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INTRODUCTION

Crystalline phases are extremely relevant for pitogse and applications of many polymeric
materials. In fact, their amount, structure andphology constitute the main factors controlling
physical properties of fibers, films and thermopts? and can be also relevant for properties of
rubberé* and gels:®

It is also well known that processing and physjadperties of polymer-based materials are
strongly affected by the occurrence mdlymorphism(i.e. the possibility for a given polymer to
crystallize in different crystalline form's) andmesomorphisn(i.e. the occurrence of “disordered”
crystalline phases, characterized by a degreewdtatal organization that is intermediate between
those identifying crystalline and amorphous phas&s)

Different has been the destiny of polymer@:crystalline formsi.e. structures were a polymeric
host and a low-molecular-mass guest are co-crigdll

Systems composed of solid polymers and of low nubdganass molecules find several practical
applications, including advanced applications.dwuesal cases, additives (often improperly referred
as guest molecules) are simply dispersed at maledalel in polymeric amorphous phases,
although frequently, to reduce their diffusivithetactive molecules are covalently attached to the
polymer backbone, either by polymerization of dalgamonomeric units or by grafting the active
species onto preformed polymers.

A more simple alternative method to reduce diffitgiof active molecules in solid polymers and
to prevent their self-aggregation consists in trenfation of co-crystals with suitable polymer hosts

Polymeric co-crystalline forms are quite commondeveral regular and stereoregular polymers,
like e.g. isotactic and syndiotactic polystyreneP&), syndiotactic polp-methyl-styrene,
syndiotactic polyarmethyl-styrene, syndiotactic poprchloro-styrene, syndiotactic popAluoro-
styrene, polyethyleneoxide, poly(muconic acid), ypghcyclobutane, poly(vinylidene fluoride),
syndiotactic polymethylmethacrylate.

The removal of the low-molecular-mass guest motsufrom co-crystals can generate
nanoporous-crystalline phases. In this respecis itvorth noting that nanoporous crystalline
structures can be achieved for a large varietyheimical compounds: inorganic (e.g., zeolites),
metal-organias well as organic. These materials, often refeagdhorganic, metal-organic and
organic “frameworks” are relevant for molecularratge, recognition and separation techniques.

The removal of the low-molecular-mass guest moksudtom polymer co-crystalline forms
generates host chain rearrangements, generallyngedd crystalline forms that, as usual for
polymers, exhibit a density higher than that on¢hef corresponding amorphous phase. However,
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in few cases (to our knowledge, up to now only $PS), by using suitable guest removal
conditions? nanoporous crystalline forms, exhibiting a densigfinitely lower than that of the
corresponding amorphous phases are obtained.

s-PS has been widely studied and characterizegcemt years. This polymer has a complex and
widely studied polymorphism, it has 5 crystal stases,a, B, v, 9, &, and a wide variety of co-
crystal structures with different low molecular giei molecules'®

The removal of the low-molecular-mass guest mokéom s-PS co-crystals can generate two
different nanoporous-crystalline phases.

The first polymeric nanoporous-crystalline formgth form of s-PS, was discovered and
patented in 1994 The crystal structure of theform has been determined by the analysis of X-ray
fiber diffraction patterns and packing energy chlltians. Chains in the helical s(2/1)2
conformation are packed in a monoclinic unit cahwvaxesa = 1.74 nmb = 1.185 nmc = 0.77
nm, andy = 117°, according to the space groBp/a (Figure 1, upper partf. The calculated
density is of 0.98 g ct) i.e. definitely smaller than that one of the aphmus phase (1.05 g &

The nanoporous phase of s-PS, discovered only in 2687presents an orthorhombic unit cell
with axesa = 1.61 nmp = 2.18 nm ana = 0.79 nm (Figure 1, lower part) Four chains of s-PS in
the s(2/1)2 helical conformation are included ia timit cell, whose calculated density is 0.98 g cm

3 i.e. very close to the density established ferdtphase.

Figure 1. Top and lateral views of the crystalline structi the two nanoporous crystalline
forms of s-PS. For thé (upper Figures) ana (lower Figures) forms, the porosity is distributesi
cavities and channels, respectively.



Several sorption studies have shown that&bhed e nanoporous crystalline phases are able to
sorb volatile organic compounds (both from gas phasd aqueous solutions from water and air),
also when present at very low concentratiindhis makes these new materials particularly
interesting for potential industrial applicatiomswater or air purification.

A relevant feature of the s-PS nanoporous crystajihases is the possibility to be obtained with
different kinds of uniplanar orientations, by ussgtable processes of film production. The degree
and the kind of uniplanar orientation depends an dblected technique (solution crystallization
procedures or solvent induced crystallization inogshous samples or solvent induced re-
crystallizations ol anda unoriented samples

Several studies have shown the possibility to férrelated and related co-crystalline phases
with non-linear optical, fluorescent, polar, pargmetic, photoreactive and chiral guest
molecules'’ The possibility to achieve s-PS film with threéelient kinds of uniplanar orientation
allows controlling the orientation of the guest gmlles not only in the microscopic crystalline
phase but also in macroscopic films.

On these bases, films presenting s-PS/active-gaestystalline phases have been proposed as
advanced materials, mainly as optical (chromophftwerescent, photo-reactive), ferroelectric and
paramagnetic material8. This constitutes an innovative approach in theaaoé functional
polymeric materials, which are instead generallgrabterized by a disordered distribution of active
groups into amorphous phases.

Considering the knowledge and the procedures ddigestudying the co-crystal structures of s-
PS, this research project focused on the studylyfnorphism of polymers forming co-crystalline
phase with the main objective to establish the &irom of nanoporous crystalline phases obtained
after removal of guest molecules from the co-ciyaa phases and then to carry out a detailed
characterization of the obtained nanoporous forms.

In particular, two polymers have been consideretthismwork: isotactic poly(4-methyl-pentene-

1) (i-P4MP1) and poly(2,6-dimethyl-1,4-phenyleneajie (PPO).

Poly-4-methyl-1-pentene isotactic (i-P4MP1) is alypeer characterized by a complex
polymorphism and 5 different crystalline forms, sonof which are obtainable only by
crystallization with solvent!® have been described in the literature. The stifdgiesogels and
polymorphism of i-P4MP1 which is presented in tHefter 1 has been the topic of a publication in
ACS Applied Materials & Interfaces:

Aerogels and Polymorphism of Isotactic Poly(4-methyl-pentene-1), Daniel C., Vitillo J. G.,
Fasano G., Guerra G., 2011, 3, 969.



The second and third chapters deal with the studgoty(2,6-dimethyl-1,4-phenylene)oxide
(PPO), i.e. a linear regular polymer, which as s the advantage to be a commercial
thermoplastic polymer. PPO exhibits a high freeunm@ or ultrapermeable amorphous phase and
has been recognized as a membrane material with frégmeation parametefsAlthough few
papers have recognized that PPO crystalline phameglay a role in gas sorption and transport

processes?’® %

no correlation between the amount or nature ofcilystalline phase and guest
sorption properties has been reported. This is Iyndwe to the scarce information available in the
literature relative to the crystalline phases 0OBP*?

In particular in the second chapter it will be simothat nanoporous crystalline phases can be
obtained by removal of the solvent from PPO gelsifing supercritical carbon dioxide extraction
procedure. This work has been the topic of a pabba inChemistry of Materials

Nanoporous Crystalline Phases of Poly(2,6-Dimethyl-1,4-phenylene)oxide, Daniel C., Longo
S., Fasano G., Vitillo J. G., Guerra G., 2011, 2395.

Finally, in the third chapter the preparation pehges, the thermal stability of the co-crystalline
phase and FTIR and VCD analysis are presented.dvergan accurate structural analysis of the
powder diffraction patterns has been carried ouPtwf. V. Petraccone and Dr. O. Tarallo from the
Dipartimento di Chimica “Paolo Corradini” of the Warsita degli Studi di Napoli Federico II. In
particular co-crystalline phases with racemic and-racemic guest molecules have been prepared
and characterized. The experimental data indicthiasthe PPQ@f-pinene co-crystalline form is
chiral, i.e. the unit cell includes all right oiftidwanded polymer helices and (1S-(-) or (1R)d+)
pinene guest molucules, respectively. This wotkéstopic of a publication in preparation:

A Chiral Co-Crystalline Form of Poly(2,6-dimethyl-1,4-phenylene)oxide (PPO),Tarallo O.,
Petraccone V., Daniel C., Fasano G., Rizzo P., Gué&r.
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Chapter 1

Polymorphism and aerogels of Isotactic Poly(4-metthypentene-1)

1.1 Introduction

Isotactic poly(4-methyl-pentene-1) (i-P4MP1) is ems-crystalline polymer with different
properties (high melting point, high clarity, goetectrical properties and chemical resistance)
being suitable for many applications such as cgatinelectrical wires, food packaging or optical
component$.Moreover i-P4MP1 is one of the most permeable josdb gases and thus is of

practical importance as a membrane making polyifer.

—[CH,- CH] -
CH,
|
HyC-CH
CH,

Figure 1.1 Chemical structure of i-PAMP1 repeating unit

I-PAMP1 presents a complex polymorphic behaviorjclvhis made more complicated by
different nomenclatures existing in the literatuBmpending on the crystallization procedures, at
least four different crystalline forms have begmoréed. Form I, which is the most stable crystallin
form, can be obtained from the melt or from cryiation in high boiling solvents! Form | is
characterized by polymer chains assuming &élical conformation (see Figure 1) and a chain
packing in a tetragonal unit cell withh = 18.66 A andc = 13.80 A*® Form II, which can be
obtained by isothermal crystallization from dil@ene solutions at 25°C, is characterized by a 4
helical chain conformatidfi® and a chain packing in a monoclinic unit t&llwith a = 10.49 Ab
=18.89 A andt = 7.13 A andy =113.7°? A 4, helical chain conformation is also present in Form
I, which is typically obtained by crystallizatiofrom dilute solutions in xylene at 652Cin
decalin,**™*2 in linear and branched alkarfeas well as in carbon tetrachloride and cycloalkdne
Form Il is characterized by a tetragonal unit delE 19.46 A,c = 7.02 A)***Form IV can be
obtained by annealing of form | at high temperat{aieove 200°C) under pressure (above 4500



atm)** or by crystallization from cyclopentane solutidfid® This crystalline form is characterized
by a hexagonal unit celai= 22.17 Ac = 6.5 A) and a Bchain conformation>*®

As many other polymers, i-P4MP1 can form thermorgide gels in a large variety of
solvents™ *"?° Depending on the solvent, the physical cross-liok$-P4MP1 gels can present
different crystalline form$>’ For instance, diffraction patterns typical of Forand form IV were
obtained after drying of gel with decdifrand cyclopentan®; respectively. Moreover depending
on the gelation conditions, different crystalliriustures can be obtained with a same sol¥ent.

It is also worth noting that an additional crystadl structure which have been provisionally
indicated as forms V have been obtained in cyclahexgelS and by crystallization in

cyclohexane and carbon tetrachloride solutfdns.

4., o
-2 e
';bjf-_: s T
L . =
I.L.I-Q:-' ) 4 el
q e w’{
N o
P e
g 0 o
iy 5%
o o T
Sl oy l:h-:'_r:" 1
2 B %o
[l ice Tl
H‘diqfi 0 c}rﬁf'-‘]’r
'-*'4’“? -
-f' S
o &
T o -
Py + 9
N -r _‘] L{H G
o :
:;_i_;_yt d?"dh
o ?MJ:: rf}ﬁ
/2 ~elis 441 helix 2/ helix
FORM I FORW I FOREA I FORM I8
p.=0.832 gf=m’ p.=0.862 gfem®  p,=10.851 giom® p.=0.917 g/em®

Figure 1.2 Side view and projection along the chain axishef¢hain conformation in the
crystalline phases of i-P4MPL1. The density ofdifierent crystalline forms is also reported.

The present chapter reports on the preparatiorPdMP1 aerogels, starting from gels obtained
with several different solvents with the aim toaddish the possible formation of nanoporous

crystalline phases after solvent removal from this.g



The first part will be focussed on the X-ray difftian investigations of the polymorphism of i-
PAMP1 gels prepared with different solvents andcafresponding desiccated gels in order to
establish the possible formation of co-crystallp@ases. In the second part, highly porous aerogels
obtained from the different gels will be prepargdelatraction with supercritical carbon dioxide and
results concerning their crystalline structure, pmmlogy and porosity will be presented and

discussed.

1.21-P4AMP1 gels

1.2.1 Gels with pure polymer crystalline phases
Different gels have been prepared in 1,3,5-trimé#ryzene (TMB), decalin and cyclopentane
(CP).
In Figure 1.3 are reported the X-ray diffractionttpens of i-PAMP1 gels prepared in TMB
(Figure 1.3A), decalin (Figure 1.3B) and CP (Figar8C) during the progressive desorption of

solvent at room temperature in air.
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Figure 1.3 X-ray diffraction patterns of i-P4AMP1 gels prepdra 1,3,5-trimethylbenzene (A) ,
decalin (B) and cyclopentane (C), during the pragree desorption of solvent in air.

It can observe in Figure 1.3 that the structurthefcrystalline junctions formed in i-P4MP1 gels
depends on the solvent. Forms I, 1l and IV areamigd in native gels prepared with TMB, decalin

and cyclopentane, respectively. Then, during pigive solvent desorption the crystalline



structures do not undergo any transition and tlgstalline forms of the fully dried gels are those

initially present in the native gel.

The Bragg angles, the relative intensities andrttieeshkl of the reflections observed for the

totally desiccated gels are listed in table 1.1.

Table 1.1 Diffraction angles (2cuk,) and relative intensities of the reflections obvsel in the X-
ray diffraction profiles of desiccated gels of FiguL.2 and of the aerogel from gel with CE (Figure

1.5)

desiccated gel

with TMB (Fig. 1.3A)

aerogel from gel

with CE (Fig. 1.6)

desiccated gel

with decalin (Fig. 1.3B)

desiccated gel

with CP (Fig. 1.3C

10

Form | Form II Form IlI Form IV
20 I (hkl)® |20 (deg)| | | (hkl)° 20 I (hkD® 20 | I | (hkl)®

(deg) (deg) (deg)
9.45 | vs 200 9.20| vs 100 9.1 S 200 805 | S 1
11.50| vw 201 10.30f vs 020 12.90 mw 220, 101 940 S 200
12.45| vw 211 10.85] m 120 16.20 | vs 211 12.10mw| 210
1340, w 220 13.20f mw 011 18.30| vw 400,301 16.40S 310
15.00| w | 112,221 14.85 | m| 111 20.65 | mw| 420,321 18.20 S 211
16.75| s 212 | 1630 njgpq121| 22.70 | vw 411 21.16W | 311
20.70| mw| 113,411 17.20 | w|771220| 26.20 | vw| 431,112,501 2450w | 401
21.65| mw| 322,203 18.25 | mw 200 32.60| vw| 541,710,420 26.8%w | 411
2350 w 19.70| mw 031 35.00] wvw 512,701 28.83yw | 511
25.00| vw 422 20.30, myp40,121 29.50 vw | 202,212
27.00| vw 440 21.20] mw 221 36.40 vw 531,701
3450 vw 22.70| w|231,141

24.00 | vw| 041

25.80 | mw 140

29.05 | vw| 141

aKey: vs = very strong, ms = medium strong, s =rgjranw = medium weak, w = weak, vw = very weak
hkl indices of Form I reflections taken from ref 6
°hkl indices of Form Il reflections taken from &f

9hkl indices of Form Il reflections taken from re2
°hkl indices of Form IV reflections taken from fe8
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1.2.2 Gels with polymer-solvent co-crystalline phases
In Figure 1.4, are reported X-ray diffraction pate of a i-P4MP1/cyclohexane (CH) and i-
P4AMP1/carbon tetrachloride gels during the progvessolvent desorption.
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Figure 1.4. X-ray diffraction patterns of gels prepared in lpftexane (A) and carbon tetrachloride
(B) during progressive solvent desorption in air

The diffraction pattern of the i-PAMP1 native gelgh cyclohexane and carbon tetrachloride
display the diffraction peaks listed in Table Jhich become stronger after partial evaporation of
the solvent (Go = 45 wt%).When solvent evaporation proceeds, (€ 90%), new diffraction peak
which can be attributed to form 1ll become visiateX= 9.2, 13.10, and 16.4°.

Finally after complete solvent evaporation (upparves), only the diffraction peaks typical of
form 11l (see table 1.1) are present while all tli#raction peaks initially observed in the natigel
have disappeared.

The progressive substitution of the diffraction kseaf both native gels with the peaks of Form
lll, during the progressive solvent desorption, gegls that the native crystalline phases are
polymer-solvent co-crystalline phases. This hypsithes supported by the fact that the positions of
the diffraction peaks observed in cyclohexane a@t, Gels are slightly different (see Table 1.2).

To further support the hypothesis of formationwb tdifferent co-crystalline phases, it is worth
noting that the transition into form 11l is fullyeversible, as exposition of form Il desiccatedsgel
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cyclohexane or CGlvapors leads again to the co-crystalline phaseésbiging the diffraction peaks
listed in Table 1.2.

Table 1.2 Diffraction angles (Z.k.) and relative intensities of the reflections olvgerin the X-
ray diffraction profile of native gels obtained Wwityclohexane and carbon tetrachloride (Figure
1.5A and B)

Co-crystal with| Co-crystal with
cyclohexane CCly

20 (deg) | | 20 (deg) ||
8.7 S

12.3 S 12.2 S
13.3 w

155 VS 15.55 S
17.6 VS 17.45 S
19.6 vs | 19.7 S
21.4 w 21.55 S
25.25 w 255 w

Key: vs = very strong, ms = medium strong, s =rgfronw = medium weak, w = weak, vw = very weak

In this respect, it is worth noting that the crylgte structure of cross-link junctions of

cyclohexane and carbontetrachloride gels have imeltated in literature as form V of i-P4MP1.

1.3 I-PAMP1 aerogels

Independently of the crystalline structure of thegtion zones of the i-P4MP1 gels, complete
removal of the solvent was achieved by superclitis@, extraction procedures. The advantage of
supercritical CQ@ drying is the absence of surface tension. During éxtraction process, a
supercritical solution is formed between superaitiCQ and liquid solvent and is, thus, possible
to extract the solvent without collapsing the stnoe.

As an example, Figure 1.5 shows that the dimenssbresi-P4MP1 gel prepared in TMB at a
polymer concentration & = 0.20 g/g remain substantially unchanged durimgextraction and a
monolithic aerogel with a total porosity of 6.2 ¥mand a percentage of porosity of 80% is

obtained.
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Figure 1.5 Photographs of a piece of i-PAM1P gel preparediB at G = 0.20 g/g, before
and after complete solvent extraction via supeicaltcarbon dioxide

1.3.1 X-ray diffraction analysis

The complete extraction of the solvent present aive gels prepared in TMB (starting
crystalline form: form 1), decaline (starting crgiine form: form Ill), cyclopentane (starting
crystalline form: form 1V) and cyclohexane (stagiorystalline form: co-crystal form) has been
achieved with supercritical GGt 40°C and 200 bar for 240 min and X-ray diffractpatterns of

the samples after extraction, are reported in Eidué.
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Figure 1.6 X-ray diffraction patterns of the samples obtaifiein i-P4MP1 gels prepared in
TMB, decaline, CP and cyclohexane after compldieab extraction with supercritical GO

We can observe, that unlike progressive solvenorgésn (Figure 1.3), the abrupt extraction

with carbon dioxide in supercritical conditionssuflvent from gels characterized by pure polymer
13



crystalline phases leads to form | aerogels, indéeetly of the crystalline structure of the native
gel (with the exception of Form IV gel which maims a small amount of Form IV crystallites
during solvent extraction with supercritical @Qit is also possible to observe that both thereleg
crystallinity and the crystalline domains corraatiength of the aerogels is particularly high. $hu
for instance, for the Form | aerogel obtained fribwa gel prepared in TMB (curve a of Figure 1.8) a
crystallinity of c.a. 50% and a correlation lengththe crystals perpendicular to the 200 plane
(D20g) as evaluated on the basis of the half-heightwadithe 020 peak (até.ka =9.45°) of nearly
31 nm is obtained. Smaller,§ values are obtained with the Form | aerogels abthifrom
decaline (Rgo = 26 nm) and CP ({30 =24 nm). This could be due to the crystalline sraon
occuring during solvent extraction.

Unlike i-P4MP1 gels with a pure crystalline phate rapid gel extraction procedure based on
carbon dioxide in supercritical conditions, whemplag to the gels exhibiting co-crystalline phases
(with cyclohexane or CG) leads to highly crystalline Form Il aerogels.

This is shown for instance in curve d of Figure, Iere the X-ray diffraction pattern of the
sample obtained from a i-P4MP1/cyclohexane gel aftbrent extraction by C{at 40°C and 200
bar, is reported. The diffraction pattern of theogel (crystallinity of c.a. 40%) displays well-
resolved narrow diffraction peaks indicating thariation of large Form 1l crystals (see Table 1.1).
For instance, the correlation length of the crgstarpendicular to the 020 plane, as evaluated on
the basis of the half-height width of the 020 p&atk6-kq =10.3°), is c.a. 32 nm.

It is worth noting that differential scanning catoetry (DSC) analysis have shown that the Il
transition temperature for Form Il aerogels ocatrd43°C which is definitely higher than those

observed for form Il samples obtained in differemnditions (in the range 120-125°€§*

21— 11—
| exo up

22 | .
T=143C
23 T=237<T T
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AH= 28,5 J/g

24 |-

25

Heat flow (w/g)

-26

27 -
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40 60 80 100 120 140 160 180 200 220 240 260

Temperature ()

Figure 1.7 DSC scan at 10°C/min of the Form Il aerogel. Itlisarly apparent a small
endothermic transition4~ =3 J/g) at 143 °C beside the principal melting paaR37°C
(4H = 28.5 J/g)
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In figure 1.8 are reported the X-ray diffractionttpans obtained after annealing at different
temperatures up to 160°C. It can observe that ikertal phenomena observed just below that

temperature can been attributed to thelltransition.

Intensity (a.u.)

%
1 anneéling 160 ‘C x5h

o

| | | | | | | |
5 10 15 20 25 30 35 40
26(°)

Figure 1.8 X-ray diffraction of the aerogel form Il after agaling to 160 °C for 5 hours

It has been reported in a previous work that diffien-P4MP1 recrystallization phenomena may
occur depending on the G@ressure and on relative contents of solvent abgd®

The transition to Form | observed for the Formgil during CQextraction is not surprising. In
fact, the same treatment with supercritical,C®hen conducted on powders exhibiting Form llI
(e.q., the fully desiccated decalin gel of FigurgB) leads to the thermodynamically stable form |
(Figure 1.9A). This can be easily rationalized bg plasticization of the amorphous phase induced
by CQ,, which decreases the glass-transition temperdiige= 50-70°C ) and hence destabilizes
form 1l that is only kinetically stable.

The supercritical C@treatment on Form IV powders (e.g., the fully deated cyclopentane gel
of Figure 1.3C) leaves substantially unaltereddifieaction pattern (Figure 1.9B) although we can
observe a small increase and a sharpening of ffradlion peak located at?= 9.4° (indicated
with an arrow), which could correspond to an inseeaf the form IV crystals along the direction
perpendicular to the 200 plane or to the formatibtraces of form |. The complete VI transition

observed in cyclopentane gels (curve c of Figuég, tould be due to a combine effect of the,CO

induced plasticization and abrupt solvent removal.
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Figure 1.9. X-ray diffraction patterns of powders exhibitiogystalline Forms 11l (Figure A) and
IV (Figure B), as collected before and after supeical CO, treatment. Form Il and Form IV
powders were obtained by progressive desorptiagolvent in air of gels prepared in decaline
(leading to Form Il as shown in Figure 1.3B) an& C
(leading to Form IV as shown in Figure 1.3C)

1.4.Porosity and morphology characterization

As shown in Figure 1.5, monolithic aerogels candiained after solvent extraction with
supercritical CQ. However, depending on the solvent, volume shgekanay occur during
extraction leading to a variation of the aerogéhltporosity as shown in row 5 of Table 1.3. It is
worth noting that volume shrinkage occurs only viit samples which undergo a crystalline phase
transition.
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Table 1.3. Crystalline form, degree of crystallinity, totabsity (cmig™ and %), surface area
Sser (MPg™), and pore volumes (Cai') of i-PAMP1 aerogels obtained by supercritical loan
dioxide treatment of gels prepared aj,G 20 wt% in different solvents

13,5 decaline Cyclopentane cyclohexane
trimethylbenzene
Native gel Form | Form Il Form IV co-crystal
Crystalline Form
Aerogel Form | Form | Form | + Form I\~ Form Il
Crystalline Form
Degree of 50 50 40 40
crystallinity (%)
Correlation length 372 o6 o 3P
(nm)
Total porosity® 6.2/80 4.9/75 2.8/57 2.4/52
(cm’g™/ %)
Soer” 87 36 31 36
(m°/g)
Veor 0.1727 0.0579 0.0745 0.0949
(cm®g?)
Vinicro 0.0026 0.0013 0.0018 0.0019
(cm® g

@Correlation length along the direction perpendiauta the Form | (200) plane.
®Correlation length along the direction perpendiauta the Form Il (020) plane
“Total porosity estimated from the volume/mass ratiressed as ¢gi* and % using equation 1.
“Total area evaluated following the BET model in$tandard 0.05 < P/p< 0.25 pressure range.

¢ Pore volume calculated as volume of the liquig/a§ =0.98.
"Micropore volume obtained from the t-plot.

The scanning electron micrographs (SEM) are reddrdigure 1.10 for the different aerogels
obtained after C@extraction of gels prepared apC= 20 wt% in TMB (Figure 1.10a), decaline
(Figure 1.10b), CP (Figure 1.10c) and CE (Figufé®d).
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Figure 1.10 SEM micrographs of aerogels obtained from gelpared in TMB (a), decaline (b),
CP (c) and CE (d) at §e = 20 wt%. Magnification of aerogels obtained fr@® and CE gels are
also reported.

For aerogels obtained from i-P4AMP1/TMB and i-P4Mfetaline gels we can observe a lamellar
structure with macropores to about 0.pm. For the aerogel obtained from CP an open netabrk
fibrils with diameter of c.a. 100 nm with a largennber of fiber bundles is observed. Most pores of
the network are 0.2-0j5m wide.
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Finally, for CE aerogels, large honeycomb-type posgth size 8-12um are clearly observed
while on magnification of the walls smaller macrogm with dimensions 0.1 to Qué can be
observed between lamellae.

Sorption-desorption Nisotherms (where the sorption is expressed &sofmitrogen in normal
conditions (1 atm, 0°C) per gram of polymer) obegirare reported in figura 1.11A. The pore size
distributions obtained by applying the NLDFT metlaod reported in Figure 8B while surface area,

pore volume and micropore volume are reported ivlel'd.3.
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Figure 1.11 a) Volumetric N adsorption isotherms recorded at 77 K of the aetegbtained
from a 20 wt% gels prepared with CE (circles, gne@iMB (triangles, black), decaline (squares,
blue) and CP (diamonds, red). Filled and empty tecatrefer to the adsorption and desorption
branches, respectively. b). Pore distributions ated by applying the NLDFT method (Non-Local

Density Functional Theory, cylindrical pore modeillared Clay Surfacey

It is worth noting that Bl physisorption at 77K allows to characterize ontygs in mesopores
and micropores range. SEM mesurement (Figure Tha0g clearly shown the large amount of
macropores in this materials: accordingly the povkimes Vioin2) calculated as volume of the
liquid N, atp/pp = 0.98 (row 7 of Table 3) differ greatly from thaabporosity of the aerogels (row
5 of Table 1.3).

The difference between the total porosity and Vg, values reported in Table 1.3 then
represent an estimate of the macropores volumpaitticular, the porosity data of Table 1.3 show
that mesoporosity represents only a small fractbihe total porosity (i.e., less than 3%). This
agrees with the SEM micrographs of figure 1.9 tfadw the strong macroporous nature of all

specimens.
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The shape of the isotherms (type IV and with adangsteresis loop) indicates the prevalent
mesoporous nature of all the specimens and thesalwamishing presence of microporosity. This
was confirmed by both the t-plot and the DFT aredysn fact, if on one hand the t-plot indicates
the microporous volume to be less than the 3% efttital pore volume, the distribution of the
pores obtained by the DFT method results to beitgtiaely very similar for all the aerogels and
characterized by a broad and uniform family of garevering the whole mesopore range (> 20 A).
A small component due to the micropores is presettie range 16-20 A but is only minoritary.
For i-PAMP1/TMB aerogel the persistence of the déngstis at low pfpvalues is an indication of the

hindered diffusivity of nitrogen due to the monbid nature of the specimen.
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1.5 Concluding remarks

Monolithic aerogels of i-P4AMP1 have been obtaingdsblvent extraction with supercritical
carbon dioxide from gels. These aerogels can coenbigh degrees of porosity with high degrees
of crystallinity and exhibit crystalline phases wkonature is determined by the nature of the
crystalline cross-link junctions of the native gels

In particular, the examined gels, whose crossligldrystalline phases are constituted by a pure
polymer form (I, Il or 1V), present similar polymphic behavior, as a consequence of solvent
removal. In fact, all their native crystalline pbasare maintained after slow room temperature
desiccation while they are all transformed into thermodynamically stable form I, after abrupt
solvent removal by supercritical carbon dioxidee Bxamined gels, whose crosslinking crystalline
phases are constituted by host-guest co-crystalimens (with cyclohexane or carbon
tetrachloride), also present similar polymorphidhd&or as a consequence of solvent removal.
However, in this case, the native co-crystallinag@s are transformed into form Il after slow room
temperature desiccation while they are transforiéal form II, after abrupt solvent removal by
supercritical carbon dioxide.

Scanning electron microscopy has clearly estallisthe macroporosity of the aerogel with large
differences in pore size distribution. Thus for #sgogel obtained from PAMP/CE gels, macropores
with dimensions larger than 10n were observed while for aerogels obtained froWIPLCP gels
most macropores are 0.2-Qui wide.

N, porosity measurements have highlighted the absehogicroporosity, and particularly the
absence of nanoholes arising from solvent extmactiom the co-crystalline phase of the gel
obtained from CE while for all the areogels the spreee of mesopores with a large size
heterogeneity have been established.

Finally, it is worth noting that important volumérskage have been observed with aerogels
obtained from gels, which undergo a crystalline ggh&ransition during the extraction process,
specially PAMP/CP and P4MP/CE gels, whereas onlynHogels like those obtained in TMB
maintain both the dimension and shape of the najele Thus, only Form | gels present a high

structural stability necessary to prepare poroldPmembranes.

21



REFERENCES

1.

Lopez L. C., Wilkes G. L., Stricklen P. M., White S.,J. Macromol. Sci.-Rev. Macromol.
Chem. Physl1992 (C32), 301.

(a) Skiens W. E., Lipps B. J., Clark M. E., McLdin A., J. Biomed. Mater. Res. Symp
1971 (1), 135; (b) Puleo P.K., Paul D. R., Wong PPKlymer1989 (30), 1357.

3. Natta G., Corradini P., Bassi, WRend. Fis. Acc. Lincdi955 (19), 404.
4. Bassi, W., Bonsignori O., Lorenzi G. P., Pino Porr@dini P., Temussi, P. AJ. Polym.

Sci., Polym. Phys. EA971, (9), 193.
Kusanagi H., Takase M., Chatani Y., Tadokoro H.Polym. Sci. Polym. Phys. EtR78
(16), 31.

6. Charlet G., Delmas G., Revol F. J., Manley R. SPdlymer1984 (25), 1613.
7. Takayanagi M., Kawasaki NJ, Macromol. SciPhys.1967, (B1), 741.

8.

9. Ruan J., Thierry A., Lotz BRolymer 2006 (47), 5478.

De Rosa C.Macromolecule2003 (36), 6087.

10.Nakajima A., Hayashi S., Taka T., Utsumi Kaglloid. Z. Z. Polym1969 (234), 1097.
11.De Rosa C., Borriello A., Venditto V., Corradini, Rlacromoleculed4994 (27), 3864.
12.De Rosa C., Auriemma F., Borriello A., Corradinj Polymer1995 (36), 4723.
13.Hasegawa R., Tanabe Y., Kobayashi M., Tadokoro9dwaoka A., Kawai N.J. Polym.

Sci., Polym. Phys. EA97Q (8), 1073.

14.Charlet G., Delmas GRolymer Bulletin (Berlinl982 (6), 367.

15.De Rosa CMacromolecule4999 (32), 935.

16.Aharoni S. M., Charlet G., Delmas ®lacromolecule498], (14), 1390.

17.Charlet G., Phuong-Nguyen H.; Delmas, Bacromolecule4984 (17), 1200.
18.Tanigami T., Suzuki H., Yamaura K., MatsuzawaMacromolecule4985 (18), 2595.
19.Fang J., Kiran EJournal of Supercritical Fluid2006,(38) , 132.

20.Charlet G., Delmas GRolymer1984 (25), 1619.

21.Miller R.L., in “Crystallographic Data for VariouBolymers” Polymer Handbook, Third

Edition; John Wiley 1989, VI, 1.

22



Chapter 2
Nanoporous crystalline phases of Poly(2,6-dimethyl;4-

phenylene)oxide

2.1 Introduction

Poly(2,6-dimethyl-1,4-phenylene oxide) (PPO) is @lwnown engineering thermoplastic that
displays excellent thermal and mechanical properties high strength, high heat distortion
temperature, chemical resistance, stiffness, aadture toughness make it a very attractive
material™? However, its brittleness and poor processabilityehlimited its industrial use in a wider
range of application$.Major applications of PPO are for automotive, hass machine, and

electrical/electronics, industries.

CHj

Tt

CHj

Figure 2.1 Chemical structure of PPO repeating unit

Among many aromatic polymers with high Tg, PPO showe of the highest gas permeabilities
which is attributed to of its well recognized hifyae volume'®

Moreover it is resistant against a number of chamagents, including aqueous solutions of
strong acids and bases and therefore is an ateactterial for the preparation of membranes. The
main interest in the application of unmodified amddified PPO membranes is directed to gas
separatiors’ to reverse osmostand in a lesser extent to vapor permedtad pervaporatiotf.

PPO can meet most of the requirements for appbicati proton exchange membrane fuel cells
(PEMFCs) because it is a hydrophobic polymer witfhiglass transition temperaturég(=210
°C), high mechanical strength, and excellent hydioktability*
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2.2 Characterization of the used commercial PPO
The PPO used in our study was purchased by SigmiacAland presents weight-averaged and
number-averaged molecular massgg=NM9000 g/mol and I 17000 g/mol, respectively.
The PPO X-ray diffraction pattern reported in Figgdr2 indicates that this commercial sample is

semicrystalline.
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Figure 2.2 X-ray diffraction pattern of commercial PPO
In the figure 2.3 are reported the DSC scans ofctiramercial semicrystalline sample before

(curve A) and after compression molding at 290°@\(e B).
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Figure 2.3 DSC of PPO powders: A) commercial semicrystallamgle, B) amorphous sample.
Heating rate 10 °C/min
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The DSC scan of the commercial PPO shows a meftintptherm peak at c.a. 245 °C while
after compression molding at 290°C, the absenamadfing peak in the scan B indicates that the
sample is totally amorphous and it is possibleliseove the glass transition temperature at .c.a 215
°C.

The thermogravimentric analysis of the commercROPsample is shown in figure 2.4.
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Figure 2.4 TGA of commercial PPO

We can observe that PPO fully degradates in th@deature range 400-500°C, but as can be
seen in the inset of the figure, some partial ddéaran of polymer already starts at about 200°C.

The proximity of the Tg, melting point and degradiat temperature produces a poor
processability which makes necessary the use ofdblevith atactic polystyrene to decrease the

glass transition and thus the processing temp@&stur

2.3 Crystalline phases in PPO thermoreversible gel
2.3.1 Gels with solvents leading to polymer-sdlwencrystalline phases
In the literature several studies showing the kele rplayed by solvent for the PPO
crystallization have been reported and the possaloieation of co-crystals has been proposed with
different solvents.
In particular the existence of a co-crystallineisture has been first proposed witpinene and
based on the electron and X-ray diffraction measerdgs, the unit cell parameters have been

determined for the PP@/pinene co-crystalline structure= b= 11.92 Ac= 17.10 A
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In Figure 2.5 is shown the X-ray diffraction patteeported in literaturé& of crystalline PPO

obtained from a 1% solution at 100°C after 40 hadrsrystallization.
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Figure 2.5 X-ray diffraction pattern of chlatrate structure PRx-pinene taken from Horikiri S.,
Journal of polymer Sciend®72,(10), 1167-70

Similar diffraction patterns observed for PPO aistobtained from decalin and tetralin
solutions have lead to the conclusion than thelaimtypes of clathrate structures are formed with
these two solvents.

In literature the formation of a co-crystal with timgene chloride is also reported but in this case
there is a loss of crystallinity during the progiige removal of the solverit.

Thus, PPO gels have been prepared with thesedbheents in order to have a better knowledge
of PPO gel polymorphism and the crystalline strietof partially and totally desiccated gels have
been investigated by X-ray diffraction.

Figure 2.6 shows the X-ray diffraction patternstioé gel prepared im-pinene at a polymer

concentration g= 20 wt% collected after progressive desorption-pfnene in air.
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Fig 2.6 X-ray diffraction patterns of a gel PP&@pinene collected during the progressive solvent
desorption in airConcentrations are expressed as solvent weightiérac

The X-ray diffraction pattern obtained with a paltyy desiccated gel containing 38 wt% af
pinene, indicates that, in the native gel, the RBHfene clathrate crystalline structure is present.
However during solvent desorption there is a pregjive decrease of the degree of crystallinity,
which leads to an amorphous sample.

During this research project, the preparation pitaoes, thermal properties, polymorphic
behavior and crystal structure of co-crystallineaggh of PPO witho-pinene have been deeply
characterized and detailed results are report&hapter 3.

X-ray diffraction patterns of partially desiccatB&@O/tetralin and PPO/decalin gels obatined by
solvent evaporation in air are reported in Fig@&& and 2.7 B, respectively.
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Fig 2.7 X-ray diffraction patterns of partially desiccat®POltetralin (A) and PPO/decalin (B)
gels collected during progressive solvent desorpiioair. Concentrations are expressed as solvent
weight fraction.

We can observe that, as already reported in thetiire, diffraction patterns similar to the one
obtained for the PPO gel obtained witkpinene, are obtained with PPO/tetralin and PPQ@ldec
gels. This result suggests that a similar clathstigcture is formed in the gels obtained with ¢hes
three solvents.

We can also observe that, as witipinene, a progressive amorphization occurs dubetrglin

and decalin evaporation in air.

2.3.2 Gels with other solvents
The crystalline structure obtained with solventsolhare not listed in the litterature among
those leading to the formation of a co-crystallpfease has been also investigated and the X-ray

diffraction patterns of partially desiccated PPOI{Cgels are reported in Figure 2.8.
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Figure 2.8 X-ray diffraction patterns of partially desiccate€®O/CC}, gels collected during
solvent desorption in air. Concentrations are exsexl as solvent weight fraction

The X-ray diffraction patterns reported in Figure8 Zlearly show that in PPO/CLCgels a

crystalline structure totally different to the Plé€pinene clathrate is obtained.

2.4. Crystalline structure in samples obtained fromPPO/gels after complete solvent removal
in supercritical conditions

It has been shown for syndiotactic polystyrene mystalline phases that complete solvent
removal from the co-crystalline phase can be aduewith supercritical carbon dioxide and the
nanoporous or € crystalline phase are obtain€d.

Thus, the solvent extraction with supercritical GAzas also applied to PPO gels obtained with
the three solvents leading to the formation of ecrystalline phase (i.ex-pinene, tetralin and
decalin) but also with other solvents such as carbeirachloride, 1,2,4-trichlorobenzene, 1-
chlorodecane, 1.2-dichloroethane, benzene, 1,4tdyimaphthalene, and dichloromethane.

The X-ray diffraction patterns of powder samplebtined by PPO gels prepared in different

solvents after complete solvent removal with supigral CO, are reported in Figure 2.9.
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Fig 2.9 X-ray diffraction patterns of gels extract in supéical CO,

We can observe that for all the solvents apart fdeoalin which leads to a fully amorphous
sample, highly crystalline samples are obtainednfrBPO gels after solvent removal with
supercritical CQ The x-ray diffraction patterns present peaks dpéacated at definitely different
angles and the diffraction angledjzand Bragg distancesd)(values of the second and third peak of
each pattern are as listed in Table 2.1.

For instance, we can note that the value of thersepeak 2 change from a minimum value of
7.11 (obtained with chlorodecane) to a maximum &abdli 7.63 (obtained with benzene). Tthe
values obtained with the different solvents cleahpw that the solvent plays a fundamental role in

determining the periodicity of the final crystaltiphase.

Table 2.1 Diffraction angle (Z) and Bragg distances (d) values of the second thedthird
reflections observed in the X—ray diffraction patteof PPO semi-crystalline powders of Figure
2.10 obtained by complete solvent extraction frets with supercritical CQ
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The whole set of the data of Figure 2.9 and Table Ihdicates that the solvent plays a
fundamental role in determining the periodicity ftive final crystalline phase and PPO can
crystallize in markedly different crystalline madgtions. Additional results indicate that there is
nearly a continuum of crystalline phases betweanlimit structures exhibiting highest and lowest
20 values. In fact, for instance, powders from gelgjacted to complete solvent removal present a
progressive shift of the diffraction peaks to low8rvalues, along the sequence benzetetralin >

methylene chloride> 1,2-dichloroethanespinene> trichlorobenzene> chlorodecan€Cl,.

2.5 Solvent induced crystallization of amorphous P®

The structural characterizations reported in thevpius sections focussed on semi-crystalline
samples obtained from gel samples prepared in otnrated polymer-solvent solutions. However
semicrystalline PPO samples can also be obtainesblvgnt induced crystallization of amorphous
PPO. In particular crystallization of amorphous PP&h by achieved with several solvent by
immersion in pure liquid or exposure to vapors.

The X-ray diffraction patterns of an amorphous Fi® before and after exposure to benzene
(RT, 4 hours), chlorobenzene (RT, 15 hours), ambdaratetrachloride (T =80°C, 5 hours) vapors

and solvent removal with supercritical €&re reported in Figure 2.10.
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Figure 2.10 X-ray diffraction patterns of amorphous PPO befarel after exposure to vapors of
benzene, chlorobenzene and CCl4 followeddbyent removal with supercritical GO

32



We can note that as for samples obtained from P&§) the crystalline structure obtained by
solvent-induced-crystallization fo amorphous PPQ@ethels on the solvent. Moreover it is worth
emphasizing that, as in the gel, the sample cryg&d with CCJ presents 2 values of the second
and third peak at about 7.20 and 11.40.

The crystallization of amorphous PPO with a solvenining a co-crystalline phase has been
also investigated and the X-ray diffraction patteof a partially desiccated PPO/decalin gel and of
an amorphous film immerged in decalin at 110 °C3ftrare reported in Figure 2.11.
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Figure 2.11 X-ray diffraction patterns of a partially desiceat decalin gel and of an amorphous
PPO film immerged in decalin

We can observe that a co-crystalline phase carbtzened by solvent-induced crystallization of
amorphous PPO. However, variations in the x-rajratifion patterns indicate that differences in
the structural organization in both samples. Irtipalar, for the clathrate phase obtained from the
amorphous PPO film, the diffraction peaks @t=210. 9 and 22.0 corresponding to the 110 and 220
crystallographic planes are very intense and varyow while for the clathrate obtained in the gel
these these peaks are less intense. The greaesiigtof the peaks with k=0 indicates that in the
film the crystals present a partial (110) uniplaoaentation.

The possible formation of the typical clathrateusture from a non-clathrate semi-crystalline
PPO has been also investigated and in Figure 2d 2eported the X-ray diffraction patterns of
benzene-crystallized film (such as the one repartédgure 2.10) before (curve A) and after (curve

B) immersion in decalin for 3 hours at 110 °C.
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Figure 2.12 X-ray diffraction patterns of a film crystallizea benzene before (curve A) and
after(curve B) immersion in decalin at 112 °C fan@urs

The amount of decalin absorbed during the treangenta. 37 wt% and the x-ray diffraction
patterns of Figure 2.12 clearly show a change efdtystalline structure and the formation of the

typical PPO clathrate structure.
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2.6 SORPTION PROPERTIES OF PPO
2.6.1 Nitrogen sorption

Volumetric nitrogen adsorption measurements at 7iiaKe is a been carried out in order to
assess the presence of microporosity in PPO saraptased after supercritical G@xtraction of
the solvent from PPO gels.

The N isotherms obtained for semicrystalline PPO powdsstained by C@ supercritical
extraction of gels prepared in benzene and,C&horphous powder obtained by £€upercritical
extraction of a gel prepared in decalin and an aimaus film obtained by compression molding are
compared in Figure 2.13. The total surface areduated following the BET model, total pore

volume and micropore volume are reported in tali?e 2
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Figure 2.13 a) Volumetric N adsorption isotherms recorded at 77 K on the arhouys powder
PPO (square, olive), amorphous PPO by compresswiding film (diamonds, orange),
PO/benzene (stars, black) and PPO/C@liangle, blue). Filled and empty scatters retethe
adsorption and desorption branches, respectivelghlows the detail of the adsorption branch
reported in A, for low pressure.
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Table 2.2 Surface area (fng™), and pore volume (chg*) of PPO samples.

S?:ETa Snicroa Vtotb Vmicroc
semicrystalline PPO
Y _ 549 214 099 | 012
from gel with CCj
semicrystalline PPO
y , 552 171 0.82 0.10
from gel with benzene
amorphous PPO from
P _ _ 320 102 0.63 0.06
gel with decalin
Amorphous PPO by
_ _ 0.76 - 0 3
compression moulding

®Total surface area evaluated following the BET maul¢he standard 0.05R/P, < 0.25 pressure range.
bTotal pore volume calculated as volume of the Heatip/po = 0.90.

“‘Micropore volume obtained from the t-plot

The values reported in Table 2.2 show that the phwars sample obtained by compression
molding do not present any porosity while all thbhes samples obtained by @Q®upercritical
extraction of gels prepared in benzene, £@hd decalin are highly porous with large surfasa
and pore volume values. It is also worth noting tharoporosity account to about the 30% of the
total surface area.

Particularly impressive is the result that both weystalline samples possess porosity and
microporosity nearly double that of the amorphaarmle obtained from the decalin gel. This result

clearly indicate that the crystalline phases oletdiafter solvent removal are nanoporous.

2.6.2 Sorption of volatile organic compounds

Particularly relevant molecular separations ares¢himplying the removal of volatile organic
compounds (VOC) from water and air. In particuldr,has been observed for the case of
syndiotatactic polystyrene that nanoporous-crysellpolymeric phases are extremely suitable
because they are able to include non polar molscake guest of their crystalline cavities, and to
exclude the highly polar water molecules.

Thus, the sorption properties of VOC from dilutegu@ous solutions and vapor phase at low
activity in PPO nanoporous crystalline phases Hmen investigated and compared to amorphous
PPO samples.
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i) Sorption of benzene from diluted aqueous sahutio
The FTIR spectra of PPO films after equilibrium@mn of benzene, from a 10 ppm aqueous
solution at room temperature, are compared in égaul4 for an amorphous film obtained by

compression molding and for the G&lystallized PPO film.

676
benzene

(b)

Absorbance (a.u.)

(@)

700 600 500 400
Wavenumber (cm™)

Figure 2.14 FTIR spectra in the wavenumber range 750-400 ofPPO films after equilibrium
benzene sorption from 10 ppm aqueous solutionar@rphous; (b) CGlcrystallized.

From the intensity of the benzene peaks, like dnatat 676 cih, it is immediately apparent that
the benzene sorption from the semicrystalline fdmrmearly triple than for the amorphous film. A
gravimetric calibration curve allows establishifgatt the equilibrium benzene sorption in the
semicrystalline sample is close to 10 wt %. ThisazZame uptake corresponds to a concentration
increase of 10 000 times and is also more than ldaian from an s-PS sample exhibiting the
nanoporous phase.

The higher benzene uptake obtained with the ctystaPPO sample clearly indicate that the

crystalline phase is nanoporous.

i)Sorption of 1,2-dichloroethane from diluite aques solution
In several works, the sorption of 1,2-dichloroethane (DCE) fromutiid aqueous solutions and
from vapor phase in the syndiotactic polystyreneoparous phases has been investigated. This
choice of DCE, was motivated by is the additionafoimation, which comes from its
conformational equilibrium. In fact because essdigtonly its trans conformer is included into the
s-PS clathrate phase while both trans and gauahferaeers are included in the amorphous phase,

guantitative evaluations of vibrational peaks agded with these conformers allow to evaluate the
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amounts of DCE confined as guest in the clathrai@se or simply absorbed in the amorphous
phase'’

The choice of DCE was also motivated by its preseimccontaminated aquifers and by its
resistance to remediation techniques based orivedxrriers containing Be™®

Thus, in order to make a comparison with s-PS,sthiption of DCE from diluted aqueous
solutions was also investigated for amorphous and-srystalline PPO films.

In Figure 2.15, are compared, the DCE equilibriymtakes from diluted aqueous solutions, as
obtained by FTIR measurements, for s-PS samplésthat nanoporoud form and the non-porous
y form and for PPO samples. For the sake of compariequilibrium sorption capacity of DCE

from activated carbon is also shown.
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Figure 2.15 1,2-dichloroethane equilibrium sorption at roonmigerature from water, as a function
of its concentration in polymer samples: (filleardyols) including nanoporous crystalline phases;
(empty symbols) absorbing guest molecules onlynarphous phases. Circles correspond to s-PS
samples § and yform aerogels) while squares correspond to PPOdam
(nanoporous-crystalline and amorphous powders).

It is clearly apparent that samples including namops crystalline phases. for s-PS and
crystallized by benzenfer PPO) present higher guest solubility than sasalbsorbing DCE only
in the amorphous phasefor s-PS and amorphous for PPO).
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As for s-PS, for low pollutant concentration, th€B sorption occurs essentially only in the
crystalline phase. In particular, for the most @itlaqueous solution (1 ppm), the sorption capacity
is larger than 5 ge/100g0ymes I.€. leads to a concentration increase of 50006s As for PPO,
the DCE uptake from the amorphous sample is rerbgkas expected on the basis of its well
recognized high free volumé.However, the sorption from the semicrystalline penis definitely
higher than for the corresponding amorphous phaske ia particular for 50 ppm solutions, the
sorption capacity of the semicrystalline samplmae than double than for the amorphous sample.

iii) Sorption of benzene and carbon tetrachloridgers at low activity

The sorption experiments of benzene and carboactdbride vapors at low activity were
performed using a amorphous PPO sample obtainedibgrcritical CQ extraction of a gel with
decalin and two semi-crystalline samples obtainedxiraction with supercritical GQof gels with
benzene and Cglwhose X-ray diffraction patterns are shown irufig2.9. These semicrystalline
samples were chosen because they represent tharivstructures exhibiting highest and lowest
20 values as previously reported in Table 2.1.

Benzene and Cg¢hravimetric sorption isotherms at 35°C and pressiower than 0.08 PjRre
reported in Figure 2.16A and 2.16B, respectivelyr the sake of comparison the benzen uptake
from a d nanoporous crystalline powder of s-PS with degreerystallinity close to 30% is also

shown in Figure 2.16A.
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Figure 2.16 Benzene (A) and C£(B) gravimetric sorption isotherms, at 35°C angegssures

lower than 0.08 P/R on PPO samples: amorphoug);, benzene-crystallizedsf and CCl—

crystallized (A ).Benzene uptake from an s-PS powder exhibiting tt@oporous crystalline
phase ¢)
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It is clearly apparent that large solvent uptakesuo for all PPO samples already at very low
solvent activities, clearly confirming the presermfe nanopores (microporosity). However, the
lowest solvent equilibrium uptakes occur for theogphous powder while the guest uptake of the
two highly crystalline PPO powders is roughly daubVith respect to those of the amorphous
powder. This results clearly indicates the nanogity@f the PPO crystalline phases.lt is also worth
noting that the VOC uptake in semi-crystalline P&fnples is much higher than for thdéorm
(nanoporous) s-PS.

It is worth noting that the two highly semicrysiad powders obtained from benzene and,CClI
gels, although exhibiting the two limit crystalliséructures of Figure 2.9 present very similar and
maximum vapor uptake.

As the crystalline phase constitutes roughly orily63of the semicrystalline powders, the data of
Figure 2.16A and B indicate that the PPO crystalfiorms present a guest solubility much higher
than for the (also nanoporous) PPO amorphous phase.

For instance, for P§2= 0.075, the benzene uptake is 15 wt% for the @gstalline sample (19
wt% as calculated for the crystalline phase) wihils 8.5 wt% for the fully amorphous sample.
This guest solubility difference between amorphand crystalline phases is higher for GGt
P/Ry = 0.075 the uptake is nearly 13 wt% for amorphB&O, higher for the highly crystalline
powder (30 wt%) and is calculated to be very higihtfie nanoporous crystalline phase (41 wt%). It
is also worth adding that although this weight Wptaf the two guests in the crystalline phase is
widely different, the corresponding molar uptakesiiilar, i.e., for P/P= 0.075, not far from 1

guest molecule per 3 monomeric units.

2.7. Thermal stability of PPO nanoporous crystallhe structure
A preliminary study of the thermal stability of PR@noporous crystalline structures has been
conducted and in figure 2.17 the X-ray diffractjostterns of a nanoporous PPO film obtained by
crystallization with benzene of an amorphous samgle reported for different annealing
temperatures.
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Figure 2.17 X-ray diffraction patterns of a semicrystalline mgnorous PPO obtained by
crystallization of amorphous PPO with benzene atetkat various temperatures

The diffraction patterns show that by increasing #nnealing temperature up to 210°C the

degree of crystallinity remain unaltered and aftienealing at 240°C a totally amorphous sample is

obtained.
The PPO nanoporous crystalline form is much mosablstthan the syndiotactid and €

nanoporous crystalline forms for which a loss ofstalline nanoporosity due to transition, toward

they phase occurs at nearly 100 °C.
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2.8 CONCLUDING REMARKS

The PPO is a polymer soluble in many organic satvand it has been taken advantage of this
property to prepare several gels , also aimingudysthe polymorphism and the nanoporous forms.

The formation of highly crystalline or fully amorplis PPO powders can be obtained by solvent
removal from gels, by making suitable selectionthed solvent. Moreover, the choice of the gel
solvent allows controlling the nature of the crilsia phase. In particular, X-ray diffraction
patterns indicate the presence of many (if not mticoum of) modifications between two limit
ones, exhibiting diffraction peaks at lowest oriagt angles.

Similar crystalline phases, although generally bitimg lower degrees of crystallinity, can be
also obtained by solvent induced crystallizatioammorphous and crystalline films.

As widely recognized, amorphous PPO is a high freleme, ultrapermeable phase, which
exhibits very high guest solubility, already forM@uest activity. Surprisingly, the semicrystalline
PPO samples present a much higher solubility ofyngarests (e.g., benzene, G)CIThese sorption
results, as well as density measurements and cd®ET experiments, clearly indicate that the
PPO crystalline phases are nanoporous.

The nanoporous nature of these crystalline phases been also confirmed by density
measurements by flotation of film samples. In fakg density of the benzene-crystallized PPO
semicrystalline film (1,009 +0,002 g/Cjis lower than the density of fully amorphous Pfifs
(1,016 + 0,004 g/cf). These data, by assuming a degree of crystallafiB0%, as evaluated from
the X-ray diffraction pattern of figure 2.18, allgpvedicting a density of the crystalline phase of
roughly 0.99 g/crh

Applications of polymeric nanoporous crystallineaphs, till now only based on s-PS, are
expected to be widely expanded in the near futirdact, many applications are predictable for
PPO nanoporous crystalline phases, which presehtrespect to nanoporous crystalline phases of
s-PS the advantage of faster guest sorption ksjetlne to the nanoporous nature also of the
amorphous phase, as well as the advantage of higgrenal stability.

Finally, the clathrate structures found in diluitedlutions of decalin, tetralin, angpinene,
which have been reported in the literature, haweet our attention to the study of the gel obtained
with these solvents. In particular, it has beennghthat clathrate structures can be also obtained i
PPO gels but also by crystallization of amorpho®OP After solvent removal in supercritical
conditions, these clathrate structures with theeption of decalin which gives a fully amorphous

sample, gives nanoporous crystalline forms simdathe ones obtained with the other solvents. In
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the next chapter the characterization of the cstatyne phase of PPO with-pinene will

discussed.
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Chapter 3

Chiral co-crystalline phases PPO/alpha pinene

3.1 Introduction

As already shown in Chapter Il, the PPO gels obtiim tetralin, decalin ang-pinene present
the same type of crystalline structure which hagenbattributed to a co-crystalline phase on the
basis of previous works reported in the literature.

During this research project, the PR@Inene co-crystalline structure has been deepigiet
and in particular, the preparation proceduresttieemal stability of the co-crystalline phase adl we
as the conditions suitable farpinene removal (leading to a nanoporous crystaltihase) or foo-
pinene sorption in the nanoporous crystalline plfeeseling to the co-crystalline phase) have been
investigated. An accurate structural analysis efggbwder diffraction patterns has been carried out
by Prof. V. Petraccone and Dr. O. Tarallo from Dipartimento di Chimica “Paolo Corradini” of
the Universita degli Studi di Napoli Federico lldait has been established the occurrence of a
chiral unit-cell including all right or left handgmblymer helices and §-(-) or (IR)-(+) a-pinene
guest molecules, respectively. The formation olfisat PPOd-pinene co-crystalline form has been

confirmed by vibrational circular dichroism (VCDymeriments.

3.1.1 Preparation, thermal behavior and molar ratiothe PPOdé-pinene co-crystalline form

As well described in the literature, the PB@inene co-crystalline phase can be easily obtained
both by solution casting procedures ang@inene induced crystallization in amorphous sasple
high temperatures?

An alternative route to prepare the PBQInene co-crystalline phase involves gel prepanati
but during air desorption af-pinene there is a progressive loss of crystajlimihich ends to a fully
amorphous sample for a totally desiccated gels. é¥ew whena-pinene is removed with
supercritical C@Q, a crystalline nanoporous structure is obtained.

These results reported in Chapter Il are summarinefligure 3.1 which shows the X-ray
diffraction patterns of the native PRGpinene gel prepared at,§; = 20 wt% (curve A), and
partially desiccated gels obtained by solvent desmr in air (curves B-D).

46



) ) ) ) )
AR G AN R
‘ A ‘ NN F
L~ NS : : e
: : - : : :
: BFANE : :
NEED2NE N : : i
™ T E
:i : : M : :
& ‘ iyt LT : :
? : L ;,,,w” MWMMMMW D
2 : : :
Q : :
= : ~ NN
: \_\:\/« ~
SUREEPS S T~ C
: 11 :

17
5
=
S

S

[ -':; %8 N

o
N
{
H
;.
-

5 10 15 20 25 30
26()

Figure 3.1 X-ray diffraction patterns (Cu&radiation) of PPO samples: (A) gel with 80wt% of
a-pinene and exhibiting the co-crystalline phase,dlashed line corresponds to the diffraction of
liquid a-pinene; (B) powder with 33 wt% ofpinene and exhibiting the co-crystalline phase, as
obtained from the gel after long term solvent dpion at room temperature; (C) powder with 12

wt% of a-pinene as obtained from the co-crystalline powafezr treatment at 80°C for two weeks;
(D) amorphous powder with 7 wt% afpinene, as obtained from the co-crystalline powafesr
treatment at 140°C for 15 min; (E) powder exhilgti nanoporous crystalline form, as obtained

by completer-pinene extraction with supercritical carbon diogittom the gel of Figure A; (F)

powder with 38 wt% ofr-pinene and exhibiting the co-crystalline phaseplined from the
nanoporous crystalline powder of Figure E after @xyre for 1 hour tar-pinene vapor at 140°C.

The Miller indexes of the PP@#pinene co-crystalline phase are indicated closth&oplot B.

The diffraction pattern of the native gel (curve djeady exhibits well defined diffraction peaks
corresponding to the 101, 110, 102, 200, 201, 220,and 221 reflections of the PRQdinene co-
crystalline forn?® These peaks are superimposed on an intense amsrpat, which essentially
corresponds to that one of liquadpinene (dashed line in Figure 3.1A).

The gel of Figure 1A, after long term (50 days)/sak desorption at room temperature becomes
a powder with ax-pinene content close to 33 wt% and presents tn@ydiffraction pattern shown
in Figure 1B, which is typical of the PR®pinene co-crystalline phad®.The degree of
crystallinity, as evaluated by applying the staddarocedure of resolving the diffraction pattern

into two areas corresponding to the contributiohghe crystalline and amorphous fractions, is
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close to 67%. In the hypothesis that mmgiinene molecules are included in the PiePihene co-
crystalline phase, this co-crystalline phase wolodd characterized by a monomeric-units/guest
molar ratio close to 1.5. However, the subtractidrthe amorphous halo af-pinene from the
pattern of Figure 1B indicates that roughly 20%ref guest is located in the amorphous polymer
phase (¥m@-pinene)= 0.2) and, as a consequence, the BRWiene co-crystalline phase exhibits a
monomeric-units/guest molar ratio close to 2.

The thermal stability of the co-crystalline struetthas been studied by thermogravimetric and
X-ray diffraction measurements. The TGA curve ajufe 3.2A clearly shows that the guest loss
begins above 70°C and diffraction results showsa lf crystallinity when guest desorption occurs.
Just as an example, the X-ray diffraction pattefrthe sample of Figure 3.1B, after treatment at
80°C for two weeks, shown in Figure 3.1C, stillggets a pinene content close to 12 wt % and the
typical peaks of the co-crystalline phase supersedoon an increased amorphous halo,
corresponding to a reduced degree of crystallicige to 30%.

Thermal treatments of the co-crystalline sampldsgiter temperatures lead to complete loss of
crystallinity. This is shown, for instance, for @crystalline sample, which after treatment at ©10°
for 15 min maintains a residuatpinene content close to 7 wt% (as shown by the Tt@Ae of
Figure 2B) and presents an X-ray diffraction wille ttypical diffraction amorphous halo of PPO
(Figure 3.1D).
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Figure 3.2. Thermogravimetric curves of PPO powders: (A) eiimty the PPO&-pinene co-
crystalline phase, as obtained from the gel afbeigl term solvent desorption at room temperature,
whose X-ray diffraction pattern is shown in Fig@édB; (B) amorphous powder, as obtained from

the co-crystalline powder after treatment at 1406€15 min, whose X-ray diffraction pattern is
shown in Figure 3.1D.
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By extraction with supercritical carbon dioxided&°C, the guest can be removed both from the
amorphous and the co-crystalline phases of the BElGand a nanoporous crystalline phase is
obtained. For instance, the X-ray diffraction pattef the gel of figure 3.1A, after treatment with
supercritical CQ, is shown in figure 3.1E and presents diffracii@aks very similar to those of the
nanoporous crystalline phase obtained by solvettagtion from carbon tetrachloride gélghe
degree of crystallinity of the nanoporous crystalsample of figure 3.1E is about 48wt %.

The same procedure afpinene removal from the co-crystalline phase ofiger samples (like
that one of figure 3.1B) rather than from a gel gln{like that one of figure 3.1A) leads to fully
amorphous samples. This suggests that the d®®Pi@éne co-crystalline phase can be reorganized in
a nanoporous crystalline phase only in the presehttee more mobile gel environment.

This behavior is different from that one observed $§-PS, whose nanoporodghase can be
obtained by guest extraction with supercriticabear dioxide both from gel sampfeas well from
co-crystalline samples.

This nanoporous crystalline phase, as well as thermanoporous crystalline phases of PPO,
can be transformed into the co-crystalline phase elsposure toa-pinene vapor, at high
temperatures. Just as an example, the nanoporgstaltne powder of figure 3.1E, after exposure
for 1 hour toa-pinene vapor at 140°C, shows the X-ray diffractpattern of figure 3.1F, which

clearly indicates the presence of a well formeaigstalline phase.

3.2 Structure of the PPOd-pinene co-crystalline form
3.2.1 Unit cell
Unoriented co-crystalline samples of poly(2,6-dinygtl,4-phenylene)oxide (PPO) containing
both racemica-pinene, (R)-(+)-a-pinene and (3-(-)-a-pinene have been prepared from the
corresponding gels by partial solvent desorptioaiin
The X-ray diffraction patterns of the powders anewn in Figure 3.3 (curve A-C) along with

the X-ray diffraction pattern of reported in ref.2b
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Figure 3.3 X-ray diffraction patterns of PPO co-crystallin@msples containing: (A) racemi
pinene, (B) (1S)-(—) -pinene and (C) (1R)-(+ypinene. In (D) the X-ray diffraction pattern
reported in ref.9c is reported for comparison.

The powder X-ray diffraction patterns turned outbi very similar to each other and to that
presented in literature by ref.9c both for posisi@md for relative intensities of the reflectioned
Figure 3.1 and Table 3.1).

In the same papéf,on the basis of both an unoriented X-ray diffractpattern (shown in Figure
3.1E) and of an electron diffraction pattern cdlbelcon a single crystal, a tetragonal unit celhwit
a=b=1.19 nm and= 1.71 nm containing;fhelices has been proposed too.

It is worth pointing out that by arranging in theoposed unit cell two 4polymer chains and
four guest molecules the calculated density is §/88T, in good agreement with the experimental
one, determined by flotatioml(L g/cn).

Consequently, the unit cell proposed in ref.2blleen adopted for the structural analysis.
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Table 3.1. Diffraction angles (# °), Bragg distances (gs9 and relative intensities (after
subtraction of the amorphous and background coatrdm, Lysg of the reflections observed in the
X-ray powder diffraction patterns of Figures 3A,BdaD. The patterns correspond to co-crystalline
phases of PPO with racemic or non-racems#pinene molecules.

The hkl indices, attributed according the tetraglomait cell (a=1.19 nm, c= 1.71nm) proposed in
ref.9c have been also reported.

Ref.2b, Figure Figure 3.3B, Figure 3.3A,
3.3D, racemic guest non-racemic guest | racemic guest
hkl 23obsd dobsd Zeobsd dobsd Zeobsd dobsd
(deg) (hm) (deg) (hm) (deg) | (nm)

7.25 1.020

1 101 9.0 0.983 9.3 0.947 9.14 0.968

2 110 10.4 0.851 10.9 0.813 10.6 0.839

3 111 11.8 0.750

4 102 12.8 0.692 13.3 0.668 12.9 0.685

5 200 14.8 0.599 14.9 0.593

6 201 15.8 0.562 16.2 0.549 15.8 0.560

7 210 16.7 0.531

8 211 17.4 0.510 17.8 0.499 17.5 0.507

9 212 19.6 0.453 19.8 0.448 19.7 0.451

10 220 21.2 0.420 21.4 0.416

11 221 21.7 0.410 21.8 0.408 21.8 0.310

12 301 23.0 0.387 23.5 0.379 23.1 0.385

13 26.7 0.334

27.4 0.325 27.4 0.325
29.1 0.307
31.5 0.284

3.2.2 Polymer Conformation

The chain conformation has been found from moleaukchanics calculations by imposing; P4
(P4) symmetry and the periodicity (1.71 nm) suggested in ref.2b and tbatso in the case of
PPO crystallized from chloroform solutioh# schematic representation of the conformation tha
has been used as the starting point for the subségtructural analysis is reported in Figure 3.4.

The most relevant internal parameters are also show
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Figure 3.4 Conformation of the PPO chain as found by molecaiachanics calculations

3.2.3 Space group
For packing analyses, on the basis of the contetfieounit cell and in the likely hypothesis that

the 4 symmetry of the polymer chain would be kept, tipace group P4 (P4) with two
independent polymer helices has been chosen . simemaetric unit is made of a repeating unit of a
polymer chain plus another one belonging to a stténodependent polymer chain, and a guest
molecule.

Due to the likeness of all the powder diffractioattprns of Figure 3.3, in the search for the
packing model a model with §(-)-a -pinene as guest and R polymer helices (spacedrdy
or L polymer helices (space groupsPias been first used. In each case the possiblihave an
isoclinic or anticlinic packing of the independémfices has been also considered.

3.2.4 Packing model
In these hypotheses, through molecular mechanicslatons, a structural model characterized

by good packing has been searched. In particwarakestarting points have been explored, starting
from different situations (found by a trial anda@rprocedure) characterized by different rotations
of the polymer helices around the chain axis, bff¢ relative quota along tleeaxis direction, and

different arrangement of the pinene guest moledute.each one of the minimum energy model
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obtained a careful comparison between the expetahesnd the calculated powder X-ray
diffraction pattern was carried out.

The best packing model obtained, both as far abthest packing energy and for the agreement
with the calculated diffraction pattern with thepeximental one, is reported in figure 3.5 (its

fractional coordinates for the asymmetric unitlegsted in Table 3.2).

(A) (B) ©

Figure 3.5 Packing model of the co-crystalline form of PPGhwiS)-(-)-a-pinene in the unit
cell a=b=1.19 nm and c=1.71 nm , and thesRfpace group. (A) Projection along c; (B) projectio
along a; (C) projection along b.

Figure 3.5 shows the comparison between the caézllX-ray powder diffraction profile
according the structural model of Figure 3.4 ve. éperimental X-ray powder diffraction pattern
(reported in Figure 3.2), after subtraction of &morphous and background contributions. A fairly

good agreement is apparent.
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Figure 3.6 Comparison between the experimental X-ray powd&adtion pattern (black solid
line) of the co-crystalline form of PPO with (1S)H{a-pinene after subtraction of the amorphous
and background halos (figure 3.2) with the calcethbne (red solid line) according to the
structural model proposed in figure 3.4.
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Table 3.2 Fractional coordinates of the atoms of the asymmenit of the co-crystalline form of
PPO with (1S)-(-)a-pinene according the model reported in Figure éll(constants a = b = 1.19
nm, ¢ = 1.71 nm,; space group §#4The fractional coordinates of the atoms of theegy are
reported in italics. Hydrogen atoms were includedhe structure factors calculation, but they are
omitted in this table for simplicity.

x/a y/b z/c
Cl | 0,159 | 0,028 | 0,098

c2 | 0,199 | 0,052 | 0,173
c3 | 0,179 | -0,018 | 0,236
c4 | o114 -0,114 | 0,226
cs | 0,071 |-0,139 | 0,152
c6 | 0,094 | -0,069 | 0,089
01 | 0,098 | -0,190 | 0,286
c7 | 0,231 0,010 | 0,315
c8 | 0,002 |-0,243 | 0,138
Cib | -0,477 | 0,658 | 0,579
C2b | -0,455 | 0,701 | 0,505
c3b | -0,523 | 0,679 | 0,441
c4b | -0,617 | 0,609 | 0,451
Csb | -0,638 | 0,562 | 0,525
c6b | -0,570 | 0,587 | 0,587
01 |-0,692 | 0,591 | 0,391
C7b | -0,498 | 0,731 | 0,363
c8b | -0,739 | 0,487 | 0,537
0,001 | 0,342 | 0,357
-0,073 | 0,266 | 0,382
-0,184 | 0,305 | 0,418
-0,187 | 0,432 | 0,417
-0,076 | 0,479 | 0,451
-0,030 | 0,467 | 0,367
0,112 | 0,314 | 0,319
-0,150 | 0,484 | 0,338
-0,186 | 0,431 | 0,259

OO OO0 OO0

A more detailed representation of the accommodaifdahe guest in the space delimited by the
polymer helices according the model of Figure ighlighting also the shape of the guest

locations in the co-crystalline form, is reportad-igure 3.7.
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Figure 3.7 Schematic representation the minimum energy aearents of the (1S)-(-9-pinene
guest molecules in the guest locations of the P&@rygstals found by molecular mechanics
calculations. (a, a’) view of a cavity along thevas. (b, b’) view of a cavity along the b axis. In
(@) and (b’) guest molecules are represented whtir van der Waals steric hindrance. The chain
repetition period is indicated by dashed lines. $hape of the space where the guest molecules are
hosted is also represented. The internal face®&fface occupied by tlmepinene molecules is
reported in cyan while the external face (towatus ¢hains) is reported in white. In B only the
portion of the channels passing through eight nleayghng cells are shown, while the polymer
helices are omitted. R = right handed, L = left dad helical chains

As expected, the same results have been obtaimatidclathrate structure of PPO withRj1
(+)-a-pinene according the P4pace group.

The possibility to have also non chiral crystal®. ipacking models characterized by an
analogous arrangements of the polymer helices dicgpito the P4 and P4 space groups but
hosting (R)-(+)-a-pinene or (H-(-)-a-pinene, respectively has been also widely explored
Despite several promising models characterized mgrgetically favorable packing have been
found, the agreement between the experimental lamddlculated diffraction pattern was always
poor.

It is worth noting that, co-crystalline phases & with racemian-pinene guest molecules,
because present X-ray powder diffraction pattessemtially indistinguishable from those of co-

crystalline phases with the pure enantiomers (égBr3), are expected to be constituted by a
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mixture. of chiral crystals including only L and polymer helices and S and &-pinene

enantiomers, respectively.
3.3 VCD and FTIR measurements

In order to confirm the formation of a chiral PR&pinene co-crystalline phases vibrational

circular dichroism experiments have been carried.

3.3.1 Introduction

The interaction between light and a chiral moleaapends on the circular polarization of the
probing light. The adsorbance A of right-circularig polarized light by a "right-handed” will be
equal to the absorbance A of left-circularly L paed light by the corresponding of "left-handed”
enantiomer. If the light is polarized probing a syatric molecule lacking directions. a chiral center
or a racemic mixture (equal mixture of the enangwh then clearly A- Agr = 0. But so long as
there is an excess of one form or the other ofvargchiral species, the differential absorption of

left- versus right-circularly polarized light. A Ar will not be zero, as shown in figure 3.7.

WA~ A

left circularly o

polarized light chiral molecule
-N&% “r“ © A
right circularly —

polarized light chiral molecule

A - Ar = AA

The quantityAA = AL - Ar depends on the wavelength and is termed the airclichroism; it
represents a measure of the chirality of the ptapecies and determines the direction and degree
of rotation of the lane of linearly polarized lightlote that the sign and magnitude /A is
determined by the specific orientation and poldnii#y of the atoms or groups around a chiral
center;AA can be either positive or negative for a givenfiguration (e.g. R)- applications have
been enantiomer) but will always be equal in magigt and opposite in sign fdR vs. S
enantiomers.

The chirality of a molecule not only determinestaier physical properties such as crystal
structure and dichroism more importantly, alsoctiemical reactivity. Two molecules must have

the appropriate handedness stereochemistry in ¢todesmbine or react. This stereospecificity of
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reaction mechanisms is of crucial importance irchenistry where most enzymic reactions require
a specific configuration or conformation of thea#ag species.

The measurement of Circular Dichroism (CD) as afion of wavelength in the visible and UV
region has been possible with a commercial instriation for some time, but applications have
been limited.

In CD the absorption bands are usually rather hraad measurements are often limited by the
low sample concentrations required (particularly fsiomolecules) due to high extinction
coefficients and scattering effects (the lattergasicularly troublesome in the UV/vis range).

If CD measurements are carried out in the infraregion, the method is termed vibrational
circular dichroism or VCD, which is defined as théerence in absorption of a sample for left vs.
right circularly polarized infrared radiatiakA = A - Ag . VCD has some very distinct advantages:
most molecules have significant IR absorption cresgtions; sharp IR lines are associated with
specific vibrational modes and more structural rimfation can be obtained from a VCD
measurement than from a CD spectrum. The advardhdgbe VCD spectroscopy is that two
enantiomers exhibit VCD spectra with the same fesatbut with opposit sign. An equivalent
mixture of two enantiomers, a racemic mixture, shaw VCD signal intensities. This behaviour
leads to the possibility of the determination oé thptical purity, the enantiomeric excess, after
appropriate calibration of the investigated syst@mother application arises from the fact that the
two enantiomers have VCD spectra with opposite, slggy are clearly distinguishable.

3.3.2 Experimental results

Co-crystalline powders with @-pinene content close to 30wt%, exhibiting co-aillste phases
with (1R)-(+)-a-pinene or ($)-(-)-a-pinene enantiomers (whose X-ray diffraction paeare
similar to those of Figure 3.2) have been prepdrgdguest sorption at 140°C in nanoporous
crystalline powders, like that one of Figure 3.HS, crystallized in the presence of an achiral
solvent.

The IR and VCD spectra of PPO powder samples eiigbco-crystalline phases wititpinene
enantiomers are shown, for the wavenumber rang®-1650 cn, in figures 3.8A and 3.8B,
respectively.

The IR spectrum shows beside intense PPO peaksials®ne peaks at 1365 &m(vibrational
mode 45), 1265 cth (vibrational mode 41), 1215 ¢h{shoulder, vibrational mode 38) e 1125tm

(vibrational mode 34Y.
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The VCD spectrum shows beside tevepinene peaks at 1215 and 1125cfne. thea-pinene
most dichroic peaks)more intense PPO peaks. In particular, the intabserption band centered
at 1187 crit give rise to two intense VCD peaks of opposite signtered at 1197 and 1174 tm
Analogously, the PPO absorption band centered 86 X3i* give rise to two VCD peaks of

opposite sign centered at 1310 and 1300.cm
The results of figure 3.8 indicate that PPO chdesome chiral as a consequence of co-

crystallization with non-racemig-pinene molecules. This result is, of course, gaationalized by
the chiral structures including only L or R polymieelices and S or Ri-pinene enantiomers,
respectively, as proposed by the X-ray diffracstudy of the previous section.

It is worth adding that, for PPO co-crystalline gbs with non-racemi@-pinene guest
molecules, the VCD behavior described in Figurei8.8bserved independently of the preparation
procedure. For instance, VCD spectra strictly samib those reported in figure 3.8B are observed
for co-crystalline samples (flms or powders) asaoted bya-pinene induced crystallization in

amorphous PPO films (sorption at 140°C).
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Figure3.8 FTIR (A) and VCD spectra (B) of PPO powders, eixindp co-crystalline phases with
(1R)-(+)-a-pinene (thin green line) or (1S)-(-g-pinene (thick red line) and ampinene content
close to 30 wt%. The-pinene peaks are indicated by a star (*)

Gels exhibiting PPO co-crystalline phases with &){#)-a-pinene or ($§-(-)-a-pinene
enantiomers, whose X-ray diffraction patterns amgilar to that one of Figure 1A, when fully
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extracted by supercritical carbon dioxide are ti@msed in nanoporous-crystalline powders, whose
X-ray diffraction patterns are strictly similar tbat one of Figure 1E. The obtained nanoporous-
crystalline samples, although co-crystallized ie goresence of non-racemécpinene, do not
present any VCD peak.

In summary, for PPO, co-crystalline phases with-rememic guest molecules, present intense
VCD phenomena, independently of their preparatimtgdure while nanoporous-crystalline phase
do not present VCD phenomena, also when prepamedrion-racemic co-crystalline phases.

This behaviour is completely different from thateoabserved for s-PS, whose co-crystalline
phases with non-racemic guest molecules, preséemmsa VCD phenomena, only if induced by
non-racemic guests in amorphous sanfp{aad never starting from crystalline s-PS samplés)
while intense VCD phenomena are observed for akrmotrystalline phases, if prepared from non-
racemic co-crystalline phases.

These completely different behaviors can be easljonalized by the fact that the CD
phenomena observed for s-PS are due to chiral rmgies of the crystallites while for PP&/

pinene co-crystalline samples are due to the dtyirail the crystalline unit cell.

3.3.3 Comments on the Structure of the nanopd@oystalline Phases

The absence of fiber samples and literature daszatahe PPO nanoporous phases (i.e. unit cell
parameters and chain conformation) did not allowousarry out a detailed structural analysis of the
PPO crystalline phases.

However, some preliminary FTIR studies were perfnto possibly gain information on the
conformation of the chains in the nanoporous phases

In Figure 3,9 are reported the IR spectra in th@-£d0 cmi* wavenumber range of amorphous
and semi-crystalline PPO films characterized by dhpinene co-crystalline phase and by two

nanoporous crystalline phases.
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Figure 3.9 IR spectra of a PPO amorphous film sample (cujyesemi-crystalline film samples
obtained by sorption of benzene (b) or £€) in amorphous PPO followed by complete solvent
extraction by supercritical carbon dioxide and tlette PPOA-pinene film. The 910-400 ¢m

wavenumber region has been split in two graphshersake of clarity.
The (*) indicate ther-pinene peaks.

We can observe in Figure 3,9 that the IR spectriienfolly amorphous PPO sample (curve a) in
the 910-400 ci region is markedly different from those of semyjatalline PPO samples. In
particular: i) the broad bands of amorphous PP@téxtat 781, 594, 563 and 491 becomes sharper
in semi-crystalline samples; ii) in the 410-420tnegion, the semi-crystalline samples display a
sharp IR band which is absent in the amorphous RBQhe IR spectrum of amorphous PPO
presents a sharp band at 831 awhich becomes, in semi-crystalline PPO samplesstoulder of
a new band located at a lower wavenumber.

It is also worth noting that the IR spectra of semystalline PPO are overall similar but
significant variations due to the different the ichpacking in the nanoporous crystalline phase can
be observed. In particular the crystalline sampystallized with benzene (curve b) presents sharp
band located at 826, 777, and 419 cwhile the CCJ crystallized PPO (curve c) presents bands
located at 828, 773, and 414¢tm

Finally, the IR spectrum of the clathrate sampl©RPpinene presents at 880 ¢ra sharp band
that not appear in the amorphous and semicrystagimple.

These results show that the amorphous sample,ryiséaltine and the clathrate PRGginene

present different conformation of the chains.
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CONCLUDING REMARKS

Preparation procedures, thermal properties, polghiorbehavior and crystal structure of co-
crystalline phase of PPO witki-pinene have been deeply characterized. New prigpara
procedures, based on gel formation or on high-teatpes a-pinene sorption in PPO nanoporous
crystalline phases, have been described. The ctatiie phase presents a long-term stability up to
70-80°C while progressively becomes fully amorphoies thermal treatments at higher
temperatures. It becomes amorphous also as a e@mrsaxjofo-pinene extraction by supercritical
carbon dioxide.

However, the same procedurecspinene extraction, when applied to gel samplesbétxing the
PPOG-pinene co-crystalline form, leads to powders eiim@ X-ray diffraction patterns typical of
the nanoporous-crystalline modification obtaineanfrCCl, gels. The crystalline phase obtained
from a-pinene gels presents high sorption ability, towarany organic compounds, as recently
described for other PPO nanoporous-crystalline gghasor instance, the-pinene uptake from 2
ppm aqueous solutions is as high as 8.5 wt%.

X-ray diffraction data on unoriented PPO sampldsl@kng co-crystalline phases with racemic
and non-racemia-pinene guest molecules and the related X-rayatifion analyses have allowed
a complete resolution of the co-crystalline struetu

The described PP@/pinene co-crystalline structure, presenting thieagonal unit cell§=1.19
nm, c= 1.71nm) already proposed in ref.9c, is charaterby a monomer-unit/guest ratio equal to
2:1 and has been found to be chiral, i.e. theasgiitincludes all right or left handed polymer lbek
and (I5-(-) or (IR)-(+) a-pinene guest molecules, respectively.

The chirality of the co-crystalline structure haseb clearly confirmed by vibrational circular
dichroism (VCD) measurements for samples includ®R® co-crystalline phases with non-racemic
a-pinene molecules. In fact, intense VCD peaks aserved for PPO, which are also more intense
than those observed for the non-racemic guest.

It is worth adding that this is the first crysta#i structure reported for PPO that is an industrial

relevant specialty polymer.
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Chapter 4
EXPERIMENTAL SECTION

4.1 Materials and Sample preparation
The isotactic poly(4-methyl-pentene-1) (P4MP1) #mel poly(2,6-dimethyl-1,4-phenylene oxide)
(PPO) polymers used in this study were purchasad #ldrich. All the solvents were purchased

from Aldrich and used without further purification.

4.1.1 PAMP1

P4AMP1 gel samples were prepared in hermeticalligddast tubes by heating the mixtures until
complete dissolution of the polymer and the appeaa@f a transparent and homogeneous solution
had occurred. For cyclopentane gels, polymer wssotlied at 85°C while with the other solvents
polymer was dissolved at 160°C. Then the hot smhutvas cooled down to room temperature
where gelation occurred.

Aerogel samples were obtained by treating natiie géth a SFX 200 supercritical carbon
dioxide extractor (ISCO Inc.) using the followingrditions: T= 40°C, P = 200 bar, extraction time
t = 240 min.

For monolithic aerogels with a regular shape (phese, or cylinders) the total porosity,
including macroporosity, mesoporosity and micorgdyo can be estimated from the volume/mass
ratio of the aerogel.

Then, the percentage of porosity P of the aeragabges can be expressed-as:

P= 10({1—ﬁ]
ppol

wheregy is the density of the polymer matrix (e.g., eqoe).83 g/cm and 1.06 g/crhfor
semicrystalline PAMP samples with a crystallinityp0%, exhibiting Form | and Form Il phases,
respectively) anghppis the aerogel apparent density calculated framfthe mass/volume ratio of

the monolithic aerogels.

4.1.2 PPO
The PPO used in this study was purchased by SigadrechA and presents weight-averaged and
number-averaged molecular massegM44000 and M= 32000, respectively.
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PPO gel samples were prepared in hermetically deatt tubes by heating the mixtures above
the boiling point of the solvent until complete shtution of the polymer and the appearance of a
transparent and homogeneous solution had occufiesh the hot solution was cooled down to
room temperature where gelation occurred.

PPO powders were obtained by treating these gétsaMsFX 200 supercritical carbon dioxide
extractor (ISCO Inc.) using the following condit®o= 40°C, P = 250 bar, extraction time t = 300
min. PPO amorphous powders have been obtaine@atytg PPO/decalin gels with the same
carbon dioxide extractor, for 16 hours.

PPO amorphous films, 50-1@@n thick, were obtained by compression molding aftetting at
290°C. The crystallization of these amorphous filras been induced by vapor sorption procedures
at different temperatures. The solvent was remdnaed the crystallized films by the above
described extraction procedure with supercritieabon dioxide.

The density of film samples was determined by flotg at room temperature, in agueous

solutions of CaGl

4.2 Techniques

4.2.1 X-ray diffraction analysis

X-ray diffraction patterns were obtained on a Bk Advance automatic diffractometer
operating with a nickel-filtered CuKradiation. The degree of crystallinity of powdearsd films
was obtained from the X-ray diffraction data, bylgmg the standard procedure of resolving the
diffraction pattern into two areas corresponding the@ contributions of the crystalline and
amorphous fractions (in particulary for PPO in 2d&range 6°-35°).

Evaluation of the correlation length D of the calshe domains (where an ordered disposition
of the atoms is maintained) was effected usindgSitieerrer formula:

D = 09//(Bcod)

wheref3 is the full width at half-maximum expressed inigadunits,A is the wavelength andé2
the diffraction angle. The value @ was corrected from the experimental effects applyine
procedure described in ref. 2.

4.2.2 X-ray diffraction analysis for co-crystakirPPOg&-pinene form

Wide-angle X-ray diffraction patterns of unoriente@imples were obtained with nickel-filtered
CuKa radiation with an automatic Philips powder difi@meter operating in th8/26 Bragg-

Brentano geometry using specimen holders 2 mm .thick
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Calculated X-ray powder diffraction pattern werdamed with the Diffraction-Crystal module
of the software package Ceriusersion 4.2 by Accelrys Inc.) using an isotrogsiermal factor (B
= 8 A9). A Gaussian profile function having a half-heigtitith regulated by the average crystallite
size along, b, andc axes (l,, L, and L, respectively) was used. A good agreement witthtig
height width of the peaks in the experimental pedfias been obtained fog E L, = 10 nm and L
=8 nm.

As for co-crystalline samples (like those of FigaB1B,C), the degree of crystallinity has been
evaluated as the difference between the weightepemf polymer in the sample (based on TGA
measurements like those of Figure 3.2) and thehwegigrcent of polymer amorphous phase in the
sample (based on the amorphous areas of the XHfegction patterns). The amount afpinene in
the amorphous polymer phase, expressed as wt%e aviérall sample, has been evaluated by the
area of the amorphous pattern of the solventi{gihene, amorphous]) that can be subtracted from

the pattern of the co-crystalline polymer sampfee(asubtraction of the polymer amorphous halo):
wt%][a-pinene, amorphous] = Afpinene, amorphous]/é&

Correspondingly, the guest fraction located in #meorphous phase, rather than in the co-
crystalline phase, has been evaluated as:
wt%][a-pinene, amorphous]
H(O-PINENE) = —--mmmmmmm e
wt%l[a-pinene, sample]

where wt%fi-pinene, sample] is evaluated by gravimetric measents.

Energy calculation methods and shape of cavities.

Energy calculations were carried out by using tlvenfass force field within the Open Force
Field module of Ceritfsby the smart minimizer method with standard cogeace.

The shape of the cavities has been determined téhFree Volume module of Cerfuby
calculating the region of the structure accesstblea probe species (with a radius of 0.1 nm)

diffusing into the model from the exterior.

4.2.3 Fourier Transform Infrared and VCD measuratee
Fourier Transform Infrared (FTIR) spectra were oi#d at a resolution of 2.0 ¢hwith a

Vertex 70 Bruker spectrometer equipped with detgerariglycine sulfate (DTGS) detector and a
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Ge/KBr beam splitter. The frequency scale was iaty calibrated to 0.01 cthusing a He-Ne
laser. 32 scans were signal averaged to reduagmibke.

VCD measurements were recorded using a commerciddeB Tensor 27 FT-IR spectrometer
coupled to a PMA50 external module, (needed to oaimdulate the Infrared radiation) using a
linear KRS5 polarizer, a ZnSe 50 KHz photoelastmdoiator (PEM, by HINDS) with a proper
antireflecting coating, an optical filter (transtitig below 2000 ci) and a narrow band MCT
(Mercury Cadmium Telluride) detector. All VCD spextwere recorded for 30 minutes of data
collection time, at 4 cih resolution. Samples were tested for satisfactoBD\tharacteristics by
comparison of the VCD obtained with the film rothtby +45°C around the light beam axis.
However, to eliminate any possible linear dichroisiftuence, the VCD measurements have been
conducted by averaging the spectra as collecteskfegral different in-plane rotation angles.

4.2.4 Vapor sorption measurements

The vapor sorption measurements have been caraedtd@35°C with a VTI-SA symmetrical
vapor sorption analyzer from TA instruments. Thistiument works in a continuous flow of gas
and is designed to study the isothermal curvesemipératures ranging between 5-50 ° C at
atmospheric pressure. The term "symmetrical" refersthe fact that the chambers of the
microbalance, and that of the reference samples@agect to the same conditions of temperature,
relative humidity and flow rate. This allows a sigrant stability and accuracy.

4.2.5 TGA measurements

The content of the guest molecules in the films det®rmined by the intensity of FTIR guest
peaks, as calibrated by thermogravimetric measuresn&hermogravimetric measurements (TGA)
were performed with a TG 209 F1 equipment from Kietz

4.2.6 SEM Analysis

The internal morphology of the aerogelic monolittess characterized by means of a scanning
electron microscope (SEM, Zeiss Evo50 equipped veith Oxford energy dispersive X-ray
detector). Samples were prepared by fracturing Ismates of the monoliths in order to make
accessible the internal part of the specimen. ¢, the external lateral surface of all the samples
resulted to be flat and free of porosity. Low eryangs used (5 keV) in order to obtain the highest
possible surface resolution. Before imaging, adl $ppecimens were coated with gold using a VCR

high resolution indirect ion-beam sputtering systeithe samples were coated depositing
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approximately 20 nm of gold. The coating proceduas necessary in order to prevent the surface

charging during the measurement and to increasienidges resolution.

4.2.7 Porosimetry

Surface area, pore volume and pore size distributicere obtained by N adsorption
measurements carried out at 77 K on a MicromerAiaP 2020 sorption analyzer.

Surface area, pore volume and pore size distributieere obtained by N adsorption
measurements carried out at 77 K on a MicromerAi8aP 2020 sorption analyzer.

All the samples, were outgassed for 24 h at 309Grbehe analysis.

In the case of the PAMP1/CP monolith a null surfacea was obtained for the monolith as-
prepared. In this case, the Burves were obtained by fracturing the specimeorder to make
accessible the internal pores of the material. $pecific surface area of the polymers was
calculated using the Brunauer—Emmet-Teller methatijle the pore diameter and the pore size
distribution were evaluated using the DFT (Densitymctional Theory) method on the basis of the
cylindrical pore model proposed by Jaroniec €t Bhe micropore volume has been determinate
with the t-plot method,adopting a new equation of thickness obtainedguas master sample a
bulk form a sPS delta phase (sPS thickness equiatithre following). The thickness of the single

molecular layer has been set do= 3.54 & andt has been obtained asn—a (wheren is the
n

m

number of molecules adsorbed amgdthe value oh at the monolayer) according to the definition
of t.>
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