
I 
 

 

UNIVERSITÀ DEGLI STUDI DI NAPOLI “FEDERICO II” 

Dipartimento di Ingegneria Chimica, dei Materiali e 

della Produzione Industriale 

 

Dottorato di ricerca in Ingegneria Chimica 

XXV CICLO 

Deformation of surfactant vesicles in shear flow 

 

 

 

 

  

Scientific committee 

Prof. Stefano Guido 

Ing. Sergio Caserta 

Ing. Vincenzo Guida 

Candidate 

Angelo Pommella 



II 
 

 

 



I 
 

Abstract 

Vesicle dynamics is a multidisciplinary topic of growing scientific interest 

spanning from physics to engineering and biology. While most studies have 

been so far addressed to unilamellar phospholipid vesicles, which can be 

regarded as a model system of living cells, less attention has been devoted 

to multilamellar vesicles, which are an intriguing example of soft matter 

found in surfactant-based everyday life products, such as detergents, 

foodstuff, and cosmetics. In this work, we present the first quantitative 

investigation of the flow behaviour of single SMLVs. We found that 

SMLVs are deformed and oriented by the action of shear flow while 

keeping constant volume, and exhibit complex dynamic modes (i.e., 

tumbling, breathing and tank-treading). Moreover, SMLV deformation and 

orientation scale with radius R in analogy with emulsion droplets and elastic 

capsules (instead of R3 such as in unilamellar vesicles). 

However one of the key issues is how the packed, onion-like microstructure 

of SMLVs is capable of undergoing the large tank-treading deformations 

which are observed under simple shear. By rheo-optical experiments in a 

parallel-plate shear device, we show that tank-treading vesicle deformation 

is associated with a core-shell microstructure, where the former is a pool of 

an isotropic micellar phase and the latter is made of smectic lamellar layers. 

The outer shell is rearranged by convection with accumulation at the vesicle 

ends and thinning in the central part, where formation of typical liquid 

crystalline defects (focal conical domains) is found. These results are further 
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supported by the scaling analysis of vesicle retraction upon cessation of 

flow, which can be explained in terms of a dilational energy in the same 

way as the focal conical domain defects. 

A possible application of the physical insight provided by this work is in the 

rationale design of processing methods of surfactant-based systems. These 

systems can be used in the pharmaceutical applications where different 

catalytic reactions are currently run in batch and homogenous conditions. In 

fact there are different studies aiming to run several catalytic reactions in 

continuous flow reactors and heterogeneous conditions in order to increase 

the efficiency of the process. One of these reactions is the Buchwald-

Hartwig aryl amination that is run in batch and homogenous conditions in 

the industrial applications. In this work the Buchwald-Hartwig reaction is 

reported in a home-made continuous plug flow tube microreactor, using a 

homogeneous well-defined palladium-N-heterocyclic carbene [Pd(NHC)] 

complex. The microreactor enabled a 100% conversion of the reagents 

within 30 minutes, even at very low catalyst concentrations. A direct 

comparison between batch and continuous flow reactions is described and 

shows that the Buchwald-Hartwig reaction is faster in the microreactor than 

in the batch case. An investigation of the influence of the operating 

parameters of the microreactor on the reaction was carried out. Increasing 

temperature allowed a faster conversion of the reagents; moreover, no effect 

on microreactor performance was found by changing tube diameter. The 

dependence of reaction kinetics on reagents and [Pd(NHC)] pre-catalyst 
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concentrations was investigated based on initial reaction rates. The resulting 

expression for the rate of reaction showed some similarities with the one 

reported for palladium-phosphine catalyst, but also some important 

differences. 
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1. Introduction 

Nowadays the surfactant systems take on a great importance in the industrial 

processes; indeed they make up the basis of several commercial products 

such as house and personal care, foodstuff and pharmaceutical products. 

Moreover the surfactant systems raise a great interest in the scientific field 

because of their characteristic features that allow them to create complex 

structures. Surfactants have an amphoteric behaviour due to the presence of 

both a hydrophilic and hydrophobic group chemically linked inside their 

molecule; usually the hydrophobic group (i.e. tail) is made up by 

hydrocarbon chains that could be branch, linear or aromatic while the 

hydrophilic one (i.e. head) is formed by a polar group such as sulphate, 

phosphate or cetyl trimethylammonium bromide (CTAB). Their molecular 

structure lets the surfactants self-assembly creating different phase 

structures when they are dissolved in solvents like water for example. 

Moreover the rheological properties of these surfactant water-based systems 

are closely related to the presence of these structures; in fact a dramatically 

change in the rheology of surfactant systems can happen due to the change 

from a phase structure to another one. These changes are very interesting 

especially in the industrial processes because they could influence the 

design and setup of the industrial equipment. 

In the next paragraphs an overview of the surfactant systems will be 

presented with a brief description of the most important phase structures 

(i.e. micellar and lamellar phase, multilamellar vesicles); consecutively an 
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introduction on the organic Buchwald-Hartwig (B-H) reaction will be 

presented. This reaction is currently run mainly in homogenous batch 

reactors with a great waste of the precious catalyst in the industrial 

applications. Consequently a great interest is recently grown towards B-H 

applications in continuous flow reactors working in heterogeneous systems 

in order to increase the productivity. The heterogeneous conditions can be 

obtained through the use of inorganic solvents together with the organic 

ones actually used; in this way great importance is acquired by surfactants 

and their phase structures in order to stabilize the reaction medium and 

improve the mass transfer between the two liquid phases. Moreover the use 

of different reaction conditions require new types of catalyst more efficient 

and stable than the ones actually used in the B-H reaction. Therefore in the 

following paragraphs a new type of catalyst is introduced and a description 

of continuous microfluidic devices is provided. 

1.1. Surfactant phase structures 

In water solutions ionic-surfactants tend to form aggregates from the 

micelles to the more complex series of mesomorph phases, referred to as 

liquid crystalline phases, depending on several parameters such as surfactant 

concentration and temperature. In Figure 1 some of the phase structures (a) 

present in a phase diagram (b) of a surfactant-water system are shown. 
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Figure 1. Phase structures
1
 (a) and phase diagram

2
 (b) of a surfactant – water 

system. 

It can be seen in Figure 1b the strong influence of the temperature and the 

surfactant concentration on the existence of the different equilibrium 

phases.
2
 

The presence of a particular phase structure in some conditions of the 

system is due to the competition between two opposite effects as shown in 

Figure 2; the heads solvation leads the surfactant molecule to separate 

themselves because of the repulsion among the hydrophilic heads while the 

attraction among the hydrophobic tails drives the aggregation of the 

surfactant molecules. 
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Figure 2. Picture of the principal forces governing the surfactant aggregation. 

At very low surfactant concentration the repulsion forces prevail on the 

attraction ones and the molecules stay isolated in water; when the 

concentration is increased different aggregates, such as the micelles, start 

appearing because the attraction forces become more important. At high 

surfactant concentration more complex phase structures are present and the 

attraction forces prevail on the repulsion ones.
3
 

A way to predict the presence of a specific phase structure at given 

conditions is the evaluation of the following dimensionless numbers:
4
 

Packing parameter    
 

    
  based on the packing properties of the 

surfactant molecules where v is the volume of the hydrocarbon chain, a0 is 

the head-group area and lc is the maximum effective length that the chain 

can assume; 

Hydrophilic-lipophilic balance        
  

 
  where Mh is the molecular 

mass of the hydrophilic portion of the molecule and M is the molecular mass 

of the entire molecule. 
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In the surfactant water-based systems the packing parameter is usually 

preferred to the hydrophilic-lipophilic balance that is traditionally used to 

designate amphiphiles that form oil-in-water (O/W) or water-in-oil (W/O) 

micelles; however there is a linear proportionality between P and HLB.
5
 

In Figure 3 the influence of several parameters (temperature, PH, molecular 

structure) is reported for the evaluation of the P and HLB number and 

consequently of the forces between the head-groups and the chains. 

 

Figure 3. Influence of different parameters on the P and HLB number.
4 

In Figure 3 it’s visible how the external conditions of the system 

(temperature, PH) can change the interactions among the surfactant 

molecules. This influence cause the presence of specific phase structures in 

the surfactant water-based systems; in fact in Figure 4 it’s shown the 
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equilibrium phase structures present at different values of the P and HLB 

number. 

 

Figure 4. Several phase structures at different P and HLB number.
4 

Figure 4 shows the gradation in preferred structures with increasing P from 

micelles (1/3 < P < 1/2) to various interconnected structures to vesicles (1/2 

< P < 1) and extended bilayers (P ≈ 1) and finally to a family of “inverted” 

structures (P > 1) that are more common in presence of non-polar solvents.
4
 

We shall now consider the more important structures in turn. 

1.1.1. Micellar phase 

The micellar or L1 phase is characterized by the presence of aggregates 

(micelles) without any order about their orientation and position in solution; 

this phase shows the simplest kind of aggregates and it’s usually found at 

low surfactant concentration in the phase diagrams. Every surfactant has a 
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minimum concentration below which the micelles don’t exist and the 

surfactant molecules stay isolated in the solvent without self-aggregating; 

this concentration is called Critical Micelle Concentration (CMC) and its 

value depends on several parameters such as the surfactant molecule and the 

temperature.
4, 6

 

As shown in Figure 5 the micelles can be spherical (top) or cylindrical 

(bottom) depending on the surfactant molecular structure and the solvent 

ionic strength especially. 

 

Figure 5. Spherical and cylindrical micelles.
2 

In order to know which kind of micelles are present in a surfactant solution, 

an evaluation of the dimensionless number P can be made: 

P ≤ 1/3 spherical micelles; 
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1/3 ≤ P ≤ 1/2 cylindrical micelles. 

However, regarding the geometrical point of view, the generation of 

spherical micelles is possible until their radius is longer than surfactant tails 

otherwise cylindrical micelles will be present in the solution.
6
 

The presence of spherical or cylindrical micelles influences the rheological 

behaviour of the surfactant systems. Indeed solutions with spherical 

micelles are usually newtonian with a viscosity slightly higher than the 

solvent one as well as in the case of suspensions of rigid spheres where the 

Einstein theory is valid
3
 (Figure 6). 

 

Figure 6. Influence of the hydration effect on the viscosity. 

The difference shown in Figure 6 is that for spherical micelles the hydration 

effects must be considered for the evaluation of the viscosity while these 

effects are neglected in the case of the suspensions. 

On the other hand the presence of cylindrical or worm-like micelles cause a 

viscoelastic behaviour in the rheological properties of the surfactant 
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solutions as well as in the polymeric systems. This behaviour is shown when 

the surfactant concentration is high enough to let the micelles overlap 

generating entanglements among them.
2
 In Figure 7 the interactions among 

the cylindrical micelles are shown varying the surfactant concentration. 

 

Figure 7. Interactions among the cylindrical micelles.
2 

This situation is similar to that observed with polymer solutions, and the 

viscosity of worm-like micelles can be analysed in terms of the motion of 

micelles using the reptation model of polymer systems. In this case, the 

micelles creep like a ‘‘snake’’ through tubes in a porous structure given by 

the other micelles.
2
 A typical viscosity (left) with the elastic and viscous 

moduli (right) of surfactant systems showing cylindrical micelles
7
 are 

shown in Figure 8. 
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Figure 8. Rheology of the micellar phase.
7
 

Despite of the similarity the polymers and the cylindrical micelles have a 

significant difference; in fact the polymers have a fixed length distribution 

of their chains due to their chemistry while the micelles can change their 

length breaking and recombining themselves under different conditions; this 

is the reason the worm-like micelles are called living polymers too. 

1.1.2. Lamellar phase 

The lamellar or L phase shows a sort of order about the orientation of the 

surfactant aggregates and is considered a liquid crystal phase. This phase is 

built of bilayers of surfactant molecules alternating with water layers as 

shown in Figure 9. 
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Figure 9. Surfactant bilayers.
2
 

The thickness of the bilayers is somewhat lower than twice the surfactant 

molecule length. The thickness of the water layer can vary over wide 

ranges, depending on the nature and the concentration of the surfactant.
2
 

The surfactant bilayer can range from being stiff and planar to very flexible 

and undulating. Lamellar phases often extend down to ≈50% surfactant. 

Below this, the stable phase changes to an isotropic micellar solution or 

other equilibrium phases.
1
 

Regarding the rheology, the lamellar phase shows a viscoelastic behaviour 

with a shear-thinning viscosity. Moreover there is a deep influence between 

the lamellar phase materials and the flow-history they are subjected; indeed 
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it’s known the flow can induce a strong alignment of the lamellae making 

disappear some defects that could be present in this phase.
8
 

1.1.3. Vesicles 

Although extended planar bilayers are a thermodynamically favourable 

option for the association of some surfactants in aqueous solution, under 

certain conditions it is more favourable to form closed bilayer systems, 

leading to the existence of membranes and vesicles.
4
 Such a situation arises 

from two basic causes: 

(1) even large, highly extended planar bilayers possess edges along which 

the hydrocarbon core of the structure must be exposed to an aqueous 

environment, resulting in an unfavourable energetic situation; 

(2) the formation of an infinitely extended structure is unfavourable from an 

entropic standpoint. 

The formation of spherical closed vesicles, then, addresses both those 

factors: the edge effect is removed by the formation of a closed system, and 

the formation of structures of finite size overcomes much of the entropic 

barrier. As long as the curvature of the vesicle is gentle enough to allow the 

packed molecules to maintain close to their optimum surface area, vesicles 

will represent viable structures for the association of surfactants and related 

materials.
4
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1.1.3.1. Unilamellar vesicles  

Most of the literature concerns unilamellar vesicles
9-11

 and it is commonly 

accepted that their deformation can be treated starting from Helfrich theory 

of elasticity of amphiphilic membranes,
12

 which assumes a zero microscopic 

surface tension and quadratic curvature elasticity. A further assumption is 

that unilamellar vesicle volume is constant during deformation, based on the 

fact that, being bilayers only selectively permeable, a change in vesicle 

volume would result in a significant osmotic energy increase. A constant 

volume deformation requires a change in surface area, which could be 

generated by new amphiphiles joining the bilayer, or by the presence of an 

excess area, due to an ”almost spherical” vesicle shape at rest. While the 

latter hypothesis has been tested experimentally on unilamellar vesicles,
13

 to 

our knowledge no similar study exists for surfactant multilamellar vesicles 

(SMLVs). 

1.1.3.2. Multilamellar vesicles 

Since their first appearance in the 1990s
14, 15

 the interest towards 

multilamellar vesicles has been continuously growing and several systems
16-

18
 were studied in order to generate different kinds of vesicles

19
 for several 

applications. Examples are found both in the biomedical field, such as bio-

membrane models
20

 or carriers for drug delivery
21, 22

 and in industrial 

processing, such as phase transfer agents in multiphase chemical 

reactions.
23-25

 So far, most experimental studies were focused on the 

collective behaviour of multilamellar vesicles with the aim of finding 
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scaling relations between  their size and an external flow field by several 

rheo-optical techniques, including small-angle light scattering, nuclear 

magnetic resonance (NMR), small-angle neutron scattering, and polarized 

light microscopy. By equating the shear stress to the elastic stress stored in a 

vesicle, in analogy with the classical work of Taylor on emulsion droplets,
26

 

it was found that the average size of surfactant multilamellar vesicles 

(SMLVs) is inversely dependent on the applied shear rate.
27-29

 On the other 

hand, only a few studies were addressed to the rheological behaviour of a 

single SMLV. From the theoretical point of view, an (effective) SMLV 

surface tension eff
30, 31

 was derived based on the small deformation theory 

in analogy with sheared emulsion droplets or elastic capsules.
32

 It should be 

pointed out that unilamellar vesicles have zero interfacial tension and their 

rheological behaviour can be well described in terms of a bending modulus 

only. 

1.2. Buchwald-Hartwig reaction 

In the last decade, continuous flow operation has become a popular route for 

chemical synthesis, not only for large-scale production, such as in the 

petrochemical industry, but also for fine chemicals, such as in the 

pharmaceutical sector. As notable advantages, continuous-flow processes 

allow for a better control of selectivity and a more efficient handling of 

safety issues.
33-35

 The recent advancement in flow chemistry is also due to 

the optimization and adaptation of known reactions, by using 

microfluidics.
36

 In particular, microreactors exhibit a large number of 
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advantages compared to traditional batch reactors.
37

 We can cite as 

examples the significant enhancement of transport phenomena such as heat 

transfer and mixing processes,
38

 the safety of operations, the precise control 

over residence time, the high surface-to-volume ratio,
36

 the possibility of 

automation and the ease of scale-up operating several devices in parallel.
39

 

At present, for many pharmaceutical industries, where cost and time 

inefficient batch-based systems are employed, continuous flow 

microreactors are becoming of increasing interest. This reactor-type method 

has mostly been developed for cross-coupling reactions
39

 that are widely 

used for the preparation of new drugs and materials.
40-42

 

Cross-coupling products, such as arylamines, arylethers and diaryl ethers 

have reached great commercial importance in the pharmaceutical and in 

other industries, facilitating the construction of building blocks for 

supramolecular chemistry, organic materials and polymers. Among the 

plethora of cross-coupling reactions, the Buchwald-Hartwig (B-H) aryl 

amination reaction
43-49

 is one of the most efficient methodologies to prepare 

arylamines. This transformation involves the coupling of an aryl halide and 

a primary or secondary amine, using palladium as the metal catalyst and a 

relatively strong base (generally an alkoxide salt). One of the accepted 

reaction mechanism follows three steps: i) oxidative addition of the aryl 

halide to the palladium complex, ii) amine association/deprotonation on the 

palladium centre, releasing a halide salt and iii) reductive elimination, 

producing the desired arylamine and regenerating the palladium active 
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catalyst.
50

 The rate equation for the described mechanism is provided in 

equation (1):
50

 

  [    ]

  
 

    

   [ ]
[    ][  ]     (1) 

[ArBr], [L] and [Pd] are respectively the aryl bromide, ligand and 

palladium concentrations and k1, k2 and k-1 are the kinetic rate constants. 

Equation (1) has been developed for BINAP-ligated palladium complexes, 

where BINAP is a bidentate phosphine ligand, and assumes that the 

oxidative addition is the limiting step of the reaction. This rate equation 

shows that the reaction has direct linear first-order dependence on the aryl 

halide and palladium concentrations, an inverse first-order dependence on 

the ligand concentration and a zero-order dependence on the amine 

concentration. 

The choice of operational conditions (substrate, catalyst, base, solvent, 

temperature)
51

 has an influence on the reaction kinetics and the optimization 

of the process.
52

 The choice of the palladium catalyst is also of crucial 

importance when performing the reaction. In the last decade, palladium-

NHC complexes (NHC = N-heterocyclic carbene) have been developed as 

an alternative to the more classical palladium-phosphine systems, notably 

because NHC salts are easy to handle and air-stable in comparison with the 

sometimes air-sensitive phosphines. Moreover, these [Pd(NHC)] complexes 

have proven to display a large number of advantages in cross-coupling 

reactions,
53-59

 allowing the reactivity of deactivated substrates under mild 

conditions, at low catalyst loadings, at room temperature, etc... More 
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specifically, we recently described [Pd(IPr*)(cin)Cl] (1) (IPr* = 1,3-bis(2,6-

bis(diphenylmethyl)-4-methylphenyl)imidazol-2-ylidene) ; cin = cinnamyl, 

phenylallyl) as a very efficient pre-catalyst (pre-catalyst = before activation) 

for cross-coupling reactions,
60

 especially for the Buchwald-Hartwig aryl 

amination reaction.
61

 Despite the high utility and efficiency of these 

palladium-NHC complexes, there are only few examples of their use in 

continuous flow reactors in the literature.
62-65

 

1.3. Scope of the thesis 

In this work of thesis the dynamic behaviour of the SMLVs of a commercial 

surfactant will be investigated. It will be observed how they behave, if they 

deform or not under shear flow. Their possible deformation will be analysed 

by using the well-known theory of the emulsion droplets and then analogies 

and differences between SMLVs and droplets will be investigated. In order 

to understand the mechanism governing the SMLV dynamics, their internal 

microstructure will be investigated at rest and under flow by using different 

microscopy techniques. Afterwards a further study will be carry out on the 

dynamic behaviour of SMLVs under capillary flow and the comparison with 

emulsion droplet behaviour will be shown. 

Moreover a study on a new catalyst of the Buchwald-Hartwig reaction will 

be carry out in a microreactor and its performance will be compared with a 

batch reactor. A further preliminary study on the kinetics will be carry out 

on the new catalyst. Finally a change of the reaction conditions and the 

operative parameters will be investigated.  
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2. Theoretical background 

In this chapter different theoretical models, developed for the emulsion 

droplets, are shown. These models were developed in different flow 

conditions (simple shear flow and tube flow) and will be used to analyse the 

deformation of the surfactant multilamellar vesicles in order to find 

analogies and differences between multilamellar vesicles and droplets. 

2.1. Simple shear flow 

The simple shear flow is a type of laminar flow that is generated by moving 

at a constant velocity vp one of two parallel horizontal planes (see Figure 

10). The shear flow is characterized by the shear rate  ̇ defined as follows: 

 ̇  
  

 
  

where  is the gap between the two plates. 

In Figure 10 the x direction represents the flow direction, the y direction is 

called vorticity axis and the z direction is called velocity gradient axis. 

When a droplet is deformed under simple shear flow, it changes its shape 

from spherical to ellipsoidal. Therefore, when it’s deformed, a droplet 

requires the knowledge of its three semi-axis a, b and c in order to evaluate 

its volume and external surface while for an undeformed spherical droplet 

the knowledge of its radius R is sufficient. The semi-axes a and b  can be 

measured along the vorticity direction while c is visible along the velocity 

gradient direction only (see Figure 10). The axis a’ is the projection of a 

along the velocity gradient axis. Finally the angle between the semi-axis a 
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and the flow direction is defined orientation angle  and can be observed 

along the vorticity direction only. 

 

Figure 10. Schematic of simple shear flow. 

2.1.1. Taylor theory 

The first theoretical studies on the deformation of a single droplet of two 

immiscible newtonian fluids under simple shear flow were carried out by 

Taylor.
26, 66

 He solved the differential equations of the creeping motion for 

undeformed droplet under shear flow, determining that droplet deformation 

depends on two dimensionless parameters only: 

Capillary number    
   ̇ 

 
 

Viscosity ratio   
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where: 

c and d are the viscosities of continuous and dispersed fluid respectively; 

R is the radius of the undeformed droplet; 

 ̇ is the shear rate; 

 is the interfacial tension of the two immiscible fluids. 

The capillary number represents the ratio between the viscous stress    ̇ due 

to the shear flow which tends to deform the droplet and the interfacial stress 

 / R which tends to maintain the undeformed shape of the droplet. 

Taylor found a linear dependence of the drop steady state deformation 

parameter D = (a-b) / (a+b) with the capillary number Ca in the limit of 

small deformation (i.e. Ca → 0):
26

 

  
      

      
          (2) 

The equation (2) allows an easy calculation of the interfacial tension  of 

the pair of fluids. Indeed it states that, in the limit of small deformation, the 

dependence of the deformation parameter D with the shear rate  ̇ is linear. 

Therefore it is possible to obtain the measure of the interfacial tension from 

the slope of the trend of D with  ̇ once the other parameters are known. 

2.1.2. Cox theory 

Taylor theory was later developed by Cox
67

 who studied the dependence of 

D and of the orientation angle  with Ca for  > 1 under simple shear flow. 

Cox found the following correlations: 
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      √               
      (3) 

  
 

 
 

 

 
          

  
       (4) 

Equations (3) and (4) show a levelling off of the trends of D and  at the 

highest values of Ca while they recover the linear dependence in the limit of 

small deformation (i.e. Ca → 0) as previously shown by Taylor. 

Moreover Cox studied the trend of the deformation parameter D with time t 

observing the behaviour of the droplet in a time-dependent simple shear 

flow.
67

 The following correlation in the limit of small deformation (i.e. Ca 

→ 0) was found:
67

 

     [      ( 
   ̇ 

     
)       ̇       ( 

   ̇ 

     
)] (5) 

where Dt is the transient deformation parameter. Equation (5) predicts the 

presence of damped oscillations in the trend of Dt during the start-up of the 

deformation until a steady state value is reached. The Cox theoretical 

predictions were experimentally confirmed in a later work
68

 where a good 

agreement with equations (3) and (4) was found while only a qualitative 

agreement with equation (5) was shown. In fact the predicted damped 

oscillations were observed but there is a phase shift between the predicted 

and the experimental period of the oscillations. This discrepancy is due to 

the fact that equation (5) was developed Ca → 0, while the experiments 

were performed at Ca ≠ 0.
68
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2.1.3. Retraction theory 

The retraction of a deformed drop back to the spherical, equilibrium shape 

at rest has been the subject of several studies in the literature.
69

 In particular 

the retraction of a drop deformed under the action of a shear flow was 

analysed by using the theoretical approach proposed by Rallison in the limit 

of small deformations.
69

 A single exponential decay was then obtained for 

the time evolution of the deformation parameter in the course of retraction 

as follows:
69

 

        ( 
       

              
 
  

   
)     (6) 

According to equation (6), data of ln(Dt / D) vs t should fall on a straight 

line and the scaling of droplets with different radii should be obtained with 

the first power of the radius R. 

2.2. Tube flow 

The first theories regarding the drop deformation were developed under 

simple shear flow. Later other kinds of flow were studied in order to 

understand the behaviour of the immiscible fluids in condition more similar 

to industrial applications. An important type of flow is the one occurring in 

a tube of circular cross section when the inertial stresses are negligible. The 

geometry of the tube is represented in Figure 11. The tube has length L and 

radius Rt and the fluid moves from top to down due to a pressure difference 

P = P0 - PL between the edges. 
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Figure 11. Tube of circular cross section
70 

A system of cylindrical coordinates, r - z where z is the direction of flow 

and r is the radial direction, is used as reference system. Then it is possible 

to perform a balance of forces on an infinitesimal annular volume control, 

limited by two cylinders of length L and radius equal to r and r + dr 

respectively. The only forces acting on the volume control along the axial 

direction are those due to the pressure the viscous stress v along the lateral 

cylindrical surfaces(see Figure 11). Then the balance of forces along the z 

direction provides:
70
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and subsequently: 

 

  
      

       

 
     

Integrating this differential equation we obtain the stress profile along the 

tangential direction: 

   
  

 

 

 
 

  

 
  

The constant of integration C1 must be zero, for otherwise the momentum 

flux would be infinite at the axis of the tube.
70

 The resulting equation will 

be: 

   
  

 

 

 
         (7) 

Equation (7) shows a linear dependence between the stress v and the radius 

r of the tube. Depending on the type of fluid, the stress can be expressed 

through an appropriate constitutive equation. 

2.2.1. Newtonian fluid 

The stress v for a newtonian fluid of viscosity  is expressed by the 

following Newton's law of viscosity: 

    (
  

  
)  

Substituting this relation in the equation (7) the following differential 

equation is obtained:
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This first-order separable differential equation may be integrated to give:
70

 

   
  

   
       

The constant C2 is evaluated considering that v = 0 at r = Rt as boundary 

condition. Then the velocity distribution for laminar incompressible flow of 

a Newtonian fluid in a long tube is:
70
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The volumetric flow rate Q is obtained through a second integration:
70

 

  ∫        
   

 

  

  

 

 

 
      (9) 

Equation (9) is known as Hagen-Poiseuille equation and is valid only for a 

newtonian fluid in laminar flow.
70

 

2.2.2. Non-newtonian fluid 

In the case of non-newtonian fluid the relationship between the stress rz and 

the fluid viscosity can be described by several models. One of the most used 

is the power-law model. For this model, the constitutive relation is:
70
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Replacing this relation in the equation (7):
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Integrating and using the same boundary condition of the newtonian case 

the following velocity profile can be obtained:
70
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and the volumetric flow rate Q is:
70
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In the case of n = 1 the equations (8) and (9) for a newtonian fluid are 

recovered. Instead for n ≠ 1, the viscosity is no more constant with the shear 

rate  ̇  as in the newtonian case; if n < 1 the fluid has a shear-thinning 

viscosity while if n > 1 the viscosity is shear-thickening. 

2.2.3. Hetsroni theory 

Regarding the behaviour of a single droplet of two immiscible newtonian 

fluids under capillary flow (i.e. laminar tube flow) an important work is the 

Hetsroni study.
71

 He used the method of reflection to solve the flow fields 

inside and around an undeformed droplet under Poiseuille flow obtaining 

the following correlation in the limit of small deformation (i.e. Ca → 0) and 

small confinement (i.e. k → 0):
71

  

 

  
   

  

    
               (12) 

where: 

U is the velocity of an axial-symmetric droplet; 

Vm is the mean velocity of the Poiseuille velocity profile; 

k is confinement degree defined as k = R / Rt where R is the radius of the 

undeformed droplet and Rt is the capillary radius. 
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The element O (3
) is a higher order infinitesimal and then can be neglected. 

Equation (12) states that the velocity of the droplet decreases as its 

dimension approaches the capillary dimension while there is a weak 

dependence on the viscosity ratio . Hetsroni theory was experimentally 

validated by other works
72, 73

 where the velocity of the droplets was 

investigated and the flow fields inside and around the droplets were 

observed.
73
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3.  Experimental section 

3.1. Materials  

3.1.1. Multilamellar vesicles  

The material used in this work is an aqueous solution of the commercial 

anionic surfactant linear alkylbenzenesulfonic acid (HLAS). In Figure 12 

the chemical structure of the HLAS molecule is shown. It can be seen the 

presence of the benzene ring linking a sulphonic acid group (hydrophilic 

head) and a linear alkyl group (hydrophobic tail). 

 

Figure 12. HLAS chemical structure. 



29 
 

The phase diagram of HLAS – water solution shows three different regions 

depending on HLAS concentration and the temperature as shown in Figure 

13. 

 

Figure 13. Phase diagram of the HLAS – water system. 

Regarding the temperature all the observations were done at room 

temperature (≈25° C). At this temperature the diagram shows that at low 

HLAS concentration (< 28% wt.) the isotropic micellar L1 phase is present 

only, while the lamellar L phase is the only one present at the highest 

concentration (> 67% wt.). Between them there is the coexistence of both L1 

and L phase and SMLVs can be found.
74,75

 Our samples were provided 

from Procter and Gamble (Pomezia Technical Center, ing. Vincenzo Guida) 

and have a concentration of 33% wt. of HLAS. They show SMLVs of 

different size (ranging from a few to hundreds of micron) which can be 
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easily observed under optical microscopy, in both bright field and polarized 

light. 

3.1.2. Buchwald-Hartwig reaction 

The [Pd(NHC)] pre-catalyst [Pd(IPr*)(cin)Cl] (1) was prepared according to 

the procedure reported in the literature.
60

 Potassium tert-pentoxide (KOtAm) 

was received as a solution in toluene (Aldrich, technical, ~25% in toluene), 

then vacuum dried under inert atmosphere and used as a dried white powder 

under inert atmosphere. 1-methylpiperazine (Aldrich, 99%), 1-bromo-2,4-

dimethylbenzene (Aldrich, 97%), 4,4′-di-tert-butylbiphenyl (Aldrich, 99%), 

decane (Aldrich, ≥99%), toluene (Aldrich, anhydrous, 99.8%), 1,2-

dimethoxyethane (DME) (Aldrich, puriss., dried over molecular sieves 

(H2O ≤0.005%), ≥99.5%) were used as purchased. 

3.2. Methods 

3.2.1. Rheology 

The rheological measurements of the sample were carried out at room 

temperature by a stress controlled rotational MCR 301 rheometer (Anton 

Paar Instruments). A cone-plate 1°/75 mm geometry was used loading 2,5 

ml of solution. Both continuous and oscillatory flow tests were performed. 

3.2.2. Flow Cell 

The rheo-optical apparatus used in this work, which is described in detail 

elsewhere,
76,77

 consists essentially of a shear cell coupled with an optical 

microscope (Axioscope) equipped with a high speed video camera 
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(Phantom 640) and a motorized focus system. The microscope itself is 

mounted on a motorized translating stage, which was used to keep the 

SMLVs within the field of view during the experimental runs. In all the 

experiments, observations were performed in bright field and polarized 

light, using long working distance optics (10x, 20x). The whole apparatus is 

placed on a vibration-isolated table and can be operated in two different, 

interchangeable setups to observe the sample either along the velocity 

gradient or along the vorticity direction. In either setup, simple shear flow is 

generated by displacing the motorized plate with respect to the other one, 

once the opposing surfaces are properly aligned by using a set of rotary and 

tilting micrometric stages. The misalignment is typically less than 5 m 

over the entire surface of the plates. The gap between the plates can be 

adjusted by means of micrometric stages. Shear rates  ̇       where vp is 

the velocity of the moving plate and  is the gap between the two plates 

(Figure 14) were set in the range 0.1 – 10 s
-1

 in order to investigate the 

dynamic behaviour of SMLVs. The experimental deformation of the 

SMLVs is described by using the deformation parameter            

   where a and b are, respectively, the major and minor axis of the 

deformed droplet and the orientation angle  between the major and the 

flow axis in the sheared plane (Figure 14). A deformation parameter 

                , where a’ is the projection of the major axis a and c 

is the third axis of the deformed SMLV, is defined along the velocity 
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gradient view as well as in the vorticity one as shown in Figure 14. The 

three axes are measured by using image analysis techniques. 

 

Figure 14. Schematic of the parallel plate apparatus showing the two directions of 

observation (vorticity axis and velocity gradient). 

3.2.3. Capillary flow  

The analysis of the fluid dynamics and deformability of SMLVs under 

capillary flow was performed by using an experimental apparatus made up 

of silica micro-capillaries with a circular section. Those were bought by 

Polymicro Technologies and have an inner diameter comparable to the 

average size of vesicles. In particular, the experiments were run by using 

micro-capillaries with an inner diameter Dc equals to 106 m, 180 m, and 

318 m respectively. A syringe pump (Harvard 11 Plus) was used in order 

to inject the HLAS solution in the micro-capillaries. This syringe pump 

allows to obtain flow rates ranging from 0.0010 l / hr to 30 ml / min. The 
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syringe pump and the micro-capillaries were connected by suitable 

connections. Images of SMLVs flowing inside the micro-capillaries were 

acquired by a high speed video camera (Phantom 640) and analysed later. In 

all the experiments, observations were performed in bright field and 

polarized light, using long working distance optics (10x, 20x). Finally the 

whole apparatus is placed on a vibration-isolated table as shown in Figure 

15. 

 

Figure 15. Experimental apparatus used for the capillary flow. 

3.2.4. Image analysis  

The study of the parameters relating to the deformation of the vesicles 

subjected to shear flow has been carried out on the images acquired in real 

time from the camera and transferred to the computer in digital format using 
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the commercial software Image Pro Plus 7. The analysis of the acquired 

images consists in the determination of certain geometrical quantities of the 

vesicles deformed on the basis of the assumption that the shape of the 

vesicles is in good approximation ellipsoidal. In particular, an algorithm 

based on grey levels allows the identification of the outline of the droplet, 

which is darker than the rest because of the difference of the refractive 

indices of the two fluids. 

The analysis process of the image sequences can be divided in the following 

way: 

1. Acquisition of single images. 

2. Evaluation of the geometric fundamental 

3. Evaluation of the characteristic parameters of the deformation 

During the analysis of the deformation many difficulties have been 

encountered. A problem regards the issue of the calibration of the 

microscope. In fact, the program Image Pro Plus requires the calibration 

factor m / pixels that converts the measurements made in pixels in 

quantities expressed in microns. The factor m / pixel depends on the 

objective and the microscope used. Generally, if you proceed to the analysis 

of the vesicles directly on the program by setting the calibration, the values 

come out in microns; the risk is that, in case of a mistake with the optics, 

there is no possibility to correct the values and a repeat of the measure is 

needed. In order to avoid this risk, the values were processed directly in 

pixels and multiplied by the conversion factor only later. 
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Another source of error is the criticality of the analysis of the orientation 

angles  of the vesicles subjected to shear flow along the vorticity view. A 

first difficulty was to understand what angle the image analysis program 

Image Pro Plus read: the one between the axis parallel to the flow axis and 

the principal one of the deformed vesicle or its complementary? To verify 

this hypothesis, we carried out the manual analysis of some experiments in 

the frame of view vorticity and we compared the results with the ones of the 

automatic analysis. Often manual analysis proved to be more accurate and 

therefore preferable, while other times has been less necessary. The manual 

analysis requires time and attention: the image is selected, copied and pasted 

as a new frame (new pasta), then you need to resize, and after to turn it. The 

resize is necessary because the pixel is rectangular, in particular the height is 

greater than the base of 4%, and therefore it must be resized into a square 

form to not deform the image during the rotation. After turning the vesicle, 

an ellipse was fit on the vesicle using the note of the Image Pro Plus. You 

can choose a colour for the outline based on the mask and make the 

measurements of the quantities required by the count and measurement 

object. Manual measurement for a vesicle along the gradient view is much 

easier. You can copy and paste the image as a new frame, then, using the 

tools of note, adapts the ellipse equivalent and measure. Beyond the 

technical problems related to the proper use of the software, the real 

obstacles are the experimental ones. Some common problems are: 

1. Lack of pictures with vesicles relaxed;  
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due to the fact that the vesicles were lost during the run or by other 

vesicles. In these cases we can resort to an approximate calculation 

of the radius for conservation of volume equalling the volume of the 

ellipsoid of rotation (form assumed by the vesicle in flow) with the 

volume of the sphere (geometry of the vesicle relaxed) only if the 

vesicle is in the vorticity view. Instead, for a vesicle along the 

gradient view, the same calculation is bogus because what you see is 

the projection on the sliding plane and not the real drop. 

2. Uncertainty in defining the vesicle contours;  

due to a poor focus of the images or the turbidity of the solution that 

is highly concentrated. In these cases we resort to common sense and 

we considered a contour line intermediate. 

3. Lens effect;  

this is a problem caused by the reflection of the neighbouring 

vesicles that are behind or ahead of the vesicle immediately 

analysed. This effect can damage the analysis of vesicles because it 

alters the perception that one has of the boundaries of the vesicle. 

4. Difficult to assess the orientation angle;  

regarding the manual analysis, the human eye has an indecision of ± 

1° in the decision of the orientation angle (this value it was evaluated 

by a mean of several repetitions of the same measurement). 

5. Uncertainty ellipsoid; 
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because often large vesicles subjected to high shear rate can assume 

strange shapes (elongated as meteoric or curved form). In this case, 

the images are discarded, but there are also many intermediate 

situations where the vesicle seems almost ellipsoidal. One possible 

method of verification may be the use of the option of the count and 

measurement object / Outline style / Ellipse that translates the 

images to read colour contrast in ellipses equivalent. 

3.2.5. Confocal microscopy 

An investigation of the internal structure of SMLVs was performed by the 

Laser Scanning Confocal Microscopy (LSCM) technique. A fluorescent 

marker (Rhodamine B , 1 g/ml) was added to HLAS solution to make a 3D 

reconstruction of the SMLVs using a commercial software of image 

analysis software package (Image Pro Plus 7). The confocal microscope was 

a Zeiss LSM 5 PASCAL. It’s made by the transmitted light microscope 

Axiovert 200 M equipped with a high resolution digital camera AxioCam 

and a high magnification optics (40x, 63x) were used. The module of the 

laser comprises a first Ar laser emitting at three different wavelengths (458, 

488, 514 nm) and a second HeNe laser emitting at a wavelength of 543 nm. 

The scanning module comprises a confocal pinhole with a variable diameter 

and a channel equipped with high sensitivity PhotoMultiplier Tubes (PMT) 

for the detection of the signal. There is also an additional channel for 

detecting the transmitted light. 
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3.2.6. Batch reactor  

In a glovebox, dry KOtAm (1.1 M) was added in a vial equipped with a 

stirring bar and sealed with a screw cap fitted with a septum. Outside the 

glovebox, 1-bromo-2,4-dimethylbenzene (1 M), N-methylpiperazine (1.1 

M), decane (0.13 M) as internal standard and finally a solution of 1 

(prepared inside the glovebox in 1 mL of DME, 0.0012 – 0.01 M, 0.12 - 1 

mol %) were added. The reaction mixture was then stirred (800 rpm) at 

50°C. Aliquots were taken under nitrogen with a syringe through the septum 

at appropriate times. The conversion of the aryl-bromide was determined by 

GC. 

3.2.7. Continuous flow reactor 

A scheme of the flow system is shown in Figure 16. The reagents were 

injected into the microreactor with two syringes placed on the same syringe 

pump (Harvard Pump 11 Plus Dual), in order to impose the same flow rate 

at both of them. In particular, the flow rate was varied from 0.1 ml/hr to 300 

ml/hr, in order to have different residence times. A solution of 1 in DME or 

toluene as solvent, prepared inside the glovebox under inert atmosphere in 

the concentration range from 0.26*10
-3

 M (0.12 mol %) to 2.22*10
-3

 M (1 

mol %), was loaded in the first syringe. The second syringe was charged 

with a solution (once again prepared inside the glovebox) made of 1-

methylpiperazine (0.24 M) as the amine, 1-bromo-2,4-dimethylbenzene 

(0.22 M) as the ArBr, 4,4'-di-tert-butylbiphenyl (0.01 M) as the internal 

standard and potassium tert-pentoxide (0.24 mM) as base in either DME or 
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toluene as solvent. The mixing of the two solutions was performed in a 

stainless steel 1 mm i.d. T-junction and the reaction took place in a stainless 

steel tubular microreactor. Because of the generation of potassium bromide 

(KBr) during the reaction two microreactors with different inner diameters 

and lengths were used to overcome the possible clogging of the 

microreactor as described in the results. The narrow-bore tube is of 1 mm 

i.d. and 1.5 m length (volume = 1.18 ml) and the wide-bore tube is of 2.0 

mm i.d. and 0.70 m length (volume = 2.2 ml). The microreactor and the T-

junction were heated in a thermostatic bath at two different temperatures, 

30°C and 50°C, while both the syringes containing substrates and catalyst 

are at room temperature. The effluent was analysed by GC in order to 

determine the conversion of the aryl-bromide and the presence of potential 

by-products. Controls in absence of the catalyst were carried out to 

investigate the possible substrate adsorption inside the microreactor. The 

results confirmed that adsorption was negligible. 

 

Figure 16. Scheme of the continuous flow reactor. 

3.2.8. Analytical method 

Concentrations of the amine and the aryl bromide were determined by 

Shimadzu GC-FID 2010 with a non-polar capillary column (BPX5 10 m, 



40 
 

i.d. 0.1 mm, 0.1 µm film thickness from SGE).  Gas carrier was He, with a 

linear velocity of 50 cm/s, injector and FID detector temperatures were set 

to  320° C and 360° C, respectively.  1µL of sample was injected in split-

less mode. Column temperature was kept at 50° C for 3 min, then risen by 

30° C/min up to the final temperature of 360° C, and kept at this value for 6 

min. 
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4.  Results and discussions 

4.1. Vesicle behaviour under simple shear flow 

4.1.1. Rheological results  

In Figure 17 continuous and oscillatory rheological data of 33% wt. HLAS 

solutions are shown. 

 

Figure 17. Rheological data of HLAS sample: flow curve (a) and frequency sweep 

(b). 
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The flow curve in Figure 17a shows that the sample has a shear-thinning 

viscosity in the range of shear rates of interest for our experiments and its 

viscosity can be then considered by using the power law model. However it 

is interesting to observe that the shear-thinning part shows two different 

slopes in the entire range of shear rate investigated. Therefore it was 

possible to obtain a value of the power law index n for the two ranges of 

shear rate. In the first range (10
-3

 – 0.15 s
-1

) the fitting of the data gives a 

power law index n = 0.48 while in the second range (0.15 – 50 s
-1

) a value 

of 0.79 is achieved. In Figure 17b the elastic and viscous moduli from 

oscillatory tests are plotted as a function of frequency together with the 

complex viscosity. The latter exhibits a shear-thinning behaviour in 

qualitative agreement with the flow curve (it should be noticed that the Cox-

Mertz rule does not hold for this system, i.e., continuous and oscillatory 

viscosity data do not superimpose at the same frequency/shear rate). 

Furthermore, G’ is always higher than G’’ in the entire range of frequency 

investigated, thus indicating a dominant elastic component in the 

rheological response. This can be due to the presence of both lamellar phase 

and multilamellar vesicles in the HLAS sample investigated.
78

 

4.1.2. Dynamic behaviour 

Representative images of sheared SMLVs under steady-state conditions are 

shown in Figure 18. In the top image sequence (a), a vesicle sheared at a 

low value of  ̇  rotates without appreciable deformation (tumbling) as 

observed along the vorticity axis. In the following sequence (b), a periodic 
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deformation can be noticed, with a rotation accompanied by compression 

and extension in the corresponding quadrants of the shear flow, similar to 

the breathing motion observed for unilamellar vesicles. The last two 

sequences, (c) and (d), refer to two vesicles of comparable size as observed 

along the vorticity and velocity gradient axes, respectively. In sequence (c), 

starting from a quasi-spherical shape at rest, the vesicle assumes an 

ellipsoidal steady-state shape with a continuous rotation of the interface 

(tank treading), in analogy with a sheared droplet or capsule. 

 

Figure 18. Images of sheared vesicles. View along vorticity axis: a)  ̇ = 0.075 s
−1

; 

b)  ̇ = 0.7 s
−1

; c)  ̇ = 1 s
−1

. View along velocity gradient: d)  ̇ = 1 s
−1

. Flow 

direction is from left to right. Scale bar = 30 m. 
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The deformation modes shown in Figure 18 are represented in a quantitative 

way in Figure 19, where the transient deformation parameter Dt’ in the view 

along the velocity gradient is plotted as a function of non-dimensional time 

t* ̇ for two vesicles of similar radius. In the top diagram an oscillatory trend 

is found corresponding to the breathing motion of Figure 18b. In the bottom 

plot a steady state value of Dt′ associated with a tank-treading deformation 

(such as in Figure 19c and d) is reached after a few damped oscillations. 

These trends once again share some analogy with the shear deformation of 

elastic capsules and emulsion droplets (at high viscosity ratios). In the latter 

case, the presence of a surfactant at the droplet surface can generate more 

complex behaviours depending on the relative contribution of surfactant 

elasticity and flow strength. 
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Figure 19. D′ vs non-dimensional time t *  ̇. 

Based on these analogies, we investigated whether SMLVs deformation 

follows a scaling behaviour similar to that of capsules and droplets. As 
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recognized by Taylor,
26

 the deformation parameter of isolated droplets is a 

function of two non-dimensional quantities: the viscosity ratio  = d / c, 

where d and c are the viscosities of the droplet and continuous phase, 

respectively, and the capillary number Ca, expressing the ratio between 

shear and interfacial stresses, which is given by c  ̇ R / , where R is the 

droplet radius at rest and  is the (effective) interfacial tension (for elastic 

capsules the interfacial tension is replaced by an elastic constant). More 

support to this approach is given by the work of De Gennes,
79

 who 

demonstrated that, albeit a single bilayer might have null surface tension, a 

stack of open bilayers will exhibit a non-zero effective surface tension 

because of bilayers interaction (this analysis was extended to the case of a 

closed multilamellar vesicle by Van der Linden and Droge
30

). The 

predictions of Taylor theory, though developed for isolated droplets, are still 

valid for low to moderate concentration emulsions, provided that c is 

replaced by the emulsion viscosity  In order to calculate Ca an estimate 

of the effective interfacial tension eff is needed. This was done by fitting 

Taylor’s equation:
26

 

  
      

      
          (2) 

to data of D vs c  ̇ R (only the linear region of the plot, starting from D = 

0.3 and up to D ≃ 0.6, was considered). The so obtained value of eff , 

which is the only fitting parameter (the viscosity ratio being essentially 

irrelevant in this calculation due to the weak dependence of D on ), was 
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10
−1

 mN/m, and falls within the range of theoretical predictions (10
−2

 - 1 

mN/m) for a lamellar droplet.
30

 By using this value of eff the capillary 

number was calculated and the steady state data of D and  for several 

vesicles with different radii (ranging from 10 to 100 m) were plotted as a 

function of Ca, as shown in Figure 20a and b. 

 

Figure 20. Deformation parameter (a) and orientation angle (b) as a function of the 

capillary number. Vesicle radius is shown in the legend. The unity slope is shown 

as a reference in (a). The vertical dashed line shows the transition to the tank-

treading regime, which is found at Ca > 0.3. 
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In Figure 20a the linear region, which has been used in the determination of 

eff, corresponds to a slope of 1, as predicted by Taylor’s equation. It should 

be noticed that at low values of Ca up to ≃ 0.3 a different slope is apparent. 

This region corresponds to tumbling (up to Ca ≃ 0.1) and breathing motion 

( 0.1 ≤ Ca ≤ 0.3). At higher values of Ca, where tank-treading deformation 

is observed, a levelling off of D can be noticed. The good scaling of the 

experimental data with the capillary number can be appreciated from the 

inset of Figure 20a, where the deformation parameter is plotted vs the shear 

rate only. Such scaling with radius provides further support to our estimate 

of the effective interfacial tension and is qualitatively different from the case 

of unilamellar vesicles, where data scale with R
3
 since the main elastic 

constant is the bending modulus.
81

 

In Figure 20b the orientation angle  is plotted as a function of Ca. Once 

again, data scale with Ca, as shown by the inset.  values at low Ca, where 

the SMLVs exhibit tumbling and breathing motion, are missing since the 

orientation angle is undefined. At high values of Ca the angle  tends to 

zero as expected. Taylor analysis, being developed under the assumption of 

small deformations, does not predict the levelling off of D at high values of 

Ca, nor the decrease of the orientation angle with Ca. These features are 

captured by a later extension of Taylor theory to  > 1 due to Cox.
67

 The 

prediction of Cox theory for D and  are as follows:
67

 

  
         

      √               
     (3) 
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      (4) 

The continuous lines in Figure 20a and b are fit of Cox predictions 

according to equation (3) and (4), respectively, where the only fitting 

parameter is the viscosity ratio (eff being set to the value of 10
−1

 mN/m 

already calculated). The so obtained value of , which is around 2, should 

be taken as an average quantity due to the shear thinning of the surfactant 

solution viscosity. By fitting the Cox theory to D at low capillary numbers 

only, values of  >> 1 were found. In this range of viscosity ratio Cox 

theory predicts a damped oscillatory behaviour for sheared droplets,
67, 68

 

which is similar to the transient data of Figure 19b. 

In Figure 21 the three axes made non-dimensional with respect to the radius 

R are plotted as a function of Ca (a / R and b / R were measured in the view 

along the vorticity axis, while c / R was obtained from the view along the 

velocity gradient). The continuous lines are parabolic fits to the data, 

according to the theoretical predictions for droplet shape based on second 

order expansion in the capillary number, such as Cox analysis. The vesicle 

non-dimensional volume V, calculated as the product of the three non-

dimensional axes (i.e., abc / R
3
), is shown as a function of Ca in the inset of 

Figure 21. All the data collapse around a horizontal line at a value of V = 1, 

thus showing that the volume is preserved during deformation. 
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Figure 21. Vesicle dimensionless axes as a function of the capillary number. 

The high steady-state values of D in Figure 20a are somehow surprising for 

SMLVs, since deformation should be limited due to the lack of flow-

induced generation of new surface. In order to elucidate this point, vesicle 

shape at rest was investigated by confocal microscopy. 

4.1.3. Internal structure  

Typical images of SMLVs are shown in Figure 22 both under confocal (a, c) 

and polarized light (d) microscopy. 
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Figure 22. a), c) Images of SMLVs under confocal microscopy at rest. 

Dimensional bars represent 50 m. b) Intensity profiles along the circumference of 

two vesicles (shown by the white arrows) with radius 42 m (top) and 15 m 

(bottom). d) A Maltese cross exhibited by a SMLV observed under polarized light 

at rest. Dimensional bar represents 10 m. 
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The images taken in confocal microscopy show the presence of different 

size populations of SMLVs. In Figure 22a SMLVs with a large internal dark 

core and a bright outer shell are seen. The former can be interpreted as a 

pool of micellar phase such as the one surrounding the vesicles. The 

presence of an internal pool in SMLVs has been postulated in previous 

studies, although direct observations are lacking. The outer shell can be 

associated with a lamellar phase made of a stack of surfactant bilayers. The 

brightness of the shell comes from a higher Rhodamine concentration in the 

lamellar region where surfactant concentration is higher than in the 

continuous micellar phase. A further evidence that the bright shell 

corresponds to a lamellar structure is provided by the sinusoidal intensity 

patterns along the vesicle circumference which is shown in the top of Figure 

22b. Such pattern is due to a fluorescence polarization effect associated with 

the ordered radial microstructure of the surfactant bilayers. Another 

interesting feature of Figure 22a is the presence of some heterogeneity in the 

outer shell of some SMLVs (see red arrows), which is likely generated by 

vesicle coalescence. In fact, flow-induced merging of vesicles and the 

presence of smaller vesicles within larger ones was observed during the 

shear experiments. Structural heterogeneity is more pronounced in larger 

vesicles which have higher chances of collision and coalescence under flow 

due to their size. Smaller SMLVs, such as the ones in Figure 22c, look more 

ordered, with the bilayer structure extending up to the vesicle center 

(although a small pool could still be present). Once again, the radial 
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molecular arrangement is shown by the intensity pattern of the lamellar 

phase (bottom of Figure 22b). Overall, vesicles with radius in the range 50 

150 m show a large internal core while ones with radius in the range 5 

20 m have an extended structure of bilayers with a small core, if any. 

The absence of defects in smaller SMLVs is also shown by the presence of 

the Maltese cross (Figure 22d), which is indicative of a well ordered 

structure. This size-dependent difference in structure has an important 

consequence on vesicle flow behaviour. In fact, the larger SMLVs were 

deformed in the range of the shear rates investigated (0.1 – 10 s
-1

) showing 

all the already mentioned  dynamic regimes (i.e., tumbling, breathing, and 

tank-treading), while the smaller vesicles didn’t show any deformation 

under flow but only a tumbling motion. A possible explanation of this 

difference is that the more compact and without defects internal structure of 

the smaller SMLVs doesn’t allow their deformation. 

The presence of structural heterogeneity and defects in larger SMLVs 

(Figure 22a) is likely to generate an excess area which can be considered 

as a mechanism underlying their flow-induced deformation. According to 

this hypothesis, SMLV deformation would be due to the unravelling of 

folded or re-entrant regions of the vesicle surface. In order to elucidate this 

point, vesicle shape at rest was investigated by confocal microscopy. In 

Figure 23 images of a vesicle from a typical z-stack and the corresponding 

3D reconstruction by image analysis is presented together with three 

orthogonal projections. 
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Figure 23. 3D reconstruction of a vesicle by confocal microscopy. Vesicle radius: 

20 m, number of z stack images: 10, objective: 40x/0.75 , scale bar = 10 m. 

The 3D rendering shows that vesicle shape is far from being spherical at 

rest, due to the presence of several surface and inner defects. The overall 

effect is to increase the actual surface area as compared to the one estimated 

by bright field microscopy, which is based on an apparent (quasi) spherical 

shape. A quantitative analysis of the 3D reconstruction provides both area A 

and volume of the vesicle. The resulting excess area Δ = (A - 4R
2
) / R

2
 is 

supposed to be an increasing function of the radius R, because of the higher 

number of defects found in larger vesicles (defect size ranges from 5 to 50 
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m). In order to test this hypothesis, the relation between excess area and 

size of SMLVs was investigated. In Figure 24  is plotted as a function of 

SMLV radius. 

 

Figure 24. Plot of excess area vs vesicle radius (the error bars represent the 

standard deviations of the measurements). The continuous line is a linear fit to the 

data. As a reference, the excess area of a calibration microsphere (R = 5 m) is also 

shown in the same plot as a square symbol. ’ in the inset is the apparent excess 

area of a SMLV with R = 98 m calculated from the three vesicle axes. 

The excess area was calculated by measuring the external surface SMLVs at 

rest by 3D image reconstruction. It can be seen that there is an increasing 

linear trend of the excess area with vesicle size of the SMLVs; this is due to 

the fact that larger SMLVs show a higher number of defects acting to 

increase their effective external surface. In the inset of Figure 24, the 
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apparent excess area ’ of a vesicle is shown as a function of the capillary 

number Ca. The apparent excess area ’ is calculated from the three axes a, 

b and c of the SMLV deformed under shear flow (i.e. ’ = (A’ - 4R
2
) / R

2
, 

where A’ is the external area of an ellipsoid and is given by the approximate 

equation A’= 4[(a
p
b

p
 + b

p
c

p
 + a

p
c

p
)]

1/p
 with p = 1.6075). The three axes 

are measured by image analysis, as described in the experimental section. 

The so obtained apparent excess area ’ is initially smaller than the excess 

area  (indicated by the continuous line) of the vesicle since, as long as the 

defects have not been completely unfolded by the action of flow, vesicle 

shape is not really ellipsoidal and the apparent surface obtained by the three 

axes is smaller than the actual one. At some point, when the surface is fully 

unfolded, ’ becomes equal to . At higher values of Ca, further vesicle 

deformation cannot be due to defects unfolding, but must be associated with 

the generation of new external surface and ’ becomes greater than . 

In order to elucidate this mechanism of SMLV deformation, vesicles 

deformed by shear flow were observed under polarized light. A typical 

example is illustrated in Figure 25, where images of two SMLVs of 

comparable size are shown in both the velocity gradient and vorticity 

direction. 
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Figure 25. Images of sheared SMLVs. In the top sequence a SMLV is shown along 

the velocity gradient view under polarized light. In the other sequences a SMLV is 

shown along the vorticity view under polarized light (middle) and in bright field 

(bottom). Dimensional bar represents 50 m. 

In Figure 25a-c the shear-induced shape evolution is shown in the velocity 

gradient view under polarized light starting from the spherical shape at rest 

(Figure 25a) to a transient deformation (Figure 25b) until a steady state is 

reached (Figure 25c). The same sequence under polarized light is presented 

in Figure 25d-f for the view along the vorticity axis. In Figure 25g-i the 

shape evolution of the same SMLV of Figure 25d-f is shown along the 

vorticity axis in bright field. 

The most striking feature of the deformed SMLV in Figure 25c is the 

presence of alternating bright and dark stripes on the surface when viewed 

along the velocity gradient. In the shear plane, conical structures are 

observed along the entire surface of the vesicle (apart from regions with 

core defects, which are due to the inclusion of smaller vesicles, e.g., the one 

with a Maltese cross on the far left side). These polarized light features are 
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typical of Parabolic Focal Conic (PFC) domains,
82-84

 a defect of a smectic A 

liquid crystal phase, which in this case is associated to the lamellar onion-

like surfactant bilayers. These defects are generated when the parallel 

lamellar layers (represented by horizontal lines) are curved in conical 

domains following shear-induced undulation of the layers. A further 

evidence that the structures of Figure 25c and 22f correspond to PFC 

domains is provided by the image in Figure 26, where an extended lamellar 

region of the sample is observed under polarized light. 

 

Figure 26. a) Non-ideal array of PFC domains in a lamellar region of the HLAS 

solution. Dimensional bar represents 50 m. b) Formation of a Parabolic Focal 

Conic array in a homeotropic stacking due to a dilative stress (adapted from 83). 
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The polygonal texture of this region was found in other surfactant systems 

and is typical of PFC domains in the lamellar phase.
83

 

This mechanism of PFC domain generation has been already reported in the 

literature for smectic liquid crystals:
85, 86

 the idea is that the defects come 

from surface irregularities resulting from the dilation of the layers which 

generate local undulations (see the cartoons in Figure 26b). The latter are 

favoured because layer dilation comes with a much higher energetic cost 

than layer curvature.
87

 A PFC defect consists of smectic layers around two 

singularity lines of parabolic shape,
87

 as shown in the image of Figure 25f 

and schematically depicted in the cartoon of Figure 26b. 

In smectic liquid crystals confined between parallel plates with homeotropic 

alignment (i.e., the director is perpendicular to the plate surface) layer 

undulation has to compete and can be suppressed by the anchoring 

condition. In our case, the SMLV outer shell is a free interface and this 

could help bilayer undulations thus promoting PFC formation. In addition, 

the shell undergoes a convection-induced re-arrangement with a thinning in 

the central region of the vesicle and the accumulation at the vesicle tips. 

This is due to the tank-treading motion at the interface and can be clearly 

seen in Figure 25g-i, where a vesicle is observed along the vorticity axis in 

bright field. By measuring the volume occupied by the shell from the 

images of Figure 25g-i, it is found that this re-arrangement occurs under 

constant shell volume. 
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4.1.4. Start-up and retraction  

The mechanisms underlying shear-induced vesicle deformation can be also 

exploited (and further validated) by investigating SMLV transient 

behaviour. In Figure 27a the time-dependent trend of the deformation 

parameter of a SMLV having a radius of 70 m under flow at a  ̇ = 0.5 s
-1

 is 

shown along the vorticity axis. It can be seen that when the flow is turned 

on the SMLV deforms reaching a steady state deformation after an initial 

damped oscillation. When the flow is turned off the SMLV retracts to its 

undeformed shape at rest. The oscillations of the deformation parameter 

during start-up show some analogy with the transient behaviour of emulsion 

droplets in the case  > 1 predicted by Cox
67

 and experimentally observed.
68

 

Based on this analogy, a comparison with Cox theory was made and is 

given by the continuous line in Figure 27a that represents the equation:
67
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where D is the steady state value of Dt and t is the time. 

Equation (5) was fit to the experimental results by using  as the only fitting 

parameter and the calculations compare well with the initial part of the start-

up data only (until Dt around 0.1), whereas the following oscillations are 

only qualitatively reproduced. A possible reason of this discrepancy is that 

Cox theory has been developed in the limit of small deformations, as 

already pointed out in the literature.
67
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Figure 27. a) Transient behaviour of D for a SMLV undergoing tank-treading 

motion; b) Retraction of the three non-dimensional axes for the same SMLV. 
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The other transient deformation investigated in this study is vesicle 

retraction upon cessation of flow. An example is shown in Figure 27b where 

the relaxation of the three axis made non-dimensional with respect to the 

radius R (referred to the same SMLV of Figure 27a) is plotted as a function 

of time made non-dimensional by using the characteristic emulsion time 

R / eff 
69

 with  denoting the zero-shear viscosity of the sample (as 

mentioned previously, eff was obtained from steady state deformation data 

and is equal to 10
-4

 N/m). The vesicle was observed along the vorticity axis 

and the third axis, c / R, was calculated by conservation of volume. As in 

droplet retraction, the three axis tend to recover the same value given by the 

undeformed vesicle radius at rest. However, some significant differences 

with respect to the droplet case can be noticed. First of all, while the two 

minor axes of a droplet collapse on the same curve during retraction,
88

 the 

plot in Figure 27b shows that the three vesicle axes follow different paths of 

retraction, with the c axis remaining almost constant. In addition, another 

major difference between droplet and vesicle retraction is illustrated in 

Figure 28a, where the non-dimensional deformation parameter of several 

SMLVs is scaled according the following equation:
69

 

          
       

              
 
     

   
     (13) 

Equation (13) represents the scaling law of the retraction of the emulsion 

droplets according to the Rallison theoretical analysis (equation (6))
69

 once 

eff and 0 were substituted with  and c. The initial time (t = 0) of the 

retraction was chosen corresponding to a value of D0 = 0.15 in order to stay 
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within the limits of the small deformation theory.
69

 An inverse third power 

dependence on R, which is found in unilamellar vesicles, was then tested 

and the results are shown in Figure 28b for the same set of data as in Figure 

28a. 

 

Figure 28. a) Plot of Ln(Dt / D0) vs the non-dimensional time (t eff /  R) during 

retraction of different SMLVs. b) Plot of Ln(Dt / D0) vs the non-dimensional time 

(t Ec /  R
3
) for same SMLVs. 
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A good scaling was found with non-dimensional time given by the 

expression (t Ec / 0 R
3
), where the only fitting parameter Ec can be 

interpreted as the compressibility energy of the SLMV shell. A value of Ec 

equal to 5*10
-11

 J was found from a linear fit, as shown by the continuous 

line in Figure 28b. By dividing Ec to the shell volume, which is almost the 

same for the vesicles in Figure 28 (Vs ≈ 2*10
-12

 m
3
), a compressibility 

modulus B equal to 10 Pa is found, which is in agreement with literature 

data on lyotropic surfactant smetics.
89

 

4.2. Vesicle behaviour under capillary flow 

In this chapter it is reported the analysis of the velocity and the deformation 

of the SMLVs under capillary flow. In Figure 29 it is shown the analysis of 

the velocity profiles of the three micro-capillaries used in the experiments. 

The experimental data were obtained by measuring the velocity of the 

SMLVs small enough to be considered as tracers and then a fitting of the 

data was done by using the following equation (10): 
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 )      (10) 

Equation (10) represents the velocity profile of a fluid with a power law 

viscosity under capillary flow and it was chosen due to the rheological 

behaviour of the HLAS sample shown in Figure 17. 
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Figure 29. Velocity profiles of the HLAS samples in the three micro-capillary 

used. 
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The fitting of the data of Figure 29a gives a value of n = 0.52. The same 

value is obtained from the rheological data using the data corresponding at 

the same range (0 – 1.5 s
-1

) of the shear rates developed in the capillary flow 

(see Figure 30a). Similarly a value of n equals to 0.54 and 0.56 was obtained 

from the fitting of the data of Figure 29b and c respectively and the same 

agreement with the fitting of the rheological data was observed as well. In 

Figure 30 the shear rate profiles developed in the three micro-capillaries 

were shown. It can be seen the typical shear rate profile developed by a fluid 

undergoing capillary flow with the zero at the centre of the micro-capillary 

(i.e. Rc = 0) and the maximum value near the micro-capillary wall while the 

velocity profile is exactly the opposite with the maximum at the centre and 

the zero value at the wall. In Figure 30 it can be seen that the shear rate 

profiles in the three micro-capillaries are slightly different due to the 

different flow rate imposed and this is the reason of the difference in the 

fitting of the power law index n. In fact the fitting of the rheological data 

gives the same behaviour of n because of the two characteristic slopes 

shown in the shear viscosity profile (see Figure 17). 
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Figure 30. Shear rate profiles developed by the HLAS samples in the three micro-

capillaries used. 
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In Figure 31 images of SMLVs deformed under capillary flow are shown. It 

can be seen the influence of the parameters Ca and k on the deformation. 

Indeed while at low capillary number or confinement degree the SMLVs 

show small deformations the increase of these parameters has the effect to 

deform more the vesicles. It is interesting to observe that the effect of k is 

more pronounced than the one of Ca; a similar effect was also observed in 

the emulsion droplets under capillary flow where the confinement effect 

deform the drops more than the viscous stresses. 

 

Figure 31. Images of deformed SMLVs under capillary flow. 

A quantitative comparison between the behaviour of the SMLVs and the 

emulsion droplets under capillary flow was done by using the Hetsroni 

theory.
71

 In Figure 32 the trend of the velocity vs the confinement degree of 

several SMLVs is reported at several capillary number Ca. 
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Figure 32. Scaling of the SMLV velocity with the confinement degree under 

capillary flow with n = 0.59. The continuous line is a fit of the data according to 

Hetsroni theory. 

It can be seen that the ratio between the velocity U of the axial-symmetric 

SMLVs and the mean velocity Vm of several SMLVs at different Ca 

collapses on the same master curve showing a similar scaling with the 

emulsion droplets, especially at low values of confinement degree k. Instead 

at higher k values some experimental data put aside from the theoretical 

predictions showing the presence of a plateau. This behaviour was also 

observed in the emulsion droplets and is due to the fact that Hetsroni theory 

was developed for undeformed droplets (i.e. Ca → 0 and k → 0). 

The continuous line of Figure 32 is a fit of the Hetsroni predictions where 

the only fitting parameter is the viscosity ratio . The so obtained value of , 

which is around 2, should be taken as an average quantity due to the shear 
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thinning of the surfactant solution viscosity. However it should be noticed 

that the value of  is the same of that one obtained from the fitting of the 

deformation of the SMLVs under shear flow (see Figure 20). 

It should be pointed out that Hetsroni theory was developed in Poiseuille 

flow conditions. Therefore in the following Hetsroni equation:
71

 

 
 

  
   

  

    
               (12) 

the term 2 representing the ratio between the maximum and the mean 

velocity in the Poiseuille flow need to be modified in order to be applied 

with HLAS solutions. In particular this term was changed in 
    

   
 that 

represents the same velocity ratio but in the case of a power law viscosity 

fluid. Therefore using a mean value of n = 0.59 a new velocity ratio of 1.75 

was obtained and equation (12) becomes: 

 

  
      

  

    
              (14) 

and the equation (11) was used to fit the experimental data of Figure 32. 

This SMLV dynamic behaviour under capillary flow does not change at 

different values of the power law index n. Indeed more experiments were 

performed at different flow rate obtaining a value of n equal to 0.51 and the 

Hetsroni theory still holds in this condition (see Figure 33) once the ratio 

between the maximum and the mean velocity was appropriately modified. 
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Figure 33. Scaling of the SMLV velocity with the confinement degree under 

capillary flow with n = 0.51. The continuous line is a fit of the data according to 

Hetsroni theory. 

As before it can be seen the scaling of the different trends especially at low 

k values while at the highest Ca a deviation from the Hetsroni theory can be 

observed. Once again the continuous line is a fit of the experimental data 

according to Hetsroni theory
71

 where the only fitting parameter is the 

viscosity ratio  and a value of c.a. 2 was obtained. This time the ratio 

between the maximum and the mean velocity of the equation (12) is 1.68 

due to the different n value. 

In Figure 34 it is shown how the SMLVs arrange themselves in the micro-

capillary along the radial direction at different mean velocities Vm. 
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Figure 34. Decrease of the section  at higher mean velocity Vm in a micro-

capillary with a diameter of 180 m. 

It is interesting to observe that generally SMLVs occupy only the central 

section  of the micro-capillary and not the entire available volume. 

Moreover, increasing Vm, this section becomes smaller up to occupy c.a. 

30% of the available volume. This phenomenon was observed in all the 

three micro-capillaries utilized in the experiments and then a possible 

scaling of the phenomenon was investigated. In Figure 35 it is shown that 

the scaling of the data is achieved with the product between the mean 

velocity Vm and the micro-capillary diameter Dc. On the ordinate axis it is 
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reported the section  made non-dimensional with the diameter Dc in order 

to make a comparison with different diameters. 

 

Figure 35. Scaling of the non-dimensional section . 

4.3. Buchwald-Hartwig reaction 

In this chapter we report on the use of a microreactor system to perform the 

Buchwald-Hartwig arylamination using the newly developed 1 pre-catalyst 

(Figure 36, right side). In Figure 36, left side, the reaction is shown: an aryl 

bromide is coupled with a secondary amine in an organic solvent using 1 as 

pre-catalyst and a metal alkoxide as base to form an arylamine. The 

performance of the catalytic system in both batch and continuous flow is 

described and compared. The effects of residence time and temperature are 

studied in order to evaluate the influence of fluid dynamics on reactor 
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performance. Changes in tube diameter and solvent are also investigated. 

Finally, a preliminary study of the reaction rate is shown. 

 

Figure 36. Left side: amination reaction; right side: the pre-catalyst 

[Pd(IPr*)(cin)Cl] (1). 

4.3.1. Batch experiments  

In Figure 37a, the conversion profiles are reported for several pre-catalyst 

concentrations in a batch reactor. It is shown, as expected, that an increase 

in catalyst loading allows higher conversions in shorter times. Indeed, the 

reaction reaches completion in only one minute for the highest palladium 

concentrations (0.5 - 1 mol%), in 10 minutes using 0.25 mol%, and finally 

in several hours at lower concentrations (0.12 - 0.16 mol%, 2 - 6h). These 

results exhibit once more the high catalytic activity of 1 in amination.
61

 

Selectivity for the desired product was superior to 99% in all cases, as 

shown by the absence of any significant peaks apart from the ones of 

product and reagents in the chromatograms (data not shown for the sake of 

brevity). 

In Figure 37b, the initial rates of the reaction are shown for different amine 

concentrations. The reaction kinetics does not change with varied amounts 

of amine, there is apparently a zero-order dependence of the amine 
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concentration on the reaction rate. The same dependence has been found for 

the Buchwald-Hartwig amination catalysed by Pd-BINAP system, cfr. 

equation (1).
50

 

 

Figure 37. a) Conversion profiles for several molar ratios of pre-catalyst loading at 

50°C with an initial concentration of 1 M of ArBr, 1.1 M of amine, 1.1 M of base, 

0.13 M of decane as internal standard, DME (1 mL); b) Initial reaction rates for 

different amine concentrations in the presence of 0.12% of pre-catalyst. 
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4.3.2. Continuous flow experiments 

In Figure 38a, the conversion profiles are shown for several pre-catalyst 

concentrations in the microreactor. It can be seen that increasing the catalyst 

loading allows better performance under flow as well. At the highest 

catalyst loadings (1 – 0.25 mol%), the reaction is complete with very short 

residence times (1 – 10 min). Selectivity for the desired product was better 

than 99% in all cases, as evaluated by product yields. The initial reaction 

rates for different pre-catalyst concentrations are reported in Figure 38b for 

the different values of pre-catalyst concentration. As shown in Figure 38b 

data are well represented by a second-order kinetics in the pre-catalyst 

concentration, as follows: 

r = [Cat]
2
 

where [Cat] is the pre-catalyst concentration. This dependence is different 

compared to equation (1) where the [Pd(BINAP)] system shows a linear 

first-order dependence on the palladium concentration and a reciprocal first-

order dependence on ligand concentration. 
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Figure 38. a) Conversion profiles for different catalyst loading at 50°C with an 

initial concentration of 0.11 M of ArBr, 0.12 M of amine, 0.12 M of base, 3.7 mM 

of 4,4’-di-tert-butylbiphenyl as internal standard, DME (18 mL). The continuous 

lines are exponential fitting of the data. Microreactor with 1 mm i.d. has been used; 

b) Initial reaction rates for different pre-catalyst concentrations. 
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The dependence of the reaction kinetics on the halide concentration was also 

investigated. In Figure 39, the reaction rate is plotted as a function of ArBr 

concentration and a linear dependence is found. The latter is consistent with 

the exponential fitting shown in Figure 38a. 

 

Figure 39. Initial reaction rates for different halide concentrations with a 0.25% of 

pre-catalyst. 

Indeed, an exponential rise of the conversion with time is equivalent to a 

linear dependence of the reaction rate on reagents concentration and, in 

particular, on ArBr concentration because of the zero-order dependence of 

kinetics on the amine previously shown in Figure 37b. 

Overall, the reaction kinetics appears to obey the following equation: 

r = kt [Cat]
2
[ArBr]                                     (15) 
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where [Cat] and [ArBr] are the pre-catalyst and aryl bromide 

concentrations, respectively, and kt is a temperature-dependent kinetic 

constant. Equation (15), though obtained from a preliminary data analysis, 

provides, to our knowledge, the first expression in the literature of the 

amination reaction rate when using a [Pd(NHC)] pre-catalyst. Further 

investigations, notably on the temperature dependence of the kinetic 

constant and to further support the pre-catalyst concentration dependence, 

are currently being explored in our laboratories. 

One of the differences between batch and continuous flow reactions is the 

dilution of the reaction medium. In batch, the reaction medium is highly 

concentrated (1 M of ArBr) to induce fast reactivity. In flow, a lower 

concentration of the reagents (0.11 M of ArBr) is used in order to reduce the 

amounts of insoluble potassium bromide salt (KBr) produced by the 

reaction and consequently avoid clogging of the microreactor. We were then 

interested to compare the reactivity of the system at the same concentration 

(0.11 M ArBr) in both batch and flow operation. Such comparison is shown 

in Figure 39 where conversion is plotted as a function of time. 
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Figure 40. Comparison between batch and continuous flow microreactor operation 

at 50°C with the following initial concentrations: 0.11 M of ArBr, 0.12 M of 

amine, 0.12 M of base, 0.25 mol% of 1, 3.7 mM or 0.13 M of internal standard, 

DME (9 mL). Microreactor with 1 mm i.d. was used. 

The two sets of data in Figure 40 show a faster reactivity in flow than in 

batch operation. Indeed, the completion of the reaction in flow was observed 

with a time of 10 min at a palladium concentration of 0.25 mol%. On the 

other hand, in batch, 30 min were required to reach complete conversion. 

The better performance of the continuous flow microreactor can generally 

be explained in terms of two enhanced transport phenomena: mass transfer 

or heat exchange. In our case, the reaction is initially homogeneous, and as a 

consequence, mass transfer should not play a significant role. A more 

efficient heat exchange in the microreactor because of its larger surface to 

volume ratio appears then as the right explanation. Faster heat exchange 



81 
 

improving the kinetics of the Buchwald-Hartwig amination at low catalyst 

loading has already been reported in the literature, when heating of the 

reactor is performed by using microwaves rather than thermostatic baths.
90

 

In this study, it was suggested that the phenomenon was related to the 

presence of a short lifetime effective catalyst generated in situ. The presence 

of a better heat exchange may minimize a catalyst decomposition pathway, 

allowing faster conversion, especially during the initial reaction burst. 

Hence, the difference between batch and continuous flow is expected to 

appreciably decrease by working at higher catalyst loading, because catalyst 

decomposition becomes less significant. 

In Figure 41, the influence of the temperature on the continuous flow 

reaction is reported. An increase in bath temperature leads to a faster 

reaction kinetics. From an industrial point of view, although it is likely that 

no substantial benefit is provided by going from 30° to 50° C in terms of 

heating costs, the corresponding increase of reactivity would allow one to 

obtain higher conversions with smaller amounts of catalyst (which is the 

most expensive component in the B-H reaction), thus contributing to 

optimize processing conditions. Of course, the increase of temperature 

would be limited by the boiling point of the solvent, above which the 

microreactor should be operated under pressure, thus making the system 

economically disadvantageous. 
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Figure 41. Comparison of the conversion profiles at two different temperatures 

with the following initial concentrations: 0.11 M of ArBr, 0.12 M of amine, 0.12 M 

of base, 0.5 mol% of 1, 3.7 mM of internal standard, DME (18 mL). Microreactor 

with 1 mm i.d. was used. 

In Figure 42, the influence of the microreactor internal diameter and of the 

solvent on the kinetics of the reaction is shown. Concerning the former 

(Figure 42a), no change in conversion was found by using either 1 mm or 2 

mm i.d. tubings. Once again, this result can be explained by the fact that 

heat transfer resistance is quite low and comparable in both cases. 

Concerning the solvents (Figure 42b), a 2 mm ID microreactor was used to 

compare toluene and DME. This choice is due to the fact that by using a 1 

mm ID microreactor with toluene, clogging of the microreactor was 

observed. It is to be noted that no clogging was previously observed by 

using DME. This could be explained by the different solubility of KBr in 
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both solvents. KBr is a poorly soluble salt in organic solvents. It nucleates 

and precipitates more rapidly in the less polar solvent, in this case toluene, 

thus leading to microreactor clogging. However, KBr precipitation is not 

fast enough in DME to block the microreactor. A better microreactor 

performance was found in DME, yielding complete conversion within one 

minute. On the other hand, a residence time of 30 minutes was needed to 

reach completion in toluene. This result is in agreement with batch 

experiments, which show that the reaction is faster in DME than in toluene  

due to the stabilising effect of the solvent on the palladium active catalyst. 
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Figure 42. a) Comparison between two different internal diameters of the 

microreactor at 50°C. Initial concentrations are 0.11 M of ArBr, 0.12 M of amine, 

0.12 M of base, 1 mol% of 1, 3.7 mM of internal standard, DME (18 mL; b) 

Comparison between two different solvents at 50°C. DME case: 0.11 M of ArBr, 

0.12 M of amine, 0.12 M of base, 1 mol% of 1, 3.7 mM of internal standard, DME 

(18 mL). Toluene case: 0.11 M of ArBr, 0.12 M of amine, 0.12 M of base, 1 mol% 

of 1, 3.7 mM of internal standard, toluene (18 mL). Microreactor with 2 mm i.d. 

has been used. 
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5. Conclusions 

In conclusion, an investigation of the dynamic behaviour of the SMLVs of a 

commercial surfactant has been carried out under shear and capillary flow. 

Under shear flow it was seen that the deformation parameter of SMLVs 

scales with R (instead of R
3
 as for unilamellar vesicles) and a nonzero value 

of the effective interfacial tension is measured. These features, together with 

volume preservation, are in analogy with sheared emulsion droplets at 

viscosity ratio  > 1 and elastic capsules. The mechanism governing the 

deformation of the SMLVs under flow has been shown. Their deformation 

is made possible by the presence of both the excess area and the defect 

generation of the external surface allowing the SMLVs to reach high values 

of deformation. Only the bigger SMLVs showing a large internal core have 

be seen to deform while the smaller ones do not deform in our experimental 

conditions because of their compact and well-structured bilayer disposition. 

The retraction of the SMLVs is governed especially by the bending stresses 

of the lamellae rather than the surface tension which is the predominant 

stress in the flow induced deformation. 

Under capillary flow it was confirmed that the HLAS solution can be 

considered as a power law viscosity fluid by the analysis of the velocity 

profiles in agreement with rheological data. Afterwards another analogy in 

the dynamic behaviour between the SMLVs and the emulsion droplets 

under capillary flow was shown by using the Hetsroni theory. Finally the 

SMLVs were seen to concentrate themselves only in the central section of 
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the micro-capillaries especially at the highest velocity. This phenomenon 

was observed in different micro-capillaries and a scaling with the product 

between the velocity and the micro-capillary diameter using different 

diameters. 

The present study shows the complex behaviour of the SMLVs under flow 

and the results of this work are relevant in the processing of surfactant based 

systems, where the final product properties are dependent on the presence of 

the flow-generated SMLVs. 

An example of this kind of industrial applications is the Buchwald-Hartwig 

amination where the surfactants are used in the multiphasic systems. 

Regarding this reaction a continuous flow microreactor has been developed 

for the homogeneous Buchwald-Hartwig aryl amination reaction, by using a 

well-defined palladium-NHC complex. A comparison between batch and 

continuous flow reactions was presented and it was shown that the B-H 

reaction is faster in the microreactor than in batch. The improvement is 

more significant at the lowest catalyst loadings, most likely because of the 

better heat transfer provided by the microreactor. This is due to the smaller 

surface to volume ratio of the latter. Additionally, an investigation of the 

influence of the microreactor operational parameters on the reaction system 

was carried out. An increase in the reaction temperature allows a faster 

conversion simply due to faster kinetics. Moreover, the use of a 

microreactor with smaller inner diameter shows better performance. The 

role of the solvent was investigated, by examining two organic solvents, 
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toluene and DME. DME was found to allow a faster conversion and avoids 

clogging in the microreactor. Finally, the dependence of reagent and pre-

catalyst concentrations have been delineated. The rate expression shown in 

equation (7) shows a zero-order dependence on the amine concentration and 

a first-order dependence on the aryl bromide concentration. For the pre-

catalyst, a second-order dependence has been found.  

The results of this successful application of the B-H reaction in a continuous 

flow microreactor can be considered relevant in the processing of 

pharmaceutical industry, where an increase of the productivity is constantly 

pursued always maintaining very high the purity of the product and then the 

selectivity of the process. 
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