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Abstract 

 

Aqueous sugar solutions are good cryopreservation agents and yet some of these sugars 

have not been studied extensively. Here we report results of light scattering studies of 

aqueous sucrose solution at concentrations ranging from 10 wt% to 50 wt%. Photon 

correlation spectroscopy was performed on samples at temperatures from C010−  to 

C050 . Light scattering data were obtained from angles of scattering between 04.18  

and 090 . The autocorrelation showed two distinct relaxations that were both found to be 

diffusional at virtually all concentrations and temperatures. No viscoelastic behavior was 

observed but, based on the experience with other sugars; we suspect that this behavior 

would have occurred at concentrations above 50 wt%. 
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CHAPTER I: Introduction 

A. Cryopreservation and Cryopreservation Agents. 

                 Cryopreservation is concerned with preserving natural and synthetic tissues for 

an extended time while retaining biological functionality.1  In 1948 C. Polge, A.U. Smith 

and A.S. Parkes were testing the preservation of a bird’s sperm cell by freezing in a 

fructose solution. An accidental mix up in the labels on some bottles resulted in bird 

semen being frozen in a glycerol mixture. However, while the fructose solution failed to 

preserve the cells the glycerol mixture was very effective. The researchers performed 

some tests and found out that glycerol was the active ingredient of their ‘miraculous’ 

solution.2  

                   Subsequent research laid the foundation for the establishment of a new field 

of science. The practical applications of this field include areas of reproductive medicine, 

animal husbandry, the conservation of endangered species and organ/tissue transplant. 

There are also clues to cryopreservation in nature. A good example is the wood frog 

found in North America. This frog is able to freeze thereby ceasing the function of its 

heart, brain and other organs during the winter. It then thaws back and is reanimated 

during the spring.3  This amazing process is the result of glucose that is secreted into the 

blood stream. The glucose acts as a cryopreservation agent (CPA) like the glycerol 

mentioned above. Like glucose, other sugars (maltose, sucrose and raffinose) form 

aqueous solutions that are also good CPAs. 
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B. The classical freezing approach to cryopreservation      

                     The serendipitous discovery involving glycerol is an example of the 

classical freezing approach. Subsequent developments of this method have relied upon 

the use of CPAs like glycerol and the empirical optimization of certain variables that are 

crucial to effective cryopreservation. These include the type and concentration of the 

CPA and the temperature. Despite the fact that the freezing approach to cryopreservation 

was mostly empirical, it has been very useful for several cells and tissues. In addition it 

has helped to shed light on other major factors that are involved in cryopreservation. 

These factors include the amount of ice formed during the process and salt concentration 

of the cells and its environment. 2  

1. The role of ice 

         Essentially the ice that forms when a dilute aqueous solution is 

frozen is pure crystalline water. Ice does not have a good ability to 

dissolve solutes. The solutes then have to be incorporated by the little 

unfrozen liquid in the solution which results in an increase in solute 

concentration. So which is of these two factors is responsible for cell 

damage during freezing? Is it the ice, the rise in salt concentration or both? 

            A somewhat definite answer was given by Jim Lovelock in the 

early 1950s. Lovelock showed that the extent of damage observed in 

certain human cells could be accounted for by the effect of the increase 

salt concentration produced by freezing. This salt-damage theory relies on 

the formation of ice in the outside of the cell. Further cooling results in the 
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growth of the extracellular ice and the consequent increase in the 

concentration of the extracellular solution. The cell is damaged by 

dehydration as water moves out of the cell into the much more 

concentrated extracellular environment by osmosis.2  

                Another study also found a strong direct correlation between 

serious damage to cell during freezing and the amount of ice formed. This 

study showed, by steadying the solute concentration throughout the 

process, that the cell was damaged by the ice formed in the cell. This ice-

damage theory means that as a result of further cooling the intracellular ice 

expanded so much that it exceeded the elastic limit of the cell resulting 

into cellular rupture.2           

2.  CPA concentration level 

                      Any substance could be toxic to a living tissue at a 

sufficiently high concentration. Consequently the choice of CPA will be 

determined not only by the concentration required to achieve preservation 

but also by the concentration level tolerable to the cell being preserved. A 

main goal of a cryopreservation technique is to strike and maintain a 

balance between these two crucial conditions. In the freezing techniques 

the higher the CPA concentration the lower the extracellular salt 

concentration. Therefore the highest tolerable CPA concentration, which is 

dependent on the temperature, is needed to reduce the salt concentration.2    
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C. Aqueous sugar solutions and hydrogen bonding.      

                   As mentioned above aqueous sugar solutions are good CPAs. Broadly 

speaking there are two kinds of sugars: simple and complex. A complex sugar is 

made up of at least two molecules of simple sugars. Glucose and fructose are simple 

sugars and are described as monosaccharide. Fig. 1.1 is the structural formula of 

glucose showing a carbohydrate ring and several covalent bonds. A covalent bond 

occurs when an atom (or group of atoms) shares one or more electrons with another 

in order to achieve chemical stability. When the bond is between hydrogen atom and 

any other atom (or group of atoms) this is known as a hydrogen bond. As will be 

discussed below, hydrogen bonds play a crucial role in cryopreservation. 

 

 

Figure 1.1 The structural formula of glucose a monosaccharide. The lines between 

the alphabets are the chemical bonds between the atoms indicated and the big 

hexagonal ring is an example of a carbohydrate ring. 



                                                                                                                                                                                                                                                                  

 

5 

            Sucrose is an example of a complex sugar; it is a disaccharide and contains 

one molecule of glucose and one molecule of fructose. Fig. 1.2 is the structural 

formula of sucrose. Since it is a disaccharide it has two carbohydrate rings and all the 

hydrogen bonds of glucose in addition to those of fructose. Maltose is also a 

disaccharide but made up of a glucose-glucose pair. Raffinose is a trisaccharide with 

a molecule that contains three molecules of a simple sugar.4  

 

 

 

Figure 1.2 The structural formula of sucrose a disaccharide. The left molecule is 

glucose while the right one is fructose. It has two carbohydrate rings and many more 

hydrogen bonds than glucose.  

                      When a living tissue is placed in a sugar solution, it is possible for the sugar 

to form a hydrogen bond with the protein in the tissue. This bond formation between the 

sugar and the protein of the living tissue is necessary to prevent damage to the living cell. 

An example is the study that has been done to investigate the damage of protein structure 

during dehydration of living cells. Sugars are added in order to inhibit the damage caused 

by removing water from the cells. It was found that the hydrogen bonding between the 

sugar and the protein is a necessary condition for preserving the living tissues.5  It 
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appears that hydrogen bonding is an essential condition for cryopreservation even in the 

presence of other factors, like the formation of a glassy phase in the solution containing 

the living cells, which are required for tissue preservation.6  

       D. The two theories of cryopreservation   

                       As discussed above hydrogen bonding seems to be a necessary condition 

for the cryopreservation. However, since cryopreservation is invariably accompanied by 

cooling, the nature of the water molecules under the process of preservation is also a 

determining factor. The key point here is that the formation of ice in the living tissue will 

result in the cell damage. Consequently, there are two working models for explaining the 

cryopreservation properties of aqueous sugar solutions. The first model is known as the 

vitrification model and the second is known as the water replacement model. Although no 

evidence have been reported for either hypothesis in whole anhydrobiotic animals, 

sufficient physiological and physicochemical evidence have been documented for these 

hypotheses. 7 . 

                    In the vitrification model, the sugar and the water mix together to form a 

solution that cools into a glassy phase, as opposed to the forming crystalline ice. The 

protein is thus stabilized as a consequence of the arrest of all motions occurring in the 

surrounding liquid. There is evidence that sugars form hydrogen bonds with tissues and 

that certain membranes remain in the liquid-crystalline state (an intermediate state 

between mobile liquids and ordered solids). These indicate that some organisms carry out 

cryopreservation by the formation of glass phase in inside their tissues.7 In the water 

replacement model, the sugar separates from the water to preferentially hydrogen bond 
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with the protein. Although the water forms ice, the living tissue is protected from the ice 

by the sugar that binds to it.7  

                     Understanding the role that vitrification and water replacement play in 

cryopreservation requires a two phase study. In the first phase, the structure and 

dynamics of these aqueous sugar solutions are investigated at various temperatures using 

light scattering techniques. While, in the second phase these sugars are incorporated with 

living tissues and the interaction between the tissues and the sugars are then investigated. 

Information obtained from the first phase will serve as the basis to understand the results 

of incorporating these aqueous sugar solutions with functional biomolecules. 

                       

E. Previous Studies 

                         In an effort to understand the properties of sugar solutions, a dynamic 

light scattering study was done on aqueous glucose samples. The study examined 

concentrations ranging from 50% and 93.5% glucose by weight and two distinct 

relaxations were observed.8 Fig.1.3 is shows the autocorrelation functions of 37.0 

mol% glucose at 6 different temperatures at a scattering angle of 900 . The graph was 

obtained using a light scattering technique known as Photon Correlation spectroscopy 

(PCS).  

                      The figure shows each function having two bends with each bend 

corresponding to a dynamical process. The first bend from the left corresponds to the 

fast relaxation while the second corresponds to the slow relaxation. Fig. 1.3 shows the 
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relaxation shifting towards larger time scales as the sample is cooled. This should be 

expected as the rate of the dynamics of a system is directly proportional to the 

system’s temperature. That is, the dynamical processes of a cold system will occur 

slower than that of a system that is warmer. 

 

 

Figure 1.3 A graph showing two distinct relaxations for 37.0 mol% of aqueous glucose 

solution. The slow relaxation was traced to diffusion of glucose and the fast relaxation 

attributed to viscoelastic motion. 

Dielectric studies10,9  of glucose have shown that the relaxation on the shorter timescale, 

known as the fast relaxation, is the viscoelasticα -relaxation. This was also confirmed by 

an angle dependent study (see Fig. 1.4) which exhibited no q (angular) dependence for 

the fast relaxation.  
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Figure 1.4 A graph of the autocorrelation obtained from 45.3% glucose at different 

scattering angles. The inset shows how the relaxation time depends on the scattering 

wave vectorq . 

 The above result is consistent with the expectations for both the fast and slow 

relaxations. The figure shows an α -relaxation that is q  independent which is consistent 

with the nature of a viscoelastic relaxation that is independent of the length scale 

investigated. On the other hand, the slow relaxation time depends on the wave vector as a 

form of Nq − , where N ranges from 1.01.2 ± for dilute solutions, to 1.05.2 ± for more 

concentrated solutions. 11  A q dependence of 2~N  is representative of a diffusive mode 

while a q dependence of 5.2~N indicates the diffusion of irregular, fractal objects in the 

solution. Static light scattering of glucose solutions was also investigated and suggested 

cluster growth on approach to a percolation threshold around 30mol %. Thus the second 

relaxation was identified as a result of the diffusion of glucose clusters which led to 

percolation and an eventual gelling of the solution. 8   
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                       In the year following the initial glucose study, similar measurements were 

performed on aqueous maltose samples. Two independent studies were conducted, but 

conflicting results were observed. In the first study, Durante conducted light scattering 

measurements on maltose solutions ranging from 33% to 85% by maltose weight. The 

resulting fast and slow dynamics were both shown to be diffusional. In Fig. 1.5 it is 

obvious that neither of the relaxations overlay one another at different angles. This means 

both relaxations are q dependent and consequently, neither of the two dynamics are 

viscoelastic.8  

 

Figure 1.5 The autocorrelation function reported by Durante for 48.7 wt % maltose 

solution at four angles of scattering. Each angle displays two relaxation and both 

relaxations are q dependent and shows no viscoelasticity. 

In addition, Fig 1.6 shows the q dependence of the fast relaxation.8  Analysis of the fast 

(see Fig. 1.6) and slow relaxation suggest a roughly 2−q  (diffusional) character over the 

entire compositional range. 
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Figure 1.6. Graph showing the variation of the diffusion exponent of the fast relaxation 

with maltose concentration.  

   In the second investigation of maltose again two different relaxations were observed. 

However, while one was diffusional the other was viscoelastic. 

F. Current Study 

                 As an extension of the glucose and maltose studies described above, a study of 

sucrose (glucose-fructose) was commissioned. Being a disaccharide, sucrose was chosen 

to provide a comparison between it and maltose (another disaccharide) on one hand; and 

it and glucose (a monosaccharide) on the other hand. It is expected that sucrose being a 

disaccharide will display similar light scattering characteristics as maltose. However, the 

presence of fructose in sucrose might result in differences from other disaccharides. Also 

differences between sucrose and glucose might be akin to maltose’s dissimilarity with 

glucose.    

                  The light scattering study on sucrose was performed on samples ranging from 

10%wt to 50%wt sucrose. For each composition, dynamic light scattering was measured 
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over a range of temperatures from C010−  to C050  and at a selection of scattering 

angles. In addition to the dynamic light scattering, attempts were made to collect static 

light scattering in an effort to determine cluster sizes. 

                     In the following chapter, the basic physics of light scattering are reviewed 

with emphasis on photon correlation spectroscopy and features of the static structure 

factor in the Guinier regime. In chapter III, details of the experimental set up and data 

collection are discussed. Results of the study are presented in chapter IV and the 

conclusion is summarized in chapter V. 
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             Chapter II: Light Scattering 

  

              A. Modeling light scattering 

            Scattered light is used as a primary tool in condensed matter physics to investigate 

the structure and dynamics of matter. There are two kinds of light scattering experiment: 

dynamic light scattering and static light scattering. A combination of these was used in 

the present investigation to obtain the relationship between relaxation time, temperature, 

the scattering wave vector, particle size and other parameters for the various sucrose 

concentrations. 

             In discussing light scattering theory we consider the interaction of an atom with 

an external electric field. During this interaction both the electron and the nucleus 

experience opposing forces. However, we can disregard any disturbances associated with 

the nucleus because it is more massive than the electron. To a certain degree of 

approximation, the electron in an atom can be treated as a negatively-charged particle 

with mass m attached by a spring to a rigid nucleus. The spring constant is expressed in 

terms of the natural frequency,0ω  as 2
0ωm . Fig 2.1 shows this model with the electron at 

the origin of the coordinate system.12  
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Figure 2.1: The model of the interaction of an electromagnetic wave with an electron. 

The incident electric field drives the electron to oscillate thereby emitting dipole radiation 

to a detector (located atR ).12  

 

           B. Dynamic light scattering         

              When light enters a medium, the charges in the medium experience a force that 

causes them to oscillate. The oscillating charges emit light in all directions and the light 

detected in any given direction depends upon the location of these charges and the phase 

relationship between the scattered electromagnetic (EM) waves. If the medium is uniform 

then the phases will cancel in all directions except in the forward direction. However, a 

medium that contains density fluctuations will result in light scattered in other directions. 

The pattern of this scattered light can be detected to extract information about the 

structural and dynamical behavior of the liquid. 
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         Light is an electromagnetic wave and an incident laser beam inside a sample can be 

described as  

                          ( )ti
i

ieEE ω−•= rk
0  ,                                                                   (2.1) 

where 0E is the amplitude of the incoming electric field, k  is the wave vector, r is the 

position in space and ω is the angular frequency. At any given point, the incident electric 

field oscillates causing local electrons to oscillate also. The electron behaves like an 

oscillating dipole and radiates an electromagnetic wave outward from its center. This 

radiated EM wave is expressed as:13  

                          
( )

( )t
R

e
EkE

tkRi

s ,
4 0

0
2 rδε

πε

ω−

=                                                    (2.2) 

whereR is the distance to the detector, and ),( trδε  is the fluctuation of the dielectric 

constant at r and timet .    
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Figure 2.2: The scattering geometry used to determine the path difference arising from 

two adjacent density fluctuations. 

`               Waves scattered by any two fluctuations will interfere depending on their 

relative path differences. Eqns. 2.3 and 2.4 describe the path length difference of two 

scattered waves; while Eqn. 2.5 describes their resulting phase difference. Fig. 2.2 shows 

the geometry of how the path difference is determined. 

                                        
i

i

k
r

rk •
=∆ 1   .                                                         (2.3) 

                                        
s

s

k
r

rk •
=∆ 2 .                                                         (2.4) 

                     ( ) ( ) rqrkk •=•−=∆−∆=∆ firrk 21ϕ .                                 (2.5) 
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In this case q is the scattering wave vector with dimension of inverse length. For quasi-

elastic scattering, i.e. si kk = , the wave vector can be simplified as  

                                
2

sin
4 θ
λ
πn

si =−= kkq  ,                                              (2.6)  

where θ  is the scattering angle measured from the incident beam. Considering the phase 

of the scattered light, Eqn. 2.2 for the ith scatterer becomes 

                          
( )

( ) rr rq 3

0

0
2

, ,
4

det
R

eEk
E ii

i

tkRi

is
•

−

= δε
πε

ω

.                                (2.7) 

Consequently, if we assume that rR >> , kR is a constant and the total  electric field at 

the detector is  

             ( ) ( ) ( ) rrq rq 3

0

0
2

, ,
4

, det
R

eeEk
tEtE i

tiikR

i
isS

•
−

∫∑ == δε
πε

ω

.                    (2.8) 

 The instantaneous intensity at the detector can be calculated using ss EEI ∗= . However, 

most detectors, like the PMT , do not detect the instantaneous intensity. Instead , we 

consider the electric field auto correlation. For a liquid, the spatial and temporal 

fluctuations of the dielectric constant are due to density fluctuations and so,  

                                        ( ) ( )tt ,, rr δρ
δρ
δε

δε 







= .                                        (2.9) 

Then Eqn. (2.8) can be written in the form 
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                                          ( )
( )

( ) rrq rq 3

0

0
2

,
4

, det
R

eEk
tE i

tkRi

S
•

−

∫







= δρ

δρ
δε

πε

ω

   (2.10) 

                      ( )tES ,q  is the instantaneous electric field at the detector. To describe how 

the electric field evolves over time due to the dynamics of the liquid, we introduce the 

field autocorrelation function as the average of the field compared at time equal zero to 

some other time,t .  Using Eqn. (2.10) the electric field auto correlation function is  

                                           ( ) ( ) =∗ tEE qq 0  

                                 ( ) ( )∫∫ •−•∗




















1

3
2

3
12

2

22
0

2

2

0
4

120,,
16

rrrr rqrq ddeet
R

Ek iiδρδρ
δρ
δε

επ
.  

However, since the average is only over the density fluctuation terms then 

                                       ( ) ( ) =∗ tEE qq 0                                 

( ) ( ) 1
3

2
3

12

2

22
0

2

2

0
4

120,,
16

rrrr rrq ddeet
R

Ek qii •−•∗∫∫






 ρ
δρδρ

δρ
δε

επ
.                        (2.11)         

The average of the density fluctuations is known as the density autocorrelation function. 

Since this system is isotropic the origin can be said to be located at 1r  such that rr =2 , 

and the autocorrelation function becomes13  

                                      ( ) ( ) =∗ tEE qq 0  

( ) ( )
r

r rq 3
2

2
2

22
0

2

2

0
4 ,0,0

16
de

t
V

R

Ek i •∫








δρ

δρδρ
δρ

δρ
δε

επ
.                                 (2.12) 
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Clearly, the electric field autocorrelation function is the Fourier transform of  

                                       ( )
( ) ( )

2

,0,0
,

δρ

δρδρ t
tG

r
r =  ,                                  (2.13)  

which is the Van Hove Correlation function. It is the normalized density autocorrelation 

function and also represents the conditional probability that a particle at the origin at 

0=t  will be at r at a timet .14  The Fourier transform of ( )tG ,r  is the dynamic structure 

factor, ( )tS ,q , and so the field autocorrelation function can be written as  

                            ( ) ( ) ( ) ( )tSItS
R

Ek
tEE qq ,,

16
0

2

22
0

2

2

0
4

qq =







=•

δρ
δε

επ
,     (2.14) 

                            where  I
R

Ek
=








2

22
0

2

2

0
4

16 δρ
δε

επ
  

        is the average intensity. 

 

        At this point it is important to mention how scattering of waves reveals structure in 

materials. For two scattering sources (like that depicted by Fig. 2.2)  separated by some 

distance each radiates a similar field, but the separation causes a relative phase shift due 

to differences in the optical path length taken to the detector. When the two fields 

combine at the detector, they  can interfere constructively depending on the location of 

the detector and the separation of the two electrons. When the spacing between the two 

scattering sources is changed, the interference pattern will change correspondingly. If the 

sources are moved together the interference fringes spread apart and if they are moved 
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apart the fringes pack together. This is the key to how scattering provides information 

about particle arrangements.12  

 

              C. Photon Correlation Spectroscopy 

            Because a Photomultiplier tube(PMT) is incapable of detecting the rapid changes 

in ( ) ( )tEE qq 0∗ , photon correlation spectroscopy (PCS) relies instead on measurements 

of the intensity-intensity autocorrelation function, ( ) ( )tII 0  , defined as:15  

                       ( ) ( ) ( ) ( )∫
+

−
∞→

+=
T

T
T

dtII
T

tII τττ
2

1
lim0                                  (2.15) 

            Provided the total electric field at the detector is the collection of many 

statistically independent scattering events, the Siegart relation allows the intensity-

intensity correlation function to be related to the electric field autocorrelation function 

as:16  

                       ( ) ( ) ( ) ( )
22

00 EtEItII ∗+=                                         (2.16) 

Substituting Eqn. (2.14) into Eqn. (2.16) and dividing through by 
2

I to normalize the 

result yields  

                         
( ) ( )

( ) 2

2
,1

0
tS

I

tII
q+= .                                                     (2.17) 
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Thus a measurement of the intensity-intensity autocorrelation function will provide a 

direct measure of the liquid dynamic structure factor. 

                   The data obtained from dynamic light scattering are used to describe the 

motions occurring in the liquid. There are two main modes of motion in a solution. A 

diffusion mode is associated with the Brownian motion of solute particles in the solvent. 

A viscoelastic mode occurs as a consequence of viscous thickening of the solution as a 

whole with cooling.  

                   For a solution undergoing diffusion with a single relaxation, the correlation 

function can be described as 

                            ( ) 22 )(11
2

τ
t

tDq eetC
−− +=+= ,                                         (2.18)   

where D is the diffusion coefficient and τ is the relaxation time. Clearly from Eqn. (2.18) 

                             21 −= q
D

τ      

or 

                               q
D

log2
1

loglog −=τ .                                                 (2.19) 

This 2q dependence of the relaxation time τ is characteristic of the diffusion mode. 

                    Fractals are objects that show scale invariant symmetry; that is, they look the 

same when viewed at different scales17 . Fractals often result in aggregation processes and 

real fractal objects like snow flakes show scale invariance over only a finite range of 
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scales. 18,17  For fractals the q dependence on the relaxation time, τ is approximately 

5.2 so that the equivalent of Eqn. (2.19) for fractals is 

                                q
D

log5.2
1

loglog −






=τ .                                           (2.20) 

                      If the particles undergoing diffusion are spherical particles, their diffusion 

coefficient is given by the Stoke-Einstein diffusion expression  

                                         
R

kT
D

πη6
=                                                            (2.21)  

where  k  is the Boltzmann’s constant; T is the temperature in Kelvin;η is the viscosity 

and R  is the radius of the spheres. Consequently, since the diffusion coefficient D  can 

be calculated from the measured relaxation time τ  and the scattering wave vector q , the 

radius of the particles can be easily estimated. 

                        Here, since we are discussing the relationship betweenτ and q ,  it is 

important to mention again the viscoelastic mode where the relaxation time τ for a liquid 

has no q dependence. That is 0q∝τ    and a graph of the τ  as a function of q is a just a 

horizontal line. Physically, a viscoelastic liquid is marked by a syrup-like quality-where 

by the whole liquid is moving together as one whole unit. 
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              D. Static light scattering 

                   We now consider the time independent component of scattered light. We start 

by introducing the static structure factor ( )qS associated with scattering from a collection 

of particles. The particles have different relative positions resulting in interference at the 

detector between the fields scattered by each particle. By tracking the phase differences 

using the scattering wave vector, the detected field can be described as: 12  

                                  ( )∑ •−=
particles

i
iS

tot
S

iefEE rqq0 ,                                            (2.23)   

where ir  is the position vector of the thi particle and ( )qif  is the atomic form factor of 

the thi particle. The atomic form factor ( )qf  is a way of quantifying the effect of electron 

distribution on light scattering. This factor is the same for any atom of a given element 

and is defined  as a ratio of the total scattered field relative to that of a single electron: 

                                ( ) ( )∫ •−=≡
atom

i
e

S

tot
S den

E

E
f rrq rq 3

0
,                                     (2.24)    

       where ( )ren   is the fraction of an electron per unit volume at some position r from 

the nucleus; tot
SE  is the total scattered field; and 0SE is the scattered field due to a single 

electron.                                

           However, in scattering experiments what is detected is not the electric field but 

rather the intensity which is proportional to the square modulus of the electric field and 

expressed as: 
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Now, if we assume that all our particles are identical with identical form factors then, 

                     ( ) ( ) ( )qqq rrq NSfEefEEI S
i j

i
S

tot
Ss

ji 220)(2202
=== ∑∑ −•− ,     (2.26) 

where the static structure factor is defined as: 

                      ( ) ∑∑ −•−=
i j

i jie
N

S )(1 rrqq ,                                                         (2.27) 

where the angled brackets indicate an average over appropriate ensembles of the 

structure.12  
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Figure 2.3 17  A schematic representation of the Intensity of scattered light ( )qI versus the 

scattering wave vectorq 17 . gR is the radius of the aggregates and a is the radius of the 

particles making up the aggregate. It shows the Rayleigh regime marked by a horizontal 

line; the Guinier regime occurring around 1−R ; and the monomer (Porod) regime with a 

slope of 4− . 

                         The form Eqn. 2.27 will take is determined by the size of the electric field 

relative to the spacing between the particles, rji ∆=− rr . Based on this several regimes 

are identifiable has shown in Fig. 2.3. Now if the scattering wavelength is much larger 

the collection of particles that is the inverse of the scattering wave-vector is far greater 

than the system: >>−1q r∆  , then the exponent of Eqn. 2.27 is close to zero. This means 

that Eqn. 2.27 becomes:11  
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                              ( ) N
N

N
e

N
S

i j

i ji =≈= ∑∑ −•−
2

)(1 rrqq   .                          (2.28) 

This is what is known as the Rayleigh regime. It is marked by a non dependency of the 

structure factor on the scattering wave vector that is  ( ) 0qqS ∝ . 

                             ( )qS dependency on the scattering wave vector begins to appear when 

the scattering wavelength is comparable to the particle spacing11 , that is rq ∆≈−1 . The 

transition (occurring near 1−R )  from the Rayleigh regime to this zone is known as the 

Guinier regime as shown in Fig. 2.3.  The Porod or monomer regime occurs deep into the 

zone where rq ∆<<−1  that is , the scattering wavelength is so small that it is comparable 

to the size of the individual particles making up the aggregates, with ( ) 4−≈ qqS . 

                               In the Guinier regime, the structure factor decreases with increasing 

q approximately as: 

                                      ( ) ( )0
3

1
22

S
Rq

qS 







−= ,                                              (2.29)  

where ( )0S  is the structure factor at a scattering angle of zero and R is the radius of the 

aggregate of particles. Eqn. 2.29 becomes (after inversion): 

                                        
( )
( )
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3
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Rq

qS

S
  ,                                            (2.30) 

which becomes (from binomial expansion): 
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( )
( ) 3

1
0 22Rq

qS

S
+= .                                                    (2.31)        

Essentially during light scattering study, what is measured directly is not the structure 

factor but the scattered intensity, therefore Eqn. 2.31 can be expressed as:17  

                                      
( )
( ) 3

1
0 22Rq

qI

I
+= ,                                                        (2.32) 

where ( )qI  is the scattered intensity at some angle and ( )0I  is the scattered intensity at 

zero. 

Guinier analysis involves plotting the graph of( ) ( )qII 0  as a function of 2q is plotted and 

finding R   from the slope 
3

2R
. 
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CHAPTER III: Experiment 

            

 

   A. Sample preparation 

              Sucrose concentrations from 10wt % to 50wt% were studied for this research. 

After  calculating the required mass of water and sucrose needed to make a particular 

concentration, the required quantities of water and sucrose were weighted using an 

Explorer® Pro analytical balance. 

                Elimination of dust is crucial so, all containers and wares were thoroughly 

washed. First, the hands were thoroughly washed using hand lotion and warm water to 

clean out any oil residue and dirt. Each container was then cleaned using Micro®-90 

concentrated cleaning solution and warm water. It was then rinsed thoroughly using 

warm water and finally using distilled water. This was done each time a container or ware 

is to be washed.  

               When all the sample preparation lab ware had been thoroughly cleaned, the 

weighed samples of water and sucrose were mixed together in a beaker by adding the 

sucrose to the water. The solution was then mixed using a magnetic stirrer and gentle 

heating. This is required when preparing high concentration of a solution that is 

supersaturated. The solution is stirred until all the solutes have dissolved properly. 

               The solution was then poured into a syringe and filtered, using a Millipore 0.22 

micro-meter filter, into a clean scattering cell. Typically, two samples were prepared to 

increase the odds that one would be dust free. 



                                                                                                                                                                                                                                                                  

 

29

               To check for dust, a low intensity HeNe laser source was used. Each sample 

was inserted in the focused beam of the laser and examined. The absence of discrete 

bright scattering (‘stars’)  in the main beam indicated a dust free sample. Although, dust 

could not be totally eliminated, samples exhibiting less than 1 ‘star’ per minute were 

considered adequate.  

 

 B. Photo Correlation Spectroscopy (PCS) 

            1. Optical Setup 

              For light scattering study it is important that the light source is stable, otherwise 

the resulting intensity fluctuations will result in false readings. For this reason a VERDI® 

5W a DPSS  laser with stable output at 532nm was used. The light from the laser was 

focused by a lens into the scattering cell containing the sample.  As a safety precaution, 

the transmitted beam was collected into a beam stop.  

                    The scattering cell consisted of a small, 25ml Wheaton vial that fitted 

snugly into a brass chamber. A lateral slot opening has been made in the chamber to 

allow scattered light to be viewed at various angles. This brass chamber was connected to 

a Neslab RTE-5B chiller, which was used to vary the temperature of the samples. The 

chiller’s temperature ranged from -20 degree Celsius to 100 degrees Celsius and was 

varied using a cryostat. An air-purge was also attached to the chamber housing the 

sample to minimize the effect of condensation that arises from lowering and raising 

temperatures. 
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                    A goniometer (a movable rod that can be rotated at various angles) is 

attached to the base of the brass chamber.  A 10cm-focal length lens placed on the 

goniometer was used to focus the scattered light into a mµ100 , multimode optic fiber.  

Light collected by the fiber optic was then passed into a photomultiplier tube (PMT). The 

PMT used was  an EMI 9863B. It is designed for low dark counts and is powered by a 

Brandeburg model series 477 power supply operated at 1400 V3 .   The output of the 

PMT is digitized and sent to the correlator which is interfaced with the computer. Fig. 3.1                     

below is a schematic diagram of the optical setup. Every device in the diagram except the 

computer is placed on a highly stable optical table.  

LASER

lens

lens

pinhole

sample

P
M

T

chiller cryostat

Air purge

cryostatcomputer

Fiber optic

 

 Figure 3.1 Shows the layout of the various elements of the experimental setup on the 

optical table. 
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            2. Data Analysis and Curve Fitting 

                      The PCS study was divided into two sets of measurements conducted on 

each sample: A study of the temperature (T ) dependence at fixed scattering angle and a 

study of the angular dependence at fixed T . 

                         (i) Temperature studies at fixed angle: For each sample an autocorrelation 

function was obtained at a scattering angle of 090 , for temperatures ranging from 010− C 

to 050 C. The effect of temperature on dynamics is often due to increased thermal energy 

relative to an energy barrier, and can be described by a Boltzmann factor 

                    kTEe0ττ = ,                                                                                                (3.1) 

where  τ  is the relaxation time, E  is activation energy, k is Boltzmann’s constant and 

T is the temperature in Kelvin. Eqn. (3.1) can be cast as a linear relation by taking its 

logarithm,  

                    
kT

E
+= 0loglog ττ ,                                                                                    (3.2)   

In this way, the activation energy can be determined from a plot of the τlog  against the 

inverse of the temperature. 

                        (ii) Angle studies at fixed temperatures: For each sample, an 

autocorrelation function was obtained at three temperatures ( C010− , room temperature 

and C050 ) for scattering angles ranging from 04.18 to 090 . Eqns.(3.3) and (3.4) show the 

relationship between τ  and the scattering wave-vector q . D  is the diffusion coefficient 
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and N is a real number. An N value of about 2 indicates a purely diffusional process, 

while a value of about 2.5 indicates the diffusion of fractals in solution. 

                         
NDq

1
=τ .                                                                                              (3.3) 

                         qN
D

log
1

loglog −






=τ .                                                                     (3.4) 

 

Figure 3.2 A graph showing a correlation data fit for 40wt% sucrose at room temperature 

and an angle of 90 degrees. 

               The observed correlation data was loaded into a data analysis software, 

Kaliedagraph. A correlation function equation of the form  

                   ( )
2

21cosh1













++=
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tt
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was used to fit a correlation data that showed two relaxations-a fast and a slow relaxation. 

coshA  is an instrumental constant;1A  and 2A  are amplitude constants for fast and slow 

relaxation respectively; t  is the time; and Fτ  and Sτ are the relaxation time for fast and 

slow relaxations respectively. Fig. 3.3 shows the fit of correlation data for 40 wt.% 

sucrose at room temperature and at an angle of 090 .  

              See the Appendix for all the other correlation functions at various temperatures 

and angles. 

  

Figure 3.3 Correlation data for 40wt% sucrose at a scattering angle of 90 degrees fitted 

with a composite exponential function. The inset box shows the values of the various 

curve fitting parameters. 
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                        Kaliedagraph uses the non-linear curve fit to estimate the values of the 

coefficients in the above equation. A non-linear least square technique minimizes the sum 

of the square of the errors. Fig. 3.3 is the result of fitting Fig. 3.2 using Kaliedagraph. The 

inset box in the image includes the estimated values of the four fitting parameters: 

1A ( 1m= ), 2A ( 3m= ), Sτ ( 4m= ) and Fτ (= 2m ). 

C. Static Light Scattering-Guinier 

            1. Optical Setup 

                         A study that measures the scattered intensity as a function of angles at 

fixed temperature is known as Guinier analysis. A Guinier study, through angles ranging 

from 04.18 to 090 , was done on each sample at three temperatures (C010− , room 

temperature and C050 ). Again, in the Guinier regime the scattered intensity, I decreases 

with increasing  q  as   

                         ( ) ( ) 







−=

3
10

22Rq
IqI ,                                                                         (3.6) 

whereR is the radius of the particles in the sample. 

 



                                                                                                                                                                                                                                                                  

 

35

           2. Data Normalization and Analysis 

                         For the Guinier analysis, scattered light intensity was plotted against the 

scattering wave vector. However, in order to normalize the intensity values it is important 

to make two major corrections to the measured values. The first correction involves 

taking into account the background intensity caused by dark counts (about 3.0 kHz) from 

the PMT. This background intensity is subtracted from each measured intensity. The 

second correction arises from the realization that the volume of the sample that scatters 

light increases with decrease in the angle of scattering. Then since the intensity is directly 

proportional to the scattering volume, the scattered intensity was multiplied by θsin  to 

compensate for this experimental skew. Fig. 4.3 shows how the second correction was 

done. 

0V

Light in

Light
Scattered

at 090

detector

θ

0V

Segment 1
Segment 2

light scattered at
θ

detector

 

Figure 3.4 Correcting for the scattered volume. The scattering volume increases as the 

scattering angle decreases from 090 as shown by the additional volume segments 1 and 2. 

Normalization ensures that equal volumes are scattering light at all scattering angles. 
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                 Light entered the sample as shown. At an angle of 090 , the scattering volume, 

i.e. the volume of the sample scattering light, is 0V  as shown on the left hand side of the 

figure. However, when the detector was rotated to a smaller angleθ  as shown on the 

right, the scattering volumeV  is the sum of 0V and two other volumes, segment 1 and 

segment 2. Therefore since V increases as θ  approaches zero, then 

                            
θsin

1
∝V ⇒

θsin
0V

V ≈                                                              (3.7) 

At an angle of 090 , 0VV = and, as θ  tends toward zero, V tends to infinity. Therefore 

( )qI , the corrected intensity is defined as    

                              ( ) θsinmIqI =  ,                                                                        (3.8)   

where mI is the measured intensity. As shown in chapter II q , the scattering wave vector 

is defined as 






=
2

sin
4

0

θ
λ
πn

q and the expression ( ) ( )qII 0  is related toq by the 

expression  ( ) ( ) ( )2

3

1
10 qRqII +=  where ( )0I  is the scattered intensity in the limit that 

q approaches zero and R is the radius of the particles. In order to estimate the value of 

( )0I , a graph of ( )qI  is plotted against the scattering angle. Fig.3.5 below is such a graph 

for a 30 wt% sucrose solution at a temperature of C04.20  The value of ( )0I is simply the 

y-intercept of the graph, which in this case is 14.62 kHz 
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Figure 3.5 Estimating the value of ( )0I  for a 30 wt% sucrose solution at a temperature of 

C04.20 . ( )0I  is simply the y-intercept of the graph. 
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  Chapter IV: Results and Analysis 

                 A. An overview of the sucrose study 

                        As mentioned in chapter III this research involved two studies carried out 

on each sucrose sample. The temperature dependent study was done at different 

temperatures (ranging from 010− C to 050 C) but with a constant angle of scattering 

of 090 . In the second study, the wave vector study, the samples were maintained at three 

different constant temperatures ( 010− C, 022 C and 050 C) while the angle of scattering, 

which was measured from the undeflected beam path to the scattered beam, was varied 

from 04.18  to  090 .  

 

                 B. Scattering wave vector, q  dependent study 

                       According to equation 2.6, 
2

sin
4 θ
λ
πn

q = , where θ  is the scattering angle; 

λ is the wavelength of the scattered light; and n is the refractive index of the solution. 

Although there is a significant change in refractive index with concentration 

( 002.0~n∆ per wt %), the dependence on temperature is minimal and between C010−  

and C050  the refractive index can be approximated by its tabulated value at C020 .  
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Figure 4.1 correlation function fit of light scattering data for a 30 wt% sucrose sample at 

room temperature. This figure shows two distinct relaxations which is typical for all the 

samples studied. 

                     

               Fig. 4.1 is an example of the correlation data fitted with a correlation curve. 

This figure shows two relaxations-a fast relaxation occurring at about 0.1 milliseconds 

and a slow relaxation occurring at about 10 milliseconds. One of the goals of the analysis 

is to identify these relaxations, that is, to determine the nature of the particles that are 

responsible for them. One way to do this is to calculate the slope of the graph of the log 
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of the relaxation time, τlog  against the log of the scattering wave vector,qlog . This 

slope is known as the q dependence of the relaxation time. As noted in the previous 

chapters a  q  dependence of 2−  is an indication of particles undergoing diffusion, and a 

q -dependence of about 5.2− indicates the formation of fractal aggregates. It is important 

to state here that these results were obtained using a 22.0 micron filter. When a 05.0  

micron filter was used the amplitude of the second (slow) relaxation was significantly 

reduced. This strongly suggests that ultra-small dust particles are responsible for the 

second relaxation. If this is the case then the q  dependence of the relaxation time for the 

slow relaxation will indicate diffusion, i.e. an N value of about  2− -since dust particles 

are not expected to form fractal aggregates. 

 

       Figure 4.2 determining the q  dependence of the relaxation time for the fast 

relaxation of a 10 wt% sucrose sample at a temperature of 51.6 Celsius. The exponent N  

is simply the slope of the graph. 
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           Fig. 4.2 shows how the q  dependence is determined. The figure shows τlog  

plotted against the qlog and the exponent N can be determined from the slope  using 

equ.3.4.  For Fig. 4.2 89.1−=N . 

           Using this method N was determined for each of the two relaxations for all the  

sucrose samples studied. See the Appendix for graphs of the other concentrations and 

temperatures. 

                 C. Fast relaxation results                

 

Figure 4.3 A graph showing how the fast relaxation exponent, N  changes with 

concentration at a temperatures of 010− C, room temperature and C050 .  
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                   Fig.4.3 shows the dependence of N on the concentration of the sample for the 

fast relaxation at three temperatures. For -010 C, the figure shows a general increase in 

the absolute value of N as the concentration of sucrose is increased. From the figure, at 

concentrations of 40 wt% and 50 wt% it is clear that the value of N ranged from about 

3.2−  to about 8.2− suggesting the formation of fractal aggregates at these 

concentrations.  

                The results for the other concentrations however, are not as conclusive due to 

the larger error. From these other samples10 wt%  is the only concentration whose error 

bars do not cross the 5.2− mark though it comes very close. Both 20 wt% and 30 wt%  

could well be diffusion or the formation of fractals as they both cut across the two critical 

values.  

                     For the room temperature results N values generally tend to move away 

from about 5.1− and towards 2− as the concentration increased. Basically we haveN ~-

2  maybe for 20 wt% and 30 wt% that appear to have 2<N  . The results for 

C050 show all concentrations having  N ~-2within error and they tend to be more 

consistent with room temperature results. Although , Fig.4.3 suggests a transition from 

2−=N to 5.2−=N happening for 010− C, the other two temperatures are at odds with 

this.          
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                D. Slow relaxation results        

                                   

                

Figure 4.4 A graph showing how the slow relaxation exponent, N  changes with 

concentration at  010− C, room temperature and C050 . 

              Fig. 4.4 is the plot of  N ( the q dependence of the slow relaxation time) versus 

the concentration of the sample at three temperatures. The figure shows the values of 

N oscillating around 2−  for room temperature and at this temperature there was no 

concentration where the error bars cross the 5.2− value mark. In the case of 010− C 

N appears to change with concentration going beyond5.2− at a concentration of 50 wt%.  

However, at a higher temperature of C050  N appears to be a value of  2−  except at 30 

wt% where the error bar pushes it well beyond 5.2− . These results indicate that the 
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particles responsible for the second relaxation seem to be experiencing diffusion at 

almost all concentrations at the temperatures studied. Consequently the particles do not 

appear to be forming fractal aggregates as the concentration of the sample is increased. 

                 E. Diffusion coefficient   

                 The diffusion coefficient  is a measure of the rate of diffusion of the particles 

in solution.  Eqn.4.1 is the expression of the relationship between the diffusion coefficient 

D , the relaxation time τ and the scattering wave vector q  

                                              
τ2

1

q
D =  .                                                                        (4.1)  

 

Figure 4.5 A graph showing how the fast relaxation diffusion coefficient,D changes with 

concentration at 010− C, room temperature and C050 . D  values follow a downward 

trend as the concentration of the sample increases for all three temperatures. 
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Figure 4.6  A graph showing how the slow relaxation diffusion coefficient,D changes 

with concentration at 010− C, room temperature and C050 . D  values follow a 

downward trend as the concentration of the sample increases for all three temperatures.             

                Fig. 4.5 is a graph of diffusion coefficient of the fast relaxation for the various 

concentrations studied at temperatures. Fig. 4.6 is  the graph for the slow relaxation. The 

results are similar for both relaxations in the sense that as the concentration of the 

solution increases the diffusion coefficient decreases in each case. Since the diffusion 

coefficient is given by the Stoke-Einstein relation, it appears that the increase is a 

consequence of either viscosity or particle size or both.  

 



                                                                                                                                                                                                                                                                  

 

46

                 F. Particle size analysis based on Stokes-Einstein in water  

One way of estimating the size of the particles is rearranging the Stoke-Einstein 

expression as: 

                              
D

kT
R

πη6
= ,                                                                                      (4.2) 

 where R is the radius of the particle; k  is the Boltzmann’s constant;η is the viscosity of 

the Brownian fluid at the particular temperature T  and D  is the diffusion coefficient. 

Since k  and η can be obtained from scientific tables, the main task in estimating the size 

of the particles has to do with calculating the diffusion coefficient which can be done 

using Eqn. 4.1 above.     

 

Figure 4.7 A graph showing the change in the radius R of the fast relaxation particles as 

with concentration at room temperature using the viscosity of sucrose solution. 
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             Fig. 4.7 shows the particle radius as a function of concentration for the fast 

relaxation when the viscosity η  was taken as the viscosity of the sucrose solution. Using 

this viscosity, which is linearly related to the concentration, the particles size increases 

with decreasing concentration and in the limit of low wt% approaches a size (
0

5~ A ) 

comparable to the size of a sucrose molecule. This result is counterintuitive, as it is not 

likely that the sucrose molecules are getting smaller as the concentration increases. In the 

very least the radius of the particles should remain constant with concentration. 

 

Figure 4.8 A graph showing the change in the radius R of the fast relaxation particles as 

with concentration at room temperature using the viscosity of water. 
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            Consequently, a more meaningful result was obtained when the viscosity η  was 

taken as the viscosity of water as shown in Fig. 4.8. Since it appears that the fast 

relaxation results from the diffusion of sucrose molecules, the viscosity of water is a 

more appropriate viscosity for the Brownian fluid. Using this viscosity, which is 

independent of concentration, the radius of the particles is seen to increase with increase 

in concentration. This suggest that the sucrose particles are clustering and experiencing a 

Brownian fluid comprised of water rather than both water and other sucrose particles.   

 

Figure 4.9 A graph showing the change in the radius R of the slow relaxation particles  

with concentration at room temperature using the viscosity of water 
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Figure 4.10 A graph showing the change in the radius R of the slow relaxation particles  

with concentration at room temperature using the viscosity of sucrose solution. 

                 

               Fig. 4.9 and Fig. 4.10 are the graphs of the radius of the slow relaxation 

particles as a function of the concentration of the sucrose solution using the viscosity of 

water, and the viscosity of the sucrose solution respectively. In this instance, the particle 

size approaches roughly 
0

800A in the limit of low concentrations. 

                Of the two graphs, Fig. 4.10, which shows the radius to be fairly constant as the 

concentration is increased, seems more reasonable. There is no reason to expect dust 

particles to cluster together and increase in size as the sucrose concentration increases. In 
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addition, the relatively big size of the dust particles warrants the use of sucrose viscosity 

as the appropriate Brownian fluid.  

 

                 G.Temperature dependent studies 

 

 

Figure 4.11 The τlog  vs. T1000 for the fast relaxation of a 40% sucrose sample. The 

slope of the inset equation corresponds to the activation energy of the particles in the 

solution. 
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        The temperature dependent study done at temperature values ranging from 010− C 

to 050 C also resulted in two distinct relaxations as shown in Fig. 5.1. A graph of the log 

of the relaxation time, τlog  vs. T/1000  was plotted for each of the two relaxations at all 

concentrations. This section examines  the results obtained from these graphs and its 

implication for the activation energy of the particles at various concentration. Fig. 5.19 

shows this plot for the fast relaxation of 40wt%. The graph has a slope of 1.31 which is 

the measure of the activation energy of the solution in 1000s of Kelvin. See the Appendix 

for the graphs of all the other concentrations. 

          

Figure 4.12 The fast and slow relaxation activation energies for all the concentrations. 
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         Fig. 4.12 shows the activation energy for the fast and slow relaxations for all the 

five concentrations. The graph shows an increase in activation energy with concentration 

that tends to become steeper as the concentration increases. Between 10 wt% and 30 wt% 

the value of the activation energy appear to be constant (especially for the fast relaxation) 

while staying below the 1.5 mark. However, between 40 wt% and 50 wt% the change is  

steeper with the activation energy exceeding 1.5 at 50 wt%. This seems reasonable, since 

the activation energy is the measure of the resistance to motion the particles in the 

solution experience. As the solution becomes more concentrated the number of particles 

in the solution increases resulting in an increase resistance to motion experience by the 

particles in solution.                     

 

                    H. Guinier Analysis 

                The results of static light scattering can also be used to estimate the size of the 

particle or cluster. As explained in chapter II this is done using the Gunier analysis. From 

Eq. (2.31) the slope of the graph of ( ) ( )qII 0  as a function of 2q is 
3

2R
, from which the 

radiusR can be calculated. Both )0(I and )(qI are estimated using the methods described 

in the chapter IV. Fig. 4.13 shows the graph of ( ) ( )qII 0  as a function of 2q for 10 wt% 

sucrose solution at room temperature. The graph has a slope of ( )2*1800 nm  from which 

a radius R of about mµ05.0073.0 ± was calculated.  
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Figure 4.13 The graph of the inverse of the scattered intensity as a function of the square 

of the scattered wave vector for 10 wt% at room temperature. The slope of the graph is 

3

2R
 where R is the Guinier radius to be calculated. 

 

                   This radius is 100 times the10 wt% radius value of about 6 angstrom from 

Fig. 4.8 (the radius distribution graph for the fast relaxation) and comparable to the value 

of approximately 
0

800A  seen in the low concentration limit of the slow relaxation. That is 

despite the large uncertainty of the calculate 10 wt% Guinier radius, it does agree with 

the value shown in Fig 4.10 (the radius distribution for the slow relaxation).The absence 

of Guinier results for other concentrations is due to problems with inconsistent intensity 
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readings that maybe be due to alignment of the fiber optic (100micron) and “dead spot” 

in its center. Because of the “dead spot” when an adjustment was made to the fibers 

position to obtain the maximum intensity, two points of peak intensities were observed. 

This is probably caused the Guinier plots to show odd discontinuities and even the 10 

wt% results did not come without a ‘price’ as can be seen in the large error bars of Fig. 

4.13. Later in the study, a mµ400 fiber was used in an effort to get a more uniform 

intensity, but not many reliable Guinier data was collected and the one example shown 

above is all the data there is for the Guinier analysis.  
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CHAPTER V   Conclusion 

                    This study is an expansion of the previous work done on glucose and 

maltose. The report on glucose identified two distinct relaxations-a fast and a slow. There 

were two maltose studies-one of the studies reported two distinct relaxations and the 

other identified just one. In addition both the maltose and glucose reports encountered 

viscoelastic states. 

                   The results of this study (sucrose)bear certain similarities and contrasts to the 

previous studies. Furthermore it sheds light on the discrepancy of the two maltose 

studies-where in one case two relaxations were reported while in another case only one 

relaxation was seen. Like the glucose report and one of the studies on maltose, this study 

identified a fast and a slow relaxation. However, while the first (fast) relaxation was 

attributed to sucrose clusters in the solution, the second (or slow ) relaxation was 

identified as resulting from ultra-small dust particles in the solution. In addition when 

comparing the results of both the fast and slow relaxations, there doesn’t appear to be any 

reliable trend except to conclude that both relaxations are more or less diffusive. 

                    Consequently, it seems that the appearance of a slow relaxation in one 

maltose study was the result of dust particles since this second relaxation was not 

reported in the second maltose investigation. Although, the sucrose samples were 

prepared using a mµ22.0 filter,  the effect of using a finer  filter was tested. As discussed 

in chapter IV it was found that when a mµ05.0 filter was used to prepare the sucrose 

solution, the second (slow) relaxation became less pronounced or disappeared altogether 

(in some cases). 
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                 After realizing that the relatively pronounced second relaxation was 

attributable to ultra small dust particles, it was not completely surprising that our only 

Guinier analysis result yielded a radius value in the same order as the Stoke-Einstein 

radius of the slow relaxation. The dust particles were so much bigger than the sucrose 

clusters that the scattered intensities were dominated by the second relaxation. 

                  Finally, a continuation of the light scattering study of sucrose should improve 

on this study. Preparing the samples with a 0.05 micron filter will minimize the effect of 

the ultra-small dust particles seen in the second relaxation.  Due to the limited time frame 

in preparation, our study on sucrose was terminated at 50 wt%. In order to investigate the 

viscoelasticity seen with maltose and glucose future studies on sucrose should include 

concentrations above 50 wt%. In addition as mentioned in the previous chapter the use of 

a 400 mµ  optical fiber will likely eliminate the intensity inconsistencies seen with the 

200 mµ  fiber that resulted in problems with the Guinier analysis. 

 

 

 

 

:  
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APPENDIX 

 

Figure A.1: The correlation of 10 wt% sucrose at temperatures from C09.9− to 

C04.51 at an angle of 090 . 
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Table A.1: The fast and slow τ  and amplitude of 10 wt% sucrose at temperatures from 

C09.9− to C04.51 at an angle of 090 . 

Temp 
(Celsius) Fast tau error 

Fast 
amp error slow tau error slow amp error 

-9.9 1.63E-05 9.72E-07 0.199 0.00428 0.00247 0.000128 0.447 0.00404 

0.1 1.08E-05 5.14E-07 0.199 0.00342 0.00158 6.50E-05 0.438 0.00319 

5.7 8.70E-06 3.12E-07 0.191 0.00242 0.00145 3.97E-05 0.463 0.00219 

10.8 6.62E-06 3.57E-07 0.195 0.00369 0.00116 4.85E-05 0.456 0.00323 

15.7 5.82E-06 3.40E-07 0.200 0.00413 0.00101 4.76E-05 0.450 0.00363 

22.1 4.25E-06 3.22E-07 0.197 0.00531 0.000781 4.60E-05 0.441 0.00439 

31.1 3.91E-06 1.47E-07 0.195 0.00262 0.000649 1.83E-05 0.451 0.00219 

39.4 2.67E-06 1.35E-07 0.21 0.00390 0.000528 2.04E-05 0.452 0.00292 

51.4 2.63E-06 1.15E-07 0.195 0.00313 0.000500 1.54E-05 0.456 0.00237 
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Figure A.2: The correlation of 10 wt% sucrose at angles from 04.18 to 090  at a 

temperature of C09.9−  
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Table A.2: The fast and slowτ and amplitudes of 10 wt% sucrose at angles from 

C04.18 to 090 at a temperature of C09.9− . 

Angles 
(degrees) Fast tau error Fast amp error slow tau error slow amp error 

18.4 4.47E-03 1.67E-04 0.212 0.00305 0.623 1.93E-02 0.547 0.00301 

26.6 1.82E-04 2.27E-05 1.08E-01 5.67E-03 0.0124 6.59E-04 4.92E-01 5.64E-03 

31 1.26E-04 1.23E-05 1.11E-01 4.41E-03 0.00939 4.06E-04 4.82E-01 4.38E-03 

36.7 1.01E-04 7.59E-06 0.114 0.00347 0.00788 2.53E-04 0.515 0.00342 

41 7.07E-05 5.45E-06 0.125 0.00357 0.00837 3.06E-04 0.509 0.00345 

45 4.74E-05 5.27E-06 1.29E-01 5.17E-03 0.00664 3.67E-04 4.98E-01 4.92E-03 

53.1 3.31E-05 3.14E-06 0.123 0.00407 0.00550 2.26E-04 0.533 0.00377 

56.3 3.04E-05 2.77E-06 1.39E-01 4.42E-03 0.00519 2.48E-04 5.05E-01 4.11E-03 

68.2 3.59E-05 4.75E-06 1.17E-01 5.71E-03 0.00407 2.38E-04 5.00E-01 5.48E-03 

76 2.32E-05 1.99E-06 1.56E-01 4.71E-03 0.00396 2.20E-04 4.63E-01 4.39E-03 

84.3 1.83E-05 1.06E-06 0.168 0.00341 0.00305 1.23E-04 0.459 0.00317 

90 1.63E-05 9.04E-07 1.81E-01 3.60E-03 0.00246 1.03E-04 4.63E-01 3.38E-03 
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Figure A.3: The correlation of 10 wt% sucrose at angles from 04.18 to 090 at a 

temperature of C01.22 . 
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Table A.3: The fast and slowτ  and amplitude of 10 wt% sucrose at angles from04.18 to 
090 at a temperature of C01.22 . 

Angles 
(degrees) Fast tau error Fast amp error slow tau error slow amp error 

18.4 1.85E-09 1.67E-09 0.144 0.00231 0.000148 1.22E-04 0.156 0.0989 

26.6 5.00E-05 2.44E-06 0.134 0.00224 0.00986 2.37E-04 0.524 0.00209 

31 4.50E-05 2.57E-06 1.16E-01 2.21E-03 0.0105 2.55E-04 5.19E-01 2.02E-03 

36.7 3.11E-05 1.99E-06 0.135 0.00308 0.00466 1.65E-04 0.466 0.00291 

41 2.02E-05 9.51E-07 0.146 0.00236 0.00390 1.02E-04 0.493 0.00215 

45 1.85E-05 1.28E-06 1.43E-01 3.48E-03 0.00301 1.16E-04 4.85E-01 3.22E-03 

53.1 1.40E-05 6.62E-07 0.146 0.00238 0.00252 6.71E-05 0.478 0.00215 

56.3 1.03E-05 3.45E-07 0.174 0.00201 0.00197 4.32E-05 0.491 0.00179 

68.2 9.60E-06 5.07E-07 1.78E-01 3.28E-03 0.00165 5.13E-05 5.52E-01 2.94E-03 

76 9.33E-06 6.27E-07 0.156 0.00375 0.00127 5.21E-05 0.463 0.00343 

84.3 6.09E-06 4.42E-07 1.71E-01 4.37E-03 0.00103 5.12E-05 4.49E-01 3.84E-03 

90 5.27E-06 4.83E-07 1.83E-01 5.99E-03 0.000808 5.56E-05 4.37E-01 5.28E-03 
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Figure A.4: The correlation of 10 wt% sucrose at angles from 04.18 to 090 at a 

temperature of C06.51 . 
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Table A.4: The fast and slowτ and amplitude of 10 wt% sucrose at angles from 

C04.18 to 090 at a temperature of C06.51 . 

Angles 
(degrees) Fast tau error Fast amp error slow tau error 

slow 
amp error 

18.4 4.89E-05 4.19E-06 0.0732 0.00211 0.0100 2.24E-04 0.518 0.00191 

26.6 2.35E-05 4.83E-06 7.86E-02 5.56E-03 0.00397 2.20E-04 5.28E-01 5.03E-03 

31 2.05E-05 3.13E-06 1.02E-01 5.39E-03 0.00341 1.95E-04 4.99E-01 4.91E-03 

36.7 1.38E-05 2.35E-06 0.127 0.00760 0.00216 0.000182 0.471 0.00692 

41 1.67E-05 3.45E-06 0.106 0.00793 0.00195 0.000153 0.506 0.00742 

45 8.96E-06 1.06E-06 1.34E-01 5.50E-03 0.00157 8.63E-05 5.14E-01 4.81E-03 

53.1 6.16E-06 6.27E-07 0.160 0.00563 0.00128 7.20E-05 0.509 0.00471 

56.3 4.68E-06 5.56E-07 1.63E-01 6.81E-03 0.00105 7.33E-05 4.75E-01 5.37E-03 

68.2 7.95E-06 1.06E-06 1.27E-01 6.13E-03 0.000904 6.00E-05 4.52E-01 5.65E-03 

76 3.65E-06 2.41E-07 1.62E-01 3.82E-03 0.000619 2.45E-05 4.54E-01 3.10E-03 

84.3 3.71E-06 2.74E-07 0.16118 0.00434 0.000509 2.30E-05 0.434 0.00356 

90 2.48E-06 1.46E-07 1.95E-01 4.19E-03 0.000425 1.82E-05 4.40E-01 3.24E-03 
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Figure A.5: The graph of log τ -fast against T1000 for 10 wt% sucrose. 
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Figure A.6: The graph of log τ -slow against T1000 for 10 wt% sucrose 
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Figure A.7: The graph of log τ -fast against log q for 10 wt% sucrose at temperatures 

of C02.9− , C01.22 and C06.51 . 
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Figure A.8: The graph of log τ -slow against log q for 10 wt% sucrose at temperatures 

of C02.9− , C01.22 and C06.51 . 
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Figure A.9: The correlation of 20 wt% sucrose at temperatures from C01.10− to 

C03.50 at an angle of 090 . 
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Table A.5: The fast and slow τ  and amplitude of 20 wt% sucrose at temperatures from 

C01.10− to C03.50 at an angle of 090 . 

Temp 
(Celsius) Fast tau error 

Fast 
amp error slow tau error 

slow 
amp error 

-10.1 1.94E-05 8.67E-07 0.186 0.00292 0.00348 1.19E-04 0.467 0.00270 

0 1.71E-05 1.81E-06 0.121 0.00483 0.00155 7.50E-05 0.479 0.00462 

10.7 7.50E-06 3.14E-07 0.211 0.00308 0.00153 5.74E-05 0.437 0.00271 

19.5 6.05E-06 1.92E-07 0.202 0.00222 0.00130 3.29E-05 0.457 0.00190 

30.2 4.45E-06 2.02E-07 0.191 0.00304 0.000936 3.14E-05 0.550 0.00248 

41.8 3.89E-06 1.86E-07 0.181 0.00308 0.000706 2.34E-05 0.452 0.00254 

50.3 2.90E-06 1.02E-07 0.186 0.00238 5.65E-04 1.36E-05 0.448 0.00181 
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Figure A.10: The correlation of 20% sucrose at angles from 04.18 to 090  at a 

temperature of C01.10− . 
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Table A.6: The fast and slowτ and amplitudes of 20 wt% sucrose at angles from 

C04.18 to 090 at a temperature of C01.10− . 

Angles 
(degrees) Fast tau error Fast amp error slow tau error slow amp error 

18.4 7.51E-04 0.000114 0.294 0.00392 - - - - 

26.6 0.000237 8.96E-06 0.156 0.00225 0.0273 0.000610 0.529 0.00221 

31 0.000381 2.10E-05 0.149 0.00391 0.0185 0.000587 0.517 0.00394 

36.7 0.000117 7.76E-06 0.131 0.00338 0.0113 0.000393 0.488 0.00332 

41 8.40E-05 5.27E-06 0.162 0.00370 0.0123 0.000467 0.534 0.00356 

45 7.40E-05 5.47E-06 0.154 0.00412 0.0112 0.000536 0.472 0.00396 

53.1 5.97E-05 3.01E-06 0.198 0.00364 0.00926 0.000370 0.504 0.00350 

56.3 4.38E-05 2.32E-06 0.198 0.00377 0.00741 0.000313 0.498 0.00359 

68.2 4.00E-05 1.67E-06 0.180 0.00263 0.00766 0.000230 0.496 0.00248 

76 2.73E-05 1.15E-06 0.183 0.00270 0.00527 0.000182 0.440 0.00252 

84 2.20E-05 7.58E-07 0.199 0.00240 0.00423 0.000125 0.458 0.00224 

90 1.58E-05 8.18E-07 0.197 0.00352 0.00337 0.000140 0.471 0.00320 
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Figure A.11: The correlation of 20 wt% sucrose at angles from 04.18 to 090 at a 

temperature of C05.19 . 
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Table A.7: The fast and slowτ  and amplitude of 20 wt% sucrose at angles from04.18 to 
090 at a temperature of C05.19 . 

Angles 
(degrees) Fast tau error Fast amp error slow tau error slow amp error 

18.4 1.33E-04 7.39E-06 0.0836 0.00174 0.0145 0.000262 0.493 0.00169 

26.6 5.73E-05 2.22E-06 0.108 0.00142 0.0113 0.000183 0.495 0.00132 

31 3.81E-04 2.10E-05 0.149 0.00391 0.0185 0.000587 0.517 0.00394 

36.7 3.08E-05 1.68E-06 0.119 0.00220 0.00645 0.000166 0.477 0.00201 

41 2.33E-05 1.20E-06 0.111 0.00193 0.00516 0.000123 0.448 0.00173 

45 7.40E-05 5.47E-06 0.154 0.00412 0.0112 0.000536 0.472 0.00396 

53.1 1.40E-05 8.27E-07 0.148 0.00295 0.00355 0.000132 0.443 0.00260 

56.3 4.38E-05 2.32E-06 0.198 0.00377 0.00741 0.000313 0.498 0.00359 

68.2 4.00E-05 1.67E-06 0.180 0.00263 0.00766 0.000230 0.496 0.00248 

76 2.73E-05 1.15E-06 0.183 0.00270 0.00527 0.000182 0.440 0.00252 

84.3 8.28E-06 4.61E-07 0.175 0.00343 0.00142 6.01E-05 0.428 0.00309 

90 1.58E-05 8.18E-07 0.197 0.00352 0.00337 0.000140 0.471 0.00320 
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Figure A.12: The correlation of 20 wt% sucrose at angles from 04.18 to 090 at a 

temperature of C03.50 . 
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Table A.8: The fast and slowτ and amplitude of 20 wt% sucrose at angles from 

C04.18 to 090 at a temperature of C03.50 . 

Angles 
(degrees) Fast tau error Fast amp error slow tau error slow amp error 

18.4 6.62E-05 3.55E-06 9.01E-02 0.00165 0.0128 0.000235 4.99E-01 0.00153 

26.6 2.46E-05 1.06E-06 0.109 0.00159 0.00499 8.33E-05 0.518 0.00143 

31 1.96E-05 1.46E-06 0.113 0.00283 0.00452 1.33E-04 0.528 0.00250 

36.7 1.53E-05 1.54E-06 1.36E-01 0.00464 0.00308 0.000154 5.00E-01 0.00414 

41 9.06E-06 5.14E-07 1.33E-01 0.00253 0.00255 6.79E-05 5.04E-01 0.00208 

45 7.54E-06 4.52E-07 0.142 0.00288 0.00210 6.27E-05 0.506 0.00235 

53.1 7.10E-06 5.04E-07 1.53E-01 0.00371 0.00162 6.33E-05 4.90E-01 0.00309 

56.3 6.73E-06 6.60E-07 0.146 0.00496 0.00135 7.00E-05 0.484 0.00416 

68.2 5.07E-06 3.90E-07 0.142 0.00378 0.00114 4.41E-05 0.481 0.00303 

76 4.12E-06 2.52E-07 0.180 0.00389 0.000908 3.60E-05 0.476 0.00308 

84 3.74E-06 3.48E-07 1.67E-01 0.00555 0.000680 3.84E-05 4.64E-01 0.00445 

90 3.11E-06 1.20E-07 0.181 0.00252 0.000570 1.50E-05 0.447 0.00199 
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Figure A.13: The graph of log τ -fast against T1000 for 20 wt% sucrose 
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Figure A.14: The graph of log τ -slow against T1000 for 20 wt% sucrose 
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Figure A.15: The graph of log τ -fast against log q for 20 wt% sucrose at temperatures 

of  

C01.10− , C05.19 and C03.50 . 
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Figure A.16: The graph of log τ -slow against log q for 20 wt% sucrose at temperatures 

of C01.10− , C05.19 and C03.50 . 
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Figure A.17: The correlation of 30 wt% sucrose at temperatures from C01.9− to 

C07.53 at an angle of 090 . 
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Table A.9: The fast and slow τ  and amplitude of 30 wt% sucrose at temperatures from 

C01.9− to C07.53 at an angle of 090 . 

     

 

 

 

 

Temp 
(Celsius) Fast tau error 

Fast 
amp error slow tau error 

slow 
amp error 

-9.1 2.35E-05 6.16E-07 0.196 0.00177 5.52E-03 1.36E-04 0.418 0.00164 

0.4 1.42E-05 3.16E-07 0.175 0.00132 3.66E-03 6.16E-05 0.442 0.00117 

9.6 1.07E-05 3.05E-07 0.19 0.00184 0.00265 6.10E-05 0.444 0.00162 

19.1 6.59E-06 1.68E-07 0.19 0.00165 0.0018 3.51E-05 0.55 0.00137 

29.9 5.31E-06 1.17E-07 0.188 0.00143 0.00131 2.23E-05 0.434 0.00117 

43.4 3.72E-06 1.24E-07 0.185 0.00218 0.000901 2.24E-05 0.428 0.0017 

53.7 3.47E-06 1.39E-07 0.19 0.0027 0.000729 2.17E-05 0.439 0.00215 
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Figure A.18: The correlation of 30 wt% sucrose at angles from 04.18 to 090  at a 

temperature of C01.9−  

 

 

 

 

 

 

 

 

 



                                                                                                                                                                                                                                                                  

 

84

Table A.10: The fast and slowτ and amplitudes of 30 wt% sucrose at angles from 

C04.18 to 090 at a temperature of C01.9− . 

Angles 
(degrees) Fast tau error Fast amp error slow tau error slow amp error 

18.4 1.28E-03 2.39E-05 2.05E-01 0.00145 0.194 3.37E-03 4.73E-01 0.00143 

26.6 0.000359 1.03E-05 0.156 0.00165 5.11E-02 8.89E-04 0.520 0.00160 

31 0.000370 7.90E-06 0.174 0.00147 3.90E-02 6.13E-04 0.487 0.00146 

36.7 1.33E-04 1.92E-06 1.56E-01 0.000767 0.0304 2.55E-04 5.37E-01 0.000723 

41 1.08E-04 2.14E-06 1.74E-01 0.00123 0.0197 2.82E-04 4.92E-01 0.00118 

45 8.47E-05 1.53E-06 0.163 0.00101 1.88E-02 2.22E-04 0.501 0.000953 

53.1 6.58E-05 2.20E-06 1.40E-01 0.00157 0.0160 2.96E-04 4.96E-01 0.00146 

56.3 5.84E-05 2.08E-06 0.151 0.00182 1.41E-02 3.15E-04 0.477 0.00169 

68.2 4.49E-05 1.36E-06 0.164 0.00170 1.05E-02 2.19E-04 0.475 0.00158 

76 3.53E-05 8.10E-07 0.164 0.00126 9.30E-03 1.30E-04 0.523 0.00115 

84.3 2.73E-05 7.23E-07 1.85E-01 0.00166 0.00701 1.49E-04 4.57E-01 0.00152 

90 2.35E-05 6.16E-07 0.196 0.00177 5.52E-03 1.36E-04 0.418 0.00164 
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Figure A.19: The correlation of 30 wt% sucrose at angles from 04.18 to 090 at a 

temperature of C01.19 . 
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Table A.11: The fast and slowτ  and amplitude of 30 wt% sucrose at angles from04.18 to 
090 at a temperature of C01.19 . 

Angles 
(degrees) Fast tau error Fast amp error slow tau error slow amp error 

18.4 1.38E-04 1.39E-05 5.98E-02 0.00223 0.0149 2.92E-04 5.78E-01 0.00216 

26.6 6.52E-05 1.65E-06 0.10515 0.000912 1.26E-02 1.29E-04 0.500 0.000849 

31 5.57E-05 1.54E-06 0.11475 0.00109 1.03E-02 1.21E-04 0.517 0.00102 

36.7 3.90E-05 1.03E-06 1.27E-01 0.00113 0.00904 1.20E-04 4.85E-01 0.00104 

41 2.92E-05 6.69E-07 1.27E-01 0.000978 0.00709 8.10E-05 4.85E-01 0.000882 

45 2.54E-05 6.48E-07 0.141 0.00120 6.40E-03 8.64E-05 0.504 0.00107 

53.1 1.81E-05 5.07E-07 1.56E-01 0.00146 0.00488 8.25E-05 4.89E-01 0.00129 

56.3 1.58E-05 4.27E-07 0.151 0.00136 4.19E-03 6.71E-05 0.475 0.00119 

68.2 1.24E-05 3.63E-07 0.160 0.00157 3.34E-03 6.09E-05 0.475 0.00135 

76 1.09E-05 3.52E-07 0.159 0.00173 2.73E-03 5.66E-05 0.457 0.00150 

84.3 8.16E-06 2.46E-07 1.81E-01 0.00185 0.00216 4.63E-05 4.68E-01 0.00157 

90 6.38E-06 1.55E-07 0.192 0.00158 1.79E-03 3.32E-05 0.450 0.00129 
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Figure A.20: The correlation of 30 wt% sucrose at angles from 04.18 to 090 at a 

temperature of C07.53 . 
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Table A.12: The fast and slowτ and amplitude of 30 wt% sucrose at angles from 

C04.18 to 090 at a temperature of C07.53 . 

Angles 
(degrees) Fast tau error Fast amp error slow tau error slow amp error 

18.4 6.25E-05 1.22E-06 8.73E-02 0.000569 0.0134 7.79E-05 5.48E-01 0.000522 

26.6 2.48E-05 6.58E-07 0.110 0.000957 7.00E-03 7.50E-05 0.505 0.000838 

31 2.41E-05 6.35E-07 0.116 0.00102 6.18E-03 7.04E-05 0.502 0.000902 

36.7 1.48E-05 5.26E-07 1.27E-01 0.00149 0.00432 7.11E-05 5.01E-01 0.00127 

41 1.15E-05 2.91E-07 1.34E-01 0.00113 0.00325 4.01E-05 4.98E-01 0.000953 

45 9.65E-06 4.77E-07 0.133 0.00220 2.70E-03 6.53E-05 0.489 0.00184 

53.1 7.57E-06 4.15E-07 1.34E-01 0.00249 0.00213 6.14E-05 4.52E-01 0.00202 

56.3 5.84E-06 2.60E-07 0.162 0.00245 1.69E-03 4.43E-05 0.483 0.00196 

68.2 5.38E-06 2.44E-07 0.163 0.00255 1.37E-03 3.63E-05 0.488 0.00204 

76 3.61E-06 1.77E-07 0.179 0.00309 1.04E-03 3.29E-05 0.465 0.00229 

84.3 3.38E-06 7.46E-08 1.83E-01 0.00143 0.000894 1.31E-05 4.62E-01 0.00107 

90 3.47E-06 1.39E-07 0.190 0.00270 7.29E-04 2.17E-05 0.439 0.00215 
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Figure A.21: The graph of log τ -fast against T1000 for 30 wt% sucrose 
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Figure A.22: The graph of log τ -slow against T1000 for 30 wt% sucrose 
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Figure A.23: The graph of log τ -fast against log q for 30 wt% sucrose at temperatures 

of C01.9− , C01.19 and C07.53 . 
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Figure A.24: The graph of log τ -slow against log q for 30 wt% sucrose at temperatures 

of C01.9− , C01.19 and C07.53 . 
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Figure A.25: The correlation of 40 wt% sucrose at temperatures from C06.10− to 

C07.53 at an angle of 090 . 
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Table A.13: The fast and slow τ  and amplitude of 40 wt% sucrose at temperatures from 

C06.10− to C07.53 at an angle of 090 . 

 

 

 

Temp 
(Celsius) Fast tau error Fast amp error slow tau error slow amp error 

-10.6 3.57E-05 5.51E-07 0.175 0.000881 0.0131 1.61E-04 0.440 0.000794 

0.3 2.00E-05 3.63E-07 0.193 0.00115 0.00733 1.01E-04 0.498 0.00101 

10.4 1.21E-05 2.07E-07 0.193 0.00108 0.00484 5.84E-05 5.15E-01 9.05E-04 

20.3 8.06E-06 1.31E-07 0.209 0.00113 0.00296 3.93E-05 4.74E-01 9.30E-04 

30.3 6.11E-06 1.06E-07 0.207 0.00121 0.00212 2.76E-05 4.96E-01 9.66E-04 

40.4 4.52E-06 1.17E-07 0.206 0.00184 0.0015 2.89E-05 4.85E-01 1.41E-03 

53.7 3.55E-06 9.41E-08 2.00E-01 1.88E-03 0.00106 1.89E-05 4.99E-01 1.36E-03 
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Figure A.26: The correlation of 40 wt% sucrose at angles from 04.18 to 090  at a 

temperature of C06.10−  
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Table A.14: The fast and slowτ and amplitudes of 40 wt% sucrose at angles from 

C04.18 to 090 at a temperature of C06.10−  

Angles 
(degrees) Fast tau error Fast amp error slow tau error slow amp error 

18.4 2.39E-03 5.15E-05 2.16E-01 0.00176 0.451 1.22E-02 3.88E-01 0.00173 

26.6 7.52E-04 1.85E-05 0.165 0.00145 
1.45E-

01 2.58E-03 0.476 0.00140 

31 6.43E-04 1.70E-05 0.174 0.00164 
1.26E-

01 2.45E-03 0.496 0.00159 

36.7 2.71E-04 7.37E-06 1.50E-01 0.00139 0.0671 1.13E-03 4.94E-01 0.00131 

41 2.66E-04 6.83E-06 1.53E-01 0.00138 0.0519 8.40E-04 4.94E-01 0.00133 

45 1.55E-04 3.92E-06 0.149 0.00130 
3.46E-

02 5.69E-04 0.466 0.00123 

53.1 1.01E-04 3.18E-06 1.51E-01 0.00159 0.0265 5.32E-04 0.0265 5.32E-04 

56.3 8.75E-05 2.91E-06 0.134 0.00148 
2.53E-

02 4.84E-04 0.464 0.00136 

68.2 7.06E-05 2.01E-06 1.40E-01 1.30E-03 0.0230 0.000373 4.84E-01 1.18E-03 

76 5.36E-05 1.64E-06 1.57E-01 1.57E-03 0.0186 0.000377 4.70E-01 1.42E-03 

84.3 4.44E-05 1.12E-06 1.65E-01 0.00136 0.0161 2.91E-04 0.458 1.22E-03 

90 3.57E-05 5.51E-07 1.75E-01 8.81E-04 0.0131 0.000161 4.40E-01 7.94E-04 
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Figure A.27: The correlation of 40 wt% sucrose at angles from 04.18 to 090 at a 

temperature of C03.20 . 
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Table A.15: The fast and slowτ  and amplitude of 40 wt% sucrose at angles from04.18 to 
090 at a temperature of C03.20 . 

 

Angles 
(degrees) Fast tau error Fast amp error slow tau error slow amp error 

18.4 4.06E-04 1.35E-05 1.40E-01 0.00170 0.0599 1.11E-03 0.510 1.65E-03 

26.6 8.49E-05 1.87E-06 1.21E-01 8.72E-04 0.0240 0.000220 5.62E-01 7.96E-04 

31 6.83E-05 1.26E-06 1.35E-01 8.33E-04 0.0173 0.000155 5.41E-01 7.65E-04 

36.7 4.41E-05 9.91E-07 1.24E-01 0.000914 0.0127 1.30E-04 0.521 8.22E-04 

41 3.52E-05 6.70E-07 1.41E-01 0.000876 0.0106 9.72E-05 0.555 7.81E-04 

45 2.91E-05 7.73E-07 1.24E-01 1.07E-03 0.0101 0.000132 4.82E-01 9.34E-04 

53.1 2.22E-05 4.81E-07 1.32E-01 0.000939 0.00714 8.20E-05 0.472 8.19E-04 

56.3 1.81E-05 6.33E-07 1.46E-01 1.65E-03 0.00716 0.000140 4.92E-01 1.40E-03 

68.2 1.50E-05 5.14E-07 1.63E-01 1.83E-03 0.00546 0.000114 5.04E-01 1.56E-03 

76 1.17E-05 2.49E-07 1.76E-01 1.23E-03 0.00453 6.49E-05 4.88E-01 1.02E-03 

84.3 9.88E-06 2.04E-07 1.83E-01 0.00125 0.00361 5.46E-05 0.465 1.04E-03 

90 8.06E-06 1.31E-07 2.09E-01 1.13E-03 0.00296 3.93E-05 4.74E-01 9.30E-04 
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Figure A.28: The correlation of 40 wt% sucrose at angles from 04.18 to 090 at a 

temperature of C07.53 . 

 

 

 

 

 

 

 

 

 



                                                                                                                                                                                                                                                                  

 

100 

Table A.16: The fast and slowτ and amplitude of 40 wt% sucrose at angles from 

C04.18 to 090 at a temperature of C07.53 . 

Angles 
(degrees) Fast tau error Fast amp error slow tau error slow amp error 

18.4 8.16E-05 1.99E-06 0.0872 0.000691 0.0239 0.000188 0.514 0.000624 

26.6 3.11E-05 7.85E-07 1.21E-01 9.87E-04 0.0107 1.08E-04 5.68E-01 8.55E-04 

31 2.52E-05 6.24E-07 1.26E-01 1.01E-03 0.00834 8.70E-05 5.57E-01 8.75E-04 

36.7 1.67E-05 6.00E-07 0.136 0.00159 0.00590 0.000101 0.525 0.00134 

41 1.28E-05 5.03E-07 0.135 0.00174 0.00445 8.31E-05 0.518 0.00145 

45 9.45E-06 3.34E-07 1.42E-01 1.65E-03 0.00370 6.41E-05 5.12E-01 1.30E-03 

53.1 9.04E-06 3.81E-07 0.148 0.00209 0.00286 6.55E-05 0.492 0.00171 

56.3 7.52E-06 3.22E-07 1.49E-01 2.14E-03 0.00255 5.78E-05 5.02E-01 1.71E-03 

68.2 6.39E-06 2.82E-07 1.36E-01 2.02E-03 0.00214 4.98E-05 4.49E-01 1.57E-03 

76 5.27E-06 3.15E-07 1.59E-01 3.25E-03 0.00166 5.94E-05 4.63E-01 2.52E-03 

84.3 3.73E-06 1.38E-07 0.187 0.00242 0.00127 3.19E-05 0.467 0.00177 

90 3.76E-06 1.07E-07 1.95E-01 1.95E-03 0.00107 2.05E-05 4.98E-01 1.48E-03 
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Figure A.29: The graph of log τ -fast against T1000 for 40 wt% sucrose 
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Figure A.30: The graph of log τ -slow against T1000 for 40 wt% sucrose 
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Figure A.31: The graph of log τ -fast against log q for 40 wt% sucrose at temperatures 

of C06.10− , C03.20 and C07.53 . 
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Figure A.32: The graph of log τ -slow against log q for 40 wt% sucrose at temperatures 

of C06.10− , C03.20 and C07.53 . 
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Figure A.33: The correlation of 50 wt% sucrose at temperatures from C03.10− to 

C08.51 at an angle of 090 . 
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Table A.17: The fast and slow τ  and amplitude of 50 wt% sucrose at temperatures from 

C03.10− to C08.51 at an angle of 090 . 

 

 

 

 

Temp 
(Celsius) Fast tau error Fast amp error slow tau error slow amp error 

-10.3 5.68E-05 2.53E-06 1.78E-01 2.55E-03 0.0273 1.11E-03 4.02E-01 2.31E-03 

0.5 2.72E-05 1.05E-06 1.75E-01 2.13E-03 0.0153 4.60E-04 4.43E-01 1.84E-03 

11.4 1.74E-05 3.52E-07 1.90E-01 1.21E-03 0.0119 1.87E-04 4.75E-01 1.00E-03 

21.3 1.06E-05 2.33E-07 1.90E-01 1.34E-03 0.00645 1.17E-04 4.35E-01 1.08E-03 

31.8 8.06E-06 1.84E-07 1.87E-01 1.40E-03 0.00450 7.78E-05 4.58E-01 1.09E-03 

43 5.84E-06 1.11E-07 1.95E-01 1.23E-03 0.00313 4.38E-05 4.72E-01 9.22E-04 

51.8 4.14E-06 9.79E-08 1.95E-01 1.59E-03 0.00221 3.97E-05 4.45E-01 1.12E-03 
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Figure A.34: The correlation of 50 wt% sucrose at angles from 04.18 to 090  at a 

temperature of C03.10−  
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Table A.18: The fast and slowτ and amplitudes of 50 wt% sucrose at angles from 

C04.18 to 090 at a temperature of C03.10− . 

Angles 
(degrees) Fast tau error Fast amp error slow tau error slow amp error 

18.4 2.28E-03 4.31E-05 0.212 0.00127 1.41 3.02E-02 0.419 0.00121 

26.6 1.02E-03 2.15E-05 1.98E-01 1.31E-03 0.569 1.02E-02 5.00E-01 1.23E-03 

31 7.45E-04 1.64E-05 1.90E-01 1.32E-03 0.407 7.39E-03 4.91E-01 1.23E-03 

36.7 8.60E-04 2.61E-05 0.214 0.00223 0.265 9.03E-03 0.420 0.00215 

41 6.24E-04 2.34E-05 0.211 0.00277 0.176 7.47E-03 0.412 0.00267 

45 4.50E-04 1.49E-05 1.53E-01 1.61E-03 0.190 3.85E-03 5.13E-01 1.50E-03 

53.1 2.13E-04 5.90E-06 0.192 0.00171 0.0938 2.16E-03 0.483 0.00160 

56.3 1.61E-04 4.47E-06 1.78E-01 1.52E-03 0.0976 1.80E-03 5.47E-01 1.37E-03 

68.2 1.09E-04 3.25E-06 1.88E-01 1.71E-03 0.0828 1.84E-03 5.19E-01 1.52E-03 

76 8.68E-05 2.95E-06 1.81E-01 1.95E-03 0.0457 1.35E-03 4.31E-01 1.77E-03 

84.3 6.51E-05 2.83E-06 0.168 0.00236 0.0262 9.41E-04 0.416 0.00216 

90 5.68E-05 2.53E-06 1.78E-01 2.55E-03 0.0273 1.11E-03 4.02E-01 2.31E-03 
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Figure A.35: The correlation of 50 wt% sucrose at angles from 04.18 to 090 at a 

temperature of C03.21 . 
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Table A.19: The fast and slowτ  and amplitude of 50 wt% sucrose at angles from04.18 to 
090 at a temperature of C03.21 . 

Angles 
(degrees) Fast tau error Fast amp error slow tau error slow amp error 

18.4 9.28E-04 2.32E-05 0.202 0.00186 0.190 5.56E-03 0.383 0.00182 

26.6 1.71E-04 6.41E-06 1.37E-01 1.72E-03 0.0425 9.21E-04 4.75E-01 1.62E-03 

31 1.03E-04 3.65E-06 1.39E-01 1.60E-03 0.0326 6.39E-04 4.97E-01 1.47E-03 

36.7 5.57E-05 1.97E-06 0.126 0.00139 0.0278 4.37E-04 0.547 0.00121 

41 5.74E-05 2.00E-06 0.135 0.00154 0.0178 3.30E-04 0.494 0.00139 

45 4.26E-05 1.09E-06 1.38E-01 1.15E-03 0.0150 2.29E-04 4.53E-01 1.03E-03 

53.1 3.00E-05 1.82E-06 0.136 0.00263 0.0139 5.05E-04 0.439 0.00227 

56.3 2.47E-05 8.25E-07 1.28E-01 1.35E-03 0.0129 2.40E-04 4.36E-01 1.14E-03 

68.2 1.89E-05 4.16E-07 1.74E-01 1.22E-03 0.0107 1.62E-04 4.88E-01 1.02E-03 

76 1.55E-05 4.82E-07 1.49E-01 1.48E-03 0.00848 1.69E-04 4.37E-01 1.21E-03 

84.3 1.35E-05 3.45E-07 0.179 0.00146 0.00750 1.43E-04 0.456 0.00120 

90 1.06E-05 2.33E-07 1.90E-01 1.34E-03 0.00645 1.17E-04 4.35E-01 1.08E-03 
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Figure A.36: The correlation of 50 wt% sucrose at angles from 04.18 to 090 at a 

temperature of C08.51 . 
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Table A.20: The fast and slowτ and amplitude of 50 wt% sucrose at angles from 

C04.18 to 090 at a temperature of C08.51 . 

Angles 
(degrees) Fast tau error Fast amp error slow tau error slow amp error 

18.4 1.36E-04 3.30E-06 0.148 0.00118 0.0430 5.87E-04 0.528 0.00109 

26.6 4.20E-05 1.19E-06 1.24E-01 1.12E-03 0.0174 2.30E-04 5.09E-01 9.75E-04 

31 3.12E-05 9.81E-07 1.13E-01 1.12E-03 0.0150 1.92E-04 5.24E-01 9.44E-04 

36.7 2.01E-05 8.60E-07 0.138 0.00189 0.00921 2.16E-04 0.476 0.00159 

41 1.67E-05 6.32E-07 0.143 0.00172 0.00883 1.68E-04 0.529 0.00140 

45 1.48E-05 3.51E-07 1.75E-01 1.33E-03 0.00752 1.00E-04 5.82E-01 1.09E-03 

53.1 1.11E-05 2.96E-07 0.175 0.00150 0.00600 8.95E-05 0.571 0.001189 

56.3 9.24E-06 2.68E-07 2.03E-01 1.92E-03 0.00467 9.58E-05 5.31E-01 1.53E-03 

68.2 7.01E-06 3.69E-07 1.57E-01 2.72E-03 0.00392 1.39E-04 4.24E-01 2.08E-03 

76 6.01E-06 2.63E-07 1.92E-01 2.80E-03 0.00301 9.74E-05 4.71E-01 2.14E-03 

84.3 5.50E-06 1.59E-07 0.185 0.00180 0.00272 5.49E-05 0.472 0.00134 

90 4.14E-06 9.79E-08 1.95E-01 1.59E-03 0.00221 3.97E-05 4.45E-01 1.12E-03 
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Figure A.37: The graph of log τ -fast against T1000 for 50 wt% sucrose 
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Figure A.38: The graph of log τ -slow against T1000 for 50 wt% sucrose 
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Figure A.39: The graph of log τ -fast against log q for 50 wt% sucrose at temperatures 

of C03.10− , C03.21 and C08.51 . 
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Figure A.40: The graph of log τ -slow against log q for 50 wt% sucrose at temperatures 

of C03.10− , C03.21 and C08.51 . 
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