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The photoionízation curves and the threshold energies for the moleeule and several abundant 
fragment ions of CF4, C2FB, C.iFs, CjFio, CF3 H, CFiCI, CF:iBr, and CF:J have been measured. The 
threshold energies are eorrelated and the ¡onic heats of formation and some bond dissociation energies 
are calculated. It is apparent that the valúes obtained for the CFJ ions are not the adiabatic ones, but 
include large amounts of excess energy. This excess is the lowest for the CF+ from Cí'.il for which an 
explanation is suggested. Assuming that the excess is not zero for the last compound we obtain the 
following upper limits: A///S(CF.-,)-^ « +  365.3 kj mol-> =  +  87.3 kcal mol '; /(CF:,) + «  8.62 eV;
/ ( C 2F,-.)+ ^  8 .72 eV ; /(C 3 F 7 )+  « 8 . 7 0  eV ; /(C -jf!))*  s  8 .68  eV . F ro m  th e  m e a n  v a lu é  D(Cp — C,,) =  402 
± 2  kJ m ol ' =  9 6 . 0 ± 0 .5  k c a l m o h ‘ th e  b o n d  d is so c ia tio n  e n e rg ie s  D(C ;, — C«) =  3 6 3 ± 3 kJ m ol '
=  8 6 .8 ± 0 .8  kcal mol ' and D ( C ,- C )  = 3 3 7 ± 4  kJ mol"‘ =  80 .6±  1.0 kcal mol > and D (C p -F )  =  525 
kJ mol '=  125.7 kcal mol ' are calculated.

Key Words: CF4 ; € 2^ 5; CiF»; CjFm; CF.tH; CF3CI; CFsBr; CF.jI; heats of formation; ionization 
energies; mass spectrom etric; photoionization; vacuum ultraviolet.

1. Introduction

T h e sp e c tra , ionization  and  d issoc ia tion  en e rg ies  of 
various ions from  fluo rocarbons an d  trifluorom ethyl 
ha lides have b een  m e asu red  by e lec tró n  im pact 
[1 - 1 1 ] '  or sp ec tro sco p ica lly  [1 2 ] by sev era l au th o rs . 
T he h ea t o f fo rm ation  an d  th e  bond  d issocia tion  e n e r ­
gies have also  b een  m e asu red  or ca lc u la ted  by  various 
m ethods [13—26]. M any of th o se  valúes a re  not in good 
ag reem en t. H ow ever, re c e n t m e a su re m e n ts  have given 
im proved  valúes for som e fu n d am e n ta l d a ta  —from  
w hich m ost bond  en e rg ies  a re  d erived  —su c h  as th e  
hea t o f fo rm ation  of H F  in aq u eo u s  so lu tion  by Johnson  
et al. [30] an d  th e  h e a t o f fo rm ation  of C F 4  by D om alski 
an d  A rm stro n g  [31]. G enera l an d  c ritica l rev iew s have 
b een  m ade by B enson  [27], K err [28], and  L a c h e r  and  
S k in n e r [29].

T h e  photo ion ization  o f the  (CF:¡) free  rad ica l has  also 
b een  m e asu red  rec en tly  by L ifsh itz  an d  C h u p k a  [32]. 
T h u s  it has  se em e d  w orthw hile  to re m e a su re  by pho- 
ton im p ac t th e  ion ization  en e rg ies  of se lec ted  positive 
ions from  sev era l fluorocarbons. To ass is t in th e  in ter- 
p re ta tio n  of th e  re su lts  we in c lu d e  m e a su re m e n ts  of
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trifluorom ethy l h ah d e s  and  fluoroform . All o f th e se  
re su lts  a re  re p o r te d  an d  d isc u sse d  in th is  p ap er.

2. Experimental Procedure

M e asu rem en ts  w ere m ade by m eans of an in s tru m e n t 
p rev iously  d esc r ib e d  [33]. It co n s is ts  o f a single focus- 
ing, 15 cm  rad iu s , 60 d eg ree  deflection  m ass spectrom - 
e te r  w ith  a S eya-N am ioka vacuum  u ltrav io le t mono- 
ch ro m a to r o f a focal leng th  of 1  m an d  a reso lu tion  of 
1  A w ith  bo th  slits o f th e  m o nochrom ato r fixed at 
0.1 m m . T h e  gold-coated  1200 groove/m m  grating  
could  be m anually  ro ta ted  w ith a re se ta b ih ty  b e tte r  
than  0.5 A.

T he w a v e le n ^ h s  w ere  m e asu red  w ith an ac cu rac y  
b e tte r  th a n  1 A. T h e pho ton  so u rces u sed  w ere  as 
follows:

1. F rom  1400 to 1050 Á the co n tin u u m  d isch arg e  in 
argón a t a  p re ssu re  of 400 m m  ex c ited  by m eans of 
a 800 W  2450 M H z m icrow ave g en era to r.

2. F rom  ap p rox im ate ly  1100 to 900 Á th e  m any-lined 
sp e c tru m  p ro d u ce d  by m icrow ave d isch arg e  in 
hydrogen.

3. F rom  950 to  600 A th e  H opfield  con tin u u m  ex­
c ited  by a d-c d isch arg e  in helium  at a p re ssu re  of 
250 m m .

T h e re la tiv e  pho ton  in ten s ity  w as m e asu red  by the  
p h o to e lec tric  eff^ect on a p iece  o f chem ica lly  c lean  
tu n g sten  in te rc e p tin g  th e  b eam  of hgh t w hen  it leaves
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th e  ion source . A co rrec tio n  for th e  sensitiv ity  of pho ton  
d e tec tio n  as a function  of th e  w aveleng th  w as intro- 
du ced  acco rd in g  to  W h eato n  [3 4 ]. T h e  ion c u rre n t 
w as m e asu red  w ith a 20 stage e lec tró n  m u ltip lie r, a 
p ream p lifie r, an am pHfier, an d  sca le r.

An em p irica l fo rm ula  w as e s ta b lish e d  to  c o r r e d  for 
th e  d e c re a se  in the  sam ple  rese rv o ir p re ssu re , th e  
m o lecu lar w eight an d  th e  v iscous flow of th e  gas 
th rough  th e  leak . A p rog ram  to p erm it all th e  above 
P rocessing  of th e  d a ta  hy C om puter w as w ritten  and  
u se d  in m ost o f th is  work.

A sm oo th ing  co m p u ta tio n a l p ro c e d u re  u sing  C heby- 
shev  po lynom ials w as also  ap p lied  to som e cu rv es 
u sing  a p rog ram  developed  a t the  NBS by R. B. P a rh n , 
bu t all th e  ionization  th re sh o ld s  w ere  d e te rm in e d  
before in tro d u c in g  any sm oothing.

T h e  g ases  u se d  w ere  o b ta in ed  from  co m m erc ia l 
so u rce s  an d  p u ritie s , as s ta te d  by th e  su p p lie rs , w ere 
g en era lly  b e t te r  th a n  99.5 m ole p e rc en t. M ass sp e c tra  
in d ic a ted  no in te rfe rin g  im p u ritie s  sign ifican t to  th e se  
m e asu rem en ts .

3. Results

S om e typ ica l photo ion ization  yield cu rv es  for fluoro- 
ca rb o n s  an d  perfluo rom ethy l h ah d e s  a re  show n in 
figures 1 to 5. T h e  w aveleng th  is p lo tted  in th e  ab sc issa  
an d  th e  ion y ield (ion c u rre n t p e r  pho ton  tra n sm itte d  
th ro u g h  th e  ion source) is p lo tted  in a rb itra ry  u n its  
on the  o rd in a te .

M olecu lar ions w ere not o b se rv ed  in any of th e  
fluorocarbons b u t they  ap p e a re d  in all th e  perfluoro ­
m ethy l h a lid es  an d  in fluoroform . T h e  CF+ ions w ere 
the  m ost a b u n d a n t in all th e  m olecu les ex am in ed  at a 
w ave leng th  of 584 Á. T h e  ob se rv ed  ionization th re s h ­
o lds o f all ions a re  su m m arized  in tab le  1.
C F J  ¡o n  f r o m  C F 4 . T h e  onse t w as lo ca ted  at 799 ±  1  A 
in good a g re em e n t w ith th a t o f 796.7 Á found  by Cook

et al. [1 2 ]. It w as g rad u a l an d  sm ooth  w ith no hot 
b an d s or au to ion ization  p ea k s  o bserved . T h e  p rin c ip a l 
fea tu re  is a  very  defin ite  in c re a se  in slope at approxi- 
m ately  725 Á sug g estin g  th a t a t h ig h e r en e rg ies  two 
ionization  m ech an ism s are  su p e rim p o sed .
C 2 F J  io n  f r o m  C 2 FB. T h e  o n se t is at 805 A an d  the 
cu rv e  is sm ooth  an d  g radua l un til 720 Á. T h en  to 685 
Á a partia lly  reso lved  s tru c tu re  p robab ly  due to au to ­
ionization  is o b se rv ed  an d  also  an o th e r  one n ea r  
650 Á.
C F J  io n  f r o m  C-iFti. T h e  th resh o ld  al 910 A is fol- 
low ed by a very  long an d  con tin u o u s slope un til 600 Á 
w ith  som e s tru c tu re  su p e rim p o sed  n ea r  730 A —690 
an d  640 Á p robab ly  du e  to  som e auto ion ization .

15.0 15.5 16.0 16.5
ENERGY, eV 

17.0 17.5 I8D 19.0 20.0 21.0

WAVELENGTHJ

Figure 2. Ionization curve fo r  C2 F5 ion from  CíF»}.
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Figure 1. Ionization curve fo r  C¥^ ion from  CF4 .
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Figure 3. Ionization curve fo r  CF:̂  ion from  C2 F«.
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F i g u r e  4. lon iza tio n  curve fo r  QjFy ion fro m  C^Fs.

10.8 10.9
ENERGY. eV 
11.0 112

WAVELENGTH.X

F i g u r e  5. lo n iza tio n  curve fo r  C F j  ion fro m  C F 3I.

T a b l e  1. Su m m a ry  o f  experim enta l ion iza tion  thresholds

SubstancB Ion

CF4

C:,F«

C4F,„

CF:,CI

CF.Br

CF,I

CF.-,H

/ C F . ) ’
IGF:,)-

(C ,F « ) *
( C ,F : . ) -
(CF3 )̂
(CFr
( C ,F . |^
(C:,F7)-
( C ,F s )*
(C F :.I^

ic.F.or
( C .F t )^
(C :,F .s)^
( C ,F : J *
(C-2F 3I*
(CF:.)̂
( C F 3C I)*
( C F , ) ^

(C F . ,B r ) ^
( C F . ) ^

( C F J ) ^
( C F ; , ) -

(CFaHK
( C F , ) *

802
910
740

803
931
938

804
932
792
950
792
938

1001
982

15.46
13.62
16.75

15.44
13.32
13.22

15.42 
13.30
15.65 
13.05
15.65 
13.22

12.43 
12.57

k j mol ‘ kcal m ol"' Observation

1492
1314
1616

1490
1285
1276

1488
1283
1510
1259
1510
1276

1199
1213

D etected but not m easured.
1059 11.84 1142

1212
1138

10.23
10.89

987
1051

D etected but not m easured.
877 1 14.14 I 1364

356.5
314.1
386.3

356.1
307.2 
304.9

355.6
306.7
360.9
300.9
360.9
304.9

286.8 
290.0

236.0
251.0

326.1

No ions. 

No i^ns.

No ions.

No ions.

Small peak.

Small peak.

In this and subsequent tab les and text, the following equivalences are used: 1 eV mole- 
ru le  '= 9 6 .4 « 7 0  kJ m ol-'; 1 kral mol-> =  4.1840 kJ m o)-'; 1 r m ' ' =  12398.1 X lO’** eV.

C :iFf io n  fro m  CsF». T h e  cu rv e  beg ins at 803 Á and 
in c re a se s  g radua lly  u n til n ea rly  745 Á (the o n se t of 
the  CF+ ion) w h ere  it re a c h e s  a flat top.
CFj from  CF3I. T h e  onse t is very  g rad u a l an d  dif- 
ficuh  to ló ca te  exac tly , b u t defin itely  at an en erg y  not 
h igher th a n  10.89 eV. S om e s tru c tu re  in  the  cu rve 
(p robab ly  du e  to  v ib ra tions in  th e  ion) cou ld  be c learly  
seen  w hen  a co rrec tio n  for th e  s c a tte re d  ligh t w as 
in tro d u ced .

T h e  cu rv es  of th e  rem a in in g  ions also  exh ib it sm ooth  
th re sh o ld s  follow ed by m ore or less g rad u a l in c re ase s .

O ccasionally  a rap id  in c re a se  is ob se rv ed  w hich  is 
in te rp re te d  as th e  beg inn ing  of a new  d issocia tion  
p rocess. N o o th e r  sp ec ia l c h a ra c te r is tic s  w ere o b ­
se rv ed  of c o n se q u e n c e  for th is  w ork. It is no tew orthy  
th a t in th e se  m olecu les as in th e  ca se  of h y d rocarbon  
ions [35] little  ev id en ce  is o b ta in ed  for au to ion ization  
e x c ep t as no ted  above.

4. Discussion

T h e va lúes a t room  te m p e ra tu re  of the  h e a t o f for- 
m ation  AHf^c,g(CF:iX) an d  th e  h e a t o f d issoc ia tion  
D .M C F - S -X )  for X = F ,  C l, B r, I , H an d  CF3 are  
know n. T h u s  it is possib le  to derive  in e a c h  ca se  a 
valué for the  h e a t o f fo rm ation  AHf^ggiCFs) o f the  
free  rad ic a l by  th e  re la tion

A//yS,8(CF3) =  AHfS ŝiCFs -  X)
+  D2»8(CF3 — X) A//^9ü(X).

T h e va lúes of w ere  ca lc u la ted  u sing
th e  valúes of H 29» — Ho g iven in N B S T e c h n ica l N ote 
270-3  [1 4 ]. C alling  (CFj*)^ the  ions, ex c ite d  or no t, 
in  th e  S t a t e  an d  w ith  all th e  ex cess  en erg y  w ith  w hich  
th e y  are  o b ta in ed  by photo ion ization  at th e  th resh o ld , 
w e have ca lc u la ted :

AHf^{CF*r =  A//y?(CF3X)+ A(C F*)- A/Zyj'íX)

In  th e  ca se  of th e  free  rad ic a l CF3 th e  valué  ̂
A / /^ 9 8 (CF 3 ) =  — 112.5 k ca l m oh* has b ee n  o b ta in ed  by 
av erag in g  the  o th e r  six n u m b e rs  in  th a t co lum n in 
tab le  2; it co inc ides w ith  th e  valué — 112.5 ± 1 .2  kca l 
m ol“ * m e asu red  by C oom ber an d  W h ittle  [2 1 ]. T h e

* The use of units of kcal mol ' in portions of this paper is for the purpose of comparing 
p resent results with previously published dala.
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T a b l e  2a. Therm odynam ic valúes {in kcal mol ‘) o f  several fluorocarbons '̂

(CF:,X) D2»8(CF;,-X) Ref.'- A(CF*) AWy2*8«CF:,)

CF:,-F
CF:,-H
CF.-CF:,
CFi
CF:,-C1
CF3 -Br
C F .- l

-222.87 ± 0 .3 8  
-165.1 ± 0 .5  
-321 .0  ± 0 .1

-165 .8  ± 0 .5  
-155 .5  ± 0 .2  
-139.4

[31
[24
[22

[23] 
[19-20]

[24]

-2 2 1 .5 ± 0 .4
-1 6 3 .4  ± 0 .5
-3 1 9 .0 ± 0 .1
-111 .5
-1 6 4 .6 ± 0 .5
-1 5 2 .6  ± 0 .2
-138 .0

1 2 9 .3 ± 2  
106.2 ± 0 .5  
93 ± 4

82.9
69.4 ± 0 .8  
53.7

21
25
18

D
20
24

357.9
326.1
314.1

290.0
273.0
251.0

-1 1 2 .4 5
- 111 .0
- 1 1 4 .0

'‘ -1 1 2 .5
- 112.0
- 112.8
-1 1 1 .3

118.0
109.6
106.6 
101.8 
96.7
92.2
87.3

> 3 0 .7
> 21.8
>  19.3
>  14.5
>  9.4
>  4.9
> 0.0

229.5
220.6 
218.1

“ 213.3
208.2
203.7
198.8

“ Eslim ated uncerlainties.
Refers to num bers in the bibliography.
('a lcu la ted  from
Av<*ranp of lh<‘ n ther six valúes in this ('olumn.

'■ ( ’alculaled fnun CF^Br and CFil.
'C a lcu la ted  frorn E.E. + f r o m  CF,I.
“ Obtairu'd by Lifsohilz and Chupka [32] by phntoionization of CF.i fret- radical.

T a b l e  2b . T herm odynam ical valúes in k j  m ol ' fo r  the sam e com pounds

CFh- F
CFs-H
C F ,- C F ,
i 'S ,
C F ,-C 1
C F ,- B r
C F . - I

(CF,X)

-9 5 6 .9
- 6 9 7 .0

-1 3 4 3 .0

-6 9 3 .7
-6 5 0 .6
-5 8 3 .7

A///^(CF:,X)

-9 2 6 .8
-6 8 3 .7

-1 3 3 4 .0
-4 6 6 .5
-6 8 8 .7
-6 3 8 .5
-5 7 7 .8

D2»«(CF.i —X)

541.0
444.0
389.0

34Ó.8
290.4
224.7

A(CF*)

1497.5
1364.4
1314.2

1213.4
1142.2
1050.2

-4 7 0 .5
- 4 6 4 .4
-4 7 7 .0
-4 7 0 .7
-4 6 8 .6
-4 7 2 .0
-4 6 5 .7

493.7
458.6 
446.0 
425.9
404.6
385.8 
365.3

E.E.

>  128.4
>  91.2
>  80.8
>  60.7
>  39.3
>  20.5
> 0.0

KCFp-

960.2
923.0
912.5
892.5
871.1
852.3 
831.8

co rresp o n d in g  A H f^ (C F ^ y  w as o b ta in ed  by co rrec tin g  
to O K an d  ad d in g  th e  th resh o ld  pho to ion ization  energy  
of 9.5 eV  =  213.3 k ca l m ol” ' m e a su re d  by L ifsch itz  
an d  C h u p k a  [3 2 ].

F rom  th e  com p ariso n  of the  A/Z/J’osíCFs) valúes so 
o b ta in ed  it is ea sy  to see  th a t the  th e rm o ch em ica l 
va lúes ag ree  q u ite  w ell; th e ir  dififerences are not 
la rg e r  th a n  ± 1 .5  kca l m o h ’. O n th e  co n tra ry  the dif- 
fe re n c e s  in A//y¡$’(CF*)+ are  m uch  la rg e r, som e 30 
kca l m ol“ ' from  C F 4  to CF3I. T h e d isa g re em en t is too 
la rge  to be a t tr ib u te d  to th e  e rro rs  in e ith e r  th e  p h o to ­
ionization  or th e  th e rm o ch em ica l m e asu rem en ts . It 
is a p p a re n t th a t for som e rea so n  we have not m e a s­
u red  th e  ad iab a tic  po ten tia l an d  som e ex cess  energy  
is in c lu d ed  (p erh ap s very  sm all for CF3I).

T h e su b s ta n c e s  in tab le  2 have b ee n  lis ted  acco rd in g  
to th e ir  d e c re a s in g  va lúes  of . W e observe
th a t the  o rd e r  is one of in c re as in g  a tom ic w eight o f X 
an d  o f in c re as in g  C — X  d is ta n c e s  [36] for th e  halides . 
T h is su g g ests  th e  follow ing exp lana tion . In  all th e  lis ted  
CF3X m olecu les the  o rb ita ls  of th e  va lence  e lec tro n s  
o f th e  ca rb ó n  are  sp^. It has b een  d em o n s tra te d  [26] 
th a t th e  C F 3  free  rad ic a l is not p lanar. T h a t suggests  
th a t th e  o rb ita ls  re ta in  at leas t som e sp^ ch a ra c te r . 
H ow ever, th e  C F j  ion is p la n ar, an d  the  th re e  va lence  
e lec tro n s  a re  in sp'^ o rb ita ls  lying in a p lañe w ith the  
vacan t p  o rb ita l p e rp e n d ic u la r  to  it [3 7 ], It seem s 
rea so n ab le  th en  to assu m e th a t, Hke th e  iso e lec tro n ic  
BFs m olecu le , an e lec tró n  from  one of the  nonbond ing  
pa irs  o f an  F  ju m p s  to th e  p  — C o rb ita l fo rm ing  a n  
bonding. T h ere  are  th re e  sim ila r possib le  configura- 
tions in re so n a n c e  w ith th e  em p ty  p  o rb ita l s tru c tu re

an d  w ith som e partia lly  ionic s tru c tu re s  [3 8 ]. In the 
ca se  of BFa a re so n a n c e  energy  of 48 kcal mol ' has 
b een  c a lc u la ted  [3 9 ], It is likely th a t in the  C F j ion 
due to m ore favo rab le  ch a rg e  d is trib u tio n  cond itions 
th a t valué will be still h igher.

T h e  follow ing c o n seq u e n ces  can  be d ed u ced :
If^we ac ce p t the  ap p ro x im ate  valué of 10.8 eV sug- 

ges ted  by L ifsch itz  an d  C h u p k a  as th e  v ertica l ioniza- 
tion p o ten tia l of the  CF^ free  rad ica l, an ad iab a tic  
th resh o ld  en erg y  low er th a n  8.62 eV (as ou r m e a su re ­
m en ts  from  C F jl suggest) does not seem  u n rea so n ab le  
bu t very p robab le . T h is  w ould req u ire  th a t both  the  
F C F  ang les an d  th e  FC d is ta n c e s  in the free  rad ica l 
be app rox im ate ly  th e  sam e as those  in the  C FiX  m ole­
cu les ; in o th e r  w ords th a t th e  C o rb ita ls  be still nearly  
p u ré  sp'K

I f  th e  B —F d is ta n c e s  change  from  1.43 A in the  
BF 4  to 1.295 Á in BF3 b e c a u se  of the  re so n a n ce  of th e  
77 bond ing  and  esp ec ia lly  b ec au se  of th a t o f the  p a r ­
tially  ion ic fo rm s [38, 4 1 ] , sim ila r and  p e rh a p s  la rg e r 
ch a n g es  can  be ex p e c ted  from  CF¡ rad ica l to C F j ion. 
T h u s  som e a p p re c ia b le  am oun t o f energy  m ust be 
as so c ia te d  w ith th e  sy m m etrica l s tre tc h in g  v ibrations. 
O f co u rse  la rge  out-of-p lane b en d in g  v ib rations a re  
also ex p ected .

It is likely th a t in the  ca se  of th e  C F 3 X m olecu les, 
a t leas t p a r t of th e  re so n a n ce  energy  is not lost as 
ex c ess  en erg y  b u t tra n s fe rre d  by rad ia tio n le ss  m ech- 
an ism s to the  d issoc ia tion  co o rd ín a te  in a c co rd an c e  
w ith  th e  fu n d am e n ta l p o s tú la te  o f th e  q u as ieq u ilib riu m  
theo ry  of m ass sp e c tra  [4 0 ]. In th a t ca se  th e  ch a n g es  
in o rb ita l con figurations, th e  77 bond ing  an d  th e  res-
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o n an c e , o cc u r at least partia lly  befo re  the  d issocia tion  
is co m p le ted . P a lk o  an d  D rury  have su g g ested  th a t 
th e  fo rm ation  of th e  t t  o rb ita ls  in BFg is due to th e  high 
repu ls ión  b e tw een  th e  nonbond ing  e lec tró n  p a irs  
c row ded  in th e  sm all va lence  shell o f the  F  a tom s. 
T h u s  it can  be e x p e c te d  th a t th e  p ro cess  will be ra th e r  
difficult to  co m p le te  in C F 3 X befo re  d issoc ia tion  w hen 
th e  X atom  is F, e a s ie r  w hen it is C1 an d  B r, an d  still 
e a s ie r  w ith  I.

D esp ite  the  fac t th a t CF3I+ has a longer re s id e n ce  
tim e in  th e  ion so u rce  th a n  C F 3 Br+, th e  m o lecu lar 
ion p ea k  is re la tive ly  la rger. No m o lecu lar or co rre- 
spond ing  m e ta s ta b le  p ea k  is o b se rv ad  w ith C F j. T h is 
in d ic a tes  th a t the  d issoc ia tion  p ro ce ss  is th e  longest 
w ith  CF3I, sh o r te r  in  C FsB r an d  CF3CI, an d  so sh o rt 
in C F 4  th a t it is not im p ro b ab le  th a t som e ap p re c ia b le  
k ine tic  en erg y  could  be lost in th e  fragm en ta tion .

T h u s in th e  CF3I th e  d issoc ia tion  p ro cess  gives m ore 
tim e an d  fa r le ss  difíiculty  to th e  tra n s fe r  of th e  res- 
o n an ce  en ergy  to th e  d issocia tion  co o rd ín a te ; th is  is 
enough  fo r th e  tra n s fe r  to be to ta l o r n early  so. In  th e  
rap id  d isso c ia tio n  of the  CF4 only a sm all am oun t can  
be tra n s fe rre d , th e  o th e r  p a rt being  lost as ex cess  
energy . S im ila r rea so n in g  w ould exp lain  the  in te r ­
m ed ía te  s itua tion  in the  d issocia tion  of CF3 —Cl, 
CF3 —B r, an d  also  w ith th e  nonhalogens like CF3 — H 
an d  CF3 —C F i, e tc . T h e  dec isive  in fluence of the  
crow ding  of e lec tro n s  in  the  v a len ce  sh e ll of F  and  
X could  exp lain  why the  n o n tra n sfe rre d  ex cess  energy  
is so defin itely  d e p e n d e n t on th e  n a tu re  of th e  a tom s 
re la te d  to the  bond  b roken  in th o se  m o lecu les , as we 
will see  la te r.

In  th e  ca se  of the CF3 fre e  rad ica l th e re  is no frag ­
m en ta tio n  an d  th u s  below  th e  v ertica l ionization  po- 
te n tia l the  tra n s fe r  of ex c ess  en erg y  to  th e  ionization  
p ro ce ss  m ust be rea c h e d  th rough  a com plete ly  dif- 
fe ren t m ech an ism . T h u s  only in th is  ca se  v ib rational 
p eak s a p p e a r  c lea rly  su p e rim p o sed  on th e  th resh o ld  
o f the  ion ization  y ield cu rve . A p p aren tly  only th e  out- 
of-p lane b end ing  fre q u en c ie s  a re  ob se rv ed  on th e  
cu rv e s  o b ta in ed  by L ifsh itz  an d  C hupka .

T h is does not n eed  to be in te rp re te d  in th e  sen se  
th a t th e re  a re  not o th e r  v ib ra tions in  th e  ion bu t only 
as an ev id en ce  th a t th is  is th e  only  one w hich h as  a 
tra n s fe r  m e ch a n ism  rap id  enough  o r efficient enough  
to be d e tec ted .

T his cou ld  exp lain  th e  inab ility  to ob se rv e  th e  tru e  
ad iab a tic  th re sh o ld  energy . T h e  d iffe rence  b e tw een  the  
ad iab a tic  an d  th e  ob se rv ed  valué w ould co rresp o n d  
at le a s t to  som e energy  of th e  com plete ly  sy m m etrica l 
s tre tc h in g  v ib rations.

T he sm a lle st ex c ess  o f en erg y  is th a t o f D(CF 3  —I), 
b u t we have not found  any ind ica tion  th a t it is zero 
o r very sm all, so we can  ca lc ú la te  only low er lim its of 
th e  ex c e sse s  of energy  (tab le ?>,

I t has  b ee n  su g g ested  above th a t th e  ex cess  energy  
w ould only d ep e n d  on the  bond  b roken . W e can  ef- 
fec tively  o b serv e  from  tab le  1 th a t for the  C F | ions 
o b ta in ed  from  C 3 F 8  an d  C 4 F 1 0 , in bo th  of w hich  we 
ob ta in  th e  sam e ion by b rea k in g  sim ilar b o n d s, w here  
the  only p ro b ab le  d iffe rence is a d iffe rence in ex cess

T a b l e  3. Lower lim its  o f  excess energy ca lcu la ted  fro m  thresho ld  
energies

Bnnd dissocícition
E x c e ss  en e rg y

k ca l mol"* k j  m o l- ' eV

D ( C F ,- F ) ....................................................................................... >  30.7 >  128 >  1.32
D ( C F , - H ) ...................................................................................... > 2 2 .3 > 9 3 > 0 .9 6
[ ) ( C F , - C F , ) ................................................................................. >  19.3 >  81 >  0.83
K C F ,).......................................................... >  14.5 >  61 >  0.63
D ( C F ,-C 1 ) .................................................................................... >  9.4 >  39 > 0 .41
D ( C F ,- B r ) .................................................................................... >  4.9 >  20 >  0.21
D (C F ,- I ) ................................................................................. > 0.0 > 0 > 0.00

en erg y , th is  d iffe rence  is exactly  zero. H ow ever, in the  
ca se  of the  C 2 F J ions o b ta in ed  from  C 2 FB an d  C 3 F 7 , 
in w hich  d ifferen t bonds are  b ro k en , th e  d iffe rence is 
2.14 eV. F u rth e r , in  th e  ca se  of th e  C 3 F Í  ions o b ta in ed  
from  C 3 F 8  an d  C 4 F 1 0 , in w hich  th e  sam e two k inds of 
bonds a re  b ro k en , th e  d iffe rence is also  2.14 eV.

C om p arin g  th e  th resh o ld  en e rg ies  of C F j an d  
C 2 F J from  C 3 F 8 , an d  a ssu m in g  the  sam e ex cess  energy  
b e c au se  the sam e bond  is b ro k en , we get

/(C 2 F 5 )+ =  /(C F 3 )+ +  0 .10 eV ;

from  C F J an d  C sF f (from  C 4 F 1 0 )

/(C 3 F 7 )+ =  /(C F 3 )+ +  0 .08 eV ;

by d iffe rence : /(C 2 F f)  —/(C 3 F 7 )+ =  0.02 eV.

T his is exac tly  th e  d iffe rence  b e tw een  th e  th re sh o ld  
en e rg ies  o f th e  (C2 F 5 )+ from  C 2 F 6  an d  (C3 F 7 )+ from  
C 3 FH.

T h e d iffe rence  of 0.40 eV b e tw een  th re sh o ld  e n e r ­
gies of CF;| from  C 2 F« an d  from  C 3 F 8  is easily  ex- 
p la ined  by th e  fac t th a t in  th e  first ca se  a bond  b e tw een  
two p rim ary  ca rb o n s  is b roken  w h ereas in th e  second  
one it is a bo n d  b e tw e en  a p rim ary  an d  a seco n d a ry  
ca rbón . T h e  d iffe rence  of 0.27 eV b e tw een  th e  th re s ­
hold energy  of (C2 Fs)+ from  CsFs an d  C 4 F 1 0  w ould 
likew ise be d u e  to th e  fac t th a t one bond  is b e tw een  
a p rim ary  an d  a seco n d a ry  ca rb ó n  an d  th e  o th e r  
b e tw een  two seco n d a ry  ca rbons.

T h e re  p ro b ab ly  a re  sm all d iffe ren ces in th e  ex cess  
en erg y  re la te d  to e a c h  k ind  of bond  an d  so th e  d if­
fe re n c e s  o b se rv ed  do not n ec essa rily  m e asu re  ac- 
c u ra te ly  th e  d iffe ren ces in bond  en erg ies . As a  ru le , the  
in te rn a l co n s is te n cy  of the  valúes o b ta in ed  by photo- 
ion ization  is not a p roo f in its e lf  th a t th e  d iffe ren ces in 
th re sh o ld  en e rg ies  can  give a c c u ra te lv  th e  d iffe rences 
in bond  d issoc ia tion  en e rg ies . N ev e rth e le ss  in th is  ca se  
if we no te th a t th e  d iffe ren ce  in th e  a p p e a ra n c e  poten- 
tia ls  o f the  (CFi)+ ions from  C F 4  an d  C 2 F 6  is 43.8 kca l 
m ol“ ’ b u t th e  c a lc u la ted  d iffe rence  in ex cess  energy  
is only 8.4 k ca l m ol^ ' (less th a n  one fifth) it seem s 
p robab le  th a t th e  d iffe rences in ex c ess  energy  are  
sm all b e tw een  bonds co n n ec tin g  th e  sam e k in d s of 
atom s (all C— C or all C— F) b u t d iffering  only in th e  
fac t th a t  th e  ca rb o n s are  p rim ary  o r secondary . W hen  
the to ta l d iffe rences a re  sm all th e m se lv es , th ey  can
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be ta k e n  to good app rox im ation  as d iffe ren ces ¡n bond 
d issocia tion  e n e rg ie s , p e rh a p s  w ith not le ss  ac cu rac y  
th an  d irec t th e rm o ch em ica l m easu rem en ts .

In o u r ca se  we can  w rite  ap p ro x im ate ly  D(Ci — C |) — 
0.4 eV — D(Ci —C 2 ) == D(C 2 —C 2)+0.3  eV  an d  co n s id er 
th a t to  a good app rox im ation  all the  m-19 ions m eas- 
u red  h ad  th e  sam e ex cess  energy  A  an d  all th e  o th e rs  
an  ex c ess  B ^ A — 8 A  k ca l mol d esp ite  th e  fac t 
th a t th e  va lúes o b ta in ed  from  CF.tl in d íca te  th a t 
B  ^  19.3 k ca l m ol~' w hich is a ra th e r  large valué.
If we ac ce p t th e  valúes

/(CF,))+ «  8.62 eV — 198.8 kca l m ol ' an d  
A ///°(CF:t)^ «  +  87.3 k ca l m ol" ' we get 
/(C 2 F 5 )+ =  /(C F 3 )+ +  0 .10 e V « 8 .7 2  eV 
/(C íF t)^  =  /(CF;í)+ +  0 .08 eV  «  8.70 eV 
7(C4F9)+ =  /(G íF t)^  -  0 .02 eV «  8 .68  eV.

A ccep tin g  th e  m ean  valué

A / /^ 9 8 (CF:í) =  — 1 1 2 .5 ± 0 .4  kca l m o h ' we get
D2 »«(CF3  — C F 3 ) =  96 .0  ± 0 .5  kcal mol ‘ an d
D2»«(CF, -  F) -  D298(CF3 -  CF..,)

=  33.3 k ca l m o l" '=  1.44 eV.

T h u s  th is C F  bond is ap p rox im ate ly  1.44 eV s tro n g e r 
th an  th e  C —C bonds b e tw een  p rim ary  ca rb o n s.

L ess ac cu ra te ly  we can  w rite:

D 2 9 s ( C i  —  C 2 ) —  D 2 9 s ( C |  —  C l )

— 0.40 eV  =  86 .8  kca l m ol" '
D 2 9 8 ( C 2  — C 2 ) —  D 2 9 8 ( C i — C l )

— 0.67 eV  =  80.6  k ca l m o l" '.

It is th u s  possib le  to p red ic t th e  follow ing valúes for 
the  a p p e a ra n c e  p o ten tia ls  from  C 5 F 1 2 .

A (C .-,Fur =  15.4 eV 
A(C 4 F 9 )+ =  13.3 eV 
A(C 3 Ft)+ =  13.0 eV

A (C 2F5)+=13.0 eV 
A (C F s)+ = 1 3 .2  eV 
/(C 5 F,,)+ « 8 . 6 8  eV.

A ssum ing  for all th e  C i —F d isso c ia tio n s th e  sam e 
ex c ess  energy  of 30.7 kca l m o l" ' found  for DíCFs —F) 
we can  ob ta in

D(C 2 F s - F ) =  125.8 k ca l m ol" '

D(C.¡F7 — F ) =  125.6 kca l m o l" '.

T h is co in c id en ce  suggests  th a t in th e  seco n d  ca se  the  
lost F  w as also bonded  to  a p rim ary  ca rb ó n  and  we can  
ac ce p t a m ean  valué

D(Ci — F ) =  125.7 kcal m o l" ',

slightly  low er th a n  D(F¡C -  F). T h is re su h  can  be com ­
pared  with

D (C F ,-B r )  =  69 .4  ± 0 .8  k ca l mol '
D(C 2 Fr, -  Br) =  D{C;,F7  -  Br)

=  67.0  ± 2 .5  kca l mol '

o b ta in ed  by C oom ber an d  W h ittle  [2 ] .  I f  in the  second  
case  F  w ere b o n d ed  to th e  seco n d ary  ca rb ó n , th a t 
w ould have m ean t D(Ci —F )= Z )(C 2  — F ).T h is  does not 
seem  likely. T h e  valué o b ta in ed  for A//y^9 s(CF)) from  
C 2 Ffi a p p e a rs  to be too h igh , and th a t from  CF:¡1 too 
low. It is likely th a t:

D (C F .,-C F :,)=  9 6 .0 ± 0 .5  kca l m ol" ' 
D { C F ,-B r)  = 6 9 .7 ± 1  kcal mol '
D ( C F ,- I )  = 5 2 .5 ± 1  kca l m o l" '.

T ab le  4 has  b een  ob ta in ed  u sing  th e se  valúes.
W e can  also  m en tion  th a t ex cep t for CF;í —F , th e  

C l —F bonds are  D2 9 «(Ci — F ) —D2 9 s(Ci — Ci) =  29.7 
k ca l m o l" '=  1.28 eV  stro n g er th a n  th e  C i —C, bonds.

5. Conclusión

V ery p rec ise  valúes of the  th resh o ld  en erg ies  for 
the  m o lecu lar an d  frag m en t ions can  be o b ta in ed  by 
p ho to ion iza tion , but th e re  is no reaso n  to assu m e a 
p riori th a t th o se  valúes co rresp o n d  to the  ad iab a tic  
tran sitio n .

It is show n in th is  p ap e r th a t in som e ca se s  the  to ta l 
ex c ess  en e rg y  w ith  w hich th e  ions are  o b ta in ed  at 
th resh o ld  ca n  be d iffe ren t from  zero  by am o u n ts  th a t 
can n o t be n eg lec ted . N e v e rth e le ss , in the p re se n t 
State of th e  a r t, w hen  th is  ex cess  en erg y  can  be deter- 
m ined , pho to ion iza tion  can  give d issocia tion  energy  
valúes as  good or b e t te r  th a n  d irec t th e rm o ch em ica l 
m ethods.

I am  in d e b ted  to H. M. R o sen sto ck , V. H. D ibeler, 
G. T . A rm stro n g , an d  W . H. E vans for very he lp fu l sug- 
ges tions an d  d iscu ssio n s and  to th e  In te rn a tio n a l

T a b l e  4.

Adiabatic dissociation Excess energy Photoionization dissociation
Dissociation

kcal mol ' k j mol"' eV kcal mol ' kJ mol ' eV kcal mol"' kJ mol ' eV

F3C - F ............................ 129.3 541 5.61 > 3 0 .7 >  128 >  1.32 >  160.0 > 6 6 9 > 6 .9 3
C.-F................... 125.7 525 5.45 > 3 0 .7 >  128 >  1.32 >  156.4 > 6 5 3 > 6 .7 7
FsC-H................. 106.2 444 4.61 > 2 2 .3 > 9 3 > 0.% >  128.5 > 5 3 7 >  5.57
c. c,.................. 96.0 402 4.16 >  19.3 > 8 1 > 0 .8 3 >  115.3 >  482 > 4 .9 9
C,-Q.................. 86.8 363 3.76 > 19.3 > 8 1 >  0.83 > 106.1 > 4 4 4 > 4 .5 9
Ci-C,.................. 80.6 337 3.49 >  19.3 > 8 1 > 0 .8 3 > 9 9 .9 > 4 1 8 > 4 .3 2
F ;,C -C 1 .......................... 81.7 342 3.54 > 9 .4 > 3 9 > 0 .4 1 > 91 .1 > 381 >  3.95
F . ,C -B r .......................... 69.7 292 3.02 > 4 .9 > 2 0 > 0.21 >  74.6 > 3 1 2 >  3.23
F : ,C -I .............................. 52.5 220 2.28 > 0 > 0 > 0 >  52.5 >  0 > 2 .2 8
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