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Water-in-Carbon Dioxide Microemulsions: An 
Environment for Hydrophiles Including Proteins 

K. P. Johnston,* K. L. Harrison, M. J. Clarke, S. M. Howdle, 
M. P. Heitz, F. V. Bright, C. Carlier, T. W. Randolph 

Carbon dioxide in the liquid and supercritical fluid states is useful as a replacement for 
toxic organic solvents. However, nonvolatile hydrophilic substances such as proteins, 
ions, and most catalysts are insoluble. This limitation was overcome by the formation of 
aqueous microemulsion droplets in a carbon dioxide-continuous phase with a nontoxic 
ammonium carboxylate perfluoropolyether surfactant. Several spectroscopic techniques 
consistently indicated that the properties of the droplets approach those of bulk water. 
The protein bovine serum albumin (BSA) with a molecular weight of 67,000 is soluble in 
this microemulsion and experiences an environment similar to that of native BSA in buffer. 

T h e  ability to design surfactants for the  
interface between water and carbon dioxide 
(CO,) offers ne\v opportunities in protein 
and polymer chernistry, separation science, 
reaction engineering, environmental sci- 
ence for waste minimization and treatment, 
and materials science. Suuercritical C O ,  
(critical temperature and piessure are 31°C 
and 73.8 bar, respectively) is a useful re- 
placement for organic solvents to minimize 
waste and reduce volatile organic carbon 
( V O C )  emissions. No t  only is CO,  more 
environ~nentally acceptable and naturally 
abundant than organic solvents, but it is 
also nonflammable, essentially nontoxic, 
and the  least expensive solvent after water. 
Practical applications for C O ,  include ex- 
traction of caffeine from coffee, homoge- 
neous (1)  and heterogeneous (2,  3 )  poly- 
merization, production of sublnicrolneter 
particles and flbers (4), spray painting and 
coating, and utilization as a feedstock to 
synthesize various organic substances (5). 
Our  obiective here was to make C O ,  acces- 
sible td  proteins and other nonvo1a;ile hy- 
d r o ~ h i l i c  substances such as ions bv ~ r o d u c -  , L 
ing water-in-CO, microemulsions that con- 
sist of thermod~namically stable and opti- 
cally transparent aqueous domains. These 
polar domains can solubilize the protein 
BSA. 

T h e  properties of C O z  are much differ- 
ent  from those of water or nonpolar organic 
solvents. Unlike \\later, C O ,  has n o  diuole 
moment. Even when highIy compressed, 
COz has far weaker van der Waals forces 
than those of hydrocarbon sol\,ents, making 

it Inore like a fluorocarbon or fluoroether. 
Consequently, both lipophilic and hydro- 
~ h i l i c  substances are often insoluble. It 
should be possible to for111 a dispersion of 
either a hydrophilic or lipophilic phase in a 
CO,-continuous phase. T h e  dispersions 
lnay be stabilized with surfactants contain- 
ing TO,-phi l ic"  tails, such as fluori~lated 
compounds. Recently, a n  organic latex, 
polymethylmethacrylate, \\.as synthesized in 
CO, \\lit11 a i luo roca rho~~  stabilizer, demon- 
strating the  ability to disperse a n  organic 
phase (2) .  Howe\,er, the ability to disperse 
\\later into C O ,  as a ~nicroelnulsion has 
been elusive, despite attempts with Inore 
than 150 surfactants during the last decade 
(6> 7). 

T h e  design of surfactants for con\,en- 
tional water-in-oil luicroelnulsio~ls is rea- 
sonably well understood, even for super- 
critical fluid alkane sol\,ents (8-10). Ho\v- 
ever, little is known about designing surfac- 
tants \ \~ith the proper balance of molecular 
interactions for the  CO,-water interface. A 
key advance was the  extraction of a mod- 
erately polar interfacially active dye, thymol 
blue, into reverse ~nicelles in CO, \vith a 
newly svnthesized fluorinated sulfosucci- 

2 ,  

nate surfactant (1 1 ). T h e  alnoullt of water, 
if any, oresent in the lnicelles was un- 
known, because the  dye is soluble in \\later- 
free reverse lnicelles (12) .  In contrast to 
thymol blue, proteins are not soluble unless 
the  reverse lnicelle cores are s\\~ollen with 
\\later to fornl microemulsion droplets. Re- 
cently, Harrison e t  al. (13) showed en- 
hanced dissolution of water into C O ,  \\lit11 
a fluorocarbon-hydrocarbo~~ hybrid surfac- 
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stitutes) given that  the  weak van der 
Waals forces of C O ,  match those of fluo- 
rocarbons. W e  have used a n  arnmoniuln 
carboxylate perfluoropolyether (PFPE) 
surfactant, CF,0(CF,CF(CF,)O),CF2- 
C O O p N H t -  (14)  (commercially avail- 
able in  the  C O O H  form), with a n  average 
lnolecular weight of 740. PFPE carboxy- 
late surfactants with lno lec~~la r  weights 
from 2500 to  7500 are soluble in C O ,  a t  
pressures below 300 bar (15) ,  but t6eir 
ability to form lnicroem~~ls ions  has no t  
been reported. T h e  biological inertness of 
PFPE surfactants cornplelnents the  non-  
toxic nature of CO, .  

T o  prepare a microemulsion, we added 
water to a 1.4 \\!eight 96 solution of PFPE in 
C O z ,  yielding a water concentration of 0.48 
lveight 46. Phase boundaries \\!ere deter- 
~ n i n e d  for a given solution of constant com- 
position \\~ith a stainless-steel view cell (28 
ml) containing a sapphire window (10).  A t  
high pressures, the  single-phase microernul- 
sions were optically transparent. As  the  
pressure was lo\vered at constant tempera- 
ture by moving a piston ( l o ) ,  the loss in  
density and hence in sol\,ent strength of 
C O ,  caused the  solution to become turbid. 
Table 1 lists the  cloud-point pressure and 
corresponding pure COz density as a func- 
t ion of temperature. W e  calculated the  
number of ~no les  of water to those of 
surfactant, \Va, by subtracting the  inde- 
pendently known amount of water soluble 
in pure COz without surfactant from the  
total amount  of \\later. T h e  total moles of 
water per mole of surfactant was 14  for all 
temperatures. A U'IG of 10 suggests that  
some type of aggregated water domain is 
present, because a single surfactant mole- 
cule would not  be hydrated by so many 
water molecules. 

T o  show that s ~ ~ c h  a domain truly exists 
and to characterize its nature, we describe 
below the  results of four different spectro- 
scopic techniques. Fourier-transform infra- 
red (FTIR) spectroscopy has been used to 
characterize \\later environments in micro- 
emulsions, specifically interfacial "bound" 
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Fig. 1. The FTlR spectra of D,O in CO, without 
(trace A) and with (trace B) the addition of PFPE 
surfactant at 31 "C and 162 bar, W ,  = 20 (uncor- 
rected). The IR bands of GO, have been removed 
by computer subtraction. 



Table 1. Cloud-point pressure (P) for a given tem- 
perature (T) for a microemuls~on containing 0.1 5 g 
of PFPE, 0.052 g of water, and 10.4 g of CO,. 

T P CO, denslty 
i"C) (bar) (s/ml) WO 

water close to .the surfactant head groups 
and "bulk-like" water in the droplet core 
(16). We used D,O because the 0-H 
stretching bands are obscured by CO, and 
PFPE absorptions (17). Figure 1 shows the 
asymmetric and symmetric bands for free 
D,O dispersed in a saturated solution of 
CO, (trace A, 2761 and 2653 cm-'). A 
dramatic effect was seen upon addition of 
PFPE to the solution (trace B) with the 
appearance of a large broad band centered 
at 2535 cmpl. This low-frequency broad 
band can be assigned to highly hydrogen 
bonded water in the' microemulslon core, 
because the 0-H (or 0-D) stretching fre- 
quency is known to decrease in proportion 
to the hydrogen bond energy. The 0-D 
stretching frequency approaches that of 
pure bulk D 2 0  at -2500 cm-I. The second 
water environment in the microemulsion 
structure, interfacial water, may be tenta- 
tively assigned to the shoulder at 2697 
cm-' (trace B). This intermediate frequen- 
cy, between those of free and bulk-like 
D,O, might be expected from the more 
strained interfacial environment for hydro- 
gen bond formation. 

Spectral shifts were measured with the 
spectroscopic probe methyl orange 
[(CH,),NC6H,N=NC6H4S0,Na]. As the 
local environment of the probe becomes 
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Fig. 2. Absorbance of methyl orange in the PFPE 
+ water + CO, system as a function of added 
water. Conditions are as listed; MeOH, methanol. 

more polar, the absorbance maximum A,,, 
shifts to longer wavelengths. Methyl orange 
in methanol was introduced into a stainless- 
steel cell with two sapphire windows, and 
the solvent was fully evaporated. The PFPE 
surfactant (0.026 M) and various amounts 
of water were loaded into the cell. The 
spectra obtained at 276 bar are shown in 
Fig. 2 for various values of W,. Benchmarks 
were placed for A,,,,, of (surfactant-free) 
solvents, including methanol (421 nm), wa- 
ter (464 nm), and aqueous carhonic acid 
(502 nm). As the value of Wo increased, 
there was a pronounced shift In A,,,, which 
indicates that methyl orange resides in a 
highly polar aqueous environment. This re- 
sult confirms the existence of the bulk-like 
water seen, as shown above, with FTIR 
spectra. The shoulder in the spectra at 540 
nm indicates the Dresence of an acidic en- 
vironment due to carbonic acid. 

Given a stable aqueous envlronment 
withln CO,, we examined next solubiliza- 
tion of a model protein, acrylodan-labeled 
BSA (BSA-Ac) (18, 19). This   articular 
system was chosen because BSA is moder- 
ately large (67,000 daltons) and the strong 
AC fluorescence provldes a measure of 
both BSA conformation and concentra- 
tion in solution (20). We checked for any 
residual emission of pure supercritical CO, 
and found essentially none. Weak fluores- 
cence at -390 nm was observed in a 
binary mlxture of CO, and water (Fig. 
3A).  With the addition of PFPE to form a 
microemulsion (Wo = 9),  the BSA-Ac 
dissolved and the emlssion was substantial 
(Fig. 3B, solid line). For comparison, we 
show spectra of native BSA-Ac (19, 21) 
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Fig. 3. (A) Emission of BSA-Ac In CO, + water 
and (B) encapsulated in a PFPE-stabilized water- 
~n-CO, microemuls~on. In (B) are also spectra for 
native BSA-Ac (dashed Ilne) and BSA-Ac encap- 
sulated in an AOT water-in-oil microemulsion at 
W, = 20 (dotted and dashed line). 

and of BSA-Ac in bis(2-ethylhexyl) sodi- 
um sulfosuccinate (AOT) water-in-oil mi- 
croemulslons formed in liquid n-heptane 
at Wo = 20 (21). For convenience, each 
spectrum was normalized to the maximum 
of the BSA-Ac + PFPE + water + CO, 
fluorescence. 

The blue-shifted emission band in Fig. 
3A relative to that of native BSA-Ac (Fig. 
3B) is consistent with a small amount of 
BSA-Ac suspended into wet CO, and with 
an Ac residue experiencing a nonpolar en- 
vironment. Exposure of the Ac residue to 
CO, indicates a conformational change in 
the suspended BSA. Upon forming a water- 
in-CO, microemulsion with PFPE, the 
BSA-Ac fluorescence is very strong and is 
similar to that of native BSA-Ac in buffer 
at pH 7.0. After recovery, the BSA-Ac is 
still recognized by the BSA antibody. To- 
gether, these results show that BSA-Ac is 
solubilized within the aqueous microemul- 
sion droplets In an environment similar to 
that of bulk-buffered water and remains bi- 
ologically active. These results are especial- 
ly intriguing because BSA-Ac in AOT mi- 
croemulsions at high water loadings (Fig. 
3B) 1s conformationally altered with respect 
to native BSA-Ac. Finally, we estimate that 
about 9% of the total BSA-Ac is encapsu- 
lated within the PFPE microemulsion drop- 
lets (22) and that the remainder is likely at 
the bottom of the vessel. 

X-band electron paramagnetic resonance 
(EPR) of 4-hydroxy-2,2,6,6-tetramethyl pi- 
peridino-1-oxy (4-hydroxy-TEMPO) was 
used to probe the local environment of the 
PFPE assemblies (23). At low CO, density 
(< I3  M),  nitrogen hyperfine splitting con- 
stants (called AN) for 4-hydroxy-TEMPO in 
CO, solutions containing water and PFPE 
are much higher than those in CO, alone, 
which indicates that a local environment 
around the  robe is much more ~ o l a r  than 
pure CO, (Fig. 4). Also, the EPR spectral 
shapes reflect highly anisotropic motion, as 
evidenced by the diminished high-field 
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Fig. 4. Nitrogen hyperfine splitting constants (A,) 
for 4-hydroxy-TEMPO in CO, at 35°C. The thick 
l~ne indicates water-saturated CO, with no added 
surfactant. The points indicate a PFPE-stabilized 
water-in-CO, microemulsion (W,, = 14). For com- 
parison, the value of A, in water is 17.05 G. 
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peak. Both the  splitting constants and spec- 
tral shapes show that PFPE is present as a n  
organized assembly. In  contrast, the  motion 
of the probe in water-saturated C02 (with- 
out surfactant) is isotropic. 

A t  COZ densities >13 M ,  the  apparent 
A N  in the  surfactant solution drops to  near 
that  in neat  C02.  Thus,  the  observed AN 
results predominately from the  presence of 
4-hydroxy-TEMPO molecules found out- 
side the  ~nicroemi~ls ion droplets. T h e  
shapes of the  spectra support this explana- 
t ion. T h e  lack of a polar environment for 
4-hydroxy-TEMPO is a result of the  rapid 
reduction of the  nitroxide by reaction 
with N H q l  within the  polar microemul- 
sion core. T h e  reduction in  dense C 0 2  
surfactant solutions follows ~ s e u d o  first- 
order kinetics with a n  apparent rate con- 
stant,  k, of 6.8 X s-'. For compari- 
son, k is equal to 2.0 X 10-' s-' for 
solutions of 4-hvdroxv-TEMPO in  triflu- 
oroacetic acid a h  amlionium acetate ( p H  
3.0). T h e  much larger rate constant may 
be attributed, in  part, t o  a h igh degree of 
nitroxide orientation in  the  restricted en-  
vironment of the  microemulsion core. T h e  
strong sensitivity of the  reaction rate to 
C02  density is due to  the  requirement tha t  
a water pool be present before significant 
ionization and subsequent reduction reac- 
t ion can  occur. 

Our  FTIR, ultraviolet-visible absor- 
bance, fluorescence, and EPR experiments 
demonstrate the  existence of a n  aaueous 
domain in C 0 2  with a polarity approach- 
ing that  of bulk water. Thus,  no t  only do  
PFPE-based microemulsions offer a ther- 
~nodvnamicallv stable aqueous domain in a 
C O ~ '  phase, but they aiso appear to  offer 
simultaneously a microenvironment that  
may not  alter significantly the  conforma- 
t ion of sequestered proteins. By comparing 
these results with those of ~ r e v i o u s  stud- 
ies, t he  successfi~l formation of a micro- 
emulsion with  PFPE mau be attributed to  
the  weak van  der Wai l s  forces of the  
s ~ ~ r f a c t a n t  tail, the  strong tendency of t h e  
ionic head group to  leave COZ, the  CF, 
branching and  the  small size of the  head - 
group, which favor bendlng of the  inter- 
face about water, and the  low solubllitv of 
t h e  fluoroether tails in  water. Given these 
guidelines, it should be possible to  synthe- 
size additional surfactants for environmen- 
tally benign applications in dense C02.  
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Crystal and Molecular Structures of 
Hexamethyltungsten and Hexamethylrhenium 

Valerie Pfennig and Konrad Seppelt* 

The structure of hexamethyltungsten, W(CH,),, was determined by x-ray single-crystal 
diffraction at -163°C. The molecule has a strongly distorted trigonal prismatic structure 
with C,, symmetry. This irregular structure is not a result of intermolecular forces, but 
rather represents its true molecular structure. A similar structure, which deviates less from 
the ideal trigonal prismatic structure, was determined for hexamethylrhenium, Re(CH,),. 
Although these structures violate the simplistic models used to predict the geometry of 
molecules, they are at least in part explainable by the molecular orbital model. 

H o m o l e p t i c  molecules, which have only 
one kind of lipand surrounding a central u u 

atom, are important for checking bond the- 
ory against experimental data because struc- 
ture, stability, and reactivity are not influ- 
enced bv different ligands. T h e  methvl 
group is ;he simplest oyganic ligand in 0;- 

ganometallic chemistry, and permethyl 
metal derivatives are often surprisingly sta- 
ble because P eliminations are impossible. 
However, only three neutral hexamethyl 
compounds are known to  exist: W(CH3), ,  
Re(CH,),, and Te(CH,),. Te(CH,),  has 
only recently been prepared (1 ) and has an  
octahedral structure (Z), as expected. 
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W(CH,),  and Re(CH,), are unstable com- 
pounds that were first synthesized (but not 
structurally characterized) by W i l k i ~ ~ s o ~ ~  and 
colleagues (3). The  finding that isoelectronic 
Zr(CH,),'- in [Li(CH,)2N-CHZ-CHZ- 
N(CH,)21]2Zr(CH3),2 is trigonal prismatic 
(4) led to increased interest in the structures 
of hexarnethyl compounds, especially because 
it had been theoretically predicted that cer- 
tain hexacoordinative d%omplexes may not 
be octahedral (5-9). This prediction mas sup- 
ported by the results of a recent gas phase 
structure determination by electron diffrac- 
tion, which showed W(CH,), to be trigonal 
prismatic (1 L1). 

Crystallographically, W(CH,), and 
Re(CH,), posed a challenge. The  compounds 
are thermally unstable, even explosive, if 
pure; Re(CH,), is even more sensitive than 
W(CH,),. Moreover, crystals from solutions 
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