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Enhancing Low-Temperature Phase

Stability of a 50/50

Methanol/Hydrocarbon Blend

ABSTRACT

Separation of roughly equal volume mixtures
of methanol and gasoline into two phases at low
temperature may cause problems for vehicles that
are designed to operate on these mixtures.
Cosolvent alcohols (C5-Cy ) and surfactants were
evaluated as additiyes for enhancing phase
stability at -25°C of a blend containing 50
volume percent methanol, 40 percent isooctane,
and 10 percent toluene (simulating a 50/50
methanol/gasoline mixture).

For alcohol cosolvents, the amount required
decreased with increasing carbon number (number
of carbon atoms per molecule) from about 50
percent with C, to about 6 percent for Cg through
Cyo. A simple“cost analysis indicated that
decanol (C o) provided the minimum treatment cost
for preven£1ng separation at -25°C:
$0.13/gallon. 0f the various commercial nonionic
surfactants and various anionic fatty acid
surfactants evaluated, only palmitic acid (016)
showed good effectiveness.

MBTHANOL, A LEADING ALTERNATIVE fuel candidate
for vehicles (1, 2),* can be made from non-
petroleum resources and some consider it to have
potential for improving ambient air quality
(3,4). Neglecting economic considerations, three
of the major problems associated with the
introduction of methanol fuel are: cold
starting, lack of flame luminosity and the
logistics of having a widespread fuel
distribution system as soon as vehicles are
available (the so-called "chicken and egg'
problem). Likely near-term solutions to the
first two of these involve addition of
hydrocarbons to methanol (5,8), and one of the
proposed solution to the latter involves the
production of "variable-fuel vehicles® which

* Numbers in parentheses designate references at
the end of the paper.
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operate on methanol, gasoline, or any mixture of
the two (7).

Other studies have suggested that roughly
equal blends of methanol and gasoline could
provide optimum engine (8) and vehicle (9)
performance. In a single-cylinder engine study
comparing, gasoline, M35 (35% methanol in
gasoline), M50, M70, and M100, Sapre (8) found
that M50 provided nearly all of the octane
quality, lean limit, thermal efficiency, and NO,
emissions benefits observed with M100.
Furthermore, some of the undesirable effects of
methanol (high formaldehyde and unburned methanol
imissions) were less severe with M50 than with

100.

A serious potential problem with mixtures of
hydrocarbons and methanol, however, is phase
separation at low temperatures. Figure 1,
constructed based on correlations developed in a
previous study of methanol-gasoline solubility
(10), shows cloud point as a function of methanol
concentration at various levels of water contami-

nation. The cloud point is the temperature at
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Figure 1. Effect of Methanol Concentration in

Casoline and Water Content on Cloud
Point (From Reference 10).
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:<h two phases become visible, giving a hazy
zg;igrancepto the solution. At a low (0.02%)
water level, the cloud point temperature 1s
paximum near 40% methanol, and decreases for
higher and lower methanol concentrations.

Figure 1 also shows that increasing water content
-azuses a large increase in cloud point at low
methanol concentrations (less than 20%), but has
1ittle effect at higher methanol levels. Even at
low (0.02%) water contents, blends of 30-50%
methanol in gasoline can separate into two phases
at temperatures in the vicinity of 5°C.

There have been various studies of
cosolvents to enhance the solubility of low level
(5-20%) methanol gasoline blends (11-17), but we
are not aware of any work at higher methanol
concentrations. In addition, these studies
generally involved only a narrow range of
cosolvent additives. This study was initiated to
investigate additives for improving
low-temperature phase stability of mid-range
(50/50) pmethanol/hydrocarbon blends using a
variety of cosolvent alcohols and surfactants.
The major impetus for this work was the potential
for vehicles dedicated to operation on a 50/50
gethanol/gasoline mixture. The results may also
be relevant to variable-fueled vehicles.

EYPERIMENTAL

METHANOL-HYDROCARBON BLEND SELECTION - The

base fuel for these studies was:

50 vol. % methanol

40 vol. % isooctane

10 vol. % toluene
A 50% methanol concentration was chosen because
50/50 methanol/gasoline blends showed the the
best promise in single-cylinder engine -
studies (8).

Pure hydrocarbons were selected to represent
gasoline in this study, since variation in
gasoline composition can affect its solubility
with methanol (10-13, 16-17). This allowed the
exploratory work to be done with a fluid of known
composition, permitting the experiments to be
easily duplicated or extended by others. In a
study of low methanol concentrations, Eccleston
and Cox (10) found that a blend of 4 parts
isooctane to 1 part toluene provided solubility
characteristics similar to that of a commercial
gasoline. Our preliminary experiments showed
that the phase separation temperature of the
selected methanol-isooctane-toluene blend (about
0°C) was similar to that of a fuel we blended to
contain 50% methanol and 50% of a commercial
gasoline containing about 25% aromatics.

MATRRIALS - A detailed description of the
paterials used, including source, purity, water
content, and structure, are given in Appendix
Table A-1. Cosolvents investigated were alcohols
ranging 2 to 12 carbon atoms per molecule.
Several surfactants were also investigated; these
will be described later.

TRMPERATURR BATH - A mechanical temperature-
controlled bath was not available, so techniques
for preparing chemical baths were reviewed (18).
A bath of dry ice and carbon tetrachloride was
selected as being the most suitable for this
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study. Initially, solid lumps of dry ice were
placed in a Dewar flask containing carbon
tetrachloride to lower the temperature to near
the control point. Then a small amount of
crushed dry ice was continually added and
agitated until a slush was formed giving the
desired temperature of -25°C. The bath could be
maintained in the range of -23°C to -28°C by
intermittent agitation, as long as only a small
excess of dry ice had been used.

The temperature of the sample was measured
by an alcohol thermometer, which was periodically
checked by comparison to a thermocouple probe.

PHASE EQUILIBRIA - Phase equilibria were
studied by placing graduated tubes containing the
samples into the temperature bath. The base
solution for each sample consisted of 5 mL
methanol, 4 mL isooctane, and 1 mL toluene, all
at room temperature. In different tubes, varying
amounts of cosolvent alcohols were added to the
10 mL base solution. The amount of cosolvent
added varied in 0.10 mL steps for the C5-Cg
alcohols, giving a resolution of about %% in the
phase stability studies. For the Cg-Cyo
alcohols, the grid size was halved go provide
about 0.5% resolution. In each case, the amounts
of added cosolvent bracketed the required amounts
to achieve a single phase. After 30 minutes in
the temperature bath (sufficient time for the
samples to reach -25°C), each sample was checked
to see if it was one or two phases. When two
phases were observed, the volume ratio of the
upper to lower phase was recorded based on the
tube graduations.

RESULTS AND DISCUSSION

The amounts of various additives required to
paintain phase stability of a mixture consisting
of 50% methanol, 40% isooctane, and 10% toluene
at -25°C were measured in a study consisting of
two parts. The first part involved investigation
of a wide range of higher alcohols as cosolvents,
and the second part consisted of evaluation of
several surfactants. A simple cost analysis of
the additives was also made.

COSOLVENCY OF HIGHER ALCOHOLS - The effect
of addition of n-propanol on the phase stability
of the 50/50 methanol/hydrocarbon blend is shown
in Figure 2, which presents the volume ratio of
the upper to lower phase. With no additive, the
volume of the upper phase was 0.54 times that of
the lower phase. Compositions of the phases were
not analyzed, but based on previous studies (12,
13, 17), the bulk of the methanol would be
expected to be in the lower phase. As n-propanol
was added, the volume of the upper phase
decreased until, at 9.8% n-propanol, the upper
phase disappeared. The value of 9.9% n-propanol
was then defined as the minimum concentration for
one phase. Similar studies were performed for
other cosolvents, and the resulting minimum
concentrations for one phase are summarized in
Table 1. Although the minimum concentrations are
reported to the nearest 0.1%, the resolution of
the measurements was only about 1% for the C,-C
alcohols and about 0.5% for the Cg-Cyq alcohols.
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Figure 2. Effect of N-Propanol Cosolvent on
Volume Ratio of Phases

Table 1. Cosolvent Effectiveness of Various
Alcohols at -25°C

(Base Material: 50% methanol,
40% isooctane, 10% toluene)

Minimum
Concentration
For One Phase Carbon
Alcohol vol. % Number

Ethanol 50
n-Propanol
2-Propanol
n-Butanol
i-Butanol
2-Butanol
n-Pentanol
3-Pentanol
i-Amyl Alcohol
t-Amyl Alcohol
n-Hexanol
2-Hexanol
n-Heptanol
4-Heptarol
n-0Octanol
2-0ctanol
n-Nonanol
n-Decanol
n-Undecanol
n-Dodecanol

—
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The data from Table 1 are plotted as a
function of the number of carbon atoms (carbon
number) in Figure 3. The required additive
concentration decreased as the carbon number in
the additive increased up to about 9 carbons per
molecule, and was fairly constant for Cq through
C 9 at 5 to 6 percent. The different aYcohol
s%ructures, identified by different symbols in
Figure 3, did not generally have a large effect
on required additive concentration. With the

exception of the butanols (C4), the required
concentration for primary straight chain alcohols
was equal to or lower than that for primary
branched chain, secondary, or tertiary alcohols.
Previous studies (11-13) of C,-Cg4 cosolvents for
10-15% methanol-hydrocarbon b?enés have indicated
optimum cosolvent performance in the C--C: range,
with primary alcohols somewhat more effective
than secondary or tertiary alcohols. Effects of
variations in water content were not explored but
results in Figure 1 suggest that effects will be
small with 50% or more methanol.
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Figure 3. Cosolvent Alcohol Additive
Requirement as a Function of Chain
Length and Structure

The mechanism of cosolvency of the higher
alcohols can be postulated based on a study of
the effect of cosolvents on the interaction of
methanol with elastomers (18). This study
reported the use of nuclear magnetic resonance
spectroscopy to identify associations in
methanol/n-butanol solutions. In the absence of
butanol, methanol was found to exist as a cyclic
tetramer. Addition of n-butanol results in the
replacement by n-butanol molecules of one or two
of the methanol molecules on the cyclic tetramer.
The hydrocarbon chain of the n-butanol is likely
to enhance the solubility of the tetramer in
hydrocarbons. Longer chain hydrocarbons probably
form similar tetramers with enhanced solubility
because of the longer chain length.

We also compared cosolvency properties of
the various alcohols by analyzing the
(upper/lower) phase volume ratio data at
subcritical cosolvent concentrations
(concentrations below the minimum required for
one phase). To compare these ratios for
different cosolvents, it was necessary to define
a normalized cosolvent quantity by dividing each
cosolvent concentration by the minimum required
for one phase:

Normalized Amount of Cosolvent =

Cosolvent Concentration

Minimum Concentration for One Phase
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The ratio of upper-to-lower phase ratio is
plotted in Figure 4 as a function of the
normalized amount of cosolvent. Although there
was some scatter in the 0.2 to 0.4 normalized
cosolvent range, phase ratio data for the various
alcohols generally clustered about the same line.
The results also suggest that the mechanism of
two-phase formation for the subcritical
concentrations of alcohols is the same for all
alcohols.
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Figure 4.

This work has shown the higher alcohols to
be effective cosolvents. However, the minimum
concentrations required are sufficiently high to
warrant additional investigation to reduce the
amount of additive. Hence, additional studies
were made with surfactants in combination with
alcohol cosolvent.

COSOLVENT-SURFACTANT COMBINATIONS - To
explore the potential benefit of surfactants,
screening tests were run with a variety of
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anionic and nonionic surfactants, which are
listed in Table 2.

A preliminary experiment with oleic acid
showed that its maximum effectiveness for
decreasing the volume of the upper phase occurred
at a concentration of about i vol. %, and
decreased sharply at higher concentrations.

Based on this result, all surfactants were added
to the base blend (methanol-isooctane-toluene) at
a concentration of 10 grams surfactant per liter
of blend (about 1 vol. %). For these tests, n-
pentanol was arbitrarily selected as the
cosolvent. Keeping the surfactant concentration
constant, the n-pentanol concentration was varied
to determine the minimum required to achieve a
single phase.

Figure 5 shows data on the amount of
surfactant and cosolvent required. The shading

Additive
Type

3 n-Pentanol
Z1 Nonionic Surfactant
&8 Anionic Surfactant

8
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Surfactant
Figure 5. Comparison of Effectiveness of

Various Various Surfactants

Table 2. Listing of Surfactants Evaluated

Type Name Supplier Structure
Nonionic Arlacel 83 ICI Sorbitan Sesquoleate
Nonionic Arlacel 186 ICI Mono- and di-glycerides
Nonionic Brij 30 ICI Polyoxyethylene (4] lauryl ether
Nonionic Brij 30sp ICI Brij 30 + 0.01% BHA + 0.01% citric acid
Nonionic Tween 81 ICI Polyoxyethene[5] Sorbitan Monooleate
Anionic Lauric Acid Baker Cﬂs(Cﬂz)loCOOH
Anionic Myristic Acid K&K CH4(CHy) ,oCO0H
Anionic Palmitic Acid Baker CH4(CHy) , 4COOH
Anionic Oleic Acid Fisher CH3(052)7CHCH(032)7COOH
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indicates the portion of the total which was
‘surfactant and that which was n-pentanol
cosolvent. All of the nonionic surfactants
tested caused either no change, or only a slight
(less than one percentage point) reduction in the
total amount of additive required. Keller et al.
(12) bad also found nonionic surfactants to be
ineffective at lower methanol concentrations.

The effect of the fatty acid (anionic)
surfactants appeared to be related to structure.
The lowest additive requirement was with the
saturated acid with the longest chain length
(palmitic acid, Cls). Palmitic acid in
combination with n-pentanol provided a stable
system at a combined concentration of 5.7%,
significantly less than the 7.4% required for n-
pentanol alone.** Although oleic acid (C;g) had
a larger chain length, the presence of the double
bond apparently reduced its effectiveness.

" The methanol-isooctane-toluene mixtures with
small amounts of surfactant and higher alcohol
cosolvent may have formed microemulsions in these
experiments. Although no evidence was sought in
this study, the existence of an isooctane-in-
methanol microemulsion at -25°C cannot be ruled
out based on the following:

e a mixed fuel consisting of aqueous ethanol
and hydrocarbon fuels including a vegetable
0il has been shown to form a hydrocarbon
fuel-aqueous ethanol microemulsion upon
addition of a surfactant even with as little
as 0.05 % water (20, 21);

e a waterless microemulsion can be prepared
using methanol as well as other solvents
such as glycerol, formamide, glycol, etc. in
place of water (22);

e the solubility of ocil in the microemulsion
increases considerably if light organic
solvents, especially aromatics such as
toluene and benzene, are added to the system

(23, 28);

e the lower phase, which is expected to be
rich in methanol (12, 13, 17), grows as the
amount of additives increase.

COST ANALYSIS - From a practical standpoint,
the most important aspect influencing the
selection of cosolvents and/or surfactants is one
of economics. A good economic analysis, one that
would consider effects on markets and plant
construction, is beyond the scope of this report.
Instead the additives were compared based on
current prices published in the Chemical
Marketing Reporter (25). Reference 25 listed
prices for most of the cosolvents and the anionic
surfactants, but not the nonionic surfactants.
(No additional cost data was sought for the
nonionic surfactants because they were not
effective.) When a range of prices was listed,

. **An interesting observation made with palmitic
acid surfactant at N-pentanol concentrations of
2% and less was the formation of three phases.
The middle phase was milky and turbid,
apparently a macroemulsion.

the midpoint of the range was used. Table 3

gives a summary of the cost data.

Table 3. Costs of Cosolvents and Surfactants
. Treatment
Material Cost, $/gal. Cost,* $/gal.
Ethanol 1.17 0.58
n-Propanol 3.13 0.31
2-Propanol 1.51 0.19
n-Butanol 2.56 0.23
2-Butanol 2.46 0.20
i-Butanol 2.50 0.21
n-Pentanol 3.15 0.23
n-Hexanol 2.17 0.14
n-0Octanol 4.84 0.27
n-Decanol 2.49 0.13
n-Dodecanol 5.29 0.27
Lauric Acid 4.05 0.24
Myristic Acid 6.36 0.24
Palmitic Acid 3.91 0.18
Oleic acid 4.05 0.22

* Cost (8/gallon fuel blend) to prevent
separation at -25°C

For each additive, a treatment cost was computed
based on the selling price and the concentration
required for one phase at -25°C. (If used
commercially, higher concentrations may be
required to maintain one phase in the presence of
water contamination and lower temperatures.)
Figure 6 shows the treatment cost plotted as a
function of carbon number for the alcohol
cosolvents. The minimum cost was $0.13/gallon
for n-decanol (C;y), one of the alcohols having
the minimum concentration requirement. The Cg
and Cl% alcohols, which had similar required

r

concentrations, had much higher treatment costs
0.8 75
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because of their higher prices. The treatment
cost for n-hexanol (Cg) was only slightly higher
(30.14/gallon) than tgat of n-decanol.

Additive treatment costs for the anionic
surfactants in combination with n-pentanol are
shown in Figure 7. The first bar shows the cost
of n-pentanol alone (30.23/gallon), which was
relatively high (see Figure 6). Two of the
surfactants (lauric acid and myristic acid) had
essentially the same treatment cost relative to
n-pentanol alone, and one (oleic acid) provided
only a slight (80.02/gallon) decrease. The most
effective surfactant, palmitic acid, gave a
$0.05/gallon decrease in treatment cost, compared
to n-pentanol alone. However, the combined cost
for palmitic acid and n-pentanol was
$0.18/gallon, which was higher than of n-hexanol '
or n-decanol. Unfortunately, we have no data
available to determine whether addition of
palmitic acid in combination with the Cg or Cy
alcohols would provide a reduced treatment cosg‘
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Figure 7. Comparison of Cost Effectiveness of

Various Anionic Surfactants Used in
Combination with n-Pentanol
Cosolvent

CLOSURR - This study presented results of
screening tests to evaluate additives for
solubilizing 50/50 methanol/hydrocarbon blends at
low temperatures. The results have shown that
neither the cost nor the quantity of additives
required is trivial. Perhaps more effective
cosolvents can be found, but it is questionable
whether large reductions in required concentra-
tions can be achieved. The most cost-effective
treatment may be to alter the methanol synthesis
process to coproduce higher alcohols (26) as
required to maintain phase stability in mixtures
with gasoline.

Blending higher molecular weight alcohols
into methanol will affect properties; however,
the effects will be minor if the higher alcohol
concentrations are kept below 10 percent. On the
positive side, heating values will increase about
5 percent with the addition of alcohol cosolvents
at the minimum concentration required for one

z
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phase, and heats of vaporization will decrease
about 5 percent. Vapor pressures would be
expected to decrease a little, but the effects on
engine performance would probably not be
significant. One noticeable property effect may
be the 3-4 percent reduction in stoichiometric
fuel-air ratio. Although variable-fueled
vehicles and vehicles with closed-loop fuel
control systems would probably not be greatly
affected, open-loop fuel control vehicles
calibrated for a particular methanol concentra-
tion without cosolvents may show some adverse
emissions effects of this 3-4 percent change in
stoichiometry. .

This study was primarily concerned with
potential vehicles dedicated to operation on a
50/50 methanol/gasoline blend, however, effects
on variable fueled vehicles should also be
considered. The relatively mild temperature
(0°C) at which mid-range mixtures of methanol and
gasoline will separate suggests that phase
separation may be frequently experienced in
variable-fuel vehicles which are alternately
fueled with gasoline and methanol. Ideally, the
in-line fuel sensors in these vehicles will
correctly measure the methanol composition of the
separated phase being picked up in the tank, and
select the proper air-fuel ratio. However, it is
not clear if the sensor would respond properly to
a macro- or micro-emulsion of both phases. It is
also not clear whether the methanol-rich phase
would have the sufficient quantity of
hydrocarbons for good starting and driveabilty.
Tests of variable-fuel vehicles on phase-
separated fuels are recommended.

SUMMARY

A blend containing 50 volume percent
methanol, 40 percent isooctane, and 10 percent
toluene (simulating a 50/50 methanol/gasoline
mixture) was found to separate into two phases at
temperatures below 0°C. The effectiveness of
additives to enhance low-temperature (-25°C)
phase stability was measured using Co through Cyo
alcohols, and various anionic and nonionic
surfactants in combination with n-pentanol.

For-alcohdl cosolvents, the amount required
decreased with increasing carbon number (number
of carbon atoms per molecule) from about 50
percent with C, to about 6 percent for Cg through
Cyg- Alcohol Structure (branching or location of
t%e 0B group) had little effect on the concentra-
tion required. O0f the various commercial
nonionic surfactants and various anionic fatty
acid surfactants evaluated, only palmitic acid
(Cyp) showed good effectiveness. With 1 percent
pa}mitic acid added to the base blend, the amount
of n-pentanol required for one phase decreased
from 7.4 to 4.7 percent.

Using current market prices, a simple cost
analysis was performed based on the minimum
additive concentrations required for one phase at
-25°C. For cosolvent alcohols, the minimum
treatment cost was $0.13/gallon fuel for
n-decanol. The palmitic acid surfactant also was
cost effective when used with n-pentanol,
reducing the treatment cost from $0.23/gallon to
$0.18 per gallon. It is not known whether the
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palmitic acid would be cost effective if used
with n-decanol or other alcohol cosolvents.

If vehicles are developed and marketed to
operate on mid-range methanol-gasoline blends,
blending agents for phase stability will be
necessary for low-temperature operation.
Variable-fueled vehicles are also likely to
encounter mid-range mixtures of methanol and
gasoline due to fuel switching, so blending
agents may also be required to prevent operation
problems in these vehicles at low temperatures.
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APPENDIX

Table A-1.

Material Manufacturer
Isooctane Phillips
Toluene Fisher
Methanol Fisher
Ethanol Fisher
n-Propanol Fisher
2-Propanol Fisher
n-Butanol Fisher
i-Butanol Fisher
2-Butanol Mallincrodt
n-Pentanol Fisher
3-Pentanol Kodak
i-Amyl alcobhol J.T.Baker
t-Amyl alcohol Fisher
n-Hexanol " Kodak
2-Hexanol Kodak
n-Heptanol Fisher
4-Heptanol Kodak
n-Octanol Fisher
2-0ctanol Kodak
n-Nonanol Kodak
n-Decanol Aldrich
n-Undecanol Sigma
n-Dodecanol Kodak

*Determined by Karl Pisher method

Water,*

!3.!29[!1 Structure
0.028 (CH3)SCCHacH(Cﬂ3)2
0.180 0635083
0.158 CH,0H
4.863 Cﬂscﬂzﬂﬂ
1.157 Cﬂs(Cﬂz)zﬁﬂ
0.492 CH3CHOHCH3
0.692 Cﬂ3(052)308
0.667 (CH3)20803205
1.282 CﬂscﬂchOBCﬂs
1.208 Cﬂ3(Cﬂ2)40l
1.400 cuscnzcnoncnzcns
0.020 (Cﬂs)zcﬂ(Cﬂz)zﬂﬂ
1.388 (CH3)2C(OH)052033
0.775 Cﬂ3(0H2)50l
2.967 cnacnon(cnz)scns
1.379 Cﬂa(CHz)GOE
2.000 Cl3(032)20l05(0ﬂ2)2053
1.088 Cﬂs(Cl2)70l
1.975 Cﬂacﬂﬂﬂ(Clz)SCls
0.800 CHx (CH5) gOH
0.492 cn3(0n2)90n
1.800 Cﬂz(Clz)loﬂl
0.625 Cﬂs(Clz)IIOH
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