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Fibrillar gels represent an important class of materials with commercially relevant 

applications in the cosmetics and pharmeceutical industries and biological significance as 

the underlying structural component in many soft tissues. In this work we study two 

distinct fibrillar gels that are different in terms of constituent molecules, solvent, gelation 

mechanism and mechanical properties. Fibrin is a naturally occuring protein that forms 

covalently crosslinked hydrogels and is responsible for the strain hardening of blood 

clots. In contrast, P3HT is a synthetic conjugated polymer that forms a thermoreversible 

physical gel in organic solvents and is utilized as an active component in organic solar 

cells. A combination of small angle scattering techniques is used to characterize the 

morphology of these gels, both the individual fibers and the network structure, over large 

length scales between 1 nm and 10 µm. Furthermore, the combined rheological and 

structural characterization of these gels is used to develop relationships between the 

structural and mechanical properties of these systems. In fibrin gels the structural origin 

of strain hardening is investigated by directly probing the structure of hydrated gels as 

they are strained. Additionally, rheoSANS measurements have been utilized to 

investigate the gelation and dissolution of P3HT gels. By exploring systems with very 

different mechanical and physical properties we have developed a framework for analysis 

that can be applied to a variety of fibrillar systems. 
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Chapter 1 Mechanical and Structural Properties of Gels 

 

Introduction 

Developing relationships between the mechanical and structural properties of gels 

is integral for understanding gelatinous biological systems as well as for engineering 

commercially relevant gel-based products. At the most basic level, a gel is a material that 

exhibits solid like properties despite being composed primarily of liquid. Solid-like, or 

elastic, material properties arise from a bicontinuous solid phase network that spans the 

entire volume of the gel and acts as a scaffold for the surrounding liquid. This network 

can develop from a wide range of materials including proteins, polymers, small 

molecules and solid particles of various shapes and sizes.
1-5

 Electron microscopy images 

of two dried gels, one formed from the protein fibrinogen and a second formed from the 

conjugated polymer poly(3-hexylthiophene) (P3HT), are found in Figure 1.1. In each of 
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these cases, the solid phase comprises only a small percentage of the native gel volume at 

0.1 w/v% and ~3 vol% respectively, yet the gels are highly elastic.  

 

Figure 1.1: Left: Electron microscopy image of a dried 1 mg/mL fibrin hydrogel. 

Right: sTEM image of a 30 mg/mL P3HT organogel dried from toluene.  

The mechanical properties of gelatinous systems are affected by the hierarchical 

structure of the networks, the mechanical properties of the constituent materials and the 

interactions that bind these materials together. In fact, gels are often categorized by the 

nature of the molecular interactions that govern self-assembly and lead to percolation.
6-8

 

The term “chemical gelation” describes the development of permanent networks through 

the formation of covalent bonds between the individual components of the gel. Chemical 

gelation is commonly observed in polymer gels, where gelation can be induced during 

polymerization or by adding a cross-linking agent to pre-existing polymers in solution.
7, 9

   

The second broad gelation category is “physical gelation”. In a physical gelation 

process no permanent chemical bonds are formed. Rather, gelation is driven by weak 

interactions such as van der Waal’s forces, hydrogen bonding, -  stacking or 

hydrophobicity.
1, 7

 For protein gels, hydrophobic interactions are particularly relevant. In 

these gels self-assembly is often driven by the exposure of hydrophobic residues that may 
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be shielded in the protein’s native state are exposed as a response to external stimuli.
10

 In 

another example, -  stacking leads to fiber formation in small molecule aromatic 

dyes.
11

 Physical gels are frequently thermoreversible as the energy barriers required to 

break the weak physical interactions can be overcome with moderate increases in 

temperature.
5, 6, 12, 13

 

Some gels do not fit neatly into either category and can be described as 

combination physical-chemical gels. In particular, fibrin gelation is driven via purely 

physical mechanisms upon exposure of specific polypeptides in the central domain of the 

protein.
14

 Simultaneous with gelation, the coagulation factor XIIIa covalently ligates 

adjacent fibrin molecules through the formation of N-ε-(γ-glutamyl)lysine isopeptide 

bonds. The formation of these bonds is not necessary for fibrin gel formation; however, 

covalent ligation supports enhanced mechanical properties and is physiologically 

necessary to maintain blood clot stability.   

Regardless of the specific gel system or application, understanding and 

manipulating the mechanical properties of protein gels is of great interest. In food 

chemistry, establishing relationships between composition and mechanical properties is 

instrumental in the manipulation of food texture, mouth-feel and consistency.
8
 Similarly, 

small molecule organogelators are frequently use to gel cosmetically relevant ingredients 

in order to produce common products such as chapstick.
15

 In the medical field, evaluating 

the mechanical properties of physiological protein gels is a powerful assay for the 

evaluation of diseases that affect protein gelation and could also aid in the design of 

hydrogels for tissue scaffolding and surgical glues.
16, 17

 In short, gels are a broad class of 
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materials with wide ranging properties and are important for various medical and 

commercial applications.  

In this research, we focus on a narrow subclass of gels where the solvent is 

supported by self-assembled bifurcating fibrillar networks. The fundamental building 

blocks in fibrillar gels are very diverse. Here, two distict systems are studied: poly(3-

hexylthiophene) (P3HT) organogels and fibrin hydrogels. These systems are different in 

terms of constituent molecule, solvent type, and gelation mechansim, but they can each 

form fibrillar gels. The primary objective of this work is to develop relationships between 

the structural and mechanical properties of these gels.  

Fibrin is a naturally occuring protein that forms covalently crosslinked hydrogels 

via a physical gelation mechanism. Fibrin is the primary structural and mechanical 

component of blood clots, so understanding the formation and mechanical properties of 

fibrin gels is extremely important in the medical field. Gelation of fibrin gels is initiated 

when fibrinopeptides A and B are removed from inactive fibrinogen with activated 

thrombin.
14

 In these gels, the fiber size is dictated by the local solvent composition, 

protein concentration, and protein heterogeneity.
18-20

  

In contrast, P3HT is a synthetic conjugated polymer that forms a thermoreversible 

physical gel in organic solvents. P3HT is a commonly used semiconductor in organic 

electronic devices. We have hypothesised that gelation of P3HT may lead to better 

devices due to the interconnectivity of the fiber network. P3HT fiber network formation 

is initiated by altering the solvent to reduce the polymer solubility either through the 

addition of a second poor solvent or, as in this study, by reducing the solution 

temperature.
5, 21

 The P3HT molecules self assemble into semi-crystalline P3HT fibers 
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with -  stacking thru the long fiber axis.  Despite the differences between P3HT and 

fibrin gels, the underlying fibrillar structure is strikingly similar as illustrated in Figure 

1.1.  

Though P3HT and fibrin gels are both composed of bifurcating fibrillar networks, 

the mechanical properties of these materials are extremely different. Fibrin gels, like 

other biological polymers, have highly non-linear mechanical properties that are critical 

for physiological function.
22

 Fibrin gels are highly extensible and stiffen as they are 

deformed.
23

 On the other hand, P3HT gels are relatively weak and yield under very low 

stresses. P3HT gels are also thermoreversible with significant hysteresis between heating 

and cooling ramps. To better understand the structural origin of the mechanical properties 

observed in these systems, small angle scattering and complementary electron 

microscopy techniques are used to fully characterize the structural properties of these 

gels. The theory behind small angle scattering and methods for data analysis are 

discussed in Chapter 2 of this dissertation. The mechanical properties of these gels are 

measured with shear rheology techniques. The basic theory behind these techniques is 

described in the following paragraphs. 

Gel Rheology 

In this study, stress-controlled shear rheometers are used for all rheology 

measurements. P3HT and fibrin gels were formed in situ in one of three basic 

measurement geometries: the cone and plate, the concentric cylinder, or the parallel plate. 

Each of these geometries has distinct advantages and disadvantages for specific material 

systems and measurements. Figure 1.1 illustrates an idealized discrete volume of the gel 
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bound between the two walls of any of these geometries. The applied shear stress ( ) is 

equal to F/A where F is the applied shear force and A is the surface area over which the 

force is applied. The application of shear force will result in some sample deformation or 

strain. Strain is measured in terms of lateral deformation ( x) relative to the gap between 

the two plates (h), such that at 100% strain x=h.   

 

Figure 1.2: Schematic of rheology parameters. 

The mechanical properties of a gel are determined from a measurement of the 

deformation as a function of the applied shear stress. In viscoelastic gels the measured 

response will reflect both the elasticity of the network and the viscosity of the liquid 

phase. To measure the equilibrium mechanical properties of a gel, the application of 

stress must remain non-destructive. Therefore, small amplitude strain oscillations, with 

strains on the order of 0.01-1%, are typically used to measure the mechanical properties 

of gels in order to prevent damage to the underlying structure that may occur with larger 

deformation.  

A small amplitude oscillatory strain wave is applied with a constant strain 

amplitude of γ0. The required shear stress to apply the stress wave is measured. These 

waves will be partially out of phase as illustrated in Figure 1.2. The phase shift reflects 

the mixed viscous (out of phase) and elastic (in phase) properties of the gel. The elastic 
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and viscous properties are extracted with Equation 1.1 where the shear stress wave is 

separated into the sum of the in and out of phase components. 

 

Figure 1.3: Relationship between the applied strain, the stress response and the 

elastic and viscous moduli in small amplitude shear rheology experiments. 

 
0( ) [ 'sin( ) "cos( )]t G t G t

 Equation 1.1
 

In this equation,  is the angular frequency, t is time, G’ is the elastic modulus, 

and G” is the viscous modulus. Equation 1.1 is only valid for materials that exhibit linear 

viscoelasticity. That is, the elastic and viscous modulii must be constant as a function of 

applied strain. Alternatively, a linear response is characterized by a linear increase in 

shear stress with respect to the applied strain. Upon reaching some critical strain the gel 

may weaken or harden with additional deformation. This is termed the linear viscoelastic 

limit and is illustrated in Figure 1.3. Here a 5 wt% P3HT organogel is probed with 

oscillitory shear at increasing strain amplitude. At the linear viscoelastic limit, the 

network begins to break apart and the gel becomes progressively weaker as a function of 
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increasing strain. In this case, an appropriate strain amplitude for oscillitory shear 

rheology measurements must be less than 0.5%.  

 

Figure 1.4: Strain dependent viscous and elastic modulii measured from a 5 wt% 

P3HT gel in xylene. 

Strain hardening, another form of non-linear viscoelasticity, is a more unusual 

property; however, it is relatively common in biopolymer gels.
22, 24

 Gels formed from 

various proteins including fibrin, actin, collagen and vimentin strain harden at 

deformations beyond their linear viscoelastic limit. Given that the human body contains 

nearly 65 wt% water, these protein gels play an important role in forming the structural 

framework for many tissues, blood clots, and even individual cells. Interestingly, despite 

the importance of strain-hardening biopolymer gels to human physiology, the exact 

mechanism for strain hardening in these gels remains an active research area.
22, 25-28

  

Many rheological models exist to relate the time, temperature, concentration, 

frequency and strain dependent mechanical properties of fibrillar gels to the various 

structural properties of these materials. Unfortunately it is often very difficult to verify 
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the validity of these models, as most methods of structural characterization require 

substantial post gelation modification to remove the liquid component for 

characterization under high vacuum. Furthermore, simultaneous characterization of 

mechanical and structural properties is rare, especially for systems where the structural 

components are too small to be visible with optical microscopy. By directly measuring 

the bulk structural and mechanical properties of these gels, we are able elucidate the 

origin of strain hardening in fibrin gels and gain a better understanding of disease-

induced clotting disorders. Additionally, we can propose a novel mechanism for the 

thermoreversible gelation of P3HT. 

Highlights and Objectives 

In Chapter 2 a brief introduction to the theory of small angle scattering is 

presented. Here, the focus is on presenting theoretical and technical details critical to the 

understanding of the structural characterization presented in subsequent chapters. A brief 

description of the experimental set-up for small angle and ultra small angle neutron 

scattering is presented. Additional detail and descriptions of three combined techniques 

have been included. These techniques include rheoSANS, 1-2 plane shear SANS, and 

conductivity SANS. RheoSANS facilitates the direct, simultaneous measurement of the 

rheological and structural properties of gels or other complex fluids. Similar to 

rheoSANS, 1-2 plane shear SANS facilitates the characterization of complex fluids and 

gels under applied shear stresses, however in this case mechanical measurements are not 

taken simultaneously. The conductivity-SANS cell was developed by Newbloom et al. to 

facilitate the simultaneous measurement of electrical and structural properties in 
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developing P3HT gels. Finally, a detailed description of all scattering analysis techniques 

utilized in this dissertation, including Guinier, Porod, and model fitting analyses, is 

included in the third section of Chapter 2. 

In Chapter 3, the structural and mechanical properties of coarse fibrin networks 

formed in D2O buffers are investigated over a wide range of concentrations (1-40 

mg/mL).
23

 Small angle neutron scattering (SANS) and ultra small angle neutron 

scattering (USANS) are used to seamlessly characterize the structure over length scales 

ranging from 1 nm to several micrometers. Using invariant and Guinier analyses the 

internal volume fraction of protein within the fiber and the bulk average fiber radius are 

determined directly. The network properties of fibrin clots are also characterized using a 

model for fractal structures. The network scale features are shown to be highly dependent 

on the initial fibrinogen concentration while the average fiber radius is only weakly 

dependent on this parameter. These results demonstrate the usefulness of combining 

SANS and USANS as characterization tools for fibrillar gels. The linear viscoelastic 

modulus of fibrin gels is related to the concentration by a power law equation that is valid 

over the entire range. In contrast, the non-linear rheology of dense networks is altered 

from the monotonic strain hardening response that is found at lower concentrations. The 

results presented in this chapter motivate the shear-deformation SANS study described in 

Chapter 4.  

In Chapter 4 small angle neutron scattering (SANS) is used to decipher the origin 

of the strain hardening in biopolymer networks by directly measuring the structural 

response of a fibrin gel to simple shear deformation.
29

 A special Couette 1-2 plane shear 

cell is used to systematically probe the structural properties of a fibrin clot over strain 
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values in the range of γ=1-170%. The SANS results indicate that the strain hardening 

response in 10 mg/mL coarse fibrin gels occurs in two distinct regions having different 

structural and mechanical signatures that are separated by an intermediate strain softening 

regime. At low strains (γ<10%) there is a measurable increase in the shear modulus upon 

the application of shear strain but there are no significant changes to the clot structure. At 

higher strain values (γ>30%), a second strain-hardening regime is directly correlated to 

significant fiber alignment. The mean diameter of the fibers determined directly from 

two-dimensional fits to the anisotropic scattering data is found to decrease monotonically 

in the high-strain regime. The results suggest that the non-linear mechanical properties of 

fibrin clots are the result of a reduction of lateral entropic fluctuations at low strains and a 

transition between bending and stretching at higher strain values. 

In Chapter 5 a combination of structural and mechanical characterization is used 

to examine the effect of fibrinogen oxidation on the formation of fibrin clots.
30

 We find 

that treatment with hypochlorous acid preferentially oxidizes specific methionine 

residues on the alpha, beta and gamma chains of fibrinogen. Oxidation of these residues 

is shown to impair lateral aggregation of protofibrils leading to the formation of a dense 

network of thin fibers. Additionally, both the linear and non-linear mechanical properties 

of oxidized fibrin gels are found to be altered with oxidation. Finally, the structural 

modifications induced by oxidation delay fibrin lysis via plasminogen and tissue 

plasminogen activator (tPA). From these results we propose a specific biophysical 

mechanism for the inhibition of lateral aggregation of protofibrils in the oxidized fibrin 

gels. 
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In Chapters 6 and 7 we shift focus from fibrin to bulk P3HT organogels. In 

Chapter 6, we investigate the mechanical and structural properties of P3HT gels formed 

in various organic solvents.
31

 As with the fibrin gels, the bulk structural properties are 

evaluated using small angle neutron scattering (SANS) and ultra small angle neutron 

scattering (USANS). Using a combined model that accounts for the soluble and fibrillar 

polymer, the fraction of crystallized P3HT, the fiber cross section and the specific surface 

area are determined. The fiber shape is found to be relatively independent of the solvent 

type; however, the rheological properties vary significantly suggesting that the network 

branching and fiber distribution may be controllable parameters. The results presented in 

Chapter 6 suggest that gelation of P3HT may be a feasible approach for designing 

percolated conductive networks for organic electronic devices.  

In Chapter 7 the structure and mechanical properties of P3HT in organic solvents 

are probed with rheoSANS during the sol-gel transitions induced by temperature 

cycling.
32

 Additional conductivity-SANS measurements were performed in collaboration 

with Newbloom et. al. to simultaneously measure conductivity and structural evolution in 

a separate series of experiments. The structural features of the gel are shown to evolve 

throughout the gelation and dissolution processes. From these results we have proposed 

mechanisms for the thermoreversible gelation and dissolution of P3HT gels. Furthermore, 

these results highlight the importance of controling the structure of the evolving P3HT 

gels in order to engineer semiconducting polymer networks for organic photovoltaics. 

The work presented in this dissertation has been previously published in the form 

of several journal articles. The work presented in Chapters 3 and 4 as well as some 

excerpts and figures from Chapters 2 and 7 are reproduced from the articles Soft Matter, 
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2009, 5, 4321-4330, Soft Matter, 2011, 7, 9992-10000, and Soft Matter, 2012, 8, 8854-

8864 by permission of The Royal Society of Chemistry. The work presented in Chapter 5 

is based on a manuscript that has been submitted for review to the Biophysical Journal 

entitled: “Alterations in Fibrin Clot Structure and Mechanics Attributed to Specific 

Oxidation of Methionine Residues in Fibrinogen”. Finally, some excerpts and figures 

have been reproduced in part with permission from Macromolecules, 2012, 45, 3452-

3462 Copyright 2012, American Chemical Society. 
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Chapter 2                                                                                   

Experimental Methods: Small Angle Scattering 

The fibrillar gels examined in this research have distinct multiscale structural 

features over size scales ranging from the atomic scale to hundreds of microns. This is 

because fibrillar gels are bulk materials with an underlying bicontinuous structure that 

spans the entire medium. The fundamental structures in these materials are fibers with 

lengths on the order of microns, cross-sections on the order of tens or hundreds of 

nanometers and internal structural features on the order of angstroms or nanometers. 

There are few techniques that facilitate the simultaneous characterization of bulk 

structural features of gels spanning orders of magnitude in scale. Furthermore, given the 

relatively low solids fraction (<5 vol% for all samples) it is highly desirable to 

characterize samples in situ without removing the volatile solvents (i.e. measurement 

under vacuum). For these reasons small angle scattering (SAS) is the primary analytical 

technique utilized to characterize the bulk structure of gels in this research.  

In this research we have primarily utilized small and ultra-small angle neutron 

scattering (SANS and USANS), but small angle x-ray or light scattering (SAXS or 
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SALS) are also occasionally utilized and referred to herein. This chapter introduces the 

fundamental concepts of small angle scattering that are directly relevant to the research 

described throughout this dissertation. In the first section, the general theory of small 

angle scattering is introduced and key differences between neutron, light, and x-ray 

scattering are explained. In the second section, experimental details relevant to the SANS 

and USANS experiments performed in this research are described. Several more 

advanced neutron scattering techniques and experimental set ups that are utilized in this 

work, including rheoSANS and 1-2 plane shear SANS are also introduced. Finally, in the 

third section, several strategies for analyzing neutron scattering data are presented 

including classic relationships such as Porod and Guinier plots as well as 1D and 2D 

model fitting.  

Small Angle Scattering Theory 

In static small angle scattering, a highly collimated beam of radiation is directed 

through a material of interest, in our case fibrillar gels of P3HT or fibrin. When the 

incident radiation passes through the gel several interactions may occur. First, the 

radiation may be transmitted through the sample with no interaction at all. A fraction of 

the radiation will be absorbed and may cause sample activation (neutrons) or heating (x-

rays). Finally, some of the incident radiation will interact with the gel and change 

propagation direction, or scatter. In static small angle scattering we are primarily 

interested in this last type of interaction, though transmission and absorption are of 

relevance to experimental design and analysis. 
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Static small angle scattering experiments are used to measure coherent elastic 

scattering that arises due to local variations in the sample composition. The main 

difference between light, x-ray and neutron scattering is in the way the incident radiation 

interacts with the sample material. In small angle neutron scattering, interaction with the 

atomic nuclei gives rise to scattering, whereas differences in electron density and index of 

refraction lead to scattering of x-rays and light respectively. A schematic depicting 

neutron and x-ray interactions with materials at the atomic scale is depicted in Figure 2.1. 

The scattering vector q is the difference between the propagation vector of the scattered 

and incident radiation beams and is related to the scattering angle (θ) and radiation 

wavelength (λ) by Equation 2.1:  

 
4

sin
2

q

 Equation 2.1

 

 

Figure 2.1: Illustration of an x-ray and neutron scattering event. The scattering 

vector q is also depicted. 

The scattering intensity as a function of the scattering vector q is effectively a 

measurement of the sample structure, where q is inversely related to characteristic 

distance with D=2π/q. The size resolution of a scattering experiment is defined by the 

wavelength of the incident radiation and the accessible scattering angles. Because the 
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wavelength of light tends to be significantly larger than x-rays or neutrons, light 

scattering is frequently used to probe larger structural features, whereas x-rays and 

neutrons are more suitable when studying nanoscale features. The SAXSess x-ray 

scattering instrument available in the Pozzo lab uses the Cu-Kα reflection obtained from 

an x-ray tube and produces monochromatic x-rays with λ=1.54 Å. Neutron wavelengths 

are on the order of 1 to 20 Å and can be tuned for specific experimental requirements. 

Neutron and x-ray scattering can be used to characterize structural features over very 

similar size ranges. However, there are several differences between these two techniques 

that may make one preferable over another depending on the material of interest and 

experimental constraints.  

SAXS experiments are performed either with lab-scale instruments that use x-ray 

tubes or with x-rays generated at synchrotron sources at national labs. The advantage of 

visiting a synchrotron source is the ability to design short measurements that yield good 

statistics because of the high flux produced at these facilities. With neutron scattering, 

experiments are either performed at a spallation source or a nuclear reactor. Both of these 

sources require the use of highly specialized facilities. While the neutron flux is 

substantially lower than x-ray flux at comparable facilities, neutron scattering has several 

distinct advantages. 

The primary advantages of neutron scattering are related to the way in which 

neutrons interact with most materials. Neutrons only interact with the nucleus of atoms, 

whereas x-rays interact with the electrons. Electrons statistically occupy a much larger 

volume and therefore the transmission of x-rays is reduced relative to neutrons. This 

limits the types of sample cells that can be used in x-ray scattering experiments. Consider 
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that the glass capillaries used in the x-ray scattering experiments described in this 

dissertation have 10 µm thick walls. In neutron scattering, the quartz windows used in a 

typical sample cell are ~1 mm thick and only minimally impact the neutron transmission. 

In fact, some of the neutron scattering experiments described in this research require 

highly specialized equipment, for example a rheometer, to be placed in the beamline. 

This is not usually feasible with x-ray scattering. 

 The intensity of scattered radiation is dependent on the contrast between different 

phases in the sample material or rather differences in the scattering length density 

( SLD). The scattering length density of a material probed with x-rays is directly 

proportional to the local electron density. As the electron density scales with the atomic 

number, materials from elements widely separated on the periodic table, such as gold 

particles in water, will have a high scattering contrast. Whereas materials with elements 

that are near each other on the periodic table tend to have much less contrast as in the 

case of organic molecules in water. With neutron scattering, the scattering length is not 

necessarily correlated with atomic number. In fact, different isotopes of the same element 

can have widely varying scattering length densities. The most useful example of this is 

hydrogen and deuterium. Isotopic substitution of hydrogen with deuterium can be used to 

dramatically change the scattering length density of a material without substantially 

affecting the material properties. For example, the scattering length density of 

hydrogenated water is -5.6 10
-7

 cm
-1

, and the scattering length density of deuterated 

water is 6.3 10
-6

 cm
-1

. A list of the scattering lengths and other key properties for each of 

the elements used in this work is presented in Appendix 1, Table A1. The scattering 

length density ( SLD) can be calculated directly if the composition and density are known 
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with Equation 2.2, where bci is the bound coherent scattering length, and vm is the 

molecular volume.  

 1
i

n

c

i
SLD

m

b

v
 Equation 2.2 

The most obvious benefit of isotopic substitution in neutron scattering 

experiments is for the optimization of scattering properties in a given system, but it can 

also be used as an analytical tool. In a three component system, adjusting the scattering 

length density of the solvent by partial deuteration such that it matches the scattering 

length density of one of the other components will isolate the scattering from the third 

component and effectively create a two-component system. To determine the contrast 

match point or an unknown scattering length density, a technique referred to as contrast 

variation is used. In this technique, several (~5) solutions with constant analyte volume 

fraction but varying solvent isotopic composition are prepared. The change in the 

scattering intensity with solvent deuteration is used to determine the contrast match point 

or to extract the scattering length density of the unknown material. Contrast variation is 

used in Chapter 6 to determine the scattering length density of P3HT fibers.  

General Experimental Methodology 

Small Angle Neutron Scattering 

The NG3 and NG7 30 m SANS instruments at the NCNR in Gaithersburg, MD 

have both been utilized in this work and a general diagram of these instruments is 

depicted in Figure 2.2.
1
 Thermal neutrons (λ = 2.38 Å) are produced by a 20 MW nuclear 

reactor and cooled with a liquid hydrogen cold source producing neutrons with 
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wavelengths between 5< λ <12 Å. A velocity selector is used to specify the wavelength 

and define the spread of neutrons. Generally, larger wavelengths extend the low-q limit at 

the cost of lower overall neutron flux, which makes longer measurement times necessary. 

The neutrons are collimated over a 16 m pre-sample flight path with optional guides. As a 

general rule of thumb, the path length of the collimation optics should be approximately 

equal to the sample to detector distance. An open air sample area, approximately 1 m in 

length, contains a sample chamber that holds up to ten samples or an alternate Huber 

stage that can be used as a platform for various special sample environments. Once the 

neutrons pass through the sample they enter a 15 m long detector chamber. A single 2D 

64 cm square detector with adjustable detector to sample distance is used to measure the 

scattered neutrons. By utilizing 2-3 detector distances, both SANS instruments measure 

scattering over a large q-range that spans 0.001<q<0.6 Å
-1 

and corresponds to length 

scales between 1 and 400 nm. For the SANS measurements performed in this research, 

we typically used three configurations to span the entire accessible q-range. Further 

details about the SANS instrumentation at the NCNR is available in the literature.
1
 

Figure 

2.2: Schematic of SANS Instrument.  

Ultra-Small Angle Neutron Scattering 

While the SANS instrument accesses length scales as high as 400 nm, gels have 

larger structural features including fiber length and fractality on the order of many 



22 

 

 

microns. The perfect crystal diffractometer or ultra small angle neutron scattering 

instrument (USANS) measures scattering over a q-range between 0.00005<q<0.005 Å
-1

 

expanding the maximum resolvable size to ~20 µm.
2
 The USANS is fundamentally 

different from the SANS in that scattered neutrons are probed at discrete q-values 

selected by a rotating perfect silicon crystal (220). Figure 2.3 shows a schematic of the 

NIST USANS instrument. The instrument is located directly off the reactor with a 

dedicated thermal neutron port (BT5) and utilizes 2.38 Å neutrons. Additional details 

about this instrument are available in the literature.
2
   

          

Figure 2.3: Left: Schematic of perfect crystal diffractometer on BT5 thermal 

neutron beamline at the NCNR. Right: Depiction of slit smearing. 

The USANS instrument is invaluable for seamless characterization of fibrillar 

gels with neutron scattering. However, several limiting factors must be taken into 

account. First, because the scattering is measured at discrete q-values, 6-12 hours is 

typically required to measure the scattering for each sample. So, unlike SANS which can 

be used to measure the structure in evolving samples, USANS measurements can only be 

performed on samples with structures at equilibrium that are stable over many hours. 

Additionally, the USANS instrument has a relatively high background so the data from 

weakly scattering (low concentration) samples may be very noisy, making these materials 

not well suited to the technique. Finally, the USANS instrument has a rectangular slit 
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shaped aperture rather than a circular or “pinhole” aperture. The Anton Paar SAXSess 

also utilizes a line collimation. The resulting data from these instruments is therefore slit-

smeared. Despite the additional mathematical complications associated with smeared 

data, it has a clear advantage of increasing the neutron flux without reducing the q-range 

(increasing qmin). Igor macros developed at NIST are used to mathematically correct for 

the slit smearing.
3
 

Data Reduction and Absolute Scaling 

 One of the great advantages of neutron scattering is that it is highly quantitative 

and sensitive to the concentration, composition, and structure of materials. When the raw 

data is treated to account for the instrumental background, configuration and total flux, 

the absolute intensity is directly proportional to the particle volume fraction (I(q) . In 

this section the corrections and background measurements necessary for data reduction 

will be described. In this work the NIST Igor based reduction algorithms developed by 

Steve Kline were utilized for all SANS data corrections.
3
 

 To correct raw scattering data, the background scattering from the sample holder, 

the background noise from the environment (dark noise), and the detector sensitivity 

must be accounted for. Additionally, the sample area (beam size), thickness, and position 

with respect to the neutron detector must be known. Finally, the transmission of neutrons 

through the sample and the total beam flux must also be measured. The total beam flux is 

measured with an attenuated empty beam transmission measurement. The scattering and 

transmission are measured for each sample and an empty sample holder. The dark noise 

is measured by placing a neutron absorbing (boron coated) tile to block the beam while 

the scattering is measured. The sensitivity of individual pixels on the detector is 
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determined by measuring the scattering from a piece of poly(methyl methacrylate) 

(Plexiglas™), which has flat scattering over all q (no structure dependent scattering).   

 To correct for the dark noise and sample holder scattering, the following equation 

is utilized:
4
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Where Is is the scattering contribution from the sample alone, Is+ec is the scattering 

intensity from the combined empty cell and sample, Iec is the scattering contribution from 

the empty cell alone, In is the intensity of the dark noise, Ts+ec is the transmission through 

the sample and empty cell combined, and Tec is the transmission through the empty cell 

alone. The scattering is scaled to the absolute cross-section (d /d ) or absolute intensity 

I(q) with Equation 2.3.
4
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In this equation I0 is the total neutron flux (from the empty beam transmission 

measurement), Ts is the sample transmission and is equal to Ts+ec/Tec, d is the sample 

thickness and  is the solid angle over a single detector pixel. For scattering of isotropic 

samples, the data can be further reduced to a 1D scattering curve as a function of q by 

taking a radial average about the beam center. For non-isotropic materials, further 

reduction is situation specific and will be discussed in more detail when applicable in 

later chapters. 



25 

 

 

Advanced sample environments 

Another advantage to neutron scattering that was mentioned in the general theory 

section is the relatively high transmission of neutrons through many materials. This 

enables the design of specialized equipment for use in neutron beam lines beyond the 

typical sample holder with quartz windows. In order to directly compare the structural 

and mechanical or other properties of these gels it is often necessary to directly measure 

these properties simultaneously. In this section, several more advanced neutron scattering 

experimental techniques are described that allow for measurement of samples under 

applied shear, combined mechanical-structural measurements and combined electrical-

structural measurements.  

RheoSANS and 1-2 Plane SANS 

Non-linear mechanical properties often arise as a result of underlying structural 

transitions that can occur in viscoelastic materials under an applied shear stress. There are 

few experimental techniques that facilitate the characterization of structural transitions 

under flow. Here we combine neutron scattering with shear rheology or other specialty 

shear cells to directly link the mechanical and structural properties of fibrillar gels.
5, 6

 In 

Chapter 7 we describe the results of a RheoSANS experiment that was designed to 

explore the evolution of mechanical and structural properties during the gelation and 

dissolution of thermoreversible P3HT organogels. In Chapter 4 we report the use of a 

specialty 1-2 plane shear cell to detect and quantify fiber alignment in a fully formed 

fibrin gel as it is deformed to increasing strain amplitude.  

For RheoSANS experiments, an Anton Paar MCR 501 rheometer has been 

equipped with custom designed Couette cells for use in neutron beam-lines at the NCNR 
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in Gaithersburg, MD.
6
 A schematic of the rheoSANS apparatus is provided in Figure 2.4. 

Currently, only concentric cylinder geometries are available and require between 5 and 

12 mL sample volume. The cup and bob are fabricated from either titanium or quartz 

because of the limited interaction of these materials with neutrons (see Appendix 1, Table 

A1 for the absorption cross-section, the incoherent scattering cross-section and other 

relevant parameters). In a typical rheoSANS experiment, the rheometer is lowered into 

the beam line and the beam is aligned so that it passes through the sample either radially 

(1-3 plane) or tangentially (2-3 plane). Temperature is controlled using heated or cooled 

N2 that flows between the cup and a secondary quartz container. To prevent evaporation, 

low viscosity silicon oil is used in the solvent trap as a barrier to prevent evaporation of 

the organic solvent during heating and cooling cycles over several hours of experiments.  

  

Figure 2.4: Schematic of rheoSANS apparatus. Figure not to scale 

As mentioned above, using rheoSANS the structure can be measured in the 1-3 

(radial or flow-vorticity) and 2-3 (tangential or shear-vorticity) planes. A third plane, the 

1-2 or shear-flow plane also exists, but would require that the neutron beam be directed 
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vertically through the gap between the concentric cylinders. The scattering from shear 

aligned systems is dependent on the orientation of the neutron beam relative to the 

direction of flow. For example, let us consider a small section of a sample located 

between two parallel slabs as depicted in Figure 2.5. In this case the material of interest is 

a suspension of isolated nano-rods of some finite length. When the suspension is at rest 

the cylinders are isotropic and have no orientation. In this case, the scattering through any 

of the three planes will yield identical information. However, upon the application of 

shear the rods may align into the direction of flow. The velocity will vary from zero at the 

stationary wall to the maximum velocity at the moving plate. Therefore the relative 

alignment of the nanorods will likely depend on their position relative to these two plates.  

 

Figure 2.5: Illustration of scattering planes accessible with shear scattering 

techniques. 

A depiction of a possible observed structure through each plane is illustrated in 

Figure 2.5. In the 2-3 plane, the fibers should be mostly aligned parallel to the direction 

of the beam and the resulting scattering will reflect the fiber cross-section. Near the 

stationary plate the cross-section may appear more ellipsoidal due to incomplete 

alignment of the fibers. Through the 1-3 plane, the fibers will be largely aligned into the 

direction of flow. Fibers that are near the stationary wall may not be fully aligned, 
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however there is no way to distinguish the relative position of non-aligned fibers with 

respect to the shear plane, so the non-oriented fibers will appear to be randomly 

distributed through the suspension. It is only in the 1-2 plane that fiber alignment can be 

accurately measured with respect to position between the plates. In this case alignment is 

observed as it was in the 1-3 plane, but the degree of alignment can be measured as a 

function distance from the plates.  

Because the 1-2 plane is not accessible with a conventional rheometer or shear 

cell, a special 1-2 plane Couette shear cell was developed and originally used to observe 

the shear induced phase separation in solutions of wormlike micelles.
5
 A schematic of the 

1-2 plane shear cell is provided in Figure 2.6 highlighting the direction of the neutron 

beam relative to the direction of shear. The 1-2 plane shear cell consists of a 48.7 mm 

diameter by 5 mm thick rotating disk with a 50 mm diameter outer shell (gap = 1.3 mm). 

 

Figure 2.6: Schematic of 1-2 shear cell SANS instrumentation. Figure not to scale. 

The instrument is configured with a small rectangular sample aperture (1 mm by 3 mm). 

Both the disk and the outer wall are composed of aluminum and two quartz windows that 
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provide high neutron transparency through the sample gap. Additional technical details of 

the shear cell have been previously described in the literature.
5
  

The 1-2 plane shear cell is fundamentally different from the rheometer in that no 

mechanical measurements are made with this apparatus, so these experiments must be 

coupled with separate rheology measurements. However, unlike the rheometer, the motor 

that controls the angular rotation is interchangeable for various applications such that the 

shear cell can be used to achieve very high shear rates in flow studies, or very precise 

strain control for fibrin strain hardening experiments.  

Several limitations should be considered when planning experiments with the 

shear cell. First, the 5 mm sample thickness is quite large for neutron scattering 

experiments and may give rise to multiple scattering effects in strongly scattering 

samples. Also, the 1 3 mm sample aperture is very small and therefore the neutron flux 

will be ~40  smaller than what is typically measured in a radial rheoSANS 

measurements. For this reason the scattering experiments in the 1-2 shear cell may 

require long measurement times and like the USANS, time dependent sample changes 

may result in unreliable experiments. However, for samples with reasonable temporal 

stability, 1-2 plane-SANS experiments can provide detailed structural data for materials 

under applied shear stresses.   

Conductivity SANS 

 Advanced sample environments are not restricted to shear-cell type apparatus’. 

Many other types of sample environments exist including pressure cells, furnaces, 

electrophoresis cells and devices for applying magnetic fields. Our group (Newbloom et. 

al.) has developed a portable, temperature controlled, conductivity-SANS apparatus 
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(depicted in Figure 2.7).
7
 A standard NIST 2 mm sample holder design is utilized except 

that a solvent resistant polymer is used to insulate between metal windows facilitating 

electrical measurements. LCR meter leads are attached near the edges of the conductive 

metal windows. An aluminum block with two slots for the sample cell and a second 

temperature reference cell was machined to fit onto a Torrey Pines Peltier plate with an 

operating temperature range from -10 to 100 °C. In practice the sample cell is aligned 

into the neutron beam and the scattering experiment is operated independently of the 

Peltier. Simultaneous temperature, conductivity, and SANS measurements are made 

throughout the duration of the experiment.  

 

Figure 2.7: Schematic of conductivity-SANS experimental set up. Figure not to 

scale. 

Data Analysis 

 Once scattering data has been obtained, corrected, and converted into absolute 

scale, structural information can be determined. Let us consider a typical scattering 

pattern for nanofibers in dispersion. The 1D scattering intensity from a suspension of 
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monodisperse titanium rods that are 100 nm long and 10 nm in diameter in deuterated 

water is plotted as a function of the scattering vector (q) in Figure 2.8 (left). This curve 

will have a number of characteristic features that are typical of elongated fiber-like 

structures. At very high-q a series of characteristic peaks that arise from the constructive 

and destructive interference patterns of the neutrons interacting with the individual 

particles are observed and are related to the particle size. For structures with a perfectly 

smooth surface, the intensity will vary as I q
-4

 at high-q, corresponding to length scales 

that are smaller than the characteristic dimensions of the particles (in this case at q>0.05 

Å
-1

). This region is known as the Porod region. For fibrillar systems, at some 

intermediate-q there is a gradual reduction of the slope and the intensity will vary as I q
-1

 

at intermediate-q. The transition between these slopes is referred to as a Guinier region 

and in fibrillar systems the onset of the first Guinier region is related to the cross-

sectional dimensions of the fiber. At even lower-q, if the fibers are sufficiently short, a 

second Guinier region occurs where the scattering intensity becomes flat. The onset of 

this second Guinier region is an indication that the measured q-range is sufficient to 

probe the length of the fibers. 

Particle size monodispersity is often an idealized, but not realistic case. In this 

research, the fibrillar systems have substantial polydispersity in the cross-sectional 

dimensions. Even a relatively narrow distribution of particle sizes can dramatically 

impact the characteristic scattering pattern. In Figure 2.8 (right) the scattering from a 

dispersion of fibers that are monodisperse in length with L=100 nm and polydisperse in 

radius with an average radius of 5 nm that is characterized by a Schulz distribution with a 

polydispersity index of 0.2. The polydispersity index, PD, is defined as one standard 
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deviation over the number average particle radius. The addition of polydispersity to this 

model nanorod system dramatically changes the scattering pattern. The new scattering 

pattern is the sum of the scattering that is measured from each particle in the system. In 

the polydisperse system the characteristic peaks at high-q are no longer measured and 

instead a steady I~q
4
 Porod slope is measured. Also the transition to both Guinier regions 

is shifted to lower-q and the intensity as q approaches zero is larger. This is because the 

scattering from large particles is more intense than for small particles. 

 

Figure 2.8: Left: Scattering produced from isolated monodisperse titanium 

cylindrical rods (average 10 nm in diameter and 100 nm long). Right: Scattering 

from cylinders with polydispersity in the radius with a 0.2 polydispersity index 

using a Schulz distribution. 

There are several different strategies for analyzing scattering data to obtain 

specific structural parameters. Typically, one of three general approaches is taken. These 

include direct analysis of the data using standard plots and empirical models, data 

modeling, or application of inverse Fourier transforms to obtain pair-distance distribution 

functions. Each of these methods has distinct advantages and disadvantages. We have 

made extensive use of both the direct analysis methods and the data modeling 
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approaches. The details for the application of these analyses to fibrillar systems are 

presented in detail in the following pages.  

General Structural Analysis 

Guinier Analysis 

 A Guinier analysis can be used to determine the radius of gyration of particles. 

The benefit of using this simple method over a model fitting approach is that the radius is 

obtained directly from the scattering data. Additionally the radius of gyration can be 

determined without knowing the exact form factor (shape) of the particles. Unfortunately, 

this technique does not quantify particle polydispersity.  

For fibers there are potentially two separate radii of gyration: the cross-sectional 

radius of gyration (Rg-x) and the whole particle radius of gyration (Rg). For a fiber the 

whole particle radius of gyration is extracted from Equation 2.5.
4
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Rg is extracted from a linear fit of the scattering data as q
2
→0 from the Guinier plot, 

where ln(I) is plotted as a function of q
2
 as shown in Figure 2.9 (left). With some 

additional information about the cross-section of the fiber it is possible to extract the 

length of the fiber. For a cylinder the radius of gyration is related to the length (L) and 

radius (R) of the average particle by Equation 2.6.
4
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 To determine the absolute length and radius of the cylinder, a second radius of 

gyration related only to the cross-sectional dimensions (Rg-x) must be determined. The 

cross-sectional radius of gyration is determined from the intermediate Guinier region 

using Equation 2.7.
4
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To determine Rg-x, a cross sectional Guinier plot is utilized with ln(qI) plotted as a 

function of q
2
. From this plot the slope from a linear fit of the scattering data as q

2
→0 is 

extracted and is equal to 

2

2

g xR
as shown in Figure 2.9 (right). For a cylinder the average 

radius is related to Rg-x by the relationship described in Equation 2.8:
4
   

 
2

2

2
g x

R
R

 Equation 2.8
 

 

Figure 2.9: Left- Guinier plot and linear fit of titanium rods. Calculated fiber length 

(95 nm) is within 5% of actual fiber length Right- Cross-sectional Guinier plot and 

linear fit of titanium rods. Calculated fiber diameter is identical (50 nm) is identical 

to actual diameter. 
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 The Guinier approach can be used to determine both the length and radius of 

fibers when scattering is probed to sufficiently low-q, or when the particles are 

sufficiently short. However, sometimes, especially for long fibers, only the intermediate 

Guinier regime is resolvable within the accessible q-range. In these cases the cross-

sectional Guinier analysis remains a valid approach, but only the cross-sectional 

dimensions will be resolvable. This is the case for most of the fibrillar gels studied in this 

research. 

Porod Analysis and Specific Surface Area 

A Porod analysis can be used to determine the specific surface area ( ) of fibers 

in a gel (or more generally the interfacial area in a variety of biphasic materials). Use of 

the Porod analysis requires that there be a sharp interface between the two phases, 

yielding the Porod slope (I q
-4

) described above and labeled in Figure 2.8. Here, the 

specific surface area is determined from the scattering using Equation 2.9.
8
 

 
4 2lim( ( ) ) 2 ( )SLD

q
I q q  Equation 2.9

  
 

where Σ is the specific surface area in units of m
-1

 and 
SLD

 is the scattering length 

density contrast between the fibers and the bulk solvent. The limit of Iq
4
 as q→∞ is 

determined by plotting Iq
4
 as a function of q as shown for the example polydisperse 

titanium rods in Figure 2.10. In this plot, the domain over which Iq
4
 is independent of q is 

the Porod region. In this case 
4 5lim[ ( ) ] 9.04 10

q
I q q . It is important to note that in an 

analogous plot for monodisperse particles, the higher order peaks will cause oscillations 

about this horizontal axis.  
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In this work, the specific surface area is an important parameter for P3HT gels, as 

increasing interfacial area in organic solar cells should correlate with increased exiton 

dissociation in these devices. In this case we are interested in maximizing the surface area 

per gram of polymer. The specific surface area can be converted into more relevant units 

of m
2
/g by utilizing Equation 2.10:

8
 

 V

m f

S  Equation 2.10

          

 

where 
m

 is the mass density of the fibers. If f is unknown, it can be determined directly 

from the scattering data by calculating the invariant.  

 

Figure 2.10: Porod plot for a dispersion of polydisperse titanium nanorods. 

Invariant Analysis 

The volume fraction of fibers in the gel ( f) is calculated directly from the total 

invariant (Q). This parameter is frequently known from the sample preparation. 

Therefore, the invariant tends to be a good consistency check for the accuracy of the 

integration and the value of the scattering contrast ( ). For an isotropic two phased 
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system the scattering invariant relates the angle dependent, absolute scaled, scattering 

intensity (I) to the particle volume fraction ( f) and the scattering contrast between the 

two phases ( SLD) with Equation 2.11.
8
 

2 2 2

0

( ) d 2 (1 )( )f f SLDQ I q q q   Equation 2.11 

The invariant is calculated directly by numerical integration of the scattering data. In this 

dissertation the invariant has been used to determine the volume fraction of fibers in both 

the P3HT and fibrin gels. 

 In the fibrin gels, the scattering data has two distinct and separated Porod regions. 

The lower-q Porod region reflects the interface between the whole fiber and the 

surrounding solvent. The high-q Porod region is attributed to the interface between the 

proteins and solvent within the fiber. Similar double Porod regions are commonly 

observed in the scattering profiles of porous and granular media. For systems exhibiting 

clearly distinguishable features on two distinct length scales, an analysis method has been 

developed to determine both the volume fraction of small pores within the “grain” (larger 

structures) as well as the volume fraction of the “grains”.
8
 We apply this previously 

established method of analysis to determine the protein volume fraction ( Int) within the 

fibrin fibers. 

In order to measure Int, the scattering data must be modified to isolate the 

intensity that is representative of the sharp interface between the proteins and the solvent 

within fibers. This requires the elimination of scattering intensity contributions that result 

from large structural features. This modification can be easily performed because the two 
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structural features are well separated in length scale. The modified intensity profile (I
*
) is 

dominated by the contributions of the internal fiber structure. 

 

4
* *

* 4
( ) ( ) ( )

q
I q I q I q

q
   Equation 2.12 

In Equation 2.12, I is the absolute scattering intensity and I(q*) is the measured 

intensity at q* where q* is any value in the fiber-solvent or low-q Porod region as defined 

in Figure 2.8. The above description can also be understood by considering an analogous 

imaginary sample modification. A scattering profile similar to that of the modified 

intensity (I
*
) would be obtained if it were possible to remove all buffer that lies between 

the fibers in the network without affecting the structure of the individual fibers. This 

would leave a compressed layer of protein and water with a porous nanostructure 

identical to that of the internal structure of the fibers. The invariant of the modified 

intensity (I
*
) can then be used to determine the volume fraction of protein within the 

fibers ( Int). The invariant of the high-q Porod region (Q
*
) is calculated with Equation 

2.13:
8 
 

 

* * 2 2 2

0

d 2 (1 )( )f Int SLDQ I q q

 Equation 2.13 

 In practice this analysis can be difficult to apply and a few limitations must be 

considered. In order to apply this analysis the second, high-q Porod slope must fall within 

the measured q-range. For the fibrin scattering, the high-q Porod slope occurs in a region 

of the data with relatively low intensity and is only slightly greater than the incoherent 

background. Because the scattering and background are of similar intensity, slight error 

in the background subtraction can lead to significant error in the second invariant 
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analysis. To ensure that this error is minimized, the background subtraction is made such 

that the high-q Porod slope is forced to an I q
4
 dependence. This analysis is very 

accurate when the concentration is high and the scattering is well above the background. 

Model Fitting 

 While the generalized analysis techniques described above are very useful, it is 

often possible to extract more detailed information by utilizing a relevant model for the 

structure of the material and fitting the model directly to the reduced scattering data. The 

scattering intensity, or differential cross-section, from any two component system can be 

represented as the product of a form factor (P(q)), a structure factor (S(q)), and a scaling 

factor determined by the particle volume fraction and the scattering length density 

difference between the solvent and the particles (Eq. 2.14).
8 
 

 

2( ) ( ) ( ) ( ) ( )f SLD

d
I q q P q S q

d  Equation 2.14 

The form factor is determined by the shape of the individual particles in the system and 

the structure factor is related to correlations between neighboring particles. In general, 

relatively low fiber volume fractions are used in this work so there is no structure factor 

at high-q. At low-q, however, the branched interconnected nature of the fibrillar gels 

must be accounted for. The structure factor at low-q is quantified by the fractal dimension 

Df
 
and is the result of the fractal like self-similarity over multiple length scales. 

Fractal Dimension 

 The fractal dimension (Df) describes the distribution of mass (m) in a material 

over multiple length scales, m(x)=~x
Df

. A fractal dimension of one is expected for 1-D 
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cylinders, however in fibrillar gels the bifurcated structure and self-similarity gives rise to 

higher fractal dimensions at low-q. The easiest way to quantify fractal dimension is with 

a simple power law slope (I(q)~q
Df

). There are cases, though, where this is not an 

accurate method for determining the fractal dimension. This is particularly true for 

fibrillar systems with significant polydispersity or where the intermediate and low-q 

Guinier regions are not well separated as in the case of fibrin gels.  

A fractal model based on the work of Teixeira is used to evaluate the network 

scale structure of the fibrin gels in Chapter 3.
9
 This is primarily reflected by the data 

collected with the USANS instrument (q< 3x10
-3

 Å
-2

). A least squares fitting algorithm is 

used to fit the data with the fractal model where the form factor and structure factor are 

defined in Equations 2.15 and 2.16 respectively.  
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In Equation 2.14,  is the volume fraction of the primary spheres, VP is the volume of the 

individual spherical particles,  is the contrast between the two phases (fibers and 

solvent), q is the wave vector. S(q) is the structure factor of the fractal which is defined in 

Equation 2.15. In this equation, Df is the fractal dimension,  is the correlation length 

over which the fractal structure persists and R0 is the radius of the individual spheres.  

In order to simplify the analysis, the form factor of spherical subunits is used to 

construct the fractal network. While this analysis does not specifically apply to a 
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distribution of cylindrical fibers, it is possible to consider that the fibers themselves are 

composed of chains of spherical particles. This is a valid assumption at the very low-q 

values (USANS regime) used for model fitting because in this region the scattering is not 

sensitive to the shape of the individual building blocks.  

Form Factors 

 In general, the gels studied in this dissertation are of sufficiently low 

concentration that, aside from the fractal dimension at low-q, the structure factor is equal 

to one. In this case the data can be modeled simply as the product of the form factor and 

the scale factor. Unlike the Guinier analysis described above, here we can account for 

polydispersity by modeling the system with as containing a defined distribution of fiber 

sizes. In this section, each the form factors that are used to fit data in this dissertation are 

described. The cylinder model, which is also utilized in this work, is defined in the 

section on 2D scattering analysis.  

P3HT fibers are modeled with a parallelepiped form factor in Chapters 6 and 7. 

The parallelepiped form factor was derived by Mittelbach and Porod in 1961 and is 

described by Equation 2.17:
10
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 Equation 2.17         Equation 2.16 

In this equation, a, b and c are the fibrillar height, width and length, respectively. The 

random orientation distribution of parallelepipeds is accounted for by integrating over 

angles α and β. 
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The P3HT system is not well modeled by the parallelepiped model alone because 

a fraction of the polymer remains soluble even after gelation is complete. Soluble P3HT 

is modeled with a polymer chain with excluded volume form factor. The polymer 

excluded volume model was derived by Benoit in 1957 and is described by Equation 

2.18: 
11
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 Equation 2.18 

In this equation a is the statistical segment length, n is the degree of polymerization, and 

v is related to the polymer chain conformation.  

For systems with more than two components, modeling the data with a single 

form factor is not sufficient. In one sense P3HT gels are a two component system in that 

they are a mixture of polymer and solvent; however, the polymer exists in two distinct 

phases. The fibrillar polymer is well described by the parallelepiped form factor, but the 

soluble polymer is best described by the polymer excluded volume model. Even in fully 

evolved P3HT gels these two phases coexist making the gel effectively a three 

component system. The scattering from the various components are additive and a simple 

mass balance, defined in Equation 2.19 can be utilized to account for P3HT in fibrillar 

and soluble form. 

 2 2

3 3( ) ( ) ( ) (1 )( ) ( )P HT F PP P HT F PExVI q P q P q
 Equation 2.19 

In this equation PPP is the parallelepiped form factor, PPExV is the polymer excluded 

volume form factor, P3HT is the total volume fraction of P3HT the solution and ΦF is the 

fraction of total P3HT that is in fibrillar form. By carefully constraining the experimental 

system, most of the parameters in the combined parallelepiped and excluded volume 
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polymer model are constrained so that only the fiber cross-sectional dimensions (a and b) 

and ΦF are varied to fit the data. An example of this combined form factor for a model 

system composed of 30 mg/mL P3HT in D-p-xylene where ΦF = 0.5 is plotted in Figure 

2.11 with the constituent polymer and fiber models. It is only at high-q that the excluded 

volume polymer model is significant. When the fiber conversion is lower, the inclusion 

of the excluded volume polymer model is even more important to obtaining a good fit to 

the experimental data. 

 

2.11: Combined parallelepiped and excluded volume polymer model for P3HT gels 

2D Form Factor Analysis 

As described above, for randomly oriented objects, the scattering intensity is 

radially averaged and fit with a one-dimensional form factor, P(q). For aligned, or 

partially aligned objects, the scattering intensity, I(q), is anisotropic and is related not 

only the dimensions of the object, but also to the average particle orientation. However, 

in such a case, the traditional methods of analysis such as fitting to an analytical one-
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dimensional form factor or the use of a cross-sectional Guinier analysis for the 

determination of fiber radius are no longer valid. Therefore, a two-dimensional model is 

necessary to quantify the structure (orientation and dimension) of anisotropic fibers. This 

approach is challenging and computationally expensive but, as we will demonstrate, it 

can provide valuable structural information that is often inaccessible through other 

techniques.  

Here, the absolute intensity I(q)
 
at each detector pixel of the two-dimensional 

scattering profiles for each strain is fit with the 2D cylinder form factor, P(q),using 

SansView: 
12, 13

 

 

2 2( ) ( ) ( )fI R L P bkgq q  Equation 2.20 

where q is the scattering vector, f is the volume fraction of fibers, R and L are the radius 

and length of the fibers respectively,  is the scattering length density contrast term, 

and bkg is the incoherent background. P(q) accounts for the distribution of fiber 

orientations by averaging the cylinder form factor over the different angular distributions 

relative to the neutron beam. The generalized form factor for a distribution of oriented 

cylinders is defined by Equations 2.21 and 2.22: 
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where p(θ, ) is the probability distribution for the orientation of the fiber over which the 

oriented cylinder form factor, P0(q, ), is averaged,  is the angle between the fiber axis 

and the scattering vector q, and J1 is a first order Bessel function. The probability 

distribution for the orientation of the fibers is defined in terms of , the orientation 

distribution in a plane parallel to the detector, and θ, the orientation distribution relative 

to the incident beam as illustrated in Figures 2.12. For the experiment presented in 

Chapter 4, the fibers are distributed isotropically with respect to θ, but anisotropically 

with respect to . The determination of the orientation distribution will be discussed in 

Chapter 4.  

 

Figure 2.12: Definition of the angles and   of the oriented cylinder with respect to the 

incident beam (z-axis) and the detector plane (x-y plane). 

Summary 

Small angle scattering is a powerful technique for characterizing the multiscale 

structure of complex fluids and materials. Unlike other nanostructure characterization 

methods like scanning and transmission electron microscopy, small angle scattering 

facilitates measurements of liquid and gel materials in a variety of environments. In this 

dissertation we utilize a combination of small and ultra-small angle scattering to probe 
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the structure of fibrillar gels formed in situ. Taking advantage of the high transmission of 

neutrons through various materials, several specialized neutron scattering cells have been 

utilized in this work including a rheometer, a 1-2 plane shear cell, and a dielectric cell. 

These combined measurements are used to establish direct relationships between the 

structure, mechanical properties, and sometimes electrical properties of fibrillar gels.  
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Chapter 3                                                                          

Fundamental Characterization of Fibrin Structure and 

Rheology 

Introduction 

Biopolymer networks have unique mechanical properties, such as high elasticity 

and reversible strain hardening, which are distinct from those of most synthetic polymer 

networks. These properties are related to the unique structure of the network, the fibers 

and the proteins within the fibers.
1-3

 Fibrin is a frequently studied model biopolymer 

system that is responsible for the formation of blood clots upon traumatic injury.
4
 The 

importance of this protein is twofold. First, the formation of thrombus in-vivo is of 

critical importance to prevent excessive blood loss upon injury. However, improper 

coagulation in the body also causes medical problems by preventing normal blood flow. 

This leads to cases of heart attack and stroke.
5
 Second, fibrin networks also show 

significant promise as a novel scaffolding material for growing functional tissues.
6
 In this 

application, fibrin clots are unique because they are inherently biocompatible, 
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biodegradable, and present the mechanical properties that are necessary to promote tissue 

formation. For these and many other important reasons, fibrin has been extensively 

studied since its discovery in the late 19
th

 century.
4 

However, despite its obvious 

importance, the structural features of fibrin gels have been difficult to characterize in 

samples that are maintained in their native hydrated state. In addition, previous research 

focusing primarily on various microscopy techniques has been unable to thoroughly 

characterize fibrin gels over a large range of protein concentration and over a broad range 

of length scales.
2, 7, 8

 In this chapter, small angle neutron scattering and rheology are used 

to characterize the bulk structural and mechanical properties of coarse fibrin clots formed 

in D2O saline solutions over a broad range of fibrinogen concentrations (1-40 mg/mL). 

Using a combination of small angle neutron scattering (SANS) and ultra small angle 

neutron scattering (USANS) the bulk structural features of unperturbed fibrin are 

seamlessly characterized over a large range of length scales between 1 and 15,000 nm. 

Like many other biopolymers, fibrin is considered as a semiflexible polymer 

because its persistence length is of the same order of magnitude as the contour length, or 

in this case more appropriately the distance between the network junctions.
3
 This semi-

flexible polymer network structure is believed to be the origin of some of the unique 

rheological properties of fibrin.
9
 It is essential to have an extensive rheological 

characterization of these biopolymers to fully understand the physiological behavior of 

these materials. Many biopolymers such as actin, collagen, and fibrin show unique linear 

and non-linear rheological properties.
9
 For example, under low levels of deformation or 

strain, the elasticity of fibrin clots is characterized by a constant elastic modulus. 



49 

 

 

However, upon application of larger levels of strain, these biopolymers stiffen and 

undergo a phenomenon known as strain hardening.
9, 10

  

Several models and theories have been developed in an effort to understand the 

cause of this unique mechanical behavior.
9, 10

 At very low strains, when the semiflexible 

networks present a constant elastic modulus, the stiffness of the gel is related to the initial 

concentration of proteins with a power law relationship.
3
 The power law exponent is 

related to the nature of the interaction between the fibers. For a network of fibers the 

elastic modulus is predicted to have a stronger dependence (G ~ C
2.5

) on the protein 

concentration compared to the case where the fibers are just entangled (G ~ C
2.2

). In 

addition, models to describe the structural origin of the non-linear strain hardening 

response in these biopolymer gels are currently being debated and several alternative 

theories have been postulated.
9, 10 

We believe that SANS and USANS in combination 

with rheology may provide valuable information to develop these theories and relate the 

structural and mechanical properties of fibrin and other biopolymer networks.  

Figure 3.1 shows a schematic of the three-dimensional structure of a coarse fibrin 

network over all relevant length scales. Fibrinogen, which is found naturally in the blood 

stream, is converted to fibrin by the enzyme thrombin. This enzyme is released locally 

near the region of trauma as the last factor in the coagulation cascade.
4
 Fibrin then self 

assembles into a half staggered linear array of protein molecules that is called a 

protofibril. Several protofibrils may also aggregate radially and form what are referred to 

as coarse fibers.
11, 12

 The total extent of lateral aggregation is controlled by the solvent 

properties including the ionic strength, pH and the isotopic composition of water.
2, 12, 13 

Fibrin fibers have a low internal protein volume fraction ( Int) with estimates of about 80 
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percent of the total fiber space being occupied by water. 
4, 14, 15

 The fiber’s internal 

protein fraction has been previously estimated by evaluating the turbidity of fibrin 

samples
14

 and also by optically matching the index of refraction of clots containing very 

low fibrin concentrations.
15

 In this chapter, we describe a new method based on neutron 

scattering to directly and accurately obtain this information from fibrin clots that are 

formed over a much wider range of protein concentrations. This method determines the 

internal porosity of the fibers from the angular dependence of the scattering intensity I(q). 

 

Figure 3.1: Schematic of fibrin features at different scales ranging from 1 nm-10 

µm. 

Structural and mechanical characterization of fibrin clots formed from solutions 

of fibrinogen at concentrations up to 10 mg/mL have been previously reported in the 

literature.
2, 16

 The normal range of fibrinogen concentration in the blood stream typically 

varies between 2 and 4 mg/mL, which are included in the previously characterized range. 

Electron microscopy has been commonly utilized to determine the basic structural 

properties fibrin gels. This technique has demonstrated that upon the addition of 

thrombin, fibrin forms a bifurcating network of cylindrical fibers with no visible dangling 
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ends.
2
 While this is extremely valuable insight, the properties of the hydrated gel cannot 

be easily evaluated with electron microscopy. Optical techniques such as confocal 

microscopy, which do not require sample processing, have also been utilized to this end.
7
 

However, optical techniques are limited not only by the minimum length scale of the 

fibrinogen features that can be characterized, but also by the opacity of the gels formed 

from higher concentrations of protein. More importantly, it has likely that the 

concentration of fibrin in a thrombus that is formed in-vivo is much higher than has been 

characterized in previous work.
17  

Small angle scattering techniques are ideally suited to characterize the bulk 

structural properties of clots formed at much higher concentration and in their native 

hydrated state. Furthermore, we use deuterated solvents to promote the lateral growth of 

fibers within the clots. The use of D2O improves the resolution of the structural 

characterization due to the significant difference in the scattering length density between 

the hydrogen in the protein and the deuterium in the solvent.
13

 The complex structural 

features of fibrin clots also motivate the need for a rigorous approach to seamlessly 

characterize the hydrated structure of fibrin clots over a wide range of length and 

concentration scales. Neutron scattering is ideally suited for this because of the wide 

range of length scales that can be characterized with the same technique. In this study, the 

SANS technique provides information about the internal structure and the radial 

dimension of the fibers, while the USANS technique is used to characterize larger 

features including the fractal dimension of the network (Df) and the correlation length ( ) 

over which the fractal structure persists. Both techniques are performed on the exact same 

samples.  
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Materials and Methods 

Sample preparation 

Human alpha thrombin and fibrinogen solutions depleted of any plasminogen and 

von Willebrand factor are purchased from Enzyme Research Laboratories (South Bend, 

IN). Deuterated water containing 99.9% D2O is obtained from Cambridge Isotope 

Laboratories (Andover, MA). The fibrinogen is dialyzed against a deuterated buffer 

composed of 0.5 M NaCl, 0.05 M Tris, and 99.9% D2O with a pD of 7.4 in regenerated 

cellulose dialysis tubing over 12 hours. The composition of the buffer is selected to 

maximize the stability of the proteins while also promoting the formation of coarse fibers 

containing several protofibrils.
13

 Dialysis is performed until the final stock solution 

contains at least 98% deuterated water. The fibrinogen stock solutions in D2O buffer are 

separated into aliquots and stored at -80 °C. Prior to final sample preparation, the protein 

solutions are thawed, diluted and filtered through a 0.45 syringe filter to remove any 

protein aggregates or dust. The final fibrinogen concentration is then determined from the 

absorbance at 280 nm using a UV-Vis spectrophotometer and an extinction coefficient of 

1.6 mL/mg.
14

 Trace amounts of the protein Factor XIII are known to be present in the 

initial fibrinogen solution. This protein, when activated with calcium, promotes the 

formation of glutamyl)lysine isopeptide bonds between adjoining protein monomers 

in fibrin fibers.
18

 To ensure the activation of the factor XIII protein, CaCl2 is added to the 

filtered protein solution to a final concentration of 2.5 mM Ca
+2

. Prior to polymerization, 

the fibrinogen solutions are also degassed under a -30 mmHg vacuum for 40 minutes. 

Degassing the sample is necessary to prevent the nucleation of microbubbles. The 

scattering contribution of bubbles at low angles can overcome the fibrin signal and render 
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the USANS data analysis unworkable. To initiate coagulation, 0.16 NIH units of 

thrombin per milliliter of the total solution is added to each fibrinogen sample just prior 

to loading it into the SANS cells or the rheometer. The thrombin concentration is 

sufficiently low to allow proper loading of samples into the rheometer and the neutron 

scattering cells before the polymerization begins to occur. After initiation, the gel is 

allowed to form in the sample holders over a period of 10 hours prior to testing.  

Rheology 

Rheological data is obtained with an Anton Paar MCR 301 stress controlled 

rheometer using a cone and plate geometry with a 2.5 cm diameter and a 1
○
 angle. During 

polymerization, the samples are subjected to 0.1% strain oscillations at a frequency of 1 

Hz for 10 hours in order to track the development of the clot and to ensure that the gel 

formation has reached completion. This is determined by reaching a plateau in both the 

elastic (G’) and viscous (G”) moduli. A strain of 0.1% is found to be appropriate to track 

the gelation process while also being sufficiently small to prevent the alteration of the 

rheology and structure of the final gel. After complete polymerization, the linear moduli 

of the gel (G’ and G”) are measured with a frequency sweep (0.0001 and 100 Hz) at a 

fixed strain of 1%. Subsequently, the instantaneous (non-linear) modulus of the gel is 

probed by performing a steady stress ramp and holding steady for one minute intervals at 

each stress level. The strain is measured just prior to each step in applied stress. In order 

to verify that the measured mechanical properties are not related to interfacial slip, the 

rheology is measured with various instrument configurations and surface materials. 

Additionally, step stress tests are also tracked as a function of time to ensure that the 
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samples do not experience any creep, slip or yielding during the application of the stress. 

None of these effects are found to occur in these samples. 

Neutron Scattering 

Small angle neutron scattering (SANS) and ultra small angle neutron scattering 

(USANS) measurements are performed on the same samples at the Center for Neutron 

Research at NIST in Gaithersburg, Maryland. SANS measurements are performed on the 

NG3 30 meter instrument.
19

 Measurements are made at three detector distances of 1.3, 7 

and 13.2 meters to cover a broad q-range (0.002 to 0.3 Å
-1

) using neutron wavelengths of 

5 Å and 8.4 Å. All of the SANS data are corrected for background and sample cell 

scattering, and is placed on an absolute scale by measuring the direct beam flux.
20

 

USANS measurements are performed on the BT5 perfect crystal diffractometer extending 

the measured q-range down to 4 x 10
-5

 Å
-1

.
21

 Data is reduced and desmeared using the 

NIST Igor based software.
20 

Results 

Rheology 

Fibrin gels were mechanically characterized to determine the variations in the 

moduli as a function of fibrinogen concentration. At low strain, fibrin gels exhibit linear 

viscoelasticity and the modulus of the gel is independent of strain. The storage modulus 

of the gel was characterized within the linear viscoelastic limit at 1% strain over a 

frequency range bounded by 0.0001 and 100 Hz. Figure 3.2 shows the storage and loss 

modulus as a function of frequency as well as the storage modulus at 1 Hz as a function 
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of fibrinogen concentration. The modulus increases slightly with increasing frequency 

but it is relatively constant overall. Also, the storage modulus is consistently greater than 

the loss modulus, which indicates that the material is a gel over the entire probed 

frequency range. The modulus dependence on fibrinogen concentration is well fit by a 

power law equation with G’~C
2.22

. This is almost identical to the expected dependence 

for solutions of entangled semi-flexible fibers (G’~ C
2.20

) but it is lower than the 

prediction for crosslinked networks (G’~ C
2.5

).
3
  

 

Figure 3.2: Rheology of fibrin clots within the linear viscoelastic limit. Left: The 

frequency dependence of modulus of 2 [G’ (□), G”(○)] and 25[G’ (■), G” (●)] 

mg/mL fibrin clots normalized by G’(1 Hz). Right: Storage modulus (G’) of ligated 

fibrin clots formed from fibrinogen of varying concentration (1-40 mg/mL) and fit 

with a power law equation. 

It is also well known that fibrin gels exhibit non-linear behavior with increasing 

strain. More specifically fibrin gels are strain hardening. A slow stress ramp was used to 

characterize the non-linear rheology of fibrin as a function of strain. Figure 3.3 shows the 

instantaneous modulus (GInst = d /d ) as a function of strain. It is evident that the non-

linear rheology of the fibrin gel is highly dependent on the initial fibrinogen 
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concentration. At a concentration of 3 mg/mL, the fibrin gel begins to harden at about 3% 

strain and the gel modulus increases gradually until the gel begins to break giving rise to 

a steep decrease above 150% strain. The 5 mg/mL fibrin gel behaves similarly, but the 

rate of the modulus increase becomes weaker between 10 and 40% strain. At higher 

concentrations, as represented by the 10 mg/mL data in Figure 3.3, a new region of 

strain-softening appears between 10 and 30% strain before the samples begin to stiffen  

 

Figure 3.3: Instantaneous modulus (GInst) plotted versus strain for four fibrin 

samples of increasing concentration. 

again. Finally, in fibrin gels containing much larger concentrations of fibrinogen (≥25 

mg/mL) the modulus of the gel does not increase at 3% strain as previously observed. 

Instead, these samples show a steep reduction in the modulus at about 6% strain before 

the modulus begins to increase again at 30% strain. In this later range, the behavior 

matches the high strain behavior of the lower concentration samples. To the best of our 

knowledge, this complex rheological behavior at high fibrin concentrations has not been 

reported previously.  
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Neutron Scattering 

The scattering data (SANS and USANS) for each sample are fully reduced, 

corrected for instrumental resolution (desmeared) and combined into a single scattering 

profile. The data covers an extremely broad range of q-values between 0.00004 and 0.3 

Å
-1

 that can be associated with features of sizes ranging roughly between 1 and 15,000 

nm. Figure 3.4 shows the combined USANS and SANS scattering profiles for 3, 10 and 

30 mg/mL fibrin gels normalized to the concentration of the samples. Identical structures, 

normalized in this way, should show overlapping scattering profiles. The data shown in 

Figure 3.4 is representative of all other scattering profiles that were collected for fibrin 

samples in the range of 1 to 40 mg/mL.  

The changes in the scattering profiles in Figure 3.4 can be associated with the 

structural features of the fibrin network that are highlighted in Figure 3.1. At high-q (> 

0.01 Å
-1

) there are two distinct plateaus in the intensity profile that correspond to the 

internal structure of the individual fibers. At intermediate-q (0.001 < q < 0.01 Å
-1

) the 

SANS data is mostly characterizing the structure of the fibers. The slope transition that 

occurs at 0.002 Å
-1

 is related to the average radius of the cylindrical fibers. Finally, at 

very low-q, in the USANS regime, the scattering is dominated by the structure of the 

network. In this region, the data can be used to determine the fractal dimension of the 

network, which is primarily dependent on the intensity slope in a log-log representation. 

In this q-region, a plateau can also be observed for the highest sample concentrations. 

This is characteristic of an inhomogenous fibrin distribution over these larger scales. This 

feature also allows for the determination of a correlation length that is characteristic of 

the fractal structure. However, the plateau is only observed in the USANS region of 



58 

 

 

samples with the higher concentrations (C > 10 mg/mL). At lower fibrin concentrations, 

the low-q plateau occurs at length scales that are larger than the resolution limit of the 

USANS instrument. 

 

Figure 3.4: Combined SANS and desmeared USANS scattering profiles for fibrin 

gels formed from different concentrations of fibrinogen (3 mg/mL, 10 mg/mL, and 

30 mg/mL) with intensity (cm
-1

) normalized by concentration (mg mL
-1

).  

It is clear in Figure 3.4 that the most significant change in the scattering intensity 

occur in the very low-q range (USANS) corresponding to the network structure. All other 

features of the scattering profile remain relatively unchanged with increasing fibrinogen 

concentration. The low-q scattering of the 3 mg/mL fibrin curve does not have a low-q 

plateau in the measurable q-range. In contrast, the curves of both the 10 and 30 mg/mL 

samples present a plateau that shifts to higher-q as the concentration increases. In 

addition to the low-q variation, there are also slight variations in the scattering curves in 

the higher-q regions that are difficult to appreciate in the log-log representation. While 
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visual inspection of the curves permits a qualitative assessment of possible structural 

differences, careful quantitative analyses of the scattering data can provide detailed 

structural information. We perform a substantial analysis of the data using general model-

independent analyses without having to make a priori assumptions of specific structural 

models that could lead to uncertainty in the results. Using a simple Guinier and Porod 

analysis, an effective cylinder radius and the internal protein volume fraction of the fibers 

can be determined directly.  

Internal Structure 

For all samples, the scattering profiles contain two easily distinguishable Porod 

regions. The low-q Porod region is a result of the interface between the coarse fibers and 

the solvent that fills the pores of the network. On the other hand, the high-q Porod region 

is caused by the sharp interface that exists between the individual proteins and the solvent 

that fills the gaps within each individual fiber. In Chapter 2, a double invariant analysis 

for determining the volume fraction of the protein within the fiber is described.
22

 We 

apply this previously established method of analysis to determine the protein volume 

fraction ( Int) inside fibrin fibers and the overall protein volume fraction in gels that are 

formed over a broad range of concentrations. 

The scattering contrast is determined from the scattering length density (SLD) of 

the deuterated solvent and the fibrinogen proteins. The SLD of the solvent was calculated 

to be 6.3x10
-6

 Å
-2

 using the known atomic composition and the measured density. The 

SLD of fibrinogen in D2O buffer at pD 7.4 was measured experimentally as 3.17x10
-6

 Å
-2

 

using the contrast variation technique described in Chapter 2. The total volume fraction 

of fibrinogen in the gel ( Fib) is calculated from the total invariant Q and Equation 2.11. 
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This parameter is also known from the sample preparation. Therefore, this process 

represents a good consistency check for the accuracy of the integration and the value of 

the scattering contrast ( ). The calculated value of Fib was found to be on average 

within 10% of the known value from the sample preparation. 

The internal protein fraction ( Int), calculated from this invariant analysis, is 

plotted as a function of fibrinogen concentration in Figure 3.5. The internal protein 

fraction in the fibers increased steadily with concentration and the relationship was well 

fit with a power law function. Interestingly, the values are even lower than the previous 

estimates of about 20% protein.
4, 14
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Figure 3.5: Internal volume fraction of fibrin fibers from multilevel invariant 

analysis. The error was determined from the uncertainty of the Invariant  

Fiber Structure 

A Guinier fit on the fiber cross-section was performed at the turn over between 

the low-q region and the first Porod region to determine the average radius of the fibrin 

fibers. The average radius is plotted versus the initial fibrinogen concentration in Figure 

3.6. From the figure it is apparent that the radius varies very little with concentration. 
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However, careful inspection shows that there is a slight decrease in the radius with 

increasing fibrinogen concentration between 2 and 20 mg/mL. In contrast, at the higher 

concentration (30 and 40 mg/mL) the radius of the fibers was slightly larger than at the 

lower concentrations.  
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Figure 3.6: Radius of fibrin fibers determined from a Guinier analysis. The error, as 

determined from the Guinier fit is masked by the data markers. 

From the values of Int and R, it is also possible to calculate the average number of 

protofibrils (NP) in the radial cross-section of a coarse fibrin fiber. This is calculated 

using Equation 3.1: 

   

2

Fiber Int m
P

P P

R
N                            Equation 3.1 

In this equation, NP is the average number of protofibrils in a radial cross section of the 

fiber, m is the mass density of individual fibrinogen proteins (1.4 g/mL), R is the average 

fiber radius obtained from the Guinier analysis, and P is the mass length ratio of a single 

protofibril.
23

 The mass to length ratio of a single protofibril is assumed to be constant and 

is calculated by considering the half-staggered structure of fibrin and the known repeat 
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distance of 22.5 nm ( P= 340 kDa/22.5 nm). We find that the average number of 

protofibrils changes negligibly for gels formed from initial fibrinogen concentrations of 

20 mg/mL or less, Figure 3.7.  
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Figure 3.7: Average number of protofibrils per cross-sectional area as calculated 

from the mass to length ratio of the fibers and protofibrils. 

Network Structure 

The power law fit in the low-q region deviates from -1, indicating that the data 

cannot be modeled as discrete rigid cylinders. It is expected that both the flexibility of the 

fibers (form factor) and the network structure (structure factor) will have a significant 

contribution to the scattering data at low-q. However, coarse fibrin clots (thick) such as 

those studied in this work are composed of large and rigid fibers.  Therefore, changes in 

the low-q scattering relate primarily to the network structure. 

A fractal model based on the work of Teixeira and described in Chapter 2 was 

used to evaluate the network scale structure of the fibrin gel. This is primarily reflected 

by the data collected with the USANS instrument (q< 3x10
-3

 Å
-2

).
24

 A least squares 

fitting algorithm is used to fit the data with the fractal model described by Equations 
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2.14, 2.15, and 2.16. The incoherent background was subtracted from the data prior to 

analysis and was fixed at zero for all models. The scattering length densities for the 

protein and the solvent were the same as used in the invariant analysis. The radius of the 

spheres, R0, was set equal to the radius of the cylinders calculated from the Guinier 

analysis. Thus only , Df, and  were varied until 
2
 was minimized. While this analysis 

does not specifically apply to a distribution of cylindrical fibers, it is possible to consider 

that the fibers themselves are composed of chains of spherical particles. This is a valid 

assumption at the very low-q values (USANS regime) used for model fitting because in 

this region the scattering is not sensitive to the shape of the individual building blocks.  
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Figure 3.8: Fractal Dimension (Df) [●] and correlation length (Lc) [○] of fibrin fibers 

determined by fitting the USANS scattering profile with the Teixeira fractal model.  

Figure 3.8 shows that the fractal dimension (Df) was relatively constant for gels 

containing up to 15 mg/mL protein. At these concentrations, the fractal dimension 

reached a value of two that is reasonable for networked systems.
25

 At higher 

concentrations this value increased steadily according to a power law relationship. At 40 

mg/mL the fractal dimension approaches a value of three which indicates the existence of 

regions of densely packed fibers in the gel. 
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The correlation length ( ), which describes the finite domain over which the 

fractal dimension is valid, decreased consistently with increasing concentration. At high 

concentrations, the correlation length of the fractal structure becomes shorter and 

approaches the diameter of the fibers. The relationship between fibrinogen concentration 

and fractal correlation length is well approximated by a power law relationship. This 

relationship was extrapolated to estimate the correlation length of lower concentration 

fibrin gels. Assuming that this power-law trend persists at lower concentrations, the 

fractal correlation length of a 1 mg/mL fibrin gel is estimated to be about 49 µm. At these 

low concentrations fibrin gels can be imaged optically. Figure 3.9 shows a digital image 

of a 1 mg/mL fibrin gel taken from an inverted optical microscope using a 40X objective.  

 

Figure 3.9: Optical microscopy image of a 1 mg/mL fibrin gel. Circled regions 

indicate higher density pockets of fibrin. 

It is clear that the protein is distributed inhomogenously throughout the gel, with regions 

of high fiber density separated by less dense regions. The separation between the discrete 

high concentration pockets is roughly of the same order of magnitude as the extrapolated 
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correlation length. The correlation length determined from the fractal model is not 

directly related to the mesh size of the network. Therefore, it cannot be related to the 

linear modulus as described by Macintosh et. al.
3
 

Both the increasing fractal dimension and the decreasing correlation length 

indicate that, as the fibrin concentration increases, the network becomes denser and has 

more closely spaced high density pockets. In gels formed from the highest concentration 

protein solutions, the fractal correlation length is approaching the same order of 

magnitude as the fiber diameter. This suggests that the polymerization kinetics and 

protein and aggregate mobility may be significantly altered in higher concentration 

solutions during formation of the gel. The kinetic changes associated with increased 

protein concentration are likely responsible for the severe change in fractal dimension. 

This is also likely a reason for the significant change in the structure of the individual 

fibers at concentrations above 20 mg/mL. At this point there is little space in the gel for 

new fibers to form. Therefore, it may become more favorable for existing fibers to grow 

into larger structures than for new smaller fibers to form.  

Discussion 

Rheology 

In the past, rheological measurements have shown that fibrin gels are strain-

hardening like many other biopolymer networks. Most of these studies have found that, 

when the fibrin gel is strained, the storage modulus starts to increase sharply in the region 

between 1 and 10 % strain.
9, 16

 These studies have motivated a significant amount of 

work aimed at deciphering the origin of this unique mechanical response. However, most 
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of previous work has focused on the rheological properties of fibrin clots formed from 

initial fibrinogen concentrations of less than 5 mg/mL fibrinogen. In this study, the 

structure and rheology of fibrin formed over a broad range of initial fibrinogen 

concentrations were characterized. From Figure 3.3 it is clear that the non-linear 

rheological response with increasing strain is highly dependent on the fibrin 

concentration. For fibrin formed at the lower concentrations, the instantaneous modulus 

of the fiber became steadily stiffer with increasing strain. This was consistent with all of 

the results of previous work.
9, 16, 26

 However, significant inconsistencies with the strain 

hardening behavior were observed in fibrin gels formed from higher concentrations of 

fibrinogen. When these gels were strained to about 10% strain an unknown support in the 

gel significantly weakened and the gel began to soften. This response continued until it 

was strained to about 30% where it began to harden again. 

This result must be considered within the context of the two theories that have 

been proposed to describe the strain hardening in fibrin gels. The theory proposed by 

Storm and colleagues postulates that the reversible strain hardening behavior of semi-

flexible biopolymer networks is caused by an entropic response that is related directly to 

the persistence length of the fibers.
9
 These fibers will become fully extended when 

enough force is applied to remove them from their thermodynamically stable flexible 

state. The response of all the individual fibers then results in the macroscopic non-linear 

rheology of the network. Onck and colleagues propose an alternative theory where the 

thermodynamic undulations of the fiber are not the primary cause of strain hardening. 

Instead, these authors suggest that the reorientation of fibers and subsequent bending and 

stretching of fiber segments is the primary cause of the non-linear rheological response.
10

 



67 

 

 

It should be pointed out that these two theories are not mutually exclusive and that it is 

possible that both factors contribute in some extent to the strain-hardening response. Still, 

neither model predicts the strain softening that is observed at higher concentrations in this 

study. This intermediate strain softening could also be caused by damage to the internal 

structure of the proteins.  

Theories have also been developed to correlate the linear rheological properties of 

semiflexible polymer networks to the structural features of these materials.
3, 9

 For a 

network of semiflexible fibers, such as fibrin, it is expected that the elastic modulus of 

the gel will increase with monomer concentration by a power of C
2.5

. We used 

rheological measurements to compare the coarse fibrin clots with this prediction. 

Previous studies have reported a power law dependence with the exponent ranging 

between 1.66 and 2.1 for fibrin clots formed in H2O buffers.
2, 27

 The power law 

relationship for coarse fibrin clots formed in D2O had an exponent of about 2.26 in the 

range of fibrinogen concentrations between 1-40 mg/mL (Figure 3.2). This falls between 

the theoretical prediction and the measured values found previously for fine clots.
3
 It is 

also important to note that this power-law dependence is found to be valid throughout the 

whole expanded concentration range.  

Structure Characterization  

The structural properties of the individual fibers are also found to change with 

concentration. In previous studies the fiber radius and internal composition were 

measured primarily with optical and scanning electron microscopy.
2, 15

 Unfortunately, 

both of these techniques have limitations that make it difficult to characterize high 

concentration samples in their natural hydrated state. In addition, previous studies have 
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only focused on characterizing fibrin gels formed from solutions containing fibrinogen at 

concentrations typically observed in human plasma, 2-4 mg/mL. This work expands upon 

the previous research by increasing the studied range to an upper fibrinogen 

concentration of 40 mg/mL. The expanded concentration range is now physiologically 

relevant as it has been previously reported that fully formed thrombi can contain high 

fibrin concentrations.
17

 Neutron scattering was successfully used to characterize the bulk 

structural properties of these fibrin gels over the entire expanded concentration range. 

Some of the parameters that are directly extractable from the neutron scattering intensity 

curve include the average fiber radius (R) and the internal volume fraction of protein in 

the fibers ( Int). Previous studies also suggested that the internal volume fraction of fibrin 

in a fiber formed in H2O ranges between 20 and 30 percent by volume.
28

 The ease with 

which the volume fraction can be determined directly from the scattering curve makes 

this method preferable over previously used methods such as matching the index of 

refraction.
15

 This method should also be useful in the determination of Int of other 

biopolymer systems. Furthermore, the volume fraction of protein in coarse fibrin fibers in 

this study ranged between 10 and 20 percent by volume which was substantially smaller 

than the values reported previously for fibers formed in H2O solvents. The reduction in 

protein content in the fibers when compared with the literature values may be explained 

by one of two theories. Either the interaction between the fibers and the solvent in D2O 

and H2O are sufficiently different to cause the shift in solid density or this method of 

determining internal volume fraction is of a different accuracy than previous methods. 

Further study is necessary to determine how monomer concentration affects the internal 

structure of fibers formed in H2O based buffers. The presented analysis should be easily 
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extended to x-ray scattering data (SAXS) which is more appropriate to characterize fibrin 

and other biopolymers formed in H2O media.  

The internal volume fraction was found to increase over the whole range of 

concentrations. Two possible causes for the systematic increase in internal protein 

volume fraction have been considered and illustrated in Figure 3.10. It is possible that, at 

higher concentrations, the individual proteins pack closer together within the fiber. This 

contraction would lead to a slight decrease in fiber radius and an increase in the protein 

volume fraction. Another theory is that, as the fibrinogen concentration increases, there is 

more available free protein to correct potential defects such as vacancies in the internal 

structure of the fibers. This would also result in an increased internal fiber protein 

fraction. The characterization of internal protein fraction as a function of concentration 

over such large range of monomer concentration is unique to this work. The ability to 

characterize the structural features of the network and individual fiber is important as it 

relates to the stability and break up of fibrin clots. Several studies have been published 

relating variations in the mass-length ratio of fibrin fibers to disease states.
29-31

 It has 

been shown that a lower mass-length ratio, which corresponds to thin fibers, is related to 

reduced clot permeability and an increased risk of myocardial infarction.
31

 Furthermore, 

it stands to reason that the packing density of the protofibril units within the fibers may 

impact the clot break up even though this has not been explicitly considered in these 

studies.  
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Figure 3.10: Illustration of two theories postulated for systematic increase in 

internal protein fraction. Left: Higher fibrinogen to thrombin ratio leads to fewer 

defects in higher concentration fibers. Right: Contraction of proteins within fiber 

leading to higher volume fraction with increased concentration. 

Our work also shows that there was little variation in the average radius of fibers 

formed from fibrinogen monomer solutions with concentrations less than 20 mg/mL. 

Though the radius was approximately 65 nm it only decreased slightly with concentration 

over that range. The average number of protofibrils (mass-length ratio) in a fiber cross 

section was also found to be nearly constant at 40 protofibrils over this range. This 

suggests that the increase in internal protein fraction (Figure 3.5) was offset by the slight 

decrease in fiber radius (Figure 3.6). However when fibrin concentration was greater than 

20 mg/mL the average radius of the fibers increased sharply to 70 nm and the average 

number of protofibrils also increased to about 55 nm. This change in fibrin structure 
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corresponded to concentrations at which the correlation length, extracted from the fractal 

model fit, began to approach the fiber diameter. Initially, as the concentration of the 

protein increased, the density of the fibrin network also increased but the distribution of 

fiber size remained constant. However, at even larger concentrations, the network is so 

dense that the fiber structure was altered favoring the formation of thicker fibers. This is 

also corroborated by the increasing fractal dimension and decreasing correlation length 

obtained from the fractal model. At the highest concentrations examined, 30 and 40 

mg/mL fibrin, the correlation length is approaching the magnitude of the average fiber 

diameter. This suggests that the increased fiber size and protein content is a direct result 

of fiber crowding.   

It must be clearly stated that the results presented in this work are specific to 

fibrin formed in buffer with deuterated water. Deuterated water was used in order to drive 

the formation of coarse fibers and to enhance contrast between the solvent and fibrin in 

the clot. The differences in fibrin clot conformation caused by using a buffer with D2O 

are similar to changes caused by differences in buffer pH or salt concentration. In 

addition, the enhanced contrast allows both SANS and USANS experiments to be 

performed on the same samples so that the complete structure of the clots could be 

seamlessly characterized over length scales ranging from of 1 and 15,000 nm. This study 

is unprecedented in that all relevant length scales are characterized simultaneously and 

correlated to the rheological behavior of the materials. While it is also possible to use 

neutron scattering to characterize fibrin formed in an H2O solvent, the contrast is much 

smaller and this makes USANS experiments unfeasible. X-ray scattering techniques such 
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as SAXS and USAXS are more appropriate methods to characterize fibers formed in 

water. 

References 

1. J. P. Collet, H. Shuman, R. E. Ledger, S. T. Lee and J. W. Weisel, Proc. Natl. 

Acad. Sci. U. S. A., 2005, 102, 9133-9137. 

2. E. A. Ryan, L. F. Mockros, J. W. Weisel and L. Lorand, Biophys. J., 1999, 77, 

2813-2826. 

3. F. C. Mackintosh, J. Kas and P. A. Janmey, Phys. Rev. Lett., 1995, 75, 4425-4428. 

4. R. F. Doolittle, Annu. Rev. Biochem., 1984, 53, 195-229. 

5. J. W. Weisel, Biophys. J., 1986, 50, 1079-1093. 

6. M. P. Linnes, B. D. Ratner and C. M. Giachelli, Biomaterials, 2007, 28, 5298-

5306. 

7. A. Hartmann, P. Boukamp and P. Friedl, Blood Cells Molecules and Diseases, 

2006, 36, 191-193. 

8. O. V. Gorkun, Y. I. Veklich, L. V. Medved, A. H. Henschen and J. W. Weisel, 

Biochemistry, 1994, 33, 6986-6997. 

9. C. Storm, J. J. Pastore, F. C. MacKintosh, T. C. Lubensky and P. A. Janmey, 

Nature, 2005, 435, 191-194. 

10. P. R. Onck, T. Koeman, T. van Dillen and E. van der Giessen, Phys. Rev. Lett., 

2005, 95, 4. 

11. J. W. Weisel, Biophys. Chem., 2004, 112, 267-276. 

12. Z. Yang, I. Mochalkin and R. F. Doolittle, Proc. Natl. Acad. Sci. U. S. A., 2000, 

97, 14156-14161. 

13. U. Larsson, Eur. J. Biochem., 1988, 174, 139-144. 

14. M. E. Carr and J. Hermans, Macromolecules, 1978, 11, 46-50. 

15. W. A. Voter, C. Lucaveche and H. P. Erickson, Biopolymers, 1986, 25, 2375-

2384. 

16. J. V. Shah and P. A. Janmey, Rheologica Acta, 1997, 36, 262-268. 

17. S. Anand and S. L. Diamond, Circulation, 1996, 94, 763-774. 

18. J. J. Pisano, Finlayso.Js and M. P. Peyton, Science, 1968, 160, 892-&. 

19. C. J. Glinka, J. G. Barker, B. Hammouda, S. Krueger, J. J. Moyer and W. J. Orts, 

J. Appl. Crystallogr., 1998, 31, 430-445. 

20. S. R. Kline, J. Appl. Crystallogr., 2006, 39, 895-900. 

21. J. G. Barker, C. J. Glinka, J. J. Moyer, M. H. Kim, A. R. Drews and M. 

Agamalian, J. Appl. Crystallogr., 2005, 38, 1004-1011. 

22. O. Spalla, Neutrons, X-rays, and Light: Scattering Applied to Soft Condensed 

Matter, Elsevier, Amsterdam, 2002. 

23. S. Shulman, Journal of the American Chemical Society, 1953, 75, 5846-5852. 

24. J. Teixeira, J. Appl. Crystallogr., 1988, 21, 781-785. 

25. M. A. De Spirito, G; Papi, M; , Journal of Applied Crystallography, 2003, 36, 

636-. 



73 

 

 

26. Q. Wen, A. Basu, J. P. Winer, A. Yodh and P. A. Janmey, New Journal of 

Physics, 2007, 9. 

27. P. A. Janmey, U. Euteneuer, P. Traub and M. Schliwa, Journal of Cell Biology, 

1991, 113, 155-160. 

28. M. Guthold, W. Liu, B. Stephens, S. T. Lord, R. R. Hantgan, D. A. Erie, R. M. 

Taylor and R. Superfine, Biophys. J., 2004, 87, 4226-4236. 

29. M. E. Carr, R. M. Dent and S. L. Carr, Journal of Laboratory and Clinical 

Medicine, 1996, 128, 83-88. 

30. J. P. Collet, Z. Mishal, C. Lesty, M. Mirshahi, J. Peynet, A. Baumelou, A. 

Bensman, J. Soria and C. Soria, Thrombosis and Haemostasis, 1999, 82, 1482-

1489. 

31. K. Fatah, A. Silveira, P. Tornvall, F. Karpe, M. Blomback and A. Hamsten, 

Thrombosis and Haemostasis, 1996, 76, 535-540. 

 

 

 



74 

 

 

 

 

 

 

Chapter 4                                                                                      

In-Situ Neutron Scattering Study of Structural Transitions in 

Fibrin Networks under Shear Deformation 

Introduction 

Fibrin gels are highly elastic and exhibit strain dependent non-linear mechanical 

properties that are unlike those of most synthetic polymer gels. Even at very small protein 

concentrations (<1 mg/mL), the fibrin network is very elastic and can effectively support 

haemostasis at the injury site. It is well accepted that the high elasticity and strain-

hardening properties of fibrin are related to the structure of the individual proteins, the 

fibers, and the network.
1-4

 However, the origin of strain-hardening in fibrin and other 

biopolymers is still not fully resolved and experimental evidence directly linking 

structural transitions to mechanical properties could provide especially valuable 

information.
1, 5, 6
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In Chapter 3, it was shown that the linear and non-linear mechanical properties of 

fibrin gels are highly dependent on deformation and on fibrin concentration.
7
 It was also 

demonstrated that neutron scattering is an important tool for the characterization of fully 

hydrated fibrin gels over multiple relevant length scales (1-10,000 nm). This analysis 

yielded detailed information about the fibers, their internal structure and the network 

structure of the gel. The purpose of the current study is to further utilize neutron 

scattering as a tool to characterize the structure of a fully hydrated fibrin gel in-situ as it 

undergoes various degrees of shear deformation. The experimental results of this study 

are also discussed with respect to recent theoretical models that relate mechanical 

properties to changes in the gel and the fiber structure.
3, 8-13

 Numerous studies on fibrin 

mechanics have been reported throughout the literature.
1-3, 10, 14-16

 It is only recently, 

however, that fibrin gels have been characterized in their fully hydrated state over a wide 

range of concentrations that also extend to values that are relevant to the composition of 

excised blood clots in-vivo (>20 mg/mL).
7, 17

  

 While the microstructure of fibrin gels is largely agreed upon, the origin of strain 

hardening is still under debate. In the past decade, several theories have emerged to 

describe the strain stiffening response of biopolymers and to relate this response to the 

structural features and transitions that occur upon deformation.
9, 10, 18, 19

 One important 

model, emerging from the semiflexible nature of many natural biopolymers, proposes 

that a reduction of the conformational entropy in individual stretched fibers leads to an 

increase of the modulus of the gel upon the application of strain.
9, 10, 18

 On the other hand, 

an alternative theory for the origin of the strain hardening is based on finite element 

simulations of discrete fiber networks.
9, 19

 This model postulates that reduced lateral 
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fluctuations cannot solely explain the high level of strain-hardening that is observed in 

biopolymer gels including fibrin. It is instead suggested that biopolymer networks 

undergo strain-hardening primarily as a result of non-affine network rearrangements that 

govern a transition from the bending of the fibers at crosslinks and bifurcations to the 

tensile stretching deformation of fibers.
9, 19

  

Several groups have also sought to expand upon these explanations, or to define 

the applicability of either model to specific systems.
2, 3, 11, 18, 20-22

 Kang et. al. suggest that 

gels containing coarse fibers are too rigid to undergo entropic strain-hardening and that 

there is no strain-hardening prior to the alignment of fibers as detected via 

birefringence.
11

 Recent work from Brown et. al. accounted for the high extensibility of 

fibrin by providing experimental evidence (electron microscopy) that the fibers not only 

align as they are deformed, but also that the individual proteins unfold.
3, 4

 Unfolding 

leads to a measurable reduction in the radius of the protofibril bundle and in the 

expulsion of water from the individual fibers and the gel as a whole. The authors 

postulate that this structural transition is also key to the unique mechanical behavior of 

fibrin.  

Several other studies link the unfolding of alpha helices within individual protein 

fibers to their high extensibility and complex mechanical properties.
23, 24

 The individual 

fibers are described as having multiple mechanical regimes with a linear response at low 

deformation that is followed by subsequent softening and then stiffening of the fiber. The 

softening regime is explained as the unfolding of the alpha helix followed by stiffening as 

the helix extends to its contour length prior to mechanical failure. Piechocka et. al. 

suggest that the extensibility of the fibers results from a reduction in the conformational 
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entropy of the flexible polypeptide chains that facilitate the formation of crosslinks 

between adjoining protofibrils.
2
 This model (loose bundle model) assumes that strain-

hardening is purely entropic, but that there is a reduction in lateral fluctuations at both 

network and inner-fiber scales over two separate strain stiffening regimes.
2
 Additionally, 

very recent work suggests that the extension of the unfolded αC chain between adjoining 

protofibrils accounts for the high extensibility of strained fibrin gels.
25

  

 In this chapter, in-situ neutron scattering experiments under controlled strain 

deformations are used to evaluate morphological transitions that occur in fibrin during 

strain hardening. Through the use of a special Couette shear cell, it is possible to 

characterize the structure of a clot while finite strains are applied. The shear cell is also 

unique in that it allows for probing of the deformed sample along the plane defined by the 

direction of shear strain and the direction of the deformation gradient (a.k.a. 1-2 shear 

plane).
26

 With this cell, the deformation of the network and fiber alignment are directly 

observed and quantified. The advantages of performing a neutron scattering study are 

numerous. First, high protein concentrations (> 10 mg/mL) can be used and the resulting 

data represents a bulk average throughout the sample. In contrast, many optical and 

microscopic techniques do not penetrate the entire depth of the sample and/or are 

sometimes restricted to low protein concentrations due to the high turbidity of clots with 

coarse fibers. Second, by measuring the structure of the strained fibrin in-situ, we 

eliminate artifacts that could result from post processing and drying, as well as ensure 

experimental continuity because measurements at increasing values of strain are obtained 

from the same gel.  
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Materials and Methods 

Sample Preparation 

Human fibrinogen, depleted of plasminogen and von-Willebrand Factor, and 

human alpha thrombin are purchased from Enzyme Research Laboratories (South Bend, 

IN). Before use, the fibrinogen is dialyzed over 12 hours into a buffer composed of 0.5 

mM NaCl, 0.05 mM Tris, 2.5 mM CaCl2 with a pD of 7.4 in D2O. Several dialysis steps 

are performed until the resulting protein solution has an isotopic composition of at least 

98% deuterium. The presence of calcium ions is necessary to activate the enzyme factor 

XIII that promotes the formation of covalent crosslinks between proteins in the fibers.
27

 

Before polymerization, the fibrinogen solutions are also degassed under vacuum to 

prevent the formation of microscopic air bubbles that can affect the scattering signal. Just 

prior to loading, thrombin is added to the sample at a concentration of 0.16 NIH units per 

mL and fibrin formation is initiated. All samples are run at a concentration of 10 mg/mL 

of fibrinogen. 

Neutron Scattering 

For small angle neutron scattering (SANS), the sample is loaded into a special 

Couette shear cell that is able to probe the structure of samples under simple shear 

deformation along the 1-2 shear plane. The technical details of the shear cell are briefly 

described in Chapter 2 and have been previously detailed in the literature.
26

 In order to 

form a fully established clot, the samples are allowed to gel for 10 hours prior to 

mechanical deformation. All neutron scattering experiments are conducted on the NG3 

beam line at the NIST Center for Neutron Research in Gaithersburg, MD. For this 
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specific experiment, the instrument is configured with a rectangular sample aperture (1 

mm by 3 mm), 8 Ǻ neutron wavelength and a sample to detector distance of 14 m such 

that the scattering vector, q, is probed between 0.0024 and 0.027 Å
-1

. The sample is 

sequentially strained to increasing magnitudes by rotating the central shaft of the shear 

cell (bob). During the scattering experiment, the sample is held at the specified rotation 

angle while the scattered neutrons are measured. It is determined that a count time of 

thirty minutes is required to obtain proper statistics with this instrument configuration. 

The two-dimensional scattering data is reduced to an absolute scale using the standard 

NIST Igor procedures.
28

 A schematic of the shear cell is shown in Figure 2.6 highlights 

the direction of the direct beam with respect to the deformation direction.  

Rheology 

An Anton Paar MCR 301 stress controlled rheometer with a 25 mm cone and 

plate configuration and a 1° cone angle is used for all rheological measurements. Fibrin 

gelation is tracked with small amplitude (0.1% strain) oscillations at a frequency of 1 Hz. 

Strain of this amplitude is well within the linear viscoelastic limit (γLVE~1%) and will not 

affect the formation of the gel. A 10 hour gelation period is necessary to ensure that the 

extent of crosslinking is consistent between samples and with our previous work so that 

the properties of the gels are directly comparable.
7
 After the gelation period, a fine step-

stress ramp is utilized holding each stress for one minute to determine the instantaneous 

modulus. The strain that is used for the calculation of the modulus is the value measured 

at the end of each step. Still, it is noted that the covalent crosslinks that occur due to the 

presence of factor XIIIa prevent any creep from occurring. To ensure that the sample is 

not slipping, shear stress ramps are conducted with parallel plate and concentric cylinder 
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geometries and the strain is also monitored as a function of time. The mechanical 

properties of the gel are independent of configuration and are free of any slip-induced 

artifacts. 

Results 

In Chapter 3 we reported that the non-linear rheology of fibrin gels is highly 

dependent on both the gel deformation and the initial fibrinogen concentration.
7
 In this 

chapter we focus on the structural and mechanical characterization of 10 mg/mL fibrin 

gels. These gels have a very distinct rheological signature: they harden, soften and then 

harden again at increasing levels of deformation.
7
 To elucidate the origin of the complex, 

non-linear mechanical properties of these gels it is necessary to characterize in-situ the 

structural properties of a fibrin gel as it is deformed. To this end, small angle neutron 

scattering is used to directly quantify the structural changes that occur as a fully formed 

fibrin gel is strained.  

The two-dimensional scattering plots corresponding to various values of applied 

shear strain are presented in Figure 4.1. In the limit of low strain (  < 30%) the scattering 

data are isotropic indicating that the fibers in the network are randomly oriented. A 

quantitative analysis of the scattering signal of the unstrained fibrin is found to be in 

agreement, in terms of the average fiber diameter and the internal fiber structure, with 

previously reported SANS and USANS measurements.
7
 At higher values of strain (γ > 

30% , the onset of anisotropy in the 2D scattering profiles is characteristic of fiber 

alignment occurring within the gel. The extent of anisotropy in the scattering is observed 
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to increase with the strain level and the mean fiber alignment direction is also found to be 

at a finite angle with respect to the shear direction with almost no strain dependence. 

 

Figure 4.1: Reduced two-dimensional neutron scattering data at various strains 

highlighting the evolution of fibrin structure with increasing strain. 

 In order to quantitatively identify the onset of fiber alignment, an annular average 

intensity is calculated from the 2D scattering data at each strain as a function of the 

azimuthal angle, I( ). This average is performed over a narrow q-range (0.0045<q< 

0.0054 Å
-1

) corresponding to the lowest accessible scattering angles in order to probe the 

largest possible dimension of the fibers. The annular averages of the scattering intensity 

at five different strains are shown in Figure 4.2 (left). This plot shows that the intensity is 

only slightly anisotropic at low strains but becomes increasingly anisotropic at strain 

values greater than γ = 30%.  
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The mean angle of the fiber alignment ( 0), as illustrated in Figure 4.2 (right), 

corresponds to the minimum of the scattering intensity as a function of the azimuthal 

angle and it is directly obtained from the annular average. However, 0 only becomes 

meaningful above = 30% strain when anisotropy is clearly detectable in the scattering 

pattern and the angle can be determined with sufficient certainty. The mean fiber 

orientation angle 0(γ) is 34° for γ between 30 and 50%. Above γ = 50%, 0 steadily 

becomes smaller with increasing strain. Interestingly, the direction of alignment varies 

only weakly as a function of strain. The difference between the orientation angle when 

the fibers first begin to align (  ≈ 30%) and at maximum alignment (  ≈ 170%) is just 6 . 

 

Figure 4.2: Left: Annular intensity averages of 2D scattering profiles for 10 mg/mL 

fibrin. Lines correspond to the Legendre expansion fits (Equation 4.1). Right: 

Schematic illustrating the definition of, the annulus over which I( ) is calculated, 

and sectors parallel and perpendicular to the direction of fiber alignment on a 

scattering plot for a gel strained to 170%. Shear direction refers to the direction of 

applied strain and corresponds to =0°.  

 In order to further quantify the alignment of the fibers it is necessary to define an 

orientation distribution function, F(q, ). The azimuthally averaged scattering curves are 
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best fit by a Legendre series expansion, Equation 4.1, as in the paper by Burger et al.
29

 

Due to the nature of even Legendre polynomials, it is necessary to apply a phase shift 

such that the maximum intensity of I( *) occurs at *=0.  

 
2

0

( , *) (cos *)n n

n

F q a P

 

Equation 4.1 

where 0*
2

, the values, an, are fitting coefficients and the functions, P2n , 

are even Legendre polynomials. We use the first eight terms of the series to fit all of the 

angular distributions. The resulting fits for several examples are plotted as solid lines in 

Figure 4.2 (left).  

 From F(q, ) we determine Hermans’ orientation parameter ( 2P ) as a function of 

strain.
29, 30

 2P  is used to quantify the degree of fiber alignment in the gel and is directly 

related to the a1 coefficient from the Legendre expansion.
29

  

 1
2

5

a
P  Equation 4.2 

The value of this orientation parameter will vary between zero for random fiber 

distribution and one for perfectly aligned fibers. The orientation parameter is calculated 

for all measured strains. It is found to increase from zero when the gel is unstrained to a 

maximum value of ~0.35 at the peak strain (γ = 170%). 

 The diameter (D) of the fiber is also determined from the scattering data by fitting 

to a polydisperse cylinder model (Equations 2.20-2.22) as described in Chapter 2.  Most 

of the parameters in these equations can be explicitly defined and held fixed so that only 

the radius and the scattering length density of the fiber are varied as the model is fit to the 

data. The scattering length density of the deuterated buffer is calculated based on its 
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density and composition and found to be 6.3 10
-6

 Å
-2

. From Chapter 3 we also know that 

fibers are only ~19% protein by volume in a 10 mg/mL fibrin gel. The scattering length 

density of fibrinogen is 3.17 10
-6

 Å
-2

, so it follows that the scattering length density of 

the unstrained fiber is 5.7 10
-6

 Å
-2

. The scattering length density of the fibers is allowed 

to vary over a narrow range from 5.65 10
-6

 to 5.75 10
-6

 Å
-2 

to account for small shifts in 

the scattering intensity that may result from changes in the fiber composition (e.g. fiber 

dehydration) during deformation.  

The volume fraction of fibers in the gel is calculated based on the total protein 

concentration in the sample (10 mg/mL) and the composition of the fiber.
 
 The volume 

fraction of fibers is found to be 0.037 and is held fixed for all fits.
 
 The incoherent 

scattering background is dependent only on sample composition (not morphology) and is 

therefore invariable as a function of strain. The background is determined from the flat 

high-q scattering and is found to be 0.3 cm
-1

. The mean fiber length is fixed to a large 

value for all fits (15,000 Å), which is much larger than the maximum length that can be 

resolved with this instrument configuration. Therefore, this parameter does not 

significantly affect the scattering model in this q-region and any variation as a function of 

strain is indeterminable. Polydispersity factors are also used in fitting to account for the 

size distributions in fiber radii and length that are expected to occur in the clot. The 

distribution is defined by a Gaussian function where the polydispersity factor is simply 

the ratio of one standard deviation to the mean radius. The polydispersity factors for 

radius and length are held fixed at 0.4 for all fits.  

 The reduced two-dimensional data and the two-dimensional model fits are shown 

in Figure 4.3 for three characteristic strains. We also compute and show one-dimensional 
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scattering curves using radial averages for isotropic profiles and sector-averages for 

anisotropic profiles. For aligned samples under strain, the sector averages are taken 

parallel and perpendicular to the fiber alignment direction 0 using a sector width of 10°.  

 

Figure 4.3: Two-dimensional scattering data (left), two-dimensional model fits 

(center), and one-dimensional scattering and fits (right) in the form of sector 

averages parallel and perpendicular to 0 for aligned samples or the radial average 

for the isotropic sample. 

The quality of the fits is very good considering that every pixel in the detector is being 

taken into account during fitting. There is a very close match between the one-

dimensional scattering curves of the data and the model. The scattering length density of 
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the fiber, which had been allowed to vary during fitting, did not change significantly 

(<1%) as a function of strain. For the unstrained fibrin clot, we measure a mean diameter 

of 87 nm that is significantly lower than the values reported in Chapter 3. This is because 

polydispersity in the diameter was accounted for in the 2D model fitting but not in the 

simple Guinier analysis that was used in Chapter 3. The cross-sectional Guinier analysis 

that is used in the previous chapter yields a larger diameter because the scattering signal 

at low angles is more sensitive to the larger fibers. However, when the same cross-

sectional Guinier analysis is applied to the unstrained fibrin sample in this study, the 

resulting diameter is nearly identical to the previously reported value of D~120 nm.
7
 

Therefore, the structure of the sample has not changed and is comparable to that reported 

in our previous work. From the fits, we determine that the diameter remains constant until 

the onset of fiber alignment. At that point, it decreases steadily from 87 nm to 75 nm 

(14% shrinkage) at the maximum measured strain (γ=170%).  

Using identical sample compositions and polymerization conditions, the 

instantaneous gel modulus (GInst) is also determined by taking the derivative of the stress 

as a function of the strain (dσ/dγ) in a separate rheological experiment. The stress and 

strain are experimentally determined from an applied shear stress ramp using a cone and 

plate geometry in a stress-controlled rheometer. The modulus is plotted in Figure 4.4 as a 

function of strain. Several key mechanical transitions occur as the gel is strained to  

~30%. Even in the low-strain region  < 10%), the sample undergoes a significant 

amount of strain-hardening. In this domain, the modulus increases steadily from a rest 

value of GInst= 2,300 Pa to a local maximum of GInst = 3,400 Pa at γ = 10%. Interestingly, 

between  = 10 and 30% the modulus decreases again to a local minimum of GInst = 3,000 
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Pa. The scattering data reveals that the average fiber diameter remains relatively 

unchanged throughout this entire region and that there is no significant fiber alignment 

(Figure 4.4). However, beyond this critical point (  ~ 30%), the average fiber diameter 

starts to decrease steadily with increasing strain and the fibers begin to align 

substantially. Note that there is still a clear but small increase in the order parameter at 

strains less than γ = 30%, but the increase in the order parameter occurs much faster once 

this critical strain has been reached. Finally, a second onset of strain-hardening occurs 

beyond this critical deformation and there is a clear correlation between the onsets of 

fiber alignment, fiber shrinkage, and strain-hardening. The results presented herein are 

 

Figure 4.4: Fiber diameter (a), fiber alignment angle (b), Herman orientation 

parameter (c) and instantaneous modulus (d) as a function of applied strain. 



88 

 

 

characteristic of 10 mg/mL fibrin gels prepared as detailed in the methods section, with 

almost no variation in the shape of the instantaneous modulus curve; however, there is 

slight variation in the magnitude of the instantaneous modulus (±~15%) between samples 

that is expected as a result of sample inhomogeneity. The instantaneous modulus of two 

gels plotted in Figure 4.5 demonstrates the reproducibility of the reported rheological 

behavior. 

 

Figure 4.5: Instantaneous moduli (GInst) of a 10 mg/mL fibrin gel obtained from 

sequential shear stress ramps with increasing maximum strain γmax values (● 5%, ● 

9%, ■ 25%, ■ 70%,▲ 150%) until the gel is broken (▲). The instantaneous 

modulus of a second gel (+), using a single stress ramp until failure, is also shown for 

comparison. 

 At this point, the SANS results cannot fully explain the strain dependent behavior 

of fibrin gels at strains lower than γ = 30% because there are no measurable changes in 

the scattering patterns and no structural transitions can be perceived. Still, the 

instantaneous modulus of a 10 mg/mL gel shows significant strain dependence between γ 

= 1 and 30%. In this region the sample shows a strain-hardening response that is followed 
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by strain-softening. An additional rheological experiment is also performed to further 

elucidate the nature of the structural changes that occur at low strains (γ < 30%). This 

experiment is based on an examination of the mechanical reversibility of a fibrin gel after 

sequential strain profiles that are carried out to increasing values of the maximum strain. 

Several maximum strain values (γmax) are selected corresponding to the regions where 

key features are observed in the instantaneous modulus curve (GInst(γ)). The gels are 

gradually strained to each limiting value before the deformation is reversed and the 

process is repeated to a larger strain level. The instantaneous modulii calculated from the 

stress-strain ramps for these experiments are plotted in Figure 4.5.  

The instantaneous modulus curves for a gel that is sequentially strained to γmax = 

5, 9 and 25% overlap perfectly. However, on the subsequent strain ramp the 

instantaneous modulus  no longer agrees with the previous cycles measurement at low 

strain, indicating that the gel was irreversibly damaged during the strain ramp to γmax 

=25%. Therefore, the limit of reversible deformation must lie between γ = 9 and 25%. 

This is beyond the first strain-hardening regime and suggests that it is only within this 

region that the deformation is completely reversible. The onset of irreversible 

deformation must be close to the strain softening and second strain-hardening region of 

the gel. As the peak strain (γmax) increases, the rheology deviates significantly more from 

the initial test. This indicates that the gel is experiencing ongoing degradation as it is 

strained to larger and larger levels. 
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Discussion 

Low Strain Regime (γ < 10%) 

Fibrin gels have a linear response to deformation only at very small strains (γ < 

1%). At strains greater than 1% the gel begins to exhibit a non-linear mechanical 

response that is indicated by an increasing modulus. For moderately low deformation, 

from 1% < γ < 10%, the gel can be best described as weakly strain-hardening. That is, the 

modulus of the gel increases steadily with increasing strain. Furthermore, in the limit of 

low strains, the deformation of a fibrin gel is fully reversible as shown in Figure 4.5. This 

suggests that no permanent structural damage is done to the gel when it is strained to 

relatively low magnitudes. Despite the nearly 50% increase in modulus between γ = 1% 

and γ = 10%, the neutron scattering signal remains unchanged at strains of this 

magnitude. This demonstrates that key structural features of the gel, including fiber 

diameter and alignment, remain unchanged throughout the first strain-hardening regime. 

The structure of the gel at low strain is described schematically in Figure 4.6.  

Of the major theories postulated for explaining strain-hardening in biopolymer 

gels, it is clear that the bending and stretching model originally proposed by Onck et.al. 

requires significant deformation and alignment of fibers.
19

 The absence of alignment in 

the low strain regime indicates that the bending and stretching model is not an accurate 

representation of strain-hardening in this gel under small deformation. Conversely, strain-

hardening as a result of a reduction in fiber thermal fluctuations will not necessarily have 

a signature that is detectable with small angle neutron scattering. The absence of 

structural changes corresponding to the first strain-hardening regime suggests that the 
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entropic model is likely the more applicable model for explaining the strain-hardening 

that is observed in coarse fibrin gels under small deformation. Therefore, even in 

relatively coarse fibrin gels, fiber flexibility cannot be fully neglected.  A recent report 

suggests that entropic elasticity can also occur within individual fibers as a result of 

lateral fluctuations of the polypeptide chains that facilitate crosslink formation.
2
 

Additionally, the sensitivity of scattering techniques is biased toward larger structures, 

and the reported average radius reflects a distribution of fiber sizes that includes small 

fibers, which are expected to undergo entropic lateral fluctuations.  

 

Figure 4.6: Schematic description of the various regions that describe the strain-

hardening response of fibrin under different levels of deformation. 
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Intermediate Strain Regime (γ = 10-30%) 

At intermediate strains (γ = 10-30%) there is a strain-softening regime that 

separates the two distinct strain-hardening domains. This does not seem to correspond to 

any significant structural change detectable with neutron scattering over the probed q-

range. However, this region does correspond very well with the onset of irreversible 

deformation (Figure 4.5). The fibrin gel is first damaged as it is strained to γmax=25%, as 

evidenced by a reduction in the initial instantaneous modulus measured during 

subsequent deformation cycles. The onset of irreversible deformation, therefore, occurs 

between 10 and 25% strain. The separation of two strain-hardening regimes by a plateau 

in the gel modulus was recently reported in the literature.
2, 7

 In Chapter 3, we noted that 

increasing the concentration of fibrin in the gel gradually leads to the development of the 

strain-softening regime that is also observed in the 10 mg/mL gel used in this work.
7
 The 

plateau observed in experiments with 8 mg/mL fibrin samples by other groups is also 

consistent with this transition.
2
 However, they report that the fibrin gel exhibits fully 

reversible rheology. In contrast, our results indicate that, in a 10 mg/mL coarse fibrin gel, 

the deformation is irreversible when the gel is strained beyond the intermediate plateau. 

In another recent report it was stated that the individual proteins must begin to unfold 

before the gel is strained above γ = 15% in order to account for the high extensibility of 

the fibrin gel.
3
 This transition is also consistent with the onset of irreversible deformation 

observed in our study. We expect that the onset of protein unfolding will induce a 

transition from fully reversible deformation to irreversible deformation as the unfolding 

of the proteins could irreversibly damage the internal structure of the fibers and 
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protofibrils. Furthermore, several researchers have linked the uncoiling of alpha helices 

to the softening and subsequent stiffening of individual protein based fibers.
23, 24

 

To the best of our knowledge none of the previously discussed models is able to 

predict the intermediate strain-softening behavior that is observed in fibrin gels at high 

concentrations. Interestingly, a reversible stress-softening response in actin gels was also 

recently reported.
22

 It is postulated that buckling of fibers under compression can lead to 

a reduction in the number of load-bearing fibers and in an overall reduction in the gel 

stiffness. This is another plausible mechanism to explain the intermediate strain-softening 

of fibrin, so further exploration is necessary to fully confirm the origin of this feature.  

High Strain Regime (γ > 30%) 

It has been previously suggested that fibrin gels consisting of coarse stiff fibers 

are better represented by the bending and stretching model.
11

 Neutron scattering, as used 

in this study, is especially suited for testing the validity of models where strain-hardening 

results from a transition between fiber bending and stretching regimes because they 

require significant network reorganization. These structural transitions would necessarily 

result in the alignment of fibrin fibers towards the direction of the applied strain. The 

progressive alignment of the fibers manifests itself in the neutron scattering measurement 

as the development of anisotropy, yielding radially-asymmetric scattering patterns. It is 

evident from Figures 4.1-4.4 that the fibers do align “macroscopically”, as predicted, but 

only after a threshold strain of γ ~ 30% has been reached. This corresponds well with the 

onset of the second strain-hardening regime and with the reduction in the average fiber 

diameter that is shown in Figure 4.4. 
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Recently, it was demonstrated that the application of sufficient stress to coarse 

fibrin fibers can lead to protein unfolding and the extension of the length of the individual 

proteins in the fibers.
3
 Furthermore, the exposure of hydrophobic residues results in 

additional bundling of the extended regions and in a net reduction of the average fiber 

diameter. Our study clearly demonstrates a reduction in fiber diameter that can be 

attributed to protofibril bundling and also shows that the threshold for bundling occurs 

simultaneously with the onset of fiber alignment and with the second onset of strain-

hardening. The observed fiber alignment and shrinkage is consistent with earlier results.
3
 

It was previously reported that the fibers begin to align under extensional deformation 

prior to γ = 50%.
3
 In the same study the overall reduction in the fiber diameter that is 

reported varied from 185 nm at rest, to 74 nm at the maximum deformation before failure 

(γ ≈270%). This represents a 250% decrease in fiber diameter upon stretching. In our 

study, the fibers undergo gradual reduction from 87 to 75 nm that represents a much 

smaller change of ~14% with respect to the original diameter. The differences in the 

extent of shrinkage could be partially attributed to a smaller degree of deformation since 

our study was limited to strains below 200%. This difference could also result from 

structural changes that are caused by variation in the buffer composition, or changes in 

the extent of covalent ligation via Factor XIIIa. The structural changes that occur in the 

high strain regime are also illustrated in Figure 4.6.
 

The 10 mg/mL coarse fibrin gels examined in this study have two separate strain-

hardening regimes, with distinct structural signatures, that are clearly separated by an 

intermediate reduction of the modulus. These results demonstrate that these gels cannot 

be solely described with either of the two primary theories for strain-hardening. At low 
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deformations, these gels likely undergo strain-hardening due to a reduction in lateral 

thermal fluctuations (entropic elasticity).
10

 In addition, at larger deformations, the same 

gels will strain-harden due to a transition from bending-dominated to stretching-

dominated mechanical responses.
19

 It has also been suggested that, in polydisperse gels 

containing both fine and coarse fibers, the smaller fibers can exhibit entropic strain-

hardening while the response of large fibers is described by bending and stretching 

models.
11

 We propose that it is also possible that both theories are applicable at different 

levels of deformation. For example, the straightening of individual fibers would likely 

precede any bending and stretching response. It must be noted that the two models for 

strain-hardening are not mutually exclusive because they originate from different 

physical effects. 
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Chapter 5                                                                                                                                                               

Alterations in Fibrin Clot Structure and Mechanics Attributed 

to Specific Oxidation of Methionine Residues in Fibrinogen 

Introduction 

Fibrinogen is a 340 kDa plasma protein and the precursor to fibrin, which is the 

primary structural component of blood clots and critical to haemostasis after injury.
1
 In 

healthy individuals fibrinogen is present in blood at concentrations of 2-4 mg/mL. Upon 

injury a series of biochemical processes occur that result in the local release and 

activation of thrombin. This enzyme cleaves two short peptide sequences, fibrinopeptides 

A and B, from fibrinogen and converts it to fibrin. The removal of these polypeptides 

exposes binding sites and drives the self-assembly of fibrin molecules into a half-

staggered two-stranded array termed a protofibril. Fibrinogen has two αC domains that 

normally self-associate with the central domain of the monomer. Upon conversion to 

fibrin, the αC domains dissociate and are thought to play a role in the lateral aggregation 
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of protofibrils leading to the formation of coarse fibers.
2, 3

 However, the extent of lateral 

aggregation is also affected by solution conditions and by modifications to the fibrinogen 

monomer.
2, 3

  

Many disease states are associated with abnormal fibrin clot structure. Blood clots 

formed in thrombotic diseases such as, ischemic stroke, diabetes, and renal impairment 

tend to have thin fibrin fibers, reduced clot porosity, and delayed fibrinolysis relative to 

healthy patients.
4-6

 However, the mechanisms underlying these structural changes during 

disease remain unknown. Heterogeneous fibrin clot formation can be the result of genetic 

or biochemical modifications that may occur during protein formation or subsequently 

during circulation. Known modifications to fibrinogen include degradation of the carboxy 

terminal groups of the αA and γ chains, glycation of lysine residues in diabetes patients 

and partial oxidation of methionine residues, each of which can impact polymerization.
7
 

By gaining a better understanding of the impact of molecular changes associated with 

disease-induced coagulopathies, it may be possible to develop medical intervention 

strategies that prevent complications related to altered coagulation. 

Fibrinogen is more susceptible to oxidation than most other plasma proteins and 

several coagulation factors, including fibrinogen, are sensitive to hypochlorite oxidation.
8, 

9
 Hypochlorous acid is generated in vivo locally at sites of injury, infection or 

inflammation as part of the natural immune response.
10

 Neutrophils, a type of white 

blood cell, produce high local concentrations of hypochlorous acid in vivo through the 

reaction of hydrogen peroxide and Cl
-
 via the enzyme myeloperoxidase.

11
 Hypochlorous 

acid oxidizes methionine to form methionine sulphoxide with a high 2
nd

 order rate 

constant (k) of 3.8×10
7
 M

-1
s

-1
 so that this reaction occurs preferentially over the oxidation 



99 

 

 

of most other amino acids.
12

 Methionine oxidation by hypochlorous acid has been shown 

to inhibit important regulatory coagulation proteins including activated protein C and 

thrombomodulin.
13, 14

 In these cases the deactivation of these proteins has been traced to 

the oxidation of individual methionine residues. In fibrinogen, oxidation with 

hypochlorous acid has been shown to reduce lateral aggregation and to trigger altered 

lysis behavior in fibrin clots.
15

 Other studies have demonstrated that restricting lateral 

aggregation, which promotes the formation of dense fibrous gels, is linked to delayed clot 

lysis due to impaired diffusion of plasmin through smaller pores.
5, 16

 

In this chapter, we examine the effect of oxidation with hypochlorous acid on the 

structural, mechanical, and lytic properties of fibrin gels. A combination of small angle x-

ray scattering (SAXS) and scanning electron microscopy (SEM) is used to characterize 

the structure of the fibrin gels. Shear rheology is utilized to measure the linear and non-

linear bulk rheological properties of fully formed fibrin gels and to track the dissolution 

of gels during tissue plasminogen activator (tPA) and plasminogen induced clot lysis. 

The results of this work are discussed with respect to several studies that link 

conformational changes in the α-C domain to the inhibition of lateral aggregation in 

fibrin clots. From this discussion a specific biochemical mechanism for the inhibition of 

lateral aggregation via hypochlorite oxidation is proposed.  

Materials and Methods 

Sample Preparation 

Human fibrinogen (plasminogen and von Willebrand depleted) and human-α-

thrombin are purchased from Enzyme Research Laboratories in South Bend, Indiana. The 
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fibrinogen is defrosted to 37°C and dialyzed to achieve a 99.9% exchange into a buffer 

solution of 0.14 M NaCl and 44 mM Hepes titrated to pH 7.4 in deionized-H2O. The 

fibrinogen solution is filtered through 0.45 µm PVDF filters and the concentration is 

determined with UV-VIS spectroscopy at =280 nm with an extinction coefficient of 1.6 

mg mL
-1

cm
-1

.
17

  

The fibrinogen is oxidized with 50 or 150 µmol HOCl/g fibrinogen and incubated 

for one hour at 37°C. The oxidation reaction is quenched with a 10x molar excess of L-

methionine. The non-oxidized sample is made to have the same composition as the 50 

µmol sample by adding pre-quenched HOCl and methionine. After oxidation the samples 

are separated into aliquots and stored at -80°C. The gels are prepared by adding CaCl2 

and thrombin to activate factor XIII and to convert fibrinogen to fibrin. Unless otherwise 

stated, the final sample composition is 1-10 mg/mL fibrinogen, 0.16 NIH U/mL 

thrombin, 0.14 M NaCl, 44 mM Hepes and 2 mM CaCl2 in deionized water at pH 7.4. 

Liquid Chromatography-Mass Spectrometry (LC-MS) 

Methionine oxidation is analyzed by collaborators Yi Wang and Xiaoyun Fu at 

the Puget Sound Blood Center Research Institute with nanoLC-MS.
18

 The fibrinogen is 

reduced with dithiothreitol, alkylated with iodoacetamide, and digested with trypsin in 

buffer containing 50 mM ammonium bicarbonate, 5 mM L-methionine, and 5% 

acetonitrile overnight at 37°C. The tryptic peptides are concentrated and desalted with 

C18 extraction cartridges (3M Empore), dried under vacuum, and then resuspended in the 

solvent containing 0.1% formic acid, 5 mM L-methionine, and 5% acetonitrile. The 

tryptic peptides from 200 ng protein wae injected for each nanoLC-MS analysis. 

NanoLC-MS analyses are performed in the positive ion mode with a Thermo-Finnigan 
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LTQ linear ion trap mass spectrometer (San Jose, CA) coupled to a Waters nanoAcquity 

UltraPerformance LC (UPLC) system (Milford, MA). Peptides are separated at a flow 

rate of 0.3 µL/min on a nanoUPLC BEH130 C18 column (100 × 0.075 mm, 1.7 μm, 

Waters), using 0.1% formic acid in water (Solvent A) and 0.1% formic acid in CH3CN 

(Solvent B). Peptides are eluted using a linear gradient of 5%−35% solvent B over 90 

min. The spray voltage is 2.0 kV, and the temperature of the heated capillary is 200°C. 

The collision energy for MS/MS was 35%. Methionine oxidation is determined by peak 

area from the reconstructed ion chromatograms of nonoxidized and oxidized methionine-

containing peptides.  

Circular Dichroism 

Circular dichroism spectroscopy measurements are performed to determine 

whether significant alteration of the secondary structure occurs as a result of HOCl 

oxidation. Fibrinogen is prepared by dialyzing the buffered protein solution to remove 

salts, which interfere with the measurements. Circular dichroism spectra are obtained for 

0.075 mg/mL fibrinogen in DI-H2O with a Jasco 720 Circular Dichroism 

Spectrophotometer operated at 25°C. 

UV-Vis Spectroscopy  

UV-VIS spectroscopy measurements are made on an Evolution 300 Thermo 

Scientific UV-visible spectrophotometer. Spectra over 320<λ<780 nm are taken in a 1 cm 

path length cell once per minute for one hour to capture gelation kinetics. 
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Scanning Electron Microscopy 

All SEM images are obtained using an FEI Technai SEM with a 5 kV accelerating 

voltage. The samples are prepared from 1 mg/mL fibrin gels and gelation is allowed to 

proceed for 1 hour. The gel is rinsed three times with DI-H2O to extract excess salt. The 

gels are frozen at -80°C and lyophilized to preserve the structure. The samples are 

sputtered with a 5 nm thick layer of gold with an SPI sputter coater. 

Small Angle Neutron Scattering 

Non-oxidized and 150 HOCl oxidized fibrin gels were formed in 4 mm pathlength 

demountable SANS with one of the quartz windows removed. The samples were 

prepared  in the 0.14 M NaCl, 0.044 M Hepes and 2 mM CaCl2 buffer (pH 7.4) with 6.5 

mg/mL fibrinogen and 0.16 NIH u/mL thrombin. Gelation was allowed to proceed for 1 

hour prior to additional processing. After gelation the buffer was exchanged with a 

deuterated buffer of identical composition such that the gel contained ~96% D2O. The 

solvent exchange is required in order to reduce the incoherent background scattering such 

that high-q scattering features can be resolved. 

Small angle neutron scattering (SANS) and ultra small angle neutron scattering 

(USANS) measurements are performed on the same samples at the Center for Neutron 

Research at NIST in Gaithersburg, Maryland. SANS measurements are performed on the 

NG3 30 meter instrument.
19

 Measurements are made at three detector distances to cover a 

broad q-range (0.002 to 0.3 Å
-1

) using neutron wavelengths of 5.5 Å and 8.4 Å. The 

SANS data are corrected for background and sample cell scattering, and is placed on an 

absolute scale by measuring the direct beam flux.
20

 Data is reduced and desmeared using 

the NIST Igor based software.
20 
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Rheology 

Rheology measurements are performed on a stress-controlled Anton Paar MCR 

301 rheometer with either a cone and plate configuration (25 mm diameter and 1° angle) 

or a concentric cylinder configuration (16.6 mm diameter  25 mm length and 0.71 mm 

gap). The temperature is maintained at 37°C with a Peltier heat exchanger. Evaporation is 

prevented by the application of an immiscible oil layer to the exposed surface. 

Gelation is monitored with 0.5% strain oscillations at one Hz for one hour. 

Frequency sweeps are performed over 0.0005<f<50 Hz at 0.5% strain. To measure the 

non-linear rheology the shear stress ( ) is gradually increased from 0.001 Pa to an 

instrument limited maximum stress or until the gel breaks. During the stress ramp, the 

strain is measured at discrete stress intervals that are logarithmically spaced. 

Lysis experiments are monitored rheologically on the cone and plate using 0.5% 

strain oscillations at 1 Hz. The samples contain 2.2 mg/mL fibrinogen and 5 µg/mL 

plasminogen in the standard buffer. Thrombin is added at 1.0 NIH u/mL to initiate 

gelation and 0.5 µg/mL tPA is added to convert plasminogen to plasmin and initiate clot 

lysis. Both gelation and fibrinolysis are initiated simultaneously. However, the tPA and 

plasminogen are added at much lower concentration to ensure that a strong gel is formed 

before significant fibrinolysis occurs. 

tPA Activation Assay 

A tPA activation assay was performed by collaborators White and Chung. The 

activation of plasminogen by tPA on immobilized baseline and oxidized (50μM HOCl) 

fibrinogen is assayed as described by Sauls et al.
21

 The control and oxidized fibrinogens 

are immobilized and/or converted to fibrin with 10 nM thrombin. After immobilization, 
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washing, and blocking, 100 μL of a mixture of 1 nM tPA, 5 μg/mL of plasminogen, and 

0.1 mM Spectrozyme PCa (American Diagnostica) is added and the plasmin activation is 

monitored by absorbance of the Spectrozyme cleavage product at 405 nm at room 

temperature. The maximal velocity of plasmin generation is then calculated as the 

steepest slope of the absorbance curve. The ratio of the maximal rates of substrate 

cleavage between control and oxidized fibrinogen/fibrin are compared. 

Results 

Fibrinogen Oxidation 

Fibrinogen was oxidized by adding HOCl at physiologically relevant 

concentrations between 0-150 µmol HOCl/g fibrinogen (or ~0-300 µM based on 2 

mg/mL fibrinogen concentration).
22

 The extent of oxidation for several methionine 

residues was determined with nanoLC-MS by collaborators at the Puget Sound Blood 

Center Research Institute and the results of this analysis are presented in Table 5.1.  

Table 5.1: Oxidized fraction of selected methionine residues by HOCl with 0, 50, 

and 150 µM HOCl/g fibrinogen 

  γ-78 α-91 α-476 β-190 β-305 β-367 

0 HOCl 0.008 0.007 0.024 0.014 0.028 0.013 

50 HOCl 0.112 0.010 0.256 0.052 0.043 0.137 

150 HOCl 0.334 0.022 0.727 0.109 0.148 0.431 

 

 

In this table, the oxidized fraction of each selected methionine residue is listed. In 

all cases, the addition of HOCl led to an increase in oxidation relative to the native 

fibrinogen. Three of the analyzed methionine residues γ-78, β-  α-476, appear to 

be preferentially oxidized (>10% oxidation in the 50 HOCl fibrinogen and >30% 
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oxidation in the 150 HOCl fibrinogen) over the remaining methionine residues. In Figure 

5.1, the fibrinogen crystal structure is presented with all of the methionine residues 

circled and the highly oxidized residues labeled.
23, 24

 Though the crystal structure of the 

α-C domain has not yet been fully characterized, the structure of the N-terminal 

subdomain has been determined with a combination of circular dichroism and NMR.
24

 

The α-C domain is included in Figure 5.1 schematically with dotted lines and the 

structure of the N-terminal subdomain is highlighted with the highly oxidized α-476 

methionine labeled. 

 
Figure 5.1: Fibrinogen molecule with all methionine residues circled and highly 

oxidized methionine residues labeled. The crystal structure was rendered from the 

protein data bank.
23, 24

 The -C domain was added schematically with dotted lines, 

including the ordered N and C terminal subdomains.
23 

 

 Circular dichroism measurements were used to examine the effect that HOCl 

oxidation has on the secondary structure of fibrinogen. The circular dichroism spectrum 

as a function of wavelength for each of the 0, 50, and 150 HOCl fibrinogens is plotted in 

Figure 5.2. There are no significant changes in the spectra with oxidation, indicating the 

secondary structure is generally maintained upon oxidation. 
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Figure 5.2: Circular dichroism spectra from 0, 50, and 150 HOCl fibrinogen at 

0.075 mg/mL in water.  

UV-Vis Spectroscopy 

Fibrin gels were formed by adding thrombin to the prepared fibrinogen samples at 

all three levels of oxidation. Calcium (2 mM) was added to all solutions to activate Factor 

XIII and promote covalent ligation. A photograph of three 2 mg/mL fibrin gels at 

increasing levels of methionine oxidation is presented in Figure 5.3 (left). In the photo a 

series of black lines are placed behind the vials to gauge the relative turbidity of the gels. 

To quantify the turbidity during gelation the absorbance at =350 nm of 1 mg/mL fibrin 

gels was measured as a function of time and plotted in Figure 5.3 (right). We find that the 

gelation time is unchanged with oxidation, which suggests that oxidation does not affect 

the gelation kinetics. As in the photograph, however, the turbidity of the gels is highly 

influenced by oxidation, with the non-oxidized fibrin forming very opaque gels and the 

highly-oxidized fibrin forming nearly transparent gels. The turbidity of fibrin gels has 

long been linked to fiber diameter with fine fibers producing clear gels.
17
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Figure 5.3: Left: Photograph of 2 mg/mL fibrin gel at increasing levels of oxidation. 

Right: Absorbance at 350 nm for 1 mg/mL fibrin gels plotted as a function of time 

during gelation.  

To ensure that the decreasing turbidity was caused by a reduction in fiber size it is 

necessary to demonstrate that these changes are not attributable to inactive fibrinogen. A 

controlled volume of buffer was added to the top of a fully formed gel. After 

approximately 24 hours, the fibrinogen concentration in the tops was measured. It was 

found that the baseline gel contained less than 10% inactive fibrin. The concentration of 

unreacted fibrin in the oxidized gels was unmeasureable indicating that nearly all of it 

was activated and formed part of the clot. 

Gel Structure 

Given the physiological importance of fibrin gels and the existence of structure 

driven coagulopathy, characterizing the structure of fibrin gels has been the subject of 

many studies.
1, 17, 23, 26, 27

 Various microscopy and scattering techniques have been 

utilized to examine the structure of fibrin clots including SEM, scanning probe 
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microscopy, optical microscopy, small angle neutron scattering, small angle x-ray 

scattering, and turbidity analysis. In this study, the structure of the oxidized and untreated 

fibrin gels is characterized using a combination of SEM and SAXS. Both of these 

techniques have various advantages and disadvantages. SEM requires several post 

processing steps including drying and gold sputtering that could impact the imaged 

structure. In SAXS, the experiment can be performed on fully hydrated gels that were 

formed in situ. However, for the scattering experiments performed in this study, we are 

limited to characterizing features smaller than ~50 nm. This is smaller than the largest 

fiber diameters and not large enough to yield information about the overall network 

structure of the gels. However, when used in combination, these techniques complement 

each other and provide details about the structure of the individual fibers, the gel 

porosity, and the network density. 

Fibrin gels were prepared from 1 mg/mL fibrinogen for SEM analysis. In Figure 

5.4 SEM images at 1,000 and 20,000  magnification are presented for oxidized and 

untreated fibrin. In the 1,000  magnified images it is clear that the network density 

increases dramatically with increasing oxidation. In the non-oxidized fibrin gel very large 

fibers are separated by pores with diameter on the order of ~10 µm. In the 50 HOCl 

oxidized fibrin gel, the pore size is greatly reduced but remains on the order of ~1 µm. In 

the most highly oxidized fibrin gel, the pore size is on the order of ~100 nm. It should be 

noted that in the 150 HOCl oxidized fibrin gels the fibers were so closely packed in the 

bulk of gel that the sputtered gold obscured the individual fibers. For this reason, these 

images were taken near the edge of the gel where the fiber density was lower. It is 

expected that the high fiber density and reduced porosity observed in the oxidized fibrin 
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gels will lead to reduced diffusivity through the gel and impede the transport of enzymes 

critical to fibrinolysis.  

 
Figure 5.4: Scanning electron microscopy images of fibrin gels from HOCl oxidized 

fibrinogen at 1000X (top) and 20,000X (bottom) magnification. 

SANS is used to characterize the structure of fully hydrated baseline and 150 

HOCl fibrin gels. A relatively high concentration (6.5 mg/mL) of fibrinogen is used to 

increase the scattering relative to the background. Additionally, after gelation the 

hydrogenated buffer is exchanged for a deuterated buffer in order to reduce the 

incoherent scattering background. The scattering intensity (I) is plotted against the 

scattering vector (q) in Figure 5.5. Here, we observe substantial differences in the 

scattering from the oxidized and non-oxidized fibrin gels, as expected based on the 

results from the SEM and turbidity studies. The scattering from the baseline gel is typical 

for a coarse fibrin clot as presented in Chapters 3 and 4.
26, 28 

However, in the oxidized gel 
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the Guinier transition corresponding to the fiber diameter occurs at significantly higher-q, 

which is an indication of reduced fiber diameter. Additionally, there is no clear Porod 

region separating the internal structural features from the cross-sectional Guinier, 

suggesting that the fibers either have a broad or perhaps bimodal distribution in the fiber 

radius. 

 
Figure 5.5: SANS data from 6.5 mg/mL fibrin gels treated with 0 and 150 µmol 

HOCl per gram fibrinogen. The data fits using the cylinder and bimodal cylinder 

models are represented as solid blue and red lines respectively.  
 

The scattering from the non-oxidized gel was fit with a cylinder form factor 

model (Eq. 2.22). This model is described in detail in Chapter 2. The scattering length 

densities of the solvent and fibrinogen were fixed at 6.08 10
-6

 and 3.17 10-6 Å-2
 

respectively and polydispersity in the radius was accounted for using a Schulz 

distribution with a polydispersity index of 0.3. The scattering in this q-range is not 

sensitive to the fiber length, so the length is held fixed at an arbitrary value of 1000 nm. 

The data was fit over a restricted q-range from 0.0009-0.02 Å -1
, as the model does not 
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account for the high-q scattering that arises from the internal structure of the fibers. The 

resulting fit is plotted as a solid line over the 0 HOCl fibrin gel scattering in Figure 5.5 

and the average fiber radius is found to be 95 nm.  

The 150 HOCl gel is not well represented by a single polydisperse cylinder 

model. Instead, this data is fit with a bimodal distribution by summing the form factors of 

two polydisperse cylinders (Schulz distribution, PDI=0.3). As with the baseline gel, the 

polydispersity, scattering length densities, and fiber length are held constant. Here, the 

data is fit over a limited q-range between 0.004<q<0.04 Å -1
. The resulting fit is plotted 

over the 150 HOCl scattering curve in Figure 5.5, with the best fit found with average 

radii at 15 and 3.4 nm. While the fit was very good, there is significant uncertainty in the 

absolute value of this fit. In fact, the small radius determined from the fit is slightly less 

than is typically reported for a single protofibril (~10 nm).
29

 This result is consistent with 

the SEM images where both very small and slightly larger fibers are observed. In this 

section, we have used three complementary techniques to demonstrate that oxidation with 

HOCl inhibits the lateral aggregation of protofibrils leading to the formation of a network 

of densely packed fine fibers.  

Rheology  

The multiscale structure of fibrin gels gives rise to interesting linear and non-

linear mechanical properties that are critical to the function of fibrin clots in vivo. Altered 

mechanical properties reflect changes in clot structure and measurements of these 

properties are often used as a diagnostic tool for coagulopathy. Typically, the mechanical 

properties of fibrin gels are measured with shear rheology (research) or 

thromboelastography (clinical).
2, 30

 In shear rheology, the structure of a clot is informed 
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by various models for the linear and non-linear elastic modulus as a function of 

concentration or strain.
31-33

 Given the vast number of physiological modifications that 

human fibrinogen can undergo, mechanical measurements are a powerful tool for 

detecting abnormal fibrin coagulation 

In this study, the mechanical properties of the fibrin gels are measured with shear 

rheology techniques. At low strain (<1%), the fibrin gels are below the linear viscoelastic 

limit. Small amplitude oscillations at strains within the linear viscoelastic limit were used 

to track the evolving elastic and viscous modulus during gelation. The viscous and elastic 

moduli are plotted as a function of time in Figure 5.6 (left). As with the UV-Vis 

measurements, we find that there are no significant changes in the gelation time and in all 

three cases the modulus is increasing only slightly at the end of a one hour gelation 

period. A long frequency sweep between 0.0005 and 50 Hz is also performed and data 

from these measurements are reported in Figure 5.6 (right). All of the samples, oxidized 

and baseline, have gel-like properties with G’>G” over the entire frequency range that is 

probed. This is typical for crosslinked fibrin at the concentrations probed in this study. 

In Figure 5.7, we examine the concentration dependence of the linear elastic 

modulus. The elastic modulus at 0.5% strain is plotted over a concentration range 

spanning two decades. We find that the oxidized gels are systematically weaker than the 

baseline gels, but that the overall concentration dependence is effectively the same. The 

linear elastic modulus is found to vary exponentially with fibrinogen concentration such 

that G’ increases as C
2.12

, C
2.32

, and C
2.35

 for the 0, 50 and 150 HOCl fibrin gels 

respectively. The variation in the exponential dependence is thought to be a result of 

experimental error rather than an indication of any underlying structural changes.  
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Figure 5.6: The elastic (G’) and viscous (G”) modulii of oxidized and baseline fibrin 

gels are plotted as a function of time during gelation (left) and as a function of 

oscillation frequency for fully formed gels.  

 
Figure 5.7: Linear elastic modulus of the fibrin gels plotted against the fibrinogen 

concentration. 

Macintosh et. al., proposed a model which predicts that the linear elastic modulus 

of cross-linked biopolymer networks should have an exponential concentration 

dependence with G’~C
2.5

. However, various experimental studies report exponential 

dependence for cross-linked fibrin ranging between G’~C
1.66

 and G’~C
2.22

.
2, 26, 30, 33

 The 
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values reported herein are consistent with these previous results. Additionally, SDS-

PAGE separations were performed by collaborators Dominic Chung and Nathan White 

and used to demonstrate that covalent crosslinkage by Factor XIIIa is not inhibited by 

HOCl oxidation. The 115 kD -  dimers ( 2) are prominent in both the oxidized and 

native fibrin samples and are indicative of covalent cross-linkage via Factor XIIIa.  This 

is clear evidence that Factor XIII activation by thrombin and the activity of Factor XIIIa 

is not impaired by HOCl oxidation. 

Fibrin gels are also known to exhibit highly non-linear strain hardening 

mechanical properties. To measure the non-linear rheology of the oxidized fibrin gels, a 

continuously increasing stress ramp is applied until the gel fails and the resulting strain is 

measured at discrete stress intervals. It should be noted however, that all of the 6.5 

mg/mL fibrin gels and some of the 4.3 mg/mL fibrin gels were too strong to break in the 

rheometer. The instantaneous modulus (GInst) is determined by taking the derivative of 

the shear stress (τ) with respect shear strain (γ). Curves of the average instantaneous 

modulus for 1.1, 2.2, 4.3 and 6.5 mg/mL fibrin gels formed from baseline and oxidized 

fibrinogen are plotted in Figure 5.8. The error bars reflect the standard deviation from a 

minimum of three different gels. 

The non-linear rheology of fibrin is related to the underlying hierarchical structure 

of the clot and is therefore affected by alterations to the monomer. Like many 

biopolymers, fibrin gels are highly extensible and exhibit strain hardening.
32, 33, 35

 In this 

study all of the fibrin gels we tested strain hardened regardless of concentration or 

oxidation levels. The instantaneous modulus at the maximum strain before gel failure is 

typically 1-2 orders of magnitude greater than the linear elastic modulus. We consistently 
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find the maximum strain and maximum modulus are lower for oxidized gels than for 

baseline gels. For the 1 mg/mL gels, the average maximum strain before failure is  

 
 

Figure 5.8: Instantaneous modulus (GInst) of fibrin gels with various concentrations 

of fibrinogen and oxidized to different levels with 0, 50 and 150 µmol HOCl/g 

fibrinogen. Data plotted is the average of at least three trials with error bars 

corresponding to the standard deviation. 

202±31, 143±10 and 157±20% for 0, 50, and 150 HOCl gels respectively. The average 

maximum modulus reached before gel failure is 3000±1500, 1400±100, and 800±200 Pa 

respectively. Though the linear elastic moduli and maximum instantaneous moduli of the 
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oxidized gels are lower than those measured in the baseline gels, at intermediate strains 

(approaching 100%) the magnitude of the instantaneous modulus of the baseline and 

oxidized gels begin to equalize. All of the baseline gels experience a second increase in 

the magnitude of strain hardening at very high strain. This upturn also occurs in the 

higher concentration 50 HOCl gels and the 6.5 mg/mL 150 HOCl gel.  

The limit of linear viscoelasticity of the gels is also affected by HOCl oxidation. 

We find that the onset of strain hardening occurs at progressively higher strain with 

increasing oxidation. We quantify the delayed strain hardening by measuring the strain at 

which the instantaneous modulus reaches 200% of the linear modulus. This characteristic 

strain is found to be 3.6±0.6, 5.5±1.5 and 7.5±1.1% for 0, 50, and 150 HOCl fibrin gels 

respectively when averaged over all concentrations. The linear viscoelastic limit also 

increases slightly with concentration, which is consistent with current models for strain 

hardening.
33, 36 

 

Clot Lysis 

HOCl oxidation has been implicated in altered fibrinolysis in at least one previous 

report.
15

 Given the altered clot structure and rheology observed in this study, delayed 

fibrinolysis was expected in the oxidized fibrin gels as a direct result of reduced 

diffusivity of enzymes and co-factors through smaller pores. From the SEM images we 

estimate the pore size of the gels to be on the order of magnitude of 10 µm for untreated 

fibrinogen, 1 µm for the 50 HOCl oxidized fibrinogen, and 100 nm for the 150 HOCl 

oxidized fibrinogen at 1 mg/mL. The stokes radius of plasminogen is ~5 nm.
37

 The 
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diffusion coefficient for plasminogen at infinite dilution in water (DAB) can be calculated 

from the Stokes-Einstein equation:
38

  

 
6

AB

B

kT
D

R
 Equation 5.1 

where, k is the Boltzmann’s coefficient, T is the temperature, R is the radius of 

plasminogen, and µB is the viscosity of water. DAB of plasminogen in water is calculated 

to be 6.49×10
-11

 m
2
s

-1
 at 37°C. 

In the case of plasminogen diffusing through a fibrin gel, the added restriction to 

diffusion imposed by the fiber network must be considered. Two correction factors, the 

steric partition coefficient (F1(φ)) and the hydrodynamic hindrance factor (F2(φ)) are 

utilized to account for this effect such that an effective diffusion coefficient for 

plasminogen through the fibrin gel (DAF) can be calculated with Equation 5.2.
38

 

 
1 2( ) ( )AF ABD D F F  Equation 5.2 

Both of these parameters are functions of the reduced pore diameter (φ): 

 
plasminogen

pore

d

d
 Equation 5.3 

where dplasminogen is the diameter of the plasminogen protein and dpore is the estimated pore 

diameter. The steric partition coefficient accounts for the volume occupied by the 

plasminogen as it cannot be located closer than one radius away from the pore wall. This 

factor was originally derived using geometric arguments and is defined in Equation 5.4:
38

 

 2

1( ) (1 )F  Equation 5.4 

The hydrodynamic hindrance factor accounts for the hindered Brownian motion 

of plasmin within the pore volume. The hydrodynamic hindrance factor developed by 

Renkin for hard spheres diffusing through cylindrical pores is valid for 0< φ <0.6.
39
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Though the pores in the fibrin gels are not cylindrical and the plasminogen is not a hard 

sphere, Equation 5.5 remains a reasonable approximation for the hydrodynamic 

hindrance factor in this system. 

 
3 5

2( ) 1 2.104 2.09 0.95F  Equation 5.5 

Given the estimated pore sizes for fibrin gels with and without oxidation, the 

effective diffusion coefficients of plasminogen in gels are estimated as 6.45×10
-11

, 

6.09×10
-11

 and 3.29×10
-11

 m
2
s

-1
 for the 0, 50, and 150 HOCl gels respectively. From 

these rough calculations we expect that the lysis time for oxidized fibrin gels will be only 

slightly delayed in the 50 HOCl fibrin gels but substantially delayed in the 150 HOCl 

fibrin gels.  

 A series of fibrinolysis experiments were performed using the rheometer with 

small amplitude shear oscillations to monitor the elastic and viscous modulus during 

gelation and the subsequent lysis of fibrin gels in situ. In this experiment 2.2 mg/mL 

fibrinogen and 1 µg/mL plasminogen was combined with 1 NIH units/mL thrombin and 

0.5 µg/mL tPA and loaded directly into the rheometer using the cone and plate geometry. 

The results of this experiment are presented in Figure 5.9. We find that, as expected, the 

lysis time is delayed in oxidized gels. More specifically the lysis time is approximately 

inversely proportional to the calculated effective diffusion coefficients.  

Fibrin is known to increase the rate of tPA-induced conversion of plasminogen to 

plasmin by increasing exposure of tPA binding sites.
38

 When comparing fibrinogen to 

fibrin, tPA-induced plasmin activation is typically increased by a ratio of approximately 

1:1.5-2. We anticipated that fibrinogen oxidation might decrease the rate of tPA-

dependent plasminogen activation. However, both control and oxidized fibrin/fibrinogen 
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plasminogen activation ratios were similar (1.60 vs. 1.66 respectively), leading us to 

conclude that the rate of tPA-induced activation of plasminogen is essentially unchanged 

by the presence of oxidized fibrin. Therefore, the delayed lysis time may be fully 

attributed to the clot architecture and impaired plasminogen diffusion. 

 
Figure 5.9: Fibrinolysis induced by tPA and plasminogen in 2.2 mg/mL fibrin gels 

formed from fibrinogen treated with 0, 50 and 150 µmol/g fibrinogen.  

Discussion 

Fibrinogen treatment with HOCl leads to the preferential oxidation of specific 

methionine residues on the ,  and γ chains. The oxidation of one or all of these residues 

inhibits the lateral aggregation of protofibrils resulting in gels with smaller fibers and 

higher fiber density when compared with untreated fibrin gels. Both the linear and non-

linear mechanical properties are affected by oxidation. Oxidized fibrin gels are weaker 

and experience a delayed onset of strain hardening.  

High fiber density as a result of fine fiber formation is thought to reduce the 

diffusion rate of plasminogen through the gel and lead to prolonged lysis times. Several 
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medical conditions associated with thrombosis, including diabetes and impaired kidney 

function, have been associated with these characteristics.
7,8

 The results presented in this 

study suggest that a potential oxidation-specific mechanism associated with these 

diseases may be related to neutrophil activation and inflammation in vivo.
10, 11

 Moreover, 

in this chapter we demonstrate that the delayed lysis is not a result of decreased tPA-

dependent activation of plasminogen, but rather can be fully attributed to a reduction in 

gel porosity and hindered diffusion of the plasminogen through the clot.  

These results support an oxidative impairment of fibrin polymerization as has 

been previously reported.
40

 Though, the exact mechanism of altered fibrin polymerization 

remains unclear, several studies have demonstrated inhibited lateral aggregation of 

protofibrils through the manipulation of the fibrinogen α-C domains.
42-45

 Removal of the 

α-C domain or substitution with chicken α-C domains inhibits lateral aggregation and 

results in clots similar to ours with higher fiber density, weaker gels and prolonged 

fibrinolysis times.
43, 44

 The distinct similarities between the abnormal coagulation 

observed with the α-C domain variants and our results suggest that perhaps oxidation via 

HOCl acts by promoting a conformational change in the α-C domain that inhibits 

interactions with adjacent domains during fibrin fiber polymerization.  

The most preferentially oxidized methionine residue is α-

72.7% oxidized in the 0, 50, and 150 HOCl solutions respectively. This methionine is the 

first residue on a second -sheet hairpin complex in the N-terminal subdomain of the α-C 

domain. Tsurupa and colleagues found that this second -sheet hairpin is relatively 

unstable in human fibrinogen and that the unfolding of this structure reduces the extent of 

α-C fragment oligomerization.
25

 Therefore, we suggest that oxidation of the methionine 
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residue α-476 is important for the altered clotting of HOCl oxidized fibrin gels by its 

effect on α-C domain interactions during fibrin clot formation.  
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Chapter 6                                                                           

Structure and Rheology of P3HT Gels 

Introduction                             

Given the pressing demand for clean energy sources, it is not surprising that the 

design of novel materials for producing efficient solar devices is a very active research 

area. Silicon based solar cells with high efficiency (>20%) are commercially available, 

but wide spread use of these devices is cost prohibitive when compared with traditional 

power sources.
1
 While it is generally acknowledged that organic solar cells are not as 

efficient as their inorganic counterparts, the ease with which polymer solar cells can be 

processed and the ability to manufacture flexible devices with organic materials motivate 

the design and optimization of organic photovoltaic devices (OPVs).
2
  

When sunlight strikes an OPV an exiton, or hole-electron pair, is generated.  To 

generate current, the exiton must diffuse to the interface between the donor and acceptor 

material where the hole and electron will dissociate and diffuse to the appropriate 

electrodes. This process is represented schematically in Figure 6.1. The morphology of 
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the active layers is critical to the performance of the OPVs and, to this end, significant 

focus has been placed on the development of novel materials and the optimization of the 

active layer morphology.   

 

Figure 6.1: Example of a simple heterojunction and the idealized heterojunction 

suggested for maximizing device efficiency. 

In a review from 2004, Coakley and McGehee suggested that producing a 10% 

efficient device with a lifespan of at least 10 years would result in commercial viability.
2
 

Furthermore, they outlined the key steps necessary to reach this benchmark performance 

level including designing new polymers with better electrical properties and optimizing 

the bulk heterojunction morphology. A schematic of a hypothetically ideal heterojunction 

is presented in Figure 6.1. The comb-like structure ensures that the distance an exiton 

must travel to reach the donor-acceptor interface is less than the distance an exiton can 

diffuse prior to recombination. Additionally, this idealized structure provides an 

unobstructed pathway for the holes and electrons to diffuse from the donor-acceptor 

interface to the electrodes.  
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Conjugated polymers are frequently used as donor materials in OPV devices. 

Many of these polymers are known to form fibers or gels depending on the polymer 

concentration, solvent, and temperature.
3-7

 In this Chapter, we use poly(3-

hexylthiophene) (P3HT), as a model system for conjugated polymer gelation. P3HT is a 

commonly utilized donor material and is commonly paired with (6,6)-phenyl C61-butyric 

acid methyl ester (PCBM) to form a bulk heterojunction OPV.
8-11

 P3HT is soluble in 

various organic solvents including benzene, toluene, and xylene at elevated temperatures 

between 50 and 80°C.
12-14

 When the solubility of the polymer is reduced in solutions of 

sufficient concentration, the polymer will begin to self-assemble.
10, 15

  

 

Figure 6.2: (Left) Photographs of P3HT at 80 °C and 25 °C   in liquid and gel phases 

respectively. (Right) Schematic representation of the P3HT fiber and monomer. 

The self-assembly of P3HT in solution is indicated by a characteristic 

spectroscopic red-shift with a striking color change from bright orange to deep purple as 

illustrated in Figure 6.2.
16

 P3HT aggregates into a semi-crystalline fibrillar structure with 

overlapping -orbitals between adjacent polymer molecules (π-π stacking) along the long 
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fiber axis.
17

 Depending on crystallization conditions, the fibers are 2-10 nm thick, 20-30 

nm wide and several microns in length.
18, 19

 Figure 6.2 depicts the postulated crystalline 

structure of P3HT fibers that is widely cited throughout the literature.
12

 The overlapping 

-orbitals are thought to facilitate charge transport along the fiber axis.
17

 

One standard method for producing bulk-heterojunctions from P3HT-PCBM 

solutions is to spin-cast thin films of the solubilized blend.
13, 20, 21

 As the solution is spin-

cast, the solvent evaporates inducing crystallization and fiber formation; however, this 

process is rapid and results in incomplete crystallization of the fibers.
22

 Typically, an 

annealing process at relatively high temperature is utilized to increase the crystallinity of 

the resulting film, but this can also lead to increased phase segregation of the component 

materials.
23, 24

 One method to enhance the crystallinity of P3HT is to form the fibers in 

dilute solution prior to spin-casting.
12

 Unfortunately, the spin-casting of pre-crystallized 

P3HT yields thin films in which the fibers will tend to align parallel to the surface as a 

result the applied shear field. So while pre-crystallizing the P3HT will lead to enhanced 

charge transport within the polymer phase, it will also restrict vertical charge transport 

between the electrode contacts.  

At sufficiently high polymer concentrations (>5 mg/mL) it has been demonstrated 

that the crystallization of P3HT leads to the formation of a gel with a bicontinuous 

network of crystalline fibers.
22, 25-28

 The three-dimensional interconnected structure of a 

P3HT gel satisfies most of the criteria proposed by Coakley and McGehee for the ideal 

morphology of an OPV bulk heterojunction.
2
 The cross-sectional dimensions of a P3HT 

fiber are less than the maximum exiton diffusion length and the interconnected fiber 

network will promote vertical charge transport through the device. However, the gelation 
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of P3HT is generally considered undesirable as it spoils liquid based electronic inks that 

are used in OPV production processes.
22

 This is because the mechanical properties of 

bulk P3HT gels prevent the utilization of traditional printing techniques when used 

directly. Recently, however, our group has focused on the development of electronic inks 

that combine the favorable morphology of P3HT gels with the processability of 

traditional electronic inks.
29

    

Colloidal particles of gelled P3HT in water are generated through the use of 

ultrasonication. The resulting particles have an effective radius on the order of 50-100 nm 

and optical properties that reflect the presence of crystalline P3HT fibers. Furthermore, 

the rheological properties of the particle suspension can be adjusted with the volume 

fraction of particles such that a 10% solution has a viscosity identical to water (Figure 

6.3).
29

 The underlying morphology of the gel particle is closely related to the structure of 

the parent gel. A thorough understanding of the structural and mechanical properties of 

bulk P3HT gels is necessary to optimize the electronic ink design and is one motivation 

for the ongoing study of these properties. 

 

Figure 6.3: Soluble P3HT in xylene (Left), gelled P3HT in xylene (Center), and a 

suspension of P3HT gel particles (Right). 
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The critical structural, mechanical, and electronic properties of P3HT gels are 

largely unknown; however, some limited characterization of poly(3-alkylthiophene) 

(P3AT) gels has been reported in the literature.
6, 22, 26-28, 30

 Malik and Nandi have 

characterized the thermodynamic properties of P3HT with differential scanning 

calorimetry and report that gelation is a first order phase transition that occurs in two 

steps. The polymer undergoes a coil-to-rod transition followed by aggregations of the 

rod-like structure.
6
 They report that the dried P3HT gel has at least a ten-fold increase in 

conductivity over spun cast P3HT. Rheological characterization of the gels is very 

limited. Koppe et. al. determine the onset of gelation by measuring the complex viscosity 

as a function of time in order to evaluate electronic ink viability. Small angle x-ray 

scattering (SAXS) over a limited q-range has been used to characterize the fiber cross-

section in P3HT gels.
19

 Very recently, a solar cell device with a 1.47 % efficiency was 

produced from a freeze dried gel.
31

 

In this chapter, the results of a systematic characterization of P3HT gel 

morphology as a function of concentration in three relevant solvents are presented. Small 

angle neutron scattering (SANS), scanning transmission electron microscopy (sTEM) and 

UV-Vis spectroscopy are used to fully characterize the composition and morphology of 

P3HT gels in benzene, p-xylene, and toluene. In addition, rheological results highlighting 

concentration and solvent dependent mechanical properties are presented and discussed. 

These results lay the ground work for the rheoSANS study presented in Chapter 7 as well 

as ongoing work on the development of solution processable gel-based inks.  
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Materials and  Methods 

Materials 

Sepiolid 200 poly(3-hexylthiophene) with regioregularity greater than 98% was 

purchased  from Rieke Metals Inc (Lincoln, NE). This work utilizes polymer from two 

lots. Polymer from the two lots will be referred to as P3HT-L1 and P3HT-L2 in the text. 

The molecular weight distribution of the polymer from each lot is characterized using gel 

permeation chromatography (GPC) against a polystyrene standard. One mg/mL P3HT is 

dissolved into chlorobenzene and filtered using a 200 nm PTFE filter to remove any 

impurities. P3HT-L1 is shown to have an average molecular weight MW=24,000
 
g/mol 

with a polydispersity index (PDI) equal to 2.0 and P3HT-L2 has an average molecular 

weight MW=16,800 g/mol with PDI=1.6, where PDI=MW/MN. Toluene, p-xylene and 

benzene are purchased from Sigma Aldrich (St. Louis, MO). Deuterated 98% D-10 p-

xylene, 99.5% D-6 benzene and 99.5% D-8 toluene are purchased from Cambridge 

Isotopes (Andover, MA) for neutron scattering experiments. 

Gel Preparation 

P3HT at concentrations ranging between 1-100 mg/mL is solubilized in benzene, 

xylene, and toluene by heating the solutions to approximately 80°C. The polymer is 

considered fully solubilized when the solution is bright orange and there are no visible 

undissolved polymer particles. At this point the solution is removed from heat and 

allowed to cool to room temperature. As the solution cools, the P3HT forms a gel. 

Subsequent analysis with SANS, sTEM, and UV-Vis spectroscopy is carried out after the 

equilibrium condition is reached (~ 24 hours).    
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UV-VIS Spectroscopy 

UV-Vis spectroscopy is performed with a Thermo Scientific Evolution 300 

spectrophotometer. An extinction coefficient for soluble P3HT at ~450 nm (
450nm

) has 

been measured and is found to be 50 mL/mg cm. The extinction coefficient enables the 

concentration of soluble P3HT ( Sol

P3HTC ) to be calculated from the absorption (A) at 450 

nm through a defined pathlength, L, from Beer’s law using Equation 6.1: 

 
3

450

Sol

P HT

nm

A
C

L
 Equation 6.1 

Scanning Transmission Electron Microscopy 

Small quantities of the organogels are transferred to copper TEM grids with 

Formvar support films by gently touching the grid to the surface of the gels without 

applying pressure. In this way, only a thin-film of organogel is transferred to the TEM 

grid. The aromatic solvents quickly evaporate under ambient conditions as the sample 

volume is very small. All images are obtained using scanning TEM on a FEI Tecnai G2 

F20 instrument operating at 120 kV and were processed in Image J software.
32

  

Small angle neutron scattering  

Small angle neutron scattering (SANS) and ultra small angle neutron scattering 

(USANS) measurements are performed on the same samples at the Center for Neutron 

Research at NIST in Gaithersburg, Maryland. SANS measurements are performed on the 

NG3 30 m instrument.
33

 Measurements are made at three detector distances of 1.3, 7 and 

13.2 meters to cover a broad q-range (0.001 to 0.3 Å
-1

) using neutron wavelengths of 5 Å 

and 8.4 Å. All of the SANS data are corrected for background and sample cell scattering, 



131 

 

 

and are placed on an absolute scale by measuring the direct beam flux.
34

 USANS 

measurements are performed on the BT5 perfect crystal diffractometer extending the 

measured q-range down to 4 x 10
-5

 Å
-1

.
35

 Data is reduced and desmeared using the NIST 

Igor based software.
34 

Rheology 

Rheological data was obtained with an Anton Paar MCR 301 stress controlled 

rheometer using both parallel plate and concentric cylinder configurations with a Peltier 

heat exchanger for temperature control. Making reproducible rheological measurements 

of thermoreversible organogels formed in volatile solvents proves especially challenging 

because of solvent evaporation during the heating-cooling cycles. To prevent 

evaporation, simple evaporation blockers illustrated in Figure 6.4 are used to trap the 

solvent, practically eliminating evaporative effects. The 25 mm parallel plate tool is used 

with at variable gap thickness between 0.25 and 1 mm requiring only a maximum of 0.5 

mL sample volume. An immiscible edge bead of ethylene glycol is used to seal the 

interface between the gel and the air. To ensure that the gel is not displaced by the 

addition of the edge bead, the sample is rapidly quenched and a gel is formed prior to 

application of the solvent trap. The sample is subsequently reheated to dissolve the gel 

prior to measurement of mechanical properties. For concentric-cylinder measurements a 

25 mm long by 17 mm diameter bob in a cup with a 1.0 mm gap, requiring ~5 mL sample 

volume is utilized. A custom solvent trap was machined to minimize evaporation by 

trapping the solvent molecules with a solid barrier and a liquid reservoir. Both 

evaporation blockers only negligibly affect the rheological measurements. 
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Figure 6.4: Schematic of evaporation blockers for organogel rheology. 

The linear viscoelastic limit (γLVE) is established for P3HT gels with an oscillatory 

strain ramp from 0.001<γ<100% at a frequency (f) of 1 Hz. This measurement is 

performed on a fully formed gel with no history of mechanical deformation. In 

subsequent experiments the linear mechanical properties of the gel are measured with 

small amplitude oscillations at strains below the linear viscoelastic limit and a frequency 

of 1 Hz. Additional details about specific rheology experiments are included in the 

sections below.  

Results 

The self-assembly of P3HT fiber networks occurs when the solubility of the 

polymer in solution is reduced either through a reduction in the solvent temperature, as is 

the case for all results presented in this study, or through manipulation of the solvent 

composition.  P3HT is fully soluble at elevated temperatures in p-xylene (~70°C), toluene 

(~60°C), and benzene (~55°C). As the temperature is cooled, the solubility of the 

polymer is reduced and the polymer begins to self-assemble, forming a fibrillar gel at the 
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gelation temperature (Tgel). The structural and mechanical properties are measured for the 

fully formed gels.  

Rheology 

A full rheological characterization of toluene gels containing between 0.1 and 5 

wt% P3HT are performed using the concentric cylinder rheology configuration with 

solvent trap. In these initial measurements, the P3HT in toluene solution is cooled from 

80 °C to 10 °C at a rate of 0.5 °C/min. After the gel is cooled, it is held at 10 °C for 15 

minutes prior to further measurement. During this initial cooling ramp, the mechanical 

properties are not tracked in order to ensure that the gel is not damaged so that the linear 

viscoelastic limit can be determined. The linear viscoelastic limit is measured by 

applying an oscillatory strain ramp from 0.001<γ<100% at a frequency of 1 Hz and is 

found occur at approximately 0.5% strain for all gels regardless of concentration.  

 The gelation and dissolution of P3HT gels is tracked with small amplitude 

oscillations at strain amplitudes below the linear viscoelastic limit and the elastic and 

viscous moduli (G’ an G” respectively) of the gel is measured. An example of this 

measurement is shown in Figure 6.5 for a 5 wt% P3HT-toluene gel. As the solution is 

cooled, the polymer crystallizes and forms fibers. The percolation threshold is reached at 

the gelation temperature when the fibrillar domains form an interconnected network and 

an elastic modulus is measured. Tgel is approximately 24 °C for the 5 wt% P3HT gel in 

toluene.  Beyond the percolation threshold, the elastic and loss modulii increase as a 

function of time and temperature as the ongoing fiber growth and increasing 

interconnectivity rigidifies the gel. Though not shown here, when the gel is reheated it 

gradually weakens but does not fully dissolve until well beyond the gelation temperature. 
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The evolving structural and mechanical properties of P3HT in aromatic solvents during 

gelation and dissolution of P3HT is the topic of Chapter 7. 

 

Figure 6.5: Elastic and viscous modulus of a 30 mg/mL P3HT gel as a function of 

temperature during a cooling ramp. 

The frequency dependence of the gels are measured once the elastic modulus 

reaches equilibrium. The frequency sweep measurements are plotted in Figure 6.6 for 

gels of 0.1, 1, 1.5, 3, and 5 wt% P3HT in toluene.  Here, all of the gels are probed over a 

minimum 0.01<f<100 Hz and two of the gels (1 and 3 wt%) are probed over an expanded 

frequency range (0.001<f<100 Hz). The modulii are only reported for f<10 Hz because at 

high frequency instrumental inertial effects give rise to experimental artifacts. All of 

these samples formed gels over the entire frequency range probed. This is especially 

interesting for the 0.1 wt% gel, which was not expected to form a gel based on direct 

observation of the samples. When the yield stress is measured by applying a 

logarithmically increasing shear stress ramp, we find that the yield stress for the 0.1 wt% 

gel is only 0.25 Pa. Just barely moving the vial that contains a 0.1 wt% gel imparts  
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Figure 6.6: Frequency sweep for toluene gels of 5 wt% (circles), 3 wt% (squares), 

1.5 wt% (diamonds), 1 wt% gels (triangle), and 0.1 wt% gels (hourglass).  

sufficient force to break the gel structure that is indicated by the rheology data. The yield 

stress of the more concentrated gels was found to be 16, 25, 130 and 130 Pa for the 1, 1.5, 

3, and 5% gels respectively. These low yield stresses make direct processing of gels by 

techniques such as doctor blading feasible. However, it is unknown whether any local 

three-dimensional network structure is maintained after damaging the gel in this manner.  

 A secondary rheological study of P3HT gels formed in p-xylene, toluene, and 

benzene is performed using a parallel plate rheometer configuration with an ethylene 

glycol edge bead solvent trap. In these measurements the cooling rate is increased to 3 °C 

per minute and the samples are cooled from a fully dissolved state to 20 °C to more 

closely mimic the gelation conditions utilized in the structural measurements. Gelation is 

then allowed to proceed for an additional 20 minutes. This is especially important for the 

benzene and toluene gels, where the gelation temperature is not much greater than the 

equilibrium temperature. The gelation as a function of time is plotted in Figure 6.7. The 

temperature reaches 20 °C after 10 minutes, which is indicated on the plot by a dashed 
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line. P3HT forms a gel in xylene at higher temperatures than observed in P3HT-toluene 

or P3HT-benzene sample. The elastic and viscous modulii of the toluene and xylene gels 

is nearly completely evolved at the end of the 30 minute gelation period; however, the 

benzene gel continues to slowly increase with additional time. A short frequency sweep 

for each of the gels is plotted in Figure 6.7 (right). In all of the gels, the modulii are 

independent of the frequency. Here it is clear that the final benzene gel forms the stiffest 

gel followed by xylene and toluene. The differences in the equilibrium modulus reflect 

differences in the structure. However, the exact nature of these structural differences 

cannot be directly determined from the rheology measurements presented herein. 

 

Figure 6.7: Left-Gelation as a function of time for 30 mg/mL gels cooled to 20 °C at 

a rate of 3 °C/min. T=20 °C occurs 10 minutes into the experiment and is marked 

with a dashed line in the plot. Right- Frequency sweep for the gels after the 30 

minute gelation period.    

Gel Composition and Morphology 

A combination of small angle neutron scattering (SANS) and scanning tunneling 

electron microscopy (sTEM) are used to characterize the morphology of P3HT gels. 

Additionally, UV-Vis spectroscopy is used to perform an independent assessment of the 
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gelation kinetics. If gelation is allowed to proceed isothermally at 20 °C, fiber growth 

will continue until an equilibrium state is reached as demonstrated in Figure 6.7. At 

equilibrium, fiber growth will cease when the remaining free polymer is fully soluble. 

The amount of soluble polymer at equilibrium depends on both the solvent and 

temperature. To ensure that the gels are fully evolved before characterizing the 

morphology of the gels with SANS and sTEM, it is necessary analyze the composition of 

the gel as a function of time. For these measurements, 10 mg/mL P3HT gels in p-xylene 

and toluene are prepared and sealed tightly to prevent evaporation. We assume that the 

results from the xylene and toluene gels will also reflect the kinetics of gelation in 

benzene. At regular time intervals between 1 and 48 hours, the gels are centrifuged to 

separate the fiber fraction from the soluble fraction. The concentration of the soluble 

fraction (
3

Sol

P HTC ) is determined by UV-Vis spectroscopy. From the soluble polymer 

concentration the solids fraction of P3HT relative to the total P3HT concentration (CP3HT) 

is determined with Equation 6.2. 

 
3

1 Sol

P3HT
Solid

P HT

C

C
 Equation 6.2 

The solids fraction of P3HT as a function of time is normalized to the 50 hour solids 

fraction concentration and plotted in Figure 6.8. Even after 50 hours at room temperature 

the polymer continues to crystallize slightly, however the majority of fiber formation 

occurs within the first hour. To ensure reproducibility, all morphological measurements 

are performed on gels that have been aged for at least 24 hours. Additional aging time 

may result in a ~5-10 % variation in the final reported polymer solids fraction.   
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Figure 6.8: Solids fraction of P3HT as a function of time normalized by  

50Solid t . 

As a technique, SANS is advantageous because it allows the bulk morphology of 

the gel to be studied in its native state. To inform the interpretation of the scattering data, 

the use of complementary techniques such as sTEM is invaluable. Figure 6.9 shows a 

series of TEM images illustrating the various structural features observed at different 

length scales in the dried gels. The images are from 30 mg/mL P3HT gels in toluene, but 

these features are typical of all of the gels studied in this chapter. As expected, the dried 

gels retain their underlying fibrillar structure, but the overall structure of the gel is more 

complex with various forms of heterogeneity including fiber bundles (or ropes), dense 

nucleation centers, individual fibers and bifurcations. Figure 6.9A is representative of the 

bulk structure observed throughout the gel and all of the features listed above are 

highlighted with circles.  

Fiber bundling is highlighted in Figure 6.9B. These bundles are composed of 

several smaller fibers that are in very close proximity with less than 10 nm between 
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neighboring fibers. The fiber roping is consistent with results reported in another AFM 

study.
19

 The dense nucleation centers are only observed in the P3HT-L1 polymer gels and 

are highlighted in Figure 6.9C. It is likely that these nucleation centers arise in the 

presence of impurities in the polymer. We must also recall that P3HT-L1 had a higher 

average molecular weight than P3HT-L2 and this difference may also play a role in the 

formation of the spherulitic like domains.  

 

Figure 6.9: sTEM of 30 mg/mL P3HT gel in toluene. The four images highlight the 

structure at different length scales. 

Figure 6.9D was taken near the edge of the gel where the fiber concentration is 

relatively low compared to the rest of the gel in order to highlight the morphology of the 

individual fibers and the fiber junctions. The width of the fibers is between 7.9 nm and 28 

nm and the distance between fiber interaction sites is on average 60 nm. There are three 

types of fiber interaction in this region of the dried gel. In the upper left hand corner there 
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are two fibers that overlap for about 80 nm. This overlapping is may be related to the 

multi-fiber bundling observed in Figure 6.9B. The second interaction type is the y-

junction which accounts for 70% of the fiber intersections in this image. Y-interactions 

can be divided into two subtypes, bifurcations and contact points; however, it is 

impossible to distinguish between the two in this image. True bifurcations are ideal as 

they allow for uninterrupted charge transport through the junction along the fiber axis 

through the -orbital overlap. Contact point junctions are preferable over the alternative 

of having no junction, but the alkyl-side chains create an insulating layer between the 

adjoining fibers. The final type junction is the x-junction formed by the overlap of two 

crossing fibers. The x-junction accounts for 30% of the fiber overlap in Figure 6.9D. 

These apparent intersections are likely an artifact of drying and these fibers may or may 

not interact in swollen bulk gel.  

A multiscale structural characterization of bulk P3HT gels in deuterated D10-p-

xylene, D8-toluene, and D6-benzene over length scales between 1 nm and 10 µm is 

performed using a SANS and USANS measurements. Deuterated solvents are used to 

enhance the contrast between the polymer and the solvent. The scattering length density 

of the various components is calculated with Equation 2.2 and are listed in Table A1.2 in 

Appendix A. We originally assumed that the scattering length density of the fibers would 

be equal to the calculated scattering length density of the polymer. To confirm this, the 

scattering length density of the fibers is determined with a contrast variation experiment 

as described in Chapter 2. Gels with 30 mg/mL P3HT are formed in solvents of varying 

isotopic hydrogen composition. The extrapolated scattering intensity at q=0 is related to 

the scattering length density by the expression 2(0) SLDI .  The measured scattering 
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length density of the fibers is ~40%  higher than the soluble P3HT and is found to be 

1.07 10
-6

 Å
-2

. This result suggests that the fibers contain as much as 10% entrained 

solvent. The measured scattering length density of the fibers and the calculated scattering 

length density of the solvents and polymer are used for all scattering calculations.  

Samples containing 5, 10, 20, 30, and 50 mg/mL P3HT are prepared in each of 

the solvents. Figure 6.10 shows an isotropic scattering profile of a 30 mg/mL P3HT-L1 

gel in xylene. This is typical of scattering from the lot-1 polymer. P3HT-L2 gels are 

similar to P3HT-L1 gels except that they do not exhibit the sharp upturn at very low-q.  

The differences between the two lots are most likely the result of either the shift in the 

molecular weight distribution or impurities in the polymer. 

 

Figure 6.10: Characteristic combined SANS and desmeared USANS data from a 30 

mg/mL P3HT-L1 gel in D10-p-xylene. 

From Figure 6.10, it is clear that P3HT is a very complex system and many 

different structures must be accounted for at various length scales in order to fully 
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interpret the data.  From both the literature and the sTEM images, it is determined that the 

cross-section of the fibers would be best fit with a parallelepiped model. However, this 

model only effectively fits the data for scattering vector, q, between 0.008<q<0.1 Å
-1

. At 

low-q, the model deviates from the scattering because the model only accounts for 

discrete isotropic fibers in dispersion. At 0.0001<q<0.008 Å
-1 

the scattering is dominated 

by the network structure of the gel, which accounts for the increased slope. A sharp 

upturn at low-q is indicative of the dense nucleation centers observed with the sTEM. At 

high-q, q>0.1 Å
-1

, scattering from the soluble polymer is significant relative to the 

scattering of the fibers. The soluble polymer is fit with an excluded volume polymer 

model. Finally, at q~0.3 Å
-1

 there is a small peak. The peak results from the periodic 

lamellar stacking of the alkyl chains and the thiophene backbones through the thickness 

of the fiber. 

Fibrillar Cross-section 

The combined parallelepiped and excluded volume polymer form factor described 

by Equations 2.17-2.19 are used to fit the scattering data from the P3HT gels with 

DANSE SansView software.
36

 In this model, all parameters are fixed except for the 

cross-sectional dimensions LH and LW and the volume fraction of fibers. Because the 

lower-q limit to this fit is only 0.008 Å
-1

, the length is fixed at 100,000 Å, which is larger 

than resolvable from SANS. Polydispersity factors are also used in fitting to account for 

the size distributions in fiber height, width, and length. The distribution is defined by a 

Gaussian function where the polydispersity factor is simply the ratio of one standard 

deviation to the mean dimension.  The polydispersity factors for height, width, and length 

are held fixed for all fits at 0.35, 0.2, and 0.1 respectively. 
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 Representative scattering curves are plotted with their corresponding fits in Figure 

6.11. The combined model provides a very good fit to scattering over the relevant q-

range. The cross-sectional dimensions, determined from the model fitting, are plotted on 

the left of Figure 6.11. The width of the fiber ranged between 22 and 26 nm, which is 

consistent with the sTEM micrographs. The thickness of the fibers formed in toluene and 

p-xylene is approximately 5 nm, which corresponds to P3HT lamellar sheets stacked with 

no alkyl chain intercalation. The thickness of a fiber formed in benzene is 6 nm, which is 

20% larger than in toluene and p-xylene gels, increasing the likelihood that in any given 

fiber there will be four lamellar stacks of P3HT instead of three. The cross-sectional 

dimensions of the fiber are well fit with the parallelepiped form factor for individual 

fibers and agree with the reported morphology of P3HT in the literature.
14, 18, 19

  

The conversion of soluble P3HT to fibers is plotted in Figure 6.12. Only 50 to 

60% of the P3HT forms fibers in the gel at room temperature (T~25 °C), the remaining 

polymer is fully soluble even after several days. The solids fraction is relatively stable 

with respect to concentration, but is systematically higher for the xylene gels. A higher 

solids fraction will increase the charge mobility through the fiber network. The relative 

stability of solids fraction as a function of increasing concentration suggests that there 

may be a specific molecular weight fraction of the P3HT that remains fully soluble in 

each of the solvents. 
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Figure 6.11: Right: combined model fits of the P3HT gels in p-xylene. Left: Cross-

sectional dimensions for all gels. 

 

Figure 6.12: Fraction of P3HT converted to fibers during gelation. 

To confirm this hypothesis, P3HT and xylene is gelled for 24 hours and before the 

remaining soluble fraction of P3HT is extracted by capping the gel with pure solvent and 
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waiting for the soluble polymer to diffuse into the liquid cap. The solvent cap is 

exchanged until it remains clear after sitting overnight. After the soluble polymer is 

removed, the soluble and fibrillar polymer samples are dried and then dissolved in 

chlorobenzene for GPC analysis. The results summarized in Table 7.1 confirm that the 

polymer partitions with high molecular weight polymer forming fibers and low molecular 

weight polymer remaining soluble. 

Table 6.1: Molecular weight averages for P3HT-L2 batch polymer as purchased and 

partitioned into soluble and fibrillar polymer. 

 MW  (Da)
 

MW/MN
 

P3HT-L2 16800 1.6 

P3HT-Solid 24000 2.1 

P3HT-Soluble 6800 1.9 

Network Structure 

As illustrated in Figures 6.10 and 6.11, the scattering at low-q deviates 

significantly from the parallelepiped-polymer combined model. This is because 

branching and networking of the fibers will cause the fractal dimension of the gel to 

deviate from the fractal dimension of a single fiber (Df=1). In this region the intensity, 

I(q), can be approximated by the structure factor, S(q) which is related to the fractal 

dimension (Df) of the network, Equation 6.3: 

 ( ) ( ) fD
I q S q q  Equation 6.3 

An example of a fractal dimension power-law fit (left) and  the results of the systematic 

evaluation of fractal dimension for all of the samples as a function of concentration 

(right) is shown in Figure 6.13. Gels containing at least 20 mg/mL P3HT have a 

consistent fractal dimension, Df~1.4. However, the fractal dimension for 10 and 5 mg/mL 

gels is lower. This can be attributed to local inhomogeneity in the structure.
37

 It is 
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possible that in these low concentration gels, insufficient polymer is available and locally 

fiber-dense and fiber-poor regions form.  

 

Figure 6.13: Left- Example of power law fit to determine fractal dimension. Right- 

Fractal dimension plotted as a function of concentration. 

Discussion 

A rigorous and systematic multiscale structural characterization of P3HT gels in 

benzene, toluene and p-xylene has been completed. Additionally, rheological 

characterization of P3HT gels is also presented. Interestingly, though the P3HT-xylene 

gels have the highest overall conversion from polymer to fibers, the elastic modulii of 

these gels are substantially lower than the comparable P3HT-benzene gels. P3HT-toluene 

gels have approximately the fiber fraction as the P3HT-benzene gels but are even weaker 

than the xylene gels. We expect that this may be due to the formation of thicker fibers in 

the P3HT-benzene gels. Thicker, more rigid, fibers may result in a stronger gel even 

though there are fewer fibers in these gels.  
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Electrical measurements performed by Newbloom et al. indicate that, like the 

mechanical properties, the conductivity of the P3HT gels is highly dependent on the 

solvent.
38

 The conductivity of the P3HT-xylene gel is one to two orders of magnitude 

higher than the conductivity of comparable P3HT-benzene gels. The P3HT-toluene gel 

has only slightly weaker conductivity than the P3HT-xylene gel, which could be 

explained by the reduced fiber fraction. The origin of the differences in conductivity and 

mechanical properties between P3HT-benzene gels and the other P3HT gels remains 

unresolved. The results presented in this chapter lay the ground work for the rheoSANS 

study presented in Chapter 7 as well as ongoing work on the development of solution 

processable gel-based inks. 
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Chapter 7                                                                                                   

RheoSANS Investigation of the Structural and Mechanical 

Evolution of P3HT during Gelation and Dissolution 

Introduction 

 Poly(3-hexylthiophene) (P3HT) gelation is seldom reported on in the literature. 

This is largely because gelation has, as a general rule, been regarded as detrimental to 

solution based processing methods
1
. In Chapter 6, we make the case that the formation of 

a self-assembled bifurcating network of fibers, which is characteristic of P3HT gelation, 

may actually be favorable for the development of bulk heterojunctions. This is because 

the interconnected structure of the P3HT gel meets many of the requirements for the 

idealized morphology proposed by Coakley and McGehee.
2, 3

 In fact, films generated 

from P3HT networks have been shown to have much higher conductivity than traditional 

solution processed films.
3, 4

 Furthermore, new developments toward gel processability 

make these gels a promising material for organic electronic devices.
5-7
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In two separate studies P3HT gels have been utilized in functioning organic solar 

cells.
5, 7

 Two methods of preparation, freeze drying of gels and formation of gel 

dispersions with sonication and subsequent solution processing, were used to prepare gel-

based organic photovoltaic devices (OPVs) with power conversions efficiencies of 1.47% 

and 0.18% respectively. While the reported efficiencies are well below the industry 

record (reportedly over 10%), these fabrication methods are in their infancy and 

significant improvements are likely to occur in the near future.
8
 In fact, in one very recent 

study the use of a nanostructured interface in a P3HT-C60 OPV is shown to improve 

device efficiency by ~30% over a comparable device with a smooth P3HT-C60 

interface.
9
 Given these recent advances in gel processing for organic electronics, 

understanding and developing structure-property relationships in conjugated polymer gels 

has become critically important.  

 Several groups have reported on the gelation of conjugated polymers in various 

organic solvents.
1, 4, 10-14

 In a 2001 study by Nandi and colleagues, it is suggested that 

gelation of P3HT occurs in a two step process. First P3HT undergoes a coil to rod 

transition as the solvent quality is reduced. Subsequently, the now rod-like polymer 

crystallizes and forms the network.
4
 Recently, two publications have revisited the 

gelation mechanism of P3HT.
1, 15

 The mechanism proposed by Koppe is very similar to 

the original Nandi mechanism with a coil-to-rod transition followed by an aggregation 

step.
1
 However, in the Koppe mechanism, the nature of the aggregation is not specific. 

Here, they state that the polymer begins to aggregate and the subsequently physical 

interaction between aggregates leads to gelation. More recently, Xu and colleagues 

suggested that, prior to gelation, P3HT forms single fibers (un-branched) that 



152 

 

 

subsequently aggregate at some critical fiber concentration and form a percolating gel 

network.
15

 In this chapter, we propose a distinct gelation mechanism based on 

simultaneous mechanical and structural characterization of P3HT during gelation and 

dissolution. 

 It has been previously established that the structure of thermoreversible gels 

formed from small molecules and polymers can be adjusted by varying the self-assembly 

conditions.
16-18

Adjusting the cooling rate, or changing the solvent quality can lead to 

dramatically different structural features in the gels. In dilute P3HT solutions and gels, 

simply switching between various aromatic solvents has been shown to change both the 

fibrillar and network structures.
3, 19

 To better understand how these structural variations 

arise, it is necessary to characterize the evolving structure of these gels. The structure of 

conjugated gels has been studied with a variety of techniques including scanning electron 

microscopy (SEM), transmission electron microscopy (TEM), atomic force microscopy 

(AFM) as well as small angle x-ray and neutron scattering (SAXS and SANS).
3, 7, 20, 21

 

However, only with small angle scattering can the structure of the gel be evaluated in situ 

during gelation. 

In this chapter, rheoSANS experiments are used to simultaneously characterize 

the mechanical and structural properties of P3HT gels formed in deuterated organic 

solvents. Additionally, the results from some complementary conductivity-SANS 

measurements are also reported. By combining these techniques, we are able to track the 

evolution of structural-mechanical and structural-electrical properties of these gels during 

gelation and dissolution as a function of decreasing and increasing temperature 

respectively. The results of these experiments suggest a more specific mechanism for the 
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formation of these gels than presented previously in the literature. Furthermore, based on 

this data, we also propose a dissolution mechanism that is quite distinct from the gelation 

mechanism and explains the dramatic hysteresis in the rheological and electrical 

properties during gelation and.  

Materials and Method 

Materials and Sample Preparation 

 Sepiolid P200 poly(3-hexylthiophene) (Lot# 22.10.2009) with 98% 

regioregularity is purchased from Rieke Metals (Lincoln, NE). The molecular weight 

distribution is measured with gel permeation chromatography (GPC) against a 

polystyrene standard in chlorobenzene. The number average molecular weight is found to 

be 16,770 g/mol with a polydispersity index of 1.6. P-xylene, toluene and benzene are 

purchased from Sigma-Aldrich (St. Louis, MO). D10-p-xylene (D>98%), D8-toluene 

(D>99.5%) and D6-benzene (D>99.5%) are purchased from Cambridge Isotopes 

(Andover, MA) and used for all neutron scattering experiments. Gels are prepared at a 

concentration of 30 mg/mL P3HT in each of the solvents. The polymer and solvent are 

mixed and heated at 80°C until the solution is a uniformly orange with no visible 

undissolved polymer. 

RheoSANS 

 RheoSANS measurements are performed at the NIST Center for Neutron 

Research (NCNR) in Gaithersburg, MD on the NG7 30 m SANS instrument. An MCR 

501 Anton Paar Rheometer is placed in the beam and aligned for radial measurements 

through the 1-3 plane. A titanium concentric cylinder geometry with a R=14.5 mm× L= 
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36 mm bob and a 0.5 mm gap is utilized for all RheoSANS measurements reported in this 

chapter. Additional details about the RheoSANS set up are located in Chapter 2. The 

rheometer and gel are preheated to 80°C prior to sample loading. Approximately 4 mL of 

solubilized P3HT solution is loaded into the rheometer and sealed against evaporation 

with a solvent trap by using a low viscosity non-volatile silicone oil. The temperature is 

held at 80°C for ~10 minutes prior to measurement to ensure that the polymer is fully 

dissolved. 

 To conserve scattering time the solution is cooled to a pre-experiment temperature 

known to be well above the gelation temperature of the solution for each solvent. The 

pre-experiment temperature is 65 °C, 60 °C, and 50 °C for D10-p-xylene, D8-toluene and 

D6-benzene respectively. Gelation is induced with a gradual decrease in temperature at a 

rate of 0.8 °C/min. Small amplitude oscillations of 1% strain at a frequency of 1 Hz are 

used to track the evolving mechanical properties at temperatures known to be above the 

gelation temperature. The oscillatory strain amplitude is reduced to 0.25% strain near the 

gelation temperature. This strain is just below the linear-viscoelastic limit of the P3HT 

gel (γLVE~0.5%). The gels are cooled beyond the gelation temperature to 15 °C, 9 °C and 

10 °C for D10-p-xylene, D8-toluene and D6-benzene respectively. The minimum 

temperature reached in the D10-p-xylene P3HT gels is constrained by the freezing 

temperature of the solvent (13.5 °C). After gelation, the samples are reheated at 0.8 

°C/min and the mechanical properties are tracked using 0.25% strain oscillations at 1 Hz 

until dissolution is achieved as indicated by the absence of a measurable elastic modulus. 

The temperature cycle is completed twice for each sample (except the P3HT-benzene 

gel). 
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 The temperature cycle is repeated in order to enable structural measurements at 

two SANS instrument configurations. One scattering file is collected for each rheometer 

measurement and corresponds to a 1 °C change in the sample temperature. High-q 

scattering (0.0131<q<0.2 Å
-1

) is measured at a sample to detector distance of 3 m with 6 

Å neutrons. Low-q scattering is measured with one of two possible configurations. A q-

range between 0.0035<q<0.04 Å
-1

 is measured at a sample to detector distance of 13 m 

using 6 Å neutrons. Even lower-q (0.001<q<0.01 Å
-1

) is probed using a 15.8 m sample 

detector distance with 8 Å neutrons and neutron focusing lenses; however, the neutron 

flux is low with this configuration and leads to excessively noisy data. Therefore, this 

lowest-q configuration is only used once during the heating ramp on the D10-xylene 

P3HT gel. All of the SANS data are corrected for background and sample cell scattering 

and placed on an absolute scale by measuring the direct beam flux.
22

 The data is reduced 

and desmeared using the NIST Igor based software.
22

 

Dielectric-SANS 

 Complementary conductivity-SANS measurements are performed by Greg 

Newbloom at the high flux isotope reactor on the CG2 SANS instrument located at 

Oakridge National Labs in Oakridge, Tennessee. For these measurements, an Agilent 

e4980a Precision LCR meter is used to measure the conductivity with AC measurements 

at a frequency of 2 kHz and an applied voltage of VAC=200 mV, which is within the 

linear impedance response region. These measurements are made in a specially designed 

conductivity-SANS cell with Peltier block as described in Chapter 2. As with the 

RheoSANS, the polymer solution is loaded hot, sealed and then heated to 80 °C to ensure 

full polymer dissolution. The solution is cooled at a rate of 0.8 °C/min and then reheated 
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at a rate of 1.2 °C/min. The discrepancy in the reheating rates used in the conductivity-

SANS and rheoSANS measurements seem to have no effect on the dissolution of the gel 

as a function of temperature. Scattering is measured at two sample to detector distances 

to measure q between 0.002 <q< 0.2 Å
-1

. Scattering files are measured at two minute 

intervals and matched to simultaneously collected temperature and conductivity data. The 

scattering data is corrected for background and empty cell scattering and placed on 

absolute scale using NIST Igor based software.
23

 The conductivity measurements from 

this experiment are normalized because the surface resistivity of the aluminum can 

fluctuate due to variations in surface roughness caused by polishing and formation of an 

oxide layer over short time periods.  

Results 

P3HT at a concentration of 30 mg/mL is dissolved in deuterated p-xylene, 

toluene, and benzene by heating to ~80°C. Based on the results in Chapter 6, we expect 

that upon cooling, the reduced solubility will drive polymer self-assembly into semi-

crystalline P3HT fiber networks and ultimately the formation of an organogel. These gels 

are relatively strong below a linear viscoelastic limit of ~0.5% strain, but have a very low 

yield stress and are easily damaged. Here, we have used rheoSANS to simultaneously 

characterize the structural and mechanical properties of P3HT organogels during gelation 

and dissolution through cooling and heating ramps. The mechanical properties are 

measured directly through small amplitude 0.25% strain oscillations as the temperature is 

gradually cooled and then reheated at a rate of 0.8°C/min. In Figure 7.1 the elastic and 

viscous modulii are plotted as a function of temperature. 
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Figure 7.1: The viscous and elastic moduli of 30 mg/mL P3HT gels in xylene, toluene 

and benzene plotted as a function of temperature.  

The gelation (Tg) and dissolution (Td) temperatures are determined from the cross-

over of the elastic and viscous moduli. Prior to gelation, the P3HT-solvent solution 

should have no measurable elasticity, such that G’=0. In some cases, either do to noise or 

external friction (as in the case of the benzene gel), a small elastic modulus is measured 

prior to gelation. As the fibers form and gelation occurs, the elastic modulus begins to 

rapidly rise and becomes greater than the viscous modulus. The temperature at which this 

cross-over occurs is the gelation temperature. Each of the gels examined in this study 
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have different gelation and dissolution temperatures. The elastic modulus is also highly 

dependent on the solvent. Based on data presented in Chapter 6, we have already 

confirmed that these samples are true gels over a wide range of frequency. The gelation 

and dissolution temperatures and the maximum elastic modulus are reported in Table 7.1. 

Note, that G’max of the p-xylene gel is twice G’max of the toluene gel, but about one third 

of G’max for the benzene gel. This dramatic difference likely arises from differences in the 

structure of the gels.  

Table 7.1: Rheology parameters from rheoSANS experiment. 

 

Tg (°C) Td (°C) G’max (Pa) 

Xylene 32.9 70.3 23,600 

Toluene 23.5 58.3 12,500 

Benzene 23.5 52.3 79,000 

 

 The structure of the forming P3HT gels is probed directly in the rheometer with 

small angle neutron scattering. The rheometer and the SANS instrument are controlled 

such that one scattering file is obtained for each rheology point. This allows direct 

comparison between the mechanical and structural properties of these gels. In each 

scattering file, data is collected for approximately one minute. The data is reduced to 

correct for background radiation and the sample cell scattering and put into absolute 

scale. The reduced scattering data from the toluene gel during gelation and dissolution are 

plotted in Figures 7.2 and 7.3 respectively. In both plots, the lowest intensity scattering 

spectra is a soluble polymer file that has been averaged over a wide temperature range in 

order to enhance the scattering statistics and reduce noise of this low intensity sample. 

The scattering from the toluene gels at intermediate- and high-q (q>0.01 Å
-1

) is reflective 
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of the scattering data obtained for each of the gels. Due to time constraints low-q data is 

not obtained for all of the gels.   

 From the reduced scattering data we find that a percolated fiber network is formed 

almost instantaneously upon the onset of fiber formation. From Table 7.1, the gelation 

temperature for P3HT in toluene is 23.5 °C (G’=114 Pa) and in Figure 7.2 the 

corresponding scattering data is shown to be nearly overlapping with the soluble polymer 

scattering. Similarly, weak scattering is observed just prior to dissolution. Interestingly, 

dissolution occurs over an extended temperature range when compared to gelation, which 

suggests that the mechanism for dissolution of the fibers is distinct from the formation of 

fibers. To truly compare the structural and mechanical properties of these gels, additional 

analysis of the scattering data is necessary. 

 

Figure 7.2:  Reduced scattering data of a P3HT in toluene gel at 1 °C intervals 

during cooling. The scattering intensity increases as the gel forms during the cooling 

ramp. 
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Figure 7.3: Reduced scattering data from a P3HT in toluene gel at 1 °C intervals 

during heating. The scattering intensity decreases as the gel dissolves during the 

heating ramp. 

 Recall from Chapter 2 that for scattering data in absolute scale, I(q) can be 

modeled as the product of the form factor, structure factor, and a scale factor that 

accounts for the particle volume fraction and scattering contrast. Poly(3-hexylthiophene) 

gels are effectively three component systems where the scattering from the soluble 

polymer and the self-assembled fibrillar polymer must be accounted for separately. Here 

we model the polymer with the excluded volume polymer form factor (PPExV(q)) as 

described in Equation 2.18 and the P3HT fibers with the parallelepiped form factor 

(PPP(q)) as described in Equation 2.17.  A model that accounts for the additive scattering 

from each of these components is described by the mass balance: 

 
2 2

3 3( ) ( ) ( ) (1 )( ) ( )P HT F SLD PP P HT F SLD PExVI q P q P q
Equation 2.19
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where, P3HT is the volume fraction of P3HT in solution, ΦF is fraction of P3HT that is 

self-assembled into fibers and SLD is the contrast between either the fibers or the 

soluble polymer and the solvent.  

In Chapter 6, we found that the scattering length density of the P3HT fibers is 

1.07×10-6±0.10×10-6 Å-1. The scattering length density of the soluble polymer is 

calculated based on the molecular composition, the mass-density and the scattering 

lengths (listed in Table A1.1 in Appendix 1) with the Equation 2.2. The scattering length 

density of the soluble polymer is 0.676×10-6 Å-1. The discrepancy between the scattering 

length density of the soluble P3HT and the P3HT fibers is due to the entrainment of the 

highly deuterated solvent in the fiber structure.  

The mass-density of the liquid phase varies significantly throughout the 

rheoSANS experiment as the gels are cooled and then subsequently reheated.  For 

example, the density of D10-p-xylene decreases from 0.950 g/mL at 14.5 °C to 0.896 

g/mL at 70.0 °C during the heating ramp. Several parameters are affected by the 

temperature variation including the volume fractions of the soluble polymer and fibers, 

the scattering length density of the solvent, and the incoherent background that arises 

from inelastic scattering. Over the 55 °C temperature increase, the scattering length 

density of D10-p-xylene decreases from 5.81 10-6 to 5.48 10-6 Å-2, a nearly 6% 

difference. Similarly, the incoherent background also decreases by ~6% during the 

temperature ramp. While this difference may seem small, it can significantly impact the 

fitting results. We have accounted for this variation by measuring the mass-density of 

each of the deuterated solvents as a function of temperature with an Anton Paar DMA 

5000 density meter and subsequently calculating the incoherent background, scattering 
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length density, and scale factors as a function of temperature. Equations for the mass-

density of the deuterated solvents as a function of temperature are reported in Appendix 

1, Table A1.2. 

To further constrain our model, we assume that the composition of the dissolved 

polymer does not change substantially during gelation. The scattering from the fully 

solubilized polymer in each of the solvents is fit with the excluded volume polymer form 

factor. When applying the combined model to the scattering measured during gelation, 

the results of this initial fit are held constant with the exception of the scale parameter 

which is varied to account for the conversion of soluble polymer to fibers. GPC 

measurements have indicated that there is some molecular weight partitioning during 

gelation, which would affect the model parameters so the assumption that the fully 

soluble polymer scattering accounts for the remaining soluble polymer during gelation is 

not entirely realistic. Still, we have found this to be a reasonable approximation on which 

to base the analysis.  

From the soluble polymer data fit we find the chain conformation parameter, v, to 

be 0.7 0.04, which is reasonable for conjugated polymers in solution. In general, v=1 

would represent fully extended chains, and a value of v=0.6 is expected for an excluded 

volume chain. The radius of gyration, Rg, is determined from the fit with Equation 7.1: 

 
2 2

2

(2 1)(2 2)

v

g

a n
R

v v
 Equation 7.1 

where a, n and v are parameters associated with the excluded volume polymer form 

factor described in Equation 2.17. The radius of gyration of the polymer is found to be 

53 4 Å regardless of the solvent used. Additionally, the molecular weight (MW) is 
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determined directly from the scattering with an extrapolation of the absolute scattering 

intensity to zero-q (I(q=0)) with Equation 7.2:
24

  

 
2

2

( ) ( 0)

( )

A m

SLD

N I q
MW

C
 Equation 7.2 

where NA is Avagadro’s number, m is the mass density of P3HT (1.1 mg/mL), C is the 

polymer concentration and SLD is the scattering contrast between the polymer and 

solvent. From this calculation, the molecular weight was found to be 8,500 g/mol. This is 

approximately half of what was measured with GPC against the polystyrene standard 

(16,800 g/mol), but this difference is expected as a result of error in the GPC 

characterization that arises from the reduced flexibility of the conjugated polymer relative 

to polystyrene.
25

 

 With these additional constraints imposed on the soluble polymer fitting 

coefficients, only three fitting parameters remain unconstrained: the fiber width, the fiber 

height, and the fraction of polymer self-assembled into fibers. The model is fit to the data 

using the DANSE SansView package with a simple least squares fitting algorithm.
26

 The 

models are adjusted to account for instrumental smearing. Furthermore, to achieve a good 

fit, it is necessary to account for some polydispersity in the fiber height. A polydispersity 

index (PD) of 0.35 with a Gaussian distribution is sufficient to account for the 

polydispersity in the fiber thickness. The polydispersity index is equal to the ratio of one 

standard deviation to the average fiber thickness. Figure 7.4 shows the fitting results for 

several scattering curves from P3HT in toluene during gelation. Additionally, the fully 

soluble scattering and fit and the predicted scattering for the limiting case where the 

polymer is fully converted to fibers is also included in this plot. The accuracy of the fits 
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presented for these example data files is characteristic of the fitting quality for all of the 

gels presented in this chapter. 

 

 

Figure 7.4: Selected scattering files from toluene gelation (○) fit with combined 

parallelepiped-excluded volume polymer model (- - -). The dashed line represents 

the expected scattering from a theoretical gel where all of the soluble P3HT self-

assembles into fibers. 

 Here it is shown that the combined model accurately accounts for the scattering 

intensity in all of the fiber containing samples at q>0.01 Å
-1

. Beyond this limit, the model 

generally underestimates the scattering observed from the evolving gel. This deviation, 

which is also observed in the fully formed P3HT gels of various concentrations in 

Chapter 6 and the fibrin gels in Chapter 3, is the result of the fractality of the fiber 

network and can typically characterized by a fractal dimension. Because low-q data is not 
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obtained for all rheoSANS measurements and the scattering at low-q is noisy at the short 

scattering intervals used for this experiment, the fractal dimension is not extracted from 

this data. However based on the dielectric-SANS measurements, the fractal dimension is 

found to be ~1.45 for all of the gels regardless of concentration or temperature.
3
  

The fitted parameters (height, width, and conversion fraction) for the gels formed 

in each organic solvent during both the heating and cooling ramps are plotted in Figure 

7.5. When the gel first begins to form, the fiber volume fraction is so small the scattering 

model cannot be used to accurately fit the fiber dimensions. For this reason, the fitted 

parameters are only reported for ΦF>0.05. The polymer conversion reaches 0.05 at 32 °C, 

22.6 °C and 21.7 °C, or approximately 1-2 °C beyond the sol-gel transition, in the 

deuterated p-xylene, toluene, and benzene respectively. In all cases the polymer-fiber 

conversion proceeds rapidly upon onset and then gradually slows as the minimum 

temperature is approached. The maximum fiber conversion fraction in each gel is 0.54, 

0.46 and 0.46 in the p-xylene, toluene and benzene respectively. Upon reheating, the 

polymer-fiber conversion gradually increases or remains unchanged until some critical 

temperature is reached, between 30 and 40°C, and the fibers begin to disassemble.  

The fiber width is remains relatively stable during the gelation and dissolution of 

the P3HT gels and is ~20 nm regardless of the solvent. This width roughly corresponds to 

the length of the average molecular weight P3HT molecule when fully extended. It 

should be noted that the width decreases very slightly during at the onset of fiber 

formation and then increases slightly near full dissolution. This may be related to the 

molecular weight partitioning as measured by GPC. It is possible that the highest 

molecular weight P3HT chains are first to self-assemble and last to disassemble.  
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Figure 7.5: Fitting results (width, height, and fiber conversion fraction) for 30 

mg/mL fibrin gels formed in deuterated xylene, toluene and benzene as a function of 

temperature during gelation and dissolution. 

While the width of the fiber is relatively constant, the fiber thickness varies 

significantly both as a function of temperature and between solvents. The maximum 

thickness of the fibers during the temperature cycle typically occurs between 30 and 40 

°C, which corresponds the onset of fiber dissolution. The maximum fiber height is 46.47, 
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44.4, and 51.2 nm in the p-xylene, toluene, and benzene respectively. Here the fibers 

formed in benzene are ~10% thicker than the fibers formed in the xylene and toluene. 

The specific surface area of the fibers as a function of temperature is determined 

using Equations 2.9 and 2.10 from Chapter 2. In this case, because the soluble polymer 

contributes significantly to the high-q scattering for gels with low ΦF, the specific surface 

area cannot be applied directly to the reduced data. First the scattering contribution from 

the soluble polymer and the incoherent background must be subtracted from the reduced 

data file in order to isolate the scattering from the fibers. The result of this subtraction for 

a toluene gel with ΦF=0.3 is plotted in Figure 7.6 (left). Notice, that the high-q scattering 

has a I(q) q
4
 dependence, which is characteristic of the sharp interface between the 

fibers and the solvent. This dependence is highlighted by the Porod plot in Figure 7.6 

(right), and the 
4lim[ ( ) ]

q
I q q  is found to be 1.21 10

-5
. This parameter is related to the 

surface area per volume ratio of fibers within the gel. The specific surface area in units of 

m
2
/g fibrillar P3HT is determined from ΦF and the sample composition. The specific 

surface area is plotted in Figure 7.7. In this plot the error bar are determined from the 

fitting uncertainty in determining the 
4lim[ ( ) ]

q
I q q . 

Because the specific surface area is calculated based on the fibrillar polymer and 

not the total sample polymer, the reported values are reflective of the specific surface 

area of the fibers and not the overall sample. Here, we find that the specific surface area 

of the fibers is between ~600 and 1000 m
2
/g for all samples. Furthermore, during the 

cooling ramp Sv decreases at least 100 m
2
/g for every gel, which reflects the growing 

fiber height. Toluene gels have fibers with the highest specific surface area, where 

benzene gels have the lowest specific surface area. The specific surface area is directly 
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Figure 7.6: (Left) Reduced scattering data from P3HT-toluene gel with ΦF = 0.3 

before and after subtraction of soluble polymer scattering and incoherent 

background. (Right) Porod plot for scattering from only fibers. 

 
Figure 7.7: Specific surface area of fibers in P3HT gels plotted as a function of 

temperature. The error bars are determined from the fitting uncertainty. 

related to the shape of the fibers, where SV a
-1

+b
-1

. Therefore, these results are consistent 

with the fiber cross-section dimensions as determined from the model fitting where the 

fiber height increased during gelation in all gels and was greatest in the benzene gels. 

Regardless of the variability. both between the gels and during gelation, all of these gels 



169 

 

 

contain fibers with high specific surface area as required for charge separation in OPV 

devices.  

The fiber volume fraction is calculated based on the sample composition and the 

polymer-fiber conversion. The rheology for the toluene gel is re-plotted on the same 

graph with the fiber volume fraction in Figure 7.8 and is representative of all three gels. 

As mentioned previously, mechanical percolation occurs nearly simultaneously with fiber 

formation (within the same one minute measurement interval). Additionally, from 

complementary dielectric measurements it was found that electrical percolation also 

occurs simultaneously the fiber formation.
27

 This is especially interesting given the very 

low fiber fraction at the onset of mechanical percolation, less than 0.001, for all of the 

gels probed in this study.  

 

Figure 7.8: P3HT-toluene gel rheology and fiber volume fraction plotted as a 

function of temperature during gelation and dissolution.  
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As with the mechanical properties, there are large differences in the electrical 

properties between these gels. Interestingly, the variations in the electrical and 

mechanical properties in the various gels are not systematic. Where the P3HT-benzene 

gel was mechanically the strongest it was also least conductive with a maximum 

conductivity that was two orders of magnitude less than the conductivity of the P3HT-p-

xylene gel. The toluene gel is approximately four times less conductive than the xylene 

gel. These results may seem contradictory; however, they can be partially explained 

based on the fiber structure. The mechanical strength of the gel depends upon, not only 

the number of fibers, but also the strength of the individual fibers and the nature of the 

interaction between the fibers. The benzene gels contain fibers that are ~10% thicker than 

the fibers in the toluene or xylene gels. This alone may explain the higher rigidity of the 

benzene gel despite the lower polymer-fiber conversion. Furthermore, the larger cross-

sectional area in P3HT-benzene fibers coupled with the lower polymer-fiber conversion 

relative to xylene suggests that these gels have the fewest number of fibers when 

compared to the gels formed in xylene or toluene. While this explains a moderate 

reduction in the gel conductivity, it does not account for the two orders of magnitude 

drop that is observed relative to the xylene gels. It is possible that these differences are 

also related to changes in network branching that would only be resolvable at lower-q 

than is measured SANS alone.  

In Figure 7.9 we explore the relationship between the volume fraction of fibers 

and the mechanical properties during the early stages of dissolution. As the toluene gel is 

reheated, both the elastic and viscous modulus continue to increase for the first few 
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Figure 7.9: Rheology and fiber volume fraction during the early stages of dissolution 

for P3HT gels in aromatic solvents. 

points. At ~16°C the elastic modulus begins to decrease slowly while the viscous 

modulus increases more rapidly until it reaches a maximum at ~29 °C and begins to 

decrease. A similar but less pronounced behavior is observed in the xylene gels; however, 

in the benzene gels, the elastic and viscous moduli mirror each other over the entire 

heating ramp. In all three cases this behavior is also observed in complementary 

dielectric-rheology measurements.
27

 Interestingly, the fiber volume fraction does not 

show any significant variation during the early stages of the heating ramp in any of the 
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three gels. This suggests that the variation in the mechanical properties during heating at 

relatively low temperatures may be the result of increased thermal fluctuations of the 

polymer or solvent within the fibers. 

Discussion 

In this chapter, we have utilized rheoSANS towards the development of structure-

mechanical property relationships in P3HT gels. Additionally, some qualitative data from 

complementary conductivity-SANS and dielectric-rheology measurements are also 

reported. These measurements provide unprecedented insight into the thermoreversible 

self-assembly and dissolution of P3HT gels in various aromatic solvents.  

We have found that mechanical and electrical percolation occur nearly 

simultaneously with the onset of fiber formation, corresponding to fiber volume fractions 

less than 0.001 in all of the gels. From the onset of fiber formation, both the polymer-

fiber conversion and the elastic and viscous modulii increase during the entire cooling 

ramp. Upon heating there is significant hysteresis in both the mechanical and structural 

measurements. Full dissolution occurs at temperatures 30-40 °C greater than the onset of 

fiber formation. As with the onset of gelation, fibrillar dissolution as measured with both 

scattering and rheology occur simultaneously. 

Across all of the gels the fiber width is found to be ~20 nm, which roughly 

corresponds to the extended length of an average P3HT chain. Based on these results we 

would expect to be able to control the fiber width by adjusting the average polymer 

molecular weight. Unlike the width, the fiber height varies significantly during gelation 

and dissolution. Initially, relatively thin fibers form, and as gelation proceeds the fiber 
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height increases. Given the widely accepted crystalline structure of these fibers 

(illustrated in Figure 6.2), it is reasonable to expect that additional polymer chains are 

being continuously added to the already formed fibers resulting in  full third or four layer 

of polymer in the fiber backbone.  

Based on these observations and previously reported structural analyses of dilute 

P3HT colloidal network formation, we propose an updated gelation mechanism.
19

 A 

schematic of this mechanism from a recent publication is illustrated in Figure 7.10.
27

 

Unlike the mechanism proposed by Xu and colleagues, our results do not indicate that 

single fiber formation is a requirement for gelation.
15

 In fact, in a recent paper by 

Newbloom et. al. the formation of discrete colloidal networks of P3HT fibers from very 

dilute P3HT solutions is reported.
3, 19

 At these higher concentrations, we had expected to 

observe the same type of cluster formation prior to gelation (Figure 7.10 right); however 

the percolation threshold was reached so quickly that pre-gel cluster formation cannot be 

verified from these experiments.   

 

Figure 7.10: The development and re-dissolution of the fibrillar P3HT organogel 

structure (left). The self-assembly and break-up of individual P3HT fibers that 

occurs as a function of temperature (right). 
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Beyond the percolation threshold, new fibers continue to grow and additional 

layers of polymer are added to the existing fibers. Upon reheating, the fiber morphology 

initially remains unchanged; however, evolving mechanical properties suggest that the 

polymers within the fiber begin to undergo thermal fluctuations. This added energy is 

insufficient to break apart the fiber until well beyond the initial gelation temperature.  

Based on these results, we find that it is possible to tune the mechanical and 

electrical properties of these gels by indirectly altering the fiber and network structure. In 

this work we have developed relationships between these properties for the gels in three 

aromatic solvents and found that small fibers with high specific surface area are 

attributed to higher conductivity, where larger fibers are associated with higher modulus 

and low conductivity. Ongoing work is necessary to explore other avenues for adjusting 

the structure of the fibers and the network so that an engineering toolbox can be 

developed with which the mechanical, structural, and electrical properties can be 

optimized. 
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Chapter 8 Conclusion and Outlook 

In this dissertation a combination of mechanical and structural measurements are 

used to characterize fibrillar gels in order to develop or understand structure-function 

relationships in these materials. Recall from Chapter 1 that fibrillar gels are materials that 

exhibit solid-like mechanical properties despite being composed primarily of liquid. The 

elasticity of these gels is the result of the bicontinuous network of self-assembled fibers 

that act like a scaffold for the surrounding fluid phase. In Chapters 3-7, fibrillar gels 

prepared from fibrin and aqueous buffer or poly(3-hexylthiophene) (P3HT) and various 

aromatic solvents are  described. The volume fraction of polymer or protein in these gels 

is very small ranging from 1 mg/mL to 50 mg/mL. Despite these very low concentrations, 

the prepared gels from both systems are highly elastic with linear elastic modulii as high 

as 50 kPa.  

The non-linear mechanical properties of the systems studied are extremely 

distinct. Fibrin gels exhibit a non-linear strain hardening behavior that, though typical for 

biopolymer gels, is an unusual property that is not observed in most materials. At even 

small deformations of just 1-5 % strain, the elastic modulus begins to increase. The non-
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linear mechanical properties of fibrin are related to the multiscale structure of these gels 

at the molecular, fibrillar, and network levels. In Chapters 3-5, various aspects of the 

mechanical and structural properties of fibrin gels were explored. P3HT gels, on the other 

hand, have very low yield stresses and only very small deformations of ~0.5% strain are 

required to damage the network structure of these gels. The differences in the non-linear 

behavior in these gels arise, at least partially, as a result of the nature of the 

intermolecular attractions that drive self-assembly and stabilize the fibers. P3HT gels are 

thermoreversible physical gels with weak intermolecular interactions that can be easily 

disrupted. The mechanical and structural properties of P3HT gels were discussed in 

Chapters 6 and 7. 

In Chapter 3 we demonstrated that SANS and USANS are excellent non-invasive 

techniques to characterize the structural properties of fibrin clots in aqueous solution at 

length scales between 1 nm and 15 µm. The analysis of the scattering invariant was an 

effective method for determining the average internal volume fraction of protein in the 

fibers. The volume fraction increased systematically with initial monomer concentration. 

The average radius of the fibers was also determined directly with a Guinier analysis. 

Finally, the fractal dimension and correlation length were calculated by applying a fractal 

model to the USANS data. The average radius of fibers is found to decrease slightly with 

increasing concentration until the fractal correlation length approaches the diameter of 

the fibers. When the gel starts to get crowded, the fibers begin to grow radially. This 

change in structural behavior with increased concentration warrants further study as 

physiological blood clots are expected to have higher concentrations of fibrinogen than in 
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uncoagulated blood and also contain platelets and blood cells which may cause crowding 

at even lower concentrations.  

In Chapter 4, an experimental framework was developed to characterize a fully 

hydrated biopolymer gel using small angle neutron scattering under simultaneous strain. 

Both the fiber dimensions and the extent of fiber alignment were measurable regardless 

of the opacity of the sample and without any required sample processing steps. The use of 

neutron scattering has enabled characterization of structural transitions in a single gel 

with very fine resolution as a function of strain. In this chapter, SANS was utilized as a 

tool to systematically monitor the structure of fibrin gels as a function of increasing 

strain. This technique has proven to be especially useful for determining the structural 

changes that occur in higher concentration and coarse fiber gels as the opacity of these 

gels prevent the use of most optical techniques. The implementation of two-dimensional 

form factor fits was critical to the rigorous strain dependent characterization of structural 

parameters in aligned fibers.  

The unique non-linear rheological response of coarse fibrin gels suggests that 

more than one mechanism is responsible for the strain-hardening response in fibrin. We 

have shown that both of the primary theories for strain-hardening are necessary to 

describe the rich rheological behavior of these gels over all levels of deformation. At low 

strains, a reduction in the conformational entropy of the fibers resulted in a 50% increase 

in the shear modulus. This was followed by a region of significant structural changes (  > 

30%) where fibers align, stretch and contract radially as shown in Figure 4.7. These 

structural transitions were perfectly correlated with a simultaneous increase in shear 

modulus of more than 80%. These observations were also consistent with a transition 
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from a bending-dominated response to a stretching-dominated response. Separating these 

two regions, we found a strain-softening behavior that is still poorly understood and not 

fully characterized. Further research is necessary to understand the unique strain 

weakening that occurs at intermediate strains (10% <  < 30%).  

 In Chapter 5, we examined the effect of direct chemical modification of 

fibrinogen by oxidation with HOCl on the structural and mechanical properties of fibrin 

gels. Oxidation with HOCl led to the preferential oxidation of specific methionine 

residues on the ,  and γ chains of fibrinogen. We found that methionine oxidation 

inhibits the lateral aggregation of protofibrils. This led to the formation of gels with small 

fibers and reduced porosity as a result of the high fiber density when compared to non-

oxidized fibrin. The oxidized gels were also found to have a weaker linear viscoelastic 

modulii and a higher linear viscoelastic limit as a result of the morphological alterations. 

The high fiber density and low porosity that arises from the inhibition of protofibril 

aggregation led to prolonged clot lysis times, which were attributed to reduced diffusivity 

of plasminogen through the gel. This work has important medical implications as several 

conditions that are associated with thrombosis have been shown to induce clots with 

similar morphological characteristics to those associated with HOCl oxidation in Chapter 

5. These results suggest that there is a potential oxidation-specific mechanism associated 

with these diseases that leads to abnormal coagulation.  

A natural next step for the fibrin project is to use these combined SANS and 

rheology methods to develop a better understanding of fibrinolysis. In Chapter 5 the use 

of oxidized fibrinogen in fibrin gels was shown to prolong clot lysis times. By 

simultaneously characterizing the mechanical and structural measurements of clots 
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during gelation and lysis valuable insight may be gained. For instance, once the plasmin 

reaches a fiber, does it cleave the proteins along the outside of the fibers or slice the 

proteins through the fiber diameter? In a simple rheoSANS experiment the fiber diameter 

and volume fraction can be measured as a function of time during fibrinolysis. In this 

experiment, if the plasmin preferentially slices through the diameter of the fibers we 

would expect that short non-networked fibers may still exist even after mechanical 

percolation is disrupted. 

In Chapter 6, we transition from fibrin gels to P3HT gels. Here P3HT gels of 

variable concentration were prepared in benzene, toluene, and p-xylene. The mechanical 

and structural properties of these gels were characterized with a combination of rheology 

and small angle neutron scattering. In this system, gelation was induced by cooling the 

P3HT-solvent solution to reduce the polymer solubility. Self-assembly of P3HT results in 

the formation of a three-dimensional network of semi-crystalline fibers, which is 

expected to facilitate charge transport in organic photovoltaic devices. We found that 

substantial molecular weight partitioning occurs during fiber formation with higher 

molecular weight polymer forming fibers and lower molecular weight polymer remaining 

soluble. The overall conversion of polymer into fibers is solvent dependent. Here we 

found that gels formed in xylene have ~10% greater polymer conversion than gels in 

benzene or toluene. Interestingly, although the P3HT-xylene gels had the highest overall 

conversion of polymer into fibers, the elastic modulii of these gels were found to be 

significantly lower than the P3HT-benzene gels. In contrast, the P3HT-toluene gels were 

weaker than the P3HT-xylene gels as expected. From the structural analysis, we found 

that the fibers had similar morphology in all three solvents with the exception of the fiber 
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thickness. Fibers formed in benzene were thicker than fibers formed in xylene and 

toluene. Increased rigidity of the thicker fibers may explain the higher elastic modulus 

measured in the benzene-P3HT gels.   

In Chapter 7, simultaneous rheology and SANS, rheoSANS, measurements were 

used to probe the evolution of P3HT in aromatic solvents during gelation and dissolution. 

We had hypothesized that we would observe fiber growth and the formation of discrete 

fibrillar networks in dispersion prior to mechanical percolation. Surprisingly, we instead 

found that mechanical percolation occurs nearly instantaneously with the onset of P3HT 

self-assembly. The width of the fibers was relatively constant and roughly corresponded 

to the extended length of the average polymer chain. The fiber thickness varied 

significantly throughout the gelation and dissolution processes, with additional polymer 

stacking to add a third (xylene and toluene) or fourth (benzene) layer of P3HT to the 

fibers. This effect was most dramatic in the benzene gels where the fiber thickness 

continued to increase even as the gel was heated until dissolution began. Based on the 

mechanical and rheological measurements reported in Chapter 7, we have proposed a 

new mechanism for the formation and dissolution of fibers in P3HT gels.  

For the P3HT system, ongoing work is necessary to explore other avenues for 

adjusting the structure of the fibers and the network so that an engineering toolbox can be 

developed with which the mechanical, structural, and electrical properties can be 

optimized. The benzene-P3HT gels were expected to have a lower conductivity as a 

result of having fewer fibers than the other gels. However, the orders of magnitude drop 

in conductivity in the benzene-P3HT gels relative to the toluene or xylene-P3HT gels 
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remains poorly understood. Determining the origin of these differences may be the key to 

designing gels with optimized properties. 

In this dissertation, we have developed a rigorous strategy for determining 

structure-property relationships in fibrillar gels. Using small angle scattering to 

characterize the unmodified gels formed in situ eliminates artifacts that commonly occur 

when these low solid fraction materials are prepared for other traditional structural 

characterization techniques. Furthermore, by combining neutron scattering with 

mechanical measurements or deformation we are able to directly associate mechanical 

and structural properties in evolving materials. These strategies have proven to be 

invaluable in the understanding of the two systems described herein and will be critical to 

ongoing and future work with these and other materials.  
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Appendix 1                                                                                              

Useful Tables for Scattering Experiments and Analysis 

  

Table A1.1 Neutron scattering lengths and cross sections relevant to this research. 

Elements with very high absorption cross sections are useful for blocking neutrons 

and are highlighted with bold text. Scattering lengths are used with Equation 2.2 to 

calculate the scattering length density.
1
 

Element 

Bound Coherent 

Scattering Length (fm) 

Coherent Cross 

Section (barn) 

Incoherent Cross 

Section (barn) 

Absorption Cross 

Section (barn) 

H -3.7406 1.7583 80.27 0.3326 

D 6.671 5.592 2.05 0.000519 

B 5.30-0.213i 3.54 1.7 767 

C 6.646 5.551 0.001 0.0035 

N 9.36 11.01 0.5 1.9 

O 5.803 4.232 0.0008 0.0001 

Na 3.63 1.66 1.62 0.53 

Al 3.449 1.495 0.0082 0.231 

Si 4.1491 2.163 0.004 0.171 

S 2.847 1.0186 0.007 0.53 

Cl 9.5770 11.5287 5.3 33.5 

Ca 4.70 2.78 0.05 0.43 

Ti -3.438 1.485 2.87 6.09 

Cd 4.87-0.70i 3.04 3.46 2520 

Gd 6.5-13.82i 29.3 151 49700 

1. Neutron News, Vol. 3, No. 3, 1992, pp. 29-37 
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Table A1. 2: Mass density and scattering length density table. Here MW (g/mol) is 

the molecular weight, m (g/mL) is the mass density, 
N

SLD (Å
-2

) is the neutron 

scattering length density and 
X

SLD (Å
-2

) is the x-ray scattering length density. 

Fibrin Project  Materials MW (g/mol) m (25°C) (g/mL) N
SLD (25°C) (Å-2) X

SLD (25°C) (Å-2) 

Fibrinogen 
 

~350,000 --- 3.17E-06 --- 

Water H2O 18.015 0.997 -5.60E-07 9.46E-06 

Deuterated Water D2O 20.0276 1.107 6.36E-06 9.41E-06 

  
    

  

P3HT Project Materials MW (g/mol) m (25°C) (g/mL) N
SLD (25°C) (Å-2) X

SLD (25°C) (Å-2) 

P3HT [C10H14S]n --- 1.1 6.76E-07 1.02E-05 

Benzene C6H6 78.11 0.874 1.18E-06 7.99E-06 

D6-Benzene C6D6 84.14 0.942† 5.37E-06 8.00E-06 

Toluene C7H8 92.14 0.867 9.41E-07 8.00E-06 

D8-Toluene C7D8 100.17 0.943† 5.66E-06 8.01E-06 

p-Xylene C8H10 106.16 0.861 7.71E-07 8.00E-06 

D10-p-Xylene C8D10 116.23 0.948† 5.89E-06 8.05E-06 

† Equations to calculate density of deuterated solvent over the experimentally relevant temperature range. 

D6-Benzene 
m (g/mL) =-1.2x10-3T(°C)+0.9725   

D8-Toluene 
m (g/mL) =-1.04x10-3T(°C)+0.966   

D10-p-Xylene 
m (g/mL) =-9.84x10-4T(°C)+0.9637   
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Appendix 2                                                                                              

Fibrin Sample Preparation Protocols 

Purchasing and Product Storage Information 

Human fibrinogen, depleted of plasminogen and von Willenbrand factor, is 

purchased from Enzyme Research Laboratories in South Bend, Indiana (Catalog no. Fib 

2). The protein is sold in 1 g quantities, frozen in a 20 mM sodium citrate-HCl buffer at 

pH 7.4 at concentrations of ~40 mg/mL and is shipped overnight delivery on dry ice. 

Upon receipt the protein is stored in a -80 °C freezer until use. Additionally if 

experiments are carried out overseas the protein is lyophilized prior to shipping due to the 

extended shipping time and must be reconstituted with water upon arrival. 

Fibrinogen Stock Preparation 

Standard Preparation 

 The frozen fibrinogen solution is defrosted and then maintained at 37°C to 

maximize the protein stability. The protein is dialyzed against the a buffer solution to 

ensure that all samples have consistent composition regardless of protein concentration 
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and to eliminate the sodium citrate, which acts as a chelating agent and inhibits Factor 

XIII activation. Regenerated cellulose dialysis tubing with a 10 mm flat width (12,000-

14,000 nominal MW) is used for dialysis. Each dialysis stage requires ~4 hr time to 

equilibrate. 

Three buffers have been used in this research. The first buffer contains 0.5 M 

NaCl and 0.05 M tris in DI-H2O and is titrated to pH 7.4. The second buffer, used in 

Chapters 3 and 4 contains 0.5 M NaCl and 0.05 M tris in D2O and is titrated to pD 7.4. 

D2O is purchased from Cambridge Isotope Laboratories in Andover, MA. The third 

buffer, used in Chapter 5 for the oxidized fibrinogen study, contains 0.14 M NaCl and 44 

mM hepes in DI-H2O and is titrated to pH 7.4. Titration curves for adjusting the pH or 

pD of the buffer solutions are plotted in Figure A2-1. The tris buffer pH and pD are 

adjusted by varying the molar ratio of tris-base and tris-HCl. The hepes buffer is titrated 

with the addition of NaOH.  

After dialysis the fibrinogen solution is filtered through 0.45 µm PVDF syringe 

filters to remove any protein aggregates. If PVDF syringe filters are unavailable, an 

alternative material that minimizes protein adsorption can also be used (PTFE also works 

well). The concentration of the filtered protein solution is determined with UV-Vis 

spectroscopy using an extinction coefficient (ξ280) of 1.6 mL mg
-1

cm
-1

. The samples are 

diluted with the buffer to the desired stock concentration, aliquoted into appropriate 

volumes and stored at -80 °C. After an aliquot has been defrosted unused fibrinogen 

should be discarded and not refrozen for future use.  
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Figure A2.1: Titration curves for preparation of buffer solutions. The equation is 

from a linear fit over the defined pH or pD range. 

Dialysis into D2O 

 For neutron scattering experiments the buffer must contain >98% D2O to ensure 

that a constant composition is maintained when diluting the protein to the various sample 

concentrations. This is necessary to maintain a constant solvent scattering length density 

across all samples. The buffer exchange is performed in three steps with at least 30 mL of 

D2O for every 10 mL of protein solution. By performing the dialysis in three steps, the 
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total amount of D2O required to reach a 98% exchange is reduce, which is necessary 

given the cost of the deuterated water. All other preparation steps are identical to those 

described in the standard protocol above.  

Fibrinogen Oxidation 

 For experiments described in Chapter 5, the fibrinogen is oxidized with HOCl by 

the addition of a sodium hypochlorite solution. To oxidize the fibrinogen, 50 or 150 mol 

HOCl is added per gram fibrinogen and incubated at 37°C for 1 hour. The HOCl is taken 

from a 0.607 M stock solution. HOCl degrades slowly over time. Therefore, the 

concentration of of the NaOCl stock solution is verified using UV-Vis spectroscopy with 

an extinction coefficient (ξ292) of 350 cm
-1

 M
-1

 at λ=292 nm. The fibrinogen aggregates 

and crashes out of solution if the NaOCl is added directly from the stock solution. It must 

be diluted ~100x before being added in order to prevent a locally high concentration 

gradient. To quench the oxidation reaction a 10  molar excess of methionine is added to 

the HOCl treated fibrinogen after one hour.  A 0.303 M stock solution of methionine is 

prepared. This concentration of methionine is just below the solubility limit of 

methionine in water (0.322 M at 20°C).  The oxidized solutions are aliquoted and stored 

in the -80°C freezer until use.  

Thrombin Stock Preparation 

 Human- -thrombin is purchased in 1000 NIH unit quantities from Enzyme 

Research Laboratories and is shipped as described for the fibrinogen. The thrombin is 

stored at -80°C until the first use. DI-H2O is added to dilute the thrombin to 1 mL. 

Subsequently, 20 µL aliquots are prepared and stored at -80°C.  
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Sample preparation 

 Unless otherwise specified in the text all samples were prepared to a final 

concentration of 0.25-40 mg/mL fibrinogen, 0.16 NIH u/mL, 2.5 mM CaCl2 in one the 

standard buffers. This thrombin concentration is lower than expected under physiological 

conditions, however, it is necessary to slow the gelation in order to allow adequate time 

for sample loading.  

The fibrinogen and thrombin aliquots are warmed to 37°C. The thrombin aliquot 

is diluted to 1 mL yielding a 20 NIH U/mL concentration thrombin solution. At this 

concentration protein adsorption onto the vial is negligible relative to the total 

concentration. However, additional dilution prior to sample loading may lead to 

irreproducible protein concentration. The fibrinogen is filtered with the 0.45 µm syringe 

filter and the concentration is verified with UV-Vis spectroscopy as described above.  

Calcium chloride should be added just prior to gelation, especially for high concentration 

samples in D2O, as the addition of calcium has occasionally promoted spontaneous 

gelation, even in the absence of thrombin.   

Neutron Scattering 

 Samples prepared for neutron scattering, and in particular USANS, must be 

degassed to remove any small air bubbles that can cause scattering artifacts at low-q. The 

fibrinogen and thrombin solutions are degassed under moderate vacuum (-30 mmHg) at 

37°C for 40 minutes prior to mixing. Standard neutron scattering experiments are 

performed in demountable cells with quartz windows and a 4 mm pathlength. The CaCl2 

and degassed thrombin is added to the fibrinogen, mixed with gentle pipetting or swirling 



202 

 

 

and then loaded into the cells. Approximately 2 mL sample is necessary for the 4 mm 

pathlength cell. For rheoSANS and 1-2 plane shear SANS, the samples are prepared in 

the same manner except that larger sample volumes (~5-15 mL) are required. 

SAXS 

 Small angle x-ray scattering is used to characterize the structure of the fibrin 

fibers in the oxidized fibrinogen study. Only ~100 µL of solution is necessary to fill the 

glass capillary sample holders. Further dilution of thrombin and fibrinogen is necessary 

to accurately prepare such small volumes. To prevent appreciable protein adsorption of 

the stock solutions onto the plastic vials, the vials are soaked with a more concentrated 

protein solution and then lightly rinsed before the actual stock solution is added to the 

vial. The fibrin and fibrinogen is mixed and 50 µL is added to the glass capillary. The 

small end of the capillary is sealed with heat over a Bunsen burner. The large end of the 

capillary is filled with a quick cure epoxy. A small amount of epoxy is also applied to the 

heat sealed end to ensure that a full seal is attained. The samples are allowed to gel, and 

the epoxy is cured for a minimum of two hours. The capillaries are tested for vacuum seal 

in a vacuum dessicator or a vacuum oven prior to being loaded into the SAXSess.  
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