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Thee practical value of science 

"I"I  have endeavored to state the higher and more abstract arguments by which the 

studystudy of physical science may be shown to be indispensable to the complete training 

ofof the human mind, but I do not wish it to be supposed that because I may be devoted 

toto more or less abstract that I am insensible to the weight which ought to be attached 

toto that which has been said to be the English conception of Paradise-namely, 'getting 

on'.on'. Now the value of a knowledge of physical science as a means of getting on, is 

indubitable.indubitable. There are hardly any of our traders, except the merely huckstering ones, 

inin which some knowledge of science may not be directly profitable to the pursuer of 

thatthat occupation. An industry attains higher stages of its development as its processes 

becomebecome more complicated and refined, and the sciences are dragged in, one by one, 

toto take their share in the fray." 

Thomass Henry Huxley 

ScienceScience Vol. 1, Is. 1, pg. 3, 3r d July 1880 
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1 1 
Introduction n 

Humann beings have been using natural glasses since the origins, producing daily 

toolss like knives and arrow tips manufactured with the volcanic glass, obsidian [1]. 

Butt it is only in the past few thousands of years that man has started producing 

objectss from sand (silicates). Glass-blowing is an even more recent discovery of 

mankind.. We all have in mind a common sense of what a glass is, thinking usually 

off  transparent silica based glasses, used in windows, bottles, glasses etc. Moreover 

theree are now many applications that make use of high purity silica, such as optical 

fibersfibers or bioactive implants. 

Inn modern times the definition of a glass was extended to a more general class 

off  materials. One defines as glasses all materials which, upon cooling from the liq-

uidd phase, do not undergo a classical crystallisation phase transition but become 

progressivelyy more viscous, leading to a solid amorphous phase. This wider defini-

tionn includes many other natural and synthetic materials present in our daily life: 

mostt polymers, glass ceramics, amorphous semiconductors, some proteins and sev-

erall  materials obtained with exotic new techniques, such as amorphous metals or 

alloys,, dense colloidal suspensions, supercooled emulsions and many others. Under-

standingg the nature of glasses has now become an issue that is not only of use for 

thee work of the glass-blower, but also for the manufacturing and use in everyday life 

off  plastic objects or more sophisticated technological devices. It is also important to 
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shedd light on the behaviour of natural products and their ability not to crystallise 

farr below their melting points. This property is exhibited, for example, by glycol 

usedd in cars as an antifreeze agent, but also in the body fluids of insects that need 

too survive in extreme cold or arid conditions. Besides these intuitive and practical 

applications,, the understanding the glass phase remains a puzzling problem in con-

densedd matter physics and in the last decades it has become the centre of increasing 

interestt and ongoing research. The increasing attention for this unsolved problem 

hass been sustained by the recent availability of appropriate experimental tools, as 

welll  as significant theoretical developments. Moreover, the ever growing simulation 

capacitiess of computers, offers nowadays conditions closer to realistic systems in size, 

temperaturee and time scale. 

Althoughh the word "freezing" is often used in the description of the glass tran-

sition,, we should bear in mind that at temperatures below the glass transition, 

thee dynamics does not stop. This is demonstrated by all aging phenomena such 

ass stabilisation processes taking place at temperatures below the glass transition 

(eg.. enhancing the mechanical strength). This applies to commonly used materials 

likee polymers, which can have a glass transition temperature that is not far above 

roomm temperature. Sometimes the implications can be of practical interest, for in-

stancee the size change of an old plastic ruler. For other materials, such as common 

windoww glasses (Tg ~ 800°C), they are far too deep into the glass phase to relax 

overr human time scales at room temperatures. In particular, the fact that stained-

glasss windows of 12th century cathedrals are thicker at the bottom than at the top 

iss probably due to the manufacturing technique and certainly not to a gravitational 

flowflow of the glass in 800 years [2, 3], This flow would indeed only occur on geological 

timee scales. 

1.11 Glass transition 

Inn the liquid phase of glass formers, the viscosity and any sort of relaxation time 

increasee enormously upon cooling. Relaxation times eventually become longer than 

thee experimental time scale, which is essentially the time during which the system 

iss allowed to equilibrate after a change of an external parameter or constraint. As 

aa consequence, no changes are observable anymore in the system and the structural 

configurationn of the liquid appears to freeze. The temperature at which the dynamic 

arrestt takes place is the so-called glass transition temperature Tg. The value of Tg 

dependss on the considered experimental time scale: the longer the system is allowed 

too equilibrate, the lower the temperature below which no changes take place in the 
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Sc c 

Figuree 1.1: Schematic plot of the structural entropy vs. temperature for a liquid 

cooledcooled below the melting point. Tm is the melting temperature, TgX, Tg2 and TK are 

thethe glass transition temperatures corresponding to different cooling rates. 

allowedd equilibration time. In experiments in which a property is followed in time 

afterr a sudden change of experimenta conditions (eg. temperature jump, switching 

ann external field on or off, etc.), the experimental time scale is simply the time 

overr which the system evolution is followed. In experiments in which conditions are 

changingg at a constant rate (eg. heating or cooling), the experimental time scale 

iss inversely proportional to this rate. In this respect, the glass transition is seen 

too be kinetic in nature. Indeed, by studying static properties, it is impossible to 

discriminatee between a glass and its corresponding liquid: neither of them presents 

thee long range order typical of a crystalline phase. 

Letss us consider in more details the cooling of a glass-forming liquid. Fig. 1.1 

schematicallyy represents the behaviour of a macroscopic thermodynamic property, 

ass structural entropy (or specific volume), versus temperature. Upon cooling from 

thee liquid phase, the system does not undergo a transition into the crystal phase, but 

iss supercooled below the melting point. The thermodynamic property follows the 

extrapolationn to lower temperatures of the law observed in the liquid phase. With 

furtherr cooling, the dynamics of the molecules is slowed down so much that they 

cannott explore their whole phase space anymore. This breaking of ergodicity leads 

too a deviation from the equilibrium configuration of the system. The temperature 

att which this happens is defined as the kinetic glass transition temperature Tg. 

Ass the temperature is further decreased, any rearrangement becomes impossible at 
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thee experimental time scale and the molecules are stuck in a structural state out of 

equilibrium,, with an entropy higher than that of the crystalline phase. If the cooling 

ratee is lower, the sytem gets more time to equilibrate. Therefore the glass transition 

wil ll  occur at a lower temperature and the entropy of the glassy state will be closer 

too that of the crystal. Eventually, at a certain cooling rate the entropies of the 

glassyy and crystalline states will coincide. The extrapolated temperature at which 

thiss happens is known as the Kauzman temperature TK (Fig. 1.1). By continuing 

too reduce the cooling rate, a stage is in principle reached where the entropy becomes 

zeroo (or even negative), at a temperature above zero. This is the so-called entropy 

paradoxx by which the third law of thermodynamics is violated. 

Sincee the value of the glass transition temperature depends on the way it is 

measured,, more or less standard conditions have been adopted to determine Tg 

experimentallyy [4]. In dilatometry measurements, consisting in following the depen-

dencee of the specific volume as a function of temperature (as explained above), Tg 

iss measured with temperature cycling rates between 1 and 20 Kmin - 1. The same 

coolingg rates are used for differential scanning calorimetry (DSC), which is actually 

thee most common technique for measuring Tg. In this case, the specific heat capacity 

off  the material is measured as a function of temperature, with the glass transition 

characterisedd by a sudden increase of the heat capacity (see also Sec. 2.3.1). Another 

wayy of defining Tg is to consider the temperature at which the average relaxation 

timee of the system equals a given value taken as the experimental time scale (see 

Sec.. 1.2). This time scale is fixed by convention to 100 sec. How much Tg changes 

iff  this value varies depends very much on the material considered (see next Section 

andd Fig. 1.3). Similarly people use also measurements of the shear viscosity r\ of 

thee material, defining Tg as the temperature at which n reaches the value of 1013 

poise.. Since the values of Tg measured by these different methods agree quite well, 

databasess give generally "the" value of Tg for a given material, without specifying 

thee experimental conditions. 

Anotherr consequence of the fact that the glassy state is not a thermodynamic 

equilibriumm state is that the exact state of the system depends on the history of the 

samplee [5] So to perform experiments with glass-forming materials in a reproducible 

way,, it is necessary to first anneal the system at high temperature in the liquid 

state,, which is an equilibrium state. This gives a well-defined starting point that 

iss independent of the history. Then the system should be brought to the desired 

temperaturee following a well-defined procedure (generally a constant cooling rate). 



1.21.2 Relaxation dynamics 13 3 

1 1 

Liquid d 

aa^ ^ 

Supercooledd liquid 

aa / 

c c 

b b 

Glass s 

l^cagee I T c 

Figuree 1.2: Modified Arrhenius plot of the logarithm of the relaxation time T VS. in-

verseverse temperature 1/T for a moderate glass-forming liquid. The different curved 

correspondcorrespond to different relaxation processes (see text): (A) molecular transient pro-

cess,cess, (a) high temperature process, (b) boson peak, (c) cage rattling, (a) structural 

relaxationrelaxation and (/3) local slow relaxation. 

1.22 Relaxation dynamics 

Thee glass transition described above takes place as the characteristic structural 

rearrangementt time exceeds the experimental time scale. This behaviour stresses 

thee importance of dynamics as a key factor in this process, disconnecting it from 

structuralstructural considerations. 

Thee term "relaxation time" that we have used so far, should be taken in a wide 

sense:: it can be any kind of characteristic time that describes dynamic processes in 

complexx fluids. These processes, will first, of all include the rotational and transla-

tionall  motion of the molecules. In a simple liquid, the characteristic rearrangement 

timee T, corresponding to such motion, depends exponentially on the inverse tem-

perature.. In a so-called Arrhenius plot of logr as a function of 1/T, a straight line 

iss obtained. In a glass-former, the Arrhenius plot gets a more complex structure 

(Fig.. 1.2), because motion takes place on very different times scales [6]. Already in 

thee high temperature range (low 1/T), different relaxation processes take place. The 

molecularr transient process A, bifurcates into the high-temperature process a (also 

knownn as a/3), which is well described by the mode coupling theory (MCT) from 
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Götzee [7]. and into the cage rattl ing c mode (also known as fast p) that corresponds 

too local motion of molecules inside cages formed by the surrounding molecules. The 

bosonn peak b (detected by neutron scattering) is also present in the supercooled 

phase,, and is temperature independent, as is mode c. The boson peak is associated 

wit hh a low-frequency vibrational mode or group of modes. At the crossover temper-

a turee Tc, a bifurcation takes place. The structural relaxation process, known as the 

aa process, becomes significantly slower than the local (slow) (3 relaxation identified 

inn the '70s by Johary-Goldstein. In the supercooled liquid other more exotic modes 

cann be identified, especially when the glass former is a complex system such as a 

polymerr [8]. The descriptions of these systems is beyond the scope of this thesis and 

wil ll  not be included in the discussion. 

Thee crossing of the glass transition is associated with the slowing down of the 

structurall  relaxation corresponding to the a process, which is the dominant mode. 

Differentt laws are used to describe the temperature dependence of the corresponding 

relaxationn t ime. They are all adaptat ions of the Arrhenius law observed in simple 

l iquids,, which describes the temperature dependence of the relaxation time with a 

simplee exponential law [9] 

T0exp p 
EEa a 

kkBBT T ; i i ) ) 

wheree the energy Ea is the temperature-independent activation energy, i.e. the en-

ergyy to be overcome by a molecule in the relaxation process and r0 is a constant for 

thee system. For glass dynamics, a phenomenological adaptat ion was suggested in 

thee '20s with the Vogel-Fulcher-Tammann (-Hesse) law [10, 11, 12] 

TyFT-exp p 
B B 

TT - T i VFT VFT 
(1.2) ) 

wheree B, TVFT and TVFT are constants. These laws were interpreted a few decades 

laterr with a microscopic model considering the free space in between molecules (so-

calledd free volume theory). The parameter B gives the strength of the non-Arrhenius 

characterr of the dynamics. TVFT is a characteristic temperature below the observed 

glasss transit ion temperature. Other laws have been proposed to fit the temperature 

dependencee of experimental relaxation times, like power laws 

TT =  TQ exp 
TT — TVFT 

TTv v FT FT 
(1.3) ) 
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Forr polymer systems the equivalent of Eq. 1.2 is often used for the average 

relaxationn time (so called Williams-Landel-Ferry (WFL) law) 

-Ci(r-r f l r r <T)) - (T)Tg exp 
CC22+T-T+T-Ta a 

(1.4) ) 

wheree C\ and C<i are positive constants. 

Thee deviation from the Arrhenius law has been quantified by Angell [13] using 

thee concept of fragility. Angell plotted the shear viscosity, which is proportional to 

r ,, versus reduced inverse temperature Tg/T, defining Tg as the temperature at which 

thee viscosity reaches 1012 Pas (=1013 poise) [9, 13, 14, 15]. With this scaling, he 

obtainedd a masterplot in which the viscosity of all the considered substances falls on 

commonn non-Arrhenius curves for similar values of a parameter m called fragility. 

Fig.. 1.3 shows a schematic representation of the equivalent plot for the relaxation 

timee r. This is actually a modified Arrhenius plot. Tg is then defined by rTg =100 

sec.. The lines correspond to the dependence of r for different values of the fragility 

m,, calculated using Eq. 1.2 written in the following form: 

logg r = log rT - m0 + 7 —(  ̂ /T^ K1^) 
99 (m-(m- mo)Tg/T) 

with h 
B B 

mm00 = (T(Tgg-T-TVFTVFT)\nlQ )\nlQ 

BTBTgg _ 2. ,r,TvFT 
mm = ^-ö ~ rn0 + mj In 10 . (1.6) 

( T 9 - 7 V F T ) 2 l n l OO B 

mm is actually the slope of the curve logr versus Tg/T at T = Tg: 

mm==  d l ° g T , (1.7) 
d{Td{Tgg/T)/T) T=Tg 

Thee parameter D — B/TVFT is called the strength parameter. m0 is the lower 

limi tt found for m in strong glasses. It corresponds to an Arrhenius behaviour r = 

rrAAexp{Eexp{EAA/T)/T) with rA = rTg exp(-m0 In 10) = 10"14 sec. Materials with a high 

fragilityy m {small strength parameter D) are typically polymers, while silica, known 

too be a strong glass former, has a fragility m = 20. 

1.33 Models of glass formation 

Soo far, we have dealt with the macroscopic behaviour of glassy materials, but of 

course,, the question arises why these systems exhibit such a slowing down of dy-

namics.namics. A deep detailed knowledge of the nature of the glass transition is still 



l( j j Introduction Introduction 

2 2 

-2 2 

-6 6 

-10 0 

-14 4 

00 0.2 0.4 0.6 0.8 1 
T/T T 

g g 

Figuree 1.3: Schematic modified Arrhenius plot o} the logarithm of the relaxation 

timetime T versus the normalised inverse temperature Tg/T according to Eq. 1.5. We 

showshow the case of m = m0 = 16, m=55 and 139 (polystyrene). The inset gives the 

dependencedependence of the fragility m with the strength parameter D. 

lackingg and reaching it is a challenging goal. Many theories have been proposed 

[16,, 17, 18, 19] and revisited, but all fail to explain the whole collection of typical 

featuress of the glass transition. Somehow each theory applies to a limited range of 

conditions,, either thermodynamic or kinetic. Theories like the original or the succes-

sivee elaborations of Mode Coupling Theory (MCT) are more suitable in describing 

thee origins of the dynamic slowing down, taking place far above the glass transition. 

Sincee we are interested in the behaviour of confined glassy systems around and below 

thee glass transition, we need a theoretical model applicable over the whole relevant 

temperaturee range and in which size plays a prominent role. 
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Figuree 1.4: Sketch of a cooperatively rearranging region, growing as temperature 

decreases.decreases. The cooperative length £ is indicated by the arrows. 

1.3.11 Cooperatively rearranging regions and dynamic hetero-
geneities s 

Onee of the widely used theories of the glass transition is that of Adams and Gibbs 

[20],, which is based on the concept of cooperatively rearranging regions, CRR. As 

thee temperature of a liquid decreases towards the glass transition state, the motion 

off  the molecules is no longer independent, but the dynamics becomes correlated 

overr a certain number of molecules. The spatial extent of this correlation is generally 

definedd as the cooperative length £. As depicted in Fig. 1.4, the CRRs can be thought 

off  as regions where the dynamics, either rotational or translational, is collective, 

i.e.. all the molecules in the region need to move together to allow some restructuring. 

Ass the temperature approaches and crosses Tg, the length £ diverges exponentially at 

aa temperature To lower than Tg. As £ increases, relaxations become more and more 

unlikelyy and the average relaxation time increases dramatically. The temperature 

dependencee of £ is related to that of the configurational entropy that becomes zero 

att T = T0. A later model of Ngai [21] considered the CRRs as not being independent 

butt having mutual interactions. This extension of the model is suitable for explaining 

calorimetricc and dielectric experimental data. 

Parallell  to the development of theories based on the idea of cooperative motion, 

otherr models focused on explaining the fact that the dominant a-relaxation is highly 

non-exponential.. This non-exponentiality can be related to the superposition of 

relaxationn processes with different relaxation times. This gave rise to the notion 

off  dynamic heterogeneities, composed of slow and fast relaxing regions [22]. The 

contourss of these regions probably fluctuate along with the relaxation rate inside 
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thee regions [23]. 

Collectivelyy rearranging regions and dynamic heterogeneities are actually related 

concepts.. CRRs are, in fact, fast relaxing regions surrounded by slow or immobile 

molecules.. So the length scale of hetoregenities and the cooperative length should 

essentiallyy be the same. Both simulation and experiments have been used to provide 

evidencee for the existence of such a length scale and to evaluate it. 

Simulations s 

Computerr simulations were already attempted several decades ago (see eg. [24]). but 

itt is only recently that computing power has made it feasible to simulate sufficiently 

largee systems of glass-formers [2. 25]. The advantage of computer simulations is 

thatt the positions of particles are known at every simulation step, making it pos-

siblee to calculate different characteristics of the system, such as time-dependent 

densityy correlation functions. Spatially correlated heterogeneities have been found 

byy molecular dynamics (MD) simulations of Lennard-Jones binary systems [26] as 

welll  as by Monte Carlo simulations [27]. An original finding is that CRRs would not 

havee a compact shape but instead a string-like structure [28]. 

Experiments s 

Severall  established techniques can be found in literature, to determine directly or 

indirectlyy the characteristic length associated to dynamics in bulk glass-formers, 

althoughh the associated meaning differs from one author to another. Some consider 

aa characteristic length as the size of clusters present in the system, while others use 

thee correlation length from density-density correlations. 

Long-rangee optical inhomogeneities were found by Rayleigh-Brillouin spectrosco-

pyy on ortho-terphenyl, an unusual but widely studied glass-former [29]. Samples with 

clusterss were prepared by opportune control of the thermal history. The dynamic 

clusterr sizes were determined by assuming a density fluctuation model for the rota-

tionall  relaxation time. The temperature dependence of the length scale £(T) in the 

temperaturee range [Tg. Tg + 80° C] was found to be a power law 

&T)~{T-T&T)~{T-TVFTVFT)-)-
VV (1.8) 

withh v =0.69 [30]. 

Inn polymeric materials studied by NMR [31], the molecular dynamics is de-

pendentt on the polydispersity and is non-Arrhenius. This was interpreted by the 
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formationn of clusters containing a few chain units, appearing already at temper-

aturess far above Tg. Multidimensional NMR has proven to be a more powerful 

techniquee for identifying such heterogeneities and their spatial and temporal fluc-

tuationss [22]. With a specifically selected series of excitation pulses, it is possible 

too probe molecules with a higher or lower mobility [23, 32, 33], which provides a 

selectivityy in mobility similar to that obtained using computer simulations [28]. The 

mainn advantage of this experimental technique is to probe the length scale of the 

dynamicc heterogeneities in a non-perturbative way. At temperatures just above Tg, 

thiss length scale was found to be around 3 nm in poly(vinylacetate) [23] and 1 nm 

inn glycerol [32]. Another interesting piece of information on collective motion can 

bee derived from studies of the high-frequency relaxation modes, such as the cage 

rattlingg and/or the boson peak (c and b modes in Fig. 1.2). These modes give 

informationn on the character of the corresponding motion. These processes are of 

vibrationall  nature and can be analysed using inelastic coherent neutron scattering 

[34].. Atomic motions at small wave numbers correspond to a length scale of several 

timess the nearest neighbours' atomic distance. Experiments on Cao.4Ko.6(N03)i.4 

revealedd the existence of randomly flowing collective displacement of a large number 

off  neighbouring atoms. 

Otherr methods to probe heterogeneous dynamics are dielectric and optical mea-

surements.. A special dielectric technique consists in following the recovery process 

inn the dielectric spectra after inducing a non-resonant spectral burning in the stud-

iedd material [35]. The refilling of the spectral holes is consistent with the existence 

off  short-living spatial heterogeneities. A physical localisation of slower molecular 

'clusters'' was also obtained by measuring dielectric fluctuation at the nanometer 

scalee performed by using an AFM tip as the sensor [36]. 

Similarr to the dielectric hole burning, photobleaching techniques allow one to 

observee heterogeneities in glass-formers by following the recovery of dynamically 

selectedd molecules. The rotational dynamics of dilute optical probes can be followed 

afterr appropriate photobleaching of the more mobile probe molecules in a sample [37]. 

Thee relaxation profiles are consistent with the presence of spatial heterogeneities. 

Butt it is only recently that an optical experiment has provided direct evidence 

off  the presence of spatial heterogeneities in mesoscopic systems. Van Blaaderen [38] 

andd Weeks [39] observed fast relaxing regions surrounded by slow ones in polydis-

persee colloidal hard-sphere suspensions [38] using confocal fluorescence microscopy 

onn specially prepared fluorescent silica colloids [40]. 

Characteristicc lengths have also been determined by analysing calorimetric heat 

capacityy scans, applying a fluctuation theory of the glass transition [41, 42]. The 
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obtainedd values at Tg or just above it, are of the order of a few nanometers, both for 

low-molecularr weight and polymeric systems. These values are slightly larger than 

thosee determined with NMR or simulation techniques [43], This could be explained 

byy the fact that the size of the dynamically distinguishable sub-units probed by the 

latterr techniques, only represent a upper limit for the size of CRRs. 

1.3.22 Non-exponentiality 

Iff  a system is dynamically heterogeneous, this implies that there is a certain distri-

butionn of the relaxation times in the system. As a consequence, the time relaxation 

off  any property will not be a single exponential. Observable relaxations of a physical 

quantityy <J> are often fitted by the Kohlrausch-Williams-Watts (KWW) law: 

<t>(t)<t>(t)  = Ae-(t/TY\ (1.9) 

wheree A is a constant and r is a characteristic relaxation time. The stretch expo-

nentt 0 is related to the width of the distribution of relaxation times, and r is a 

characteristicc relaxation time. If j3 = 1, $(t) becomes a single exponential law and 

correspondss to a Dirac distribution of relaxation times peaked at r. A decreasing 

valuee of j3 below 1 indicates a widening of the relaxation times distribution. 

AA broad distribution of relaxation times is generally considered as being at the 

originn of the non-Arrhenius temperature dependence of the a-relaxation time. The 

linkk between non-Arrhenius behaviour and non-exponential relaxation is strength-

enedd by the rather good correlation between the exponent j3 (Eq. 1.9) and the 

fragilityy m (see Sec. 1.2). In a plot of m vs. /3, most materials with (3 < 0.8 fall on 

thee line [9] 

mm = 250 -320/3 (1.10) 

Itt has long been debated whether the non-exponential character of glassy dy-

namicss is due to intrinsic non-exponential dynamics, with all regions in the material 

presentingg a complex dynamics, or whether it is the result of heterogeneities with a 

distributionn of fully exponential relaxation functions throughout the system. In the 

heterogeneouss dynamics scenario, we can describe the system as being made of a 

distributionn of relaxators i (that can be visualised as nanoscopic regions within the 

glass-former)) having a defined time constant n 
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wheree ^ is the probability density of the relaxators i with relaxation time rt. In the 

casee of intrinsic non-exponentiality, one assumes that the relaxation of each relaxator 

iss non-exponential and described by a response function ƒ(£, T) = exp [—(t/r)^1™'] 

withh an exponent j3int and a distribution function g@int of these exponents [44]. The 

totall  response function of the system is then 

4>«« = £ < * , „ , e -w - ) f l i " ' , (1.12) 
i i 

withh 0 < j3 ̂  pint  ̂ 1. 

Theree are several theoretical and experimental studies validating the heteroge-

neouss dynamics scenario (Eq. 1.11) (see [45, 46, 47]), although the apparent distribu-

tionn of relaxation times is not necessarily associated to regions of different densities 

andd entropies. On the other hand, local dielectric measurements performed with 

ann AFM tip found that the dynamics is non-exponential in individual homogeneous 

regionss [36]. 

Relaxationn processes other than the a-relaxation, related to individual molecular 

mobility,, have been proven to be spatially uniform, both above and below the glass 

transition.. This is particularly the case for the /?-relaxation, which shows spatial 

uniformityy [48]. 

1.44 Dynamics in confined geometries 

Generallyy speaking, confining a system to a scale comparable to a characteristic 

lengthh scale inside the system, results in significant deviations of the structural 

andd dynamical properties with respect to the bulk. In glass-formers, the concept of 

cooperativityy suggests that the dynamics of the system should be modified if the size 

off  the system becomes comparable to the cooperative length £. In this size range, it is 

thee size of the system that determines the size of cooperatively rearranging regions 

(Fig.. 1.5) and therefore the dynamic behaviour of the system. The cooperative 

lengthh in several low-molecular weight glass-formers has been estimated to be of the 

orderr of a few nanometers for temperatures approaching Tg from above. Theories 

predictt that this length should increase as temperature decreases. So one expects 

modificationss of the dynamic behaviour in glassy systems with sizes in the mesoscopic 

range.. In the following we review the known effects of confinement on the dynamic 

behaviourr of glass-formers. Thereby we make a distinction between two different 

effects.. The first one (referred to as pure confinement or pure geometrical effect) 

comess from the change in the size of the system, disregarding the way this size is 

imposed.. This effect of size on the dynamics and the glass transition is discussed 
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Figuree 1.5: Schematic representation of the effect of confinement on cooperative 

motion:motion: as the size of the system decreases, cooperatively rearranging regions gets 

modified,modified, hence also the dynamics of the system. Thin films correspond to confine-

mentment in one dimension (left), pores to confinement in two dimensions (middle), and 

spheresspheres to confinement in three dimensions (right). 

inn the next two sections. In the last Section, we discuss the role of the interactions 

withh the confining walls that have to be taken into account in most experimental 

realisationss of confinement. 

1.4.11 Effect of pure confinement on dynamics 

Takingg into account only pure geometrical effects (without interactions with walls) 

andd assuming the presence of cooperatively rearranging regions of size £, we can 

intuitivelyy expect the following changes in the dynamic behaviour of glass-formers 

whenn they are confined in thin films. For thicknesses rather large with respect to f, 

confinementt only affects molecules in the vicinity of the surfaces (Fig. 1.5). Surface 

moleculess belong to cooperatively rearranging regions that are smaller than the ones 

presentt in bulk. Therefore their relaxation should be faster than that of molecules 

inn the middle of the system. As the size of the system decreases, the proportion of 

moleculess affected by the surfaces increases. As a consequence, the distribution of 

relaxationn times in the system should broaden towards the short time scales lead-

ingg to a decrease of the mean relaxation time. When the film thickness becomes 

comparablee with £, all molecules are affected by confinement and the size of the 

cooperativelyy rearranging regions is determined by the size of the system. Decreas-

ingg the size even more down to a molecular size will make the system homogeneous 

again,, with all molecules having essentially the same environment. However, the 

relaxationn time will  be smaller than the value in bulk, because the motion of the 

moleculess becomes essentially individual again. 
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Mostt of the experiments performed on low-molecular-weight glass-formers con-

firmm the above qualitative picture. They have been performed using porous glass 

forr 2-D confinement and cavities in butyl rubber for 3-D confinement. Possible at-

tractivee interactions with walls are then suppressed by silanisation of these walls 

[49]. . 

Thee characteristic time corresponding to the a orientational relaxation, as mea-

suredd by dielectric spectroscopy, is generally decreasing as the size of the system 

decreasess [49, 50, 51, 52, 53, 54]. Translational diffusion measured by NMR also 

tendss to increase under confinement, but to a lesser extend than rotational motion 

[54].. The reduction in relaxation time is larger for 3-D confinement than for 2-D 

confinement,, but it appears at approximately the same system size [51, 52, 53]. The 

expectedd broadening of the distribution of relaxation times is also observed with 

dielectricc spectroscopy [49, 50, 52, 53, 55, 56]. Similar results were obtained also in 

Montee Carlo simulations [57]. 

Theree are very few results on systems confined down to the molecular size, 

andd they are rather contradictory. In molecularly thin films, the reorientational 

dynamicss was observed to be exponential [58], which suggests a narrow distribution 

off  relaxation times. On the contrary, ethylene glycol confined in zeolite pores as 

smalll  as 7 A in diameter still showed a bulk-like dynamic behaviour [59]. 

Promm the effects of size on the dynamics, it is possible to make an estimation of 

thee cooperative length £. The value of £ for salol in the vicinity of the calorimetric 

glasss transition temperature was estimated to be > 70 A [50]. Similar values of £ at 

TT99 were obtained for another H-bonded material (propylene glycol, with £ < 60 A) 

andd for the non-associating liquid JV-methyl-e-caprolactam (£ < 120 A) [60]. These 

valuess are larger than the ones measured in bulk systems (see Sec. 1.3.1). 

Theree is much more work done on polymeric materials confined in thin films, 

butt it concerns mainly the glass transition (see Sec. 1.4.3) and not the dynamics it-

self.. One advantage of polymers is the possibility of studying free-standing films, in 

whichh interactions with a wall are totally absent. The relaxation dynamics has been 

studiedd in such films made of a high-molecular weight polystyrene (Mw=767kDa) 

usingg photon correlation spectroscopy [61]. The mean relaxation time was found to 

bee significantly lower than in bulk while the relaxation dynamics followed the same 

stretchedd exponential as in bulk. In contrast a significant broadening of the distri-

butionn of the relaxation times has been observed in films supported by a substrate 

[62,, 63]. 

Otherr measurements probe only the dynamics close to the free surface, using 

differentt techniques, but the results are very contradictory: some experiments show 
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ann enhanced mobility at the free surface (which would lead to a broadening of the 

distributionn of relaxation times in thin films) while others show no sign of such an 

enhancementt [64, 65]. 

Wee should however keep in mind that the behaviour of polymeric systems cannot 

reallyy be compared with that of low-molecular weight systems. As already mentioned 

inn Sec. 1.2, polymers are also subject to several effects directly linked to the con-

finementt of chains in a finite space. This is underlined for instance by the strong 

molecularr weight dependence of all confinement effects [64, 65]. 

1.4.22 Effect of pure confinement on the glass transit ion 

Thee variation of the distribution of relaxation times in confined systems should 

resultt in changes of dynamic macroscopic properties. If the relaxation time distribu-

tionn shifts towards shorter time scales and the average relaxation time (r) becomes 

smallerr then the temperature, at which (r) becomes equal to the experimental time 

scalee ({T ) = 100 sec), decreases. So we expect to observe a decrease of the glass 

transitionn temperature Tg. Such a decrease has indeed been observed, both in low-

molecularr weight glass formers [66, 67, 68] and polymeric systems [69, 70, 71]. How-

everr the glass transition temperature shifts is significantly smaller in low-molecular 

weightt systems than in polymers. In the first category of materials, the most pro-

nouncedd Tg depression, registered for salol in a 2.5 nm pore size, was of 15 °C [72]. 

Thee largest shifts in polymers (70 °C) was observed in polystyrene free-standing 

filmss [71]. 

Fromm the broadening of the distribution of relaxation times, we expect that 

differentt parts of a confined system would exhibit a glass transition at different 

temperatures.. This inhomogeneity of the glass transition temperature is generally 

usedd as an explanation for the decrease of the overall glass transition temperature in 

polymerr films [64, 65]. This inhomogeneity should lead to a broadening of the glass 

transition.. Surprisingly enough, such a broadening has only been observed in one 

studyy of supported polymer films [70]. In all others and in studies of free-standing 

polymerr films, such a broadening has not been observed [64, 73, 74, 75]. This is one 

off  the main puzzles in the field. For low-molecular-weight glass formers, a smearing 

outt of the transition region has been observed by calorimetry in o-xylene dispersed 

inn a microemulsion, although artifacts due to changes in the heat flux through the 

dispersedd medium cannot be excluded [76]. In thin films, there was no study of 

thee glass transition til l our measurements presented in Chap. 3, so the question was 

totallyy open. 
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1.4.33 Effect of interactions with a wall 

Soo far we have concentrated our discussion on the effect of pure geometrical con-

finement.. In experiments, however, this confinement has generally to be imposed by 

wallss to obtain a stable system. It is known by now that the interactions between 

thee glass-forming molecules and the walls can have a strong influence on the dynam-

ics.. This conclusion is mainly drawn from studies performed in polymer systems. In 

free-standingg films of polystyrene, in which such interactions are absent, the decrease 

off  the glass transition temperature Tg under confinement is large (up to 70 °C) [71]. 

Whenn the films are supported by oxidised silicon wafers and glass, which have rather 

smalll  interactions with polystyrene, the shift in Tg decreases significantly (~ 30 °C) 

[64].. When the films are supported by hydrogen-passivate silicon wafers, which in-

teractt strongly with polystyrene, Tg increases as the size of the system decreases [77]. 

Thee same increase is observed in all other systems with strong polymer-substrate 

interactionss [78, 79] while the opposite behaviour is observed in systems with small 

interactionss [63, 69, 70, 79, 80, 81]. 

Effectss due to the walls have also been observed for low-molecular-weight glass-

formerss confined in pores with bare walls. The broadening of the distribution of 

relaxationn times towards the long time scales has been interpreted as the result of 

aa lower mobility of the molecules in contact with the walls, due to their strong 

interactionn with walls [49, 55, 82, 83]. 

1.55 Ai m of our work and outline 

Thee origin of the formation of glasses is still a puzzle. The idea that motion is 

collectivee explains several features of glass formation, but many questions remain 

open,, in particular on the length scale at which collective motion takes place. The 

existencee of this length scale implies that the size of the system should have a 

significantt influence on the dynamics of the system. This raises several questions. 

HowHow is the dynamics affected if we reduce the size of the system around or below the 

cooperativecooperative length? How is the distribution of the relaxation times then modified? 

WhatWhat are the consequences for the glass transition? 

Ass reviewed in the previous section, research aiming at answering these questions 

hass concentrated on two types of systems: polymers in thin films and low-molecular-

weightt glass-formers in porous media. Because of their chain character, polymers 

exhibitss bulk dynamic processes and a behaviour under confinement that is spe-

cificc to these materials rather than generic for glasses in general. Confinement in 

porouss media introduces curvature effects and is not well defined in size because of 
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thee polydispersity in pore sizes and the presence of pore junctions. To overcome 

thesee problems, we have studied the dynamic behaviour of low-molecular-weight 

glass-formerss in thin films. We have chosen two hydrogen-bonded glass-formers, 

withh a fairly simple chemical structure, from which we can expect relatively simple 

relaxationn processes. 

Thinn films are easy to prepare by direct deposition or coating (as we used) 

onn open surfaces, allowing us to prepare homogeneous samples with a well-defined 

thicknesss over large areas. Moreover the sample reproducibility is very good due to 

thee easy control of sample preparation conditions like cleaning of the substrate or 

controll  of the external environment. Last but not least, intrusive and destructive 

investigativee probes as well as non-destructive ones, like the probes we have used, 

cann directly be applied on thin films. 

Inn Chap. 2 we present the physico-chemical characterisation of the two materi-

alss synthesized for our purpose. The preparation of the films by spin coating and 

thee subsequent characterisation of the films by atomic force microscopy are also 

discussed. . 

Chap.. 3 is dedicated to a study of macroscopic properties of the films, namely the 

thermall  expansivity and the glass transition. The dependence of the film thickness 

versuss temperature was determined by x-ray specular reflectivity for a wide range of 

ass spun thicknesses. We show that confinement significantly modifies the behaviour 

off  the films for thicknesses below ~100 nm. We use a simple model to qualitatively 

interprett our results in term of the distribution of relaxation times inside the system. 

Amongg non-destructive techniques, linear and non-linear optical techniques are 

widelyy used, the latter being more powerful and presenting a wide variety of possible 

applications.. One of the materials we have studied carries non-linearly polarisable 

units.. We used this specific substance for carrying out second-harmonic generation 

(SHG)) measurements on thin films similar to those used in Chap. 3. The basic 

theoryy of this optical technique is presented in Chap. 4. 

SHGG was used to probe reorientational dynamics of the non-linearly polarisable 

groupss after orienting them with an external strong DC electric field. The relaxation 

responsee was followed over 11 orders of magnitude in time, covering time scales 

fromm 1 /usee up to several days. Chap. 5 shows how such a wide time range could 

bee obtained experimentally. Measurements at time scales below 1 sec required a 

specificc signal collection method involving switching the external DC field in short 

time,, synchronisation with the signal collection, and the measurement of very low 

signals.. An example of application of this technique is shown, which allows us to 

resolvee dynamic feature of liquid crystalline thin films in the microsecond domain. 
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Inn Chap. 6 we present our results for the relaxation dynamics of glass-formers as 

aa function of temperature and film thickness. The measured relaxation functions are 

fittedd with a stretched exponential law, from which we determine the distribution 

off  relaxation times in the film. These results are compared with the macroscopic 

measurementss performed in Chap. 3. 
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glass-formerss in th in films 

InIn this Chapter, we describe the glass-formers we have used in our experiments and 

theirtheir bulk properties. We also explain how we make uniform thin films and charac-

teriseterise their quality. 

Amongg all families of materials presenting a glass transition we can mention: 

amorphouss polymers, network materials (oxides), alcohols, molten salts, orientan-

tionallyy disordered crystalline materials and other complex liquids. In this thesis we 

havee studied materials (Fig 2.1) that belong to the polyalcohols family. These mate-

rialss are characterised by the presence of hydroxy functional groups that are known 

too create H-bonded networks. Our compounds carry elongated stiff side-groups that 

cann give rise to a liquid crystalline behaviour. 

2.11 Hydrogen-bonded glass-formers 

Inn the plot of the relaxation time versus Tg/T, as originally done by Angell [9, 84], al-

coholss [85] and polyalcohols [86] are found to occupy the intermediate region between 
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Glasss former 

Polystyrene e 

Poly(propylenee glycol) 

Sorbitol l 

1,2,66 -Hexanetriol 

Salol l 

1.33 -Butanediol 

Glycerol l 

Propylenee glycol 

n-Propanol l 

Si02 2 

TTgg (K) m(T5) 0(Tg) ^pred=(250-m)/320 

3755 139 0.35 0.35 

1977 117 0.42 0.42 

2744 93 0.50 0.49 

2022 74 0.60 0.55 

2188 73 0.60 0.55 

1733 65 0.58 0.58 

1900 53 0.65 0.62 

1677 52 0.61 0.62 

1099 40 1.00 0.66 

15000 20 0.70 0.72 

Tablee 2.1: Glass transition temperature Tg, fragility m(Tg), stretch exponent (3(Tg) 

andand exponent predicted by Eq. 1.10, for various H-bonded materials compared to 

thethe fragile polystyrene and strong silica. The measurements were performed with 

differentdifferent techniques (see [9]  and references therein). 

strongg and fragile extremes. In Tab. 2.1 a few H-bonded glass-formers are listed by 

descendingg fragility, compared to two extreme soft and strong materials that are 

polystyrenee and Si02. Monohydric alcohols tend to be stronger than polyalcohols, 

whosee fragility is closer to that of polymeric materials. 

Onee peculiar feature of hydrogen-bonded glass-formers is the fact that, for many 

off  these materials, the observed relaxation processes (in particular measured by 

dielectricc spectroscopy) exhibit time dependences closer to a single exponential that 

whatt is expected from their fragility [9]. In other words, their stretch exponent 

(3(3 appearing in the KWW law (Eq. 1.9) is closer to 1 than predicted by the law 

generallyy valid in glasses (Eq. 1.7). Especially monohydric alcohols exhibit strictly 

Debye-likee relaxations (see propanol in Tab. 2.1). The general m(P) law becomes 

moree valid as the number of OH groups per molecule increases, in particular for 

polymers. . 

2.22 Glass-formers with mesogenic side-groups 

Glass-formerss with mesogenic side-groups combine the dynamic features of glasses 

withh the optical properties of fluid liquid crystals, making them interesting for 
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electro-opticall  and optoelectronic applications. The first low-molecular-weight liquid 

crystallinee glass-formers discovered in the '70s [87, 88] suffered from having low glass 

transitionn temperatures [89, 90], often below ambient temperature. Many of them 

presentedd morphological instabilities with a tendency to recrystallise upon thermal 

cyclingg between the glass phase and the isotropic liquid. Only recently [91, 92, 93] 

neww substances have been discovered with Tg high enough to make them suitable 

forr example as optical memories or retardation layers in liquid crystal devices. One 

usuall  synthetic way consists in attaching elongated mesogenic pendant groups to 

aa rigid core through flexible spacers. In general, the glass forming ability is due 

too mutual volume exclusion effect between the rigid core and the flexible elongate 

mesogenicc group, avoiding crystallisation. In our material [91] the glass formation 

iss mainly due the ability of hydrogen-bonded network formation. When these mate-

rialss are cooled down from the isotropic phase, they show first one or several liquid 

crystallinee phases before the glass transition occurs, freezing in the structure of the 

lastt liquid crystalline phase. 

2.33 Our materials 

Thee two glass-formers used in this thesis (Fig. 2.1) were originally synthesised and 

patentedd by Akzo-Nobel [91] that provided the first batches of both materials. Later 

aa second batch was synthesised by W. Jager and P. Kouwer in the Polymer Materials 

andd Engineering group at the University of Delft. The two compounds are made of a 

sulfonicc core and four identical branches, each of them supporting one hydroxy group. 

Thee difference between the two glass-formers comes from the end-group attached at 

positionn 4' on the biphenyl groups. A hydrogen substituent leads to the simple glass 

formingg material [A] = C72H68N2O10S (Mw=1153.42 Da, Tg = 78/85 °C, for the Tg 

determinationn method see Sec. 2.3.1) . With a cyano substituent in position 4' we 

obtain,, for the pendant group, the well-known cyanobiphenyl mesogenic group widely 

usedd in liquid crystal science [94]. With this substituent, one gets the material [B] 

== C76H64N6OioS (Mw=1253.46 Da) that exhibits a nematic liquid crystalline phase 

(withh the mesogenic groups parallel in average to each other). The compound has 

aa nematic-isotropic transition Tni = 137 °C and a glass transition Tg = 106/110 °C. 

However,, we have never observed any birefringence in our films, even when they 

weree thick enough for birefringence to be detected by polarisation microscopy. We 

havee no indications that a possible mesogenic character of the molecules plays any 

rolee in our experiments. 
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[B] ] 

Figuree 2.1: Chemical structures of the compounds used in this thesis. 

Wee have studied on both compounds the effect of confinement on the glass tran-

sitionn (Chap. 3). With compound [B] that carries non-linearly polarisable groups 

(cyanobiphenyll  groups), we have also performed dynamic second-harmonic genera-

tionn measurements to study the reorientation dynamics under confinement (Chap. 6). 

Thee advantage of these low-molecular-weight glass-formers is their relative simplic-

ity. . 

Thee more widely used polymers have the disadvantage of having dynamics in-

volvingg more complicated relaxation processes that are often hard to distinguish 

inn narrow temperature ranges. In thin films, the confinement of polymer chains 

oftenn complicates the dynamic behaviour. Moreover, small molecules can be ob-

tainedd with a higher chemical purity and without molecular weight or composition 

distribution.. The small size of our molecules has however the disadvantage that the 
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TT 1 1 1 1 1 1 1 1 1 r 
0.00 50.0 100.0 190.0 200.0 

Temperaturee (°C) 

Figuree 2.2: DSC scan for compond [B] . 1 and 3 are respectively the first and second 

heatingheating run and 2 is the intermediate cooling run. 

characteristicc lengths in the system should be smaller than in polymeric systems. 

Ass a consequence, confinement effects will appear at smaller film thicknesses. 

2.3.11 Bulk characterisation 

Ourr materials have been characterised by DSC, NMR J and UV-visible. The chemical-

physicall  characterisation was performed to localise the bulk glass transition temper-

aturee and to evaluate the purity of the samples. The two samples presented good 

solubilityy in aromatic ethers, esthers and phenols. On the other hand poor solubility 

wass encountered in linear alcohols and hydrocarbons. 

Differentia ll  scanning calorimetr y (DSC) 

Thee glass phase transition and the nematic-isotropic transition (for compound [B]) 

weree determined by DSC by use of a Perkin Elmer differential calorimeter. Samples 

weree measured over the temperature range from -34 to 200 °C using heating-cooling 

ratess of 20 Kmin - 1. DSC thermographs (Fig. 2.2) present two main features during 

heating:: an increment of specific heat at the glass transition and a peak for the 
1Wee thank S.J. Pieken, W. Jager and P. Kouwer of the Polymer Materials and En-

gineeringg group at the University of Technology of Delft ,for providing DSC and NMR 
characterisation.. NMR analyses were performed by J.A.J. Geenevasen at UvA 
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Figuree 2.3: UV- visible absorbance spectra for compound [A]  (circles) and [B] 

(squares)(squares) in chloroform solution 

nematic-isotropicc transition. The reported values for Tg are the onset and endpoint 

off  the isobaric heat capacity jump and Tni is the temperature at the heat flow peak 

maximumm evaluated on the second heating run (3 in Fig. 2.2). 

UV-visibl ee spectroscopy 

Fig.. 2.3 shows the UV-visible absorbance spectra over the wavelength range 250-400 

nmm for the two compounds considered. Aromatic rings typically absorb in the UV 

regionn of the spectrum. For compound [B] we observe a shift of the peak to longer 

wavelengthss due to the electronegative CN functional group. The peak is centered 

aroundd Amax=293 nm. Note that the 266 nm frequency used in our second-harmonic 

generationn experiments in Chap. 5 and Chap. 6, falls on a shoulder of the peak. We 

cann then deduce that the generated second-harmonic frequency will undergo a small 

internall  absorption in the material. 

Nuclearr  magnetic resonance (NMR ) 

Protonn and carbon nuclear magnetic resonance in CDCI3 and TMS were performed 

too verify both the correct structure and the purity of the synthesised materials. 1H 

NMRR spectra (Fig. 2.4) showed four multiplet in the 3.2-4.6 ppm region as indication 
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Figuree 2.4: x JV NMR signal as a function of the chemical shift (ppm) for corn-pond 

[B]]  measured in CDCfa together with the peaks integration traces. 

off  the resonance of the three different groups of aliphatic hydrogens and the hydroxy 

hydrogens.. At lower magnetic field three groups of multiplets were present in the 

6.8-7.77 ppm region as fingerprint of the aromatic hydrogens. Unfortunately the 

spectraa were not clear enough to make a definitive assignment of each peak to a 

hydrogenn position in the molecules. An indication for the quality of the sample 

wass the ratio of the area of the peaks corresponding to aliphatic hydrogens over 

thatt corresponding to aromatic hydrogens. The ratio 28/40 for compound [A] and 

24/400 for compound [B] is in good agreement with the proportion of the different 

hydrogenss of the molecules displayed in Fig 2.1. 13C NMR spectra (5=0-170 ppm) 

didd not give further quantitative information besides localising the carbon resonance 

forr the cyano groups at 118.9 ppm for compound [B] . 

2.44 Thin films 

Wee have studied the behaviour of the above glass-forming materials in the form of 

thinn films. These films were obtained by spin coating from a solution. The thickness 

andd quality of these films were characterised by x-ray reflectivity (see Chap. 3) and 

atomicc force microscopy, as described below. 
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2.4.11 Spin coating 

Spinn coating is widely used for the deposition of uniform thin films. A liquid so-

lutionn of the desired material is deposited on the substrate, which is then brought 

intoo rotation around the normal to the surface for a fixed time, with a rapid ini-

tiall  acceleration. The centrifugal force of the spinning induces a radial flow of the 

solutionn with most of the solution being ejected off the surface. Subsequently the 

solventt evaporates leaving a solid-like thin film of the solute on the substrate [95]. 

Thee final thickness of the film was first predicted with a simple model developed 

byy Meyerhofer [96] who considered a decoupling of the fluid flow in the first stage of 

thee spinning from the solvent evaporation in a second stage. In the first stage, the 

systemm is then simply a Newtonian liquid flowing on a rotating surface [97]. The real 

situationn is more complicated because evaporation takes place already during this 

firstfirst stage. The coupling of the flow and the evaporation makes the modeling rather 

challengingg and it can only be solved numerically. Most of the previous studies [98] 

weree conducted on polymer solutions, but they can also be applied in our case. A 

scalingg law was found for the final film thickness 

// \ 1/2 

wheree 770 and p are the viscosity and density of the solution respectively, w is the 

spinningg speed, and xs is the solute mass fraction in the solution. The important 

parameterss are then the spinning speed, and the viscosity and boiling point of the 

solvent.. Experimentally the spinning speed is tuned in a small range, thus it has a 

smalll  influence on the final thickness as verified by extensive experiments by Hall 

etet al. [99] for thin (h0 > 200 nm) and ultrathin (h0 < 200 nm) polymer films. The 

dependencee of the film thickness on the concentration for polymers follows different 

powerr laws depending on their molecular weight. 

Fig.. 2.5 shows the thickness h0 we measured on our spin coated films for com-

poundss [A] and [B] . The thickness was varied by changing the concentration of solute 

inn the solution from 1 to 40 mgml"1 while keeping the rotating speed constant at 

20000 rpm for a total spinning time of 30 sec. Both materials fall on the same trend 

line.. For polystyrene films [100] it was noticed that the linear power law of Eq. 2.1 fits 

thee thickness dependence only for the dilute regime while for the semi dilute regime 

orr for high molecular weights, the exponent in the power law is higher than 1. Our 

dataa also showed two slightly different regimes. For concentrations C > 5mgml"1 

thee least square fit  for the data is purely linear, h0 = (29  1)C, while for concentra-

tionss C < 5mgml"1 the thickness varies as a power law h0 = {37  1) • C 0 8 5 . The 

interpretationn of this behaviour goes beyond the scope of this thesis. 



2.42.4 Thin Elms 37 7 

103 3 

< < 
on on 
05 5 

5 5 
u u 
13 3 
H H 

102 2 

10°° 10' 102 

Concentrationn (mg/ml) 

Figuree 2.5: Thickness calibration curves as a function of the solution concentration 

measuredmeasured by x-ray reflectivity (see Chap. 3) for compound [A] (empty squares) and 

[B]] (full dots) 

Thee choice of the solvent can be determinant for the quality of the final films. 

Veryy volatile solvent tends to yield rough film surfaces. Therefore we avoided using 

highlyy volatile solvents and chose to prepare solutions from cyclopentanone (b.p. 

130.65°C,, p = 0.948gcm~3). The phase diagram for compounds [A] and [B] in 

cyclopentanonee was not known. Both compounds were completely soluble in the 

rangee of used concentration. For all spin coated films we observed smooth free 

interfacee of the films as spun. This behaviour can be interpreted as the absence of 

aa critical point in the phase diagram, beyond which demixing would occur, or as 

thee freezing-in of the configuration before crossing this critical point during solvent 

evaporation. . 

Solutionss were spin coated on fused quartz plates (24x15x2 mm). To ensure 

reproducibilityy and clean surfaces, the plates were cleaned in a bi-chromate sulfuric 

acidd solution for 24 hours, rinsed in deionised water and dried at 120 °C. Cyclopen-

-^TT . . r ^—,—  1 
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Figuree 2.6: AFM scan (top) and thickness profile (bottom) of a spin coated film from 

aa cyclopentanone solution of compound [B] (2mgml~l) at the edge of a dewetted 

area. area. 

tanonee solutions were filtered prior to deposition with Fluoropore™ filters (500 nm 

poree size) from Multipore. Filtering solutions is an essential step to avoid solid par

ticless which would induce macroscopic striation during the spin coating deposition, 

leadingg to inhomogeneous film thicknesses. 

2.4.22 Character isat ion by Atomic Force Microscopy (AFM) 

Too check the quality of the films, we have also performed topographic measure

mentss with an atomic force microscope in tapping mode. AFM measurements were 

performedd with an Explorer™ scanning probe microscope from ThermoMicroscope 

usingg a non-contact silicon cantilever with a set point amplitude of 65%. Just after 

spin-coating,, most of the films are perfectly uniform in thickness, with a roughness 
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Figuree 2.7: AFM scans of a thin film (as-spun thickness 94 A) of compound [B] 

obtainedobtained from a cyclopentanone solution (Zmgml~x), after 5 (left) and 10 (right) 

hourshours annealing at 120°C. 

off at most a few nm (peak to peak). Some of the films exhibit dewetted areas that 

arisee from nucleation of a dry spot at a macroscopic defect. The dewetting process 

generatess an accumulation of material on a ridge along the dewetted area as seen 

onn the top image in Fig. 2.6. The film thickness could be measured directly from 

thee height difference between wetted and dewetted points far off the ridge. For the 

imagee shown in Fig. 2.6, the spin coated thin film was obtained from cyclopentanone 

solutionn of compound [B] with a concentration of 2mgml _ 1 . From the calibration 

curvee obtained by x-ray reflectivity, we expect a thickness of approximately 67 A. 

Thee bottom image of Fig. 2.6 shows a height profile from the topographic image. 

Thee height difference between the left (wetted) and right (dewetted) sides of the 

ridgee is ~6 nm, which is in good agreement with the reflectivity result. 

Beforee performing measurements on our films, they received a well-defined ther

mall treatment (see Chap. 3 and Chap. 5) including a first heating up of the as-spun 

filmsfilms into the liquid phase. 

Itt had already been observed by x-ray reflectivity that films of compound [B] 
withh a thickness between 40 and 100 A become unstable during the first heating and 

breakk up into droplets [101]. This is the so-called dewetting. This dewetting process 

hass been attributed to the restructuring taking place in the film during the first 

heatingg of the film after deposition. The film rearranges then from the disequilibrate 

statee left after the quick evaporation of the solvent [101, 102]. This restructuring 

involvess a densification of the interfacial layer with a motion of the molecules towards 

thee interface. This creates regions of reduced density in the material. The resulting 

densityy difference destabilises the free interface causing surface modulations. The 
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Figuree 2.8: AFM scan of a thin film (67 A) of compound [B] obtained from a 

cyclopentanonecyclopentanone solution (2mgml~l), after 5 hour annealing at 120°C. 

mechanismm resembles the amplification of thermally activated surface waves that 

leadss to spinodal dewetting in thin films [103]. 

Wee have used AFM measurements to confirm the development of the instability 

andd follow it in time. For this we have first annealed the films at 45 °C for 5 

hourss before the temperature was further raised at 0.25 Kmin - 1 up to 120 °C above 

TTgg.. The films were then annealed for a certain time at this temperature under 

dryy nitrogen and then quenched at room temperature to solidify the conformation 

developedd during annealing. 

Inn Fig. 2.7 we show the case of a 94 A thick film (as-spun). It does not show 

anyy dewetting after 1 hour of annealing at 120 °C, but after 5 hours (left image in 

Fig.. 2.7) dry patches have appeared. After 10 hours (right image in Fig. 2.7) the 

materiall is concentrated in ridges in between dewetted areas. It is unclear from 

thesee images whether the film has dewetted by the growth of fluctuation of the free 

surfacee with a rather larger wavelength, or by nucleation. Thinner films (67 A as-

spun)) clearly show surface fluctuations of the free surface with a smaller wavelength 

(Fig.. 2.8). 



3 3 
Glasss Former in Confined 

Geometryy by X-ray 

Reflectivity y 

X-rayX-ray reflectometry was used to measure the temperature dependence of the thickness 

ofof ultrathin films of two low-molecular-weight glass formers [104J. In bulk samples, 

thisthis type of expansivity measurements reveals the presence of a glass transition by a 

suddensudden break of slope. We have observed a broadening of the glass transition in films 

thinnerthinner than roughly 150 A, indicating an inhomogeneous distribution of relaxation 

timestimes in these films. Our results are explained by confinement effects and interpreted 

inin the framework of a theoretical model based on the concept of collective dynamics 

overover a cooperative length.1 

lrThiss work have been performed in collaboration with Ph.D. student Nicolas R. de 

Souza a 
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3.11 Introduction 

Amongg the several existing theories on the glass transition, the theory introduced 

byy Adam and Gibbs [20] proposes the concept of cooperative motion. The idea 

off a length scale for the cooperativity is easily associated to some sort of finite 

sizee effect (see Fig. 1.5). Indeed, the dynamics of glass-forming molecules should 

stronglyy be modified when they are confined in systems with a size of the same 

orderr of magnitude of the cooperative length. As a consequence, one expect changes 

inn macroscopic properties related to the dynamic behaviour of molecules, such as 

thee glass transition and the expansivity of the material. 

Wee have adopted thin films as confining geometry because this facilitates direct 

accesss to the system. One way to locate the glass transition temperature in a 

substancee is to detect the changing in a physical property such as the specific volume, 

enthalpy,, viscosity or refractive index, as a function of temperature T. We have 

chosenn to monitor the volume while scanning the temperature. The expansivity 

coefficientt a = d(ln V)/dT is essentially constant in both the liquid and glass phases 

butt with different values. The curve \nV(T) presents then two straight lines below 

andd above Tg and a break of slope at Tg. In the case of thin films we can only 

probee the out of plane expansion perpendicular to the substrate by monitoring the 

temperaturee dependence of the thickness h(T). The measured expansivity is then 

inn principle different from the three dimensional volume expansivity because we do 

nott take into account the in-plane expansion. However the temperature dependence 

off the out-of-plane expansivity will show the same feature as that of the volume 

expansivity.. For the limited temperature range that we have used, we can consider 

thee thickness variation as linear in T and the expansion coefficient is then defined by 

aa = (l//i) dh/dT. For h below ~100 nm, x-ray reflectometry is a suitable technique 

forr measuring film thicknesses. 

Inn thin films the expansion coefficient a has been observed to depend on the 

filmm thickness. Former experiments [74, 75, 77, 79] have shown different a depen

dencies,, qualitatively related to the sample-substrate interaction. Evaluation of the 

behaviourr of a can then give an indication on the strength of the interaction with 

thee substrate and its influence on the molecular dynamics at the interface. From 

thee temperature dependence of the expansivity, it is also possible to determine the 

widthh of the glass transition. It is simply the width of the temperature region in 

whichh a(T) changes from its values in the liquid and glass phases. 

Ass explained in the first Chapter, confinement effects (see Sec. 1.4.1) and in

teractionn with the substrate (see Sec. 1.4.3) induce an inhomogeneous dynamics in 

thinn films. As a consequence, different parts of the film should have different aver-
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agee relaxation times, and therefore different glass transition temperatures, leading 

too a broadening of the glass transition of films observed as a whole. However such 

aa broadening has not been observed in most previous measurements of the glass 

transitionss of supported polymer films [73, 74, 75] and also not in free-standing films 

[64].. Only Kawana & Jones [70] found an increase of the glass transition width as 

thee film becomes thinner. The fact that this broadening is not observed in the very 

samee experiments, is explained by the presence at the free surface of a layer with a 

lowerr glass transition temperature. 

Noo clear evidence for a similar effect had ever been found in low-molecular-

weightt glass-formers. In this Chapter we present an experimental evidence of such 

aa broadening observed in the temperature dependence of the film expansivity with 

twoo low molecular weight materials. 

3.22 Experimental procedure 

3.2.11 X-ray reflectivity 

X-rayy diffraction is used since the '30s as a powerful technique to probe the structure 

off condensed matter and lately also for soft condensed matter as polymers (for a 

revieww see [105]). The advantage of this sort of radiation is the high penetration 

depthh (several hundreds of A) and the good spatial resolution. 

Reflectivityy from interfaces 

Whenn x-ray radiation interacts with matter, it gets scattered by electrons present 

inn the material. This scattering is governed by Maxwell's equations. In the case 

off an interface between two media, this scattering results in both a reflection and 

refractionn of the incident wave. The x-ray scattering by an interface was rigorously 

derivedd by Parrad already in the '50s [106] using Maxwell's equations to describe the 

interferencee between the incident and scattered waves. In the dynamical theory, a 

keyy property to describe the scattering of a wave incident on a flat interface between 

airr and a material, is the refractive index n of the material 

n=n=l-ol-o + i0=l-^p + i^ (3.1) 

wheree A is the wavelength of the x-rays, r0 is the classical electron radius (2.82 

•10"5A),, p is the electron density in the material, and p, the mass absorption coeffi

cientt of the medium. Typical values for <5 are on the order of 10"66 for low-molecular-

weightt solids and polymers. Values of (3 are usually 102-103 times smaller than S. 
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Figuree 3.1: Schematic representation for scattering geometry for reflection (rf) and 

refractionrefraction (rr) of an incident x-ray wave with incident angle 0a on a sharp and flat 

interfaceinterface between air and a material with refractive index nm. 

Therefore,, in first approximation, the imaginary part, describing the absorption of 

x-rayss by the material, can be neglected. Another assumption is that the scattering 

iss purely elastic with no change of the energy of the x-ray photons [105]. For x-rays, 

AA is on the order of 1 A which means that n is close to 1 (the value of n in vacuum). 

Att the interface between air (refractive index na = 1) and a material with 

refractivee index nm, assumed to be sharp and smooth, the incident angle 6a and the 

refractionn angle 0m (See Fig. 3.1) obey Snell's law 

nnmm cos 6m = na cos 9a =*• cos 6m = ( l / n m ) cos 6a (3.2) ) 

Forr most materials 5 has positive value, thus nm < na = 1. This implies that, for a 

givenn wavelength A, there is a critical angle 6C of incidence below which the radiation 

experiencess total external reflection. Applying Eq 3.2 and excluding absorption, we 

havee cos 9C = 1 - S, which can be approximated for small angles to 6C = \/26. 6C is 

thuss directly dependent on the material's electron density. For 6 > 9C the incident 

x-rayy wave is both reflected and refracted. In a reflection geometry, the reflected 

wavee vector k r f is in the same plane as the incident wave vector k; and the normal 

too the surface z, and the detection angle is the same as the incident angle 6a. The 

wavee vector transfer for the reflection on the air side is defined as 

Qz.aa — ^ r f ^ i - (3.3) ) 

Sincee we assumed elastic scattering: |k;| = |k r f | = |k| and qz,a = 4f sin0a. The 

wavee vector transfer for the refracted wave qZ!m has a different length than qz,a 

becausee of the difference in electron density between the material and the air [105]: 

== QÏ,a - 47rP 
:«L L e e (3.4) ) 
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Figuree 3.2: Schematic representation for multiple reflections and refractions of x-

raysrays with incident angle 9a in a thin film of thickness h. 

Thee reflection coefficient for a sharp interface is given by 

__ Qz.a Qz.m 
Ta.mTa.m ~~ j 

Qz,aQz,a i <Zz,m 

andd the reflectivity of such an interface is given by the Fresnel equation 

(3.5) ) 

++  £\Qz,a) — ^a^m^a, 

11 - Jl - (qt/qZ) 

1-J1+1-J1+ {ql/qla) 
(3.6) ) 

Inn our experiments we have used thin supported films and in this case the reflec

tionn at both the air-material interface and material-substrate interface have to be 

consideredd (see Fig. 3.2). For a slab model of a thin film of thickness h with uniform 

density,, and supported by an infinitely thick substrate, the Fresnel reflection coef

ficientficient of the whole system takes into account the multiple reflections of the wave 

insidee the film 

rr aa,m,m + rm,s exp(2iqZiTnh) 
11 + ra,mrm,s exp(2iqz,mh)' 

andd the reflectivity becomes 

R{Qz,a) R{Qz,a) 
rr l,ml,m + rm,s + 2ra,TOrm,s cos(2q2,m/i) 

11 + rl mrm s +  2ra,mrm,s COs(2<?z,m/l) 

(3.7) ) 

(3.8) ) 

wheree rTOiS is the reflection coefficient of the material-substrate interface. From 

Eq.. 3.8 we can already get some insight in the expected dependence of the reflectivity 

onn the wave vector transfer qz%a for qz,m > qc. R(qz,a) will vary as q~ â and present 

inn addition periodic oscillations known as Kiessig fringes. By differencing Eq. 3.8, it 
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cann be easily seen that the distance AqZM between minima yields the film thickness 

hh = ir/AqZf1n oc 7r/Aqz,a. Another important information is that the amplitude of 

thee oscillations depends on the contrast of density at both interfaces through the 

reflectivityy coefficients ra>m and rm^s of both interfaces. The larger the contrast, the 

largerr the oscillations. 

Roughness s 

Thee model used above applies only to flat surfaces while in reality interfaces are 

usuallyy rough. To take in account the surface roughness, the Fresnel reflectivity 

coefficientt given in Eq. 3.5 can be corrected with a Debye-Waller factor that as

sumess a Gaussian distribution of the height deviation of the interface with respect 

too its mean position. For example the air-material interface will have a reflectivity 

coefficient t 

Qz,aQz,a ~ Qz,m I 1 / \ 2 1 /n ^ \ 
rr aa.m.m — ; e x p --qz,aqz,mWa,m) (3.9) 

Qz,aQz,a + qz,m \ * J 

wheree (cra,m)2 is the mean square deviation of the position of the interface. This 

iss equivalent to convolute the infinitely sharp interface profile with a smoothing 

functionn for the electron density profile versus the depth z. Taking in consideration 

thee roughness contribution for both interfaces has two main consequences for the 

reflectivity:: R{qẑ a) decays more rapidly than q~A
a and the amplitude of the Kiessig 

fringess becomes smoother at high qz,m. 

Experimentall  setup 

Thee reflectivity measurements were done in a specular geometry, schematically rep

resentedd in Fig. 3.3. Measurements were performed on a Philips X'Pert MPD diffrac-

tometerr based on a Cu x-ray tube and equipped with a hot stage 2. The rotation 

anglee 6 of the sample is then varied while keeping it equal to half the rotation an

glee 28 of the detector. Data were collected in the range 26 = 0.2 ° - 5 ° with a 

resolutionn of 20 mdeg (~250 points per spectrum). The signal was measured by 

photonn counting. The counting statistics of the reflectivity profile is a determining 

factorr for defining the quality of the data, thus it is important to have high counting 

ratee for every range of the spectrum. Specular scans span several decades of pho

tonn intensities. To take in consideration the extreme differences in intensity of the 
2Wee thanks H. Schenk (University of Amsterdam) for use of his refiectometer and W. 

Mollemann and P. Verschuren for technical assistance. 
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Figuree 3.3: Schematic representation for specular geometry. During the scan the 

incidentincident and reflected angles are kept equal while rotating the sample. 

reflectedd x-rays at different 9 we attenuated the incident flux by mean of Plexiglas 

filters.. The scanned 9 range was then divided in four overlapping windows in which 

wee used different filter thicknesses. We constructed a master plot over the whole 9 

rangee by overlapping the data, starting from high 9. Background noise (relevant at 

highh 9) has been subtracted. 

Dataa analysis 

Thee most common way of analysing the measured reflectivity curves is to assume a 

modell for the density profile of the sample, calculate the corresponding reflectivity 

curvess and then tune the model parameters in order to fit the experimental curves. 

Wee adopted a three layer model: a semi-infinite air layer, a glassy material layer 

andd a semi-infinite quartz layer for the supporting substrate. For the fits (with the 

simulatedd annealing technique) we assumed uniform electron densities throughout 

thee three different layers. We kept the air and quartz layers density fixed (defined 

throughh the quantity l-Re(n)) and the adsorption (defined through Im(n)) and fitted 

thee rms roughnesses of the two interfaces, the film thickness and density. Moreover 

wee could also fit the instrumental resolution, the overall scaling factor, the critical 

anglee 9C and the ratio between the offset of the substrate to the center of the beam 

andd the beam size itself. 

Modelingg and fitting of the experimental spectra were performed using the soft

waree SPEEDO 3. The code is based on a non-linear least-square technique imple

mentedd with a dynamically optimised Monte Carlo method [107] (so-called simulated 
3SPEEDOO was developed by Mike Knewston at the Department of Physics of Carnegie 

Mellonn University in Pittsburgh, Pennsylvania, USA 
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annealing)) and leaves the freedom of using a variable number of layers for modeling 

thee experimental system, with several fitting parameters. To determine the quality 

off the fitting of a x-ray profile with p number of data points, we used the \2 function 

xx,, i f^iR^A (310) 
II  l 

wheree RLm and Ruc are the measured and calculated reflectivity for a given scat

teringg vector qz, and o\ is the variance. Eq. 3.10 shows that the number of points 

pp (~250 in our spectra) is a key factor to reduce \2

3.2.22 Sample preparation 

Wee have used the glass-forming H-bonded materials shown in Fig. 2.1: compounds 

[A ]]  and [B] have a glass transition respectively at 78 °C and 106 °C as measured by 

DSCC at 20 Kmin"1 with Tg being defined as the onset of Cp change upon heating 

[91]. . 

Thee films we have studied were obtained by spin-coating, from solutions of the 

glasss forming materials in cyclopentanone with different concentrations, on fused 

quartzz plates. This method gives uniform films whose structure is quenched by the 

instantaneouss evaporation of the solvent. Thicknesses as spun ranging from 100 

AA to 1300 A were analysed. Films with thicknesses between a monolayer (30 A) 

andd 100 A presented dewetting upon heating [101]. After spin-coating, the films 

weree allowed to equilibrate by annealing at 130 °C for 90 min. The thinnest film 

off compound [A] (thickness 99 A) was annealed at 110 °C because it dewets at 

higherr temperatures. Data for the expansivity measurements were collected upon 

approachingg and crossing Tg from above during the cooling cycle. During the whole 

experimentt the films were kept under inert atmosphere of nitrogen. 

Duee to the long time necessary for an x-ray spectrum to be collected, the cooling 

off the sample occurred in steps. After each temperature step, the sample was first al

lowedd to equilibrate for 40 minutes before the reflectivity was collected. The average 

coolingg rate was of 0.1 Kmin_1 . We have chosen the smallest average temperature 

scanningg rate possible, giving a reasonable collection time and isothermal condition 

forr the data collection. It is important to note that in an out of equilibrium system, 

ass in the case of a glassy phase, the sample thermal history becomes important for 

thee reproducibility of the measurements. In experiments with a continuous scanning 

off temperature, the width of the glass transition was found to depend mainly on the 

fragilityy of the substance [108], but it also decreases as the temperature scanning 

ratee decreases [109]. 
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Alll measured films were stable during temperature scanning. Good param

eterss to evaluate the stability are the mean square roughnesses of the material-

substratee and air-material interface. The films presented the same rms roughness 

off the material-substrate interface (~4.5 A) while the roughness of the free surface 

slightlyy varied from one film to the other (6-13 A) but remained constant for each 

filmm during the experiments. 

3.33 Results 

Typicall x-ray reflectivity curves obtained with a 99 A thin film (as-spun) of com

poundd [A] are shown in Fig. 3.4 for different temperatures during the temperature 

cycle.. The plots clearly show the Kiessig fringes. The distance between successive 

minimaa is inversely proportional to the film thickness. The amplitude of these peaks 

slightlyy decreases at high wave vector transfer qz due to roughness of the film inter

faces.. A first shrinking of the film upon the first heating is clearly visible. It is due to 

thee equilibration of the structure quenched during the spin-coating. The reduction 

inn thickness is proportional to the initial thickness and is on average ~10 % for all 

thee analysed films of both materials. During the cooling procedure, the film further 

shrinkss but at a rate depending on temperature. The thermal behaviour of the ex

pansivityy depends strongly on the temperature range under observation, whether it 

iss above or below the glass transition temperature. 

Thee temperature dependence of the film thickness h(T), obtained by fitting 

thee x-ray data, is shown in Fig. 3.5 for the 99 A, 136 A and 1308 A thick films 

off compound [A]. Like all other films, they present a more or less constant slope 

off h(T) at the highest and lowest temperatures, namely the liquid and glass re

gions,, with a slope variation in the region around the bulk glass transition X^buik-

Inn the low temperature region, the thickness increases very weakly with temper

ature.. Within experimental error, the expansivity coefficient for the glass phase 

«Glasss = (1/M d/i/dT seems independent of the film thickness. In the high tempera

turee region, the expansivity coefficient for the liquid phase e*Liq is easily determined 

ass all samples present a high, almost constant increase of the thickness. Note that 

forr the thinnest film (as-spun thickness 99 A), the liquid phase is not yet reached at 

thee highest measurable temperature This implies that we can only determine a lower 

limitt for the expansivity coefficient auq in the liquid phase and for the transition 

width. . 

Too evaluate QLiq we fitted the experimental variation of h(T) by a 'minimal' 

modell assuming an exponential law for the expansivity a(T) between the plateaux 
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Figuree 3.4: Representative x-ray specular reflectivity curves for an initially 99 A 

thickthick film of compound [A] during a cooling cycle. Intensities are plotted vs. the wave 

vectorvector qz.a- For clarity, the curves are offset and plotted using every three data point 

inin the data set of each spectrum. From bottom to top: as spun at room temperature, 

110110 ° C, 90 °C, 70 °C, 30 °C. The solid lines represent the best fits as described in 

thethe text. Error bars are within point size. 

off its extreme values «Liq and aciass^ 

C*Liqq — »Gla s s 
a(T) a(T) «Glasss + 

11 + exp [2-g: 

h(T)h(T) = hcexp aaLiqLiqTT + A(aLiq - aGlas s) log ( l + e 1 ^ ) ] (3.11) 

wheree Tm{ is the inflexion point of the exponential, A is the width parameter and 

hhcc is a constant. The model gives a fairly constant value for aciass = 0.8 -10 - 4 K _ 1 . 

Wee observe a dependence of the expansion coefficient in the liquid phase with film 

thickness.. The values of «Liq as a function of film thickness for compound [A] are 

givenn in Tab. 3.1 and plotted in Fig. 3.6. Compound [B] presents the same trend 

ass compound [A] although the obtained values show more scatter. 

Thee data in Fig. 3.5 clearly shows a broadening of the glass transition with de

creasingg thickness. In thick films the glass transition is restricted to a limited region 
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Figuree 3.5: Left: measured thickness versus temperature f or films of compound [A]. 

TheThe as-spun thicknesses were of 99 A (top), 136 A (middle) and 1308 A (bottom). 

SolidSolid lines represent the best fitting using Eq. 3.11. Right: corresponding dependence 

ofof a(T) deduced from the fit of the experimental data on the left, showing also how 

thethe width w of the transition is defined. 

whilee for thinner films it extends over several decades in temperature. To quantify 

thiss broadening, we have measured the width w of the glass transition as the width 

off the temperature domain in which the expansivity a deviates by 5 % from its 

extremee values aUq and aGias s (in between onset T_ and endpoint T+ in Fig. 3.5). 

Forr the thinnest film we took the endpoint as the highest temperature measured 
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hh as spun (A) 

98.755  0.09 

136.11  0.1 

299.99  0.2 

770.88  0.15 

1308.00  0.1 

w(K) w(K) 

>42 2 

59.55  5 

52.55 5 

29.55  2.5 

23.00 5 

^Liqq = (l/h)dh/dT-104{K-1) 

>26.6 6 

15.66  0.1 

11.522  0.06 

8.599  0.25 

6.033  0.22 

Tablee 3.1: Calculated width of the glass transition and thermal expansivity aLiq of 
thethe liquid phase for compound [A]. 

too estimate the lowest, possible value for w. The errors reported in Tab. 3.1 take 

intoo consideration the temperature resolution used for the collection protocol. The 

resultss for w(h) are plotted in Fig. 3.7 for compound [A], confirming the trend seen 

inn Fig. 3.5. w(h) increases as the thickness decreases and all data points lie above 

thee width u>buik = 7 K evaluated by measurement of the isobaric heat capacity Cp 

onn bulk samples with a cooling rate of 20 Kmin - 1 . 

Thee evaluation of the glass transition temperature Tg needs a specific consider
ation.. It can be mainly determined in three different ways: 

•• By the intersection of the straight parts of the h(T) plot corresponding to the 

glasss and liquid phase. This way, typically used in x-ray reflectivity or ellip-

sometryy experiments, is generally successful for data in which the temperature 

dependencee of the thickness in the liquid phase is clearly a straight line. This 

iss not the case for several films, making it impossible to evaluate Tg properly 

forr all films. 

•• By the onset temperature T_ at which a(T) starts deviating from aGiaSs, as 

oftenn used in calorimetric measurements with specific heat Cp . This method 

givess scattered data around the bulk value without a specific trend: Tg = 

T s b u l k . . 

•• By the inflexion point Tinf in Eq. 3.11, as also done in calorimetry measure

ment.. Except for the thinnest film (for which the liquid phase is not reached), 

thee obtained values remain within a few degrees equal to Tgbllik. 

So,, whatever the method we use, we find no clear dependence of Tg on film thickness. 

Iff Tg varies, it stays in the range [T3buik-10°C, Tgbu l k + 10°C]. 
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Figuree 3.6: Expansivity auq of compound [A] in the liquid phase vs. as-spun film 

thickness.thickness. The error bars are smaller than the symbol size (except for the thinnest 

filmfilm for which we can calculate a lower limit). The solid line is a fit with Eq. 3.12 

(see(see Sec. 3.4.1). 

3.44 Discussion and conclusion 

Ourr results allow us to draw several conclusions concerning the thickness dependence 

too the following properties of thin glass films: the expansivity in the liquid phase, 

thee width of the glass transition, and the location of the glass transition. In the 

following,, we discuss each of these aspects in comparison with results obtained in 

otherr systems and with predictions of a simple model. In Chap. 6, we will compare 

thee macroscopic behaviour discussed in the present Chapter with the information 

onn the molecular dynamics obtained by dynamic second-harmonic generation. 

3.4.11 Expansivity coefficient of the liquid phase 

Thee measurements show that the expansivity coefficient of our system in the liq

uidd phase decreases with increasing film thickness (see Fig. 3.6). Other research 

groupss have analysed the temperature dependence of the thermal expansion coef

ficientficient of polymeric materials, finding contradictory results. Early experiments by 

Ortss et al. [75] using x-ray reflectivity on thin films of polystyrene (PS) supported 

byy an oxydised Si surface and kept in vacuum, showed no dependence of «Liq with 
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Figuree 3.7: Glass transition width w for compound [A] vs. the as-spun film thickness 

ho.ho. The dotted line represents the bulk value measured by DSC [91]. 

filmfilm thickness. Later results [73, 74, 77, 110] on polymers having weak or strong 

interactionn with the solid substrate did show a dependence of cxuq on film thickness. 

Keddiee [73] used a stable hydrogen-passivate crystalline silicon substrate but con

ductedd his ellipsometry measurements and thermal treatments in air. In this work 

theyy found an increasing expansivity for the liquid phase with decreasing thickness. 

Onn a similar system, but using x-ray reflectivity and analysing the sample in vac

uum,, Wallace et al. observed the opposite effect: a decreasing expansivity for the 

liquidd with decreasing thickness [77]. They explained the diverging results by the 

differencee in the nature of the substrate: conducting the measurements in air, as 

Keddiee did, generates a silicon oxide layer which has a much smaller interaction 

withh the polymer chains than the hydrogen passivated Si. The fact that a strong 

interactionn of the polymer chain with the supporting substrate leads to a decrease 

off the expansivity coefficient with decreasing film thickness, is confirmed by studies 

off PMMA on passivated Si [74] (measured by neutron reflectivity under vacuum), 

wheree the effect was observed for both the melt and the glass, and by the behaviour 

off poly(2)vinylpyridine on SiC>2 (measured by x-ray reflectivity under vacuum) [110]. 

Onn the other hand when the material-substrate interaction is weak like in the case 

off PS on Si02 actually studied by Keddie [73], the expansivity coefficient for the 

liquidd phase increases with decreasing thickness. 
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Summarisingg these results, molecules having strong attractive interactions with 

thee substrate show a decrease of the thermal expansivity with decreasing film thick

ness.. Conversely, systems presenting weak interactions with the substrate, exhibit 

thee opposite behaviour. As far as our low molecular weight glass-formers can be 

comparedd to polymeric materials, the fact that we have measured an increase of the 

expansivityy for the liquid phase for decreasing thickness, indicates that our systems 

aree comparable to the second situation, meaning that our molecules have little inter

actionn with the fused quartz substrate. This is in agreement with previous dynamic 

measurementss on ultrathin films of compound [B]. Monolayers exhibited a measur

ablee dynamics even at 90 °C below the bulk Tg while increasing the film thickness led 

too an exponential increase of the relaxation time [58]. This shows that the slowing 

downn of the molecular dynamics due to the interaction with the wall is significantly 

smallerr than the slowing down due to the presence of the surrounding glass-former 

molecules.. As a consequence of the above, in terms of molecular dynamics, at least 

inn first approximation, we only need to take into account confinement effects and we 

cann use a symmetric model of thin films as in the case of freely suspended films. 

Thee t*Liq(h) dependence in Fig. 3.6 can be fitted with a scaling law: 

auq{h)auq{h) = öLiqoo + -r (3-12) 

withh aLiqoo = 4.9 TO - 4 K"1 and C = 0.19 AR - 1 . Scaling laws inversely proportional 

too the size of the system, are often found in systems involving finite size effects, 

suchh as clusters [111]. In first approximation Eq. 3.12 describes pretty well the 

experimentall behaviour though more data would be required to evaluate with more 

precisionn the dependence law for ctuq{h). 

Thee question arises why aLiq increases when the thickness h decreases in glass-

formersformers with small interactions with the supporting substrate. There is unfortunately 

noo model allowing to relate the dependence of aLiq on h with the behaviour of the 

moleculess inside the films. We can only say that the fact that for small h, auq is 

differentt than the bulk value means that the obtained liquid state in the thin film is 

differentt that the bulk liquid state, at least in part of the film. For normal liquids, 

wee would actually expect such size effects to appear at much smaller thicknesses. 

Howeverr our measurements are limited to a small temperature range above Tg in 

whichh the behaviour of the liquid phase starts changing towards that of a glass. 

Wee can however remark that the influence of the interaction with the substrate on 

ttLiq(h)ttLiq(h) corresponds to the intuitive expectation. In systems with a strong interaction 

withh the supporting substrate, the overall dynamics of the system is slowed down 

withh respect to that in bulk (see Sec. 1.4.3, so the system has a more "glassy" 
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characterr than bulk. Conversely, system with little interaction with the substrate 

havee a dynamics corresponding to a bulk liquid at a higher temperature, at least at 

thee interface of the film. This leads to a larger value of Quq(h) than in bulk. 

Finally,, we emphasize that in the above discussion, the qualification of "strong" 

orr "weak" interactions of the molecules with substrate is actually relative to the 

strengthh of the intermolecular interaction. In Chap. 5, we will see that in a system in 

whichh the intermolecular interactions are weaker, namely an ordinary liquid crystal, 

thee effect of the interactions with the substrate become important in the dynamics 

off the system. 

3.4.22 Width of the glass transition 

Thee expected inhomogeneity of the molecular mobility in films should intuitively 

havee some consequences for the glass transition: different parts of the film should 

havee different average relaxation times, and therefore fall out of equilibrium at dif

ferentt temperatures, leading to a broadening of the glass transition of films observed 

ass a whole. Our experimental data clearly show such a behaviour when the film 

thicknesss decreases (see Fig. 3.7). To our knowledge this is the only evidence of such 

broadeningg report so far in films of low-molecular-weight glass-formers. For poly

mers,, the only report of an increase of the glass transition width as films become 

thinnerr is that of Kawana and Jones about supported polystyrene films [70]. To 

determinee the transition width, they plotted the ratio a(T)/aLiq and determined 

thee onset T+ and the endpoint T_ of the temperature domain in which a(T) varies 

abruptlyy between the nearly constant values in the liquid and the glass phases. They 

mainlyy found a decrease of the endpoint T_ and a small increase of the onset T+. 

Forr a film thickness of 100 A, (T+ - T_) becomes approximately 60 °C, which is 

closee to the width we found at this thickness. However in our case, the average of 

thee onset and endpoint does not vary much with film thickness. This is probably 

duee to the fact that in our case the glass transition temperature varies little with 

filmfilm thickness while in supported polystyrene film Tg decreases by about 30 °C for 

aa 100 A-thick film. Kawana and Jones explained their results in the framework of a 

three-layerr model with a layer with an increased mobility at the free surface and a 

layerr with reduced mobility at the interface with the substrate [70, 112]. 

Layerr models have also been used to explain the broadening of the distribution of 

thee relaxation times observed with dielectric spectroscopy in low-molecular-weight 

glass-formerss confined in pores [82]. However these models are not realistic since 

theyy imply an abrupt change in mobility at the interface between the different layers. 

Modelss with a continuous variation of the mobility should be more suitable [66]. 
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Soo to interpret the broadening of the glass transition that we have observed 

experimentally,, the expected variation of the relaxation time r(z) across films of 

differentt thicknesses h can be calculated using the theoretical model developed by 

Jeromee [113] and based on the idea that the dynamics of glass-formers is collective 

overr the length scale £. This characteristic length £ can be seen as the radius of 

aa collectively rearranging region. If this region is in the bulk, the characteristic 

relaxationn time of this region is 

rr = T0 exp [o/̂ iVoo] (3.13) 

wheree To is a constant, Nx is the number of molecules in the region and a'  ̂ is a 

factorr inversely varying with the mobility of the molecules. 

Whenn the glass forming material is confined in a thin film, molecules do not have 

thee same surrounding across the film: both the mobility factor a' and the number 

off molecules in a cooperatively rearranging region depend on the distance from the 

interface.. In the model of Jerome, the relaxation time r(z), is a continuous function 

givenn by: 

T(Z)T(Z) = r0 exp 
Jv(z) Jv(z) 

(3.14) ) 

wheree the integral is taken over the collectively rearranging region V{z) located 

withinn a radius £ around the molecule considered positioned in z. n(Z) is the number 

off molecules in volume V(z) at a distance Z from the surface. The local mobility 

factorr a' (z) is proportional to the bulk value a'  ̂ and to the effective number of 

moleculess N(z) present in V(z) compared to the number of molecules N  ̂ present 

inn a cooperatively rearranging region located in bulk: 

" ' ( * ) == « « ^ (3.15) 

Thee resulting dependence of the relaxation time r as a function of position z 

andd film thickness h is shown in Fig. 3.8. The relaxation time is presented in terms 

of f 

TizM^^N^)-TizM^^N^)-11^^^^^  ̂ (3.16) 

whichh is mainly the logarithm of the relaxation time normalised by the bulk value. 

Inn Fig. 3.8 the distances are normalised to £. 2z/h = 0 corresponds to the center of 

thee film and 2z/h =  1 to the interfaces. From this plot we can draw the following 

conclusionss regarding the inhomogeneity of the film: 
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Figuree 3.8: Normalised logarithm of the relaxation time T(z,h) vs. normalised 

positionposition 2z/h for different thicknesses. 

•• For h ^> £, the calculations show that the dynamics is uniform across the film, 

exceptt for a thin region close to the surfaces: the glass transition of the film 

shouldd then be as sharp as in bulk. 

•• As h decreases towards £, the dynamics becomes more and more inhomoge-

neouss and one expects the glass transition to become wider. 

•• For h < £, the dynamics is predicted to become homogeneous again but with a 

relaxationn time distribution centered at shorter times, then the glass transition 

shouldd sharpen again but take place at a lower temperature. 

Thee experimental data are in good agreement with this model since the glass 

transitionn exhibits a widening as the thickness h decreases. The wide transition 

presentedd by the thinnest analysed films suggests that even these films have a thick

nesss larger than £. We can therefore speculate that the cooperative length £, at 

temperaturess around the glass transition, should be below 100 A for our systems. 

Inn principle, we expect the glass transition to sharpen again, as the films become 

thinn enough. Unfortunately this prediction cannot be verified on our experimental 

systemm due to the instability of thinner films. Moreover, it could happen that for 

thiss sharpening to be observed (e.g. with h ~ £/3), the system should be confined 

too dimensions below the molecular size. 

!! / / y ^ ^  ̂ / J = 2 ^ ^ \ 

/ / // / 

J/7J/7 h=% 

h=2l/3 h=2l/3 

h=fy3 h=fy3 

\ A X / 77 = 54 -

^~^~^-~~^ ^~^~^-~~^ 
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3.4.33 Location of the glass transition 

InIn the thin films of our materials, we found no clear indications of glass transition 

temperaturee depression with respect to its bulk value. There are two explanations 

forr this. The first one is that we cannot determine the glass transition with enough 

precisionn from our data. The second one is that the deviation we can actually expect 

iss rather small. Considering that the interaction of our molecules with the substrate 

iss small (see Sec. 3.4.1), we expect a decrease of Tg when the thickness decreases. The 

largestt decrease of Tg reported in the literature was observed with ortho-terphenyl in 

poress with a diameter of 40 A [72]. With our system, we can only study films with a 

thicknesss larger than 100 A. Moreover, our films are only confined in one dimension, 

whilee pores are confined in two dimensions, and it is known that the change in glass 

transitionn temperature is larger if the system is confined in more dimensions (see 

Chap.. 1). 

Sincee the model presented in the previous Section gives only relative values for 

(r)) through the normalised quantity T (Eq. 3.16), it is very difficult to make any 

predictionss of the glass transition temperature Tg from the results shown in Fig. 3.8. 

Qualitatively,, the model predicts a decrease of Tg as the thickness decreases. How

ever,, we cannot calculate by how much and below which thickness we should observe 

thiss decrease. So we cannot compare our experimental results with predictions con

cerningg Tg. 
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Second-Harmonicc Generation 

InIn this chapter we present the principle of the second-harmonic generation measure-

mentsments that we have used to monitor the reorientation dynamics in thin films. We 

discussdiscuss the theoretical background and the experimental setup we have used. 

Thee study of ultra-thin films is closely related to the investigation of surfaces. 

Thee characterisation of surfaces and interfaces shares with that of thin films the 

samee kind of problems, therefore similar solutions can be applied. Many techniques 

havee been developed in the last decades for studying surfaces. However, several of 

these,, need particular experimental conditions such as ultra-high vacuum (eg. x-ray 

photoelectronn spectroscopy) or equipment available only in large facilities (eg. syn

chrotronn sources). Optical techniques have the advantage of been easily applicable 

inn a common laboratory. Moreover, they are non-destructive and can be used for 

anyy surface accessible by light [114]. To these properties we have to add the high 

spatiall and temporal resolution, allowing the mapping of molecular arrangements 

andd the observation of dynamics down to the femtosecond time domain. Among the 

techniquess used we recall Raman scattering which measured signal has a significant 

contributionn from the bulk and is therefore not surface specific. 
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Second-orderr non-linear optical effects such as second-harmonic generation, are 

inn principle forbidden in centro-symmetric media, making them specifically suit

ablee for studying surfaces, which intrinsically lack an inversion symmetry. Second-

harmonicc generation (SHG) is an optical process using coherent laser light as source, 

makingg it strongly directional. The optical signal can therefore easily be discrimi

natedd by spatial and spectral filtering. This allows one to detect even the small sig

nalss generated by submonolayers [115]. This condition, together with the simplicity 

off the experimental arrangement (see Fig. 4.4) makes SHG a technique well-suited 

forr the study of surfaces. 

Second-harmonicc generation applied to surfaces was first described by Bloember-

genn and Pershan [116] and in the later decades a detailed description of the nature of 

thee optical process has been presented [117, 118]. An important improvement in the 

basicc knowledge of the process has been the extension of the dipolar approximation 

byy the inclusion of higher order terms. Some of these terms are also allowed in bulk 

closee to the interface, as is the case for the quadrupolar term arising from the field 

discontinuityy at the interface [119]. 

Inn the following we first present the basic principles of second-harmonic gen

eration.. We show the properties of the second-order susceptibility tensor and its 

relationn to the symmetry of the studied system. In particular we focus on the rel

evantt symmetries for the experiments shown in Chap. 5 and Chap. 6. Finally we 

showw the used experimental setup and discuss a few considerations concerning the 

experimentall conditions. 

4.11 Theory of second-harmonic generation 

Thee microscopic origin of SH has to be searched in the interaction between the elec

tronss in the medium and the electromagnetic field of the incident radiation. The 

incidentt optical wave E (a;) induces an oscillation of the dipoles in the material. Be

causee of the anharmonic behaviour of these dipoles, the oscillators can be excited at 

thee input frequency UJ and at the overtones 2u, 3a>, ... In the dipolar approximation, 

thee total induced polarisation in the material is given by: 

PP = P ( 1 ) M + P ( 2 ) ( 2 u ; ) + P ( 3 ) ( 3 w ) + ... 

== x ( 1 ) " E(o;) + x{2)  E(W)E(Ü;) + * ( 3 ) :E (U; )E(Ü; )E(U; ) + ... (4.1) 

wheree x is the i th-order dipolar susceptibility tensor characterising the response of 

thee medium to the incident wave. The second term p(2^(2u;) is the one generating 

aa second-harmonic wave E(2w). The fact that a breaking of inversion symmetry 
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iss necessary for second-harmonic generation is evident in Eq. 4.1 if we apply an 

inversionn to the system [120]: 

-P<2><2u;)) = X ( 2 ) : ( -EM)( -EH) 

== P<2>(2w) 

=** P<2>(2o;) = 0 (4.2) 

Inn the following, we will consider the case of an infinitely thin layer of non-linear 

opticall material deposited on a substrate. The polarisation P is then confined into 

aa plane. This concept of the polarisation sheet can be extended to thin films with 

aa thickness below the wavelength of the optical laser source used in the experiment 

[119]. . 
Inn the case of second-harmonic generation by such a layer, the signal is generated 

inn the same direction as the reflected and refracted incident beams, because of the 

matchingg conditions on the electric field of the different waves at the surface layer 

[119]. . 

Thee amplitude E(2LJ) of the generated second-harmonic wave and therefore the 

intensityy of the detected second-harmonic signal, depend mainly on three factors: 

•• the non-linear susceptibility of the film 

•• the polarisation of the in-coming beam and that of the detected second-

harmonicc wave 

•• the refractive indexes of the different media (air, film and substrate) that 

determinee the relation between the amplitudes of the in-coming and out-going 

wavess in air and the corresponding amplitudes in the film through local-field 

factors. . 

Wee discuss in the following these different factors and finally combine them to obtain 

thee expression of the measured second-harmonic signal. 

4.1.11 Second-order susceptibility 

Forr the second-harmonic generation process, one of the key properties is the macro

scopicc second-order susceptibility x  ̂ of the ^m °f non-linear material, x  ̂ 'ls t n e 

averagee of the non-linear polarisability a of the molecules constituting the material: 

XijkXijk = Ns(aljk) (4.3) ) 
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X X 

Figuree 4.1: Reference frames of the laboratory (XYZ) and for the substrate (xyz). 

TheThe axes are chosen in such a way that the incident beam and the SH signal lies in 

thethe XZ plane. The molecular axis £ is defined with respect to the substrate axes by 

thethe spherical coordinates (6, <p). 

wheree Ns is the surface density of non-linearly polarisable groups in the film. For all 

thee molecules we have used (see Chap. 2 and Chap. 5), the non-linearly polarisable 

groupss (the cyanobiphenyl groups) only have one non-zero coefficient a  ̂ in their 

non-linearr polarisability, where £ is the long axis of the group. In this case Eq. 4.3 

becomes: : 

x«** = * « (4.4) ) 

wheree i, j and k are the unit vectors of the reference frame (xyz) of the substrate 
surfacee (Fig. 4.1). 

Thee second-order non-linear susceptibility x  ̂ '1S a tensor of rank three, and 

hass 27 distinct elements that can be reduced to a limited number of independent 

non-vanishingg components depending on the symmetry of the molecular ordering 

inn the surface film [119]. In this thesis (Chap. 5 and Chap. 6) we studied the 

reorientationn of polar non-linearly polarisable units from an oriented state induced 

byy an external poling electric field parallel to the film surface. Poling a medium 

containingg dipoles induces a mirror symmetry (Ci^) with the mirror plane containing 

thee applied field. In this case x  ̂ has six independent non-zero components. Using 

thee spherical coordinates {9,<p) defined in Fig. 4.1 to express the molecular axis 
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Figuree 4.2: Geometry of the input laser beam and for the second-harmonic signal. 

££ = (— sin # cos 0, — sin 6 sin 0, cos 0), the six independent terms of the susceptibility 

forr a Ci„ symmetry are [121]: 

XzzzXzzz = Ns(cos36)a  ̂ (4.5a) 

XxxxXxxx = -Ns(sm3ecos34>)a  ̂ (4.5b) 

XzyyXzyy = Xyzy = Xyyz= Ns ((cos 6-cos3 6)(l-cos2 (p))am (4.5c) 

XzxxXzxx = Xxzx = Xxxz = Ns ((cos 6 - cos3 6) cos2 4>) a  ̂ (4.5d) 

XiZ22 = Xzxz =Xzzx = -Ns ((sind-sin3 9) coscf>)aia (4.5e) 

Xxyyy = Xyxy = Xyyx = -•#*, (sin3 (9(cos 0 - cos3 <f>))  a  ̂ (4.5f) 

Inn the case of molecules with an isotropic distribution of in-plane orientation (corre

spondingg to a symmetry Coo„), only two terms of \ ^ a r e sufficient to describe the 

susceptibilityy of the polarisable sheet: 

XzzzXzzz = Ns(cos39)a  ̂ (4.6a) 

XziiXzii = Xizi =Xiiz = -7V s(sin2öcosé»)aKÏ , i =x,y. (4.6b) 

4.1.22 Polarisation combinations 

Thee polarisations of the input beam and the reflected SH beam can be selected 

perpendicularr (s-polarisation) or in-plane (p-polarisation) to the incidence plane 

XZ.XZ. The corresponding polarisation unit vectors (shown in Fig. 4.2) are given by 
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Medium m n(a>)) n(2u>) 

Airr 1.00 1.00 

Fusedd quartz 1.46 1.50 

Tablee 4.1: Values of the refractive indices at LÜ/2TTC = l /532nm 1 and 

2LU/2TTC2LU/2TTC = l / 2 6 6 n m _ 1 used in the calculation of the local field factors Lu. 

(inn the XYZ reference frame of the laboratory) 

ëëpp(uü)(uü) = (—cos6i(u;)*0.sm9i(uj)) 

êêpp{2aj){2aj) = (cosöi(2o;),0,sinöi(2w)) 

forr the /^polarization and 

ëëss(n)(n) = (oa,o) 

forr the «-polarization, where ft =  ̂ or 2CJ. 

(4.7) ) 

(4.8) ) 

[4.9) ) 

4.1.33 Local-field factors 

Sincee the non-linear optical material is located between air and a substrate, we have 

too take into account the effects of reflection and refraction at the interfaces between 

thee different media. A consequence of these effects is that the amplitudes of the 

differentt light waves inside the film are related to the amplitudes of the corresponding 

wavess in air through local-field factors (also called Fresnel coefficients). 

Forr films thinner than the wavelength of the in-coming light, the local-field factor 

Lii(Q)Lii(Q)  for a polarisation component along the axis i of the reference frame of the 

substratee can be approximated by that of a polarisation sheet sandwiched between 

mediaa 1 and 2 [121]: 

LLXXx\Sl)x\Sl) — 

Lyy(Q) Lyy(Q) 

LLZZZZ{Ü){Ü)  = 

2n2nll(Q)cos0(Q)cos022{n) {n) 
nn22{tt){tt)  cos91(£2) + ni(fl) cos62(ft) 

2rai(fi)cos0i(£2) ) 

nii (fi) cos e1 (fi) -f n2(n) cos e2(ü) 
2n2n22

11(Q)n(Q)n22(n)cos9(n)cos911{Q) {Q) 

n)n) (fi) [n2 (Q) cos9X (fi) + n : (ft) cos 02(0)] 

(4.10a) ) 

(4.10b) ) 

(4.10c) ) 

wheree nz{Q,) (i = 1,2) and n/(J7) are the refractive indices of media 1 and 2 and 

off the film at frequency Q, and #i(fi) and 92{SV) are the reflection and transmission 
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e,((o) ) 

Figuree 4.3: Local-field factor Lyy(fl) vs. incident angle 9\{UJ) calculated using 

Eq.Eq. 4-10b with the values of the refractive indices of air and fused quartz given 

inin Tab. 4.1. Thick lines represent the factor calculated for a beam incident from the 

quartzquartz (Lyy(Q)) and thin lines for a beam incident from air (Lyy(fl));  solid lines 

areare for Q. = 2UJ and dashed lines are for Q = to. We have also indicated the value of 

OI(LO)OI(LO) = 9a used in our experiments and the corresponding value 62^) = 9q. 

angless of the different beams (Fig. 4.2). In our experiments we have used fused 

quartzz substrates and the corresponding refractive indices are listed in Tab. 4.1. 

Thee local field factors can significantly vary with the incident angle #i(w), and 

alsoo with the medium from which the input laser beam is incident. To illustrate 

this,, we have calculated the local field factor Lyv{Q) with Eq. 4.10b, which is the 

mostt relevant factor for our experiments, for the geometry in which the laser beam 

iss incident from the air {Lyy{Q)) and for the reverse case in which the input beam 

iss incident from the quartz substrate (Lyy(Q,)). The results are shown in Fig. 4.3 

ass a function of 9I(UJ). Lyy(D.) is always below 1 while Lyy(Q.) is always above 1. 

Moreover,, as 9\(UJ) increases towards the critical angle for total reflection, Lyy(Q.) is 

stronglyy enhanced [119]. We have used this fact to enhance the signal to be measured 

inn our experiments (see Sec. 4.2.2). 
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4.1.44 Measured signal 

Thee SH output signal, measured in reflection, is given by: 

S{2S{2^  ̂ = V (o MI /2 V , X c f f 2 / ^ (4.11) 

wheree /^ is the intensity of the incident laser beam. T is the laser pulse width, and 

AA is the area of the laser spot on the surface. ei(H) is the dielectric constant of 

mediumm 1 at frequency 0 {fl  = 2uj or u;). The SH signal depends primarily on the 

effectivee second-order nonlinear susceptibility \ e f f of the layer. 

Thiss effective susceptivity can be expressed in term of the tensor x(2)  the po

larisationn vectors of the in-coming and out-going waves (Eq. 4.8 and Eq. 4.9) and of 

thee local-field factors (Eq. 4.10): 

X-Cfff = [c(2u0 • L{2UJ)\X{2) : \e{u)  L(u>)][ê(uj)  L(u>)]  (4.12) 

Fourr different combination of polarisation are possible for the in-coming and the 

out-goingg beams: sp, pp, ps and ss. For every single combination, the effective 

susceptibilityy can be wri t ten in terms of the coefficients of tensor x{2) as a function 

off the angle <£> between the optical plane and the x axis of the substrate {Fig. 4.1). 

Consideringg also the symmetry of the polarisation sheet, we can write different ex

pressionn of Xeff for a mirror symmetry (Eq. 4.5) and for the isotropic case (Eq. 4.6). 

Forr the mirror symmetry (Ci„) , \cf f is non-zero for all four polarisation combina

tions: : 

XsXsPP = Xxyy(3cos3® - 2 cos <£>)eTra +Xxxx$in2$cos$>exyy 

++  Xzxx sin2 $ ezyy +  Xzyy cos2 <£> ezyy (4.13a) 

XPPXPP = Xxxx cos J $ exxx + 3xxyV
 s i n 2 $ cos $ exxx 

++  Xxxz cos2 $ ( 2 e M 2 + ezxx) +  Xyyz sin2 §{2exxz + ezxx) 

++  Xxzz cos$(2e 3 X J •+- exzz) + Xzzz^zzz (4.13b) 

XPSXPS = XxxxCos2®s'm$ eyxx+Xxyy(3sin3$-2sm$)eyxx 

++ (Xxxz - Xyyz) sin 2 $ eyxz + Xxzz sin $ eyzz (4.13c) 

XssXss = XxxxS^Q eyyy+?>XxyyCos2§sm$ eyyy. (4.13d) 

Forr the isotropic symmetry ( C ^ , ) only two combinations give a non-zero signal: 

XspXsp — Xzxx^-zyy (4 .14a) 

XPPXPP = Xzxx{2exxz + ezxx) +Xzzz^zzz, (4.14b) 
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Too obtain a compact form for Eq. 4.13 and Eq. 4.14 we have defined the coefficients 

€-ijk€-ijk ™S. 

eijkeijk = ei(2uj)Lii(2u;)ej(uj)Ljj(u))ek(u})Lkk{u). (4-15) 

Inn our reorientation relaxation experiments (see Chap. 5 and Chap. 6), the sym

metryy of the studied films varies from a mirror symmetry for the poled situation to 

ann isotropic symmetry after full relaxation. To follow the relaxation we have chosen 

too measure the time dependence of the signal corresponding to the s-in-s-out com

binationn for <£ = 90°. In this configuration the polarisation vectors (ês(f2) = Y) of 

thee in-coming and out-going beams are parallel to the external poling electric field, 

whichh is parallel to the x axis of the substrate. Xeff is then equal to Xxxx eyyy a n d 

thereforee proportional to the moment (sin3 #cos3 </>) of the orientational distribution 

off the molecules in the film (eq. 4.5b). This moment is zero if there is no in-plane 

polarr ordering in the film and increases if the degree of polar ordering increases. So 

measuringg x s s ( $ = 90°) is a convenient probe to follow the relaxation of a film from 

aa polarly ordered state, induced by a poling field, to an isotropic state. 

4.22 Experimental setup 

4.2.11 Optical setup 

Forr our second-harmonic generation measurements, we have used the optical setup 

describedd in Fig. 4.4. A frequency doubled Q-switched mode-locked Nd-YAG laser 

(Antaress 76, Coherent) is used as light source with an output wavelength at 532 nm 

(thee SH signal is detected at 266 nm). The mode-locked pulses are driven by a 76 

MHzz radio frequency and have a duration of 80 ps. The repetition rate of the Q-

switchedd pulses is tuned between 50 and 200 Hz depending on the time scale at which 

thee relaxation process was explored (see Sec. 5.2). The pulses are approximately 

2000 ns wide, containing ~15 mode-locked pulses for an effective illumination time 

off 1.2 ns. The Q-switched pulse energy is at most 1 mJ, which is not high enough 

too induce molecular reorientation. We have also checked that the laser does not 

influencee dynamics of the system by heating it. 

Thee originally vertical polarisation of the laser beam is sharpened by the Glan-

laserr polariser PI. This polariser can also be rotated to act as power attenuator 

selectingg part of the original laser intensity. The polarisation is then varied by 

rotatingg a halfwave plate (A/2). The polarisation of the out-going wave is selected 

byy a Rochon polariser (P2) with an accuracy of 0.5°. To precisely determine the 
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Figuree 4.4: Optical setup for second-harmonic experiments. LI and L2=lenses, 

Pl=Glan-laserPl=Glan-laser polariser, P2=Rochon polariser, Dl, D2 and D3=diaphragms, Ml 

andand M2=mirrors, Fl, F2 and F3=colored filters 

settingss of the halfwave plate and Rochon polariser corresponding to the s and p 

polarisations,, we used the SH signal from an ITO (Indium Tin Oxide) layer that has 

aa strong p-in-p-out signal and a vanishing s-in-s-out signal. The settings giving the 

minimumm output signal corresponds then to the ss configuration. The settings for 

thee p polarisations are determined by crossing the two polarisers, which extinguishes 

thee reflected green (532 nm) incident beam. 

Thee focusing lens LI (/=400 mm) is used to reduce the beam cross section. We 

positionedd the lens to have the waist of the beam falling on the sample surface. The 

laserr spot size was ~ 100/xm in diameter. The orientation of the mirrors Ml and 

M22 is chosen to have an incident angle 6\{u)) = 45°. A second lens L2 focuses the 

SHH signal into the monochromator. 

Thee SH signal collected by the photomultiplier is spatially filtered from spurious 

reflectionss by a series of diaphragms (Dl, D2, D3) and chromatically filtered by 

coloredd filters (Fl, F2, F3) and by a monochromator. Finally the signal from the 

dynodee photomultiplier tube is digitalised by a fast oscilloscope that is driven by 

aa personal computer. In the photomultiplier tube, the electrons have a traveling 

timee through the multiple anodes of approximately 20 nsec, but the peak in the 

signall corresponding to one photon, is not more than a few nanoseconds long. The 

oscilloscopee registers a trace for each incident laser pulse over a time window of 

~~ 200 ns. The trace corresponding to the signal of the photomultiplier is analysed 

byy the computer to count the number of photons detected during each pulse. This 

countingg method differs from the photocounting collection scheme, in which one only 
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lookss whether one photon has been detected during a. pulse. Generally we observed 

att most 3 generated photons per incident pulse. This makes the occurrence of two 

photonss within the few nanoseconds duration of a peak in the signal very unlikely. 

Soo the error due to the time resolution of the tube is negligible. Our collection 

speedd is limited by the oscilloscope memory that can collect up to 1550 traces (see 

Sec.. 5.2.2) after which the data need to be transfered to the personal computer. 

4.2.22 Sample geometry 

Thee substrates carrying the thin films to be studied are placed in a closed cell to 

controll temperature and provide an inert environment (dry nitrogen). The cell is 

closedd with a quartz window to allow transmission of the input and output signals. 

Thee presence of a fused quartz widow reduces the SH signal intensity due to partial 

reflectionn at each face of the window. To obtain the effective nonlinear susceptibilities 

(seee Sec. 4.1.4) Xeff, the measured susceptibilities Xmeas have to be corrected with 

transmissionn coefficients, which depend on the polarisation of the light [122]: 

XssXss — 

Xps Xps 

vmeas s 
Xss Xss 

TTSS{2U)T{2U)T22{UJ) {UJ) 
.meas s 

(4.16a) ) 

*E££ (4.16b) 
Ts(2o;)TpV) ) 

vmeas s 
Xi Xi 

vv = "JR. . (4.16c) 
XspXsp Tp(2u)T?{u>) 

.meas s 
XppXpp — 

XXPPPP *  (4.16d) 
rp(2o;)7|(u;) ) 

with h 

TT , 0 , 4nq(f2)cosgq(n)cosfla(fl) f 4 1 ? , 
s{s{ } [Cos6a{n)+nq(n)cosOq(n)}2 

4n4nqq{Q){Q) cosOq(ü) cos9a(Q) ( 4 ^ 
p[p[  } [cosOq(n)+nq(Ü)cosea{Q)}2 

wheree nq(Q) is the refractive index of fused quartz for the window (listed in table 

4.1).. For the adopted geometry (see Fig. 4.4) with the incidence angle from the 

airr da = 45°, the refraction angle of the light in the quartz is 9q = 29° (given by 

thee Snell's law). In our experiment we collected the s-in-s-out SH signal. For this 

polarisationn combination, the above transmission coefficients induce a reduction of 

aa factor 0.766 in Xmeas if we place the substrate with the coated film facing the 

window,, ie. that the incident beam reaches the film from the air. 
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Too improve the sensitivity of the technique, we have placed the samples with 

thee film towards the bottom of the cell. In this geometry, the pump beam is inci

dentt from the medium with the higher refractive index (quartz) and the local-field 

factorss Lyy(Q) (Eq. 4.10b). appearing in the collected signal x*s (Eq. 4.13d). are 

greatlyy enhanced compared to the reverse geometry (see Fig. 4.3). We quantified 

thee magnification effect by calculating the ratio between the involved local field fac

torss (see Eq. 4.13d and Eq. 4.15) for the configuration in which the incident beam 

goess through the quartz substrate (q) and for the classical geometry with the incident 

beamm going through air (a): 

—— L yy \ =6.10 fo r0 n =45° . 
LLyy^)yy^) feM] 

Thee value of this ratio shows that we significantly increase the detectability of the 

signall by shining the in-coming laser beam through the substrate. We have however 

too take into account one extra transmission coefficient through the quartz-air inter

facee for the out-going wave. The total transmission coefficient TS(Q) appearing in 

Eq.. 4.16a becomes then: 

== Srffift) cos2 eq(ü)cos ea(Q) 
AA } {cosOa{n)+nQ(n)cos6q(n)}3 ( 4 , 1 8 ) 

insteadd of the expression T8(Q) = T?(Q) given by Eq. 4.17a. Since we have 

7?(2u00 [T«(u)]2 

T?{2u>)[T?(L>)f T?{2u>)[T?(L>)f 
== 2.15 

wee gain overall a factor 2.84 in the measurements of the effective susceptibilities by 

puttingg our samples with the substrate facing the laser beam. 
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Second-Harmonicc Generat ion 

InIn this Chapter we describe the setup developed for second-harmonic generation mea-

surementssurements as a function of time, extended to short time scale down to 1 jisec. The 

measurementsmeasurements consist in following the signal generated by polar non-linearly polaris-

ableable groups during their reorientational relaxation after poling with a strong external 

DCDC field. The main challenges in the realisation of the set-up are the switching of 

thethe strong DC field in a short time, the synchronisation of the switching-off with the 

SHSH signal collection and the measurement with a good statistic of the intrinsic low 

SHSH response from our thin films. 

5.11 Introduction 

Uponn cooling, a viscous liquid changes into a solid glass in a narrow temperature 

range.. The relaxation time increases in a non-Arrhenius way by many orders of 

magnitude.. In terms of relaxation time, the glass transition temperature Tg is defined 

ass the temperature at which the relaxation time becomes 100 sec (see Sec. 1.1). 

Thiss characteristic time mainly corresponds to a reasonable duration of a dynamic 
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experimentt with the available techniques. Because of this feature most experiments 

performedd to study the dynamic behaviour of glass formers have to be conducted at 

temperaturee above the dynamical glass transition Tg. 

Too probe dynamical processes, two approaches can be used: exciting the sys

temm at a certain frequency and measuring its response as a function of frequency 

(measurementss in the frequency domain), or exciting the system at a given time 

andd measuring the subsequent response of a system as a function of time (measure

mentss in the time domain). Most dynamic studies are performed in the frequency 

domain,, with dielectric, rheological and NMR techniques being widely used, among 

others.. In the last few years, the upper limit of the frequency window has been im

pressivelyy extended, mainly thanks to new technological improvements. Nowadays 

experimentalistss can explore up to 21 orders of magnitude in frequency (10~6 - 1015 

Hz)) [123, 124]. In this way it is possible to explore regions far above Tg, which can 

givee insight in the origins of the glassy state by detection of fast processes (see for 

examplee [125]). On the other hand frequency domain techniques are not applicable 

forr temperatures deep below Tg where dynamics becomes too slow to be studied 

withh sub-second techniques. 

Amongg time domain techniques, we recall steady state probe fluorescence, photo-

bleaching,, fluorescence non-radiative energy transfer [126] and second-harmonic gen

erationn [127, 128]. Direct time-domain approaches are now becoming very promising 

especiallyy for studying very fast processes, thanks to the emergence of techniques 

basedd on ultrafast optical technology (see for example [129, 130, 131, 132, 133]). Ul-

trafastt measurement systems are often based on relaxation from optically pumped 

states,, but it is not always possible to design a proper experiment that suits any 

application.. As example, we recall the work of Meech [130] who applied a pump and 

probee method on Malachite green and Rhodamine 6G dye molecules that present 

isomerisationn in the exited states, with a rapid internal conversion and vibrational 

relaxationn to re-populate the ground state. Antoine [129] also used a pump-probe ex

perimentt to study the rotational relaxation of an Eosin B interfacial layer after align

mentt by a pump beam. In Eisenthal's studies using second-harmonic generation, a 

varietyy of systems were considered: interfacial solvation dynamics of stearic acid 

[131],, activated photoisomerisation of cyanine dye (3,3'-diethyloxadicarbocyanine 

iodide)) [134], and the solvation dynamics of coumarin 314 [133]. 

Inn our experiments we have measured the reorientation relaxation of polar non

linearr ly polarisable groups. To create the initial state, we first applied a strong 

DCC electric field (so-called poling field) to induce some polar ordering of the polar 

groups.. In this state, the material is able to generate a second-harmonic signal. 
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Att a time t=0, we switch the electric field off and follow the time evolution of the 

orientationall order towards a non-polar state by measuring the time evolution of the 

second-harmonicc signal generated by the sample. For such a system, with an initial 

statee (for t<0) that is not generated by an optical pump beam, the collection of a 

second-harmonicc signal, is very well established for long time scales. The time limit, 

inn the lower bound (t > 10 sec), is mainly due to the fact that the collected SH signal 

iss very small and needs to be averaged over a series of successive intense incident 

pulses.. For measurements in the short time domain, the control of the switching 

offf of the strong external field is also an important limitation, mainly due to the 

magnitudee of the field. A limited time window allows to gather information only 

deepp below Tg. At temperatures approaching and above Tg, however, information 

att intermediate and fast time scales becomes more relevant. 

Too overcome these problems, Torkelson et al. [135, 136] developed a setup able 

too collect a SH signal in the short time domain (0.2 msec - 1 msec) for studying the 

dynamicss of a tracer dissolved in a hosting polymer matrix. They concluded that 

thee dynamics of the probe tracer could be coupled to the polymer a-relaxation. In 

laterr studies [62, 127, 137, 138] they extended the collection down to 5 ^sec and 

coveredd also the intermediate time window 1 msec - 10 sec. They also studied the 

polymerr with the chromophore tracer covalently bound as side-chain. 

Followingg collection protocols similar to the ones used by Torkelson et al., we 

couldd cover a time window ranging from 1 /^sec till one week (11 orders of magnitude), 

allowingg the monitoring of the reorientation dynamics through the time dependence 

off a second-harmonic signal both well below and above Tg. By determining the 

shapee of the relaxation dynamics over a wide range in temperature and time, it is 

possiblee to identify different relaxation processes. Extended data are also useful for 

aa more precise fitting with non-exponential relaxation functions like the Kohlrausch-

Williams-Wattss (KWW) equation and the evaluation of the corresponding average 

relaxationn time (T) and the stretch exponent j3 (see Sec. 1.3.2). 

Wee should bear in mind that every technique is related to a particular feature 

off the studied material. For example dielectric spectroscopy can detect only dy

namicc processes involving the reorientation of dipolar entities or the displacement of 

chargedd entities while rheological measurements are related to the displacement of 

molecules.. In most bulk system, different measurement techniques give consistent 

resultss on the dynamic behaviour. Also the results of dynamic second-harmonic 

generationn measurements compare very well with those of dielectric spectroscopy 

[135,, 139]. 
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Theree is however a notorious exception, namely H-bonded materials as in the 

casee of monohydric alcohols [140], These materials are known to create H-bonded 

networkk clusters. For example dielectric measurements on propanol [85] have shown 

aa second relaxation process with a smaller time constant than the dominant relax

ation.. The dominant slow relaxation process could be associated to the dynamics 

off clusters of the associating liquid, while the fast one could be a fingerprint for 

thee reorientation relaxation of free molecules. This indicates that the dominant 

non-exponentiall relaxation dynamics is due to more complicated units than simply 

molecularr entities. Moreover the relaxation time for the pure monohydric alcohols 

wass found to be much longer than the structural relaxation time measured with 

otherr techniques. 

5.22 Fast and intermediate collection method 

Inn this section we explain how data were collected in the short and intermediate 

timee domain (1 ^sec => 3 sec). The aim of the measurements is to obtain the 

timee dependence of the second-harmonic signal I(t) after the poling field has been 

switchedd off. To measure a second-harmonic signal (SH), an intense light source is 

needed,, and we therefore made use of a pulsed laser. In the short and intermediate 

timee domain the time separation between pulses is of the same order of magnitude (or 

slightlyy bigger) than the explored time scale. This means that the collected second-

harmonicc signal cannot be averaged over the successive laser pulses, as is done in 

thee standard collection procedure, where only long time scales are considered. To 

measuree a signal at short time scales, we need to collect the SH signal, corresponding 

too one laser pulse, after a tunable time delay after the poling filed has been switched 

off.. The main challenges of such an experiment are: 

•• Synchronising the turning off of the external field with the pulse sequence of 
thee incident laser beam. 

•• Switching off the strong (1.9 TO6 V/m) applied DC electric field (HV) in the 

shortestt time possible, which becomes a limitation for the minimum time delay 

applicable.. The upper limit (~3 sec) in the time domain collection, depends 

mainlyy on the pulse repetition rate with which the signal is measured. 

Thee other important factor to be considered in these experiments is the low 

absolutee value of the non-linear susceptibility of the sample. This is mainly due to 

thee low degree of polar ordering of the polarisable groups of the macromolecules. 

Moreover,, in the thin films, the amount of polarisable groups is small. As a result, the 
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collectedd signal per pulse is at most a few photons. To obtain a reasonable statistic, 

repeatedd collections are necessary for each data point, making the measurements 

timee consuming. 

5.2.11 Collection protocol 

Forr the short time window (t < 5 msec) a protocol similar to that of Torkelson [135] 

wass adopted. A schematic representation of a measurement run is shown in Fig. 5.1. 

Thee HV was switched off at a controlled time delay At before the laser pulse at 

whichh we measure the SH signal. This time delay corresponds to the time during 

whichh the system is allowed to relax starting from the initial oriented configuration. 

Thee laser repetition rate was fixed at 200 Hz, which means that the available time 

windoww with this protocol has as upper limit the time interval between two laser 

pulsess (5 msec). The lower limit is the longest of either the time necessary for the 

HVV to drop to zero, or the length of the laser pulse. With our setup (see Sec. 5.3), 

thee HV fully drops in ~100 nsec and the laser pulses are ~200 nsec long. To be on 

thee safe side, we have chosen l^sec as lower limit in our measurements. 

Afterr the HV is switched off, only one data point is measured. Then the HV 

fieldd is raised again for a sufficiently long time (7 pulses = 35 msec) to recover the 

signall corresponding to the initial polar oriented configuration, after which the cycle 

iss repeated. In glassy systems this procedure could introduce memory effects as well 

ass dependence on the history of the treatment. This is particularly true at temper

aturess far below the glass transition temperature. On the other hand it has been 

seenn that dynamics during poling with high DC field is orders of magnitude faster 

thann the relaxation from the oriented configuration. We have also never noticed 

anyy shift in behaviour between the sequences measured at the beginning and end 

off a measurement series. The cycling technique allows to collect replicas of iden

ticall switching on/off sequences, reducing drastically the collection time necessary 

too obtain a reasonable statistics. Data points (i.e. the SH intensity I(t) at a given 

timee t) were collected in separate measurement runs with the time delay At set at 

differentt values. This feature allows us to choose the time delay properly for equally 

spacedd points either in a logarithmic or linear time scale. To obtain a master plot 

forr all measurements, data were normalised to the intensity prior to switching off 

off the HV field: /NO(^)
 = -^(O/^HVon- Every single switching on/off sequence was 

firstfirst normalised on itself and then averaged with the others in the run. In the fast 

dynamicss time window, the evaluation of the intensity with the field on 7HV on was 

donee by averaging the intensity measured at the last five laser pulses before the field 

wass switched off. 
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Timee t 

Figuree 5.1: Schematic representation of a measurement run to obtain one data point 

/ (At)) in the plot of the intensity I versus time t with the fast dynamics protocol. The 

verticalvertical dotted lines represent the laser pulses (=segments), with the small dots giving 

thethe incident intensity. The solid line represents the time dependence of the applied 

polingpoling high voltage. The dashed line gives the expected theoretical variation of the 

SHSH intensity, with the circles being the intensity measured at the corresponding laser 

pulse.pulse. Only the gray circles are used to evaluate I (At). 

Too extend the accessible time window to longer values (intermediate time regime), 

wee slightly modified the above protocol simply by increasing the time delay (Figure 

5.2)) to cover more incident pulses (segments). This procedure has the drawback of 

gettingg data points only on a linear scale because of the linear distribution of incident 

laserr pulses. Moreover it needs a longer time for reaching the same sampling statistic 

(aa few thousands photons per data point) than in the short time protocol. In each 

sequence,, measurements over three successive segments were averaged, which adds 

aa time error bar on the data. 

Forr the intermediate dynamics time window, we used a 50 Hz repetition rate for 

thee laser pulses to extend the time window explored by each sequence (~4 sec for 

1933 segments). The HV field was kept on for ~1 sec and the time dependence for 

thee intensity was collected for ~3 sec. 

5.2.22 Statistics 

Sincee the second-harmonic intensities measured in one laser pulse are at most a few 

photons,, we need to accumulate enough sequences to obtain a large enough amount 
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Figuree 5.2: T/ie same os m Fig. 5.i for the intermediate time dynamics protocol. 

off photons per data point (optimally several thousands) to increase the signal to 

noisee ratio and improve the intrinsic wide scatter of the data. Since the most time 

consumingg step (several seconds) in the experiment is the data transfer between the 

oscilloscopee collecting the data and the computer controlling the equipment, the 

mostt time efficient way of accumulating data would be to perform long runs while 

storingg all the necessary sequences in the memory of the oscilloscope. This is however 

nott possible due to the limited available memory space in the oscilloscope. With the 

fastt dynamics protocol, the oscilloscope memory allowed 193 sequences per run and 

wee repeated these runs to accumulate up to 6000 sequences. For the intermediate 

dynamicss protocol, in which sequences are significantly longer, the runs could only 

containn 8 sequences. To keep the measurements time reasonable, we accumulated 

onlyy 1500 sequences in this case. As a comparison, measurements performed at 

longg time scale were averaged over approximately 1500 successive laser pulses. This 

numberr could be longer at very long time scales. For those cases (high temperatures) 

wheree the relaxation dynamics was fast enough (~30 min), the whole relaxation 

processs was repeated, leading to an accumulation over ~5000 pulses per point. 

5.33 Collection setup 

Thee collection part of the SH setup (see Figure 5.3) consists of a frequency doubled 

Modee Locked (76 MHz) Q-switched Nd-YAG laser, a photodiode (PD) monitoring 

thee incident laser pulses, whose signal is used as triggering signal, and a photo-

multiplierr (PM) to record the SH signal from the sample. The repetition frequency 
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off the Q-switch can be tuned between 3 and 800 Hz, every Q-switched pulse being 

madee of several (~20) mode-locked pulses. A digital oscilloscope collects the signal. 

Thee HV is controlled by an electro-mechanical switcher. The switching speed is 

restrictedd by the speed of the fast transistor used in parallel with a relay inside the 

HVV switcher (the transistor holds the voltage drop and the relay avoids heating of 

thee former) which has a full relaxation time of —100 ns. 

Thee setup is completed by a PC that is interfaced to the rest of the equip

mentt by an interface card for the oscilloscope (digital IEEE488) and a high speed 

counter/timerr interface card to connect the computer to a box interface (BI) that 

handless all the other controls (see Figure 5.3). The high speed counter interface 

containss two internal clocks of high precision. They are used in the software de

signn to control the Q-switched pulses repetition rate and the time delay between 

thee switching off of the external field and the following incident Q-switched laser 

pulse.. A mechanical shutter (MS) is introduced on the optical path to avoid laser 

illuminationn on the sample on the 'dead times", as during the oscilloscope-PC com

municationss or data savings periods. The box interface and the mechanical shutter 

needd low voltage (12V) power supply. The signal from the PD. monitoring the 

incidentt pulses through the intensity of a spurious reflection, is meant to: 

•• Synchronise the external electric field switching with a specific optical incident 

pulse. . 

•• Trigger the oscilloscope sampling of the PM collecting the SH signal in coin

cidencee with the optical incident pulse. 

Thee electric signal coming from the PD is positive but too small to drive the 

triggerr in the oscilloscope, thus an electronic amplifier was inserted in the BI giving 

aa TTL (5V) output signal. The gating through the amplifier in the BI introduces a 

systematicc retardation time on the amplified triggering signal. On the oscilloscope we 

exploredd a time window as wide as a Q-switched pulse of the laser. To center the SH 

photonss in this window, we had to introduce a time delay for taking in consideration 

thee delay of the triggering signal due to the amplifier in the BI. During data analysis, 

thee time delay used in the collection protocol (shown in Figure 5.1), has then to be 

correctedd by such time delay. 

Thee control software was designed making use of LabView (see Appendix A). 

Thee graphical interface provided by LabView makes the control and understanding 

off all parameters straightforward. 
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Figuree 5.3: The optical path includes a frequency doubled Mode Locked Q-switched 

Nd-YAGNd-YAG laser, a photodiode (PD) and a photo-multiplier (PM). The high voltage 

(HV)(HV) electric switching is provided by a fast HV switcher and is interfaced to the 

computercomputer by a box interface (BI). A digital oscilloscope collects the traces from both 

thethe PM and from the HV switcher signal. A mechanical shutter (MS) is introduced 

beforebefore the sample for avoiding sample illumination during electronic communications 

betweenbetween the oscilloscope and the PC. 

5.44 Fast dynamics in liquid crystals 

Too test our setup and measurement method at for short time scales, we have ap

pliedd time resolved SHG measurements on a particular system having an unresolved 

dynamicss in the time range accessible by our equipment. Schuddeboom [141, 142] 

studiedd the reorientation dynamics of a common liquid crystal molecule: 4-n-eptyl-

4-oxycyanobiphenyll (70CB), at a solid interface. In LC display technology these 

materialss function in the liquid crystalline state, and applied fields induce molecu

larr reorientation with a response time of the order of milliseconds. An ultra-thin 

filmfilm made of a few molecular layers was deposited by evaporation on a fused quartz 

substratee patterned with two gold electrodes as described in Sect. 6.2 (Fig. 6.2). In 

thee 1 mm-gap between the electrodes, the molecules have an isotropic distribution 

off in-plane orientations. By applying a strong DC field between the two electrodes, 

moleculess in the film were forced to orient away from their equilibrium order. The 

appliedd field tends to align the dipoles carried by the molecules along the field di

rectionn orientation, inducing a polar anisotropy in the plane of the substrate. 
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Figuree 5.4: Schematic representation of the SH signal with main features. The 

electricelectric field is switched off at time t=0. 

Second-harmonicc generation measurements were used to measure the degree of 

polarr ordering and its time evolution upon release of the field. The decay of the SH 

signall presented three main features as schematically represented in Fig. 5.4. After 

switchingg off the poling field, a first jump corresponding to ~20% of the overall SH 

signall was completed in less than 1 msec after the switching off of the field [142]. In 

theirr experiment 1 msec was the lowest time accessible in the measurements of the 

SHH signal. At longer time scales two distinct relaxation regimes could be seen (see 

Fig.. 5.5). The experimental data were fitted using a double exponential function: 

^/Sjt)^/Sjt) = exp [l b exp p 
\-t \-t 
—+lf —+lf 

VVTTff . 
++ exp 

\-t \-t 
—— +ls 

llTTs s 
(5.1) ) 

withh characteristic decay times of Tf ~ 10 sec and TS ~ 300 sec. exp [lb]  is a very 

slowlyy decaying component that can be treated as constant on the considered time 

scale,, and If and ls are weighting factors respectively for the fast and slow processes. 

Thee slow and fast relaxations were associated respectively to molecules in the first 

layerr in contact with the substrate (surface layer) and to molecules in the rest of 

thee film (covering film). The dynamics in the surface layer was slowed down with 

respectt to that in the covering film by the interaction of the surface molecules with 

thee substrate. This was confirmed by the absence of the fast relaxation in films 

madee only of a surface layer. Note that in contrast to our findings in the glass-
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Figuree 5.5: Decay of the square root of the SH intensity Iss determined by Schudde-

boomboom [141, 142] after switching off the poling field for a thin film of 70CB. Plotted 

datadata at time larger than 100 sec were averaged over five successive raw data points. 

TheThe lines represent the fittings for the slow (dashed) and overall relaxation process 

(solid)(solid) (Eq. 5.1). 

formingg materials described in Chap. 3, the effect of the substrate on the dynamics 

iss significant on this ordinary (not glass forming) system. This is because in the 

presentt case, the effect of the interaction with the surrounding molecules is much 

weakerr than in a glass-former. 

Thee fact that the fast relaxation time 77 was so long with respect to the value 

expectedd in a liquid, was tentatively explained by correlations between the dipoles 

carriedd by the molecules. Evidence for such correlations was also found in the static 

behaviourr of the molecules under the application of the poling field [143]. 

Forr the interpretation of the first jump, effects of the applied poling field could 

bee rejected. The DC field can in principle modify the intra-molecular potential of 

thee electrons, changing the molecular non-linear polarisability a^. Nevertheless to 

inducee this effect much higher fields than the one employed are needed. 

Anotherr possible effect caused by the electric poling field is electric-field-induced 

second-harmonicc (EFISH) generation. A high DC field E(0) can mix with the inci-
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Figuree 5.6: Chemical structure of 4-n-eptyl-4-oxycyanobiphenyl (10GB). The 
moleculemolecule has a saturated flexible tail, attached to the non-linear polarisable polar 
cyanobiphenylcyanobiphenyl group. 

dentt electromagnetic wave at frequency u to give a non-vanishing third-order non
linearr term x(3) in the susceptibility. The second-order susceptibility component 
arisingg from this process is: 

,, EFISH (3) T-, ,„>, 

XijkXijk = XywEi(O) (5.2) 

Forr the case of intense applied poling fields and with the third-order susceptibility not 

particularlyy smaller than the second-order susceptibility, the electric-field induced 

second-harmonicc generation becomes not negligible. In this case, the expression of 

thee polarisation induced in the material (Eq. 4.1) becomes: 

PP = x{2)  E(w)E(w) + * (3 ,(2w = v + u + 0):E(u)E((j)E,(0) (5.3) 

Thee EFISH term was estimated as being at least 2 orders of magnitude smaller 

thann the second-order term for the considered system. Finally it was concluded that 

thee jump was not an artifact but associated to a very fast relaxation of a part of the 

molecules.. These molecules would not be involved in correlated reorientation but 

wouldd be "free" to rotate individually [144]. However no other information could be 

obtainedd about this unresolved relaxation process. 

Thee widening of the explored time scale is expected to give insight on fast pro

cessess having characteristic times below 1 msec. Typical characteristic times for 

molecularr dynamics in the liquid phase are below 1 msec and, for a complex system 

ass a liquid crystal, we can expect to find typical behaviour precisely in the time 

intervall from 1 //sec to 1 msec. We wanted to investigate the nature of this fast 

jumpp using the experimental setup described in this Chapter. 

5.4.11 Experimental 

Usingg the same approach as Schuddeboom [142], we deposited a multilayer of 70CB 

(Tmm = 55°C, TN] = 75°C, chemical structure in Fig. 5.6), purchased from Merk Ltd. 
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Figuree 5.7: Normalised second-order susceptibility measured with an s-in-s-out po-

larisationlarisation configuration for a thin film of 70CB. The solid lines represent the best 

fitfit  using a sum of four distinct exponential relaxation functions (Eq. 5.4)-

(Darmstadt,, Germany), on a fused quartz substrate. The substrate was previously 

patternedd with two gold electrodes with a gap of 1 mm in between. The deposition 

wass realised by condensing a vapor of the LC generated by a hot stage placed 

abovee the surface. After deposition the cell was sealed and dry nitrogen was flushed 

duringg the course of the experiment to preserve the sample from contamination. All 

measurementss were conducted on the supercooled liquid crystalline state at 30 °C. 

Thee optical setup is the one described in Fig. 4.4, while for the poling field and 

dataa collection, we used the scheme showed in Fig. 5.3. The electric poling field 

betweenn the two electrodes was 1.9 TO6 V/m. The SH signal was measured in the 

timee interval 1 /isec - 2000 sec. 

5.4.22 Results 

Thee full SH decay profile (XNOW) collected i n the s-in-s-out polarisation configu

rationn is shown in Fig. 5.7. The square root of the SH signal (x^2\t)) ls normalised 

too the square root of the signal before switching off the field (x (0))-



86 6 Time-ResolvedTime-Resolved Second-Harmonic Generation 

Effectt  of the poling electric field 

Inn the evaluation of the normalised second order susceptibility XNO' w e neglected 

thee existence of the EFISH effect. The validity of this assumption is confirmed by 
(2) ) 

thee value of XNO> remaining approximately constant (unity) for 1 //sec, while the 

polingg field drops to zero within 100 ns. This confirms the hypothesis of the absence 

off any artificial jump due to the switching off of the electric field. If the second 

harmonicc signal would contain the third order effect EFISH, a first decrease of the 

signall should be visible already within 100 ns after switching off the external field. 

Multipl ee relaxation dynamics 

Ourr experimental results (Fig. 5.7) clearly show two separate decays at time lower 

thann 10_1 sec. For larger times the data are scattered and for the interpretation 

wee used the results of Schuddeboom [142]. We fitted our results for the normalised 

second-orderr susceptibility using a sum of four distinct exponential relaxations: 

X^^  = X>(r)e-«/" > (5.4) 

wheree at are weighting prefactors. For the long time domain we adopted the value 

off r3 = Tf = 13 sec and r4 = rs = 320 sec previously obtained [142] for the fast 

andd slow relaxations. For the other two processes we obtained T\ = 7.7 //sec and 

TITI — 5.7 msec. Using the microscopic picture depicted above with both collectively 

rearrangingg dipoles and free molecules, the two relaxations T\ and r2, at short time 

scales,, can be associated to the reorientation of free molecules in the covering film 

andd at in the surface layer, respectively. 

Fromm the different characteristic relaxation times TÏ (see Tab. 5.1) we can eval

uatee the ratios rcov = T3/Y1 and rsurj — T4/T2 as the retardation effect caused by 

thee dipolar correlations for molecules laying in the film (rcov) or in the surface layer 

(fsurf)-(fsurf)- We find that rcov/rsurf ^ 54, which would mean that the effect of the cor

relationss is 54 times larger in the covering film than in the surface layer. A possible 

explanationn for this is that the dynamics of the molecules in the surface layer is 

dominatedd by the interaction with the substrate. Our measurements show that the 

reorientationn dynamics of liquid crystal molecules in the vicinity of a surface is very 

complex.. A deeper understanding of the system would require to study the whole 

dynamicss as a function of film thickness and to evaluate the variation of the ratios 

betweenn the weights of the different processes. 
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Coverr film 

Interface e 

Free e 

T\T\ — 1.1 fisec 

T2T2 = 5.7 msec 

Correlated d 

T33 = 13 sec 

T44 = 320 sec 

Tablee 5.1: Values of the relaxation times n determined with Eq. 5.4. 

5.4.33 Conclusion 

Thee above measurements on liquid crystal films show that our measurement setup 

andd protocol are able to distinctly resolve dynamic features in the time window 

11 ^sec - 103 sec. This is essential for studying systems with a complex dynamic 

behaviourr such as systems with distinct exponential relaxations , as observed in this 

Chapter,, or with a continuous distribution of relaxation times, as observed in glassy 

systemss and presented in next Chapter. 

5.AA Collection Software 

Figuree 5.8 shows a screen shot of the Lab View graphical interface we have developed 

too control the signal collection at the short and intermediate time scale1. This 

interfacee shows the two signals collected by the oscilloscope over the time window in 

whichh the intensity of the second-harmonic signal is measured. This time window is 

definedd by two parameters set using the interface: the time base of the oscilloscope 

(rightt bottom corner, generally 200 ns/div) and the number of samples in the window 

(samples,(samples, generally 88). The delay between the trigger signal from the photodiode 

(seee Fig. 5.3) and the beginning of the time window is set on the oscilloscope. These 

settingg ensure that the time window coincide with the laser pulses. Channel 1 records 

thee signal driving the switching of the high voltage to verify the synchronisation of 

thee voltage switching with the laser pulses. Channel 2 records the signal from the 

PM.. The offset of channel 2 (set on the right of the trace) is chosen such that the 

signall of the PM is just outside the displayed range if no photon is detected. For 

thee computer treating the signal, there is then no signal. The presence of a detected 

photonn gives a negative peak in the signal of the PM, which makes a peak appearing 

inn the displayed range. 

:inn collaboration with Paul Collignon of the electronic workshop of the Chemical Engi

neeringg Department 
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Figuree 5.8: Screen shot of the graphical Labview interface 

Duee to low speed of Lab View as data processor, the raw data from the oscillo

scopee are converted in ASCII by binning the vertical axe of the oscilloscope in 128 

bins.. Thus the intensities of the PM signal are written as numbers between 0-127 

inn a matrix in the output file. To detect the presence of a peak (=1 SH photon) 

inn a trace we have chosen the value of 125 as minimum threshold: when the trace 

valuee changes from 126 to 125, it means that a photon was detected by the PM. The 

numberr of these events, inside the measurement time window corresponding to one 

laserr pulse, gives the number of photons detected during this pulse. 

Ass explained in Sec. 5.3 and shown schematically in Fig. 5.1 and Fig. 5.2, the 

measurementss are performed by repeating a sequence of the type: switching field on, 

measuring,, switching field off, waiting. The duration of this sequence is fixed by the 

timee delay between the switching off of the field and the last laser pulse (segment) 

duringg which the signal is measured (HV switch off x msec before segments y). In 

thee short time protocol, the signal is measured only during 1 segment (y=l), while 

inn the intermediate time protocol, the signal is measured during y (>1) segments 

followingg the switching off. After the last segment used in the signal measurement, 

file://D:/data/120_B.dat
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thee HV is switched on after half a repetition period of the laser pulses and kept on 

duringg 7 pulses, after which the following sequence starts. A number of sequences 

aree repeated till the memory of the oscilloscope is full. This makes a run. 

Thee information is then transfered to the PC, the memory emptied and the 

collectionn repeated in the following run. The number of runs in a given measurement 

iss set in such a way that the data file containing all the raw data collected during the 

measurementt keeps a reasonable size. If necessary, a certain number of measurements 

weree repeated. 

Onee major problem was the long exposure of the sample to the incident laser 

beam,, which could eventually induce local heating . To avoid this, we introduced 

'dark'' times between runs (after run delay x sec) and/or measurements (shutter 

closedclosed for x sec after measurement), during which the shutter was closed. 

AA simple routine has been written to process data files corresponding to one 

measurement.measurement. These are big matrixes of size (88 samples +1) x [((segments  se-

quences)+l)quences)+l)  runs]. runs]. The program scans all the binned traces of the oscilloscope for 

everyy single segment and checks for the presence of photons. Then the numbers of 

photonss are averaged over all sequences and runs in parallel for every single segment 

att a certain time often the field is switched off. 
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Reorientationn Dynamics by 

SHG G 

InIn this Chapter we present a study of orientational relaxation dynamics of thin films 

ofof the glass-former [B] (shown in Fig. 2.1) as a function of temperature and film 

thickness.thickness. The relaxation is probed by second-harmonic generation (SHG) after re-

leaselease of a poling electric field. From the measured decays of the effective normalised 

second-ordersecond-order susceptibility and their fitting with a stretched exponential we can de-

terminetermine the distribution of relaxation times in the system. As temperature decreases 

fromfrom above the glass transition, we observe that the width of the distribution first 

increasesincreases under confinement, but that deeper in the glassy state, confinement has no 

effecteffect anymore on the dynamics. 

6.11 Introduction 

Fromm the measurements performed with x-ray reflectivity on thin films of glass for

mers,, presented in Chap. 3, we have seen that by restricting a glass former into 

aa thin film, the glass transition significantly widens. We have interpreted this as 

originatingg from an increase of the inhomogeneity of the dynamics in the system. 
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Too obtain a direct evidence for the increase in inhomogeneity under confinement 

andd study in detail how confinement affects the dynamics of the system, we have 

examinedd the reorientation dynamics of glass-former [B] (see Fig. 2.1} in thin films 

usingg second-harmonic generation measurements. 

Otherr glassy systems have been studied with this technique [62, 126, 135, 145. 

146].. most of them being polymeric materials. In [126] the measurements probe 

thee reorientation dynamics of a chromophore that is either dissolved in the hosting 

materiall or attached to the polymer main chain by a flexible spacer. The interest 

inn these non-linear optical polymer comes from their potential technological appli

cationss as inexpensive alternatives to inorganic non-linear optical crystals and for 

severall new applications, as for example optical storage or electro-optical devices. 

Inn one of the above mentioned works on side-chain polymer [62], the effect 

off confinement was studied in thin supported films as a function of temperature. 

Itt was found that, at all temperatures, the average relaxation time is essentially 

independentt of the film thickness, while the width of the distribution of the re

laxationn times increases as thickness decreases. The widening of the distribution 

wass however found to be the same over the whole temperature range considered 

(T(Tgg - U °C < T < Tg + 25°C). 

Wee have used a similar method to study the dynamics in thin films of compound 

[B].. The principle of the experiment is the following. The films to be studied are 

firstt brought in the liquid phase and a strong DC poling field E p is then switched 

on.. This field tends to align the dipoles carried by the side-groups of compound [B] 

alongg the direction of the field (Fig. 6.1). 

Afterr sufficient time to reach the equilibrium orientation, the films are cooled 

downn at the desired temperature holding the poling field on. In this state, the film 

generatess a second-harmonic signal for a s-in-s-out polarisation configuration (see 

Sec.. 4.1.2). By release of the field (see Fig. 6.1) at time t = 0 the field-induced 

orientationall order disappears in the course of time by the randomisation of the 

dipoless orientation. This leads to a decrease of the SH signal to zero. So the 

reorientationn dynamics of the system can be followed by measuring the SH signal 

II ssss.. The square root of the I88 is directly proportional to the degree of polar ordering 

inn the system through the effective polarisability (x.ss) of the film (see Eq. 4.11). The 

measuredd Xss(t) as a function of time is normalised to the value before the switching 

offf the poling field (xss(0)). The resulting normalised second-order susceptibility is 

fittedfitted using the phenomenological stretched exponential response function (KWW 
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Figuree 6.1: Schematic representation of the orientation order of the polar branches 

inin the glass former with applied poling field (left) and after removal of the field and 

completecomplete relaxation (right). The poling field Ey is perpendicular to the optical plane 

(XZ)(XZ) defined by the incident and SH beams (see also Fig. 4-1) 

laww Eq. 1.9): 
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Thee relaxation functions are determined over a range of 11 orders of magnitudes 

inn time from 1 /zsec onwards. The ability of characterising reorientation dynamics 

overr a wide range of time scales is crucial because relaxation can occur, as shown in 

Sect.. 5.4, within 1 sec after switching off the DC field and because to measure the 

decayy accurately, it must be measured over a wide range of times. 

Withh the above measurement method, the state from which the relaxation starts 

iss determined by the applied poling field. For the range of poling fields we have used, 

Xss(O)) is proportional to the field strength [62, 147]. In principle, the measured 

relaxationn times can be expected to depend on the degree of order of the starting 

statee of the relaxation, thus on E p [128]. We have not studied this dependence and 

havee only one value of E p . 
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1.99 kv 

Figuree 6.2: Schematic representation of a substrate with gold electrodes. The DC 

externalexternal field is provided by a grounded high voltage power supply. The dependence 

ofof the electric field on the position inside the gap is shown at the top. 

6.22 Experimental procedure 

Thinn films of compound [B] represented in Fig. 2.1 were deposited by spin coating 

ontoo a fused quartz substrate following the procedure described in Chap. 2. To be 

ablee to apply an electric field parallel to the substrate, the quartz plates were first 

patternedd with two planar electrodes separated by a gap d of 1 mm. The electrodes 

weree obtained by first depositing a thin (10 nm) layer of chromium, which has 

aa high affinity for silica and then depositing a second thick (100 nm) gold layer. 

Bothh depositions were made by standard chemical vapor deposition1. With the 

goldd coating we obtained substrates with a high chemical resistance to the cleaning 

processs with bi-chromate sulfuric acid solution (see Sec. 2.4.1). The quality and 

thicknesss of the electrodes has been verified with atomic force microscopy. 
1Wee kindly thank M.M. Groeneveld from University of Amsterdam for metals deposi

tions s 
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Figuree 6.3: Thermal history of all samples prior to the measurements performed at 

differentdifferent temperatures (dashed lines). HV on and HV off indicate the points when 

thethe poling voltage is switched on and off. 

AA high DC electric field was applied between the two electrodes as shown in 

Fig.. 6.2. For poling the films, we used a constant voltage V of 1.9 kV. The electric 

fieldfield produced in the gap is perpendicular to the electrode edges and parallel to the 

substratee surface. The intensity profile of this field depends on the distance from the 

edgess [148] (see Fig. 6.2). In the middle of the gap the electric field is minimum and 

equall to Ep = f %, which corresponds to 1.2 TO6 V/m. Around this minimum the 

fieldfield is constant within 1% in a region of width d/5 = 200 /zm in our case. This width 

iss sufficiently large for our measurements, which are all performed with a projected 

laserr beam area of ~100 i/m in diameter. We assume therefore that the electric field 

iss uniform in the probed surface area. As seen in Sect. 4, the degree of polar ordering 

inducedd by the poling field is proportional to the applied field. Therefore a higher 

fieldfield is expected to increase the ordering and the initial SH signal before the field 

iss switched off. Nevertheless we have to limit the applied voltage to 1.9 kV because 

higherr fields cause arching between the two electrodes, which destroys the samples. 

Thee high-voltage power supply limited the current during the transient regime just 

afterr switching the electric field on or off to 10 mA. 

Sampless were thermally treated following the procedure schematically presented 

inn Fig 6.3. To eliminate the solvent from the deposited films, samples were annealed 
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firstfirst at 45 °C for 5 hours. They were then heated above the glass transition to 120 

°CC where they were kept for at least 15 minutes. After switching on the external field 

thee temperature was brought to the desired value and then kept constant during the 

experiment.. All temperature ramps were conducted at 0.25 Kmin - 1 . To facilitate 

solventt removal and provide a clean atmosphere, the sample chamber was fluxed 

continuouslyy with dry nitrogen. 

Thee second-harmonic signal was measured following the protocol described in 

detaill in Chap. 5. The optical setup is shown in Fig. 4.4. In the experiments reported 

inn this Chapter, we have set the applied electric field and the polarisations of the 

in-corningg and out-going waves perpendicular to the incident plane of the laser light 

(seee Fig. 6.1 and Sec. 4.1.3). 

6.33 Results 

Wee have examined the dependence of the reorientation dynamics as a function of two 

parameters:: temperature and film thickness. In the following, we first present the 

resultss concerning the temperature dependence of the dynamics in a thick film {as-

spunn thickness /i0=116 nm). From the thermal expansivity measurements we have 

presentedd in Chap. 3, we expect a bulk-like behaviour for the molecular dynamics 

off such a thick film. We can therefore compare our dynamic measurements with the 

expectedd behaviour around the glass transition temperature of a bulk glassy system. 

Inn the second part of this Section, we examine how the dynamics at different 

temperaturess varies as the film thickness decreases. From the broadening of the glass 

transitionn we have reported in Chap. 3. which is a sign of an increased inhomogeneity 

off the film, we expect a broadening of the distribution of the relaxation times as the 

filmm thickness decreases. 

6.3.11 Temperature-dependence of relaxation dynamics 

Thee decay of the SH signal as a function of time was collected for several tempera

turess ranging from 130 °C to 60 °C. Our temperature control unit did not allow us 

too reach to high temperatures, excluding measurements far into the liquid phase. 

Inn Fig. 6.4 we plot the time dependence of the effective non-linear susceptibility 

XssXss normalised to its value before the poling field is switched off at time t = 0, 

forr a 116 nm-thick film. We show for clarity the results only for the temperatures 

justt below (100 °C) the nominal bulk glass transition temperature determined by 

DSCC (r s=106 °C) and deep into the glass phase (60 °C). From the observed decays 

itt is clear that any contribution to xss from electric-field-induced second-harmonic 
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Figuree 6.4: Normalised second-order susceptibility vs. time for a 116 nm-thick film 

(as-spun(as-spun thickness) at (o) 60° C (Tg-46) and (h) 100° C (Tg-6). Solid lines represent 

thethe best mean-square fit using Eq. 6.1. 

generationn (see Sect. 5.4) can be neglected. Indeed, for all temperatures, the SH 

signall does not decrease for several decades in time. A possible contribution of 

EFISHH would result in an immediate jump of the signal to a lower value, as fast 

ass the poling field E p drops to zero (~ 100 ns, see Sect. 5.2.1). We conclude then, 

thatt the observed decays have to associate solely to reorientation dynamics of the 

non-linearlyy polarisable units. 

Dataa are fitted with the stretched-exponential KWW law given by Eq. 6.1. The 

characteristicc time r and the stretch exponent (3 obtained at the different tempera

turess are given in Tab. 6.1. From the values of j3, it is obvious that the relaxation 

processs is highly non-exponential. 

Anotherr way to characterise the dynamic behaviour of the system is to calculate 

ann average reorientation time (r) as is generally done for polymer systems from 

dynamicc optical or dielectric measurements [32, 33, 34, 92, 135]: 

(r) (r) ff  6XP "(£ ) d/ / 
-r(i//? ) ) 

0 0 
(6.2) ) 

wheree T is the gamma function (Tab. 6.1). For 0 = 1 (single exponential), (r) is 

equall to r . For all temperatures (r) is rather large. Even for the highest temperature 

(TT = 120°C= Tg + 14°C) the average relaxation time lies above the value generally 
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TT (°C) 

60 0 

80 0 

90 0 

100 0 

120 0 

rr (sec) 

1.466 TO6 

366 TO3 

166 TO3 

1.11 -103 

160 0 

ft ft 
0.26 6 

0.32 2 

0.28 8 

0.34 4 

0.31 1 

(r)) (sec) 

299 TO6 

2500 TO3 

2200 TO3 

6.22 -103 

1.244 TO3 

Tablee 6.1: Values of the characteristic time r and stretch exponent 0 obtained 

byby fitting the experimental relaxation with Eq. 6.1 and average relaxation (r) 

timetime calculated with Eq. 6.2, for the different temperatures considered for a 

116116 nm-thick film. 

associatedd to the macroscopic glass transition {r)Tg =  100 sec. 

Thee values of /3 exhibit little temperature dependence. We saw in Sec. 1.3.2 that 

thee stretch exponent 3 is a measure of the width of the distribution of the relaxation 

timess in the film: when /3 decreases, the width of the distribution becomes larger. 

Too visualise how the distribution of relaxation times varies with the temperature, 

wee have calculated this distribution using the following procedure [139, 149]. We 

considerr the stretched-exponential response function (Eq. 6.1) as being a sum of 

exponentiall relaxations (see Eq.1.11): 

x!&ww = 5>e " " / T , ) - (6.3) 
i i 

Thee distribution of relaxation times can then be defined by a discrete distribution 

[150]: : 

G(T)G(T) = J2^(rt)S(T-Tt) (6.4) 

wheree g% are the weights of the delta functions composing the distribution. G{j) can 

bee calculated numerically using a recursive computer algorithm [149]. 

Inn Fig. 6.5 we present the distribution of relaxation times G{f) calculated2 from 

thee fitting parameters of the realtive relaxation decays listed in Tab 6.1. The mea

suredd relaxation decays at low temperatures do not decay to 0 at the largest ex

perimentall time (Fig. 6.4). Calculating distribution of relaxation times using then 

Wee thank D. Moroni (UvA) for writing the code for the computer algorithm and for 
runningg the calculations 
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Figuree 6.5: Distribution of relaxation times calculated for a 116 nm-thick film from 

thethe parameters given in Tab. 6.1: 60 °C (o), 80 ° C (M), 90 °C (o), 100 °C (A) and 

120120 °C  The solid lines are only a guide to the eye. 

highh characteristic time r evaluated with the KWW fitting law (Eq. 6.1) introduces 

weightss gi for times longer than the measured ones. Thus the contributions to the 

distributionn function at times log(-r) > 6 have to be taken as purely a result of the 

computationn but not strictly related to the experimental evidence. These calcula

tionss confirm the trend indicate by Tab 6.1 for the average relaxation time and the 

widthh of the distribution. For the considered film thickness, the width of the dis

tributionn does not show a particular trend at temperatures larger than 80 °C. Only 

att the lowest temperature measured (60 °C) a slight widening of the distribution is 

visible.. When temperature increases, the peaks of the distribution move from long 

too short times by almost four orders of magnitude in time in the explored tempera

turee window. Note that the characteristic time r corresponds approximately to the 

maximumm of the distribution, while the average calculated with Eq. 6.2 is equal to 

thee average calculated from the distribution G{T). This confirms the consistency of 

ourr data analysis. 

Thee wide distributions of relaxation times shown in Fig. 6.5 confirms the fact 

thatt to make an accurate evaluation of the distribution G(T), experimental relaxation 

decayss covering many orders of magnitude in time are needed. Indeed, the relaxation 

timee distributions cover 14 orders of magnitude in time (10 - 4 - 1010 sec) for the 

studiedd range of temperatures. 
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Figuree 6.6: XNO VS- time for a 11 nm-thick film (as-spun) at (o) 60 °C (Tg-46) and 

 120 °C (Tg+14). Solid lines represent the best mean-square fit using Eq. 6.1. 

6.3.22 Size-dependence of the relaxation dynamics 

Too investigate the effect of confinement we carried the same relaxation experiment as 

presentedd in Sec. 6.3.1 for films with a lower thickness. In Fig.6.6 we show the signal 

decayy measured at 120 °C and 60 °C for a 17 nm-thick film (as-spun thickness). 

Thee decay measured at 120 °C presents an interesting feature: the SH signal 

exhibitss a first decay in the short time domain. The use of the KWW equation to 

fitfit the data appears to be only a first approximation. The data are not properly 

describedd in the msec time window and. a general double stretched exponential 

laww would be more suitable. It seems that, under our experimental conditions, 

itt is possible to discriminate different relaxation processes. Measuring relaxation 

dynamicss around and below the bulk glass transition means in principle probing the 

aa relaxation process (see Chap.1). Nevertheless, at high temperatures, the a process 

doess not necessary screen all other faster processes (see Fig. 1.2). These modes 

observedd at high temperature can have different origins. One possible interpretation 

iss to identify in this mode the fast (3 process, related to a local mobility (see Sec. 1.2). 

Givenn the small contribution of possible fast processes (observed only at high 

T),, we fitted in first approximation all decays with a single stretched exponential 

functionn using Eq. 6.1. Fitting with a double stretched exponential the data at high 

TT hardly changes the parameters for the a-process. Resulting fitting parameters 
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Figuree 6.7: Distribution of relaxation times for a 17 nm-thick film from the param-

eterseters in Tab. 6.2: 60 °C (o), 90 °C (o), 100 ° C (A), 110 °C (D), 120 °C  and 

130130 °C (v). The solid lines are a guide to the eye. 

TT and (3 together with the calculated average relaxation time (r) are reported in 

Tab.. 6.2. The corresponding distribution of relaxation times G(T) are plotted in 

Fig.. 6.7. 

Thee distribution obtained in the glass phase are slightly wider than the ones ob

tainedd with the 116 nm-thick film. They also show a clear increase of the exponential 

characterr (increase of /?) for the highest temperature measured, which results in a 

sharperr distribution of relaxation times for T=130 °C in Fig. 6.7. Note that for this 

temperaturee the distribution function moves towards shorter times and (r) < 100 

sec. . 

Too increase the effect of confinement, we repeated the above experiments with 

ann even thinner film. We have chosen a film thickness similar to that of the thinnest 

filmfilm studied by x-rays reflectivity, namely a 10 nm-thick (as-spun) film. The only 

differencee with the thicker films was that the annealing temperature was 110 °C 

insteadd of 120 °C (see Fig. 6.3), due to the instability of the film at higher tempera

turess (see Sec. 3.2.2). Fig. 6.8 shows the relaxation for the 10 nm-thick film at 90 °C 

andd 110 °C. For this film thickness experimental data are in general of lower quality 

withh a higher scattering of the points. This is mainly due to the low value of the SH 

signall intensity in the oriented state at t < 0. Analysing ultra-thin films reduces the 

numberr of molecules (Ns) probed by the input laser beam, reducing the sensitivity 
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Figuree 6.8: XNO VS- ^rne for a i0 nm-thick film (as-spun thickness) at 90 °C (Tg-

16)16) (o) and °C (Tg+4) (O) 110. Solid lines represent the best mean-square fit using 

Eq.Eq. 6.1. 
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Figuree 6.9: Distribution of relaxation times for a 10 nm-thick film from the param-

eterseters in Tab. 6.2: 60 °C (o), 90 °C (o), 100 °C (A) and 110 °C (D). The solid 

lineslines are a guide to the eye. 
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MO) ) 

177 n m 

100 n m 

TT (°C ) 

60 0 

90 0 

100 0 

110 0 

120 0 

130 0 

60 0 

90 0 

100 0 

110 0 

rr  (sec ) 

1. 55 TO 6 

1700 TO 3 

388 TO 3 

2. 99 TO 3 

160 0 

39 9 

66 TO 6 

5. 99 TO 3 

2. 88 -10 3 

61 1 

/? ? 
0.2 4 4 

0.2 1 1 

0.2 0 0 

0.2 4 4 

0.3 2 2 

0.5 6 6 

0.2 6 6 

0.2 2 2 

0.2 1 1 

0.2 8 8 

<r ))  (sec ) 

433 TO 6 

155 TO 6 

3. 77 -10 6 

933 10 3 

1. 11 TO 3 

65 5 

1100 10 6 

3200 TO 3 

1900 TO 3 

7. 88 10 3 

Tablee 6.2: The same as Tab. 6.1 for a 17nm- and 10 nm-thick film. 

off the technique. The fitting parameters of the SH decays for four different temper

aturess are presented in Tab. 6.2. The calculated distribution of relaxation times are 

shownn in Fig. 6.9. 

Ass temperature decreases, the peak in the distribution shifts uniformly towards 

shorterr times until 100 °C. As for the 17 nm-thick film, (3 first decreases and then 

increasess slightly as the temperature decreases. In both cases, the minimum in (3 is 

att around 100 °C (T3-6 °C). 

Att this temperature we have also collected the relaxation decay for 25 nm-thick, 

411 nm-thick and 70 nm-thick films. The distribution of relaxation times G(T) of all 

thee measured films at 100 °C are plotted in Fig. 6.10. 

6.44 Discussion and conclusion 

Wee summarise our results on the dynamics of thin films by plotting the temperature 

dependencee of the average relaxation time (r) (Fig. 6.11) and the stretch exponent 

(3(3 (Fig. 6.12) for all the films we have measured. 

Thee first important question arising from these measurements is whether the 

measuredmeasured reorientation dynamics of the non-linearly polarisable groups is coupled 

withwith the glassy dynamics of the molecules as a whole. 

Ann element of answer can be found in the values of (3 for the thickest film 

exhibitingg a bulk-like behaviour. The values are rather scattered but remain in 
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thee interval 0.25-0.35. If we take for the value at Tg the average of the measured 

values,, we obtain fi(Tg) ~ 0.30, which is close to the value for bulk poly(propylene 

glycol)) (see Tab. 2.1). This can be expected from the fact that compound [B] carries 

fourr hydroxy groups per molecules and should belong to the most fragile hydrogen-

bondedd glass-formers. We unfortunately lack enough data at temperatures larger 

thann Tg to determine the fragility m. Another element of answer can be found in 

thee Arrhenius plot (see Fig. 1.2) of <r) as a function of the inverse temperature 

(Fig.. 6.11). {r} increases exponentially with l/T as expected for a glassy material. 

Fromm the above, we can conclude that the reorientation dynamics we observe, 

correspondss to what is expected for a glass-former. The reorientation of the non-

linearlyy polarisable groups is probably strongly coupled to that of the rest of the 

molecules,, since the flexible spacer between the central rigid group and the polaris

ablee side-groups contains only three atoms (see Fig 2.1). The fact that the reorien

tationn dynamics of side-groups is coupled to the a-relaxation process has also been 

demonstratedd in a polymeric system with a flexible spacer of four atoms [139]. The 

samee coupling has also been demonstrated for chromophores dissolved in a polymer 

withoutt any covalent bonding with the polymer chains [135]. However this could be 

duee to strong steric interactions between the chromophores and the chains, which 

aree less likely to take place with a low-molecular weight glass-former as compound 

[B]. . 
Thee dynamic behaviour we have observed deviates, however, from the expecta

tionss on two points. The first one is that even at temperatures above the bulk glass 

transitionn temperature Tg (as measured by DSC), the average relaxation time (r) is 

longerr than the one corresponding to the standard definition of Tg: ( r )T = 100 sec. 

Wee saw in Chap. 3 that there is no evident variation of Tg under confinement. So 

thee high values of (r) cannot be explained by an increase of Tg. 

Thee origin of the long relaxation times might be related to the fact that the 

non-polarisablee side-groups are polar mesogenic units. Ordinary non-glassy liquid 

crystalss based on the same cyanobiphenyl units exhibits also a very slow reorientation 

dynamicss in ultra-thin films (thickness below 10 nm) [141, 142. 144]. The reason for 

thiss slow dynamics is not clear. One possible explanation could be the electrostatic 

correlationn between the dipoles carried by the cyanobiphenyl groups [143] (see also 

Sec.. 5.4), although no direct evidence for such a correlated dynamics has been found 

yet. . 

Thee second unexpected feature in the observed dynamics (in particular in thick 

films)) is the fact that the time dependence of the observed relaxations remains 

stronglyy stretched at temperatures above the bulk glass transition temperature. We 
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Figuree 6.10: Distribution of relaxation times at 100 °C (Tg-6) for a 10 nm (D), 

1111 nm (+), 25 nm (o), 41 nm (x), 70 nm (o) and a 116 nm (A) thick films. The 

solidsolid lines are a guide to the eye. 

couldd expect an increase of the stretch exponent (3 indicating a narrowing of the 

distributionn as temperature increases. The fact that we do not observe this narrow

ingg might simply be due to the limited range of temperature that we can explore 

abovee Tg. When we have managed to performed experiments at slightly high tem

peraturess (130 °C with the 17 nm-thick film), we indeed observed an increase of f3. 

Similarr results were found on polymer systems [135, 136], where (i does not vary 

significantlyy in the glassy phase, while for temperature above Tg, f3 was increasing 

withh temperature. 

Ourr experimental results allow a discussion on the main purpose of our study, 

namelyy the effect of confinement on the dynamics of glass-formers. Let us start 

withh the average relaxation time (r) (Fig. 6.11). At high and low temperature, 

(T)) hardly depends on the film thickness. At intermediate temperatures around Tg, 

theree is a large scatter without a specific variation with film thickness. This is likely 

duee to the limited relevance of (T) when the distribution of relaxation times G(T) 

becomess very wide. Variations in the actual shape of the distribution can have a 

strongg influence on (r) while the location of the maximum of G(T) hardly moves. 

Thiss can be seen in the plot of the distribution of relaxation times for different film 

thicknesss at T = 100 °C (Fig. 6.10). Except for the thickness of 17 nm, maxima 

hardlyy are shifted with respect to one another (less than one order of magnitude), 
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Figuree 6.11: Average relaxation time (r) vs. inverse temperature for 10 nm (D), 

1717 nm (+), 25nm (o), 41 nm (x), 70 nm (o) and 116 nm (A) thick films. 
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Figuree 6.12: Stretch exponent /3 vs. temperature for 10 nm (D), 17 nm (+), 25nm 

(o),(o), 41 nm (x), 70 nm (o) and 116 nm (A) thick films. 

butt the asymmetric widening of G(T) for the thin films leads to differences in (r) of 

twoo orders of magnitude. So the average relaxation time (r) is not the most relevant 
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parameterr to describe the variation of the distribution of relaxation times with film 

thickness.. One should rather look at the width of the distribution, which is related 

too the stretch exponent (3 (Fig. 6.12). 

Thee summary of the results in Fig. 6.12 show that we can distinguish three 

distinctt temperature regions exhibiting different behaviours: 

•• high temperatures (T > 120 ° C): although the number of measurements 

wee could perform in this range is small, it is clear that thickness has little 

influencee on the dynamics. This can be understood from the fact that at 120 

°C,, in the liquid phase, the dynamics can only be little affected by size effects. 

Eventuallyy the dynamics will be modified at small thickness (below 10 nm) 

byy the presence of the free surface and film-substrate interface. The effect is 

quitee likely not large enough to be observed with our experiments. 

•• intermediate temperatures (70 °C < T < 120 ° C): in this temperature 

range,, there is an influence of the film thickness on the dynamics. First of all 

thee stretch exponent j3 of the thinnest films (10 nm and 17 nm) significantly 

decreasess as temperature decreases and reaches a minimum at around 100 °C 

andd then slightly increases again (Fig. 6.12). The decrease of (3 indicates a 

wideningg of the distribution of the relaxation times. This widening is also 

observedd for intermediate thicknesses at T = 100 °C, but the effect is smaller 

andd decreases as the film thickness increases. Since this widening is not ob

servedd in the thickest film (116 nm-thick) we can conclude that it is due to 

ann increase of the inhomogeneity of the films under confinement. This is in 

agreementt with our observation of a broadening of the glass transition as the 

filmfilm thickness decreases (see Chap. 3). Note also that the temperature range 

inn which (3 is decreased in the thinnest films, with respect to the value in 

thickk films, corresponds to the temperature range in which the glass transi

tionn takes place in the thinnest films studied with x-ray reflectivity. This is 

indeedd the temperature range in which one expects the inhomogeneity to be 

thee largest, with part of the film in the liquid state and the rest in the glassy 

state.. Since the average relaxation time varies very rapidly in the vicinity of 

thee glass transition, the difference between the dynamics in the different parts 

off the system is then the largest. 

•• low temperatures(T < 60 °C): the difference in dynamics between films 

att different thicknesses diminishes as temperature decreases below 100 °C 

andd becomes unmeasurable at approximately 60 °C. Although we have not 

performedd measurements at lower temperatures because the relaxation of the 
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systemm becomes extremely long, we can expect that this independence on 
temperaturee also occurs below 60 °C. 

Followingg the argument in the discussion of the intermediate temperatures, 

wee can say that 60 °C is the temperature at which the glass transition is 

completedd in the whole film (for the thinnest films we have measured). The 

inhomogeneityy of the dynamics induced by confinement becomes then equal 

too or smaller than the intrinsic inhomogeneity of the dynamics in bulk and 

thickk films. 

Ourr finding that 3 becomes independent of film thickness at low temperatures 

iss is contrast with the results of Torkelson et al [62] on polymer films. They 

foundd little influence of temperature on the difference in value of 3 for thin and 

thickk films. This might however be due to the fact that they only performed 

measurementss for temperatures above Tg - 10 °C, while we measured down 

too Tg - 46 °C. 

Inn the above discussion, we have not considered the role of the cooperative length 
££ and its temperature dependence. From the model presented in Sec. 3.4.2. we know 
thatt the existence of £ introduces an inhomogeneity of the system for film thicknesses 
closee to £. 

Thee original theory of Adam and Gibbs of cooperative motion [20] predicts a 

divergencee of f at a temperature below Tg (corresponding to TVFT in Eq. 1.2). This 

impliess that £ should increase as temperature decreases. This means that as tem

peraturee decreases, the effect of confinement on the heterogeneity of the dynamics 

shouldd start appearing at larger thicknesses and, for a given thickness, the inho

mogeneityy should increase as temperature decreases. This is however not what we 

havee observed. One explanation for this is that f does not increases as temperature 

decreases,, or at least not much. This has actually been observed in colloidal sus

pensionn using confocal microscopy [40, 39]. In such a system, the glass transition 

iss obtained by increasing the density of particles. The size of fast relaxing clusters 

(whichh can be compared to cooperatively rearranging regions) was found to remain 

constantt when the density increases beyond the glass transition. Unfortunately, no 

dataa is available on the temperature dependence of £ below Tg in molecular systems. 

Inn the framework of the simple model presented in Sec. 3.4.2, making the co

operativee length £ independent of temperature, makes also the relaxation time TX 

inn bulk and the degree of inhomogeneity in the film independent of temperature. 

Wee could introduce a variation of TX with temperature in a phenomenological way 

byy imposing the appropriate temperature dependence of the parameter a^, which 

iss the energy barrier per molecule that needs to be overcome for allowing for a re-
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laxationn process [113]. There is however no obvious way of obtaining a dependence 

off the distribution of relaxation times in the films as a function of temperature in 

agreementt with our experimental results. 

Soo the simple model simply based on the idea that motion is cooperative over 

aa certain length scale is not able to explain all the dynamic feature of thin glassy 

films,films, although it explains qualitatively some of them. 

Fromm the questions we have asked ourselves at the beginning of this thesis (see 

Sec.. 1.5), we have given an answer to how the dynamics of these system and the 

distributionn of relaxation times are modified when the size of the system decreases. 

Wee have also shown in Chap. 3 how macroscopic properties changes with size. We 

cann qualitatively link the two types of information and explain most features we 

havee observed. We miss however a real model of the dynamics of the system that 

couldd make quantitative predictions. 
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Summary y 

"It"It  is therefore probable that, at the 

rightright cooling rate, all or at least most 

substances,substances, even if in small amounts, 

cancan be transformed into the glass state." 

G.. Tammann, 1933. 

Thee statement of Tammann, besides being 70 year old, can give an idea of the 

importancee of the glass phase as a relevant state of matter. 

Thee common sense of the word glass is associated to the silica and derivated 

glassess with which human beings make objects such as windows, bottles, monitors, 

lampss bulbs etc. The most modern scientific definition of a glass is much wider and 

includess all the liquids that upon a proper cooling procedure fall out of equilibrium. 

Thee viscosity of the liquid increases exponentially and the molecules undergo a 

freezing-inn of the dynamical configuration, but does not crystallise. The temperature 

att which this occurs corresponds to the glass transition temperature Tg. With such 

aa definition many other materials also of daily use are included, such as polymers 

(plastics),, glass ceramics, amorphous semiconductors, some proteins and other more 

sophisticatedd materials. In this perspective, understanding the origin of the glass 

phasee becomes of significant value as a theoretical achievement and for all practical 

applications.. In the last few years thee glass transition became one of the most studied 

topicss in soft condensed matter physics, ranking among the first for the amount of 

publishedd papers. Most of the studies concern experimental studies while little has 

beenn achieved in theoretical models. 

Amongg the available theoretical the cooperative model of Adam and Gibbs model 

hass gained a lot of consideration. Such a model is based on the concept of coop

erativelyy rearranging regions. Upon cooling of a liquid from a high temperature, 
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thee motion of the molecules becomes no longer independent but correlated over a 

certainn number of molecules in a radius £. As the temperature further decreases the 

cooperativee length £ is thought to increase. The introduction of a size as relevant 

variablee in the study of the glass transition suggests that the overall size of the 

systemm should be an important parameter. 

Inn this thesis we consider the effects of changing the size of the system on the 

dynamicss of glass materials at temperatures above and below the glass transition. 

Thee presence of interfaces/walls affects the dynamics introducing inhomogeneity 

throughoutt the material. 

Knownn studies in literature often focus in polymeric materials that are more 

directlyy of practical use or allow producing free-standing films as confining geom

etry.. On the other hand they have the drawback of not being molecular model 

systemss due to the complexity of the dynamics, once experimental results are com

paredd to theoretical models or computer simulation. For this reason we adopted two 

low-molecular-weightt compounds with a fairly simple chemical structure. The two 

compoundss described in Chap. 2 are part of the same family and can be considered 

ass similar in terms of dynamical behaviour. Both compounds are hydrogen-bonded 

glass-formerss and can be included in the polyalcohol class of glass-formers. One 

off the two compounds carries polar non-linearly polarisable groups and is used in 

particularr in non-linear optical experiments in Chap. 6. 

Ass confining geometry we adopted thin films (with thicknesses between 10-120 

nm).. Low-molecular-weight materials have the disadvantage that they cannot form 

stablee free-standing films. They can therefore only be studied as supported films. 

Thee presence of a solid wall has been shown to produce opposite effects on the 

molecularr dynamics in thin films. Which effect dominates depends on the strength 

off the glass-substrate interaction. For weakly interacting systems, the substrate wall 

playss a role comparable to that of a free interface with an increased mobility in the 

vicinityy of the interface. To confirm the hypothesis that dimensionality affects the 

dynamicss we decided to follow a macroscopic property of the system, namely the 

volume,, as a function of the temperature. In thin films it is equivalent to measure 

thee film thickness. In Chap. 3 we present a study of the films thickness versus 

temperaturee for a series of different initial film thicknesses. The main results are a 

wideningg of the range in which the glass transition takes place and an increase of 

thee expansivity of the film at temperatures above Tg as the film thickness decreases. 

Thee first result is in agreement with the predictions of a simple model for a glassy 

systemm in a confined geometry: for a system with decreased dimension one expects an 

increasee of the dynamic inhomogeneity, due to the effect of the interfaces. Molecules 
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att different positions in the film experience different glass transition temperatures 

andd in the distribution of values of Tg is wider in thin films than in thick films. The 

secondd result on the expansion coefficient confirms the starting hypothesis of a small 

interactionn of the glass-formers with the substrate. 

Inn the second part of the thesis we looked at a different property of the materi

als,, namely the dynamical reorientation after orienting the non-linearly polarisable 

groupss with an external strong DC electric field. The reorienting dynamics can be 

followedd by optical second-harmonic generation. In Chap. 4 we present the basic 

conceptt of this non-linear optical technique together with consideration on the sym

metryy of the second-order susceptibility tensor for a system as ours that changes 

fromm a mirror symmetry in the poled state to an isotropic symmetry in the relaxed 

state.. A detailed knowledge of the overall system characteristics allows choosing the 

mostt suitable parameters for sample configuration and optical settings. 

InIn studies of the molecular dynamics in the time or in the frequency domain 

thee extend of the covered range of time or frequency becomes very important to 

describee properly the overall behaviour of the system. For this reason we followed 

thee reorientation dynamics exploring 11 orders of magnitude in time scale. For our 

experimentall setup this approach introduced an experimental challenge when moving 

too short times (<3 sec). Indeed we had to take into consideration the switching off of 

thee strong applied DC field in the shortest time possible and its synchronisation with 

thee pulse sequence of the incident laser used to measure the second-harmonic signal. 

Too solve this problems we developed a dedicated collection setup and software able 

too extend measurements down to 1 ^sec. In Chap. 5 we report the details of the 

protocoll together with the application of the procedure on a material system having 

ann unsolved dynamic feature in the short time domain. A thin supported film of a 

supercooledd liquid crystal had previously been seen to have two relaxation processes 

forr times t > 1 sec but an unknown behaviour at shorter time. With our equipment 

wee could resolve two other fast relaxation processes, probably to be associated to 

moleculess having a higher mobility than the rest. 

InIn Chap. 6 we present the reorientational dynamics results on our hydrogen-

bondedd glass-formers having non-linearly polarisable groups, as a function of tem

peraturee and film thickness. The second-harmonic generation decays were fitted 

withh a stretched exponential law. From the fitting parameters we could determine 

thee distribution of the relaxation times inside the films. For all films thicknesses the 

distributionn moves to longer times and becomes broader by decreasing temperature. 

Comparingg different thicknesses we noticed that around the glass transition temper

aturee the distribution of relaxation times becomes wider under confinement. This 
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resultt is consistent with the model presented in Chap. 3. On the other hand, for 

temperaturess deep in the glass phase, the confinement does not play any role on the 

dynamics.. This last result implies that the cooperative length £ over which coop

erativee motion takes place does not significantly increase as temperature decreases 

deepp into the glass phase. This is contrary to the predictions of Adam and Gibbs 

andd to the general belief. 



Samenvatting g 

"Het"Het is daarom waarschijnlijk, dat bij 

dede juiste koelsnelheid, alle of op zijn 

minstminst de meeste stoffen, zelfs voor 

kleinekleine hoeveelheden, in een glastoestand 

gebrachtgebracht kunnen worden." 

G.. Tammann, 1933. 

Hett citaat van Tamann, dat al 70 jaar oud is, geeft een idee over het belang van 

dee glasfase als een relevante toestand van materie. Het gebruikelijke begrip van het 

woordd glas wordt meestal geassocieerd met silica-glas en haar afgeleiden, waarvan 

menn ramen, nessen, monitoren, lampen etc. maakt. De moderne wetenschappelijke 

definitiee van een glas is echter veel breder en bevat alle vloeistoffen, die, bij bepaalde 

koelingprocedures,, uit hun thermodynamische evenwicht raken. De viscositeit van de 

vloeistoff neemt dan exponentieel toe en de dynamische configuratie van de moleculen 

bevriest,, zonder dat kristallisatie optreedt. De temperatuur, waarbij dit optreedt, 

wordtt de glasovergangstemperatuur Tg genoemd. Met deze definitie moeten vele an

deree materialen ook tot glazen gerekend worden, zoals polymeren (plastic), kerami

schee materialen, amorfe halfgeleiders, sommige eiwitten en andere meer geavanceerde 

materialen.. Het begrijpen van de oorsprong van de glasfase zou, vanuit theoretisch 

oogpunt,, een zeer belangrijk succes betekenen, waaruit mogelijk vele toepassingen 

zoudenn kunnen volgen. Gezien het aantal gepubliceerde artikelen over dit onderwerp 

inn de laatste jaren, is de glasovergang één van de meest bestudeerde onderwerpen 

inn de fysica van de zachte gecondenseerde materie geworden. De meeste van deze 

onderzoekenn zijn experimenteel van aard, terwijl op theoretisch vlak nog niet veel 

bereiktt is. 
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Vann de theoretische modellen, heeft het zogenaamde coöperatieve model, van 

Adamss en Gibbs, veel aandacht gekregen. Dit model is gebaseerd op het concept 

vann gebieden, die coöperatieve herordening ondergaan. Deze theorie stelt dat de be

wegingenn van de moleculen in een vloeistof, wanneer deze wordt afgekoeld vanaf een 

hogee temperatuur, niet langer onafhankelijk zijn. maar gecorreleerd over een aantal 

moleculenn binnen een straal £. Er wordt hierbij verondersteld dat de coöperatieve 

lengtee £ toeneemt, indien de temperatuur verder omlaag gaat. De introductie van 

eenn lengte als belangrijke variabele voor de glasovergang, suggereert dat de totale 

groottee van het systeem een belangrijke parameter moet zijn. 

Inn dit proefschrift bekijken we het effect van de verandering van de grootte van 

hett systeem op de dynamica van glasmaterialen bij temperaturen hoger en lager 

dann de glasovergangstemperatuur. De aanwezigheid van contact-vlakken/ wanden 

beïnvloedtt de dynamica, hetgeen leidt tot inhomogeniteit van het materiaal. 

Bekendee onderzoeken uit de literatuur richten zich vaak op polymeren, omdat 

diee een meer directe praktische toepassing hebben of omdat die tot vrijstaande films 

(eenn beperkte geometrie zonder wanden) gemaakt kunnen worden. Het nadeel 

vann deze materialen is echter dat. door de complexiteit van hun dynamica, ze 

geenn eenvoudige moleculaire modelsystemen zijn. Dit blijkt wanneer je de experi

mentelee resultaten met theoretische modellen of computerberekeningen wilt vergelij

ken.. Daarom hebben we ons toegelegd op twee materialen met een laag moleculair 

gewichtt en een eenvoudige chemische structuur. Deze twee materialen, beschreven 

inn hoofdstuk 2, behoren tot dezelfde familie en lijken zeer sterk op elkaar in hun 

dynamischh gedrag. Beide materialen zijn waterstof-gebonden glazen. Eén van deze 

tweee materialen draagt polaire niet-lineair polariseerbare groepen en wordt gebruikt 

inn het niet-lineaire optische experiment van hoofdstuk 6. 

Wee hebben dunne films (met een dikte van 10-120 mm) van deze materialen on

derzocht.. Materialen met een laag moleculair gewicht hebben als nadeel dat ze geen 

vrijstaandee films kunnen vormen. Ze kunnen daarom alleen onderzocht worden in de 

vormm van films als ze ondersteund worden door een substraatoppervlak. Men heeft 

aangetoondd dat de aanwezigheid van een vaste wand verschillende invloeden kan 

hebbenn op de moleculaire dynamica in dunne films. Welk effect domineert, hangt 

aff van de sterkte van de interactie tussen het glas en het substraat. Voor systemen 

mett zwakke interacties, heeft de substraatwand een invloed vergelijkbaar met die 

vann een vrij scheidingsoppervlak met als gevolg een toename van de mobiliteit in de 

nabijheidd van het oppervlak. Ter bevestiging van de hypothese dat de afmetingen 

vann het materiaal de dynamica beïnvloedt, besloten we een macroscopische eigen

schapp van het systeem te bestuderen, namelijk de volumeverandering als functie van 
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temperatuur.. In dunne films staat dit gelijk aan het meten van de dikte van de 

film.. In hoofdstuk 3 presenteren we een onderzoek naar de filmdikte als functie van 

dee temperatuur voor een aantal films met verschillende begindiktes. De belangri

jkstee resultaten zijn dat, wanneer de filmdikte afneemt, we een verbreding van het 

temperatuursgebiedd zien waarbinnen de glasovergang plaatsvindt. Bovendien ob

serverenn we een toename van de expansiecoëfficiënt voor de films bij temperaturen 

bovenn Tg. Het eerste resultaat is in overeenstemming met de voorspellingen van een 

simpell model voor een glastoestand in een eindig systeem: voor een systeem met 

eenn kleine afmeting, verwacht men een toename van de dynamische inhomogeniteit, 

doorr het effect van de scheidingsoppervlakken. Moleculen op verschillende posities 

inn de film ondervinden dan een glasovergang bij verschillende temperaturen Tg en de 

di-stributiee van de waarden voor Tg is breder in dunne films dan in dikke films. Het 

tweedee resultaat, over de expansie coëfficiënt, bevestigt onze veronderstelling dat de 

interactiee tussen het glas en het substraat klein is. 

Inn het tweede deel van het proefschrift hebben we gekeken naar een andere eigen

schapp van de materialen, namelijk de dynamische heroriëntatie nadat niet-lineair 

polariseerbaree groepen gericht zijn door een sterk extern DC elektrisch veld. De 

heroriëntatie-dynamicaa kan bestudeerd worden met behulp van tweede harmonische 

generatie.. In hoofdstuk 4 presenteren we het basisconcept van deze niet-lineaire 

optischee techniek. We hebben hier ook de symmetrie van de tweede orde suscepti-

biliteitstensorr bediscussieerd voor onze systemen. Deze systemen veranderen van 

eenn spiegelsymmetrie in aanwezigheid van het elektrisch veld naar een isotropische 

symmetriee in de gerelaxeerde toestand. Een gedetailleerde kennis van het gehele sys

teemm is noodzakelijk om de meest geschikte parameters te kiezen voor de oriëntatie 

vann het monster in de meetopstelling en voor de opstelling zelf. 

Voorr onderzoek naar de moleculaire dynamica in het tijds- of frequentiedomein, 

wordtt de grootte van het beschikbare bereik in tijd of in frequentie zeer belangrijk 

voorr een goede beschrijving van het totaalgedrag van het systeem. Daarom hebben 

wee heroriëntatie dynamica bekeken, waarbij we 11 ordes van grootte van de tijdschaal 

hebbenn onderzocht. Deze benadering leidde tot experimentele uitdagingen, wanneer 

wee de kleine tijdschalen (< 3 sec) wilden onderzoeken. We moesten namelijk het 

sterkk externe DC veld uitschakelen in de kortst mogelijke tijd en we moesten dit 

uitschakelenn synchroniseren met de pulsen van de inkomende laser, die gebruikt 

wordtt voor de tweede harmonische generatie metingen. Om dit probleem aan te 

pakken,, hebben we een speciale experimentele opstelling en software ontworpen, die 

inn staat zijn om metingen uit te voeren tot aan de 1 /isec tijdschaal. In hoofdstuk 5, 

doenn we verslag van de details over dit protocol tezamen met de toepassing van deze 
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proceduree op een materiaal met, tot dan toe, onbekende dynamische eigenschappen 

inn het korte tijdsbereik. Het was bekend, dat een dunne film van een supergekoelde 

vloeibaree kristal op een oppervlak twee relaxatie processen heeft voor tijdschalen 

tt > 1 sec, maar het gedrag voor kortere tijden was onbekend. Met onze opstelling, 

vondenn we twee andere snelle relaxatieprocessen, die waarschijnlijk te maken hebben 

mett moleculen die een hogere mobiliteit hebben dan de rest. 

Inn hoofdstuk 6 presenteren we de resultaten van herordeningdynamica voor onze 

waterstofbrug-gebondenn glazen met niet-lineaire polariseerbare groepen, voor ver

schillendee temperaturen en filmdiktes. De afname van het tweede harmonische gene

ratiee signaal is gefit aan de hand van een uitgerekte exponentiële vervalwet. Met 

dezee fitparameters konden we de distributie bepalen van de relaxatietijden binnen 

dee films. Voor alle filmdiktes verandert de distributie naar de langere tijdschalen 

enn wordt deze distributie breder bij een afname van de temperatuur. Als we de 

verschillendee diktes vergelijken, zien we dat, rond de glasovergangstemperatuur, de 

distributiee van relaxatietijden breder wordt voor kleinere systemen. Dit resultaat is 

consistentt met het model, dat gepresenteerd is in hoofdstuk 3. Voor temperaturen 

veell lager dan Tg, heeft de grootte van het systeem geen enkele rol op de dynamica. 

Ditt laatste resultaat impliceert dat de coöperatieve lengte £, waarover coöperatieve 

bewegingg plaatsvindt, niet significant toeneemt als de temperatuur omlaag gaat tot 

diepp in de glasfase. Dit is tegenstrijdig met de voorspellingen van Adams en Gibbs, 

diee over het algemeen als waar worden verondersteld. 
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