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Abstract:

The sorption of C@in two commercial grades of multiblock copolyméPolyActive™) is
investigated using a magnetic suspension balandbeirtemperature range 30 — 70 °C. The
isotherms follow Henry’s law when the poly(ethylegigcol) (PEG) blocks of PolyActiV¥ are

in a molten state. A significant deviation is obser when the PEG blocks are still in a
semicrystalline state. Differential scanning catweiry (DSC) is used to study the thermal
transitions of the polymers. The melting and cljigition of the PEG blocks is studied using
high pressure differential scanning calorimetry inoth CQ and N gas environment. A
substantial decrease of melting and crystallizatiemperature occurs with increasing £0
pressure. But no change occurs under giessure. The observed experimental results are
discussed on the basis of established thermodynaquiations reported in the literature which
provide an adequate guideline to correlate thetmorpsotherms with the thermal transition of
the PEG blocks.

Key Words: PolyActive™, CQ, sorption, Melting point depression, High presstiféerential
scanning calorimetry, Semicrystalline polymer.



1. Introduction:

Semicrystalline polymers, endowed with the coexisteof amorphous and crystalline phases,
constitute a large group of commercially availalgelymeric materials. The degree of
crystallinity and the crystalline morphology areotwf the most salient features that dictate the
final properties of these polymers. It is alreadsllknown that the interaction of a compressed
gas (e.g. Cg) with a semicrystalline polymer can bring abouypr@ssion of both glass transition
temperature and melting temperature.[1] Dependimdghe application and process conditions
this phenomenon can be either beneficial or tradstee. In either case a quantitative knowledge
of melting point and crystallinity of the polymes a function of process conditions is of utmost
importance for several application such as — foabri¢ation, packaging materials production,
membrane based gas separation, high pressure pdgtien etc.[2] In presence of a
compressed gas a semicrystalline polymer may ataisubstantially different crystalline
morphology compared to what is obtained at amboemdition.[1] In this regard researchers
have extensively investigated the £i@duced crystallization and melting of various ypoérs,
e.g. polypropylene[3, 4], syndiotactic polystyrehep], poly(ethyelene terephthalate)[1, 6-9],
polycarbonate[10], polycaprolactone[11-13], poliiéet ether ketone)[14, 15], poly(phenylene
sulfide)[16], poly(3-hydroxybutyratee-3-hydroxyvalerate)[17], pluronics[18] etc.

A fundamental understanding of polar and nonpolas golubility in semicrystalline
poly(ethylene glycol) (PEG) is essential to provideentives for development of both gas-
transport[19] and gas-barrier[20] materials. Théapether oxygen has strong affinity for the
acidic CQ gas due to the polar-quadrapolar interaction.[Pdis phenomenon is extensively
exploited to design gas separation membrane thradnth CQ permeates faster than the non-
polar gases such as,NH,, CH, etc. It is generally accepted that in the cryisialphase the
polymer chain packing is too dense to leave voudkle for penetration of even the small gas
molecules. On the other hand the amorphous phaseghandomly arranged and highly mobile
polymer segments offers ample free volume for gasnpation. [19, 20] Hence for the gas
separation membranes (working according to thetisohdiffusion mechanism) it is crucial to
ensure that PEG is in an amorphous state undeatiopgerconditions. Block copolymers (e.g.
PEBAX®, PolyActive™) containing alternating series of short PEG blankl a semi-crystalline
block froming the hard phase exhibit superior gegasation performance compared to PEG
homopolymer. In these block copolymers the preseh@ecrystalline block between individual
PEG blocks inhibits the chain packing efficiencytloé polar ether linkages. The crystallinity of
the PEG blocks of these polymers depends on tlgtHemd content of the two different sorts of
blocks.[22-26] We have used differential scannimdpemetry (DSC) to study the thermal
transitions of the different blocks of the aforerti@med multi-block copolymers. The method
provides appreciable assistance to correlate thptiso and diffusion of gases with other
physical properties of the polymers.[25, 27, 28fhHpressure DSC is a powerful tool which
allows us to study thén-situ thermal transitions in presence of £@r other gases at high
pressure. It gives us the opportunity to understaednteraction of polymer and gas molecule



during glass transition, melting, crystallizatiow.g6] In this work we aim to provide an insight
into the thermodynamic behavior of €®orption in the commercial thermoplastic elastomer
PolyActive™ at different pressures. In this regard we usé igessure DSC and magnetic
suspension balance to construct a robust correlabetween gas sorption and phase
transformation of the PEG block of PolyActlVeat different temperatures and pressures. Two
grades of PolyActivB" are used for this study which have the commergiames
PolyActive™'3000PEGT77PBT23 and PolyActiV&4000PEGT77PBT23. For both of these
polymers the weight percentage ratio of the twaesypf blocks namely poly(ethylene glycol
terephthalate) (PEGT) and poly(butylene terephtbpldPBT) are 77wt% and 23 wt%,
respectively. For discussion in this manuscript aglress them as P 3000 and P 4000,
respectively, which represents the molecular weighdg/mol of the PEG segment in the PEGT
block.[25]

2. Experimental:
2.1. Materials:

Both grades of the PolyActi¥¥ were purchased from PolyVation, The Netherlandd an
chloroform (purity 99.0-99.4%) was purchased fromrék, Germany. The chemicals were used
as received without any further purification. Ngem (purity 99.999%) was supplied by Air
Liquide, Germany and carbon dioxide (purity 99.99%0as supplied by Linde, Germany.

2.2. Thick film casting:

3 wt% solutions of P 3000 and P 4000 were prepasaty chloroform as solvent. The obtained
homogeneous solutions were poured in Téflomlds. The molds were covered with glass Petri
dish to ensure slow evaporation of solvent and kepbom temperature for film formation.

2.3. Characterization:
2.3.1. Gas sorption measurement:

The sorption measurements of pure,G@re performed with a gravimetric sorption anatyze
ISoOSORE' Static from Rubotherm (Bochum, Germany). The dedaidescription of the
instrument and technique was given elsewhere.[@PTBe IsoSORP system is equipped with a
precision pressure sensor DPI 282 with an accuracly £0.006 bar. The experimental
temperature was maintained with the cryo-compaculator (temperature stability £0.03 °C)
from Julabo GmbH, Germany. Adsorption isotherm€ were determined in the temperature
range 30 — 70 °C at each 10 °C and pressure rafigimgzero to 30 bar with a resolution and a
reproducibility of the Magnetic Suspension Bala@eksB) (Rubotherm, Germany) of 0.01 mg
and + 0.03 mg, respectively. The additional optidrthe ISOSORP instrument allowed us to
take into account the gas nonideality through tleggtingin-situ of an inert sample. Prepared
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films of P 3000 and P 4000 with thickness of 200-Rén were evacuated-situ overnight at 80
°C to remove gases and residual volatile compoudistolved in the polymer matrix before the
measurement. The specific uptake was determinedeasribed elsewhere[31] taking into
account buoyancy in gas. Furthermore, the densgéigsorement was performed by Archimedes’
principle using the standard equipment for ExcelleRlus Mettler Toledo, Germany analytical
balances. The FLUORINERY FC-77 from 3M, USA was used as auxiliary liquidadrder to
prevent liquids adsorption on the PolyActiVe To take into account the real gas behavior of
CO, the gas fugacity was determined from the Soavdigte{wong equation of state[32] using
the chemical process optimization software Aspess Pl

2.3.2. Differential scanning calorimetry study:

To study the thermal transition of the prepareaidilunder a Ppurge gas stream a DSC 1 (Star
system) from Mettler Toledo, Germany was used.itat the samples were heated up to 100 °C,
kept at this temperature for 5 min to erase angcesfresulting from sample preparation. Then
the sample was cooled down to —100 °C and a sdeeaihg scan up to 250 °C followed by the
cooling scan down te100 °C were performed. The DSC runs were perforates scan rate of
10 K/min. A High Pressure DSC 1 from Mettler Toledas used to study the-situ thermal
transition of PolyActivé¥ 4000PEGT77PBT23 at elevated pressure. The tenuperatotocols
are described in section 3.3.

3. Results:
3.1. Gas sorption measurement:

The density of P 3000 and P 4000 determinedJmtshosphere using MSB at 30 °C is in good
agreement with that obtained by Archimedes methsidguFLUORINERT™ FC-77 liquid at
23.5°C (Figure S 1 and S 2). Elevation of tempgeatauses a small decrease of density. The
change in density is taken into account for deteation of specific uptake of GQby the
polymers in the temperature range 30 — 70 °C. Sbterms of specific CQuptake with respect

to fugacity of CQ are plotted in Figure 1. At 30 °C the specific Qdptake vs fugacity curve
has a curvature convex to the fugacity axis fohlhmlymers. Up to 10 bar both polymers show
similar CQ uptake. For higher fugacity the increase in speaiptake increases dramatically in
P 3000 compared to P 4000. At 40 °C the,@ptake is higher in P 3000 compared to P 4000.
P 3000 shows almost linear increase of,@Ptake with increasing fugacity. P 4000 shows this
phenomenon up to 20 bar g@gacity. The CQuptake of P 4000 increases dramatically when
the fugacity exceeds 20 bar and becomes very tbobe CQ uptake of P 3000 at 30 bar. It can
be clearly seen that the specific g@take vs fugacity curve of P 4000 at 40 °C is egalis to
that of P 3000 at 30 °C. Between 50 °C to 70 °CQifipeCO, uptake for both P 3000 and P 4000
increases linearly with increasing fugacity. Bothtlee polymers have the same value of,CO
uptake which decreases with increasing temperatuns. worth mentioning that when GO
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uptake is plotted against fugacity (Figure 1) iastef pressure (Figure S3) a small deviation
from linear increase is observed. For example agil€O, uptake (in mol/g) of P4000 at 50 °C
using both ideal (i.e. compressibility factor of £@cq. = 1) and real (€. < 1) gas behavior is
provided in the supporting information (Figure S 4he Henry's law constarit, is calculated
from the slope of such plots (Table 1). Table Ivghthat the value d&, differs significantly for
Zco = 1 and Zo < 1. The official definition oky provided by the IUPAC contains fugacity
instead of pressure.[33] For any practical calonhathe values oky obtained by considering
Zco. < 1 are most appropriate. The temperature depeerdehky can be described by the
following equation:

-dInk, _AHg
;) "
T
where T is absolute temperature [KHs is the molar heat of dissolution [kJ fif#ndR is the
gas constant [kJ KmolY]. AHs of CO; dissolution in P 3000 and P 4000 is calculatedating
to equation 1 from the slope of ky vs 1/T plot (Figure S 5).[34] Similar téy the obtained
value of AHs (Table 1) is also slightly different forc& =1 and £o. < 1. AHs has a negative

value which implies that COdissolution in P 3000 and P 4000 is an exotherpmacess
(discussed in detail in section 4.1).

(1)

3.2. Differential scanning calorimetry:

Figure 2 shows the second heating and second goiéine for the two polymers under study.
Two distinct melting endotherms and crystallizatexotherms are observed which is consistent
with the phase separated morphology of the polymiére onset, peak and endset temperatures
of the transitions are tabulated in supplementaigrmation (Table S 6). The melting endotherm
of the PEG block of P 3000 starts at 32 °C and ehd$ °C (Figure 2a). The onset and endset of
the melting endotherm of PEG blocks of P 4000 &é@ and 50 °C, respectively (Figure 2a).
The PBT blocks show a broad melting endotherm batwi5 °C to 205 °C for both polymers
(Figure 2b). The exact peak temperature of suchadrtransition deviates a lot. The
crystallization of PBT block of P 3000 and P 4@farts at 160 °C and 170 °C, respectively,
(Figure 2b) upon cooling from the melt. As the temgure is decreased further, crystallization
of the PEG blocks takes place. For P 3000 it s&tr23 °C and ends at 18 °C (Figure 2a). The
crystallization exotherm of the PEG blocks of P@b@s an onset and endset of 30 °C and 25 °C
(Figure 2a). The crystallinity of PEG blocks cabeld from the analysis of the DSC curves
(considering 166 Jhas heat of fusion of a 100% crystalline PEG [38]54% and 57% for P
3000 and P 4000, respectively.[25] Hence for balympers the length of PEG blocks does not
have a big influence on the crystallinity of PE@dXs, but both melting and crystallization takes
place at a higher temperature for P 4000 compardd 8000. This difference in melting and
crystallization temperatures of the polymers ipoesible for the different CQuptake at 30 °C
and 40 °C (discussed in detail in section 4.1).
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3.3. High pressure differential scanning calorimety:

In this section we report the melting and crystaliion of the PEG block of P 4000 induced by
pressurized C®and N studied using a high pressure DSC. It is not jes$o study the thermal
transition of the PBT blocks as the sample degranles pressurized COatmosphere when
heated up to 200 °C (Figure S 7). The influenc€06$ saturation at a pressure up to 35 bar on
melting and crystallization of PEG block of P 40B30depicted in Figure 3. Two different
temperature protocols are used for the study. Rerset of experiments the samples were first
heated up to 220 °C at 10 K/min to erase the thiehiséory. Then they were allowed to cool
down at 70 °C. The cooling rate of this step wasaomtrolled. At this point the crystallization
of PBT block is finished, yet the PEG block remainsa molten state. The samples were
pressurized with COfor 1 hour at 70 °C. Then the samples were scadiogd to 20 °C and
subsequently up to 70 °C at 0.5 K/min without rsieg the CQ pressure. However, as expected
change of temperature at constant volume has Areide on pressure as well. This temperature
protocol allows us to study the influence of Oessure on crystallization of PEG block while
cooling down from the melt (Figure 3b) and the sgpeent melting (Figure 3c) in a confinement
imposed by the already crystallized PBT block. $heiration time is varied from 15 min to 4 h
to investigate the change in crystallization terapge at 15 bar C{pressure (Figure S 8). Since
no change is observed, we use 1 h saturation tmalfthe experiments. Figure 3b and 3¢ show
the cooling and heating traces followed by the,G&turation at 70 °C. At 1 bar G@aturation
pressure the PEG block crystallization starts aft@5The crystallization temperature and the
area of crystallization exotherm decrease sigmfigawith the increase of C{Qpressure. At 35
bar the onset of crystallization is 27 °C. In othards, for the crystallization to start at 35 bar
CO, pressure the temperature has to be 8 °C lower amdpo that at 1 bar G@ressure. The
subsequent heating cycle shows that the meltingtbednm also shifts to a lower temperature.
Moreover, a substantial decrease of the area atailigation exotherm and melting endotherm
occurs with the increase of GPressure.

Another set of experiments were performed usingehgerature protocol depicted in Figure 3d.
At first the thermal history was erased by samgatimg up to 220 °C and the PBT blocks were
allowed to crystallize by cooling down to 70 °C. dontrast to the other temperature protocol
(Figure 3a) in this case the samples were coolechdo 20 °C at 0.5 K/min rate to make sure
crystallization of the PEG blocks is complete ameht pressurized with GOTherefore the PEG
blocks were already in a semicrystalline state wiensample was saturated with £&hd the
following heating cycle shows the influence of £€aturation pressure on the melting of an
already crystallized PEG block. The heating tra€égure 3f) shows that depression of the
melting point of PEG blocks occurs with increasprgssure. The area of the peak under the
melting endotherm also decreases with increasing [@€ssure. It is important to mention that
the shape of melting peaks obtained from two teatpe® protocols is significantly different.
The shape of the melting peaks suggest that whenp@Qsure is applied upon semicrystalline
PEG at 20 °C a part of the crystals dissolve wieetils to two populations of differently sized



PEG crystals. The onset and endset temperaturédseofrystallization exotherms depicted in
Figure 3b and 3e are plotted against the presauUfegure 4 for comparison. It is evident that for
saturation at 70 °C the onset and endset tempesatwe lower compared to those obtained after
saturation at 20 °C. A significant increase ofuhéth of crystallization exotherms obtained from
both temperature protocols is observed with inangg€ O, pressure.

However, there is no influence of;Maturation (at 70 °C) on the crystallization exoths
(Figure 5b) and melting endotherms (Figure 5c)haef PEG block of P 4000. It is noteworthy
that the crystallization temperatures (onset, paat endset) of the PEG block of P 4000
obtained from high pressure DSC (High Pressure D3©m Mettler Toledo) at a scan rate of
0.5 K/min under 1 bar CQO(Figure 3b) and 1 bar NFigure 5b) are analogous. However, the
onsets of these crystallization exotherms are aqpidely 5 °C higher than that depicted in
Figure 2a which was obtained using a different deiDSC 1 (Star system) from Mettler
Toledo) under a MNpurge gas stream at 10 K/min. Therefore the thletraasitions of PEG
block of P 4000 was studied in DSC 1 (Star systesim)g the temperature protocol depicted in
Figures 3a and 5a withoNis a purge gas stream (Figure S 9, Table S 1@)p&ak temperatures
of crystallization and melting of the PEG block#000 in CQ and N atmospheres using the
temperature protocol depicted in Figure 3a andréspectively, (i.e. the same temperature
protocol) are plotted against applied gas pressuFggure 6. It is evident that irrespective of the
device and gas (i.e..r CQ) at 1 bar pressure the melting and crystallizatenperatures are
analogous while those decrease linearly with irgirgaCQ pressure and remain unchanged
with the increasing Npressure. Therefore the deviation of crystall@atiemperature observed
in Figure 2a originates from the faster scan re¢e {OK/min instead of 0.5K/min) used for the
DSC run.

4. Discussion:
4.1. Thermodynamics of CQ sorption:

The sorption of a gas in a rubbery polymer is galheaccepted to be described using Henry’s
law:

C=k,P (2)

whereC is the concentration of gas in the polynieiis the gas pressure akg is the Henry's
law constant.[36] The solubility coefficier,can be expressed as follows:

_C
5= 3)



Thus when there is no concentration depend&aalky are equal.[37] According to equation 2

the specific gas uptake of a rubbery polymer shaotdease linearly with gas pressure. The
specific CQ uptake of P 3000 and P 4000 follows equationtBéntemperature range 50 - 70 °C

(Figure 1). In this temperature range the spedf@, uptake also decreases with increasing
temperature. The temperature dependence of theikylis given by the following equation:

_ —AHg
S—Sbex;{ RT J 4)

where$ is the pre-exponential factor (solubility at mifely high temperature\Hs is the molar
heat of sorptionR is the gas constant afids temperature in Kelvin. The large negative vailtie
AHgs (table 1) implies that the dissolution of €@ both P 3000 and P 4000 is an exothermic
process which in turn causes the decrease of &p€t uptake with increasing temperature. A
combination of two thermodynamic processes is vewlin the dissolution of a gas molecule in
a polymer matrix — 1) condensation of the gas mdée@t the surface 2) formation of a
molecular scale gap in the polymer to accommodaegbs molecule. TherefondHs can be
written as:

AH S = AH + AH mixing (5)

condensatin

whereAHcondensation the molar heat of condensation attdhixing, the partial molar heat of mixing
are the enthalpies of changes for the first andrs¢hermodynamic process, respectively.
AHcondensationiS always a negative term amdHmiing IS usually positive.[36-38] The critical
temperature and pressure of £i© 31.04 °C and 73.8 bar, respectively. So intdmperature
and pressure range where {fissolution is studied the value ®Hs depends predominantly on
AHcondensation AS the temperature increases £@s more and more difficulty to condense in the
polymer which causes the decrease of specificupfake.[37] It gives a satisfactory account for
the specific CQuptake of P 3000 and P 4000 between 50 — 70 °Qi¢&e®.1, Figure 1) where
the PEG blocks are in a completely molten state.

The isotherm of P4000 is convex to the fugacitysati 30 and 40 °C while P3000 shows such
isotherm only at 30 °C. In a rubbery polymer egygimethylsiloxane this convex curvature is

attributed to the swelling of polymer due to saptiof the gas.[39] In absence of strong
polymer-penetrant interaction such sorption behasém be described from the classical theory
of Flory and Huggins using the following equation:

In(fiJ:In(pg +(1—(pg)+)((1—(pg)2 (6)

wheref is the gas fugacityfy is the standard state fugacity of the ggss the volume fraction of
the gas in polymer angdis the polymer-gas interaction parameter.[40] Both P 3000 and
P 4000 exhibit the convex curvature only at a tawmoee where the PEG blocks exist in a
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semicrystalline state (discussed in section 3fZhd curvature of the isotherms was due to the
swelling of the amorphous part of P 3000 and P 400@uld not disappear at a temperature
higher than the melting of the PEG block. It isd&nit that the curvature appears due to the
influence of CQ pressure upon the crystalline PEG part of therpehg. Michaels et al. studied
the solubility of several gases (including £é&nd N) in a semicrystalline polyethylene. They
proposed a two phase model composed of distinct@mas and crystalline phases where the
crystals are dispersed in an amorphous matrix ahdsaa nonsorbing and impermeable phase.
They found that the solubility constant is propamtl to the volume fraction of amorphous phase
in polyethylene i.e.

S=as (7)

where a is the volume fraction of amorphous phase &hds the solubility constant in a
hypothetical completely amorphous polyethylene.[29;43] If we consider equation 7 for
solubility of P 3000 and P 4000 between 30 — 70t€ obvious that the value of increases
until the PEG block is in a completely molten stalbe melting of PBT takes place above
100 °C (Section 3.2, Figure 2). Therefore in thagerature range where ¢®orption is studied
(30 — 70 °C) the PBT block is in a semicrystallgtate. Up to the point where melting of the
crystals of the PEG blocks is complete the increddemperature leads to a higher amorphous
PEG phase content which tends to increase thesGlobility. Meanwhile, the negative value of
AHs tends to decrease the £6blubility with increasing temperature. These tweonnteracting
phenomenon explain the observed difference of Bp&eO, uptake in P 3000 and P 4000 at 30
and 40 °C. Since the melting of PEG blocks of POtikes place at a higher temperature than
that of P 3000 the amorphous PEG phase contengh&min the latter at any point below the
melting temperature. For this reason at 40 °C &drigCQ uptake is observed in P 3000.
Moreover, the melting point of P 4000 decreases ttie increase of C{pressure. As a result
the value ofx also increases when the £@ressure is raised keeping the temperature cdregtan
30 and 40 °C. Due to this added amorphous phaderdost elevated pressure P 4000 dissolves
more CQ then expected by Henry's law and the isothermsehawcurvature convex to the
fugacity axis. As at 40 °C most, if not all, of tR&EG of P 3000 already exists in a molten state,
this polymer has a curvature in the isotherm ori8@& °C. In what follows we discuss the
thermodynamics behind the @dduced melting point depression of the PEG blocks

4.2. Thermodynamics of CQ induced melting:

“The equilibrium melting temperature of a polymeayrbe defined as the melting point of an
assembly of crystals, each of which is so largé $iee (i.e. surface) effects are negligible, with
the provision that each such large crystal is imiggrium with the normal polymer liquid.-
John J. Hoffman and James J. Wejgky

At the equilibrium melting temperature the chemipatential of the polymer repeating unit of
two phases (i.e. the molten and crystalline phase)equal. The addition of a miscible diluent



causes a decrease of the chemical potential akefhesating unit in the melt. As a result melting
point depression occurs to meet the condition afilegium.[45] Paul J. Flory derived a
relationship of the equilibrium melting point ofalymer-diluent mixtureT, to its composition.

It can be stated as:

1 1
T, TO

m

RV,

:Tu-vl(ﬂ‘)(ﬂ?) 8

where, T%, is the equilibrium melting point of the pure polgmAH, is the heat of fusion per
mole repeating unity, is the molar volume of polymer repeating ulkft,is the molar volume of
the diluent,¢; is the volume fraction of the diluent andis the polymer-diluent interaction
parameter. The depression of the melting pointheydiluent is approximately proportional to
the term1/T, — 1/T.[45] From section 3.3 it is evident that in thegence of pressurized €O
the PEG segments of P 4000 tend to retain thed#sed state instead of folding and aligning
with each other to form crystals. In the absenca diluent the crystalline state of a polymer has
lower free energy compared to its molten state whertemperature is below melting. Therefore
the value ofypes.co i-€. the interaction parameter of the PEG bloclk ef000 with CQis low
enough to diminish the thermodynamic driving foof¢he polymer to exist in a crystalline state
which results in the decrease of crystallizatiod arelting points. But no change of the melting
behavior is observed when DSC scans are performiid atmosphere (pressure range 1-25 bar)
instead of CQ This is an obvious manifestation of the fact ttinet quadrapolar COdue the
high affinity towards polar ether oxygens, has aimstronger affinity towards the PEG block of
P 4000 compared to that of nonpolar Nenceypec.ca<<tpec-n Whereypec.n IS the interaction
parameter of polyether block of P 4000 with Nloreover, the extent of depression of melting
point increases with the GGQsaturation pressure which means the melting teabyer is
influenced by¢;. Thus equation 8 is qualitatively valid for the £@®duced depression of
melting point of the PEG blocks of the multibloakpolymers under study. However, equation 8
represents the dependence of the depression ahéiteng point on the composition of the
polymer-diluent mixture due to thermodynamic eféecnly.[45] In principal it will take
infinitely long time for the formation of a perfechain extended crystal which may undergo
melting at equilibrium melting temperature. Polynwystals formed within a limited time
practically melt well below the equilibrium meltingmperature due to their small size and
imperfection. Even for the slowest scanning rateunstudy, kinetic factors are involved for the
experimentally observed thermal transition of aypwr together with the thermodynamic
ones.[44, 46] Therefore, the @@duced melting point depression of the PEG blotle 4000

in a high pressure DSC at a scan rate of 0.5 Kfmbserved in Figure 3) occurs under the
kinetic restraints which cannot be described byaéiquo 8.

Zhang et al. [1] have studied the crystallization of poly(ettye terephthalate) (PET) and
syndiotactic poly(styrene) (PS) under pressurizec&ail CQ using non-isothermal DSC scans
of 5K/min. Similar to our observation they also fouthat the depression of melting point occurs
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under compressed G@tmosphere but not undeg Btmosphere. They used the Gibbs-Thomson
equation to explain the depression of melting p@rhich takes into account the experimental
melting point due to the finite sized crystals:

T, =To[1- 29 ©)
IAH,

whereT’, is the experimentally observed melting temperatiira crystallite of thickness T°y,

is the equilibrium melting point of a perfect cigistomposed of infinitely long polymer chains,
o is the interfacial free energy associated withkihsal plane of the lamellar crystallite axid,

is the enthalpy of fusion per repeating unit of ploéymer chain.[1, 46, 47] They observed that in
the presence of compressed Lthe melting onset and the melting peak shiftedotwer
temperatures but the breadth of the peak was ugedafwhich is not the case in our study).
Thus considerind®y, | andAH, as constant values they have concluded that giissslved in
the amorphous parts of the polymer and the depressi melting point occurs only due to the
increase iny caused by the dissolved €On contrast Figure 3 and 4 shows that the widith a
area of the melting endotherm and crystallizatiootieerm of the PEG blocks of P 4000 change
substantially as the GQyressure increases. Therefore, the postulationt iiog Zhanget al. [1]

for PS-CQ and PET-CQ systems is not applicable for @dduced melting and crystallization
of PEG blocks of P 4000. The decrease of peak iatpbes the decrease of crystallinity with
increasing CQ pressure which leads us to the conjecture thartgd the crystalline PEG is
dissolved by C@under elevated pressure. But it must be takendntount that during a DSC
run under elevated Gpressure, as the first crystals melt, the regyltholten phase becomes
available for CQ dissolution. The resulting apparent endothermakpsan decrease due to this
simultaneous exothermic effect. In other wordsdlrea under the melting peak is an overlap of
endothermic heat of fusion and exothermic heatiséadution.[48] This phenomenon creates
considerable uncertainty to calculate the crystilifrom DSC traces depicted in Figure 3.

4.3. Correlation of CO, induced melting point depression with Henry’s lanconstant:

The Gibbs-Thomson equation is originally derivedisidering only two phases (i.e. the molten
and crystalline phase). An analog of the equatidmclv takes into account the equilibrium
between three phases (solid-liquid-vapor) to dbsctine melting of small crystallites is not yet
developed.[46] When crystallization occurs from @lten state in presence of a compressed gas,
it is rational to consider a two-component, threéage system to describe the melting point
behavior.[2] Such systems can be accurately destiity the Clapeyron equation as it can be
extended fom components and+1 phase mixtures. For a two component, three phalgd s
liquid-vapor equilibrium the equation is as follows
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9P _ (10)

dT VV

Ve X,

where X is the mole fraction of speciésn phasg, V! is the molar volume anid’; is the partial
molar enthalpy. The phases rich in solid crystellpolymer, molten polymer and compressed
gas are denoted by the subscripts S, L and V résplc[2] When a polymer is exposed to a
compressed gas two counteracting effects work samebusly, namely solubility effect and
pressure effect. The mutual interaction of polyraed gas tends to decrease the melting point
(solubility effect) and the applied pressure tendsincrease the melting point (pressure
effect).[2] The linear decrease of melting pointhwincreasing pressure suggests that in the
studied pressure range the solubility effect ouphweithe pressure effect. This is a typical
behavior for a semicrystalline polymer exposed rioeacess of sparingly soluble compressed
gas. When the pressure is increased further aalach@nge is observed in the slope due to the
dominating pressure effect. Weidner et al. repottésibehavior for PEG with molar mass 4000
g/mol.[49] Lian et al[2] have derived the following expression from egpma 10 for the
depression of melting point in the pressure ranigere/solubility effect is dominant:

dT, -TZRK,

_ 11
d P AH ufu5|on ( )

whereAH,"S°"is the molar heat of fusion of the crystalline pobr. For the derivation of this

equation Z=1 is considered for the compressed .gasts deviation from ideal gas behavior at
elevated pressure is neglected. Using the solyllata available in the literature authors have
demonstrated that equation 11 can be used to atdcthleky at the normal melting temperature.

Figure 6 shows the comparison kf of P 4000 obtained from sorption balance with that
calculated using equation 11 from the melting pdiepression observed in high pressure DSC.
The endset of melting peak (in Kelvin) of the PHGcks of P4000 obtained from Figure 3c and

12



3f are plotted against GGsaturation pressure (Figure S 11). Since the sati#ained from
Figure 3c can more accurately described by adifieahe slope of this line i.e. -0.24 K/bar is
used as the value ofT,/dP. It must be noted that tHe values obtained by sorption balance
(plotted in Figure 6) are corrected for the amorghphase content in the temperature range 50-
70 °C to follow the procedure described by Le&tral[2] From the DSC trace depicted in Figure
2 it is found that 57 wt% of the PEG content of @d@s crystallizable. In the temperature range
50-70 °C only 6 wt% of P4000 exist in a crystallstate. The molten part (i.e. 94 % of the total
weight of P4000) consists of the PEG block (cawd®) and the non crystallizable part of the
PBT block (ca. 18 wt.%). The theoretical value @timg enthalpy of a 100% crystalline PEG is
166 Jg" [35] while that of PBT is 140 Jg[50]. According to these theoretical values thatio
fusion of a 100% crystalline polymer containing\8®6 PEG and 18 wt% PBT is 161.32%g
Theky calculated considering the theoretical 100% chyseapolymer is labeled as “P4000,T

in Figure 7. It is clear that P4000, TS very close to the extrapolated line in the hagaic plot
when ideal gas behavior is assumed for, €& Z-o,=1. Therefore, equation 11 gives a pretty
accurate estimation of the, of dissolution of gases in multiblock copolymetstlze melting
temperature when the heat of fusion of a 100% aliys¢ polymer is assigned ad,“s°" It
must also be noted thlat obtained from equation 11 represents the quaotigas absorbed per
unit weight of the amorphous part of the polymen &ccurate estimation &f;, the value has to
be corrected for total weight of the polymer. Thajon limitation of equation 11 is it does not
take into account the real gas behavior. Theredistanct difference betweédty values obtained
by considering the ideal and real gas behavior@f & has been pointed out by Figure 7.

5. Conclusion:

From the presented results and subsequent disoussithis study it is evident that the €0
sorption isotherm of PolyActiV& is largely dictated by the thermal transition betPEG
blocks. The sorption isotherm show a significanviaigon from Henry’'s law when the PEG
blocks are in a semicrystalline state. This deeraticcurs due to the Ghduced melting point
depression of PEG blocks which stems from the gtadfinity of the polar ether oxygen towards
the quadrapolar COEquation 11 derived by Liaet al. [2] adequately correlates the Henry's
law constant to the melting point depression ofRE& blocks of PolyActive'. But this relation

is valid only at the melting temperature of PEGckk Future work should be directed towards
developing a thermodynamic model which can preitietgas sorption behavior of a polymer-
gas system having large affinity towards each otiver a temperature range where the polymer
exists in a semicrystalline state.
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Figure 2: Differential scanning calorimetry trades a) two grades of PolyActiv€ and b) PBT
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using different temperature protocols.
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Table 1: Henry's law constanky) and molar heat of CGsorption AHs) in P 3000 and P 4000
for ideal (i.e. compressibility factor of G(¥co. = 1) and real (o. < 1) CQ gas behavior.

Temperature [°C] kyx 10° AHs
[mol g* bar'] [kd/mol]

40 54

P3000 (for Zo<1) 50 4.3 -18
60 3.5
70 2.9
40 4.7

P3000 (for Zo=1) 50 3.8 17
60 3.2
70 2.6
50 4.3

P4000 (for Zo<1) 60 3.6 -17
70 2.9
50 3.8

P4000 (for £0=1) 60 3.2 -16
70 2.7
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Graphical abstract:

CO, sorption of
semicrystalline PolyActive™
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Highlights

CO; sorption behavior of commercial PolyActifemultiblock copolymer.
When PEG block is semicrystalline sorption isotredaviate from Henry’s law.
Thermal transition of PEG block with increasing £d N pressure.

Melting point depression of PEG block occurs withreasing C@pressure.

Melting point depression causes deviation from Karaw for CG, sorption.





