
 

 

Investigation of Nucleus Formation 

and Aggregation in Monolith Synthesis 

 

Nalan Gürsel 

 

 

 

Nalan Gürsel 

15 ECTS Degree Project Work 

Basic Level 

Report passed: August 2011 

Supervisors: Knut Irgum and Ahmed El Haj 

Examinator: Solomon Tesfalidet 

  



ii 
 

  



iii 
 

 

Investigation of Nucleus 

Formation and Aggregation in 

Monolith Synthesis 
 
 

by 

 
Nalan Gürsel 

 
 
 
 
 
 
 
 
 
 

 

 

 

 

Degree Project in Chemistry, 15 ECTS 

 

 Department of Chemistry, Umeå University, Sweden, June 2011 

 

Supervisors: Knut Irgum and and Ahmed El Haj 

Examiner: Solomon Tesfalidet 
 

 



iv 
 

 

Abstract 

This  project aimed at investigating time-dependent nucleation and aggregation of organic 

monoliths synthesized by various monomer compositions. For this scouting, TIPS (Thermally 

Induced Phase Separation) method and radical polymerization were selected, the former with 

various molecular weights of PVDF, and the latter by styrene-copolymer-divinylbenzene. In 

the TIPS process, three different PVDF polymers, denoted based on their molecular weight as 

PVDF High, PVDF Medium and PVDF Low, were dissolved in different kinds of solvent 

with matching solubility parameters at elevated temperatures. Subsequently, precipitation was 

achieved by slow quenching to produce aggregated and bicontinuous monolithic structures. In 

a different set of experiments, copolymer samples of styrene-divinylbenzene were obtained 

according to a radical polymerization process and after the formation of monolith, changes 

were made in the porogen amounts and the final oven temperature during the precipitation 

process. For the characterization of monolithic materials, specific surface area analysis (by the 

BET method), scanning electron microscopy (SEM) and dynamic light scattering (DLS) were 

used to study both kinds of monoliths with regards to morphologies, total surface areas, 

particle structures, and particle sizes. Since DLS was the first method applied for investigating 

the aggregation of nuclei in monolith synthesis, some problems were encountered in case of 

instrumental techniques. In order to obtain the required solutions, we had to manage our 

experiment at maximum 90 °C due to limitations in the thermostatting cell of the DLS 

instrument. 

Keywords: TIPS method, radical polymerization, dissolution/precipitation, dynamic light 

scattering (DLS). 
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1. Introduction 

Monolithic materials for separation purposes have existed for quite a long time, and the ways 

of preparing continuous perfusive structures varies greatly both with respect to starting mate-

rials and processes [1]. A widely used synthetic route is to copolymerize vinylic monomers 

and crosslinkers by a radical polymerization in the presence of a set of “porogenic” solvents, 

which leave void space in the form of transsecting macropores and diffusive mesopores [1]. 

Another and more recent way of preparing monoliths for separation purposes and other flow 

applications is a thermally induced phase separation (TIPS), accomplished by a dissolution 

and precipitation process mediated by selecting a proper “near-Θ” solvent, heating above the 

upper critical solution temperature (UCST) to accomplish complete dissolution, and then pre-

cipitating the polymer into a three-dimensional network by controlled cooling through the 

UCST [2, 3]. 

Principally, during this work, formation and nucleation of non-crosslinked and fully cross-

linked monolithic materials were investigated according to the TIPS and radical polymerizat-

ion methods, independently. TIPS preparation was attempted with ten  different solvents to 

prepare monoliths with meso-porous properties through dissolution/ precipitation. Formation 

of continuous structures of organic monoliths’ occurs during the early stages of polymerizat-

ion or precipitation, and hence, in these experiments, a time-dependent working principle was 

adopted to observe the nucleus formation as a function of time and temperature in the poly-

merization or precipitation procedures.  

Many methods have been applied to produce organic polymeric monolithic materials, and 

among these are free radical polymerization [1] and controlled radical polymerization techniq-

ues such as nitroxyl-mediated polymerization (ROMP) [5], emulsion polymerization. Lately 

condensation polymerization in the form of the epoxy/amine system has also come to use in 

monolith preparation [6].  

Thermally induced phase separation is the one of the more useful techniques to form bicontin-

uous porous materials and it has many advantages compared to other techniques [2]. Among 

these are a high flexibility, a relative ease of control compared to  polymerization processes, a 

low tendency of defect formation, and effective control of the porosity of the monolithic 

structures, properties that have been used for a long time in the preparation of thin porous 

membranes [7]. In membrane processing, it is possible to list these advantages in several steps 

by order; 1) melt-blending with a high boiling and low molecular weight solvent at a tempe-

rature that is close to the melting point of the polymer used; 2) casting the polymer solution 

into the desired shape; 3) induced phase separation by cooling the solution; 4) extraction of 

the diluent with a more volatile solvent; and 5) drying the membrane to constant weight [8]. 

The TIPS mechanism comprises a series of steps, which are mixing a polymer with a diluent 

at an elevated temperature to form a homogeneous solution, followed by a cooling process, 

which provides to phase separation at a certain quenching temperature and cooling rate [9].  

In a different part of this project formation of a cross-linked polymer was utilized to establish 

a bicontinuous structured styrene-divinylbenzene monolith by means of radical polymerizat-

ion. Free radical polymerization is used for preparation of polymers which are formed by 

addition of successive vinylic blocks by propagation of a free radical. Using this method 
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provides a possibility to form homogeneous structured, synthetic, and proper macroporous 

materials [13]. 

The production of crosslinked monolith by free radical polymerization includes copolymeriz-

ation of vinyl/divinyl monomers and for this polymerization some kind of initiator is utilized. 

In this project AIBN (Azobisisobutyronitrile) was used as an initiator. 

Fully crosslinked vinylic polymers have good mechanical properties, thermal resistance, and 

solvent compatibility, characteristics that make them useful in a variety of analytical applicat-

ions [14]. In addition to these properties, particulate crosslinked polymers have several other 

useful characteristics, such as micro-meter size, and spherical shape, which enables their use 

in unique applications in advanced technologic fields such as; biochemistry, biomedicine, in-

formation technology, and electronic technology, etc.[14]. 

As mentioned in aim of the project, process dynamic light scattering (DLS) was used as a 

characterization technique to obtain the particle size of suspended monolithic particles during 

the free radical polymerization process. DLS is the most utilized technology in sizing and zeta 

potential measurement of suspended particles. The working principle of DLS is briefly like 

this; nano-particles and molecules undergo Brownian motion in suspension media, whereby 

the solvent molecules move with their own thermal energy which causes a bombardment that 

causes the nano-particles to move by Brownian motion [12]. 

If the particles are irradiated with a coherent laser beam, the intensity of the scattering light 

oscillates at a rate which is depends on the speed picked up by the nano-particles from solvent 

molecules. Larger and more slowly moving suspended particles therefore move with a scatter-

ing pattern that describes smaller zigzags over time compared to smaller particles [15]. These 

fluctuations in the scattering patterns are correlated with time and analyzed by a correlator 

circuit. The angle of applied scattered light was in these experiments 90 °.  

1.1 Aim of the Project 

The aim of this project was to elucidate the nucleation and aggregation in monoliths synthe-

sized by the TIPS and radical polymerization methods using mono- and divinylic monomers. 

The primary idea was the investigation of the early stage of aggregation, when the particles 

form and coalesce into a continuous structure. For this work several different compositions of 

polymers and solvents were employed in the dissolution/precipitation process. The project 

further aimed to study the time-dependent formation of monolithic materials by radical 

polymerization, and also here the the primary technique used to study the size of the nuclei 

and their aggregates was dynamic light scattering (DLS).  

2. Materials and Methods 

2.1 Reagents and Chemicals 

The following polymers were used in the experiment: Kynar 461 poly(vinylidine fluoride) 

[PVDF; CAS number 24937-79-9] from Arkema (Birmingham, UK), in three different mole-

cular weight categorizes (10-217, high MW; 10-215, medium  MW; and 10-231, low MW). 

The monomer styrene (99 %) was from Fluka and divinylbenzene ( technical quality, 55%, 

mixture of isomers) was from Sigma Aldrich. 
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Ten different solvents were used in the dissolution processes; benzophenone, butyl butyrate, 

cyclohexanone, dimethyl phthalate, DMSO (dry grade), γ-butyrolactone, 2,5-hexandione, p-

dimethoxybenzene (DMB), propylene carbonate, and ε-caprolactone. Also 1-decanol and 

toluene were utilized as macro- and meso-porogens to prepare styrene-DVB monoliths. 1-

Decanol (99 %), cyclohexanone (99.8 %), butyl butyrate (98 %) , ε-CL (97 %), and dimethyl 

phthalate (99 %) were from Sigma-Aldrich (Steinheim, FRG); benzophenone (99 %) and γ-

BL (99 %) were from Fluka (Buchs, Switzerland); propylene carbonate (99 %) was from 

Merck-Schuchardt (München, FRG); p-DMB was from Hopkin and Williams (Romford, 

UK); 2, 5-hexandione (97 %) was from Riedel-de-Haën (Seelze, FRG), and toluene (99,99 %) 

was from Fisher Scientific (Loughborough, UK).The methanol used in Soxhlet extraction was 

of pure grade from  VWR Prolabo (Paris, France). 

2.2 Monolith Preparation 

2.2.1 Thermally Induced Phase Separation of PVDF Polymers  

The first experiments was preparation of monolith samples from PVDF-High, PVDF-Medium 

and PVDF-Low to monitor the monolith formation according to the procedure of Nguyen et 

al. [10].According to this recipe around 150-250 mg polymer was dissolved in 1 g solvent in 

1.5 ml borosilicate glass vials (GC vials), which were tightly closed with PTFE-faced septa 

and crimp caps. PVDF-Low was always in pellet form even after addition of the diluents in 

every polymer/diluent composition. The polymer samples in powder and pellet forms were 

transferred to GC vials where the solvent had already been added. Powdery polymers samples 

were stirred under magnetic stirring to avoid lump formation. Prepared samples were purged 

with nitrogen gas by aid of a 0.4 mm i.d. syringe for 2-3 minutes to remove the oxygen gas 

from the solution. After dispersion of the polymer samples in solvent, the vials were trans-

ferred into the oven of a Hewlett Packard (Palo Alto, CA) 5890A gas chromatograph, which 

was used solely due to the exact thermostatting and temperature programming capability, 

where they were agitated by tumbling end over end by a rotating mechanism that was set to 

rotate at 14 rpm. 

The final temperature program used was essentially related to the characteristic of the solvents 

used. When the polymer solutions had attained homogeneous and transparent appearances, the 

rotating mechanism stopped and the vials left unstirred for an additional two hours at the con-

stant final temperature. After these two hours had passed, the solutions were allowed to cool 

slowly to 30 °C at a programmed a cooling rate of 0.2 ºC/min.  

Table 1. The Final Oven Temperature of each Polymer/Diluent Mixture (°C)  

Solvent PVDF High PVDF Medium PVDF Low 

Benzophenone 150 150 150 

Butylbutyrate 150 150 150 

Cyclohexanone 145 145 145 

Dimethyl phthalate 150 150 150 

γ-Butyrolactone 150 150 150 

Hexane-2,5-dione 145 145 145 

1,4-Dimethoxybenzene 160 160 160 

Propylene Carbonate 150 150 150 

ε-Caprolactone 160 160 160 

Dimethyl sulfoxide (DMSO) 150 150 150 
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During the cooling period, the polymer solutions were monitored every 15 minutes through a 

small observation window made in the oven roof, and the color, shape, and approximate time 

for onset of precipitation were noted for all samples. Consequently, the qualitative assessment 

of the nucleation process of PVDF was revealed in the first part of the experiment. 

When the controlled cooling step was finished, the samples were taken for photography and 

the appearance of each sample was recorded. Then the monoliths were recovered from the 

glass vial, engaging the minimal force required to break the glass to avoid disturbing the 

porous structure of the material. The recovered porous monolithic solids were cut into small 

cylindrical pieces that would help to get rid of the solvent when it was subjected to Soxhlet 

extraction for roughly 24 h with methanol. The extracted monoliths were kept inside of a 

Gallenkamp (Loughborough, UK) vacuum oven to dry under reduced pressure for 2 days.  

2.2.2 Monoliths by Radical Copolymerization of Styrene and Divinylbenzene 

In these experiments, styrene-DVB copolymer monoliths were  prepared essentially according 

to the procedure of Wang et al. [11]. In these polymer syntheses, AIBN was dissolved in 

various volumes of a solution that consisted of styrene/DVB and 1-decanol/toluene mixture, 

where the 1-decanol acted as macro-porogen and toluene acted as meso-porogen. Further-

more, AIBN acted as free radical initiator.  

Table 2. Styrene-DVB Solutions Prepared by Various Compositions of Porogens and Final Situations 

Sample 
Code

1)
 

Number of 
samples 

Styrene 
(% w/w) 

DVB 
(% w/w) 

Toluene 
(% w/w) 

1-Decanol 
(% w/w) 

AIBN
2)

 
(% w/w) 

Final 
Temperature 

(ºC) 

Final Time 
(Minutes) 

B1 3 10 10 24 56 1 90 300 

C1 4 10 10 24 56 1 90 420 

D1 5 10 10 24 56 1 90 180 

E1 6 10 10 32 48 1 90 180 

E2 7 10 10 48 32 1 90 180 

E3 8 10 10 40 40 1 90 180 

1) B1 represents the original styrene-divinylbenzene monolith mixture composition; 2) Weight percent in relation to the com-

bined weight of the styrene and divinylbenzene monomers. 

According to this recipe styrene and DVB were combined with 1-decanol, toluene, and AIBN 

in 1.5 ml borosilicate glass vials (GC vials) and tightly closed with PTFE-faced septa and 

crimp caps. After purging with nitrogen as above, the vials were transferred to the oven and  

all samples were polymerized for the temperature and time listed in Table 2. When the 

polymerization was finished, the samples were recovered from the vials, Soxhlet extracted 

with methanol, and dried under partial vacuum for two days, as described above. 

2.3 Characterization of Samples 

2.3.1 Surface Area Determination 

Monolith pieces (100-250 mg) were transferred to dry sample tubes and dried under a contin-

uous flow of nitrogen gas for 3-4 hours using a Micrometrics (Atlanta, GA) Smart Prep de-

gassing unit. After drying, the samples were directly mounted transferred to a Micrometrics 

Tristar 3000 automated gas adsorption analyzer, where their specific surface areas, average 

pore sizes and pore volumes were determined by multipoint nitrogen adsorption-desorption 

according to the multilayer adsorption theory of Brunauer, Emmett, and Teller (BET method) 

[16]. 
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2.3.2 Scanning Electron Microscopy 

After surface area determination, small sample fractions were prepared by mechanical cutting 

while care was being taken to minimize damaging of the swollen monolith particles. Then the 

samples were placed on sticky carbon foils onto standard aluminum specimen stubs, and 

covered by a 20 nm thick gold layer by a combination of sputter coating by an Edwards 

(Crawley, UK) model S150A sputter covering unit followed by vacuum evaporation using a 

modified Edwards E14 vacuum coating unit with anintegrated automatic tilt and rotation 

facility. Microscopic analysis of samples was achieved by an S-360Ixp SEM (Leica Cam-

bridge Ltd., Cambridge, UK) with a LaB6 emitter operated at 10 kV, 100 pA probe current 

and 0 ° tilt angle, and micrographs were captured from random positions of each samples in a 

standardized set of magnification scales (50, 20, 5, 2, and 1 µm).  

2.3.3 Dynamic Light Scattering (DLS) 

Samples of TIPS monoliths prepared from PVDF-Medium/p-DMB, PVDF-Medium/butyl 

butyrate, and PVDF-Low/dimethyl phthalate, and polymerized styrene/DVB monoliths were 

chosen according to their surface area results for dynamic light scattering (DLS) measurement 

by a Malvern (Worcestershire, UK) Zeta Sizer Nano. First of all the non-cross-linked PVDF-

Medium and PVDF-Low polymers were subjected to DLS. They were dissolved in three 

kinds of solvents that are considered above. For this experiment special 12 mm square glass 

cells (Malvern part number PCS8501) were used, because cylindrical vials cannot be used in 

DLS to avoid dispersion of incident light. Besides, approximately 1.1 ml (14 mm) solutions 

were prepared according to the TIPS method and the final oven temperature was calibrated at 

90 °C. When the oven temperature came at 90 °C DLS also fixed at 90 °C. The samples were 

then subjected to DLS as quickly as possible and the measurement was carried out under 

temperature-dependent conditions. All measurements were run in the temperature interval 

from 90 to 60 ºC and Z-average values were obtained in every 2.5 °C. 

In a different set of DLS experiments, attempts were made to polymerize a styrene-DVB 

monolith under continuous DLS measurement. In these experiments, the samples were not 

pre-treated in the modified GC oven. Instead, the monolith precursor solutions were 

monitored at a constant temperature of 65 °C with measurements applied in 3-4 minutes time 

intervals until the monolith samples became rigid structures.  

3. Results and Discussion 

The experiments covered by this project resulted in a large number of porous monoliths, 

which were either non-crosslinked polymers (PVDF-High, PVDF-Medium and PVDF-Low) 

prepared by the TIPS procedure or crosslinked styrene-DVB copolymers. In each TIPS expe-

riment, a different polymer/solvent composition was investigated. Solvents were chosen 

mainly according to their solubility parameters and boiling point. In the TIPS method ten 

different solvents were used for dissolution/precipitation process, these were benzophenone, 

butyl butyrate, cyclohexanone, dimethyl phthalate, DMSO, γ-butyrolactone, 2,5-hexandione, 

p-dimethoxybenzene, propylene carbonate, and ε-caprolactone. It was also expected that the 

chemical structures could be important, since the solvent molecules were expected to play an 

important role in the formation of the porous structure of the TIPS monoliths. 
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3.1 Dissolution/Precipitation 

The thermal dissolution/precipitation processes were monitored by visual observation through 

a hole prepared in the controlled temperature oven. Solid polymers were dissolved in each of 

the solvents selected and most of the polymer samples precipitated after cooling past the 

upper critical solution temperature. Table 3 shows the solubility parameters of each solvent 

and the qualitative assessment of samples after the dissolution/precipitation process. The ease 

of dissolution of the PVDF-High and PVDF-Medium samples differed depending on the 

solvent used, and this seemed to be associated with the boiling points of the solvents. 

Table 3: Solubility parameters of solvents and qualitative assessment of samples after dissolution/precipitation. 

Solvent 
δ 

 
PVDF 

 
MPa

1/2
 High Medium Low 

Benzophenone N/A D/P D/P D/P 

n-Butylbutyrate 16.6 D/P D/P D/P 

Cyclohexanone 20.3 D/P D/P D/P 

Dimethyl phthalate 10.7 D/P D/P D/P 

γ-Butyrolactone 27.2   D/P
* 

  D/P
*
   D/P

*
 

Hexane-2,5-dione 21.1 D/P D/P D/P 

1,4-Dimethoxybenzene N/A D/P D/P D/P 

Propylene Carbonate N/A D/P D/P D/P 

ε-Caprolactone 20.6 D/P D/P D/P 

Dimethyl sulfoxide (DMSO) 26.4 D/G D/G D/G 

D/P, Dissolved fully and precipitated forming a rigid precipitate; D/P*, Dissolved fully and precipitated forming a rigid 

precipitate, but a chemical reaction may have ocurred; D/G, Dissolved fully and precipitated to form a transparent gel; N/A, 

Unknown Hildebrand solubility parameter. 

In addition to the dissolution/precipitation process, radical polymerization was also attempted 

with precipitation of styrene-divinylbenzene copolymer monoliths, based on the recipes 

shown in Table 2. Assessments were made on monoliths with differing porogen amounts for 

samples where the monolith appeared as rigid and white structures after the synthesis. 

3.2 Characterization of Porous Properties of Monolithic Materials in Dry State 

3.2.1 Variation of Surface Area Depending on the Solvent Effect 

The total surface area of the monoliths were evaluated after drying by the multipoint nitrogen 

adsorption-desorption technique and for each monolithic material, different pore sizes were 

identified according to this process. This valuation of pore volume and sizes was related to the 

function of solvent that was used with each polymer. Tables 4 and 5 show the total surface 

areas found in non-crosslinked and crosslinked monoliths, respectively. 

Table 4. The total surface area (m
2
/g) measurement results by the multipoint nitrogen adsorption-desorption 

method of non-crosslinked (PVDF-high/medium/low) monoliths. 

Polymer 
Solvent 

BP BB CH DMP DMSO γ-BL HD p-DMB PC ε-CL 

PVDF- 
High 

29.2± 0.2 
4.45 ± 
0.057 

0.99 ±  
0.019 

0.76 ± 
0.029 

— — 
1.11 ± 
0.014 

6.60 ±  
0.094 

1.57 + 
0.018 

1.87  ± 
0.022 

PVDF-
Medium 

22.91± 
0.15 

4.21 ± 
0.03 

2.91 ±  
0.04 

2.17±     
0.030 

— — 
0.87 ± 
0.026 

5.75 ±  
0.066 

— 
1.16  ± 
0.023 

PVDF- 
Low 

21.60± 
0.15 

4.21 ± 
0.038 

1.08 ±  
0.014 

9.17±   
0.070 

— — 
1.57 ±  
0.026  

8.95  ± 
0.078 

— 
3.23  ± 
0.034 

BP, Benzophenone; BB, Butyl butyrate; CH, Cyclohexanone; DMP, Dimethyl phthalate; DMSO, Dimethylsulfoxide; γ-BL, 

γ- butyrolactone; HD, hexanedione; DMB, dimethoxybenzene; PC, propylene carbonate, ε-CL, ε-caprolactone. Empty cells 

indicate that there was no measurable monolith produced in the experiment. 
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In the dissolution/precipitation experiments, PVDF of all molecular weights (High, Medium, 

and Low) gave the highest specific surface areas in benzophenone (21-29m
2
/g), as seen as in 

Table 4. Butyl butyrate and p-DMB also yielded monoliths with considerable surface areas 

(4-8.9m
2
/g), Dimethylphthalate seemed to be a solvent where the different molecular weights 

played a more important role; monoliths prepared from PVDF of the highest molecular weight 

has a surface area of only 0.76 m
2
/g whereas the lowest molecular weight gave monoliths 

with a surface area 9m
2
/g. Relatively low specific surface areas in the range of 1-3 m

2
/g were 

found in PVDF monoliths prepared from ε-CL, hexanedione, cyclohexanone and propylene 

carbonate, and there was no systematic variation that could be correlated with the molecular 

weight of the PVDF starting materials. With DMSO and γ-BL as solvents, no solid monoliths 

were produced, and with propylene carbonate only the highest molecular weight sample 

yielded a monolith that could be characterized. 

   

   

   
           

Figure 1. SEM images of cryo-snapped fracture surfaces of three different monoliths prepared by dissolution/ 
precipitation of PVDF High 10-217 from p-DMB (upper row), butyl butyrate (middle) and benzophenone (lower 
row), respectively with slow quenching. The images of each sample were obtained at three different magni-
fications (20, 5, and 2 µm, from left to right) and they represent the nuclei structure and porosity of the aggre-
gated monoliths roughly. 

As shown in Table 5, monoliths B1, C1, D1, E1, and E3, which were all synthesized with 

20 % monomer and 80 % of a porogen mixture consisting of 1-decanol:toluene in the range 

50:50 to 70:30, had interestingly high specific surface areas in the range 170-300 m
2
/g. The 

monolith sample prepared with a 1-decanol:toluene ratio of 40:60 surprisingly turned out to 

have a significantly lower surface area. It should also be noted that variation in the poly-

merization time for monoliths with 1-decanol:toluene ratio 60:40 (center point) resulted in 
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monoliths with substantially different surface area, but there was no trend since the sample 

with intermediate polymerization time showed the highest surface area.  

Table 5. The total surface area (m
2
/g) of crosslinked (polystyrene) monoliths measured by the multipoint 

nitrogen adsorption-desorption method. 

 Monolith Code 
Porogen Polymerization time BET surface areas  

1-Dodecanol Toluene min m
2
/g 

B1 56% 24% 300 297 ± 1.2 

C1 56% 24% 420 172.9 ± 0.7 

D1 56% 24% 180 235.7 ± 0.99 

E1 48% 32% 180 261.5 ± 1.0 

E2 32% 48% 180 26.0 ± 0.12 

E3 40% 40% 180 216.5 ± 0.74 

All monoliths were prepared with a total monomer load of 20%, consisting of equal parts styrene and divinylbenzene and 

polymerized at 90 ºC. BET surface analyses were done in triplicate and reported as mean ± standart deviation. 

3.2.2 The Solvent Effect on the Morphologipes of Monoliths 

Following the BET surface area measurements, SEM images were acquired from the mono-

liths which showed the highest surface areas. Figure 1 shows SEMs of three different samples 

of monoliths prepared from PVDF High by dissolution and precipitation from, p-DMB, butyl 

butyrate, and benzophenone, in 20, 5, and 2 µm magnifications respectively. As can be seen 

in the upper row, the material precipitated from PVDF High in p-DMB had a coral-like shape. 

   

   

   

Figure 2. SEM images of cryo-snapped fracture surfaces of three different monoliths prepared by dissolution/ 
precipitation of PVDF Medium 10-215 from p-DMB (upper row), butyl butyrate (middle) and benzophenone 
(lower row), respectively with slow quenching. The images of each sample were obtained at three different mag-
nifications (20, 5, and 2 µm, from left to right) and they represent the nuclei structure and porosity of the aggre-
gated monoliths roughly. 



9 
 

In the middle row, PVDF High precipitated from butyl butyrate can be described as resemb-

ling swollen pumpkin seeds with delaminated sides exposing a porous interior connected by 

fibrils. As shown in the images at different magnifications, the clusters were not distributed in 

a monodisperse way and the pore spaces between the delaminated oblate spheroids were 

large. Furthermore, the monolithic PVDF High precipitated from benzophenone had an even 

more peculiar structure, as it appeared to be made up of hollow tubular elements looking like 

pipe macaroni. The clusters appeared homogeneous and had arranged into a superstructure 

that appeared flat and more continuous in the fracture surface, compared to other samples. 

The internal diameter and length of these tubular cavities were quite small compared to fea-

tures seen in samples precipitated from p-DMB and butyl butyrate.  

Figure 2 shows three different PVDF Medium samples, prepared in the same solvents as the 

PVDF High in Figure1. Overall, the structures were similar to those recovered from PVDF 

High, but the coral-like sponges from p-DMB were larger and the delamination in the oblate 

spheroids from butyl butyrate was less pronounced. Based on this observation, it is possible to 

understand the disparities of precipitation patterns between two different polymer samples in 

the same solvent. Moreover, in PVDF Medium precipitated from benzophenone, it is easy to 

see the appearance of leaf-like entities in the middle of the small clusters 5 µm magnification.  

   

   

   

Figure 3. SEM images of cross-section of three different monoliths prepared by dissolution/precipitation of 
PVDF Low 10-231 from p-DMB (upper row), dimethyl phthalate (middle) and benzophenone (lower row), 
respectively with slow quenching. The images of each sample were obtained at three different magnifications 
(20, 5, and 2 µm, from left to right) and they represent the nuclei structure and porosity of the aggregated 
monoliths roughly. 
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By thorough observation, we can see the macaroni-like entities on the surface of monolith and 

other leaf-like entities are responsible for the decreased surface area of PVDF Medium.  

Figure 3 shows SEM images of the lower molecular weight PVDF 10-231 obtained from p-

DMB, dimethyl phthalate and benzophenone. The upper row of the composite figure shows 

the twisted and nicked structures and there were also macaroni-like shapes in some locations 

on the fracture surface of the monolith. There distances between aggregated clusters was quite 

long and the distribution of these clusters was not monodisperse.  

   

   

   

Figure 4. SEM images of cross-section of three different crosslinked monoliths prepared by radical polymeri-
zation of styrene-copolymer-divinylbenzene, in the upper row B1 (original recipe), in the middle row C1 and in 
the lower row D1 can be seen respectively. The images of each sample were obtained at three different 
magnifications (20, 5, and 1 µm, from left to right) and they represent the texture and macroporosity of the 
aggregated monoliths roughly. 

If we have a look at middle row, where PVDF Low is precipitated from dimethyl phthalate, 

we see occurrences of sponge-like aggregates with spatious pores in between.  The particles 

interior appears like extensions of multi-faceted pieces and these are connected to the same 

point in a coral-like fashion. The lower row shows the images of PVDF Low precipitated 

from benzophenone; as can be seen in 20 µm magnification scale, the “macaroni features” 

evident in the PVDF samples with medium and high molecular weights from benzophenone 

had disappeared, and the pore widths were not bigger compared to other PVDF Low samples. 

The texture had a spidery structure with interconnecting leafs, thus it had a single-walled 

porosity and accordingly the pores does not have great value in envisioned applications.  

Figure 4 shows SEM images of the styrene-divinylbenzene monoliths prepared according to 

the original recipe. All samples were prepared according to original recipe but the precipitat-
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ion time for each sample was changed in the order, 300, 420 , and 180 min, respectively, at 

90 °C final temperature. If we have a look at the upper row again, we can see the rigid pattern 

of styrene-DVB in 20 µm magnification scale, also in 1 µm represents the globular particles, 

which have very small cavity and pore volume. 

The middle row indicates the structure of monolithic particles (C1) at the fracture surface 

after 420 minutes precipitation time. As can be seen, it had more intricate aggregated pieces 

and more aggregated clusters compared to B1 consequently the spaces between the clusters 

had many wide apertures. Differently, the lower row also shows the structure of D1 which 

have 180 minutes polymerization time at 90°C. If we look over the surface of aggregations, it 

is easy to see the similarity of swollen particles between the fracture surface structure of the 

B1 and C1 monoliths, however, D1 had less cavities than C1 and more than B1. The dissimi-

larity of the surface structure and cluster formation of samples should be associated with the 

polymerization time since this was the only variable changed in these syntheses. 

   

   

   

Figure 5. SEM images of cross-section of three different crosslinked monoliths prepared by radical poly-
merization of styrene-copolymer-divinylbenzene with slow quenching; so the upper, middle and lower rows 
represent E1, E2, and E3 respectively. The images of each sample were obtained at three different magnifica-
tions (20, 5, and 1 µm, from left to right) and they represent the nuclei structure and porosity of the aggregated 
monoliths roughly. 

E1, E2 and E3, which were prepared with  recipes different from the original one, are shown 

in Figure 5. In the upper row is the monolith obtained from styrene-divinylbenzene copoly-

mer E1, which contained higher percentage of macroporogen than mesoporogen. The spaces 

between swollen global particles are bigger than other ones as can be seen in 1 µm scale. The 

middle row of SEM images present E2, which included a higher percentage of mesoporogen 
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than macroporogen. The cavities were smaller than in sample E1 and aggregation of the 

swollen globes was denser. As shown in 5 µm magnification, there were some “wave pat-

terns” on the surface and as we understand, in monolith synthesis high value of mesoporogen 

influences the pore size and volume. Finally, the lower row of SEM images depicts the cross-

section monolith structure and pore properties of E3, which contained equal amounts of 

macro- and meso-porogens. Accordingly, the sizes of the pores and swollen globes differed; 

namely, the pore volumes were not bigger and the globes sizes were smaller than E1 and the 

swollen aggregated nuclei were distributed more evenly compared to E1.  

Based on to these sets of  SEM images, we can get an impression of the effect of solvent, 

temperature, quenching time at precipitation temperature and porogen changes on the struc-

ture of the aggregated monoliths. Various types of morphological properties were obtained 

and some of these monoliths can be used in the future due to their interesting features, if some 

adjustments or developments are achieved.  

3.2.3 Particles Size Measurement by Dynamic Light Scattering  

The particle sizes of three different PVDF monoliths, which were prepared by dissolution/ 

precipitation, and styrene-divinylbenzene monolith that were prepared by radical polymerizat-

ion were determined with dynamic light scattering method according to mentioned above in 

the materials and method part. The DLS instrument used limited the upper temperature to 

90 °C, which is relatively low for some polymer/solvent compositions used in the dissolut-

ion/precipitation experiments. Therefore, before determination was attempted on the PVDF 

monoliths, they were prepared according as the regular process and samples were chosen 

based on the results of the BET surface area measurements. As can be seen below, there were 

three different PVDF monoliths, which were dissolved in dimethyl phthalate, butyl butyrate, 

and p-DMB, respectively. The particles sizes were determined in between 90-60°C quenching 

temperature at 3°C intervals for dimethyl phthalate and 2.5 °C for butyl butyrate and p-DMB. 

 

Figure 6. Z-Average vs. time diagram of prepared by dissolution/precipitation of PVDF Low in dimethyl 
phthalate between 90-60 °C. Quenching temperature interval 3°C. 

All measurements were achieved by DLS as specified time intervals with points on the 

diagrams. In this experiment, particle sizes were determined while the samples were in the 

precipitation process after dissolution with related solvents. Attempts were made to study the 

aggregation of nuclei during the precipitation of monolith. As can be seen in Figure 6, PVDF 

polymers started to form large particles in the early stage of monolith precipitation. This 

increasing continues until the temperature had decreased to 81°C, after this temperature it 

showed what seemed like a depletion for a while and finally landed on a fixed value. The 
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decrease in values seen after the peak are interpreted as formation of a continuous monolith, 

which will cause extensive light scattering and make DLS measurements impossible.  

 

Figure 7. Z-Average vs. time diagram of prepared by dissolution/precipitation of PVDF Medium in butyl 
butyrate between 90-60 °C. Quenching temperature interval 2.5 °C. 

Figure 7 illustrates the measurements of the size of PVDF Medium prepared by dissolution/ 

precipitation in butyl butyrate. According to this diagram, it shows a almost constant size 

value until 70°C, and then later it starts to increase towards to the end of aggregation. Values 

were low (around 100 nm)  during the entire cooling cycle, which could be due either to early 

precipitation leading to monolith formation before the measurements started (see above) or 

that the sample never precipitated to form a monolith during the experiment. 

 

Figure 8. Z-Average vs. time diagram of prepared by dissolution/precipitation of PVDF Medium in p-DMB 
between 90-60 °C. Quenching temperature interval 2.5 °C 

The measurement of the particle size for PVDF Medium prepared from p-DMB in the dis-

solution/precipitation process is shown in Figure 8. The indicated particle size of sample was 

varying around 5,000 nm until 65°C where a peak appeared, which later started to decrease. 

The peak could indicate a coalescence point, but exact interpretation is imposibble.  

If we evaluate the maximum and minimum values obtained for particles size, they range from 

77 to 13,900 nm. Our DLS machine is capable of reliably measuring particle sizes from 0.3 to 

10.000 nm and hence most of the measurements were well within the operating range.  

An attempt was also made to monitor the particle size measurement during the polymerization 

of a styrene-divinylbenzene monolith directly in the DLS instrument.  
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Figure 9. Z-Average vs. time diagram of prepared by radical polymerization of styrene-divinylbenzene monolith 
between 45-90 °C quenching temperature intervals. 

Figure 9 illustrates the particle sizes determined when a styrene-divinylbenzene monolith was 

polymerized in the Zeta-sizer cell between 45-90 °C, monitored at 2.5 °C temperature inter-

val. It later became apparent that this experiment was flawed since the solution polymerized 

fast and formed an opaque monolith rapidly after the heating started. Therefore, reliable mea-

surements were not achieved before the system aggregated into a rigid structure.  

 

Figure 10.  Z-Average vs. time diagram of prepared by radical polymerization of styrene-divinylbenzene 
monolith at constant quenching temperature (65°C). 

A new experiment was therefore designed the very last day the instrument was available, and 

in Figure 10, it is possible to see the size variation for a styrene-divinylbenzene monolith 

precursor solution maintained at 65 °C during the measurement. This time experiment was 

achieved at constant temperature but first of all, polymer was prepared for polymerization and 

sample placed in DLS machine. Due to the fluctuating signal, it was very hard to draw any 

conclusions from this experiment.  

4. Conclusion 

In this exploratory study, an attempt was made to study the nucleation and aggregation during 

the early stages of a monolith preparation by dissolution/precipitation of PVDF of varying 

molecular weight, and for direct polymerization of a styrene-divinylbenzene monolith pre-

cursor solution in the DLS instrument. Both methods yielded sizable porous monolithic entit-

ies and produced interesting results with respect to surface area, and to solvent effects on the 

morphology in the dissolution/precipitation process. The most conspicuous results were ob-

tained from BET surface area results of PVDF precipitated from benzophenone, butyl buty-
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rate, and p- DMB solvents. Especially, benzophenone gave the highest specific surface area 

results with PVDF and the resulting monoliths had an intriguing structure, as can be seen in 

the images in Figures 1, 2 and 3. However, PVDF did not produce any monoliths in DMSO, 

γ-BL, and propylene carbonate, as shown in Table 4. Also, styrene-divinylbenzene monoliths, 

prepared according to known procedures of with radical polymerization, gave interesting BET 

surface area results related with changes in the final temperatures and porogen amounts 

independently. Scouting work showed that the surface area, depended on the ratio of macro- 

to meso-porogen. In addition, suitable final temperature of radical polymerization was found 

to be important to produce a uniform structure, as can be seen in Figure 4.  

After all DLS experiments with crosslinked S-DVB and non-crosslinked precipitation mono-

liths, it was concluded that PVDF monoliths can be monitored by DLS at 90 °C during the 

quenching process but the S-DVB monolith precursor solution turned into  rigid structures at 

90 °C shortly after the heating commenced. Therefore, the measurement was done at constant 

polymerization temperature, but the results from these ultimate experiments were difficult to 

interpret.  

5. Future Plans 

To fully investigate of nucleus formation and aggregation of monolith synthesis, experiments 

should also be done using linear polymers dissolved in the monolith cocktail to behave as 

steric barriers against early particle coalescence. In this way, monolith formation mechanism 

can be observed much better. 
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