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SUMMARY 

Solubility of gases, especially oxygen, in fluorocarbons has achieved 

important status because of the latter's probable utility in artificial 

blood and liquid breathing, but only diverse data determined by various 

methods is scattered throughout the literature and company technical 

reports. One method, gas chromatography, was used to calculate and compare 

the oxygen and air solubility of a large number of fluorocarbons. Correla- 

tions were made between the oxygen solubilities and some of the physical 

properties of the compounds. Likewise, solubilities calculated using some 

lower parachor values resulted in a fairly good correlation. 

RESULTS AND DISCUSSION 

Since the primary reason for adding perfluorinated compounds to artificial 

blood is to carry oxygen, the amount of oxygen that a particular fluorocar- 

bon can dissolve is of great interest. All other things being equal, the 

more oxygen that a compound dissolves the more useful it will be as a blood 

substitute and also as a breathable liquid. Only scattered and quite 

diverse data on oxygen solubilities of highly fluorinated compounds have 

been published (Table 1). Transport of carbon dioxide is of course also of 

tremendous importance in these endeavors, but since fluorocarbons dissolve 

two to three times as much of this gas as oxygen it is not the limiting 

factor affecting the choice of fluorocarbon. 

The oxygen solubilities of twenty-five highly fluorinated liquids along 

with some of their known properties are listed in Table 2. Figure 1 is a 

plot of most of these values in order of decreasing solubility compared with 
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calculated oxygen solubilities using the following equations and published 

parachors [I]. 

IJ O’d) 4 =- 
M where IS= 

P= 

Log L = - (0.025) u d= 
M= 
L= 

TABLE1 

Various determinations of dissolved oxygen in FC75 

surface tension 
parachor 
density 
molecular weight 
02 solubility 

AIR 
O2 25'C 02 N2 Total CO2 Method Ref. 

m1/100ml ml/100 ml ml/100 ml - - 

Our Values 52.2 10.5 27.2 37.7 - G.L.C. 

3M 48.8 12.6 27.9 40.5 192 G.L.C. bl 
(48.5)a (11.7)a (26.7)a (39.4)a 

duPont - 10.6 28.3 38.9 - G.L.C. [?J 
Allied 9.0 135 Volumetric [41 
Sloviter 63 and 50.2 9.95 - Enzymeb [51 
Nose 48a 160 - [61 
Geyer 81.4c [71 
Zander 46.gd Manometrice [8] 

a. Measured at 37%. 
b. Glucose oxidase in the presence of excess glucose was used to measure 

dissolved oxygen in an emulsion. 
c. Measured at 380C. 
d. Determined from figure 3 of reference 8. 
e. Van Slyke manometric apparatus. 

All but three of the calculated values fall below the observed values. 

This is not too surprising since all the parachor values, except for fluo- 

rine, were calculated using hydrocarbon models. Because of the uniqueness 

of perfluorocarbons compared to hydrocarbons and the effect of the highly 

electronegative fluorines on other atoms such as chlorine and bromine, we 

took the liberty of lowering the parachors for these two atoms and also the 

ring structure parachors. When replotted using these new values, a closer 

correlation results (figure 2). The value for nitrogen might also have 

been lowered, but we had ava'ilable only one nitrogen-containing compound 

(FC47). In fact, the limited number of compounds tested make all these 
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EXPERIMENTAL AND 
CALCULATED 02 SOLUBILITIES 

OXYGEN 0 EXPERIMENTAL VALUES 

SOLUBILIN 
OSOLUB~LITIES CALCULATED FROM 

PUBLISHED PARACHOR VALUES 

Fig. 1. The experimental oxygen solubilities of 22 fluorocarbons are 
compared to values calculated using published parachor [l]. 

SUGGESTED PARACHOR FOR 
HIGHLY FLUORINATED COMPOUNDS 

OXYGEN CARBON 
HYDROGEN 

OXYGEN 
FLUORINE 
CHLORINE 

BROMINE 
B-MEMBERED RING 

@8...@@ 
5MEMBERED RING 

o” 0 0 
0 

0 0% 

O@ 

195.: 
20:o 
22.2 
26.0 
23.0 

-10.0 
-3.3 

Fig. 2. Experimentally determined oxygen solubilities compared to values 
calculated using the parachors given. 
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35! cuBa BOlLlNti POINT 
. I . . 1 

75 115 155 195 235 275 
“c 

Fig. 3. Oxygen solubility of 22 fluorocarbons versus their boiling point. 

60wOxYGEN 
SOLUBILIN 

C,F.Br, 0 

30 ! DENSITY 
. . 1 

--lk 1.7 - 19 2.0 2.1 
G’k!PER*ML 

Fig. 4. Oxygen solubility of 23 fluorocarbons versus their density. 

values at best tentative. Hopefully, however, they will continually be 

modified in the future to provide an increasingly useful means of predict- 

ing the oxygen solubilitiea of fluorocarbons of novel structure. 
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OXYGEN 
GO- SOLUBILITY 

.PPZ 

A 55 
z 
8 509 

G kF . 

h- 

35. 
.mB MOLECULAR WEIGHT 
. . . . 

0 200 4;~XIoaO~ 800 1000 

Fig. 5. Oxygen solubility of 23 fluorocarbons versus their molecular 
weight. 

In an effort to find a simpler correlation between oxygen solubility 

and the physical properties of fluorocarbons, the graphs shown in figures 

3-5 were plotted. These figures indicate that there are definite relation- 

ships between oxygen solubility and boiling point, density and molecular 

weight, within a given family of compounds. More or less parallel curves 

can be drawn among the fluorinated ethers (E-series, PID, PllD, and PLZF), 

the cyclic compounds (PP2, PP5, PFTHDCP and PFDMA), and the straight chain 

compounds. The latter compounds generally fall between the other two 

classes. Being a cyclic ether, FC75 also falls between the cyclic com- 

pounds and the ethers. 

By plotting the oxygen solubility vs. viscosity (figure 6) surpris- 

ingly all the compounds (except the two aromatic compounds HFB and DMB) 

fall roughly along a single curve. Consequently, if the viscosity of a per- 

fluorinated liquid is known or can be estimated, its oxygen solubility can 

be approximated. This correlation suggests that to maximize oxygen solu- 

bility new compounds should be designed that have the lowest viscosity with- 

in the desired boiling point range. For example, perfluorooctylbromide, 

with one third the viscosity, dissolves 30% more oxygen than perfluoro- 

decalin although both compounds have approximately the same boiling points. 
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Fig. 6. Oxygen solubility of 24 fluorocarbons versus their viscosity. 

Oxygen is more soluble than nitrogen in perfluorocarbons as in most 

other liquids. As a result, the percent oxygen dissolved in perfluoro- 

carbons is always greater than the-percent oxygen in the gas used to satu- 

rate it. The relationship is shown in figure 7 for various concentrations 

of oxygen and nitrogen bubbled through perfluorodecalin. 

Air was bubbled through ten other fluorocarbons and in spite of the 

different solubilities, the percent dissolved oxygen was close to 28% in all 

but one case (Table 3). This phenomenon would appear to be advantageous to 

TABLE3 

Air solubility in fluorocarbons 

FC AIR 02 N2 % 02in 

ml/100 ml ml/100 ml ml/100 ml dissolved air 

- PP5 29.8 8.6 21.2 28.8 
PFOBr 24.1 9.8 24.3 28.6 
E2 42.4 11.1 31.3 26.1 
PlD 38.2 10.5 27.8 27.4 
C7F1 sC1 37.4 10.5 26.9 28.1 
FC75 37.7 10.5 27.2 27.9 
FC47 30.7 8.6 22.1 28.0 
E5 31.8 8.6 23.2 27.3 
L1822 32.0 9.0 23.0 28.2 
CBFlB 37.4 10.5 26.9 28.1 
C7F15Br 36.0 10.2 25.8 28.4 
Average 35.2 10.0 25.4 27.9 
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an animal infused with a perfluorochemical emulsion and breathing air. How- 

ever, in reality, while an average of 48 ml/100 ml dissolved in the eleven 

fluorocarbons when bubbled with pure oxygen, only 10 ml/100 ml ($ 21%) dis- 

solved when air was used. This, of course, is the same as the percent oxy- 

gen in air so there does not seem to be any advantage from the preferential 

oxygen solubility at this particular concentration. 

Fig. 7. Preferential solubility of oxygen (solid line compared to dashed) 
over nitrogen in perfluorodecalin. 

MATERIALS AND METHODS 

Gas chromatography was used to measure the oxygen solubility of 25 

highly fluorinated liquids. The gas chromatograph used was equipped with a 

Carle 100 microdetector system and 12' x v' column packed with 45160 13x 

molecular sieves. The column and injector temperatures were set at 70°C, 

and a helium gas flow of 60 cc/min was used. Under these conditions sharp 

symetrical well separated oxygen and nitrogen peaks were obtained on a 

Hewlett Packard Mosely 680 strip chart recorder. Consequently, measurement 

of peak heights was found to be a quantatively accurate method for measuring 

the varying amounts of oxygen. No error in linearity of height could be de- 

tected in the range used. The average reproducibility of peak heights was 

+ 0.95% and the average error in the precision of the method was + 1.9%. - - 
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Fifteen ml of each fluorocarbon was magnetically stirred in a YSI model 

5301 stirrer bath. The temperature of the circulating bath water was con- 

trolled by a Haake pump at 25OC + 0.3. The fluorocarbon was bubbled with 

02 by means of a 1.5 inch 20 gauge needle inserted through a rubber stopper. 

A shorter needle allowed excess gas to escape. Saturation is reached within 
15 minutes, but bubbling and stirring were continued during the entire sam_ 

pling procedure. After several flushes, injections were made with Precision 
Sampling 50 pl Pressure-Lok syringe. Samples of fluorocarbon were drawn 

slowly and carefully into the syringe. At least 15 injections of 20 ul of 

the oxygenated fluorocarbon were made alternately with injections of 20 ul 

of pure 02. Simple division of the average peak heights of the fluorocarbon 

sample by that obtained from pure O2 yields the volume percent (cc/100 ml) 

of 02 in the fluorocarbon. 

The fluorocarbons are retained on the molecular sieve column which had 

to be periodically heated to above 300°C to drive them off. The separation 

between oxygen and nitrogen returns to normal with the injection of a sample 

of air when the column has been completely purged. 

We also measured the volume of air that dissolves in eleven of the 

fluorocarbons. The method used was similar to that just described for pure 

02 except only five injections each of air (10 ul) and fluorocarbon (20 ~1) 

were made. Because of differences in detector sensitivity and the tendency 

of the second component to have a slightly broader and consequently lower 

peak height, it was necessary to calculate a correction factor (1.05) for % 

of 02. This was done either by the injection of air or by comparing in- 

jection of pure nitrogen and pure oxygen. Argon and oxygen are not separat- 

ed on the molecular sieve column used, but argon has close to the same sol- 

ubility as oxygen in fluorocarbon [2]. 

The solubility of two other oxygen plus nitrogen mixtures in perfluoro- 

decalin were determined. Different quantities of oxygen and air were thor- 

oughly mixed using two flasks before bubbling through the fluorocarbon. Al- 

ternate injections of the fluorocarbon and gas mixture were made and the 

percent oxygen calculated in each case as above. 
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