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ABSTRACT 

Lanthanide trifluoromethyl sulfonates, M ( S O 3 C F 3 ) 3  9H2 O, have been 
prepared and characterized by analysis, optical properties and thermal behaviour. 
Dehydration proceeded in two steps for the lanthanum, cerium, praseodymium and 
neodymium salts and in three steps for other members of the lanthanide series. 
Thermal decomposition to lanthanide fluoride, carbonyl fluoride and sulfur dioxide 
occurred at temperatures greater than 400~C. This decomposition has been shown to 

be a two step process. 

! ,~"I'RODUCTION 

Since the preparation of  trifluoromethyl sulfonic acid by Haszeldine and Kidd* 
in 1954, there have been only a few studies ofi ts  inorganic salts. Haszeldine and Kidd z 
prepared the sodium, silver and barium salts. Schmeisser et al. 2 prepared the zirconi- 
um and thorium salts as well as the more complex compounds CIzTi(SO3CF3)2, 
CITi(SO3CF3)3, R.Si(SO3CF3),- . ,  R=Sn(SO3CF3)~-= and R3PbSO3CF3 where R is 
CH3 or C6H5- The lithium salt was reported by Bennion and Tiedmann 3 and some 
complex cyclopentadienyl compounds of  titanium(IV) and vanadium(IV) were 
reported by Doyle and Tobias 4. Dalziel and Aubke 5 prepared the compounds 
I(SO3CF3)3 and M(1SO3CF3), where M was K, Rb, or Cs and the iodyl and iodosyl 
compounds IO2SO3CF3 and IOSO3CF3 were reported by Dalziel, Carter and 
Aubke 6. Bachelor et al. 7 described the tin salts. The chromyl compound was reported 
by Brown and Card  a and the trifluoromethyl compound was reported by Hoftle and 
Cady 9. The only references to lantbanide trifluoromethyl sulfonates are the patent 
granted to Thorn *° and the preparation of  the anhydrous lanthanum, samarium, 
europium and ytterbium compounds by Massaux and Duyckaerts* ,. 

" Taken in part from the M.S. tb_~is o f  J. S. Byko-,~ki, Department of  Chemistry, University of  
Massa~usetts, Amherst, Mass. 01003, U.S.A. 
** ~ t  address: Dade Division, American Hospital Supply Co., C.,~nford, N- J. 07016, U.S.A- 



None  o f  these studies involved detailed thermal  investigations o f  dehydra t ion  or  
decomposit ion.  Even the hydrat ion state o f  many  o f  these compounds  has not  been 
established. In view o f  the interesting thermal  deeon,posit ions found for  lanthanide 
salts o f  some o ther  f luorinated acids ~-" it was felt that  a s tudy o f  the lanthanide 
tr if iuoromethyl sulfonates should be undertaken.  

EXPi~IME-'NTAL 

Reogents. Trif luoromethyl  sulfonic acid was purchased f rom Alfa Products  
(Ventron Corp.)  in 25 gram ampoules  packed under  argon. Lanthanide  oxides were 
f rom A. D. MacKay,  Research Chemicals or  private stock. Min imum purity was 
99.9 ~o- All o ther  reagents were analytical reagent quality. 

7~tern,.al methods. Thermogravimetr ic  cur~es were obtained f rom a Du-Pont  
Model 92-'0 unit  with a 40 ml m i n -  1 flow of  dry. nitrogen. Full scale and  expanded 
scale (75-100%) modes  were used with tempera ture  ranges o f  ambient  to 500°C 
(heating rate 3 : C  m i n - t ) .  Sample size was approximately 15 rag. For  differential 
thermal  analysis the Du-Pont  Model  900 high temperature  DTA cell was used with 
an a tmosphere  o f d r y  air (100 ml m i n -  ;), a heating rate o f  15cC ra in-  t an ordinate  
sensitivity o f  0.02 mv int:h- ~, 5 mg samples, and a luminum oxide as the reference 
material_ 

P~Tolysis ~ chromatography  was carried with a chromalytics MP 3 pyrolysis 
chromato~,aph .  After  heating the sample for 30 min at  225°C to ensure an 

a n h y d r o u s  ~tat¢,  t h e  t e m p e r a t u r e  w a z  r a i s ed  t o  4 2 0  : C  a t  4 0 c C  m i n -  ~. A h e l i u m  f l o w  

o f  25 ml m i n -  I was used and  the volatile pyrolysis products  were trapped in a !/8 in. 
stainless steel coil cooled in liquid nitrogen f rom v'hich they. were transferred to the 
columns.  Tg'o columns were used: ( i )  a 4 ft. x l /g inch stainless steel co lumn packed 
with 80-100 mesh Poropak Q beads (Waters Associates) and  (2) a 3 ft.. x l/g inch 
stainless steel column packed with 5 A molecular  sieves_ The thermal conductivi ty 
detector  current  w'as held at ! 50 mamps,  while the detector  temperature  was progxam- 
meal at 12=C min-~ .  Individual peaks were t rapped separately in liquid nitrogen 
cooled traps for subsequent IR analysis. 

IR measurements. IR spectroscopy was accomplished with a Pe rk in -E lmer  
Model 137 spect rophotometer  and  a micro ~ cell o f  7.5 ml volume, 5 cm path  length 
and sodium chloride or  l r t ran II windows (Barnes Engineering Co.). 

Microscopy. Microscopic studies were carried ou t  with a Vickers polarizing 
microscope, Model  726405, fitted v i th  the usual polarizing optics and  accessories. 
Car~l le  immersion liquids were used for refractive index measurements.  

Compound preparation. The lanthanide salts were prepared by allowing an 
excess o f  the oxide or  carbonate  to stand with tr if luoromethyi sulfonic acid at  room 
temperature  for several days, filtering off  the excess solid and evaporat ing the clear 
solution in a/r or  vacuum over  D R I E R I T E  or  phosphoric  oxide. The  hydra t ion  state 
v~0,s established by drying in vacuum to constant  weight and  rehydra t ingover  s a t u ~ t  _,~d 
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aqueous  NaBr  - H 2 0  ( 5 8 ~  relative humidi ty)  or  over sa turated aqueous CaCl2 
6 H 2 0  ( 3 2 ~  relative humidity) .  

Analytical methods. I .anthanides were determined gravimetrically by the usual 
oxalat¢ precipitation and  ignition to oxide. Carbon,  hydrogen and  sulfur were 
determined by the Office o f  Research Services, University o f  Massachusetts,  Amherst .  
Fluorine could not  be determined accurately because af ter  Schoniger decomposi t ion 
approximately i/3 o f  the fluorine was tied up as lanthanide fluoride and not  titratable. 
The other  analyses, however,  provide accurate  characterization.  

RF~ULTS AND DISCUSSION 

The  analytical results show that  all the lanthanide tr i f luoromethyl  sulfonates 
form stable enneahydrates ,  M(SO3CF3)3 - 9H20-  Representative analyses are shown 
in Tables I and  2. When these compounds  were heated to 500-550~'C they decomposed  
quantitatively to the metal fluoride, MF3, as established by gravimetric analysis o f  the 
heated product ,  thus confirming the other  analytical results. 

Hydration-dehydr-~tion studies showed conclusively that  at  relative humidities 
o f  58 ~o and  325/0 the final stable compound  is the enneahydrate .  Dehydrat ion in 
vacuum at room temperature,  whether  over D R I E R I T E  or phosphoric  oxide was 
never complete  nor  did it appear  to result in an integral number  o f  water molecules 
remaining per mole o f  salt, but  generally the moles o f  water remaining when equilib- 
r ium had  been established increased with a tomic number  f rom about  2 for the 
L a - N d  end  o f  the scrie~ to m-cater than  3 for the higher a tomic  number  elements. It is 
clear that  the water  molecules are not  all bonded with equal forces. This is consistent 
with the thermal  studies which showed a tempera ture  o f  190°C necessary for complete  
dehydrat ion.  

The  thermogravimetr ic  curves for all members  o f  the series were generally o f  
similar shape exept for those port ions showing dehydra t ion  steps. Representative T G  
dehydra t ion  curves are shown in Fig. 1 while Fig. 2 shows the D T A  results. It is clear 
f rom the thermal studies that  the lanthanide salts enn be grouped according to the 

T A B L E  1 

RE.P~ :~ :~ : ' rA ' r IVE ELIF..ME.~'~'I'AL A . % ~ L ~ [ S  OF SOME ¢:~OMPOU'~DS 

Compound o ~ Lanthanide 

Theory Found 

O':o Carbon o~ Sulfur °/o Hydrogen 

Theory Found Theory Found Theory Found 

Ce(OSOzCFa)~.9H..dD 18.70 
Pr(OSO~F2)3.9EL-O ! 8.78 
Sm(OSO~F~)a.gI-I .-O 19.79 
Eu(OSO~F~)-. .9H_-O 19.96 
"Tb(OSO.~CF~)3.9H_-O 20.69 
E r ( ~ F a ) a . g I - I ~ O  21.54 

! 8.'73 4.8 ! 4.'/9 ! 2.83 12.78 2.42 2.37 
! 8.84 4.80 4.74 ! 2.82 13.00 2.42 2.41 
19.82 4.74 4.75 12.66 ! 2.79 2-39 2.34 
19.94 4.73 4_53 12.64 " 1762  2.38 2.29 
20.92 4.69 4.86 12.52 ! 2-53 2.36 2.40 
21.48 4.64 4.65 12.39 12.23 2.34 2.27 
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T A B L E  2 

T G  DATA FOg LA.%-FHA .%'E~ 11~IFLL~ItOMETHA.~'E 

C a t i o n  Wt. o~ as ~ a t e r  Wt. % a s  LnFa 

Theory Fo.nd Theory Found 
Temperature of  
LnF.  f o r m a t i o n  

La 21.67 21.65 26.18 27 .0  420=C 
Ce 21.63 21.8 26.30 27.0 450eC 
Pr 21.61 21.6 26.38 28.0 460"C 
N d  21.52 21 .'7 26.70 28.5 440eC 
Sm 21.31. 2 !.4 27.29 29.0 445 °C 
Eu  21.30 21.5 27.48 29.3 442cC 
G d  2 !. ! 5 2.2.~ 0 27.95 28.3 440 ¢C 
T b  21.10 21.1 28.10 29.0 432=C 
By. 2 ! .00 2 i .  15 28.44 32.0 445"C 
H o  20.94 21.0 28.44 30.5 452 ' :C 
Er  20.88 21.0 28.66 30.0 450cC 
Yb  20.72 20.5 29.40 3 i .0 455 "C 
Y 23.56 23. ! 21.20 21.6 455 ~C 

J 

! i - -  w 

T ~ " e  ( '~')  

l~g. 1. l~-~prege,nt~is-c thennograv lme t r i c  curves  for the dehydrat ion o f  lanthanid¢ trif luorometh~! 
sulfonates .  Heat ing  rate 3 ~'C min  - t .  

dehydraXion process, l.a, Ce, Pr and Nd salts undergo a two step dehydration from 
9 H 2 0  to 2 H 2 0  to anhydrous. Sm, Eu, Gd, Tb, Dy  and Y salts show a three step 
dehydration from 9H_,O to 3 H 2 0  to I H 2 0  to anhydrous. Ho,  Er and Yb salts also 
show a three step dehydration but from 9 H 2 0  to 3 H , O  to 0-5HzO to anhydrous. 
These differences are systematic with increasing atomic number. Yttrium falls in the 
group cont~;ning dysprosium and terbium as is u s u a l  with most  o f  its chemical 
properties. Most o f  the salient temperatures are listed in Table 3. 
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Fig. ~ Diff~'ent~al thermal anal~,~ curves for representative lanthanide trifluoromethyl sulfonates. 
H,~)ing rate 15¢C rain -z. 

T A B L E  3 • 

Cation TG fem.~rLzlure$, T.fo C D T A  temperatures, eC 

Deh>~tration Decomposition A T l i = .  _dTm~z. 
to .~IF, 

La 90(7) L I65(2) 420 110 209 
Ce 90C/) 150(2) 450 105 206 
Pr 90(7) 150(2) 460 
Nd 90(7) 150(2) 435 
Sm 95(6) 140(2) 167(1) 450 ! 12 173 
Eu 95(6) 140(2) 167(1) 442 
Gd 95(6) 140(2) 167(!) 440 
Tb  432 ! 15 190 
B y  445 115 190 
H o  95(60) 165(2.5) 189(0.5) 452 120 199 
F_.r 95(60) 165(2~  190(0.5) 455 
Yb 95(60) 165(2.5) 190(0.5) 455 111 190 
Y 95(6) 145(2) 170(1) 455 

22O 

239 
223 
227 

219 

455 
408 427 
425 460 
425 460 
412 442 

418 

414 

412 

390 

A_4_4 

448 
45O 

448 

• Numbers  ~n p a r e n ~  indk~te moles o f  water lost. 
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Fig. 3 Representa l ivc  tha-mogravimctr /c  c u r ~ s  for i an thanid¢  t r i f luoromethyl  sulfonates  showing  
the .d~-elop.,r~nt o f  the second -b reak ' "  at  tempera tures  ~mreater t han  400"C.  Hea t ing  ra te  10 ~ C m i n - L  

T h e  D T A  curve  for  the  l a n t h a n u m  salt  shows  only  one  exo the rm co r r e spond ing  
to decompos i t i on  to LaF3.  With  increase in a tomic  n u m b e r  o f  the  l an than ide  a 
second exo the rm appea red  and  became inc reas in~y  well resolved.  Close  inspect ion o f  
the  T G  curves (Fig. 3) also showed  tha t  the  decompos i t i on  to the  final M F  3 appea red  
to  proceed in two  stages, this, in part ,  a ccoun t ing  for  the  relatively large t empera tu re  
range o f  decompos i t ion .  F r o m  the weight  re la t ionships  sk,.qwn by the  T G  curves,  it  
v-as clear  tha t  an  in termedia te  c o m p o u n d ,  MF(SO3CF3)z  was f o r m e d  pr ior  to  the  
final decompos i t i on  to MF3.  

A l t h o u g h  bo th  dry  air  and  dry  n i t rogen a tmospheres  were used in the  the rmal  
studies,  the  s to ich iomet ry  a n d  decompos i t i on  t empera tu res  were unaffected by the  
a t m o s p h e r e  so  long as it was dry.  Mois t  a tmospheres  led to  compl ica t ions  resul t ing 
f rom hydrolysis  o f  the  decompos i t i on  products .  

In  o rde r  to  e lucidate  fu r ther  the  decompos i t i on  mechan i sm,  samples  v e r e  
pyrolyT_ed a nd  the  volatile p roduc t s  separa ted  by ._o~ c h r o m a t o m ' a p h y  and  examined  
by I R  spec t ropho tome t ry .  Pyrolysis  a t  420~C yielded volati le p roduc t s  which  gave 
two weU defined gas c h r o m a t o g r a p h  peaks  f rom a P O K A P A K  Q co lumn .  Re ten t ion  
t imes  were 50 sec ~,~ad 10 rain 10 sec respectively. W h e n  pure  sul fur  d ioxide  was 
injected in to  the  c o l u m n ,  a s i n ~ e  peak  wi th  a re tent ion  t ime o f  10 min  10 sec was 
observed.  Wi th  a c o l u m n  o f  5 A molecula r  sieve pack ing  the  pyrolyzed sample  
showed  only  one  c h r o m a t o g r a p h i c  peak  with a re tent ion  t ime o f  17 min  50 sec. 
A sample  o f  pure  sul fur  d ioxide  injected into this c o l u m n  gave a s i n ~ e  peak  wi th  a 
re ten t ion  t ime  o f  i 7 rnin 46 set:. 

This  second  c h r o m a t o g r a p h i c  peak  was examined  by I R  s p e e t r o p h o t o m e t r y  
result ing in the  spec t rum shown  in Fig. 4. Th is  establ ished unequivocal ly  t ha t  sulfur  
d ioxide  v-as one  o f  two  volati le p roduc t s  f rom the  pyrolysis.  As  still fu r ther  evidence,  
passage o f  this gas in to  water  con ta in ing  a little hydrogen  peroxide  yielded a so lu t ion  
which  gave a s t rong  test for  sulfate. 
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Fig. 4. IR  spectra o f  the chromatographic peaks; upper curve, 2nd peak, identifying sulfur dioxide; 
lower curve 1st peak, identifying cm-l~nyi fluoride. 

Examina t ion  o f  the  first c h r o m a t o g r a p h i c  peak  by IR  s p e c t r o p h o t o m e t r y  gave 
the  spec t rum s h o w n  in Fig. 4. This  is clearly the  spec t rum o f  ca rbonyl  f luoride ~ a. i a 
Passage o f  this ~ in to  water  yielded a so lu t ion  which  gave a s t rong  test  for  f luoride 
when  tested microscopical ly  with t r iphenyl t in  chlor ide,  the  hexagonal  t r iphenyl t in  
f luoride crystals being a specific identif icat ion o f  fluoride.  

F r o m  these results it  can  be conc luded  tha t  the  the rmal  decompos i t i on  o f  
a n h y d r o u s  i an than ide  t r i f luoromethyl  su l fonates  is a s tep  process  as represented  by the  
fol lowing equa t ions  

M(SO3CF3)a  -=-) M F ( S O 3 C F 3 ) z  + C O F 2  + SO_. 

MF(SO3CF3)z  -* MF3  .'-- 2 C O F z  q- 2SO2 

(l) 

(2) 

While  all da ta  s uppo r t  this mechan i sm,  the  second  s tep occurs  so soon  af ter  the  first 
tha t  isolat ion o f  the  in te rmedia te  c o m p o u n d  was no t  possible.  

The  crystal iogxaphy o f  the  enneahydra t e s  was s tud ied  microscopical ly.  T h e  
c o m p o u n d s  were found  to  be o r t h o r h o m b i e ,  opt ical ly positive, with  an  ext remely  
small  op t ic  a n ~ e  (2I/) ,  es t imated  a t  less t han  5% T h e  refractive indices for  whi te  l ight 
a n d  r o o m  t empera tu re  were f o u n d  to be ~, = 1.469, fl = 1.470 a n d  7 = 1.473. N o  
differences o u t  to  the  th i rd  decimal  were measurab le  f rom one  end  o f  the  series to  the  
other .  T h e  crystal  habi t  is s h o w n  in Fig. 5. 

= p 

Fig. 5. Crystal habit  for  lanthanide tritluoromethyl sulfonate e~aeahydrate. 
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Qnalltative solubilities were determined microscopically by o b s e , ~ n g  rates o f  
disappearance o f  birefringenoe. The enneahydrates are very soluble in water, methanol,  
100~o ethanol and acetone; appreciably soluble in diethyl ether; slightly soluble in 
amyl alcohol and practically insoluble in p-xylene, nitromethane, nitrobenzene, 
toluene, phenol, 1,2-dichloroethane, benzene, carbon tetrachloride and chloroform. 
All measurements were made at room temperature. 
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