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Supercritical Fluids
C iti l P ti f S l t Fl id

CO2 Phase Diagram
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Critical Properties of Select Fluids 
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Adapted from P. G. Jessop & W. Leitner, Chemical 
Synthesis using Supercritical Fluids (Wiley, 1999).



SC Fluids as Solvents

• molecules smaller, less attractive 
+ pressure tunable

Compared to Conventional Solvents: Universal Phase Diagram
x

p
- lower polarity & solvent strength 
+ lower viscosity, surface tension

Some Typical Values (25 30°C)
L+V SCF

Some Typical Values (25-30 C)
Solvent T/Tc ρ/ρc ε δ η 
n-hexane 0.59 2.8 2 7 .3 
THF 0 55 2 7 8 9 5THF 0.55 2.7 8 9 .5
acetonitrile 0.55 3.3 36 12 .3 
      

C2H6 1.01 <2 <2 <7 <.1

CO2 – Solvent of the Future?
• environmentally benign
• “natural”

CHF3 1.01 <2 <8 <6 <.1
 

• inexpensive 
• non-toxic, non-flammable



Practical Applications
“CFD” Fabrication• pharmaceutical & food industries

• chromatography
• extraction & cleaning

CFD  Fabrication
Ni↓

g
• polymer synthesis, modification
• materials processing & fine 

particle production
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SC Chromatography

Blackburn & Watkins C&ENews (2001).
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Fjeldsted et al., J. Chromatograph. Sci. 
21, 222 (1983).

P. York, pdb Corp. (2001).



Fundamental Interest
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• effects on chemical 
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Chem. Int. Ed. Engl. 30, 641 (1991).



Special Nature of the Critical Point 

Ph A bi l
Density Fluctuations 

Phase Ambivalence 
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cp
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from: H. B. Callen, Thermodynamics (Wiley, 2d LJ simulations of Tucker & co., J. 
New York, 1985). Phys. Chem. B 104, 6258 (2000).



The Solvent’s Perspective; Thermodynamics

Partial Molar Volumes near Tc: Naphthalene / sc-CO2

VV2

74 cm3 mol-1

κT

21 cm3 mol-1

κT

21 cm mol

ρc

C. A. Eckert, D. H. Ziger, K. P. Johnston, and S. Kim, J. Phys. Chem. 90, 2738 (1986).

ρc



The Solute’s Perspective; Spectroscopy

24.5 gas
Emission Spectra, 9-CNA
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“Local Density Augmentation”
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Some Experimental Observations
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Typical Results (9-CNA; 1.02Tc)
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Temperature Dependence

Δρ Anthracene / C2H6 κT of neat C2H6
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U-V Interaction Strength

C2H6 CO2 CHF3

SC Solvents:
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Experimental Summary

• solute may greatly perturb solvent; some solvation 
properties track divergent solvent behavior

• solute-centered observables report 
on local environment

• local density augmentation a large effect: 
ρeff/ρ = 2-3 near Δρmaxρeff ρ ρmax

• Δρ not obviously tied to critical behavior;
a direct function of solute solvent interaction strengtha direct function of solute-solvent interaction strength



Computer Simulations
Simulations:Solvents:
• classical MD, MC
• 1 solute, ~1000 solvents 

Simulations:Solvents:
• Xe, C2H6, CO2, CHF3
• tuned to fit coexistence &

th ti f l fl id • Tc+5-10 K, 0<ρ ≤ 2ρc

• NVE, NVT, PVT
LJ i i i l

other properties of real fluid
Solutes:

• q from ab initio calculations
• LJ + q site-site potentials

q
• OPLS LJ parameters

c-hexane C153 anthracene

DPB HMS

C6H6, C6F6, …



C153 / CO2 Tc+5 K, 0.6ρc
C153C153

O ON

CF3

Δt = 40 ps
δtf = .08 ps

60 Å

f
~ .8 ps/s



Solvation Structure C153/CO2 (Tc+5K)
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Comparisons to Experiment
DPB / CO C i 153 / C H & CO
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3d Solvation Structure - DPB/CO2
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Effect on Solubilities? (ΔGsolv)
Anthracene in CO2CHI3 in C2H6, CO2, CHF3
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Δρ None; Inhomogeneity Little

Test-Particle Insertion I2 / sc-Xe Simulations
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Solvation Thermodynamics
I / X (T 1 02)I2 / sc-Xe (Tr=1.02)

/  k BT

30
real 

system

STHG Δ−Δ=Δ

⎞⎛

ΔH
, T

ΔS
 /

10

20

-TΔS
HS ref.

system

PT
GS ⎟

⎠
⎞

⎜
⎝
⎛

∂
Δ

−=Δ

y 
 Δ

G
, Δ

0

ΔG
• no Δρ effect on 

solubilities (!)

n 
En

er
gy

20

-10

ΔH

ΔG

• ΔG insensitive to critical
inhomogeneities

ΔH d ΔS di d tSo
lv

at
io

n

-30

-20

• ΔH and ΔS diverge due to
critical fluctuations 

Density ρ/ρc

0.0 0.5 1.0 1.5 2.0

S



Dynamical Effects?
Some Observations: Azulene Vibrations / SC PropaneSome Observations:

• Vibrational Relaxation
- W(CO)6 Fayer ‘00

l S h ‘97

Azulene Vibrations / SC Propane
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D. Schwarzer, J. Troe, & M. Zerezke, J . 
Chem. Phys. 107, 8380 (1997).



A Lingering Discrepancy
1 2Realistic Δρ Comparisons
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Solvation in SCFs

• characterized by substantial “density augmentation” 

• solute solvent attraction is key for large solutes; role of• solute-solvent attraction is key for large solutes;  role of 
“criticality”  still unclear

• experiment and simulation (largely) agree; discrepancies 
reflect contribution of non-additive interactions  



Summary & Conclusions

• SFs currently used in a variety of applications
- analysis, extraction, cleaning
- polymer synthesis & processingp y y p g
- particle/materials synthesis & processing
- small molecule synthesis

• use is often environmentally motivated but SC 
solvents also superior in many applications

• fundamental studies still relatively young
- basic features of solvation clear
f i i l ff & i i i-frictional effects & impact on reactions require 
further study



Parting Shots Where We WorkParting Shots Where We Work
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