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Elec t rochemica l  fluorination (ECF) in anhydrous HF is one of the basic methods of introducing fluorine 
into an organic molecule.  Despite the fact that there  have been more  than 100 published works in this field, 
ECF remains  a prac t ica l ly  uncontrollable p rocess ,  which a lmost  always proceeds exhaustively, is a ccom-  
panied by destruct ion,  and is charac te r i zed  by low reproducibi l i ty of the results  [1, 2]. The basic  e l ec t ro -  
chemical  pr inciples  of ECF and its mechanism have remained uninvestigated, which is due to the extreme 
difficulty in work in anhydrous HF and the absence of a reliable reference  electrode for this medium. 

The use of sys tems  of e lect rolytes  in ECF differing f rom solutions in anhydrous HF seemed ext remely  
improbable,  since the discharging potential of the F -  ion is very  high, while all the investigated organic 
solvents a re  oxidized at far  more  positive potentials.  However, the high adsorption activity of F -  ions at 
anodic potentials of 1.5 V, noted recently [3], can lead to a substantial increase  in the overvoltage of the 
oxidation of the solvent. Moreover ,  a decrease  in the solvation of the fluoride anion in the organic solvent 
(in compar ison  with anhydrous I-IF) lowers the potential neces sa ry  for  the discharging of fluorine (E 0 of F -  
/ F  2 was calculated as 2.87 V for aqueous solutions and 2.43 V for methanol [4]). We investigated the pos -  
sibility of the e lec t rochemical  oxidation of the fluoride anion in a number  of anhydrous organic solvents: 
methanol,  sulfolane, acetoni tr i le ,  pyridine,  acet ic  and t r i f luoroacet ic  acids.  

It was found that e lec t rochemical  fluorination in anhydrous organic solvents does take place, and in 
cer ta in  cases  proceeds  with high current  yields. Thus, in acet ic  and t r i f luoroacet ic  acids,  a mixture of 
fluorination products  is formed without appreciable decomposit ion of the Ni anode 

CF~ C2H6 
electrolysis CHF3 CO~ 

CHsC00H -~ KHF2 ~ C~Fs -~ CII3COOCH3 
CHF~COOH 
CF3COOH 

electrolysis CFaCOOH q- KHF~ ~ CF~ -~- C~Fs -t- COs 

In the e lec t ro lys i s  of solutions of KF, CsF,  and KHF 2 in acetonitr i le  and pyridine,  ECF proceeds to a neg-  
ligible degree on the Ni anode - CF 4, C2F6, and NF 3 are  formed,  while there is chiefly a decomposit ion of 
the anode or  oxidation of the solvent. In the case of methanol, sulfolane, and aqueous acetic acid, no f luor i -  
nation products  were detected. In a study of the e lec t ro lys is  of a solution of KHF 2 in acetic acid on Pt e lec -  
t rodes ,  only a Kolbe react ion and dissolution of the metal were observed [5, 6]. 

To study the fac tors  producing such a substantial difference in the behavior  of Ni and Pt,  we inves t i -  
gated the i ve rsus  V curves  of a number  of metals  (Ni, Pt, Ag, Au, Pb), subjected to anodic polar izat ion in 
a solution of CH3COOH-KF (or KHF2). The investigations were conducted in a Teflon cell, using a rotating 
microe lec t rode .  A saturated aqueous calomel electrode was used as the reference electrode.  An analysis  
of the polar izat ion curves  and the data of p re l iminary  e lec t ro lys is  indicated that passivat ion of anodes of 
Pb and Ag does not occur ,  and only their  dissolution is observed (Fig. 1). The polar izat ion curves of Pt 

* The ar t ic le  is published on the basis  of a Resolution of the Conference of Edi to rs - in -Chie f  of the Journals  
of the Academy of Sciences of the USSR f rom July 12, 1962, as the disser ta t ion work of A. V. Bukhtiarov, 

Institute of Heteroorganic  Compounds, Academy of Sciences of the USSR. Translated f rom Izvestiy--'~ 
Akademii Nauk SSSR, Seriya Khimicheskaya,  No. 4, pp. 781-785, April ,  1970. Original ar t ic le  submitted 
November  21, 1969. 

�9 Consultants Bureau~ a division of Plenum Publishing Corporation, 227 West 17th Street, New York, 
N. Y. 10011. All rights reserved. This article cannot be reproduced /or any purpose whatsoever without 
permission of the publisher. A copy of this article is available from the publisher for $15.00. 

735 



and Au microanodes have one point of inflection at a potential of 1.85-1.95 V. Since this value is close to 
the potential of the beginning of the Kolbe reaction [i], and the main products of preparative electrolysis 
on Pt are C2H 6 and CO 2, we may consider that the point of inflection at 1.9 V is associated with the be- 
ginning of discharging of the acetate ion. 

An ent i re ly different dependence was observed for  an anode of e lectrolyt ic  nickel. A study of t h e p o l a r -  
ization of the anode in a solution of CH3COOH-CH3COONa revealed a direct  proport ional i ty  of the cur rent  
s t rength to the voltage in the region of anodic potentials 0-2 V (with respect  to the saturated calomel e l ec -  
trode).  In prepara t ive  e lec t ro lys is  with a solution of anhydrous CH3COOH-CH3COONa, t r aces  of C2H 6 and 
CO 2 are  formed,  and 84% of the cur rent  is consumed for  the dissolution of Ni. When KF is added to the 
solution, in contras t  to Pt ,  a typical picture of passivat ion of the metal  is observed,  the rate of which de-  
pends on the concentrat ion of F ions in solution (Fig. 2, curves  1-5). Evidently the passivat ion of pure Ni 
is associa ted with the discharging F -  anions and the format ion of a film on the surface (or part  of the s u r -  
face), containing nickel f luorides.  This film is ex t remely  labile: when the electrode is kept in the solution 
without cur ren t  (10-15 h), it d issolves ,  while during anodic polar izat ion a Flade potential is observed on 
the i ve r sus  V curve.  Prolonged passivat ion of the e lect rodes  evidently leads to an increase  in the thick- 
ness of the film up to a definite limit.  In this case there is a gradual increase  in the anodic potential, and 
at a cur ren t  of 0.0125 A / c m  2, the point of inflection on the i ve rsus  V curve is displaced f rom 2.4 V to the 
maximum value of 4.3-4.4 V (see Fig. 2) (measured by a compensation method on a s tat ionary macroanode).  
Higher maximum values of the anodic potential cor respond to high current  densit ies.  

To solve the problem of the nature of this natural point of inflection, we conducted preparat ive  e lec-  
t ro lys i s  at controlled potential (ECP) on the initial port ion of the curve of increase  in the current .  An ana-  
lysis  of the gaseous products  of ECP revealed CF 4, t r aces  of CHF 3 and C2H 6. Thus, the point of inflection 
on the polar izat ion curve is associa ted  with the p rocess  of e lec t rochemical  fluorination. The data obtained 
permi t  us to draw a number  of conclusions on the mechanism of ECF in the sys tem CH3COOH-KF on nickel. 

1. The presence  of a Fladepotent ia l  on the i ve rsus  V curves of the Ni microanode,  the increase  in 
the potential during fur ther  passivation,  and its decrease  in the case of exposure of the anode to the e lec t ro-  
lyte are  evidence of the format ion of a labile film on the surface of the anode, containing nickel f luorides 
as one of the components.  The prolonged p rocess  of growth of the film to the maximum value is the cause 
of the "induction per iod,"  noted by many authors in ECF in anhydrous HF on new elect rodes .  

2. E lec t rochemica l  fluorination in the sys tem CH3COOH-KF on Ni proceeds  at an anode potential 
above 2.4 V and evidently includes adsorption of the organic molecule as one of the f i rs t  steps. In the case 
of fluorination without adsorption,  g rea te r  s imi lar i ty  to the action of e lementary  fluorine on CH3COOH should 
have been observed.  However,  this react ion proceeds  under r igorous conditions at 100 ~ and leads to mono-  
f luoroacet ic  acid [7], the formation of which we did not note. In the e lec t ro lys is  of a solution of CH3COOH 
- K H F  2, only negligible amounts (current yield up to 1%) of di-  and t r i f luoroacet ic  acids were obtained. 

3. The absence of F20 in the gaseous react ion products  is evidence that the fluorination of the C -  O 
bonds in the CH3COOH molecule does not occur ,  and f luorocarbons are  obtained by the replacement  of the 
hydrogen atoms by fluorine in the hydrocarbon radical .  The possibil i ty of the formation of fluoroalkanes 
f rom the in termediate ly  formed fluorinated acids according to a fur ther  Kolbe react ion is refuted by the 
substantial  d i screpancy  of the composit ion of the gaseous reaction products in the ECF of the sys tems CH 3 
�9 C O O H - K F  and CF3COOH-KF.  

A scheme including initial oxidation of the adsorbed anion of the acid to an acetoxy radical ,  subse-  
quent elimination of CO 2, and the formation of a CH 3" (ads) radical seems most  probable for  the formation 
of the bas ic  products  of the electrode reaction: f luorocarbons in the case of acetic acid. Subsequently the 
CH3"(ads ) radical  reac ts  along three pathways, forming: 1) methyl acetate (yield ~1%); 2) e thaneas  a result  
of dimerizat ion;  3) f luorocarbons by replacement  of hydrogen atoms by fluorine. The ratio of the two basic  
pathways of fur ther  convers ions of the CH 3" radical  - d imerizat ion and fluorination - depends on the e lec-  
trode mater ia l .  The la rges t  yield of polyfluoroalkanes is observed on an electrolyt ic  nickel anode (Table 1); 
in this case dimerizat ion proceeds only to a slight degree.  The format ion only of polyfluoro-compounds 
is evidence that the hydrocarbon radical  adsorbed on the anode should remain on the surface for a long t ime. 
This is evidently associa ted  with the formation of complex compounds of the type of CH3NiF n, containing 
a c a r b o n - n i c k e l  bond, on the anode. The fluorination of this complex at f i rs t  proceeds with replacement  
of hydrogen a toms by fluorine. In the fur ther  at tack of F ' (ads) ,  the C - N i  bond is broken,  and the complex 
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F i g .  1. A n o d i c  p o l a r i z a t i o n  c u r v e s  in the  s y s t e m  C H 3 C O O H - K F :  
1) Ag; 2) Pt ;  3) Au; 4) Pb .  

F i g .  2. P o l a r i z a t i o n  c u r v e s  of the  Ni anode:  1) 5% s o l u t i o n  of CH 3 
�9 COONa in CH3COOH; 2-5)  s o l u t i o n  of K F  in g l a c i a l  CH3COOH: 0.32,  
0.65, 0.98, and  1.63%, r e s p e c t i v e l y ;  6) s a t u r a t e d  so lu t i on  of K F  in 
CH3COOH, p a s s i v a t i o n  f o r  1.0 h, c u r r e n t  0.0125 A /cm2;  7) s a t u r a t e d  
s o l u t i o n  of K F  in CH3COOH, p a s s i v a t i o n  8.0 h,  c u r r e n t  0.0125 A 
/cm2;  8) s a t u r a t e d  so lu t i on  of K F  in CF3COOH, c u r r e n t  0.0125 A 
/ c m  2 . 

b r e a k s  down,  g e n e r a t i n g  a p o l y f l u o r o a l k a n e :  

CH3CO0 | (ads) ---~ CHACO0" ( ads ) - .  CH3" ( ads ) -}- COD 
2CH3" --* C2H6 

F| 2F'(ads) ~F'~ ads) 
CHs" ( ads ) -{- NiF x - - 4  CHe/~iFx+ ~ - - - ~  CH~_FNiFx+ 1 ~-. CHF~NiFx+ l 

--e - -HF - - t tF  

F ( a d s )  2F ' (ads)  - -HF F ( a d s )  

CF4 ~- CFsNiFx+ 1 . . . . .  CHF~ 

2CFsNiFx ,  1 -~  C~F~ 

E X P E R I M E N T A L  

E l e c t r o l y s i s  of CH3COOH + K H F  2. The  e l e c t r o l y s i s  was  conduc ted  in a 100 m l  s t e e l  e l e c t r o l y z e r  wi th  
r e p l a c e a b l e  e l e c t r o d e s  wi th  an a r e a  of 47 c m  2. A s o l u t i o n  of 18.3 g KHF 2 in  100 m l  g l a c i a l  CH3COOH ( s p e c i -  
f ied  e l e c t r i c  c o n d u c t i v i t y  2.92.10 -4 o h m - l . c m  -1) was  u s e d  a s  the  e l e c t r o l y t e .  The  t e m p e r a t u r e  of the  e l e c -  
t r o l y t e  was  m a i n t a i n e d  wi th in  the  r a n g e  20-25  ~ at  a c u r r e n t  d e n s i t y  of 0.0125 A / c m  2 and  a vo l t a ge  of 8-15 V. 
The  g a s e o u s  r e a c t i o n  p r o d u c t s  w e r e  a n a l y z e d  by  the  m e t h o d  of gas  - l i q u i d  c h r o m a t o g r a p h y  on P o r a p a k - Q  
a t  20, 60, and  - 5 0  ~ c o l u m n  l eng th  3 m.  The  v o l u m e  of the  g a s e o u s  p r o d u c t s  was  d e t e r m i n e d  a f t e r  the e l i m -  
ina t ion  of h y d r o g e n ,  f o r  which  the g a s e o u s  m i x t u r e  was  s l o w l y  p a s s e d  t h r o u g h  a t r a p  coo l ed  wi th  l i qu id  N 2, 
then  the c o n d e n s e d  g a s e s  w e r e  e v a p o r a t e d .  To d e t e r m i n e  the conten t  of g a s e s  in  the  m i x t u r e ,  c a l i b r a t i o n  
was  p r e l i m i n a r i l y  p e r f o r m e d  f o r  C F  4, C2F6, CHF3, CO2, and C2H ~. The  e r r o r  of the  c h r o m a t o g r a p h i c  a n a l -  
y s i s  was  2-5  m o l e  %. The  c u r r e n t  y i e l d  of f l u o r i n a t e d  p r o d u c t s  in the c a s e  of e l e c t r o d e s  of e l e c t r o l y t i c  
n i c k e l  was  60-70%. An a n a l y s i s  of the  e l e c t r o l y t e ,  a l s o  p e r f o r m e d  on P o r a p a k - Q  at  200 ~ r e v e a l e d  CHF 2 
�9 COOH and CF3COOH wi th  a c u r r e n t  y i e l d  of ~1% and m e t h y l a c e t a t e  wi th  a y i e l d  of 0.5%. The r e s u l t s  o b -  
t a i n e d  a r e  c i t e d  in T a b l e  1. 

E l e c t r o l y s i s  of C F 3 C O O H - K H F  2. The  e l e c t r o l y s i s  of a s o l u t i o n  of 33 g K H F  2 in  100 m l  a n h y d r o u s  
CF3COOH was  conduc t ed  in  a s t e e l  e l e c t r o l y z e r  on e l e c t r o d e s  of e l e c t r o l y t i c  n i c k e l  a t  20 -25  ~ c u r r e n t  den -  
s i t y  0 . 0 1 2 5 A / c m  2, and  v o l t a g e  12-18  V. A f t e r  the  p a s s a g e  of 0.342 A - h ,  the  g a s e o u s  p r o d u c t s  w e r e  c o n -  
d e n s e d  in  a t r a p  c o o l e d  wi th  l iqu id  N 2. A f t e r  e v a p o r a t i o n  of the  c o n d e n s a t e  we ob t a ined  304 ml  of the  gas  
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TABLE 1. E lec t ro lys i s  of a Solution of CH3COOH-KHF 2 

Anode 

Nickel- NVK 
Nickel-NVK 
Nickel, electrolyt ic  

The same 

Smooth platinum 

Cathode 

Stainless  steel 
Nickel -NVK 
Stainless steel 

Lead 
Nickel electrolytic 
Smooth platinum 

GF4 

18 

Content in mixture, ~mole % 

CHI~ C~F6 C~H~ 

lO 0,8 

7 7 21 
4 

2~ 

21 

35 

CO= 

65 
61 
66 

57 
45 
55 

TABLE 2. Value of the Discharge 
Potential  of the Background E b 
in the Case of Pass ivat ion with 
a Current  of 0.0125 A / c m  2 

Time of 
passiva - 
t~orl, 
hours 

1,0 
3~,0 
6,0 

Time of 
Eb, V [[passiva- 

[[ tion, 
/Ihours 

2,40 II 6,5 
2,9.2 7,0 
3,32 8,0 

% , v  

4,3 
4,36 
4,36 

mixture (under normal  conditions), containing 25 mole % CF 4, 18mole 
% C2F 6, and 57 mole % CO 2 (yield 86%). 

Polar iza t ion Measurements .  Saturated solutions of KF (cp) 
in CH3COOH and CF3COOH were  investigated as the electrolyte .  KF 
was dehydrated by heating (200 ~ under vacuum. Glacial CH3COOH 
(cp) was pre l iminar i ly  heated with KMnO 4, then redist i l led in a s t r eam 
of argon on a fractional  distil lation column. Tr i f luoroacet ic  acid 
was redist i l led twice f rom conc. H2SO 4. The so lu t ionswerep repa red  
in a box under argon. 

Method A. The polar izat ion measurements  were pe r fo rmed  on 
a PA-3 polarog'raph for  a rotating microanode in a Teflon cell under 

a s t r eam of argon. The test  e lectrode was a metal l ic  rod, p res sed  into a Teflon sleeve. The visible s u r -  
face of the electrode was 0.07 cm 2. A saturated aqueous calomel e lectrode,  which was connected to the 
cell by an electrolyt ic  br idge,  represent ing a polyethylene tube 12 mm in d iameter  with a diaphragm of 
porous Teflon 3 mm thick, was used as the reference  electrode.  The bridge was filled with the test  solu-  
tion. Before the measurement ,  the electrode was covered,  polished, then subjected to anodic passivation 
(1.7 mA for  75 min, 4.0 mA for 10 min, and 7.1 mA for  10 min). For  nickel the electrode was kept in the 
solution for  12 h, then r insed with acetone and polished. With such t rea tment  of the nickel electrode,  an 
acceptably reproducible value of the discharge potential of the background, equal to 2.40 (~-50 mV), was ob- 
tained. The value obtained for  the discharging of the background did not remain  constant in numerous subse-  
quent measuremen t s  and inc reased  slowly. 

Method B. The measuremen t s  were pe r fo rmed  in a Teflon cell under argon by a compensation method 
on an R-307 h igh- res i s tance  potentiorneter and an M-195-3 zero  galvanometer .  The e lect rodes  were made 
of two plates (2 • 2 em) of spect ra l ly  pure nickel,  p res sed  in polystyrene.  To measu re  the potential,  a p o l y -  
ethylene geber ,  filled with the tes t  solution, was brought up to the anode. The reference  electrode was con-  
nected to the geber  with an e lect rolyt ic  br idge with a Teflon stopcock, equipped with a diaphragm of porous 
Teflon. Before the measurement ,  the electrode was also purified,  polished, and passivated with a cur rent  
of 0.0125 A / c m  2. The resul ts  obtained are  cited in Table 2. 

In the case of prolonged passivat ion at a current  density of 0.038 A/era  2, the maximum value E b = 5.0 
V was obtained. 

E lec t ro lys i s  at Controlled Potential  (ECP). ECP was conducted in the cell used in method B. The 
e lect rode was pre l iminar i ly  t rea ted  by the same method, and then pass ivated for  3 h at a cur ren t  density 
of 0.0125 A / c m  2. After  passivat ion,  the cell was purged for 1 h with dry  argon and evacuated to remove 
gaseous products .  Then e lec t ro lys is  was conducted at an anodic potential of 3.16 -~ 3.20 V for 30 min with 
a cur rent  of 10 mA. G a s - l i q u i d  chromatographic  analysis  of the gaseous products  revealed CF 4, CHF 3, 
and C2H G. 

C O N C L U S I O N S  

1. The e lec t ro lys is  of solutions of inorganic fluorides in anhydrous organic solvents was investigated. 
E lec t rochemica l  fluorination forming a mixture of f lu0rohydroearbons takes place in acetic and t r i f luoro-  
acet ic  acids.  
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2. On the basis of an analysis of the polarization measurements for a number of metals in the sys-  
tem CH3COOH-KF, a scheme of the process of electrochemical fluorination of acetic acid was proposed. 

I .  

2. 

3. 
4. 
5. 
6. 
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