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Abstract

In this thesis, I will demonstrate a simple evaporative purification method to
separate a polydisperse polystyrene with small molecular weight into highly
monodisperse components (N-mers) ranging from 3-mers to 13-mers. This
method has been applied to polystyrene samples of M,, = 600 g/mol and M,,, =
890 g/mol with narrow molecular weight distribution, as well as a polystyrene
sample of M,, = 1200 g/mol with broader molecular weight distribution. In

each case, the samples were successfully separated into milligram (mg) quantit-

ies of N-mers with N ranging from 3 to 13. The vapor pressure of each N-mer is
calculated by using a simple lattice model and calculations suggest the isolated
components have M,, /M,, values less than 1.001 and, through a second iteration
of the process, M,,/M,, could become as low as 1.000003. The glass transition

temperature (T, ) of each separated component is characterized by the differential
scanning calorimeter and the T, values of these components are independent of
the sample they originate from. Based on the T,; values of these pure components,
the Fox equation for the T; of mixtures is developed into a simple relation which

is able to accurately quantify the Ty values from oligomer to polymer.
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1. Introduction

1.1 Introduction

In this chapter, the relevant physics we need to consider for the work will be
discussed. [ will give an introduction to polydispersity index of polymers as well
as existed technologies for purification of polymers. I will also introduce the
Lattice-Fluid theory of pure polymer melts and how it can be used to calculate
vapor pressures of pure polymers. Finally, I will discuss the glass transition of

polymer and its relation with molecular weight of polymer.

1.2 Introduction to polydispersity index of polymers

Polymers, also known as macromolecules, are built up of a large number of
molecular units that are linked together by covalent bonds [1]. Polymers are
generally synthesized from monomers by a chemical process known as
polymerization. Take polystyrene (PS), for example; styrene is the monomer,
which combines together as repeat units to form PS, as shown in Fig.1.2.1. The
number of repeat units determines the degree of polymerization denoted by N. A
polymer sample is monodisperse if it is composed of all identical polymers with
the same degree of polymerization N. Some naturally produced biopolymers,
such as proteins, are found to be almost completely monodisperse. However, for
the majority of polymer systems, it is impossible to produce real monodisperse
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Figure 1.2.1: The formation of polystyrene. In the process of polymerization, the carbon-carbon
1 bond of the vinyl group in the styrene monomer is broken and a new carbon-carbon ¢ bond is
formed, attaching to the carbon of another styrene monomer. Styrene monomers interconnect in
this way to comprise more chemically stable polystyrene, since newly formed o bonds are much

stronger than  bonds that were broken. Figure from https://en.wikipedia.org/wiki/Polystyrene.

samples by common synthetic methods. The reason is that the incorporation of
monomer units into polymer molecules as a polymerization reaction follows
certain statistical principles, which leads to the product of such a reaction never
being homogeneous at the molecular level [2]. For example, reactive centers in
chain polymerizations are created at the beginning and become shifted to the new
end of the chain after the reaction with monomers, and this process of reaction
results in a mixture of macromolecules with a Poisson distribution of N [1].
Many different physical properties of polymers, such as the glass transition
temperature (T,) [3], solubility [4], and viscoelasticity [5], are strongly dependent
on polymerization index N. Therefore, to study the molecular properties of
polymer, one has to consider the related molecular weight distribution. The

polydispersity index (PDI) is widely used to characterize the molecular weight
2



distribution of a polymer sample. The number-average molecular weight M,, is
obtained by dividing the total molecular weight of all polymer chains in the

sample into the total number of all polymer chains:

V- - 2. N M;
YN

(1.2.1)

where M; is the molecular weight of i-th polymer chain in the sample and N; is
the number of chains of that molecular weight. The weight-average molecular
weight M,, is defined as:

Y NM?

T (1.2.2)

The polydispersity index is the ratio of the weight-average molecular weight and

the number-average molecular weight:

= (1.2.3)

n

PDI =

=]

Since M,, is larger than M,, for polymer mixture, PDI > 1 always exists in a real
polymer sample and PDI = 1 is just for the theoretically monodisperse polymer.
Higher PDI indicates wider molecular weight distribution. The best synthetic
polymers with PDI ranging from 1.02 to 1.10 are considered to be very
monodisperse. However, an illustrated example given by matrix-assisted laser

desorption/ionization-time of flight (MALDI-TOF) spectrum mass analysis of
3



polystyrenes can show how misleading this criterion can be. As shown in Fig.

1.2.2, a PS sample with M,, = 2400 g/mol and PDI = 1.04, which is usually

described as a monodisperse sample, still contains 19 different N-mers.

Mn = 2400 e
% 3 2 PDI=1.04
& 7 M/Z cal.=104.2581(peak difference) * 17 (repeatingunits) +
80 ) ‘ 589.15 (mol.weight ofinitiator) +38.96 (potassiumion)
‘ = =2400.4985
70 -
M/Z obs.= 2400.6802
60
E Y : 3
w0 - :
» 2 | | ‘
g [ 8 2
1
"’ SCLTARERERnL]
" | \
LRI ‘\ g
10 ho l\ IL ’H ‘i \1 ‘J ’ “! ‘ “' ‘ 2‘1_ |‘ J \‘ ’1‘ *‘r 1 \‘ ‘L I\ H | |
SI.\J \\‘j \,;‘ L/"‘ ‘\)‘ ‘u“ ‘\f‘ [‘«"’ \\/ ll\.“ v ‘\."“ \/h L/’\‘ \ A~ “-'\" “\—»J‘ ‘\_J | G -
T 20334 2188 812 12096 19350

Mass (m 2)

Figure 1.2.2: Matrix-assisted laser desorption/ionization-time of flight (MALDI-TOF) spectrum
of a,a’-bis-allyloxy functionalized polystyrene (the sample used was from the first fraction of the
kinetic run). The peak difference is characterized as 104.2581 g/mol, which equals to the

molecular weight of styrene monomer. The polystyrene sample with M,, = 2400 g/mol and

w

= 1. 04 still contains 19 different N-mer components with a Gaussian distribution of molar

I

number intensity, as illustrated from 19 peaks of intensity. Figure from Ref. [6].

The inherent distributions of molecular weight result in disperse structure-
property relations, which limits the establishment of basic correlations between

the chemical nature of polymer carriers and the resulting biological response [7].



Furthermore, the conjugated chain length is one of the major factors governing
the electronic and optoelectronic properties of conjugated polymers and more
monodisperse conjugated polymers could be used to significantly enhance the
efficiencies of polymer light-emitting diodes and polymer solar cells [8]. The
necessity of highly monodisperse polymers with no distribution in degree of
polymerization is also widely recognized by polymer physicists [9-13] who aim
to obtain precise measurements of physical properties of polymers or oligomers
at a molecular weight of interest. Unfortunately, the completely monodisperse
synthetic polymers have not been commercially available so far. The present best
monodisperse synthetic polymers with PDI = 1.02 are usually prepared by the
living anionic polymerization [14,15], which requires complicated synthetic

routes carried out by experienced chemists.

1.3 Technologies for purification of polymers

As mentioned in Section 1.2, none of the present established polymerization
methodologies can produce monodisperse polymers with defined monomer
sequences. Thus, numerous physically based technologies for purification of
polymers have been developed to achieve the production of completely
monodisperse polymers. Fractional distillation and chromatographic fractionat-

ion are two of these technologies and will be mainly introduced in this section.
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1.3.1 Fractional distillation

Fractional distillation separates the compounds into its component parts by using
the significant difference in boiling points of these components under
atmospheric pressure. Thousands of years ago, people used this technology to
distill fresh water from seawater [16]. Nowadays, this technology is well

developed and is widely used in industry, especially for the refinery of petroleum.

cOO
CO(
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Figure 1.3.1: Fractional distillation of crude oil. The fractionating column is hot at the bottom
and cooler at the top. The difference in the temperature up and down the column separates
different oil fractions. Larger molecules with high boiling point turn back into liquid at lower
level, and smaller molecules with low boiling point rise up and condense at higher level. Figure

from: Science-resources.co.uk.



As illustrated by Fig.1.3.1, the bottom of the fractionating column where the gas
of crude oil enters is hottest and the temperature of each tower layer becomes
cooler with the increased height. The larger hydrocarbons with higher boiling
points condense at lower levels, while the smaller hydrocarbons with lower boili-
ng points remain as gas and will continue to rise up and condense at higher levels.
As a result, different types of oil products are sorted at each layer of the column.
However, it is notable that each product is still a mixture, for example fuel oil
contains hydrocarbons with degree of polymerization ranging from 30 to 40.
Fractional distillation is also quite applicable for the purification of volatile
chemicals, such as ethanol, toluene and acetone, whose vapor pressures are close
to atmospheric pressure. For chemicals with much lower vapor pressure, vacuum
technology is usually introduced in the distillation. For polymers, vacuum
distillation has been mainly utilized for the fractionation of monomers, dimers
and trimers. For instance, Tatsuko and Mitsuru proposed the fractionation of
dimers and trimers of oligostyrene by vacuum distillation [9]. They prepared two
types of styrene oligomers (sample I and II) with different end groups. The
fractions of sample II obtained by vacuum distillation were characterized by gel
permeation chromatograms (GPC) and the resulting signals of chromatograms

are shown as Il-a and II-b in the left hand part of Fig.1.3.2. Based on the peaks
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of signals, the dimer-rich fraction II-a still contains an appreciable amount of
trimers, while trimer-rich fraction II-b contains a non-negligible amount of
dimers. It is obvious that fractional distillation alone is not enough to separate
pure components. Thus, Tatsuko and Mitsuru further separated the distilled

fractions by GPC to obtain purer samples.

1.3.2 Chromatographic fractionation

While fractional distillation is usually applied for the fractionation of dimers and
trimers, chromatographic fractionation is a preferred choice to separate N-mers
with higher degree of polymerization. Chromatographic fractionation is based on
the fact that a dynamic equilibrium is established between the concentration of a
solute in the mobile phase and the stationary phase [17]. The mobile phase is a
fluid which can be either a liquid or a gas, while the stationary phase usually
appears to be a solid consisting of fine particles or porous beads packed in a
column [17]. The flow rate of each solute molecule in the chromatography
depends on attractions of the two phases, and molecules having higher attractions
will move more quickly. Chromatographic fractionation separates components
by utilizing their different flow rates. This section will introduce the purification

work of N-mers carried out by 3 types of chromatography: gel permeation



chromatograms (GPC), liquid chromatography (LC) and supercritical fluid chro-

matography (SFC).

A)Isudjuy Jaquin N

II-b

Elusion Volume

Figure 1.3.2: Gel permeation chromatograms (GPC) of oligostyrene: I, II, original samples; II-a,
II-b distilled fractions of sample II; I-a, I-b, I-c, I-d, resolved fractions of sample I by GPC; I-e,
I-f, mixtures of sample I. The repeating number of the main chain segments is indicated by a
numeral. Number intensity of the sample was calculated by a Curve Resolver (du Pont Model
310) from the area of the resolved peaks. Separation in GPC occurs via porous beads (stationary
phase) packed in column. Smaller molecules can enter pores more easily and spend more time in
the column. Therefore, smaller molecules will elute last with larger elusion volume as indicated

in figure. Figure from Ref. [9].



As mentioned in Section 1.3.1, GPC is used to separate the oligostyrene into pure
N-mer styrenes. As shown in the right hand part of Fig.1.3.2, the peaks are
distinguished up to 8-mer and higher molecular weight N-mers than 8-mer are
difficult to be precisely detected by GPC, since the resolution factor of the

column decreases with the increasing molecular weight [9].
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Figure 1.3.3: Liquid chromatogram of polystyrene. Number intensity of each eluted sample is
denoted by UV detector response. The detector is an LDC III differential UV detector operated
at 254 nm wavelength. In LC, smaller molecules will flow out the column earlier due to weaker
sorption with the stationary phase. Digital number on each resolved peak denotes the molecular

weight of each eluted sample. Figure from Ref. [18].
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Oligomers containing up to 18 monomer units were separated and identified from
the polystyrene samples of reported M,, = 750 g/mol via liquid chromatograp-
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Figure 1.3.4: Mass spectra of polystyrene. (a) In EI (70 eV) spectrum, a strong base peak at 91
g/mol indicated ion (C;H, ™) was observed. No ions above 682 g/mol were observed. (b) In FD
(16 mA) spectrum, ions with molecular weight from 474 g/mol to 1930 g/mol were observed,

and neighboring ions were separated by 104 g/mol unit. Figure from Ref. [18].
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hy-field desorption mass spectroscropy which was well developed by Robert et
al. [18]. This liquid chromatograph (LC) was equipped with a Water uBondap-
ak C;g column, with the size of 30 cmX3.9 mm. As shown in Fig.1.3.3, a single
0.73 mg polystyrene sample was separated into N-mer oligomeric styrenes. The
molecular weight of obtained N-mers were then directly analyzed by coupled
electron impact (EI) and field desorption (FD) mass spectra, as shown in Fig.
1.3.4. The EI spectrum only detected the N-mers with molecular weight up to
682 g/mol. While higher molecular weight N-mers were observed by the FD
spectra, monomers, dimers and trimers were not observed due to evaporation at
the heating current of 16 mA. All the N-mers with a wide range of molecular
weight from 105 g/mol to 1930 g/mol can be detected by the two
complementary spectrums. The oligomers were separated by the units of 104
g/mol associated with the styrene monomer unit. Based on the molecular
weights determined by the FD spectrum and the peak heights of the LC
chromatogram, the number average molecular weight was calculated to be 853
g/mol, which indicated that the coupled LC-FD spectrum can not only separate
pure N-mers, but also improves the resolution of the characterization.

It is more difficult for chromatography to separate N-mers of polyethylene glycol

(PEQG), since the molecular weight of its repeating unit is only 44 g/mol, which
12



is much smaller than that of polystyrene (104 g/mol). Recently, Kayori et al.
[19] reported a molecularly uniform PEG that was separated from the PEG
sample with average molecular weight 1000 g/mol by supercritical fluid
chromatography (SFC). An SFCpak SIL-5 silica gel column with a pore size of
6 nm and a particle size of 5 um was employed in the SFC, which had a more
refined structure in comparison with the above column designed for the

polystyrene. A PEG sample with an injection volume of 5 uL was fractionated
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Figure 1.3.5: A typical SFC-ELSD chromatogram for fractionation of PEG with M, =1000
g/mol at an injected concentration of 100 mg/mL. The injection volume was 5 uL. The darker
background shows the fractionation time area and lighter background shows the discard time

area. Figure from Ref. [19].

by the SFC and the obtained fractions were detected by evaporative light-

scattering detector (ELSD). As shown in Fig.1.3.5, all the components of the PEG
13



sample were completely isolated. The 23-mer rich product was then analyzed by
matrix-assised laser desorption/ionization time-of-flight mass spectrometer
(MALDI- TOF-MS) and the result of analysis demonstrated that this product
contained 23-mer with the mass fraction of more than 98.5%.

In conclusion, GPC, LC and SFC with special designs are reported to have an
excellent ability to separate highly monodisperse oligomers. However, the largest
quantity of fractions purified by the chromatographic fractionation is still limited
at the milligram level. In contrast, fractional distillation is able to purify vast
amount of water, low molecular weight hydrocarbons and volatile chemicals
whose vapor pressures are approaching atmospheric pressure. For polymers
whose vapor pressures are not that large, vacuum techniques are usually
employed in fractional distillation. Vacuum distillation is currently only applied
for dimers and trimers. In fact, some polymers with an extended range of N, such
as aliphatic chain molecules [20], still have non-negligible vapor pressure.

Vacuum distillation remains to be explored for larger molecular weight polymers.

1.4 Lattice-Fluid theory of pure polymer melts

Vacuum distillation separates the single component from the mixture via the
significant difference in the vapor pressures of these components. In order to

demonstrate the feasibility of the vacuum distillation for polymers with an
14



extended range of N, the vapor pressure of each N-mer should be investigated.
The vapor pressures of some polymer solutions, such as polystyrene solutions in
toluene and methyl ethyl ketone [21] and poly(vinyl Alcohol) solutions in water
[22], have been measured. However, there are few measurements of any pure
polymers (not in solution), and certainly none of pure N -mer systems of
polystyrene. Fortunately, the Lattice-Fluid theory of pure polymer melts
described by Sanchez et al. [23] is found to be a useful theory for the prediction

of vapor pressure of each N-mer.
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Figure 1.4.1: A lattice mixture of Ny holes (denoted as yellow spheres) and N, pure polymer
molecules (denoted as chains with connected brown spheres). Each pure polymer molecule
occupies r lattice sites (=8 in this figure). The total number of lattice sites is N, = Ng + rN;.

Figure from Ref. [24].

The Lattice-Fluid theory of pure polymer melts is quite similar to the Flory-Hug-
gins solution theory [25]. This lattice model contains a mixture of pure polymers

and vacant lattice sites (holes) rather than the solvent molecules in the lattice
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system of Flory-Huggins solution theory [25], as shown in Fig.1.4.1. Each hole
is taken to occupy a single lattice site. It is notable that each monomer has a
chosen shape and size and therefore each monomer can occupy more than one
lattice sites [26]. A polymer chain with polymerization index N can then be
considered to occupy r lattice sites. N and r are not the same and are related by:
r=cgN (cg=1), (1.4.1)

where ¢, is the number of lattice sites occupied by each monomer and the
determination of ¢, will be later introduced in this section. The most difficult
problem for obtaining the Gibbs free energy of this system is to determine the
number of possible configurations. At this point, Sanchez employed the Guggen-
heim solution [27-29] for a binary mixture of pure polymer molecules and holes
to obtain an approximate configuration number.
To discuss the derivation of the Guggenheim solution, several notations [23] need
to be introduced:
(1) The total number of lattice sites of this binary system which contains N;
N-mers (each N-mer occupies r lattice sites) and N, holes is:

N, = Ny, + rNj. (1.4.2)
(2) If the coordination number of the lattice considered is z, each lattice site of

the middle chain will be surrounded by (z — 2) nearest non-bonded neighbors
16



and 2 bonded neighbors, while the chain ends will have one bonded neighbor and
(z — 1) non-bonded neighbors. As a result, each N-mer will have qz non-bonded
neighbors where
qgz=0r-2)z-2)+2(z-1)=r(z—-2)+ 2. (1.4.3)
(3) The total number of nearest neighbor pairs in the system is (z/2)N,., among
which (z/2)N, is the number of the non-bonded pairs where
N, = Ny + gN;. (1.4.4)
The relation of the numbers N,., Ny, N, and N, satisfies:
(z/2)N; = (z/2 — 1)N, + N; + N,. (1.4.5)
(4) One of parameters characterizing a N-mer is the symmetry number o. For a
linear N-mer with indistinguishable chain ends, o is equal to 2. For a linear N-
mer with distinguishable chain ends, o is equal to 1.
(5) The flexibility parameter § is another important parameter to characterize a
N-mer by measuring the internal degrees of freedom of the N-mer. It is the
number of ways of arranging the N-mer on the lattice after one lattice site has
been occupied by the polymer chain. Forr =1,§ = 1;forr =2,6 = z. Fora
flexible polymer chain with r = 3, § = z(z — 1). For a long and flexible N-mer

occupying r lattice sites, the maximum value of § is:

17



Smax = z(z — 1)772. (1.4.6)
Based on Guggenheim solution, the number of configurations available to this
system is [27-29]:

S\"' NN NP
Qz(E) NO!N1!<N_,J) ’ (147)

which has the following limiting form for large z by using Sterling’s approxim-

ation (n! = (n/e)™) and Eq. (1.4.5):

mo=(2" )" 14

where w = &r/oe” 1, the empty sites fraction f, = N,/N, and the fraction of

occupied sites f = rN;/N,..

The following calculations will be based on Eq. (1.4.8). In addition, two

assumptions are made by Sanchez et al. [23]:

(1) The flexibility parameter ¢ is independent of temperature and pressure.

(2) The close packed volume rv* of a molecule is independent of temperature
and pressure. The close packed volume of a mer is v*, which is also the
volume of a lattice site. The close packed volume of the N; N-mers (with each
N-mer occupying r lattice sites) without holes is:

V' = N;(rv"). (1.4.9)
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If the close packed mass density is set as p*, then the close packed molecular
volume can be expressed as:

rv*=M/p* = MyN/p*, (1.4.10)
where Mis the molecular weight of N-mer; M, is the molecular weight of the
monomer. Combining Eq. (1.4.1) and Eq. (1.4.10), the number of lattice sites
occupied by the monomer ¢, is obtained as:

co = My/p*v*. (1.4.11)
The volume of an empty lattice site is also considered as v*; then the volume of
the system is therefore:

V=(Ny+rN)v* =N =V*/f. (1.4.12)

To construct the Gibbs free energy, we still need to know the lattice energy E of
this system. Sanchez and Lacombe consider that only the nearest-neighbor inter-

actions contribute to the lattice energy, which can be mathematically expressed

as [23]:

E = —(z/2)N, Z PG, )) € (1.4.13)

osism
o<j<n

where €;; is the pair interaction energy between components i and j; P(i, j) is the

probability of forming the pair. The zero pair interaction energy is associated with
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hole-hole, hole-mer and bonded (meri — mer]-)i:]_ pairs. Only the energy of non-

bonded (meri — merj-)iij interaction € is not zero and the probability of a non-

bonded interaction is [21]:

P(mer; — merj)iij = (qNp)?/N,N,, (1.4.14)
whose large z limit is

lim P(mer; — mer]-)iij = (rN,/N,)? = f2. (1.4.15)

Z—> 00

By combining Eq. (1.4.13) and Eq. (1.4.15), the lattice energy is obtained as:
E = —N,(ze/2)f?, (1.4.16)
which can also be written as:

E/rN; = —€*f, (1.4.17)
where € = ze/2 is the total interaction energy per mer. Since E and () are
functions of the single parameter N, the partition function evaluated by the mean
field approximation can be expressed as a single sum over Nj:

Z(T,P) = YN,=0 Qexp[—B(E + PV)]. (1.4.18)
Finally, the Gibbs free energy is obtained as:
G =—-kTInZ(T,P) =E + PV —kTInQ, (1.4.19)

which can be expressed in the dimensionless form:
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G/Nre* =G =—p+P5+T|@—1DIn(L - p) +1In(5/w)|.  (1.420)

where T, P, ¥ and p are the reduced temperature, pressure, volume and density:

T=T/T*, T*=c¢€"/k; (1.4.21)
P=P/P*, P*=¢€"/v (1.4.22)
9=1/p=V/V*, V*=N,0v"). (1.4.23)

A pure fluid can be completely characterized by three molecular parameters: €*,
v* and r, or the equivalent scale factors T*, P* and p*. The scale factors are

related to the number of sites r occupied by the molecule and its molecular

weight M by:
RTp™ _ v
b = UPT = M/r, (1.4.24)
P’ _ 1 1.4.25

These parameters have been determined for different fluids by a nonlinear least-
squares fitting of experimental vapor pressure data [30]. They are readily found
in the literature [23, 30, 31] for a wide variety of fluids. The minimum values of
Gibbs free energy can be found by:

aG/od|T,P =0, (1.4.26)

which leads to the equation of state for this system:
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P+P+Tm-p+(1-2)p] =0 (1.4.27)
The solution can be obtained by rewriting Eq. (1.4.27) as:
p=1—exp[-p?/T—(1—-1/r)p—P/T] = h(p). (1.4.28)
The bounds on the solution of this equation can be obtained by the tangency
condition (related to the spinodal condition, with its physical meaning to be

explained later):

0h(p) _9(1—exp[-p*/T —(1—-1/r)p—P/T]) 05

=—=1, 1.4.29
ap ap ap ( )
which leads to:
2p 1  a o~
<? +1- ;) exp[—p*/T —(1—-1/r)p —P/T] = 1. (1.4.30)

Combining Eq. (1.4.28) and Eq. (1.4.30), we can eliminate the P to yield:

2p° (1 1+2)~+1—0 (1.4.31)
T \r F)PTy T *

which has two solutions for p:

~—1T <1+2 1)+ (1 1+2)2 5 1.4.32)
PL=g G T r T Trl|’ (1.4.
~—1T <1+2 1) (1 1+2)2 8 1.4.33)
P2 =" I\F T F r T) Tr| (1.4
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The obtained p; and p; can be substituted into Eq. (1.4.27) respectively to get

the reduced pressure-temperature relation of the spinodal condition:

—_ T 1\
P (T, r)=-p;*—T|In(1-p) + (1 — ;)p; , (1.4.34)
—_ Al . 1\ ]

P,(T,r)=—-p;° —T|In(1—p3) + (1 — ;) 551, (1.4.35)

where ﬁ;(f, r) is associated with the “stability limit for liquid” and E(T, r) is

T
0.10 " .
. ————critical point
0.08}
_____—coexistence line
0.06} stability limit for vapor
| | ——stability limit for liquid
0:04r  table liquid only [
0.021 stable vapor only
metastable
0080 0.2 04 0.6 08 rof

Figure 1.4.2: Reduced pressure-temperature diagrams for r = 1. Any (13, T‘) point inside the
metastable region yields a free energy diagram with two minima similar to Fig. 1.4.4. Any (13, T‘)
point on the coexistence line yields a free energy diagram with two equal minima similar to Fig.

14.7. Any (13, T‘) point outside the metastable region yields a free energy diagram with a single

minima.
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associated with the “stability limit for vapor” in Fig.1.4.2. Those two spinodal
conditions are the two boundaries of the “metastable” region in Fig.1.4.2, which

is quite useful in the numerical analysis of the equation of state for this system
because it sets bounds on the solution of that equation. Any (P, T) point inside

the “metastable” region yields three solutions for this equation as illustrated in

Fig.1.4.3. The highest density minima is associated with a liquid-like phase while
h(p)

1.0
0.8}
0.6f

04}

0.2f

02 04 06 08 10 P

Figure 1.4.3: Schematic representation of the solutions of the equation of state (Eq.1.4.27). Values
of parameters used in this calculation are: r = 1, P = 0.02, T = 0.35. Curves are plotted based
on Eq.1.4.28. Solutions at the lowest and highest values of p correspond to minima in G; the

intermediate solution corresponds to a maximum in G. See Fig.1.4.4.
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the lowest density corresponds to a vapor-like phase. Solutions at the lowest and
highest values of p are the two local minima in G; the intermediate solution
corresponds to a maximum in G, as shown in Fig.1.4.4. If the pressure is
increased isothermally, the vapor-like minimum disappears; if the pressure is
decreased isothermally, the liquid-like minimum disappears. Similar behaviours
apply if the temperature is increased or decreased isobarically [23]. In other

words, the lattice fluid undergoes a liquid-vapor phase transition.

~

Gmax i

P vapor Pmax P liq

~

Je,

Figure 1.4.4: Reduced Gibbs free energy vs reduced density at a pressure and temperature where

liquid-like phase is metastable with respect to the vapor-like phase. This curve is plotted based

on Eq. (1.4.20) and parameters used in this calculation are the same as those used in Fig.1.4.3.
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The higher local minimum of G represents the metastable state, while the overall

minimum of G represents the equilibrium state. In this case, the equilibrium state

corresponds to the vapor-like phase which has lower free energy. Any (P,T)

point on the two boundaries of the “metastable” region yields two solutions for

Eq. (1.4.26). The two boundaries obtained from the tangency condition are

related to spinodal conditions, which define the metastability limit of a phase. As

h(p)
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Figure 1.4.5: Schematic representation of the solutions of the equation of state (Eq.1.4.27). Values

of parameters used in this calculation are: r =1, T = 0.45. Curves are plotted based on

Eq.1.4.28 and Eq.1.4.34. The solution at the lower p correspond to minima in G; the solution at

the higher p corresponds to an inflexion point in G curve. See Fig.1.4.6.
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illustrated in Fig.1.4.5, one (13, 'I~") point on the boundary of the “metastable”

region indicated by “stability limit for liquid” in Fig.1.4.2 produces two solutions
for Eq. (1.4.26). The solution at the lower g is associated with the minimum of
G, which represents the vapor-like phase. The solution at the higher 5 denotes an
inflexion point in G curve, which represents the limit of the liquid—like phase, as
shown in Fig.1.4.6. In other words, the liquid-like phase will disappear, if (13, T)

E_;
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Figure 1.4.6: Reduced Gibbs free energy vs reduced density when (T’, 7‘) point is on the ‘“stability

limit for liquid”’ boundary of the “metastable” region . This curve is plotted based on Eq. (1.4.20)
and parameters used in this calculation are the same as those used in Fig.1.4.5.
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point moves to the “stable vapor only” region after crossing the boundary-
“stability limit for liquid”. Vapor-like phase will have the same situation when
the “stability limit for vapor” is considered. As a result, any (15, '1~") point outside
the “metastable” region yields only one solution for Eq. (1.4.26). In a more
specific case, at a given temperature there will be a situation when the free energy

of vapor phase is equal to that of liquid phase as shown in Fig.1.4.7.
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Figure 1.4.7: Binodal condition when Gibbs free energy values for the vapor-like phase and the

liquid-like phase are equal.

This is referred to the binodal condition related to the “coexistence line" in the

reduced pressure-temperature diagram. The binodal condition is the special case
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of the equilibrium state when the vapor phase and liquid phase coexist. This
temperature and pressure are defined as the saturation temperature and pressure
(vapor pressure).

This Lattice-Fluid theory is a well developed statistical mechanical model and it
predicts a liquid-vapor transition for pure polymer melts. Any molecular fluid
can be described by only three scale parameters (T*, P, p*) and these parameters
have been determined by the experimental data for many common fluids. Thus,
this lattice model can be used to predict vapor pressures of a wide range of pure
polymer melts. In this thesis, the vapor pressure of each N-mer polystyrene
predicted by the Lattice-Fluid theory is employed to demonstrate the ability of
the vacuum distillation. Another important parameter--the glass transition
temperature--is used to estimate the molecular weight of N-mer polystyrene
purified by the vacuum distillation. Section 1.5 will introduce basic properties of
the glass transition of polymer and the free volume theory which deals with the

effects of molecular weight on the glass transition.

1.5 Introduction to the glass transition of polymer

The nature of the glass transition is still an open question despite considerable
efforts made by theoretical and experimental researchers. Last century, Flory and

Fox [3] defined the glass transition process of polymer as “a second order
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transition which is not an equilibrium transition in the thermodynamic sense but
that originating from kinetic limitations on the rates of internal adjustments
occasioned by changes in temperature”. As the polymer is heated up, it
transforms from the hard and brittle “glassy” state (at which polymer chains are
locked in a tangled, coiled position) to the soft and ductile “rubbery” state (at
which polymer chains are able to more easily rotate and slip past each other) [32].
Consequently, many physical properties of polymers change significantly when
the glass transition occurs, e.g. density, shear modulus, refractive index, heat
capacity. The behavior of the glass transition is quite different from those of other
phase transitions, such as the crystallization, because, unlike crystallization, the
changes in any of those physical quantities are not discontinuous in the glass
transition [33]. Generally, a first-order phase transition involves discontinuous

changes in the first derivatives of the Gibbs free energy, such as volume V =

(6—6) and entropy § = — (a—G) . The liquid-to-crystal transition is the first-order
oP/ T dT/ p

phase transition as it involves discontinuous changes in volume and entropy.
However, the volume and entropy change continuously in the glass transition
region. As depicted in Fig. 1.5.1, the volume and enthalpy with respect to

temperature change abruptly but continuously at the transition temperature Ty,
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Figure 1.5.1: Temperature dependence of a liquid’s volume or enthalpy at constant pressure. The
liquid-equilibrium state is denoted as the white straight line. The transition curve of
crystallization is denoted as the blue polyline. T,, is the melting temperature. A slow cooling rate

produces a glass transition at T ;,; a faster cooling rate leads to a glass transition at Ty . Figure

from Ref. [33].

and Ty, while the discontinuous transition occurs at the melting temperature T, .

A second order phase transition as defined by Ehrenfest [34] is one for which the

second derivatives of the Gibbs free energy, such as heat capacity C, =
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discontinuous through the transition. An archetypal example of second order
phase transition is the paramagnetic-to-ferromagnetic phase transition. An
illustrative example of this is that there is discontinuity in magnetization of iron
or nickel as the magnetic field goes through zero below a Curie temperature [35].
At this point, the glass transition is more like the second order transition, since
the second derivatives of the Gibbs free energy, such as thermal expansion
coefficient and heat capacity, exhibit discontinuous changes in the glass
transition region [3]. The intersection of the liquid and vitreous portions of the

volume versus temperature curve provides one definition of glass transition
temperature (T,), which usually occurs around %Tm[33]. Crystallization can be

avoided if the cooling rate is fast enough, since the molecules do not have
adequate time to rearrange the configurations. Slower cooling rate leads to a
lower Ty, because of a longer time available for sampling configurations at each
temperature, which makes the liquid cooler before it falls out of the liquid-
equilibrium state. Experimentally, T, changes by 3~5 °C when cooling rate
changes by an order of magnitude. In this thesis, the same cooling rate as

described in Section 2.4 is employed to eliminate deviations of Ty caused by
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different cooling rates. Different fast cooling rates lead to different glassy states
in terms of different arrangements of molecules, which trend to evolve toward
the final equilibrium states. During the glass transition, there is small change in
molecular potential energy, but there are dramatic changes in molecular motions,
which suggests that the glass transition is related more to a type of kinetic arrest
phenomena [36,37] than to a thermodynamic phase transition.

Several theories have been established to explain the unique phenomenon near
the glass transition temperature and one of them is the free volume theory, which
is reasonably straightforward to understand. In the free volume theory, Flory and
Fox [3] first proposed that the specific volume v in liquids contains the occupied

volume v, and free volume v¢, where the free volume vy is the volume of holes

between the chain segments and is a constant independent of both molecular
weight and temperature below T,;. The occupied volume v, is given by:

vo = Ap + (dv/dT)4T, (1.5.1)
where A, is the hypothetical volume of the glass at T = 0 °C and (dv/dT), is
the glass expansion coefficient below T;. Thus, the free volume vf can be written

as:

Ve=Vv—vy=v—A4,— (dv/dT),T. (1.5.2)
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The end groups of the polymer usually act like a foreign substance in disrupting
the local configurational order of monomer units, and this is manifested by an
increase in the specific volume v which is proportional to the concentration of
end groups, or to 1/M,, [3]. The specific volume v above T, can be written as:

v =A4, + (dv/dT),T + B/M,,, (1.5.3)
where A, and B are constants, and (dv/dT), is the glass expansion coefficient
above Ty . Subtracting Eq. (1.5.2) from Eq. (1.5.3), we obtain:

vs = A + [(dv/dT), — (dv/dT),]T + B/M,, , (1.5.4)
where Ar = A; — Ay. Using the requirement that the equilibrium free volume of
the polymer of molecular weight M,, at its transition temperature T, be equal to
that of one for which M,, = oo at its transition temperature Ty 0, then we get:

T, = Tye — B/{[(dv/dT), — (dv/dT),11T,}, (15.5)
which can be simplified as:

Ty =Ty —K/M,, (1.5.6)
where K is a constant. This expression relating the T to the molecular weight is

generally accepted and is well known as Fox-Flory relation.
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1.6 Conclusion

In conclusion, this chapter has introduced the polydispersity index that signifies
the degree of impurity for polymers. Then, I reviewed the physical technologies
for purification of polymers with vacuum distillation fractionation argued to have
the potential ability of separating polymers larger than 3-mer. Chapter 2 will
introduce a home-made apparatus to further explore vacuum distillation
fractionation of polymers. This chapter has also introduced a lattice fluid theory
of pure polymer melts, which will facilitate to calculate vapor pressures of pure
N-mers in Chapter 3. Finally, free volume theory for the glass transition of
polymer is introduced. Fox-Flory relation obtained from free volume theory
predicts that T, of polymers decreases linearly with 1 /M,,. In this thesis, T,
obtained from the same cooling rate is used to estimate the molecular weight of

the purified polystyrene and Chapter 2 will describe the measurement of Tj.
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2. Experimental Techniques

2.1 Introduction

In this chapter, sample preparation for the experiment is first introduced. Then
home-made thermal vacuum apparatus for evaporative purification is designed
and constructed so as to explore the potential ability of vacuum fractional
distillation discussed in Section 1.3. Finally, I will introduce basic components
and working principles of Differential Scanning Calorimeter, and how it can be

used to measure the glass transition temperature of polystyrene.

2.2 Sample Preparation

Polydisperse polystyrene as a familiar polymer with a wide range of commercial
issues is chosen as starting material in evaporative experiment. Experiments in
this thesis are based on two types of polydisperse polystyrenes: PS with M, =
600 g/mol & 890 g/mol synthesized by anionic polymerization, and PS with
M,, = 1200 g/mol synthesized by free radical polymerization. This section will

introduce sample pre-treatment of these materials.

80 mg polydisperse polystyrene sample is placed on a flat substrate-a squared

polished Si wafer of 0.3 mm thickness and 1.4 cm side length. The substrate is
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then heated on a Linkam stage in a vacuum chamber at temperature 80 °C for

several minutes until a uniform liquid layer is formed.

The vertical temperature gradient caused by non-uniform thickness of initial
sample is minimized by this pre-treatment. The prepared sample will then be

purified by the thermal vacuum apparatus as described in Section 2.3.

2.3 Vacuum system of thermal evaporation

The thermal vacuum apparatus is designed for the short path vacuum distillation
technique which involves a short distance (usually a few mm comparable to mean
free path of vapor molecules in high vacuum) from evaporator to condenser. The
short path vacuum distillation is a preferred technique for materials (such as
polymers) unstable at high temperature because this technique is operated at
lower temperature which causes least thermal decomposition of materials [38].

The construction of the apparatus is described as below.

If the area of the sample substrate exceeds that of circular heating stage with 2
cm diameter, a significant temperature gradient along radial direction will occur
near edges of the substrate due to indirect contact with the heater. As a
consequence, different molecular weight N -mers are evaporated at different

temperature, which reduces the purity of the deposition product. To minimize this
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temperature gradient, the side length of a square sample substrate is designed as
1.4 cm to ensure entire sample substrate can directly contact with the heater. The

removable substrate (usually a squared polished Si wafer of 5 cm side length) as

Vacuum (1~2 Torr)

Hot Substrate

Figure 2.3.1: Top view of thermal vacuum apparatus (left); side view of the thermal vacuum
apparatus (right). The apparatus consists of vacuum pump, spacers, removable collector, and

Linkam heating stage integrated with proportional-integral-derivative temperature controller.

a condenser of collecting deposited polystyrene is separated from the deposition
source by spacers (four screws) of 3 mm. The vacuum chamber is evacuated with
an Agilent technologies SH-110 dry scroll pump with an ultimate pressure of
0.05 Torr. When heating in such high vacuum, temperature fluctuation of 5 °C is
observed even when the liquid nitrogen enhanced proportional-integral-
derivative Linkam temperature controller is employed, which is caused by
vacuum thermal isolation limiting heat transfer on sample surface. At this point,
nitrogen gas is admitted to the chamber until the ambient pressure is about 1~2

Torr. This small pressure gas enhances heat exchange between the surface of the
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heating stage and the sample. As a result, the temperature control becomes much
more stable. Since spacers are not in contact with the hot substrate and the thermal
isolation caused by the vacuum, the top substrate can be cool enough to collect

the majority of evaporated materials.

The deposition product of this short-path apparatus is then transferred to a sample

pan for the measurement of T as introduced in the following section.

2.4 Differential scanning calorimeter (DSC)

As mentioned in Section 1.5, the molecular weight of polystyrene can be
estimated by T, based on the Fox-Flory relation. T, values also reflect the purity
of deposited polystyrene, which will be discussed in Section 4.2. This section
will introduce how to measure T, values of polystyrenes.

The T, values of polystyrene samples obtained in this thesis are measured by a
TA Instruments Q100 Differential Scanning Calorimeter (DSC). The polystyrene
sample is first pressed in a premium hermetic pan (with serial number:
901683.901); then this sample pan and an empty reference pan are placed on
small platforms within the DSC chamber which is full of nitrogen gas. As shown
in Fig.2.4.1, the platforms are heated by the thermoelectric disc and the

temperature is measured by the thermocouple sensors. A refrigerator is integrated
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with the system as the cooling system. The DSC is operated at a cooling rate of

10 K/min to measure the T, values of our samples. The signals of the temperature

and heat flow are monitored by the computer programs.

Reference Pan Sample Pan Cylindrical

/ ~ —
L \a»/
= -

Thermoelectric Disc

Measurement Thermocouples

Figure 2.4.1: Schematic of the interior of a DSC. Thermoelectric disc as temperature controller
is powered by cylindrical furnace. Thermocouple sensor below reference/sample pan monitors
temperature of that pan. The DSC ultimately outputs the differential heat flow between material

and the empty reference pan. Figure from Operation Manual of TA Instruments Q100 DSC.

The specific heat C,, and heat flow g have the following relation:
Cp) =— (2.4.1)

where C,, is the material’s heat capacity, q is the heat flow (J/(s - g)) through
the material over a given time, and AT (°C/s) is the change in temperature over

that same time. Since the specific heat €, of a polymer changes abruptly at the
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glass transition temperature and the heat flow g from the DSC is proportional to

Cp [39], DSC is an ideal instrument to characterize the Tj.

Sample: aPS mw600 tg evporation #03 DSC File: run001 aPS mw600 tg evporation #03.001
Size: 17.3000 mg Operator: Sharven

Run Date: 20-May-2016 17:08

Instrument: DSC Q100 V9.9 Build 303

-0.06

-0.08 +

-0.10 4

Heat Flow (W/g)

-0.12 1

-0.14 -

-0.16 — 7 T I ' I+ +r ' I T +r T 1+ ' T T T+ T
-40 -30 -20 -10 0 10 20 30

Exo Up Temperature (°C) Universal V4.7A TA Instruments

Figure 2.4.2: Determination of T, from DSC curve. T, measurement of M,, = 600 g/mol
polystyrene with M,,/M,=1.2 by Q100 DSC operated at 10 °C/min cooling rate. The inflexion
point of the function curve is associated with T, value and it is calculated by Analysis Software
of Universal V4.7A TA Instruments via the first derivative of the glass transition curve. For this

data, T is - 9.28 °C, which locates at the midpoint of the incline.
Fig.2.4.2 shows the determination of T, based on the heat flow-temperature
curve. It is notable that the change of heat flow near the glass transition region

occurs within a temperature range. At this point, we usually take the midpoint of
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the incline as the Ty, since a plot of the first derivative of the glass transition curve

shows a peak at the midpoint, which makes this point easy to identify.

2.5 Conclusion

In conclusion, this chapter gives a brief introduction to DSC as well as its
working principle of measuring T;of polymers. This chapter also describes a
home-made apparatus for short path vacuum distillation and its ability of
purifying polydisperse polystyrenes will be tested through experiments in
Chapter 4. Numerical work of guiding experiments in Chapter 4 will be

introduced first in Chapter 3.
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3. Numerical simulations of polystyrene purification by

evaporation

3.1 Introduction

In this chapter, numerical calculations of the vapor pressure of pure polystyrene
based on the lattice fluid theory is described. To predict the purity of polystyrene
purified by evaporation, a mass transport relation for mixture is then carried out

to simulate the polydispersity index of purified polystyrene.

There have been a number of studies which have purified polymers into more
monodisperse samples by using different fractionation techniques. Those studies
usually involve vacuum distillation of dimers and trimers [12], and other
chromatographic techniques [13,18-19], or solvent fractionation [13,18] for
larger N. As mentioned in Section 1.3, quantities of N-mers (larger than 3-mer)
produced by those techniques are limited at the milligram level and it is also clear
that the fractionated components of these studies are mixed with the solvents and
are still mixtures. Evaporative purification is essentially an application of short
path distillation. We are extending what others have done for the dimer and trimer
to cover a much larger range of N (up to 13-mer for polystyrene)-limited only by

the temperature at which thermal decomposition would occur.
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3.2 Vapor pressure of polystyrene as a function of molecular weight

and temperature

To demonstrate how evaporative purification works, we need to know the vapor
pressure of each N-mer. Since these vapor pressures have not yet been measured
so far, we calculate their values through numerical simulations based on the
lattice fluid theory introduced in Section 1.4. In this lattice fluid theory of a pure

polymer melt, the equation of state for the system is expressed as:
~2 = -~ ~ 1\ ~| _
P+P+Tn(1-p+(1-2)p| =0 (3.2.1)
where p, T and P are the reduced density , temperature and pressure:

5= L 7T p— L
p== T=- P=— (3.2.2)

These reduced parameters can be converted to real physical values p, T and P,
once the characteristic parameters p*, T and P* are given. In the simulation, the
characteristic values of polystyrene are: p* = 1105kg/m3, T* = 735 K, v* =
17.1 cm3/mol and P* = 357000000 P, as found in Table II from Ref. [30].
Based on Eq. (1.4.10) in Section 1.4, r related to N for polystyrene is obtained

as:

M, N = 104 g/mol
~ p*v* 1.105g/cm3 x17.1 cm3/mol

r = 5.5N (3.2.3)
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As introduced in Section 1.4, the vapor pressure is defined by the binodal
condition in which case the vapor phase and liquid phase coexist due to their
equal Gibbs free energy. However, unlike the spinodal conditions which have

solvable solutions as shown in Eq. (1.4.31) and Eq. (1.4.32), there is no analytic

104 |

10° }

200 450 500 550 600
T [K]

Figure 3.2.1: Calculated vapor pressures for polystyrene N-mers as a function of temperature
and polymerization index N. The reduced pressure P and temperature T have been converted to

real physical values.

solution for the binodal condition. At this point, numerical simulation is employ-

ed to find saturation points (P, T) consisting the “coexistence line” of the binodal
condition. For each N-mer, at a given pressure there will be a unique temperature

at which the two minimal values of Gibbs free energy are equal. In order to find
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these saturation points (P, T) efficiently, a value of the pressure is set within the
two boundaries defined by spinodal conditions and then a series of temperature
is traversed to search a saturation temperature. A saturation point (P, T) is then
selected, when the two minimal values of Gibbs free energy are closest to each
other. The vapor pressure as a function of temperature can be plotted based on
the locus of all such saturation points for N-mer polystyrenes with N ranging
from 2 to 9, as shown in Fig.3.2.1. The difference between the vapor pressure of
N-mer and that of (N+17)-mer is generally 2 orders of magnitude, which shows
the vapor pressure of each N-mer is strongly dependent on the polymerization
index. This strong dependence on N is valid for polystyrenes, because r will
change by 5.5 when N only changes by 1. The magnified change of r results from
significant large molecular weight of styrene monomer M, = 104 g/mol based
on Eq. (3.2.3). For polymers with lower molecular weight of monomer, such as
polyethylene glycol with My, = 44 g/mol, the dependence on N for vapor
pressures becomes weaker. The calculated result also shows that the vapor
pressure of each N-mer polystyrene has approximate one order of magnitude
change when the temperature changes by 20 K, for example, the vapor pressure
of 6-mer at 413 K is calculated as 7.14X1078 Pa and it will increase to

1.07x107° Pa at 433 K.
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Based on the calculated result, the vapor pressure decreases dramatically with
increasing N at a given temperature. It becomes more difficult to vaporize a
higher molecular weight polymer due to the required higher temperature. The
highest molecular weight N-mer that can be vaporized is limited by the eventual
thermal decomposition temperature, which will be demonstrated via experiments
in Chapter 4. These calculations are probably not that quantitatively accurate for
the actual values because the end groups of polymer chains are not considered
when we calculate N, but the strong dependence on N is expected to be reliable
(since N-mers in a single polydisperse sample used in this thesis have the same
end group that causes the same deviation of r value for each N-mer) and it still

should be a good prediction to guide experiments.

3.3 Polydispersity index (PDI) of purified polystyrenes based on molar

fractions and evaporation rates

To demonstrate how the evaporative purification technique works for the mixture,
the vapor pressure of the single N-mer calculated above is not enough and we
still need to know the partial vapor pressure of each N-mer in the mixture. In the
simulation, the relation between the vapor pressure of the single N-mer and the
partial vapor pressure of that N-mer is established by the Raoult’s law. Meanwh-

ile, based on the Langmuir evaporation equation that connects the partial vapor
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pressure and the evaporation rate, a new mass transport relation is proposed in
this thesis to predict the PDI of purified polystyrenes. The Langmuir evaporation
equation and Raoult’s law are described as below:

Langmuir evaporation equation

The Langmuir evaporation equation describes the relation between vapor
pressure and evaporation rate for a mono-molecular liquid, such as pure metal
melts or water. Irving Langmuir derived this equation to demonstrate the vapor
pressure of metallic tungsten in vacuum [40] and the derivation proceeds as
follow:

The metal is considered as one boundary surface of a unit cube of vapor. We can
calculate the rate at which the vapor comes into contact with the metal. At the
equilibrium state, half of the molecules in this unit volume are moving towards

the metal while the other half are moving away from it. Let p be the density of
the vapor, then the mass of gas moving towards the metal is % p. If the average
velocity of the molecules is assumed to be v, then the average component of the
velocity in any given direction is %17. Thus, the mass of gas which moves away
from the unit surface of metal per second is obtained as:

dm

1 1_ 1 _
L S LGPV =LpU. (3.3.1)
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By introducing the ordinary gas law PV = RT, the density p can also be written

as:

M _ MP

p=o=o0 (3.3.2)

where P, M, T and R are pressure, molecular weight, absolute temperature and
gas constant respectively.

By combining Maxwell’s theory of the distribution of particle velocities in an
ideal dilute gas P = gpﬁz and Eq. (3.3.2), the average velocity can be further
expressed as:

7= |22 (3.3.3)

M

Substitute Eq. (3.3.3) and Eq. (3.3.2) in Eq. (3.3.1), we obtain the evaporation

m_p / 7 (3.3.4)
dt 2TRT

Eq. (3.3.4) shows the desired relation between the vapor pressure and the

rate:

evaporation rate in vacuum. In reality, molecules evaporated from the source into
free space will likely collide with other vapor molecules and a portion of vapor
molecules are reflected back to the source, thus the condensation coefficient y is
usually introduced to modify evaporation rate [41]. Langmuir evaporation equati-

on can be eventually expressed as:

dm M

Raoult’s law

Raoult’s law [42] is a thermodynamics law which states that the partial vapor

pressure of each component of an ideal mixture of liquids is equal to the vapor
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pressure of the pure component multiplied by its mole fraction in the mixture.
Mathematically, it is described as:

P, = P;"x; (3.3.6)
where P; is the partial vapor pressure of the i-th component in the gaseous
mixture; P;" is the vapor pressure of the i-th pure component and x; is the mole
fraction of the i-th component in the mixture.

Mass transport of a single component in a mixture
In this thesis, the mass transport relation for a single N-mer in the mixture is
constructed by combining the Langmuir equation and Raoult’s law resulting in

the following expression:

dmy Ny My
- _ p / , 33.7
dt VS "N | 2eRT (3:37)
d(MNnN) ny My
—TNTNS p , 33.8
dt VS "N |2rRT (338)
dny Ny p 1
dat = 'Sny M|2nRTM, ~ y

1
/ onRTNM, 39
dny Ny 1
—_ = P , 3.3.10
i~ Sy N,’TN (33.10)

where my is the mass of component with polymerization index N; ny is the mole

number of N-mer; Z_ is the mole fraction of the that N-mer; Py is the vapor
ny

pressure of N-mer as calculated in Fig. 3.2.1; M, = NM, is the molecular weight
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/ 1.
of N-mer and a =y S 1S @ constant dependent on monomer molecular
0

weight M, and the condensation coefficient y. The time scale of the evaporation

is determined by the constant « in the simulation. These coupled mass transport

- Time Interval of ' 70

Collecting ) ] 77

\ 290 °C
3k \ Starts .

0 I I e S L L ! L
0 1000 2000 3000 4000 5000 6000 7000 8000 9000 10000
a-Evaporation Time

Figure 3.3.1: The mole number of N-mer polystyrene in mixture as a function of evaporation time
at temperature 270°C for N=8~11, which is calculated from Eq. (3.3.10). “a-Evaporation Time”
denotes that the real time scale of evaporation is determined by the constant a, which will be

further determined by experiment. The value of « is set as 10* for simplicity of the simulation.

equations are used to simulate the deposition process for the purification. Initially,
the polystyrene mixture contains 11 components (N=1~11) with Gaussian
distribution of molecular weight and M,,/M,, = 1.18, as shown in Fig.3.3.3. The
evaporation starts at low temperature (130 °C in this simulation) and products of
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evaporation are collected. When the evaporation rate falls below a certain value,
the temperature is increased by 20 °C. The purpose of the 20 °C increase in
temperature is to improve the time efficiency of purification by producing
approximate an order of magnitude change (estimated from calculated P — T

curves in Fig.3.2.1) in vapor pressure, since simulations suggest the time scale

7 T T T
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[
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|
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0 1000 2000 3000 4000 5000 6000 7000 8000 9000 10000

a-Evaporation Time

Figure 3.3.2: The mole number of N-mer polystyrene in mixture as a function of evaporation time
at temperature 290°C for N=9~11, which is calculated from Eq. (3.3.10). “a-Evaporation Time”
denotes that the real time scale of evaporation is determined by the constant a, which will be

further determined by experiment. The value of « is set as 10* for simplicity of the simulation.

required for continuous isothermal purification of the next higher molecular
weight component is prohibitive. At the next higher temperature, the first separa-
ted component will not be collected until the previous lower molecular weight

component can be totally evaporated off. Then the process is repeated. As shown
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in Fig.3.3.1, when the temperature is increased to 270 °C, there are 4 components
left in the mixture. There is a large decrease for the amount of 8-mer and a small
decrease for that of 9-mer, while amounts of 10-mer and 11-mer are almost

constant. Evaporated materials are collected until the amount of 8-mer reduces to
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Figure 3.3.3: Initial molecular weight distribution of polystyrene mixture, and products after
simulated evaporative purification method described in the text. Mole numbers of initial N-mer
polystyrenes are set as ny = nq; = 4.6 mol,n, = n,3 = 6.5mol, n3 =ng =8.3mol, ny =
ng = 9.25mol, ns =n; = 9.8 mol, ng = 10 mol, with mole number fractions following

Gaussian distribution.

5% of its initial mole number in the mixture. Then the temperature is increased

to 290 °C when 8-mer is almost exhausted. The same procedure is repeated at 290
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°C to separate 9-mer as shown in Fig.3.3.2. Eventually, the majority of single N-
mer is separated at each temperature. As the histogram in Fig.3.3.3 shows, each
purified product contains more than 95% N-mer and less than 5% impurity of

(N+1)-mer and (N+2)-mer. The relevant polydispersity index of each separated
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Figure 3.3.4: The relevant “ M,,/M,, ” of each separated polystyrene product calculated in Fig.
3.3.3.

polystyrene product (that from simulated results in Fig.3.3.3) ranges from 1.0004
to 1.0023, except that the polydispersity index M,,/M,, of the first product is

1.0082, as shown in Fig. 3.3.4.
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Furthermore, the polydispersity index can be successively improved by iterative
purification. For example, we can use the product of the first purification obtained
at 290 °C (product of 563 K in Fig.3.3.3) as the starting material to simulate the
polydispersity index as a function of iteration time. The procedure of this
simulation is the same as that of Fig.3.3.2. As shown in Fig.3.3.5 upon second
iterative purification, the polydispersity index of the product deviates from 1 only

on the order of a few ppm.
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Figure 3.3.5: "My, /M,, — 1" as a function of iteration times at 290°C.

55



3.4 Conclusion

In conclusion, calculated results show that vapor pressure of N-mer polystyrene
with N ranging from 2 to 9 has a strong dependence on polymerization index and
it is also very sensitive to the temperature. These calculated vapor pressures as
functions of N and temperature will guide the experimental procedures as
described in Chapter 4. The numerical simulation of polydispersity index predicts
the evaporative purification technique has an excellent ability to separate a
polydisperse sample into highly monodisperse components for N ranging from 1
to 9. The production of completely monodisperse polymer seems to be achievable
upon the iterative purifications. In order to demonstrate the feasibility of the time

range, we still need to test the real time scale of the evaporation via experiments.
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4. Experimental studies of polystyrene purification by

evaporation

4.1 Introduction

In this chapter, I will describe experimental work of evaporative purification for
high quality polystyrene (with M,, = 600 g/mol and M,, = 890 g/mol) and
industrial grade polystyrene with M,, = 1200 g/mol. The purity of purified
products, productivity of evaporative purification, molecular weight distribution
of starting samples and upper limit of isolated N-mers are analyzed through

experimental data of T; values and evaporated masses. Finally, an alternative

form of quantifying T, from oligomer to polymer is proposed.

4.2 Evaporative purification of high quality polystyrene with M_W =
600g/mol and M,, = 890g/mol

This technique has been experimentally tested for polystyrene samples with
molecular weight distributions: M,, = 600 g/mol , M,,/M,, =12 ; M, =
890 g/mol, M,,/M,, = 1.2 both purchased from Polymer Source Inc. This
experiment follows the same procedure used in the simulations of evaporation,

as sketched in Fig. 4.2.1. The mass of each deposition product is recorded at equal
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Figure 4.2.1: Schematic diagram showing the procedure for evaporative deposition of

polystyrenes.

time intervals (120 minutes). Once the deposited mass reduces to less than 0.3
milligrams, the temperature is increased by 20 °C. Following this process from
low to high temperature ensures that at each temperature we are exhausting the
smallest N value remaining in the sample. We keep doing this process until a
sample temperature of 300 °C. At temperatures greater than this, thermal
decomposition of polystyrene has been shown to increase rapidly [43]. The
deposited product at each time interval is then transferred to a sample pan and
Differential Scanning Calorimeter (Q100 type of TA instruments) is performed

with a heating/cooling rate of 10 K/min to measure the Tj. Fig. 4.2.2 shows the

working temperature, the mass of product collected from each time interval and
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Figure 4.2.2: Deposited mass collected for each time interval and T, values of those deposited

components. The source samples are M,, = 600 g/mol PS (top), M,, = 890 g/mol PS (bottom).

The deposited mass of each 2 hours is labelled as red triangle symbol. T, values of isolated V-

styrene are labelled as blue square symbols. T ; values exhibiting plateaus are marked by green

lines.
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the measured T, for polystyrene with M,, = 600 g/mol (top) and M,, =
890 g/mol (bottom).

The composition of each product is time dependent, which results in a time
dependent T,,. Suppose the majority of N-mer has already been deposited at
temperature T, then the temperature is increased to (T + 20) °C to deposit
(N+1)-mer. The initial product may still contain some N-mer at this new
temperature. If we continue to deposit at the same temperature, almost only
(N+1)-mer will be collected for a long period, since the remaining N-mer has
been totally evaporated off and the deposition rate of (N+2)-mer is significantly
lower at this temperature. At this point, we should expect to observe the same T,
value of these products collected during this period and evidence for this is seen
from the plateaus of T, values in Fig. 4.2.2 marked by green lines. If we continue
to deposit at this temperature, most of (N+1)-mer will have been exhausted and
the evaporation rate of (N+1)-mer becomes comparable to that of (N+2)-mer due
to the reduction in mole fraction of (N+1)-mer. Thus, appreciable amount of

(N+2)-mer will start to be deposited. Comparing M,, = 600 g/mol PS with

M,, = 890 g/mol PS, we find that almost the same N-mer is collected at the

same deposition temperature. Only the evaporation at 483 K failed to produce a
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defined plateau in the Ty value for M,, = 600 g/mol PS. The reason may be that
there is still a lot of N-mer remaining after the evaporation at 463 K and the
difference of evaporation rates between N-mer and (N+1)-mer becomes less
significant at 483 K. In order to optimize the time intervals of collecting pure N-
mer component, one may use a quartz crystal microbalance (QCM) sensor to
monitor the deposition rate.

The smallest N-mer associated with the first plateau of T, at 403 K is evaluated
as 3-mer based on the Fox-Flory relation as introduced in Section 1.5. Then N-
mer separated at 423 K is considered as 4-mer. It is notable that this experiment
is able to produce 9 plateaus of T, which means 9 pure components associated
with N=3~11 are isolated. The evaluated values of N may easily deviate from the
actual values by 1, but unlikely by 2. The T; values of these 9 components differ

by 63 K. The monomer and dimer could also be easily isolated if a lower starting
temperature is employed and time intervals of collecting are well optimized. High
efficiency of collecting is achieved with both starting samples. The sample source
of M,, = 600 g/mol PS is 80.1 mg and 75.7 mg is evaporated, leaving 4.4 mg
of materials with N > 14. 70.8 mg is collected out of the 75.7 mg for a 94%

efficiency. However, the efficiency for collecting pure N-mer is only 50% based
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on the mass of deposited materials exhibiting plateaus of T,. Smaller N-mer
remaining in the mixture will become waste at new evaporation temperature and
it will continuously disable the production of plateaus of T, values. Thus, the
efficiency for collecting pure N-mers will be further improved, once time
intervals of collecting pure N-mers are optimized or the number of plateaus is
maximized by monitoring the precise deposition rate of each N-mer. We have

tested our technique in a glove box full of nitrogen gas and it still worked quite
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Figure 4.2.3: Mass distributions of evaporated components during the process of evaporation.
The masses evaporated from the M,, = 600 g/mol PS are labelled by the blue star symbols, and
the masses evaporated from the M,, = 890 g/mol PS are labelled by the red open circles. The
fitting curves are based on Gaussian functional forms and are simply meant to guide the eye. The
blue fitting curve is for the M,, = 600 g/mol PS; the red fitting curve is for the M, =

890 g/mol PS.
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well at atmospheric pressure, but at the cost of reduced efficiency of deposition.
The evaporated masses can be used to estimate the molecular weight distributions
of each polystyrene sample. As mentioned above, the composition of evaporated
materials is time dependent. The first product at a particular temperature may
contain an appreciable amount of (N-1)-mer, while the first product at next higher
temperature may contain non-negligible amount of N-mer. We expect the amount
of N-mer cancels out that of (N-1)-mer. If so, it will be a reasonable way to
estimate the amount of N-mer by just considering the total mass evaporated at

each temperature. Fig.4.2.3 shows the evaporated mass fraction at each
temperature for M,, = 600 g/mol and M,, = 890 g/mol PS samples. The

amount of unseparated monomer and dimer is not included in the two cases. M,,,,

M,, and M,, /M,, values are calculated based on this data for the two samples. For

=

= 600 g/mol PS, 1 obtain the calculated values: M,, = 654.30 g/mol,

|

w = 764.49 g/mol and M, /M, = 1.17 which is slightly smaller than
M,,/M, = 1.2 quoted by the company. The probable reason is that all the
evaporated material (still containing a significant amount of the monomer and
dimer) at the starting temperature (130 °C) is considered as 3-mers when we do

the calculation. For M,, = 890 g/mol PS, the calculated values is M, =
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849.13 g/mol, M,, = 957.44 g/mol and M,,/M, = 1.1276 which is quite
consistent with M,,/M,, = 1.12 quoted by the company. The last separated
component is denoted as N,,,,-mer. In these calculations, the remaining amount
of larger N-mers is included and it is divided into equal amount of (N4, + 1)-
mer and (N4, + 2) -mer, which is thought to be reasonable, because the
measured T, value of remaining materials is higher than the T; value of any
previously isolated component.

In conclusion, the evaporative purification has successfully separated the
polystyrene samples with initial narrow molecular weight distributions into much
more monodisperse components illustrated by plateaus of T,. The following
section will test whether this method will still work well for a much more

polydisperse sample.

4.3 Evaporative purification of industrial grade polystyrene with

M, =1200g/mol

This method has also been tested for the purification of M,, = 1200 g/mol
polystyrene with M,,/M,, = 1.6 purchased from Scientific Polymer Products.
The price of this polymer is 45 USD per 500 g, which is 3 orders of magnitude

less expensive than the polymers (150 USD/g) we used from Polymer Source.
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Purification was carried out in a similar way to this sample, which also produced
the plateaus of T, values at each temperature as shown in Fig.4.3.1, suggesting
that N-mer components with the same purity were separated from this industrial
grade polymer. The largest difference that occurred by changing the source of

starting polymer is that the N-mer separated at a particular temperature is not the

same as that of M,, = 600 g/mol PS and M,, = 890 g/mol PS. This is likely a

result of the fact that this M,, = 1200 g/mol PS prepared by free radical polym-
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Figure 4.3.1: Measured deposited mass and T, values of evaporatively isolated components of V-

styrene for M,, = 1200 g/mol polystyrene sample. The deposited mass of each 2 hours is

labelled as red triangle symbol. T, values of isolated N-styrene are labelled as blue square

symbols. T, values exhibiting plateaus are marked by green lines.
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erization contains different chain ends than the M,, = 600 g/mol PS and M,, =

890 g/mol PS prepared by anionic polymerization.

The eventual N-mer separated at the highest experimental temperature also varies
with different types of polystyrenes. The upper limit of the isolated N-mer will

be discussed below as well as the comparison of T; values for separated N-mers.

4.4 Discussion

4.4.1 T, values of separated components

As discussed in Section 4.2, each plateau of T; value corresponds to a particular
N-mer. We plot the T, values measured in each of the plateaus as a function of
polymerization index N as well as the T, values of the initial three samples, as
shown in Fig. 4.4.1. We find the T, values of the separated components are nearly
overlapped at each polymerization index, which suggests that the same N-mers
are isolated in each case. The T; values are the same and are independent of the
starting samples, which is a proof that these separated components are nearly pure
N-mers. These results also predict the practical upper limit of the largest N value
that can be isolated by this evaporative purification. As mentioned above, the
temperature is upper limited to avoid thermal decomposition. Since polystyrene

is known to degrade at temperatures greater than 573 K [44], the highest tempera-
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Figure 44.1: T, values of N-styrene as isolated from the 3 different initial polydisperse

polystyrenes, as well as the T, values of the initial polydisperse samples. T, values of M, =

9
600 g/mol, M,, = 890 g/mol, and M,, = 1200 g/mol initial polydisperse polystyrenes are
labelled as green circle symbol, red square symbol and blue square symbol, respectively. T,
values of N-styrene isolated from M,, = 600 g/mol, M,, = 890 g/mol, and M,, = 1200 g/

mol polystyrenes are labelled as open triangle symbols, open circle symbols and open square

symbols, respectively. The polymerization index N of each isolated styrene is estimated by Fox-
Flory relation as introduced in section 1.5. T, values of isolated N-styrene are from T, values

exhibiting plateaus in Fig. 4.2.2 and Fig. 4.3.1.

ture used is 563 K so far and the largest deposited N value at this temperature is
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13 at a maximum rate of about 1 mg/hour. If we continue to deposit at this
temperature, the 13-mer can be eventually exhausted and the 14-mer will be
deposited, but it will take a much longer time due to the approximated 2 orders
of magnitude lower deposition rate based on the simulation. It seems that the
upper bound of N value that can be isolated in reasonable quantities within
reasonable time will be 13 for the case of polystyrene. However, the
polydispersity of the remaining material with N > 14 can be significantly

reduced after the entire process of isolating pure N-mers for N < 13.

4.4.2 Quantification of T, from oligomer to polymer

These separated pure N-mers provide an opportunity to precisely investigate the

T, of oligomers (polymers with relatively low polymerization index) with single
molecular weight. The T;values shown in Fig.4.4.1 can be used to test the Fox-
Flory relationship [3], and the polymer chain ends have a strong impact on the T

values of these oligomers, which has been demonstrated in previous studies

[9,45]. We develop an alternative form to quantify the T, from oligomer to

polymer by combining the Fox relation and the effects of chain ends on the glass

transition temperature. The Fox relation for the glass transition temperature of a
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miscible mixture containing two components, with weight fractions w;, w, and
T, values T, and T, is written as:

1 w wy

= —+ —. (4.4.1)
L, Tg T
In analogy to this case, we consider one polymer chain consisting of two

components: chain segments and chain ends. If the weight fraction of the chain

ends is BLN, the weight fraction of the chain segments is (1 — BLN), where the

parameter S is a result of the fact that there are two chain ends and that the weight
fraction depends on the relative size of chain ends and chain segments. The glass
transition is traditionally discussed in terms of volume, and volume fraction may
be a more reasonable choice. This difference is absorbed into the  value which
relates the weight fraction of the chain end groups. Motivated by the similar
procedure with free volume arguments used to derive Eq. (7) in Ref. [46], we

consider the T, value of chain segments as T;° and the T; value of chain ends as
Tgo. Then we can substitute them into Eq. (4.4.1) to get:

1 _1/(BN) 1-1/(BN)
T,(N)  T? T

(4.4.2)

This can be further written as:
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Tg Tg Tg

T,(N) = T <1 _L) - = 1 <Tg°° 1) . (4.4.3)
N9 N)'s A G
B p BN\T?

Letx = % and A = %(% — ); then the T, (N) can be expressed as:
T,(N) = f() = —L 444
o )=/ =177% (4.44)

The Taylor expansion of f(x) atx = 0 (for N > 1) is:

fx) = f(0) + fD0)x + - = T2 (1 — Ax). (4.4.5)

It is interesting to find that in the case of N > 1, the first order in 1/N of this
equation recovers the Fox-Flory relationship T, (N) = T;°(1 — A/N), where

A=2 <Ti — ) In the case where N is not large, we choose the full Eq. (4.4.3)

B\Tg
to fit T, values only by adjusting the physical parameters in A. To make the
comparison, we use the T, values from Fig. 4.4.1 for the N-mers separated from
M,, = 890 g/mol polystyrene prepared by anionic polymerization and those for
more polydisperse polystyrenes with much higher molecular weight in Ref. [47]

(These higher M, polystyrenes are made by the same way and T, values are

measured by the same instrument and procedures as described above).
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Figure 4.4.2: T ; values of N-styrene (N <11), and more polydisperse (N > 11) polystyrene and fits

to Eq. (4.4.3) as well as Fox-Flory expressions. These N-styrenes are from the M,, = 890 g/mol
PS as described in this experiment; while these more polydisperse polystyrenes are the same type

as the N-styrenes.

The fitting results are shown in Fig. 4.4.2, where the solid line is the fit to Eq.
(4.4.3), and the dashed lines are best fit to the common Fox-Flory
relationship(blue), and the Fox-Flory relationship with parameters usually
employed for larger N (black). It is evident that our functional form has a better

fit over the entire range N (from N~5to N — o0).
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5. Concluding remarks and future work

In summary, I have described and developed a simple technique to separate
polydisperse polystyrenes into pure components from 3-mers to 13-mers which
have the highest degree of monodispersity as yet reported. This technique can

even produce the same quality of N-mers from low-cost samples with an initial
M,,/M,, of 1.6 as those produced from the expensive polymers with narrower
molecular weight distributions. Based on the T, values of these pure components,
the Fox equation for the T; of mixtures is developed into a simple relation which
is able to accurately quantify the T, values from oligomer to polymer.

The upper bound of N-mer isolated by this evaporative purification technique is
limited by the eventual thermal decomposition temperature, which restricts the
production of completely monodisperse polymers with high molecular weight.
Quantities of isolated pure components by this technique in our lab are also
limited at milligram level. The evaporative purification requires nothing but clean
vacuum and temperature control, which is readily scalable to produce larger
quantities of pure materials. However, many challenges still exist in the engineer-
ing of scalability. For example, how to keep distinct temperature difference

between large-area top collector or condenser and the evaporator stage in a short
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distance, and how to minimize temperature gradients on the large surface of
heating stage as well as those vertical to the surface.

For future applications, pure materials separated by this technique could in turn
be used experimentally to determine the actual vapor pressures of the N-mers.
These separated pure N-mers are ideal specimens to precisely study the physical

properties depended on molecular weight, such as T,, solubility, properties of

crystallization, and phase separations. This technique has been shown to
successfully separate the synthetic polystyrene into N-mers and will be applied
to other polymers systems, such as poly(ethylene glycol) (PEG). The completely
monodisperse PEG provides perspectives to achieve detailed insight into the
precise correlation between the monomer sequence and biological system, which
might contribute to the design of functional materials for important biomedical
applications, such as gene and drug delivery, tissue-repair scaffolds and clinical

SENSors.
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