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Z*Z* Introduction into Supercritical 
Fluidss and Experimental Setup 

2.11 Introduction 

AA supercritical fluid (SCF) is defined as a substance above its critical temperature (Tc) and critical 

pressuree (Pc). This definition should arguably include the phrase "but the applied pressure is below 

thee pressure required for condensation into a solid", however this is commonly omitted as the pressure 

requiredd to condense a SCF into a solid is generally impracticably high.' The critical point repre-

sentss the highest temperature and pressure at which the substance can exist as a vapor and liquid in 

equilibriumm (see phase diagram for a pure substance; Figure 2-1). 

73.8 8 

31.1 1 

Temperaturee ) 

Figuree 2-1. Phase diagram of pure carbon dioxide. 

Thee critical point, as defined by Tc and Pc marks the end of the liquid-vapor coexistence curve in the 

phasee diagram for a pure substance and represents the highest temperature and pressure at which the 

substancee can exist as a vapor and liquid in equilibrium (Figure 2-1). When moving upwards along 

thee boiling curve, increasing both temperature and pressure, the liquid becomes less dense due to ther-

mall  expansion and the gas becomes more dense as the pressure rises. Eventually, the densities of the 

twoo phases converge and become identical, the distinction between gas and liquid disappears, and the 
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boilingg curve ends at the critical point. Beyond the critical point the substance can only exist as a 

singlee phase, no distinct gas or liquid phase can be formed, irrespective of the temperature and pres-

sure.. The critical point for carbon dioxide, one of the most applied supercritical fluids, occurs at a 

pressuree of 73.8 bar and a temperature of 31.1 °C. Other inorganic and organic compounds which are 

frequentlyy used as SCFs for synthesis and chemical reactions are listed in table 2-1.2 

Tablee 2-1. Critical pressure, temperature and density of some selected compounds. 

Fluid d 

Ethene e 

Xenon n 

Fluoroform m 

Trifluoromethane e 

Carbonn Dioxide 

Ethane e 

Sulfurr Hexafluoride 

Propane e 

1,1-Difluoroethane e 

Amonia a 

Water r 

TC(°C) ) 

9.3 3 

16.6 6 

25.9 9 

26.0 0 

31.1 1 

32.3 3 

45.6 6 

96.7 7 

113.5 5 

132.5 5 

374.2 2 

Pcc (bar) 

50.4 4 

58.4 4 

48.8 8 

48.7 7 

73.8 8 

48.8 8 

37.6 6 

43.1 1 

45.0 0 

112.8 8 

220.5 5 

dcc <g/mL) 

0.214 4 

1.099 9 

0.525 5 

--
0.466 6 

0.207 7 

0.737 7 

0.220 0 

---
0.235 5 

0.322 2 

Thee disappearance of the distinction between liquid and gas phases can be demonstrated visually in a 

pressurizedd autoclave with C02, equipped with a window (vide infra). Upon warming the C02 (20 

°C,, 58 bar), the meniscus between liquid and gas disappears as the critical point is reached (Figure 2-

2).. Photograph (a) shows a two phase liquid-gas system, with a clearly defined meniscus. As the tem-

peraturee and pressure of the system are increased, the reaction volume becomes more turbid and the 

meniscuss is less well defined (photograph (b)) which is due to the decrease in the difference between 

thee densities of the two phases. Finally, in photograph (c), no meniscus is present and the system now 

consistss of a single homogeneous supercritical fluid. 

Itt should be emphasized that as reagents or co-solvents are added to a SCF, its properties can change 

significantlyy and hence, the phase behavior becomes considerably more complicated and the com-

plexityy increases with the number of components in the reaction mixture.4"7 Although in many liter-

aturee examples C02 is described as being supercritical, this may not be the case for solutions with 

significantt concentrations of additional reagents, and so the term should be treated with caution. Often 

20 0 



Introductionn into Supercritical Fluids and Experimental Setup 

thee term "dense phase C02" is used, particularly when there is some uncertainty regarding the actual 

phasee of a mixture. 

Figuree 2-2. Photographs demonstrating the disappearance of the meniscus as the critical point is reached for a pure 
substance. . 

Thiss chapter will be mainly dealing with supercritical carbon dioxide because it has been most often 

usedd as solvent in extractions, chromatography, stoichiometric organic reactions, heterogeneously, 

andd homogeneously catalyzed reactions.2'8'9 It has many properties that make it a good choice: it is 

non-reactive;; non-toxic; non-flammable; cheap (since it is available in the atmosphere and as a by-

productt of fermentation, combustion and ammonia synthesis); readily available on an industrial scale 

inn a very pure form (>99.9% purity) and environmentally friendly.10 Carbon dioxide has therefore 

becomee increasingly considered as the main alternative to the problems of recycling or disposal of 

organicc solvents in industry. The non-toxic nature makes it ideal for use in the food-industry (e.g., 

caffeinee extraction from green coffee beans), where contamination of the food produced by the 

organicc solvents used can be a problem. The cost of the carbon dioxide is not the only expense to be 

consideredd because operating at high pressure is always more expensive due to the costs of compres-

sion.. At atmospheric pressure, carbon dioxide is gaseous, which means that simple depressurization 

wil ll  leave no hazardous solvent effluent requiring complex and/or expensive waste treatment. This is 

particularlyy valuable in the preparation of cosmetics,'' pharmaceuticals,'2''3 food additives and mate-

rialsrials for the use in electronics.1 " 

2.22 Properties of SCF 

AA supercritical fluid has physical properties intermediate to those of gases and liquids but may be 

variedd dramatically within the SCF phase boundaries, as its temperature and pressure are changed. * 

Althoughh the properties of the SCFs may be varied continuously, table 2-2 shows a comparison of 

typicall  values for physical properties of a pure substance in different phases, including that of a SCF 
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aroundd the critical point.l It can be seen that the density of a SCF is approximately two orders of mag-

nitudee higher than that of the gas but still less than half that of a conventional liquid phase. The vis-

cosityy and diffusivity (which is inversely related to viscosity) are also temperature and pressure 

dependent.. The viscosity (and diffusivity) is in general at least an order of magnitude lower (and 

higher,, respectively) compared to the liquid phase. 

Tablee 2-2. Comparison of the physical properties of gases, liquids and SCFs 

Property y 

Densityy (g ml" ) 

Viscosityy (Pa s) 

Diffusivit yy (cm2 s'1 ) 

Gas s 

IO-3 3 

io-5 5 

0.1 1 

SCF F 

0.4 4 

IO"4 4 

IO"3 3 

Liquid d 

1 1 

IO"3 3 

10'55 - IO'6 

Thee diffusion coefficient (or diffusivity) and viscosity represent transport properties which affect 

ratess of mass transfer and varies with both temperature and pressure and is strongly influenced by the 

densityy (Stokes-Einstein equation).17 In general, these properties are at least an order of magnitude 

higherr and lower, respectively, compared to liquid solvents. This together with the elimination of the 

phasee boundaries, which may exist in conventional multicomponent systems under ordinary condi-

tions,, results in significantly enhanced mass transfer under supercritical conditions. In addition, the 

highh diffusivity makes a SCF more efficient medium for penetrating a microporous solid structure 

whichh can increase the reaction rate of heterogeneous reactions considerably.18 

2.2.11 Density 

Aroundd the critical point, the density of carbon dioxide is approximately 0.4 g mL"1 and is very sen-

sitivee to small changes in temperature and pressure in the vicinity of the critical point. In addition, 

reactionn characteristics which are depending on the density of the media (reaction rate, equilibria con-

stants,, local density, local viscosity, local dielectric constant) can be altered by small changes in pres-

suree and temperature. As density is a measure of the solvating power of a SCF, temperature and 

pressuree can be used as variables to control the solubility and separation of the solute. 

Generally,, the density data correspond to the bulk density of the medium, but density fluctuations lead 

too microscopic areas of decreased and increased local densities. Especially around the critical point 

inhomogenitiess in the solvent density, such as long range density fluctuations and solvation effects 

(e.g.,, the influence of local density, cage effect),19"21 can perturb the reaction rate and selectivity. 
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Thesee phenomena only play a role when reactions are extremely fast (diffusion controlled), or if cage 

effectss are important {radical reactions). There is also increasing evidence that in some cases solute-

solutee clustering (also named local composition enhancement) may be important, " and conceiv-

ablyy reaction rates and/or selectivities could be affected because of locally higher concentrations (as 
21 1 

comparedd to the bulk value) or by providing a denser, higher dielectric environment. 

2.2.22 Solubility of gases 
Supercriticall  fluids are by definition gases,17 and hence do have no surface tension, they diffuse rap-

idlyy to occupy the entire volume of the system. This also means that if other gases are introduced, 

thesee too will diffuse to fil l the entire volume and the two substances will mix perfectly. Gases are 

thereforee completely miscible with SCFs and can be said to have perfect solubility. This is in contrast 

too the solubility of gases in liquid solvents, which is relatively low and decreases as temperature 

increases.17'288 The concentration of hydrogen in a supercritical mixture of hydrogen (85 bar) and 

carbonn dioxide (120 bar) at 50 °C is 3.2 M, whereas the concentration of hydrogen in tetrahydrofuran 

underr the same pressure is merely 0.4 M. 29'30 This fact generates potential for improvement of chem-

icall  processes where gaseous reagents have traditionally been used in solution phase. 

2.2.33 Solubility of solids, polar compounds 
Carbonn dioxide is a non-polar medium and therefore the solubility of non-polar solutes is significantly 

higherr than for polar molecules. The difference between solubilities of solids in a given SCF depends 

mainlyy on the solid's vapor pressure and the intermolecular interactions between the solvent and the 

solute.. Intermolecular interactions between the solvent and the solute depend on the types of func-

tionall  groups present in their chemical structure and are, in general, dominated by the dispersion 

forces. . 

AA number of attempts have been made to quantify the solvent strength of supercritical fluids, usually 

throughh solvatochromic shifts in the UV-Vis absorption of organic dyes (ET(30), Kamlet-Taft (7t )). 

20,31-333 gase(j  on t n e se reports, the polarity of scC02 is of the order of that of light alkanes such as 

pentanee and hexane. However, because of its large molecular quadrupole, scC02 has a higher affinity 

forr polar solutes than a true non-polar solvent such as pentane.1 Solubility, especially of polar orga-

nometallicc complexes, can still be a problem, but can be enhanced in one or a combination of ways: 

increasingg the bulk density of the SCF or addition of a co-solvent. 
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Ann alternative approach is to modify the solute to make it more C02-philic (see chapter 3). Molecules 

withh hydrocarbon chains show greater solubility than aromatic or polar substrates. Of special interest 

iss the greater solubility of organic fluorocarbons and siloxanes in scC02, compared with the corre-

spondingg hydrocarbon. The nature of this increased solubility of organic fluorocarbons over their non-

fluorinatedd counterparts is not as yet fully understood,34"36 however, computational and NMR studies 

havee suggested that an increase in solute-solvent van der Waals interactions combined with a lower 

solute-solutee attraction may account for this.37"40 The effect of the increased solubility of fluorocar-

bonn species has been used to good effect in the design of C02-philic surfactants, chelating agents, and 

ligandss in order to enhance the solubility of polymers, metals and catalysts, respectively.2,41 

2.2.44 Advantages and Disadvantages of SCF over common liquid solvents 
Theree are a number of practical advantages associated with the use of scC02 as a solvent. SCFs are 

consideredd useful as reaction media because of the surprisingly high solubility of liquid and solid sol-

utes,, particularly when compressed to liquid-like densities. As solubility is related to density, the 

mediumm is tunable regarding the solubility of an organic solute. This offers the potential for reaction 

controll  by precipitation of a product, or for purification by selective precipitation of products. In addi-

tion,, the ability to dissolve gaseous, liquid and solid materials and hence homogenize reaction mix-

turess in the SCF phase is particularly powerful. This phenomenon is potentially extremely important 

too the bulk chemicals industry for such reactions as hydrogenation, hydroformylation and oxidation, 

wheree traditionally the solubility of the gaseous reagent in the liquid solvent has been rate limiting. 

Furthermore,, the density is sufficient to afford substantial dissolution power, but the diffusity of sol-

utess in SCFs is higher than in liquids, and the viscosity is lower, enhancing mass transfer. Conducting 

chemicall  reactions at supercritical conditions affords opportunities to tune the reaction environment 

(solventt properties), to eliminate transport limitations on reaction rates, and to integrate reaction and 

productt separation. 

Theree are also a number of potentially interesting and useful properties of scC02 media in terms of 

thee chemistry that can be achieved. Carbon dioxide is chemically inert to most conditions and is 

readilyy available in high purity. It is non-flammable, non-protic, not strongly Lewis acidic or basic, 

andd is inert to radical and oxidizing conditions.42 It can react with nucleophiles (e.g. carbamic acid 

formationn from amines), although this can be reversible, and can be exploited synthetically.43,44 This 
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generall  lack of reactivity is essential to the success of scC02 as a replacement of conventional sol-

vents. . 

Ass mentioned earlier, supercritical fluids, especially the more apolar ones such as scC02 and super-

criticall  ethane suffer from a number of drawbacks. One of the most pronounced drawbacks is the low 

solubilityy of polar and ionic solutes, which limits the number of reactions which can be transposed to 

supercriticall  fluids. In addition, the high pressures can be a disadvantage since specialized equipment 

iss needed to perform a reaction in supercritical fluids. However, the distinct advantages (such as com-

pletee miscibility with other gases) which are unsurpassed by common solvents make the supercritical 

fluidss of great interest. 

2.33 Homogeneous Catalysis in SCF 

Synthesiss of many specialty chemicals involves the use of selective homogeneous catalysis, and the 

reactionss are often carried out in an organic solvent. They are able to promote reactions that would 

otherwisee be impossible or require rather forcing conditions and they allow very high selectivities for 

thee desired products in many cases. Only recently, SCFs are recognized as reaction medium for homo-

geneouss catalysis and this field of research has expanded rapidly in the last decade. Recently, some 

excellentt reviews have appeared concerning the homogeneous metal-catalyzed reaction performed in 

SCFF and cover reactions such as hydroformylation, oxidations, hydrogenation and polymerization 

reactions.2,455 Here, a few selected examples, mainly dealing with hydrogenation and metathesis, will 

bee discussed. 

2.3.11 Hydrogenation 
Thee complete miscibility of H2 and SCFs, such as C02, is particularly beneficial for hydrogenation 

reactions.466 The rate of many but not all hydrogenation reactions in liquids are proportional to hydro-

genn concentration (positive reaction order) and are sometimes limited by the rate of diffusion of H2 

fromm the gas to the liquid phase.47 It is important to emphasize that, under supercritical conditions, all 

reactantss can exist in a single homogenous phase, which eliminates mass-transfer processes as may 

bee encountered in multiphase systems. This feature together with the pressure-tunable solvent prop-

ertiess and the opportunity for easier separation of products can only be capitalized under supercritical 

condition. . 
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2.3.22 Homogeneous catalytic hydrogenation in supercritical carbon dioxide. 

Thee use of carbon dioxide as a starting material for the synthesis of organic compounds has long been 

aa goal for synthetic chemists. The hydrogenation of carbon dioxide to formic acid, methanol and 

otherr organic substances is particularly attractive but has remained difficult under conventional gas 

phasee conditions.10 

Thee hydrogenation of carbon dioxide in common solvents has been known since the early 1970's, 

however,, the activity of the catalysts was generally very low. Noyori reported in 1994 one of the first 

syntheticallyy useful processes involving scCC>2 as both solvent and as substrate.48 The system 

involvess the use of homogeneous ruthenium(II) phosphine catalysts 1 or 2, for the hydrogenation of 

carbonn dioxide to formic acid (see Figure 2-3). The catalysts were chosen for their known solubility 

inn non-polar solvents such as hexane, and were shown to be superior to RuH2(P(C6H5)3)4 which was 

consideredd to be the most active catalyst in benzene solution. 

11 or2 O 
C 0 22 + H 2 *- JT 

scC022 H OH 
500 C 
Et3N N 

P(CH3)33 CI 

HH
 R'u.

 p(CH3)3 (H3C)3P R l u . P(CH3)3 

H ^^ ^P(CH 3 ) 3 (H 3 C) 3 P^ I ^ P ( C H 3 ) 3 

P(CH3)33 CI 

11 2 

Figuree 2-3. Hydrogenation of C02 by catalysts 1 and 2. 

Thee reaction is very rapid and proceeds with a turnover frequency of 1400 h"1 (catalyst 1) in the first 

hour,, and 1040 h for catalyst 2. The initial rate with 2 is slow, and it is considered that this catalyst 

iss not initially present in its active form. However, once this induction period has passed, the greatest 

conversionss were achieved using catalyst 2, with turnover numbers of 7200 being recorded. The reac-

tionn proceeds 18 times faster in scC02 using 1 at 50 °C, than in THF under otherwise identical con-
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ditions.. The high performance of this formic acid production is explained as a phenomenon of the 

SCF,, with its increased mass transfer capability and the high miscibility of hydrogen. 

Schemee 2 

HNMea a 
11 or"2 O O 

C022 + H2 

scC02 2 

500 C 
Et3N N 

Me e 
I' ' 
'Me e 

MeOH H 
11 or 2 O O 

-- A 0 - M e 

scC022
 u 

500 C 
Et3N N 

Thiss methodology was utilized in the one-pot production of both DMF and methyl formate, from 

carbonn dioxide (Scheme 2) which proceeded in a two-phase system (a supercritical phase and a liquid 

phase).. The initial catalytic hydrogenation of carbon dioxide to formic acid takes place very effi-

cientlyy in scCC>2, whereas the thermal condensation (to form the amide or ester) is rate limiting and 

takess place in a liquid phase 30 0 

C02Me e 

NHAc c 

[Rh(cod)(L)]BARF F 

scC02 2 
400 °C 

/ \ ^ C 0 2 M e e 

S H A C C 

RR = H 99.5% ee (scC02) 98.7% ee (methanol) 96.2% ee (hexane) 
RR = Ph 99.1% ee (scC02) 97.5% ee (methanol) 98.3% ee (hexane) 
RR = Et 98.8% ee (scC02) 98.7% ee (methanol) 96.8% ee (hexane) 

Ó^P P :: (R, fl)-Et-DuPHOS 

PF3 3 

CF, , 

BARF F 

Figuree 2-4. Asymmetric hydrogenation of prochiral enamides in scC02 using cationic rhodium complexes. 14 bar H2 
pressure,, total pressure 330 bar. 

Tumass et al. developed a homogeneous catalytic system for the enantioselective hydrogenation of 

prochirall  enamides in scC02 (see Figure 2-4). The cationic chiral catalyst Rh[(/?, /f)-Et-

DuPHOS(cod)]++ showed high activity and very high selectivity in the presence of the C02-philic 

counterr ions such as BARF or triflate anion. The obtained enantioselectivities in scCC>2 compared 
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welll  to those in methanol for most substrates, and the asymmetric induction was considerably higher 

forr (3, p-disubstituted substrates. 

Noyorii  has also demonstrated a homogeneous ruthenium catalyzed asymmetric hydrogenation reac-

tionn in scC02 (see Figure 2-5). (£)-2-Methylbut-2-enoic acid was hydrogenated to give (S)-2-meth-

ylbutanoicc acid in >99% yield with up to 81% ee. This conversion and selectivity is comparable to the 

bestt obtained in a conventional organic solvent (methanol, 100% yield, 82% ee). The partially hydro-

genatedd BINAP catalyst showed increased solubility in scC02 over the fully aromatic version, which 

gavee a poorer rate and selectivity (50% yield, 37% ee). The introduction of perfluorinated alcohol 

CF3(CF2)6CH2OHH as cosolvent, also offered solubility enhancement and caused an increase in both 

conversionn (100%, at 5 bar H2 pressure) and enantioselectivity (89% ee). However, the reaction in 

liquidd C02 at 20 °C afforded no hydrogenated product. 

P0 2 HH catalyst 

Mee Me 

catalyst t 

Me e 

Figuree 2-5. Asymmetric hydrogenation of (£)-2-Methylbut-2-enoic acid in scC02. 

Recentlyy Leitner and Pfaltz have demonstrated the use of scC02 as a reaction medium for the homo-

geneouss iridium catalyzed enantioselective hydrogenation of prochiral imines. Cationic iridium(I) 

complexess with chiral phosphinodihydrooxazoles, modified with perfluoroalkyl groups were synthe-

sizedd and tested in the hydrogenation of N-(l-phenylethylidene)aniline in scC02. The complex with 

thee BARF counter-ion led to the highest asymmetric induction, with (R)-N-phenyl-l-phenylethy-

laminee being formed quantitatively with an 81 % ee, using 0.078 mol% of catalyst. In scC02, the rate 

remainedd stable with low catalyst loadings. A >90% conversion of the imine (>6800 TON) was 
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achievedd in 6 hours in scC02, whereas more than 22 h was required in dichloromethane, using a 5 

timess larger amount of catalyst (1400 TON). 

1 1 PrfXhfe e 
++ HP 

catalyst t 

SCCO2 2 
30barH2 2 

400 C 

Phii CFk, 

catalystt = 

XX = PF6, BPh4, BARF 
R'' = H, (CH2)2CeFi3 

Figuree 2-6. Asymmetric hydrogenation of imines in scC02 using chiral iridium catalysts. 

2.3.33 Olefin metathesis 

Olefinn metathesis has been a very important subject of research from both academic and industrial 

pointss of view. The development of mutual alkylidene exchange reactions of alkenes and the ring-

openingg metathesis polymerization (ROMP) of cyclic olefins have been of particular interest in syn-

theticc organic chemistry. Recent results indicate that supercritical fluids can be useful reaction media 

forr the metathesis of olefins. 

DeSimonee found that [Ru(H20)6](OTs)2 (3) (Ts = p-toluenesulfonyl) catalyzed the ROMP of norbor-

nadienee at 65 °C in scC02 (67-296 atm.). The product, an off-white spongy textured polymer, was 

isolatedd by just venting the C02. The C02 does not participate in the reaction. The chemical yield and 

thee molecular weight of the polymers are comparable to those in conventional solvents. Norbornene 

iss quite soluble in C02 under the reaction conditions, although the Ru catalyst is not completely sol-

uble.. The change in the color of the reaction mixture, from clear colorless at the beginning of the reac-

tionn to orange during the reaction strongly indicates that the catalysts is sufficiently soluble for the 

completionn of the reaction. In the presence of added methanol co-solvent, the catalyst dissolved. The 

polymerss obtained in scC02 have a very high cis olefin content (83%), but doping with methanol in 
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SCCO22 results in a decrease in the cis content to 30%. These results indicate that the microstructure of 

thee polymer is controllable by adjusting the polarity of the CO2 medium with methanol. 

P(CH3)3 3 

RR = CH=CPh2 (4) 
P(CH3)33 R = Ph (5) 

RCMM ^JL^ 
-- C2H4 

Oligomerss -< / 

scC022 I 
d<0.65gml"11 | 

(7) ) 

Figuree 2-7. Metathesis reaction in scC02. 

Fiirstnerr and Leitner reported transition metal catalyzed olefin metathesis reactions in compressed 

CO22 media. Using conventional metathesis catalysts 4, 5 and 6, ROMP of norbornene and 

cyclooctenee gave the corresponding polymers in excellent yields in both liquid C02 and scC02. Ring-

closingg metathesis (RCM) was also investigated and it was found that the RCM of undec-10-enoic 

acidd hex-5-enyl ester (7) was extremely sensitive to density, with the 16-membered ring (8) being 

formedd in excellent yield (>90%) at densities >0.65 g mL , whereas mainly oligomers (70% with 

10%% 8) were produced at low densities (Figure 2-7). This density dependence was explained as a dilu-

tionn effect, as at higher densities, there are in effect more solvent molecules and the more dilute con-

ditionss favor the intramolecular reaction leading to 8 and vice-versa. A number of other cyclizations 

weree performed in good yield. An interesting observation was that Ru-catalysts 4 and 5, which is nor-

mallyy deactivated in the presence of basic N-H groups, was active under such conditions in C02 solu-

tion.. This was attributed to the in situ protection of the amine by reversible formation of the 

correspondingg carbamic acid. 
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2.44 High Pressure Equipment 

NOTE:: Safety should be an overriding requirement in the development and design of high-pressure 

equipment*. equipment*. 

Whenn performing reactions in supercritical fluids, a high-pressure setup and autoclave are needed. 

Thee experimental set-up used in this study is schematically depicted in Figure 2-8. 

F!—f> r̂-£-11 E> 1 rtSl-

co2 2 

rEE 5 
HSJ--

Figuree 2-8. Manifold for pressurization of the high-pressure autoclave. (A) ISCO 100 pump, (B) vacuum pump, (C) the 
batchh reactor, (D) magnetic stirrer (E), cold trap to collect the volatile reaction products. 

Thee system has been constructed in such a way that the flow of the pressurized gases is directed 

towardss the autoclave (C) by one-way valves. 

Reactionss involving supercritical fluids, which are described in this thesis, were performed in a high 

pressuree home-built autoclave. The special properties associated with supercritical fluids, such as the 

high-pressures,, absence of surface tension of the reaction medium, the low solubility of polar com-

poundss and the need to visually monitor the reaction require special attention in the autoclave design. 

Therefore,, the autoclave was equipped with windows to allow for visual inspection of the reaction 
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mixture;; the connections were designed in such a way that the temperature gradient was minimized 

butt still can withstand high pressures. 

MP^ MP^ 

1.. Reaction Volume 
2.. Window 
3.. Thermocouple 
4.. Heating coil 
5.. BunaNO-ring 
6.. Pressure transducer 
7.. Swing-out ball valve 
8.. Catalyst reservoir 
9.. Rising plug valve 

10.. 1/8" inlet 
11.. 1/4" outlet 
12.. Safety relief valve 
13.. 1/4" relief valve outlet 
14.. Closing bolt 

Figuree 2-9. High-pressure autoclave setup; Side view. 
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Thee autoclave consists of a thick wall stainless steel (3.16) beaker (5 cm). The total reaction volume 

iss 50 mL. This batch reactor is designed for reactions up to 220 bars (safety limit was set to 350 bars) 

andd is schematically represented in Figure 2-9 and Figure 2-10. It is important to note that O-rings 

madee of elastomers tend to swell in a carbon dioxide environment, thus increasing the seal, however, 

extensivee swelling of the O-ring can lead to their explosive failure if the autoclave is depressurized 

tooo quickly. Another drawback of the use of elastomeric O-rings is that non-covalently bound addi-

tivess can be extracted during the high pressure, which can interfer with spectroscopic studies. The 

latterr problem can be dealt with, however, by the use of elastomers with higher crosslink density (thus 

decreasingg the swelling). From experiments with different sorts of O-ring it appeared that Buna N and 

Teflonn give the best resistance to the carbon dioxide where as Viton and Kalrez are completely unsuit-

able.. Support rings, made of soft metal (e.g., copper) prevents the extrusion of the gasket during the 

highh pressure experiment. However, the need to replace them after every time the connection is 

openedd make the metal gaskets only suitable for permanent connections (copper gaskets have been 

usedd in the permanent connections with the lid of the autoclave, see Figure 2-10 C). 

Ann important feature of this reaction cell is a borosilicate window (MAXOS, 1 cm thickness) which 

allowss the visual and/or spectroscopic inspection of the reaction under high pressure. The window 

iss placed in such a way that both top and bottom of the reaction volume can be visually monitored. 

Visuall  inspection of the reaction enables the experimenter to confirm that the reaction mixture is a 

singlee phase - a necessity for reactions near Tc. Under these conditions, changes in the composition of 

thee reaction mixture due to conversion can easily induce phase changes. 
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1.. Reaction Volume 
2.. Heating coil 
3.. Closing bolt 
4.. Buna N O-ring 
5.. O-ring seat 
6.. Inner ring 
7.. Buna N O-ring 
8.. Maxos Borosilicate 

window w 
9.. Protection ring 

WD=\ WD=\ 

10.. Window sqeeuze bolt 
11.. Catalyst injection 
12.. Pressure transducer 
13.. Thermocouple 
14.. Rising plug valve 
15.. 1/4" outlet 
16.. Safety relief valve 
17.. Copper gaskets 

Figuree 2-10. High-pressure autoclave setup; (A) Top view of the autoclave beaker with windows. (B) Enlargement of the 
windoww mounting. (C) Bottom view of the lid of the autoclave. 
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Thee windows are held in place by a seat for the Buna N O-ring which is created by an extra stainless 

steall  inner ring (see Figure 2-10 B). This ring is placed into the autoclave wall and forms the actual 

seall  of the high-pressure cell. The windows are held in place by a so-called squeezer type window 

mounting.. This type of window placement uses the unsupported area principle to generate a ring of 

excesss pressure to make the high-pressure seal and thus requires a separate outside force to make the 

seall  retain the high-pressure fluid. This is a good way of mounting windows over small apertures in 

highh pressure equipment (1 cm in this case) but it has not been very widely used for larger windows. 

Thee advantage of this type of window mounting is that it is easily taken apart and put together facili-

tatingg the cleaning of the reaction cell. 

Supercriticall  fluids have no surface tension and they diffuse rapidly to occupy the entire volume of 

thee system hence the reaction mixture occupies the whole reaction volume. To reduce the possibility 

off  a temperature gradient (hence density gradients), the valves were directly attached to the lid and 

thee connecting lines were drilled inside the lid (Figure 2-10 C). In this way, the temperature gradient 

hass been minimized. 

Closingg of the autoclave is achieved by tightening the six bolts, attaching the bottom to the lid of the 

autoclave.. Tightening of the six bolts was done in a crosswise manner to ensure perfect alignment of 

thee top and the bottom of the autoclave and preventing unwanted deformation of the O-ring. The lid 

off  the reactor was connected to the control unit so that the pressure and the temperature (of the wall 

andd inside the autoclave) could be monitored. To allow a more precise setting of the reaction temper-

ature,, two thermo-couples (K-type) were connected to the autoclave; one inside the autoclave wall 

andd one measuring inside the reaction volume (see Figure 2-9). The pressure inside the reaction vessel 

iss measured by a miniature pressure transducer (Kulite, model: XTME-76-190M-350BARG) placed 

onn top of the lid. 
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