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Abstract 

The design of polymers capable of self-assembly has been the subject of intense 

study in the last decades, as it offers the possibility to obtain self-ordered structures 

with enhanced and new functionalities. Non-covalent interactions have proved to 

be an invaluable tool in the creation of these new materials. The halogen bond, 

thanks to its characteristic features like strength, directionality, and tunability, is 

gaining ever increasing interest in the development of novel supramolecular 

assemblies.  

In this master thesis work halogen-bonded complexes of N,N-dimethylacrylamide 

with iodoperfluorocarbons have been prepared and characterized as a model 

system for poly(N,N-dimethylacrylamide) self-assembly. The formation of halogen 

bond has been confirmed with differential scanning calorimetry, infrared 

spectroscopy, and nuclear magnetic resonance spectroscopy. The results obtained 

on this model and the preliminary studies carried on poly(N,N-

dimethylacrylamide) complexes shows that this polymer can be used to expand the 

possibilities in the design of halogen-bonded supramolecular materials. 

 

Key-words: polymer self-assembly, halogen bond, N,N-dimethylacrylamide, 

poly(N,N-dimethylacrylamide, iodoperfluorocarbons. 
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Abstract in italiano 

La necessità di ottenere materiali capaci di assumere strutture ordinate, con nuove 

e migliorate funzionalità per una grande varietà di applicazioni ha spinto la ricerca 

nell’ideazione di innovativi materiali polimerici capaci di auto-assemblarsi. Le 

interazioni non-covalenti si sono dimostrate uno strumento essenziale nella 

creazione di questi sistemi. Il legame alogeno, grazie alle sue peculiari 

caratteristiche come, direzionalità, capacità di regolarne la forza, e idrofobicità sta 

guadagnando sempre maggior interesse per lo sviluppo di nuovi sistemi 

sovramolecolari. 

In questo lavoro di tesi magistrale complessi di N,N-dimetilacrilammide e 

iodoperfluorocarburi formati tramite legame alogeno sono stati preparati e 

caratterizzati, per avere un modello dell’auto-assemblaggio della poli(N,N-

dimetilacrilammide). La formazione di legame alogeno è stata confermata tramite 

calorimetria differenziale a scansione, spettroscopia a infrarossi e spettroscopia a 

risonanza magnetica nucleare. I risultati ottenuti su questo modello e gli studi 

preliminari portati avanti su complessi di poli(N,N-dimetilacrilammide) 

dimostrano come questo polimero possa essere utilizzato per espandere le 

possibilità nella progettazione di materiali sovramolecolari con il legame alogeno. 
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Parole chiave: auto-assemblaggio di polimeri, legame alogeno, N,N-

dimetilacrilammide, poli(N,N-dimetilacrilammide), iodoperfluorocarburi. 
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1 Introduction 

1.1. Polymer Self-Assembly  

The design of polymers capable of self-assembly has been the subject of intense 

research in the last decades, as it has been proved to be as a very effective strategy 

to obtain self-organized structures with new and enhanced functionalities. [1] 

An established way to obtain self-assembled polymers has been the use of block 

copolymers, copolymers made by alternating blocks of different, immiscible, 

homopolymers that are covalently linked. Driven by the low affinity between the 

alternating blocks, these polymers have the ability to self-organize in distinct 

microphases rich in one of the different blocks, with domain sized of about 10-100 

nanometers. Through careful adjustment of the molecular weight of the blocks, their 

volume fraction, and their mutual interactions, it is possible to obtain different 

structures, lamellar, cylindrical, spherical, and more complex shapes. [2],[3] 

The self-assembly of block copolymers produces ordered nano-domains, but 

generally overall alignment at the macroscopic scale is missing, and a series of 

techniques have been devised to obtain long-scale ordering, required for certain 

potential applications like in microelectronic devices. Examples include the use of 

electric fields to orient the nanodomains parallel to the direction of the applied field, 

by taking advantage of the differences between the dielectric permittivity of the 

distinct segments; similarly magnetic field can be used thanks to the differences in 
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magnetic susceptibility. The application of shear forces is also an effective method 

to obtain long-scale order that does not require complex setups. Optical alignment 

using linear polarized light can be achieved with polymers that contains 

photoresponsive units like azobenzenes, that undergoes trans-to-cis isomerization 

upon illumination. Directed self-assembly techniques like graphoepitaxy and 

chemoepitaxy uses patterning of a substrate to direct the orientation of the 

nanostructures. [4] 

Self-assembly properties have been successfully employed in a variety of 

applications. In nanolithography for example the possibility to obtain features sized 

in the range of 10-30 nm have attracted interest as it surpasses the limitations 

imposed by optical diffraction effects on traditional photolithography processes [5]. 

The possibility to selectively remove one of the blocks, leaving behind structures 

with specific textures, means that block copolymers can be used to fabricate nano-

templates [6], [7]. In aqueous solution amphiphile block copolymers are capable to 

form vesicles with a wide variety of structures, with higher mechanical properties 

with respect to lipid-based ones and the possibility of tuning the permeability. 

Membranes that respond to environmental triggers for targeted delivery have been 

developed, and the research is focusing on how to exploit these structures in a 

variety of biomedical applications, like drug and gene delivery and synthetic nano-

reactors. [8], [9] 

A fundamental tool in the design of self-assembled materials is the use of non-

covalent interactions. Taking advantage of the specificity, geometry, strength, and 

reversibility of these interactions, also called supramolecular interactions, it is 

possible to design highly functional and stimuli-sensitive materials, with the 

noteworthy advantage of avoiding complex processes of covalent chemical 

synthesis. Therefore, tuning the structure and the functionality of the building 
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modules it is possible to control at molecular level material structure, composition, 

morphology, and dimensions, enabling the construction of an extensive variety of 

structures. Non-covalent interactions are also sensitive to the environment, and the 

actual stoichiometry and structure of the self-assemblies can be influenced by the 

experimental conditions; design of materials based on non-covalent interactions 

needs to consider the complex and multiple bonding modes that can be present, and 

how to find a compromise might be necessary between strength of the interaction 

and the reversibility that might be desired by these systems [10]. Non-covalent 

interactions have been studied in biomedical applications, to obtain materials with 

new or enhanced electrical, magnetic, optical, self-healing properties and more, 

proving their invaluable use in material science. [10]–[12] 

The use of non-covalent interactions plays an important role in driving polymer 

self-assembly. Polymeric materials obtained through non-covalent interactions are 

called supramolecular polymers. This name actually encompasses two main 

categories, main-chain supramolecular polymers, where the polymer backbone is 

held together by non-covalent interactions, and side-chain supramolecular 

polymers, consisting of a covalently linked polymer backbone containing specific 

molecular recognition units, to which specific sidechains can be non-covalently 

bonded. [11]  

Concerning the second category of supramolecular polymers, the use of side-chains 

introduces a new level of self-assembly, with periodicity of a few nanometres, that 

combined with that of block copolymers, of about one order of magnitude bigger, 

can lead to structural hierarchies, as demonstrated by the simple model system of 

poly(styrene)-b-poly(4-vinylpyridine) with an hydrogen bonded amphiphile, 

where, by changing the relative length of the poly(4-vinylpyridine) block and the 

length of the amphiphile, formation of many different hierarchical structures,  



4 1| Introduction 

 

 

lamellar-within-lamellar, lamellar-within-cylindrical, cylindrical-within-lamellar, 

spherical-within-lamellar, lamellar-within-spherical, was observed [13].  

Supramolecular interactions have been used for instance to improve the 

performances of materials based on conjugated polymers. These polymers, that 

combine the semi-conducting characteristics of inorganic materials with the 

flexibility, processability and lower cost of polymers, have been used in 

photovoltaics, light-emitting diodes, and field-effect transistors.  Since the electronic 

structure and the optoelectronic properties of these materials are dictated by their 

solid-state packing, the use of specific non-covalent interactions offers a relatively 

simple way to control the local packing arrangement. [14] Self-assembled hydrogen-

bonded copolymers with temperature-dependant photonic bandgaps have been 

obtained both as liquid-crystals and films [15], [16]. The possibility to remove non-

covalently bonded amphiphiles with selective solvent can alsobe exploited to obtain 

nanoporous membranes and nanotemplates [7], [17]. 

Along hydrogen bonding, π-π stacking, and other non-covalent interactions, 

halogen bonding, intensively studied in crystal engineering, has found increased 

interest for its potential use in the design of polymer self-assemblies [18], [19], and 

its peculiar features, which will be described in the next section, presents a host of 

possible advantages in many applications.
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1.2. Halogen Bond 

The halogen bond has an history dating back two centuries, but it was not until 2009 

that IUPAC started a project to univocally define and classify the interactions 

involving halogen atoms as electrophilic species [18]. The project ended in 2013, 

with a recommendation that defined this interaction as follows: “A halogen bond 

occurs when there is evidence of a net attractive interaction between an electrophilic 

region associated with a halogen atom in a molecular entity and a nucleophilic 

region in another, or the same, molecular entity.” [20] 

 

Figure 1.1: Schematic representation of the halogen bond. Highlighted are the electrophilic 
region, the σ-hole, and the nucleophilic region that arise from the anisotropic distribution 
of electron density. 

This definition and the name halogen bond highlight the main features of this 

interaction, being that in involves a halogen atom, and that the role of the electron 

density acceptor, in analogy to the hydrogen bond, is played by said halogen atom. 

The possibility to form a halogen bond arises from the fact that in covalently bonded 

halogen atoms the electron density has an anisotropic distribution, with the 

presence of a belt of negative electrostatic potential orthogonal to the covalent bond, 
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and a region of lower electron density, called σ-hole, focused along the elongation 

of the covalent bond, that can interact with nucleophilic species, resulting in highly 

directional interactions. [18] 

Halogen bond (XB) presents some unique features that make it an unique tool in 

creating self-assembled systems:  directionality, strength tunability, hydrophobicity 

and donor atom dimensions. [18], [21] 

1.2.1. Directionality 

The fact that the sigma-hole is localized on the elongation of the covalent bond the 

halogen atom is involved in leads to a strong directionality of the XB, with an angle 

between the covalent and noncovalent bond of approximately 180°. This strong 

directionality is maintained in species that can form more than one XB, for example 

in pyridine derivatives the C–X bond tend to be coplanar with the ring and the C–

N⋯ X angles are approximately 120°.  

1.2.2. Tunability 

The strength of the halogen bond can be finely tuned by changing the halogen atom 

and the moiety covalently bonded to it. The positive character of the σ-hole 

increases with the polarizability, and decrease with the electronegativity, of the 

halogen atom, thus the XB donor ability increases in the order F < Cl < Br < I, as it 

can be seen in figure 1.2. 
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Figure 1.2: Electrostatic potential at isodensity surface for CF4, CF3Cl, CF3Br and CF3I. 
Color varies from blue for negative values and from green to red for increasing positive 
values [18]. 

The strength of the halogen bond is also influences by the electron-withdrawing 

nature of the atom or moiety covalently bound to the halogen atom. Strong electron-

withdrawing moieties strengthen the sigma-hole, as was for example demonstrated 

by increasing the number of fluorine substituents onto a iodobenzene ring [22]. 

The characteristic of the XB acceptor also influence the strength of the bond. For 

example, nitrogen atoms tend to be better halogen bond acceptors than oxygen 

atoms, and anions are better acceptors than neutral species. [21] 

1.2.3. Hydrophobicity 

When halogen atoms are present in a molecule, they lead to an increase in its 

lipophilicity and hydrophobicity. Perfluorocarbons in particular do not mix well in 

aqueous or polar solvents, and it was shown that these solvents have little influence 

on the interaction energies and geometries of XB adducts. For this reason, halogen 
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bond can be seen as a hydrophobic equivalent of hydrogen bond, whose adducts 

instead suffer from the competition with solvents capable of HB. [18] 

This behavior can be exploited to obtain for example halogen-bonded liquid crystals 

or in drug delivery applications, where various parameters like absorption, barrier 

permeability and interaction with the target molecules are influenced by the 

lipophilicity of the drug. [23] 

1.2.4. Donor Atom Size 

Halogen atoms have larger van der Waals radii with respect to the hydrogen atom, 

and this leads to some differences between the XB and the HB. For example, a 

downside of the bigger dimension of the atoms is that XB tends to be more sensitive 

to steric hindrance than HB.  

The presence of larger atoms can instead be exploited in light-emitting materials, as 

the optoelectronic properties of supramolecular complexes can be influenced by the 

size of these atoms, that promotes singlet-to-triplet intersystem crossing through 

the heavy atom effect. [18] 

1.2.5. Orthogonality between Hydrogen bond and halogen bond 

Non-covalent interactions can be orthogonal, that is, they can drive self-assembly 

of the system without influencing each other, and they can be manipulated 

independently or simultaneously.  

Hydrogen bond and halogen have been demonstrated to occur orthogonally not 

only on different acceptor sites [24], but also on the same site, as demonstrated in a 

study carried out on N-methylacetamide. The self-assembly of this molecule, 

chosen as it is the smallest one that mimics the peptide bond, was studied with 

various brominated and iodinated dihalotetrafluorobenzenes. The authors reported 
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that HB and XB occurred simultaneously on the carbonyl oxygen atom, and through 

x-ray diffraction it was observed that HB and XB were also geometrically 

orthogonal, with the values of the angle between them found in the range 77,9-98,5°. 

[25] 

 

 
Figure 1.3: Simplified representation of the crystal packing of NMA chains via NH⋯O HB 
and interaction with 1,4-DITFB via I⋯O XB. [25]
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1.3. Halogen Bond in Supramolecular Chemistry 

1.3.1. Halogen Bond in Crystal Engineering  

Crystal engineering is the understanding of intermolecular interactions in the 

context of crystal packing and the utilization of such understanding in design of 

new solids with desired physical and chemical properties [26]. Through numerous 

examples thoroughly collected in a review by NFMLab [18], it is possible to see how 

the directionality of halogen bonds has proved to be a powerful design element in 

this field, as it allows the supramolecular architecture to be more easily predicted 

from the structure of the starting compounds. 

With the proper choice of starting molecules, a wide variety of supramolecular 

architectures have been obtained. One-dimensional chains can be obtained through 

self-assembly of self-complementary modules bearing both XB donor and acceptor 

sites or through self-assembly of ditopic XB donors and ditopic XB acceptors, and 

the arrangement of the chain is strictly related to the angle between the binding sites 

of the modules. Increasing the number of donor or acceptor sites it is possible to 

obtain two-dimensional architectures, like honeycomb structures. Using 

tetradentate modules three-dimensional systems have been achieved. Halogen-

bonded two- and three-dimensional networks also frequently contain large 

potential cavities, and this, along with the strength and the high directionality of 

the interaction, have allowed to obtain robust and rigid supramolecular 

interpenetrated networks.  
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1.3.2. Halogen Bond in Material Science 

Due to its properties, halogen bonding has also gradually gained interest in various 

fields of material science, including soft materials like liquid crystals, gels, and 

polymers. 

The use of fluorinated groups is an efficient strategy to improve the properties of 

liquid crystals and control their supramolecular organization, and halogen bonding 

with haloperfluorocarbons has been successfully used to obtain supramolecular 

liquid crystals starting from non-mesomorphic components, as was first reported 

in complexes with alkoxystilbazoles as XB acceptors and iodopentafluorobenzene 

as XB donor [27]. Low molecular weight liquid crystals were also obtained with 

alkoxystilbazoles and α,ω-diiodoperfluoroalkanes as bidentate halogen bond 

donors; interestingly, while usually the presence of long fluoroalkyl chains drive 

segregation into lamellar smectic A phases, precluding the appearance of nematic 

phases, the liquid crystals obtained all showed monotropic nematic phases. [28] 

Gel-phase materials are of particular interest in regenerative medicine, tissue 

engineering and drug delivery, and research has focused on how to apply molecular 

recognition processes to control the strength of the gel and the gelation process 

through noncovalent interactions, starting from simple molecules. [29] It was 

demonstrated that halogen bonding can be used to promote the gelation process, as 

first shown with various bis(urea) compounds that in normal condition are non-

gelators in aqueous and polar solvents; supramolecular gelation was instead 

induced through the formation of XB. [30] 

Taking advantage from the modularity of the bottom-up approach enabled by 

halogen bond, many functional systems have been obtained. In the design of light-

emitting materials, where the electric and optic properties of chromophores are 
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defined also by the intermolecular electronic packing, and so by their packing in the 

solid state [31], the use of halogenation and XB seems an interesting perspective, as 

first demonstrated in studies on a stilbene derivative co-crystallized with various 

non-fluorescent XB donors; the different crystal packings resulted in different 

optical properties, with emission colours ranging from blue to green and yellow 

[32]. The already mentioned heavy-atom effect can be exploited to increase the rate 

of singlet-to-triplet intersystem crossing, a feature particularly useful in the design 

of phosphorescent materials. [18] XB have also been used in the design of light-

responsive materials containing azobenzene. A study on a halogen-bonded system 

of azobenzene and stilbazole found that spin-casted films of the complex are 

capable of efficient photoalignment, with a high surface relief grating formation 

efficiency that led to a depth modulation 2,4 times the initial thickness. These results 

could be partly attributed to the presence of an high temperature nematic phase, 

enabled by XB. [33] 
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1.4. Halogen Bond in Polymer Science 
Although crystal engineering has been the principal area of research of halogen 

bonding, the concepts and knowledge acquired in that field have also been 

extended to the study of self-assembled polymers. 

As already seen with liquid crystals and gels, the structural organization of soft 

materials is greatly influenced by the nature of the intermolecular interactions 

formed and the halogen bond, due to its strength and geometrical features, can be 

a powerful tool to obtain polymeric materials with complex structures and new 

functionalities. 

1.4.1. Polymer Self-Assembly 

The first report of a halogen bond-driven supramolecular polymer was that of a 

poly(4-vinylpyridine)/diiodoperfluoroalkane supramolecular comb-shaped 

polymer. In the study the formation of a comb-like structure due to segregation of 

the perfluorocarbon chains in fluorinated layers with smectic arrangement 

alternating with hydrocarbon layers was observed. The authors highlighted that the 

high directionality of XB, the rigid rod-like structure of the perfluorocarbon and 

their tendency to segregate can contribute to liquid crystalline properties of these 

materials. [34] 

As explained in the first paragraph, a strategy commonly used to obtain polymeric 

hierarchical structures is to use block copolymers. The low affinity of dissimilar 

blocks lead to microphase separation, and this tendency can be promoted by 

complexation of one of the blocks with low molecular weight additives. Halogen 

bond has thus been used to obtain a lamellae-within-cylinder structure with a 

poly(styrene)-block-poly(4-vinylpyridine) di-block copolymer, using 1,8-
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diiodoperfluorooctane (DIPFO) as additive. Cylindrical phases arranged mainly in 

a hexagonal pattern, and in spin coated films it was found that upright cylindrical 

alignment could be achieved spontaneously, without the need for external stimuli. 

The authors suggested that this upright alignment was due to the low surface 

energy of diiodoperfluorooctane. Removal of DIPFO using ethanol also showed 

that the film was able to retain its structure. [35] 

 

Figure 1.4: TEM micrograph of the PS-b-P4VP(DIPFO) bulk sample and schematic 
representation of the lamellae-within-cylinder structure [35] 

Moreover, self-assembled polymeric structures generally present only local order, 

and to obtain alignment at the bulk scale different techniques have been employed, 

like the application of electric, magnetic or flow fields, surface templating and 

thermal or solvent annealing [4]. Through halogen bonding it was possible to 

achieve alignment up to the millimeter scale without external stimuli of an amine 

hydrochloride derivative of a 4-arm polyethylene glycol with 1-

iodoperfluorodecane and 1-iodoperfluorododecane, with the halogen bonds 

occurring between the chlorine anions and the iodine atoms. This result was due to 

the strength and directionality of the XB, together with the tendency of the 

perfluoroalkyl chains to segregate in straight interfaces. [36] 

(PS) and 8.2 kDa (P4VP) was selected to form microphase-separated P4VP(DIPFO)
complexes with a lamellae-within-cylinder structure. Cylindrical structures are
particularly interesting for nanolithography and membranes.2,26,27 The ditopic addi-
tive, i.e., DIPFO, was chosen in order to provide supramolecular crosslinking by
simultaneous involvement of the two halogen-bond donor sites at either end of
the DIPFO.

RESULTS

Sub-millimetric Bulk Samples

We obtained PS-b-P4VP(DIPFO) supramolecular assemblies by mixing PS-b-P4VP
with DIPFO in a 1:1 I/N atomic ratio (corresponding to an overall DIPFO weight frac-
tion of ca. 34%) in chloroform and evaporating the solvent in open air until it dried.
Binding through halogen bonding was demonstrated by the typical redshift of the
C–I stretching band in the Raman spectrum, from 291.5 cm!1 in pure DIPFO to
279.0 cm!1 in the complex (Figure 1C), and by several shifts in the 1,000–
1,250 cm!1 region of the Fourier transform infrared (FTIR) spectrum, where C–F
stretching vibrations are located (Figure S1).28 The thermogravimetric analysis
(TGA) thermogram of the complex demonstrated the full complexation of the DIPFO
because no significant weight loss was observed between 40"C and 85"C (Figure S2).
Instead, a 34% weight loss occurred between 90"C and 190"C, indicating that the
DIPFO was quantitatively bound to the polymer.

The complexation between PS-b-P4VP and DIPFO was also obtained by a solvent-
free process, i.e., grinding the two components in a ball mill to reach amaximumpyr-
idine complexation of about 75% after 4 hr of milling at a 1:1 I/N atomic ratio, as
demonstrated by TGA and infrared spectra (Figure S3 and Table S1).

To investigate the structure of the PS-b-P4VP(DIPFO) supramolecular complex, we
first prepared sub-millimeter-thick samples from chloroform by drop casting in air
without any annealing. Small-angle X-ray scattering (SAXS) showed that the reflec-
tions were distinct but broad. We observed two closely located peaks at scat-
tering-vector magnitudes of q2 = 0.016 Å!1, plus a partially hidden reflection at
q3 = 0.019 Å!1 and a pronounced higher-order reflection between 0.04 and
0.05 Å!1 (Figure 2A). This indicates order at the block copolymer length scale.

Figure 2. Structural Characterization of Sub-millimeter Bulk Samples

(A) SAXS patterns of PS-b-P4VP and PS-b-P4VP(DIPFO) prepared by drop casting.

(B) TEM micrograph of a microtomed PS-b-P4VP(DIPFO) bulk sample.

(C) Schematic representation of the observed lamellae-within-cylinder structure of the PS-b-P4VP(DIPFO) complex for the used block lengths. The

suggested arrangement of DIPFO molecules within the interior illustrates the 2.5 nm periodicity, whereas the very low surface energy of the

perfluorinated compounds is suggested to direct the upright cylindrical alignment at the outer surface of the films.

Chem 2, 417–426, March 9, 2017 419
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Self-assembly of polymers through halogen bonding has been achieved not only 

through the addition of perfluorocarbons, but also through the functionalization of 

polymers with halogen bond donor groups. For example, a layer-by-layer assembly 

of poly(4-(4-iodo-2,3,5,6-tetrafluorophenoxy)-butyl acrylate) (PIPBA) and 

poly(vinylpyiridine) obtained. Upon observation that the hydrogen bonded 

equivalent using poly(4-vinylphenole) (PVPy) of the film was more stable, and since 

PVPy is also capable of forming XB, the authors prepared a hybrid structure which 

alternate also (PIPBA/PVPy/PVPh/PVPy)5, and the hybrid film proved to be much 

more stable than the one with only XB. [37] 

The possibility of self-assembly in solution-phase through halogen bonding has also 

been demonstrated. In the first study on the subject the authors synthetized a block 

copolymer of poly(ethyleneoxide) and poly(2-dimethylamino ethylmethacrylate) 

(PEO-b-PDMAEMA), with the PDMAEMA containing the XB acceptor sites, and a 

iodotetrafluorophenoxy substituted polymethacrylate as hydrogen bond donor. 

The two polymers were dissolved in DMSO, and upon addition of water and 

dialysis wormlike structure due to aggregation of individual spherical particles 

were observed. The experiments were also repeated with organic solvents, and self-

assembled structures were also observed, although without the structure obtained 

in water. [38] 

1.4.2. Solid-Phase Polymerization 

Solid-phase polymerization (SPP), also called solid-state polymerization, is a 

technique used to polymerise solid monomers and monomer crystals/co-crystals, 

able to yield polymers with high molecular weights. SPP presents also the 

advantage that it can proceed under topochemical control, resulting in high regio- 

and stereoselectivity, and it can be performed in a solvent-free environment. [39] 
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Recently solid phase polymerization was performed on a series of co-crystals of 

vinyl monomers (4-vinylpyridine, 2-vinylpyridine, 2-vinylpyrazine, 1-

vinylimidazole, N-vinylpyrrolidone and N,N-dimethylacrylamide) as XB 

acceptors, and 1,4-diiodotetrafluorobenzene as XB donor. Once obtained, 

polymerization of the co-crystals was performed using a thermal initiator or a 

photoinitiator. In both cases solid phase polymerization led to high monomer 

conversions, higher molecular weight, and lower polydispersity with respect to the 

solution polymerizations. The authors also fabricated more complex structures 

using mixtures of N-vinylpyrridone or N,N-dimethylacrylamide, ethylene glycol 

dimethylacrylate as cross-linkable co-monomer, 1,4-diiodotetrafluorobenzene, and 

2,2-dimethoxy-2-phenyl-aceto-phenone as photoinitiator. Monomer sheets of the 

two different monomers were prepared, pasted together and UV-irradiated. After 

polymerization ethanol was used to remove the diiodotetrafluorobenzene, and 

shape retention showed that crosslinking was successful. [40] 

1.4.3. Light-Responsive Supramolecular Polymers 

As described previously, efficient light-induced surface patterning was obtained 

with azeobenzene-stilbazole halogen-bonded complexes. [33] The same principles 

have been applied in designing high-performance supramolecular polymers for 

light-induced surface patterning. Poly(4-vinylpyridine) has been used as halogen 

bond acceptor, while different azobenzene derivatives have been used, to study the 

effect of single atom mutation on the complex. Solutions of the polymer-dye 

mixtures were dissolved in dimethyl formamide, and thin films were spin-casted 

onto a substrate. The authors demonstrated that the grating formation efficiency 

can be related to the strength and the nature of the non-covalent interaction, and 

that the higher directionality of the halogen bond enhances the mass transport 
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phenomena. The possibility of tuning the bond strength by single atom mutation 

can also offer a useful tool in the study of surface relief grating formation. [41] 

1.4.4. Self-Healing 

Intrinsic self-healing polymers possess the ability to repair molecular and 

macroscale damage through a temporarily increase of local mobility of the polymer 

chains. Supramolecular interactions, due to their reversible nature, seems then ideal 

to create self-healing polymers. [42] The first reported example of self-healing 

polymers based on halogen bond involved two functionalized polymers based on 

butyl methacrylate, one containing a halogen bond donor group, the other 

containing a halogen bond acceptor group. The ability to undergoing self-healing 

multiple times was demonstrated through scratch-healing tests, with recovery at 

100°C. [43]
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1.5. Master Thesis Project Overview 

From the previous sections some of the strategies more commonly used in the 

design of halogen-bonded polymer systems have emerged. For example, poly(4-

vinylpyridine) has been frequently employed, both alone and in block copolymers, 

due to presence of the pyridine ring, an effective XB acceptor group; 1,4-

diiodotetrafluorobenzene is commonly used as XB donor, as are long perfluoroalkyl 

chains, thanks to their strong tendency to segregate. 

Poly(N,N-dimethylacrylamide) (PDMA) is an hydrophilic biocompatible polymer, 

that has been studied in applications like DNA sequencing and drug delivery 

systems [44], [45]. In a 2013 article PDMA has been used successfully in a block 

copolymer with poly(4-vinylpyridine), to obtain a double comb-like system through 

the addition of 3-pentadecylphenol, that was able to form hydrogen bond with both 

the nitrogen of the pyridine ring and the oxygen of the carbonyl. This has led to a 

lamellar-in-lamellar structure, with a large length scale given by the phase 

separation between the different supramolecular blocks, and both domains then 

showed a smaller lamellar morphology, perpendicular to the large length structure, 

with different periodicity due to the difference in the supramolecular interactions. 

[46]   
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Figure 1.5: Schematic representation and TEM images of the P4VP-b-PDMA(PDP) 
supramolecular complex. [46] 

While poly(4-vinylpyridine) has been extensively used [24, 25, 27], poly(N,N-

dimethylacrylamide) has not yet been reported as being used in halogen-bonded 

supramolecular systems [19]. Its monomer N,N-dimethylacrylamide has been used 

in solid-phase polymerization of halogen bonded co-crystals with 1,4-

diiodotetrafluorobenzene, as already mentioned [40]. Due to the analogies between 

hydrogen bond and halogen bond it is expected that PDMA could also self-

assemble with halogen bond donors. If this hypothesis is proved correct it will lead 

to a new addition to the list of polymers that can be used to design halogen-bonded 

supramolecular polymer self-assemblies. 

In this master thesis work the main focus has been the characterization of the 

supramolecular interaction of the monomer N,N-dimethylacrylamide with various 

iodoperfluorocarbons, to obtain a model system for the self-assembly of the 

polymer. Corresponding systems using hydrogen bond donors have been 

characterised to compare the two interactions. Studies have also been made on the 

possibility to obtain ternary co-crystals between N,N-dimethylacrylamide and both 

an halogen and an hydrogen bond donor. Finally, along the studies on the model 
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system, preliminary experiments on poly(N,N-dimethylacrylamide) halogen-

bonded complexes have also been performed. 
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2 Materials and Methods 

2.1. Materials and Solvents 

The halogen-bonded complexes were prepared with both the monomer and the 

corresponding polymer: N,N-Dimethylacrylamide – 99%, contains 500 ppm 

monomethyl ether hydroquinone as inhibitor – Sigma-Aldrich; Poly(N,N-

dimethylacrylamide), DDMAT terminated - Average Mn 10,000, PDI ≤1.1 – Sigma-

Aldrich.  

The following molecules were used as halogen bond donors: Perfluorohexyl Iodide 

98% (Apollo Scientific); Heptadecafluoro-1-Iodooctane (Fluka Analytical); 

Perfluorodecyl Iodide (Apollo Scientific); Perfluorododecyl Iodide (Apollo 

Scientific); 1,4-Diiodoperfluorobenzene (Apollo Scientific); 1,2-

Diiodotetrafluoroethane (Apollo Scientific); 1,4-Diiodooctafluorobutane (Apollo 

Scientific); 1,6-Diiodododecafluorohexane (Apollo Scientific); 1,8-

Diiodoperfluorooctane (Apollo Scientific); Iodopentafluorobenzene (Fluorochem). 

The following molecules were used as hydrogen bond donors: 

Ethylene Glycol (Fluka); Phenol (Sigma-Aldrich); Hydroquinone (Carlo Erba 

Reagents). 

In the preparation and the analysis of the complexes the following solvents were 

used: Chloroform (Carlo Erba Reagents); Dichloromethane (Carlo Erba Reagents); 

Acetone (Carlo Erba Reagents); Acetonitrile (Carlo Erba Reagents); 
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Tetrahydrofuran (Fisher Chemical); Chloroform-d – 99.8 atom % D – Sigma Aldrich; 

n-Pentane, 98% (abcr); 2,2,2-Trifluoroethanol - analytical standard, for NMR 

spectroscopy (Sigma Aldrich); Trifluoroacetic acid for synthesis (Sigma Aldrich); 

Deuterium oxide 99.9 atom % D (Sigma Aldrich). 

All the chemicals have been used without further purification.  
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2.2. Preparation of N,N-Dimethylacrylamide Binary 

Samples 

N,N-dimethylacrylamide (DMA) has been chosen as model compound for 

poly(N,N-dimethylacrylamide) (PDMA). Its ability to act as a halogen bond 

acceptor has been first evaluated by preparing binary mixtures with various 

iodoperfluorocarbons. 

Since the oxygen of the carbonyl can form one or two halogen bonds [47], [48], to 

determine the binding mode with halogen bond donors samples have been 

prepared at different ratios between the DMA and XB donor, with 1 or 2 equivalent 

of iodine atoms per carbonyl group. 

For the ditopic halogen bond donors, α,ω-diiodoperfluoroalkanes (DIPFn n = 

number of C atom in the molecule = 2, 4, 6, 8) and 1,4-diiodotetrafluorobenzene 

(DITFB) were chosen, and the hypothesis was made that both iodine atoms of the 

molecules form XB; samples were prepared at two stoichiometric ratios between 

DMA and the XB donor: 2 : 1 for the hypothesis of monodentate oxygen, and 1 : 1 

for the hypothesis of bidentate oxygen. 
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Figure 2.1: Scheme of the DMA complexes with ditopic XB donors. 

For the monotopic halogen bond donors, 1-iodoperfluoroalkanes (IPFn n = number 

of C atom in the molecule = 6, 8, 10) and iodopentafluorobenzene (IPFB), were used. 

Samples were again prepared at two stoichiometric ratios between DMA and the 

XB donor: 1 : 1 for the hypothesis of monodentate oxygen and 1 : 2 for the hypothesis 

of bidentate oxygen. 
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Figure 2.2: Scheme of the DMA complexes with monotopic XB donors. 

DMA is liquid at room temperature, and it can act as solvent with 1-

iodoperfluorohexane (IPF6), 1-iodoperfluorooctane (IPFO), 1,2-

diiodoperfluoroethane (DIPF2), 1,4-diiodoperfluorobutane (DIPF4), 1,6-

diiodoperfluorohexane (DIPF6), and iodopentafluorobenzene (IPFB), which are 

also liquid at room temperature, and 1,8-diiodoperfluorooctane (DIPFO), solid at 

room temperature. In the preparation of the complexes with these XB donors the 

two components have simply been mixed, without the use of any additional solvent. 

The mixtures were then left overnight and analysed. 

DMA was instead not able to dissolve 1,4-diiodotetrafluorobenzene (DITFB) and 1-

iodoperfluorodecane (IPF10), and their preparation required the use of chloroform. 

Two different crystallization methods were used to obtain their complexes, both 
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carried out by isothermal evaporation of the solvent at room temperature. The first 

was called fast solvent evaporation: the XB donor was dissolved in chloroform, and 

DMA was added to the solution. The vial with the mixture was covered with 

parafilm, some holes were made in the parafilm, and the vial was left under hood 

for solvent evaporation. In the second one, called slow solvent evaporation, the XB 

donor was dissolved in chloroform using the minimum quantity of solvent 

necessary, and DMA was added to the solution. The vial with the mixture was then 

put in jars containing paraffin oil for the solvent evaporation, to carry the 

crystallization process in a controlled atmosphere saturated with solvent vapours.  

Slow solvent evaporation was also performed on solutions of N,N-

dimethylacrylamide/1,4-diodotetraflurobenzene using different solvents instead of 

chloroform: dichloromethane, acetone, acetonitrile and tetrahydrofuran.  

The behaviour of DMA with the corresponding hydrogen bond donors of some of 

the XB donors used was also studied, to understand what differences another non-

covalent have on the self-assembly. Three HB donors were used: phenol (PH) as the 

counterpart of iodopentafluorobenzene, hydroquinone (HQ) as counterpart of 1,4-

diiodotetrafluorbenzene, and ethylene glycol (EG) as counterpart of 1,2-

diiodoperfluoroethane. The samples were prepared only considering a 1 : 1 ratio 

between OH and CO groups. Ethylene glycol was mixed directly with DMA, while 

for phenol and hydroquinone the slow solvent evaporation procedure was 

followed. 
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Figure 2.3: Scheme of the DMA complexes with HB donors. 
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2.3. Preparation of N,N-Dimethylacrylamide Ternary 
Samples 

As seen in the introduction a study on a model system of N-methylacetamide with 

DITFB has shown that orthogonal XB and HB can form on the carbonyl atom, and 

it was reasoned that it was worth to explore this possibility also in the system with 

DMA. Ternary solutions with N,N-dimethylacrylamide and one halogen bond 

donor and one hydrogen bond donor were also prepared.  

Three samples were made, using an XB donor and its corresponding HB donor: the 

first was N,N-dimethylacrylamide/ethylene glycol/1,2-diiodoperfluoroethane 

(DMA/EG/DIPF2), prepared mixing directly the three liquid components; N,N-

dimethylacrylamide/phenol/iodopentafluorobenzene (DMA/PH/IPFB) and N,N-

dimethylacrylamide/hydroquinone/1,4-diiodotetrafluorobenzene 

(DMA/HQ/DITFB), were instead prepared with the slow solvent evaporation 

procedure. 
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Figure 2.4: Scheme of the DMA ternary complexes. 
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2.4. Preparation of Poly(N,N-dimethylacrylamide) 
Samples 

Along the study of the model with the monomer, preliminary attempts to obtain co-

crystals of poly(N,N-dimethylacrylamide) with various XB donors have been made. 

All the samples prepared with poly(N,N-dimethylacrylamide) were made 

considering a 1 : 1 ratio between carbonyl groups and iodine atoms; given the 

molecular weight of the polymer (Mn=10.000) approximately 100 carbonyl groups 

are present on each chain, and thus the corresponding quantity of XB donor has 

been used. Different procedures were explored for the synthesis of these complexes. 

The first method used was slow isothermal evaporation of the solvent at room 

temperature. With this method samples were prepared with 1-iodoperfluorohexane 

(IPF6), 1-iodoperfluorodecane (IPF10) and 1-iodoperfluorododecane (IPF12). 

PDMA and the XB donor were dissolved separately in chloroform, and the solutions 

were then mixed. The mixture was stirred for 24 hours, then the vials containing the 

solution were put into jars containing chloroform to achieve crystallization in an 

atmosphere saturated with vapours of the solvent. The crystallization was carried 

out for approximately three weeks, after which the vials were removed from the 

jars, the samples dried completely under hood and then analysed. 

The second procedure was fast isothermal evaporation of the solvent under hood, 

a faster process in non-controlled atmosphere. Samples were prepared with a wider 

range of halogen bond donors: 1-iodoperfluorohexane (IPF6), 1-

iodoperfluorooctane (IPF8), 1-iodoperfluorodecane (IPF10), 1,8-

diiodoperfluorooctane (DIPF8) and 1,4-diiodotetrafluorobenzene (DITFB). A 

sample was also prepared with 3-pentadecylphenol (PDP) to have a comparison 
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with the hydrogen bonded complex seen in the article by Faber et al. [46]. PDMA 

and the XB donor/PDP were dissolved separately in chloroform, and the solutions 

were then mixed. The mixture was stirred for 2h, then the vial with the solution was 

covered with parafilm, in which holes were made using a needle, and left under 

hood for solvent evaporation. 

The third procedure used was melting. Due to the high temperatures of this method 

and the volatility of shorter iodoperfluoroalkanes, samples were prepared using 1-

iodoperfluorodecane (IPF10), 1-iodoperfluorododecane (IPF12) and 1,4-

diiodotetrafluorobenzene (DITFB). PDMA and the XB donor were put together in a 

vial and mixed with a spatula. The mix was than heated at 200°C, the melting 

temperature of the polymer, and kept at this temperature for 5 min. After cooling 

the mixture was mixed again with a spatula, and the process was repeated 5 times. 

 

Figure 2.5: Scheme of the PDMA complexes prepared with XB donors.  
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2.5. Differential Scanning Calorimetry 
Differential scanning calorimetry (DSC) is a fundamental technique in thermal 

analysis. It is based on the measure of the difference in heat flow rate against 

temperature between the sample and a reference during a controlled temperature 

program. It can be used to measure the characteristic temperatures of the sample, 

like melting and crystallization temperatures, and secondary transitions like glass 

transition, heat capacity of the material and so on. Since heat flow can’t be measured 

directly, it is actually the difference in temperature between the sample and a 

reference that is actually used to calculate the heat flow. [49]  

DSC was utilized to assess the formation of a complex between DMA and the 

various halogen bond donors through the presence of melting and crystallization 

peaks not ascribable to the monomer nor the XB donor, and to determine the 

stoichiometry of said complex through the absence or the eventual presence of the 

peaks of the starting compounds. 

DSC analyses were performed on a METTLER TOLEDO DSC823e module, using 

40ul aluminium pans for the sample and the reference. The results were evaluated 

using the STARe software 12.  
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2.6. Infrared Spectroscopy 
Infrared (IR) spectroscopy is a fundamental tool in chemical spectroscopy, and the 

observation of vibration shifts can be very useful to establish the formation of XB. It 

is a vibrational spectroscopy, as IR absorption in molecules is associated with 

various kind of vibrations, which can be due to changes in bond length or in bond 

angle. An IR spectrum can be divided in two regions: the group frequency region 

between about 3600 and 1250 cm-1, through which is possible to identify what 

functional groups are present in a molecule, and the fingerprint region between 

1250 and 600 cm-1, where small differences in the molecule structure are associated 

with significant changes in the absorption behaviour, and so can be used to easily 

identify a known molecule. [50] 

2.6.1. ATR Infrared Spectroscopy 

Attenuated total reflectance (ATR) - IR spectroscopy is a technique that can be used 

to acquire IR spectra with a wide variety of samples and almost no preparation and 

it is based on the phenomenon of total internal reflection. 

In ATR-IR the infrared light is shone on a transparent crystalline material with high 

refractive index in condition of total internal reflection; the sample is placed above 

this material, and the radiation is reflected, and thus partially absorbed, multiple 

times before reaching the detector. The spectra obtained are similar to those 

obtained through classic IR-spectroscopy. [50] 

To characterize XB formation IR spectroscopy is used to monitor the stretching 

modes of the C—F bond in the 1200-1000 cm-1 region and the shift of the C—I bond 

in the far region, and concerning DMA, iodine coordination with the oxygen of a 
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carbonyl bond can be detected through a red-shift of the C=O stretching peak and 

a blue-shift of the C—N stretching signal [9].  

ATR-IR analyses were performed using a VARIAN 640-IR, and the results were 

evaluated using the Omnic 8.3 software.  
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2.7. Nuclear Magnetic Resonance Spectroscopy 

Nuclear magnetic resonance (NMR) spectroscopy is one of the techniques of choice 

in investigating XB. Certain atoms with non-zero spin, like 1H, 13C, 19F and 31P, 

possess a magnetic moment oriented alongside the axis of spin; when the nucleus 

is brought into an external magnetic field, its magnetic moment becomes orientated 

in different directions depending on its quantum state. The potential energy of a 

nucleus is proportional to the external magnetic field and related to its quantum 

state, thus the application of an external field causes a splitting in the energy levels 

of the nucleus. Transition between energy states can then happen by absorption or 

emission of electromagnetic radiation with a frequency corresponding to that 

energy gap. 

The frequency of the radiation absorbed by a certain nucleus is affected by its 

chemical environment, an effect called chemical shift. The chemical shift is due to 

the fact that the electrons that circulate around a nucleus create a small magnetic 

field, that opposes the applied one; the internal field is proportional to the applied 

field and to a screening constant, that is determined by the electron density and its 

distribution around the nucleus: the more a nucleus is shielded, the stronger the 

field that needs to be applied or the frequency of the oscillator. Chemical-shift 

resonances also present a superimposed effect called spin-spin splitting, that is due 

to interaction of a nucleus with the magnetic moments of adjacent ones; the 

multiplicity, that is the number of split peaks observed for a nucleus, depends on 

the number of non-equivalent nuclei adjacent to it. This effect is also independent 

of the applied field, so it can be easily distinguished form the chemical-shift by 

changing the applied field. [50] 



36 2| Materials and Methods 

 

 

19F NMR is particularly useful to study the formation of XB, due to the high 

sensitivity and wide chemical shift range of this nucleus. With 

iodoperfluorocarbons, a shift up-field of the signal of the fluorine atoms next to 

iodine is an indication of the formation of the bond. [18] 

2.7.1. NMR Spectroscopy of Solid Halogen-bonded DMA Complexes 

The solid binary complexes of DMA, that are N,N-dimethylacrylamide/1-

Iodoperfluorodecane and N,N-dimethylacrylamide/1,4-diiodotetrafluorobenzene, 

have been prepared by diluting 10 mg of the sample in 0,5 ml of deuterated 

chloroform. As internal reference a solution containing 100 µl of 2,2,2-

Trifluoroethanol in 1 ml of deuterated chloroform was prepared, and 10 µl were 

added to the solution in the tube; this reference was used both to fix the values of 

the 19F spectra and to determine the stoichiometry of the samples. The spectra of 

the pure starting compounds were collected by maintaining the concentration of 

DMA and XB donor in chloroform-d the same as for the complexes, to partially 

offset the effect of the concentration on the chemical shifts. 

2.7.2. NMR Spectroscopy of Liquid Halogen-bonded DMA Complexes 

Regarding the liquid samples, to prove that the intermolecular interaction was 

occurs and to have a first indication of its strength, 19F spectra were collected using 

pure samples in a coaxial tube, with an external reference made of trifluoroacetic 

acid diluted in deuterium oxide at a concentration of 5,54×10-3 mol/ml. Reference 

spectra were collected by diluting the XB donors in n-pentane at the same 

concentration as in the complex. 

NMR spectroscopy was performed on a Bruker AV400 spectrometer. Data 

evaluation was done with the MestreNova 10.0 software.  
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2.8. Thermogravimetric Analysis  
Thermogravimetric analysis (TGA) is a technique through which the mass of a 

sample is monitored during a temperature program that can consist of different 

temperature ramps and isothermal holds. 

A thermogravimetric analyzer consists in a precise balance connected to a sample 

pan. The sample pan is inside a furnace, were the temperature is monitored through 

a thermocouple and a dynamic purge gas is passed over the sample to remove gases 

and volatile compounds that are liberated during the process. [51] 

TGA was performed on some of the PDMA binary and ternary complexes, to 

monitor differences in the thermogram with respect to the pure compounds, that 

can be an indication on the formation of an intermolecular interaction. 

TGA were performed on a TA Instruments TGA Q500, using a linear heating ramp 

from room temperature up to 500°C at 5°C/min, and data evaluation was made 

using the Universal Analysis 2000 software.
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3 Results 

3.1. N,N-Dimethylacrylamide Binary Samples 
The samples DMA/DIPF2, DMA/DIPF4, DMA/DIPF6, DMA/DIPF8, DMA/IPF6, 

DMA/IPF8 and DMA/IPFB, prepared without additional solvent, didn’t form any 

precipitate, (figures 3.2 and 3.3), and DSC confirmed that the melting point of these 

complexes is below room temperature. 

Crystallization carried on the N,N-dimethylacrylamide/1-iodoperfluorodecane 

solutions with the two solvent evaporation processes gave similar results with the 

fast and the slow sone. In both cases a white, slightly sticky powder was obtained. 

Crystallization carried on N,N-dimethylacrylamide/1,4-diiodotetrafluorobenzene 

solutions also gave similar results with the two procedures. In the case of the fast 

process small, elongated crystals were obtained. With the slow process better 

crystals were obtained, around 1-2 mm long. (Figure 3.1) Regarding the 

crystallizations carried out with other solvents, dichloromethane gave similar 

results as chloroform, while with acetone, acetonitrile and tetrahydrofuran only 

powdery deposits formed; through IR spectroscopy it was observed that the shifts 

of the C=O were 1-2 cm-1 smaller in the samples prepared with acetone, acetonitrile 

and tetrahydrofuran, and no other difference could be observed in the spectra. 

All three samples with hydrogen bond donors showed no formation of precipitate. 

Though prepared with the slow solvent evaporation, DMA/PH and DMA/HQ were 

liquid at room temperature, and the latter solution also assumed a strong red 
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coloration; proton NMR was performed on this sample, but the presence of all the 

peaks of the starting compounds suggest that the coloration is not due to a chemical 

reaction but due to the formation of the non-covalent interaction. 

 

Figure 3.1: Liquid DMA/DIPFAs 2:1 complexes. From left to right: DMA/DIPF2, 
DMA/DIPF4, DMA/DIPF6, DMA/DIPF8. 
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Figure 3.2: Liquid DMA/IPFAs 1:1 complexes. From left to right: DMA/IPF6, DMA/IPF8, 
DMA/IPFB. 

 

Figure 3.3: Products of slow solvent evaporation co-crystallization of DMA/DITFB 2:1 (left) 
and DMA/IPFD 1:1 (right). 
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3.1.1. Differential Scanning Calorimetry 

DSC analysis was able to give an indication on the stoichiometry of the complexes. 

The DSC of the DMA/DITFB, DMA/IPFD and DMA/DIPF2 in particular (Fig. 3.4-

3.6) show that the complexes with 1 equivalent of iodine atoms per carbonyl have 

new melting and crystallization peaks, while the melting points of the pure 

compounds are absent. The samples with 2 equivalents instead show both new 

melting and crystallization peaks but also the melting peaks of non-bonded 

iodoperfluorocarbons, at slightly lower temperatures due to melting point 

depression caused by the impurities. This suggests that the carbonyl of DMA 

behave as a monodentate halogen bond acceptor. 

 

Figure 3.4: Comparison of the DSC analyses of pure DIPF2 (green), DMA/DIPF2 2:1 (black), 
DMA/DIPF2 1:1 (red) and pure DMA (blue). Method: +25/-100°C, -100/+50°C, +50/-100°C, -
100/+50°C, heating and cooling rate 10°C/min. 
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Figure 3.5: Comparison of the DSC analyses of DMA/DITFB 2:1 (blue), DMA/DITFB 1:1 
(black), pure DITFB (red). Method: 0/+120°C, +120/0°C, 0/+120°C, +120/0°C, heating and 
cooling rate 10°C/min. 

 

Figure 3.6: Comparison of the DSC analyses of pure IPF10 (blue), DMA/IPF10 1:1 (red), 
DMA/IPF10 2:1 (black) and pure DMA (green). Method: +25/+100°C, +100/+25°C, 
+25/+100°C, +100/+25°C, heating and cooling rate 5°C/min. 

DSC was carried out also on the samples with the hydrogen bond donors: N,N-

dimethylacrylamide/phenol, N,N-dimethylacrylamide/hydroquinone and N,N-



44 3| Results 

 

 

dimethylacrylamide/ethylene glycol. In each case, no fusion or crystallization peaks 

could be observed, as opposed to the corresponding halogen-bonded complexes 

with, respectively, iodopentafluorobenzene, 1,4-diiodotetrafluorobenzene, and 1,2-

diiodotetrafluoroethane, which, during the same cooling and heating cycles, were 

able to crystallize. 

3.1.2. FTIR Spectroscopy 

IR spectra were collected for all the samples. As summarized in table 3.1, in each 

sample the peak associated to the C=O stretching resulted red-shifted, while the 

C—N stretching resulted blue-shifted, results compatible to what was observed in 

studies of the interaction between dimethylacetamide and iodine, and that confirm 

that the complex is formed with the oxygen of the carbonyl [52]. The expected shifts 

of the C—F stretching modes were also detected in the 1200-1000 cm-1 region. 

The larger shifts were found for the DMA/DITFB co-crystals, and the complexes 

with diiodoperfluorocarbons showed smaller shifts of the C=O the longer the chain.  
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Table 3.1: ATR-FTIR principal shifts of DMA/DIPFA complexes. 

Sample ν& C=O 

(cm-1) 

𝛿ν&	C=O 

(cm-1) 

ν& C–N 

(cm-1) 

𝛿ν&	C–N 

(cm-1) 

Pure DMA 1647,47 - 1417,46 - 

DMA/DITFB - 2 : 1 1639,88 -7,59 1419,93 2,47 

DMA/DIPF2 - 2 : 1 1643,72 -3,75 1418,95 1,49 

DMA/DIPF4 - 2 : 1 1644,05 -3,42 1419,82 2,36 

DMA/DIPF6 - 2 : 1 1644,66 -2,81 1420,11 2,65 

DMA/DIPF8 - 2 : 1 1644,79 -2,68 1420,52 3,06 
 

 
 

 
 

DMA/DITFB - 1 : 1 1642,15 -5,32 1428,96 11,5 

DMA/DIPF2 - 1 : 1 1643,18 -4,29 1419,62 2,16 

DMA/DIPF4 - 1 : 1 1643,87 -3,6 1420,79 3,33 

DMA/DIPF6 - 1 : 1 1643,96 -3,51 1421,26 3,8 

DMA/DIPF8 - 1 : 1 1644,79 -2,68 1421,44 3,98 

 

Considering the complexes with the monoiodoperfluorocarbons, the same shifts of 

the DMA can be observed, though they are of smaller entity with respect to the 

diiodoperfluoroalkanes, suggesting that the ditopic molecules are more efficient in 

the formation of the complex. No trend related to the length of the perfluorocarbon 

chain seems to emerge (table 3.2). 
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Table 3.2: ATR-FTIR principal shifts of DMA/IPFA complexes. 

Sample ν& C=O 

(cm-1) 

𝛿ν&	C=O 

(cm-1) 

ν& C–N 

(cm-1) 

𝛿ν&	C–N 

(cm-1) 

Pure DMA 1647,47 - 1417,46 - 

DMA/IPFB - 1:1 1645,48 -1,99 1419,49 2,03 

DMA/IPF6 - 1:1 1646,69 -0,78 1420,94 3,48 

DMA/IPF8 - 1:1  1647,35 -0,12 1421,09 3,63 

DMA/IPF10 - 1:1 1646,67 -0,8 1421,46 4,00 
 

 
 

 
 

DMA/IPF6 - 1:2 1646,71 -0,76 1421,42 3,96 

DMA/IPF8 - 1:2  1647,07 -0,40 1421,38 3,92 

DMA/IPF10 - 1:2 1646,56 -0,91 1421,47 4,01 

 

The samples with HB donors showed the same shifts of the DMA, confirming that 

the hydrogen-bonded complexes have also formed with the oxygen of the carbonyl. 

Table 3.3: ATR-FTIR principal shifts of DMA/HB donor complexes. In parenthesis the 
value of the peaks for pure DMA are given. 

Sample ν& C=O 

(cm-1) 

𝛿ν&	C=O 

(cm-1) 

ν& C–N 

(cm-1) 

𝛿ν&	C–N 

(cm-1) 

Pure DMA 1647,47 - 1417,46 - 

DMA/PH 1643,65 -3,82 1421,54 4,08 

DMA/HQ 1643,14 -4,33 1421,53 4,07 

DMA/EG 1644,92 -2,55 1419,89 2,43 
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3.1.3. Nuclear Magnetic Resonance Spectroscopy 

NMR spectroscopy carried out on the liquid complexes of DMA was able to further 

confirm the occurrence of halogen bonding in the samples through shifts of the 

signals of the CF2–I group. Considering for example the 19F spectrum of DMA/DIPF2 

(Fig. 3.7), the signal observed for DIPF2 in n-pentane falls at -52,48 ppm, while the 

complex has it at -56,82 ppm. Looking at all the samples, the changes in chemical 

shift of the peaks of the fluorine atoms close to iodine were between 4,34 and 6,11 

ppm, with respect to solutions of only the XB donors in n-pentane (table 3.4). 

Comparing these values to that found for the pyridine/DIPF2 interaction of 7,32 

ppm [53], it is confirmed that, while still able to form the interaction, carbonyl is not 

as good an XB acceptor as pyridine. 

Table 3.4: Observed chemical shifts of the fluorine atoms close to iodine in the liquid 
DMA complexes. 

Sample 𝛿 -CF2- in n-
pentane  

(ppm) 

𝛿 -CF2- in DMA 

(ppm) 

Δ𝛿 -CF2-  

(ppm) 

DMA/DIPF2 -52,48 -56,82 4,34 

DMA/DIPF4 -58,16 -63,66 5,5 

DMA/DIPF6 -58,4 -64,03 5,63 

DMA/DIPF8 -58,17 -64,28 6,11 

DMA/IPF6 -58,84 -64,66 5,82 

DMA/IPF8 -58,97 -64,13/-64,93 5,16/5,96 
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It is important to note that, as seen for example for the DMA/DIPF8 complex (Fig. 

3.8), the chemical shifts observed for the fluorine atoms farther from iodine are 

much smaller if not completely absent, proof that the large shift observed is caused 

by the formation of the halogen bond and not by dilution effects. 

 

Figure 3.7: 19F-NMR spectrum of DMA/DIPF2 complex (red line) compared to the spectrum 
of DIPF2 in n-pentane (light blue). The peak of TFA was fixed at 75,5 ppm as reference. 
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Figure 3.8: 19F-NMR spectrum of DMA/DIPF8 complex (red line) compared to the spectrum 
of DIPF8 in n-pentane (light blue). The peak of TFA was fixed at 75,5 ppm as reference. 

Regarding the complex with iodopentafluorobenzene (figure 3.9), the observed 

shifts are smaller, but the fact that the larger shift is observed for the fluorine atom 

in para position suggests that this might be due to a charge redistribution over the 

whole ring. 
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Figure 3.9: 19F-NMR spectrum of the DMA/IPFB complex. 

The NMR spectroscopies carried on the solid samples N,N-dimethylacrylamide/1-

iodoperfluorodecane and N,N-dimethylacrylamide/1,4-diiodotetrafluorobenzene, 

being in solution with an interacting solvent like chloroform, showed small changes 

in chemical shifts, 0,10 ppm in the case of  the DMA/IPF10 sample and 0,22 ppm in 

the case of DMA/DITFB.  
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3.2. N,N-Dimethylacrylamide Ternary Samples 

The samples N,N-dimethylacrylamide/phenol/iodopentafluorobenzene 

(DMA/PH/IPFB) and N,N-dimethylacrylamide/ethylene glycol/1,2-

diiodotetrafluoroethane (DMA/EG/DIPF2) did not show any formation of 

precipitate and were liquid at room temperature.  

The N,N-dimethylacrylamide/hydroquinone/1,4-diiodotetrafluorobenzene 

(DMA/HQ/DITFB) sample instead showed formation of elongated crystals, similar 

to those obtained with DMA/DITFB, inside a red liquid phase, similar to the one 

observed with DMA/HQ. 

3.2.1. FTIR Spectroscopy 

FTIR spectra of each of the ternary samples showed the expected shifts of the C=O 

stretching and the C-N stretching of the DMA, with a particularly strong red shift 

of 11 cm-1 for the carbonyl in the DMA/PH/IPFB sample. It was also possible to 

observe peak shifts for the other two compounds present, the HB donor, and the XB 

donor. Analysis of the crystals found in DMA/HQ/DITFB showed that they 

consisted of the DMA/DITFB binary complex. 

3.2.2. Differential Scanning Calorimetry 

Through DSC of these ternary samples, it was possible to observe the peaks 

associated to the binary halogen-bonded complexes, but also the presence of small 

quantities of non-bonded perfluorocarbons. Considering what was reported for IR 

spectroscopy it is possible to advance the hypothesis that the DMA/XB complex has 

formed, and while it is possible that also the DMA/HB one is present, it can be 
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concluded that the ternary complex with DMA as both XB and HB acceptor has not 

formed.
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3.3. Poly(N,N-dimethylacrylamide) Samples 

The samples obtained through isothermal solvent evaporation showed different 

results depending on the IPFC used. PDMA/IPF6 resulted in a slightly yellow film, 

malleable and adherent to the walls of the vial. The PDMA/IPF8 sample instead 

consisted of a sticky paste. The samples of PDMA/IPF10 and PDMA/IPF12 both 

formed a slightly sticky powder. Finally, the PDMA/DITFB one formed a compact 

film strongly adherent to the walls of the vial.  

In the case of the PDMA/IPF10 sample obtained through melting the mixture had 

assumed a yellow/orange tint, and IR spectroscopy showed smaller shifts with 

respect to the samples prepared with the other methods. This is probably due to the 

degradation of IPF10 due to the high temperature, with loss of iodine. Similar 

results were observed with IPF12 and DITFB, so it can be concluded that this 

method is not suitable for the self-assembly of PDMA with iodoperfluorocarbons. 

3.3.1. FTIR Spectroscopy 

IR analysis was performed on all the samples with XB donors and on the one with 

3-pentadecylphenol. 

Pure PDMA was dried before the analysis by heating it at 100°C and under vacuum 

for 30 minutes. 

Comparison of the IR spectra of the PDMA/IPF10 samples obtained with different 

methods showed larger shifts of the C=O stretching with slow isothermal solvent 

evaporation, suggesting that better complexation is achieved with this method.  
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The shift reported in (table 3.5) were observed; regarding the signal of the carbonyl 

stretching, in the article by Faber et al. [46] the peak is reported at 1642 cm-1, while 

the value obtained with PDMA/PDP was similar to what was measured, so residual 

amounts of water were probably still present in the analysed polymer, and the 

actual shifts of the samples are larger than what indicated in the table.  

In the PDMA/IPF6 sample no signals of the IPF6 could be detected, meaning that in 

the slow solvent evaporation process used the volatile iodoperfluorocarbon 

evaporated almost completely before formation of the complex. 

Table 3.5: C=O stretching peaks shifts observed in the PDMA complexes. 

Sample ν& C=O 

(cm-1) 

𝛿ν&	C=O 

(cm-1) 

Pure PDMA 1627,05 - 

PDMA/IPF6 1616,10 -10,95 

PDMA/IPF8 1613,85 -13,20 

PDMA/IPF10 1614,80 -12,25 

PDMA/DITFB 1617,86 -9,19 

PDMA/DIPF8 1623,59 -3,46 

PDMA/PDP 1618,50 -8,55 

 

Some of the samples were also analysed in the far range, and for the PDMA/DITFB 

sample a red-shift of about 4 cm-1 of the C-I was observed (Fig 3.10). 
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Figure 3.10: IR spectrum comparison in the far range of pure DITFB (purple), PDMA/DITFB 
(red), and pure DMA (green). The observed C-I shift has been highlighted. 

3.3.2. Thermogravimetric Analysis 

TGA was performed on all the PDMA binary complexes, but it was useful to 

determine the formation of a complex only for the diiodoperfluorocarbons (figure 

3.11). One common feature of all thermograms though was the absence of weight 

loss around 100°C associated to water evaporation: upon formation of the halogen 

bond the absorbed water is expelled, meaning the halogen bond is able to prevail 

on hydrogen bond.  



56 3| Results 

 

 

 

Figure 3.11: TGA of the PDMA/DITFB sample obtained through fast crystallization. The 
different trend in the curve of PDMA/DITFB (red line) with respect to pure DITFB (green 
line), suggest partial complexation of the iodoperfluorocarbon. The curve of pure PDMA is 
also shown (blue line) 

3.3.3. Differential Scanning Calorimetry 

DSC was performed on the PDMA/IPF8, PDMA/IPF10 and PDMA/DITFB samples, 

heating from 0 to 120°C and cooling from 120 to 0°C, at 10°C/min, for two runs. In 

the case of PDMA/IPF8 no fusion or crystallization peaks could be detected, 

compatible with the paste-like consistency observed, and the peaks of pure IPF8 

were not detected. In the curve of PDMA/IPF10 a fusion peak was observed at 

64,98°C, that is also present in the second run at 63,68°C, although smaller; the 

melting point of pure IPF10 is around 66°C, so it is difficult to conclude that what is 

observed is the melting peak of the complex. Regarding PDMA/DITFB, a small 

fusion peak at 48,5°C was present in in the first run, while the fusion peak of pure 

DITFB around 107°C was absent; the lower melting point is consistent with what 
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was observed in the model with DMA and confirms the formation of the 

supramolecular complex.
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4 Conclusions 

The preparation and characterization of the model system with N,N-

dimethylacrylamide and various halogen bond donors has been performed with 

positive results. 

Through differential scanning calorimetry the appearance of new fusion and 

crystallization peaks, particularly evident in the DMA/DIPF2 liquid complex and in 

the DMA/IPF10 and DMA/DITFB solid complexes, were detected, first evidence of 

the formation of a supramolecular interaction between the monomer and the 

halogen bond donor. Through these analyses it was also possible to determine that 

the oxygen of the carbonyl acts as a monodentate XB acceptor site.  

The occurrence of halogen bond interaction was confirmed with IR spectroscopy, 

where the expected shifts of C=O, C–N and C–F signals were observed in all the 

samples, compatible with the formation of an O···I bond. The larger shifts observed 

in the complexes with ditopic XB donors with respect to the monotopic ones suggest 

that stronger complexation is achieved with the former. 

Through 19F-NMR of the pure liquid complexes it was possible to confirm the 

formation of the interaction through the large, up-field, shifts of the signal of the 

fluorine atoms close to the iodine atom involved in the XB. Small shifts were also 

observed in the spectra of the solid DMA/IPF10 and DMA/DITFB complexes. 

The first studies on the ternary complexes seem instead to show that C=O is not 

able to act as a site for orthogonal XB and HB, since, while IR spectroscopy shows 
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peak shifts for all the components, the fusion and crystallization peaks observed 

with DSC indicate that only the binary halogen-bonded and hydrogen-bonded 

complexes have formed. 

The occurrence of the interaction has been proved, but the model system of N,N-

dimethylacrylamide with the iodoperfluorocarbons can be explored further: 

through NMR titration the equilibrium constants of the various complex formations 

can be determined, and cryo-crystallization can be attempted on the DMA/DIPF2 

liquid complex, with the hope to determine a new crystal structure. Following the 

article by Le, Wang and Goto [40], study on the polymerization of DMA with the 

different iodoperfluorocarbons is an interesting perspective. Since complexes both 

liquid and solid have been obtained, photopolymerization experiments both in 

solution and in solid phase can be attempted, to investigate the effect of the length 

of the perfluorocarbon chain and of the number of XB donor sites on molecular 

weight, polydispersity, tacticity, and structure of the final polymer. 

The first experiments performed on poly(N,N-dimethylacrylamide) were able to 

confirm the formation of the interaction with all the iodoperfluorocarbons through 

FTIR spectroscopy, and for the PDMA/DITFB complex further proofs were obtained 

with TGA and DSC. 

To conclude, this master thesis work has shown, first through characterization of 

the model system with DMA and then with the first studies on the polymer, that 

PDMA can successfully form halogen-bonded supramolecular complexes with a 

variety of iodoperfluorocarbons. To the best of my knowledge no reports on the 

self-assembly of poly(N,N-dimethylacrylamide) with halogen bond are present in 

literature, so the results drawn from this work open new possibilities in the design 

of halogen-bonded supramolecular polymer systems.
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