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Introduction 

Environmental concerns are a continuous topic of interest for research in all commercial, 

industrial, and research fields. Ways to stay environmentally friendly without compromising 

cost and efficiency are constantly under investigation, especially in the field of chemical 

synthesis and processing. Interest in environmental conservation and protection in the field of 

chemistry has led to the creation of organizations such as the Green Chemistry Institute and 

programs such as the Pollution Prevention Program that promote and support research on 

environmentally friendly chemistry. There is a significant incentive for research on potential 

“green solvents,” headed by the research initiative of the Green Chemistry Program (established 

1991) in the United States. Currently accepted green solvents, where “green” refers 

to products that reduce or eliminate the production and usage of hazardous 

materials, include water, supercritical carbon dioxide, and ionic liquids.1 However, 

the widespread implementation of a green solvent requires other notable considerations aside 

from its environmentally friendly properties.  

Many factors influence the ability to widely implement a solvent in the chemical 

industry, including performance, cost, and availability. Industry will only consider an alternative 

solvent when it is able to dissolve a wide range of compounds and is widely produced, available 

and cost effective. Chemical and physical properties will have a significant influence on 

the widespread implementation of an environmentally friendly solvent. Some currently accepted 

green solvents exhibit disadvantageous properties. For example, ionic liquids, liquid polymers, 

and deep eutectic solvents have a high viscosity, which can interfere with processes influenced 

by translational motion such as multiphase transport, storage, and reactions.2 Thermophysical 
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characteristics are imperative to determine if a particular solvent is suitable for use in chemical 

production and processing. Therefore, before one can effectively utilize a green solvent, its 

thermophysical properties must be thoroughly investigated and quantified. A cost effective and 

widely available green solvent exhibiting properties deemed efficient and applicable can help the 

field of chemistry continue to move towards environmental sustainability by reducing the use of 

more hazardous solvents. 

Polyethylene glycol, a mixture of oligomers composed of ethylene oxide repeat units, has 

been gaining interest as a green solvent involved in chemical synthesis and processing. As a non-

toxic, biodegradable compound, polyethylene glycol (PEG) is known to be an environmentally 

friendly solvent, capable of dissolving a wide range of organic compounds.3 It is commonly used 

and industrially produced for purposes other than chemical synthesis and processing, such as 

industrial and personal healthcare products.3 Due to its large industrial production, PEG is 

comparatively inexpensive considering other “green” solvents such as ionic liquids. PEG 

possesses a low vapor pressure relative to other common solvents, environmentally friendly 

properties, and low cost, PEG is a solvent of great interest for widespread consideration as a 

replacement for more hazardous chemicals in research and industry.3 Hence, it is necessary to 

characterize the thermophysical properties of PEG in order to effectively utilize this solvent in 

the field of chemical synthesis and processing.  

To address the need of thermophysical property data for PEG, measurements of the 

densities, viscosities, and self-diffusion coefficients of PEG 200, a polydisperse mixture of 

ethylene glycol oligomers named for its average molar mass of 200 grams per mole (g/mol) from 

different vendors were undertaken and are reported in this thesis. It is necessary to have a 

comparison of PEG 200 from different vendors, as differing mole fraction weighted averages of 
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ethylene glycol oligomers in PEG could have undesirable or unaccounted for effects on data 

pertaining to chemical synthesis and processing. We chose to compare the properties of PEG 200 

from two different vendors that varied the greatest in their chemical composition of ethylene 

glycol oligomers. Acros Organics and Rigaku were the vendors chosen for the 

comparison. We collected measurements of density, viscosity, and self-

diffusion coefficients over a temperature series for each sample analyzed. The effect of 

impurities on the properties of PEG 200 is also a significant area of study, as many industrially 

produced PEG samples contain some amount of impurity. The most common impurity, water, 

was added to each sample in increasing quantities to examine the effect of water on the measured 

properties. Water impurity is a topic somewhat neglected by studies pertaining to PEG, and it is 

therefore a knowledge gap necessary to fill in. We also examined the same thermophysical 

properties for binary mixtures of triethylene glycol and hexaethylene glycol. Excess molar 

volumes were calculated to investigate the extent to which ideal mixture behavior can be found 

based on the mole fraction-weighted averages of the polydisperse mixture. 

The next subsections of the introduction will include background knowledge about the 

physical properties measured and the measurement principles involved. Specifically, the 

theoretical background of the properties density, viscosity, and self-diffusion will be explained, 

as well as their importance in characterizing solvents. An explanation of the possible influences 

of water impurity and how the amount of present water was determined by Karl Fischer titrations 

will follow. Next, a section pertaining to excess molar volume calculations of binary mixtures 

and the implications of this information will be provided. Finally, the scientific framework of 

nuclear magnetic resonance (NMR) experiments will be examined in depth including how self-

diffusion coefficients can be obtained by diffusion-ordered spectroscopy (DOSY).  
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1.1. Density 

 Density is defined as the amount of mass occupying a certain measure of volume, 

reported in SI as kilograms per cubic meter (kg⋅m-3). The density of a substance is determined by 

numerous inherent molecular level properties. Molecular structure, intermolecular forces, 

molecular ordering, and molecular weight all contribute to the density of a compound or mixture, 

including other characteristics. A substance’s intermolecular forces and higher ordering of 

molecules based on their molecular structure will affect density. Density is a temperature 

dependent property. As chemical procedures are performed at varying temperatures, the present 

thesis research will examine how PEG densities change over a temperature series. As molecules 

gain kinetic energy and increase in randomized movement, they become disordered and the 

substance will expand, leading to lower densities and eventually at high enough temperatures to 

a phase change to the gaseous phase. Therefore, density decreases as temperature increases, as 

increasing temperature will disrupt the intermolecular forces contributing to the tight packing 

and ordering of molecules. Density is not only affected by temperature, but also impurities such 

as water. These impurities can disrupt intermolecular forces or increase density due to the 

introduction of a compound with a high molecular weight. Thus, aside from inspecting the 

temperature dependence of PEG density, the effect present water, the main impurity of PEG, on 

density is investigated as well in this thesis research.  

Accurate densities are crucial for a wide range of applications, as all materials will 

expand to some degree if temperature increases. This is important when using liquids in 

chemical synthesis and processing, in which one will need to calculate true volumes and 

understand the degree to which a substance will expand during temperature changes. The 

pressure created due to expansion of a substance from temperature increases can lead to 
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complications in storage and processing. In some extremes, this can lead to a pressure great 

enough to break glassware and containers, especially when heating an enclosed substance during 

experimentation.  

Because of its dependence on intermolecular forces, density measurements can give us 

valuable insights into the intermolecular forces present in a system. Molecular dynamics (MD) 

simulations are an increasingly popular method of studying a substance’s behavior at a molecular 

level. Having precise knowledge of a substance’s density serves as an accuracy check of the 

forcefield used in MD simulations and thus if adjustments to the forcefield are necessary to 

correct errors.  

 

1.2. Measurement Principle of a Vibrating Tube Density Meter 

A vibrating tube density meter was used for the density measurements in this thesis 

research. The principle of this instrument is based on the fact that the frequency of a vibrating 

body is mass dependent. In this instrument, the vibrating body is a U-shaped tube of fixed 

geometry and thus fixed volume. The liquid injected into the U-shaped tube will increase the 

system’s mass, causing the tube to vibrate at a different frequency when excited. This concept is 

easily related to the frequency of a vibrating spring connected to a mass. A change in mass will 

have an effect on the frequency of the vibration of the spring, with a higher mass causing longer 

oscillations and a lower frequency. The tube system of a vibrating tube density meter is displaced 

mechanically causing the tube to vibrate at its natural frequency according to the mass contained. 

Density is measured according to frequency parameters and coefficients analogous to spring 

constants supplied by the manufacturer, which relates the change in frequency to the density of 

the fluid contained. Frequency changes as a product of temperature, and the mass of the sample 
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inside the vibrating tube are corrected for the effects of fluid pressure and temperature.4 

Vibrating tube density measurements are very precise with a precision of 0.1 kg‧m-3. 

 

1.3. Mixture Behavior 

 The current research aimed to not only examine the differences in thermophysical 

properties of PEG from different vendors and the effects of present water impurity, but also to 

examine the efficacy of determining mixture behavior from the mole fraction-weighted averages 

of oligomeric composition. Molar volumes are influenced by mixture behaviors. The density of a 

mixture will change based on molecular interactions and how different molecules “fit” together. 

Intermolecular forces may cause repulsion, decreasing density and increasing volume, or 

attraction causing the opposite. Molecular size, weight, and polarity all influence molar volume. 

A mixture behaving ideally would exhibit an ideal molar volume as a sum of the mole fraction 

weighted molar volumes of each component of the mixture. Excess molar volume is the 

difference between the real molar volume and the ideal molar volume. The excess molar volume, 

VE of a binary mixture of substances 1 and 2, can be calculated by equation 1: 

𝑉𝑉𝐸𝐸 = �𝑥𝑥1𝑀𝑀1+𝑥𝑥2𝑀𝑀2
𝜌𝜌

� − �𝑥𝑥1𝑀𝑀1
𝜌𝜌1

+ 𝑥𝑥2𝑀𝑀2
𝜌𝜌2

�         (1) 

Where x1 and x2 represent the mole fractions of the substances 1 and 2 respectively, M1 and M2 

represent the molar mass of substances 1 and 2 respectively, ρ1 and ρ2 represent the density of 

substances 1 and 2 respectively, and ρ represents the measured density of the mixture.13 

 If a mixture of substances exhibits no or an insignificant VE which has linear temperature 

dependence, it can be inferred that this mixture behaves ideally and mixture properties can be 

extrapolated by mole fraction-weighted averages of mixture composition. Ideal mixture behavior 
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allows for convenient calculations estimating mixture properties in the absence of data for mixed 

systems. 

 

1.4. Viscosity 

Viscosity is a parameter defining the existence of friction in a fluid, or a fluid’s resistance 

to flow, therefore influencing translational diffusion and the reactivity of the substance. These 

properties have notable influences on kinetic behaviors during chemical reactions.5 The viscosity 

of a fluid can be explained as the mechanical friction exerted on an object in motion. Examples 

include either friction exerted on planar surface, the fluid flowing through a stationary object, or 

an object moving through the fluid. Viscosity is quantitatively defined by the amount of friction 

caused by a liquid as it moves across a surface, or as an object moves through the liquid.6 

Accurate viscosity data is necessary when carrying out many procedures in chemical processing, 

especially when considering the transport, storage, and overall behavior of a substance. Hence, 

viscosity is a relevant consideration when discussing the implementation of a green solvent in 

chemical procedures. Currently accepted green solvents such as ionic liquids, liquid polymers, 

and deep eutectic solvents have a high viscosity, which is known to interfere with many forms of 

transport.2 Similar interferences could apply to PEGs as well, especially higher average molar 

weight PEGs as viscosity is increased. Quantifying the effect of temperature on viscosity is in 

this respect also important to examine, as increases or decreases in temperature can have 

significant effects on a fluid’s viscosity. 
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1.5. Measurement Principle of a Rolling Ball Viscometer 

Viscosity measurements for this thesis research were carried out with rolling ball 

viscometers interfaced with vibrating-tube density meters. Such instruments measure viscosity 

by recording the time it takes for a steel ball to roll through the sample fluid enclosed in a glass 

capillary. Inductive sensors determine the ball’s rolling time between markings on the enclosed 

capillary. Viscosity is directly proportional to the sample’s ball rolling time. A liquid’s viscosity 

can be calculated from rolling times alone for a fixed tilt angle of the capillary as controlled by 

the instrument.7 The dynamic viscosity of the sample, η, in units of mPa⋅s is calculated from the 

rolling time, t1, in seconds by equation 2, 

𝜂𝜂 = 𝐾𝐾 ∙ (𝜌𝜌𝐵𝐵 − 𝜌𝜌𝑀𝑀) ∙ 𝑡𝑡1               (2) 

where K is the calibration constant of the system (mPa⋅cm3⋅g-1) for a given tilt angle, ρB is the 

density of the steel ball (g⋅cm-1), and ρM is the density of the measured sample (g⋅cm-3). 

A calibration constant is necessary for every angle used, calculated by equation 2 which 

is obtained from rearranging equation 3, 

𝐾𝐾 = 𝜂𝜂𝑁𝑁
𝑡𝑡1(𝜌𝜌𝐵𝐵−𝜌𝜌𝑆𝑆)

                             (3) 

where ηN is the dynamic viscosity of the viscosity standard fluid (mPa⋅s). Careful viscosity 

calibrations thus require coverage of the proper range of tilt angles and temperature ranges using 

one or more standards of similar dynamic viscosities as the samples of interest. Properly 

calibrated rolling ball viscometers yield very reliable measurements with measurement precision 

of less than 1% of the measurement value. One specific advantage of using a rolling ball 

viscometer (and a vibrating tube density meter) is that the sample is enclosed and thus not 

exposed to the open atmosphere from which it might uptake water.  
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1.6. Karl Fischer Titration 

 Coulometric Karl Fischer titrations are performed using an electrochemical reaction in 

which water content is determined by electron transfer during titration. Coulometric titrations are 

carried out in a bipotentiometric cell, in which a generator electrode and detector electrode 

participate in a redox reaction involving a solvent containing an alcohol (ROH), a base (RN), and 

sulfur dioxide (SO2), with a Platinum (Pt) detector electrode.8,9  The voltametric detection of 

water is developed based on the Karl Fischer standard chemical reaction equation 4: 

 
ROH + SO2 + 3 RN + I2 + H2O → (RNH)•SO4 R + 2 (RNH)I                                (4) 

  

Imidazole (RN) serves as a base to buffer the pH range during the reaction, as the 

maximum rate of the reaction is within the pH range of 5.5-8.  In coulometry, the chemistry 

slightly differs from the standard reaction above. An alkyl sulfate is formed from an alkyl sulfite 

as water and iodine are consumed and imidazole buffers the solution. Iodine is produced at the 

generator electrode from potassium iodide (KI) by an anodic oxidation reaction. The generator 

electrode usually contains an electrolyte to oxidize iodine through the application of a current 

and an ammonium salt to produce an ample supply of hydrogen.8,9  The Karl Fischer electrolyte 

is often composed of SO2, Imidazole, and iodide salts.9 As seen in equation 5, with water in 

solution an alkylsulfite is produced as an alcohol and sulfur dioxide react. The alkylsulfite is then 

oxidized by iodine.8 This yields a reaction in which 2 moles (mol) of electrons are transferred 

when 1 mol H2O is consumed by 1 mol I2.  

ROH + SO2 + B → BH+ +ROSO2
- 

H2O + I2 + ROSO2
- + 2B → ROSO3

- + 2BH+I-                                                                 (5) 
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The end point is detected voltametrically by excess I2 at the platinum electrode when all 

water has been consumed.8 The content of water is measured by the amount of current in 

coulombs (C) supplied necessary to generate enough iodine at the anode to react with water to 

completion. Using the Faraday constant (F), the molar weight of water (MWw), and number of 

electrons transferred (e-), the current supplied to consume 1 mg H2O (Iw) can be determined 

using equation 6.9 This allows for the determination of total water content in milligrams (mwater), 

from the total current supplied (Itotal) , shown in equation 7. 

𝐼𝐼𝑤𝑤 =  𝑒𝑒
−∙𝐹𝐹

𝑀𝑀𝑀𝑀𝑤𝑤
                                                                          (6) 

𝑚𝑚𝑤𝑤𝑤𝑤𝑡𝑡𝑒𝑒𝑤𝑤 = 𝐼𝐼𝑡𝑡𝑡𝑡𝑡𝑡𝑤𝑤𝑡𝑡 �
𝑀𝑀𝑀𝑀𝑤𝑤
𝑒𝑒−∙𝐹𝐹

�               (7) 

This method is advantageous, as reagents do not need to be standardized and the reagent 

can be used repeatedly. Imidazole is a base which allows for faster reaction rates and a more 

stable equivalence point than previously used bases involving pyridine. It is also less volatile, 

removing the odor of pyridine. 

Industrially produced PEG is always impure to a certain degree. The most common 

impurity in PEG is water. Therefore, it is necessary to have an accurate and reliable method of 

quantifying water content in a sample. We utilized a fritless coulometric Karl Fischer titrator that 

operates in accordance with the chemistry described. Water can have effects on the viscosity, 

density, and self-diffusion coefficients of PEG which are necessary to understand quantitatively. 

Water can react with the compounds dissolved in PEG during chemical procedures, leading to 

erroneous data and products. Hence, a measure of the amount of and effects of water impurities 

in vendor-supplied PEG is important to know, which is surprisingly neglected in literature. 
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1.7. Diffusion 

 Molecular diffusion is a crucial property to understand when considering any chemical 

process, as this aspect of molecular dynamics will set the upper limit of the rate of a reaction. 

Often, diffusion is thought of as a product of a concentration gradient. A substance will diffuse 

along a concentration gradient until the concentration gradient has ceased to exist and chemical 

equilibrium is reached. An intradiffusion coefficient is described as translational motion of 

molecules of a substance through a homogenous mixture. Molecular diffusion is driven by 

internal thermal energy, strongly influenced by friction and temperature as shown by the 

Einstein-Stokes equation, equation 8: 

𝐷𝐷 = 𝑘𝑘𝑘𝑘
𝑓𝑓

           (8) 

where D represents the diffusion coefficient, k is the Boltzmann constant, T represents 

temperature, and f is the friction factor. The friction factor and thus diffusion is influenced by 

molecular size, viscosity, and structural factors such as shape and hydration.10 

 Self-diffusion coefficients are distinguished by the absence of any concentration 

gradients and the medium consists of identical molecules. This measure describes the 

translational motion of molecules without an additional substance, in essence, the velocity at 

which a substance diffuses through itself.11 The Brownian motion of individual molecules in a 

homogenous mixture causes motion, displacement, and collisions driven by internal thermal 

energy.12 This property is strongly influenced exponentially by temperature, represented by the 

Arrhenius equation as shown in equation 8, 

 𝐷𝐷 = 𝐷𝐷∞𝑒𝑒−𝐸𝐸𝑎𝑎/𝑘𝑘𝑘𝑘          (9) 

where D represents the diffusion coefficient, T represents temperature, and Ea represents the 

activation energy for translational motion of the substance.12 The activation energy, or minimum 
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energy required for a species to move from one solvent cage to the next, can be calculated from 

the diffusion coefficient by rearrangement of equation 5, yielding important information on the 

translational dynamics of the species. 

Self-diffusion coefficients of PEG were measured in the thesis research to describe 

molecular motion in the polydisperse mixture. Self-diffusion coefficients yield important 

information for chemical reactions. As they describe translational molecular motion and 

distribution in space, diffusion coefficients are central to chemical reactions because particles 

must collide to react. The calculation of the activation energy, Ea, for translational motion 

contributes to knowledge of species reactivity as it represents the energy needed for translational 

motion to occur. Reactions are diffusion controlled when reaction kinetics are limited to the 

speed of diffusion rather than reaction steps. Self-diffusion coefficient measurements have been 

reliably performed by nuclear magnetic resonance (NMR) instruments for some time by 

diffusion-ordered spectroscopy (DOSY) experiments. Before delving into the complex 

procedures of obtaining self-diffusion coefficients using NMR, we will examine the fundamental 

theories behind NMR and its other applications in the current research. 

 

1.8. Nuclear Magnetic Resonance (NMR) Spectroscopy 

 Nuclear magnetic resonance (NMR) spectroscopy is widely used for a variety of 

applications today involving the elucidation of molecular structure and dynamics. NMR 

principally operates on the interactions of a system consisting of  oscillating electromagnetic 

fields of nuclei with an externally applied magnetic field.14 Overall, a magnetic field causes 

nuclei to align their magnetic vectors in a fashion, which induces a detectable voltage in the 

receiver coil of an NMR instrument. Different nuclei resonate at a specific frequency within the 
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range of the radio frequency of the electromagnetic spectrum generated. These frequencies 

provide information on the types of bonds present.15 Measurements performed in this process 

provide incredibly detailed insights into the dynamics and structures of molecules, as the 

resonance frequency of a nucleus will be unique depending on the atom involved and the bonds 

it participates in. 

 

1.8.1.  Nuclear Spin 

One must first understand the magnetic properties of nuclei to examine nuclear 

interactions with electromagnetic radiation. A nucleus exhibiting both charge and spin will 

produce a magnetic field. Certain nuclei are more suitable for NMR spectroscopy than others 

because they give a strong signal.16 Many factors influence the selection of nuclei to analyze by 

NMR. Hydrogen protons (1H) yield the strongest signal and are extremely abundant. Carbon-13 

and Nitrogen-15 are commonly analyzed due to their importance to the structure and functional 

groups of organic molecules, however they yield weaker signals due to electron shielding and 

low natural abundance.14,16 Atoms and isotopes which have an equal number of charge (protons) 

and neutrons exhibit a zero nuclear spin and are therefore be undetected by NMR spectroscopy. 

These include overwhelmingly common isotopes such as carbon-12 (12C) and oxygen-16 (16O).  

 A spinning proton will exhibit spin angular momentum, therefore producing a vector 

quantity with both direction and magnitude. As a nucleus also exhibits charge, it will produce a 

magnetic field. Spin produces a magnetic moment in which the proton possesses a magnetic 

dipole. The magnetic vectors of a population of nuclei are oriented in random directions in the 

absence of an external magnetic field. When an external magnetic field is absent, these spin 

states are degenerate, meaning they have the same energy quantitatively and the same probability 
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of observation.14 In the presence of a magnetic field, a proton will adopt two spin states: aligned 

with the field or against it. A proton aligned with the field has a lower energy state due to greater 

stability. Each spin state is characterized by a dimensionless nuclear spin quantum number 

(designated m), assuming values of either + ½ (aligned with the magnetic field) or – ½ (aligned 

against the magnetic field) for protons (1H nuclei). Other more complex nuclei will exhibit 

different nuclear spin quantum numbers due to their differing quantities of protons and neutrons. 

With an even number of both protons and neutrons, a nucleus will exhibit zero spin as all particle 

spin states are paired. Atoms with an odd atomic number greater than 1 (an odd number of 

neutrons and even number of protons or vice versa) will have greater than two nuclear spin 

quantum numbers. This complexity produces a nonspherical magnetic field, and nuclei with odd 

atomic numbers exhibit greater than two spin states. This can complicate NMR spectra and 

create broad peaks which are difficult to analyze.14,15 In the following discussions only the 

properties of 1H nuclei will be considered.  

 

1.8.2. Spin State Energy 

According to the Zeeman effect, the two spin states will separate in energy in a magnetic 

field.14 The larger m corresponds to the spin state of the proton aligned with the magnetic field. 

The proton aligned with the magnetic field will have a lower energy state due to greater stability 

The opposite is true for electrons due to their opposite charge, the significance of which will be 

discussed in sections 1.7.9-1.7.11. Spin state energy is influenced by the magnetogyric ratio, g, 

of the nucleus, which can be considered the strength of the nuclear magnet.15 This is a ratio of 

the magnetic momentum to the angular momentum of a particle, describing the degree to which 

the energy of a spin state will change due to an external magnetic field. A bare proton possesses 
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the largest magnetogyric ratio of all nuclei. Heavier nuclei in an environment with more 

electrons exhibit a lower magnetogyric ratio, causing magnetic field strength to have a lesser 

effect on the spin state energy.14 With the nuclear spin quantum number according to the nuclear 

spin state (ms), the magnetic field strength (B, in tesla), and the magnetogyric ratio of the isotope, 

one can quantify the energy of the spin state (Es) by equation 10:  

𝐸𝐸𝑠𝑠 = −𝑚𝑚𝑠𝑠 ∙
𝛾𝛾∙ℎ∙𝐵𝐵
2𝜋𝜋

         (10) 

Es will increase with the intensity of the magnetic field strength, and the difference in energy 

between spin states will ultimately determine the strength of the signal produced. Therefore, 

stronger magnetic fields are experimentally preferrable to produce a larger difference in spin 

state energies. 

 

1.8.3. Larmor Frequency 

 Nuclei will not simply “line up” with the external magnetic field in a rigid fashion as 

their spin states separate. Due to nuclear spin, nuclei exhibit angular momentum as a vector 

quantity. The external magnetic field causes a nucleus to experience torque, and torque 

combined with spin angular momentum causes a spinning nucleus exhibit an oscillatory or 

“wobbling” motion, conventionally termed precession.15 Precession can be described as an 

oscillatory motion about an axis at an angle with respect to the direction of the external magnetic 

field. The end magnetic vector will carve out a circular shape as it precesses. This can also be 

represented in a cone shape when considering the vector in three dimensions. This process is 

represented in Figure 1. The magnetic moment vector will precess with a specific angular 

frequency, known as the Larmor frequency (ω), synonymous with the term “resonance 

frequency”.14,15 This frequency is dependent on the spinning nuclei’s magnetogyric ratio and the 
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strength of the magnetic field. The Larmor frequency can be derived from equation 10 to yield 

equation 11: 

𝜔𝜔 = 𝛾𝛾𝛾𝛾          (11) 

Equation 7 shows that the Larmor frequency is independent of the nuclear spin quantum number, 

meaning that each spin state of the same magnetic nucleus will possess the same Larmor 

frequency.14 

 
 
Figure 1. A nuclear magnetic vector carves a cone shape as it precesses about the static magnetic field 
 

1.8.4. Excitation by Radio Frequency Pulses 

A spinning nucleus in the lower energy spin state can be excited and flip to its higher 

energy spin state. The energy must be equivalent to the energy difference between spin states at 

the same frequency as ω for excitation to occurr.14 A population of nuclei must exhibit net 

absorption of energy to induce a voltage strong enough to produce an NMR signal.15 As opposite 

spin states will cancel out the effects of their magnetic vectors, the population must differ enough 

in spin states to create a net voltage detectable by the receiver coil. It is important to note that a 

flip in spin state will not change the processional frequency of the nucleus, only the spin state. 

Net absorption will only occur if there are more nuclei in the lower energy state. According to 
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the Boltzmann distribution, in a system at thermal equilibrium the lower energy state will be 

favored.14,15 The separation of energy states will ultimately determine the strength of an NMR 

signal, as it will contribute to the number of nuclei in excess lower-level spins needed for net 

absorption and signal generation. The Boltzmann law states that the excess number of electrons 

in the lower energy spin state in a system at equilibrium is determined by the ratio of the energy 

separation of spin states (∆E) to the temperature (T) of the system by equation 12: 14,15 

(𝑁𝑁𝐿𝐿−𝑁𝑁𝑈𝑈)
𝑁𝑁𝐿𝐿

= ∆𝐸𝐸
𝑘𝑘𝑘𝑘

           (12) 

The number of excess electrons in the lower energy level is directly proportional to the 

difference in energy of spin states, where NL is the number of electrons in the lower spin state 

and NU represents the number of electrons in the upper spin state, and k is the Boltzmann 

constant.16 The lower energy state is only favored at a very low order of magnitude; a difference 

of about 1 in every 1,000,000 nuclei 15. This small difference in nuclei with opposite spin states 

is what causes the low sensitivity of NMR.  

This explains the importance of the magnet field strength. A strong magnetic field 

strength is necessary to create a population with excess nuclei in the lower energy state, as spin 

state energy is proportional to magnetic strength as shown in equation 6. Equation 6 also 

explains why nuclei with a high gyromagnetic ratio are more sensitive, as this contributes to a 

higher spin state energy. The advent of superconducting magnets made it possible to produce 

stable higher magnetic fields for increased NMR signal generation. However, superconducting 

metal alloys require extremely low temperatures and are therefore cooled by liquid helium, 

which allows maintenance of a temperature of 4 Kelvin. While the externally applied strong 

magnetic field generates a population difference in spin states, this spin state polarization can 

only be observed upon application of a second external field that brings this spin state 
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polarization out of equilibrium.14,15 In pulsed NMR spectroscopy, this second externally applied 

field is turned on only for short times by application of short bursts of radio frequency (rf), aka rf 

pulse, through an electromagnetic coil that is oriented such that the magnetic field generated by 

the rf pulse is perpendicular to the permanent magnetic field from the superconducting magnet. 

After application of a properly timed rf pulse to rotate the net magnetization 90 degrees away 

from the direction of the static magnetic field of superconducting magnet, the spin precession is 

inducing an alternating current in the electromagnetic coil, which thus essentially functions now 

as an antenna.16 Consequently, a modern NMR spectrometer consists of four main components: 

the superconducting magnet to generate the strong static magnet field, an rf probe that mainly 

consists of the electromagnetic coil through which the rf pulse will be supplied and the spin 

precession be observed after completion of the rf pulse, a console that generates the rf pulse and 

also detects and amplifies the alternating current induced by the spin precession, and a computer 

interface that allows the experimenter to control rf pulse sequence and process the obtained 

data.16 More detail on the effect of rf pulses is provided in Sections 1.8.6 and 1.8.7. The spin 

precession after the rf pulse is only observable for a limited time because relaxation processes set 

in to let the spin system return to equilibrium where the spin precession is only governed by the 

static magnetic field of the superconducting magnet.15 Thus, the observed alternating current 

induced by the spin precession, which constitutes the experimentally observed data, is decaying 

in time and is referred to as the “Free Induction Decay”. The relaxation processes are two-fold in 

nature and are referred to as T1 and T2 relaxation.     
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1.8.5 T1 Relaxation 

 Once the rf pulse is complete, the spins will gradually return to equilibrium and realign 

with the static magnetic field in a specific time. This specific time constant is termed the spin-

lattice relaxation time or longitudinal relaxation time, commonly represented as T1.14 T1 is 

dependent on the bonds the nucleus participates in, the temperature and thermodynamic phase 

(gas, liquid, solid) of the sample, and the size of the compound. T1 relaxation times are relatively 

slow due to the isolation of the nucleus in its chemical environment and the weak interactions 

nuclear spins experience. As molecules move and change in orientation, the nuclear spin state 

remains unaffected unless it is experiencing fluctuational motions of neighboring nuclei that 

generate (weak) magnetic fields at its Larmor frequency.15 

Knowledge of T1 relaxation times is important from an experimental perspective to 

accurately conduct NMR measurements. Subjecting nuclei to too frequent rf pulses will result in 

equal populations of spin states where absorption will proceed at an equal rate as emission, 

resulting in a nonexistent signal.15 We must have net absorption for a detectable signal. 

Therefore, enough time must be given between rf pulse sequences so that spin states can return 

to the Boltzmann distribution from higher energy states to lower energy states. The needed time 

between rf pulse sequences is dependent on the amount the spin state population differs from the 

Boltzmann distribution and T1.14,15 This waiting time contributes significantly to the total time 

required to complete an NMR experiment.. 

 

1.8.6. T2 Relaxation 

  To understand T2 relaxation one must first realize that precession frequencies may not be 

the same for all nuclei and may also randomly vary in time due to relaxation processes. Let us 
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consider a system of nuclei subjected to a static external magnetic field (Bs) aligned with the 

positive z axis, which is oriented along the static magnetic field of the superconducting magnet. 

The magnetic moments of individual nuclei are randomly distributed about the z axis in the x,y 

plane, with net magnetization (the sum of the nuclear magnetic vector components, termed Mnet) 

aligned with the positive z axis, as seen in Figure 2(b).14 The net nuclear magnetization will 

therefore have no precessional motion about the static magnetic field, even though the individual 

nuclei are precessing at their Larmor Frequency. These nuclei are considered to have no phase 

coherence, meaning the magnetic vectors of individual nuclei are not “in phase” with one 

another, or oriented at the same direction in the x,y plane, during precession. Therefore, a 

detectable voltage will not be produced. To generate a measurable signal, we must force these 

nuclei to precess in phase, creating alternating bulk magnetization strong enough to produce a 

detectable voltage.15 

To generate phase coherence, a magnetic field is pulsed (Bp) at a direction perpendicular 

to the static magnetic field, precessing in the x,y plane. This radio frequency (rf) pulse is much 

weaker, and in this discussion, the pulse frequency is equivalent to the Larmor frequency of the 

nuclei in the system. This causes the net nuclear magnetization to become phase coherent, 

aligning with the oscillating magnetic field in a bundling fashion.14 As represented in Figure 2 

(c), the individual nuclei now not only possess the same precessional frequency, but the 

population precesses in phase, meaning at a moment in time spins will point in the same 

direction.15 Mnet will move away from the z axis and precess about it at the Larmor frequency, 

now possessing an x,y component as the individual nuclear magnetic vectors rotate in sync. The 

magnitude of the angle of Mnet with respect to the z axis is determined by the strength of Bp and 

the time the system is subjected to Bp.
14,15  
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Figure 2. The 90 degree pulse: (a) Here, the static magnetic field Bs is in the positive z direction. (b) Net 
magnetism is pointed in the positive z direction as nuclei precess out of phase. (c) A second magnetic 
field Bp is pulsed at a 90 degree angle to Bs, rotating about the z axis in the x,y plane. (d) Nuclei precess 
in phase, generating Mnet with x,y components. 
 
 

The measurable NMR signal is ultimately generated by the x,y components of Mnet. The 

maximum signal intensity is observed when the angle of Mnet with respect to the z axis reaches 

90°.  Once Bp is removed, the individual nuclei will start to gradually move out of phase and 

randomly redistribute their magnetic moments about the z axis. This return to random 

distribution is termed spin-spin relaxation, controlled by the spin-spin relaxation time 

represented by T2.14 Spin-spin relaxation is crucial to processes of data acquisition. T2 will not 

only determine the time it takes to repeat measurements, or the time needed between induced rf 

pulses, but also determines how quickly the FID dies out and thus the narrowness of spectral 

signals after Fourier Transformation of the FID to obtain the processed spectrum.15 
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1.8.7 Signal Acquisition and Free Induction Decay 

 We now have a net magnetic moment, Mnet, precessing about the z axis at the Larmor 

frequency of the population of nuclei after an rf pulse. By the principle of Faraday induction, it is 

known that the movement of a magnetic field near a wire will induce a current.14 The coil used 

will now act as the receiver coil as it experiences a voltage induced oscillating current at the 

same frequency of M in the x,y plane. This signal decays quickly and exponentially, dependent 

on T2, and, as already mentioned in Section 1.7., is known as the free induction decay (FID)15. 

However, nuclei at different positions in a molecule resonate at different frequencies and have 

differing relaxation times, resulting in a complex FID containing all information of the spectrum 

generated. 

 The rf pulse is brief, on the order of microseconds (ms), and has a characteristic 

frequency within the range of the Larmor frequencies of the population of nuclei.16 Though the rf 

pulse is introduced at a specific constant frequency (the reference frequency), the brief duration 

of this pulse will actually cover a range of frequencies including all resonant frequencies of the 

population of nuclei. Ultimately, this results in a complicated signal representing all precession 

frequencies received by the receiver coil. Signals are measured by a detector and the computer 

stores the recording of the voltage induced in the receiver coil as a function of time.14 This 

translates to the FID curve, which, again, is a superimposed sum of contributing waves with 

different frequencies that decay to zero by T1 and T2 relaxation after the rf pulse. These wave 

components, however, must be separated from this complex function to generate a decipherable 

spectrum. This task is accomplished by Fourier Transformation, which is explained in the next 

sub-section. 
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1.8.8. Fourier Transformation 

 Separating the individual resonance frequencies into an observable spectrum involves the 

conversion of the FID time-domain spectrum to a frequency-domain spectrum. Fourier 

demonstrated that the complex pattern of the FID can be deconstructed to its individual 

components by overlapping and summing sine waves of differing amplitudes and frequencies. 

14,16 Essentially, the Fourier transformation uses test frequencies for multiplying with the FID 

and integrating the result, which translates to peak intensity on the frequency-domain spectrum. 

If the test function is exactly in phase with a component of the FID, the summation of the 

product of these functions will be greater. This generates the component of the peak with the 

highest intensity, the vertex. When a test function is used with a lower frequency close to the 

resonance frequency of a respective component, the product of the functions will decrease over 

time and eventually jump to a negative value as they move out of phase. This leads to a much 

smaller but still positive value as the amplitude of the FID is larger at the start when the 

functions are in phase than the amplitude at which the functions are out of phase. As the test 

function deviates further from the resonance frequency, the intensity generated decreases almost 

to zero as positive and negative areas cancel out.15 Eventually, we obtain a frequency-domain 

spectrum with peaks at each resonance frequency observed by the receiver coil. The intensity of 

peaks also translates to the current induced at the frequency that is observed in the FID, as the 

higher amplitude of FID components is due to a higher observed voltage. This voltage is a 

product of how many nuclei possess this specific resonance frequency and can lead to important 

revelations on molecular structure and dynamics. A computer will perform this complex 

mathematical function by use of a fast Fourier transform algorithm, which helps to simplify the 

time consuming process of multiplying and summing test functions successively.14,15   
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1.8.9. Chemical Shift 

 Resonant frequencies not only depend on the nucleus, but also the surrounding chemical 

environment. Therefore, when we examine a 1H spectrum of a molecule, there are multiple peaks 

representing unique hydrogen atoms at different positions in a molecule, not just one peak 

representing the resonance frequency of a lone proton.15 The observed up-field or downfield shift 

is due to the chemical environment of the proton, i.e., the bonds it participates in and the 

electronegativity of surrounding atoms. The magnetic field produced by electrons will oppose 

the field produced by a nucleus in the presence of an external magnetic field. This creates a 

shielding effect, slightly reducing the magnetic field of the nucleus (diamagnetic effect).16 The 

change in the magnetic field strength causes a shift in the resonance frequency and therefore a 

peak shift in the frequency domain spectrum.  

Resonant frequencies are dependent on the magnetic field strength used during signal 

generation. Chemical shifts will be represented at different absolute resonance frequencies in 

spectra obtained from different magnetic field strengths. This issue of inconsistent frequencies is 

resolved by converting NMR spectra into dimensionless units of parts per million (ppm). The 

frequency domain is converted to ppm by division of the spectrometer frequency and 

multiplication by a factor of 10-6 to obtained convenient number in ppm. This allows consistencies 

when examining and comparing different spectra obtained from magnets with different field 

strengths of the same molecule.15,16 In older NMR experiments, the external magnetic field was 

swept through a range of magnetic field strength under application of  a constant frequency, 

rather than today’s commonly used approach of applying a rf pulse at constant magnetic field 

strength. To satisfy the negating effects of electron shielding, a stronger magnetic field was 
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needed for the nucleus to experience resonance. Therefore, the lower values on the left of the 

ppm axis correspond to a “low field” intensity and lesser shielding but a higher precession 

frequency.16 When we describe chemical shifts, the convention was kept to describe a chemical 

shift possessing a higher frequency to correspond to a downfield shift on the left side of the x 

axis.16 

 

1.8.10. Chemical Shifts Reveal Molecular Structure 

 The chemical shift of a nucleus is directly related to the density of electrons surrounding 

that nucleus. The electron density of the environment surrounding a nucleus is dependent on the 

bonds it participates in as well as more distant atoms in the molecule examined. The most 

important property influencing chemical shift is the electronegativity of atoms surrounding the 

nucleus. Atoms with a high nuclear charge to subvalence electron ratio and a small atomic radius 

have high electronegativity, with fluorine being the most electronegative atom on the periodic 

table.14 An electronegative atom will withdraw electrons from the nucleus of neighboring atoms, 

reducing their shielding and shifting NMR resonance downfield.16 Electron-withdrawing 

interactions will interfere with the spherical conformation of electrons circulating the nucleus, 

restricting the freedom of electrons to circulate in the external magnetic field. This is termed the 

paramagnetic effect, conflicting with the diamagnetic effect. These two effects determine the 

chemical shift. The paramagnetic effect is small in protons because they only possess an s-

orbital. This constitutes a small range of chemical shifts in 1H spectra, usually only around 10 

ppm. Paramagnetic effects will have a much stronger influence on more nonspherical atoms with 

p- and d-orbitals, and thus these nuclei have a much larger range of chemical shifts.14,16 



 26 

 Distant interactions in molecules will also affect chemical shifts. The circulation of 

electrons around bonds distant from the nucleus of interest will create a local magnetic field, 

influencing the field of the nucleus. The strength of the field created is dependent on the 

orientation of the bond, increased when the bond is aligned with the applied magnetic field and 

inhibited when the bond is aligned perpendicular to the field. Though all orientations will be 

observed as the molecule moves during data acquisition, this effect will not be negated to zero. 

The effects of bond-induced magnetic fields will be observed as an average of the possible 

orientations.16 There are other important effects on chemical shifts observed in molecules with 

unique structures such as aromatic rings, but we will focus our attention on the shifts observed in 

a 1H spectrum of PEG.  

 

1.8.11. Spin-Spin Coupling 

 Chemical shift is the most important component of the frequencies observed at a 

chemical environment, but other interactions between neighboring nuclei yield further resonance 

frequency differentiation referred to as the hyper fine structure. Two spinning nuclei in close 

proximity will exhibit magnetic fields, which interact with one another, known as spin-spin 

coupling. If both nuclei are in the same spin state, these weak interactions will facilitate one 

another. If the nuclei are in opposite spin states, these interactions will inhibit the fields 

produced. This results in two different frequency responses above and below the chemical shift 

value.16 A spectrum exhibiting spin-spin coupling will result in split peaks. The splitting pattern 

and intensities observed yields important information on the number of adjacent nuclei. 

 Asymmetry in neighboring proton containing groups gives rise to multiple splitting 

patterns. A methylene group (CH2) with an asymmetrical chemical environment that is adjacent 



 27 

to a methyl group will yield four possible interactions and a four-component splitting pattern. 

Each proton has a different chemical shift and coupling with two possible spin states, resulting in 

a quadruplet. A symmetrical methylene group will also result in four different interactions with 

an observed proton, but the two methylene protons are equivalent and will have the same effect. 

This results in a triplet, as the state in which one proton is spin-up and one proton is spin-down 

has two equivalent conditions.16 It thus can be seen that the different peak splitting patterns result 

from the number of possible spin state combinations of the adjacent nuclei. The proton NMR 

signal of a proton neighboring a methyl group (CH3) would see three equivalent protons resulting 

in eight possible spin combinations, some of which yield equal overall spin states. The resulting 

signal in the spectrum is a quadruplet with 1:3:3:1 relative intensities. The intensities of peak 

components represent the number of equivalent spin states observed in that component, with a 

larger peak containing more equivalent conditions. Combining the information conveyed by peak 

splitting and chemical shifts, high resolution NMR yields detailed data on the molecular 

structure. 

 

1.8.12. Spectral Features of PEG 

 PEG, represented by the chemical formula HO-(CH2-CH-O-)n-H, exhibits unique 

chemical shifts key to identifying the substance. Peaks representing “unique” hydrogens will be 

observed dependent on the proton’s position in the molecule. We can expect hydrogens bonded 

to oxygen will be represented further downfield than those bonded to carbon due to the higher 

electronegativity of oxygen. As seen in Figure 3, PEG yields three proton signals: one for the 

hydroxy protons, one larger signal for the CH2 protons neighboring the ether oxygens (CH2-O), 

and one neighboring the end hydroxy group (CH2-OH). Hydroxy protons often overlap with the 
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water signal, generating one signal shifted farthest downfield. The (CH2-O) signal is often largest 

with higher PEG oligomers, as there are many more CH2 protons in this group with more 

ethylene oxide repeats. 

 

Figure 3. A proton spectrum of Acros PEG 200 at 298 K. 

 

1.8.13. Spin Echo 

Though the superconducting magnets in high-resolution NMR today create a very 

uniform field, complete magnetic field homogeneity is experimentally out of reach.16 

Furthermore, spin-spin relaxation also contributes to this inhomogeneity, as nuclear spins will 
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randomly interact and fluctuate towards a disordered state as vectors move out of phase in the T2  

relaxation time interval. A specific sequence of rf pulses can generate a so-called “spin-echo” 

that can be observed in a sample with a non-uniform distribution of magnetic fields due to a lack 

of field uniformity. Magnetic vectors in this sample precess at different rates and are out of phase 

in the x, y plane due to different magnetic field strengths present in the imperfect magnetic field 

generated by the superconducting magnet. After an initial 90° pulse that rotates the net 

magnetization into the x-y plane, a strong rf pulse after a specific time interval τ will induce a 

180° rotation of all vectors, which will continue to precess at the same frequency. After an equal 

time interval τ, faster vectors will align with slower vectors in this plane and cause a strong 

signal as they align in phase, pointing in the same direction.16 This can be observed multiple 

times by repeated 180° rf pulses at these two regular τ intervals, creating a spin echo train. The 

resulting spin echoes will decay over the course of successive 180° rf pulses due to spin-spin 

relaxation, but this decay is slower than the decay of the FID. This allows an increase in 

sensitivity compared to a single FID. Spin echoes are also an important tool for creating pulse 

sequencing that can yield chemical structure information in 2D NMR experiments as well as 

monitor motion of molecules. 

1.8.14. Gradient-Recalled Echo 

Gradient-recalled echo involves pulse intervals of strong magnetic field gradients of 

increasing magnitude along the z-axis. Two gradient pulses, pulsed at equal time intervals (τ) 

with an equal time interval τ in between each pulse, can allow us to ignore phase incoherence 

and determine the positions of spinning nuclei. The increasing strength of the gradient causes an 

increase in the precessional frequency along the z-axis, and after a short period the magnetic 

vectors will form a helical shape along the z-axis.17 Because the strength of the gradient is known 
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spatially across its applied direction, the new Larmor frequency can serve to encode the position 

of the nucleus along the z-axis as it is dependent on field strength.10 A reversal of the gradient 

direction causes a reversal in the direction of precession, and after the same period of time τ, all 

regions will return to alignment and precess in phase, yielding a coherent signal. This is termed 

gradient-recalled echo, occurring after two equal periods of time applying equal strength field 

gradients in opposite directions.16  

 Diffusion can interfere with the gradient-recalled echo sequence. This inhibits the 

alignment of spins as molecules move and change frequencies. If magnetic field gradients are 

applied before and after a 180° pulse, molecular diffusion can be measured. Without motion 

occurring in the sample, the gradient pulse would allow magnetic vectors to align. With 

diffusion, volumes of sample with a specific precessional frequency move to a different area of 

gradient strength. This causes the spin-echo amplitude to change with respect to the rate of 

diffusion.17 Spin echo amplitudes can be transformed with respect to the magnetic field gradient. 

Chemical exchange, in which a nucleus moves to an alternative site therefore changing its 

precessional frequency, can also be measured by spin echo experiments as it will cause different 

precessional frequencies in different regions of the field gradient during pulse intervals. Spin 

echo amplitudes will change depending on the rate of chemical exchange.16 Often only one 

signal is observed for water and the hydroxyl group of PEG’s due to fast chemical exchange. The 

overlap of these signals increases with increasing amount of water present and increasing 

temperature. When two separate signals are present, the observed diffusion coefficient is a mix 

of the diffusion of water and PEG. 
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1.8.15 Diffusion-ordered Spectroscopy 

Diffusion-ordered spectroscopy (DOSY) is a technique developed to resolve the limitations 

of high-resolution NMR when dealing with mixtures of compounds such as PEG. Diffusion 

coefficients are dependent on structural properties, including effective charges and friction 

factors.17 As these mixtures can be difficult to separate, DOSY experiments utilize different 

molecular diffusion rates to distinguish between compounds in the mixture in the second indirect 

frequency dimension of 2D NMR techniques. Utilizing a magnetic field gradient under use of 

stimulated spin echo pulse frequencies is the defining feature of DOSY experiments. As 

discussed in 1H experiments, an rf pulse is applied to move the net magnetization into the x,y 

plane.10 A helical distribution of nuclear magnetic vectors is created by a short and intense field 

gradient pulse, aligning these vectors along the gradient. The position of a nucleus is labeled by 

its precessional frequency in the field gradient.10 These vectors are encoded by phase according 

to the steric position of the nucleus within the applied field gradient. A 180° rf pulse is followed 

with a matched field gradient pulse, redirecting the helix to a uniform spin echo by its end.16 

Diffusion causes molecules to move to different regions of the gradient, resulting in magnetic 

vectors which are not aligned in a uniform fashion. Dephasing causes attenuation of spin echo 

amplitudes as the degree of dephasing increases with increasing diffusion.10 The resulting spin 

echo amplitudes are dependent on gradient strength as well as the duration of the two gradients 

are applied. The diffusion coefficient can be determined by fitting echo peak heights are with 

respect to gradient strength.17 This also allows the determination chemical shifts in 2D spectra 

using the obtained diffusion coefficients. Specifically, the self-diffusion coefficients (D) are 

obtained by fitting stimulated spin-echo intensity, I(g), in relation to the reference spin echo 
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intensity in the absence of a gradient, I0, with diffusion weighting with respect to the magnetic 

field gradient strength by equation 13. 

𝐼𝐼(𝑔𝑔) =  𝐼𝐼0𝑒𝑒−𝐷𝐷𝛾𝛾
2𝑔𝑔2𝛿𝛿2((4𝛥𝛥−𝛿𝛿)/𝜋𝜋2)                                    (13) 

Diffusion weighting is dependent on the 1H magnetogyric ratio γ, the sine-shaped gradient 

pulse of strength (g), the length of the gradient pulse (δ), and the diffusion time (∆).  

 

2. Experimental 

 

2.1. Solution Preparation  

PEG samples prepared were used as they were acquired, without further purification. The 

thesis research assumes a 99% mass fraction purity of ethylene glycol oligomers, though vendors 

do not provide a mass fraction purity value. This is likely due to PEG being a polydisperse 

mixture. The stated purities of different PEG vendors used in the following analysis along with 

standard solutions for instrument calibrations are listed in Table 1. To examine the effects of 

present water impurity, initial water content was determined prior to water additions. Initial 

samples of Acros PEG200, Rigaku PEG200, and Acros PEG400 were examined for present 

water by coulometric Karl Fischer titrations. A fritless C20 Mettler Toledo Karl Fischer (KF) 

titrator was used to determine the initial water content of received chemicals. All samples were 

subject to at least three KF titrations. Measurement precisions were generally 10% of the relative 

standard deviation. 

The amount of present water was determined after additions by weight using an 

analytical balance with a precision of 0.1 mg. All samples received at least 3 water additions to 

ensure validity when extrapolating to neat properties. Each sample was agitated for several 
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minutes after water addition to ensure proper mixing and compositional uniformity. Aside from 

samples which already possessed a high amount of water impurity, sample preparation was 

performed in a glove box under dry nitrogen (N2) gas. All solution mixing of binary mixtures in 

varying mole fractions was performed inside the glovebox. Exact compositions of binary 

mixtures are reported in Table 2. After samples were prepared, a portion was used to fill a 5 ml 

plastic syringe for density and viscosity measurements. This portion was injected into the glass 

capillary for viscosity measurements and used to fill the vibrating tube density meter. Prior 

experimentation, which involved Karl Fischer titrations of the sample before and after density 

and viscosity measurements, confirmed that samples did not absorb water during measurements 

in the closed system. A smaller portion of the sample was used to prepare a sample for NMR 

measurements. A 1 mL plastic syringe was filled with sample and fit to a gauge-20 stainless steel 

blunt syringe needle. The solution was injected into a melting tube capillary and immediately 

flame sealed. The NMR sample was then placed in a 5 mm NMR tube with a deuterated solvent, 

either DMSO-d6 or D2O.  
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Table 1. Information on chemicals used 
Chemical Name CAS Source Mass Fraction Puritya 

Triethylene glycol 112-27-6 Alfa Aesar 0.99 
Hexaethylene glycol  2615-15-8 TCI  >0.98  

PEG200 25322-68-3 Acros Not specifiedb 
PEG200 25322-68-3 Alpha Aesar Not specifiedb 
PEG200 25322-68-3 Dow Chemical 

Company 
Not specifiedb 

PEG200 25322-68-3 Rigaku Not specifiedb 
PEG200 25322-68-3 Spectrum Not specifiedb 
PEG200 25322-68-3 TLC America Not specifiedb  
PEG400 25322-68-3c Sigma Aldrich Not specifiedb 
Water 7732-18-5 Anton Paar “ultra-pure” 

S60 viscosity/density standard 8042-47-3 Koehler Not applicabled 
S60 viscosity/density standard 64742-54-7 Cannon Instrument 

Company 
Not applicabled 

APN 26 viscosity/density 
standard 

- Anton Paar Not applicabled 

a
 As stated by vendor, no further mass fraction purity determination was done other than KF water content 
analysis as reported in Results and Discussion section.  
b Presumably not specified because PEGs are polydisperse 
c
 There is only one chemical abstract number for polydisperse polyethylene glycol, regardless of average 
molar weight. 
d Standards only come with provided certified density and viscosity measurement values.  
 
 

Table 2: Masses, m, and Mass Fractions, w, of Binary Tri- (1) and Hexaethylene Glycol (2) Samples 

x1
a 0.197 0.424 0.620 0.661 0.752 

AMWb 256.30 226.30 200.39 194.98 182.95  
no water addition 

m1/g 1.511 ± 0.001 3.434 ± 0.001 5.732 ± 0.001 6.042 ± 0.001 3.756 ± 0.001 
m2/g 11.593 ± 0.001 8.782 ± 0.001 6.606 ± 0.001 9.737 ± 0.001 3.625 ± 0.001 
mwater/g 0.013 ± 0.001 0.015 ± 0.002 0.018 ± 0.002 0.024 ± 0.002 0.012 ± 0.001 

w1actual 0.1152 ± 0.0001 0.2808 ± 0.0001 0.4639 ± 0.0001 0.3823 ± 0.0001 0.5081 ± 0.0001 

w2actual 0.8838 ± 0.0001 0.718 ± 0.0001 0.5346 ± 0.0001 0.6162 ± 0.0001 0.4903 ± 0.0001 
wactual 0.001 ± 0.0001 0.0012 ± 0.0001 0.0015 ± 0.0001 0.0015 ± 0.0002 0.0016 ± 0.0002 
x1actual 0.194 ± 0.001 0.417 ± 0.001 0.61 ± 0.001 0.529 ± 0.001 0.649 ± 0.001 
x2actual 0.792 ± 0.001 0.568 ± 0.001 0.374 ± 0.001 0.453 ± 0.001 0.333 ± 0.001 
xwactual 0.014 ± 0.001 0.015 ± 0.002 0.016 ± 0.002 0.017 ± 0.002 0.018 ± 0.002  

after 1st water addition 

m1/g 1.264 ± 0.001 2.775 ± 0.001 4.607 ± 0.001 1.964 ± 0.001 4.438 ± 0.001 
m2/g 9.695 ± 0.001 7.095 ± 0.001 5.31 ± 0.001 3.166 ± 0.001 4.283 ± 0.001 
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mwater/g 0.043 ± 0.004 0.036 ± 0.004 0.036 ± 0.004 0.024 ± 0.002 0.045 ± 0.004 

w1actual 0.1149 ± 0.0001 0.2801 ± 0.0001 0.4629 ± 0.0002 0.3811 ± 0.0002 0.5063 ± 0.0003 
w2actual 0.8812 ± 0.0004 0.7163 ± 0.0003 0.5335 ± 0.0002 0.6142 ± 0.0003 0.4886 ± 0.0003 
wactual 0.0039 ± 0.0004 0.0036 ± 0.0004 0.0036 ± 0.0004 0.0046 ± 0.0005 0.0051 ± 0.0005 
x1actual 0.186 ± 0.001 0.405 ± 0.002 0.596 ± 0.002 0.511 ± 0.003 0.626 ± 0.003 
x2actual 0.761 ± 0.004 0.551 ± 0.002 0.365 ± 0.001 0.438 ± 0.002 0.321 ± 0.002 
xwactual 0.053 ± 0.005 0.044 ± 0.004 0.039 ± 0.004 0.052 ± 0.005 0.053 ± 0.005  

after 2nd water addition 
m1/g 1.002 ± 0.001 2.163 ± 0.001 3.304 ± 0.001 2.174 ± 0.001 3.579 ± 0.001 

m2/g 7.688 ± 0.001 5.531 ± 0.001 3.807 ± 0.001 3.504 ± 0.001 3.454 ± 0.001 
mwater/g 0.067 ± 0.007 0.069 ± 0.007 0.058 ± 0.006 0.051 ± 0.005 0.075 ± 0.008 

w1actual 0.1144 ± 0.0001 0.2786 ± 0.0003 0.4608 ± 0.0004 0.3795 ± 0.0004 0.5035 ± 0.0005 
w2actual 0.878 ± 0.0007 0.7125 ± 0.0006 0.5311 ± 0.0004 0.6116 ± 0.0006 0.4859 ± 0.0005 
wactual 0.0076 ± 0.0008 0.0089 ± 0.0009 0.0081 ± 0.0008 0.0089 ± 0.0009 0.0106 ± 0.001 
x1actual 0.177 ± 0.002 0.381 ± 0.004 0.568 ± 0.005 0.487 ± 0.005 0.592 ± 0.006 
x2actual 0.724 ± 0.007 0.518 ± 0.005 0.348 ± 0.003 0.418 ± 0.004 0.304 ± 0.003 
xwactual 0.098 ± 0.009 0.101 ± 0.009 0.083 ± 0.008 0.095 ± 0.009 0.104 ± 0.009  

after 3rd water addition 
m1/g 0.713 ± 0.001 1.738 ± 0.001 2.528 ± 0.001  2.309 ± 0.001 
m2/g 5.47 ± 0.001 4.445 ± 0.001 2.913 ± 0.001  2.228 ± 0.001 

mwater/g 0.08 ± 0.008 0.08 ± 0.008 0.08 ± 0.008  0.060 ± 0.006 

w1actual 0.1138 ± 0.0002 0.2775 ± 0.0004 0.4579 ± 0.0007  0.5022 ± 0.0007 
w2actual 0.8733 ± 0.0011 0.7097 ± 0.0009 0.5277 ± 0.0008  0.4847 ± 0.0007 
wactual 0.0128 ± 0.0013 0.0128 ± 0.0013 0.0144 ± 0.0014  0.0131 ± 0.0013 
x1actual 0.166 ± 0.003 0.364 ± 0.005 0.533 ± 0.007  0.578 ± 0.007 
x2actual 0.678 ± 0.011 0.496 ± 0.007 0.327 ± 0.005  0.297 ± 0.004 
xwactual 0.156 ± 0.013 0.140 ± 0.012 0.140 ± 0.012  0.126 ± 0.011 

a Mole fractions of triethylene glycol based on weights of tri- and hexaethylene glycol alone with standard 
uncertainty of 0.001. As a side note, the uncertainties of x1actual, x2actual, and xwactual increase with water 
content because the relative uncertainty of the mass of water is 10%. However, the increased mole 
fraction uncertainty is essentially irrelevant for the density, viscosity and self-diffusion coefficient 
measurement uncertainties because of the observed near independence of these quantities on the sample 
water content for the PEG systems. 
b Average molar weight based on tri- and hexaethylene glycol components only. 
 
 

2.2. Density and Viscosity 

 Density and viscosity measurements were performed in parallel using two different 

vibrating-tube density meters, each interfaced with a rolling ball viscometer. Measurements were 



 36 

performed in a temperature series of 25°C to 85°C in 10°C increments, cycled back to 25°C after 

85°C was reached. Measurements were accepted when the initial 25°C measurements agreed 

within the measurement uncertainty with the final 25°C measurements. Both instruments were 

manufactured by Anton Paar and use a Peltier temperature control and internal corrections for 

viscosity during measurements. The manufacturer states an accuracy of 0.02 K. The DMA 4100 

and the DMA 4100 M were the density models used. Standard solutions were measured initially 

to confirm the integrity of each instrument as well as confirm both instruments agreed. Same 

standard measurements agreed to 0.2 kg⋅m-3. Density measurements were acquired three times at 

each temperature to confirm accuracy and obtain standard deviations, which often had values of 

or close to zero kg⋅m-3. Density and viscosity measurements were generally performed the same 

day the sample was prepared. Oligomeric composition of the mixtures may not be exact and 

therefore limit density accuracy to mass fraction purity. Viscosity measurements were performed 

on two separate rolling ball viscometer models, AMVn and Lovis 2000 M/ME. The capillaries 

used for both instruments had a diameter of 1.8mm, steel balls possessed a density of 7.74 g⋅cm-3 

and 7.67 g⋅cm-3 for AMVn and Lovis 2000 M/ME, respectively. Viscosity measurements were 

performed six times at each temperature for precision. To convey measurement consistency in 

the present research, the standard deviations of viscosity measurements are listed in Table 3, 

whereas measured viscosities are listed in the results section in Table 7. The two instruments 

were compared to ensure viscosity data integrity using the same sample of triethylene glycol and 

S60 standard viscosity/density solutions from both Koheler and Cannon Instruments. The two 

Anton Paar viscometers agreed to about 1%, as shown in Table 4. 
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Table 3. Standard Deviations for Reported Viscosity Measurements in mPa‧sa at Varying Mass 
Fractions of Water, w, and Temperatures, T 
T/K             

 Acros PEG200     
w/10-6 1834 6963 13136 16528 33512 87088 

298.15 0.431 0.857 0.248 0.138 0.112 0.068 
308.15 0.101 0.081 0.085 0.099 0.057 0.020 
318.15 0.078 0.381 0.062 0.075 0.019 0.007 
328.15 0.055  0.057 0.055 0.001 0.002 
338.15 0.073 0.006 0.078 0.080 0.004 0.008 
348.15  0.003   0.008  
358.15  0.002     

 Rigaku PEG200     
w/10-6 8781 12318 13837 18248   

298.15 0.452 0.087 0.380 0.347   
308.15 0.093 0.105 0.120 0.053   
318.15 0.178 0.083 0.091 0.508   
328.15 0.006 0.066 0.074 0.006   
338.15 0.006 0.093 0.098 0.006   
348.15 0.032   0.003   
358.15 0.004   0.009   

 Acros PEG400     
w/10-6 3315 8408 13089 16461 17028  

298.15 0.205 0.368 0.212 0.313 0.132  
308.15 0.046 0.180 0.081 0.017 0.091  
318.15 0.035 0.076 0.010 0.021 0.035  
328.15 0.010 0.006 0.050 0.012 0.010  
338.15 0.015 0.006 0.015 0.012 0.006  
348.15 0.006 0.010 0.023 0.006 0.010  
358.15 0.011  0.003 0.013 0.004  

 x1 = 0.197, x2 = 0.803    
w/10-6 1030 3921 7607 12833   

298.15 0.386 0.102 0.122 0.104   
308.15 0.272 0.049 0.010 0.055   
318.15 0.211 0.025 0.010 0.050   
328.15 0.010 0.012 0.010 0.012   
338.15 0.010 0.006 0.006 0.006   
348.15 0.002 0.002 0.002 0.002   
358.15 0.002 0.002 0.003 0.003   

 x1 = 0.424, x2 = 0.576     
w/10-6 1235 3632 8847 12791   
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298.15 0.075 0.154 0.134 0.098   
308.15 0.096 0.012 0.065 0.021   
318.15 0.083 0.012 0.062 0.035   
328.15 0.051 0.006 0.020 0.006   
338.15 0.074 0.006     
348.15  0.003 0.006 0.003   
358.15  0.002     

 x1 = 0.620, x2 = 0.380     
w/10-6 1462 3638 8081 14417   

298.15 0.328 0.120 0.042 0.079   
308.15 0.057 0.040 0.036 0.006   
318.15 0.069 0.012 0.027 0.025   
328.15 0.012 0.006 0.006 0.006   
338.15 0.006 0.000 0.006 0.006   
348.15 0.006 0.004 0.016 0.002   
358.15 0.007 0.001     

 x1 = 0.661, x2 = 0.339    
w/10-6 1517 4631 8906    

298.15 0.059 0.096 0.063    
308.15 0.106 0.006 0.051    
318.15 0.085  0.012    
328.15 0.066 0.010 0.020    
338.15 0.092 0.006 0.006    
348.15  0.003 0.006    
358.15  0.002     

 x1 = 0.752, x2 = 0.248     
w/10-6 1651 5096 10593 13132   

298.15 0.239 0.115 0.113 0.054   
308.15 0.123 0.010 0.046 0.040   
318.15 0.086 0.010 0.031 0.015   
328.15 0.083 0.006 0.006 0.010   
338.15 0.122 0.004 0.003 0.003   
348.15  0.030 0.002 0.002   
358.15   0.002       

a Empty entries are due to either absence of measurements or because instrument settings were set to only 
show measurement average. w/10-6 represents sample water content in parts per million. Relative standard 
uncertainty of mass fraction w is 0.10. Standard uncertainty of temperature is 0.02 K, and for the mole 
fraction, x, of tri- (1) and hexaetheylene glycol (2) is 0.001. 
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Table 4. Comparison of Viscosity Measurements in mPa‧s at (0.10 ± 0.01) MPa From Two Instruments 
on Same Triethylene Glycol Sample as well as with prior measurements. 

T/Ka AMVn Lovis % difference average Hoffmann et al.b % RDc 
298.15 38.69 38.28 1.06 38.49 37.1 3.73 
308.15 24.15 24.33 -0.73 24.24 23.4 3.59 
318.15 16.06 16.18 -0.79 16.12 15.8 2.03 
328.15 11.21 11.24 -0.21 11.23 11.2 0.22 
338.15 8.13 8.16 -0.45 8.15 8.2 -0.67 
348.15 6.25 6.18 1.15 6.22 6.4 -2.89 

a Standard uncertainty of temperature is 0.02 K 
b Results from the author’s laboratory recently reported in Hoffmann et al.1  
c Based on these percent relative deviation (%RD) values, the relative standard uncertainty of the 
viscosities is estimated to be 0.03 which amounts to about 1 mPa‧s for low temperatures where measured 
viscosities are highest and about 0.2 mPa‧s at the highest temperatures where measured viscosities are 
lowest. 
 

2.3 Gas Chromatography Analysis 

 A gas chromatography analysis was performed to analyze the oligomeric composition of 

different PEG200 vendors, carried out using an Agilent 7890A Gas Chromatograph (GC) with a 

flame ionization detector. This procedure was carried out separately from the thesis research. 

Samples were dissolved in methanol at a concentration of about 0.1 M. The inlet temperature 

was set to 220 ⁰C. The helium gas total flow rate was 89.7 mL‧min-1, with a slit ratio of 50:1 The 

septum purge flow rate of 3 mL‧min-1 with a column flow rate of 1.7 mL‧min-1 at 0.064 MPa 

pressure. The GC analysis was performed in duplicates for each sample. Sample injection 

volume was 1 µL. Three sample washes and three methanol washes were performed prior to 

each injection and after each injection. An initial oven temperature at 75 ⁰C was held for 2 

minutes for the application of a heating ramp at a rate of 50 ⁰C‧min-1 to a temperature of 250 ⁰C, 

which was held for 14 minutes.  
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2.4. Self-Diffusion Measurements 

 Self-diffusion coefficient measurements for PEG mixtures were performed on a Bruker 

Avance 300 Spectrometer. Measurements were performed in a temperature series from 298  K to 

358 K in 10 K increments. The spectrometer is equipped with a variable temperature broadband 

probe for control. The known chemical shifts of ethylene glycol were used to correct all 

temperature measurements. A proton spectrum of an ethylene glycol sample was acquired before 

and after 5-10 sample series. The two corrected temperatures were averaged for the sample 

temperature during acquisition, having an estimated uncertainty of 0.3 K. The ethylene glycol 

sample as well as all samples in the measurement series were allowed at least 20 minutes to 

equilibrate to temperature before measurements. No samples were spun during data acquisition. 

A proton spectrum of the first sample loaded was acquired for each sample series for shimming. 

Diffusion measurements were performed by use of a double-stimulated echo pulse sequence with 

bipolar gradients and three spoiler gradients with 5 ms eddy current recovery and 0.2 ms gradient 

recovery.18,19 Linear incrementation of 16 different field gradient strengths from 0.506 G·mm-1 to 

50.6 G·mm-1 was used to conduct self-diffusion coefficient measurements. 16 repetition scans 

and four dummy scans were performed prior to self-diffusion measurements to allow steady-state 

conditions. Relaxation times vary with temperature as described in sections 1.8.5 and 1.8.6. 

Hence, relaxation delays varied between 2 seconds at 298 K to 7 seconds as temperatures 

increased to 358K. Present water content was also taken into consideration and delay times 

increased with increasing amounts of water within the range described. The self-diffusion 

coefficients were computed by the process described in equation 13 of section 1.8.15, where the 

stimulated spin-echo intensity of each proton signal is fitted to with the magnetic field gradient 

strength as the independent variable. Prior studies have shown a standard uncertainty of            
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0.2 x 10-10 for self-diffusion coefficients.3,20 Uncertainties are higher at lower temperatures where 

diffusion coefficients are slower. 

 

3. Results and Discussion 

 

3.1. PEG200 Vendor Composition Analysis 

 GC analysis of PEG200 samples from seven different vendors was performed to 

investigate the differences in oligomeric composition between vendors. The results in terms of 

mole fractions of ethylene glycol oligomers are shown in Figure 4, where n is the number of 

ethylene oxide repeat units. It is evident that the composition of PEG is nearly identical between 

vendors. Possible evidence of the presence of the monomer ethylene glycol was noted but 

excluded, as its chromatographic peak was too small for a reliable analysis. Similarly, ethylene 

glycol oligomers with n-values greater than 7 were possibly present but had chromatographic 

responses that were below the detection limit. Mole fraction numeric values presented in Figure 

4 are provided in Table 5 along with the averages and standard deviations of the oligomer mole 

fraction values across all vendors. Standard deviations ranged from 0.003 to 0.010 mole fraction 

units. This further shows the compositional uniformity across different PEG200 vendor samples, 

which is helpful when considering PEG200 investigations in literature as which vendor PEG200 

was obtained from should not have a significant effect.  

A Gaussian distribution function reported prior to the thesis research to model the 

composition of PEG200 was used to fit the “vendor averaged” mole fraction values.21 The 

average molar mass for the Gaussian fit function is 202 g‧mol-1, however the average molar 

masses of the various PEG200’s analyzed fall between 205 and 212 g‧mol-1.  This can be 
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explained in Figure 4, where the mole fraction distribution is slightly skewed to higher values of 

n. The gaussian fit line is below the data points n = 6 and n = 7, but above the data points for n = 

2, suggesting a larger composition of higher oligomers is responsible for average molar masses 

being higher than the manufacturer target value of 200 g‧mol-1.  

Though the exact oligomeric composition of PEG200 is shown to differ only slightly 

between vendors, the present thesis research compared the properties of density, viscosity, and 

self-diffusion between two different vendors. These vendors varied most in oligomeric 

composition as found by in separate experimentation. Tables 6-8 show very small variations in 

the mentioned properties between Acros PEG200 and Rigaku PEG200, providing the implication 

that the physical properties of PEG200 do not differ significantly between vendor sources. 
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Figure 4. Mole fractions of ethylene glycol oligomer H-[O-CH2-CH2]n-OH in PEG200 from various 
vendors, where n is the number of ethylene oxide repeat units. The solid line is a fit to the mole fractions 
averaged across all samples using the Gaussian distribution function 𝑝𝑝(n) = �𝜎𝜎√2𝜋𝜋�

−1
𝑒𝑒−(n−n�)2/�2𝜎𝜎2�, 

where n�  = 4.21272 is average number of ethylene oxide repeat units and σ = 1.24882 reflects the width of 
the Gaussian distribution function.  
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Table 5: Gas Chromatography Mole Fraction Analysis of Ethylene Glycol Oligomers, H-[O-CH2-
CH2]n-OH, in PEG 200 from Different Vendors 

N Acros 
Alpha 
Aesar 

Dow 
batch 1 

Dow 
batch 2 Rigaku Spectrum 

TLC 
America Average Stdev Calc.a 

2 0.051 0.035 0.030 0.032 0.031 0.032 0.031 0.035 0.007 0.066 
3 0.243 0.228 0.213 0.218 0.216 0.220 0.220 0.223 0.010 0.199 
4 0.312 0.327 0.321 0.319 0.318 0.318 0.324 0.320 0.005 0.315 
5 0.225 0.244 0.251 0.252 0.251 0.250 0.251 0.246 0.010 0.262 
6 0.121 0.123 0.134 0.131 0.134 0.131 0.128 0.129 0.005 0.115 
7 0.047 0.043 0.050 0.048 0.049 0.048 0.045 0.047 0.003 0.026 
AMWb 205.8 208.4 211.6 210.7 211.4 210.7 210.1 209.8   201.6 
a Calculated from a Gaussian distribution function 𝑝𝑝(n) = �𝜎𝜎√2𝜋𝜋�

−1
𝑒𝑒−(n−n�)2/�2𝜎𝜎2�, with n = 4.21272 

and sigma = 1.24882 resulting in a standard deviation of the fit to the data of 0.025 for the mole 
fraction, which we take as an estimate for the standard uncertainty of the mole fractions in this table. 
b Average molar weight in g‧mol-1. 

 

Though the exact oligomeric composition of PEG200 is shown to differ extremely 

slightly between vendors, the present thesis research compared the properties of density, 

viscosity, and self-diffusion between two different vendors: Acros and Rigaku. Though only 

slightly, these vendors varied most in oligomeric composition as shown in Table 5. Tables 6-8 

show very small variations in the mentioned properties between Acros PEG200 and Rigaku 

PEG200, providing the implication that the physical properties of PEG200 do not differ 

significantly between vendor sources. 

 

3.2 Water Content Dependence 

As explained in the prior introductory sections 1.1-1.8.15, the interactions between water 

or any impurity and a substance can influence its properties of density, viscosity, and self-

diffusion. In addition, increasing increments of present water can allow extrapolation to zero 

water content, providing property values of pure, neat PEG and binary mixtures. This should 

provide a more accurate and time efficient value attempting to completely dry and measure a 

PEG sample. Though current research lacks information pertaining to the influence of present 
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water on physical properties, a prior study has shown the effect of present water on ethylene 

glycol oligomers from ethylene glycol to nonaethylene glycol to be small.3 Data presented by 

Hoffman et al. showed the three properties mentioned exhibited linear dependency on the 

amount of present water. Specifically, increasing amounts of present water decreased densities 

and viscosities and linearly increased self-diffusion coefficients of the ethylene glycol oligomers. 

The present thesis research increased water content up to measured water mass fractions, w of 

around 0.02, or a water mole fraction xwater of 0.15. All values of present water in measured 

samples in units of parts per million (ppm), w, and xwater, are provided in Tables 6-8. 

Measurements of the three properties mentioned showed agreement with the prior research.  

The effects of water on PEG densities, viscosities, and self-diffusion coefficients were 

shown to be exceedingly small for the densities listed in Table 6. These results are somewhat 

surprising. Hydrogen bonding between water and the hydroxyl and ether groups of PEG can be 

expected. It also can be expected that this hydrogen bonding would yield interactions having a 

significant effect on the three properties examined, which is not the case. The small effect water 

has on the physical properties of the PEG’s examined can be seen in Tables 6-8, which describe 

the effect of increasing present water on the densities, viscosities, and self-diffusion coefficients 

of the PEG’s measured. Though the initial motivation of the thesis research was to focus on a 

comparison of properties between different vendors of PEG200, this observation led us to 

investigate PEG400 for consistencies in the effects of present water. The same negligibly small 

effect of present water was observed for the physical properties of PEG400. In addition to the 

expansion to PEG400, present water content was increased up to w = 0.1. Eventually, increasing 

water content does decrease densities and viscosities to a relatively significant degree. This can 

be seen in Figure 5, which also includes density measurements from literature. A careful 
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comparison of literature to the measurements acquired from the present thesis research study is 

included in Section 3.3. The nearly negligible effect present water has on the properties 

examined may yield important implications regarding the use of PEG as a solvent in industry. 

The effects present water has on ionic liquids is much more pronounced, and with this 

comparison PEG’s may be preferred for the integrity of their physical properties in the presence 

of impurities. Hopefully new information provided by MD simulations can shed light on the 

underlying intermolecular forces and dynamics causing this observation.   

 Despite the small effect present water has on density, viscosity, and self-diffusion up to w 

= 0.02, least square fitting was applied to extrapolate to w = 0.02 to find neat property values. 

The slope and y-intercept fitting parameters for densities and viscosities are provided in Tables 5 

and 6 along with standard deviations. Fitting parameters for interpolated self-diffusion 

coefficients are provided in Table 9, which will be described below.  
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Table 6. Densities in kg‧m-3 for Polyethylene Glycols at Ambient Pressures (0.10 ± 0.01 MPa) at 
Varying Water Mass Fraction, w, and Temperature, T.a 

T/K             Slope/kg‧m-3  Intercept/kg‧m-3 

 PEG200 Acros   
w/10-6 1834 6963 13136 16528 33512 87088   
xw 0.021 0.074 0.132 0.161 0.284 0.521   
298.15 1121.0 1120.7 1121.0 1121.0 1120.1 1117.5 6.2 ± 15.6 1120.87 ± 0.17 
308.15 1113.0 1112.7 1113.0 1113.0 1110.2 1107.6 5.5 ± 13.9 1112.88 ± 0.15 
318.15 1105.0 1104.8 1105.0 1105.0 1104.3 1101.7 4.1 ± 10.4 1104.91 ± 0.12 
328.15 1097.0 1096.9 1097.0 1097.0 1096.4 1093.7 2.1 ± 5.2 1096.96 ± 0.06 
338.15 1089.0 1089.0 1089.0 1089.0 1088.4 1085.6 0.0 ± 0.0 1089.00 ± 0.10 
348.15  1081.0   1080.4 1077.5  1081.0 
358.15  1073.0   1072.3 1069.2  1073.0 

 PEG200 Rigaku   
w/10-6 8781 12318 13837 18248     
xw 0.094 0.128 0.141 0.179     
298.15 1120.4 1121.0 1121.0 1120.4   -5.7 ± 62.3 1120.78 ± 0.86 
308.15 1112.4 1113.0 1113.0 1112.5   5.0 ± 57.6 1112.66 ± 0.79 
318.15 1104.5 1105.0 1105.0 1104.6   2.4 ± 48.8 1104.73 ± 0.67 
328.15 1096.5 1097.0 1097.0 1096.6   6 ± 47.2 1096.70 ± 0.65 
338.15 1088.5 1089.0 1089.0 1088.6   2.7 ± 45.3 1088.75 ± 0.62 
348.15 1080.5   1080.6   10.6 1080.41 
358.15 1072.5   1072.5   0.0 1072.5 

 PEG400        
w/10-6 3315 8408 13089 16461 17028    
xw 0.069 0.158 0.227 0.271 0.278    
298.15 1124.3 1124.4 1124.2 1124.1 1124.1  -18.2 ± 6.7 1124.42 ± 0.09 
308.15 1116.0 1116.2 1115.9 1115.9 1115.9  -13.5 ± 10.4 1116.14 ± 0.13 
318.15 1107.8 1108.0 1107.8 1107.7 1107.7  -12.4 ± 9.9 1107.94 ± 0.13 
328.15 1099.7 1099.9 1099.6 1099.5 1099.5  -19.9 ± 11.2 1099.88 ± 0.14 
338.15 1091.5 1091.7 1091.4 1091.4 1091.3  -17.5 ± 11.3 1091.66 ± 0.14 
348.15 1083.3 1083.5 1083.3 1083.2 1083.1   -16.4 ± 11.3 1083.47 ± 0.14 

a Relative standard uncertainty of w and xw is 0.10. Standard uncertainty of temperature is estimated to be 
0.02 K and for the density 1 kg‧m-3 based on sample purity levels. More significant figures are shown to 
minimize rounding errors when fitting data. Some data points at 348.15 K and 358.15 K are missing due 
to instrument malfunction at this temperature discovered only after sample removal.  
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Table 7. Viscosities in mPa‧s for Polyethylene Glycols at Ambient Pressures (0.10 ± 0.01 
MPa) at Varying Water Mass Fraction, w, and Temperature, T. a 
T/K             Slope/mPa‧s  Intercept/mPa‧s 

 PEG200 Acros   
w/10-6 1834 6963 13136 16528 33512 87088   
298.15 52.1 52.3 52.0 51.7 49.5 41.3 -32.4 ± 19.8 52.34 ± 0.22 
308.15 32.0 32.7 31.7 31.6 30.7 25.6 -43.3 ± 41.3 32.41 ± 0.46 
318.15 21.0 22.0 20.8 20.7 20.4 17.4 -42.4 ± 56.6 21.49 ± 0.63 
328.15 14.5 14.8 14.3 14.3 14.5 11.7 -23.3 ± 22 14.72 ± 0.25 
338.15 10.5 10.6 10.4 10.3 10.2 8.3 -15.6 ± 11 10.61 ± 0.12 
348.15  8.0   7.5 0.0  7.98 
358.15  5.8   5.8 5.8  5.76 

 PEG200 Rigaku   
w/10-6 8781 12318 13837 18248     
298.15 51.1 50.7 51.4 50.2   -83.5 ± 7.2 51.96 ± 0.99 
308.15 31.7 31.0 31.4 31.1   -56.2 ± 4.6 32.04 ± 0.63 
318.15 21.0 20.3 20.5 21.0   4.3 ± 6.6 20.65 ± 0.91 
328.15 14.5 14.1 14.1 14.2   -27.2 ± 2.7 14.59 ± 0.38 
338.15 10.4 10.2 10.2 10.2   -21.5 ± 1.1 10.52 ± 0.16 
348.15 7.8   7.6   -19.4 7.98 
358.15 5.6   5.5   -13.1 5.76 

 PEG400   
w/10-6 3315 8408 13089 16461 17028    
298.15 92.3 92.9 92.1 91.9 91.8  -50.8 ± 3.4 92.80 ± 0.43 
308.15 55.9 56.3 55.9 55.4 55.4  -50.2 ± 2.9 56.37 ± 0.37 
318.15 36.5 36.5 36.3 36.0 35.9  -48 ± 1.1 36.81 ± 0.15 
328.15 25.4 25.2 25.1 25.0 24.8  -37.4 ± 0.9 25.52 ± 0.11 
338.15 18.8 18.7 18.6 18.5 18.4  -29.5 ± 0.5 18.94 ± 0.07 
348.15 13.9 13.8 13.8 13.6 13.5  -24.7 ± 0.5 14.01 ± 0.06 
358.15 10.5 10.4 10.4 10.2 10.2   -18.7 ± 0.5 10.54 ± 0.06 

a Relative standard uncertainty of w is 0.10. Standard uncertainty of temperature is estimated to be 0.02 K. 
The standard deviations of the intercepts provide an estimate for the standard uncertainty of the viscosity 
measurements. More significant figures are shown to minimize rounding errors when fitting data. Some 
data points at 348.15 K and 358.15 K are missing due to instrument malfunction at this temperature 
discovered only after sample removal.  
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Figure 5. The effect of present water on a) density and b) viscosity of PEG200 from vendors Acros  and 
Rigaku (triangle) as well as PEG400 (square). Included are values for PEG200 from Moosavi et al.24 
(plus sign) and for PEG400 from Aucouturier et al. 27 (cross). 
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 A more in-depth explanation of self-diffusion coefficient data is required for its 

interpretation. As mentioned in section 1.8.12 and seen in the 1H spectrum Figure 3, PEG 

displays three distinct signals: one for hydroxy groups, one for the protons of the carbons 

neighboring hydroxy groups, and one for protons at the carbons attached to ether oxygens. The 

diffusion coefficients of the protons residing at the carbons neighboring the end hydroxy group 

(CH2-OH) is simply the mole fraction weighted average of the oligomeric composition of the 

PEG mixture, always as a product of four protons for all oligomers. The diffusion coefficient of 

the protons residing at the protons at the carbon attached to the ether oxygen (CH2-O) however is 

weighted higher with higher oligomers, as the number of these protons increases with increasing 

ethylene oxide repeats. Hence, the self-diffusion coefficients obtained from CH2-O protons are 

observed to be consistently larger than the self-diffusion coefficients obtained from CH2-OH 

protons. To combat this issue, only the CH2-OH self-diffusion coefficients were used in further 

analysis. 

 In addition to the issues provided by higher ethylene glycol oligomers, temperatures 

slightly varied across different NMR samples during self-diffusion measurements, possibly due 

to errors in the variable temperature broadband probe. As shown in equation 13 and further 

discussed in Section 3.3, the temperature dependence of self-diffusion coefficient is shown to 

follow Arrhenius law. This allowed the interpolation of self-diffusion coefficients to the same 

temperatures observed during density and viscosity measurements, provided in Table 10. Self-

diffusion coefficients before interpolation are shown below in Table 8, along with linear least 

square fitting results. Arrhenius Fit coefficients are provided in Table 9. 
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Table 8: Self-Diffusion Coefficients in Dependence on Water Mass Fractions, w, in 10-10 m2‧s-1, at 
Ambient Pressure (0.10 ± 0.01 MPa).a 
T/K OH/H2O CH2-O CH2-OH   T/K OH/H2O CH2-O CH2-OH 

PEG200 Acros    
w = 1834 × 10-6  w = 16528 × 10-6  

299.1 0.270 0.231 0.268  299.2 0.318 0.233 0.257 
309.2 0.42 0.375 0.400  308.3 0.542 0.371 0.414 
318.7 0.843 0.733 0.812  318.7 0.816 0.559 0.656 
328.1 0.969 0.790 0.873  328.1 1.424 0.808 0.890 
338.2 0.749 0.611 0.724  338.2 1.855 1.015 1.243 
347.4 1.715 1.450 1.633  347.4 2.488 1.527 1.641 
356.2 2.067 1.740 2.023  356.2 3.353 1.94 2.235 

w = 6963 × 10-6   w = 33512 × 10-6  
299.1 0.283 0.232 0.262  299.0 0.524 0.229 0.270 
308.3 0.466 0.363 0.410  308.4 1.038 0.372 0.420 
318.7 0.736 0.556 0.589  319.1 1.941 0.411 0.446 
328.1 1.061 0.795 0.934  329.0  0.835 0.967 
338.2 1.568 1.122 1.357  338.9  1.145 1.347 
347.4 2.016 1.268 1.57  348.5  1.533 1.637 
356.2 2.691 1.779 2.007  358.2  2.177 2.078 

w = 13136 × 10-6   w = 87088 × 10-6  
298.9 0.312 0.225 0.252  299.0 1.203 0.259 0.291 
308.3 0.538 0.371 0.407  308.4 2.038 0.412 0.448 
318.7 0.815 0.561 0.645  319.1  0.573 0.656 
328.1 1.342 0.787 0.880  329.0  1.004 1.108 
338.2 1.853 1.074 1.211  338.9  1.471 1.697 
347.4 2.378 1.469 1.538  348.5  1.777 1.898 
356.2 3.488 1.912 2.142  358.2  2.258 2.519 

PEG200 Rigaku 
w = 8781 × 10-6   w = 13837 × 10-6  

299.2 0.333 0.242 0.265  299.1 0.627 0.235 0.250 
309.0 0.538 0.383 0.418  309.2 0.524 0.358 0.426 
318.4 0.792 0.571 0.644  318.7 0.901 0.577 0.653 
327.1 1.177 0.814 0.888  328.1 1.386 0.819 0.909 
337.3 1.626 1.133 1.252  338.2 1.856 1.110 1.279 
347.9 2.177 1.492 1.599  347.4 2.636 1.555 1.667 
350.0 2.745 1.933 2.079  356.2 3.435 1.997 2.084 

w = 12318 × 10-6   w = 18248 × 10-6  
299.2 0.362 0.240 0.265  299.7 0.627 0.235 0.250 
309.0 0.528 0.386 0.436  309.0 0.524 0.358 0.426 
318.4 0.891 0.564 0.607  318.4 0.901 0.577 0.653 
327.1 1.257 0.790 0.850  327.1 1.386 0.819 0.909 
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337.3 1.827 1.116 1.164  337.3 1.856 1.110 1.279 
347.9 2.661 1.487 1.548  347.9 2.636 1.555 1.667 
350.0 2.738 1.852 1.956  350.0 3.435 1.997 2.084 

PEG400 
w = 3747 × 10-6   w = 16461 × 10-6  

298.8 0.187 0.110 0.124  299.0 0.116 0.107 0.114 
308.4 0.353 0.179 0.202  308.4 0.509 0.180 0.212 
319.1 0.534 0.283 0.302  319.1 0.825 0.277 0.293 
328.8 0.743 0.403 0.444  329.0 1.134 0.397 0.417 
337.9 1.070 0.548 0.554  337.9 1.627 0.571 0.560 
348.5 2.229 0.738 0.715  348.5 2.738 0.746 0.796 
358.2  1.055 0.698  358.2  0.841 1.932 

w = 8408 × 10-6   w = 17028 × 10-6  
299.0  0.110 0.121  298.8  0.112 0.120 
309.3 0.461 0.182 0.188  308.4 0.554 0.181 0.214 
319.3 0.727 0.285 0.322  319.1 0.814 0.275 0.306 
329.0 0.938 0.401 0.470  329.0 1.245 0.408 0.426 
337.9 1.407 0.552 0.608  337.9 1.815 0.577 0.606 
348.5 3.610 0.768 0.813  348.5 3.660 0.757 0.785 
358.4  0.976 0.931  358.4  1.004 1.128 

w = 13089 × 10-6       
298.8  0.113 0.101      
308.4 0.484 0.179 0.204      
319.1 0.785 0.280 0.294      
329.0 0.977 0.406 0.488      
337.9 1.570 0.573 0.593      
348.5  0.748 0.762      
358.2  0.980 0.895           

a Relative uncertainty of w is 0.10. Standard uncertainty of temperature is estimated to be 0.3 K. The 
standard uncertainty of the self-diffusion coefficients was found in prior studies to be 0.2 x 10-10 m2‧s-1.9, 38 
More significant figures are shown to minimize rounding errors when fitting data. Some data points at are 
missing for the OH/H2O entries due to spectral overlap. 
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Table 9: Arrhenius Fits to the PEGa Self-Diffusion Data Based on the CH2OH Signal  

 PEG200 Acros    
w/10-6 1834 6963 13136 16528 
ln(A/10-10m2‧s-1) 10.5 ± 1.6 11.5 ± 0.5 11.6 ± 0.3 11.9 ± 0.3 
Ea/kJ‧mol-1 29.1 ± 4.4 31.9 ± 1.4 32.1 ± 0.9 32.7 ± 0.8 
σab 0.3 0.4 0.4 0.4 

 PEG200 Rigaku 
w/10-6 8781 12318 13837 18248 
ln(A/10-10m2‧s-1) 12.1 ± 0.5 11.7 ± 0.4 11.8 ± 0.4 12.6 ± 0.5 
Ea/kJ‧mol-1 33.4 ± 1.3 32.2 ± 1.1 32.6 ± 1.1 34.6 ± 1.4 
σab 0.4 0.3 0.4 0.4 

 PEG400 
w/10-6 3747 8408 13089 16461 
ln(A/10-10m2‧s-1) 9 ± 0.9 10.7 ± 0.7 10.8 ± 1 13 ± 1.3 
Ea/kJ‧mol-1 27.1 ± 2.5 31.6 ± 1.9 32.1 ± 2.6 37.7 ± 3.5 

σab 0.3 0.4 0.4 0.4 
 x1 = 0.197, x2 = 0.803 

w/10-6 1030 3921 7606 12833 
ln(A/10-10m2‧s-1) 11.8 ± 0.4 10.9 ± 0.7 9.8 ± 0.5 11.5 ± 0.4 
Ea/kJ‧mol-1 33.3 ± 1.2 30.7 ± 1.8 27.7 ± 1.4 32.5 ± 1.0 
σab 0.4 0.4 0.3 0.4 

 x1 = 0.424, x2 = 0.576  
w/10-6 1235 3632 8847 12971 
ln(A/10-10m2‧s-1) 11.9 ± 0.5 11.8 ± 0.3 10.7 ± 0.3 11.3 ± 0.3 
Ea/kJ‧mol-1 33.2 ± 1.3 32.9 ± 0.9 29.9 ± 0.8 31.6 ± 0.9 
σab 0.4 0.4 0.3 0.4 

 x1 = 0.620, x2 = 0.380  
w/10-6 1462 3638 8081 14417 
ln(A/10-10m2‧s-1) 11.6 ± 0.2 10.6 ± 0.6 11.1 ± 0.5 11.6 ± 0.3 
Ea/kJ‧mol-1 32.1 ± 0.6 29.3 ± 1.5 30.7 ± 1.2 32 ± 0.9 
σab 0.4 0.3 0.4 0.4 

 x1 = 0.661, x2 = 0.339 
w/10-6 1517 4631 8906  
ln(A/10-10m2‧s-1) 11.8 ± 0.2 11.7 ± 0.4 11.5 ± 0.3  
Ea/kJ‧mol-1 32.5 ± 0.7 32.3 ± 1 31.8 ± 0.9  
σab 0.4 0.4 0.4  
 x1 = 0.752, x2 = 0.248  
w/10-6 1651 5096 10593 13132 
ln(A/10-10m2‧s-1) 11.2 ± 0.3 11.6 ± 0.2 11.1 ± 0.4 10.1 ± 0.4 
Ea/kJ‧mol-1 30.8 ± 0.7 31.8 ± 0.5 29.7 ± 1.1 28 ± 1.0 
σab 0.4 0.4 0.3 0.3 

a Includes binary mixtures of triethyleneglycol (1) and hexaethyleneglycol (2) 
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b Standard deviation of linear least square fit of logarithmic form of the Arrhenius law to the experimental 
data. 
 
Table 10: Interpolated Self-Diffusion Coefficients in 10-10 m2‧s-1 PEGsa  
T/K         slope intercept 

PEG200 Acros    
w/10-6 1834 6963 13136 16528   

298.15 0.289 0.276 0.270 0.274 -1.2 ± 0.8 0.28 ± 0.01 
308.15 0.423 0.405 0.398 0.403 -1.5 ± 1.1 0.42 ± 0.01 
318.15 0.594 0.609 0.601 0.614 1.3 ± 0.8 0.60 ± 0.01 
328.15 0.811 0.858 0.848 0.872 4.2 ± 2.0 0.82 ± 0.02 
338.15 1.118 1.219 1.207 1.251 9.4 ± 4.3 1.14 ± 0.03 
348.15 1.468 1.645 1.631 1.700 16.5 ± 7.5 1.51 ± 0.06 
358.15 1.883 2.161 2.146 2.250 26.2 ± 11.8 1.94 ± 0.09 

PEG200 Rigaku 
w/10-6 8781 12318 13837 18248   

298.15 0.274 0.276 0.272 0.271 -0.3 ± 0.2 0.28 ± 0.01 
308.15 0.419 0.416 0.417 0.411 -0.6 ± 0.2 0.42 ± 0.01 
318.15 0.616 0.602 0.611 0.612 0.1 ± 0.8 0.61 ± 0.01 
328.15 0.862 0.833 0.867 0.867 1.5 ± 2.0 0.85 ± 0.02 
338.15 1.251 1.193 1.242 1.277 3.8 ± 4.1 1.22 ± 0.03 
348.15 1.798 1.691 1.686 1.859 6.6 ± 10.7 1.72 ± 0.08 
358.15 1.926 1.808 2.229 1.996 14.5 ± 22.4 1.90 ± 0.17 

PEG400 
w/10-6 3747 8408 13089 16461   

298.15 0.143 0.131 0.124 0.114 -2.3 ± 0.3 0.14 ± 0.01 
308.15 0.200 0.200 0.185 0.181 -1.8 ± 0.5 0.20 ± 0.01 
318.15 0.285 0.295 0.281 0.297 0.6 ± 0.9 0.29 ± 0.01 
328.15 0.386 0.419 0.406 0.456 5.2 ± 1.9 0.38 ± 0.01 
338.15 0.504 0.568 0.553 0.657 11.5 ± 3.4 0.50 ± 0.03 
348.15 0.674 0.798 0.782 0.986 23.9 ± 6.2 0.66 ± 0.05 
358.15 0.868 1.079 1.055 1.402 40.9 ± 10.5 0.84 ± 0.08 

x1 = 0.197, x2 = 0.803 
w/10-6 1030 3921 7606 12833   

298.15 0.196 0.238 0.264 0.213 1.2 ± 4.0 0.22 ± 0.03 
308.15 0.300 0.356 0.374 0.321 1.2 ± 4.6 0.33 ± 0.04 
318.15 0.440 0.496 0.485 0.474 1.8 ± 3.1 0.46 ± 0.02 
328.15 0.615 0.722 0.723 0.686 4.3 ± 6.3 0.66 ± 0.05 
338.15 0.893 1.007 0.962 0.968 3.8 ± 6.0 0.93 ± 0.05 
348.15 1.280 1.304 1.281 1.344 4.6 ± 2.6 1.27 ± 0.02 
358.15 1.371 1.738 1.610 1.737 22.9 ± 17.7 1.47 ± 0.14 

x1 = 0.424, x2 = 0.576  
w/10-6 1235 3632 8847 12971   
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298.15 0.238 0.237 0.267 0.251 1.5 ± 1.6 0.24 ± 0.01 
308.15 0.364 0.365 0.389 0.373 1.1 ± 1.4 0.37 ± 0.01 
318.15 0.533 0.521 0.515 0.546 1.1 ± 1.7 0.52 ± 0.01 
328.15 0.745 0.780 0.791 0.787 3.2 ± 1.9 0.76 ± 0.01 
338.15 1.080 1.064 1.076 1.093 1.6 ± 1.3 1.07 ± 0.01 
348.15 1.549 1.469 1.465 1.505 -2.5 ± 5.1 1.51 ± 0.04 
358.15 1.659 2.000 1.874 1.932 15.7 ± 17.2 1.77 ± 0.13 

x1 = 0.620, x2 = 0.380  
w/10-6 1462 3638 8081 14417   

298.15 0.267 0.294 0.278 0.284 0.7 ± 1.5 0.28 ± 0.01 
308.15 0.407 0.426 0.409 0.419 0.5 ± 1.2 0.41 ± 0.01 
318.15 0.576 0.560 0.545 0.616 3.4 ± 3.6 0.55 ± 0.03 
328.15 0.853 0.855 0.848 0.886 2.7 ± 1.5 0.84 ± 0.01 
338.15 1.154 1.156 1.164 1.244 7.5 ± 2.7 1.13 ± 0.02 
348.15 1.582 1.565 1.597 1.719 12.2 ± 4.5 1.54 ± 0.03 
358.15 2.137 1.994 2.057 2.212 9.5 ± 11.4 2.04 ± 0.09 

x1 = 0.661, x2 = 0.339 
w/10-6 1517 4631 8906    

298.15 0.271 0.279 0.286  2.2 ± 0.2 0.27 ± 0.01 
308.15 0.415 0.419 0.426  1.7 ± 0.2 0.41 ± 0.01 
318.15 0.591 0.647 0.625  4.8 ± 7.2 0.6 ± 0.04 
328.15 0.879 0.903 0.898  2.6 ± 2.7 0.88 ± 0.01 
338.15 1.195 1.285 1.257  8.6 ± 10.9 1.21 ± 0.05 
348.15 1.645 1.756 1.733  12.5 ± 12.7 1.66 ± 0.06 
358.15 2.232 2.292 2.344  17.0 ± 1.9 2.22 ± 0.01 

x1 = 0.752, x2 = 0.248  
w/10-6 1651 5096 10593 13132   

298.15 0.303 0.309 0.406 0.330 3.7 ± 6.0 0.31 ± 0.05 
308.15 0.452 0.465 0.590 0.469 3.3 ± 8.7 0.47 ± 0.07 
318.15 0.632 0.676 0.779 0.657 3.1 ± 8.7 0.67 ± 0.07 
328.15 0.921 0.977 1.197 0.908 1.7 ± 18.6 0.99 ± 0.14 
338.15 1.231 1.358 1.626 1.214 1.0 ± 26.4 1.35 ± 0.20 
348.15 1.666 1.873 2.211 1.612 -2.1 ± 37.7 1.85 ± 0.29 
358.15 2.223 2.407 2.826 2.011 -13.7 ± 47.1 2.45 ± 0.36 

a Includes binary mixtures of triethylene glycol (1) and hexaethylene glycol (2) 
  

3.2. Comparison to Literature 

 The densities and viscosities of PEG 200 and 400 can be compared to several literature 

data, however only a few sources provide data over a wide range of temperatures above 318.15 

K. Therefore, data sets of this nature are more easily compared graphically with the 
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measurements recorded in this thesis research, shown below in Figure 6. Density values of 

PEG200 agree by less than 0.1% relative deviation (%RD) with the majority of literature. 

Literature data that does not agree within this margin can be largely attributed to experimental 

inaccuracies.22–24 Errors such as incorrect flask, dilatometer, or pycnometer capacities can be 

observed. PEG400 densities agree by about 0.2 %RD in comparison to literature data. This larger 

difference may be due to the use of different vendors. Though PEG200 shows good agreement 

between vendors as described in Section 3.1, vendor agreement has not been proven for PEG400. 

 Viscosities reported vary between data sets to a much higher degree, from -10% to +40% 

as seen in Table 11 and Figure 6. The disagreement between literature data sets of viscosities is 

most likely due to experimental errors and improper calibration. Instrumental inaccuracies are 

the most probable cause, as a number of other causes can be ruled out. Present water impurity 

showed no significant effect on the viscosities of PEG’s, so this should not be the case. Different 

vendor sourcing can be ruled out as well for the deviations in PEG200 datasets as the results of 

this thesis research showed little variation between vendors. Figure 6b indicates that temperature 

dependent calibration was unequal for temperature dependent data sets of viscosities. Some show 

an increasing deviation with increasing temperature, whereas other sets show decreasing 

deviation with increasing temperature. To ensure proper calibration, the current research utilized 

several calibration standards across varying temperatures. Measurement consistency was 

thoroughly examined between two different instruments as well, as shown in Table 4.  

 Self-diffusion coefficient data sets are lacking in literature. Only one report was found for 

comparison to this thesis research data. According to the presented logarithmic figure in the 

work of Filippov et al., PEG200 self-diffusion coefficients increase from about 0.2 × 10-10 m2‧s-1 

at 302 K to about 6 × 10-10 m2‧s-1 at 253 K.25 As seen in Table 8, the present thesis research 
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measurements of self-diffusion coefficients show good agreement with the mentioned literature 

data at low temperatures, but deviations increase to a factor of three at higher temperatures. 

Authors of this work do not state any experimental procedures describing temperature calibration 

checks of their NMR probe. This may account for differences in temperature dependence. As 

mentioned in Section 2.4, the present thesis research involved temperature calibration checks 

before and after each set of samples measured.  

 

Table 11: % Relative Deviation of Density and Viscosity of Literature Values Compared to Values in 
this Report for PEG200 and PEG400 

PEG200  PEG400 
298.15 K 308.15 K 318.15 K  298.15 K 308.15 K 318.15 K 

Density 
0.7826 -0.03427 -0.03527  -0.05228 -0.04728 -0.20927 
-
0.0422712/23/2021 
6:46:00 AM 

0.02129   -0.17026 -0.21027 -0.14830 

0.02731 0.04031   -0.21727 -0.21032  
-0.01133 0.04034   -0.23332 -0.15929  
0.02734 0.00335,36   -0.14531 -0.16231  
0.14137 0.01538   -0.18534 0.16234  
-0.01135,36    -0.16939 -0.10438  
0.03226    -0.22940 -0.16330  
0.00440    -0.25041   
-0.00638    -0.19538   
    -0.18130   

Viscosity 
-7.826 -3.627 -3.027  -7.128 -7.128 -1.427 
-5.127 -6.129   -0.426 -1.627  
-27.842 0.935,36   -2.027 -10.032  
-17.043,44    -14.632 -0.429  
-5.233    0.439   
-7.637    -1.840   
-2.135,36       
-7.739       
-4.740       
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Figure 6. % relative deviation to values listed in this report for a) density of PEG200  reported by 
Živković et al.27 (), Wu et al.22 Wu et al.23 (), and of PEG400 reported by Živković () as well as b) 
viscosity of PEG200 reported by Živković et al.27 (), Wu et al.22 (), and of PEG400 reported by Wu et 
al.46 (), and Živković et al. (). 
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3.4. Temperature Dependence 

Prior work by Hoffmann et al. has shown that densities of ethylene oxide oligomers exhibit a 

linear temperature dependence.3 The same research has shown that viscosities and self-diffusion 

coefficients showed small deviations from the Arrhenius law. Activation energies showed the 

same trend within experimental uncertainty when obtained from both viscosity and self-

diffusion.3 The present thesis data for the polydisperse mixtures PEG200 and PEG400 shows 

similar trends compared to datasets of ethylene oxide oligomers. It is observable in Figure 7 that 

the densities of PEG200, the binary mixture with an average molar mass of 200 g‧mol-1, and 

PEG400 exhibit linear temperature dependence. Least square fit coefficients and uncertainties 

are provided in Table 12.  
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Figure 7. Temperature dependence of density for PEG200 from Acros (square), PEG200 from Rigaku 
(circle), and PEG400 (triangle), binary mixture of tri and hexaethylene glycol with average molar weight 
of 200 g‧mol-1 (cross). The lines are least-linear-square fits where for PEG200 the fit was obtained from 
the combined data regardless of vendor. 

 
 

Table 12: Least Linear Square Fit Parameters of Density Temperature Dependence of Various 
Polydisperse Polyethylene Glycol (PEG) at Ambient Pressure (0.10 ± 0.01 MPa). 
PEG x1

a slope/kg‧m-3‧K-1 intercept/kg‧m-3  
PEG200 (ACROS) N/A -0.7974 ± 0.0004 1358.6 ± 0.1 
PEG200 (Rigaku) N/A -0.8047 ± 0.0020 1360.7 ± 0.6 
PEG400 (ACROS) N/A -0.8177 ± 0.0011 1368.2 ± 0.3 
Binary Mixture 0.197 -0.8088 ± 0.0006 1362.7 ± 0.2 
Binary Mixture 0.424 -0.8054 ± 0.0006 1361.7 ± 0.2 
Binary Mixture 0.620 -0.8001 ± 0.0005 1360.0 ± 0.2 
Binary Mixture 0.661 -0.8002 ± 0.0019 1360.2 ± 0.6 
Binary Mixture 0.752 -0.7977 ± 0.0010 1359.1 ± 0.3 
a Mole fraction of triethyleneglycol with hexaethyleneglycol being the second component. 
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Figure 8. Temperature dependences of viscosity, η, and self-diffusion coefficient, D, for PEG200 

from Acros (square), PEG200 from Rigaku (circle), binary mixture of tri and hexaethylene glycol with 
average molar weight of 200 g‧mol-1(circle), PEG400 (triangle) according to Arrhenius law (eq 14). The 
lines are least linear square fits where for PEG200 the fit was obtained from the combined data regardless 
of vendor. 

 

Figure 8 provides the Arrhenius plot of self-diffusion coefficient data and viscosity data for 

PEG200 and PEG400, as well as for the binary mixture with an average molar mass of 200 

g‧mol-1. Arrhenius plots were prepared using equation 14, where X(T) represents either viscosity 

or the self-diffusion coefficient and the sign of the term Ea/RT is negative for self-diffusion 

coefficient data and positive for viscosity data. 

ln (𝑋𝑋(𝑇𝑇)) = ln𝐴𝐴 ± 𝐸𝐸𝑎𝑎
𝑅𝑅𝑘𝑘

                                                                                                           (14) 
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 Intercepts in Figure 9 provide the pre-exponential factor A and the slopes of the linear least 

square fit lines relate to activation energy Ea. Fitting was not required for viscosity data or self-

diffusing data as nonlinearity is not observed in Figure 9.  Arrhenius fit parameters of viscosity 

data are presented in Table 13, with Arrhenius fit parameters of self-diffusion coefficient data 

provided in Table 14. 

 
Figure 9. Temperature dependences of viscosity, η, and self-diffusion coefficient, D, for PEG200 

from Acros (square), PEG200 from Rigaku (circle), and PEG400 (triangle) according to Arrhenius law 
(eq 2). The lines are least linear square fits where for PEG200 the fit was obtained from the combined 
data regardless of vendor. 
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Table 13: Arrhenius Fit Coefficients for the Viscosity Temperature Dependence at Ambient Pressure 
(at 0.10 ± 0.01 MPa) 
PEG x1

a ln(A/mPa‧s) Ea/kJ‧mol-1 
PEG200 (ACROS) N/A -9.09 ± 0.21 32.2 ± 0.6 
PEG200 (Rigaku) N/A -9.12 ± 0.26 32.3 ± 0.7 
PEG400 (ACROS) N/A -8.37 ± 0.30 31.8 ± 0.8 
Binary Mixture 0.197 -8.99 ± 0.19 32.4 ± 0.5 
Binary Mixture 0.424 -9.04 ± 0.24 32.3 ± 0.7 
Binary Mixture 0.620 -9.05 ± 0.17 32.1 ± 0.5 
Binary Mixture 0.661 -9.12 ± 0.29 32.2 ± 0.8 
Binary Mixture 0.752 -9.14 ± 0.24 32.1 ± 0.6 
a Mole fraction of triethylene glycol with hexaethylene glycol being the second component 

 

Table 14: Arrhenius Fit Coefficients for the Self-Diffusion Coefficient Temperature Dependence at 
Ambient Pressure (at 0.10 ± 0.01 MPa) 
PEG x1

a ln(A/m2‧s-1) Ea/kJ‧mol-1 
PEG200 (ACROS) N/A 10.27 ± 0.07 -28.5 ± 0.2 
PEG200 (Rigaku) N/A 10.69 ± 0.39 -29.6 ± 1.1 
PEG400 (ACROS) N/A 8.61 ± 0.08 -26.2 ± 0.2 
Binary Mixture 0.197 10.18 ± 0.30 -28.9 ± 0.8 
Binary Mixture 0.424 10.87 ± 0.29 -30.4 ± 0.8 
Binary Mixture 0.620 10.68 ± 0.17 -29.7 ± 0.5 
Binary Mixture 0.661 11.28 ± 0.08 -31.2 ± 0.2 
Binary Mixture 0.752 11.17 ± 0.10 -30.5 ± 0.3 
a Mole fraction of triethylene glycol with hexaethylene glycol being the second component 

 

3.5. Investigation of Ideal Mixing 

 Data for the individual ethylene oxide oligomers present in the polydisperse mixture 

PEG200 has been reported.3 It can be observed that binary mixtures composed of similar 

chemicals will exhibit ideal mixture behavior, where binary mixture properties are the mole 

fraction weighted averages of the properties of each component. Here the thesis research 

investigates the accuracy of obtaining PEG densities, viscosities, and self-diffusion coefficients 

derived from prior ethylene oxide oligomer data. The first portion of the investigation of ideal 

mixing seeks to examine these three physical properties by the same methods and data 

processing described for PEG200 and PEG400. Binary mixtures in varying mole fractions of 
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triethylene glycol and hexaethylene glycol were prepared as described in Section 2.1, with their 

exact compositions noted in Table 2. A mixture close to an average molar mass of 200 g‧mol-1 

was prepared for comparison to PEG200. These samples were subject to measurements of 

density, viscosity, and self-diffusion across the same temperature series 298 K to 358 K. These 

samples also received water additions to inspect the effect of present water impurity and 

extrapolate towards neat mixture properties. Mixtures are referred by their tri- and hexaethylene 

glycol mole fractions as if there was zero water content present. The densities, viscosities, and 

self-diffusion coefficients of these samples are summarized in Tables 15-17. Binary mixtures 

display a small linear dependence of physical properties on present water, which is consistent 

with the reported data of ethylene glycol oligomers.3 Intercepts in Tables 16 and 17 represent the 

densities and viscosities of binary mixtures with water content extrapolated to zero, respectively. 

Data of self-diffusion coefficients was analyzed and processed in the same fashion described in 

Section 3.2, where the data was fit with the Arrhenius law and self-diffusion coefficients were 

interpolated to the same temperatures of density and viscosity measurements. Fit parameters are 

included in Table 10 along with the fit parameters of PEG200 and PEG400 samples. The 

temperature dependence of binary mixture densities, viscosities, and self-diffusion coefficients 

follow the description of PEG200 and PEG400 temperature dependencies discussed in Section 

3.4. The fitting parameters for binary mixture linear temperature dependence of density are 

included with the fit parameters for PEG200 and PEG400 in Table 12 of Section 3.4. Arrhenius 

fit parameters according to equation 14 for viscosity and self-diffusion coefficient are included 

with the fit parameters for PEG200 and PEG400 as well, presented in Tables 13 (viscosity) and 

14 (self-diffusion coefficient) of Section 3.4. 
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 As shown in Figures 7 and 8, the binary mixture of triethylene glycol and hexaethylene 

glycol with an average molar mass of 200 g‧mol-1 showed essentially identical densities, 

viscosities, and self-diffusion coefficients. As the binary mixture composition greatly differs 

from the ethylene glycol oligomeric composition of PEG200 vendors, this indicates that physical 

properties of PEG mixtures are dependent on their average molar mass and not sensitive to 

mixture composition. Therefore, even if composition between vendors of PEG 200 varies, these 

findings indicate that the physical properties investigated in the thesis research will not vary 

significantly. 

 

Table 15. Densities in kg‧m-3 for Binary Mixtures of Triethyleneglycol (1) and Hexaethyleneglycol (2) 
at Ambient Pressures (0.10 ± 0.01 MPa) at Varying Water Mass Fraction, w, and Temperature, T.a 
T/K     Slope/kg‧m-3  Intercept/kg‧m-3 

x1 = 0.197, x2 = 0.803 
w/10-6 1030 3921 7607 12833   
298.15 1121.7 1121.5 1121.5 1121.4 -22 ± 8 1121.65 ± 0.06 
308.15 1113.5 1113.4 1113.4 1113.3 -15 ± 4 1113.50 ± 0.03 
318.15 1105.4 1105.4 1105.3 1105.2 -16 ± 3 1105.43 ± 0.02 
328.15 1097.3 1097.3 1097.2 1097.2 -10 ± 4 1097.31 ± 0.03 
338.15 1089.2 1089.2 1089.2 1089.1 -8 ± 4 1089.23 ± 0.03 
348.15 1081.2 1081.1 1081.1 1081.0 -15 ± 4 1081.20 ± 0.03 
358.15 1073.1 1073.0 1073.0 1072.9 -15 ± 4 1073.10 ± 0.03 

x1 = 0.424, x2 = 0.576 
w/10-6 1235 3632 8847 12971   
298.15 1121.7 1121.4 1121.3 1121.2 -55 ± 29 1121.62 ± 0.12 
308.15 1113.6 1113.3 1113.3 1113.2 -55 ± 30 1113.55 ± 0.09 
318.15 1105.5 1105.4 1105.3 1105.2 -57 ± 27 1105.51 ± 0.02 
328.15 1097.4 1097.3 1097.3 1097.2 12 ± 17 1097.39 ± 0.04 
338.15 1089.4 1089.3 1089.2 1089.1 2 ± 17 1089.41 ± 0.02 
348.15  1081.2 1081.2 1081.0 -21 ± 10 1081.30 ± 0.09 
358.15  1073.2 1073.0 1072.9 -32 ± 1 1073.32 ± 0.01 

x1 = 0.620, x2 = 0.380 
w/10-6 1462 3638 8081 14417   
298.15 1121.4 1121.2 1121.1 1121.0 -28 ± 7 1121.38 ± 0.06 
308.15 1113.4 1113.3 1113.2 1113.0 -27 ± 2 1113.42 ± 0.02 
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318.15 1105.4 1105.3 1105.2 1105.1 -22 ± 3 1105.40 ± 0.03 
328.15 1097.4 1097.3 1097.2 1097.1 -24 ± 5 1097.42 ± 0.04 
338.15 1089.5 1089.3 1089.2 1089.1 -26 ± 6 1089.44 ± 0.06 
348.15 1081.4 1081.3 1081.2 1081.1 -22 ± 3 1081.40 ± 0.03 
358.15 1073.4 1073.2 1073.1 1073.0 -28 ± 8 1073.37 ± 0.07 

x1 = 0.661, x2 = 0.339 
w/10-6 1517 4631 8906    
298.15 1121.4 1121.1 1120.5  -70 ± 50 1121.62 ± 0.08 
308.15 1113.5 1113.2 1112.6  -59 ± 57 1113.72 ± 0.07 
318.15 1105.4 1105.3 1104.3  -98 ± 90 1105.76 ± 0.32 
328.15 1097.4 1097.3 1096.6  -56 ± 70 1097.65 ± 0.20 
338.15 1089.4 1089.3 1088.7  -47 ± 66 1089.62 ± 0.18 
348.15  1081.3 1080.8  -109 1081.81 
358.15  1073.2 1072.9  -70 1073.52 

x1 = 0.752, x2 = 0.248 
w/10-6 1651 5096 10593 13132   

298.15 1121.4 1121.0 1120.9 1120.9 -11 ± 1 1121.35 ± 0.01 
308.15 1113.3 1113.0 1113.0 1113.0 -1 ± 2 1113.26 ± 0.10 
318.15 1105.4 1105.2 1105.1 1105.1 4 ± 11 1105.39 ± 0.06 
328.15 1097.4 1097.3 1097.2 1097.1 5 ± 17 1097.44 ± 0.02 
338.15 1089.4 1089.3 1089.2 1089.2 12 ± 15 1089.41 ± 0.03 
348.15  1081.3 1081.2 1081.1 -24 ± 5 1081.43 ± 0.05 
358.15  1073.3 1073.2 1073.1 -24 ± 5 1073.43 ± 0.05 

a Relative standard uncertainty of w and xw is 0.10. Standard uncertainty of temperature is estimated to be 
0.02 K and for the density 1 kg‧m-3 based on sample purity levels. More significant figures are shown to 
minimize rounding errors when fitting data. Some data points at 348.15 K and 358.15 K are missing due 
to instrument malfunction at this temperature discovered only after sample removal.  
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Table 16. Viscosities in mPa‧s for Binary Mixtures of Triethyleneglycol (1) and Hexaethyleneglycol 
(2) at Ambient Pressures (0.10 ± 0.01 MPa) at Varying Water Mass Fraction, w, and Temperature, T. 
T/K w/10-6    Slope/mPa‧s  Intercept/mPa‧s 

x1 = 0.197, x2 = 0.803 
 1030 3921 7607 12833   

298.15 63.2 60.1 60.3 60.0 -214 ± 153 62.28 ± 1.18 
308.15 39.3 37.2 37.1 36.8 -182 ± 98 38.74 ± 0.76 
318.15 26.0 24.5 24.5 24.3 -119 ± 68 25.58 ± 0.52 
328.15 18.0 17.1 17.0 17.4 -32 ± 57 17.58 ± 0.44 
338.15 12.9 12.3 12.1 12.3 -46 ± 37 12.68 ± 0.28 
348.15 9.6 9.1 9.0 9.0 -47 ± 23 9.49 ± 0.18 
358.15 6.9 6.6 6.5 6.9 0 ± 30 6.72 ± 0.23 

x1 = 0.424, x2 = 0.576 
 1235 3632 8847 12971   

298.15 56.4 55.6 55.2 54.7 -131 ± 26 56.35 ± 0.21 
308.15 34.4 34.5 34.4 33.8 -48 ± 23 34.62 ± 0.18 
318.15 22.5 23.0 23.0 22.5 -8 ± 37 22.78 ± 0.30 
328.15 15.6 16.0 16.4 16.1 47 ± 33 15.69 ± 0.27 
338.15 11.3 11.4 11.5 11.3 3 ± 12 11.35 ± 0.10 
348.15  8.5 8.4 8.3 -25 ± 4 8.63 ± 0.04 
358.15  6.2 6.5 6.4 26 ± 23 6.11 ± 0.22 

x1 = 0.620, x2 = 0.380 
 1462 3638 8081 14417   

298.15 50.7 50.8 50.0 49.6 -93 ± 23 50.92 ± 0.20 
308.15 31.7 31.8 31.3 30.9 -73 ± 10 31.91 ± 0.08 
318.15 21.2 21.2 21.0 20.7 -40 ± 3 21.27 ± 0.02 
328.15 14.6 14.6 14.9 14.6 4 ± 13 14.66 ± 0.11 
338.15 10.5 10.5 10.5 10.3 -15 ± 5 10.54 ± 0.04 
348.15 7.8 7.9 7.7 7.6 -20 ± 4 7.9 ± 0.03 
358.15 5.7 5.7 6.0 5.9 21 ± 12 5.66 ± 0.11 

x1 = 0.661, x2 = 0.339 
 1517 4631 8906    

298.15 49.6 49.5 48.3  -183 ± 64 50.03 ± 0.38 
308.15 30.6 31.0 30.1  -71 ± 88 30.90 ± 0.52 
318.15 20.1 20.6 20.2  -1 ± 75 20.33 ± 0.44 
328.15 14.0 14.3 14.2  31 ± 28 14.01 ± 0.16 
338.15 10.1 10.3 10.0  -16 ± 25 10.22 ± 0.15 
348.15  7.7 7.4  -56 7.95 
358.15  5.6 5.8  48 5.34 

x1 = 0.752, x2 = 0.248 
 1651 5096 10593 13132   

298.15 47.3 46.6 45.8 45.6 -147 ± 14 47.47 ± 0.12 



 68 

308.15 29.1 29.3 28.7 28.7 -49 ± 21 29.32 ± 0.18 
318.15 19.2 19.8 19.6 19.5 12 ± 29 19.42 ± 0.26 
328.15 13.4 13.5 13.5 13.5 10 ± 5 13.42 ± 0.04 
338.15 9.7 9.7 9.6 9.6 -15 ± 3 9.77 ± 0.02 
348.15  7.3 7.2 7.1 -26 ± 3 7.44 ± 0.03 
358.15  5.3 5.6 5.5 33 ± 15 5.14 ± 0.15 

a Relative standard uncertainty of w is 0.10. Standard uncertainty of temperature is estimated to be 0.02 K. 
The standard deviations of the intercepts provide an estimate for the standard uncertainty of the viscosity 
measurements. More significant figures are shown to minimize rounding errors when fitting data. Some 
data points at 348.15 K and 358.15 K are missing due to instrument malfunction at this temperature 
discovered only after sample removal.  
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Table 17: Self-Diffusion Coefficients in 10-10 m2‧s-1 for Binary Mixtures of Triethylene Glycol (1) and 
Hexaethylene Glycol (2) with Varying Amounts of Present Mass Fraction of Water, w, at Ambient 
Pressures (0.10 ± 0.01 MPa) 

T/K OH/H2O CH2-O CH2-OH   T/K OH/H2O CH2-O CH2-OH 
x1 = 0.197, x2 = 0.803 

w = 1030×10-6  w = 7607×10-6 
299.2 0.184 0.181 0.196  299.0 0.286 0.206 0.276 
309.0 0.296 0.290 0.297  308.7 0.387 0.302 0.328 
318.4 0.453 0.440 0.430  316.3 0.759 0.506 0.539 
327.1 0.642 0.626 0.644  328.7 0.938 0.661 0.727 
337.3 0.904 0.867 0.929  338.3 1.434 0.943 0.933 
347.9 1.227 1.145 1.142  348.4 1.970 1.219 1.245 
350.0 1.493 1.435 1.464  356.9 3.358 1.669 1.665 

w = 3921×10-6   w = 12833×10-6  
299.3 0.2218 0.1865 0.209  299.4 0.285 0.194 0.200 
309.3 0.4533 0.3809 0.4153  309.1 0.440 0.308 0.322 
318.2 0.5703 0.4489 0.4882  318.9 0.699 0.465 0.497 
328.8 0.8564 0.6779 0.7524  328.8 1.196 0.678 0.732 
338.9 1.223 0.9373 1.054  338.6 1.647 0.931 1.007 
347.1 1.62 1.253 1.188  348.6 1.846 1.197 1.299 
356.8 2.022 1.587 1.735  356.7 2.180 1.514 1.649 

x1 = 0.424, x2 = 0.576  
w = 1235×10-6  w = 8847×10-6  

299.2 0.239 0.209 0.226  299.01 0.286 0.206 0.276 
309.0 0.385 0.337 0.356  308.685 0.517 0.342 0.362 
318.4 0.586 0.499 0.561  316.27 0.759 0.506 0.539 
327.1 0.828 0.711 0.813  328.74 1.138 0.728 0.801 
337.3 1.149 0.992 1.115  338.265 1.680 1.040 1.051 
347.9 1.519 1.288 1.399  348.38 2.375 1.344 1.421 
350.0 1.924 1.587 1.668  356.91 2.640 1.772 1.942 

w = 3632×10-6  w = 12971×10-6 
299.3 0.252 0.206 0.223  299.4 0.316 0.218 0.233 
309.3 0.432 0.338 0.369  309.1 0.492 0.341 0.391 
318.2 0.642 0.494 0.547  318.9 0.798 0.513 0.566 
328.8 0.984 0.736 0.787  329.0 1.256 0.744 0.804 
337.5 1.395 1.030 1.138  338.6 1.669 1.016 1.124 
347.1 1.866 1.357 1.449  348.6 2.220 1.357 1.483 
356.8 2.843 1.763 1.882  356.7 2.431 1.681 1.854 

x1 = 0.620, x2 = 0.380  
w = 1462×10-6  w = 8081×10-6 

299.3 0.270 0.232 0.260  299.0 0.302 0.240 0.250 
309.3 0.432 0.372 0.425  308.7 0.504 0.366 0.423 
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318.2 0.640 0.494 0.557  316.3 0.774 0.556 0.598 
328.8 0.972 0.812 0.880  328.7 1.173 0.793 0.876 
337.5 1.339 1.112 1.161  338.3 1.784 1.157 1.193 
347.1 1.770 1.464 1.574  348.4 2.157 1.353 1.530 
356.8 2.405 1.921 2.107  356.9 3.053 1.888 1.984 

w = 3638×10-6  w = 14417×10-6 
299.0 0.287 0.232 0.263  299.7 0.354 0.242 0.264 
308.7 0.479 0.368 0.428  309.1 0.527 0.382 0.438 
316.3 0.706 0.551 0.624  318.9 0.884 0.573 0.642 
328.7 1.076 0.806 0.908  328.8 1.307 0.809 0.911 
338.3 1.535 1.117 1.209  338.6 1.650 1.114 1.282 
348.4 2.146 1.440 1.554  348.6 2.492 1.448 1.634 
356.9 2.823 1.842 1.811  356.7 3.117 1.862 2.177 

x1 = 0.661, x2 = 0.339 
w = 1517×10-6  w = 8906×10-6 

299.3 0.263 0.230 0.260  299.4 0.352 0.245 0.278 
309.3 0.419 0.369 0.414  309.1 0.553 0.390 0.416 
318.2 0.636 0.544 0.630  318.9 0.910 0.584 0.647 
328.8 0.932 0.805 0.881  328.8 1.303 0.853 0.936 
337.5 1.329 1.151 1.212  338.6 1.734 1.121 1.254 
347.1 1.700 1.467 1.613  348.6 2.804 1.616 1.843 
356.8 2.380 2.102 2.193  358.4 3.088 2.000 2.160 

w = 4631×10-6      
299.0 0.301 0.244 0.262      
308.7 0.484 0.384 0.449      
319.7 0.728 0.569 0.652      
328.7 1.120 0.845 0.931      
338.9 1.596 1.180 1.279      
348.4 2.197 1.518 1.632      
356.9 2.799 2.071 2.371      

x1 = 0.752, x2 = 0.248  
w = 1651×10-6  w = 10593×10-6 

299.3 0.294 0.255 0.289  299.0 0.427 0.337 0.377 
309.3 0.460 0.410 0.461  308.7 0.995 0.531 0.580 
318.2 0.628 0.550 0.633  316.3 1.122 0.776 0.849 
328.8 1.014 0.867 0.953  328.7 4.485 1.096 1.287 
337.5 1.401 1.248 1.297  338.3 3.774 1.478 1.613 
347.1 1.724 1.516 1.643  348.4 3.523 2.006 2.208 
356.8 2.259 1.944 2.117  356.9 4.145 2.548 2.664 

w = 5096×10-6  w = 13132×10-6 
299.4 0.332 0.263 0.304  299.4 0.369 0.264 0.307 
309.3 0.530 0.421 0.470  309.1 0.569 0.426 0.476 
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318.9 0.841 0.619 0.683  318.9 0.904 0.630 0.674 
329.0 1.221 0.933 0.975  329.0 1.307 0.923 0.977 
338.6 1.691 1.253 1.351  338.6 1.676 1.146 1.275 
348.6 2.477 1.726 1.960  348.6 2.164 1.429 1.560 
356.7 3.156 2.107 2.311   356.7 2.836 1.749 1.894 

a Relative standard uncertainty of w is 0.10. Standard uncertainty of temperature is estimated to be 0.3 K. 
The standard uncertainty of the self-diffusion coefficients was found in prior studies to be 0.2 x 10-10 m2‧s-

1. More significant figures are shown to minimize rounding errors when fitting data. Some data points at 
are missing for the OH/H2O entries due to spectral overlap. 
 

 The data provided in Tables 15-17 allows for an examination the dependence of density, 

viscosity, and self-diffusion coefficient on mixture composition. Densities observed for ethylene 

glycol oligomers as high as nonaethylene glycol have been reported with close similarities.3 The 

densities of triethylene glycol and hexaethylene glycol show a difference of only 3.6 kg‧m-3, 

reported as 1120.7 and 1124.3 kg‧m-3. Molar volumes are often used rather than densities to 

inspect ideal behavior when dealing with mixtures, hence these will be used in the current 

research. For convenience, Table 18 provides the molar volumes of ethylene glycol oligomers 

derived from the densities reported by Hoffman et al.3 Molar volumes displayed linear 

temperature dependence in accordance with their densities. In Figure 10, slopes and intercepts of 

linear temperature dependencies show linear dependence on the number of ethylene oxide repeat 

units (n) of the oligomer (H(OC2H4)nOH). Temperature dependent molar volumes in mL‧mol-1 

for ethylene glycol oligomers can be conveniently evaluated by these least linear square fitting 

results according to equation 15. 

𝑉𝑉�n(𝑇𝑇) = (0.0303n + 0.0079)𝑇𝑇 + 30.11n + 14.38                                                       (15) 
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Table 18: Molar Volumes in mL at 0.10 ± 0.01 MPa of Ethylene Glycol Oligomers, H(OC2H4)nOH, 
From Densities Reported by Hoffmann et al.1 and Linear Least Squares Fitting of Their Temperature 
Dependencesa 
T/K                 n 
= 2 3 4 5 6 7 8 9 
298.15 95.28 134.00 173.41 212.43 251.11 291.09 330.29 368.87 
308.15 95.91 134.95 174.66 213.98 253.02 293.18 332.70 371.59 
318.15 96.55 135.90 175.93 215.54 254.94 295.30 335.14 374.32 
328.15 97.21 136.88 177.21 217.13 256.82 297.44 337.63 377.11 
338.15 97.88 137.88 178.52 218.73 258.77 299.66 340.14 379.94 
348.15 98.56 138.89 179.85 220.38 260.71 301.89 342.68 382.76 
358.15 99.26 139.93 181.19 222.05 262.70 304.19 345.28 385.59 

Slope/ 
mL‧mol-1‧K-1 

0.0663 
±0.0005 

0.0988 
±0.000

7 

0.1297 
±0.000

7 

0.1602 
±0.001

0 

0.1928 
±0.000

6 

0.2182 
±0.001

6 
0.2497 

±0.0014 
0.2791 

±0.0010 
Intercept/ 
mL‧mol-1 

75.48 
±0.17 

104.51 
±0.23 

134.68 
±0.24 

164.60 
±0.33 

193.61 
±0.21 

225.94 
±0.54 

255.76 
±0.46 

285.59 
±0.34 

a Standard uncertainty of molar volumes estimated to be 0.20 mL based on stated relative density standard 
uncertainty of 0.1 %. 
 

 

 

 

 



 73 

 

 

Figure 10. Slope (a) and intercepts (b) of the linear dependence of temperature dependence with respect 
to ethylene oxide repeat unit, n, of molar volume of ethylene glycol oligomers, H(OC2H4)nOH. Linear 
dependences are evident with slope(n) = (0.0303±0.0003)n + (0.0079±0.0017) and intercept(n) = 
(30.11±0.12)n + (14.38±0.74). 
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 Molar volumes and linear least squares fitting of temperature dependence of binary 

mixtures of triethylene glycol and hexaethylene glycol are reported in Table 19 along with 

PEG200 for ease of comparison. Example binary mixture molar volumes at the temperatures 

298.15 K and 358.15 K are shown in Figure 11, evidently exhibiting linear dependence on mole 

fraction composition. Thus, the mixtures behave ideally. Linear dependency slopes and 

intercepts also show linearity with respect to mixture composition, shown in Figure 11b and 11c, 

respectively. 

Table 19: Molar Volumes at 0.10 ± 0.01 MPa of Tri-(x1) and Hexaethylene (x2) Glycol Binary Mixtures and 
PEG200 and Linear Least Squares Fitting of Their Temperature Dependence a  

x1 0.000 0.197 0.424 0.620 0.661 0.752 1.000 
PEG 
200 

PEG 
200 

 T/K        Acros Rigaku 
298.15 251.11 228.49 201.75 178.70 173.83 163.16 134.00 183.65 188.58 
308.15 253.02 230.16 203.21 179.97 175.07 164.34 134.95 184.97 189.96 
318.15 254.94 231.84 204.69 181.28 176.33 165.51 135.90 186.30 191.32 
328.15 256.82 233.56 206.20 182.60 177.63 166.70 136.88 187.66 192.72 
338.15 258.77 235.29 207.72 183.93 178.94 167.93 137.88 189.03 194.13 
348.15 260.71 237.04 209.27 185.30 180.23 169.18 138.89 190.43 195.63 
358.15 262.70 238.83 210.83 186.69 181.62 170.44 139.93 191.85 197.07 
Slope/ 
mL‧mol-

1‧K-1 
0.1928 

±0.0006 

0.1722 
±0.000

8 

0.1514 
±0.000

8 

0.1332 
±0.000

8 

0.1296 
±0.000

9 

0.1212 
±0.000

8 

0.0988 
±0.000

7 

0.1365 
±0.000

8 

0.1415 
±0.001

0 
Intercept/ 
mL‧mol-1 

193.61 
±0.21 

177.10 
±0.29 

156.57 
±0.26 

138.93 
±0.27 

135.15 
±0.30 

126.96 
±0.25 

104.51 
±0.23 

142.92 
±0.29 

146.34 
±0.33 

 
a Standard uncertainty of molar volumes estimated to be 0.20 mL based on relative density standard 
uncertainty of 0.1 %. Standard uncertainty of temperature is 0.02 K. 
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Figure 11. Molar volumes (a) of binary mixtures of tri- and hexaethylene glycol at 298.15 K () and 
358.15K (). The slopes (b, ) as well the intercepts (c, ) of the linear temperature dependencies of the 
molar volumes also show linearity over the entire composition range with slope(x1) = (-0.0935±0.0010)x1 
+ (0.1915±0.006) and intercept(x1) = (-89.40±0.48)x1 + (194.21±0.29) with x1 being the mole fraction of 
triethylene glycol. 
 

 

150

200

250

m
ol

ar
 v

ol
um

e/
m

L 
m

ol
-1

a)

0.10

0.15

0.20

slo
pe

/m
L 

m
ol

-1
 K

-1 b)

0.0 0.5 1.0
100

150

200

in
te

rc
ep

t/m
L 

m
ol

-1

mole fraction triethylene glycol

c)



 76 

Linear least squares fitting results allows temperature dependent molar volume of 

triethylene glycol and hexaethylene glycol binary mixtures to be calculated by equation 16, with 

x1 representing the mole fraction of triethylene glycol. 

𝑉𝑉�𝑥𝑥1(𝑇𝑇) = (−0.0935𝑥𝑥1 + 0.1915)𝑇𝑇 − 89.40𝑥𝑥1 + 194.21                                                (16) 

Despite the evident display of ideal behavior in Figure 11, this thesis research included an 

examination of excess molar volume, 𝑉𝑉�𝐸𝐸, according to equation 17 where the indices 3, and 6 

represent the neat tri (3) and hexaethylene glycol (6).  

𝑉𝑉�𝐸𝐸(𝑇𝑇) = 𝑉𝑉�𝑥𝑥1(𝑇𝑇) − (𝑥𝑥1𝑉𝑉�3(𝑇𝑇) + (1 − 𝑥𝑥1)𝑉𝑉�6(𝑇𝑇))                                                            (17) 

 All excess molar volumes were positive, from 0.041 to 0.454 mL‧mol-1 when obtained 

from the molar volumes listed in Tables 18 and 19. Excess molar volumes were also computed 

from the fit equations 15 and 14, which resulted in all values obtained being negative even for 

neat triethylene and hexaethylene glycol where excess molar volume should be zero. As shown 

in Table 20, these excess molar volumes ranged from -0.112 to -0.249 mL‧mol-1. Though this 

may indicate non-linearity in molar volume data, any non-linearity should be very small, barely 

outside the range of uncertainty. As the relative uncertainty for densities and typical values of 

~200 mL‧mol-1 for molar volume is 0.1%, the uncertainties would be 0.2 mL‧mol-1. Excess molar 

volume displays larger uncertainties for mole fractions close to neat components.47 Therefore 

ideal behavior for molar volumes of triethylene glycol and hexaethylene glycol is displayed 

within the measurement uncertainty. Computing excess molar volumes for the two PEG samples 

by combining the values listed in Tables 16 and 17 with the composition results of GC analysis 

in Table 4 further confirms ideal behavior. The excess molar volumes computed from this 

calculation are shown below in Table 21. The largest excess molar volume showed a magnitude 

of only 0.123 mL‧mol-1.   
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Table 20: Excess Molar Volumes in mL‧mol-1 of Tri- (1) and Hexaethylene Glycol (2) Binary 
Mixtures as calculated from fits in eqs. 3 and 4. a 

x1 0.000 0.197 0.424 0.620 0.661 0.752 1.000 
 T/K        

298.15 -0.249 -0.222 -0.191 -0.164 -0.158 -0.146 -0.112 
308.15 -0.228 -0.206 -0.182 -0.160 -0.156 -0.146 -0.118 
318.15 -0.207 -0.191 -0.172 -0.156 -0.153 -0.145 -0.125 
328.15 -0.187 -0.176 -0.163 -0.153 -0.150 -0.145 -0.132 
338.15 -0.166 -0.161 -0.154 -0.149 -0.148 -0.145 -0.138 
348.15 -0.145 -0.145 -0.145 -0.145 -0.145 -0.145 -0.145 
358.15 -0.125 -0.130 -0.136 -0.141 -0.142 -0.145 -0.151 

a Standard uncertainty of excess molar volumes estimated to be 0.50 mL based. Standard uncertainty of 
temperature is 0.02 K. 
 

Table 21: Excess Molar Volumes MPa of Tri- (1) and Hexaethylene Glycol (2) Binary Mixtures and 
PEG200 as calculated from entries in Tables 16 and 17. a  

x1 0.000 0.197 0.424 0.620 0.661 0.752 1.000 PEG200 PEG200 
 T/K        Acros Rigaku 

298.15 0.000 0.454 0.297 0.194 0.135 0.112 0.000 0.060 0.101 
308.15 0.000 0.404 0.257 0.159 0.094 0.108 0.000 0.048 0.108 
318.15 0.000 0.353 0.223 0.141 0.072 0.082 0.000 0.034 0.084 
328.15 0.000 0.367 0.239 0.138 0.089 0.078 0.000 0.026 0.089 
338.15 0.000 0.337 0.205 0.117 0.078 0.075 0.000 0.011 0.072 
348.15 0.000 0.330 0.216 0.121 0.041 0.075 0.000 0.002 0.123 
358.15 0.000 0.317 0.188 0.107 0.068 0.060 0.000 -0.012 0.091 

a Standard uncertainty of excess molar volumes estimated to be 0.50 mL based. Standard uncertainty of 
temperature is 0.02 K. 
 

 As ideal behavior has been observed for binary mixtures of triethylene glycol and 

hexaethylene glycol, the thesis research will now turn to an inspection of how polydisperse 

mixture viscosity and self-diffusion coefficients can be predicted from ethylene glycol oligomer 

data. Helpful insights can be found by comparing the Arrhenius fit parameters of binary mixtures 

of triethylene glycol and hexaethylene glycol listed in Tables 13 (viscosity) and 14 (self-

diffusion coefficient) to ethylene glycol oligomer trends. Ethylene glycol oligomers up to 

nonaethylene glycol are found to follow the Arrhenius law with the same activation energies 
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Ea(n) in units of kJ‧mol-1. This follows a linear dependence upon the number of ethylene oxide 

repeat units (n) as shown in equation 18. 

𝐸𝐸𝑤𝑤(n) = 0.4561 n + 28.8517                                                                                        (18) 

 Though this equation predicts a gradual decrease of activation energies for binary 

mixtures of triethylene glycol and hexaethylene glycol as the mole fraction of triethylene glycol 

increases, this is not shown in Tables 14 and 15. Activation energies derived from viscosity data 

listed in Table 14 are within a fit uncertainty and identical at 32.2 kJ‧mol-1 for all binary 

mixtures. This data agrees with the activation energies of PEG200 and PEG400 as well. 

Activation energies derived from the self-diffusion coefficient data listed in Table 15 are slightly 

more scattered but center at a smaller value of about 30 kJ‧mol-1. 

 Equation 18 was also used to compute pre-exponential factors, in which viscosity data 

provided the same value ln(A/mPa‧s) = -8.619 for all ethylene glycol oligomers. Self-diffusion 

coefficient data provided the same value for all ethylene glycol oligomers as well, where 

ln(A/m2‧s-1) = 11.268. Pre-exponential factor values for ethylene glycol oligomers are slightly 

smaller than the entries for viscosity in Table 13, and slightly larger than the entries for the 

values of self-diffusion coefficients listed in Table 14. Viscosities and self-diffusion coefficients 

of binary mixtures and PEG200 samples from their mole fraction weighted oligomeric 

composition data from Table 5 were evaluated by combining the values of lnA with eq 17. All 

Calculated viscosities listed in Table 22 show negative differences with respect to measured 

values (calculated – measured), with differences shown in Table 24. All calculated self-diffusion 

coefficients listed in Table 23 show positive differences with a few exceptions in both categories, 

with these differences shown in Table 25. Opposite signs are easily explained by the inverse 

relationship of self-diffusion and viscosity. Self-diffusion slows as a substance becomes more 
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viscus. Variations are somewhat constant for a given temperature across different samples for 

both viscosity and self-diffusion data shown in Tables 24 and 25. Differences in variation are 

observed between temperature changes. Figure 12 exemplifies these variations, where relative 

differences for a few samples are shown in percent to allow the display of viscosity and self-

diffusion data in the same figure. Viscosities agree with measured values within a few percent, 

increasing in magnitude as temperature decreases. Though the arc-shaped relative differences in 

viscosity may suggest non-linearities on the Arrhenius fitting as the route cause, use of directly 

reported ethylene glycol monomer viscosity values resulted in even greater differences between 

measured and calculated viscosities (not shown). Self-diffusion data showed the opposite trend, 

where calculated values differ greater from measured values at higher temperatures. Calculated 

self-diffusion coefficients differed from measured values up to a relative difference of 30%, or 

0.65 × 10-10 m2‧s-1. Differences at lower temperatures listed in Table 25 however display relative 

differences from 20% - 30%, within the measurement standard uncertainty of 0.2 × 10-10 m2‧s-1. 

 

Table 22: Calculated Viscosities in mPa‧s of Tri- (1) and Hexaethylene Glycol (2) Binary Mixtures 
Based on Ea and lnA Parameters of Ethylene Glycol Oligomers from Hoffmann et al.3  

x1 0.197 0.424 0.62 0.661 0.752 PEG200 PEG200 
 T/K      Acros Rigaku 

298.15 55.47 48.94 43.92 42.94 40.83 44.75 45.85 
308.15 36.81 32.61 29.37 28.73 27.37 29.91 30.62 
318.15 25.07 22.29 20.14 19.72 18.81 20.50 20.97 
328.15 17.48 15.60 14.14 13.85 13.23 14.38 14.70 
338.15 12.44 11.14 10.13 9.93 9.50 10.30 10.52 
348.15 9.04 8.12 7.40 7.26 6.95 7.52 7.68 
358.15 6.68 6.02 5.50 5.40 5.18 5.59 5.70 
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Table 23: Calculated Self-Diffusion Coefficients in 10-10 m2‧s-1 of Tri- (1) and Hexaethylene Glycol 
(2) Binary Mixtures Based on Ea and lnA Parameters of Ethylene Glycol Oligomers from Hoffmann et 
al.3 

x1 0.197 0.424 0.62 0.661 0.752 PEG200 PEG200 
 T/K      Acros Rigaku 

298.15 0.255 0.289 0.322 0.330 0.347 0.316 0.309 
308.15 0.385 0.434 0.482 0.493 0.517 0.473 0.462 
318.15 0.565 0.635 0.703 0.718 0.752 0.690 0.675 
328.15 0.810 0.908 1.001 1.022 1.070 0.984 0.963 
338.15 1.137 1.270 1.397 1.426 1.490 1.374 1.345 
348.15 1.566 1.744 1.913 1.950 2.036 1.882 1.844 
358.15 2.119 2.352 2.573 2.622 2.734 2.533 2.483 

 

Table 24: Differences of Calculated (Table 23) and Measured Viscosities in mPa‧s (Intercepts Listed 
in Table 7) 

x1
a 0.197 0.424 0.62 0.661 0.752 PEG200 PEG200 

 T/K      Acros Rigaku 
298.15 -6.81 -7.41 -7.01 -7.03 -6.41 -7.58 -6.10 
308.15 -1.93 -2.02 -2.55 -2.14 -1.87 -2.50 -0.95 
318.15 -0.51 -0.51 -1.13 -0.61 -0.65 -0.99 0.23 
328.15 -0.11 -0.13 -0.52 -0.17 -0.21 -0.34 0.31 
338.15 -0.24 -0.21 -0.41 -0.28 -0.25 -0.31 0.16 
348.15 -0.45 -0.52 -0.50 -0.69 -0.42 -0.46 -0.15 
358.15 -0.04 -0.13 -0.15 0.06 -0.08 -0.18 0.05 

a Mole fraction of triethylene glycol with hexaethylene glycol being the second component 
 
 
Table 25: Differences of Calculated (Table 24) and Measured Self-Diffusion Coefficients in 10-10 
m2‧s-1 (Intercepts Listed in Table 8).  

x1
a 0.197 0.424 0.62 0.661 0.752 PEG200 PEG200 

 T/K      Acros Rigaku 
298.15 0.03 0.05 0.05 0.06 0.03 0.03 0.03 
308.15 0.05 0.07 0.07 0.08 0.04 0.06 0.04 
318.15 0.10 0.11 0.15 0.12 0.09 0.09 0.07 
328.15 0.15 0.15 0.16 0.14 0.08 0.16 0.12 
338.15 0.20 0.20 0.27 0.22 0.14 0.24 0.13 
348.15 0.29 0.23 0.37 0.29 0.18 0.38 0.13 
358.15 0.65 0.58 0.53 0.40 0.28 0.59 0.58 

a Mole fraction of triethylene glycol with hexaethylene glycol being the second component 
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Figure 7. Percent relative differences of calculated and measured viscosities and self-diffusion 
coefficients for two samples: binary mixture of 0.661 mole fraction triethylene glycol with hexaethylene 
glycol (viscosity ; self-diffusion ) and PEG200 from Acros (viscosity ; self-diffusion coefficient 
). 
 

 The inspection of the ideal behavior of binary mixtures indicates mole fraction weighted 

physical property values can be used as a reasonable estimate for the densities (from molar 

volumes), viscosities, and self-diffusion coefficients of polydisperse PEG mixtures. Calculated 

values differed from measure values within measurement uncertainty for molar volumes as well 

as for the same temperature ranges for viscosities and self-diffusion coefficients.  
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Conclusion 

 This thesis research presented new density, viscosity, and self-diffusion coefficient data 

for PEG200, PEG400, and binary mixtures of triethylene glycol and hexaethylene glycol over a 

wide range of temperatures. The exact oligomeric composition of PEG200 from six different 

vendors was shown to be comparable. Two different vendors of PEG200 which varied most in 

oligomeric composition were investigated for differences in the three physical properties 

mentioned. These two samples showed very small differences in measurements of density, 

viscosity, and self-diffusion. As water is the most common impurity in PEG, the effects of 

present water impurity were closely investigated. The effect of present water up to about 0.02 

mass fractions, or 0.15 mole fractions in PEG200 and PEG400 was found to be negligibly small 

for all three physical properties. These results support the usefulness of PEG’s, indicating 

robustness in practical use regardless of vendor source and exact water content up to 0.02 mass 

fractions. Linear temperature dependence was shown for densities and therefore molar volumes 

over the examined temperature range. Viscosities and self-diffusion coefficients were shown to 

follow the Arrhenius law. An inspection of ideal mixing by use of binary mixtures of triethylene 

glycol and hexaethylene glycol resulted in useful implications for predicting mixture behavior. It 

was found that the properties of binary mixtures and the PEG200 samples examined can be 

estimated by mole fraction weighted property values within reason for most temperatures within 

the wide range examined. Calculated molar volumes and measured values agreed within 

measurement uncertainty. Calculated viscosities were lower than measured values, differing only 

slightly except for the lowest temperatures measured where viscosities differed up to 15%. 

Calculated self-diffusion coefficients were slightly larger than measured values between 10% 
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and 20% near measurement uncertainty for most temperatures. Differences at the highest 

temperatures examined reached as high as 30%.  

In summary, the new data presented supports the use of PEG as a green solvent in 

chemical synthesis and processing. With robustness across different vendor sources and present 

water impurity, PEG is useful regardless of atmospheric water absorption and vendor. Results of 

the thesis research show that mole fraction weighted property values of PEG mixtures can be 

used as a reasonable estimate of mixture properties, providing convenient physical property 

predictions.  
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