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A B S T R A C T

In the reaction between perfluoroolefins and perfluoroalkylhypofluorites the existence of two different free

radical reaction mechanisms is demonstrated by the presence of characteristic byproducts. These kinetic

schemes can be experimentally controlled by tuning the hypofluorite concentration in the reaction media.

In particular, in the reactions between trifluoromethyl hypofluorite and highly reactive perfluor-

oolefins like CF2 CFOCF3 and CF2 CF2, the free radical oligomerization and dimerization products can be

suppressed by utilizing the opportune experimental conditions.

The pure perfluorinated ethers obtained, having low Ostwald coefficient, can be utilized as contrast

agents for diagnostic ultrasound imaging injectable microbubbles composition.
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1. Introduction

Perfluoroalkylhypofluorites are important intermediates uti-
lized in the industrial process for the preparation of fluorinated
key monomers like perfluoroalkylvinylethers [1] sulfonic-per-
fluoroalkylvinylethers [2] cyclic vinylethers monomers [3] as wall
as catalyst for fluoroolefins oxidations [4]. The addiction reaction
of hypofluorite to halogenated olefins has been studied in the
previous years [5,6], kinetics studies of the free radical reaction in
gas-phase [7] as well as in condensed phase have been analysed
in detail [8,9]. Hypofluorites are also an important source of
electrophilic fluorine and these reagents are utilized in specific
and selective fluorination [10,6].

The majority of studies on perfluoroalkyl hypofluorites utilized
the CF3OF due to its kinetic stability compared to longer chain
perfluoroalkyl hypofluorites perfluoro propionyl hypofluorite.

On the other hand, as pointed out in previous publications, all
perfluoroalkyl hypofluorite are thermodynamically unstable [2]. In
our previous studies, we have noticed that the concentration of
hypofluorite in the reaction media is an important variable to
control the course of the main reaction. In particular in the reaction
with bis-fluoroxydifluoromethane BDM and tetrafluoroethylene
* Corresponding author. Tel.: +39 02 2399 3029; fax: +39 02 2399 3080.
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TFE, conducted in high excess of BDM, we observed the substantial
absence of polymeric products deriving from TFE monomer [1].
This observation prompted us to study the addition of highly
reactive fluoroolefins to perfluoromethyl hypofluorite taking into
account the concentration of the hypofluorite in the reaction
media. This experimental approach allowed the identification of a
straight and economical methodology for the preparation of highly
pure perfluoroethers having low boiling point and low Ostwald
coefficient [11]. These perfluoroethers have been recently tested as
fluids for the preparation of injectable microbubbles composition
as contrast agents in diagnostic ultrasound imaging [12]. In many
ultrasound imaging applications there is the need for contrast
agents and efforts to develop suitable materials are ongoing.
Gaseous micro bubbles that are effective contrast agents tend to
shrink rapidly due to gas diffusion in the liquid media, therefore
microbubble stability is an important issue in this application [13].
Low solubility of the gas in blood stream has been shown to be an
important factor in gas microbubble stability and dimension.
Industrial attention has recently focused on perfluoroethers
biocompatible gases characterized by low water solubility [12].

2. Discussion

The synthetic methodologies adopted utilize the availability
of highly pure perfluoromonomers CF3OCF CF2 and CF2 CF2 as

mailto:walter.navarrini@polimi.it
http://www.sciencedirect.com/science/journal/00221139
http://dx.doi.org/10.1016/j.jfluchem.2008.05.018
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starting material. The addition of CF3OF to fluoroolefins for the
synthesis of fluoroethers has been already investigated and it has
been recognized as a fast free radical chain reaction propagated by
the radical CF3O [2,9,14] and its reaction mechanism is summar-
ized in Scheme 1 below.

We have studied the reaction between the hypofluorite CF3OF
with the olefin CF2 CFOCF3 and CF2 CF2.

The main products of the addition of CF3OF with CF2 CFOCF3

were perfluoro-1,1-bis-(methoxy)-ethane (L) and perfluoro-1,2-
bis-(methoxy)-ethane (K) in the molar ratio of 20% to 80%,
respectively, as shown in reaction (9) below:

CF3OFþ CF2¼CFOCF3! CF3OCF2CF2OCF3
L 80%

þðCF3OÞ2CFCF3
K 20%

(9)

The main products of the addition of CF3OF to CF2 CF2 was
perfluoro 1-methoxy-ethane as shown in reaction (10) below and
depending on the reaction condition a big amount of polymeric
products were also present, see Section 4.4.2:

CF3OF þ CF2¼CF2 ! CF3OCF2CF3 (10)

In the reaction mixture we have specifically looked for the
presence of the termination products deriving from reaction (5) to
(8) of Scheme 1. The termination products are normally found at
very low concentrations in the reaction media. Therefore, it was
possible to detect and analyse them only when they were
substantially different from the main reaction products in terms
of molecular weight, allowing separation or a substantial purifica-
tion from the crude mixture by distillation. Interestingly termina-
tion products distribution and nature depends on the experimental
conditions adopted in carrying out the reaction trials.

The termination product CF3OOCF3 deriving from reaction (6) of
Scheme 1 was clearly present in the reaction where the CF3OF
concentration was maintained always above zero, on the contrary
in this experimental condition the termination product C8F18O4

deriving from the reactions (8) was completely absent. In this
condition also the oligomerization and polymerization of the
perfluoroolefins were substantially suppressed, also in the case of
the very reactive TFE, see Section 4.4.3 for details.

These experimental conditions are characterized by the
presence of hypofluorite during the addition reaction and can be
performed by adding the olefin to the hypofluorite, these
conditions herein referred as ‘‘reverse hypofluorite addition’’ are
Scheme 1. Free radical pathway for the reaction of pe
different from the standard methodologies described in the
literature were the hypofluorite is added to the olefin.

The standard addition methodology herein referred as ‘‘direct
hypofluorite addition’’ where the olefin concentration was
maintained always above zero, is characterized by the presence
of olefin during the addition reaction and can be performed by
adding the hypofluorite to the olefin. The termination product
C8F18O4 deriving from reaction (8) of Scheme 1 was observed only
when the reactions of CF3OF with CF2 CFOCF3 was conducted in
the ‘‘direct hypofluorite addition’’ condition. Generally this
experimental choice is mainly due to safety reasons since the
perfluoroalkyl hypofluorites are thermodynamically unstable and
may undergo to self-decomposed [2].

2.1. ‘‘Direct hypofluorite addition’’

In this experimental set we have observed the presence of
termination products deriving from the reaction (8) of Scheme 1. In
the reaction mixture traces of CF3OOCF3 were also present, but this
compound was also prepared from CF3OF and carbonyl fluoride [15].
In fact traces of CF3OOCF3 were also observed when a stream of
crude CF3OF was bubbled through a perfluorinated solvent in
absence of olefin. Therefore, we consider the occurrence of CF3OOCF3

as impurity already present in the reagent CF3OF and not due to
reaction (6). Moreover, in the ‘‘reverse hypofluorite addition’’
described in Section 2.2 below, the amount of CF3OOCF3 increased
compare to the amount present in the ‘‘direct hypofluorite addition’’.
It is also important to observe that when adopting the ‘‘reverse
hypofluorite addition’’ the termination products deriving from
reaction (8) of Scheme 2 were completely absent.

In the ‘‘direct hypofluorite addition’’, due to the starvation of
CF3OF in the reaction media, we have supposed the presence of a
relatively high concentration of the radical (E) deriving from the
propagation reaction (3) shown in Scheme 2.

This is in agreement with the experimental finding where
the termination products derive substantially from the
reaction (8) when adopting the ‘‘direct hypofluorite addition’’
procedure.

Based on the above experimental finding, the mechanism of
Scheme 1 can be simplified for the kinetic of the ‘‘direct
hypofluorite addition’’ as shown in Scheme 2.

Since in the reaction between CF3OF and CF2 CFOCF3 there are
two possible, but not equal addition sites of the CF3O on the olefin,
rfluoroalkyl hypofluorites RFOF with olefin C C.



Scheme 2. Free radical pathway for the ‘‘direct hypofluorites addition’’ of perfluoroalkyl hypofluorites RFOF to olefin C C.
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we assume that the two radical species I and J of Fig. 1, deriving
from propagation step (3) of Scheme 2, are present in the ‘‘direct
hypofluorite addition’’ procedure.
Fig. 1. Radical I and J deriving from the addition of radical CF3O to CF2 CFOCF3.
The radical species I and J following reaction (8) of Scheme 2
combine giving the terminating chain products P, Q and O deriving
from the reactions (11a), (11b) and (11c) are shown:
(11a)

(11b)

(11c)
Reactions (11a), (11b), (11c) and regiochemistry of the termination
reaction (8) of Scheme 2 when the hypofluorite is CF3OF and the
olefin is CF3OCF CF2.

Since the termination reaction (8) generates high molecular
weight products, those can be concentrated by distillation of the
low boiling products and then detected at higher concentration in
the residue of distillation. In addition we have not observed any
oligomerization of the vinylether, this can be predicted since
perfluorovinylether do not omopolymerize especially at tempera-
ture as low as �70 8C. In the reactions products the molar ratio
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between linear L to branched K is 4:1, therefore we expect that the
relative amounts of termination products in the crude reaction
mixture should be in the range of O (64%) > Q (32%) > P (4%).

In the setting of the differential equations, we have
considered negligible the product deriving from initiation
reactions (Product D of Scheme 2) compared to the addition
product F.

We have applied the steady state hypothesis to the radical
species and by taking into account the general equation Vi = Vt we
have obtained Equations Set 1 as shown:

v1 ¼ v2 ¼ v8� v3 ¼ v4
d

dt
CC ¼ v1 þ v2 þ v4 � v3 ¼ 0

d

dt
CE ¼ v3 � v4 � 2v8 ¼ 0

d

dt
CZ ¼ v1 � v2 ¼ 0

8>>>>>>><
>>>>>>>:

9>>>>>>>=
>>>>>>>;

Eq. Set 1. Applied the ‘‘direct hypofluorite addition’’ of
perfluoroalkyl hypofluorites RFOF to olefin C C in the steady
state hypothesis.

Consequently the kinetic system can be simplified as shown in
Equations Set 2:

d

dt
CA � �v4 ¼ �k4CACE ¼ �k4

ffiffiffiffiffiffiffi
k11

kT8

s ffiffiffiffiffiffi
C3

A

q ffiffiffiffiffiffi
CB

p
d

dt
CB � �v3 ¼ �k3CCCB ¼ �v4 ¼ �k4

ffiffiffiffiffiffiffi
k11

kT8

s ffiffiffiffiffiffi
C3

A

q ffiffiffiffiffiffi
CB

p
d

dt
CC ¼ 0 CC ¼

k4

k3

ffiffiffiffiffiffiffi
k11

kT8

s ffiffiffiffiffiffi
C3

A

CB

s

d

dt
CZ ¼ 0 CZ ¼

k11

k2
CB

d

dt
CD ¼ v1 ¼ k11CACB ¼ v2

d

dt
CE ¼ 0 CE ¼

ffiffiffiffiffiffiffi
k11

kT8

s ffiffiffiffiffiffi
CA

p ffiffiffiffiffiffi
CB

p
d

dt
CF ¼ v4 ¼ k4CACE ¼ k4

ffiffiffiffiffiffiffi
k11

kT8

s ffiffiffiffiffiffi
C3

A

q ffiffiffiffiffiffi
CB

p
d

dt
CH ¼ v8 ¼ kT8C2

E ¼ v1 ¼ k11CACB

8>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>><
>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>:

9>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>=
>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>;
Scheme 3. Free radical pathway for the ‘‘reverse hypofluorite ad
Eq. Set 2. Applied to the ‘‘direct hypofluorite addition’’
methodology in the steady state hypothesis.

In particular, equation (Eq. (I)) below describes the consump-
tion rate of the perfluoroolefins in the ‘‘direct hypofluorite
addition’’ methodology:

d

dt
½¼� � �k4

ffiffiffiffiffiffiffi
k11

kT8

s ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
½RFOF�3

q ffiffiffiffiffiffiffi
½¼�

p
(I)

2.2. ‘‘Reverse hypofluorite addition’’

In this particular experimental addition methodology, the
reaction is carried out in excess of hypofluorite avoiding the
formation of oligomers and dimeric byproducts that normally are
formed utilizing the standard hypofluorite addition to free radical
reactive olefins [16,17]. This lack of high molecular weight is
mainly due to severe olefin starvation and high hypofluorite
concentration in the reaction media.

This experimental methodology, allows the synthesis of
perfluoroethers in purity above 98% already in the crude reaction
mixture [11]. The good purity of the desired product in the crude
reaction mixture promptly facilitates the isolation of the
perfluoroethers main products in high purity normally needed
for biomedical application. In fact due to the relatively high excess
of hypofluorite the sole termination product was the volatile
compound CF3OOCF3.

Base on the above experimental finding the mechanism of
Scheme 1 can be simplified for the kinetic of the ‘‘reverse
hypofluorite addition’’ as shown in Scheme 3.

Similarly to the ‘‘direct hypofluorite addition’’ methodology, we
have applied the steady state hypothesis:

v1 ¼ v2 ¼ v6� v3 ¼ v4
d

dt
CC ¼ v1 þ v2 þ v4 � v3 � 2v6 ¼ 0

d

dt
CE ¼ v3 � v4 ¼ 0

d

dt
CZ ¼ v1 � v2 ¼ 0

8>>>>>>><
>>>>>>>:

9>>>>>>>=
>>>>>>>;
dition’’ of olefin C C to perfluoroalkyl hypofluorites RFOF.
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Eq. Set (3). Applied to the ‘‘reverse hypofluorite addition’’ of
olefin C C to perfluoroalkyl hypofluorites RFOF in the steady state
hypothesis.

In particular, equation (Eq. (II)) below describes the consump-
tion rate of the perfluoroolefins in the ‘‘reverse hypofluorite
addition’’ methodology:

d

dt
½¼� � �k3

ffiffiffiffiffiffiffi
k11

kT6

s ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
½RFOF�

p ffiffiffiffiffiffiffiffiffi
½¼�3

q
(II)

3. Conclusions

Analysis of the products present in the reaction between CF3OF
and CF2 CFOCF3, including the termination products, confirmed
the mechanisms proposed for two different experimental addition
methodologies. In the ‘‘direct hypofluorite addition’’, where the
CF3OF concentration was close to zero, dimeric like products or
oligomers were present in the crude reaction mixture. In the
‘‘reverse hypofluorite addition’’, where the fluoroolefin concentra-
tion was close to zero, dimeric like products or oligomers of the
fluoroolefins were absent and the peroxide CF3OOCF3 was the
unique termination product. This experimental approach allowed
the identification of a straight and economical methodology for the
preparation of highly pure perfluoroethers having low boiling
point and low Ostwald coefficient.

4. Experimental

4.1. Safety

Based on the literature data [18] organic hypofluorites should
be always regarded as potential explosives. For safety reasons
CF3OF was diluted with helium in a molar ratio of 1/1. Any contact
between hypofluorites and the operator must be avoided; the
reactors and the hypofluorite plant must be perfectly sealed and
located in a dedicated area. More information regarding the
toxicity and handle information of these chemical categories are
available in the literature [2,19]. In particular information on
the toxicity of the volatile termination product CF3OOCF3 have
been recently reported [20]. The aggressive volatiles CF3OF
and CF3OOCF3, due to their low boiling point, can be directly
eliminated through the vent of the reaction mixture at the end of
the reaction.

4.2. Methods
� T
he synthesis of CF3OF was carried following a modified
procedure described in the literature [16] using an under-
stoichiometric amount of fluorine in order to avoid the presence
of byproducts induced by the presence of fluorine. Depending on
the relative amounts of reagents it can take about 30 min for
reaching the steady state. The preparation and reactions of CF3OF
were realized in a continuous S.S. laboratory scale apparatus
equipped with on line GC/TCD, 8 m PTFE + Kel-F oil packed
column and on line Thermo Nicolet 380 FT-IR, PTFE gas-phase
cell with CaF2 windows, volume 8 cm3, length 10 cm.

� R
eagents CF3OCF CF2, CF2 CF2, CFCl CFCl and solvent CF2Cl–

CFCl–CFCl–CF2Cl were purchased from Solvay Solexis and
utilized without any further purification.

� O
ff-line volatile compounds were handled assuming ideal gas

behaviour in a glass and/or stainless-steel system equipped with
glass/PTFE or stainless-steel valves. Pressures were measured
with an Endress + Hauser transducer PMP 131-A3BO1A2N
coupled with an Endress + Hauser RIA 250 digital display.
� O
ff-line IR spectra of the purified mixture of isomers has been
obtained on a Thermo Nicolet 380 FT-IR with a glass made gas-
phase cell, volume 56 cm3, length 10 cm, equipped with KBr
windows and filled with less than 5 mbar of product.

� 1
9F NMR spectra were recorded on a Bruker AV 500 MHz

spectrometer; chemical shifts are expressed as d values with neat
CFCl3 as an internal reference (ppm = 0).

� M
ass spectra were performed on a Varian Mat CH-A spectro-

meter in the electron impact mode at ionization energy of 70 eV.

4.3. Direct hypofluorite addition

4.3.1. General procedure

The ‘‘direct hypofluorite addition’’ procedure consists of
bubbling a stream of hypofluorite into a solution of the olefin
maintained at the desired temperature in a semi-batch method in
order to operate in excess of olefin. The addition reactor is standard
dimensions designed 250 ml AISI 316 cooled by an external vessel.
The reactor is realized with a discharge bottom valve and two
feeding tubes. The reactor’s head is equipped with: an outgoing
tube for collecting the off-gas stream and a mechanical/magnetic
transmission stirring system. The feed of the addition reactor and
the off-gases are analysed on-line via IR, GC-TCD and GC-IR. At the
end of the addiction the reactor has been stripped with 4 nL/h of
helium for abut 30 min, the vessel is unloaded and the resulting
mixture has been analysed via GC, GC-MS e NMR 19F. The raw
reaction mixture has been distilled in vacuum or at atmospheric
pressure.

4.3.2. Reaction of CF3OF with CF2 CFOCF3

The addition reaction is operated in a semi-batch technique,
120 g of a solution containing 50% of CF3OCF CF2 (MVE) in CF2Cl–
CFCl–CFCl–CF2Cl are introduced in the reactor as described in
Section 4.3.1 above. The mixture into the addition reaction is
cooled at the temperature of �80 8C. The charged reactor has been
fed with a stream containing CF3OF 2.3 nL/h, He 2.5 nL/h and COF2

0.4 nL/h. for about 3 h.
During the reaction time it has been observed the presence of

CF3O–CF2–CF3 in the off-gases by on line GC-IR analysis, this
product derive from the initiation reaction (1) and (2) of Scheme 2,
this product has been also recognized by NMR 19F as traces in the
volatile fraction after distillation [21].

The raw mixture contains the solvent CF2Cl–CFCl–CFCl–CF2Cl,
the main products L and K in the ratio L/K = 4, the unreacted
CF3OCF CF2 and dimeric like products (C8F18O4) deriving from
reaction (8) of Scheme 2, these products are also described in
literature [16]. Selectivity of the reaction defined as moles of the
addition products L + K over moles of reacted alkene is 94%.

Characterization of CF3OCF2CF2OCF3 and (CF3O)2CFCF3: The linear
product L and the ramified K have very similar S.B.P. Therefore,
they have been characterized as one pseudo compound. Standard
boiling point 19.9 � 0.5 8C.

Antoine equation parameters:

A ¼ �4754:5159
B ¼ þ1227925345:2414
C ¼ �258557:7393

P8 = 10(A � (B/(T + C)) [bar] T [K].
Enthalpy of vaporization evaluated at the boiling point

30.2 � 0.1 kJ/mole.
Entropy of vaporization evaluated at the boiling point =103.2 J/

mole � �0.6 J/(mole K).
The entropy of vaporization has been calculated following the

Trouton’s rule. (DSev = R ln(Pvap/Prif) + DHev/Tev = DHev/Tev).
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19F NMR (L): d �57.8 (s, 6F, CF3OCF2CF2OCF3), �92.7 (m, 4F,
CF3OCF2CF2OCF3).

19F NMR (K): d �57.1 (s, 6F, (CF3O)2CFCF3), �88.3 (d, 3F,
(CF3O)2CFCF3), �102.6 (m, 1F, (CF3O)2CFCF3).

MS m/z (rel. int.): 135(6), 119(30), 97(4), 69(100), 50(6), 47(5).
IR (cm�1) of the mixture L 80%, B 20%: 1291 (s), 1251 (s), 1199

(m), 1167 (s), 1153 (s), 1128 (m), 1102 (w).

4.3.3. Reaction of CF3OF with CF2 CF2

The reactor is charged with about 176 g of PFPE Galden1 LS155
(b.p. 155 8C) and cooled to �100 8C. A gaseous stream constituted
of CF2 CF2 (TFE) 3 nL/h and He 3 nL/h, has been fed until 18.0 g of
TFE are condensed in the reactor, the gaseous stream of TFE is then
stopped. Subsequently a stream constituted by CF3OF 1.8 nL/h, He
4.0 nL/h, has been fed in the addition reactor for 1 h.

The raw reaction mixture contains the solvent, the product
CF3OCF2CF3 and a complex mixture of polymeric and oligomeric
byproducts. The characterization data of the ether CF3OCF2CF3

match with the data available in the literature [21]. Selectivity
defined as moles of the addition products over moles of reacted
alkene is 48%.

4.4. Reverse hypofluorite addition

4.4.1. General procedure

The ‘‘reverse hypofluorite addition’’ procedure consists of
bubbling a stream of olefin into a solution of the hypofluorite in
order to operate in excess of hypofluorite at the desired
temperature.

The reaction is carried in the CSTR described in Section 4.3.1
with a continuous feed of both the reagents.

The reactor is charged with the solvent, cooled at the desired
temperature and a gaseous stream consisting of CF3OF (2.35 nL/h),
He (2.5 nL/h), COF2 (0.3 nL/h) is fed in the reactor for about 12 min
before starting to add the olefin. After adding the olefin, for safety
reasons it is compulsory to eliminate the residual hypofluorite
before opening the reactor. In order to remove the majority of the
overloaded hypofluorite from the bulk, the liquid phase has been
stripped with an stream of 4 nL/h of helium for abut 30 min at the
temperature between �80 and �90 8C, after that maintaining the
temperature in the range �80 to �90 8C about 2 ml of CFCl CFCl
have been added in the reactor to eliminate the reaming traces of
hypofluorite. The traces of CF3OF react completely with CFCl CFCl
producing CF3O–CFCl–CF2Cl [22].

4.4.2. Reaction of CF2 CFOCF3 with CF3OF

In the reactor are introduced 60 g of CF2Cl–CFCl–CFCl–CF2Cl as
solvent and cooled at �80 8C. After the CF3OF saturation period of
12 min a pure stream of gaseous of CF3OCF CF2 (2.21 nL/h) is also
feed in the reactor, the molar ratio between the regents
CF3OCF CF2 and CF3OF is 0.94/1. The reaction is carried on for
4 h. During the reaction time it has been observed in the off-gas the
presence of the lightweight termination and initiation byproducts.
Those products G and D have been also found in the reaction raw
mixture and have been recognized respectively as CF3OOCF3 [23–
25] and CF3O–CF2–CF3 [21] from data available in the literature. It
is important to note that products P, Q, O described in Section 4.3.2,
are completely absent in the reaction mixture.

Selectivity defined as moles of the addition products L + K over
moles of reacted alkene is 98%.

4.4.3. Reaction of CF2 CF2 with CF3OF

The reactor is initially filled with about 176 g of PFPE Galden1

LS155 (b.p. 155 8C) and cooled to�100 8C. After a saturation period
of 12 min with CF3OF (2.0 nL/h), He (4.0 nL/h) a gaseous stream
constituted by CF2 CF2 (1.8 nL/h) and He (2 nL/h) is also introduce
in the addition reactor, both gaseous stream are maintained for 3 h,
the molar ratio between TFE and CF3OF is 0.90/1. After interrupting
the regent flow, the liquid phase, mantained at a temperature of
�90 8C, has been stripped for 30 minutes with 4.2 nL/h of helium.
During the reaction time it has been observed evidences for the
formation of the products G (CF3OOCF3) deriving from termination
step 6) of Scheme 3.

The raw reaction mixture contains the solvent, the product
CF3OCF2CF3 and only traces of CF3OCF2CF2CF2CF3.

Selectivity defined as moles of the addition products over moles
of reacted alkene is 99%.
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