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Abstract— A series of macroporous cross-linked polystyrenes for applications as supports in catalysis have been
synthesized and characterized in terms of their structural, thermal and morphological features. In this regards, we have
shown how Fourier-transformed infrared spectroscopy mapping (U-FTIR) may represent a very useful and easy-to-handle
tool for the advanced spatial characterization of substituted cross-linked resins at a single bead level, thereby helping
synthetic chemists in the prediction of their behavior during chemical processes. Further, scanning electron microscopy
(SEM), thermal analysis (MTDSC), and N, absorption (BET) measurements have been performed. Direct correlations
between the polymerization conditions and resins chemical-physical properties have been identified.
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l. INTRODUCTION

Catalysis underpins the chemical/petrochemical industry, being fundamental to the chemical production, e.g. fuels, plastics,
etc. Indeed, around 90 percent of chemical manufacturing processes use catalysis to enhance production efficiency and
reduce energy use, thereby reducing, in turn, greenhouse gas emissions. [1] Currently, the general trend in catalysis is the
engineering of heterogeneous systems that should allow the recovery and reuse of the catalyst [2-5], therefore solving the
crucial economic issues as well as environmental concerns. The usually high catalyst cost can be affordable in commercial
applications only when the productivity of the catalyst, measured as total kg of products produced per kg of catalyst, is high
enough to make the chemical process economically viable.

Besides, the principles of Green Chemistry (or Sustainable Chemistry) [6] express the need of industry to make maximum
efforts to minimize waste, particularly if containing toxic/exhaustive metals such as those typically present in transition metal
catalytic systems [7]. In this regard, over the past decades a large number of catalysts have been supported on a variety of
materials ranging from inorganic/organic polymers to mesoporous silica [1-5].

Catalyst supports based on organic insoluble (cross-linked) polymers are arguably among the most versatile supports in the
literature [1-5]. In particular, insoluble polymers supports are advantageous since, for instance, several catalysts immobilized
on the insoluble matrix show enhanced stability to hydrolysis and oxidation, they are easier to handle, and generally give
purer products in chemical processes. Further, the development of highly functional group tolerant controlled and living
polymerization methods [8-14] has allowed for the tuning of the structure and density of catalyst sites along polymers and the
easy incorporation of catalyst into polymer structures. Nevertheless, the use of insoluble polymers presents some drawbacks,
such as lower activities and selectivities when compared with their non-supported analogues. Diffusion effects, accessibility
of the catalytic sites by the reagents in solution, and site heterogeneity might be considered in part responsible for these
results [1-5, 15-16]. In this regards, the availability of analytical tools enabling the determination of functional groups
distribution and accessibility of reagents, which can be of simple and general use, is rather limited.

We have contributed [17-21] to the development of sustainable and efficient procedures based on the use of metal-free
catalysts supported on macroporous cross-linked copolymers of 4-vinylbenzylchloride with divinylbenzene [22]. While often
successful in the recycling as well as the easy separation from the reaction mixtures, the use of such supported catalytic
systems led, in some cases, to the occurrence of slow reactions and poor yields.

The objective of the present paper is to provide an informed picture of the synthesis-structure-morphology correlation in a
wide set of such resins, and, ultimately, to help overcome failures experienced with attempts to use some polymer supports.

Page | 166



International Journal of Engineering Research & Science (I[JOER) ISSN: [2395-6992] [Vol-2, Issue-2, February- 2016]

Particularly, herein we show how Fourier transformed infrared micro-spectroscopy (1-FTIR) technique [23-24] can become a
very useful tool for the routine analysis of polymer-supported catalysts, to examine functional groups distribution and
accessibility of reagents at a single-bead level. Indeed, most efforts in examining the properties of solid supports focus on
surface area, porosity and swelling of the beads, whereas relatively little attention has been given to the site of
functionalization. Heterogeneous micro-domains within a bead can yield important consequences for the macroscopic
properties (e.g. swelling) [25], and can lead to inhomogeneous reactivity of functional groups within a region of a bead.

To the best of our knowledge, up to now only one relevant report has dealt with the feasibility of using u-FTIR to examine
insoluble polymer catalyst supports. Indeed, in 2004, Mandair et al. [24] successfully exploited this technique on flattened
resin beads.

We report for the first time the use of IR reflectance mapping to provide direct evidence for the homogeneity of resin beads
in their original spherical form. No flattening is useful when quantifying species immobilized on highly cross-linked resin
beads since these latter shatter if compressed.

Further, we present the resins characterization by scanning electron microscopy (SEM), and measuring the pore size, surface
area, and thermal decomposition temperature. Trends in the resin surface area and porosity are identified and analyzed.

1. RESULTS AND DISCUSSION
2.1 Resins preparation.

The synthesis of resins 1a-o0 was performed by o,0’-azoisobutyronitrile (AIBN)-initiated suspension copolymerization of
vinylbenzylchloride (2) and divinylbenzene (3) mixture using 2-ethyl-hexanoic acid (2-EHA), 1-chlorodecane (1-CD), and
cyclohexanol (COX) as porogens (or pore-formers) (Scheme 1).
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SCHEME 1. SYNTHESIS OF PS-CI RESINS 1a-0

In the case of 1h and 1m, styrene co-monomer was added in low percentage (2% and 4%, respectively) to modulate the
resins chloromethyl content (Scheme 1 and Table 1). The required porogens were selected bearing in mind their effectiveness
[26-31] in generating macroporous structures. Moreover, the choice of three chemically different porogen (acidic, polar
protic, polar aprotic) was made to identify a correlation between support characteristics and the nature of the porogen.

The polymerization yields were generally good (65-78%, Table 1) and in agreement with the expected values. For all the
porogens, when a low concentration (0.1%) of poly(vinyl alcohol) (PVA1) stabilizer (MW 13.000-23.000) was used,
powdered/scaled products were obtained (Table 1).

In the case of 2-EHA porogen, the use of high-molecular weight PVA4 stabilizer (MW 85.000-124.000) gave spherical
beaded products for both stabilizer concentrations (0.1% and 0.4%). When COX and 1-CD porogens were used, a low
concentration of stabilizer (PVAL or PVA4) always led to powdered or scaled resins. On the other hand, in the case of COX,
spherical beaded products were obtained with high concentration (0.4%) of PVA4 provided that a different VBC/S/DV (4-
vinylbenzylchloride/styrene/divinylbenzene) co-monomer ratio of 0.6/0/0.4 or 0.6/0.2/0.2 was used (entries 8 and 9, Table 1).
In the case of la-b, 1h-n, (i.e. spherical beaded products) typical average bead diameters in the range of 25-100 um were
obtained. Importantly, a narrow size distribution of the beads within each resin was achieved. Indeed, size distribution is
often a critical factor for high quality synthesis supports [32]. The use of cyclohexanol generated the smallest particle
(average size ~100 pm).
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TABLE 1
POLYMERS 1a-0 FEATURES AND SYNTHESIS CONDITION?

Entry Polymer Stabilizer (%) Porogen VBC/S/DV Yields (%0) Physical format
1 la PVA4 (0.1) 2-EHA 0.8/0/0.2 72 beads
2 1b PVA4 (0.4) 2-EHA 0.8/0/0.2 75 beads
3 1c PVAL (0.1) 2-EHA 0.8/0/0.2 68 powder
4 1d PVAL (0.4) 2-EHA 0.8/0/0.2 70 powder
5 le PVAL (0.1) COX 0.8/0/0.2 65 powder
6 1f PVA4 (0.1) COX 0.8/0/0.2 70 scales
7 1g PVA4 (0.4) COX 0.8/0/0.2 71 powder
8 1h PVA4 (0.4) COX 0.6/0.2/0.2 78 beads
9 1i PVA4 (0.4) COX 0.6/0/0.4 73 beads
10 1j PVAL (0.4) COX 0.8/0/0.2 65 beads
11 1k PVA4 (0.1) 1-CD 0.8/0/0.2 71 scales
12 1l PVA4 (0.4) 1-CD 0.8/0/0.2 68 beads
13 1m PVA4 (0.4) 1-CD 0.4/0.4/0.2 75 beads
14 1n PVAL (0.4) 1-CD 0.8/0/0.2 70 beads
15 1o PVAL (0.1) 1-CD 0.8/0/0.2 70 powder

8PVA1= poly(vinyl alcohol) (MW 13.000-23.000); PVA4= poly(vinyl alcohol) (MW 85.000-124.000); 2-EHA= 2-
ethylhexanoic acid; COX= cyclohexanol; 1-CD= 1-chlorodecane; VBC/S/DV= 4-vinyl benzyl
chloride/styrene/divinylbenzene

Note here that powders are not preferred in many large-scale applications, owing to dusting problems and excessive pressure
drops across the catalyst in fixed-bed reactors [33]. Further, irregularly shaped (e.g. scaled resins) particles may be
susceptible to mechanical attrition, and breakdown to “fines” [34]. Therefore resins 1c-g, 1k, 10 were not investigated further

2.2 Resins characterization
The FTIR spectra of resins 1a-b and 1h-n are reported in Figure 1 and Figures SI1-7.

In all cases, they exhibited a series of strong peaks at 1421cm™ and 675 cm™, which were attributed to the characteristic
absorptions of the chloromethyl group —CH,CI. The band at 675 cm™" corresponds to the stretching vibration of C—Cl bond,
and the band at 1421 cm™ is corresponding to the bending vibration of -CH, in —CH,CI. Besides, the IR spectra exhibited
two peaks at 1265 cm 'and 823 cm™, which were attributed to the vibration absorptions of =C—H bond of the —~CH,CI p-
substituted benzene rings [35].The band at ~3300 cm™ corresponds to the presence of a low degree of hydroxyl groups
content in the resins. This might be explained by the partial hydrolysis of the chloromethylene groups in vinylbenzene
chlorides. Indeed, suspension polymerizations are carried out at elevated temperatures in the presence of excess water, and it
is not therefore surprising that this side reaction occurs [36-39].
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To demonstrate the effective distribution of —CI groups on chloromethylated polystyrene resin beads, a pu-FTIR analysis
(Fourier transformed infrared micro-spectroscopy) [23-24] was performed (see also Experimental Section).
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FIGURE 2. SPECTROSCOPIC 2D IMAGES OF THE SPATIAL DISTRIBUTION OF—CL GROUPS (A-C). OPTICAL MICROSCOPY
IMAGES 15X (D-F) SHOWING THE HALF-CUT BEAD MAPPING TRACE. ALL SPECTRA WERE COLLECTED IN REFLECTION
MODE WITH A 3 cm ™' SPECTRAL RESOLUTION, AND THE IMAGES WERE OBTAINED BY MONITORING THE PEAK CENTRED AT
675 cm‘l; THE ABSORPTION INTENSITY WAS MEASURED AND EXPRESSED AS ARBITRARY UNITS.

In order to observe the active site spatial distribution, the peak centered at 675 cm ™ (i.e. C—Cl stretching vibration frequency)
was monitored throughout the half-cut resin beads (Figure 2 and SI8). The resulting 2D images (Figures 2a-c and Figures
Sl8a-e) indicated that the spatial distribution of -ClI groups is generally regular and homogeneous for samples deriving from
the use of a high concentration (0.4%) of PVA stabilizer (Figures 2b-c and Figures SI8a-e). Further, a better homogeneity in
—Cl distribution may be generally observed for samples prepared through the use of high-molecular weight P\VA4 compared
to PVA 1stabilizer, as exemplified in Figure 2b (resin 1i) and Figure 2c (resin 1n), respectively.

Next, we also performed nucleophilic substitution of the chlorine atoms in the representative resin 1l by 15,7-
triazabicyclo[4.4.0]dec-5-ene (TBD) base in dioxane at 60°C [20]. The p-FTIR analysis of the resulting catalytic system
actually demonstrated a regular and homogeneous distribution of TBD active sites. The most obvious evidence of this was
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the disappearance of the chloromethyl band at 675 cm™ and the appearance of the C-N band at 1370 cm™ (i.e. C-N stretching
vibration frequency) (Figures S19-10) on the overall bead surface [17]. These findings anticipated a good site accessibility for
resin 11, thereby further pointing out the utility of such analytical technique.

The micro analytical data (C, H) obtained from elemental analysis indicated contents of carbon and hydrogen in a range of
72.98-81.07% and 6.42-7.44% respectively, which correspond to a resin chlorine content (loading) in the range 3.09-4.73
mmol/g.

Brunauer—Emmett—Teller (BET) [32] analyses were performed to determine surface area, average pore volume, average pore
size, and pore size distribution (Table 2 and Figure S111-18). A direct correlation [31,34] may be observed for resins through
1-chlorodecane porogen (entries 12-14, Table 2). Indeed, when PVA4 is used in the case of polymers 11 and 1m (entries 12-
13, Table 2), high values of surface area were obtained (107.1 m?g and 78.3 m?/g, respectively). When PVAL at the same
concentration (0.4%) is used, polymer 1n (entry 14) resulted in a low value surface area (24.6 m%g). In the case of
cyclohexanol porogen (entries 8-10, Table 2), when PVAL is used (resin 1j) the highest average pore size was achieved (107
A and 396 A, respectively). On the other hand, resins 1i prepared by employing high-molecular weight PVA4, gave lower
average pore radius and average pore volume (entry 9 vs 10, Table 2).

This finding indicated that despite an excellent distribution of —Cl groups (Figure 2b), resin 1li may feature a scarce
accessibility of the active sites by solvents/reagents when used as catalyst support, thereby leading to a reduced efficiency of
the catalyst itself.

TABLE 2
SOLID-STATE POROSITY DATA OF POLYMERS l1a-b and 1h-n
Entry Polymer Surface area (m’/g) Average pore volume (cm*/g) Average pore radius (A)

1 la 5.0 0.0188 77
2 1b 27.2 0.29 85
8 1h 3.4 0.02 107
9 1i 0.3 10° 8

10 1j 23.0 0.21 396
12 1l 107.1 0.31 116
13 im 78.3 0.54 137
14 1n 24.6 0.11 91

In the case of resins prepared with 2-EHA as porogen (entries 1 and 2, Table 1), low surface area (5.0 m?/g and 27.2 m?/g,
respectively) and average pore radius (77 A and 85 A, respectively) were observed. 1-CD and COX revealed to be the best
porogens in terms of average pore size and surface area, respectively, thereby suggesting the easiest accessibility to
functional —CI groups. Indeed, porogen effects on pore structure and surface area are well-known [40-41]. A rather large
population of mesopores (1.6-33.3 nm) has been generally observed (Figures SI11-18), except for 1i, thereby indicating that
all the porogens are thermodinamically compatible with the polymer matrix and/or the cross-linker percentage [32]. The
smaller types of pore are essential to a high surface area [32].

The resins la-b and 1h-n were subjected to modulated temperature differential scanning calorimetry (MTDSC) analysis,
showing high thermal stability in the range of 30-250°C (Figure 3 and Figures S119-25). Particularly, MTDSC plot for 1n
reveals a rearrangement of the crystalline structure for this latter (so-called secondary transitions) occurring at ~220°C
(Figure 3).
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FIGURE 3. MTDSC ANALYSIS OF POLYMER 1n

Scanning electron microscopy (SEM) was used to investigate polymers’ surface morphology and particle size (Figures SI126-
27). Resins 1a, 1h, 1m and 1n (Figures Sl126a, S126c, S127c and S127d, respectively) reveal a clear macropores population
even at the bead surface. Resins 1b, 1j and 1l (Figures S126b, S127a and SI27b, respectively) showed rough contaminated
surfaces with fragments associated with them or cracks. The contamination is however superficial, as the high-magnification
SEM images of these resins show access to a discrete macroporous structure (Figures SI126f, SI27e and S127f). Resin 1i
(Figure S126d), however, shows a fine surface texture, which is rather uniform. SEM images of polymer fracture sections
clearly show in all cases the formation of a typical macroporous structure (Figures SI26e-h and SI127e-h).

1. EXPERIMENTAL SECTION

3.1 General.

All the commercially available chemicals were purchased at Sigma—Aldrich and used without any further purification, unless
otherwise noted. 4-vinylbenzylchloride (2), divinylbenzene (3) (80% grade) and styrene (4) (Scheme 1) were extracted three
times with a 5% w/w NaOH solution to remove the polymerization inhibitor (tert-butyl catechol). Oa, o '-
Azoisobutyronitrile (AIBN) was re-crystallized from methanol. Suspension polymerizations were run using a three-neck
cylinder-shaped glass vessel, equipped with a mechanical stirrer, condenser, and nitrogen inlet [17]. Elemental microanalyses
were performed using a Fison’s EA1106 CHN analyzer using atropine, 2,5-bis-2-(5-tert-butylbenzoxazolyl) thiophene
(BBOT) and phenanthrene as reference standard, with an accuracy of ca. 2 umol/g.

Conventional FTIR spectra were recorded on a VERTEX 70 Bruker Optics instrument, spectral range 4000-400 cm™,
resolution 4 cm™, equipped with single reflection diamond ATR cell.

M-FTIR imaging was performed using a FT-IR microspectrometer Hyperion 2000 (Bruker Optics GmbH) equipped with a
liquid nitrogen cooled MCT detector, in order to get the better signal to noise ratio. The microscope is equipped with a
standard 15x objective. For p-FTIR imaging, spectra were collected, in reflection mode, in the mid-infrared (MIR) range of
600-4000 cm™ at a resolution of 3 cm™ with 128 co-added scans. Sample step was 50 nm. All the data collection and
processing were performed using OPUS 7.0 (Bruker). The measurements were carried out on half-cut resin beads after
embedding in an acrylic resin support (TECHNOVIT 4004, Kulzer), and polishing with conventional methods using silicon
carbide papers with grit 600, 1200 to 2500 (Buehler). The final polishing was attained using a polishing cloth.

Brunauer—-Emmett-Teller (BET) analyses were performed by using an Autosorb iQ-MP/MPXR instrument (Quantachrome).
Modulated temperature differential scanning calorimetry analysis (MTDSC) were performed with a TA instruments 2920
calorimeter with modulated cell cooled by nitrogen flow. Samples were analyzed in opened capsules with heating rate of 10
°C/min, £0.5 °C modulation and 60s period.
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Scanning electron microscopy (SEM) analyses were performed using an Auriga Zeiss HR FESEM instrument. SEM imaging
of the surfaces of resin samples was performed with accelerating voltages between 5 keV and 30 keV, achieving
magnifications ranging from 100x to 200kx.

3.2 Typical procedure for the preparation of chloromethylated resins PS-CI 1.

The procedure for the synthesis of chloromethylated resin 1a is reported as an example. Details on the reaction conditions for
the remaining investigated PS-CI 1 are reported in the Supporting Information.

PS-CI 1a. A reaction vessel immersed in an oil bath, equipped with condenser, mechanical stirrer and nitrogen inlet/outlet
was charged with water (80 mL), poly(vinyl alcohol) (MW 85,000-124,000, 99% hydrolyzed) (0.1%), and NaCl (2.65 g) and
stirred for 24 h at room temperature. A mixture of 4-vinylbenzylchloride (2), (1.6 mL), divinylbenzene (3) (0.4 mL), 2-
ethylhexanoic acid (2-EHA, 2 mL) and AIBN (0.02 g, 1% w/w monomers) was then added into the reactor. The system was
kept under stirring and purged with nitrogen for 30 min. Then, the reaction was warmed up to 85 °C under mechanical
stirring. After 24 h, the reaction was allowed to reach room temperature and the polymer beads were filtered. The product
was washed in a Soxhlet extractor for 24 h with water, THF and hexanes and vacuum dried overnight (yield 72%).

V. CONCLUSION

To sum up, a new series of uniformly functionalized macroporous cross-linked resins to be employed as heterogeneous
catalyst supports have been synthesized and characterized in terms of structure, thermal properties, and morphology. In order
to obtain spherical-beaded products, in the case of 2-ethylhexanoic acid (2-EHA) porogen the use of high-molecular weight
stabilizer is required, independently from its concentration. On the other hand, it was found that when cyclohexanol (COX)
or 1-chlorodecane (1-CD) porogens are used, the presence of higher PVA concentration is needed, regardless of the stabilizer
molecular weight. The relative ratio of all components, i.e. co-monomers, porogen, and stabilizer, allowed broad variation in
the (micro) structure of the materials.

We showed for the first time that Fourier transformed infrared micro-spectroscopy (u-FTIR) technique can be a powerful
tool for the simple analysis of polymer supports as well as the corresponding immobilized catalytic systems, to examine
functional groups distribution and accessibility of reagents at a single-bead level. This is of particular interest since it helps in
the prediction of resin reactivity and behavior during solid phase synthesis.

Further, we found that the investigated resins feature high average pore size (except li), thereby supporting an easy
accessibility to functional —CI groups.
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General procedure for the preparation of chloromethylated resins PS-CI 1b-0

PS-CI 1b. Prepared by following the procedure described in the Experimental Section, Main Text, for la. Stabilizer:
poly(vinyl alcohol) (MW 85,000-124,000, 99% hydrolyzed) (0.4%) (yield 75%).

PS-CI 1c. Prepared by following the procedure described in the Experimental Section, Main Text, for la. Stabilizer:
poly(vinyl alcohol) (MW 13,000-23,000, 99% hydrolyzed) (0.1%) (yield 68%).

PS-CI 1d. Prepared by following the procedure described in the Experimental Section, Main Text, for la. Stabilizer:
poly(vinyl alcohol) (MW 13,000-23,000, 99% hydrolyzed) (0.4%) (yield 70%).

PS-CI le . Prepared by following the procedure described in the Experimental Section, Main Text, for la. Porogen:
cyclohexanol (COX); Stabilizer: poly(vinyl alcohol) (MW 13,000-23,000, 99% hydrolyzed) (0.1%) (yield 65%).

PS-CI 1f. Prepared by following the procedure described in the Experimental Section, Main Text, for la. Porogen:
cyclohexanol (COX); Stabilizer: poly(vinyl alcohol) (MW 85,000-124,000, 99% hydrolyzed) (0.1%) (yield 70%).

PS-CI 1g. Prepared by following the procedure described in the Experimental Section, Main Text, for la. Porogen:
cyclohexanol (COX); Stabilizer: poly(vinyl alcohol) (MW 85,000-124,000, 99% hydrolyzed) (0.4%) (yield 71%).

PS-Cl 1h. Prepared by following the procedure described in the Experimental Section, Main Text, for la. Porogen:
cyclohexanol (COX); Stabilizer: poly(vinyl alcohol) (MW 85,000-124,000, 99% hydrolyzed) (0.4%); VBC/S/DV:
0.6/0.2/0.2 (yield 68%).

PS-CI 1i. Prepared by following the procedure described in the Experimental Section, Main Text, for la. Porogen:
cyclohexanol (COX); Stabilizer: poly(vinyl alcohol) (MW 85,000-124,000, 99% hydrolyzed) (0.4%); VBC/S/DV: 0.6/0 /0.4
(yield 73%).

PS-CI 1j. Prepared by following the procedure described in the Experimental Section, Main Text, for la. Porogen:
cyclohexanol (COX); Stabilizer: poly(vinyl alcohol) (MW 13,000-23,000, 99% hydrolyzed) (0.4%) (yield 65%).

PS-CI 1k. Prepared by following the procedure described in the Experimental Section, Main Text, for 1la. Porogen: 1-
chlorodecane (1-CD); Stabilizer: poly(vinyl alcohol) (MW 85,000-124,000, 99% hydrolyzed) (0.1%) (yield 71%).

PS-CI 11. Prepared by following the procedure described in the Experimental Section, Main Text, for la. Porogen: 1-
chlorodecane (1-CD); Stabilizer: poly(vinyl alcohol) (MW 85,000-124,000, 99% hydrolyzed) (0.4%) (yield 68%).

PS-CI 1m. Prepared by following the procedure described in the Experimental Section, Main Text, for la. Porogen: 1-
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chlorodecane (1-CD); Stabilizer: poly(vinyl alcohol) (MW 85,000-124,000, 99% hydrolyzed) (0.4%); VBC/S/DV:
0.4/0.4/0.2 (yield 75%).

PS-CI 1n. Prepared by following the procedure described in the Experimental Section, Main Text, for 1a. Porogen: 1-
chlorodecane (1-CD); Stabilizer: poly(vinyl alcohol) (MW 13,000-23,000, 99% hydrolyzed) (0.4%) (yield 70%).

PS-CI 1o. Prepared by following the procedure described in the Experimental Section, Main Text, for la. Porogen: 1-
chlorodecane (1-CD); Stabilizer: poly(vinyl alcohol) (MW 13,000-23,000, 99% hydrolyzed) (0.1%) (yield 70%).

g <8 8 K €838 83 833 8§ 8§ 983 3IGNG
5N g S § 8 9988 5 g9 5 9 83y §£€9
3 RS € 8 B35% 988 g § 3 B FRos BI3Iy
o
<
S -
o
o
53
® O
2 o
©
2
s
1%2]
o)
< o
N
S
o
o
—
2
o T T T T T T T
4000 3500 3000 2500 2000 1500 1000 500
Wavenumber cm-1
FIGURE SI1. FTIR ANALYSIS OF POLYMER 1b.
8 83 3 g 88ss % 5] § 8985 5§
S 33 BN g gggg 3 g5 5 258 ¢ g
g && & g 8333 § 38§ 8 & fARE & F
o
N
S
o
2
£
> n
o
(5] O -
S o
2
o
[%2]
o
< o
—
S -
o
[Te)
o
S -
o T T T T T T T
4000 3500 3000 2500 2000 1500 1000 500

Wavenumber cm-1

FIGURE SI2. FTIR ANALYSIS OF POLYMER 1h.

Page | 175



[Vol-2, Issue-2, February- 2016]

ISSN: [2395-6992]

International Journal of Engineering Research & Science (I[JOER)

SO0V
1§'vey

€8'6VS

02°8€9
00°€L9
Ly'60L
10°SPL
08°86L
LE'V28

1G°506

0.'686
00°8T0T

60°G60T

§9°28TT
c0eTeT
9792t
65°CTET
99°LG€T
09°02vT
€6°CriT
8L°G8YT
TZ0TST

SGv09T
616291

C¢TT0LT

L1°€eee

€9°058¢
18°0¢6¢

6¢°0C0E

T
90°0

T
S0°0

, ,
700 €00
sljun aoueglosqy

T
¢0'0

T
100

1000 500

3500 3000 2500 2000 1500
Wavenumber cm-1

4000

FIGURE SI3. FTIR ANALYSIS OF POLYMER 1i.

87’507
98°LEY
o' LoV
£€8°0vS
€869
89'899
¥1'GL9
16'80L

11°GT8

£6°806

LLvT0T
66°LE0T

95°TTCT
SG'79CT

8G°C9ET
09°02vT
cLevrt
6€°G8YT
Tr°0oTST

£9'909T

SY'T0LT

£¥'Seee
29'vvee
¥9'959€¢

9/1°€98¢
¥9'9T6¢

¥.°STOE

T6'TEEE

1T TN

T

, , , , , , ,
0¥0'0 SG€0'0 0€0'0 G200 0c0°0 STOO0 OT00
sliun aduegIoSqy

1000 500

3500 3000 2500 2000 1500
Wavenumber cm-1

4000

FIGURE Sl4. FTIR ANALYSIS OF POLYMER 1j.

Page | 176



[Vol-2, Issue-2, February- 2016]

ISSN: [2395-6992]

International Journal of Engineering Research & Science (I[JOER)

STy ———
Sy ——
1265 ——
ST'869 ——

e ——
1880, —

T0°0¢8 —
0S'T16 ——

2T LT0T ——

§.°¢60T ——
187CPTT ———

€6°CTeT ——
€8V9eT ——
99'8TET ———
28°0evT —__
6L72PYT ———
8G°0TST ———

0F'0T9T

T9'€0LT

85722
162v5C —\__
25ToE =

18'8T6¢ ——
¥6°120€

TG€TEE ——

000

, ,
ST0°0 0100
s)IuN doueqIoSqY

5000

1000 500

3500 3000 2500 2000 1500
Wavenumber cm-1

4000

FIGURE SI5. FTIR ANALYSIS OF POLYMER 1l.

S6'TVS —

881,99 —
19669 ——
1865, ——
ve'eee ——

90606 ——

¥6'LT0T ——

SEV60T ——
80°EVTT ——

9VRXT ——
86°L2€T ——

08 T2t

8E'SIYT —
1G°26VT —__
€1°0T6T ——

€9°¢09T ——

or'6T6¢ ——
9/'v20€ ——

19'Geee

T
0T'0

, , ,
800 900 700
slun adueglosqy

T
¢0'0

1000 500

3500 3000 2500 2000 1500
Wavenumber cm-1

4000

FIGURE SI6. FTIR ANALYSIS OF POLYMER 1m.

Page | 177



International Journal of Engineering Research & Science (I[JOER) ISSN: [2395-6992] [Vol-2, Issue-2, February- 2016]

f=l ©O O o o <TI0~ N DO P} < — ——HOom o) O
o o N n (=} ~NOA-A 0 oo < (<)) — ~ <SOMAN n N O
N oo o S oSwod A o N o o SONE ¥~
© N N o - ngf\l © 00 - - o SO M Yo} N |
o o O s ©o n< <t AN N o o () @ ~NN~©Oo Te} < <
[32] o N N - e " Ll
<
Q —
o
2]
= m
c o |
=)
o
(&)
c
a
2
N
3 S -
2 o
<
o
Q —
[S)
T T T T T T T
4000 3500 3000 2500 2000 1500 1000 500

Wavenumber cm-1

FIGURE SI7. FTIR ANALYSIS OF POLYMER 10.

Page | 178



International Journal of Engineering Research & Science (I[JOER)

ISSN: [2395-6992] [Vol-2, Issue-2, February- 2016]

40200

(a) Resin 1b

40000

39500 0800
683.91-675.7 x-axis [um]

44200 44400

(c) Resin 1j
Y

38300 39200 39400

33500 39000
680.77-677.9

00
x-axis [um]

(e) Resin 1Im

IMAGES 15X (F-J) SHOWING THE HALF-CUT BEAD MAPPING TRACE.

(j) Resin 1m
FIGURE SI8. SPECTROSCOPIC 2D IMAGES OF THE SPATIAL DISTRIBUTION OF—CI| GROUPS (A-E). OPTICAL MICROSCOPY

Page | 179



International Journal of Engineering Research & Science (I[JOER) ISSN: [2395-6992] [Vol-2, Issue-2, February- 2016]

[Ted NS COOSTMOANTHOONT O OCANSTOONTOUTITNOUONDON NN DWW Q oMt
Te} N0 «=AMROOMMOOOMST N~ AN TNONONMMOOADDONMNNOANONOINM T O N n ML o
°} MO A1 10000OD N~ o STTOMOMMANN—TAO OO O ® 0 <<
34 NN NNNNNN—AAAAA — A A A A A A AAAAA A A

— 3354.67
— 3211.31
3009.76

R
——

%

k:
TT~— 1698

_
=

0.03 0.04 0.05 0.06 0.07 0.08 0.09
I

= -

T T T T T T
4000 3500 3000 2500 2000 1500 1000 500
Wavenumber cm-1

FIGURE SI9. FTIR ANALYSIS OF POLYMER 1l (BLU LINE) AND 11 AFTER NUCLEOPHILIC SUBSTITUTION OF THE CHLORINE

ATOMS BY 1,5,7-TRIAZABICYCLO[4.4.0]DEC-5-ENE (TBD) (RED LINE).

y-axis [pm]
1500

1397-1366 x-axis [pm] 0

(a) (b)

FIGURE S110. SPECTROSCOPIC 2D IMAGE OF THE SPATIAL DISTRIBUTION OF —TBD GROUP (A). OPTICAL MICROSCOPY

IMAGE 15X (B) SHOWING THE HALF-CUT BEAD MAPPING TRACE.

Page | 180



International Journal of Engineering Research & Science (I[JOER) ISSN: [2395-6992] [Vol-2, Issue-2, February- 2016]

1.2 4

0.6 1
0.4 -
| |
0 A : : : : : : : : :

333.18 128.14 69.73 46.75 36.9 29.66 2443 21.05 18.08 15.85
Radious distribution (A)

Specific area (m#/g)

FIGURE SI11. PORE SIZE DISTRIBUTION OF POLYMER 1la.

Specific area (m#/g)

2 .
O T T T T T T T T T T

333.18 128.14 69.73 46.75 36.9 2966 2443 21.05 18.08 15.85
Radious distribution (A)

FIGURE S112. PORE SIZE DISTRIBUTION OF POLYMER 1b.

Page | 181



International Journal of Engineering Research & Science (I[JOER) ISSN: [2395-6992] [Vol-2, Issue-2, February- 2016]

1.2 4

0.6 - [ ]

Specific area (m2/g)

0.4 -

le_lUmDln

333. 18 128. 14 69.73 46.75 369 29. 66 24.43 21. 05 18.08 15.85
Radious distribution (A)

FIGURE SI113. PORE SIZE DISTRIBUTION OF POLYMER 1h.

0.2 -
0.18 A
0.16 -
0.14 -
0.12 4

0.1 -
0.08 A
0.06 -
0.04 -

0.02 - |_| H
0 /

333.18128.14 69.73 46. 75 36.9 29 66 24 43 21 05 18.08 15 85
Radious distribution (A)

Specific area (m2/g)

FIGURE S114. PORE SIZE DISTRIBUTION OF POLYMER 1i.

Page | 182



International Journal of Engineering Research & Science (I[JOER) ISSN: [2395-6992] [Vol-2, Issue-2, February- 2016]

Specific area (m#/g)

4_
it mel B m

333.18 128.14 69.73 46.75 36.9 2966 2443 21.05 18.08 15.85
Radious distribution (A)

FIGURE S115. PORE SIZE DISTRIBUTION OF POLYMER 1j.

20 -
18 A
16 -
14 -

12 4
10 A
8_

333.18128.14 69.73 46.75 36.9 29.66 2443 21.05 18.08 15.85
Radious distribution (A)

Specific area (m#/g)

o N BB O
1

FIGURE S116. PORE SIZE DISTRIBUTION OF POLYMER 11.

Page | 183



International Journal of Engineering Research & Science (I[JOER) ISSN: [2395-6992] [Vol-2, Issue-2, February- 2016]

25 -
20 A

15 4

NN Illllll

333.18128.14 69.73 46.75 36.9 29.66 2443 21.05 18.08 15.85
Radious distribution (A)

Specific area (m#/g)

(6]
1

FIGURE S117. PORE SIZE DISTRIBUTION OF POLYMER 1m.

Specific area (m#/g)

y

%

il ¢

A0 0 H I H e A

333.18 128.14 69.73 46.75 36.9 2966 2443 21.05 18.08 15.85
Radious distribution (A)

FIGURE S118. PORE SIZE DISTRIBUTION OF POLYMER 1n.

Page | 184



International Journal of Engineering Research & Science (I[JOER) ISSN: [2395-6992]

[Vol-2, Issue-2, February- 2016]

Heat Flow (W/g)

0.50 - 0.20
0294
0.47 3 - 0.19
0.28 ¥
0.44 7 0.27 4 0.18
0.26 %
0.414 - 0.17
™ 5 0254 _
T s : Gy
B 0384 T T - o < 0244016 2
= ——— T8 3
> o 023% 3
3 0354 = - 0.15 L
o T © 0224 I
o(—u- — JS— . L o %
> i
£ 0324 ® 0214014 >
c r [J)
o s o
Z 020%
0.29 7 - 0.13
019 %
0.26 7 0.18 ¥ 0.12
0174
0.23 - 0.11
0.16 ¥
0.20 T T T T - 0.10
50 100 150 200 250 300
Exo Down Temperature (°C) Universal V4.7A TA Instruments
FIGURE S119. MTDSC ANALYSIS OF POLYMER la.
0.4000 — 0.2000
0.3937 4 0.2937 &+ 0.1937
0.3875 5 0.2875 4 0.1875
038124 o 0.2812 & 0.1812
\\\_\ I — r
0.3750 4 T 0.2750 % 0.1750
0.3687 5 «__ 0.2687 + 0.1687
o L —
0.3625 4 \\ S 02625501625 ©
— < : =
0.3562 \w 0.2562 3 0.1562
[ 3 kel
0.3500 < 0.25004 0.1500 L
2 e B
T (]
0.3437 4 S 02437101437 T
o 3 >
3 £ [}
0.3375 é 02375301375 @
0.3312 4 0.2312 4+ 0.1312
0.3250 0.2250 % 0.1250
«—'—’_”—’—N———\-—‘_—\ 3
3 e Ed
0.3188 e e 02287 : 0.1188
0.3125 4 0.2125 4 0.1125
0.3062 0.2062 + 0.1062
0.3000 T T T T - 0.1000
50 100 150 200 250 300
Exo Down Universal V4.7A TA Instruments

Temperature (°C)

FIGURE S120. MTDSC ANALYSIS OF POLYMER 1b.

Page | 185



International Journal of Engineering Research & Science (I[JOER) ISSN: [2395-6992] [Vol-2, Issue-2, February- 2016]

0.30
3 {024
0.29 0.091
0.28 1
0.087
0.27 — 0.22
___ oo083f
0.26 T 5 I _
; — i G
= — e = 0.079-F 0-20 s
= 0.254 S R 1 =
= — e = T
< R i) 1 2
= Py T —— /'-o'— 0.075 1 E
3 0244 o S e = 0075%
[ — T © o018 ®
= e I 1+ ]
S 0231 /’/ T > 1 I
T : s .90 0.071% >
/ ~c I [}
[s} T o
0.22 z 1
0.067 I 0.16
0211
0.063
0.204 to14
0.19 ] 0.059 —
0.18 . . . . . . . 0.12
80 100 120 140 160 180 200 220 240
Exo Down Temperature (°C) Universal V4.7A TA Instruments
FIGURE SI121. MTDSC ANALYSIS OF POLYMER 1h.
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FIGURE S122. MTDSC ANALYSIS OF POLYMER 1i.
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FIGURE S125. MTDSC ANALYSIS OF POLYMER 1m.

Resin 1b

[ o

(f) Resin 1b

(h) Resin 1i

FIGURE SI26. SCANNING ELECTRON MICROSCOPY IMAGES OF RESINS BEADS PREPARED BY USING (A,B) 2-EHA

POROGEN, (C,D) COX POROGEN, AND THE CORRESPONDING MACROPOROUS RESIN FRACTURES (E-H).
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(a) Resin 1j

(f) Resin 11 (9) Resin 1m (h) Resin 1n

FIGURE SI27. SCANNING ELECTRON MICROSCOPY IMAGES OF RESINS BEADS PREPARED BY USING (A) COX POROGEN,

(B,c,D) 1-CD POROGEN, AND THE CORRESPONDING MACROPOROUS RESIN FRACTURES (E-H).
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