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We demonstrate the use of selective thermal evaporation to separate and purify small molecular weight
polymers into highly monodisperse polymers over an extended range of polymerization index. By exploiting the
calculated dependence of polymer vapor pressure on polymerization index N and temperature 7', we can isolate
individual components (N-mers) of an initially polydisperse mixture. To demonstrate this ability, we consider
polystyrene samples of M,, = 600 g/mol and M,, = 890 g/mol with narrow molecular weight distributions, as
well as a M,, = 1200 g/mol sample with a broader distribution. In each case we are able to separate the sample
into milligram quantities of many different components. Using this technique, we have been able to isolate
N-mers from 3 to 13. We use differential scanning calorimetry to measure the 7, values of these components,
and find that the components have the same T, values independent of the M,, or polydispersity of the sample they
originate from. We find that even initially narrow molecular weight distributions have many different components
whose T, values can differ by more than 50 K. Calculations suggest the isolated components have M,/ M,, values
less than 1.001 and through a second iteration of the process could become as low as 1.000 003. The measured
T, values for the N-mers as well as large N polymers are well described by a simple relation derived from the

Fox equation for the T, of mixtures.
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I. INTRODUCTION

Arguably, the most important single parameter describing
a polymer is the polymerization index, N. Many different
physical properties of polymers, such as the glass transition
temperature, T, [1], and dependence of T, on polydispersity
[2], viscoelasticity [3], solubility [4], and miscibility with
other polymers [5], can depend strongly on the polymerization
index. An excellent discussion of the importance of the poly-
merization index is provided in Ref. [6]. It is for relatively small
values of N that there is the greatest change in properties as
N increases, and the materials make the transition from being
oligomeric to polymeric. In comparisons between theoretical
and experimental determinations of the order-disorder transi-
tion in block copolymer melts, even modest polydispersities
were shown to give rise to significant differences [7]. Any
method of producing polymers will result in a distribution of
the polymerization index. The polydispersity index, PDI =
M, /M,, provides a metric to quantify how monodisperse
a particular distribution of molecules is. For a completely
monodisperse sample (i.e., all of the molecules have exactly
the same value of N), the PDI is identically equal to 1. Most
common methods for producing polymers lead to PDI values
significantly greater than 1. In contrast, naturally produced
biopolymers have PDIs extremely close to unity, but are re-
stricted to proteins, and not to a wide range of polymers. While
free radical polymerization produces polymers with a PDI in
the range 1.5-2, living polymerization [8] can produce a wide
range of polymers usually with a Poisson distribution of N and
PDI values relatively close to unity. Practically, PDI values
~1.01 are considered to be very monodisperse. However, a

“jforrest@uwaterloo.ca

2475-9953/2017/1(2)/025605(6)

025605-1

simple example can show how misleading this criterion can
be. For example, consider alow M,, sample of polystyrene (PS)
where the composition of the sample is 25% N = 5,50% N =
6, and 25% N = 7. In this case calculation reveals a M,, value
of 600 g/mol and a PDI value of 1.01 even though the sample is
only 50% made up of the polymer suggested by the M,, value.
While this example is somewhat artificial, a more realistic
example is given by matrix-assisted laser desorption ionization
measurements of polystyrenes produced by living polymeriza-
tion [9]. In those studies, a PS with M,, = 2400 g/mol and
M, /M, = 1.04 exhibited 19 different N-mer components. It
is certainly notable that living polymerization to produce these
fairly monodisperse materials is a nontrivial technique requir-
ing significant experience and expertise in synthetic chemistry.

The importance of studying the effect of polymerization
index on physical properties and the resulting necessity
for highly monodisperse systems—pure N-mers—has been
recognized [2,7,10-14]. While monodisperse n-alkanes have
been studied often, the same is not true of other polymers. For
polystyrene, a number of studies have involved fractionation
of polymerized materials into more monodisperse samples.
Typically, vacuum distillation is used to isolate the dimers or
trimers, and other techniques such as liquid chromatography
[10] or solvent fractionation is employed for larger molec-
ular weights. It remains a challenge to obtain macroscopic
quantities of N-mers for larger N in a way that is applicable
to a wide range of polymer systems. It is also clear that the
fractionated components of some of these studies are also not
simple N-mers, but blends as well [11].

As is the case for aliphatic chain molecules [15], polymers
have non-negligible vapor pressure for small values of N. For
larger values of N, temperatures required for significant vapor
pressure are usually greater than those necessary for thermal
degradation. Both of these cases can be seen in previous studies
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incorporating thermal evaporation of polymers [16—19]. For
the case of polystyrene, the polymer we employ as an example,
thermal decomposition is found to occur at temperatures near
570 K [20]. This is a relatively low temperature for thermal
deposition, and for this reason, as well as the simplicity of
solvent based spin coating deposition techniques, thermal
evaporation of polymers has remained to a large extent,
unexploited. Purification by evaporation is among the oldest of
scientific techniques. In fact, Aristotle is said to have written
about it in his “Meteorologica.” Distillation of water was first
described almost 2000 years ago [21]. Distillation is often
applied to cases where the vapor pressures are approaching
atmospheric pressure and so these distillation techniques are
most commonly applied to more volatile materials. In cases
where the vapor pressures are not as large, vacuum distillation
techniques are often employed. For materials unstable at high
temperatures, short path distillation or even molecular distil-
lation (where the distillation path is similar to the molecular
mean free path) is a preferred technique [22]. This group of
techniques is commonly employed for molecular distillation
in both laboratories and industry. It would seem possible
that distillation techniques should be applicable for polymers
significantly beyond the parameter range where it is currently
employed. Below we develop a numerical simulation based on
available data intended to demonstrate feasibility and limits
of monodispersity. From there we describe our experimental
apparatus, and the characterization of the N-mer specimens
collected. In particular, we measure the 7, values of the N-
mers, and use that data as well as data for higher M,, samples,
to provide a single free parameter semiempirical relation that
describes the Tg(N) values from N =3 to N — oo.

II. NUMERICAL STUDIES

Consider a mixture of pure N-mers, with the amount of
component with kK monomers as 7n;, and the vapor pressure
of that component as P;. We can use the mass transport
relation of Langmuir [23], as well as Raoult’s law [24] for
vapor pressures of mixtures to obtain the following set of
coupled equations determining the mass transport:

dmy ng P Jk

ar Y T
where my is the mass of component k, ”kn - is the mole
fraction of the kth, N-mer, and « is a constant that depends on
experimental conditions and the monomer molecular weight.
For these simulations, o determines the time scale of the mass
loss. In order to effectively use these equations, knowledge
of the vapor pressure of pure N-mers is required. Since the
vapor pressure of pure N-mers of polystyrene have not been
measured, we calculate model values for our simulation. To
do this we employ the lattice fluid theory of Sanchez er al
[25,26]. In the lattice fluid theory of a polymer melt [25], the
equation of state is written as

ey

PP+ P+ T[ln(l - P+ (1 - %)p} =0 @

where r is the number of lattice sites taken by the N-mer
(and is not necessarily the same as the polymerization index),
T is a reduced temperature, P a reduced pressure, and p a
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FIG. 1. Calculated vapor pressures for polystyrene N-mers as a
function of temperature and polymerization index, N, using Ref. [25]
and the parameters from Ref. [26].

reduced density. The conversion of these reduced quantities
to real physical values uses microscopic parameters for that
particular fluid. The relevant values are found in Ref. [26].
The values of P,T which result in equal minimum values
of the Gibbs free energy for the liquid and vapor phases define
the liquid vapor coexistence curve that can be used to find the
polymer vapor pressure. We note that in the limit of r — oo
the vapor pressures vanish, and so it is not obvious that there
will be enough contrast for increasing N. While the actual
values may not be quantitatively accurate, especially because
the end groups are not considered at all in the calculation,
we expect the N dependence to provide a good guide for
our own experimental process. Figure 1 shows the calculated
vapor pressures as a function of 7 and polymerization index
N for polystyrene and N values between 2 and 9. In Fig. 1
it is evident that for these values of N, there is significant
enough dependence of vapor pressure on N for purification by
evaporation.

With these values for P,(T") and Eq. (1), we can simulate the
process of separation by evaporative deposition. To do this, we
start at some temperature (usually 400 K in the experiments)
and collect the products of evaporation. In the simulation, this
is done by integrating Eq. (1) over some time interval. For
all temperatures, the common value of @ determines the time
scale for the simulation. When the rate of deposition falls
below some value, we increase the temperature by 20 K and
repeat the process to collect the next N-mer. The reason for
the 20 K increase in temperature is that this is approximately
the temperature increase required to get an order of magnitude
change in the temperature-dependent vapor pressure. At each
temperature, we wait some time before starting collection.
This step ensures that all material of smaller N values has been
exhausted as much as possible. The results of this simulated
process are shown in Fig. 2. In this figure we start with the
distribution of N-mers labeled “initial,” and by collecting at
each temperature, are able to arrive at the evaporatively purified
components shown for each temperature. We can see that at
each collection temperature the vast majority of product is a
single value of N with less than 5% of N + 1 impurity. While
the initial distribution has 11 components anda M,,/M,, ~ 1.2,
these resulting purified products have at most three measurable
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FIG. 2. Initial distribution of monomers, and products after
simulated evaporative purification method described in the text.

components, and a polydispersity index M, /M, < 1.001.
Further simulation using one of the products of Fig. 2(b) as a
starting material leads to a M,/ M,, ~ 1.000 003. More impor-
tantly, the simulations reveal only a very weak dependence of
the final product composition on the starting composition. We
have also preformed simulations under isothermal condition,
and we find that the simulations suggest that at a constant
temperature we can still deposit monodisperse N-mers, but
the time range required is prohibitive.

1II. EXPERIMENTAL TECHNIQUE

We have tested the technique experimentally using a series
of polystyrene samples. We have employed PS with M,, =
600 g/mol, M,,/M, = 1.2 and M,, = 890 g/mol, M,,/M,, =
1.12, both from Polymer Source Inc., and M,, = 1200 g/mol,
M, /M, ~ 1.6 from Scientific Polymer Products. For each
polymer, a sample was placed on a flat substrate—usually a
polished Si wafer of 0.3 mm thickness—onto the hot stage of a
Linkam hot stage which was placed inside a vacuum chamber.
The collecting substrate is separated from the deposition
source by thermally insulating spacers of about 3 mm. The
chamber is evacuated with an Agilent Technologies SH-110
dry scroll pump to a pressure of approximately 0.3 mbar.
Once the pressure reaches this minimum value, a small
amount of nitrogen gas is admitted to the chamber until the
ambient pressure is about 1-3 mbar. This small pressure of
gas facilitates heat exchange and improves the temperature
stability and ability to separate different N-mers. The same
temperature and collection procedure used in the simulation
was then applied to this real material, and the deposition
products collected for 120-min intervals. The mass of each
deposition was recorded and then the material was pressed
into a sample pan and differential scanning calorimetry was
performed with a Q100 DSC instrument by TA instruments
with a heating/cooling rate of 10 K/min.

IV. EXPERIMENTAL RESULTS AND DISCUSSION

A. Separating N-mers

Figure 3 shows the processing temperature and deposition
product mass as well as measured 7, values for the M,, =
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FIG. 3. Measured deposited mass (triangles) and 7, values
(squares) of evaporatively isolated components of N-styrene. The
starting polymers in this case are M, = 600 g/mol (top) and
M, = 890 g/mol (bottom).

600 g/mol and the M,, =890 g/mol polystyrene. The 7,
values plotted are the T, values of only the material collected
in that time interval (each of which is 2 h), and not the T,
of the integrated deposition at that temperature. The reason
for this distinction is important. During a deposition there are
time-dependent changes in the composition of the evaporated
material, and hence the deposited film. If we are in a situation
where we have already deposited most of a particular N-mer,
then when we change temperature to deposit the N + 1-mer,
the initial part of that deposit may still contain some of the
N-mer. If we continue to deposit at the same temperature
over much larger times, then at some point we will have
exhausted most of the (N + 1)-mer, and will start to deposit
an appreciable amount of the (N + 2)-mer. Since the different
N-mers have significantly different vapor pressures, then at
any temperature if we consider the T,(¢) during deposition,
we should expect to see a plateau in 7, corresponding to a
particular value of N. Such plateaus are readily evident in
Fig. 3 for most of the starting compositions and at most of the
temperatures. We note that for both the M,, = 600 g/mol and
M, = 890 g/mol PS samples, the same N-mer is collected at
the same deposition temperature. Only the 483 K evaporation
failed to yield a well-defined plateau in the 7, value for the
M,, = 600 g/mol polymer. In a more refined process, one
might imagine using a quartz crystal microbalance sensor to
monitor the rate of deposition concurrently, and use that to
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determine the optimum time intervals to collect for pure N-mer
isolation.

A similar process was carried out with the M, =
1200 g/mol PS. In this case, we were also able to measure
plateaus in the 7, value of the deposited polymer, and (as will
be evident below) the individual 7, values of N-mers are the
same as those for the original samples in Fig. 3—indicating the
same N-mers are being isolated. However, the temperature at
which a particular N-mer deposited at the ~1 mg/h rate typical
of the data in Fig. 3 was not the same for this polymer as it
was for those prepared by living anionic polymerization. This
is very likely a result of the fact that the M,, = 1200 g/mol
polymer was prepared by free radical polymerization and thus
contained different end groups than the M,, = 600 g/mol and
M, = 890 g/mol polymers.

It is notable that in this particular sample of PS with
M, =600 g/mol we were able to isolate eight different
components. These components have T, values that differ by
63 K. In this particular case we started with 80.1 mg of PS, and
after the entire process, we had evaporated 75.7 mg, leaving
4.4 mg of materials with N > 14. The measured T, value of
the remaining component was 304 K. This is greater than any
of the components collected for this sample, and so certainly
contains mainly N-mers not collected in the previous thermal
treatment. Of the 75.7 mg that was evaporated, we successfully
collected 70.8 mg for a 94% efficiency. However, our efficiency
at producing the pure N-mers is notably less (~50%) as this
only includes masses that are collected while the resulting 7,
is exhibiting a plateau.

According to our calculations of vapor pressure, the vapor
pressures of the polymers we are depositing are many orders
of magnitude less than the ambient pressure. The fact that at
such low temperature there are no other depositing materials,
means that we can still successfully deposit even under these
conditions. In fact, uniform and constant sample temperature
during evaporation is a much more critical factor than low
ambient pressure, and having a non-negligible ambient pres-
sure enhances our ability to perform evaporative purification.
We note that deposition even at atmospheric ambient pressure
is possible, but with reduced efficiency. Tests showed that
deposited and remaining materials could be mixed together to
reconstitute a material with the same T, value as the original
material. This ability demonstrates that the thermal separation
of samples did not result in thermal effects of chain scission,
polymerization, or cross linking.

Further use of the data requires that we are able to assign
an N value to each of the polymers collected within a
particular 7, plateau. To do this we make a comparison to the
Fox-Flory relation for T, (N). While we will later demonstrate
the inability of this relation to provide a detailed accurate
description of the N dependence of T,, it should certainly
suffice to determine which N corresponds to which 7,. We can
also use the evaporated masses in order to find an independent
measure of the distribution of N values in each polymer.
To do this we consider the amount of mass evaporated at
each temperature, rather than the mass deposited (which is
shown in Fig. 3). As previously mentioned, the composition
of material evaporated is a function of time, and the first
material evaporated after a temperature change likely contains
a non-negligible fraction of the previous N value. Since we
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FIG. 4. Distribution of evaporated components during the heating
process. The solid symbols are the masses evaporated from the M,, =
600 g/mol PS, and the open symbols are the masses evaporated from

the M,, = 890 g/mol PS. The curves are fits to Gaussian functional
forms, and are for illustrative purposes only.

do not know the composition of this first fraction, we include
all the masses evaporated at a particular temperature. While
this may mistakenly include some of the previous N, it also
mistakenly misses some of the correct N that comes off at the
higher temperature. If the mass evaporated at the first stage at
each temperature was the same, we would expect these effects
to almost exactly cancel. For this reason, our process provides a
reasonable estimate of the N-mer distribution. The evaporated
amounts at each temperature for the M,, = 600 g/mol and
M, = 890 g/mol material are shown in Fig. 4. For the
case of the M,, =600 g/mol PS, there was a significant
amount of material that was evaporated at the lowest tem-
perature of 403 K, and we did not separate the monomer and
dimer components. From this data we can also calculate the
My, M,, and M,/ M, value of each of the polymers. For the
M,, = 600 g/mol polymer we calculated M, = 571 g/mol
and M, = 656 g/mol with M,/ M,, = 1.15. The fact that these
are about 10% larger than the quoted values is likely due to
our not measuring the monomer and dimer components. For
the M,, = 890 g/mol PS, we find a M,, =916 g/mol and
M, = 824 g/mol for a M,,/M,, = 1.11; this is in very good
agreement with the quoted values for that polymer. In these
calculations we treat the material that had not been evaporated
after the full heating process in the following manner. We
divide the remaining mass equally among the two N values
larger than the last N actually measured (Npyax) and then denote
the volume fraction of all N > Np.x + 2 as zero. We have also
used this process to illustrate the masses in Fig. 4. The fact
that the 7, value of the remaining material is more than that
any of the T, values of the separated N-mers suggests this is
a reasonable representation.

As discussed above, comparison to simulation suggests that
the T, values in each of the plateau’s collected come from pure
N-mers. Using this same process for each of the starting PS
compositions, we can collect what we suspect are pure N-mers
for each N from each sample. Since the temperature ranges
determine the deposition rates for a particular N-mer, materials
prepared in the same manner (with the same end groups) will
result in the same N-mers being collected at the same values
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FIG. 5. T, values of N-styrene as isolated from the three different

initial polymers, as well as the T, values of the initial polydisperse
samples.

of T. This is indeed what is observed. The T, values measured
in each of the plateaus for the three M,, values considered
(600, 890, and 1200 g/mol) are shown in Fig. 5. Also shown
in Fig. 5 are the T, values of the initial polymers with the full
distribution of N values.

B. Quantifying T, as a function of N

The measured T, values of individual components from
each of the starting polymers are provided graphically in
Fig. 5. We note that these T, values show significant deviations
from the Fox-Flory relationship [1], and these differences
can depend on the polymer chain ends as already noted in
Refs. [11,27,28]. In order to understand the deviation from
Fox-Flory and provide an alternative functional form for the
N dependence of the T, value, we consider our polymers as a
mixture of two components, with weight fractions w;, w,, and
T, values Tg1 and ng, and use the empirical Fox relation for
the glass transition temperature of a miscible mixture given by

1 w1 wr
=2 3)
T, Tg1 ng

In this case we consider one component as the chain; the
other is essentially the chain ends. The weight fraction of the
chain ends is ﬁ and the weight fraction of the chains is
(1 - ﬁ), where the parameter o contains the fact that there
are two chain ends and that the weight fraction depends on the
relative size of chain ends and chain segments. We can write

the T, value of the chain component as 7, and the 7, value of

the end component as T, gf) . We can substitute this into Eq. (3)
to obtain

1 1/(eaN) 1—1/(aN)
T = 5 . 4)
(N) Tg Tgﬂ’O
We can write this as
Tgoo
T(N)= ——% —— ®)

(T '
ok (1)
This is very similar to the procedure used to derive Eq. (7)

in Ref. [29] where free volume arguments rather than the
Fox relation are used as the starting point. It is interesting
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FIG. 6. T, values of N-styrene (N < 10), and more polydisperse
(N > 10) polystyrene and fits to Eq. (5) as well as Fox-Flory
expressions.

to note that in the case of N >> 1 to first order in 1/N we
recover the Fox-Flory relationship Tg(N) >~ T,°(1 — A/N)

T . .
where A = i(% — 1). Now in the case where N is not large
8

we should use the full Eq. (5) where the only fitting parameter
(besides the T, of bulk large M,, PS) is the combination of

. T . .
physical parameters é(TL]S — 1). To make this comparison we

use the 7, values from Fig. 5 for N-mers originating from
anionically polymerized M,, = 890 g/mol polymer, as well
as those in Ref. [30] for much larger N (polymers made in the
same commercial laboratory and 7, values obtained using the
same experimental technique as the present study). Because of
the known importance of end groups on measured T for small
N [27], we restrict ourselves to only one original polymer so
that we can be certain that the end groups are the same for all
N. The result of this fitting process is shown in Fig. 6. In this
case the solid line is the fit to Eq. (5), 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 M,, (black). It is evident that our simple expression
provides an excellent, physically motivated fit over the entire
range of N (from N ~ 5 to N — oo) with the same number
of parameters as the Fox-Flory relation, and to first order in
1/N reduces to the commonly used Fox-Flory relation. We
note that this same functional form could be used on older
collections of (not as monodisperse) low N PS samples [31].
We can also use these results to find a practical upper bound
for the largest N value that can be isolated in this technique. We
note that we are bounded above in temperature to avoid thermal
decomposition. To date, the highest temperature we have
worked atis 563 K, which is below the 573 K temperature onset
expected for thermal decomposition [20]. At this temperature
we can deposit the 13-mer of PS at a maximum rate of about
1 mg/h. If we continue to evaporate at this temperature, we
would find that we would eventually exhaust the 13-mer, and
deposit the 14-mer, but that would take many hours, and the
maximum rate would still only be about 0.01 mg/h. Thus, it
seems that avoiding thermal decomposition places an upper
bound on the N-mers we can isolate in reasonable quantities
in reasonable time for the case of PS at 13. However, we
should note that for samples with M, > 1400, in addition
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to isolating pure N-mers for N < 13 we can significantly
reduce the polydispersity of the remaining material. Finally, we
note that having the ability to isolate pure N-mers introduces
the ability to really study the effect of polydispersity on
physical quantities. By mixing the N-mers, we are able to
produce samples with arbitrary shaped distributions, and study
properties such as T, solubility, and mixing properties. The
studies are also ideal specimens for recently described samples
of atactic PS crystals [32]. The behavior and abundance of
such crystals depends strongly on N, so having pure N-mer
samples is necessary to develop a detailed understanding. The
materials prepared in this paper can also be used to determine
the actual vapor pressure values of pure N-mers that had to be
calculated for this study. This is important as the calculations
we used to guide us do not take into account end group effects
at all, and these are clearly important for small N. The same
evaporative purification technique has been shown to be able
to separate poly(ethylene glycol) into N-mers, and that work
will be the subject of a future communication. The technique
we described is simple enough to be employed with only
slight modification to existing and common vacuum annealing
setups, and is readily scalable to larger quantities. Importantly,
the technique as described provides a set of N-mers with iden-
tical end groups. A variation of the technique could possibly
separate polymers with the same N but different end groups.

PHYSICAL REVIEW MATERIALS 1, 025605 (2017)

V. SUMMARY

In summary, we have developed and described a process
in order to isolate what appear to be pure N-mers from
a polydisperse initial mixture. As far as we know, these
N-mer samples represent the PS with the highest degree of
monodispersity reported. We have shown that even low-cost
samples with an initial M, /M, of 1.6 are able to produce
the same quality N-mers as those that are produced using
polymers produced by living anionic polymerization as the
starting material. The T, values of the separated molecules
are well quantified by a simple empirical relationship over the
entire range of N. Atits most basic level, the technique requires
nothing more than clean vacuum and temperature control.
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