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Abstract

Brillouin light scattering was used to understand how the acoustic and mechanical

properties of gastropod mucus are influenced by temperature over the temperature

range -11 ◦C ≤ T ≤ 52 ◦C. Two peaks were observed in spectra obtained in this study,

one which was present throughout the full temperature range and at a frequency shift

of ∼ 8.0 GHz, while the other peak appeared at a shift of ∼ 18.5 GHz but only for tem-

peratures below ∼ −3.0◦C. Results for the 8.0 GHz liquid mucus peak showed minor

changes in both frequency shift and FWHM for temperatures greater than -2.5 ◦C. As

well, the intensity of this peak showed an overall increase as temperature increases.

For temperatures below -2.5◦C, the sound velocity for the mucus mode showed an

overall increase as temperature decreased, with a difference of ∼ 11% between the

sound velocity at T = -3.0 ◦C (1550 m/s) and -11.0 ◦C (1750 m/s). Moreover, the

liquid mucus bulk modulus was also obtained and also shows an overall increase as

temperature decreases in this temperature regime. Additionally, this 8.0 GHz peak

also revealed an exponential decrease in the FWHM as temperature increased with

linewidth ranging from 12 GHz to 0.6 GHz for temperatures T = -11.0 ◦C and 52.0 ◦C

respectively. Likewise, sound absorption values were also obtained in this study and

showed an exponential decrease as temperature increased with values ranging from

∼ 120 × 10−15 s2/m to ∼ 15 × 10−15 s2/m over the temperature range -11 ◦C ≤ T

≤ 52 ◦C for all samples. From the sound absorption, the interaction energy between
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the molecules in the mucus was obtained and showed a large change in its values for

temperatures above and below T = -2.5 ◦C. The second peak occurring at ∼ 18.5 GHz

deemed due to ice Ih showed very small changes in frequency and linewidth as tem-

perature decreases, as well it was seen that as the temperature decreased the intensity

of this peak generally increased. The sound velocity for this mode increases slightly

as temperature decreases with values ranging from 3800 to 3860 m/s for temperatures

T = -3.0 ◦C and T = -11.0 ◦C respectively. Likewise, the bulk modulus of the ice

slightly increases in this temperature regime. Collectively, the results from this work

suggest a phase transition between a viscous liquid state to a mixed solid-liquid state.

Comparison of the results obtained in this study is made to similar liquid systems

(i.e, water, water and polymer mixtures).
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Chapter 1

Introduction

1.1 Gastropod Mucus

The mucus of gastropods (e.g., snails and slugs) is a polymer hydrogel that has a

number of roles important for their survival. The polymers of the mucus consist

of long chains of glycoproteins that tangle together creating a polymer network [1].

Gastropods produce mucus for two main reasons, (i) lubrication for the purpose of

locomotion and (ii) as a defensive mechanism [2]. Depending on whether the mucus

is stimulated for either defense or for locomotion, this has an influence on both the

composition [3] (i.e, water and glycoprotein concentration) and adhesion, with the

composition and adhesion properties being different for each situation [4]. The mucus

produced is generally 10 µm to 20 µm thick and depending on the species of gastropod,

the mucus can contain anywhere from 91% to 98% of water by weight, with the

remaining composition comprising of high molecular weight glycoproteins [5].
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1.2 Glycoproteins

Glycoproteins are proteins that have carbohydrates that are linked to amino acid

side chains [6] by the process of glycosylation. This is when sugar molecules attach

covalently to proteins at nitrogen, oxygen and carbon atoms. [7]. Characteristics of

common glycosylated proteins are described in Table 1.1. The types of carbohydrates

that are bonded to proteins are known as polysaccharides, which are multiple sugar

molecules bonded together [8]. Figure 1.1 shows a simple schematic of a carbohy-

drate (sugar molecules) linked to an amino acid chain by the process of glycosylation.

Glycoproteins of some sort have been found in all organisms studied to date [9, 10].

An interesting property of glycoproteins is their ability to lower the freezing point

of liquids such as water, much like antifreeze. This feature resulted in certain glyco-

proteins being given the name "antifreeze proteins". It turns out that, due to evolu-

tionary changes, a lot of animals (e.g., Atlantic cod) have these proteins in some of

their bodily fluids to lower their freezing point in colder climates [11–15].

Table 1.1: Common types of glycosylation that occur with the mechanism that binds
sugar to an amino acid chain. An example of organism in which these types of
glycosylation is found is also provided.

Type Description Organism
N- Linked Sugar molecules bind to a nitrogen atom Humans [16], insects [16]

of the amino group asparagine. gastropods [17] and plants [18]
O-Linked Sugar molecules bind to the hydroxyl group Humans [16] and bacteria [19]

of serine or threonine. gastropods [17]
C-Linked Sugar molecule is added to carbon on the Humans [20] and bacteria [21]

amino acid tryptophan.
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Figure 1.1: A schematic representation of a glycoprotein which has a sugar molecule
(carbohydrate) depicted by different shapes linked typically but not exclusively to
nitrogen (N), oxygen (O) and carbon (C) which attach the sugar molecules to an
amino acid sequence depicted by the blue string.

There are a number of different antifreeze proteins and their properties vary depending

on the organism. Thus these proteins are organised into different types based on their

characteristic properties. There are two general classifications of antifreeze proteins

that either consist of glycoproteins (AFGPs) or nonglycoproteins (AFPs). There are

four sub-types of antifreeze proteins (AFPs) labelled Type I - IV. As well the mass

of the antifreeze proteins further characterizes the types of these proteins. Antifreeze

proteins with the lowest mass are those consisting of glycoproteins (AFGPs), and
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the highest mass is an antifreeze protein of Type IV. A complete description of the

difference in these proteins has previously been discussed [15]. It has been stated

that these antifreeze proteins do not prevent freezing, but rather control the size, and

aggregation of ice crystals which ultimately lowers the freezing point of an aqueous

solution containing AFGPs [15]. Another characteristic of antifreeze proteins is the

ability of a solution composed of a liquid and antifreeze proteins to exhibit thermal

hysteresis, a difference between the melting point and the temperature at which ice

formation occurs. The rate of cooling of a liquid can influence the thermal hysteresis

value of these proteins, thus rapid cooling can decrease the non-equilibrium freezing

point [11]. Thermal hysteresis will keep the fluid from freezing. Because of this

an organism may have the inability to adapt, and adjust its mucus composition in

response to a quick temperature drop [15].

1.3 Previous Studies on Gastropod Mucus

While there have been a few rheological studies of gastropod mucus elasticity, the

present work represents the first application of Brillouin light scattering to the study

of such mucus and also the first study of the temperature dependence of its elastic

properties.

The mechanical properties of A. columbinus pedal mucus were studied by measur-

ing the shear tenacity of mucus between two parallel plates under different hydration

and strain deformations regimes found in nature [5]. These are i) near full hydration

and small deformation, ii) full hydration and large deformation and iii) nearly dry and

large deformation. The study by Ref. [5] examines the possibility that the mechanical

properties of slug mucus poses limitations on the size and speed of gastropods. First,

studies were obtained on fully hydrated mucus (∼ 95 - 97%) at small strains (case i).
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It was shown that if the mucus is strained sinusoidally with respect to time at low

frequencies (< 0.1 Hz), the mechanical properties of the mucus were dominated by

its viscosity. However, over a long enough period of time (extremely low frequencies)

the mucus behaves as a pure liquid and continues to increase its strain as the period

increases. At frequencies on the order of 10 Hz the mucus behaves as a rubbery solid.

For case ii) the strain abruptly yields and the mucus behaves as a viscous liquid.

The yield strength of mucus in this case is dependent on strain rate: the faster the

deformation, the stronger the material. This dependence was shown to be described

by an exponential function. Similarly, the flow stress of the material increases as

a function of strain rate. This study also noted that the transition from liquid to

solid in this material is a reversible process. Hence, if the mucus is strained past its

yielding point, and behaving as a liquid, and then the strain rate is brought back to

zero strain within some small time frame, the molecular network returns back to the

original state. As well, deforming the material again will cause the mucus to again

behave as an elastic solid. Finally, studies on dried mucus (case iii) were performed

and it was shown that for hydration values between 97 % and 70 %, the stiffness of

mucus varies with hydration and has values ranging from 50 - 150 N/m2. However,

as the hydration drops below 70 %, the modulus increases rapidly until, at the lowest

possible hydration at room temperature (10.5 %), the shear modulus is about 5× 107

N/m2. Comparing this to hydration values between 70 % and 97 %, the difference is

about 200%. This is likely due to the fact that the material is becoming more solid-

like below about 70 % hydration. This study also found that when Littorina aspera

mucus was dried to 0% hydration by being sun baked at 60 ◦C, it had a modulus of

about 9.8 × 108 N/m2. The reason for the changes in stiffness with dehydration are

not known but the authors speculated that it is caused by glycoproteins that interact

with water molecules beginning to bond with each other as water is removed. This
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bonding increases the crosslinks between glycoprotein chains and as a consequence

increases the stiffness modulus. The work by these authors shows how the hydration

state can have a major influence on the mechanical properties of gastropod mucus

with some aspects still not well understood.

The structure and function of mucus was studied by using a strain gauge force

transducer to measure the shear tenacity of mucus in periwinkles (sea snails) and

limpets, both marine invertebrates [22]. This study describes the mucus as a dilute

polymer network with some solid characteristics but with most of its mass consisting

of water. It was also noted in this study that the interactions between polymers

cause the mucus to have high stiffness and viscosity. Adhesive gels can be formed

via molecules that entangle or crosslink to form a network of polymers. This study

also reported that limpet mucus has a wide variation in protein mass, ranging from

twenty to two hundred kDa. Limpet mucus also contains two to six times more

proteins than carbohydrates. The concentration of glycoproteins in gastropod mucus

used for adhesion differs from mucus used in locomotion (trail mucus) by about a

factor of two to three. The mucus of periwinkles was also studied and it was found

that specific proteins in the mucus make only adhesive bonds. Experiments on the

shear tenacity of limpet mucus was conducted by using both trail mucus and adhesive

mucus. For the trail mucus the shear tenacity was 2.7 ± 0.3 kPa, whereas the value

for adhesive mucus was found to be 190 ± 50 kPa. This comparison shows that the

mechanics of the two types of mucus is substantially different. A similar result was

obtained for periwinkle mucus. A few of the proposed causes for such changes were i)

change in the structure of mucus, ii) increased adhesion due to the animal clamping

down on a surface, and iii) increased tenacity due to Stefan adhesion [22–24]. This

study also attempted to test the impact of protein concentration in gastropod mucus

on the mechanical properties. The results showed a nearly linear increase in normal
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tenacity with protein concentration due to either the change in concentration or the

change in composition. The cause of this increase is still unknown but it has been

noted that the addition of proteins does increase adhesion, but increase in protein

concentration alone is not sufficient enough to account for the observed large increase

tenacity in actual gastropod mucus [22]. It is mentioned, however, that hydration

state does play a crucial role in the stiffness of mucus [5].

The mechanics of gastropod mucus was also studied by performing tensile tests

on the mucus of terrestrial slugs, Arion subfuscus [25]. It was noted that the mucus

of a terrestrial slug has an unusually high stiffness for a gel but retains the high

extensibility typical of other mucus. Experiments on unsoaked samples showed stress

increased linearly with strain with an average elastic modulus of 30 ± 5 kPa in the

region of low strain. A maximum stress of 101 ± 15 kPa was achieved at a strain of 3.8

± 0.6. After a strain of ∼ 5, the stress begins to flatten out with an average stress in

this region having a value of 48 ± 3 kPa. This study stated that freezing and thawing

the samples did not have much effect on the mechanical properties. It has been

suggested a priori that the mucus from gastropods could derive its stiffness from a

double network which is composed of a soft network that is the main component of the

material, along with a stiff highly cross-linked network. In this suggested arrangment

the two interacting networks are composed of glycoproteins which provide the soft

network and a network of negatively charged proteins that provide the stiff network.

Double networks depend on cross-linked proteins interacting with one another (known

as reversible bonds) as opposed to interactions via chemical reactions (covalent bonds).

Furthermore, the tensile tests performed in this study provide evidence that the mucus

gains its toughness via a double network type mechanism since the results showed a

the mucus to be stiff but also showed high extensibility. These two networks would

work together to create a much greater toughness and ultimately have two conditions
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for maximum toughness which are i) that the networks depend on reversible bonds

and not covalent bonds, and ii) that the two networks are not fully separated. The

tensile tests also made the observation that carbohydrates play a much bigger role in

the toughness of materials than expected, but the true influence of carbohydrates on

mucus toughness is still unknown.

1.4 Previous Studies on Related Liquids

Due to the fact that no previous studies on snail mucus have been performed using

Brillouin light scattering and ultrasonics, this section reviews studies of the acoustic

properties of the related systems such as solutions of glycerol-water, polyethylene

glycol (PEG) and water, polyvinylpyrrolidone (PVP) and water as well as normal

and supercooled water and ice Ih. The aqueous solutions of glycerol-water [26], PEG-

water [27] and PVP-water [28] will be discussed due to their similar compositions to

that of mucus (i.e, mixtures of polymers and water). Normal and supercooled water

have been previously studied by Brillouin scattering [29–31] as well by ultrasound [32]

and would be a good comparison of work done in this project due to slug mucus mostly

consisting of water. As well comparisons to supercooled water and slug mucus below

0 ◦C are necessary since supercooled water is able to stay in a liquid phase below T =

0 ◦C similar to slug mucus as discussed later in Chapter 4. Finally, studies on ice Ih

will be reviewed here to support the presence of ice crystallites forming in the mucus.

Brillouin scattering has been used to study several samples of polyethylene gly-

col (PEG) and water mixtures with different concentrations of water [27] over the

temperature range 290 K ≤ T ≤ 380 K. Sound velocities obtained for PEG-water so-

lutions with about ∼ 95% water concentration showed that as temperature increased

the velocity increased. The sound velocity varied from ∼ 1520 m/s at T = 300K to ∼
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1600 m/s at T = 360K. The magnitude of sound velocity for PEG-water is greater for

temperatures above T = 0◦C than the sound velocity of water in this same tempera-

ture region. Both the sound absorption for PEG-water and pure water showed that

as the temperature is increased, the sound absorption decreases. These results are

consistent with what has previously been seen for the sound absorption in water [29].

The values of sound absorption for PEG-water at T = 300K and 360K were found to

be 40 ×10−15 s2/m to 20 ×10−15 s2/m, respectively.

The sound velocity and sound absorption of polyvinylpyrrolidone (PVP) and water

solutions as a function of temperature has been studied using ultrasound [28] over the

range 20◦C ≤ T ≤ 45◦C. For concentrations of 5% PVP and 95% water the sound

velocity increased as temperature increased. The sound velocity varied from 1510

m/s at T = 0◦C to 1560 m/s at T = 45◦C. Likewise, the sound absorption showed

a nonlinear decrease in sound absorption as temperature increased. Values obtained

in this study ranged from 55 ×10−15 s2/m at T = 20◦C and 35 ×10−15 s2/m at T =

45◦C. The overall trends for the sound velocity and sound absorption are consistent

with other aqueous solutions previously studied [27]. As well, the results from this

work show similarities in both the sound velocity and sound absorption to what has

previously been reported for water [29–32] in the sense that all studies show a general

increase in velocity and decrease in sound absorption as temperature increases.

Brillouin scattering was used to measure the sound velocity and sound absorption

in normal and supercooled water over the temperature range -10◦C ≤ T ≤ 10◦C [29].

The results obtained in that experiment showed a linear temperature dependence

increase in sound velocity with values obtained ranging from 1390 m/s at T = 0 ◦C

to 1550 m/s at T = 70 ◦C. For temperatures greater than 70 ◦C the sound velocity

begins to plateau until about 90 ◦C after which the velocity slightly decreases. In the

supercooled regime T ≤ 0 ◦C, the sound velocity decreases rapidly at a rate of -11.0
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m/s/◦C. Studies on sound absorption as a function of temperature were also obtained

in this work and showed that the damping of sound waves displayed a maximum

damping of 70 ×10−17 s2/cm at T = -10◦C. This work also showed the temperature

dependence of sound absorption decreased exponentially as temperature increased

with the lowest value being 5 ×10−17 s2/cm at T = 70 ◦C. The sound velocity of

water was also obtained from Brillouin scattering as a function of temperature over

the range 0◦C ≤ T ≤ 50 ◦C [31]. Results showed the sound velocity varied from ∼

1400 m/s at T = 0 ◦C to 1540 m/s at T = 50 ◦C. Results are consistent with previous

studies on water for this temperature range [29,30].

Similarly, Brillouin scattering was also used to obtain sound velocity and sound ab-

sorption measurements on normal and supercooled water over the temperature range

-20◦C ≤ T ≤ 20◦C [30]. A large change in sound velocity was observed with a min-

imum velocity of about 1250 m/s at T = -20◦C and a maximum of approximately

1470 m/s at T = 20◦C, which is consistent with previous results for water [29]. Sound

absorption showed a maximum value of 120 ×10−15s2/m at T = -20◦C and expo-

nentially decreased to 20 ×10−15s2/m at T = 20◦C. Both sound velocity and sound

absorption obtained for water in this study are consistent with previous results on wa-

ter [29,31,32] as well with results obtained for polyethylene glycol-water mixture [27].

These studies all show that as temperature increases, the sound absorption decreases.

The temperature dependence of sound absorption of ultrasonic waves in water

was obtained for temperatures in the range 0◦C ≤ T ≤ 33◦C [32]. Results showed an

exponential decrease as temperature increased. Values ranged from 137 ×10−15 s2/m

at T = 0◦C and 40×10−15 s2/m at T = 33◦C. These results are quite different from the

sound absorption values previously obtained by Brillouin scattering [29,30]. Values of

sound absorption for water obtained by ultrasonic waves are approximately 3 times

the values obtained by Brillouin scattering at T = 0 ◦C and T = 30 ◦C [29,30]. The
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difference between the sound absorption obtained by the two methods, may suggest

that the sound absorption is sensitive to one method over the other.

Ultrasound was also used to study the temperature dependence of sound absorp-

tion in an aqueous solution of glycerol in water [26] over the range 30◦C ≤ T ≤

60◦C. Results showed that for a concentration of 15% glycerol and 85% water the

sound absorption increases slightly from ∼ 300 ×10−15s2/m at T = 25◦C to ∼ 600

×10−15s2/m at T = 60◦C. This increase in sound absorption as temperature increases

is unlike what has been observed in previous studies on other polymer and aqueous

solutions [27, 28]. As well, this behaviour is different than that of water [29, 31, 32].

The overall magnitude of the sound absorption in a glycerol-water mixture is about

10 times bigger than for previous studies on water, and solutions of PEG-water and

PVP-water [27–30].

Brillouin spectroscopy on ice including Ih was performed at a temperature of T =

-35.5◦C [33]. The longitudinal velocity of ice Ih was reported having a value of ∼ 3900

m/s. The bulk modulus for this ice Ih mode was obtained and reported having a value

of 9.24 GPa. Likewise, Brillouin scattering on several samples of ice Ih at temperatures

were studied [34,35] and the velocity for the longitudinal mode of ice Ih was reported

to have values of 3750 m/s at T = -3.0◦C and 3830 m/s at T = -16.0◦C [34,35]. The

bulk modulus for ice Ih was also reported having a value of 8.89 GPa in Ref. [35] at

T = -16.0◦C and. This value is within ∼ 10% to the value previously reported for ice

Ih [33]. The values reported for ice are comparable throughout each study, and values

are expected to be slightly different for different temperatures.

As can be seen from the previous studies discussed throughout this chapter, the

sound velocity of related liquids increases with decreasing temperature, whereas the

sound absorption decreases with increasing temperature. This behaviour is consistent

in both studies that use Brillouin scattering [28–30] as well as the studies that use
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ultrasonics [32]. However, it is surprising that the temperature dependence study

on glycerol by ultrasonics show that the sound absorption increases with increasing

temperature [26]. One possible cause of this difference could due to the fact that

the glycerol to water concentration was higher than the previous polymers to water

studies. Based on these results, it should be expected that a similar trend is expected

for slug mucus as a function of temperature.

1.5 Motivation

As was mentioned earlier in this chapter, the temperature dependence of the elastic

properties of gastropod mucus has not been investigated. In this study, Brillouin spec-

troscopy was used to probe this dependence and also to characterize the nature of a

previously unknown phase transition in this system. In doing so, this work contributes

to our understanding of nucleation in biological systems and further demonstrates the

capabilities of Brillouin scattering in the study of natural materials.

In addition to the scientific motivation mentioned above, slug mucus has gained

a lot of attention in recent years due to its possible applications in medicine [36].

Research is being done to try and understand how to effectively create non-toxic,

medical adhesives that could replace typical sutures currently being used in medicine.

Slug mucus has the ability to adhere to wet surfaces which is very interesting and

shows promise to replace sutures being used to close wounds inside the human body

[36]. Characterization of the elastic properties and how they vary with temperature,

especially over the normal body temperature range, will certainly be important in the

development of such applications.
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1.6 Scope

This thesis presents the results of a study on the temperature dependence of the

elastic properties of gastropod mucus by Brillouin spectroscopy. Chapter 1 provides

an introduction to gastropod mucus and reviews previous studies on related sys-

tems such as water, mixtures of water and polyethylene glycol, glycerol-water, and

polyvinylpyrrolidone-water as well as ice Ih. Chapter 2 reviews Brillouin scattering

theory and the quantities (sound velocity, sound absorption and bulk modulus) that

can be obtained from Brillouin spectra. Chapter 3 describes the apparatus, including

the heating and cooling system and the optical setup. Chapter 4 presents the results

obtained in this work and comparisons to the findings of previous studies on related

systems. Finally, Chapter 5 summarizes the results obtained in this work.



Chapter 2

Theory

2.1 Theory of Brillouin Scattering

In order to understand Brillouin scattering in liquids, the underlying theory behind

Brillouin scattering will first be outlined. Both the classical and quantum mechanical

approaches to Brillouin scattering will be discussed, leading to an equation relating

frequency shift and acoustic phonon velocity. Later in this chapter a derivation of

Brillouin scattering in liquids will be presented and from this derivation a relation-

ship between the spectral line shape, phonon velocity and frequency shift will yield

information about sound absorption of phonon modes. As well, the theory behind the

mechanical properties of liquids will be presented in this chapter.

2.1.1 Classical Theory

In the classical theory of thermal scattering for temperatures T ≥ 0K, a medium is

treated as if elastic waves of all frequencies were passing through it in all directions

and its internal structure is disregarded [37]. The frequency shift of light incident on

a medium can be derived by considering the interaction between a light wave with

14
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frequency fi and wavelength λi and a mechanical plane wave travelling in a medium

with frequency fs. These plane waves can be represented by regions of higher and

lower densities as depicted in Fig 2.1. Constructive interference of light occurs when

the Bragg condition

λi = 2nd cosφ

where d is the distance between planes and φ is the angle of incidence, is satisfied. It

should be noted that, since the angle of incidence must equal the angle of reflection,

the scattering angle θ then becomes θ = π− 2φ so that the Bragg condition becomes

λi = 2nd sin θ2 = 2nλs sin θ2 . (2.1)

Figure 2.1: Schematic of scattering due to a Bragg reflection off thermally excited
sound waves.

If the planes in Fig 2.1 are now moving with a velocity ~v then the scattered light is
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Doppler-shifted by an amount,

f = ±2fivn
c

sin θ2 (2.2)

where c is the speed of light in vacuum and n is the refractive index of the medium.

Eqn 2.2 is the well known Brillouin equation presented by Leon Brillouin in 1922 [38].

It should be noted that for a 180◦ backscattering geometry, like that used in the

present work, then θ = 180◦.

2.1.2 Quantum Theory

Brillouin scattering can also be described quantum mechanically by considering the

interaction between an incident photon and a medium resulting in the creation or

annihilation of an acoustic phonon as shown schematically in Fig 2.2.

Figure 2.2: Schematic of the process of creation (Stokes) and annihilation (anti-
Stokes) of a phonon in the process of light scattering. ω, K - frequency and wave
vector of incident and scattered light. Ω, q - frequency and wave vector of the phonon.
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For this scattering process, conservation of energy and momentum yield

h̄ωs = h̄ωi ± h̄Ω (2.3)

and

h̄Ks = h̄Ki ± h̄q (2.4)

where the indices i and s represent incident and scattered light, respectively. As well,

ω and K are the frequency and wavevector of light, respectively and Ω and q are the

frequency of the phonon and wavevector of the phonon, respectively.

It is now possible to write Eqn 2.4 in component form where the components

are parallel and perpendicular to the phonon propagation as shown in Fig 2.2. The

components of the wavevector for the scattered light are then

Ks‖ = Ki‖ ± q‖ (2.5)

and

Ks⊥ = Ki⊥ ± q⊥ (2.6)

From the geometry shown in Fig 2.2 we see that q⊥ = 0 and q‖ = q. Also since the

frequency shift of Brillouin scattering is much less than that of the incident (scattered)

light it is possible to use the approximation Ks ≈ Ki, and then rearranging Eqn 2.5

yields,

Ki sin(−θ2) = Ki sin(θ2)± q (2.7)

where θ/2 comes from the geometry of Fig 2.2.
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The magnitude of the phonon wavevector q can then be written as,

q = 2nKi sin(θ2). (2.8)

Now using the following relations,

fs = vq

2π (2.9)

and

fi = cKi

2π (2.10)

it is now possible to write Eqn 2.8 as,

f = 2finv
c

sin θ2 (2.11)

which is equivalent to the result obtained previously in the classical derivation. Again,

θ = 180◦ for the backscattering geometry used here.

2.2 Brillouin Scattering in Liquids

In order to obtain more information on the scattering process we must now extend

the derivations to the classical theory of scattering. First we begin by allowing the

electric field of incident light to have the plane wave form of

Ei(~r, t) = E0 exp[i(k·~r − ω0t)] (2.12)

as represented in Fig 2.3. The incident light wave produces an oscillating polarization

P(~r, t) in the medium. This polarization in the infinitesimal volume |d~r| radiates an
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electric field whose value at the field point ~R is given by

d ~Es(~R, t) =
d2

dt2
P(~r, t− |~R−~r|

c
) sinφ|d~r|

c2|~R− ~r|
(2.13)

where φ is the angle between incident ~Ei and and wave vector k′ of the scattered light

wave (not shown in Fig 2.3) [39].

Figure 2.3: Schematic of an incident wave ~Ei incident on a medium with volume
element |d~r| where ~r is the source point and ~R is the field point.

Recall that the polarization P(~r, t) is related to the incident field via the electric

polarizability α(~r, t) which can be written as

P(~r, t) = α(~r, t) ~Ei(~r, t). (2.14)

where,

α(~r, t) = ε(~r, t)− 1
4π

In the presence of thermally excited sound waves, both α and ε (dielectric constant)

are functions of both position ~r and time t [39].

It is now possible to calculate the second derivative of P(~r, t) with respect to time

(as required by Eqn. 2.13). If ~R� ~r then by integrating over the illuminated volume,
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Eqn. 2.13 the electric field at ~R becomes [39],

~Es(~R, t) ∼= E0(ω0

c
)2 exp[i(k · ~R− ω0t)] sinφ

~R
·
∫
V
α(~r, t) exp[i(k− k′) · ~r]|d~r| (2.15)

where k′ = 2π/(λi/n) and where V is the volume illuminated by the incident wave.

Thus, the scattered field is a spherical spreading wave whose amplitude is determined

by the interference integral which is the last term in Eqn. 2.15.

I =
∫
V
α(~r, t) exp[−i(q · ~r)]|d~r| (2.16)

where q = k′−k from Fig 2.1. The interference integral represents the superposition

having different phases of waves, scattered from all points in the medium [39]. The

polarizability can be written in terms of its average and fluctuations about the average

such as

α(~r, t) = 〈α〉+ δα(~r, t) (2.17)

where 〈α〉 and δα(~r, t) are the average polarizability and fluctuations about the aver-

age, respectively. Upon substitution of Eqn. 2.17 into Eqn. 2.16 one obtains

I =
∫
V
〈α〉 · exp[−i(q · ~r)]|d~r|+

∫
V
δα(~r, t) exp[−i(q · ~r)]|d~r|

and since the average polarizability 〈α〉 term in the integral does not depend on ~r, the

volume integral in the first term will produce scattering only in the forward direction

q = 0 [39]. This means scattering in any other direction is caused purely from the

fluctuation term δα(~r, t). In order to evaluate this term the fluctuations are written

terms of Fourier components,

δα(~r, t) = 1
(2π)3/2

∫
|d~q|exp[i~q · ~r]δα(~q, t) (2.18)
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where ~q on the right hand side is just a variable used for a Fourier transformation.

Substitution of Eqn. 2.18 into Eqn 2.16 then yields

I = 1
(2π3/2)

∫
| d~q | δα(~q, t)

∫
V

exp[i(~q − q) · ~r]|d~r| (2.19)

however the last term in Eqn.2.19 is the Dirac delta function,

∫
exp[i(~q − q) · ~r]|d~r|= (2π)3δ(~q − q) (2.20)

which is zero unless ~q = q.

It is now possible to write a formula for the scattered field using Eqn 2.20, 2.19,

2.15 and δα = δε/4π, the result is

~Es(~R, t) = E0
(ω0

c

)2 sinφ
4π

exp[i(k · ~R− ω0t)]
~R

(2π)3/2δε(q, t) (2.21)

where the term δε(q, t) is given by [39],

δε(q, t) = 1
(2π)3/2

∫
|d~r|exp[−iq · ~r]δε(~r, t) (2.22)

To find the spectrum and intensity of scattered light we use the fact that the

spectral density of E2
s ( ~R, t) is the Fourier transform of the correlation function of the

scattered field. The correlation function of the electric field RE, is a function of the

correlation time τ and is defined by [39],

RE(τ) = 〈 ~Es(~R, t+ τ) · ~E∗S(~R, t)〉

= lim
τ→∞

1
2T

∫ T

−T
~Es(~R, t+ τ) · ~E∗S(~R, t)dt,

(2.23)

which has the property that when τ < 0 then RE(τ) = 0 [40]. The spectral density
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of the scattered radiation S(q, ω) is given by,

S(q, ω) = 1
2π

∫ ∞
−∞

RE(τ)eiωτdτ (2.24)

and is normalized via [40], to give

〈| ~E(~R, t)|2〉 = RE(0) =
∫ ∞
−∞

S(q, ω)dω. (2.25)

It is now possible to use the function in Eqn 2.21 to express the correlation function

RE(τ) in terms of the correlation δε(~r, t) and thus obtain a general expression for the

spectral density [40],

S(q, ω) = E2
0i

(ωi
c

)4 sin2 φ

(2πR)2 (2π)3 · 1
2π

∫ ∞
−∞

Rδε(τ)eiωiτeiωτdτ. (2.26)

However there is now a new problem that arises from this result and that is finding

an expression for the term Rδε where

Rδε = 〈δε(q, t+ τ)δε∗(q, t)〉 (2.27)

is the correlation function for fluctuations in the dielectric constant ε. To find a

solution to this problem we begin by considering two independent thermodynamic

variables, pressure (P) and entropy (S), fluctuations in the dielectric constant can

then be expressed as,

δε =
( ∂ε
∂P

)
S
· δP (q, t) +

( ∂ε
∂S

)
P
· δS(q, t). (2.28)

If now we assume the fluctuations in P and S are uncorrelated with respect to one

another, then each term can be written separately. Considering only the first term
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since this corresponds to adiabatic pressure fluctuations which are essentially sound

waves then,

δε =
( ∂ε
∂P

)
S
· δP (q, t) (2.29)

We note here that the term δP (q, t) is the Fourier amplitude of the spatial component

of pressure with a wavelength of 2π/q. We can assume that the sound wave travels

with some angular frequency ±ωs(q) and has a lifetime of 1/Γ(q), in which case the

correlation function of sound then becomes [40],

Rδε(τ)sound =
(∂ε
∂p

)2

S
· 〈|δP (q, t)|2〉e±iωte−Γ|τ | (2.30)

It is now possible to rewrite the expression for spectral density for sound waves in

Eqn 2.26 by substituting Rδε(τ)sound in Eqn 2.30 for Rδε(τ) in Eqn. 2.27 and solving

the integral to get [40]

[
S(q, ωs)

]
sound

= E2
0i

(ωi
c

)4 sin2 φ

(2πR)2 (2π)3 ·
(∂ε
∂p

)2

S
· 〈|δP (q, t)|2〉

1
π
·
( Γ2(q)

Γ2(q) + (ω − (ωi − ωs))2 + Γ2(q)
Γ2(q) + (ω − (ωi + ωs))2

) (2.31)

The last two terms in this expression represent Brillouin doublets which are centered

at the frequencies, ω = ωi−ωs and ω = ωi+ωs. The general line shape of this spectral

function is a Lorentzian which is broadened by the factor 1/Γ(q). The full width at

half maximum (FWHM) of this function is given by [41]

∆ωB = Γ(q) = 1
2ρ

[
4
3ηs + ηb + κ

Cp
(γ − 1)

]
q2. (2.32)

where etas,b is the shear and bulk viscosity, κ is the thermal conductivity of the liquid,

ρ is the density of the liquid, and γ = Cp/Cv is the ratio of specific heat at constant

pressure Cp to the specific heat at constant volume Cv. The last term on the right is
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neglected since γ−1 ' 0 [29]. Taking this into consideration we can rewrite Eqn 2.32

as the following:

Γ(q) = 1
2ρ [43ηs + ηb]q2 = 1

ρ
η0

2π2n2

λ2
i

(2.33)

where η0 = 4
3ηs + ηb is the apparent viscosity and q = 4πn

λi
where n and λi are the

refractive index and wavelength of incident light, respectively. If the shear viscosity,

as well as other quantities (ρ, λi, and n) are known then the bulk viscosity of the fluid

can be found from the FWHM of Brillouin peaks.

The result of the above derivation is a spectrum consisting of the intensity of the

scattered light as a function of frequency where peaks are due to phonon modes. A

typical spectrum for an isotropic liquid at room temperature is shown in Fig 2.4.

Brillouin spectroscopy is a useful technique for the study of molecular interactions

in a fluid. The FWHM of Brillouin spectral peaks can yield important quantities of

a fluid such as viscosity (as discussed previously) and also information on absorption

of sound waves. Using the expression for FWHM ∆ωB in Eqn.2.32 along with the

velocity of sound waves v(q) obtained in Eqn. 2.11, then it is possible to calculate

the frequency independent sound absorption α/f 2 given by [40],

α

f 2 = π∆ωB
v(q)f 2 (2.34)

The equations derived in this section are necessary for obtaining the results pre-

sented later in Chapter 4. The frequency shift obtained from Brillouin spectra will

be used to calculate phonon velocities from Eqn. 2.11. As well, from the FWHM it

is also possible to observe how the attenuation of sound waves varies as a function of

temperature by using the relation in Eqn. 2.34.
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2.3 Mechanical Properties of Fluids

The following discussion of mechanical properties of fluids, in particular, bulk mod-

ulus, follows the derivation previously presented in Ref. [40]. To begin consider a

longitudinal wave propagating in an isotropic homogeneous medium where the par-

ticles in the medium oscillate in the direction of wave propagation. Consider the

motion of an element (dx) of the medium which is small compared to the wavelength

of sound and is initially contained between two plates, A and B with unit area, as

seen in Figure 2.5.

Figure 2.4: Schematic of a typical Brillouin spectrum for a liquid at room temperature.
L indicates that these are longitudinal modes. E is the elastically scattering light via
laser light.
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Figure 2.5: Schematic of wave propagation in an element of length dx in an isotropic
medium between two plates A and B at time T = 0 (Top). (Bottom) After some
time T = τ there is motion (depicted by arrow) in the medium, where element dx is
now at positions A′ and B′ where the length of the element is now dx + dσ.

The plates are initially at distances x and x + dx from an arbitrary reference point,

and oriented perpendicular to the propagation direction. Let us begin by stating that

ρ is the initial density of the medium with no sound waves present. In this case the

mass of element dx is ρdx. After some time τ the element is now displaced to the

position A′ and B′, where A′ is the distance x + σ from the origin and the length of

the new element is dx+ dσ. Utilizing the conservation of mass, the new density ρ′ is

given by [40],

ρ′ = ρ
dx

dx+ dσ
(2.35)

The magnitude of the net force acting on the element is given by F = PA where A is

the area (in this case unit area) and P = PA−PB is the hydrostatic pressure produced

by the pressure of sound waves contained between plates A and B. Now setting this

force equal to the product of mass of fluid contained in the volume element and its

acceleration, one obtains
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F = (PA′ − PB′)A = (ρgh)A = (∂P
∂x

dx)A (2.36)

where the hydrostatic pressure (PA′−PB′) is equal to ρgh (Stevin’s law) [42] and here

the effects of gravity are neglected due to the small volume being considered [40].

Likewise, since we also have

F = ρdx
d2σ

dt2
(2.37)

where ρdx is the mass of element dx and d2σ

dt2
is acceleration since the plates have

moved an additional distance σ with time t. Then equating Eqns. 2.36 and 2.37,

ρ
d2σ

dt2
= ∂P

∂x
= ∂P

∂ρ
· ∂ρ
∂x

= ρ
∂P

∂ρ

d2σ

dx2 (2.38)

The equation of motion then becomes,

d2σ

dt2
= ∂P

∂ρ

d2σ

dx2 (2.39)

From this result the factor ∂P
∂ρ

has units of velocity squared [40], hence we can write

v2 = ∂P

∂ρ
(2.40)

Now assume that all the processes in a sound wave are reversible and adiabatic, then

we can relate the velocity of the sound waves to the adiabatic bulk modulus [40],

B = − 1
V

(∂P
∂V

)
S

= ρ
(∂P
∂ρ

)
S
. (2.41)
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Now we can rewrite Eqn 2.40 as

v2 = ∂P

∂ρ
= B

ρ
. (2.42)

where v is the sound velocity, B is the bulk modulus, and ρ is the density of the

material. In Brillouin scattering we can obtain the adiabatic bulk modulus from Eqn.

2.42 using the density ρ and velocity of sound waves from Eqn. 2.11.



Chapter 3

Experimental Setup

3.1 Sample Preparation

The gastropod mucus used in this work was bought commercially online at AliExpress

and the precise composition of water and glycoproteins in this particular sample is

unknown. The mucus was visually clear and looked like water to the eye, was quite

viscous and was slimy to the touch. The mucus was kept in a sealed container at room

temperature until a sample was extracted for use in experiments. The slug mucus was

injected via syringe into a glass sample cell approximately 3/8" in diameter and about

∼ 15 cm long. The sample cell was sealed at one end by means of glassblowing and

on the other end with a Teflon cap and epoxy. Due to expansion of the mucus during

freezing, only approximately half of the glass cell was filled for experiments. After

loading, the glass cell was placed in a sample holder as shown in Fig 3.2.

29
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3.2 Variable Temperature Cell

Figure 3.1: Schematic representation of variable temperature cell for front view i)
and side view ii) used for heating and cooling samples. A - Electrical feed through,
B - Vacuum feed through, C - Cooling Tubes, D - Silicon Diode, E - Brass Sample
Holder, F - 50 Ω Resistor, G - Aluminum cell, H - Brass Plate. Image on the right is
the actual apparatus used except for the aluminum cell.

A schematic representation of the variable temperature cell is shown in Fig 3.1. The

sample holder was made from brass due to its extremely good thermal conductivity.

The sample holder as shown in Fig 3.2 has two holes both 3/8" in diameter which can

be used interchangeably for holding a sample in a glass vial and capable of holding

a resistor. A thermal paste was added between the sample cell and sample holder

such that there is good thermal contact between the glass sample cell and sample

holder. It was necessary first to test the heating capability of multiple resistors to

ensure the sample holder could heat up to the desired temperature. Resistors ranging
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from 50 - 1000 Ω were tested and as a result of the heating tests, the 50 Ω resistor

heated the quickest and was able to reach a temperature of 50 ◦C. An electrical feed-

through was used for wiring the resistor and silicon diode. The resistor used is capable

of achieving temperatures above 60 ◦C and was therefore suitable for this work. A

roughing pump capable of achieving pressures of 10−3 Torr was used for evacuating

the sample chamber to allow for proper temperature control of the sample holder.

The cooling tubes allowed a fluid, in this case anti-freeze, to flow through the sample

holder E in Figure 3.2. However, it was first necessary to test the cooling capabilities

of the circulating bath from NESLAB Instruments. Tests were performed by allowing

the antifreeze to flow through the cooling tubes and hence the sample holder in an

attempt to achieve the lowest temperature. After 30-45 min, the temperature of

the sample holder reached ∼ -22.0 ◦C. A second attempt, however, achieved only

a temperature of ∼ -11.0 ◦C. The circulating bath was also capable of heating the

sample holder via an internal heater in the circulating bath. This feature was used

mainly to ensure temperature was maintained. A DT-670 series silicon diode from

Lakeshore Cryotronics was used as a temperature sensor. The temperature, accurate

to about ± 0.5 K, was obtained from the diode voltage using a standard calibration

curve provided by Lakeshore Cryotronics.
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Figure 3.2: Schematic representation of brass sample holder used in the variable
temperature cell. C - Cooling Tubes, D - Silicon Diode. Image on the right shows the
actual brass holder used, F - Resistor, SW - Sample window.

A roughing pump and a temperature controller from Lakeshore Cryotronics which is

shown in Fig 3.3 were also connected to the variable temperature cell. Operation of

the temperature cell was fairly simple, however there were slightly different procedures

for heating and cooling. First it was necessary to ensure that the temperature cell

was fully evacuated. To do so the roughing pump was turned on for approximately 5

minutes. The roughing pump used was capable of evacuating the cell to about 10−2

to 10−3 Torr after just a few minutes. Next a voltage was set on the temperature

controller (see Fig 3.3), corresponding to a temperature based on the standard curve

provided by Lakeshore Cryotronics. The temperature of the sample holder, and hence

the mucus, was monitored by a silicon diode as mentioned previously. If at first

the sample was to be heated up, then after setting the voltage on the temperature

controller, again corresponding to the desired temperature, then the 50 Ω resistor

would begin heating the sample. To ensure the sample did not get too hot, the
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circulating bath was turned on once the sample was close to the desired temperature.

At this point it was crucial to adjust the knobs on the temperature controller (See

Figure 3.3) to make sure the NULL meter reads 0. This was to assure that the heater

(resistor) would turn off and the sample did not get too hot. If the sample holder

started to cool below the desired temperature, the NULL meter would deviate from

0 and the heater would turn back on.

Figure 3.3: Image of temperature controller by Lakeshore Cryotronics used in this
study.

The cooling process was similar to that for heating, except for the fact that initially

the cooling control on the circulating bath was first turned on. Next the desired

temperature on the circulating bath was selected using its dial. To ensure the sample

did not get too cold, the temperature was set on the temperature controller and the

heater was on if the sample holder got too cold. The circulating bath also had a built

in heater so if the sample holder got colder than the desired temperature, the heater

in circulating bath would turn on.

3.3 Brillouin Scattering Optical System

To collect Brillouin spectra of gastropod mucus, the optical setup shown in Figure

3.4 was used. The scattering geometry was a 180◦ backscattering with a Nd:YVO4
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Figure 3.4: Optical setup for Brillouin scattering used in this study. V1,2 - Variable
neutral density filter, H - half wave plate, B - beam splitter, M1,2 - mirror, F1,2 - filter,
VNDF - variable neutral density filter, A - aperture L- lens, P- prism, VTC - variable
temperature cell.

solid state laser of wavelength 532 nm and output power of 2W as the incident light

source.

The beam from the laser passes first through variable neutral density filter V1 to

reduce power and then passes through half-wave plate H to rotate the polarization of

light from vertical to horizontal. Beam splitter B splits the beam such that part of

the beam is reflected and the other part is transmitted. The portion that is reflected

is used for aligning the Fabry-Perot Interferometer. This portion passes through an

aperture A, then hits a mirror M1, which redirects the beam through another variable

neutral density filter V2 where it then enters the Fabry Perot as a reference beam. The

portion transmitted through the beam splitter hits a mirror M2 which redirects the
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beam through filters F1 and F2 to further reduce the beam power as it passes through

another variable neutral density filter V2 that reduces beam power to ≈ 100 mW. The

beam then approaches a prism P where the beam is redirected and then focused on the

sample inside the variable temperature cell (VTC) discussed previously by a camera

lens LC of focal length 5 cm. This camera lens was used to collect backscattered

light from the sample and had an aperture of f/2.8. The scattered light from LC is

then focused on the input pinhole of the Fabry-Perot interferometer by lens L of focal

length f = 40 cm. For this study the input pinhole was set to 450 µm.

The scattered light was analyzed by a six-pass tandem Fabry-Perot interferometer

manufactured by JRS Scientific Instruments, a schematic of the apparatus can be

seen in Fig 3.5 after Ref. [43]. This instrument is comprised of two Fabry-Perot

interferometers labelled FP1 and FP2 with slightly different mirror spacings. The free

spectral range used in this work was 30 GHz and the finesse was F ∼ 100.

After passing through the input pinhole, light is directed by mirrors M1 and M2

through aperture A1 and is incident on FP1. Only frequencies that satisfy

fm = m
c

2nl cos θ (3.1)

are transmitted. Here m is any integer, n is the refractive index of the medium

between the Fabry-Perot mirrors, and l is the mirror spacing and θ is the angle of

incidence. Note that n = 1 in this work since the medium between the Fabry-Perot

plates is air and θ = 0◦ since the light is incident normally on the Fabry-Perot mirrors.

Equation 3.1 defines the resonance frequencies of the Fabry Perot [44] which then

passes through aperture A2.
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Figure 3.5: Schematic showing setup and optics of Fabry Perot interferometer. Mirror
- M1,2,3,4, Lens - L1,2, Fabry Perot interferometer - FP1,2, spacing of FP1,2 - d1,2, Prism
- P , Photomultiplier - PM.

Light leaving aperture A2 enters FP2 after being redirected from mirror M3. Since

this is essentially the same Fabry-Perot as FP1, only frequencies satisfying Equation

3.1 will again be transmitted. The beam is then incident on prism P1 which redirects

the beam back through aperture A2. This beam passes through both Fabry Perot

interferometers as well as through apertures A1 and A2 which is focused by lens L1

onto mirror M4. Mirror M4 redirects the beam back through lens L1 after which it

completes another pass through the two interferometers, is incident on mirror M6

and is detected by the photomultiplier tube PM. The photomultiplier tube sends

information in electronic form to a computer which displays the frequency spectrum.



Chapter 4

Results and Discussion

4.1 Brillouin Spectra - General Features and Mode

Assignment

Preliminary studies were initially collected on water and on mucus at room temper-

ature as seen in Fig 4.1. It is evident that both the frequency shift between the two

are very similar. Preliminary spectra yield frequency shifts of 7.3 GHz and 8.0 GHz

for water and mucus, respectively. As well previous studies on water obtained a fre-

quency shift for water of approximately 7.3 GHz which is very close to the frequency

shift of mucus [45]. This is expected since mucus is composed mostly of water so one

would expect the shifts to be relatively similar. Additionally, the sound velocity for

the mucus mode has a magnitude on average of ∼ 1600 m/s which is very similar to

that of water with a value of ∼ 1500 m/s. Figures 4.2 - 4.4 show the Brillouin spectra

collected for samples of slug mucus studied over the temperature range -11◦C ≤ T ≤

52◦C. Brillouin spectra were first collected from the highest temperature and all other

spectra were collected as the temperature decreased. This being said, preliminary

tests were conducted by collecting spectra as temperature was first lowered and then

37
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as temperature was increased. No changes in the spectra at a given temperature were

observed, indicating the absence of thermal hysteresis. A peak due to a longitudinal

mode travelling in liquid mucus was observed for all temperatures at a shift of ∼ 8.0

GHz.

For temperatures T ≤ -2.5◦C, a second peak at a frequency shift of ∼ 18.5 GHz was

observed in the Brillouin spectra. Since this peak appears near the freezing point of

water, this peak is attributed to ice forming in the mucus. As well the frequency shift

of the 18.5 GHz peak and the frequency shift obtained for previous studies of ice Ih out

at T = -3.0 ◦C [34], T = -16.0 ◦C [35] and T = -35.5◦C [33] supports this assignment.

The frequency shift for a longitudinal mode of ice was previously obtained using a

90◦ scattering geometry and a shift of 13.5 GHz was observed [34, 35]. Converting

this to a frequency shift that would be obtained by a 180◦ scattering geometry (like

that used in the present work) yields a frequency shift of ∼ 19.0 GHz. It is expected

that the frequency shift of these modes will be similar but not identical due to the

presence of the glycoproteins.

Using Eq 2.2, the sound velocity of the mode associated with the 18.5 GHz peak

was found to be 3780 m/s at T = -2.5 ◦C which agrees with the value of ∼ 3800 m/s

obtained for ice at T = -3.0 ◦C [34]. Likewise, the velocity of the mode corresponding

to the 18.5 GHz peak is ∼ 3850 m/s at T = -11.0 ◦C which agrees with the value of

3850 m/s found for ice at T = -16.0 ◦C [35]. Moreover, the bulk modulus (∼ ρv2)

obtained for ice Ih was found to be 8.89 GPa at T = -16.0 ◦C and 9.24 GPa at T =

-35.5 ◦C [33, 35]. The bulk modulus obtained for the ice mode in the present study

is ∼ 13.0 GPa and is independent of temperature over the range studied. The values

obtained in the current study and previous studies are about the same magnitude.

Again, it is expected that these values will be slightly different from those of pure ice

due to the presence of glycoproteins. As well, since the linewidth of a peak due to
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a sound wave in a liquid is directly proportional to viscosity, one would expect this

peak to change with temperature if it were due to a liquid mode. However, since the

FWHM remains constant, it suggests that this peak is due to a solid, in this case ice.
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Figure 4.1: Preliminary Brillouin Spectra of water and gastropod mucus at room
temperature.



41

Figure 4.2: Brillouin spectra of gastropod mucus - Sample 1. Temperatures at which
spectra were collected are indicated.
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Figure 4.3: Brillouin Spectra of gastropod mucus - Sample 2. Temperatures at which
spectra were collected are indicated.
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Figure 4.4: Brillouin Spectra of gastropod mucus - Sample 3. Temperatures at which
spectra were collected are indicated.
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Table 4.1: Brillouin frequency shift (fM , fI), FWHMM , FWHMI and intensity (IM ,II)
for spectral peaks in Sample 1, attributed to liquid (M) and solid (I) phases.
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Table 4.2: Brillouin frequency shift (fM , fI), FWHMM , FWHMI and intensity (IM ,II)
for spectral peaks in Sample 2, attributed to liquid (M) and solid (I) phases.

T
T

f M
f I

∆
f M

∆
f I

I M
I I

[±
0.
5
K
]

[±
0.
5◦
C
]

[±
0.
3
G
H
z]

[±
0.
1
G
H
z]

[G
H
z]

[±
0.
3
G
H
z]

[A
rb
.
U
ni
ts
]

[A
rb
.
U
ni
ts

]
32

2.
0

49
.0

8.
1

—
0.

6
±

0.
2

—
10

07
0
±

10
—

31
7.

0
44
.0

8.
1

—
0.

7
±

0.
2

—
93

50
±

10
—

31
6.

0
43
.0

8.
0

—
0.

7
±

0.
2

—
87

20
±

10
—

31
2.

0
39
.0

8.
0

—
0.

8
±

0.
3

—
79

90
±

10
—

31
0.

0
37
.0

8.
0

—
0.

8
±

0.
2

—
81

50
±

10
—

30
7.

0
34
.0

8.
0

—
0.

8
±

0.
3

—
67

70
±

10
—

30
6.

0
33
.0

8.
0

—
0.

9
±

0.
3

—
81

30
±

10
—

30
3.

0
30
.0

8.
0

—
1.

0
±

0.
3

—
68

30
±

10
—

30
1.

0
28
.0

8.
0

—
0.

9
±

0.
3

—
78

00
±

10
—

29
8.

0
25
.0

8.
0

—
1.

0
±

0.
3

—
65

00
±

10
—

29
6.

0
23
.0

8.
0

—
0.

9
±

0.
3

—
83

30
±

20
—

28
8.

0
15
.0

7.
9

—
1.

4
±

0.
3

—
47

70
±

10
—

28
0.

0
7.

0
7.

8
—

1.
9
±

0.
3

—
37

10
±

20
—

27
4.

0
1.

0
7.

7
—

2.
6
±

0.
3

—
29

10
±

20
—

27
2.

0
−

1.
0

7.
7

—
2.

9
±

0.
4

—
27

10
±

30
—

27
0.

5
−

2.
5

7.
6

—
3.

6
±

0.
4

—
22

20
±

30
—

27
0.

0
−

3.
0

7.
9

18
.6

5.
8
±

0.
5

0.
7

10
80
±

30
32

0
±

10
26

7.
0

−
6.

0
8.

2
18
.6

7.
4
±

0.
5

0.
7

11
20
±

30
35

0
±

10
26

6.
0

−
7.

0
8.

6
18
.7

9
±

2
0.

5
92

0
±

30
37

0
±

10
26

4.
0

−
9.

0
8.

4
18
.7

10
±

2
0.

7
91

0
±

40
38

0
±

10
26

2.
7

−
10
.3

8.
6

18
.8

11
±

2
0.

5
43

0
±

40
89

0
±

10
26

2.
4

−
10
.6

8.
6

18
.7

12
±

3
0.

7
43

0
±

40
75

0
±

10
26

2.
0

−
11
.0

8.
4

18
.8

13
±

3
0.

6
31

0
±

40
16

50
±

10



46

Table 4.3: Brillouin frequency shift (fM , fI), FWHMM , FWHMI and intensity (IM ,II)
for spectral peaks in Sample 3, attributed to liquid (M) and solid (I) phases.
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4.2 Sound Velocity - Temperature Dependence

Tables 4.1 - 4.3 show the frequency shifts of both mucus and ice peaks observed

for samples studied in this work. The frequency shifts were obtained by fitting a

Lorentzian function to the Stokes and anti-Stokes peaks and taking the average be-

tween these values. Uncertainty in the frequency shift came from the uncertainty in

the Lorentzian fit. The fitting algorithm can be found in Appendix A.

Figures 4.5 - 4.7 show the frequency shift as a function of temperature for the

mucus and ice peaks. As shown in these figures, the frequency shift for the mucus

peak decreases slightly from ∼ 8.1 GHz at T = 50.0 ◦C to ∼ 7.6 GHz at T = -2.5◦C.

Below T = -2.5◦C there is a rapid increase in the frequency shift of the mucus peak

from 7.7 GHz at T = -2.5◦C to ∼ 8.8 GHz at T = -11.0◦C. In contrast, the shift of

the peak due to ice remains relatively constant over the full temperature range with

values slightly increasing from ∼ 18.5 GHz at T = -2.5 ◦C to ∼ 18.7 at T = -11.0◦C.

Figure 4.5: Frequency shift as a function of temperature for gastropod mucus - Sample
1. ◦ - Mucus mode, • - Ice mode.
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Figure 4.6: Frequency shift as a function of temperature for gastropod mucus - Sample
2. � - Mucus mode, � - Ice mode.

Figure 4.7: Frequency shift as a function of temperature for gastropod mucus - Sample
3. 4 - Mucus mode, N - Ice mode.
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Phonon velocities for snail mucus were calculated from Equation 2.2 using the

frequency shifts in Table 4.1 - 4.3 and an average refractive index of water of n = 1.33

± 0.01 [46]. The resulting phonon velocities are tabulated in Tables 4.4. Uncertainty

in acoustic velocities were calculated using standard error analysis formulae based on

uncertainties in both frequency shifts (as shown in Table 4.1 - 4.3) and the refractive

index n.

The sound velocity as a function of temperature is shown in Figures 4.8 - 4.10.

The sound velocity of the mucus mode increases slightly for temperatures above T

= -2.5◦C with a value of ∼ 1580 m/s at T = -2.5◦C to ∼ 1660 m/s at T = 50.0◦C.

Below T = -2.5◦C there is a rapid increase in sound velocity for the mucus mode, with

values increasing from ∼ 1580 m/s at T = -2.5◦C to ∼ 1730 m/s at -11.0◦C. The ice

mode shows a slight increase from its value of 3770 m/s at T = -2.5◦C to 3840 m/s

at T = -11.0◦C. The sound velocities obtained for both the mucus and ice mode show

consistency in the values between each sample.
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Table 4.4: Phonon velocities (vM , vI) calculated for all samples using Equation 2.2,
attributed to liquid (M) and solid (I) phase.
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Figure 4.8: Sound wave velocity versus temperature for gastropod mucus - Sample 1.
◦ - Mucus mode, • - Ice mode.

Figure 4.9: Sound wave velocity versus temperature for gastropod mucus - Sample 2.
� - Mucus mode, � - Ice mode.
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Figure 4.10: Sound wave velocity versus temperature for gastropod mucus - Sample
1. 4 - Mucus mode, N - Ice mode.

Since the work done in this project is original, direct comparison to other Bril-

louin scattering studies on gastropod mucus cannot be made. However, since the

primary component of the mucus is water, the acoustic velocity of gastropod mucus

and water will be compared [29–31]. As well, comparisons to related liquids such

as mixtures of ethanol-water [27], polyvinylpyrrolidone-water [28] and polyethylene-

water [47] will also be discussed. Likewise, comparison between previous studies on

the sound velocity of ice Ih will be made with the values obtained in this study.

The sound velocity of the mucus mode found in the present work show similarities

to the values of sound velocity obtained for water at temperatures greater than T =

0◦C. The sound velocity of water at T = 0◦C and 50◦C was found to be 1350 m/s and

1550 m/s, respectively [29]. However the present study finds the sound velocities for

the mucus mode at T = 0◦C and 50◦C to be 1600 m/s and 1650 m/s, respectively.

The sound velocity of water increases at ∼ 4 m/s/◦C which is four times the rate
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at which sound velocity increases for the mucus mode over the temperature range 0
◦C ≤ T ≤ 50 ◦C [29–31]. For temperatures below T = 0◦C, it was observed that

sound velocity for water decreases rapidly from ∼ 1400 m/s at T = 0◦C to 1290 m/s

at T = -10.0 ◦. This behaviour was not seen in the sound velocity for the mucus

mode. In fact, for temperatures below -2.5◦C, there is a sudden and steep increase in

sound velocity with a difference of about 13% between values at T = -2.5◦C and T =

-11.0◦C respectively. Furthermore, the rate at which the velocity of the water mode

decreases below 0◦C is about ∼ 8.0 m/s/◦C, whereas the sound velocity of the mucus

mode increases at a rate of ∼ 15 m/s/◦C below T = -2.5◦C. Likewise with regard

to sound velocities measured at T = -10◦C, a value of ∼ 1300 m/s was observed for

supercooled water. This differs by about ∼ 30% from the sound velocity of 1780

m/s at obtained at T = -10 ◦C for the mucus mode [29, 30]. The cause for such

difference in sound velocity between the mucus and water mode for temperatures T

≤ 0◦C is likely due to the fact that supercooled water remains in a liquid state below

0 ◦C whereas snail mucus has ice crystals present below T = -2.5◦C. As mentioned

previously, the presence of ice in the mucus below T = -2.5◦C influences the elastic

properties of the liquid mucus in this temperature regime. The likely cause of this

is due to the fact that as the temperature decreases, the water turns to ice leaving a

higher concentration of glycoproteins in the mucus.

Solutions of liquids that have some similarities to that of the snail mucus (water

and glycoproteins), such as mixtures of ethanol-water (EW) [47], polyvinyl pyrrolidone-

water (PPW) and polyethylene glycol-water (PEGW) [27] record sound velocities for

temperatures that fall in the same range as those studied in this work. Ultrasonic

sound velocity was measured for varying concentrations of ethanol in ethanol-water

solutions as a function of temperature [47]. Ethanol and water is similar to mucus in

the sense that it is a compound mixed with water. For low concentrations of ethanol,
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the sound velocity of EW increased with increasing temperature. Considering concen-

trations of 3 - 7 % ethanol by weight, the sound velocity increases at rates, 1 m/s/◦C at

3 % ethanol and -1 m/s/◦C at 7 % ethanol between 0 ◦C ≤ T ≤ 50 ◦C. As mentioned

in Chapter 1, the concentration of glycoproteins in mucus is ∼ 3 - 7%, the sound

velocity obtained over this temperature range also increases at a rate of 1 m/s/◦C

which is exactly like the ethanol and water mixture. The velocity of an ethanol-water

mixture with an ethanol concentration of ∼ 3 % at T = 0◦C and T = 50◦C were found

to be ∼ 1500 m/s and 1550 m/s, respectively. These velocities are approximately the

same as the velocities found for the mucus mode at these temperatures. Similarly,

the sound velocity was obtained for different concentrations of polyethylene glycol

and water mixtures (PEGW) [27]. For a concentration 5% polyethylene glycol and

95% water by weight, the sound velocity of PEGW increased slightly over the range

300K ≤ T ≤ 360K at a rate of ∼ 0.5 m/s/K. Similarly, for concentrations of 5%

polyvinylpyrrolidone and 95% water, the velocity increased from 1508 m/s at T = 0
◦C to 1555 m/s at T = 45 ◦C. This is an increase of about ∼ 1.7 m/s/◦C which is

slightly higher than the increase of 1.0 m/s/◦C obtained for snail mucus in this work

over the range 0 ◦C ≤ T ≤ 50 ◦C.

4.3 Bulk Modulus - Temperature Dependence

The bulk moduli of both the liquid mucus and ice as a function of temperature were

calculated using Eqn 2.42 which relies on the density and sound velocity, the results

are tabulated in Table 4.5. The density of mucus was taken to be 1040 ± 30 kg/m3

and was obtained by measuring the mass of a small portion of mucus (∼ 100ml) and

dividing by the volume. For ice, a density of 917.5 kg/m3 was used [34]. Uncertainty

in the bulk modulus was calculated using standard error analysis formulae with the
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uncertainty in velocity from Table 4.4 as well as the uncertainty in density.

Figures 4.11 - 4.13 shows the bulk modulus as a function of temperature. The

values of bulk modulus for the liquid mucus shows a slight increase from ∼ 2.7 GPa

at T = -2.5◦C to ∼ 3.0 GPa at T = 50.0◦C. Below T = -2.5◦C, the bulk modulus of

the mucus increases with decreasing temperature at a rate of ∼ 0.2 GPa/◦C with a

maximum value of 4.0 GPa occurring at T = -11.0 ◦C. Similarly, the ice mode shows a

slight increase in bulk modulus as temperature decreases with values increasing from

∼ 13.0 GPa at T = -2.5◦C to ∼ 13.5 GPa at T = -11.0◦C.



56

Table 4.5: Bulk modulus calculated using Equation 2.42 for both mucus and ice at
different temperatures for all samples.
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Figure 4.11: Bulk Modulus for gastropod mucus - Sample 1 as a function of temper-
ature. ◦ - Mucus, • - Ice.

Figure 4.12: Bulk Modulus for gastropod mucus - Sample 2 as a function of temper-
ature. � - Mucus, � - Ice.
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Figure 4.13: Bulk Modulus for gastropod mucus - Sample 2 as a function of temper-
ature. . - Mucus, I - Ice.

Brillouin scattering was used previously to investigate the elastic properties of ice

Ih at a temperature of -35.5◦C [33]. In this study the bulk modulus of ice was reported

to have a value of 9.24 GPa which differs by about 33% from the value reported in

the present work which is ∼ 13.0 GPa at a temperature of -3 ◦C. It is important to

note however that these two values were obtained at T = - 35.5 ◦C and -11.0◦C for

the work in Ref. [33] and are expected to be comparable but not exactly the same

as the results obtained in the present work. The bulk modulus was also obtained for

polycrystalline ice by Brillouin scattering at T = -16◦C and a value of approximately

8.89 GPa was recorded [35]. This value is consistent with the previously obtained

bulk modulus of ice at -35.5◦C but differs from the current work by ∼ 38%. Based on

the bulk modulus for the previous studies of ice Ih, it is evident that the bulk modulus

increases with decreasing temperature. This behaviour is seen in the present study

- as temperature is decreased the bulk modulus of ice increases. The cause for such
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differences between the bulk modulus obtained in this work and those obtained by

previous studies is likely the glycoproteins in the mucus altering the size, shape, and

possibly even the composition, of the ice crystals [48].

4.4 Sound Absorption - Temperature Dependence

Tables 4.1 - 4.3 give the tabulated values for full width at half maximum (FWHM) of

both the mucus and ice peak for each sample. The FWHM was obtained by fitting a

Lorentzian function to each Brillouin peak and averaging the peak width for the Stokes

and anti-Stokes peaks. In addition, the instrumental linewidth was measured to be

∼ 0.3 GHz and was subtracted from linewidth values obtained from the Lorentzian

fit to remove its contribution to the FWHM. The uncertainty in the FWHM comes

from uncertainty in the Lorentzian fit. Appendix A gives the python code used for

the Lorentzian fit.

Figures 4.14 - 4.16 show the FWHM of both the mucus peak and the ice peak

as functions of temperature for all samples studied in this work. For temperatures

greater than T = -2.5◦C, it is evident that the FWHM of the mucus peak decreases

exponentially with increasing temperature. Below this temperature the rate of decay

is different, but the linewidth still displays an exponential decrease. It is expected

that the FWHM of the mucus mode should exponentially change as a function of

temperature since the linewidth is directly proportional to the liquid viscosity which

is of the form η = A exp(B/T ) [49]. Values obtained for the FWHM change from ∼

6.0 GHz at T = -2.5 ◦C to ∼ 0.7 GHz at T = 50◦C. In contrast, the FWHM of the

ice mode remains constant at ∼ 0.6 GHz for all temperatures below T = -2.5◦C.
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Figure 4.14: FWHM versus temperature for gastropod mucus - Sample 1. ◦ - Mucus
mode, • - Ice mode.

Figure 4.15: FWHM versus temperature for gastropod mucus - Sample 1. � - Mucus
mode, � - Ice mode.
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Figure 4.16: FWHM versus temperature for gastropod mucus - Sample 1. 4 - Mucus
mode, N - Ice mode.

Brillouin scattering on water with different concentrations of salt has been studied

over a temperature range of 0◦C ≤ T ≤ 40◦C [45]. Salt water was used here for

comparisons due to the fact that there are salt ions comprising some percentage of

the mixture. Pure water is also discussed here and compared to both salt water and

mucus. Results from that study showed that the FWHM of the water peak decreased

exponentially as the temperature was increased for both normal pure water and water

with a 35% salt concentration. The FWHM of the pure water peak had values of 1.4

GHz at T = 0◦C and 0.6 GHz at T = 35◦C. Similarly, the FWHM of the peak

obtained for water with a salinity of 35% had values of 1.7 GHz at T = 0◦C and 0.6

GHz at T = 35◦C. These values are very similar to the FWHM values obtained for

the mucus peak in the present work: ∼ 2.6 GHz at T = 0◦C and 1.0 GHz at T =

35◦C. This indicates that the addition of a solvent (salt in this case) increases the

sound absorption. The FWHM at temperatures up to T ∼ 40◦C for water peaks are
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very similar to values of FWHM obtained for mucus peaks presented in this work. At

lower temperatures, the FWHM of the mucus and pure water peaks show a difference

of approximately 47 % at T = 0◦C, likewise a difference of 38% is observed between

mucus and water with a 35% salt concentration at this temperature. The behaviour

of the FWHM as a function of temperature for the mucus peak and for the peak

due to water with a concentration of 35% both increase at a greater rate for lower

temperatures as compared to pure water. This is evident from the relative values of

FWHM at T = 0◦C and T = 35◦C.

The sound absorption (α/f 2) for the mucus mode as a function of temperature was

calculated using Eqn. 2.34 which relies on the Brillouin peak linewidths (FWHMs),

the frequency shifts recorded in Tables 4.1 - 4.3, and the phonon velocities tabulated

in Table 4.4. The uncertainty in the sound absorption was calculated using standard

error analysis formulae with uncertainties in FWHM, frequency shift, and sound ve-

locity. The ice mode will not be considered in this analysis since its velocity and

the FWHM of the associated spectral peak remain relatively constant over the full

temperature range.

The sound absorption as a function of temperature is recorded in Table 4.6 and

is shown in Figures 4.17 - 4.19. In general, the temperature dependence of the sound

absorption is similar for all samples studied over the entire temperature range. Values

over the temperature range 15◦C - 50◦C were found to be ∼ 5 - 10 ×10−15s2/m. For

temperatures below T = 15◦C the sound absorption exponentially increases until T = -

2.5◦C where the value is ∼ 35 ×10−15s2/m and an obvious change in the temperature

dependence occurs. Below T = -2.5◦C the sound absorption continues to increase

exponentially (at a different rate) with decreasing temperature. The sound absorption

increases from 35 ×10−15s2/m at T = -2.5 ◦C to 100 ×10−15 s2/m at T = -11.0 ◦C.

The maximum value obtained for each sample is ∼ 100 ×10−15s2/m which occurs at
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T = -11.0 ◦C. Previous studies for the sound absorption in water show that sound

absorption increases with decreasing temperature, much like what is observed in the

present study [27–30, 32], however there is no prior evidence of an anomaly at T =

-2.5 ◦C.
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Table 4.6: Sound absorption (α/f 2) calculated for the liquid phase of gastropod mucus
for Samples 1, 2 and 3 using Equation 2.34.
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In Figures 4.17 - 4.19, it is clear that the temperature dependence of the sound

absorption is different for temperatures above and below T = -2.5◦C. It is possible

to fit both regions to exponential functions of the form α

f 2 = A exp (B/T ), as de-

scribed above where A and B are fit parameters which are tabulated in Table 4.7.

The temperature dependence of α/f 2 is a typical Arrhenius behaviour [49]. Recall

from Chapter 2 that the sound absorption is proportional to the FWHM which is

proportional to viscosity, η = A exp
( ε

kBT

)
, where kB is the Boltzmann constant and

ε is a measure of the strength of interaction between molecules comprising the liquid,

also referred to as an activation energy [49]. Comparing the functions for α/f 2 and

for η it can be seen that the exponential term B is equal to ε/kB and the interac-

tion energy, ε can be found by rearranging this equation. Values calculated for ε are

recorded in Table 4.7.

Considering now the values from Table 4.7, the values of A both above and below

T = -2.5◦C are consistent throughout this study with values on the order of ∼ 10−20

s2K/m. The factor B in the exponent is also consistent for temperatures above and

below T = -2.5 ◦C with values on average ∼ 3900 ± 500 s2K/m. Likewise, for

temperatures below T = -2.5◦, the factor B increases to a value about of ∼ 7600 ±

600 s2K/m. Since the factor B in the exponent is related to the interaction between

molecules in the liquid, it makes sense that below T = -2.5◦C the factor B be greater

than for temperatures above T = -2.5◦C due to the solid ice crystals present in the

mucus. Similarly, as a result of the ice growth, there is likely a higher concentration

of glycoproteins in the liquid phase of the mucus which would result in a change

of its acoustic properties. The interaction energy between molecules in mucus was

calculated for temperatures above and below T = -2.5◦C. Results of this calculation

yielded an energy of ∼ 5.2× 10−20J for temperatures above T = -2.5◦C. Similarly for

T ≤ -2.5◦C, the interaction energy was found to be ∼ 10.4× 10−20J.
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Table 4.7: Best-fit parameters for fit of function α/f 2 = A exp(B/T ) to experimental
sound absorption data for temperatures above and below T = -2.5◦C.

Temperature Sample A× 10−20 s2/m B × 103 s2K/m ε× 10−20J

1 1.1 ± 0.9 4.7 ± 0.5 6.5 ± 0.9
-2.5 ◦C ≤ T ≤ 52.0 ◦C 2 3.1 ± 0.8 3.6 ± 0.6 4.9 ± 0.7

3 2.8 ± 0.7 3.3 ± 0.5 4.3 ± 0.7
1 8.7 ± 0.9 9.2 ± 0.9 12.4 ± 0.9

-11.0 ◦C ≤ T ≤ -2.5 ◦C 2 4.4 ± 0.9 6.9 ± 0.3 9.5 ± 0.7
3 4.6 ± 0.7 6.8 ± 0.8 9.4 ± 0.8

Previous studies on the viscosity water found the activation energy to be about

∼ 2.6×10−20J [50] for temperatures over the range 10◦C ≤ T ≤ 20◦C. The activation

energy obtained in the current study are similar to the energies obtained for water.

The fact that the interaction energy for mucus is greater than that of water is not sur-

prising. First of all, the FWHM is greater for mucus than for water as was previously

seen, indicating that the viscosity is greater (see Eqn 2.34). As well, the presence of

glycoproteins in the mucus add another interaction between water molecules in the

mucus which would require more energy.
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Figure 4.17: Sound absorption inferred Brillouin peaks for Sample 1 as a function of
temperature. ◦ - Mucus peaks.

Figure 4.18: Sound absorption inferred Brillouin peaks for Sample 2 as a function of
temperature. ◦ - Mucus peaks.
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Figure 4.19: Sound absorption inferred Brillouin peaks for Sample 3 as a function of
temperature. ◦ - Mucus peaks.

The sound absorption in water was previously obtained and showed an exponential

increase as temperatures decreased [29, 30, 32]. At T = 0◦C the sound absorption in

water was approximately 40×10−15s2/m [29,30] when obtained by Brillouin scattering.

A value of 137 ×10−15 s2/m was obtained by ultrasonics [32]. For T = -2.5 ◦C, the

sound absorption for the mucus mode is ∼ 25×10−15s2/m which is 50 % of the value

of 50 ×10−15s2/m obtained for water by Brillouin scattering. However, the sound

absorption at -10◦C for water and mucus both had values of 75×10−15s2/m [29,30]. In

order for this to happen the sound absorption would need to increase more quickly for

mucus at lower temperature since the values differed so much for higher temperatures.

Both mucus and water display the largest damping at colder temperatures.

The sound absorption was found for similar liquids, particularly mixtures of glycerol-

water [26] and polyvinylpyrrolidone-water [28] by ultrasonic techniques, as well for

polyethylene glycol [27] by Brillouin scattering. The results for the sound absorption
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of water with a 15% glycerol concentration shows that as temperature increases the

sound absorption increases over the temperature range 0◦C ≤ T ≤ 50◦C which is op-

posite to the present work. This increase is true for concentrations up to 80% glycerol.

The sound absorption of polyethylene glycol (PEG) and water with a 5% PEG con-

centration was obtained and showed a decrease in sound absorption with increasing

temperature over range 280K ≤ T ≤ 360K which is similar to what is found in this

work. The sound absorption for polyethylene glycol-water mixture varies between 0.3

- 0.8×10−15 s2/m which is about 100 times smaller than the sound absorption for the

mucus mode. As well the values of sound absorption for polyethylene glycol, 0.7×10−15

s2/m, and mucus, 15×10−15 s2/m, differ by more than 2000 % at T = 30 ◦C. The cause

for such difference is unknown and further studies are required. Sound absorption for

a solution of polyvinylpyrrolidone(PVP)-water [28] was obtained over the temperature

range 20◦C ≤ T ≤ 45◦C. The values obtained for a solution of water consisting of 5%

polyvinylpyrrolidone showed a nonlinear decrease in sound absorption for increasing

temperature much like what has been observed for mucus with values ranging from

55×10−15s2/m at T = 0◦C to 35 ×10−15s2/m at T = 45◦C. The values for mucus

over the same temperature range were found to be 22×10−15s2/m at T = 0◦C and 6

×10−15s2/m at T = 45◦C, which are smaller than the values obtained for the PVP-

water mixture. The sound absorption for both polyvinylpyrrolidone-water and mucus

did show that as temperature increased the absorption also decreased and shows a

trend consistent with that obtained previously for water and PEG-water [27, 29,30].

4.5 Peak Intensity - Temperature Dependence

Peak intensities and associated uncertainties at different temperatures were obtained

by fitting a Lorentzian function to each Brillouin peak. These values are tabulated in
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Tables 4.1 - 4.3 and plotted in Figures 4.20 - 4.22. Although there is some scatter in

the data (particularly for Sample 1, but also for Sample 2), it can be seen that the

mucus peak intensity decreases roughly linearly as the temperature decreases from

T = 50◦C to T ∼ 0◦C. For temperatures in the range −2.5 ≤ T ≤ 0◦, a linear

decrease of intensity with temperature was also observed, but the rate of decrease is

significantly greater than that seen in the higher temperature range. For −11.0◦C

≤ T ≤ -2.5◦C, the intensity of the mucus peak shows no particular dependence on

temperature but, overall, shows a decrease from ∼ 4000 counts at T = -2.5 ◦C to ∼

300 at T = -11.0 ◦C. Interestingly, over this same temperature range, the intensity

of the ice peak increases with decreasing temperature. These trends in the mucus

and ice peak intensities over this temperature range likely indicates that more ice is

forming in the sample as the temperature is decreased.

Figure 4.20: Brillouin peak intensity for gastropod mucus Sample 1. ♦ - Mucus peak,
? - Ice peaks.
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Figure 4.21: Brillouin peak intensity for gastropod mucus Sample 2. ♦ - Mucus peak,
? - Ice peaks.

Figure 4.22: Brillouin peak intensity for gastropod mucus Sample 3. ♦ - Mucus peak,
? - Ice peaks.
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4.6 Phase Transition

Figure 4.24 shows a composite plot of intensity, sound absorption and sound veloc-

ity as a function of temperature for all samples studied. It is evident that all of

these quantities display anomalous changes in behaviour at T = −2.5◦C, as has been

discussed in detail in Sections 4.2 - 4.5. When considered collectively, the above be-

haviours provide strong evidence for the existence of a phase transition from a wholly

liquid phase to a solid-liquid phase at a temperature of T = −2.5◦C. The similarities

between the results obtained in the present work and results obtained for previous

studies on water, and other similar liquids suggest that above T = -2.5◦C the mucus

is behaving as a wholly liquid.
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Figure 4.23: Sound velocity, sound absorption and Brillouin peak intensity versus
temperature for gastropod mucus of all samples. Vertical dashed line represents a
transition from a wholly liquid phase to a solid-liquid phase.
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Figure 4.24: Schematic showing the two known phases of gastropod mucus A) Wholly
liquid phase for the temperature regime -2.5◦C ≤ T ≤ 50◦C, B) Solid-liquid phase for
the temperature regime -11.0◦C ≤ T ≤ -2.5◦C.

Figure 4.24 gives a schematic representation of what appears to be happening in

the mucus. Considering the temperature region -2.5◦C ≤ T ≤ 52◦C as the mucus is

behaving as a wholly liquid as is shown in Fig 4.24 A. In this diagram the molecules

of the mucus are relatively far apart, as is the case for a normal liquid such as water.

The results obtained throughout this work for temperatures greater than T = -2.5◦C

are similar to the results obtained for water and related liquids, indicating that the

mucus is in fact in a wholly liquid phase.

Considering now the temperature regime -11.0◦C ≤ T ≤ -2.5◦C as shown in Fig

4.24 B, the properties of the mucus are different than those obtained above T = -2.5◦C.

Below this temperature the liquid mucus is still present. As well, in this temperature

regime there is the presence of ice in the mucus which has been described previously.

The results from this work suggest the coexistence of both the liquid mucus and solid

ice phases below T = -2.5◦C as shown in Fig 4.24 B. As well, there is evidence that

as the temperature decreases there is more ice forming, excluding the glycoproteins,

which further supports the conclusion of the coexistence of both liquid mucus and

solid ice phases. There is further evidence that as these phases coexist the liquid
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mucus has become water-depleted since some of the water which was originally in

the liquid phase has solidified to ice. Finally, the fact that the mucus peak intensity

decreases with decreasing temperature while the ice peak intensity increases, suggests

a completion of the phase transition to solid ice at a lower temperature than that

studied.



Chapter 5

Conclusion

5.1 Summary

Brillouin light scattering was used to investigate the effects of temperature on acoustic

phonons in natural gastropod mucus. For temperatures greater than -2.5◦C a single

peak due to liquid mucus showed a large temperature dependence in the acoustic

properties as a function of temperature. For temperatures below -2.5◦C two peaks

were observed one of which was the same liquid mucus peak, the other peak was due

to ice . The peak due to ice was observed at a frequency shift of approximately 18.5

GHz and showed slight changes over the temperature range studied. The frequency

shift of the mucus peak was used to obtain the acoustic velocities and consequently

the bulk modulus as a function of temperature. Moreover, the mucus peak intensity

showed a linear increase with increasing temperature for temperatures greater than

T = -2.5◦, but an overall decrease in intensity for temperatures below T = -2.5◦. The

full width at half maximum of the mucus Brillouin peaks was used in accordance with

the phonon velocity and frequency shift to obtain the sound absorption (α/f 2) as

a function of temperature. Results for the sound absorption yielded values for the

76
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activation energy for molecular transport in the mucus which were comparable to the

values for water.

Furthermore, the frequency shift of the ice peak was used to obtain the acoustic

velocities of ice as a function of temperature. Results showed that the velocity in-

creased slightly as temperature decreased. The bulk modulus of ice showed the same

trend as a function of temperature as the phonon velocity. Moreover, the peak inten-

sity of the ice peak increased as temperature decreased. The FWHM of the ice peak

remained essentially constant over the full temperature range.

Collectively, the results of this work indicate that slug mucus undergoes a phase

transition from a wholly liquid phase to a solid-liquid phase at T = -2.5◦C. Moreover,

as temperature is decreased below -2.5◦C, more ice forms in the mucus.

5.2 Future Work

The results of the present study suggest that the presence of glycoproteins in water

greatly influences its acoustic properties. To fully understand the true nature of

these glycoproteins and their behaviour, however, additional studies over different

temperature regimes are necessary. It would also be interesting to do studies similar to

that of the present work but vary other parameters such as pH, pressure, and hydration

state to obtain more information on mucus elasticity. Furthermore, studies on other

natural materials (such as other types of gastropod mucus, fluids containing antifreeze

proteins from cold water fish, etc.) would be interesting and would contribute to our

understanding of the elasticity of such materials.



Appendix A

Python Code for Lorentzian Fit

Python code used to fit a Lorentzian function to Brillouin peaks. From the Lorentzian

fit, it is possible to obtain the Brillouin peak intensity, full width at half maximum

and the frequency shift. In the code below, the term "A" represents the peak intensity,

"wid" represents the full width at half maximum and "x0" represents the frequency

shift.

import numpy as np

import matp lo t l i b . pyplot as p l t

import sys

from lm f i t import Model

#In s e r t F i l e o f B r i l l o u i n Spectra

dat_1 = np . genfromtxt ( ’Mucus_Sample4 2 4 0 2 2 0 2 0 2 .TXT’ , d e l im i t e r =’ ’ )

x f = dat_1 [ : , 0 ] # Ful l X Range

# Lower Sh i f t on LHS x data f o r mucus peaks : 300 : 460 / f o r i c e peaks : 200 : 310

x1 = dat_1 [ 2 0 0 : 3 1 0 , 0 ]
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# Lower Sh i f t on RHS x data f o r mucus peaks : 564 : 724 / f o r i c e peaks : 694 : 824

x2 = dat_1 [ 6 9 4 : 8 2 4 , 0 ]

y f = dat_1 [ : , 1 ] # Ful l Y Range

y1 = dat_1 [ 2 0 0 : 3 1 0 , 1 ] # Lower Sh i f t on LHS y data

y2 = dat_1 [ 6 9 4 : 8 2 4 , 1 ] # Lower Sh i f t on RHS y data

de f l o r e n t z (x , y0 , A, x0 , wid ) : # Function

" " " F i t =y0+(2∗A/pi ) . ∗ (w. / ( 4∗ ( x x0 ).^2+w. ^ 2 ) ) " " "

r e turn ( y0 + A ∗ wid / (4∗ ( x x0 )∗∗2 + wid ∗∗2))

gmodel = Model ( l o r e n t z )

r e s u l t 1 = gmodel . f i t ( y1 , x=x1 , y0 = 1200 , A=5000 , x0=9.5 , wid = 3 . 5 ) # LHS Fit with i n i t i a l guess

r e s u l t 2 = gmodel . f i t ( y2 , x=x2 , y0 = 1200 , A=5000 , x0=9.5 , wid=3.5) # RHS Fit

p r i n t ( r e s u l t 1 . f i t_ r epo r t ( ) )

p r i n t ( r e s u l t 2 . f i t_ r epo r t ( ) )

#pr in t ( r e s u l t 1 . params [ ’ x0 ’ ] )

xLeft_x0 = s t r ( r e s u l t 1 . params [ ’ x0 ’ ] ) # Exrtact x0 LHS

xLeft_wid = s t r ( r e s u l t 1 . params [ ’ wid ’ ] ) # Exrtact wid LHS

xLeft_I = s t r ( r e s u l t 1 . params [ ’A’ ] ) # Exrtact x0 LHS

xRight_x0 = s t r ( r e s u l t 2 . params [ ’ x0 ’ ] ) # Extract x0 RHS

xRight_wid = s t r ( r e s u l t 2 . params [ ’ wid ’ ] ) # Extract wid RHS
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xRight_I= s t r ( r e s u l t 2 . params [ ’A’ ] ) # Extract x0 RHS

x l e f t x 0 = f l o a t ( xLeft_x0 [ 2 4 : 3 4 ] )

#x l e f t x 0 e r r = f l o a t ( xLeft_x0 [ 4 5 : 5 1 ] )

#x l e f t I= f l o a t ( xLeft_I [ 2 3 : 3 4 ] )

###

xr ightx0 = f l o a t ( xRight_x0 [ 2 3 : 3 3 ] )

#xr i gh tx0 e r r = f l o a t ( xRight_x0 [ 4 5 : 5 1 ] )

#x r i g h t I = f l o a t ( xRight_I [ 2 3 : 3 3 ] )

####

x l e f tw id = f l o a t ( xLeft_wid [ 2 4 : 3 5 ] )

#x l e f tw i d e r r = f l o a t ( xLeft_wid [ 4 6 : 5 1 ] )

xr ightwid = f l o a t ( xRight_wid [ 2 4 : 3 5 ] )

#xr i gh tw ide r r = f l o a t ( xRight_wid [ 4 6 : 5 1 ] )

F sh i f t = ( x l e f t x 0 + xr ightx0 )/2

#F sh i f t e r r = ( x l e f t x 0 e r r + x r i gh tx0 e r r )/2

FWHM = ( x l e f tw id + xr ightwid )/2

#FWHMerr = ( x l e f tw i d e r r + xr i gh tw ide r r )/2

#In t en s i t y = ( x l e f t I + x r i g h t I )/2

I n t e n s i t y = (np . amax( y1 ) + np . amax( y2 ))/2

p r i n t ( I n t e n s i t y )

## Output to TXT f i l d#
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output = open ( " Intensity_Ice_Sample4 . txt " , " a " )

#output2 = open ( " FrequencyShift_S4 . txt " , " a " )

p r i n t ( In t en s i t y , f i l e=output )

#pr in t ( Fsh i f t , f i l e=output2 )

####

#pr in t ( ’ Frequency Sh i f t = ’ , Fsh i f t , ’+/ ’ , F sh i f t e r r , ’GHz’ )

#pr in t ( ’FWHM = ’ , FWHM, ’+/ ’ ,FWHMerr, ’GHz’ )

#p l t . p l o t ( xf , yf , ’ bo ’ )

p l t . p l o t ( x1 , y1 , ’ k ’ )

p l t . p l o t ( x2 , y2 , ’ k ’ )

p l t . p l o t ( x1 , r e s u l t 1 . be s t_f i t , ’ r ’ , l a b e l =’ bes t f i t ’ )

p l t . p l o t ( x2 , r e s u l t 2 . be s t_f i t , ’ r ’ )

p l t . l egend ( l o c=’best ’ )

p l t . xl im ( 2 5 , 2 5 )

p l t . yl im (0 ,9000)

#p l t . s a v e f i g ( ’ t e s t . png ’ )

p l t . show ( )
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