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Proton affinities of fluoro derivatives of benzene, toluene, 
and m-xylene from ab initio MP2 calculations 
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l 'hc pfOlt)n af|init.v (,0,4) cnelgics of lluoro derivatives of bcrlzcnc, toluene, and m-xylcne 
v,,crc obtained fronl oh inilio MP2-I 'C/6-31G { t:alculatioi~s and compared with experimental 
results. Proton:lied I~'lf111s o|" the nlolcculc:,, rc~,Ulllng I7{)111 dificrcnl v,.avs of proton addition. 
w e r e  s t u d i e d .  R c l a t i v c  Ct'lllCglltril[iOll '~ tit" i>,tinlcric { l l12noniunl  io11% WCl-{2 c : l lCt l l ; l lcd  -i l ld COlTl- 
palcd with the rcsuhs of N M R  studies on ;irenolliUm iOliS hi sOlulions 

Key words: oh mitie~ quarltunl-chcmicai c:llcuhllions. NIP .) method: lltuwo dcrivati,,cs ot 
benzellC. :,.~lUCllt:. and m-',.ylenc: proton :l|fhlilV k, olnclic :lrcnOnitlnl ions. rclalivc concentra- 
tJOllX oi" iSOlllCfS. 

Invest igat ion of  the fundamen ta l  t h c r m o d ) , n a m i c  
propert ies  of  p r o t o n a t e d  lbrms of organic  c o m p o u n d s  is 
an impor tan t  phase  o f  s tudies on pro ton  t r ans f e r  bct,,veen 
illolcculcs ill tile gas phase  ,'tad HI gt)ltltJOI1. There  ;.Ire 
tilre,,." main  m e t h o d s  for dc te rmina l ion  o f  the  gas-phase  
proton afliniiy (P.,t) energies. The o ldes t ,  and  most 
fundamenta l ,  m c t h o d  irivolvcs studies o f  the  format ion  
of  ions under  the  ac t ion  of  ei lhcr  m o n o c n e r g e t i c  clcc- 
Iron inmact  I or  p h o t o i o n i z a t i o n  t echn iques ,  z The  sec- 
ond method  uses 3 m e a s u r e m e n t s  of tile e q u i l i b r i u m  con-  
s tants  for reversible p ro ton  transRzr b e t w e e n  two mol- 
ecules B L and g2: 

B I H '  + B 2 ~ B 2 H  + + B 1. 

The thi rd,  pure ly  theoret ica l ,  approach is based 4o5 on 
q u a n t u n ] - c h e m i c a l  calcul : t t ions of the en t l l a lp i c s  of  pro- 
tona t ion  of  the molecu le s ,  B + H ~ = BH +. Currenl ly .  
the P/I energies o b t a i n e d  from ab in#to ca l cu l a t i ons  arc 
alnlost as reliable as those  de te rmined  experimentall.~.. 
l ' h e  best results arc ach ieved  by using those compu ta -  
t ional  me thods  wh ich  take into accoun t  the  energy of 
elcct ron correlatio,} in molecular  sys tems  ( the  MP2.  
MP4,  C C S D ( T )  m e t h o d s ,  etc.)and make  use of  rati~er 
large basis sets ( the  6 -31G* .  6 - 3 1 + + G * .  a u g - c c - p V D Z ,  
aug-cc -p~ ,qZ  basis sets, ere.). Recent  c o m p a r i s o n  of  
exper imenta l  PA ertcrgies with those o b t a i n e d  from cal- 
cula t ions  ~ at the G 2  level ol 'fl]eory for a large n u m b e r  of 
molecules  s p a n n i n g  a wide range of the  PA scale (from 
H~ to Mc2NH)  s h o w e d  that they d i f fered  by at most 
2..~ kcal reel -1. 

Benzene  der iva t ives  bchavc J in s t rong ac ids  ns bases. 
which can add a pro ton  to give s ah - l i ke  c o m p o u n d s  
A ~- HY = A H '  -!- Y -  with r r e n o n i u m  ions  A H *  as the 
c~ltionic f l agmcnts  o f  the compounds .  Previously .  we 
have s tudied the  s t ruc tu re  of  a rcnon iurn  ions  (Al)  and 

the el ' ,crgctics of  thei r  i somer ic  l r an s fo rma t ions  by ~cmi- 
empi r i ca l  8 - i l l  and ab init io I I  quan tun l - chena ic :d  moth-  
ods. For  instance, ah init io M P2, '6 -31G* calcula i ions o f  
tl~c m~leeufar  structures and energies o f  the AI o f  d ich lo-  
r o b c n z e n e s  for dil 'fcrcnt wa.v,4 o f  prolonalJol l  h:.lvc beell 
carr ied out .  I I We fouHd thai  the  o rde r  of  proton addi t ion 
to d i f ferent  carbon aler t> i l l  d ich lo robenzencs  ix s imi lar  
It) that  p red ic ted  by the addiii'~it.v s c h e m e s  oFsuhs t i tucn l  
effects hi ortho-, recta-, and put'a-positions. Proton mi- 
gra t ion in these AI ix more  energe t ica l ly  lhvorablc than 
thc mig ra l ion  of  a CI a tom.  

Exper imenta l  data on the P/I energ ies  of  po l~ l luoro-  
bcnzencs  obt.:tillcd by diffcrcnl  au tho r s  Iz seem to bc IO 
genie ex tent  n o n - s e l f  cons i s ten t .  On the  o the r  hand ,  no 
high- level  ab initio c: l lcula t ions  of  f luoro-subs t i tu ted  A[ 
have been  reported as yet. The  a im of  this work is to 
perl\~rm ab initio ca lcu la t ions  o f  the  neutral  molecules  
and  AI of  benzene ,  to luene ,  /n -xy lenc .  and  thei r  l luoro-  
subs t i tu ted  derivatives,  thus  c o m p c n x a t h t g  [br the lack of  
theore t ica l  data. 

Calculat ion P r a c e d u r e  

The M 172-FC calculations of the neutral nlolCculc'~ o |  bell- 
zone. k)Itlcnr m-xylcnc, as v, cll as their tluoro-,~uhsliEitcd and 

protonatcd ibrms were carried out using the GAUSSIAN-9X 
program package 13 with the 6-31G* basis set on a CRAY J-g0 
supcrcomputcr ( National Energy Research Supcrcomputer Ceu- 
ter. Berkeley. California. US,-',,). Stable configurations on thu 
potential energy surf:ice were located by tull geonletR,' optimiza- 
tion using analytical gradients. 

As ix known, s the size of a Basis <~et at}tzcts thdaccuracy of 
calculations of the l{.l cm.'rgics of small nlolcculc,; ill xUCII LI ',VII}' 
thai augmentation of the basis set with polarization It, notions 
(passage from tile 6-31G" to 6-31G** basis set) cllangcs tlac ,04 
,.alucs by 2 to 3 kcaI nlol -I.  
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R e s u l t s  and D i s e u s s i o .  

W'c p c r b r m c d  caleulcliions for all i son ler ic  structures 
of the tllolectllCS o f  dil]LiOrobcllzcl]cs ;.lfld t he i r  proton~ted 
Iorms. l,?,clativc s,,abilhics of neutral  d i f ' luorobcnzcncs  
decrease as 1ollows: mere- > para- (0.63 kcat reel - I )  > 

Table I. C41culaled and expcrlil leil i; l l protoll af l in i iy  cllcr{4ics t)l 
lhc molecules (P.,lthc(>r ;.llld PAt,.,. respectively) ;llld relaliw 
COI1CI~Iltl';.ItJR)II% I){" !M~IIICI'iC ; l rCllOllJurl l  i o I B  

('a (bee:ilion" PAit~cnr P, lc\p sj C~c I ( % )' 

kc;il r e e l  I 

I - H . C 0 t l < ,  ~ ( ! )  1~3.6 I I) l)( I  

I -- F. I -I-I.C~,H (" (2) 164.9 
I-'c:,2-II,C~,i15 + (3) IX3.1 
- F,3-1-1 ,CI>H #,- (4) 175.9 
- F,4-II,C~I15 ~ (5) 1<%.4 

.2- F,.4- I I .C~,I14" (6) 178.5 

,3-I.2,2-I-I.('~,I14'- r 
.3.F,,4-II,C+,H4 ) (8,1 

.4-1:>.2-11.C,,1"14 " (9) 

1.2.3-F~.4-11,CJI~" !10) 
1.2.3-f:~.5-11,C+,H C ( ! I) 
1.2.4-1'3.3- I I.C~,I I : + (12~ 
1.2.4-F;,5-11.C1,11~ i l 3 )  

XIX 
,";4.6 

~5.9 

775 
71.6 
74.4 
78 4 

,2.,4-F>h-I ,C,,H~" ~14) 16S.5 
1.3,5-F-,,2.-FI,C~,IIx' (15i I ~;3. I 

1.2.3.4- F4.5- tt.C~, H 2 + (16) 16~.9 

1,2.4.5-Fa.3-fI,C<JIT* (17) 167.3 
l,'> I 4 ~-F- t>H.C~,t I"  (18) lOt).9 . . . . . .  3 ,  

C',F~,II" (19) 157.7 
I -Mc, t - I - I .C~H~" (20) IS3.5 
I-Mc.2-1-I,C!,Ft~ ~ (21) 190.1 
I -Nit.3- FI.C,,H ~" (22) t,%5 
I -~,Ic,4-H,C~.H3 ~ (23) 191. I 

- Me,3- f:,2-H .C(,H4 + (24) 1892 
-Mc,3-F.4-  fI,C6H4 ~ (25i 190.7 
-Mc.3-F,5-11.C,,H4 ~ 126) 179.2 
-Mc,3-FJ~-H.C~t4, + 127) 191.,"; 
.3-Mc'2.2-lt.Cdt.** (28~ 196 0 
.3-!XIc2.4-14,C6HI + (29) 197.2 
.3-Mez.5-1-I,C6H4 ~ (30) I,X92 
. 3 -Mc2 ,5 -F ,2 - f I ,C j - I ;  + (31) 197 7 
,3-Me~.5-F.S,-H,C~,H;" f32) 196.2 

IS()(). 
ISl.3 

~1.3, 
182.6 
175.7. 
I,c;I S 

I xO.O, 
I<~ 1.9 
171.5, 
I,';I.2 
173.0 

174-.5. 
18t.4 

17,~.4. 
ISl.I) 
If6.S. 
I~1.1 

164.3. 
179.9 

1~7.7, 
1~9.g 

0.i) 
;).5 
().(} 

99.5 

99,,~ 

0 3 
{l,) 7 

14)0 () 

IIJ0.0 
l).0 
il. I 

% 9 

00 
10().u 

100.0 

101L() 
I ll0.fl 

Ill0.0 
0.1) t0 .0 i  

240 (250i  
0.O (i) ih 

75.9 I 7.4.t)) 

0 7  t0.(i)  
I 1.5 I 1 1 6 )  

0.0 !0.t)) 
87.7 ~$8.5) 

5.3 
047 

fl.() 
90.2 ($35) 

9.S ( lh.4i 

" Ftu'lllcd tlpoil pro(on adclilion tO IllOlCcl.ilO. 
/>'(he l-llSl V;.litlC in the colufflll wan taken l'rOlll Rcf t2 alld the 
xccund vahlc was takc?ll from the database of the L2as-phahr 
prolon ;ll]]nilJcs of  iutfleCl.l!CS. 23 
' RclilliVC collccil(r;Jlioll e l  isomeric ion: cxperimcil(:ll :';lltics 
obl:iitmd froil l the rcntllts of  NMR ->ludies z0--z;z ;.Ire gbCli Jl! 
pare i11 h 'd ~,C ~,. 

onho - i son l c r  (4.14 kcai r e e l -  I). The  relat ive energies arc: 
g ivcr i  in parcmhcscs. The mere - i somer  v,,~s found to bc 
the mos t  stable. The calcLila[cd data on the relative 
stab i l i t ies  ( i f  these molecu les are in good agreement w i th  
the c x p e r i m c m a l  value~, o f  the rc la l ivc  energies (0.60 and 
3.6S kcal m o l l ) . u  

The  PA energies were ca lcu la ted  as differences be-  
tween the  calctllntod tolal  energies  of  neutral  mnlcculcs  
and the cor rcsp tmdi l lg  p r o i o n a i c d  forms (Tablc I). C o , n -  
par ison o f  calculated and c x p c r i m e l m l l  s energies 
(PAU~oo r and P.,tcx p, rcspcc l ivc ly)  for a s o f  molcct l lcx  
f Fig. I )  shows that ctir ' ,c / corrcspondin,D to the PAihco r 
values passes -4  kcal rnol -I above  curve 2 for P/|c,,p. 
Qual i ta t ive ly ,  boti~ curves have a s imilar  shape. 

A s s u m i n g  that d i f ferent  isomc'r ic arcl~oaium ions arc 
in t he rnmd$ 'namic  equi l ib r ium,  wc can dcmrminc  the i r  
ral io in the  gas phase. To this  end, the Bdtzmann 
db, t r i bu t i on  for the r c l a t kc  c o n c e n t r a t i o n s  of  isomers,  
Cs,, s h o u l d  bc used: 

C'~ = c x p l - 3 6 ( / ( R T q / T  t~ cx1~l-+O'.,~ ( I )  
r 

whore A(.7i ~  All/> - TA3", ~ Hero,  AGi ~ ~[1,% and A3", ~ 
arc lhe charlgcs in (he Gibbs  free energy cnUlalpy, and 
en t ropy ,  rcspcc t i vc lu  k is the n u m b e r  o f  Ihc posi l i (m Ior  
p ro to l~a t io l ] ;  i is the rl . inl;hlg nu lnbc r  e l t h e  Ji]r 
posl i iOl l  l 'or p ro lo l la l i o r l ;  and #l Js the i l t lmbcr  o (  s)' l l l- 
met r i c ,  cncrgcl ical ly  equ iva len t  1)osilion.~ for pl'('JtQil:.lllOl] 
o f a  nlolcculc .  /%ccordJng to t im publlsbcd dala.  15-1~t tile 
p r o t o n a t i o n  entropies  e l a r o m a ( i t  h vdr(}carbons and fllcir 
der iva t ives  depend Ollly slightly on  illcir girt(el(ire :.llld 
b;.isicity. Our  M P 2 / 6 - 3 I G *  calcula t iom,  of the t h c r m o -  
dyl l ; . i rnic f t i i lCl ions lbr  the i somer ic  a renon i t l l n  ions o f  
[ ] uo robcnzc i l c  showed Ibal  ihc  Cllailgos in the c l ] t ropv  
con t r ibu tJo i l s  on going f rom one isomer to ano ther  arc 
Icss t h a n  5% and do I1OI al ter  the  order  of  ch311~,r ill tile 

PAl'kcal reel '1 

190 I 

185 / m 

175 

170 

105 

I 5 6 8 9 I0 13 15 16 18 23 
Ca rboca!  jOtl 

Fig. I. Comp:u'ison o1"calcutaicd ( / )  and cxpcrinlcntal (ZI P-I 
energies. The mmlbr o1 carbocafions corrcspond~ to flla( 
given in Table 1 
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stability of  the a rcnonium ions.  Theretbrc,  the ratio o f  
isomeric  tbr ins of  a r enon ium ions  is mainly de t e rmined  
by the enthalpy di f fe rence,  i .e . ,  by the rclafionship 

Ca = cxpl-=\11~~ )),,'S" n uxpl-A/'I,'~.!( RI' )l. (2) 

l h c  co l lcCl i l ra tJo l /s  o{" i s o m c r i c  a r cno0 i t lm  Jolas ca lcu -  
hiicd tisJllg expression (2) arid the cxpcrimcntal values 
obta ined  from the N M R  spectra  o f  the corresponding  
qrcnoniuna ions in soitltJol120-22 arc listed in Table I. 

S u m m i n g  tip. in this work wc calculated the P,,t 
energies  tor a number of  t luoro derivatives of bCllZCllC. 
to luene,  and m-xylcric lor d i f ferent  types of  p ro ton  
addi t ion.  The relative co~lcolitrationx oi" afeilOnJLim Jells 
oF all c o m p o u n d s  were also de t e rmined .  

This  work w.a,~ suppor ted  by the U.S. Depar tment  o f  
Energy under  Contract  D E - A C 0 6 - 7 6 R L O  1830 with 
Baitcltc Memori 'fl  Inst i tute.  wh ich  operalcs thc Pacific 
Northv, cst Laboratories. 
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