
ABSTRACT 

Novick, Brian.  Free Meniscus Coating Using Compressed Carbon Dioxide. (Under the 
Direction of Dr. Ruben G. Carbonell and Dr. Jospeh M. DeSimone.) 
 

This thesis investigates the use of compressed carbon dioxide as a replacement solvent for 

web based coating processes including the free meniscus based devices.  We use theory, such 

as Tallmadge’s Four Force Inertial Theory, to show why carbon dioxide based free meniscus 

coaters are advantageous over normal coating processes.  We show theoretically that thinner 

films can be formed at faster rates, that important deposition forces can be controlled, that 

there is better penetration into porous materials, that there are less capillary forces, that films 

may have increased uniformity, and that there is better process control.  This research also 

details how coatings can be applied by using a novel high pressure free meniscus coater 

(hFMC) to deposit thin films of important perfluorpolyether lubricants for microelectronics.  

The coater was designed as part of this thesis.  We have investigated what substrates can be 

coated by showing that compressed gaseous carbon dioxide induces the wetting of low enery 

surfaces by low Mw coating precursors.  We have shown that the hFMC device can be used 

to take advantage of the induced wetting.  Biocompatible precursors have been coated onto 

porous PTFE and polymerized at high pressure.  The coating process results in porous PTFE 

with significantly different properties than uncoated samples.  We have also investigated 

what materials can be coated from carbon dioxide by studying the rheological effects of 

carbon dioxide on coating precursors.  We find that changing the backbone structure, end 

groups, or side groups on the precursor affect the mixture viscosity.   The results of this 

investigation open up new potential applications of this environmentally benign coating 

process. 
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CHAPTER 1: INTRODUCTION 

1.1 Motivation 

Solvent based coating techniques are important in the production of numerous 

commercial goods.  These include products as simple as paper bags and as technologically 

advanced as microelectronics.  However, the deposition of these coatings often uses large 

quantities of solvents that are harmful to the environment.  The clean air act (CAA) which 

was passed into law in 1970 and subsequent amendments regulate most solvents used in the 

coating industry. Currently, there are over 229 compounds that are classified as harmful to 

the environment in the CAA [1,2].  In 1995 coatings and adhesives processes accounted for 

11.6% of volatile organic contaminants (VOC) emissions [3]. Regulations passed in 1998 

require the coating industry to reduce the VOC content of coating processes to between 0.23 

to 0.52 kg/L of applied dry coating excluding water or solvent [3].  

There are numerous technologies being investigated as alternatives to solvent based 

processes. These alternatives include powder, water-borne, 100% solids, chemiphoretic, 

electrostatic, electron beam curable, and UV curable coatings [3-11]. Although these new 

methods have the potential to reduce the pollution generated by solvent based coating 

processes they are not a comprehensive solution.  The wide variety of coated products and 

the numerous technological challenges associated with deposition makes eliminating solvent 

based coating techniques unrealistic.  However, liquefied carbon dioxide has the potential to 

be used as an environmentally benign solvent to replace traditional coating solvents. 

The use of compressed carbon dioxide as a replacement solvent for coating processes 

has just begun.  Investigators have concentrated on processes such as the rapid expansion of 
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supercritical fluids, Unicarb process, particle coatings, spin coating, chemical fluid 

deposition, and the impregnation of polymers [12-25].   Although the use of carbon dioxide 

in coating processes has generated interest there are very few studies in which the saturated 

state of liquid carbon dioxide is used.  In fact, no one has looked at the replacement of 

organic solvents in web based coating techniques.      

The web-based class of coating devices use the forces generated by a meniscus to 

meter the thickness and structure of the coating.  Web based devices include free meniscus 

coaters and devices which use mechanical metering, such as a blade or wiper, to help 

produce uniform coatings. Web based coating systems produce over 95,000,000 lbs of EPA 

classified hazardous air pollutants per year [11].  These pollutants consist of solvents such as 

formaldehyde, methyl ethyl ketone, methanol, toluene, and xylene that are also classified as 

VOCs. These compounds are primarily released (up to 96%) as part of the drying/curing or 

coating application stage in web based coating process [11].  They may also be released 

during other significant stages in the process including cleaning, mixture preparation, and 

solvent storage.  Pollutants are also released in wastewater streams.   

This research investigates the use of carbon dioxide as a replacement solvent in web 

based coating techniques.  We show why carbon dioxide is a better solvent, how we can 

apply coatings, and what can be coated. We use theory to show why CO2 is a good solvent 

for web based coating processes. We investigate how to deposit coatings by designing a first 

generation exploratory high pressure free meniscus coater and a secondary large scale hFMC 

apparatus.  We study what materials can be coated by measuring the physical properties of 

coating precursors and by studying the wetting properties of coating precursors on porous 

surfaces.           
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1.2 Coating Technology 

The replacement of air at a substrate interface with a layer of alternate material is 

otherwise known as coating.  The first coatings were produced in 15,000 BC with the 

production of cave paintings.  The true beginning of coating technology is attributed to the 

Chinese who in 2000 BC produced lacquered substrates using tree sap [5-7]. During the 16th 

century greater demand necessitated modification of this ancient lacquer technique.  It was 

found that a readily available material, vegetable oil, could be used to produce coatings in 

large quantities. This method was used extensively until the beginning of the twentieth 

century when demand once again outpaced production.  The first modern coating materials 

consisted of cellulose nitrate and synthetic phenolic and alkyd resins [5-7].  

1.2.1 Modern Coating 

The beginning of modern coating science is attributed to Landau and Levich who in 

1942 investigated the mathematics involved in the process known as dip coating [6].  During 

the 1960s Deryagin published one of the earliest coating texts known as “Film Coating 

Theory” [26].  Other early coating literature includes work by Higgins, Booth, Weiss, Satas, 

and Chopra [3,5,7,8].  In 1970, coating became a “stand alone unit operation” when 

Professor L.E. Scriven developed a research group to study coating flows at the University of 

Minnesota [6].  During the 1980s his group developed advanced mathematical methods and 

measurement tools that resulted in a dramatic increase in coating research.  

Modern coating efforts include numerous international conferences, educational and 

industrial research, and well established centers such as the Center for the Study of 

Interfacial Phenomena [3,5-10,27,28].  A survey of the United States patent literature reveals 

over 92,000 patents established since 1976 whose abstracts or titles refer to the words 
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“coating”, “coat”, “coatings”, or “coated.”   A review of four literature databases including 

the Compendex, Applied Science & Technology Index, CAB Abstracts, and INSPEC returns 

over 291,000 articles published on coatings since 1970.   Additionally, an online search of 

the Thomas Register which lists industrial suppliers in the U.S., for the term “coating” results 

in over 725 product headings.     

The ability to produce coatings is extremely important.  In the early 1990s the United 

States produced over 3.8 X 106 m3 of coatings for protection, decoration, and functional 

treatments [3,5,7,8,10,28].  In 1992 it was estimated that the paint and protective coating 

market accounted for 10% of the applied coatings, and was valued at over $14 billion [5].  In 

1996 the worldwide production of these coatings was over 230 million metric tons and 

valued at about $60 billion [3,7].  

1.2.2 Coating Markets 

The production of coatings is a major industry in the global economy because there 

are many products that require coatings. The most visible segment of the coatings industry is 

that of paint and protective films [29].  Coverings are applied to automobiles, houses, 

bridges, wood, plastic, and metal.  Major coating categories include auto-refinishing, 

beverage can protection, large appliance finishing, metal coil coatings, metal furniture 

coatings, metal parts protection, and coatings on business machine plastic parts [3,5,7-11,28-

30].  Adhesives and sealants are also widely produced coatings.  Substrates include tape, 

envelopes, tiles, building material, and office supplies.  The printing & publishing industry 

and paper industry both use a vast amount of coatings to modify gloss and media strength.  

Magnetic coatings are important in many technological storage devices.  Although magnetic 

media first became available in 1935 it is still in use today.  Current computer hard drives 
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and removable storage diskettes use magnetic storage technology.  Video recording media 

such as the common VCR tape also utilizes magnetic storage.  The microelectronic industry 

relies on many thin film and protective coatings. Circuit boards, optical fibers, integrated 

circuits, liquid crystal displays, projection screen television, solid state cameras, wires, and 

integrated optics are just a few of the many electronic components that contain coatings 

today. Household audio & video such as prerecorded music stored on compact discs utilize 

coatings. Table 1.1 shows the market value for some of these segments in 1990 [29].  The 

total net worth of coatings produced in the late 1980s and early 1990s is estimated to be over 

320 billion dollars [3,5,7-11,28-30].  

Industry Segment Reference $ Value in Millions 

Paints and Coatings 14,658 
Adhesives and Sealants 5,462 
Printing and Publishing 168,514 
Paper  
Sanitary Food Containers 2,282 
 Plastic Bags Laminated and Coated 5,215 
 Papers Laminated  and Coated 8,027 
Photographic Films Worldwide 25,000 
Inorganic Coatings Europe 1,000 
Magnetic Media  
 Floppy Disks 12,400 
 Standard Magnetic Disks 258 
Electronics  
 Printed Circuit Boards 5,151 
Prerecorded Music 8,020 
Household Audio and Video 6,708 
Computers and Peripherals 72,500 
Total: 335,195 

Table 1.1: Value of coatings produced in specific coating markets [29]. 

1.2.3 Coating Materials 

There are many resins used to produce coatings. These materials are usually based on 

natural substances such as oils, on organic and inorganic compounds, and on polymeric 
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materials.  Some common resins includes substances such as cellulose, vinyls, acrylics, 

polyesters, polyurethanes, alkyds, epoxies, silicones, and fluoropolymer compounds [31,32].  

1.3 Web Based Coating 

The techniques used to produce industrially significant coatings are extremely varied.  

Coatings can be applied from the liquid, solid, or gaseous state.  Liquid techniques include 

web based coaters, spin coaters, and curtain coaters [3,7]. Gaseous techniques include many 

variations of physical vapor deposition (PVD) and chemical vapor deposition (CVD) [33,34]. 

Spray processes are also widely used coating techniques [35].  Solid coating consisting of 

powder methods or rubbings are also common [36,37].  

1.3.1 Web Based Coating Devices 

This research investigates the use of liquid carbon dioxide in web based coating 

techniques. These types of coaters include withdrawal, drain, slot/die, roll/reverse roll, 

extrusion/calendaring, curtain, and rotary screen [11,38].  These devices can be combined 

with mechanical metering equipment to produce other coaters such as gravure, knife, and 

mayer rod/wire round.  Some of these devices are depicted in Figure 1.1.  In 2000 the EPA 

reported that there were approximately 400 establishments in the U.S. that used web based 

coating operations [11].  In these establishments gravure, roll/reverse roll, and slot coating 

are the three most used web based processes.   

Web based coating devices can apply solvent-borne, water-borne, hot-melt, and 

reactive coatings.  The most common solvent-borne solvents include methanol, methyl ethyl 

ketone, toluene, xylene, acetone and ethanol [11].  Coating formulations contain from 

between 40 to 80 wt% of solvent.  Waterborne coatings are formulations that contain more 

than 5% water by weight in the volatile fraction.  Even though these formulations contain 
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water they may contain up to 30 wt% organic solvent.  Hot-melt coatings are one of the most 

environmentally benign coatings because they produce almost no VOCs and require less 

energy than solvent-borne or water-borne coatings.  However, the use of hot-melt coatings is 

limited since only a small number of substrates can withstand the required high temperatures.  

In addition, the final coatings often do not have great resistance to environmental stresses 

such as cold or heat, and are normally not transparent.  Reactive coatings consists of reactive 

polymers such as styrene formaldehyde, phenolic, melamine, and epoxy resins [11,31,32].  

Although reactive coatings are often more environmentally benign than solvent based web 

coating methods they are not a suitable alternative because there are many limitations. First, 

reactive coatings tend to be the most costly web based coating method.  Second, incomplete 

curing is a problem, especially in thicker coatings because the required thermal or UV 

initiation often is incomplete. This is especially problematic in cases where the coating 

cannot contain any residual precursor due to safety considerations.  Third, it is often difficult 

to achieve the desired film thickness because the coating formulation has a very high 

viscosity.  Lastly, the coating precursor may be harmful and therefore require extra 

protection for workers. 

1.3.2 Free Meniscus Coaters 

Although there are many types and uses for web based coating techniques that use 

mechanical modifications this work concentrates only on the free meniscus withdrawal and 

drain coating techniques.  These processes are collectively known as dip coating, which also 

includes continuous coating processes, because the fluid dynamics are mathematically 

equivalent (Figure 1.2).  The only difference between these configurations is whether the 

substrate or the fluid is set in motion and if the coating processes is at steady-state.  These are 
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very common coating configurations especially at the early stage in the development of new 

web based processes [7,8]. The withdrawal method is used in both laboratories and industry 

because of its simplicity and cost.  Continuous coating is desirable because of higher output, 

but complex engineering designs often limit implementation.  Drainage is based upon the 

same principles as withdrawal and is advantageous when space is limited since it requires no 

mechanical lifting mechanism [3,8,38-40].  Drainage is the best configuration for high 

pressure devices since the need for a mechanical lifting mechanism within the high pressure 

vessel is eliminated.  Drainage is also advantageous because the size of the high pressure 

vessel is minimized.   

1.3.3 Free Meniscus Coatings   

Industrial dip coating processes date back to before the 20th century.  One example is 

the making of chocolate covered foods.  The science of withdrawal became significant in the 

1960's when it was the primary method used to produce photographic films [7]. During the 

1970’s free meniscus coating was used during the production of magnetic tapes, 

galvanization of steel, creation of polymeric films, and the coating of glass plates [7,41-44].  

It has also been used extensively to deposit metal oxide films and antiglare materials on glass 

[45].  Some of these antiglare and protective oxide films are listed in Table 1.2. Many 

electrochromic devices and sensors utilize withdrawal as a method to deposit films [46-48]. 

Hard disk perfluoropolyether protective lubricants are currently dip coated onto the platter to 

prevent stiction and friction [49,50].  Sol-gel and Langmuir-Blodgett films are also applied 

using dip-coating [47,51].  Dip coating is used in the production of decorative and industrial 

laminates, flexible vinyls, and pressure sensitive tapes [11]. Lastly, opto-electric materials 
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can be applied using dip coating [46].  Reviews of some of these techniques can be found in 

the work of Brinker and Roberts [38,52].   

Starting Material Film Material Color 
Al-sec-butylate Al2O3 Colorless 
Y(NO3)3 Y2O3 Colorless 
La(NO3)3 La2O3 Colorless 
Ce(HO3)36H2O CeO2 Colorless 
Nd(NO3)3 Nd2O3 Colorless 
In(NO3)3 In2O3 Colorless 
Si(OR)4 SiO2 Colorless 
Ti(OR)4 or  TiCl4 TiO2 Colorless 
ZrOCl2 ZriO2 Colorless 
HfOCl28H2O HfO2 Colorless 
ThCl4 or Th(NO3)4 ThO2 Colorless 
SnCl4 SnO2 Colorless 
Pb(OOCCH3)2 PbO Colorless 
TaCl5 Ta2O5 Colorless 
SbCl5 Sb2O5 Colorless 
Cu(No3)23H2O CuO Brown 
VOCL2 VOx Greenish/Yellow 
Cr(NO3)29H2O CrOx Yellow/Orange 
Fe(HO3)39H2O Fe2O3 Yellow/Red 
Co(HO3)26H2O CoOx Brown 
Ni(NO3)26H2O NiOx Grey 
RuCl3H2O RuOx Grey 

Table 1.2:  Metal Oxide Films Deposited by Dip-Coating [45] 

1.4 The Deposition of Thin Films 

1.4.1 Thin Film Markets 

One coating area in which web based techniques need improvement is the deposition 

of thin films.  Thin films have been used widely in silicon-based semiconductor devices.  

However, in recent years other industrially important thin film markets have arisen.  

According to a recent industrial survey (Table 1.3), silicon-based semiconductor device 

fabrication is still the market in which thin films are most used. However, coating markets 

such as industrial coatings, optical coatings, MEMS devices, and nanotechnology are also 

very significant [53].   
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The most important characteristics of the thin films are uniformity, defect levels, 

contamination, conformal coverage, and conductivity.  Other less important characteristics 

include hardness, electromigration resistance, and high-aspect fill ratios.  Besides web based 

techniques thin films can be applied using CVD (chemical vapor deposition), PVD (physical 

vapor deposition), spin coating, co-precipitation, laser ablation and deposition, plasma-

enhanced CVD, pulsed laser deposition, pyrolytic reaction, thermal spray coating, and 

molecular self-assembly [9,53]. 

Market Percentage of respondents working with 
thin films in the designated market* 

Silicon-based semiconductor devices 28.3 
Industrial coatings 27.5 
Optical coatings 23.4 
MEMS 20.8 
Nanotechnology 20.8 
Ceramics 16.4 
Biomedical 15.6 
Lasers/Electro-optics 15.2 
Instrumentation 14.5 
Plastics 13.0 
Flat Panel Displays 12.6 
Metallurgy 11.2 
III-V base semiconductor devices 10.8 
Catalysts 9.3 
Environmental Analyses 7.1 
Disk Drives 6.7 
Inks 6.3 
Decorative Coatings 5.2 
Abrasive Materials 4.8 

*Respondents were allowed to select multiple markets 

Table 1.3: Important Thin Film Coating Markets [53] 

1.4.2 Thin Film Formation 

There are many thin film types. We are concerned primarily with the deposition of 

polymeric based materials because of their numerous uses.  The formation of polymeric films 

usually occurs in seven steps (Figure 1.3).  First, a liquid mixture is applied to a substrate 



 11

using a relevant coating technique.  Next, bulk solvent evaporation causes dissolved polymer 

molecules to concentrate.  Third, the solvent continues to evaporate and the polymer at the 

air/liquid interface forms a surface film.  Further solvent evaporation eventually leads to 

dense packing of the polymer.  Fifth, solvent continues to evaporate from the immobile dense 

packed polymer film causing formation of a microstructure.  These structures are often 

polyhedric in shape due to interfacial forces.  Once this structure is complete excess solvent 

diffuses through the polymer to the surface and evaporates.  Lastly, the solvent finishes 

diffusing out of the polymer and a homogeneous film is formed [54,55].  Here we will review 

some of the major problems that are associated with the formation of thin films by solvent 

based processes.  A general list of common film defects is listed in Appendix A.     

1.4.3 Crawling and Dewetting 

When a substrate has a relatively low surface energy compared to the coating mixture 

then crawling or dewetting may occur.  In crawling a coating spreads onto the substrate due 

to mechanical forces.  However, surface tension forces draw the liquid back into a spherical 

shape.  During evaporation the viscosity increases until the coating no longer flows over the 

surface.  Once the film becomes immobile the regions that were drawn together by surface 

tension end up trapped next to thinner portions of the film.  The entrapment leads to the 

formation of non-uniform films [3].   

In many cases the substrate surface is exposed before the viscosity increase causes the 

film to be immobile. This phenomenon, known as dewetting, is a major problem during the 

deposition of thin films [56-72].  de Gennes, Sharma, and Callegari have show that the 

physical properties of the coating solution, including surface tension and viscosity, 

significantly affect the wetting/dewetting process [68,73-76].  There are many mathematical 
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expressions that have been developed that show how the physical properties of the fluid 

affect dewetting.  The dewetting force in a thin film is related to the Young contact angle of 

the liquid on the surface, θy, and the liquid-vapor surface tension, γlv [76], 
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When the dewetting force is high it is more likely that the film will dewet during the coating 

process.  Callegari has used equation 1.2 to show that the minimum stable film thickness is 

related to the fluid physical properties [76], 
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The thinnest stable films can be produced if the surface tension of the fluid is low and the 

density of the fluid is high. The dewetting force is counterbalanced by viscous forces which 

de Gennes has estimated [77], 
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Here, µ is the liquid viscosity, Ud is the dewetting velocity, xmax is the macroscopic cutoff 

length, and xmin is the microscopic cutoff length. Schwartz has shown that the rate of defect 

formation is also dependent on the fluid physical properties [78],  
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Here, µo is the initial viscosity of the fluid before dewetting, ho is the the initial film thickness 

before dewetting, h* is the thin precursor thickness at the single stable energy minimum and 

is equivalent to a slip coefficient, n,m are constants that relate h* to the disjoining pressure.  

Typical values of n and m are 3 and 2 respectively.  High viscosity and low surface tension 

minimize the rate of defect formation.  

Clearly, the dewetting process is dependent on solution physical properties and 

governed by both van der Waals forces and Laplace pressure [67,79].  Numerous authors 

have studied how these forces lead to dewetting during the formation of thin films [56-

71,73,76,78-80].  Two main mechanisms are known to cause the dewetting of thin films.  

The first mechanism is known as spinodal dewetting [60]. This occurs when the second 

derivative of the excess intermolecular interaction energy becomes negative (i.e. 0
h

G
2

2

<
∂

∂ ∆
 

). The second mechanism, which can occur when heterogeneities exist, is dewetting by 

microscale spacial gradients in wettability.   Sharma and Wensink have proposed a third 

mechanism in which dewetting of the thin film can be caused by a density variation 

throughout the film [73].  These density variations are often caused by changes in the local 

film thickness.  Sharma showed that films become unstable when the density decreases with 
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increasing film thickness.  Other authors have also shown that the physical properties of a 

fluid are critical in determining whether dewetting occurs [81-88].   

1.4.4 Pattern Formation 

Depending on the physical properties of the coating mixture dewetting either leads to 

the formation of holes or patterns.  The formation of patterns is known as reticulation.  Thiele 

has shown that thin films can dewet by hole nucleation [71].  Reiter found that mobile thin 

polymer films will form cylindrical holes [62,79].  The distance between holes is 

proportional to the (thickness of the film)2.  He has also shown that in cases where the 

contact angle is high the polymer films will form droplets.  The dewetting films will form 

polygonal networks of liquid rims that may decay to droplets via Rayleigh instabilities [67].  

Sharma has shown that dewetting is usually preceded by the formation of bicontinuous 

structures.  These structures then form either microdroplets or circular holes.  Hole patterns 

are often dependent on the rate at which the hole grows [89].  Sharma has also shown that 

although nucleation sites such as dust particles and other defects can cause the formation of 

these structures they are not necessary.  Karapanagiotis studied the dewetting of PS films less 

than 100 nm thick [57].  They found that 23% of the dry patches were formed because of the 

presence of particle contaminants.  Other authors have also found nucleation processes to 

significantly contribute to dewetting [60,71].  Yamamura found that evaporation could lead 

to pattern formation in thin films by secondary phase separation [57,90].  The pattern shape 

was independent of surface wettability.  However, evaporation induced convection causes 

necklace and cellular patterns which are dependent on the surface tension driven flows and 

secondary phase separation.   The dewetting of thin polymer films has also been studied by 

de Gennes who found that the radius of dewetting holes grows proportionally to exp(t) while 
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the hole rim height grows proportionally to t0.5 [68].  Debregeas and Redon have also shown 

that the dewetting velocity of viscous films grows exponentially with a characteristic time 

scale dependent on film thickness, film viscosity, and the spreading coefficient [64,91,92].  

More information on wetting can be found in Chapter 4.    

1.4.5 Drying Defects 

Other defects may also occur while the film is drying.  Cracks may form if the skin on 

top of the evaporating liquid grows large and passes into a glassy state [3,55,93].  de Gennes 

has shown that higher vapor pressure solvents form thinner crusts [94].  Cracking may also 

occur after the film has been formed [93].  Picture framing occurs when evaporation is 

quicker at the edge of a substrate.  The evaporation rate gradient across the film causes 

increases in concentration, surface tension and film thickness near the edges that lead to this 

defect [3]. Blistering and popping occur when gaseous solvent or air becomes entrapped in 

the film during the deposition/drying process.  If a skin forms on the surface before the 

trapped bubbles are released then they may later break through the surface and cause defects. 

Spitaeil discovered that solvents which caused gelation of the film during the drying process 

led to better films [95,96].   

1.4.6 Solvent Retention 

Solvent retention is a major problem encountered during solution based film 

deposition [3,8,9,54,97-99].  The rate of transport of the solvent from within the film to the 

surface is controlled by Fickian diffusion once the polymeric film is close to being dry.  

Often, the film becomes plasticized and solvent is retained.  In some cases this solvent 

retention can be as high as 2-3% [3]. Temperatures above the polymer Tg are required to 

remove most of the remaining solvent.  However, Can, van de Fliert, Park, Akram, and 
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Duskova-Smrckova have shown that removal of all of the solvent is often impossible [100-

103].  Solvent retention is especially problematic in systems where solvent toxicity is 

important such as in the pharmaceutical, food, and health industries.       

1.4.7 Other coating problems 

There are many other problems which may be encountered during thin film solvent 

based coating processes and which are dependent on the physical properties of the coating 

mixture.  It is often difficult to get a coating solution to penetrate into porous material, 

especially when the substrate has a low surface energy and the solution viscosity is high 

[3,9,72,75].   Collapse of fine features or micro-architecture due to high capillary forces is 

also a major problem (see Chapter 4) [104-108].  Adhesion of the coating to the substrate, 

which is dependent on the surface wettability and therefore the coating solution surface 

tension, may be problematic [3,8,77].  Leveling of the film is also a problem.  The film can 

be made to level more quickly if the viscosity of the coating solution is low [3].   

1.5 The benefits of using Carbon Dioxide as a Coating Solvent 

1.5.1 Industrial Uses of Carbon Dioxide 

If carbon dioxide is used as the solvent during coating deposition than many of the 

problems listed above might be overcome.  The idea to use compressed carbon dioxide as an 

alternative solvent is not new.  The benign nature of carbon dioxide makes it an ideal solvent.  

Not only is it nonflammable, which is especially important in coating processes where heat is 

often used for drying, but it is readily available as a byproduct from industrial processes.  

Carbon dioxide is also non-toxic which is advantageous because if any solvent is retained in 

a coating it will also be non-toxic.  The physical properties of compressed carbon dioxide 

make it a good alternative solvent.  Most authors have investigated the supercritical state of 
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CO2 (Tc = 31 °C, Pc = 1070 psi) because it is considered to be “tunable”.  Small changes in 

pressure or temperature result in large variations in density, dielectric constant, and solvent 

strength (Figure 1.4).  Industrially significant processes such as extraction [109-115], 

polymer processing [116,117], garment cleaning [118,119], food processing [120-127], 

particle formation [128-131], manufactured parts cleaning [118], and polymer synthesis exist 

[132-136]. A few companies dedicated to supercritical fluid technologies include 

Supercritical Systems, Inc. (SSI), Micell Technologies, Supercritical Fluid Technologies, 

Inc., Phasex, Supercritical Technology Consultants, Berger Instruments, Thar Technologies, 

Inc, and  Fluitron, Inc. 

1.5.2 Physical Property Benefits of Compressed Carbon Dioxide 

The physical properties of compressed CO2 which are advantageous for web based 

coating applications include density, viscosity, and surface tension.  Saturated liquid CO2 has 

a density which can be tuned from 927 kg/m3 at 0 °C to 467 kg/m3 at the critical point.  At 

low temperatures CO2 possesses a density similar to that of water and most organic solvents.  

The large density range of saturated CO2 is similar to that of supercritical CO2 and results in 

the same variable solvent capacity.   

The low viscosity of saturated liquid CO2 (99.394 µPa-s at T=0 °C to 41.109 µPa-s at 

T=25 °C) will enhance flow rates and diffusive transport of a coating solute, both of which 

aid in the formation of thin conformal coatings.  In coating process the low solution viscosity 

results in thinner films since viscous shear forces are considerably reduced when compared 

to normal solvents.  The low viscosity will also help reduce crawling and promote leveling.  

The diffusion coefficient of solutes in compressed liquid CO2, about 1-2 orders of magnitude 

higher than in typical liquid solvents, can decrease concentration gradients in the liquid phase 
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and increase the transport of solutes to the substrate during film formation [137-140].  

Carbon dioxide is also able to dissolve and diffuse quite readily in a large number of 

polymeric materials.  This large diffusivity through a nearly dry polymer can minimize the 

amount of residual solvent left on the surface and reduce the time and energy required to 

drive the solvent from the film. 

The low surface tension of saturated liquid CO2 (0.0045403 N/m at  T=0 °C to 0 N/m 

T=Tc) also allows it to wet essentially all known surfaces.  A solid substrate is wetted by a 

solution when the liquid/vapor interfacial energy (γlv) of the solvent is much smaller than the 

solid/vapor interfacial energy (γsv) [77].  The low liquid/vapor interfacial energy of liquid 

CO2 indicates that it is one of the few solvents that will wet solids with extremely low 

interfacial energies, such as fluorinated polymers like polytetrafluoroethylene PTFE (γsv ≈ 

19-23 dynes/cm).  Of course, this low liquid/vapor surface energy also allows it to wet solids 

with extremely high interfacial energy, such as glass or silicon oxide.  It has been shown that 

all fluids near their critical points exhibit surface tensions of approximately zero, so this 

property is not unique to CO2 [141,142].  However, the readily accessible critical point of 

CO2 makes it extremely convenient to design high pressure coating operations in such a way 

that these extremely favorable solvent penetration and wetting properties can be readily 

exploited. The low surface tension of CO2 will reduce crawling and wetting, help prevent 

collapse of materials with fine features, and help reduce solvent retention.  The low surface 

tension of liquid CO2 should also allow it to better penetrate into small pores and rough or 

patterned surfaces [143,144].  Higher penetration and increased wetting will lead to better 

adhesion and bonding between the substrate and the coating. The better penetration of CO2 

into a porous material should allow the film to be deposited deeper into a porous substrate.   
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1.5.3 Plasticization Benefits of Compressed Carbon Dioxide 

Carbon dioxide also exhibits an excellent ability to act as a plasticizer.  In 1982 Wang 

was able to significantly reduce the Tg of polystyrene using compressed CO2 [145].  In 1985 

Chiou used differential scanning calorimetry to show that the Tg of PMMA and 

poly(vinylidene fluoride) blends could be reduced by over 30°C by adding CO2.  They also 

confirmed the plasticization of polystyrene [146]. Chiou subsequently reported that 

polystyrene, polycarbonate, poly(vinyl chloride), and poly(ethylene terephthalate) can all be 

plasticized by CO2 .  Later, Beckman showed that PMMA networks are susceptible to a 

decrease in Tg even at pressures as low as 1200 psig [147].  Other authors have also 

demonstrated plasticization of polymers  by CO2 [148-155].   

Plasticization is extremely important in coating processes.  During the coating of 

polymeric colloidal dispersions it is well known that there is a minimum film formation 

temperature highly dependent on Tg [54].   A lower film formation temperature results in a 

lower operating temperature for the coating apparatus or drying process.  The significant 

lowering of Tg by compressed CO2 may also affect the coating processes because there 

should be more polymer flexibility during the film formation step.  Increased polymer 

flexibility can result in more ordered or uniform films.  The lowering of polymer viscosity 

and surface tension by CO2 may also serve to enhance this effect.   The plasticization caused 

by CO2 will also be useful since it will help maintain a gelled state and reduce skin formation 

during drying.              

1.5.4 Solvent Capabilities of Compressed Carbon Dioxide 

A solute must be either soluble or dispersible in a solvent to be coated using a free 

meniscus process.  The solubilities of many compounds in CO2  have been studied, especially 
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in the supercritical state [156-170].  The most soluble polymers include PDMS, poly(1,1-

dihydrodecafluoroctyle acrylate), poly(fluoroalkoxyphazene), perfluoropolyether ammonium 

carboxylate, poly(propylene oxide), and poly(ethylene oxide) dimethyl ether.  Pluronic, 

Surfynol, Dabco, Zonyl, and Krytox derivatives are just a few of the many copolymers found 

to have some solubility.  It has also been shown that metal complexes of nickel, copper, gold, 

and heavy metal toxic materials can all be extracted into sCO2 [156-170]. The solubility of 

TiCl4 is also significant [171,172]. This material is a precursor to titanium silicide, a hard 

coat material used to protect metal and in the production of silicon wafers.  Recently, other 

compounds including acetylated sugars have been found to be soluble in CO2 [173].  

Fortunately, some fluorinated and siloxane compounds which might be used in coatings 

because of their unique surface properties are soluble in CO2.  However, there are many 

compounds that are not soluble in CO2.  These include crystalline and high molecular weight 

polymers.  

1.5.5 Dispersions in Compressed Carbon Dioxide 

The limited solubility of some compounds in compressed CO2 can be overcome by 

creating a dispersion. The ability to disperse substances in CO2 is well established [174-184].  

DeSimone, Johnston, and others have shown that there are numerous polymers that can be 

dispersed in carbon dioxide by using CO2 soluble surfactants [174-184]. Examples include 

methyl methacrylate, vinyl esters, styrene, butyl acrylate, and polyvinyl acetate.  There is 

also the opportunity to create systems in which CO2 is the only solvent used in the production 

process. Polymers may be synthesized by dispersion polymerization in CO2 and the colloidal 

dispersion might then be coated directly onto a substrate from CO2.  
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1.5.6 Evaporation benefit of Compressed Carbon Dioxide 

Evaporation in a compressed CO2 environment is controlled by the difference 

between the system pressure and the vapor pressure.  This allows the tuning of the 

evaporation driving force from small to large values.  The ability to tune the evaporation 

driving force can be extremely useful in preventing the drying defects discussed above. This 

is discussed in more depth in Chapter 2. 

1.6 Thin Lubricant Films 

There are many thin film coatings that might be applied using liquid CO2.   One such 

coating is protective perfluoropolyether (PFPE) based lubricants.  These materials are used in 

the hard disk industry and are being looked at as a possible solution to high stiction and 

friction forces in MEMS devices.  Current hard and floppy disks and magnetic tape recording 

media utilize a thin PFPE film to reduce stiction and friction [50].  These CO2 soluble 

polymers are applied by dip-coating from solvents such as FC113, THF, Toluene, MEK, and 

MIBK (Table 4) [49,185-188].  In this section we review the use of lubricants in the hard 

drive industry and their potential use in the protection of MEMS devices.   

Solvent Withdrawal 
Velocity  

Concentration 
Type 

Concentration Final Film 
Thickness 

Source 

Fluorinert FC-72 4-16 mm/s Volume 
Fraction 

0.10% 2-10 nm Hahm 1998 

Fluorinert FC-72 1 mm/s Volume 
Fraction 

1% 75 nm Hahm 1998 

Freon TF and 
Fluorinert-77 

1-25 mm/s NR 0.10% 0-12 nm Streator 1991 

HT-70 0.5-6 mm/s NR 0.20% 1.5-9 nm Gao 1995 
1,1,2 
Trichlorotrifluoroethane 

1-3 mm/s g/L 0.5-5% 0-10 nm Ruhe 1996 

PF-5060 0-2.7 mm/s NR 0-0.3% 0.5 – 8 nm Gao 1995 
Perfluorohexane NR NR NR NR Tyndall 1998 

Table 1.4:  Conditions used to Deposit Lubricants for Hard Disk Drives 
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1.6.1 Magnetic Hard Disks 

Information in a hard disk is stored on a series of magnetic platters.  These disks 

consist of a substrate coated with three primary layers: the magnetic layer used to store the 

actual data, a protective overcoat to prevent damage to the magnetic layer, and a lubricant 

layer to reduce friction/stiction (Figure 1.8) [50].  Substrates include glass and Al-Mg 

alloys[189,190].  Thin film high density hard drives may have additional coatings which 

improve surface hardness and magnetic properties. The magnetic layer is deposited 

approximately 15-30 nm thick and commonly consists of cobalt alloys such as Co-Cr, Co-Pt-

Ni, Co-Ni, CoCrTa, CoPtCr, or CoPtCrTa [189-194].  The overcoat acts as a hard protective 

coating preventing damage to the soft magnetic layers. Diamond like amorphous 

hydrogenated carbon, SiO2, and ZrO2-Y2O3 coatings are also used for protection [191].  In 

the past the protective film has been 10-40 nm thick. However, increasing drive capacity 

necessitates bringing the read/write head closer to the magnetic layer.  Future protective 

coatings will need to be less than 50 Angstroms thick [189-194].     

1.6.2 Lubricant Requirements in the Magnetic Hard Disk Industry 

The lubricant layer is important for proper function of the hard drive. The read/write 

head is less than 50 nm from the surface of the platter. The platter is rotating at roughly 10 

m/s.  Gellman describes the extreme forces resulting from these conditions as similar to those 

which would be felt by a jet fighter flying less than an inch above the surface of the earth 

[50].  Lubrication is necessary to prevent damage from the extremely high friction forces 

during contact.  

 Current lubricant layers consist of PFPE based polymers with a thickness between 

0.5-10 nm. It has recently been recognized that coatings for magnetic media might be 
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depostied from supercritical fluids [195].  This lubricant film is very interesting from the 

perspective of coating with liquid CO2 for two reasons: PFPEs are highly soluble in liquid 

CO2 and coatings are currently applied using a withdrawal process.   

Lubricant  Structure 

Fomblin Z-DOL HO-CH2-O-[CF2-CF2-O-]m-[CF2-O-]n-CF2-CH2-OH 
Fomblin Z CF3-O-[CF2-CF2-O-]m-[CF2-O-]n-CF3 
Fomblin AM2001 Piperonyl-O-CH2-CF2-O-(CF2-CF2-O-)m-[CF2-O-]n-CF2—CH2-O-Piperonyl 
Krytox CF3-CF2-CF2-O-[CF(CF3)-CF2-O-]m-CF2-CF3 
Krytox-OH CF3-CF2-CF2-O-[CF(CF3)-CF2-O-]m-CF(CF3)-CH2-OH 
Demnum CF3-CF2-CF2-O-[CF2-CF2-CF2-O-]m-CF2-CF3 
Demnum-SA CF3-CF2-CF2-O-[CF2-CF2-CF2-O-]m-CF2-CF2-CH2-OH 

Table 1.5: Common Hard Disk Lubricants 

1.6.3 Physical Properties of PFPE Lubricants  

The perfluoropolyether lubricants used in the magnetic film industry are of low 

molecular weight (500-15000 Dalton). Common repeat units include CF2O, CF2CF2O, 

CF2CF2CF2O and CF(CF3)CF2O.  Most of these lubricants exist as liquids at temperatures 

between –100 and 400 °C.  Their viscosities have a small dependence on temperature and 

shear rate.  They also tend to be hydrophobic which helps prevent water absorption. 

Although PFPEs tend to be stable up to around 400 °C they can be catalytically degraded by 

many metals, alloys, and salts.  Additionally, they are nonflammable, considered to be non-

toxic, have low vapor pressures (10-8 torr), and low surface tensions (10-20 dynes/cm) [196].  

1.6.4 Tribological Performance of PFPE lubricants 

The increase in tribological performance of hard disk materials with a PFPE lubricant 

has been well studied.  Many authors report friction/stiction force reduction and increased 

durability when PFPE lubricants are coated on hard disks [83,197-204].  The lubricant may 

be partially bonded to the surface with thermal or UV energy.  It has been found that the 
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effectiveness of the lubricant is dependent on how a lubricant molecule deposits from the 

solvent.  The functionality of the end groups and the molecular orientation of the lubricant on 

the surface are two of the key factors that have been correlated with friction reduction. This 

correlation may occur because these factors affect bondability, or because orientation 

determines which functional groups are exposed to the read/write head [83,197-204].  

1.6.5 Lubrication problems in MEMs Devices 

It has recently been shown that MEMs devices which contain moving parts suffer 

from the same tribological limitations as hard disks [196,205-216].  MEMs devices such as 

optical switching devices, microrelays, and micropumps all have moving parts.  Most of 

these devices are made of polycrystalline materials because of their wide use in integrated 

circuit technology.  The surface structures of MEMs devices have lateral dimensions of 50–

500 µm and are 0.1–2.5 µm thick [217-219].  Small features may be offset 0.1– 2 µm from 

the substrate. The large surface area to volume ratios in these devices makes the role of 

surface and interfacial forces important.  Hydrophobic low surface energy coatings applied to 

the mainly polycrystalline structures have been shown to minimize adhesion, friction, 

stiction, and static-charge [217].  Similar to a hard disk a very thin coating that is only a few 

molecular layers thick is needed.  Coatings that have been introduced commercially include 

perfluorodecanoic acid and phenylsiloxane [210,211,215,217-219]. Other fluorinated 

compounds, including PFPEs used in the hard disk industry, are also being investigated 

[220].  Deposition of the thin protective film is more problematic than in the hard disk 

industry.  Not only must a very thin film be produced, but it must be done without causing 

collapse of the fine architecture present in the MEMs device.  Deposition techniques which 

are under investigation include low surface energy plasmas, CVD and PVD, and self-
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assembled monolayers [212,217-231].  Carbon dioxide in the supercritical state has already 

been used to dry MEMs devices after they have been produced [104-106,108,114,129].  

However, compressed CO2 has not been used to apply thin protective films to MEMs 

devices. 

The next two chapters will discuss how CO2 can be used to apply thin films that are 

relevant in the hard disk and MEMs industry.  First, we will review withdrawal theory for 

web based processes.  Theoretical predictions are used to show that liquid CO2 has many 

advantages in the deposition of thin films.  We will then show how a novel high pressure free 

meniscus coater can be used to apply PFPE lubricant films.  
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1.7 Table of Symbols 

Symbol  Description (M=mass, L=length, t=time, T=Temperature, F=Force) 

γlv Liquid vapor interfacial tension (F/L) 

θy Equilibrium (Young) contact angle  

ρ Density of the liquid (M/L3) 

µ Fluid viscosity (M/L-t) 

µo Initial viscosity before dewetting (M/L-t) 

fd Dewetting force per unit length of the contact line (F/L) 

fv Viscous force per unit length of the contact line (F/L) 
g Gravitational constant (9.8 m/s2) 

h* Thin precursor thickness at the single stable energy minimum (L), “slip-coefficient”  

hf Thickness of the dewetting film/drop (L) 

ho Initial wet film thickness (L) 

n,m Constant that relate h* to the disjoining pressure (n>m>1) 

t time (t) 

Tg Polymer glass transition temperature (T) 

Ud Dewetting velocity (L/t) 

xmax Macroscopic cutoff length (L) 

xmin Microscopic cutoff length (L) 
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1.9  Figures 

 

 
 
 

Figure 1.1: Liquid Coaters 
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Figure 1.2: Dip Coaters 
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Figure 1.3: Steps in the formation of a polymeric film 

 

Step 1: Film Deposition 

 
 

 

Step 2: Flocculation 

 

 

 

Step 3: Skin formation 

 

 

Step 4: Concentration 

 

 

Step 5: Coalescence 

 

Step 6: Structure Formation 

 

Step 7: Formation of Final Film 
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Figure 1.4: Carbon Dioxide Compressibility Chart 
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Figure 1.5: Density of Saturated Liquid Carbon Dioxide 
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Figure 1.6: Viscosity of Saturated Liquid Carbon Dioxide 
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Figure 1.7: Surface Tension of Saturated Liquid Carbon Dioxide 
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Figure 1.8: Primary Layers of a Hard Drive Storage Platter 
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CHAPTER 2: THEORETICAL INVESTIGATION OF THE BENEFITS 

OF CARBON DIOXIDE IN DIP COATING 

2.1 Introduction 

In Chapter 1 we reviewed the physical properties of CO2 that make it a good solvent 

for overcoming some of the challenges associated with the deposition of thin films by web 

based coating devices.   In this chapter we review the theory that has been developed for dip 

coating devices.  We demonstrate using a predictive model that the physical properties of 

compressed liquid CO2 make it advantageous as an alternative coating solvent for the 

formation of thin films by dip coating.   

2.2 Flat Plate Withdrawal 

2.2.1 History of Vertical Flat Plate Withdrawal 

The major advantages of dip coating devices include the ability to coat an entire 

substrate in one step, the relatively simple and inexpensive equipment, and the ease of reuse 

of coating solutions.  However, dip coating processes are difficult to control since uneven 

evaporation rates result in local variations in solution physical properties which adversely 

affect film uniformity.  In addition, the leading and trailing edges of the coated material are 

subject to non-uniformities caused by uneven wetting and varying surface tension.  Liquid 

hold-up on edges and the need for heat treatment to remove residual solvent from the surface 

are also problematic [1-4].  Numerous authors have attempted to minimize these problems by 

studying how to predict the entrained and dry film thickness.  

The models used to predict film thickness in dip-coating processes began with an 

estimate of the amount of liquid entrained on a rectilinear substrate.  Early theories include 
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work by Goucher, Jeffreys, Stott, Morey, and Chalmers [5-9].   The entrainment estimate was 

made by assuming that there was only slow viscous drainage from a flat surface.  Under 

these conditions the time dependent film thicknesss for viscous drag can be described by,       

g
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 . (2.1)  

Here, u is the local velocity in the film, t is time, µ is the fluid viscosity, ρ is the fluid 

density, z is the axis normal to the substrate, and g is the gravitational constant.  The solution 

to equation (2.1), first determined by Jeffreys, predicted a non-constant parabolic shape film 

thickness profile that increased in size as the film continued to drain [7], 
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Here, x is the axis downward and parallel to the withdrawn substrate 

Jeffreys recognized that in addition to the non-constant film thickness profile predicted by 

equation (2.2) that there also existed a region with a constant film thickness, H. 

During the early 1940s both Landau & Levich and Derjaguin & Levi developed a 

more complete understanding of withdrawal and drainage by adding capillary forces to the 

theoretical treatment of flat plate withdrawal from a pool of liquid.  Film Coating Theory, by 

Derjaguin and Levi is a thorough review of this withdrawal theory [7,10].  Unlike the work 

of Jeffreys these theories attempted to predict the thickness of the constant film thickness 

region, H (Figure 2.1).  However, it was found that the thickness of the constant film 

thickness region could not be predicted unless the shape of the meniscus where the entrained 

film entered the bulk liquid pool was known.   
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2.2.2 Dip coating and meniscus matching techniques 

Derjaguin showed that during withdrawal there is a region near the surface of the bulk 

liquid in which the film is stagnant. In this region the withdrawal rate is very close to zero 

and the meniscus profile is equivalent to that of a static meniscus.   However, above this 

“stagnation zone” the effective withdrawal velocity is not zero and there is a dynamic 

meniscus shape.   A solution for H can be found if the profile of the dynamic meniscus is 

matched to that of the static meniscus at their intersection point (2.3) [10], 
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2.2.3 Theory of Landau & Levich and Derjaguin & Levi 

Landau & Levich and Derjaguin & Levi were able to simultaneously determine two 

solutions using the meniscus matching technique [10,11].  However these were limiting cases 

since they only accounted for two forces at a time.  First, a plug flow theory was derived 

where viscous and surface tension forces were included, 
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The solution to the plug flow theory is, 
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Here, γlv is the fluid surface tension and H is the constant film region thickness.  A second 

theory which included only viscous and gravitational force was also developed,  
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The solution to equation 2.6 is, 
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2.2.4 Other classic coating theories 

Tallmadge and others greatly expanded withdrawal theory from 1964 until 1979 [12-

91].  Efforts mainly concentrated on being able to account for all forces which play a primary 

role in determining the entrained film thickness.  During the 1970s Tallmadge was able to 

derive the four-force inertial theory (FFIT) [91].  This model is a useful predictive tool since 

it is applicable to Capillary numbers as high as 40.  The Capillary number is the ratio of the 

viscous to surface tension forces, 

lv
a

U
C

γ
µ= . (2.8) 

This theory is discussed in detail later in this chapter.  Many of these early theories use the 

meniscus matching technique first employed by Derjaguin.  Rushak has pointed out that 

since some of these early works approximate the fundamental shape of the meniscus they are 

not experimentally accurate [92].  There are however numerous early analytical theories, 

such as the FFIT, which avoid these errors and which have been experimentally verified 

[19,22,26,30,85,93].  
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2.2.5 Evaporation in dip coating theory – Brinker and Hurd’s analysis 

In more recent years authors have attempted to incorporate evaporation into dip 

coating theory.  Addition of evaporation in withdrawal theory was attempted by Hurd and 

Brinker between 1988 and 1990 [94,95].  These authors showed that if a lubrication 

approximation was applied then a differential equation relating the shape of the drying line to 

the mixture physical properties, withdrawal rate, and evaporation flux could be developed, 
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∫
, E(x) is the evaporation 

rate, Π the disjoining pressure, and L is the substrate length. 

Although no analytical solution has been developed for equation (2.9) Hurd & 

Brinker have been able to demonstrate that if disjoining pressure and other thin film forces 

are neglected, and curvature is assumed to be small, then the solution near the drying line is 

given by,   
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Here Dsv is the diffusion coefficient for solvent through the vapor and a1 is a constant 

determined by fitting experimental data.  In this solution it is assumed that evaporation takes 

place by a diffusion controlled process.  Recently, Hurd and Brinker simultaneously solved 

the Navier-Stokes equations, gas phase mass flux models, and energy transport equations to 
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arrive at a more complete understanding of evaporation effects [1]. This new theory still does 

not completely describe the coating process because it includes assumptions about how the 

evaporation affects the coating process. 

2.2.6 Evaporation in dip coating theory – Qu’s analysis 

Other authors have also attempted to add evaporation to dip coating theory.  Qu has 

developed a model in which both evaporation and Marangoni flow are included [96]. Unlike 

Hurd & Brinker, Qu assumed that the evaporation is thermally controlled.  The governing 

differential equation is given by,  
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Here, λ is the slip length coefficient needed to avoid a stress singularity in the contact line, 

γlvo is the initial fluid surface tension before evaporation, Ev(x) is the volumetric evaporation 

rate, M(x) is the Marangoni flow gradient, and Θ is the vapor recoil gradient. Two significant 

conclusions arise from the work of Qu.  First, it was found that evaporating films follow the 

same power law as non-evaporating infinite films.  This means that the evaporation does not 

change the mechanism in which the entrained film develops, but only how fluid is lost from 

the film.  Additionally, the authors show that the evaporating and non-evaporating average 

film thickness can be scaled by (Capilly number)2/3.  Scaling of the film length is dependent 

on (Capillary number)5/3.  The authors use this fact to show that a plot of h/Ca2/3 versus 

XJoCa5/3 collapses into one curve independent of the fluid.  Here X is the length of the 

entrained film and Jo is the bulk evaporation flux.      
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2.2.7 Modern Theory 

  Current theory utilizes either asymptotic expansions or numerical techniques to 

solve free-meniscus coating problems [96-105]. Finite element methods can be used to fully 

define coating flows in free-meniscus processes [1,96-105].  Although these methods can be 

highly accurate, they do not take into account air entrainment, drying, or other possible 

physical mechanisms for coating defects.  Most of the finite element methods are highly 

specialized and need to be generalized in order to make them useful as predictive tools for all 

FMC processes [1].  Complete analytical solutions for equation (2.9) and equation (2.11) do 

not exist.    

2.2.8 Non-rectilinear Withdrawal 

Theories exist not only for rectilinear withdrawal, but also for cylindrical objects, 

non-Newtonian flow, and for non-vertical withdrawal.   These will not be reviewed here, 

however references by Tallmadge, Hilldebrand, Roy, Scriven, Brinker, Rushak, Hartland, 

Waters, Peev, Pendergrass, Lee, Esmail, Gutfinger and others exist [1,23,41,43,48,106-111].  

2.3 The Four Force Inertial Theory 

2.3.1 FFIT Introduction 

Tallmadge’s four force inertial theory (FFIT) is an extremely convenient tool to 

estimate the amount of fluid entrained on a substrate during withdrawal processes [91].  This 

theory takes into account the effects of inertial, viscous, gravitational and surface tension 

forces, but it does not take into account simultaneous evaporation.  The theory is able to 

predict accurately the wet film thickness of entrained liquid prior to evaporation and has been 

verified experimentally for Capillary numbers less than 40.  Once the wet film thickness is 

known, the final dry film thickness can be estimated by using the solute concentration.  
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 The FFIT breaks the withdrawal/drainage process into three regions as the entrained 

film interfacial boundary passes over the substrate, as indicated in Figure 2.1.  The thickness 

of the entrained film at the leading edge drying line has a non-constant film thickness that is 

typically parabolic in shape.  This region is known as the non-constant film thickness region 

(NCFTR).  In this region gravitational and viscous forces dominate the thickness and contour 

of the entrained film.  If the substrate is long, then a constant film thickness region (CFTR) 

develops as a result of the balance among inertial, gravitational, and viscous forces.  At the 

bottom of the substrate the entrained film contacts the bulk fluid through a meniscus region 

whose shape is strongly dependent on capillary or surface tension forces.  Typically, a 

coating system is designed so that the constant film thickness region covers most of the 

surface to ensure a uniform coating.     

2.3.2 Derivation of the FFIT 

The Tallmadge theory is valid for a Newtonian fluid and assumes that the fluid flow 

in the liquid film is essentially one-dimensional and results from viscous, gravitational, 

capillary, and inertial forces.  The pressure gradient in the flow direction is assumed to be 

governed by capillary forces with a small curvature approximation.  Under these conditions, 

the Navier-Stokes equation along the flow direction (x) takes the approximate form, 
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Here u is the velocity at an arbitrary point within the entrained film.  Tallmadge and Soroka 

were able to obtain an approximate solution to equation (2.12) for the thickness of the film in 

the constant thickness region during a continuous withdrawal process [91]  First, equation 

(2.12) was integrated to obtain an expression for the volumetric flow rate of the entrained 
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film per unit width of the plate.  This expression was then equated with an expression for the 

steady-state volumetric flow rate determined by matching the dynamic meniscus profile to 

the constant film thickness profile (i.e. h =H, h’ = 0, h’’ = 0, u =U ).  The resulting equation 

is made dimensionless and linearized by assuming that the film thickness is very thin.  This 

causes all terms in which the film thickness is not first order to be dropped from the equation.  

The approximate dynamic meniscus curvature is derived from this linearized equation.  The 

meniscus matching criteria is utilized and the dynamic meniscus curvature is set equal to the 

static meniscus curvature (more on the meniscus matching technique can be found in section 

2.2.2).  The meniscus matching result produces an expression for the dimensionless film 

thickness in the constant film thickness regime.   

2.3.3 The FFIT equations 

Tallmadge found that the dimensionless thickness D was dependent on the capillary 

number Ca and the fluid property number Fp, 
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computed by using the definition of the dimensionless film thickness,  
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Experimental verification of the Tallmadge inertial theory shows that it can predict 

film thickness in the constant thickness region with an accuracy better than 1.5% for values 
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of the capillary number less than 40.  Even though the Tallmadge inertial theory was 

developed for use during continuous withdrawal processes it has been shown that it can be 

applied to unsteady withdrawal processes [25,70].  Van Rossum, Chase, and Gutfinger have 

shown that Jeffreys equation (2.2) can be used to estimate the time dependent shape of the 

non-constant film thickness region so that the time dependent thickness of the entrained film 

from the leading edge through the constant film thickness region is, 

d
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   when h(td) > H. (2.16) 

2.4 Theoretical comparison of CO2 and typical coating solvents 

2.4.1 Comparison of CO2 and typical coating solvents using the FFIT 

The Tallmadge inertial theory (FFIT) can identify some important differences 

between coating with standard organic solvents and saturated liquid CO2.  Comparisons of 

the predicted constant region film thickness H between four typical coating solvents and 

liquid CO2 are depicted in Figure 2.2 for drain coating a 5 cm long plate at 25°C.  The 

thickness of the constant region as a function of drainage rate for capillary numbers less then 

0.1 has been calculated.  The FFIT predicts that the film thickness of the entrained CO2 film 

is about 2.7 µm for a withdrawal velocity of 10 mm/s.    This is significantly smaller than the 

theoretical entrained film thickness of other solvents at the same drainage rate.  At faster 

withdrawal rates of about 600 mm/s the constant region entrained film thickness is still 
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significantly smaller for liquid CO2 compared to other solvents.  The non-constant thickness 

region theory in equation (2.15) also predicts formation of a much thinner film with CO2 than 

with other solvents.  These results are shown in Figure 2.3 for the case of a drainage time 

corresponding to a 5 cm plate with a withdrawal velocity of 25 mm/s at T = 25 °C.  For 

comparison, the constant region thickness results predicted by the Tallmadge theory are also 

shown in Figure 2.3.   

2.4.2 Temperature dependence of Ca and Fp for typical solvents and CO2 

The large difference in behavior between liquid CO2 and other solvents illustrated in 

Figures 2.3 can be understood by looking at the magnitude of the capillary number and fluid 

property number in equation (2.13) which play such an important role in the FFIT theory.  

Figure 2.4 and Figure 2.5 show plots of the capillary number and fluid property number of 

typical coating solvents and liquid CO2 versus temperature at a withdrawal velocity of Uw = 

25 mm/s.  Both the capillary number and fluid property number of liquid CO2 at T=298 °C 

are almost an order of magnitude higher than typical solvents due to the low surface tension.  

The small film thickness predicted for compressed CO2 coating systems is a result of the 

decrease in the importance of surface tension forces.  Also, all solvents except liquid CO2 

have capillary numbers that vary by no more than 60% over the temperature range of 273-

304 K and which decrease as temperature increases.  This is in contrast to the capillary 

number of CO2 that increases by two orders of magnitude with increasing temperature over 

this same range.  The large change in capillary number in carbon dioxide based systems as a 

function of temperature means that the important forces that govern the coating process can 

be adjusted.  At low temperature a carbon dioxide system will behave similar to an organic 



 64

solvent based system.  However, at temperatures close to the critical temperature the surface 

tension forces are reduced in a carbon dioxide based system. 

2.4.3 Temperature dependence of the CFTR region for CO2 and Toluene 

The temperature dependence of the viscosity and surface tension of liquid CO2 may 

play a role in controlling the film thickness.  Over the temperature range from 25 °C to 0 °C 

the predicted constant region entrained film thickness for CO2 changes by less than ±0.9 µm 

with a minimum film thickness at about 10 °C when Uw is 390 mm/s (Figure 2.6).  This is in 

contrast to the temperature behavior observed for a typical organic solvent such as toluene.  

Here, the entrained film thickness does not reach a minimum.  It continuously increases with 

decreasing temperature and varies about ±6 µm over this range.  In coating processes 

uniformity is dependent on the relative difference between a required thickness and the 

possible variation in thickness.  Here, the variation in film thickness would be 1.8 µm for 

liquid CO2 and 12 µm for toluene.  Even though on a percentage basis the wet film thickness 

for liquid CO2 varies by about the same quantity as toluene, on a percentage basis the 

difference between a required film thickness and the variation in film thickness, and therefore 

nonuniformity, is greater for toluene.  Since solvent evaporation can lead to temperature 

changes on the surface of the film, this lack of sensitivity to temperature changes can lead to 

improved control of the coated film using liquid CO2.   

2.4.4 Wave formation  

It has been found in dip coating processes that flow instabilities at the liquid/vapor 

interface can lead to wave formation as a result of surface tension effects when the constant 

film region thickness is above a critical value [42].   It has been shown that the critical 
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thickness, Hc, at which waves form can be estimated as the thickness when the critical 

withdrawal Reynolds number is greater than 1 [42].  The critical Reynolds number is, 

1
3

gH
Re

2

23
c

c >=
µ
ρ

. (2.17) 

Table 1 shows the critical thickness and corresponding withdrawal speeds based on 

the Tallmadge theory for typical coatings solvents and liquid CO2 at 25oC.  The critical 

thickness for liquid CO2 is only 15 µm, which is 2-4 times smaller than for other solvents.  

The maximum withdrawal velocity (critical withdrawal velocity) that can be used to obtain 

films of this thickness with liquid CO2 is about 147 mm/s.  If the withdrawal velocity is 

higher than this value surface waves may form resulting in non-uniform films. The 

importance of this effect is not clear however, given that the low surface tension of liquid 

CO2 solutions will tend to make interfacial driven instabilities less prominent than indicated 

by equation (2.17). 

Fluid Critical Thickness 
(µm) 

Critical Withdrawal Velocity 
(mm/s) 

Carbon Dioxide 15 147 
Acetone 35 270 
1,1,2 Trichlorotrifluoroethane 37 210 
Toluene 48 285 
Water 57 312 

Table 2.1: Critical film thickness for common coating solvents at T = 25 °C 

2.4.5 Limitations of FFIT and calculation of the dry film thickness 

It is important to recognize that the predicted entrained film thickness results 

discussed here are only valid for low solute concentrations in which the viscosity and surface 

tension of the solutions are close to those of the pure solvent.  Since the FFIT can only be 
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used to estimate dry film thickness it provides only a qualitative picture of how coating with 

liquid-CO2 and other solvents will change the final dry film.  The dry film thickness can be 

estimated from the FFIT only if it is assumed that the entrainment process and evaporation 

process are independent.  In this treatment the entrainment process happens first followed by 

a rapid evaporation of all the solvent from the entrained film.  The rapid evaporation causes 

all of the solute in the entrained film to be deposited onto the substrate.  The average dry film 

thickness, hdry, is calculated by first using the FFIT to determine the constant film thickness 

region thickness, H.  This thickness can be multiplied by the substrate surface area, As, and 

the mass solution concentration, Csol, to determine the mass of solute that is deposited, Mdep,       

solsdep CAHM = . (2.18) 

The average film thickness is equal to the weight of solute divided by the dry film density, 

ρdry, and the substrate surface area,            

sdry

dep
dry A

M
 h
ρ

= . (2.19) 

2.5 Evaporation 

2.5.1 Concentration driven Evaporation Processes 

Evaporation processes need to be considered to get a more complete picture of the 

differences between FMC with standard solvents and high pressure FMC with liquid CO2.  

Most liquid coating devices utilize the difference in solvent concentration in the gas phase 

(usually air) at the liquid/gas interface and the concentration of solvent in the bulk gas to 

drive evaporation [1,94,96,112,113].  In this case, the flux of solvent at the interface is due to 

convection so that it can be written in terms of a mass transfer coefficient and the difference 
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between the concentration of solvent at the interface and the bulk phase concentration 

(Figure 2.7) , 

)cc(kJ b
*
sms −= . (2.20) 

Here km is a mass transfer coefficient, cs
*
  is concentration of solvent at the interface, and cb 

is the concentration of solvent in the bulk vapor. The mass transfer coefficient is dependent 

on the Reynolds and Schmidt numbers for the solvent in the gas phas, 

)Sc(Re,Sh
D

Lk
Sh

sv

m == . (2.21) 

The Schmidt number is the ratio of the dynamic viscosity to the product of the diffusion 

coefficient, Dsv, and the fluid density.  

2.5.2 Pressure gradient driven evaporation 

In most free meniscus coating processes, mass transfer is driven by natural 

convection and is not well controlled.  In a high pressure free meniscus coating apparatus the 

vapor consists of pure solvent and there is no concentration gradient to drive mass transfer.  

Two mechanisms can be used to drive evaporation:  First, a second component, such as 

helium, could be added to the gas phase to create a concentration gradient.  However, this 

component can diffuse into the coating and create defects during film formation.  This 

process also requires careful control of the flow rate of inert gas.  Second, a pressure gradient 

can be used to drive evaporation if the chamber pressure is set at a value just below the vapor 

pressure of the solvent in the coating solution.  This system provides more control because 

the system pressure can be adjusted more reliably and quicker than a concentration gradient.  

It also does not require addition and monitoring of another component.   
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As a first order approximation, pressure gradient driven evaporation of a species can 

be described by the Hertz-Knudsen equation [114-116], 

( ) )PP(
mkT2

1

N
J *

s
a

v
s −=

π
α

. (2.22) 

Here αv is the evaporation coefficient, Na is Avogadro’s number, k is Boltzmann’s constant, 

m is the mass of one evaporating molecule, P is the system pressure, and Ps
* is the vapor 

pressure of the species at the interface, and π is 3.14. 

The evaporation rate is proportional to the difference between the vapor pressure of 

the evaporating species at the interface Ps* and the system pressure P.   The coefficient in 

front of the pressure gradient driving force is not a function of hydrodynamics or mass 

transfer phenomena. It is a function only of the thermodynamic properties of the solvent.  Of 

course, heat must be transferred to the interface to drive evaporation in both cases.  The 

authors are not aware of prior use of pressure gradient driven evaporation in dip coating 

processes, but in principle it offers some advantages in control over diffusion limited 

evaporation.  It may be possible to reduce the quantity and severity of drying defects because 

the evaporation driving force can be tuned from small to large, concentration gradients will 

be minimized because only one species is involved, and the evaporation driving force can be 

controlled more quickly than in typical coating processes.  

2.6 Conclusions 

Theory has been used to show that there are many advantages to using compressed 

carbon dioxide as a solvent in dip coating processes.  The advantages over typical coating 

solvents include the ability to produce more uniform thin films, quicker production of thin 
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films, and the ability to change the forces controlling the deposition process.  In the next 

chapter we will discuss the design of the first generation high pressure free meniscus coater.  

Experimental results for the deposition of PFPE will be presented as a function of solution 

concentration, withdrawal concentration and evaporation rate. 
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2.7 Table of Symbols 

Symbol  Description (M=mass, L=length, t=time, T=Temperature, F=Force) 

α   Withdrawal Angle (degrees) 
αv  Evaporation Coefficient (dimensionless) 
γlv  Gas/Liquid Interfacial Tension (F/L) 
γlvo  Initial Gas/Liquid Surface Tension Before Evaporation (F/L) 
λ    Slip Length Needed to Avoid Stress Singularity in the Contact Line (L) 
µ   Dynamic Viscosity (M/L-t) 
Π   Disjoining Pressure (F/L2) 
Θ   Vapor Recoil Gradient (L/t) 
ρ   Density (M/L3) 
ρdry  Density of the dry film (M/L3) 
As   Substrate Surface Area (L2) 
a1  Experimentally fit constant 
Ca   Capillary Number (dimensionless) 
cb   Concentration of Solvent In The Bulk (N/L3) 
cs

*   Concentration of Solvent At The Interface (N/L3) 
Csol   Mass Solution Concentration (M/L3) 
D   Dimensionless CFTR Entrained Thickness (dimensionless) 
Dsv  Diffusion coefficient of the solvent through the vapor phase (L2/t) 
E(x)   Evaporation Rate (M/L2-t) 
Ev   Volumetric Evaporative Flow Rate/Unit Area (L/t) 
g   Gravitational Constant (9.8 m/s2) 
h   Thickness of the Entrained Film at an Arbitrary Position On The Withdrawn  

Plate (L) 
H   Constant Film Thickness Region Thickness (L) 
Hc   Critical Film Thickness For Wave Formation (L) 
hdry   Final Dry Film Thickness (L) 
J   Evaporation Flux Of Solvent From The Film (M/L2-t) 
Jo   Bulk Evaporation Flux (M/L2-t) 
Js   Evaporation Flux Of Solvent At The Interface(M/L2-t) 
k   Boltzmann Constant (1.381 * 10-23 J/K) 
km   Mass Transfer Coefficient (L/t) 
L  Length of withdrawn substrate (L) 
m   Mass Of One Molecule (M) 
M(x)   Marangoni Flow Gradient (L/t) 
Mdep   Mass Of Solute Deposited On The Surface (M)  
Na   Avogadro Constant (6.023*1023 mol-1) 
P   System Pressure (F/L2) 
Ps

*  Vapor Pressure Of Species At The Interface 
Re   Reynolds Number (dimensionless) 
Rec   Critical Reynolds Number (dimensionless) 
Sc   Schmidt Number  (dimensionless) 
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Sh   Sherwood Number (dimensionless) 
t   Time (t) 
T   Temperature (T) 
td   Drainage Time (t) 
u   Velocity At An Arbitrary Point Within The Entrained Film (L/t) 
U    Withdrawal Velocity (L/t) 
x   Axis Downward And Parallel to the Withdrawn Plate (L) 
X   Length of Entrained Film (L) 
z   Axis Normal to the Substrate (L) 
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2.9 Figures 

 

 
 
 

Figure 2.1: Important regions that develop during withdrawal of a substrate from a 
pool of liquid  
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Figure 2.2: Theoretical constant thickness region film thickness predicted by the FFIT 
as a function of withdrawal velocity for common coating solvents at T = 25 °C 
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Figure 2.3: Theoretical film profile predicted by the FFIT as a function of withdrawal 
velocity for common coating solvents at U = 39 cm/s, T = 25 °C, and td = 128 ms 

 
 
 
 



 84

 
 
 

Figure 2.4: Dependence of the capillary number on temperature for typical coating 
solvents at U = 25 mm/s 
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Figure 2.5: Dependence of the fluid property number on temperature for typical 
coating solvents at U = 25 mm/s 
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Figure 2.6: Theoretical dependence of the constant region film thickness on 
temperature for liquid CO2 and toluene predicted using the FFIT at Uw = 390 mm/s 
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 Figure 2.7: Evaporation mechanisms during coating processes.  a) Concentration 
gradient driven evaporation.  b) Pressure gradient driven evaporation 
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CHAPTER 3: THE DEPOSITION OF PFPE FILMS USING 

COMPRESSED CARBON DIOXIDE 

3.1 Introduction 

In Chapter 2 we used the four force inertial theory to present a theoretical comparison 

between carbon dioxide and typical coating solvents in dip coating processes.  The 

theoretical discussion argues for the utility of carrying out high pressure free meniscus 

coating applications in CO2, especially for coating processes involving materials that are 

readily soluble in carbon dioxide and for which very thin coatings are desired.  Magnetic 

hard disks require a perfluoropolyether (PFPE) lubricant film that is between 5-100 Å thick 

to be deposited onto a surface protective layer [1-5].  This layer can be composed of either an 

amorphous hydrogenated carbon, a diamond like carbon, SiO2, Al2O3 or a number of other 

scratch resistant hard coats [3,6-8]. The PFPE system serves as an ideal model to study a 

novel high pressure free meniscus coating deposition process.  Not only is there a need to 

deposit heretofore unachievable thin PFPE films for MEMs devices and hard disks, but the 

theoretical discussion shows that we might be able to deposit films at higher rates with higher 

quality than from standard solvents.  PFPEs are also an ideal system because deposition 

conditions from typical coating solvents have been established in the hard disk industry that 

can provide a guide for coating from liquid carbon dioxide, the PFPEs are extremely soluble 

in compressed carbon dioxide, and PFPEs are currently dip coated industrially with 

fluorocarbons as solvents.  In the section that follows we describe the experimental apparatus 

used to carry out high pressure free meniscus coating of a perfluoropolyether onto a silicon 

wafer using liquid carbon dioxide as a solvent. 
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3.2 Apparatus 

3.2.1 Experimental Apparatus Overview 

A novel high pressure free meniscus coating apparatus has been assembled to probe 

the effect of critical process variables including polymer concentration, evaporation driving 

force, and withdrawal velocity on final dry film thickness.  A schematic of the device 

(without the electrical system) is shown in Figure 3.1. The apparatus consists of six key 

components: two operational vessels (VS1, VS2), a circulation pump (P1), a vent valve (V4), 

two control valves (V1), a metering valve (V3), and an inlet pump (P2).   The complete 

hFMC apparatus provides control of the drainage velocity to +/- 0.02 mm/s and control of 

evaporation driving force (see Chapter 2) to within 0.1 psi.   

3.2.2 Operation vessels 

The operational vessel VS1 is used for mixing the solution and as a storage vessel 

during the drainage process.  It is made from type 316 stainless steel and contains 1/8” and 

1/4” gas side and liquid side communication ports that connect to operational vessel VS2 for 

the drainage process (see Figure 3.2, 3.3).  The vessel is cylindrical on the inside with a 

diameter of 17.5 mm and a volume of approximately 30 mL.  The vessel is also equipped 

with two sapphire view ports for visual inspection of the coating solution.  These view ports 

are sealed with PTFE o-rings using a screw cap design (Figure 3.4).  The sapphire windows 

used as the view ports are 25.4 mm in diameter and are 9.45 mm thick.  The coating vessel, 

VS1 in Figure3.1, is similar to the solution vessel with three exceptions.  First, the volume of 

the coating vessel is about 20% smaller than the volume of the solution vessel.  This ensures 

that there will be enough empty volume remaining in the solution vessel during drainage to 

remove all solution from the coating vessel.  It also ensures that there will be enough solution 
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to cover the substrate completely as the entire coating vessel will be full before the drainage 

process begins.  Second the ports on the coating vessel are spaced out around the entire 

vessel (Figure 3.5, 3.6).  Lastly, the coating vessel contains a small holder that can be used to 

hold the substrate either at the top of the vessel or the bottom of the vessel.  Both vessels 

were manufactured at the North Carolina State University Instrumentation Shop.  The holder 

requires that a small portion of the substrate (2 mm X 14 mm) remain unexposed to the 

coating solution.  

3.2.3 Circulation Pump 

The high pressure circulation pump (P1, Figure 3.1) is a gear pump manufactured by 

Micropump, Inc.  It is used to mix the carbon dioxide with the solute in the solution vessel 

and to move the solution between the coating vessel and the solution vessel. The pump is 

capable of withstanding pressures up to 5000 psi and can produce a maximum flow rate of 

liquid-CO2 at 25 °C of about 100 mL/min.  The gears are made of poly(ether ether ketone) 

(PEEK),  A calibration curve relating the flow rate of fluid through the Micropump as a 

function of control signal (see electrical systems below) has been determined.  This was 

accomplished by using a CCD camera (Pulnix TM-7C4 ccd camera fitted with a Nikon 

1:1.4D 50 mm lens) and image capture program to record the decrease in height of the liquid 

within the solution vessel as a function time.  The solution vessel was filled ¾ full of liquid 

carbon dioxide at vapor pressure.  The liquid and gas side communication lines were opened 

and a control signal was sent to the pump.  The height of the liquid in the solution vessel was 

recorded in time lapse mode using the Scion Image capture software.  The volume of CO2 

lost as a function of time is related to the height of liquid within the cylindrical high pressure 

vessel and the length of the vessel.  Figure 3.7 shows the calibration curve for the high 
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pressure gear pump.  It should be noted that the calibration curve is for pure liquid carbon 

dioxide and is therefore only accurate for low concentration solutions.  The drainage velocity 

can be approximated by the equation Uw (mm/s) = 0.4593 * Control Signal (in mA) - 

2.28016.  Also, wear of the gears over time can act to reduce the flow capacity of the 

Micropump, especially if high viscosity solutions are being used.  Periodic inspection and 

replacement of the gears was performed to ensure their integrity.  Reduction in the quality of 

the gears will be unacceptable in a commercial hFMC device and therefore an alternate 

pumping mechanism is recommended.               

3.2.4 Pneumatic metering relief valve 

The vent valve is used to adjust the pressure in the coating vessel by controlling the 

vent rate of carbon dioxide. The valve is a special pneumatic metering relief valve (PMRV) 

manufactured by Badgermeter, Inc.  This model number 1001GCN36SVOSP09ST normally 

closed valve is a ¼” 316SS globe control valve.  It requires 3-15 psi of air to open.  Control 

of the vent rate is accomplished through a computer regulated feedback loop by combining 

the PMRV with a high accuracy pressure transducer (+/- 0.1 psi) and a custom process 

control algorithm (see Control System below).  The Badgermeter PMRV originally contained 

a stem size of P9.  This corresponds to a valve flow coefficient (Cv) of 8 * 10-5 gallons of 

water that will flow through the valve at 60 °F per minute at a pressure drop of one psi.  

However it was found that a stem size of P12 provided better control of the pressure within 

the coating vessel during the deposition process.  This smaller stem size limits the maximum 

rate at which carbon dioxide can be vented from the coating vessel.  A manual High Pressure 

Equipment Company (HPEC) valve was added to the coating vessel for situations in which a 
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rapid vent rate is required (i.e. system cleaning).  Figure 3.8 shows a schematic of the PMRV 

sealing mechanism and provides some information on trim sizes and pressure ratings.   

3.2.5 Flow Control Valves 

The control valves (V1, Figure 3.1), manufactured by High Pressure Equipment 

Company (Mini-Hippo 10-11AF4 normally closed), are used to isolate the gas side and liquid 

side communication ports between the coating vessel and the solution vessel.  These high 

pressure pneumatic valves are controlled by computer throughout the coating process.  The 

valves open when the control pressure is raised to 90 psi. A small self-venting electrically 

controlled solenoid valve manufactured by Clippard (model Et-3) is used to adjust the control 

pressure.  Originally these valves were Parker-Skinner series 7000 high pressure solenoid 

valves.  However it was found that the electromagnetic coil contained within these valves, 

which is used to open and close the valve, caused heating of the coating solution and 

surrounding tubing.  Therefore, the electrically controlled solenoid valves were replaced with 

the mini-hippo pneumatic valves.  There is no heating mechanism in the pneumatic valves 

(such as an electromagnetic coil) and therefore the temperature of the coating solution 

remains constant as it passes through the gas and liquid side communication tubing.   

  The metering valve (V3, Figure 3.1) is used to adjust the drainage rate of fluid 

flowing from the coating vessel to the solution vessel.  Two different metering valves were 

used depending on the required flow rate.  Both valves are union bonnet structured metering 

valves, purchased from Swagelok.  They require approximately 12 turns to achieve a fully 

opened state and have an adjustable Cv from between 0.005 to 0.04.  However, the 

Micropump can also be used to control the drainage rate if a flow-dampening filter is used.   
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3.2.6 Control System 

The hFMC apparatus is controlled through a computer user interface (CUI) developed 

using National Instruments Bridgeview version 2.1.  Interfacing the hFMC device with the 

computer utilizes numerous hardware components (Figure 3.9).  The most important 

hardware parts are the four National Instruments Fieldpoint modules that condition the 

analog instrumentation signals into digital signals that can be read/output to/from a modern 

personal computer.  The first module, NI FP-1000, is used to connect the rest of the 

Fieldpoint modules to the RS-232 port (serial port) on the PC.  The second Fieldpoint 

module, FP-AI-100, is used to monitor up to eight millivolt, volt, or current loop inputs at 

rates as high as 100 Hz.  The third Fieldpoint module, FP-AO-200, is used to send up to eight 

current based control signals to instrumentation.  The Fourth Fieldpoint module, NI FP-TC-

120, is used to read the temperature of up to eight thermocouples.  The coating vessel 

temperature is sent to channel 1 and the solution vessel temperature is sent to channel 2.  

The pressure in the coating vessel is maintained using a control loop that uses both 

the FP-AI-100 and the FP-AO-200.  Connected to the first channel on the FP-AI-100 is a 

high-accuracy pressure transducer (Model PX01C1-1KG5T from Omega Engineering, Inc.) 

This transducer reads the pressure so that the feedback control loop can maintain the pressure 

in the coating vessel.  The pressure transducer puts out a signal of 0-5 volts at pressures 

between 0 and 1000 psi (Figure 3.10).  The voltage is read by the FP-AI-100 module and 

converted to pressure using a calibration curve within the National Instruments Bridgeview 

program.  The converted pressure is compared to a set point and converted to a control signal 

between 0 and 21 mA. The control signal calculated using the control algorithm (Figure 3.11) 

is sent from channel 2 on the FP-AO-200 to an electropneumatic converter.  This device 
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produces a 3-15 psi control signal by using a 90 psi compressed air supply and the signal sent 

from the FP-AO-200.  The Badgermeter PMRV valve adjusts the outlet flow of carbon 

dioxide from the coating vessel in accordance with the 3-15 psi pneumatic control signal.   

The FP-AO-200 is also used to open and close the flow control valves and to change 

the speed of the circulation pump.  The HPEC flow control valves are normally closed.  They 

open when a 20 mA signal is sent from channel 3 (gas side) or channel 4 (liquid side) of the 

FP-AO-200 to the Open/Close control panel.  This panel contains an Omega model SSS-

PC4I-C solid state relay box which contains four separate AC05-C relays.  When a signal is 

sent to one of the relays it closes a circuit which causes 120V of AC power to flow to one of 

four power plugs.  Two of these plugs (controlled using channel 3 and channel 4) power 9V 

power supplies which when turned on cause miniature electropneumatic valves to open 

(Clippard Model Et-3).  Opening these miniature pneumatic valves causes the HPEC flow 

control valves to open because the control inlet becomes pressurized to 90 psi with 

compressed air.  The control of the circulation pump is much simpler.  A mA control signal 

is sent from the FP-AO-200 directly to the pump speed control box (Leeson Speedmaster 

Digital Model 174931).           

3.2.7 Additional Apparatus Information 

The inlet pump is a type 500D ISCO syringe pump equipped with high pressure 

microporous fiberglass particle filters purchased from Matheson Tri-Gas.  These filters 

remove 100% of particles > 0.02 µm in size.  Additional filters, manufactured by R&D 

Separations and Chromatography Research Supplies are used to trap hydrocarbons, oxygen, 

and water (CRS model# 202332, RDS Model# OT-2-SS).  The syringe pump is connected 
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through separate lines to both operational vessels and is used to pressurize the carbon dioxide 

from gas tank pressures of 700-860 psi to the system operating pressure.   

3.3 Experimental 

3.3.1 Materials 

The PFPE used was Fomblin Z-DOL 2000 with a number average molar mass of 

2000 gm/mol (NMR) and structure given by 

             HO-CH2-O-[CF2-CF2-O-]x-[CF2-O-]y-CF2-CH2-OH 

Fomblin Z-DOL 2000 has a specific gravity of 1.81 g/mL, a viscosity of 154 cP, a 

surface tension of 24 dyne/cm, a vapor pressure of 2*10-5 torr, and a polydispersity of 1.5.  In 

this case x/y is from 0.5-2.  The material was used as received from the manufacturer 

(Ausimont USA, Inc., Thorofare, NJ).  This perfluoropolyether lubricant was chosen for the 

coating formulation because it is currently used in the production of magnetic media such as 

hard drives and mass storage media.  It is also being investigated as a possible alternative to 

reduce the stiction and friction forces encountered in MEMS devices [9].  The substrates 

consisted of 125 mm diameter type <100> or type <111> silicon wafers obtained from 

Silicon Valley Microelectronics.  The polished wafers were 600-650 µm thick and grown by 

the CZ method with a resistivity of 1-10 ohm-cm.  The wafers had either a 2700 Å thermal 

oxide layer or a 20 Å native oxide layer.  The substrates were prepared as discussed below in 

the Methods and Procedures section of this chapter.  The carbon dioxide source consisted of 

a 17.73 kg size B(AI) SFC/SFE high purity tank with no helium head space.  The carbon 

dioxide was obtained from Air Products and Chemicals, Inc in Allentown, PA with a purity 

certified at greater than 99.9999%.         
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3.3.2 Methods and Procedures 

3.3.3 Solution Preparation 

Both operational vessels were purged with carbon dioxide at 500 psi for several 

minutes. Extremely pure carbon dioxide, 99.9999% SCF/SFE grade, was used and passed 

through the Matheson particle filter to remove dust and other materials that might interfere 

with the coating process.  The solution vessel was then vented back to atmospheric pressure 

and loaded with a known quantity of Fomblin Z-DOL 2000.  Carbon dioxide at low 

pressure was purged through the solution vessel during the loading process to prevent 

ambient air from entering the system.  The weight of the Z-DOL was measured on a Mettler 

Toledo AB204 microbalance to within 0.0001 gm.  The solution vessel was purged again 

after addition of the polymer at 500 psi for one minute.  The pressure in the solution vessel 

was increased to the saturation pressure with the SCF/SFE grade CO2 after the purge.  The 

pumping was terminated when the vessel was filled with about 30 mL of liquid carbon 

dioxide at vapor pressure.  The mixture was stirred for at least 18 hr using a magnetic stirrer 

to ensure homogeneity.   

3.3.4 Sample Preparation 

The type <100> or <111> silicon wafer substrates were broken into small coupons 

that were roughly 15 mm wide and 51 mm long.  The coupons were each wiped with an 

acetone soaked lint free clean room wipe to remove any loose particles and contaminants.  

They were then placed in separate baths of a 50/50 acetone/water mixture.  The baths were 

heated to 40 °C and agitated using an Aquasonic 750D ultrasonic cleaner for at least 30 

minutes.  The coupons were then rinsed with acetone, soaked in acetone for 18 hrs, blown 

dry with nitrogen, and cleaned in a Jelight Company, Model 42, Suprasil lamp UV/Ozone 
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cleaner for 25 minutes.  This device uses UV radiation to produce ozone and atomic oxygen.  

These species react with hydrocarbon impurities at the sample surface hence making sure the 

substrate is thoroughly cleaned. The thickness of silicon dioxide was measured after cleaning 

using a Rudolph Technologies AutoEL II ellipsometer.  This device operates at a fixed angle 

of incidence of 75° with a single wavelength of 632.8 nm.  The coupons were coated with 

PFPE within a few hours of the final cleaning process.  The coupon loading procedure into 

the coating vessel followed the same purge scheme used during solution creation.   

3.3.5 The Coating Process 

The coating process consisted of several steps.  The substrate was first placed in the 

pre-purged coating chamber and the pressure raised to that of saturated carbon dioxide.  The 

pressure between the two primary vessels was then equilibrated by opening the gas side 

communication line.  The coating chamber was filled with liquid from the solution chamber 

using the high pressure gear pump.  After the solution contacted the substrate for 

approximately 30 minutes the coating chamber pressure was decreased to achieve the 

experimentally specified ∆P.  The gas side communication valve was then opened and a short 

equilibration period was used to ensure that the ∆P was stable.  The free meniscus coating 

process was then initiated by opening the liquid side communication valve (V1, Figure 3.1).  

This caused liquid to drain into the solution vessel.  The ∆P was maintained during drainage 

to provide an evaporation driving force.  After the solution had fully drained from the coating 

vessel and the PFPE had been coated onto the substrate the coating vessel was isolated from 

the rest of the system.  The pressure was then lowered to atmospheric pressure at 2.5-5 psi/s 

using the PMV and the pressure feedback control loop. The thickness of the dry deposited 

PFPE film was measured using the Rudolph AutoEL II ellipsometer.  A two-layer model was 
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used which incorporated the previously measured thickness of the silicon dioxide layer. The 

refractive index of the film was assumed to be 1.30.  Previous authors have demonstrated the 

validity of this assumption [10,11]. 

3.4 Results & Discussion  

3.4.1 Effect of Concentration on Film Thickness 

The dependence of dry film thickness on polymer concentration is depicted in Figure 

3.12.  An increase in PFPE concentration from 0 to 3 wt% resulted in an increase in film 

thickness from 0 to 300 Å when an evaporation driving force of 7 psi was used.  The increase 

in film thickness with concentration was linear. However, when an evaporation driving force 

of 0 psi was used (Figure 3.12, B) the dry film thickness only increases from 17 to 38 

angstroms with a concentration increase from 0 to 3 wt%.  In fact, the film thickness 

increases with a slope that is 10 times smaller than when the larger evaporation driving force 

of 7 psi was used.  We attribute this to a difference in the primary driving force for 

deposition. The polymer left on the substrate when a 0 psi driving force is used is mostly due 

to adsorption of species prior to the entrainment step. This is because in the case of a 0 psi 

driving force there is almost no evaporation during withdrawal.  After the solution is 

entrained the solvent in the entrained film does not evaporate.  This results in the solute and 

solvent draining back into the bulk liquid during the withdrawal process.  The solute does not 

concentrate during the drainage step and is therefore not deposited onto the substrate during 

the withdrawal process.  However, prior to the withdrawal step the solution and solute are in 

contact with the substrate.  Some of the polymer adsorbs to the substrate during this time 

period.  After drainage the only polymer that remains on the substrate is due to the attractive 

forces between the substrate and the solute.  This causes the concentration dependence of the 
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dry film thickness for the 0 psi driving force case to resemble an adsorption isotherm. 

Furthermore, the thickness of this adsorbed film without evaporation is roughly equivalent to 

a few times the radius of gyration of the PFPE in solution (12 angstroms) [12].  When an 

evaporation driving force is used the polymer concentrates during drainage and deposits onto 

the substrate as the solvent evaporates.  Eventually, all of the solvent evaporates and the 

remaining solute in the entrained film is deposited.  When the coating thickness is thin then 

both adsorption and deposition from the entrained film are significant.  The average dry film 

thickness for deposition with evaporation can be compared to a theoretically predicted value 

by adding the thickness of the adsorbed film (∆P = 0 psi) to the film thickness predicted 

using the FFIT.   

3.4.2 Estimation of Dry Film Thickness 

The dry film thickness can be estimated from the FFIT only if it is assumed that the 

entrainment process and evaporation process are independent.  In this treatment the 

entrainment process happens first followed by a rapid evaporation of all the solvent from the 

entrained film.  The rapid evaporation causes all of the solute in the entrained film to be 

deposited onto the substrate.  The average dry film thickness Hdry is calculated by first using 

the FFIT to determine the constant film thickness region thickness, H.  This thickness can be 

multiplied by the substrate surface area As, and the solution concentration Csol to determine 

the weight of solute that is deposited Mdep,             

solsdep CAH M = . (3.1) 

The average film thickness is equal to the weight of solute divided by the dry film density, 

ρdry, and the substrate surface area,      
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The average dry film thickness predicted using this method is depicted in Figure 3.12 

as a dashed line.  Although the FFIT method is an estimate for prediction of average dry film 

thickness, the theoretical prediction has the same shape as the experimental data and is the 

same order of magnitude as the data.  However, as expected the fit does not quantitatively fit 

the data.  The possible reasons for this discrepancy are discussed in more depth below.             

3.4.3 Effect of Drainage Rate on Film Thickness 

The effect of drainage rate on dry film thickness was also investigated.  Figure 3.13 

shows that the dry film thickness increases from 38 to 277 angstroms when the drainage rate 

is increased from 0.25 to 5.2 mm/s at a polymer concentration of 0.55 wt% and room 

temperature.  A theoretical average dry film thickness can be calculated using the method 

described above.  The theoretical prediction and the experimentally measured points do not 

agree qualitatively as they did for the experiments investigating the effect of varying solution 

concentration on dry film thickness.  Instead, the experimentally measured curves of dry film 

thickness versus drainage rate exhibit an increasing slope as the drainage rate increases.  This 

is contrary to the curve predicted using entrainment theory in which the slope of film 

thickness versus drainage rate continuously decreases as the drainage rate increases.  The 

discrepancy between the theoretical fit and the experimental data may occur because of three 

main reasons:  First, a low drainage rate range is investigated.  At very low drainage rates the 

adsorption processes may dominate the deposition process.  As drainage rate increases the 

adsorption process begins to have less significance and the entrainment process becomes 

more important.  The decreasing slope may only be seen at high drainage rates far from the 
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transition between deposition by adsorption and deposition by entrainment.  Second, it is 

likely that some of the differences between the theoretical estimate and the experimentally 

measured values arise because of evaporation.  The average dry film thickness prediction 

using the FFIT does not take into account that entrainment and evaporation occur 

simultaneously.  In the real system the solution is concentrating during the deposition 

process. This causes the solution physical properties to change significantly throughout 

deposition.  At the beginning of the entrainment process the solution physical properties are 

close to that of pure liquid CO2 since the solution is dilute.  The theoretical predictions use 

the physical properties of pure liquid CO2.  However, at the end of the experiment the 

entrained film will consist mostly of polymer and will therefore have a much higher 

viscosity, density, and surface tension.  Lastly, evaporation may also be important because it 

is possible that higher drainage rates actually cause an increase in evaporation rate (see 

below).   

3.4.4 Effect of Evaporation Rate on Film Thickness 

In the liquid CO2 system the evaporation rate is dependent on the difference between 

the vapor pressure and the system pressure. This increase in pressure drop is associated with 

an increase in flowing fluid velocity.  At higher drainage rates this local pressure drop will 

cause the difference between the vapor pressure and the system pressure to increase causing a 

significant increase in the evaporation rate.   The importance of increasing evaporation 

driving force on average dry film thickness has been investigated to help understand this 

phenomenon.  Experiments were also conducted to determine the dependence of film 

thickness on evaporation driving force at constant drainage velocity and polymer 

concentration (Figure 3.14).  At ∆P between 0 psi and 4 psi the average dry film thickness 
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remains close to 25 angstroms. This is similar to results obtained in experiments with 

variable concentration when the evaporation driving force was 0.  The evaporation rate of 

pure carbon dioxide has been measured for these conditions and is depicted in Figure 3.15. 

This measurement was performed by measuring the quantity of bulk pure liquid-CO2 lost 

over time at each ∆P.  At ∆P between 0 psi and 4 psi the evaporation rate is less than 0.03 

mg/cm2-s.  The film thickness only increases slightly as pressure increases.  Under these 

conditions most of the solution drains back into the bulk before the Z-DOL can deposit onto 

the substrate.   

When the evaporation driving force is large then the dry film thickness quickly 

increases from 46 to 222 angstroms as ∆P is increased from 4-14 psi.  The quick increase in 

film thickness with increasing ∆P can be attributed to two effects.  First, the increase in 

evaporation causes the entrained film to dry quicker.  This ultimately causes more material to 

be deposited onto the substrate as there is less time for drainage.  Second, the evaporation 

causes the remaining entrained film to become concentrated with polymer.  This increases 

the viscosity of the entrained film causing slower drainage.  This may also be exacerbated by 

local decreases in temperature and changes in other solution physical properties due to 

thermal effects during solvent evaporation.  These experiments show that only a small 

increase in evaporation driving force is needed to cause a significant increase in average dry 

film thickness.  It is therefore likely that this phenomenon plays a role in causing the average 

dry film thickness to increase significantly at higher withdrawal velocities as mentioned 

above. When the ∆P is greater than 4 psi even small changes in withdrawal velocity can 

change the apparent evaporation driving force enough to cause a significant increase in film 

thickness.  Better control of the high pressure FMC process can be achieved by using smaller 
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evaporation driving forces, < 3 psi, in which the evaporation rate stays low and almost 

independent of the evaporation driving force.  Clearly, a theory is necessary that considers 

both evaporation and drainage simultaneously to predict dry film thickness.  This theory must 

take into account the pressure-driven evaporation driving force in the liquid CO2 processes.      

3.4.5 Comparison between hFMC and a typical coating solvent  

A comparison between the dry film thicknesses of PFPE deposited from liquid CO2 

and a typical fluorinated solvent, 1,1,2 trichlorotrifluoroethane (TCTFE) was also conducted 

(Figure 3.16).  The PFPE was coated at a concentration of 0.61 wt% with Uw = 1.5 mm/s and 

T = 25 °C. Films cast using liquid carbon dioxide were 3.7 times thinner than films cast from 

the fluorinated solvent at the same wt% and drainage velocity.  The difference in film 

thickness between the two solvents is attributed to differences in the physical properties and 

the evaporation mechanism.  The surface tension, density, and viscosity of TCTFE are 30X, 

2.2X, and 10.7X higher than liquid CO2 respectively.  This experiment shows that it is 

possible to coat thinner films when liquid CO2 is used as the solvent even when the solution 

concentration is the same and the withdrawal velocity is the same.  Furthermore, in the liquid 

CO2 system the evaporation driving force could be adjusted quickly to change the film 

thickness.  This would be more difficult with the TCTFE system as control of a concentration 

gradient would require measurement of the gas phase concentration and mixing of a 

component into the gas phase.    

3.5 Conclusions 

A high pressure free meniscus coater can take advantage of the physical properties of 

liquid carbon dioxide. Films of soluble molecules such as PFPEs can be deposited from 

liquid CO2 with thickness less than 350 angstroms.  The coating thickness can be varied in a 
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controlled manner by adjusting the drainage velocity, evaporation driving force, or solution 

concentration.  Adsorption processes dominate when the withdrawal velocity and 

evaporation driving force are low while deposition of solute from the entrained film 

dominates at higher drainage velocities and evaporation driving forces.  Films produced from 

liquid carbon dioxide are thinner than those produced from typical organic solvents under the 

same conditions.  A model that incorporates pressure gradient driven evaporation and 

adsorption will need to be developed to predict dry film thickness in hFMC processes.  In the 

next chapter we examine how gaseous carbon dioxide can be used to induce the wetting of 

polymeric coating precursors on virtually any surface.  We also look at how this phenomenon 

can be used to extend the range of materials that can be coated using hFMC.     
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3.6 Table of Symbols 

Symbol  Description (M=mass, L=length, t=time, T=Temperature, F=Force) 

ρdry Density of the film (M/L3) 

As Surface Area covered by the film (M2) 

Csol Solution Concentration (M/L3) 

H Constant Region Film Thickness (L) 
Hdry Dry film thickness (L) 
Μdep Mass of Solute Deposited on the Surface (M) 
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3.8 Figures 

 

 
 
 

Figure 3.1: High pressure Free Meniscus Coater 
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Figure 3.2: Solution vessel design 
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Figure 3.3: Solution Vessel Rendered Images 
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Figure 3.4: Sapphire window sealing components 
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Figure 3.5: Coating vessel design 
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Figure 3.6: Coating Vessel Rendered Images 
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Figure 3.7: Calibration curve for Micropump 
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Figure 3.8: Badgermeter Valve Technical Brief 
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Figure 3.9: Wiring Schematic for the High Pressure Free Meniscus Coater 
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Figure 3.10: High Accuracy Pressure Transducer Calibration 
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Figure 3.11: Coating pressure control algorithm  
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Figure 3.12: Dependence of average dry film thickness on solution concentration for 
Fomblin Z-DOL deposited by hFMC with liquid CO2 onto type <100> and type <111> 

silicon wafers at Uw = 1.5 mm/s and T = 25 °C.  A: ∆P =7, B: ∆P = 0, C: Theoretical 
prediction estimated using the FFIT with liquid CO2 properties 
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Figure 3.13: Dependence of average dry film thickness on withdrawal velocity for 
Fomblin Z-DOL deposited by hFMC with liquid CO2 onto type <100> and type <111> 
silicon wafers at C = 0.51 wt%, ∆P = 3 psi  and T = 25 °C.  A: Measured film thickness, 

B: Theoretical prediction estimated using the FFIT with pure liquid CO2 properties       
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Figure 3.14: Dependence of average dry film thickness on evaporation driving force for 
Fomblin Z-DOL deposited by hFMC with liquid CO2 onto type <100> and type <111> 

silicon wafers at Uw = 1.5 mm/s, C = 0.61 wt%,  and T = 25 °C.  The dashed line is a 
guide for the eyes.          
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Figure 3.15: Evaporation rate for pure carbon dioxide expressed as the difference 
between the vapor pressure and the system pressure, ∆P 
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Figure 3.16: :Dip coating comparison between liquid carbon dioxide and 1,1,2 

Trichlorotrifluoroethane at  0.61 wt%,  Uw = 1.5 mm/s, and T = 25 °C 
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CHAPTER 4: WETTING OF COATING PRECURSORS ON LOW 

ENERGY SURFACES INDUCED BY COMPRESSED CARBON 

DIOXIDE  

4.1 Introduction 

In the three prior chapters we discussed why carbon dioxide is a good solvent for 

coating processes and we showed how thin films can be deposited using a high pressure free 

meniscus coater.  In the next two chapters we discuss what types of surfaces can be coated 

and what type of materials can be deposited with the high pressure free meniscus coater.  In 

this chapter we review the wetting of surfaces by coating solutions and precursors.  We will 

show that carbon dioxide is a versatile processing aid that can be used in the gaseous form as 

a processing aid, or in the liquid state as a solvent to induce the wetting of coating precursors 

on virtually any surface.   

4.2 The wetting of solid surfaces 

The spreading of liquid onto a solid surface is important in numerous technological 

applications.  This includes the coating of porous and nonporous substrates, the dying of 

textiles, the flotation of ores, development of better lubricants, design of biosensors, oil 

recovery, surface cleaning, nanotechnologies, medical devices, adhesives, and printing 

processes [1-6]. Wetting phenomena have been investigated extensively since Young and 

Laplace first began studying capillarity over 190 years ago [1].  However, there is a great 

deal left to learn because the complicated nature of the subject has prevented a universal 

theory from emerging.  Here we will review the spreading of liquid onto nonporous solid 
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substrates.  Later in this chapter we will discuss the spreading of liquid onto porous 

materials.  

4.3 States of wetting 

When a liquid comes in contact with a solid substrate it may either spread out onto 

the surface as a film or form droplets.  If the liquid completely spreads out onto the surface 

then the contact angle of the liquid with the surface is 0 and the liquid is therefore said to 

“wet” the surface.  This is sometimes referred to as complete wetting.  However, when a 

droplet forms there is a finite contact angle that exists between the edge of the liquid and the 

substrate (see Figure 4.1).  When the contact angle is between 0° and 90° then the liquid 

“partially wets” the surface.  When the contact angle is greater than 90° then the liquid is 

“nonwetting” [7].  In coating processes it is desirable to have the contact angle as close to 0° 

as possible.  As we mentioned in Chapter 1, dewetting takes place when part of a substrate 

surface becomes exposed after application of the coating solution, but before the final film is 

formed.  The likelihood of dewetting is proportional to the magnitude of the contact angle.  

In some cases, such as with nonwetting fluids, the contact angle is so high that it is 

impossible for the coating solution to form a continuous film even if mechanical spreading is 

used [4-6,8-11]. 

4.3.1 Young’s Equation 

When a droplet of fluid is placed on a solid surface three important interfaces are 

formed: a solid-liquid interface, a liquid-vapor interface, and a solid-gas interface (Figure 

4.1).  The formation of each of these interfaces requires energy.  This amount of energy is 

known as the “interfacial energy” and is equal to the amount of energy that is required to 
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form the interface per unit area.  The symbols γsl, γlv, and γsv are commonly used to represent 

the solid-liquid, liquid-vapor, and solid vapor interfacial energies respectively [7].  Interfacial 

energy is also referred to as interfacial tension and will be used interchangeably in this text.  

The liquid-vapor interfacial energy is commonly called “surface tension”.  A mathematical 

relation between the contact angle and these interfacial energies was first described by 

Young in 1805 [1,7], 

( )
lv

slsv
ycos

γ
γγθ −

= .    (4.1) 

Here θy is Young’s contact angle.   

 Despite the fact that Young’s equation is one of the first mathematical 

relationships between the three important interfacial energies it is still widely used today.  

Numerous authors have studied the implications of Young’s equation in surface phenomenon 

[12-28].  It is important to point out that in equation 4.1, γsv is the solid-vapor interfacial 

energy that includes adsorption from the vapor.  Therefore equation 4.1 is sometimes written 

in a form such that γsv
 is replaced with γs, the solid-vapor interfacial energy in a vacuum and 

πo, the film pressure [7], 

( )
lv

osls
ycos

γ
πγγθ −−

= . (4.2) 

In a high pressure environment there will be significant differences between γs and γsv 

because there will be adsorption of the gas to the surface.  However, if all of the interfacial 

tensions are known than the film pressure can be calculated.   
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4.3.2 Equation of State 

In coating processes it is very desirable to know the substrate solid-liquid surface 

energy, γsl, and the solid-vapor surface energy, γsv, so that wetting can be promoted by 

choosing a solvent with an appropriate value of γlv.  Unfortunately, it is very difficult if not 

impossible to directly measure γsl and γsv for most solids [29]. Young’s equation is still 

widely used because when it is combined with experiments that measure the contact angle 

and γlv than the difference between γsv and γsl can be calculated.  However, Neumann has 

pointed out that the measurement of the contact angle is not trivial (see below) and often the 

contact angle that is measured is not equivalent to Young’s contact angle [29]. 

A number of authors have shown that if θ and γlv are known then the individual values 

of γsv and γsl can be calculated by using relationships between γsv and γsl [27-47].  These 

relationships have come to be known as equations of state (EOS) because of their similarity 

to gas phase EOS in which major system equilibrium thermodynamic properties are related.  

There has been some controversy in the thermodynamic validity of the EOS approach; 

however, there is no question as to the experimental usefulness [29].   One way to develop an 

EOS is to start with the Rayleigh-Good equation,  

( ) 2
1

lvsvlvsvsl 2 γγγγγ −+= .       (4.3) 

The Rayleigh-Good equation is derived by assuming that the work of adhesion is equal to the 

geometric mean of the solid-solid work of cohesion (Wss = 2γsv) and the liquid-liquid work of 

cohesion (Wll = 2γsl ) [48], 

 ( ) ( ) slsvlvslsvllsssl
2

1
2

1

22WWW γγγγγ −+=== .   (4.4) 
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Substitution of the Rayleigh-Good equation (4.3) into Young’s equation yields the Berthelot 

EOS, 

( )
lv

sv
y 21cos

γ
γθ +−= . (4.5) 

Antonow’s rule [29],  

 )A(B)B(AAB γγγ −= , (4.6) 

can be used to develop another EOS, 

( )
lv

sv
y 21cos

γ
γθ +−= . (4.7) 

Here γA(B) is the interfacial energy of phase A saturated with B and γB(A) is the interfacial 

energy of phase B saturated with A.  However, Antonow’s EOS is not based on theory and is 

often inaccurate. Berthelot’s EOS overestimates the strength of unlike pair-interactions and 

does not work when (Wll-Wss) or  (γlv - γsv) is large.  Neumann therefore developed a modified 

version of Berthelot’s EOS which includes a parameter to take into account deviations from 

the geometric mean combining rule [29], 

 ( ) ( )2

lv

sv
y

svlve21cos γγβ

γ
γθ −−+−= . (4.8) 

Here β is a universal constant equal to 0.0001247 (m2/mJ)2 . 

 Other relationships between γsl and γsv include the Lifshitz-van der Waals/van Oss, 

Owens-Wendt-Kaelble, and Fowkes relationships [29].  These authors used a technique in 

which the surface tension is expressed as a sum of component surface tensions.  These 
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components might include dispersive forces, hydrogen bonding, dipole-dipole interactions, or 

acid-base interactions.  The EOS approach is a useful technique because it can be used to 

completely understand the interfacial energies associated with the three interfaces that form 

during coating processes by performing a minmum number of experiments.  Neumann’s 

modified Berthelot equation will be used later in this chapter to estimate the solid-liquid and 

solid-vapor interfacial energies of materials in a compressed carbon dioxide atmoshpere.  

4.3.3 Spreading Coefficient and adhesion tension 

In addition to Young’s equation there are other important mathematical relationships 

that are used to help predict the behavior of liquids on solids. When the contact angle is zero 

then the fluid is not static and the relationship between the interfacial energies is represented 

by a spreading coefficient [7], 

( ) lvslvlvslsv)v(ls cosS γθγγγγ −=−−= .    (4.9) 

Here θs is the contact angle of the fluid during spreading. When the spreading coefficient 

(also known as the work of spreading) is greater than zero then the liquid spontaneously 

spreads over a surface.  The difference between γsv and γsl which is also the product γlvcos(θ) 

in equation 4.9 and in Young’s equation is referred to as the adhesion tension [2,23].  A high 

adhesion tension means that the liquid prefers the interface.  The magnitude of the adhesion 

tension of different mixture components is often compared to determine which material will 

preferentially adsorb to the solid interface [49].  In conventional coating processes the 

substance with the highest adhesion tension adsorbs preferentially to the surface.  It will also 

have a higher spreading coefficient, and hence is predicted to spread better.  However, this 

analysis works well in conventional systems, but it can be misleading.  In the case of a fluid 

near the critical point the adhesion tension will approach zero because the surface tension 
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approaches zero.  In this case it would seem as if a near critical fluid is not good in wetting 

processes.  However, at the critical point the system no longer has three phases and there is 

complete wetting.  As we will discuss below in near critical systems the lower the adhesion 

tension, the more likely that wetting occurs. 

The work of adhesion, Wsl, is the work required to make or break an interface in the 

presence of a third medium.  In simplistic terms it is the amount of work needed to separate 

the liquid from the solid [7], 

lvslsvslW γγγ +−= .   (4.10) 

Combination of equation 4.10 with Young’s equation results in the Dupré equation, 

( )( )θγ cos1W lvsl += . (4.11) 

4.3.4 Measuring Contact Angles 

There are many methods that are used to measure the contact angle.  The easiest 

method is to directly measure the contact angle of a sessile drop on a flat solid surface.  An 

apparatus known as a goniometer that magnifies the drop and contact region can be used to 

perform this measurement.  The contact angle can be determined by either drawing a tangent 

line with the edge of the drop or by using an analytical expression that relates the height and 

width of the drop to the shape of the contact angle, 











= −

drop

drop1

d

h2
tan2θ .        (4.12) 

Here hdrop is the height of the drop and ddrop is the diameter of the drop (see Figure 4.2).   In 

equation 4.12 it is assumed that since the drop is small that gravity is negligible [50].  

Authors have also shown that a more accurate technique to measure contact angle is to 
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assume that the drop is Laplacian and axisymmetric [51,52].  An equation can then be fit to 

the shape of the droplet to determine the contact angle.  This has been termed axisymmetric 

drop shape analysis.  Another method to measure the contact angle is the Wilhelmy plate 

method [7].  In this method the capillary height of liquid on a vertical flat plate is measured 

and related mathematically to the contact angle.  The weight of liquid adhering to the 

Wilhelmy plate as it is dipped into and removed from a bulk liquid may also be used to 

determine the contact angle [7].  Authors have also used a number of other minor techniques 

to measure the contact angle [50-56]. 

The measurement of contact angles using these or other methods is not as straight 

forward as it first appears.  The contact angle that interests most authors is the equilibrium or 

Young’s contact angle.  However, the contact angle that is measured is often not the Young’s 

contact angle, but that of another quasi-stable drop state [29].  On ideal smooth surfaces it 

can be assumed that all measured contact angles are the equilibrium contact angle.  However, 

there are very few surfaces that are ideal. Therefore, it is necessary to assume that the surface 

is smooth, homogeneous, and rigid.  On non-ideal surfaces the advancing contact angle, or 

the contact angle when the liquid drop first makes contact with a previously unwet part of the 

surface, is a good approximation of Young’s contact angle [29].  The receding contact angle, 

or the contact angle that occurs when liquid contacts a previously wet region of the substrate, 

is not a good estimation of the Young’s contact angle.  The difference between the receding 

and advancing contact angle is called the contact angle hysteresis. The most common causes 

of hysteresis include contamination, nonhomogeneous surfaces, surface roughness, surface 

group rearrangements, surface immobility on a macromolecular scale, changes in the surface 
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due to swelling by the fluid, or penetration of the solid by the fluid [7].  Reaction of the fluid 

with the solid substrate also can cause hysteresis and should be avoided.     

Calculation of the solid-liquid and solid-vapor interfacial tensions by contact angle 

measurement can also be problematic.  First, it must be assumed that the measured contact 

angle is the Young’s contact angle, which as discussed above may not always be the case. It 

also must be assumed that Young’s equation is valid, which is not always true.  If the fluid is 

a mixture of two different species then it is necessary to assume that the role of preferential 

adsorption is minor.  Furthermore, it must be assumed that the values of the interfacial 

energies do not change during the course of the experiment and that the value of γsv is 

independent of the liquid.   

4.3.5 Spreading and Critical Contact Angle 

When a droplet is placed on a surface there are many forces that govern whether it 

will spread or whether its shape becomes pinned.  The maximum driving force for spreading 

is the adhesion tension multiplied by the wetted perimeter. In the case of a radial drop this is 

[57],     

( )ylvd cosr2f θγπ= . (4.13) 

When the droplet is in the process of spreading then the driving force has a form similar to 

equation 4.13, but with one very important modification.  It is the difference between the 

actual contact angle and the equilibrium contact angle that determines the driving force [57], 

( ) ( )[ ]actylvd coscosr2f θθγπ −= . (4.14) 

Here θact is the actual contact angle during spreading. 
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 Many authors have used equations 4.13 and 4.14 and other relationships between the 

contact angle, surface tension, and wetting force to determine the rate at which a droplet will 

spread on a surface [57-89].  Here we are interested in research pioneered by Hamraoui in 

which the spreading rate is related to a friction coefficient [90].  Hamraoui found that a 

friction coefficient was related to the temperature and the mobility of atoms on the surface,   

j
o
w

b
o K

Tnk

λ
ξ = . (4.15) 

Here n is the number of adsorption sites per unit area, kb is the Boltzmann constant, T is 

temperature, Kw
o is the natural jump frequency of the liquid atoms in the three phase region, 

and λj is the average jump distance.  It was shown that the contact line velocity can be related 

to the friction coefficient  [67], 

( ) ( )( )







 −
=

Tnk2

coscos
sinh

Tnk2
V

b

ylv

o

b
drop

θθγ
ξ

. (4.16) 

Here ξo is the friction coefficient. 

Hamraoui, de Ruijiter and others have found that the friction coefficient is dependent 

on the surface tension of the fluid [57,61,67,69,85,90].  However, no mathematical 

expression exists for this relationship.  de Ruijiter also showed that simulations can be used 

to determine the value of the friction coefficient [67].  Although use of the friction 

coefficients in spreading processes is just beginning it is an important step because their 

utility in other hydrodynamic processes proves how advantageous they can be in helping to 

predict fluid dynamic phenomenon.      
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4.3.6 Critical Point Wetting  

One important phenomenon that may be important in compressed carbon dioxide 

systems is critical point wetting.  Cahn first postulated in 1977 that there should be a wetting 

transition in the two-phase region of a near critical mixture [91].  de Gennes also pioneered 

the study of near critical wetting by introducing the surface scaling techniques for critical 

binary mixtures [5].  Numerous other authors have studied the critical point wetting of near 

critical systems [92-130].  Although authors have studied how a liquid and some polymers 

behave on solid surfaces near the critical point, most authors have concentrated on the 

interaction of binary mixtures.  No author has investigated critical point wetting phenomenon 

of polymers swollen with near critical carbon dioxide.  

A fluid which transitions from the partial wetting state to the complete wetting state 

may do so with an order that is analogous to bulk phase transitions.  Most fluids undergo a 

first order wetting transition in which the first derivative of the free energy is discontinuous 

[131].  The characteristic jump in the absorbed film thickness surrounding the drop from a 

finite value to a large value is a result of this discontinuity.  A first order wetting transition 

usually occurs when the spreading coefficient changes sign at the wetting transition and the 

Hamaker constant is positive [5].  The Hamaker constant relates the attraction per unit 

surface area to the separation distance of two surfaces (i.e. the attraction per unit surface area 

of two colloidal particles).  When the first derivative of the free energy is continuous than the 

transition is second order.  This is sometimes referred to as a critical or continuous wetting 

transition.  As the name implies there is no characteristic jump in the absorbed film thickness 

surrounding the drop.  Instead, it increases continuously.  A second order wetting transition 
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usually occurs when the spreading coefficient is positive and the Hamaker constant changes 

signs at the wetting transition [5].   

There are many experimental methods that are used to determine the wetting 

transition order.  The most direct way is to measure the thickness of the absorbed film 

surrounding the droplet as the critical point is approached.  Most research has concentrated 

on measuring wetting transitions as a function of temperature [5,131]. Another way to 

measure the wetting transition is to use Young’s equation and recognize that the term γlv*(1-

cos(θ)) is the free energy that is going to zero at the critical point.  It is then found that the 

wetting transition obeys the equation [132], 

( ) ( ) s2
iwy VVcos1 αθ −−∝− . (4.17) 

Here Vw is the value of the measured variable at the wetting transition, Vi is the value of the 

measured variable below the wetting transition, and αs is the wetting transition coefficient. 

When the wetting transition is first order than the term αs is equal to 1.  If αs is less than 1 

then the transition is second order.     

4.4 Wetting properties of carbon dioxide mixed with wetting 

precursors 

4.4.1 Estimation of mixture surface tension 

The discussion above shows that there are many important factors that determine 

whether a coating precursor wets a surface.  One of the most important of these parameters is 

the gas-liquid interfacial energy.  Young’s equation shows that if the surface tension is low 

then a solvent is likely to wet a surface.  Zisman has shown that the contact angle is a 
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monotonic function of the surface tension.  A plot of cos(θ) versus surface tension for a 

homologous series of fluids with different surface tensions on any substrate are linear.  The 

surface tension at which the contact angle is zero can be extrapolated from this data and is 

called the critical interfacial energy [7].  In general, when the surface tension of a fluid is 

below the critical interfacial energy of the solid then wetting is likely to occur.   

The interfacial energy between some polymers and compressed carbon dioxide has 

been measured.  There are no experiments reported in the literature in which the surface 

tensions of solutions that contain polymeric precursors and saturated carbon dioxide are 

measured.  However, the surface tension of coating precursors mixed with carbon dioxide 

can be estimated by using established mixing rules.  One of the simplest surface tension 

mixing rules is to use the Parachor [133,134].  This works very well for estimating the 

surface tension of mixed organic solvents, however it does not work well for near critical 

fluids [133].  It has not been used extensively for polymeric solutions and has only a small 

thermodynamic basis.  Another method, reviewed by Reid and Sherwood, is to use the 

principle of corresponding states [135].  However, this requires the use of physical constants 

that may not be known.  A third technique that has been developed is to assume that the 

surface layer and the bulk phase are two separate phases [136,136-138] .  Thermodynamics 

can then be used to estimate the surface tension.  This technique has lead to the development 

of many different equations for the prediction of mixture surface tension.  However, all the 

developed equations contain parameters that are known, or that can be estimated.  The 

parameters include the mole fraction of species in the bulk and at the surface, the surface 

tension of the pure components, and the activity coefficients of each component.   
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One such theory was proposed by Nath in which the chemical potential of each 

component in the mixture, µi
B, was related to a standard state chemical potential, µoi

B, and the 

activity of each component, ai,  [138], 
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The chemical potential of each species at the surface, µi
S, was also related to a standard state 

chemical potential at the surface, µoi
S, and the partial molar surface area of each species, Ωi

P, 
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The surface chemical potential and bulk chemical potential of a pure species was related to 

the surface tension of the pure species and the molar surface area of the pure species, Ωi, 
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At equilibrium the surface chemical potential and bulk chemical potential of all species are 

equal, 
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Nath combined equations 4.18 to 4.21, 
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Equation 4.22 can be modified by writing the activity of a species in terms of an activity 

coefficient, 
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Here xi
B and Ψi

B are the mole fraction and activity coefficient of species i in the bulk fluid, 

xi
S and Ψi

S are the mole fraction and activity coefficient of species i in at the liquid/vapor 
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interface. The partial molar surface area and pure component molar surface area are 

approximated as being equal and equation 4.23 for a binary mixture reduces to a series of 

equations, 
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Here ( ) 3
1

3
2

Amii NV=Ω .  Equation 4.24 and 4.25 can be solved if they are combined with 

models to estimate the activity coefficient of each species (i.e. UNIFAQ, Wilson, or NRTL) 

and with the fact that the sum of the bulk mole fractions and the sum of the surface mole 

fractions must equal one.    

4.4.2 Theoretical comparison of the surface tension of CO2 mixtures 

The surface tension of eleven mixtures containing coating precursors and CO2 has 

been estimated using the theory of Nath with an ideal mixture assumption.  Included in these 

compounds are a series of six PDMS compounds with increasing Mw.  In the case of an ideal 

solution all activity coefficients are equal to 1 and equation 4.24 and 4.25 reduce to, 
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The surface mole fractions must add to unity, 
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When the bulk mole fractions are set then equations 4.26, 4.27, and 4.28 can be 

simultaneously solved to determine the values of lv
s
1

s
2  and ,x,x γ . Figure 4.3 shows the results 

of the surface tension estimation.  At solution concentrations below 50 mole % (high CO2 

concentration) the surface tension of all mixtures is below 18 mN/m.  This is significant 

because the mixtures have surface tensions that are less than the critical interfacial energy of 

most fluoropolymer surfaces, some of the lowest surface energy materials.  This means that 

solutions of carbon dioxide and low Mw coating precursors should be able to wet just about 

any surface.  We also find that at low solution concentration there is almost no effect of 

precursor Mw on solution surface tension.  The theory of Nath has also been used to estimate 

the surface concentration of species in the mixture (Figure 4.4).  A significant quantity of 

CO2 will partition to the gas-liquid interface even at mole fractions of carbon dioxide below 

0.30.  In fact, the surface concentration of CO2 when it is mixed with high surface tension 

fluids, such as caprolactone, can be greater than 0.90.  The surface concentration of carbon 

dioxide decreases with a decrease in the pure solute surface tension.  However, the low 

surface tension of carbon dioxide means that it will almost always preferentially partition to 

the interface.   

4.4.3 Limitations of surface tension estimation technique 

The results presented in this section should only be used as an estimate for the surface 

tension of carbon dioxide mixtures.  This is because the analysis does not take into account 

that there may be swelling of the coating precursor by carbon dioxide, especially at low CO2 

concentrations.  This will be discussed more in depth in the section that follows.  It also does 

not take into account specific interactions that may occur between carbon dioxide and the 



 139

coating precursor.   Lastly, it does not differentiate between whether the material is soluble or 

insoluble in carbon dioxide.   

Substance 

 

Surface Tension 

(mN/m) 

Density 

(kg/m3) 

Mw 

(g/mol) 

Ethylene glycol dimethacrylate 31.0 1051 198 

Isodecyl acrylate 28.6 881 212 

Caprolactone acrylate 42.9 1100 344 

Polypropylene glycol monomethacrylate 33.3 1011 405 
Fomblin Zdol 24.0 1810 2000 
PDMS  15.9 751 162 
PDMS  18.0 853 340 
PDMS  19.2 898 550 
PDMS  19.9 930 950 
PDMS  20.8 960 3780 
PDMS  21.0 968 9430 

Table 4.1: Physical properties of coating precursors used to estimate mixture surface tensions 

4.5 The wetting of CO2 swollen coating precursors on PTFE 

substrates 

4.5.1 Introduction 

The analysis in section 4.3 shows that solvent based coating processes that utilize 

saturated carbon dioxide should wet most substrates.  It also suggests that coating precursors 

swollen with carbon dioxide might also wet many substrates.  In order to investigate this 

possibility experiments were conducted to investigate the wetting of low surface energy 

nonporous PTFE by two coating precursors swollen with CO2.  Experiments were also 

performed to determine how the wetting properties of coating precursors on porous PTFE 

with pore diameters from 10-30 µM are modified by compressed carbon dioxide.  In addition 

to the wetting experiments the density, surface tension and viscosity of the swollen CO2 

mixtures were measured.  Lastly, we show how a high pressure free meniscus coating 
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process can take advantage of the increased wetting experienced in compressed CO2 

atmospheres.  

4.5.2 Materials 

Two coating precursors were used in the experiments.  The first precursor was 

ethylene glycol dimethacrylate (EGDMA) ordered from Sigma-Aldrich (St. Louis, MO) with 

an average Mw of 198 g/mol and a structure given by Figure 4.5a.  The EGDMA was greater 

than 97% pure and was passed through a column of activated alumina to remove the 0.01% 

hydroquinone monomethyl ether stabilizer prior to any coating experiments.  The EGDMA 

has a density of 1050 kg/m3, a surface tension of 31 mN/m (see below for more information), 

a refractive index of 1.454, and a boiling point of 98-100 °C. The second coating precursor 

was poly(ethylene glycol) dimethacrylate (PEGDMA, n=4).  It was also ordered from Sigma-

Aldrich (St. Louis, MO) and had an average Mw of 875 g/mol and a structure given by Figure 

4.5b.  The PEGDMA has a density of 1110 kg/m3, a surface tension of 35 mN/m, and a 

refractive index of 1.47.   The carbon dioxide source consisted of a 17.73 kg size B(AI) 

SFC/SFE high purity tank with no helium head space.  The carbon dioxide was obtained 

from Air Products and Chemicals, Inc in Allentown, PA with a purity certified at greater than 

99.9999%.   The solid PTFE was virgin electrical grade Teflon® obtained from McMaster-

CARR (Atlanta, GA).  The PTFE was originally obtained as 6” X 6” sheets with a thickness 

of either 1 or 1.6 mm and was cut into smaller segments using a sharp stainless steel razor 

blade.  It has a tensile strength of 1500-3000 psi, impact strength of 3 ft-lbs/in, and a 

Rockwell hardness of 55—58.   Two types of porous PTFE were used in the experiments.  

First, 0.2, 1, 5 and 10 µm pore diameter membranes were obtained from Millipore (Bedford, 

MA).  These 125 µm thick model P04700 series membranes had a porosity of 68%.  
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Experiments also used Mupour membranes with pore diameters of 10, 20 and 30 µm.  These 

1000 µm thick model PS1011008, PS201008, and PS301008 membranes were manufactured 

by Porex (Fairburn, GA) with a porosity of 35 – 50 %.  

4.5.3 Methods: density and surface tension measurement 

The density and the surface tension of the two coating precursors were measured 

simultaneously in one high pressure device (Figure 4.6).  It consisted of a high pressure 

vessel equipped with view ports, a capillary tube holder, an ISCO 260 high pressure syringe 

pump, a manual syringe for injection of liquid, and a digital image capture system.  The 

vessel view ports were made of quartz and positioned on opposite sides of the cell.  The 

visible height and width within the cell was 94.3 mm and 17.6 mm respectively.  The total 

volume of the cell was 26.1 mL.    

The density and surface tension were measured using a swelling and capillary rise 

technique respectively.  First, a Drummond microcap capillary tube (model 1-000-500) was 

placed in the holder and sealed vertically in the high pressure vessel.  The manual syringe 

was then fitted with a high pressure fitting and connected to a 1/16th inch HPEC inlet port 

valve.  A known volume/weight of the coating precursor was introduced into the cell using 

the manual syringe until the precursor covered the bottom of the capillary tube.  The quantity 

of precursor added was determined by weighing the syringe before and after introduction of 

the coating precursor using a microbalance.  In order to perform the simultaneous surface 

tension measurement it was necessary to fill higher than the bottom of the capillary tube and 

then pull a small amount of precursor back into the syringe.  This prevents pinning within the 

capillary tube and ensures that the starting height is the true equilibrium height.  The cell was 

then leveled so the capillary tube and liquid interface made 90° angles.  This ensures that the 
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tube is vertical relative to the liquid interface.  The vessel was purged with carbon dioxide 

gas at 50 psig for several minutes and then allowed to vent back to 0 psig after leveling was 

complete.  The initial height of the precursor in the vessel and in the capillary tube were 

captured using a Pulnix TM-7C4 ccd camera fitted with a Nikon 1:1.4D 50 mm lens attached 

via a Scion Corporation (Frederick, Maryland) LG-3 RS170 frame grabber to a PC.  The 

frame grabber captures images with a 640 X 480 pixel resolution.  The ISCO syringe pump, 

model 260D, was filled with gaseous carbon dioxide at the desired set point and allowed to 

equilibrate.  The vessel was then filled with gaseous carbon dioxide at the set point using the 

syringe pump.  The volume of the syringe pump before and after addition of the CO2 was 

recorded.  These volumes are used to calculate the mass of carbon dioxide introduced into the 

vessel.  The filling procedure was repeated until both the height of the polymer in the vessel 

and the pressure remained constant (normally about 36 - 72 hours).  Two new images of the 

total liquid height in the vessel and the height of the liquid in the capillary tube were 

captured.  The system was then pressurized to the next set point using the same filling 

technique. The filling/image capturing procedure was repeated until the maximum desired 

pressure was reached.   

The density of the precursor can be calculated if it is assumed that the gas phase 

contains only pure carbon dioxide.  First, the volume of the gaseous region and the liquid 

region within the vessel are calculated using the captured images (Figure 4.7).  Next, the 

mass of carbon dioxide in the gas phase is calculated using the relation,  

)g(COgasgas 2
VM ρ= . (4.29) 
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Here Vgas is the volume of gas in the high pressure vessel and ρCO2 is the density of carbon 

dioxide at the experimental temperature and pressure. Once the mass of the gas is known the 

mass of the liquid can be determined by, 

precursorgas)g(COTotalISCOCOliq MMVM
ISCO22

+−= ρ . (4.30) 

Here TotalISCOCO 2
V  is the total volume of carbon dioxide added to the system form the ISCO 

syringe pump,
ISCO2 )g(COρ  is the density of carbon dioxide in the ISCO syringe pump, and 

Mprecursor is the mass of precursor added to the high pressure vessel.  The density of the liquid 

is the total mass in the liquid divided by the volume of the liquid, Vliq, 

liq

liq
liq V

M
=ρ . (4.31) 

The surface tension can be calculated once the mixture density is known by 

measuring the height of liquid within the capillary tube.  The height is easily found using the 

captured digital image.  The height is measured from the bulk liquid interface to the bottom 

of the meniscus within the capillary tube (Figure 4.8).   A modified form of the Rayleigh 

equation is used to calculate the surface tension [140], 
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Here Ppr is the Prokhorov correction factor that takes into account the deviation of the 

meniscus within the capillary tube from sphericity [140],   

Ppr = 1 + 0.3333333Q - 0.1287648Q2 + 0.1311900Q3 - 0.1773010Q4  + 0.2503751Q5 

- 0.2961717Q6 + 0.2444781Q7 - 0.1188949Q8 + 0.0251954Q9,   (4.33) 
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and risecap h/rQ = . 

The Prokhorov correction factor is most accurate when the contact angle is 0 [140].  The 

procedures used to measure the viscosity of the two coating precursors are not presented in 

this chapter.  Instead, they can be found in Chapter 5 in which the design of a high pressure 

falling cylinder viscometer is discussed.                 

4.5.4 Results and discussion: physical property measurements 

The swelling experiments show that both the EGDMA and PEGDMA coating 

precursors absorb a significant quantity of carbon dioxide.  The EGDMA monomer absorbs 

up to 70% by weight of carbon dioxide at 5.5MPa while the PEGDMA monomer absorbs 

over 35% (Figure 4.9). Although both monomers swell significantly in the presence of 

carbon dioxide, 4.1X and 1.6X for the volume expansion of EGDMA and PEGDMA 

respectively, there is not a large change in the solution density (Figure 4.10).  This is because 

of the significant quantity of absorbed carbon dioxide.  The absorption causes the viscosity to 

be reduced by over 90% for both the swollen EGDMA and PEGDMA at 5.5 MPa.  The 

viscosity at 5.5 MPa for the EGDMA is about 2.8*10-4 Pa*s while that of the PEGDMA is 

0.02 Pa*s (Figure 4.11).  The absorption also causes a significant decrease in the surface 

tension of both compounds from more than 30 mN/m at 0 psi to below 6 mN/m at 5.5MPa 

(Figure 4.12).  This is more than an 85% reduction in the surface tension.  The surface 

tension of the swollen polymers is below the critical surface tension of most solid substrates 

indicating that carbon dioxide swollen monomers have great potential in the coating of 

polymeric materials since they should wet most surfaces. 
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4.5.5 Comparison of measured surface tension to the theory of Nath  

The measured surface tension has been compared to the surface tension predicted 

using the theory of Nath to determine if the theory is able to predict the surface tension of 

swollen precursors (see Section 4.4.2. for calculation technique).   The reduction in surface 

tension due to swelling is different than solution surface tension reductions because the 

reduction occurs at different pressures.  This causes the pure component interfacial energy of 

one species (CO2) to change.  A liquid/vapor interfacial energy is necessary to predict the 

mixture surface tension.  Therefore, two different comparisons have been made.  In the first 

comparison the surface tension of the pure carbon dioxide is taken to be the surface tension 

of saturated carbon dioxide at each set point pressure.  These results are presented in Figure 

4.13a and 4.13b.  We find that the measured mixture surface tension is predicted within 6.5 

mN/m, but not with the same curvature.  The calculated interfacial tensions may be different 

than the actual interfacial tensions because there is significant swelling of the polymer and 

hence density changes.  Also, the predictions may be incorrect because the interactions 

between the precursor and carbon dioxide were estimated as being ideal.  In the second 

comparison, the surface tension of carbon dioxide is taken as that of pure saturated carbon 

dioxide at the experimental temperature.  As can be seen Figure 4.13c there are significantly 

different slopes between the measured surface tensions and the predicted surface tensions.  

However, this estimation technique is promising because the surface tension error between 

the calculated value and the estimated value is the same for both monomers at each pressure 

(Figure 4.14).  The physical basis for this correction factor and whether it can be applied to 

all substances mixed with CO2 is unknown and needs further study.   The Parachor method 
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and a simple mole fraction mixing rules also do not predict the experimentally measured 

values. 

4.5.6 Methods: contact angle of precursors on solid and porous PTFE 

The contact angle of swollen precursors on PTFE has been measured to determine 

whether the surface tension reduction discussed above affects wetting properties.  

Experiments were performed in a novel high pressure goniometer that consisted of a view 

cell, a high pressure syringe, a high pressure septum, and a digital image capture system.  

The view cell had two sapphire view ports (similar in construction to the view ports 

described in Chapter 3) placed on opposite sides of the view cell (See Figure 4.15a).  The 

cell had an additional view port located on the topside of the cell.  The top view port was 

equipped with a septum made of high durometer EPDM rubber obtained from McMaster-

CARR (Atlanta, GA). The EPDM rubber was 1 inch in diameter o-ring cord stock with a 

Shore A durometer of 65-75 and maximum temperature of 107 °C.   The septum was sealed 

into the device using either of the two mechanisms shown in Figure 4.15b.  The high pressure 

syringe, which was used to introduce fluid onto the surface of the substrate, entered the cell 

through the septum. The model 1710TPLT high pressure syringe was manufactured by 

Hamilton Company (Reno, NV).  The syringe had a type RN needle connection and a screw 

type plunger.  The screw plunger prevented blow out of the plunger at high pressure and 

provided accurate control of the dispensed volume.  Each full turn of the plunger dispensed 

1.3 µL.  The syringe needles were type 22s with a point style of 3.    

Static, advancing, and receding contact angles were measured.  In the static contact 

angle measurements a 3 µL drop was advanced from the microsyringe at approximately 1 

µL/s.  The syringe was withdrawn from the drop and the system was allowed to stabilize for 
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several minutes.  The cell was then purged with low-pressure gaseous carbon dioxide and 

then allowed to equilibrate at 0 psig.  An image of the drop was captured using SCION 

Image Image version 3b, a LG-3 frame grabber, a Pulnix TM-7C4 camera, and a Nikon 

1:1.4D 50 mm adjustable lens.  Spacers between the camera and the lens were used to 

increase the magnification so that the substrate filled the entire capturing region. The system 

was pressurized to the first pressure set point.  Images were captured using time-lapse mode 

for 10 hours starting immediately after pressurization.  The system was then pressurized to 

the next pressure set point and the image capturing was restarted.  This sequence was 

performed until the maximum desired pressure was reached.  In some cases the process was 

then reversed to obtain depressurization curves.          

Advancing and receding contact angle measurements were performed differently than 

the static contact angle measurements.  First, the syringe was filled with coating precursor 

and then it was sealed in the high pressure cell.  The cell was then purged with low-pressure 

gaseous carbon dioxide and then allowed to equilibrate at 0 psig.   The system was then 

pressurized to the desired pressure set point and allowed to equilibrate.  The SCION image 

program was set up in time-lapse mode to capture frames at up to 10 frames/sec.  A drop was 

formed on the substrate by advancing fluid from the microsyringe at about 1 µL/s.  The fluid 

was advanced until the contact line began to move.  The contact angle at the first movement 

of the contact line during fluid advancement is designated as the advancing contact angle.  At 

least 1 µL more of fluid was advanced from the syringe.  The system was allowed to 

equilibrate and the SCION image program reset into time-lapse mode.  The fluid was drawn 

back into the syringe until the edge of the drop once again began to move.  The contact angle 

at first movement of the contact line during withdrawal is designated as the receding contact 
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angle.  Five measurements were made at each set point pressure each on new surfaces with 

depressurization between every measurement.  

4.5.7 Results and discussion: contact angle of precursors on solid PTFE 

The static contact angles of the swollen monomers on nonporous PTFE surfaces were 

measured as a function of CO2 pressure (Figure 4.16).   The equilibrium contact angle of 

EGDMA on nonporous PTFE decreased from near 60° at 0 MPa to 0° at 5.2 MPa.  However, 

the contact angle of PEGDMA decreased by only 21% despite the large decrease observed in 

its surface tension.  It is possible that the higher viscosity of PEGDMA prevented spreading 

because it caused the contact line to become pinned.  The difference in spreading may also be 

explained by differences in the solid-liquid interfacial energy (see below).  Depressurization 

of the system back to 0 MPa resulted in measured contact angle hysteresis for both EGDMA 

and PEGDMA droplets, and de-wetting of the surface (Figure 4.17).  Here hysteresis is 

defined as the contact angle during pressurization minus the contact angle during 

depressurization.  The contact angles of EGDMA and PGDMA after exposure to 5.5 MPa of 

carbon dioxide was up to 20% lower than before pressurization.  Pressurized nitrogen at 5.5 

MPa does not significantly reduce the contact angle of EGDMA and PEGDMA on 

nonporous PTFE.    

4.5.8 Calculation of solid interfacial energies 

The contact angle results can be combined with the measured surface tension results 

to learn more about wetting in a carbon dioxide atmosphere.  Neuman’s modified Berthelot’s 

EOS (Equation 4.7) is used to calculate the solid-vapor interfacial energies in the EGDMA 

and PEGDMA experiments.  The three unknown parameters in the modified Berthelot 

equation are γlv, γsv, and θy.  The contact angle measurement of EGDMA and PEGDMA on 
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PTFE described in Section 4.5.7 can be combined with the measurements of γlv in Section 

4.5.4 so that γsv  can be calculated.  Figure 4.18 shows that as the pressure increases the solid-

vapor interfacial energy decreases linearly.  We would expect the solid-vapor interfacial 

energy in both experiments to be constant for each pressure (i.e. no difference between the 

EGDMA and PEGDMA experiments).  We find there is only a very small difference in 

Figure 4.18 between the solid-vapor interfacial energy of the two experiments at each 

pressure (1 mN/m).  This small difference is probably due to experimental error in measuring 

the contact angle and possible small differences in the surface energies between the two 

different substrates that were used (i.e. a new substrate was used in each experiment).  

Young’s equation (4.1) can be used to calculate γsl once γsv is known since θy and γlv are also 

known.  We find that there are significant differences between the solid-liquid interfacial 

energies for the interaction of EGDMA and PEGDMA with PTFE.  The γsl for EGDMA is 

about 5 mN/m less than PEGDMA and has a different curvature as a function of pressure.  

The differences between the γsl for each coating precursors decreases as pressure increases 

because the composition of both fluids becomes similar since they both contain more carbon 

dioxide.  The small difference in γsl and the higher viscosity of the PEGDMA may be what 

leads to the wetting differences.   

The film pressure in the high pressure atmosphere can also be calculated since the 

interfacial energy of the pure solid is equal to the calculated γsv at atmospheric conditions.  

There is a significant increase in the film pressure as the system pressure increases from zero 

mN/m at atmospheric conditions to over 20 mM/m at 5.5 MPa (Figure 4.19).  The film 

pressure calculated from the EGDMA experiment is almost exactly the same as that from the 

PEGDMA experiments.  This is expected since the film pressure should only be dependent 
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on the components of the gas phase (pure CO2) and the pressure.  The small difference can be 

attributed to experimental error and differences in the two different substrates.  The average 

film pressure of carbon dioxide on PTFE in gaseous CO2 environments can be approximated 

by πo = 1.2929 + 0.02531(P).  In this case the units on P are psig and πo is in mN/m or 

dyne/cm.         

4.5.9 The wetting transition of precursors in near critical CO2  

We have also investigated whether the wetting transition for the EGDMA coating 

precursor is first order or second order.  The spreading coefficient has been calculated and is 

depicted in Figure 4.20.  The spreading coefficient is negative and approaches zero at the 

wetting pressure.  As was mentioned in Section 1.2.6, if the spreading coefficient changes 

sign at the wetting transition then the system likely is experiencing a first order wetting 

transition.   We also find that a plot of (Pw – P) versus (1- cos (θ)) is linear at pressures near 

the wetting transition (Figure 4.21).  The linear behavior further confirms that the wetting 

transition is first order.  However, it should be pointed out that the analysis of wetting 

transitions for mixtures has not been well studied.  In most cases the wetting transition is 

looked at as a function of temperature for a pure fluid.  In this case the surface energies 

change as a function of the process parameter (P) because of the absorption of a second 

component.  It is also important to note that the most important region is in the limit as (Pw – 

P) approaches zero and the curve does not pass through the origin.  Further experiments are 

needed to confirm the order of the wetting transition since the collected data set does not 

contain numerous data at conditions very close to the wetting transition. 
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4.5.10 Results and discussion: contact angle of precursors on porous PTFE 

Static, advancing, and receding contact angle measurements of EGDMA and 

PEGDMA on porous PTFE have been conducted.  First, it has been shown that the contact 

angle can depend on droplet size, especially on rough surfaces such as porous materials.  In 

order to minimize this effect experiments were performed in which the contact angle was 

measured as a function of droplet size at atmospheric conditions.  It was found that droplets 

between 3 and 20 µm exhibited no dependence of contact angle on drop size. Therefore, the 

static contact angle measurements utilized a drop size of 3 µm.   

Static contact angle measurements were performed on the 10, 20, and 30 µm pore 

diameter Mupour samples.  Results at pressures up to 2.1 MPa showed reductions in contact 

angle with CO2 pressure similar to those seen in the experiments with nonporous PTFE 

substrates. However, at pressures between 2.1 MPa and 3.5 MPa the contact angle of the 

EGDMA precursor drops suddenly to zero.  This phenomenon occurred with all tested pore 

sizes including the Millipore samples with pore diameters between 0.2 and 20 µm.  Time 

lapse phenomenon at pressures below and above this critical pressure range suggest that the 

sudden decrease in contact angle is due to penetration of the pores by the EGDMA (Figure 

4.22).  Experiments were performed utilizing single capillary PTFE tubes purchased from 

Michrom BioResources, Inc (Auburn, CA) to confirm that penetration was occuring.  The 

127µm pore diameter tube was fit snugly into a small hole drilled in one of the nonporous 

PTFE samples.  The capillary was positioned with the nonporous PTFE so that excess tube 

was sticking out the bottom and top of the nonporous substrate.  The nonporous PTFE was 

then compressed between two stainless steel washers to ensure that the side of the nonpouous 

ptfe made a seal with the tube (see Figure 4.23).  After the tube was sealed into the 
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nonporous PTFE the top part of capillary was cut flush with the surface using a sharp 

stainless steel razor blade.   Time-lapse images of a 3 µm drop placed on top of the single 

pore confirm that a critical pressure is reached at which the drop drains through the pore 

(Figure 4.24). No penetration was observed into pores by PEGDMA over the same pressure 

range.  Single pore experiments confirm that the PEGDMA does not drain through the pores.   

4.5.11 Pore filling model 

A model explaining how the physical properties of EGDMA and PEGDMA affect the 

penetration into porous PTFE can be developed by writing an energy balance between the 

point at which the drop enters a pore and the point at which the fluid moves within the pore 

(146), 
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Here, P is pressure, V is velocity, h is height, Ws is shaft work, and Ev is viscous dissipation.  

The subscripts 1 and 2 denote the point within the control volume indicated in Figure 4.25.  

The pressure of the fluid at point 2, P2, within the capillary tube is, 
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Since the radius of the drop is at least two orders of magnitude larger than the radius of the 

capillary tube the curvature of the liquid is negligible and P1 = Psys.  Since the density of fluid 

is a constant the first term in equation 4.34 is, 
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Friction prevents penetration of the fluid into the capillary.  The viscous dissipation in the 

pore is (146), 

2
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cap
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∆= . (4.37) 

Here f is a friction factor, Dcap the diameter of the capillary tube, and ∆L is the length of 

capillary tube that fluid is flowing between.  In equation 4.34 the largest possible velocity of 

the fluid in the pore occurs when there is no viscous dissipation.  In this case equation 4.36 

can be substituted into equation 4.34.  An expression for the penetration velocity can be 

obtained since there is no shaft work and height changes can be ignored,     
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Equation 4.38 is known as Bosanquet’s equation [141].  We have used Bosanquet’s equation 

to estimate the Reynolds number in the capillary tube.  The flow in the capillary tube should 

be laminar since the estimated Reynolds number in our experiments is no greater than 15.  In 

laminar flow through a tube the friction factor, f , is equal to 16/NRe.  Although the use of 

16/NRe to describe the friction factor is appropriate in an ideal system the pores are not 

perfectly straight tubes, the effect of small entrance effects is not modelled accurately, and 

other nonidealities may exist.  Therefore, a correction factor, c, is introduced that will be fit 

to experimental data on penetration.  Substituting the laminar friction factor and correction 

factor into equation 4.36 yields an expression for the viscous dissipation, 
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Equations 4.35 and 4.36 can be combined with equation 4.34 by neglecting the height of the 

drop, by assuming that the pores have an open structure so that there is no pressure difference 

from point 1 to 2, and by assuming that the velocity of the drop at point 1 is small to yield, 
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The physical properties and all constants can be grouped into two terms and the velocity can 

be written as dL/dt, 
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boundary condition, L(0) = 0,  
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The velocity of the fluid in the pore is found by differentiating 4.42 with respect to t, 

( ) ( ) ( ) ( ) ( ) ( )
( )( )

( )
0

dt

tdL

CYtLC

tLC
Y

1
C

dt

tdL

YC

CtL

4

1

C

Y

dt

tdL

4

1

dt

tdL

C

tLC

2

1
1

fpfp

2
fpfp

cap

2
fp

2

capcap

fp =
+

+
+−−−  (4.43) 
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4.5.12 Pore filling model results 

 The value of the correction factor, c, in the Cfp term of equation 4.42 can be 

calculated by using experimental data. In the EGDMA experiments at the penetration 

pressure of 450 psi it takes 570 seconds for the entire 3 µL drop to penetrate into the 

substrate.  The penetration distance, L(t), after 570 seconds is estimated to be 0.48 mm by 

using the total drop volume and substrate porosity.  The measured physical properties of 

EGDMA at 450 psi can be combined with the penetration time and distance to determine that 

the correction factor is 5.71 * 105.    

The calculated value of c has been used in conjunction with the physical property 

measurements made in section 4.4.4 to estimate the penetration distance of both the EGDMA 

and PEGDMA coating precursors into the porous PTFE as a function of time and pressure 

(Figure 4.26).  The pore filling model predicts that EGDMA should penetrate the porous 

PTFE much quicker than PEGDMA independent of the pressure.  This is more clearly seen 

in Figure 4.27 which depicts the velocity of the penetrating fluid as a function of pressure 

and penetration time.  At each pressure and time the penetration rate of PEGDMA is 

approximately an order of magnitude smaller than the penetration rate of EGDMA. 

Additionally, viscous dissipation causes a decrease in the penetration rate by several orders 

of magnitude for both coating precursors almost immediately after penetration begins.   A 

decrease in the mixture surface tension and viscosity caused by an increase in CO2 pressure 

has only a small effect on both the initial penetration rate and the subsequent quick decrease 

in the penetration rate at short time periods.   The model also helps explain why the EGMDA 

penetrates the PTFE, but the PEGDMA remains on the surface.  Figure 4.28 shows that after 

570s the theoretical volume of the EGDMA drop remaining on the substrate is 0 µL at 
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pressures greater than 2.8 MPa.  However, the predicted volume of PEGDMA remaining on 

the surface never decreases below 84% of the original drop volume (3 µL) independent of 

pressure.  In fact, the pore model predicts that it would take over 7 hours for the drop to fully 

penetrate into the porous PTFE.  This means the penetration of the EGDMA is predicted to 

be at least 44X quicker than the penetration of PEGDMA.  Although the model is useful for 

understanding how the physical properties of the coating precursors affect the penetration 

process it is not able to predict that EGDMA droplets remain stable on the surface at pressure 

below 2.8 MPa and that PEGDMA droplets never penetrate the surface.  Further 

investigation into the cause of these phenomena need to be performed.   The penetration 

studies do show that a decrease in both surface tension and viscosity are required if swollen 

coating precursors are going to be used to penetrate low energy surfaces.  It also suggests that 

it might be better to use the coating precursor with the lowest initial viscosity.       

The contact angle hysteresis of PEGDMA on porous substrates with pore diameters 

between 0.2 and 10 µm has also been investigated.  Here, the contact hysteresis is the 

difference between the advancing and receding contact angle.  We find that the hysteresis 

decreases at each pressure as the pore size decreases (Figure 4.29).  This is expected since 

hysteresis is known to increase with an increase in surface roughness (i.e. increase in pore 

size) [142-145].  We also find that there is a significant decrease in hysteresis as pressure is 

increased.  This is probably caused by a decrease in surface immobility.  At high pressure the 

resistance to flow during advancement and withdrawal of the drop is smaller than at low 

pressures because of the decrease in mixture viscosity.  This is evident in the reduction of the 

friction resistance within the pore, but is also true on the substrate surface.  Macro scale 

immobility due to viscous drag is one cause of hysteresis.  The lower viscosity and high film 
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pressure tend to reduce the drag across the surface.   The decrease in hysteresis is important 

because it means that coatings applied at high pressure will have less wetting variability.  

This can lead to more uniform coatings because the wetting properties will not depend on 

whether the coating solution is advancing or receding across the substrate surface.   

4.6 The deposition of coatings using CO2 swollen precursors  

The increased wetting properties of swollen monomers can be very advantageous.  

The high pressure free meniscus coater described in Chapter 3 has therefore been used to 

deposit films in a two step coating process.  First, the EGDMA monomer and an initiator, 

AIBN, was deposited using the hFMC device at a temperature of 25 °C, a pressure of 5.5 

MPa, a drainage rate of 1.5 mm/s and an evaporation rate driving force of 0.02 MPa.  In the 

second step the coated substrate and coating vessel were heated to 70 °C to polymerize the 

EGDMA for three hours while the pressure was maintained at 5.5 MPa.  The heating was 

accomplished by wrapping electrical heating tape around the vessel.  The substrate was 

Mupour porous PTFE with 20 µm diameter pores and a porosity of 56%.  Inhibitor was 

removed from the EGDMA prior to the coating process by passing it through a column of 

activated alumina obtained from Polysciences, Inc. (Warrington, PA ).  Control samples were 

prepared by free meniscus coating the same substrate from pure monomer and from a 5 wt% 

solution of monomer in acetone followed by a three-hour thermal polymerization at 70 °C.  

The acetone was obtained from Sigma-Aldrich (St. Louis, MO) with purity greater than 

99.5% and used as received.   

It was found that the surface properties of the polymerized sample coated with CO2 

swollen EGDMA differed significantly from the control samples and an uncoated sample 
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First, the presence of EGDMA on the sample coated from CO2 swollen precursor was 

determined using XPS (Figure 4.30).  A characteristic peak at 533 eV not present on an 

uncoated control sample confirms the deposition of the EGDMA.  Surface coverage of the 

polymerized film was determined by measuring the amount of hydrophilic dye that absorbed 

to the substrate surface from a 100:1 mixture of FD&C dye #1 and water.  The uncoated 

PTFE control sample dipped in the aqueous hydrophilic dye solution showed no adsorption 

of the dye because the dye only absorbs to hydrophilic regions (Figure 4.31 a-d).  The PTFE 

samples coated with pure EGDMA monomer and EGDMA in acetone showed almost no dye 

binding at all, indicating that no EGDMA film was deposited on the surface as a result of 

poor wetting.  The PTFE sample coated with CO2-swollen EGDMA showed uniform dye 

binding on 100% of the surface indicating complete wetting. The sample coated using CO2-

swollen EGDMA absorbed 3.3 wt% of water while all other samples absorbed less than 0.3 

wt%.  In addition, although all samples exhibited a high advancing H2O contact angle on the 

porous substrate, only the sample coated using CO2-swollen EGDMA exhibited a small 

receding H2O contact angle (Table 4.2).   The low receding contact angle exhibited by the 

hFMC coated sample is caused by absorption of water to the surface as the water droplet 

advances over the surface. The relatively large weight of water that absorbs to the hFMC 

coated sample and the corresponding low receding contact angle demonstrates that there are 

significant changes in the hydrophilicity of the hFMC coated PTFE.  The PTFE does not 

become completely hydrophilic since if every pore had been completely filled with water 

then the sample would have contained 25 wt% of water.  The swollen EGDMA coated 

sample increased in density after coating by 186 kg/m3, corresponding to a decrease in 

porosity from 56% to 48%.  RMS roughness measured using a Burleigh Horizon optical 
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profilometer decreased by 2.7%.   A thin film of sputtered platinum was used to increase the 

surface reflectivity of the coated and uncoated samples and may have contributed to the small 

difference observed in RMS roughness.      

 
 

hFMC 

Coated 

Uncoated Monomer Coated Acetone Solution 
Coated 

θadvancing 99 107 103 107 

θreceding 0 107 97 107 

Table 4.2: Advancing and receding contact angles of water on EGDMA coated porous PTFE 

4.7 Conclusions 

In this chapter we have shown that carbon dioxide can be used in both the liquid and 

gaseous state to increase the wettability of coating substrates.  Solutions of carbon dioxide 

and coating precursors should be able to wet any surface independent of the molecular 

weight of the precursor because the surface tension of mixtures should remain below the 

critical interfacial energy of most solids.  On solid low energy surfaces the contact angle of 

CO2 swollen low molecular weight precursors decreases to zero as the pressure is raised. 

However, higher molecular weight precursors have smaller decreases in contact angle.  On 

porous substrates the decrease in viscosity and surface tension of coating precursors can lead 

to penetration of the coating precursor into the substrate.  However, penetration is dependent 

on a decrease in both wetting properties and viscosity.   The increased wetting properties of 

polymeric precursors in CO2 has been used to apply films of EGDMA onto porous PTFE.  In 

the next chapter we will discuss how carbon dioxide can be used to change the rheological 

behavior of coating precursors.         
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4.8 Table of Symbols 

Symbol  Description (M=mass, L=length, t=time, T=Temperature, F=Force) 

αs Wetting transition coefficient  
β Neumann’s Universal Constant = 0.0001247 (m2/mJ)2 

λj Average jump distance (L) 

π 3.14 
πo Film Pressure (F/L) 

γA(B) Interfacial Energy of A saturated with B (F/L) 

γAB Interfacial Energy Between Phase A and B (F/L) 

γB(A) Interfacial Energy of B saturated with A (F/L) 

γlv Liquid-Vapor Interfacial Tension (F/L) 

γlv1 Surface tension of pure component 1 (F/L) 

γlv2 Surface tension of pure component 2 (F/L) 

γlvi Surface tension of pure component I 

γsl Solid-Liquid Interfacial Tension (F/L) 
γsv Solid-Vapor Interfacial Tension (F/L) 

ϕ Porosity of the substrate 

θact Actual contact angle (degrees or radians) 
θs Contact angle of the spreading fluid (degrees or radians) 
θy Young’s Contact Angle (degrees or radians) 
ρliq Density of the fluid swollen with carbon dioxide (M/L3) 

ρmix Density of the droplet (M/L3) 
ρ1 Density of fluid at point 1 (M/L3) 
ρ2 Density of fluid at point 2 (M/L3) 
ρCO2(g) Density of gaseous CO2 in the high pressure vessel (M/L3) 

ρCO2(g)ISCO Density of gaseous CO2 in the ISCO Pump (M/L3) 
µi

B Chemical potential of species i in the bulk (F-L/mol) 

µi
S Chemical potential of species i at the liquid/vapor interface (F-L/mol) 

µmix Mixture Viscosity (M/L-t) 
µoi

B Reference state chemical potential of species i in the bulk (F-L/mol) 
µoi

S Reference state chemical potential of species i at the liquid/vapor interface (F-
L/mol) 

ξo  Surface Friction Coefficient  

ΩI Molar surface area (L2/mol) 
Ωi

P Partial molar surface area (L2/mol) 
Ψ1 Bulk activity coefficient of species 1 
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Ψ1
s Surface activity coefficient of species 1  

Ψ2 Bulk activity coefficient of species 2 

Ψ2
s Surface activity coefficient of species 2 

Ψi
B Bulk activity coefficient of species i 

Ψi
S Surface activity coefficient of species i 

Adrop Area of drop that contacts the substrate (L2) 
ai

B Activity of species i in the bulk 
ai

S Activity of species i at the liquid/vapor interface 

c Shape factor  
C1 Friction coefficient  

Dcap Diameter of the pore (L) 

ddrop Diameter of the drop (L) 
fd Driving force for drop spreading (F) 
Fdr Driving force for penetration into the pore (F) 
Fdr

P Minimum Driving Force necessary for Penetration into the pore (F)   
Ffr  Resistant force for penetration into the pore (F) 

g Gravitational constant (9.8 m/s2) 
h1 Height of fluid at point 1 
h2 Height of fluid at point 2 

hdrop Height of the drop (L) 
hf Fricition losses (F-L/M) 
hfp Friction loss in pore due to flow (F-L/M) 
hrise Height of rise of fluid in the capillary tube (L) 
kb Boltzmann’s constant (1.381 * 10-23 J/K) 
Kw

o Natural jump frequency of the liquid atoms in the three phase region (1/t) 
∆L Length of penetration into pore (L) 
Mgas Mass of gas phase (M) 
Mliq Mass of liquid phase (M) 
Mprecursor Mass of precursor added to the vessel (M) 
n Number of adsorption sites per unit area (1/L2) 
NRe Reynold’s number 
P1 Pressure at point 1 (F/L2) 
P2 Pressure at point 2 (F/L2) 
PPR Surface tension correction factor 
R Gas constant (8.314 J/mol K) 
rcap Radius of the capillary tube (L) 
T Temperature (T) 
V1 Velocity of drop at point 1 (L/t) 
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V2 Velocity of drop at point 2 (L/t) 
VCO2 

TOTALISCO 

Volume of carbon dioxide added from the ISCO syringe pump 

Vdrop Volume of drop (L3) 
Vgas Volume of CO2 gas in the high pressure vessel (L3) 
Vi Measured Variable below the Wetting Transition (i.e. T, P, etc…) 
Vo Velocity of liquid within the capillary when it first begins to move (L/t) 
Vw Measured Variable at the Wetting Transition (i.e. Tw, Pw, etc…) 
Ws Shaft work (F-L/M) 
Wsl Work of Adhesion between the Solid and Liquid Phase (F/L) 
x1 Bulk mole fraction of species 1 
x1

s Surface mole fraction of species 1 
x2 Bulk mole fraction of species 2 
x2

s Surface mole fraction of species 2 
xi

B Mole fraction of species i in the bulk 
xi

S Mole fraction of species i at the surface 
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4.10 Figures 

 
 
 

Figure 4.1: States of a liquid on a solid 
 
 
 
 
 

 
 
 

Figure 4.2: Appropriate height and width for contact angle measurement  
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Figure 4.3: Theoretical prediction for the surface tension of CO2 mixed with coating 
precursors, T  = 25° C 
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Figure 4.4: Theoretical prediction for the surface concentration of carbon dioxide in 
mixtures of CO2 and coating precursors. T  = 25° C 



 178

a.  ethylene glycol dimethacrylate 

 
 
 

b. poly(ethylene glycol) dimethacrylate 

 
 
 
 

Figure 4.5: Structure of coating precursors used in the wetting and coating studies 
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Figure 4.6: High pressure cell used for physical property measurements 
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Figure 4.7: Example of Height Measurement in the Density Measurement Experiments.  
P = 628 psi, T = 25 C, EGDMA 

 

 
 
 

Figure 4.8: The measurement of the surface tension of EGDMA in a gaseous CO2 
atmosphere using the capillary rise technique.  Pressure units = psi.  T = 25° C 
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Figure 4.9: Percentage of carbon dioxide absorbed by coating precursors in a gaseous 
CO2 environment.  T = 25° C
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Figure 4.10: Density of coating precursors/carbon dioxide mixtures in a gaseous CO2 
environment.  T = 25° C  
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Figure 4.11: Viscosity of coating precursors/carbon dioxide mixtures in a gaseous CO2 
environment.  T = 25° C  
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Figure 4.12: Surface tension of coating precursors/carbon dioxide mixtures in a gaseous 
CO2 environment.  T = 25° C  
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Figure 4.13: The difference between theoretical predictions of coating precursor/CO2 
mixture surface tension and experimentally determined surface tension.  T = 25° C  
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Figure 4.14: Error between the theoretical predictions of coating precursor/CO2 
mixture surface tension and experimentally determined surface tension.  T = 25° C 
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Figure 4.15: High pressure goniometer setup 
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Figure 4.16: The contact angle of polymeric coating precursors on nonporous PTFE as 
a function of CO2 pressure. a) 0 MPa b) 2.1 MPa, c) 3.5 MPa psi, d) 4.9 MPa psi, e) 5.5 
MPa.  h) The contact angle of EGDMA on nonporous PTFE as a function of pressure T 

= 25 °C.  
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Figure 4.17: Effect of pressurization followed by depressurization on the contact angle 
of EGDMA on nonporous PTFE as a function of CO2 pressure. a) contact angle results 

for pressurization and depressurization.  b) the EGDMA completely wets the solid 
PTFE at 5.5 Mpa.  c) Depressurization causes dewetting of the thin film. T = 25 °C. 
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Figure 4.18: Calculated values of PTFE solid interfacial energies in a pressurized 

carbon dioxide environment, T = 25 °C. 
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Figure 4.19: Calculated value of the film pressure of CO2 on PTFE in a pressurized 
carbon dioxide environment,  T = 25 °C. 
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Figure 4.20: Calculated value of the spreading coefficient in a pressurized carbon 

dioxide environment, T = 25 °C. 
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Figure 4.21: Wetting transition of EGDMA in a pressurized carbon dioxide 

environment, T = 25 °C. 
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Figure 4.22: Wetting of porous PTFE by EGDMA.  a) wetting below the penetration 
pressure. b) penetration of the PTFE above the wetting pressure.  c) Contact angle 

versus pressure for EGDMA on porous PTFE samples.  All measurements were 
performed at T = 25 °C.   
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Figure 4.23: Mechanism used to seal capillary tube in PTFE substrate 
 
 

 
 
 
 

Figure 4.24: Results of single capillary penetration experiments for EGDMA and 
PEGDMA on PTFE at T = 25 °C.   
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Figure 4.25: Schematic of droplet entering a single pore
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Figure 4.26: Theoretical penetration distances of CO2/EGDMA and CO2/PEGDMA 
mixtures entering 20 µm porous PTFE at T = 25 °C as a function of time and pressure. 
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Figure 4.27: Theoretical penetration velocities of CO2/EGDMA and CO2/PEGDMA 
mixtures entering 20 µm porous PTFE at T = 25 °C as a function of time and system 

pressure. 
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Figure 4.28: Theoretical drop volumes of CO2/EGDMA and CO2/PEGDMA  
mixtures on 20 µm porous PTFE after 570s at T = 25 °C as a function  

of system pressure.  Vinitial = 3 µL
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Figure 4.29: Contact angle hysteresis of CO2/PEGDMA on porous PTFE at T = 25 °C. 
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Figure 4.30: Comparison between the XPS of 20 µM porous PTFE that has been coated 
with EGDMA using hFMC with an uncoated sample. 
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Figure 4.31: Characteristics of coated porous PTFE. a-b) Dye absorption results. a) 
Coated using hFMC b) uncoated sample c) monomer coated d) acetone solution coated 
e-h) Receding contact angle of water on 20 µm porous PTFE samples.  e) uncoated f) 
coated from EGDMA/acetone solution g) coated from neat EGDMA h) coated using 

hFMC.  
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CHAPTER 5:  RHEOLOGICAL PROPERTIES OF POLYMERIC 

COATING  PRECURSORS IN COMPRESSED CARBON DIOXIDE 

5.1 Introduction 

In the previous chapter we discussed how compressed carbon dioxide improves the 

wetting properties of coating precursors so that almost all surfaces can be coated.  In this 

chapter we investigate how carbon dioxide changes the rheological properties of coating 

precursors to improve the deposition processes.  We will present a high pressure falling 

cylinder viscometer that can be used to measure the viscosity of coating mixtures with 

concentrations that range from pure carbon dioxide to pure polymer.  We will show how 

pressure and concentration affect viscosity.  Lastly, we will present results that demonstrate 

how changing the polymeric coating precursor backbone structure, end groups, and side 

groups affects the viscosity of the mixture.   

5.2 Background 

Viscosity is an important physical parameter that plays a role in almost all chemical 

processes because it determines the flow and diffusional characteristics of the fluid.  In 

earlier chapters we already discussed the importance of viscosity in determining film 

thickness in free meniscus and other coating processes.  However, the viscosity of the coating 

solution determines more than just film thicknesses.  The rate of diffusion of the solute to the 

substrate surface, the magnitude of the concentration gradients that arise during film 

formation, leveling of the liquid coating film, and curing times are just a few of the other 

important factors in the coating process that are dependent on viscosity [1-7].   In Chapter 3 

and Chapter 4 we showed that a high pressure free meniscus coater could be used to deposit 
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films using either carbon dioxide/polymer solutions or a swollen polymeric precursor.  This 

means that if we are to completely understand the deposition of coatings using high pressure 

carbon dioxide then we must understand the rheological properties of high pressure mixtures 

with concentrations from pure polymer to pure carbon dioxide.     

5.2.1 Mixture viscosity prediction at low pressure 

The importance of viscosity in chemical processes has led to the development of 

many models that can be used to estimate mixture viscosities from the physical properties of 

the pure components.  These theoretical models have been tested and used for polymeric 

coating mixtures at standard pressures from the dilute regime to the concentrated regime.  

Phillies has shown that linear polymers in a solvent at low concentration will obey a 

stretched exponential behavior of viscosity with concentration [8],  

( )Λνα
µ
µµ wpp

o
rel Mcexp== . (5.1) 

Here, µ is the viscosity of the mixture, µo is the viscosity of the pure solvent, αp is a fitting 

coefficient, cp is the concentration, Mw is the molecular weight, and Λ and ν are fitting 

coefficients. When the mixture obeys equation 5.1 it is said to have “solution-like” 

properties.  It was also shown that the polymer self-diffusion coefficient behaves in a similar 

fashion.  Equation 5.1 only described solution behavior in the dilute and semi-dilute regime.  

At large polymer concentration a transition occurs in which the mixture behavior becomes 

“melt-like” and the governing equation is a power law [8], 

   ( )ΛΕ= wp Mc νµ . (5.2) 

Here E is a fitting parameter. 
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In most systems the transition from “solution-like” to “melt-like” behavior takes 

place at reduced viscosities, µ /µo, greater than 1000 and can be interpreted as a transition in 

the important forces that govern the viscoelastic behavior.  In “solution-like” regimes the 

hydrodynamic forces are important, but in the “melt-like” regime entanglement forces 

determine the viscosity.  The transition behavior has usually been seen in solutions that 

contained polymers with Mw greater than 1x106
 g/mol.    Phillies has shown that the prefactor 

αp is proportional to the hydrodynamic radius of the chain in the solution, Rg.  When there is 

translational self-diffusion then αp ∝ Rg
3.   When there is rotational self-diffusion then αp ∝ 

Rg
4.   

Matsuoka has also investigated the concentration dependence of viscosity.  At low 

concentrations the viscosity is described using classic dilute solution theory [9].  When 

spherical molecules approximate the polymer shape then the specific viscosity (reduced 

viscosity – 1) is related to the RMS end to end distance of molecules by the equation of Flory 

and Fox,   
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Here, Θ is the Flory-Fox constant, µo is the solvent viscosity, µ is the solution viscosity,  µsp 

is the specific viscosity, c is the solution concentration, <r2> is the root mean square end to 

end distance of the polymer , and Mw is the polymer  molecular weight.  However, polymers 

are typically not perfect spheres while they are in solution.  Therefore, a correction factor has 

been developed [9], 
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Here, NA is Avogadro’s number and <s2> is the root mean square radius of gyration. 

Matsuoka has shown how the intrinsic viscosity depends on concentration in highly 

concentrated solutions [9]. Many theories have been developed in which free volume 

concepts and the amount of energy necessary to break intermolecular bonds are considered to 

contribute to viscosity.  Macedo and Litovitz have developed an equation that relates the free 

volume and potential energy barrier to the viscosity [10], 
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Here Ao is the Macedo-Litovitz fitting constant, Xy is the free volume overlap constant, R is 

the gas constant, amd Ef
* is the potential energy barrier and θv is the free volume.  Yasnovsky 

has used equation 5.5. to derive an expression relating the reduced viscosity, enthalpy of 

viscous flow, and stiffness of the chains in the solvent [11], 
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Here, K is the change in enthalpy of viscous flow from pure solvent to pure polymer, B is a 

constant related to the stiffness of chains in solution, ϑ is a concentration fraction (mole 

fraction, volume fraction, weight fraction), n is a fitting parameter.  Yasnovsky’s theory is 

advantageous because it can be used to interpret the stiffness of the chains in a polymeric 

solution even at moderate concentrations.  It has been tested and verified at concentrations up 

to 50%.  Other authors have also studied how to interpret and predict the viscosity of 

polymer/solvent mixtures [5-37].   
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5.2.2 Plasticization of swollen polymers by CO2 

Several authors have investigated the rheological behavior of high pressure carbon 

dioxide solutions and mixtures.  The earliest investigations into the viscosity of carbon 

dioxide mixtures investigated how homopolymers and blends were plasticized in carbon 

dioxide environments [38-41].  Experiments mainly concentrated on polystyrene blends and 

poly(dimethylsiloxane).  It was found that not only could these polymers have a decrease in 

the glass transition by as much as 30 °C, but also the polymers could subsequently be foamed 

when the pressure was decreased [42].  In the late 1980s it was found that many polymers 

besides PS and PDMS swelled in high pressure CO2 [43-46].  King found that not only could 

carbon dioxide be used to modify the properties of polymers, but also it was an effective 

medium for the reduction of viscosity in vegetable oil extractions [47].  In 1988 it was shown 

that the Sanchez-Lacombe Equation of State could model the absorption of CO2 by a 

polymer [48].  It was shown that the viscoelastic properties of some polymers could be 

changed because carbon dioxide could induce crystallization [49].  In 1990 Sayegh showed 

that the viscosity of heavy oils could be modified with high pressure CO2 [50].  Kashulines 

investigated the affect of supercritical CO2 on several types of lipids and found that the 

viscosity could be decreased be a factor of 5-10 [51].  In the early 1990s many authors 

investigated changes in the glass transition temperature (Tg) of polymers swollen with carbon 

dioxide [52-54].  Numerous authors have continued to study the plasticization of polymers by 

carbon dioxide [55].   

The swelling of polymers by CO2 and the associated viscosity reduction has been 

treated theoretically by many authors including Gerhardt, Kwag, Lee, Gendron, Royer, 
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Gulari, Areerat, and Chow [55-66].  Many of these models are based on the Williams-

Landel-Ferry equation,     
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Here µTg is the viscosity at the glass transition temperature, µT is the viscosity at temperature 

T, c1 and c2 are the Landel-Ferry constants, and Tg is the glass transition temperature. 

Expressions that relate the Tg of the polymer to pressure and temperature are combined with 

models that relate the free volume of a polymer to Tg and models that relate free volume to 

viscosity to create shift factors that collapse rheological data onto a master curve.  Correction 

factors for concentration and other system parameters can also be introduced.  Authors also 

may use equations besides the WLF equation because it is limited to temperatures < Tg + 100 

°C [42,56].  

5.2.3 Carbon dioxide/polymer solutions 

Surprisingly, prior to 1991 there were only a few studies on the viscosity of 

CO2/polymer solutions published in the literature [67,68].  This is despite the numerous 

supercritical separation processes that existed.  Peter and Kashulines measured the viscosity 

of fatty acid/carbon dioxide mixtures [51,69].  Orbey is one of the first authors to begin 

exploring how to predict the viscosity of carbon dioxide solutions [70]. Wolf conducted one 

of the earliest in depth studies of carbon dioxide/polymer solution rheology using 

poly(dimethylsiloxane) with Mw between 23 and 74 kg/mol [71].  It was shown that the 

measured viscosity was always lower than the predicted values using simple ideal mixing 

rules based on volume fraction.  Wagner conducted viscosity measurements on the deoiling 
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of soy lecithin by scCO2 [72].  Tilly investigated the viscosities of mixtures of carbon dioxide 

with methanol, ethanol, n-propanol, isopropanol, n-pentane, n-hexane, n-heptane, and 

acetone [73].  The viscosities and the densities of the mixtures were found to increase with 

the size, polarity, and concentration of the cosolvent molecule.  Kiran also investigated the 

pressure and temperature dependence of poly(dimethysiloxane)/CO2 solutions at 

concentrations up to 5 wt% [67,73].  It was found that the natural log of the viscosity 

increased linearly with an increase in pressure.  Kiran showed that activation energy based 

models could be used to correlate the measured data with the predicted data, 
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Here A is a fitting parameter, V* is the activation volume, P is pressure, E* is the activation 

energy. A model that related the viscosity to both the close-packed volume and system 

density also was successfully used to interpret the results,  
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Here Bk is a fitting parameter and Vo is the close packed volume. 

Kumagai has measured how the viscosity of water changes with absorbed CO2 at 

pressures up to 40 MPa [74].  The viscosity of the water increased slightly as CO2 pressure 

was raised.  Later studies determined how addition of NaCl to the water affected the 

observed rheologic changes caused by compressed carbon dioxide [75].  Solutions that 
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contained NaCl and compressed carbon dioxide showed an increase in water viscosity by 

only 0.1 cP.   Yener investigated the rheologic properties of lipids in supercritical carbon 

dioxide.  The viscosity of scCO2 increased by as much as 15-20% with addition of 4-5 wt% 

lipids [68].  The dilute solution viscosity was modeled using an Arrhenius equation that was 

modified to contain solubility parameters (see below).  Tuan has measured the viscosity of 

biomaterials such as anhydrous milkfat in scCO2 at pressures up to 25 MPa.  The viscosity of 

scCO2 increased by as much as 35% at weight fractions up to 9% [76].  The fluid viscosity 

was modeled using Ely and Hanley’s corresponding states model.  Kiran has also measured 

the viscosity of polystyrene solutions in mixtures of carbon dioxide and toluene [77].  The PS 

concentration was varied between 0 and 7 wt% and carbon dioxide concentration was varied 

between 0 and 14%. The viscosity of the solutions decreased as the percentage of carbon 

dioxide was increased.  Solutions with the same density and more carbon dioxide had lower 

viscosities.  Many authors have tried to add compounds to increase the viscosity of carbon 

dioxide so that petroleum recovery can be enhanced [78]. Shi has found that semi-fluorinated 

trialkyltin fluorides can be used to increase the viscosity of carbon dioxide [78].  Solutions 

that contained 2-4 wt% of the solute had an increase in viscosity of 200-300%.  They also 

found that styrene/fluoracrylate copolymers could enhance viscosity by a factor of 5 - 400.  

Other authors have also investigated the solution behavior of polymers in carbon dioxide [79-

82].   

Theoretical models for the prediction of viscosity at high pressure have been 

developed by some authors [83].  Many of these models are used in the petroleum industry 

for the prediction of the viscosity of natural gas mixtures at high pressure and temperature.  

The Lohrenz-Bray-Clark model is the most commonly used method in the petroleum industry 
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[84].  It relates the excess viscosity of a mixture to the density.  This model is a two-

parameter corresponding states model,   
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 is the zero density mixture viscosity, ρc is the 

critical density, aj is a scaling parameter, Pci is the critical pressure of species i, Mi is the 

molecular weight of species i, Tci is the critical temperature of species i, xi is the mole 

fraction of species i . 

The Ely and Hanley model relates the viscosity of the mixture to a reference fluid 

[76],  
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Here, µref is the viscosity of a reference fluid, Mwmix is the molecular weight of the mixture, 

Mwref is the molecular weight of the reference fluid, feh and heh are the Ely Hanley parameters 

that can be calculated from pure component physical properties. This model has been applied 

to the modeling of biomaterials in supercritical carbon dioxide.  

 The Pedersen, Fredenslund, Christensen, and Thomassen method also utilizes a 

reference fluid and corresponding states approach to predict the viscosity of mixtures [83], 
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Here T is temperature, P is pressure, Mw is molecular weight, and α is the accentric factor.  

The subscript “cmix” denotes the critical property of the mixture and the subscript “ref” 

denotes the critical property of the pure species.   

Yener has used a modified Arrhenius equation to predict the viscosity of dilute 

solutions of lipids in compressed carbon dioxide [68].  In this model the viscosity of the pure 

components is related to the solubility parameters.  However, the model assumes that the 

components mix with no excess entropy (i.e. the theory is developed using regular solution 

theory).  Yener used Hansen’s group contribution method to calculate the solubility 

parameters,  
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Here, x1 and x2 are the mole fractions of species 1 and 2, µ1 and µ2 are the viscosity of 

species 1 and 2, Vmix is the molar volume of the mixture, φ1 and φ2 are the volume fraction of 

species 1 and 2, δ1 and δ2 are the solubility parameters of species 1 and 2, and l12 is a 

correction factor for deviation from regular solution theory. 

Other models for general prediction of solution viscosity at high pressure such as the 

Vesovic-Wakeman model have been investigated [83].  There has been a lot of research 

aimed at understanding dilute carbon dioxide solution and swollen polymer viscosities.  

However, there are few reports on the viscosity of polymeric/carbon dioxide mixtures from 

pure carbon dioxide to pure polymer.  There is also a lack of data on low molecular weight 

monomers/oligomers that might be used as coating precursors.  No authors have attempted to 
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understand how functional side groups and end groups on a polymeric chain affect the 

CO2/precursor mixture viscosity.    

5.2.4 High pressure rheometers 

The rheological measurements of CO2/polymer mixtures at high pressure has been 

investigated using four main types of devices. The simplest of these devices is the falling 

cylinder/needle viscometer [85-89].  In this device the terminal velocity of a metal 

cylinder/needle as it falls through the fluid is measured.  Calibration curves are used to relate 

the viscosity, terminal velocity, sinker density, and fluid density.  These devices are 

commonly used for high pressure measurements because of their simplicity.  However, the 

simplicity often leads to lower accuracy than other devices.  We will describe the design of a 

high-accuracy falling cylinder viscometer in Section 5.3. The capillary viscometer measures 

the viscosity by relating the pressure drop, velocity, tube dimensions, and density of a 

flowing fluid through a tube [90-92].  The capillary viscometer is not an ideal device to 

measure viscosity for high pressure coating solutions because the viscometer does not 

measure a constant pressure viscosity. Vibrating quartz/wire viscometers measure the amount 

of vibration dampening caused by the surrounding medium on an oscillating quartz or wire 

[93-97].  The vibration dampening is related to the density and viscosity of the surrounding 

fluid.  These devices can be very accurate and applied to a wide range of experimental 

conditions.  However, they are more difficult to design and construct than high pressure 

falling cylinder and capillary viscometers.  Also, they are not ideal for coating solutions 

because material that adsorbs onto the oscillator can give rise to significant error.  Other high 

pressure rheometers have also been used to measure viscosity [98-101].  The viscosity of 

CO2 swollen melts is almost exclusively measured using an extruder fitted with a special die 
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[102-104].  The pressure drop between two points within the die is related to the viscosity 

and density of the fluid flowing through the die.   

5.3 The Falling Cylinder Viscometer 

5.3.1 Falling cylinder viscometer operational theory 

The success of the falling cylinder viscometer (FCV) in the measurement of the 

rheological properties of both high pressure and low-pressure mixtures is well documented 

[74,105].  The theory that is used to relate the terminal velocity of the sinker to the viscosity 

is well established [106-114].  When an infinitely long needle is falling within a tube the 

momentum equation for flow around the needle is given by, 
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Here, u is the velocity, r is an arbitrary point in the radial direction, ∆P is the pressure drop, 

and L is the tube length. The boundary conditions for equation 5.15 are u = 0 at r = R and u = 

-U∞ at r = κR.  The falling needle gives rise to a volumetric flow rate through the annulus 

give by, 
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Here, Rt is the tube radius, κ is an arbitrary constant that is equal to the radial position at 

which the annulus velocity is a maximum, U∞ is related the sinker velocity.  A force balance 

on the needle relates the effects of gravity, wall shear, buoyancy, and pressure difference,   
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Here, ρs is the sinker density, ρmix is the mixture density.  Equation 5.15 can be written in 

dimensionless form, 
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sinker density and the mixture density.  The most common falling cylinder viscometer 

working equation,  
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can be developed by solving equation 5.18 using equation 5.16 and 5.17.  A correction factor, 

ECF, has been added to this solution to take into account non-ideal flow around the falling 

object [115].  The constant C1 is a grouping of constants that depend only on the system 

geometry.  C1 is normally related to the gap width between the sinker and tube.        

Equation 5.19 is usually a good starting point for the development of a calibration 

curve.  However, the calibration of the new FCV device does not use equation 5.19.  Instead, 

Lohrenz has shown that a logarithmic plot in which a friction factor is related to the Reynolds 

number is a very effective and more accurate calibration method [114].  This is because the 

analysis shown above does not take into account all of the nonidealities that exist in a real 

falling cylinder viscometer.  Factors not completely accounted for in the analysis above 

include contraction, expansion and imperfection losses as well as turbulence.  The 

dimensionless groups used by Lorhenz include geometric parameters. These geometric 

parameters in the Lorhenz analysis are ignored to create a more accurate fit since they can be 
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accounted for as part of the fitting procedure.  However, this causes the working relationship 

to no longer be dimensionless.  The relationship between the viscosity and the physical 

properties of the solution is, 
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The constant m is the slope and b the intercept in a calibration plot of 
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 (x coordinate).  Equation 5.20 shows that if the terminal 

velocity of the sinker and the density of the fluid are known then the viscosity of the fluid can 

be calculated.   

5.3.2 Limitations of current FCV devices  

The simplicity of the falling cylinder viscometer can lead to viscosity measurements 

with limited accuracy.  One challenge that faces researchers in the measurement of 

compressed carbon dioxide solutions is the low solvent viscosity.  Normal solvents have 

viscosities that are usually not less than 0.3 cP, however carbon dioxide can have viscosities 

as low as 0.06 cP.  The accuracy of most falling cylinder viscometers currently described in 

the literature is inadequate to measure the viscosity of pure carbon dioxide.  The limited 

accuracy in falling cylinder viscometers can be increased by improving the accuracy of the 

sinker velocity measurement, ensuring that the system is vertical, and by precise calibration.  

Velocity in a high pressure FCV is usually measured using one of two mechanisms.  

In the first mechanism two linear variable differential transformers (LVDTs) are placed on 
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the outside of a tube separated by a known distance [108,116,117].  The time that it takes a 

magnetically permeable sinker, in the shape of a cylinder or bullet, to fall between the two 

LVDTs is measured.  The terminal velocity of the sinker can be calculated since the time and 

distance are known.  The point at which the sinker enters the LVDT is known because the 

magnetically permeable sinker causes a change in the electric field that is being produced by 

the LVDT (see below).  This method gives the average velocity that it takes the sinker to fall.  

However, it cannot be used to determine if the sinker has reached terminal velocity and it 

cannot be used to remove data that may be bad (i.e. if the sinker hits the wall of the tube).  

The accuracy is also limited by how precisely the distance between the two LVDTs is 

known.  This distance can be difficult to estimate since the LVDT may not begin detecting 

the sinker until before or after the sinker enters the LVDT.  The accuracy is highest if the 

LVDT is connected via electronics to a timing device.  The second terminal velocity 

measurement technique uses a video camera to keep track of the falling cylinder.  The 

measurement of the velocity using this mechanism can be very accurate, especially if the 

system is automated using an image-capturing device.  However, the viscometer is limited to 

non-opaque mixtures and only to moderate pressures since a sight glass is required. 

One way to get a high-accuracy velocity measurement is to be able to measure the 

velocity at multiple points within the tube.  Kiran has shown that this can lead to high 

accuracy measurements when multiple LVDTs are used to generate a distance versus time 

plot [105].  A better way to generate this plot is to use a single LVDT to measure the velocity 

of the falling cylinder. An LVDT contains three electronic coils of wire.  The first coil is 

excited with an AC current that is normally between 1 and 15 kHz at 0.5 to 10V rms.  The 

excitation of this coil induces a voltage in the two secondary coils.  When a magnetically 
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permeable core, such as a falling sinker, passes through the LVDT it causes a change in the 

induced voltage in both of the secondary coils.  The location of the sinker within the LVDT 

can be determined because the difference in the induced voltage in the two secondary coils is 

dependent upon how close the sinker is to each coil.  There are theoretical predictions that 

determine how any given LVDT is going to respond to a core, however calibration is always 

performed to generate an accurate LVDT response versus core location curve.  It is important 

to note that since the LVDT principle of measurement is based on magnetic transfer there is 

no theoretical limit to the measurement resolution.  However, calibration and signal detection 

limitations produce real world limits.  We have designed a high pressure FCV viscometer 

that utilizes only one LVDT to measure the terminal velocity of the falling cylinder.   

5.3.3 The improved high pressure falling cylinder viscometer 

The new FCV device is depicted in Figure 5.1.  It consists of a fall tube, detection 

system, mixing loop, high pressure gear pump, high pressure view cell, hand pump, syringe 

pump, pressure transducer and thermocouple.  On the outside of the fall tube there is a 

HR500 MSI USA Schaevitz LVDT (Hampton, Virginia) with a 0.375-inch inner diameter.  

This AC operated LVDT is 139.7 mm long with an 87.6 mm core.  The LVDT fits over the 

outside of a 0.375-inch outer diameter and 0.125 inch inner diameter 60-HM6 316SS piece of 

tubing (High Pressure Equipment Company, Erie, PA).   The maximum system pressure is 

therefore only limited by the maximum pressure of the tube (60,000 psi).  A total of 9 sinkers 

were machined from 416 hardened stainless steel originally purchased as pins with 0.125-

inch diameter from McMaster-Carr (Atlanta, Georgia) to diameters between 0.1185 to 0.1100 

inch.  The difference in diameter between each sinker causes them to fall at a different rate in 

the same fluid.  The different terminal velocities can be used to determine if the fluid is 
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Newtonian, or it can be used to take measurements over a wide range of fluids with different 

viscosities.  The LVDT is connected to a DCM-1000 signal conditioner (Macrosensors, 

Pennsauken, NJ).  The output from the signal conditioner and the thermocouple are 

connected via National Instruments Field point modules NI FP-1000, FP-AI-100, FP-AO-

200, and NI FP-TC-120  to a PC.  These modules were described in detail in Chapter 3.  The 

LVDT response is read at 100 Hz and the temperature at 1 Hz.  A National Instruments 

Bridgeview v2.1 program has been developed to record the LVDT response.   

5.3.4 Calibration of the new falling cylinder viscometer 

Operation of the FCV requires measurement of the terminal velocity of the sinker and 

a calibration curve that relates the physical properties of the system and terminal velocity to 

the viscosity.  A calibration of the LVDT is necessary to obtain the terminal velocity of the 

sinker.  The calibration curve relates the LVDT output to the position of the sinker within the 

fall tube.  A second calibration curve relates the terminal velocity to the viscosity of known 

fluids using equation 5.20.  The LVDT output response from the DCM-1000 signal 

conditioner versus distance has been performed with each sinker using the setup depicted in 

Figure 5.2.  The output from the LVDT is sent to the FP-AI-100 Field point module as a +/- 

12V signal.  The sinker was placed inside the fall tube on top of a straight rod made of 

magnetically impermeable (i.e. it does not affect the LVDT response) copper. The rod was 

fixed to a platform that was attached to a stepper motor. The stepper motor, a Model M-

405.DG linear translational stage (Physik Instruments, D-76228, Karlsruhe/Palmbach, 

Germany), is capable of moving at an incremental minimum of 0.1 µm.  The entire system 

was then leveled to ensure that the rod and tube were perfectly vertical.  The rod, and hence 

sinker, were stepped up at 15 µm increments and the LVDT response was recorded.  The 
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stepper motor was not capable of pushing the sinker through the entire LVDT portion of the 

tube in one trial.  Therefore, it was necessary to reset the relative height of the tube to the rod 

after one complete cycle of the stepper motor.  In this case the rod and sinker were 

repositioned within the tube so that the LVDT output was equal to the last recorded reading.  

The stepping process was repeated until the entire length of the LVDT was calibrated.   

Figure 5.3 gives the results of the LVDT response versus distance for the 0.1170 inch 

diameter sinker.  The output voltage of the LVDT signal conditioner forms an S like curve in 

which the voltage first decreases to a minimum value, Smin.  The voltage then increases from 

Smin to a maximum value, Smax.  Lastly, the voltage response decreases back to zero when the 

sinker exits the LVDT.  Each sinker had a similar voltage versus distance response.   The 

entrance and exit regions of the LVDT are not used in determining a calibration curve.  The 

data between Smax and Smin for each sinker are fitted to 20th order polynomials.   All fits had 

R2
 values of greater than 0.99999.  Cutting the data at Smin and Smax ensures that a continuous 

function can be used to describe the LVDT output versus distance (i.e. there is only one 

distance for each LVDT response).  The original LVDT was recently replaced because it was 

accidentally destroyed.  The replacement LVDT, made by Macrosensors (Pennsauken, NJ), 

had a superior linear LVDT output versus distance curve.  The second LVDT will therefore 

have a higher accuracy than the original LVDT.   The error in the distance calibration is at 

worst +/- 20 µm.  The time is typically recorded to within +/- 0.015 s. Therefore, the 

accuracy of the velocity measurement is +/- 20.3 µm/s.  In an ideal system in which the 

mixture density is precisely known the error introduced by velocity measurement into the 

calculation of viscosity using equation 5.20 is only +/- 0.001 cP.  This means that the 

viscosity of a 0.08 cP solution could be determined to within 2%.    
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Once the LVDT output response had been determined equation 5.20 was used to 

create a calibration curve.  The entire viscometer was filled with fluids that had viscosities 

ranging from 0.061 to 500 cP (see Table 5.1).  The average terminal velocity of each of the 

sinkers in each of the fluids was measured using ten separate runs.  It was found that the 

calibration plot was linear for all fluids except at high pressure.  A small correction was 

required to take into account the effect of pressure on the tube and the sinker.  Equation 5.20 

was therefore modified to take the form, 
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Here ( ) P(psig)*06-1.7342E1c Pf += . 

The final calibration plot is shown in Figure 5.4. 

Fluid Viscosity (cP) Density (kg/m3) 
CO2 (6.9 MPa) 6.09E-02 797 

CO2 (13.8 MPa) 8.34E-02 888 

CO2 (20.7 MPa) 9.62E-02 936 

CO2 (27.6 MPa) 1.07E-01 970 

CO2 (34.5 MPa) 1.16E-01 997 

Acetone 3.17E-01 790 

Toluene 5.68E-01 868 

Water 9.81E-01 1030 

2 Butanol 3.25E+00 805 
2-Chlorophenol 3.58E+00 1255 
PDMS-20cp 1.91E+01 953 
PDMS-100cp 9.70E+01 968 
PDMS-500cp 4.87E+02 973 

Table 5.1: Physical properties of viscometer calibration fluids 
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5.4 Experimental 

The new high pressure FCV has been used to measure the viscosity of coating 

precursors in carbon dioxide from low concentration solutions to almost pure polymer.  

Three different experiments were performed with low molecular weight oligomers to 

determine the affect of changing end groups, side groups, and backbone structures on the 

rheology of the mixtures.  In the first set of experiments the backbone of the oligomers and 

end groups on the polymer were kept constant, but the side groups were varied.  In the 

second set of experiments the backbone and side groups were kept constant, but the end 

groups were changed.  In the last experiment the oligomers had the same end groups and side 

groups, but a different backbone structure.  The effect of concentration and pressure on the 

mixture viscosity was determined.   

5.4.1 Materials 

A total of five different oligomers were used in these studies. The structure of the 

oligomers and their physical properties are shown in Figure 5.5.  Poly(dimethylsiloxane) 

terminated with CH3 end groups with a molecular weight of 2000 (SF96-20) was obtained 

from GE Silicones (Waterford, NY).  Three oligomers were obtained from Gelest 

(Morrisville, PA). The HMS-071 oligomer is a PDMS with hydrogen replacing some of the 

CH3 side groups normally present on PDMS.  The CMS-222 oligomer and CMS-626 

olgiomer have carbinol side groups instead of methyl side groups.  The carbinol unit is 

hydrophilic because of the OH group. The oligomer DMS-S15 was a PDMS terminated with 

hydroxyl end groups instead of methyl end groups.  Lastly, the PFPE Fomblin ZDOL 2000 

was obtained from Solvay Solexis (Thorofare, NJ), formerly known as Ausimont USA.  

Experiments to measure the viscosity of EGDMA and PEGDMA were also performed.  The 
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precursor ethylene glycol dimethacrylate (EGDMA) was ordered from Sigma-Aldrich (St. 

Louis, MO) with an average Mw of 198 g/mol.  The poly(ethylene glycol) dimethacrylate 

(PEGDMA, n=4) was also ordered from Sigma-Aldrich (St. Louis, MO) and had an average 

Mw of 875 g/mol.  Details on these two polymers can be found in Chapter 4.  The carbon 

dioxide source consisted of a grade 4 size 200 instrument/coleman grade tank with no helium 

head space.  The carbon dioxide was obtained from National Welders with a purity certified 

at greater than 99.99%.      

5.4.2 Methods 

The viscosity of each oligomer in carbon dioxide was measured from low 

concentration to high concentration at five pressures between 6.90 and 34.5 MPa.  First, the 

high pressure cell was fitted with a sinker that would make the terminal velocity at the first 

pressure about 12000 µm/s. Determination of which sinker to use was dependent on the 

initial viscosity of the polymer and the concentration.  The view cell was then filled with 

polymer at the desired concentration using a syringe fitted with a 1/16” High Pressure 

Equipment Company type AF1 compression fitting.  The syringe was attached directly to a 

1/16” AFM inlet valve.  Once the oligomer was introduced into the vessel the system was 

filled to the lowest set point pressure (usually 6.90 MPa).  Introduction of the carbon dioxide 

was accomplished using an ISCO model 260D high pressure syringe pump.  The volume and 

temperature of the pump before and after introduction of carbon dioxide into the system were 

recorded.  The oligomer/carbon dioxide mixture was pumped for several minutes.  Carbon 

dioxide was once again introduced into the system using the syringe pump.  This procedure 

was repeated until the viscometer was stable at the set point pressure and no more carbon 

dioxide could be added. The mixture was then mixed through the circulation loop using the 
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high pressure gear pump for at least two hours.  Trial experiments showed it took about 2 

hours for lower concentration solutions to be well mixed, but higher concentration solutions 

could take several hours until a homogeneous mixture had been created.  Once the system 

was well mixed the circulation was stopped.  Two sets of 10 measurements of the sinker 

terminal velocity were used in the calculation of the viscosity.  The first measurement was 

made after the mixing pump was first stopped.  However, pumping caused a slight increase 

in system pressure so the first set of data used to calculate viscosity was taken once the 

system pressure had become constant (normally 10-30 minutes after stopping the pump).  

The second set of measurements was made 50-75 minutes after stopping the pump to check if 

demixing had occurred.   Once measurements were completed the syringe pump was used to 

pressurize the system to the next set point pressure.  The procedure was repeated until all the 

set point pressures had been completed.  The system was then depressurized and filled to the 

next concentration.  Depressurization was done into a closed vessel and the mass of lost 

oligomer was recorded.  The system was then filled with new oligomer taking into account 

the mass of polymer that was still left in the system.  The viscometer was filled once again 

with carbon dioxide and the measurement process repeated until the terminal velocity of the 

sinker at all set point pressures and all concentrations had been measured.    The system was 

then thoroughly cleaned and a new oligomer was investigated.    

Experiments in which the viscosity of EGDMA and PEGDMA swollen with gaseous 

carbon dioxide was measured were performed differently than the rest of the oligomer 

experiments.  In these measurements the oligomer was allowed to swell within the high 

pressure cell before measurements were made.  The system was only filled with enough 

oligomer so that when it swelled there would still be gaseous headspace.  The view cell was 
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used to ensure that there was headspace.  In some cases it was necessary to vent polymer 

from the cell and re-pressurize.  The filling procedure was similar to that listed above.  The 

system pressure was raised to the set point pressure using the ISCO syringe pump.  However, 

the gear pump was not able to adequately pump the fluid to ensure good mixing.  A manual 

syringe pump was used to ensure mixing.  Fluid from the fall tube was drawn into and then 

out of the manual syringe pump several times. The sinker was allowed to fall back and forth 

in the fall tube several times and then the manual syringe pump was once again used several 

times.  The system was refilled with carbon dioxide at the set point and the mixing procedure 

was repeated.  The filling procedure was performed until the system absorbed no more 

carbon dioxide.  The terminal velocity of the sinker was then measured using two sets of ten 

runs.  The system was then filled to the next pressure.  The procedure was repeated until the 

terminal velocity at all set point pressures had been measured.     

5.5 Results and discussion 

5.5.1 Logarithmic trend 

The viscosity of CMS-222, CMS-626, HMS-071, DMS-S15, and Fomblin ZDOL as a 

function of concentration and pressure is depicted in Figures 5.6-5.8.  In all cases a 

logarithmic plot of the reduced viscosity versus concentration was linear.  This is similar to 

the results found by Kiran [67].  Changing the end groups, side groups, and backbone 

structure had no effect on the overall shape of these plots.  However, as we will discuss later 

there were other significant effects attributed to changing the oligomer structure.  The 

viscosity increased over several orders of magnitude for each oligomer as the polymer 

concentration was increased from weight fractions less than 4% to weight fractions greater 

than 85%.  However, significant increases in the viscosity were not seen until the oligomer 
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weight fraction was greater than 30-40%.  In fact, the viscosity of the mixture at the highest 

concentrations never approached the viscosity of the pure polymer.  The largest µsys/µpolymer 

that was recorded in these experiments was 0.34 despite polymer weight and volume 

fractions that approached 90%.  Clearly, carbon dioxide is an effective plasticizer for low 

molecular weight polymeric precursors that might be used to deposit films from solution or 

from swollen polymer.   

5.5.2 End group, side group, and backbone effects on mixture pressure 

viscosity dependence 

Although changing the microstructure of the polymer had no effect on the general 

logarithmic trend that had previously been observed in high pressure carbon dioxide 

environments, there are apparent rheological differences between the five tested polymers.  

Figure 5.9 shows a comparison of the effect of pressure on viscosity at one mixture 

concentration.  We find that changing the end groups from methyl groups to hydroxyl groups 

(i.e. SF96-20 to DMS-S15) causes a shift in the slope of the pressurization curve.  This shift 

is not seen if a small amount of hydroxyl side groups are added to the oligomer (i.e. SF96-20 

to CMS-222).  This means that the end groups are far more important in determining the 

viscoelastic behavior of the carbon dioxide mixtures than the side groups.  However, side 

groups should not be ignored because a large increase in the number of hydroxyl side groups 

(i.e. SF96-20 to CMS-626) causes a large shift in the slope of the pressurization curve.   

Changing the side groups from methyl groups to hydrogen groups (SF96-20 to HMS-071) 

has no affect on the slope of the pressurization curve.  In fact, as one might expect, the SF96-

20 and HMS-071 measurements are almost identical since neither of these polymers contains 

functional groups that might significantly alter the oligomer/CO2 interaction parameters.   



 227

5.5.3 End group, side group, and backbone effects on mixture concentration 

viscosity dependence 

 The effect of changing the end groups, side groups, and backbone structure on the 

concentration dependence of viscosity has also been investigated.  Figure 5.10 shows a shift 

in the concentration increase curve when the CH3 end groups on PDMS are changed to 

hydroxyl groups (SF96-20 to DMS-S15).  There is a clear shift in the slope of the curve at 

both 1.4 MPa and at 2.7 MPa.  The quantity of the shift is almost independent of the pressure.  

We would expect this trend to exist for most short chain oligomers unless the interaction 

parameters between carbon dioxide and the oligomer are highly dependent on density.  

However, amphiphilic molecules that self-associate into micelles might have a dramatically 

different viscoelastic response.  Changing the side groups of PDMS from CH3 to hydroxyl 

(carbinol) groups also causes a shift in the slope of the concentration versus viscosity curve 

(Figure 5.11). An increase in the number of hydroxyl groups does not cause a shift in the 

concentration versus viscosity curve like that seen in the pressure versus viscosity curve.  

Changing the side groups from methyl groups to hydrogen groups once again causes no shift 

in the viscosity.  Lastly, changing the backbone structure can also cause a shift in the slope of 

the concentration versus viscosity curve.  We see in Figure 5.12 that changing the oligomer 

from a PDMS structure to a PFPE structure causes a shift in the slope of the curve.  This 

shows that there are significant differences in the way the PFPE and PDMS interact with 

carbon dioxide.     

5.5.4 Viscosity Concentration Transition 

The experimental data was fit to equations 5.1 and 5.2 to determine if there was a 

“solution like” to “melt like” transition.  We find that Equation 5.1 was able to fit the data at 
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all concentrations and all pressures.  Table 5.2 contains the fitting results of equation 5.1 for 

each precursor at 1.38 MPa as an example.   Each fit has a correlation coefficient greater than 

0.98.  Phillies showed that αp is related to the size of the species in the solvent.  In this case 

we find that the PFPE has the smallest αpM
Λ and therefore is probably in the smallest 

conformation in the carbon dioxide environment.  The unfunctionalized PDMS has the 

largest αp.  However, Phillies equations are not definitive in their relationship between 

molecule size in the solvent and αp.  Furthermore, no physical significance can be attributed 

to the value of the other fitted coefficient.    

Substance Pressure (MPa) αpM
Λ ν R2 

CMS-222 1.38 3.09E-05 2.71633 0.998 

DMS-S15 1.38 3.33E-04 2.234166 0.990 

SF96-20 1.38 0.00442 1.466653 0.998 

Fomblin ZDOL 2000 1.38 2.75E-07 4.020102 0.995 

HMS-071 1.38 3.39E-04 2.118495 0.993 

CMS-626 1.38 0.00113 1.973874 0.994 

CMS-222 2.76 1.74E-08 4.385499 0.997 

DMS-S15 2.76 0.001684 1.867358 0.993 

SF96-20 2.76 0.01135 1.279786 0.973 

Fomblin ZDOL 2000 2.76 3.36E-23 13.24241 0.993 

HMS-071 2.76 0.011349 1.329034 0.977 

CMS-626 2.76 0.004812 1.640865 0.980 

Table 5.2: Fit parameters for Phillies transition theory 

5.5.5 Comparison between activation volumes  

In order to gain more insight into the interaction of the polymer with carbon dioxide 

we can use equations 5.6, 5.8, and 5.10.  The viscosity versus pressure data for each coating 

precursor at each concentration has been fitted to equation 5.8 and the value of V*/RT has 

been determined.  Figure 5.13 shows a plot of V*/RT versus concentration for compounds 

that contain hydroxyl groups and for regular PDMS. We find that the difference in activation 
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volumes caused by a change in backbone structure from PDMS to PFPE (DMS-S15 to 

Fomblin ZDOL) is small at low concentrations.  However, at higher concentrations the PFPE 

has a smaller activation volume than the PDMS based structure with a similar molecular 

weight.  This means the PFPE can move in the CO2 with a higher efficiency than PDMS. We 

find that a change in the end groups (SF96-20 to CMS-222) or side groups (SF96-20 to 

DMS-S15) also causes a significant change in the activation volume.  Addition of hydroxyl 

end groups causes a lowering of activation volume and hence easier movement of the 

molecule.  Addition of the hydroxyl groups most likely causes the oligomer to compact in 

CO2 because the hydroxyl groups are hydrophilic, hence causing greater mobility.  However, 

addition of hydroxyl side groups does not cause better packing.  Instead, the activation 

volume of species with hydroxyl side groups is higher than species without hydroxyl side 

groups at low concentration.  At higher concentrations the activation volume drops below 

that of pure PDMS.   

5.5.6 Comparison between close packed volume  

The understanding of the molecular size of each species in carbon dioxide can be 

improved by fitting the experimental data to equations 5.6 and 5.8. We find that equation 5.6 

is unable to predict the behavior of the coating precursor in carbon dioxide.  Equation 5.6 

was derived by assuming that only enthalpic activation is important because normally the 

entropy of activation is small and negative.  The value of the constant B is negative for all 

fits.  Since this is not physically possible we must conclude that there are significant entropic 

effects that contribute to the viscoelastic properties of the carbon dioxide/polymeric 

precursor mixtures.  Equation 5.8 has also been fit to the data (Table 5.3).  In this case 

density was replaced with weight fraction. We find that Vo is largest for the 
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perfluorpolyether.  This further confirms that the PFPE is more mobile in carbon dioxide 

than PDMS and that it has a smaller volume.  The volume of the PFPE decreases as pressure 

is raised (Figure 5.14).  This is suprising considering the increase in solubility of the PFPE in 

carbon dioxide as the pressure is raised.  Dilute solution viscosity experiments and other 

confirming experiments should be performed to determine the cause of this phenomena.  The 

PDMS with hydroxyl side groups and end groups have almost the same mobility in carbon 

dioxide.   PDMS with no functional end groups or side groups has the least mobility in the 

carbon dioxide. Lastly, although no physical meaning has been attributed to the fit coefficient 

A, we have found that it is dependent on the viscosity of the pure oligomer.  A plot of A 

versus µpolymer is linear (Figure 5.15).  The relationship is pressure dependent.  This could 

possibly be used to develop a universal scaling theory for polymeric coating precursors in 

carbon dioxide that would be valid at all concentrations. 

 Pressure  (MPa) A B Vo R2 

CMS-222 1.38 5.551 1.146 0.859 1.000 

DMS-S15 1.38 2.520 1.341 1.045 0.996 

SF96-20 1.38 1.046 2.086 0.470 0.999 

FOMBLIN 1.38 5.439 0.457 1.409 1.000 

HMS-071 1.38 2.297 1.305 0.774 0.999 

CMS-626 1.38 15.767 1.275 0.900 0.997 

CMS-222 2.76 6.6696 0.61781 0.97762 0.999 

DMS-S15 2.76 2.40169 1.66461 1.00737 0.998 

SF96-20 2.76 1.12912 1.75116 0.68808 0.999 

FOMBLIN 2.76 5.93974 0.13759 1.73214 0.999 

HMS-071 2.76 1.48075 2.77885 0.43405 0.978 

CMS-626 2.76 30.0325 0.88059 0.94567 0.994 

Table 5.3: Fit parameters for equation 5.10 
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5.6 Conclusions 

We have improved the design of classic falling cylinder viscometers by incorporating 

one long precisely calibrated LVDT.  The new falling cylinder viscometer has been used to 

compare the viscosity of functionalized and unfunctionalized coating precursors in carbon 

dioxide from low to high concentration.  We find that PFPE based molecules form more 

compact structures in carbon dioxide than PDMS structures.  Furthermore, polymeric 

precursors that contain hydroxyl groups will also form more compact structures than species 

that contain methyl or hydrogen groups.  Low molecular weight precursors are not capable of 

achieving a shift in viscoelastic behavior from “solution-like” to “melt-like” even at very 

high polymer concentrations.  Lastly, carbon dioxide is a very effective agent for reducing 

the viscosity of coating precursors.      
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5.7 Table of Symbols 

Symbol  Description (M=mass, L=length, t=time, T=Temperature, F=Force) 

αcmix Mixture accentric factor 
αcref Reference accentric factor 
αp Phillies fitting constant (varied) 
∆P Pressure drop (F/L2) 

Ε Phillies fitting constant (varied) 

ϑ Volume fraction, mole fraction, weight fraction 

κ Constant 

µ Viscosity (M/L-t) 
µo Viscosity of the solvent (M/L-t) 

µo
p Zero density mixture viscosity (M/L-t) 

µref Viscosity of reference fluid (M/L-t) 
µrel Relative viscosity 
µsp Specific viscosity 

µT Viscosity at temperature T (M/L-t) 
µTg Viscosity at glass transition temperature (M/L-t) 
[µ] Intrinsic viscosity (L3/M) 

π 3.14 

Θ Flory-Fox constant 

θ Free volume 

ρ Density (M/L3) 
ρc Critical density (M/L3) 

ρmix Mixture density (M/L3) 
ρs Sinker density (M/L3) 
A Fitting parameter (M/L-t) 
Ao Macedo-Litovitz fitting constant (M/L-t) 
aj Scaling parameter 
B Related to stiffness of chains in a solvent 
b Intercept of best fit line 
Bk Fitting Parameter 
c Concentration (M/L3) 
c1 Landel-Ferry constant 
C1 Fitting constant  (L3/t2) 
c2 Landel-Ferry constant (T) 
cp Phillies concentration (weight fraction, mole fraction, concentration) 
E* Activation energy (J/mol) 
ECF End correction factor 
Ef

* Potential energy barrier (F-L/mol) 
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feh Ely Hanley calculated value based on mole fraction, Pitzer acentric factor, 
reduced temperature, and reduced density 

g Gravitational constant 
heh Ely Hanley calculated value based on mole fraction, Pitzer acentric factor, 

reduced temperature, and reduced density 
K Change in enthalpy of viscous flow from pure solvent to pure polymer (F-

L/mol) 
L Length of tube (L) 
M Slope of best fit line 
Mi Molecular weight of species i (M/mol) 
Mw Molecular weight (M/mol) 
Mwmix Mixture Molecular weight (M/mol) 
Mwref Molecular weight of reference fluid (M/mol) 
NA Avogadro’s Number 
Pci Critical pressure of species I (F/L2) 
Pcmix Mixture critical pressure (F/L2) 
Pcref Critical temperature of reference fluid (F/L2) 
R Gas constant (8.314 J/mol-K) 
r Distance in the radial direction (L) 
Rt Radius of tube 
<r2> Root mean square end to end distance  
<s2> Root mean square radius of gyration  
T Temperature 
Tcmix Mixture critical temperature (T) 
Tcref Critical temperature of reference fluid (T) 
Tg Glass transition temperature (T) 
U∞ Highest velocity in annulus (L/t) 
Us Velocity of the sinker (L/t) 
UT Sinker terminal velocity (L/t) 
V* Activation volume (RT/P) 
Vmix Mixture molar volume 
Vo Close packed volume (cm3/g or unitless) 
xi Mole fraction of species i 
Xy Free volume overlap constant 
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5.9  Figures 

 
 

 
 
 
 

Figure 5.1: Falling Cylinder Viscometer 
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Figure 5.2: LVDT output response setup  
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Figure 5.3: LVDT output response versus sinker location for the 0.1170 inch diameter 
calibrated sinker.  Calibrations were performed at T = 25 °C.   

 
 

 
 
 

Figure 5.4: Results of the sinker calibration with a single LVDT detector at T = °C
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Figure 5.5: Structure and properties of polymeric precursors 
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Figure 5.6: Viscosity of carbinol functionalized PDMS as a function of pressure and 
concentration at T = 25°C 
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Figure 5.7: Viscosity of hydroxyl functionalized compounds with dioxide as a function 
of concentration and pressure at T = 25°C  
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Figure 5.8: Viscosity of unfunctionalized and hydrogen functionalized PDMS with 
carbon dioxide as a function of concentration and pressure at T = 25°C 
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Figure 5.9: Comparison between the viscosity of carbon dioxide mixed with 
unfunctionalized PDMS and functionalized oligomers at C = 350-380 g/L and T = 25 °C 
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Figure 5.10: Effect of changing end group on the viscosity of mixtures containing 
coating precursors and carbon dioxide at T = 25°C and P = 1.4 and 2.7 MPa  
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Figure 5.11: Effect of changing side groups on the viscosity of mixtures containing 
coating precursors and carbon dioxide at T = 25°C and P = 1.4 and 2.7 MPa 

 



 254

 

 
 
 

Figure 5.12: Effect of changing backbone structure on the viscosity of mixtures 
containing coating precursors and carbon dioxide at T = 25°C and P = 1.4 and 2.7  MPa 
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Figure 5.13: Dependence of activation volume on concentration for PDMS and 
functionalized oligomers in carbon dioxide at T = 25 °C 
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Figure 5.14: Effect of pressure on dimensionless close packed volume of coating 
precursors in carbon dioxide  

 
 

 
 
 

Figure 5.15: Effect of pure polymer viscosity on the fitting parameter A 
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Figure 5.16: Viscosity of EGDMA and PEGDMA as a function of pressure in a carbon 
dioxide atmosphere at T = 25 °C 
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CHAPTER 6: CONCLUSIONS AND FUTURE DIRECTIONS 

Carbon dioxide is a promising solvent that can be used to replace traditional solvents 

in web based coating processes.  We have shown that there are many benefits to using carbon 

dioxide as a processing aid.  Not only does the low viscosity and surface tension mean that 

coatings can be applied in thinner films at faster rates, but these films should be more 

uniform.  The low surface tension of carbon dioxide can be used in the liquid state or in the 

gaseous state as a processing aid to promote wetting of coating precursors onto almost all 

surfaces.  However, penetration into porous materials is dependent on both surface tension 

reduction and the plasticization of the precursor. In addition, carbon dioxide decreases the 

viscosity of low molecular weight coating precursors.  We have shown that the functionality 

of the precursors can have an effect on the size of coating precursors in liquid carbon dioxide 

mixtures.  We have designed a high pressure free meniscus coater and shown that very thin 

films of perfluorpolyether lubricants can be deposited from liquid carbon dioxide solutions.  

We have also shown that low surface energy porous PTFE can be coated and modified by 

high pressure free meniscus coating.   

6.1 Future directions 

The use of carbon dioxide as a solvent and processing aid for web based coating is 

promising, however there are many challenges that must be overcome and significant 

fundamental knowledge that must be obtained.  There are three problems that are 

encountered in the high pressure web based coating process that must be solved.  First, 

feeding and removal of the substrate takes a significant period of time and energy.  A large 

volume vessel can not be evacuated quickly.  Even if it could, quick evacuation might create 
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currents that would damage the coating.  Therefore, techniques must be developed that can 

be used to increase throughput.  One way to do this is to use a secondary chamber that has a 

volume equal to the smallest volume that can still hold the substrate.  The main coating 

chamber would never be depressurized.  Instead, the secondary chamber would be 

pressurized and vented and then the main chamber would be opened and closed.  Another 

solution to increase throughput is to develop the device so that numerous substrates can be 

coated at one time.  The second problem that needs to be solved is temperature control.  The 

high pressure vessels are composed of a large quantity of metal.  Changing the temperature 

of the metal takes a long time.  True control of the coating process requires the ability to 

produce much quicker changes in vessel and solution temperature.  Lastly, preventing 

dripping of saturated carbon dioxide from the vessel top is a problem that should be 

overcome.   When the saturated carbon dioxide condenses and drips onto the substrate the 

coating can be destroyed.  One way to minimize this effect is to heat the top of the coater or 

to design the sides of the coater so they act as nucleation sites.   

There are many fundamental studies that should be performed to improve knowledge 

of high pressure web based devices.  Theory should be confirmed for predicting the physical 

properties of coating solutions and swollen precursors.  Experiments should be performed to 

gain a better understanding of the penetration of swollen coating precursors and solutions 

into porous material.  Fundamental studies on wetting transitions should also be investigated.  

Theory for predicting film thickness in all high pressure web based devices should be 

confirmed or developed.  It is very important in the deposition of thin films to include 

disjoining forces.  Experiments should also look at the protection of actual MEMs and NEMs 

devices as well as the production of fuel cells.           
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APPENDIX A:     COMMON COATING DEFECTS1 

 
Air Entrapment: Entrapment of very fine air bubbles causes the formation of small holes in 

the film. 

 

Bleeding: Discoloration that occurs when colorants from a lower surface coat diffuse into a 

surface coat.  

Blistering: The formation of hollow bubbles in the paint film caused by air, moisture, or 

solvents trapped under the film.  Blisters may be small or large. 

 

Blocking: Undesirable sticking together of painted surfaces when pressed together under 

normal conditions. Sticking or blocking can be reduced by anti-block paint additives.  

Blooming: Powder-like deposit forming on the surface of the film, often resulting from 

partial dissolution and redeposition of pigment by a solvent component.  

Blushing: Whitish, milky area that develops on the film and may be caused by absorption of 

water vapor by the drying film.  

Brushmarks: Small ridges produced in paint films by the bristles of brushes.  
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Chalking: The degradation of a paint film by gradual erosion of the binder, usually due to 

weathering.  

Checking: Slight breaks in the film that do not penetrate to the substrate surface. If the 

substrate surface is exposed it is called cracking.  

Chipping: Total or partial removal of a dried paint film in flakes by accidental damage or 

wear during service.  

Cracking: The splitting of a dry paint film, usually the result of aging. This includes hair 

cracking, checking, crazing, and alligatoring (crocodiling).  

Cratering: Small round depressions in a paint film which may or may not expose the 

underlying surface.  

 

Crawling: A defect in wet paint or varnish film where it recedes from small areas of the 

surface, leaving them apparently uncoated. Crawling is caused by an incompatible film on 

the surface.  

Crazing: The formation of fine surface cracks, often as a network, that do not penetrate to 

the underlying surface.  

Dirt: An embedded, anomalous material that mars a dried coating. 
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Fading: The loss of color in a pigmented coating film over time following exposure to light, 

heat, etc.  

Fatty edge: An excess bead of paint that forms on the bottom edges of parts when they are in 

the drippage zone following dipping or flow coating.  

Fish eye: A paint defect resulting in a pattern of small surface depressions or craters in the 

wet film, often caused by surface contamination such as oil or silicone materials. 

  

Flooding, floating, or mottle: Tendency of pigment particles to separate and concentrate in 

an area, such as the surface.  

 

Gassing: Volatiles that come from substrates in which pores or bubbles blow out during 

curing. Usually plastic or electrogalvanized steel cause gassing.  

Orange peel: An irregularity in the surface of a paint film resulting from the inability of the 

wet film to level out after being applied.  
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Peeling: Failure of a coating film to maintain adhesion with its substrate. Sheets or ribbons 

of the film detach from the substrate. The condition results from contaminated surfaces or 

excessive differences in polarity and thermal expansion characteristics between the surface 

and the film.  

Pinholing: An undesirable situation where tiny holes develop in a coating. These holes may 

allow moisture and contaminants to penetrate the coating and come into contact with the 

substrate.  

 

Poor Adhesion: Coating is easily removed from the substrate. 

 

Popping: Eruptions in a film of coating after it has become partially set so that craters 

remain in the film.  

 

Ringing: The occurrence of circular spots in a sprayed repair area (spotting).  
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Rusting: The appearance of rust (corrosion) on the surface of the damaged paint. Scratch 

rusting occurs where the film has been damaged and rusting appears on the scratched area.  

Sagging: The downward flow of a coating film as a result of the film being applied too 

heavy or too fluid a wet coat.  

 

Sandscratch swelling: A paint defect where repair coat solvent soaks into scratches from 

surface preparation and causes paint swelling.  

Silking: A surface defect which results in parallel flow lines in the paint film.  

Skinning: The formation of a surface skin on coating liquids, usually due to the reaction with 

air or to rapid solvent loss.  

Telegraphing: Brushmarks or other irregularities in the previous coat or substrate that show 

through the dried topcoat.  

Wrinkling: Distortion in a paint film appearing as ripples.  

 

 

 

1 Adapated from: The coatings guide (http://cage.rti.org/index.cfm) & One Source Coatings 

(http://buy.ppg.com/osc). 
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APPENDIX B: HAZARDOUS POLLUTANTS LISTED IN THE 1990 

CLEAN AIR ACT    

 

 

75070    Acetaldehyde 68122    Dimethyl formamide 56382    Parathion
60355    Acetamide 57147    1,1-Dimethyl hydrazine 82688    Pentachloronitrobenzene (Quintobenzene)
75058    Acetonitrile 131113   Dimethyl phthalate 87865    Pentachlorophenol
98862    Acetophenone 77781    Dimethyl sulfate 108952   Phenol
53963    2-Acetylaminofluorene 534521   4,6-Dinitro-o-cresol, and salts 106503   p-Phenylenediamine
107028   Acrolein 51285    2,4-Dinitrophenol 75445    Phosgene
79061    Acrylamide 121142   2,4-Dinitrotoluene 7803512  Phosphine
79107    Acrylic acid 123911   1,4-Dioxane (1,4-Diethyleneoxide) 7723140  Phosphorus
107131   Acrylonitrile 122667   1,2-Diphenylhydrazine 85449    Phthalic anhydride 
107051   Allyl chloride 106898   Epichlorohydrin (l-Chloro-2,3-epoxypropane) 1336363  Polychlorinated biphenyls (Aroclors) 
92671    4-Aminobiphenyl 106887   1,2-Epoxybutane 1120714  1,3-Propane sultone 
62533    Aniline 140885   Ethyl acrylate 57578    beta-Propiolactone 
90040    o-Anisidine 100414   Ethyl benzene 123386   Propionaldehyde 
1332214  Asbestos 51796    Ethyl carbamate (Urethane) 114261   Propoxur (Baygon) 
71432    Benzene (including benzene from gasoline) 75003    Ethyl chloride (Chloroethane) 78875    Propylene dichloride (1,2-Dichloropropane) 
92875    Benzidine 106934   Ethylene dibromide (Dibromoethane) 75569    Propylene oxide 
98077    Benzotrichloride 107062   Ethylene dichloride (1,2-Dichloroethane) 75558    1,2-Propylenimine (2-Methyl aziridine) 
100447   Benzyl chloride 107211   Ethylene glycol 91225    Quinoline 
92524    Biphenyl 151564   Ethylene imine (Aziridine) 106514   Quinone 
117817   Bis(2-ethylhexyl)phthalate (DEHP) 75218    Ethylene oxide 100425   Styrene 
542881   Bis(chloromethyl)ether 96457    Ethylene thiourea 96093    Styrene oxide 
75252    Bromoform 75343    Ethylidene dichloride (1,1-Dichloroethane) 1746016  2,3,7,8-Tetrachlorodibenzo-p-dioxin 
106990   1,3-Butadiene 50000    Formaldehyde 79345    1,1,2,2-Tetrachloroethane 
156627   Calcium cyanamide 76448    Heptachlor 127184   Tetrachloroethylene (Perchloroethylene) 
105602   Caprolactam 118741   Hexachlorobenzene 7550450  Titanium tetrachloride 
133062   Captan 87683    Hexachlorobutadiene 108883   Toluene 
63252    Carbaryl 77474    Hexachlorocyclopentadiene 95807    2,4-Toluene diamine 
75150    Carbon disulfide 67721    Hexachloroethane 584849   2,4-Toluene diisocyanate 
56235    Carbon tetrachloride 822060   Hexamethylene-1,6-diisocyanate 95534    o-Toluidine 
463581   Carbonyl sulfide 680319   Hexamethylphosphoramide 8001352  Toxaphene (chlorinated camphene) 
120809   Catechol 110543   Hexane 120821   1,2,4-Trichlorobenzene 
133904   Chloramben 302012   Hydrazine 79005    1,1,2-Trichloroethane 
57749    Chlordane 7647010  Hydrochloric acid 79016    Trichloroethylene 
7782505  Chlorine 7664393  Hydrogen fluoride (Hydrofluoric acid) 95954    2,4,5-Trichlorophenol 
79118    Chloroacetic acid 7783064  Hydrogen sulfide 88062    2,4,6-Trichlorophenol 
532274   2-Chloroacetophenone 123319   Hydroquinone 121448   Triethylamine 
108907   Chlorobenzene 78591    Isophorone 1582098  Trifluralin 
510156   Chlorobenzilate 58899    Lindane (all isomers) 540841   2,2,4-Trimethylpentane 
67663    Chloroform 108316   Maleic anhydride 108054   Vinyl acetate 
107302   Chloromethyl methyl ether 67561    Methanol 593602   Vinyl bromide 
126998   Chloroprene 72435    Methoxychlor 75014    Vinyl chloride 
1319773  Cresols/Cresylic acid (isomers and mixture) 74839    Methyl bromide (Bromomethane) 75354    Vinylidene chloride (1,1-Dichloroethylene) 
95487    o-Cresol 74873    Methyl chloride (Chloromethane) 1330207  Xylenes (isomers and mixture) 
108394   m-Cresol 71556    Methyl chloroform (1,1,1-Trichloroethane) 95476    o-Xylenes 
106445   p-Cresol 78933    Methyl ethyl ketone (2-Butanone) 108383   m-Xylenes 
98828    Cumene 60344    Methyl hydrazine 106423   p-Xylenes 
94757    2,4-D, salts and esters 74884    Methyl iodide (Iodomethane)      0   Antimony Compounds 
3547044  DDE 108101   Methyl isobutyl ketone (Hexone)      0   Arsenic Compounds (inorganic including arsine) 
334883   Diazomethane 624839   Methyl isocyanate      0   Beryllium Compounds 
132649   Dibenzofurans 80626    Methyl methacrylate      0   Cadmium Compounds 
96128    1,2-Dibromo-3-chloropropane 1634044  Methyl tert butyl ether      0   Chromium Compounds 
84742    Dibutylphthalate 101144   4,4-Methylene bis(2-chloroaniline)      0   Cobalt Compounds 
106467   1,4-Dichlorobenzene(p) 75092    Methylene chloride (Dichloromethane)      0   Coke Oven Emissions 
91941    3,3-Dichlorobenzidene 101688   Methylene diphenyl diisocyanate (MDI)      0   Cyanide Compounds1 
111444   Dichloroethyl ether (Bis(2-chloroethyl)ether) 101779   4,4-Methylenedianiline      0   Glycol ethers2
542756   1,3-Dichloropropene 91203    Naphthalene      0   Lead Compounds 
62737    Dichlorvos 98953    Nitrobenzene      0   Manganese Compounds 
111422   Diethanolamine 92933    4-Nitrobiphenyl      0   Mercury Compounds 
121697   N,N-Diethyl aniline (N,N-Dimethylaniline) 100027   4-Nitrophenol      0   Fine mineral fibers3
64675    Diethyl sulfate 79469    2-Nitropropane      0   Nickel Compounds 
119904   3,3-Dimethoxybenzidine 684935   N-Nitroso-N-methylurea      0   Polycylic Organic Matter4
60117    Dimethyl aminoazobenzene 62759    N-Nitrosodimethylamine      0   Radionuclides (including radon)5
119937   3,3-Dimethyl benzidine 59892    N-Nitrosomorpholine      0   Selenium Compounds 
79447    Dimethyl carbamoyl chloride
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APPENDIX C:  MATHCAD 2000/2001 PROGRAM USED TO 

CALCULATE FILM THICKNESS 
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APPENDIX D: FORMATION OF SELF-ASSEMBLED MONOLAYERS 

OF SEMIFLUORINATED AND HYDROCARBON CHLOROSILANE 

PRECURSORS ON SILICA SURFACES FROM LIQUID CARBON 

DIOXIDE 
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Abstract 

We report on the formation and properties of self-assembled monolayers (SAMs) 

prepared by depositing semifluorinated and hydrocarbon trichlorosilane precursors, 

F(CF2)8(CH2)2SiCl3 (F8H2) and H(CH2)18SiCl3 (H18), respectively, from vapor, organic 

solvent, and liquid CO2 (l-CO2).  Contact angle measurements of the SAMs deposition 

kinetics reveal that regardless of the molecule type, the deposition rates from l-CO2 exceed 

those from vapor or organic solvents by several orders of magnitude.  We derive two 

different transport models describing the formation of SAMs.  We show that while the 

diffusion-limited model is not capable of describing the experimental data, the adsorption-

limited model captures the major features of the adsorption kinetics quite well.  We apply the 

results of the adsorption-limited model to conclude that the observed behavior is a 

consequence of i) a relatively high bulk concentration (l-CO2 vs. vapor), and ii) higher 

solution diffusivity (l-CO2 vs. organic solvent) of the silanes in l-CO2.  Near-edge X-ray 

absorption fine structure (NEXAFS) is used to monitor the orientation of the F8H2 and H18 

molecules in their corresponding SAMs as a function of time.  Our NEXAFS data show that 

the F8H2 molecules adsorb initially from l-CO2 without any molecular order in the 

monolayer.  As more F8H2 molecules partition at the silicon oxide surface, they start to 

organize and orient.  A complete monolayer order is achieved after ≈30 minutes exposure to 

F8H2/liquid l-CO2 solutions.  The deposition kinetics and molecular behavior of the H18 

moieties in the SAMs is found to be different, however.  After a brief exposure (< 2 seconds) 

of the silica substrate to the H18/l-CO2 solution, the molecules adsorb and form an organized 

monolayer.  Similar to the case of the semifluorinated species, the order in the H18-SAM 

increases with increasing time and saturates after ≈5 minutes exposure to H18/l-CO2 

solution.  We attribute the difference in the orientation kinetics to the different solubilities of 

F8H2 and H18 in l-CO2.   
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D.1. Introduction 

Thin polymeric films have long been recognized as important for tailoring the 

characteristics of materials surfaces [1].  With recent advances in nanotechnology, calling for 

decreases in the feature sizes of nanodevices and microelectronic components to the 

nanometer scale, the need for a new class of interfacial modifiers with sizes comparable to 

the dimension of a single molecule becomes even more eminent.  Such surfaces with 

nanometer thick and structurally well-defined surface modifiers can be prepared by 

depositing self-assembled monolayers (SAMs) or Langmuir-Blodgett films [2].  Some of the 

most commonly used molecules forming SAMs are those bearing either i) a mercapto group 

that can be terminally attached to gold (or other noble metal) surfaces, or ii) a chloro- or 

alkoxy silane moiety capable of reacting with a hydroxy terminus on the surface.  The 

application of the latter family of compounds is particularly useful for modifying the surfaces 

of silicon and other semiconductor surfaces that are covered with a thin (≈several 

nanometers) native oxide layer.  These molecules consisting of a hydrocarbon (R*-) chain 

bonded to a functionalized Si group exist either in the form of chlorosilanes, e.g., mono- (R*-

SiClR2), di- (R*-SiCl2R) or tri-chlorosilanes (R*-SiCl3), or alkoxysilanes, e.g., mono- (R*-

SiCl(OR)2), di- (R*-SiCl2OR) or tri-alkoxysilanes (R*-Si(OR)3), where R is an alkyl.  SAMs 

based on these compounds can be utilized to tailor surface properties of materials, making 

them suitable for biocompatibility, biosensors, the reduction of corrosion rates, pattern 

creation (lithographic processes), friction reduction (useful in microelectro-mechanical 

systems, MEMS, technology), foul resistance, modification of membrane properties, and 

changes in hydrophobicity [3]. 
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Current techniques practiced to apply silane-based SAMs on materials surfaces 

involve either vapor- or liquid-phase depositions.  However, there are several challenges that 

must be resolved before SAMs can become widely used in technological processes.  First, the 

environmental impact of both vapor and liquid deposition processes is of considerable 

importance and must be minimized.  Problems also exist for liquid deposition techniques 

since they use large quantities of organic solvents.  Although deposition from the vapor 

phase does not require large quantities of potentially harmful solvents, it can be 

environmentally dangerous because it requires volatile precursors [4].  The second major 

problem with integrating SAMs into industrial processes is associated with the rather lengthy 

deposition times [5].  Production of the SAM requires that the precursors contact the 

substrate for times ranging from many minutes to as long as several days.  This is not viable 

for manufacturing goods.  Other problems include short pot life for solutions and expensive 

equipment. 

Compressed carbon dioxide (CO2), either in the liquid or supercritical state 

(Tc = 31°C, Pc = 1070 psi, where Tc and Pc are the critical temperature and critical pressure, 

respectively), is a benign solvent that should be considered as a viable substitute for current 

SAM deposition media.  In addition to the obvious environmental benefits, CO2 has many 

possible technological advantages.  The low viscosity of CO2 should decrease the amount of 

time necessary for absorption and reaction of the SAM precursor with the surface.  Low 

molecular weight SAM precursors typically have diffusion coefficients in supercritical CO2 

(sc-CO2) and liquid CO2 (l-CO2) of ≈10-8 m2/s, which is about an order of magnitude larger 

than the diffusion coefficients of the same liquids in typical organic solvents and water [6].   

The compressible nature of CO2 is another added benefit because it can be used to tune 
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solvent properties.  For example, the density of l-CO2 can be varied from 928 kg/m3 to 466 

kg/m3 by raising temperature from 0 to 31.06°C (Tc).  Similarly, the density of sc-CO2 can be 

varied by adjusting the temperature and pressure.  This “tunability” is well recognized in the 

literature and is one of the main reasons why investigators have looked at using CO2 for 

processes such as coatings, extractions, polymerizations, particle formation, and foaming [7].  

Lastly, carbon dioxide has an advantage over typical organic solvents because separation and 

recovery from many coating compounds can be accomplished by decreasing the pressure. 

Several research groups have begun to recognize the benefits of CO2 and investigate 

the deposition of SAMs from carbon dioxide.  Tripp et al. have used infrared spectroscopy to 

show that hexamethyldisilazane and octadecyltrichlorosilane can be used to create SAMs on 

fumed silica [8].  The amine functionalized silane experiments do not require water and are 

therefore performed using surfaces dried with carbon dioxide.  Although SAMs are formed, 

the authors point out that the formation of ammonium carbamate can “block or poison a 

portion of the Si-OH sites for reaction.”  Tripp et al. also show that chlorosilanes form SAMs 

on silica without any significant hydrolysis, which is in contrast to normal solvents.  Cao et 

al. have studied the deposition of SAMs onto silica-covered substrates in l-CO2 and sc-CO2 

using monochloro-, dichloro-, trichloro-, and dimethylamino silanes [9].  Reaction kinetics 

show that amino silanes such as dimethylamino silanes react with silicon surfaces after three 

3 minutes.  Interestingly, after 10 minutes there is a slight decrease in contact angle that 

authors attribute to an increase in packing density and a decrease in rotational ability.  Cao 

and coworkers also show that chlorosilanes react with pre-wetted silica surfaces after 24 hrs.  

Comparison with SAMs formed from toluene show that monochlorosilane derived 

compounds have smaller contact angles when formed from CO2 but dialkyldichlorosilanes 
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and alkyltrichlorosilanes exhibit similar or higher contact angles when formed from CO2.  

Furthermore, the layers formed from the dialkyldichlorosilanes and alkyltrichlorosilanes are 

oligomeric and not a monolayer.  Weinstein and Jennings have formed monolayers on gold 

substrates using n-alkanethiolate in supercritical CO2 [10].  The SAMs deposited in sc-CO2 

formed as quickly as five minutes and had higher crystallinity and packing density than those 

formed from organic solvents. 

In spite of recent progress in CO2-based deposition processes, many questions 

relevant to the formation and properties of SAMs deposited from CO2 remain to be 

answered.  First, carbon dioxide has a large quadrupole moment, but no dipole moment, as 

well as a moderate polarizability [11].  This may lead to differences in the way various 

molecules behave in CO2 compared to organic solvents.  For example, only fluorinated and 

silicone compounds are known to have high solubility in carbon dioxide.  Recently, it has 

also been shown that fluorinated species may have specific interactions with carbon dioxide 

[11].  Although it has been recognized that these CO2-specific properties may significantly 

affect the kinetic and thermodynamic factors governing the deposition of SAMs from CO2 

there is lack of research in this area.  For example, limited information exists on how the 

presence of fluorine in SAM precursors affects the kinetics of the deposition process.  The 

orientation of molecules absorbed to the surface has also not been studied extensively.  Our 

current knowledge of the surface properties of CO2–deposited SAMs comes mainly from 

contact angle measurements and experiments using X-ray photoelectron spectroscopy (XPS 

or ESCA).  While useful in providing information about the wettability and to some extent 

also about the structural characteristics of the SAMs surfaces, the contact angle 

measurements offer only an indirect measurement of the surface properties of SAMs.  The 
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contact angle of a fluid is known to depend on many factors including surface roughness, 

surface energy, and even the rate of movement at the contact line [12].  In addition, it 

mandates placing liquid onto the film surface, which can cause rearrangement of surface 

molecules, chemical reaction, or swelling.  More chemical information about the structure of 

the monolayer can in principle be obtained from XPS measurements.  However, no 

additional knowledge about the molecular order of the molecules in the SAMs can be gained 

from XPS.  Hence a complete understanding of the surface requires supplemental 

measurements utilizing other surface probes. 

The goal of this work is two-fold.  First, we study the kinetics of SAMs formation 

from vapor, organic solvent and l-CO2.  As detailed later in the paper, we find that regardless 

of the molecule the deposition rates from l-CO2 far exceed those from vapor and from 

organic solvent.  We note that similar conclusions have also been reached in a very recent 

work by Cao and coworkers [9].  However, in contrast to the results reported in Ref. 9 we use 

saturated liquid CO2 in our experiments.  Depositing SAMs from l-CO2 in which a gas/liquid 

interface is present has several advantages.  It allows our precursor solution to be completely 

mixed before contact with the substrate and not to be diluted as it is added to the SAM 

coating chamber.  In this way deposition data at very short contact times (≈seconds), not 

reported on in Ref. 9, can be reached.  Second, using saturated l-CO2 allowed for the removal 

of the entire precursor fluid after formation of the SAM while at constant pressure.  This 

combined with a subsequent rinse with pure CO2 removes any physisorbed species.  In 

contrast to the Cao et al. experiments, we did not dry or pre-wet silica substrates.  Instead, 

water for the grafting reaction was supplied by combining high purity carbon dioxide with 

moderately humid air during pressurization. 
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The second goal of our work was to investigate the kinetics of SAM formation for 

both CO2-solvophobic (hydrocarbon) and one CO2-solvophilic (semifluoroinated) molecules.  

We used ellipsometry to monitor the thickness of the SAMs and near-edge absorption fine 

structure (NEXAFS) to probe the orientation of the molecules in the SAMs as a function of 

the deposition time.  Thus by combining the contact angle, ellipsometry and NEXAFS data 

we were able to obtain a complete picture of the molecular organization of the hydrocarbon 

and semifluoroinated molecules in their respective SAMs.  The NEXAFS measurements 

were particularly important because they helped us to explain qualitatively why the 

hydrocarbon-based SAMS form faster than their semifluorinated counterparts.  

D.2. Theory section 

The rate of self-assembled monolayer formation is of particular interest since the 

monolayer forms at different rates in each of the three solvents.  A kinetic model to describe 

this process can be developed by assuming that the surface reaction occurs at a high rate after 

adsorption of a chemical species to the reaction site.  In this case there are two significant 

events that must occur for the surface reaction to proceed: diffusion of the reactive species 

from the bulk solution to the surface and adsorption of the molecule onto a reactive surface 

site.  The reaction mechanism can be written as: 
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In Eq. (1) Cb is the bulk concentration of the reactant, Cs is the surface concentration 

of reactant, n* is the concentration of free reactive sites, P is the adsorbed species prior to 
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reaction, and kaf and kar are rate constants for the reversible adsorption process.  The rate of 

diffusion (A, Eq. (1)) and the rate of adsorption (B, Eq. (1)) can be written as:  

( )sbmA CCkR −=  (2) 

( ) ( )
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where φ is the fractional surface coverage, N is the total number of sites, and 

Keq=kaf/kar: 

Two different rate expressions can be derived for the monolayer formation if each of 

the significant processes (diffusion and adsorption) is treated as being rate limiting.  When 

the adsorption process is considered to be rate limiting then: 
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Substituting the results of (4) into the limiting rate expression (3) gives: 
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and after integration, realizing now that θ varies with time, θ(t): 
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The integration constant Cint in Eq. (6) can be eliminated by considering the initial 

condition φ(t=0)=0 leading to: 

[ ][ ]texp1)t( α−−
α
β=φ  (7) 

where  

arafb kkC +=α  (8a) 

afbkC=β  (8b) 

In contrast, if the diffusion process is considered to be rate limiting: 
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Substituting the results of Eq. (9) into the limiting rate expression (2) gives: 
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and after integration: 
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Eq. (11) can again be simplified by combining constants, considering the initial 

condition φ(t=0)=0, and expressing the time dependence of φ: 
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Next we outline how to determine the time-dependent surface coverage, φ(t), and finally 

show how one can use the φ(t) values to estimate the reaction rate constant. 

An estimate of the surface coverage can be elucidated from the contact angle data 

using the Israelachvili-Gee equation, which relates the contact angle of a heterogeneous 

surface, θmix, composed of two chemically different species (1,2) to the contact angle of the 

pure species (θ1, θ2) and the area fraction of each species in the mixture (φ1, φ2) [13]: 
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Realizing that φ1+φ2=1, Eq. (14) can be rearranged to give an expression for the time 

dependent surface coverage of one of the species in the heterogeneous surface: 
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An expression relating an estimate of the surface coverage of monolayer on the silica 

substrate to the experimentally measured contact angle (θmeasured(t)) can be written using Eq. 
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(15) and assuming for simplicity that the water contact angle on pure silica is ≈ 0°.  Here, the 

heterogeneous surface is composed of a mixture of units of either pure monolayer (θSAM,∞) or 

surface hydroxyl groups (cos(θOH) = 1): 
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In order to obtain the area fraction covered with pure monolayer, ( )t(
,SAM ∞θφ ), from 

the time-dependent θmeasured(t) values, we use the established values of θSAM,∞ = 113.5° and 

112.0° for monolayers composed of pure F8H2 and pure H18, respectively. 

The results of our analysis are presented and discussed in the Discussion section of 

this paper.  It should be noted that values of kaf and kar could only be estimated from the 

contact angle data because θmeasured can be dependent on the molecular arrangement of 

species and the packing density.  We note that the ellipsometry data helps to corroborate the 

kinetic results and the existence of the monolayer.  While further experiments are required, 

we believe that the kaf and kar estimates obtained and reported in this work are useful as they 

provide insight into why deposition rates are much faster from liquid CO2 relative to organic 

solvents (see Discussion). 

D.3. Experimental section 

D.3.1. Chemicals 

Heptadecafluoro-1,1,2,2-tetrahydrodecyl trichlorosilane (CAS No. 78560-44-8) 

(F8H2) and n-octadecyl trichlorosilane (CAS No. 112-04-9) (H18) were supplied by Gelest, 

Inc. and used as received.  All solvents (Aldrich) were of HPLC grade and used as received.  

The CO2 (supplied by Air Products) was 99.9999% pure SCF/SFE grade carbon dioxide.  
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The probing liquids for contact angle measurements were deionized (DI) water (resistivity 

> 16 MΩ.m) and diiodomethane (Aldrich, used as received). 

D.4. Substrate preparation  

Single-side polished, 300 µm thick silicon wafers with [100] orientation (Virginia 

Semiconductor, Inc.) were cut into small pieces (≈1x1 cm2) and placed into an 

ultraviolet/ozone (UVO) cleaner (Jelight Company, Model 42, Suprasil lamp).  They were 

exposed to the UVO treatment for 30 minutes.  The UVO cleaner operates a low-pressure 

quartz-mercury lamp with UV radiation peaks at 184 nm and 254 nm.  The radiation at 184 

nm uses atmospheric molecular oxygen to produce ozone, which gets subsequently converted 

into (mono- and di-) atomic oxygen by irradiation with the 254 nm UV radiation.  Atomic 

oxygen is a radical species that reacts with any hydrocarbon impurity at the sample surface, 

producing gaseous CO and CO2.  In addition, atomic oxygen produces silica surface with a 

high concentration of the surface –OH groups that serve as attachment points for the 

chlorosilane molecules at the silica surfaces [14]. 

D.4.1. General notes on SAM preparation from chlorosilanes 

The SAM formed from trichlorosilane molecules that were used in this study follow 

this general reaction scheme [2]: 

R-SiCl3 R-Si≡O-[Si]substrate
HO-[Si]substrate

-3HCl

R-Si(OH)3

-3HCl
+3H2O HO-[Si]substrate

-3H2O

 (scheme 1) 
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When a trace amount of water is present in the system, the –SiCl3 gets hydrolyzed 

forming -Si(OH)3 species.  These react with the hydroxyl groups HO-[Si]substrate on the 

substrate. 

D.4.2. SAM preparation from vapor 

The SAM vapor deposition experiments were done in a dessiccator that was 

connected to a mechanical vacuum pump.  The vacuum level in the deposition chamber was 

kept at ≈10-2 – 10-3 torr, so that there was still a sufficient amount of water molecules present 

for the reaction given in (scheme 1).  The sample was placed upside-down above the 

diffusion source, which consisted of a mixture of the chlorosilane and paraffin oil.  Because 

the paraffin oil does not mix with the chlorosilane molecules it provides a convenient dilutant 

medium for the diffusion source; the flux of the chlorosilane molecules can be conveniently 

adjusted by simply varying the chlorosilane:paraffin oil ratio.  All experiments were done at 

a chlorosilane:paraffin oil ratio of 1:1 (w/w).  The vapor pressure for F8H2 is sufficiently 

high at room temperature, so the chlorosilane evaporates readily.  However, the vapor 

pressure of H18 is relatively low at room temperature, so the H18:paraffin oil mixture was 

heated to 80°C to increase the flux of H18 during the vapor deposition.  The samples were 

exposed to the diffusing source for different time intervals ranging from seconds to hours.  

After the evaporation, the samples were immersed in and washed with warm (≈ 65°C) 

deionized water to remove any physisorbed molecules, and subsequently dried with nitrogen. 

D.4.3. SAM preparation from organic solvent 

The F8H2 molecules were dissolved in 1,1,2-trichloro trifluoroethane (concentration 

≈ 35 mmol) and the H18 molecules were dissolved in toluene (concentration ≈ 5 mmol).  The 

SAM deposition was carried out at room temperature by immersing the UVO-treated silicon 
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wafers in the organic solvent SAM solutions for controlled time periods.  After the SAM 

deposition, the samples were washed thoroughly with pure fluorinated solvent and immersed 

in and washed with warm (≈65°C) deionized water to remove any physisorbed molecules.  

Subsequently, the specimens were dried with nitrogen. 

D.4.4. SAM preparation from liquid CO2 

The deposition method consisted of four technological steps.  First, the chlorosilane 

was mixed with CO2 (concentration ≈ 28 mmol) at P = 1000 psi, T = 297 K in a mixing 

vessel for 24 hours to ensure complete miscibility.  In the second step, a fresh UVO-cleaned 

silicon wafer was placed in a coating chamber, which was subsequently pressurized without 

purging.  In our experiments the chamber was originally full of air at natural room humidity 

(normally between 40-50 %, as measured using PUL Thermo Hydrometer).  The humidity 

provided moisture for the chemical reaction scheme to take place. The pressurization was 

terminated when the first traces of CO2 condensation were detected.   In the next step, the gas 

side of the apparatus was connected with the main coating chamber and the liquid CO2/silane 

solution was pumped from the mixing vessel into the coating chamber using a high pressure 

gear pump.  The solution was allowed to wet each substrate for a specified deposition time 

(i.e. 0 s, 10 s, etc..) so that the monolayer formation kinetics could be studied.    Finally, the 

mixture was drained back to the mixing vessel at about 2 mm/s.  The coating chamber was 

isolated and then purged with pure liquid CO2 at saturation for 2-10 s to remove any 

physically adsorbed chlorosilane molecules.  This purging process was repeated 3 times 

before the chamber was depressurized to atmospheric conditions.  The deposition times, τ, 

are provided in the text.  The case τ = 0 sec, denotes a situation in which the wafer was 

contacted (< 2 s) with the chlorosilane solution in l-CO2 and then immediately drained. 
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D.4.5. Experimental techniques 

Contact angle experiments were performed using a Ramé-Hart contact angle 

goniometer (model 100-00) equipped with a CCD camera, and analyzed with the Ramé-Hart 

software.  The advancing contact angles were read by injecting 6 µL of probing liquid; the 

receding contact angles were determined by removing 3 µL of probing liquid from the 

droplet.  Each data point reported in the paper represents an average over five measurements 

on the same sample.  The data points have an error better than ±1.5°.  By combining contact 

angle measurements using very polar (DI water) and very non-polar (diiodomethane) liquids 

a picture of the molecular organization within the SAM can be obtained.  While the polar 

liquid is sensitive to the chain alignment within the SAM, the non-polar liquid probes mainly 

the “in-plane” structure of the SAM [2].  

We examined the chemistry (including bond densities) and molecular orientation of 

the chlorosilane molecules on the SAM surfaces using near-edge absorption fine structure 

(NEXAFS) [15].  The NEXAFS experiments were carried out on the NIST/Dow Soft X-ray 

Materials Characterization Facility at the National Synchrotron Light Source at Brookhaven 

National Laboratory (NSLS BNL) [16].  NEXAFS involves the resonant soft x-ray excitation 

of a K or L shell electron to an unoccupied low-lying antibonding molecular orbital of σ 

symmetry, σ*, or π symmetry, π* [17].  The initial state K shell excitation gives NEXAFS its 

element specificity, while the final-state unoccupied molecular orbitals provide NEXAFS 

with its bonding or chemical selectivity.  A measurement of the partial electron yield (PEY) 

intensity of NEXAFS spectral features thus allows for the identification of chemical bonds 

and determination of their relative population density within the sample.  Moreover, by 

collecting the PEY NEXAFS spectra at several θ (20°≤ θ ≤ 90°), where θ is the angle 
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between the sample normal and the polarization vector of the x-ray beam, the surface 

molecular orientation of the SAM molecules on the silicon oxide surfaces can be determined.  

We express our results on the orientation of the molecules in the SAM in terms of the 

average tilt angle of either the fluorocarbon part of the single SF groups or the –(CH2)18- 

zigzag.  We note that the tilt angle determined from NEXAFS represents an average value.  

There is no straightforward way to discriminate between the case of all chains 

homogeneously tilted by the same angle and the case of a disordered system with a broad 

distribution of tilt angles.  An important issue concerning the study of organic materials is the 

possibility of the sample damage during the characterization with UV light, x-ray and 

electron radiation.  Semi-fluorinated materials are particularly sensitive to these effects [18].  

Hence, a fresh area of the sample was exposed to the x-ray beam spot for each measurement 

to minimize possible beam damage effects.  Moreover, NEXAFS spectra showed no damage 

effects for at least three consecutive runs taken from the same spot on the sample.  Moreover, 

due to the nature of the polarization dependencies of the NEXAFS signal intensities one 

cannot distinguish between a completely disoriented sample and a sample, whose chains are 

all tilted by 54.7°, the so called, “magic angle” [17].  

The SAM thickness was measured using a fixed geometry, fixed wavelength (λ = 638 

nm) ellipsometer (Rudolph Technologies, model AutoEL II).  The thickness of the SAM was 

evaluated from the measured ellipsometric angles ∆ and ψ using the two-layer model in the 

DAF-IBM software.  Following previous work, we assumed that the monolayer had an index 

of refraction equal to 1.45 [2].  

D.5. Results 

D.5.1. Semifluorinated SAMs 
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The upper panels in Figure 1 show contact angle data of deionized water (closed 

circles) and diiodomethane (open circles) collected from F(CF2)8(CH2)2SiCl3 (F8H2) SAM 

prepared by deposition from a) vapor phase, b) fluorinated solvent, and c) l-CO2.  The lower 

panels in Figure 1 depict the contact angle hysteresis (the difference between the advancing 

and receding contact angles) on the same materials.  The data in Figure 1 show that 

regardless of the deposition medium, the contact angle increases with increasing deposition 

time and approaches a value of ≈113.7°±0.5° for DI water and ≈96.5°±0.5° for 

diiodomethane.  However, the rate at which this saturation is reached depends crucially on 

the deposition technique.  Specifically, the saturation value is reached after ≈ 200 minutes for 

the vapor deposition, >500 minutes for the fluorinated solvent deposition, and only 20 

seconds for the l-CO2 medium.  These data thus clearly illustrate that the SAM preparation 

from l-CO2 is almost 600 times faster than that from the vapor phase and more than 1500 

times faster than the classical solvent-based processes.  Cao and coworkers also reported that 

l-CO2-based growth of SAMs is much faster than vapor or organic solvent depositions, but 

their kinetics are still slower than those observed by us.   

It is known that a good estimate of the SAM uniformity can be obtained by 

monitoring the difference between the advancing and the receding contact angles.  This 

difference, called the contact angle hysteresis, is a measure of the physical and chemical non-

uniformity of the surface.  The contact angle hysteresis for the SAMs prepared by the three 

deposition methods is shown in the lower panels of Figure 1.  Figure 1a shows that the 

contact angles hysteresis decreases slightly with increasing deposition time at early times, but 

levels off fairly rapidly and attains a value of ≈13° for DI water and ≈20° for diiodomethane.  

Interestingly, there seems to be a momentary increase in hysteresis at 10 mins deposition.  
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We attribute this to local rearrangement of the SAM chains at the silicon interface.  The 

lower part of Figure 1b shows the hysteresis behavior of the SAMs deposited from the 

fluorinated solvent.  Similar to the case of vapor deposition, the hysteresis initially decreases 

with increasing deposition time.  However, after reaching a minimum it then starts to 

increase and reaches a value that is almost twice as high as that observed with the vapor 

deposited specimen.  This indicates that the growth of F8H2-SAMs from fluorinated solvents 

produces molecular arrays that are less perfect when compared to those grown via vapor 

deposition.  The contact angle hysteresis measured on F8H2-SAMs deposited from l-CO2 is 

shown in the bottom part of Figure 1c.  Similar to the previous two cases, the hysteresis of 

water deceases with increasing time, reaches a minimum of ≈10° but increases to ≈17° for 

long deposition times.  The behavior of the contact angle hysteresis of diiodomethane on l-

CO2-deposited F8H2-SAM shows a very interesting trend.  At very short deposition times 

(15-30 sec), the hysteresis reaches a minimum of ≈14°, subsequently increases to ≈19° and 

for long deposition times reaches ≈17°.  To understand the organization of the F8H2 

molecules in the F8H2-SAMs grown from l-CO2, we performed time-dependent NEXAFS 

measurement to determine chain orientation at the silica surfaces. 

Figure 2 shows the NEXAFS spectra from the F8H2-SAMs deposited from l-CO2.  

The NEXAFS data were collected at θ = 20° (solid lines), θ = 55° (dashed lines), and θ = 90° 

(dotted lines), where θ denotes the angle between the sample normal and the direction of the 

electric vector of the x-ray beam.  The deposition times for the F(CF2)8(CH2)2SiCl3 

molecules were: a) 0 seconds (sample washed with the l-CO2/F8H2 chlorosilane solution), b) 

10 seconds, c) 45 seconds, d) 2 minutes, e) 30 minutes, and f) 24 hours.  Several 

characteristic peaks can be identified in the PEY NEXAFS spectra of F8H2-SAM that 



 292

correspond to the 1s → π* transition of the C=C bond (E = 284.4 eV), and 1s → σ* 

transitions associated with the C-H (E = 287.5 eV), C-F (E = 292.0 eV), and C-C (E = 295.5 

eV) bonds.  These are depicted with the vertical dashed lines in Figure 2.  By inspecting the 

NEXAFS data in Figure 2 the following picture emerges.  By briefly exposing the sample to 

the l-CO2/F8H2 chlorosilane solution (ca. 2 seconds), several F8H2 chlorosilane molecules 

get attached to the substrate but they are not oriented.  As the deposition time increases, more 

molecules get attached to the substrate and they also seem to orient.  The latter conclusion is 

based on the observation that the intensities originating from the 1s → σ*C-F and 1s → σ*C-C 

transitions change with varying angle θ; as θ increases the intensity corresponding to σ* of 

the C-F bond increases while that of the C-C bond decreases.  The orientation of the F8H2-

SAM molecules on the silica substrate can be inferred by qualitatively examining the PEY 

NEXAFS data.  The σ*C-F signal in the NEXAFS spectra collected at θ = 90° is always 

stronger than that measured at θ = 20°; thus the director of the F8H2-SAM molecules is only 

slightly tilted away from the sample normal.  Careful inspection of the time-dependent 

NEXAFS spectra in Figure 2 reveals that the intensity of the σ*C-F signal increases with 

increasing time, reaches a maximum for 30 mins (cf. Figure 2e) and then decreases slightly 

for long deposition times.  This behavior is an indication of the “perfection” of the molecular 

orientation of the F8H2 moieties in the SAM for τ < 30 mins followed by chain 

reorganization at longer deposition times.  A more detailed analysis presented recently can be 

used to elucidate the average angular orientation of the fluorocarbon helix within the F8H2-

SAM [19,20].  The results are discussed later in the paper. 

D.5.2. Hydrocarbon SAMs 
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The upper panels in Figure 3 show contact angle data of deionized water (closed 

circles) and diiodomethane (open circles) collected from H(CH2)18SiCl3 (H18) SAM 

prepared by deposition from a) vapor phase, b) toluene, and c) l-CO2.  The lower panels in 

Figure 3 depict the contact angle hysteresis (the difference between the advancing and 

receding contact angles) on the same materials.  Similar to the behavior observed in the 

F8H2-SAM, the data in Figure 3 indicates that the contact angle increases with increasing 

deposition time in all cases.  There is some difference in the final stages of the deposition 

process, however.  While the contact angles of DI water and diiodomethane on H18-SAMs 

deposited from vapor and toluene saturate at ≈112.0°±0.5° and ≈78.0°±1.0°, respectively, the 

corresponding values measured on the H18-SAM deposited from l-CO2 are slightly lower 

(≈105.0°±1.5° and ≈74.0°±1.0°). 

NEXAFS was used to measure the chain orientation in the H18-SAM samples.  

Figure 4 shows the NEXAFS spectra from the H18-SAMs deposited from l-CO2.  The 

NEXAFS data were collected at θ = 20° (solid lines), θ = 55° (dashed lines), and θ = 90° 

(dotted lines).  The deposition times for the H(CH2)18SiCl3 molecules were: a) 0 seconds 

(sample washed with the l-CO2/F8H2 chlorosilane solution), b) 15 seconds, c) 30 seconds, d) 

3 minutes, e) 5 minutes, and f) 22 hours.  The various peaks in the PEY NEXAFS spectra of 

H18-SAM, whose positions are indicated by the vertical lines, correspond to the 1s → π* 

transition of the C=C bond (E = 284.4 eV), and 1s → σ* transitions associated with the C-H 

(E = 287.5 eV), and C-C (E = 293.0 eV) bonds.  Because the 1s → σ*C-H and 1s → σ*C-C 

transition intensities change with varying θ (as θ increases the intensity of the corresponding 

to σ*C-H increases while that of σ*C-C decreases) one can conclude that the chains in the H18-
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SAM are oriented. Similar to the case of the F8H2-SAMs on the silica substrate, the 

orientation in H18-SAM can be deduced by qualitatively examining the PEY NEXAFS data 

of H18-SAM.  The σ*C-H signal in the NEXAFS spectra collected at θ = 90° is always 

stronger than that measured at θ = 20°; thus the director of the H18-SAM molecules is only 

slightly tilted away from the sample normal.  By comparing the NEXAFS spectra in Figure 4 

one sees that when exposed for a short time to the H18/l-CO2 solution, the H18 molecules 

chemically bond to the substrate and adopt some orientational order.  Recall that this is in 

contrast to the behavior detected in the F8H2-SAMs where the molecules initially adsorb 

with no orientation.  The spectra in Figure 4 show that with increasing deposition time, the 

difference between the intensities of the σ*C-H and σ*C-C signals increases, reaches a 

maximum for 5 mins (cf. Figure 4e) and than decreases slightly for long deposition times.  

Hence, similar to the behavior detected in the F8H2-SAM, the H18 chains in the H18-SAM 

reorganize at longer deposition times.  A more detailed analysis presented elsewhere can be 

used to evaluate the average angular orientation of the hydrocarbon chains in the H18-SAM 

[17-20]. 

D.6. Discussion 

By combining the contact angle, ellipsometry, and the NEXAFS data one can 

reconstruct the steps involved in the adsorption and growth of the SAMs (recall that the 

water contact data are sensitive to the chain molecular orientation, while the diiodomethane 

measurements probe mainly the “in-plane” organization of the SAM molecules).  In accord 

with previous studies, we presuppose that the mass transfer from the bulk to the substrate 

takes place in two steps [9,10].  Our contact angle and ellipsometry data (cf. Fig. 5) reveal 

that initially, the adsorption takes place very rapidly.  Within the first several minutes, most 
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of the substrate gets covered by the SAM.  This rapid adsorption regime (several second to 

minutes) is followed by a slower adsorption kinetics regime (one the order of minutes to 

hours), during which the remaining free sites on the surface are filled by the SAM molecules.  

As previously stated, the time dependence of the contact angle can be used to estimate the 

rate constants.  Following the procedure outlined in the theory section the time dependent 

coverage, φ(t), can be evaluated and the data can be fitted to the adsorption (cf. Eqs. (7) and 

(8)) and diffusion limited (cf. Eqs. (12) and (13)) models.   

Our attempts to fit the experimental data to the diffusion limited model failed.  The 

functional form given by Eq. (12) does not reproduce the experimental data.  In contrast, the 

adsorption limited model was capable of fitting the experimental data well.  It is therefore the 

adsorption of the molecule to the surface and not the diffusion from the bulk that is the 

primary mechanism controlling the SAM formation rate.   We have fitted the experimental 

data to Eq. (7) and used Eqs. (8) to evaluate kaf and kar.  The values of kaf and kar obtained 

from the fits are reported in Table I for both F8H2-SAM and H18-SAM.  Figure 6 shows the 

time dependent coverage φ(t) for F8H2-SAM deposited from vapor (open circles), organic 

solvent (open squares) and liquid CO2 (closed up-triangles) evaluated using the adsorption 

limited model.  The abscissa in the plot was chosen such that the data gives a straight line 

with the slope of 1.   

  F8H2-SAM H18-SAM 
Deposition 
method 

D 
(cm2.s-1) 

Cb 
(mmol.L-1) 

kaf 
(L.mmol-1.min-1) 

kar 
(min-1) 

Cb 
(mmol.L-1) 

kaf 
(L.mmol-1.min-1) 

kar 
(min-1) 

Vapor  ≈2.3E-2 ≈5.4E-4 ≈347 ≈7E-3 ≈4.5E-4 ≈325 ≈3E-3 
Liquid CO2 ≈7.0E-5 ≈28 ≈12 ≈5E-2 ≈35 ≈8 ≈5E-1 
Organic solventa  ≈6.0E-6 ≈35 ≈2 x 10-3 ≈6E-3 ≈44 ≈2E-1 ≈3E-1 

Table I: Diffusivity, silane concentration and adsorption rate constants for F8H2-SAMs 
and H18-SAM deposited from vapor, liquid CO2 and toluene. a) The organic solvent was 

1,1,2-trichloro trifluoroethane (F8H2-SAM) and toluene (H18-SAM) 
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Even though kaf and kar are only estimates (based on the contact angle measurements) 

there are still important conclusions that can be drawn from the data.  Table I reveals that kaf 

for the vapor phase is 2-3 orders of magnitude higher than that of kaf in l-CO2.  Similarly, kaf 

in the vapor phase is 4-6 orders of magnitude higher than kaf in the organic solvent.  Hence 

based on the rate constants the rate of adsorption follows the following trend: vapor phase > 

l-CO2 > organic solvent.  However, the observed rate of reaction is fastest in l-CO2.  The 

dramatic rise in the adsorption rate in l-CO2, relative to vapor phase deposition (cf. Figs. 1 

and 3 – parts a) and c)) is a result of the much higher chlorosilane concentration (≈50,000 

times greater in l-CO2).  The differences between the kinetic parameters for vapor, organic, 

and l-CO2 deposition could be due to a number of possibilities, including changes in the 

ability of the molecule to orient with a reactive site on the surface, different reaction 

mechanisms with the surface, etc.  Some of these distinctions also become evident when one 

compares the different values of kar.  Adsorption from the vapor phase is almost completely 

irreversible, Keq (=kaf/kar)>>1, because kar is 4-5 orders of magnitude smaller than kaf.  

However, the same conclusion does not hold for adsorption from either organic solvent or l-

CO2.  For the organic solvent Keq < 1 for both the fluorinated and nonfluroinated molecules.  

This means that the silane molecules will not remain on the surface for long periods of time, 

but will instead quickly desorb.  Only those molecules arriving to the substrate that are close 

to the optimal reaction orientation will be able to create a permanent bond with the surface.  

In l-CO2 the situation is different.  The Keq > 1 for both the fluorinated and hydrocarbon 

species.  Therefore, most of the molecules will adsorb to the surface while only a few will 

desorb.  Could this be the reason that SAMs form faster in l-CO2?  Unlike in organic 

solvents, the molecules in l-CO2 would not have to approach the surface in the optimal 
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orientation to react, but could instead reorient on or near the surface.  Other explanations for 

the faster reaction rate include: i) a change in reaction mechanism, or ii) possible differences 

in the way water (a key reaction component) interacts with the surface in the two solvent 

environments.  Clearly, more work needs to be undertaken to determine the actual 

mechanisms.   

Our final remark concerns orientational aspects of the SAM that occur during the 

monolayer formation.  Previously, we discussed that the molecular transport from the bulk to 

the substrate follows two regimes.  These are very similar to both the hydrocarbon and the 

semifluorinated molecules.  Our NEXAFS analysis reveals that there is yet another regime in 

the SAM-forming process - associated with the organization of the molecules within the 

SAM – in which the H18- and F8H2-SAMs follow different organization kinetics.  We 

mentioned that in the initial adsorption step, very rapid adsorption of the chlorosilanes occurs 

on the silica surface within the first ≈1 second.  Ellipsometry measurements reveal (cf. Figure 

5) that neither the F8H2-SAM nor the H18-SAM monolayer is complete.  Interestingly, 

while the adsorbed F8H2 molecules are not oriented, there seems to be an orientation within 

the H18-SAM monolayer.  A more detailed analysis reveals that the average chain tilt, <τ>, 

is ≈48° (cf. Figure 7).  We attribute this behavior to higher solubility of the F8H2 molecules 

in CO2 (as compared to their hydrocarbon counterparts).  Thus while the F8H2 moieties 

prefer to be surrounded by the CO2 solvent, the phase separation between hydrocarbon and 

CO2 leads to close packing in the H18-SAM.  In the second step of the deposition process, 

more molecules are added to the substrate and the monolayer growth is complete at ≈3 

minutes and ≈1 minute, for the F8H2-SAM and H18-SAM, respectively.  During this second 

step of the deposition process, the chains orient such that the main helical axis of both the 



 298

rigid fluorocarbon part of the F8H2 and the planar zigzag -(CH2)18- helix of H18 tilt more 

towards the sample normal.  The reorientation kinetics are faster in the H18-SAM case.  The 

chemical incompatibility between the hydrocarbon molecules and CO2 is presumably 

responsible for the faster deposition process and hence faster chain rearrangement relative to 

that of the F8H2-SAM.  Finally, after long deposition times (several hours), there seems to be 

slight “relaxation” of the initial structures indicated by a slight reorientation of the F8H2 

helices and also “in-plane” rearrangement of the terminal -CF3 groups (as indicated by the 

contact angle data).  Similarly, the -(CH2)18- helix in H18-SAM seems to be tilting farther 

away from the sample normal at very long deposition times.  Because the overall monolayer 

thickness does not change between short and long deposition times, we attribute the chain 

reorganization on the surface to a possible minute chain desorption followed by increased 

chain packing within the SAM.  In fact, the <τ> detected at very long deposition times (≈48° 

for F8H2-SAM and ≈32° for H18-SAM) are in accord with previously measured chain 

orientations detected in F8H2-SAM and H18-SAM [2,20]. Thus our combined contact angle, 

ellipsometry and NEXAFS analysis reveals several adsorption/organization steps involved in 

the formation of SAMs.  Clearly, more work is needed to uncover detailed description of 

each of the transport and assembling processes. 

D.7. Summary 

 We studied the formation of semifluorinated and hydrocarbon self-assembled 

monolayers by deposition of their respective trichlorosilane precursors from vapor, organic 

solvent and l-CO2.  We used contact angle measurements and ellipsometry to follow the 

deposition kinetics of the molecules.  Our results indicate that regardless of the type of the 

molecule, the deposition rates from l-CO2 exceed the deposition kinetics from vapor or 
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organic solvents by several orders of magnitude.  We derive two different transport models 

describing the formation of SAMs.  We show that while the diffusion-limited model is not 

capable of describing the experimental data, the adsorption-limited model captures the major 

features of the adsorption kinetics quite well.  We apply the results of the adsorption-limited 

model to conclude that the observed behavior is a consequence of i) a relatively high bulk 

concentration (l-CO2 vs. vapor), and ii) higher solution diffusivity (l-CO2 vs. organic solvent) 

of the silanes in l-CO2.  NEXAFS was used to monitor the orientation of the F8H2 and H18 

molecules in their corresponding SAMs as a function of time.  Our NEXAFS data reveal that 

for deposition from l-CO2, the F8H2 molecules adsorb initially without any molecular order 

in the monolayer.  As more F8H2 molecules adsorb at the silicon oxide substrate, they start 

to organize and orient.  A complete monolayer order is achieved after ≈30 minutes exposure 

to l-CO2 solution of H8H2.  The molecular behavior of H18 moieties in the H18-SAMs was 

found to be different.  Already after washing the silica substrate with a H18/l-CO2 solution, 

the H18 molecules adsorb and form an organized layer.  Similar to the case of the 

semifluorinated species, the order in the H18-SAM increases with increasing time and 

approaches a constant value after ≈5 minutes exposure to H18/l-CO2 solution.  We attribute 

the difference in the orientation kinetics to the different solubilities of F8H2 and H18 in l-

CO2.  Specifically, while a higher solubility of the fluorinated part of the F8H2 molecule in l-

CO2 slows down the complete monolayer organization, the high chemical incompatibility 

between the H18 moieties and l-CO2 leads to rapid reorientation of the H18-SAMs on the 

substrate.  In addition, we state that possible intermolecular interactions between neighboring 

F8H2 chains may also be responsible for the slower organization kinetics in F8H2-SAM.  In 

both F8H2-SAM and H18-SAM we see that at longer deposition time (≈hours), the 
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molecules in the SAM start to tilt slightly away from the sample normal.  We speculate that 

this behavior is a combination of several processes involving adsorption-desorption dynamics 

and local molecular rearrangement. 
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D.9. Determining the diffusivities of chlorosilanes 

An estimate of the diffusion coefficient for a species in low-density gaseous mixtures 

can be accomplished using the derivation of Jeans, Chapman, and Sutherland [21]. The gas is 

considered to be either static or in the laminar regime and to be made of particles that posses 

equal size, mass, and velocity.  Furthermore, the gas is assumed to be in the ideal state and 

the particles are assumed to be hard spheres: 
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where DAA is the mass diffusivity, P is the pressure, T is the temperature, κ is the 

Boltzmann constant, m is the mass of one molecule, and d is the diameter of one 
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where Mw is the molecule weight and NA is Avogadro’s number.  The diameter 

of one particle can be estimated from the density: 
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where V is the volume of one particle and ρ is the bulk density.  In our case, ρ = 

1.703 gm/cm3. 
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The diffusion coefficient of chlorosilane molecules in the liquid phase (carbon 

dioxide and fluorinated solvent) can be estimated since the solutions are dilute.  In this case 

the Stokes-Einstein equation applies [22]:  

B
AB r6

T
D

µπ
κ=  (20) 

where DAB is the diffusivity of A in B, r is the radius of one particle, and µB is the 

solvent viscosity.  The radius is d/2 shown above.  The viscosity of carbon 

dioxide and 1,1,2 trichlorotrifluoroethane are approximately 0.06 cP and 0.68 cP, 

respectively [23]. 
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D.11. Figures 
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Figure D.1:  Comparison of SAM deposition between vapor,  solvent, and lCO2. 

The upper panels show the cofsine of the contact angle of deionized water (closed 
circles) and diiodomethane (open circles) on self-assembled monolayers made by 

depositing F(CF2)8(CH2)2SiCl3 from vapor phase (a), fluorinated solvent (b), and liquid 
CO2 (c).  The lower panels depict the contact angle hysteresis (= the difference between 
the advancing and receding contact angles) on the same materials.  The data have an 

average error of ±1.5°. 
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Figure D.2: Partial electron yield NEXAFS intensity from self-assembled monolayers 

made by depositing F(CF2)8(CH2)2SiCl3 from liquid CO2.  The NEXAFS data were 
collected at θ = 20° (solid lines), θ = 55° (dashed lines), and θ = 90° (dotted lines), where 
θ denotes the angle between the sample normal and the direction of the electric vector 

of the x-ray beam.  The deposition times for the F(CF2)8(CH2)2SiCl3 SAMs were: 0 
seconds (a) (see text for details), 10 seconds (b), 45 seconds (c), 2 minutes (d), 30 minutes 

(e), and 24 hours (f).  The vertical dashed lines denote the position of the NEXAFS 
transitions of C=C bond (1s→π*

C=C, at 284.4 eV), C-H bond (1s→σ*
C-H, at 287.5 eV), C-

F bond (1s→σ*
C-F, at 292.0 eV), and C-C bond (1s→π*

C-C, at 295.0 eV). 
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Figure D.3: Contact angle of reference fluids on SAMs deposited from vapor, solvent, 
and lCO2.  The upper panels show the cosine of the contact angle of deionized water 

(closed circles) and diiodomethane (open circles) on self-assembled monolayers made by 
depositing H(CH2)18SiCl3 from vapor phase (a), toluene (b), and liquid CO2 (c).  The 

lower panels depict the contact angle hysteresis (= the difference between the advancing 
and receding contact angles) on the same materials.  The data have an average error of 

±1.5°. 
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Figure D.4: Partial electron yield NEXAFS intensity from self-assembled monolayers 

made by depositing H(CH2)18SiCl3 from liquid CO2.  The NEXAFS data were collected 
at θ = 20° (solid lines), θ = 55° (dashed lines), and θ = 90° (dotted lines), where θ denotes 
the angle between the sample normal and the direction of the electric vector of the x-ray 

beam.  The deposition times for the H(CH2)18SiCl3 SAMs were: 0 seconds (a) (see text 
for details), 15 seconds (b), 30 seconds (c), 3 minutes (d), 5 minutes (e), and 22 hours (f).  
The vertical dashed lines denote the position of the NEXAFS transitions of C=C bond 

(1s→π*
C=C, at 284.4 eV), C-H bond (1s→σ*

C-H, at 287.5 eV), and C-C bond (1s→π*
C-C, at 

293.0 eV). 
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Figure D.5: Ellipsometric thickness of F8H2-SAM (circles) and H18-SAM (squares) as a 

function of the deposition time from liquid CO2 mixtures.  The lines are guides to the 
eye. 
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Figure D.6:  Coverage of F8H2-SAM on silicon oxide surface as a function of the 

adsorption time for the deposition from vapor (open circles), organic solvent (open 
squares) and liquid CO2 (closed up-triangles) evaluated using the adsorption limited 

model described in the text. 
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Figure D.7: Average tilt of the molecules in F8H2-SAM (circles) and H18-SAM 

(squares) as a function of the deposition time from liquid CO2 mixtures.  The average 
tilt was determined from the NEXAFS measurements, as detailed in the text.  The lines 

are guides to the eye. 
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APPENDIX E: THE UNIFORMITY OF THIN FILMS DEPOSITED FROM 

LIQUID CARBON DIOXIDE  

CHAPTER 8: RENUMBER 
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Jae Hoon Kim, Brian J. Novick, Ruben G. Carbonell, Joseph M. DeSimone 

Abstract 

The formation and uniformity of ultrathin organic films prepared by depositing 

sucrose octaacetate on 12.5 cm diameter silicon substrates using liquid CO2 (l-CO2) as the 

solvent were studied. Dry film thickness and morphology were monitored using three 

different process variables – withdrawal velocity, solution concentration and evaporation 

rate.  Thickness measurements revealed that highly uniform films with controlled thickness 

in the range of 7 -105 Å could be deposited.  Uniformity decreases for films with thickness 

between 110 ~ 570 Å.  Optical microscopy and atomic force microscopy (AFM) was used to 

monitor film morphology including drying defects and film roughness. When there is no or 

low evaporation rate, films of low mean square roughness (1.42 ~ 5.70 Å) with no drying 

defects were deposited.  A comparison of deposited film thickness and morphology with 

typical organic solvent revealed that much thinner film with no drying defects is deposited by 

using high pressure free meniscus coating with l-CO2.  
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E.1. Introduction 

In Chapter 3 we reported how a high pressure free meniscus coater can be used to 

deposit thin perfluoropolyether lubricant films.  This work showed that carbon dioxide has 

great promise as a solvent in free meniscus processes.  However, in Chapter 3 film 

homogeneity was not studied because the lubricant self-levels and because only small 

substrate were used.  In this appendix we discuss the design of a large scale free meniscus 

coater that is used to determine preliminary findings on the uniformity of a film deposited on 

125 mm diameter silicon wafers from liquid carbon dioxide. A solid solute, sucrose 

octaacetate, that will not self-heal and that can be looked at using numerous analytical tools 

such as SEM and AFM is used.  This material also serves as an ideal coating compound 

because of its extremely high solubility in compressed CO2.  Lastly, it is commercially 

availability in the quantites that are required in a large scale coating process. The chemical 

formula and physical properties of sucrose octaacetate are depicted in figure E.1. 

The dependence of dry film thickness, RMS roughness and overall roughness on 

withdrawal velocity, solution concentration, and evaporation driving force will be presented 

in the following sections.  A comparison between the morphology with those of the typical 

organic solvents, acetone and toluene, will also be presented.  

E.2. 2. Experimental Section 

E.2.1. Materials 

Sucrose octaacetate and all organic solvents (HPLC grade) were purchased from 

Sigma-Aldrich (St. Louis, MO) and used as received. Type <001> silicon wafers that had 

12.5 cm diameters and square wafers with lengths and widths of 10 cm × 10 cm were 

purchased from Silicon Valley Microelectronics  The wafers were single-side polished and 
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600 µm thick. The carbon dioxide source consisted of a grade 4 size 200 instrument/coleman 

grade tank with no helium head space.  The carbon dioxide was obtained from National 

Welders with a purity certified at greater than 99.99%.      

E.2.2. High pressure Free Meniscus Coating Apparatus 

A large-scale high pressure free meniscus coater has been fabricated. A schematic is 

shown in Figure E.2.  The apparatus contains many of the same features as the small scale 

high pressure free meniscus coater.  The apparatus consists of two operational vessels (VS1, 

VS2), a circulation pump (P1), a vent valve (V4), two control valves (V1), a metering valve 

(V3), an inlet pump (P2), and a control system.  Temperature control of the system is 

accomplished by placing the entire apparatus in a Forma Scientific Model 3927 

Environmental Chamber (Marietta, OH).  The chamber can maintain the temperature of the 

system to within +/- 0.1 °C.    

The coating vessel (Figure E.3) is a rectangular vessel that contains two separate 

compartments.  The first compartment is the location where the substrate is placed.  The 

sample inlet port is 121 mm × 55 mm. The main coating chamber is 150 mm X 190 mm X 55 

mm and has a volume of 1.58 L.  This chamber is connected to a secondary cylindrical 

chamber that that has a 55 mm diameter.  The chamber is wide enough to ensure almost one 

inch of clearance on either side of a silicon wafer substrate during coating.  This ensures that 

the hydrodynamic effects caused by the wall are minimized.  The secondary chamber can be 

used to determine fluid level and is separated from the main chamber to eliminate 

hydrodynamic effects on the coating process. The combined volume of the coating chamber 

and fluid leveling chamber is 2.029 L.  The outside of the vessel is approximately 408 mm 

×157 mm X 247mm. This vessel is equipped with three quartz view ports for visual 
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inspection of the coating process.  These view ports have a visible width of 16 mm and 

provide a complete vertical view of the substrate within the chamber.  The coating vessel is 

rate to 3000 psi at 100 °F.   

The solution vessel (Figure E.4) is cylindrical with an inside diameter of 5.5 in and an 

outside diameter of 9.25 in.  The vessel has a volume of 3.017 L. It is also equipped with a 

16mm quartz view port.  The solution vessel is rated to 4000 psi at 100 °F  Mixing within the 

large scale free meniscus coater is accomplished via a MAG 075 Series MagneDrive® made 

by Autoclave engineers (Erie, PA ).  This mixer is rotated using a rubber belt attached to a 

Leeson Electric Corporation (Grafton, WI)  06T34FRTC motor.  The speed of the motor is 

controlled using a Leeson Speedmaster Controller, model 174308.00.  The volume of the 

solution vessel is 1 L larger than that of the coating vessel to ensure complete substrate 

coverage within the coating vessel and to ensure complete drainage from the coating vessel 

back into the solution vessel. Both vessels were manufactured by PresSure Products 

Company, Inc. (Charleston, WV).  

E.2.3. Flow control devices 

The flow control valves used in the large scale free meniscus coater are not the mini-

hippo valves used in the small scale free meniscus coater. Instead, High pressure equipment 

company (Erie, PA) HIPCO normally closed pneumatic valves are used.  The air sources is 

controlled using Mead Fluid Dynamics (Chicago, IL) self venting 120V mini solenoid 

valves.  These self-vent valves are connected directly to the 120V control system described 

in Chapter 3.   

The drainage rate, or withdrawal velocity, is controlled using a Series 5500 high 

pressure gear pump (P1) that is manufactured by Micropump® (Vancouver, WA). This pump 
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can endure pressure up to 1500 psi and produces a maximum flow rate of about 21 L/min. 

The gears on the pump occasionally bind due to either a minute swelling of the gears or 

misalignment due to pressure differences.  Replacement of the gears or a different type of 

pump is recommended.  In order to reduce the vibration from the pump during coating 

experiment, anti-vibration metal hoses were connected directly to the pump inlet/outlet.  

Vibration damping sheets were also installed under the pump and the coating vessel.  

A type 807 research control valve manufactured by Badgermeter, Inc (Milwaukee, 

WI) is used to control the pressure in the coating vessel by controlling the vent rate of carbon 

dioxide.  This model number 1001GCN36SVOSP09ST normally closed valve is a ¼” 316SS 

globe control valve. It requires 3-15 psi of air to open. Control of the vent rate is 

accomplished through a computer regulated feedback loop by combining the PMRV with a 

high accuracy pressure transducer (+/- 0.1 psi) and a custom process control algorithm. More 

information on this control valve and the electronic control loop can be found in Chapter 3.  

E.2.4. Methods and Procedures 

The whole system was increased up to 50 oC to evaporate solvent that may have been 

left after the system was cleaned. The temperature was then lowered to the set point 

temperature and the system was purged with CO2 at 300 psi for 10 min.  The vessels were 

then vented back to one atmosphere.  The solution vessel was loaded with a known amount 

of sucrose octaacetate and repurged with 100 psi of CO2 for 10 min.  A solution was made by 

filling the vessel with liquid carbon dioxide and stirred with the MagneDrive® agitator for at 

least 2 days. 

The silicon wafer substrates were cleaned in a VWR Scientific (Suwanee, GA) 

Aquasonic 750D ultrasonic cleaner using a 50/50 acetone/water mixture for 30 min. The 
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wafers were removed and rinsed with acetone.  They were then soaked in a fresh bath of 

acetone for an additional day.  Once a wafer had been cleaned it was dried with nitrogen and 

placed on the bottom of the coating vessel using a small holder. The coating vessel was 

purged using the same scheme used in preparation of the solution vessel after sucrose 

octaacetate had been added.  

The deposition procedure consisted of 7 steps. First, the pressure of the coating 

vessel, which contained the substrate, was increased to the saturation pressure. The pressure 

between the solution vessel and the coating vessel were equilibrated by opening the gas side 

communication line.  The prepared solution was drained into the coating vessel from the 

solution vessel using gravity drainage.  The pneumatic flow control valve was utilized to 

achieve the experimentally desired evaporation driving force after the system had been 

stabilized for about 4 hr. See Chapter 2 and Chapter 3 for more information on the 

evaporation driving force. Coating was begun by opening the liquid side communication 

valve and using the high pressure gear pump to transfer the fluid back into the solution 

vessel.  The gas side communication port remained open during the transfer process.  The 

pressure in the system was maintained below the vapor pressure during the free meniscus 

coating.  Once all of the fluid had been pumped from the coating vessel back into the solution 

vessel the coating vessel was isolated from the rest of the system and stabilized for a set 

period of time.  The coating vessel was then depressurized slowly to atmospheric pressure.  

Numerous coating conditions were investigated, however we will only highlight the 

results that were obtained for the dependence of uniformity on solution concentration, 

evaporation driving force, and withdrawal velocity.  More information on the uniformity 

studies will be found in the thesis of Jae Hoon Kim.  Experiments investigated concentrations 
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between 3 and 11 wt%, withdrawal velocities between 0.07 and 0.22 cm/s, and ∆P between 0 

and 6 psi.  

E.2.5. Characterization 

The thickness of the deposited film on the 12.5 cm diameter silicon wafer substrates 

was measured as a function of position using a variable-angle spectroscopic ellipsometer 

(VASE) (J. A. Woollam, Co., Inc.).  The measurements was performed at 5 spots in 1 cm 

increments from the center of each substrate in six directions.  The directions included 

upward, downward, left, right, northeast and southwest. The last thickness measurement 

spots except in the downward direction were 0.5 cm from the sample edges.  In the 

downward direction the last measurement was made 0.5 cm above the sample holder.  The 

total number of thickness measurements was 37. At each spot, the measurement was carried 

out at wavelengths ranging between 300 to 600 nm with a resolution of 10 nm. The thickness 

was calculated using WVASE32 software (J. A. Woollam, Co., Inc.) by applying a two-layer 

model. The refractive index of the coated film is 1.466. 

The RMS surface roughness and surface morphology of the coated samples was 

performed using atomic force microscopy (AFM) and optical microscope.  The AFM was a 

Digital Instrument Dimension 3000 equipped with a Nanoscope IIIa controller and vibration-

shielded hood. Imaging was performed in air with tapping mode using c-Si cantilever probes 

with a tip radius of 5 ~ 10 nm. The information density was 256 X 256 points with a scanning 

frequency of 0.702 Hz. Images were collected at 5 spots; top, bottom, left, and right located 2 

cm from each edge and the center. Imaging analysis and root mean square (RMS) calculation 

was carried out using built-in software. 
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Optical images were captured using an Olympus BX60 microscope equipped with a 

halogen lamp light source (U-LH100L) and a color 16-bit camera (SPOT RT color). All 

images were obtained using 200 X objective lens. The images were analyzed using Matrox 

Inspector, an image-processing program by Matrox Electronic Systems Ltd.  

E.3. 3. Result and discussion 

E.3.1. Dry Film Thickness and Morphology Dependence on Drainage Rate 

The average of the dry film thickness and the average RMS roughness were 

calculated at each concentration, evaporation driving force, and withdrawal velocity by 

averaging the measurements taken at all points on the substrate.  Figure E.5 demonstrates the 

affect of Uw on the average RMS roughness and average dry film thickness at constant 

concentration (7 wt%) and constant evaporation driving force (0 psi).  At these conditions the 

deposited film is very uniform.  The average dry film thickness, Hdry, increases from 10.69 Å 

(± 1.75) to 22.58 Å (± 4.98) with a change in Uw from 0.07 cm/s to 0.18 cm/s (Figure 4).  

The increase of average Hdry with Uw is due to the increase of the viscous drag force in the 

film entrainment region.  The RMS roughness increases as the withdrawal velocity is 

increased.  However, the surface roughness of the film is very small. 

The influence of evaporation rate (or ∆P) on Hdry and film morphology at constant Uw 

and constant concentration was examined (Figure E.6). At even a small ∆P of 2 psi, average 

Hdry increased approximately two-fold (21.58 Å (± 1.87)) when compared with the resulting 

Hdry from a ∆P of 0 psi at the same conditions.  The increase in film thickness leads to an 

increase in RMS roughness at these low evaporation driving forces.  However, although the 

film thickness continues to increase as the evaporation driving force increases, the RMS 

roughness decreases when the evaporation driving force is greater than 4 psi. Despite the 
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increases in roughness the film is still very uniform with an average RMS roughness never 

greater than 15 Å.  Optical images have been used to determine the number of macroscopic 

defects present in the film.  The overall roughness in this study is defined as the ratio of 

drying defects pixels to the total pixels (1520 X 1080) in optical images. Figure E.6 shows 

that during coating process with l-CO2, the films is more susceptible to drying defects at high 

evaporation rates.  Below 3 psi the percentage of defects is less than 0.25%.  However at 

evaporation driving forces of 6 psi the percentage of defects can increase to 4%.  Clearly, a 

low evaporation rate should be used to deposit more uniform films in 1-CO2 coating process.  

Figure E.7 presents the effect of concentration on film thickness and RMS roughness 

for Uw = 0.12 cm/s and ∆P = 0 psi.. The average Hdry increased from 7.39 Å (± 1.19) to 

105.36 Å (± 17.7) and the corresponding average RMS roughness only increased from 1.84 

Å (± 0.20) to 3.77 Å (± 0.44). Very uniform films were obtained for the entire studied 

concentration range since only absorption processes are governing the deposition.  

E.3.2. Comparison with Organic Solvent 

The dependence of average Hdry on the substrate location for (a) l-CO2, (b) acetone, 

and (c) toluene at a solution concentration of 7 wt%, a Uw of 0.15 cm/s, a ∆P of 0 psi and a 

temperature of 13.5 oC are shown in Figure E.8. A comparison of physical properties and 

average Hdry is also presented in Figure E.9. Average Hdry deposited with l-CO2 is 19.13 Å (± 

5.84), which is much thinner and more uniform than the average Hdry with acetone (260.55 Å 

(± 91.98)) and toluene (658.15 Å (± 182.99)). The thinner deposition with l-CO2 can be 

attributed to the low surface tension and viscosity (Figure E.9). We also find that the film is 

thickest near the edges for deposition from CO2, but thinnest near the edges for deposition 

from toluene.  In general, films deposited using high pressure free meniscus coating have less 
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absolute variation in film thickness across the substrate than those deposited from organic 

solvents.   

E.4. 4. Conclusion 

The formation and uniformity of sucrose octaacetate films deposited using high 

pressure free meniscus coating in l-CO2 was studied. The coating thickness and roughness 

can be controlled by adjusting withdrawal velocity, solution concentration and evaporate 

rate. The thickness profile of films deposited on 12.5 cm Si wafer substrate demonstrates that 

highly uniform film with controlled thickness in the range of 7 -105 Å can be deposited using 

hFMC.  Uniformity decreases at larger thicknesses.  Adsorption process dominates when Uw 

and ∆P are small while entrainment process dominates when Uw and ∆P are large. An 

intermediate region between those two processes also exists. The film morphology including 

drying defects and film roughness was monitored by using optical microscopy and AFM.  

Film deposition using l-CO2 can give rise to low RMS roughness (1.42 ~ 5.70 Å) with no 

drying defects, suggesting the typical causes of defects with solvent-borne coating are 

eliminated. A comparison of hFMC deposited films with typical organic solvent reveals that 

much thinner film with no drying defects can be obtained by using high pressure free 

meniscus coating with l-CO2.  
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E.6. Figures 
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Figure E.1: Strucutre and properties of sucroseoctaacetate 
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Figure E.2: Schematic of the High pressure Free Meniscus Coater. VS1 – High pressure 
coating vessel, VS2 – High pressure solution vessel, V1 – Solenoid valves V2 - 

Pneumatic control valves, V3 – Isolation valves, V4 –Pneumatic flow control valve, P1 – 
High pressure gear pump, P2 – ISCO syringe pump, S – Carbon dioxide source tank, F 
– Feedback control loop, P – Pressure transducer, T – Thermocouple, MA – Magnetic 

agitator, M – Motor, B – Rubber belt. 
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Figure E.3: Large scale coater specifications 
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Figure E.4: Large solution vessel specifications
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Figure E.5: Dependence of (a) average Hdry (left) and (b) average RMS (right) on Uw of 
sucrose octaacetate deposited on 12.5 cm diameter silicon wafers by high pressure free 

meniscus coating with l-CO2 at 7 wt%, ∆P of 0 psi, and 
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Figure E.6: Dependence of (a) average Hdry (left), (b) average RMS (right), and (c) 
overall roughness (right, see text for details) on ∆P of sucrose octaacetate deposited on 
silicon wafers by high pressure free meniscus coating with l-CO2 at 7 wt%, Uw of 0.07 

cm/s and 13.5 oC. 
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Figure E.7: Dependence of average (a) Hdry (left) and (b) average RMS (right) on 
concentration of sucrose octaacetate deposited on silicon wafers by high pressure free 

meniscus coating with l-CO2 at ∆P of 0 psi, Uw of 0.12 cm/s and 13.5 oC. 
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Figure E.8: Dependence of Hdry on the location of 12.5 cm diameter silicon wafer for 
sucrose octaacetate deposited by (a) high pressure free meniscus coating with l-CO2, (b) 

free meniscus coating with acetone, and (c) free meniscus coating with toluene at 7 
wt%, ∆P of 0 psi, Uw of 0.15 cm/s, and 13.5 oC. 
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Figure E.9: Comparison of physical properties and average Hdry of sucrose octaacetate 
deposited by high pressure free meniscus coating with l-CO2 and free meniscus coating 

with acetone and toluene at 7 wt%, ∆P of 0 psi, Uw of 0.15 cm/s, and 13.5 oC. 
 


