibrium (compare Figures 4.1 and 4.2). This is followed

>.
a.

100 J/gsz

T3UJ
lU

361 362 363 364 365 366 367 368 369

Sample Temperature (K)

Figure 4.2. Enthalpy as given by the integral analysis of Fig.
3.11. as a function of sample temperature.
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by excess crystallization, visible as peak 2 in Figure 3.11. One can deduce from Figure 4.1

that the total amount of melting during peak 1 is about 30%, all of which crystallizes again

during the cooling cycle (see Table 3.2). Figure 3.11 indicates, furthermore that at point "b"

the sample temperature equals the program temperature. One estimates, thus from the

temperature difference between the two points "a" and "b" in Figure 4.2 a temperature

gradient of about 0.5 K between the melt interface ofthe crystals in the interior of the sample

pan and at the bottom of the pan. Similarly, the partial crystallization and melting peaks 6

and 7 set up a temperature gradient of about 0.7 K in the sample pan at point "d" where about

15% of the sample has crystallized. The difference between temperature "b" and "d" is 0.4

K, or 0.2 K after the extrapolation with help of Figure 3.2 to rate zero of temperature change.

As will be shown in the discussion of peak 4, this slightly higher temperature of "d" than of

"b" may well be caused by the self-heating during the exothermic crystallization.

Melting peak 3 continues also into the cooling cycle, as shown by points "e" and "f.

Point "f is, however, above the melting temperature. The next crystallization does not

commence until peak 4 is reached. The time between peak 3 and 4 is sufficient to establish

steady-state cooling of the melt (see Figure 3.11). Table 3.2 indicates that despite the

temperature reversal before completion of melting, melting was practically complete.

Complete crystallization on cooling, followed melting on heating, with near

attainment of an intermediate steady state are given by peaks 4 and 5, respectively. The two

peaks show the typical asymmetry of crystallization and melting. The total temperature lag

from the onset of melting to regaining of steady state in Figure 4.2 is almost 3 K under the

given experimental conditions. On crystallization, latent heat is produced and actually raises
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the sensor temperature of the sample, as documented by the positive deviation of the cooling

segment 4 in Figure 4.2. With a sufficient amount of crystallization and high thermal

conductivity, the temperature of the sample sensor would have reached the melting

temperature, as was observed for the TMDSC of indium [27]. The total temperature lag

from the onset of crystallization to regaining of steady state is only 1.5 K under the given

experimental conditions.

This observation of the temperature profiles during melting and crystallization leads

to the following picture: On heating, the temperature of the remaining unmelted crystals is

constant at the equilibrium melting temperature. This lack of superheating of crystals is

common, since the melting rates of most materials are faster than the delivery of the needed

heat of fusion through heat conduction [2,3,50]. The constant temperature ofthe remaining

crystals generates a colder core within the sample pan with a crystal/melt interface of the

equilibrium melting temperature. Direct temperature measurement during heating of the

sample pan with a cover has shown that the pan and the cover have practically the same

temperature [61], so that the unmelted portion of the sample is expected to be located in the

middle of the pan if there is a cover and close to the upper surface when the pan has no

cover. Outside of the crystal/melt interface the melt gets hotter as one approaches the walls

of the pan. On cooling, crystallization is first expected in the vicinity of the walls of the pan

if no or only little supercooling is needed, as in the present case of C50. If supercooling

occurs, one can produce a case where the unmelted core of crystals increases and decreases

in response to cooling and heating, without additional crystal growth away from the core of

crystals. This situation was probably reached in the case of TMDSC of indium [27], In the
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case ofindium the exotherm on crystallization ofthe melt with supercooling was, in addition,

sufficient to heat the growing crystals and their surrounding melt to the equilibrium melting

temperature [27]. One may find, thus, on TMDSC two different volumes in the sample pan.

One is represented by the crystals at the melting temperature, the other, by the surrounding

melt which increases or decreases in temperature at a rate balanced by the heat-flow rate. On

heating with partial melting followed by cooling with crystallization without supercooling,

as for C50, crystals at the melting temperature may be found not only in the center of the pan,

but also at the bottom, separated by a volume of some melt at higher temperature. Each of

the different scenarios needs a separate model for quantitative interpretation which has not

been attempted as yet. Also, the picture will be complicated if the crystal density is

sufficiently large to make the remaining crystals sink to the bottom and disturb the

temperature gradient.

4.3 Melting of paraffins observed by quasi-isothermal TMDSC

T0 study the melting behavior more precisely, it is inevitable to measure heat capacity

as described in Section 3.1.4 and 3.2 4. Especially, quasi-isothermal TMDSC with very

small amplitudes can give more precise data on the reversibility in the presence of large heats

oftransition. For example, more information about the melting process of C50 can be gained

firom the modulated heat-flow rate HF(f) shown in Figure 3.15 in Section 3.2.3.

The sum of all endotherms and exotherms generated during all quasi-isothermal runs

of a set that covers the fiill melting range including the endotherms generated for each

heating step between successive quasi-isothermal runs yields 221J g"'. This value is within
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the error limit equal to the total heat of fusion (224.78 J g"'). The sum ofthe endotherms and

exotherms for the quasi-isothermal experiment at 364.62 ±0.05 K alone (point D) is 137.4

J g"'. This proves that the paraffin melts almost completely within 1.0 K, but 62% of the

total melting occurs over the much narrower temperature range of 0.1 K from 364.57 to

364.67 K.

For more detail only one modulation run D is enlarged in Figure 4.3. When reaching

modulation D, the reversible melting and crystallization and quick attainment of steady state

is lost, as shown in top curve. More melting occurs in the first few cycles than

crystallization. Finally, after 14 cycles, the sample settles into the reversing heat-flow rate

characteristic for the liquid. Also, the modulation of the sample temperature of the imtial

part of modulation run D does not follow the modulation program, i.e., did not reach its

programmed maxima and overshot the programmed minima for the first nine modulation

cycles as depicted in the bottom curve. The large amount of heat of transition could not be
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Figure 4.3. Modulated heat flow rate and sample temperature of
modulation set D.
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compensated properly by the modulation program which is govemed for the TMDSC of TA

Instruments by the sample-temperature sensor. This observation implies that the melting of

the remaining 62% of the crystals should have been completed before the maximum

temperature of the modulation run D had been reached for the first time. One can conclude

from this slow, asymmetric approach to the steady state for the liquid that the true end of

melting must be close to the minimum of the temperature modulation, 364.57 K. If were

above the midpoint of modulation, 364.62 K, one would again expect a symmetric steady

state with a larger reversing heat capacity than found for the liquid.

Figure 4.3 is plotted in Figure 4.4 as a Lissajous figure. Again, it is seen more

obviously that 14 cycles in modulation run D gradually approach the ellipse typical of the

liquid paraffin and the remaining 26 cycles are identical. Combining all information of

Figures 4.3 (//Fplot) and 4 4 (Lissajous figures), we conclude that the end of melting must

be 364.57 ±0.01 K. Crystallization cannot occur above the melting temperature. From the
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bottom curve in Figure 4.3, one can see that only the &st nine cycles of run D reached below

the minimum programmed temperature, i.e., they reached lower than the maYimnm of the

modulation of run C which is still symmetric in crystallization and melting. Only these nine

cycles show crystallization effects. From this observation we conclude that the end of

melting occurs vvithin experimental error between the extremes of modulations for runs C

and D, namely 364.57 K. The error to be assigned to this temperature must take account of

the facts that no supercooling of the melt was observed, and that the steady state of run C is

symmetric. Neither of these observations allows a variation of the melt end by more than

0.01 K.

4.4 Mesophase of C26

During the investigation of C26 melting, a disordering transition below ultimate

melting was detected and it revealed the well-known disordering/ordering transition.

Therefore, the final melting is now called the isotropization, and is changed to the symbol

r.. The disordering transition of C26 is totally different from melting. A crystal structure

remains, but it shows considerable large-amplitude motion, i.e., it is a mesophase crystal, a

condis crystal. The isotropization is more similar to the melting of C50 and C44, but has a

corresponding lower heat of transition. This two-step melting is seen very clearly in the

integral analysis as discussed below.

Figure 4.5 is an integral analysis figure for C26. It is very useful specially for C26

because it is possible to visualize the quantitative analysis of the difference between the two

transitions (disordering and isotropization). It is certain that the stable crystal, the mesophase
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(condis crystal in this case) and melt can be distinguished in the time domain, as depicted in

Figure 4.5. The dotted curve at the bottom stands for the enthalpy of the crystalline paraffin

and at the top, the enthalpy of the liquid paraffin. Besides, the dotted curve between them

represents the enthalpy of the mesophase. Each difference of heights between two dotted

curves corresponds to the databank values, and for C26 [53]. Each height of the

deviation fi-om the dotted curve, is the heat of transition exchanged during each peak in

Figure 3.13. These values are also summarized in Table 3.2 with the heats of transition, LH,

taken over an appropriate baseline in Figure 3.13.

Peak 1' is incomplete disordering due to the instant switch to a cooling segment An

ordering peak 2' comes after it without supercooling because the incomplete transition,

nucleation is not needed. "When C26 has enough time to complete the transition in the

following heating segment ( peak 3'), it cannot order again in the cooling segment because

of lack of nucleation. In next three segments, no transition takes place. This means C26
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remains disordered in this temperature range, i e., it is not a crystal but a condis crystal. The

formed condis crystal goes entirely to the isotropization in the following endothermic peak

1, and orders to condis crystal again in exothermic peak 2, and so on. Interpretation for

isotropization and ordering to condis crystal is similar to that for melting and crystallization

of C50 and C44. There is no need for crystal or molecular nucleation.

In quasi-isothermal TMDSC, run with a very small amplitude (0.05 K), the

irreversibility ofthe disordering transition shows up clearly. To determine the breadth ofthe

irreversibility, larger temperature amplitudes were applied to the TMDSC run, and with

2.5 K of amplitude the disordering transition turns into a reversing transition, i e,

disordering/ordering transitions repeat in one cycle of modulation covering 5 K of

temperature range.

In Figure 4.6 it is demonstrated that condis crystal of C26 needs at least 4.0 K of

supercooling to be ordered to a crystal, while ordering to the mesophase from the melt needs

no supercooling. The two curves are quasi-isothermal TMDSC runs of C26 with sawtooth

modulation. The top curve displays no disordering peak at about 325 K because the sample

was cooled only to 322 K after heated up to 340 K prior to this TMDSC run. During cooling

the melt ordered to condis crystal but the condis crystal could not be ordered to crystal at 322

K. Therefore, on the immediately following heating only the isotropization from the condis

crystal to the melt occurs. In contrast, the sample for the bottom curve was first cooled to

290 K after heated to 340 K and then kept at that temperature for one day. With this

pretreatment C26 is ordered to a condis crystal, followed by crystallization as the temperature
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goes to 290 K. As a result, the disordering transition peak appears on the next heating run

as well as the isotropization process.

On this disordering transition C26, changes from the monoclinic crystal to the

hexagonal mesophase because of the internal rotation along the back bone chains, i e., C26

gets conformational disorder. The hexagonal phase was originally thought to be a "rotor

phase" and still now this mistake is continued. The proof of lies in the thermal analysis of

the transition entropy. A rotor phase would require a much lower entropy of transition (one

rotor for the whole chain), while a "condis crystal" (conformationally disordered crystal)

gains intemal rotational freedom about every bond of the backbone, except the last on either

end [62,63].

The previous study in our laboratory [55] showed that a small amount of the large-

amplitude motion in the hexagonal phase is already possible below the transition temperature
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and even the paraffins showing no hexagonal phase, such as C44 and C50 have a measurable

gauche concentration below the melting point.
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CHAPTERS

CONCLUSION

The earlier analyses of well-crystallized poly(oxyethylene)s (POE) of 1500 and 5000

Da molar mass showed that melting of polymers is practically completely irreversible [7-10]

The quasi-isothermal analysis of the melting of POE was taken as proof that molecular

nucleation is needed in addition to crystal nucleation. To study the molecular nucleation

further, I analyzed long chain paraffins using standard differential scanning calorimetiy.

Surprisedly, no supercooling was detected on crystallization of the paraffins despite

the complete melting (investigated up to 600 min isothermal melting at 30 K above each

melting temperature) indicating that molecular and even crystal nucleation which is essential

to initialize crystallization are not needed. Small molecule such as water and metallic indinm

show more than one kelvin of supercooling and a metal, indium shows about 1.5 K of

supercooling when melting is complete; i.e, no crystal nuclei are left.

The degree ofsupercooling was investigated with 0.1 of degree precision using quasi-

isothermal temperature-modulated differential scanning calorimetry with very narrow

temperature modulation amplitude of0.05 K. The melting and crystallization of the paraffins

was reversible at least to within 0.1 K. It is also shown that quasi-isothermal TMDSC with

very small amplitudes can give precise data on the reversibility even in the presence of large

heats of transition.

The «-pentacontane, for instance, is a flexible chain -with 47 bonds to produce as

many as 2.7x 10^^ conformational isomers. And the experimental Cp by standard DSC begins
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to deviate from the vibrational one about 120 K below the melting temperature and gradually

increases as one approaches melting (see Figure 3.8 in section 3.1.4). Such deviations of the

heat capacity from the vibrational contributions are always observed in paraffinic materials

and also within the crystal polyethylene [54] due to the formation of an increasing number

of local gauche conformations [55,56].

On standard DSC measurement ofpolyethylene oligomer (PE560), it is revealed that

there is no significant difference between monodisperse paraffin chains and polydisperse

polyethylene chains. Therefore, the results of the polyethylene samples are linked to that of

parafFms (C50, C44 and C26). PE560 (=C40) shows also no supercooling, and PE2150

(=C153) and PE15520 (=C1106) have 10 K of supercooling which is typical for polymer due

to the need of molecular nucleation as described in Chapter 1 in this thesis. From this

observation, I conclude that molecular nucleation (as a result, indicated by the degree of

supercooling) starts in a longer chain molecule than C50 but shorter than C153. The future

research will be carried out on long chain molecules within this range of length.

The disordering/ordering transition ofC26 condis crystal was also studied during this

research. The condis crystal is the well-known hexagonal phase formed through a

disordering transition of monoclinic crystal at temperatures described in Chapter 1. In

contrast to the melting/crystallization of C50 and C44, the ordering ofthe C26 condis crystal

to the C26 monoclinic crystal supercools by about 4 K when measured using quasi-

isothermal sawtooth TMDSC.
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