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The enthalpies of formation (AHf) for 23 halosubstituted radicals were determined from 
the published data on bond dissociation energies. The A/'/f values of the corresponding 
molecules necessary for the calculation of AHf ~ of the radicals were taken from handbooks or 
calculated by the additive-group method. The conjugation energies of the radicals are 
calculated, and the effect of substituents at the ~-system on these values was shown. Errors of 
determination of the AHf values of the radicals were estimated. 
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An approach to the determinat ion of the enthalpy of  
formation (AHf ~ of  organic free radicals ( R ' )  has been 
described previously, i It is based on selection of pub- 
lished values of  the dissociation energy (/3) of R--X 
bonds in RX molecules,  for which the corresponding 
AHf~ ") values are absent. In this ease, the problem of 
determination of  AHf*(R" ) is reduced mainly to deter- 
mining the entha lp ies  of  format ion of  molecules,  
/~Hf(RX). Except where especially mentioned, we con- 
sider the enthalpy of  formation of  a compound in the 
ideal gas state and under  standard thermodynamic con- 
ditions. 

In this work, the approach indicated was applied to 
the determinat ion of  AHf ~ of halosubstituted radicals. 
The state o f  the m o d e m  databank of  AHf*(R') values 
has been briefly characterized as a whole, l,z 

Let us begin our study by a specific consideration of  
halosubstituted ethyl radicals characterized more com- 
pletely by their  AHf* values than other halosubstituted 
hydrocarbon radicals. However, this is mainly related to 
F-  and Cl-substi tuted ethyl radicals. The enthalpy of  
formation of  1,1,2,2-tetrafluoro-2-chloroethyl ( - 6 8 6 +  
17 kJ tool -1) has been determined 3 from the value 
D(C1F2CCF2--CI) -- 326+_8 kJ tool - l  found in the ex- 
perimental  s tudy of  exchange reactions. This value was 
recommended as a reference in Ref. 4. We corrected it 
on the basis of  a new value of  AHf(CIF2CCF2CI) 5 to 
obtain -721 +-9 kJ mo1-1, which differs substantially from 

* For Part 1, see Ref. 1. 

the accepted value. The corresponding calculation was 
performed by the correlation 

D(R1--R 2) = AH((RI ") + a/'/f(R2") - ~xHf(RiR2). (I) 

All values mentioned are presented in Table 1. Based 
on the D(BrF2CC'F2- -Br )  value determined 9 in the 
study of  the thermal decomposi t ion of  1,2-dibromo- 
1,1,2,2-tetrfluoroethane in a single-pulse impact tube, 
we obtained the &Hr ~ value for the B r F 2 C C ' F  2 radical. 
The corresponding values are also presented in Table 1. 
The  ca l cu la t ion  of  ,xHf for 2 - i o d o - l , l , 2 , 2 -  
tetrafluoroethyl from Eq. (1) is based on the value 
D(IF2CCF2-- I )  = 381 kJ m o l - l ,  l~ which was obtained 
by mass spectrometry. However,  it is unreasonably low. 
In fact, the analysis of the D ( C - - F )  values in a series of 
molecules shows 4,I9 that they do not include values 
lower than 440 kJ tool -1. In addit ion,  the comparison of 
AHf* for C I F 2 C C ' F  2, B r F 2 C C ' F  2, and [ F 2 C C ' F  2 radi-  
cals shows (see Table I) that  ~Hf ~ (IF2CC" F2) is close 
to AHf  (C1F2CC'F2).  This contradicts  the regularity of 
changing AHf* in the series of  halosubstituted methyls,  
which can be observed in the literature. 19 According to 
this regularity, for consecutive substitution by F, C1, Br, 
and I, the AHf ~ value increases monotonically.  Taking 
into account the accepted 4 value AHf*(F3CC" F2) = 
-892.9  kJ mol - t ,  the regularity is also fulfilled in the 
series considered except AHf~ However, if 
the D(IF2CCF2--F)  value is taken to be 480 ld mol - l ,  
i.e., close to D(C- -F)  in molecules with similar struc- 
tures, t9 we obtain a AHf~ value correspond- 
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Table 1. Determination of AHf(R) through bond energies D(R--X) in molecules RX (kJ tool -~) 

R X a D(R--X) AH?(RX) M-/f~ ~ AH?(R) c -Es  a 
(ealc.) 

CIF2CC'F 2 CI 326+_8 3 -925.2+4.3 s -721" -706.6 0 
BrF2CC" F 2 Br 278 9 -789.9+4.0 5 -624 -644. if 0 
IF2CC'F 2 F (381) log -1011.4 s h (-710)g -592 0 
FzCC" HCI Br 274.9_+6.3 4 -699.9+_3.8 5 -536.8 i --545.2J 0 
F3CC'HCI H 425.9_+6.3 4 -746.4 s ~ -538.5 -- 0 
F3CC" CI 2 CI 308.0 12 -725.3 s h -538.6 -567.6/ 0 

-778.3 h -591.6 
F3CC" CIBr H 404.2_+6.3 4 -699.9+3.8 ~ -513.7 i -512.9/ 0 
F3CC "CIBr Br 251.0-+6.3 4 -634.2 s h -495.0 -- 0 
(F3C)2C" F H 433 {3 - 1565.6 h - 1351 -- 0 
MeCH2C" Br 2 Br 254.3 t2 3.5 h 146.0 155.4 0 
ICH2CH2C" H 2 I 227.7 {2 48.8 h 169.7 185.7 0 
CICH2CH=CHC" H 2 CI 280.5 {2 _55.3 h 103.9 -- -60.  I 
CH2=CHC'HF H 370.7-+4.6 14 _156.3 h -3.6 -- -15.3 
CH2=CHC" HCI H 370.7+_4.6 ~4 -0.6 ts 152. l -- -31.4 
CH2=CHC'HBr H 374.0_+4.6 t4 45.2+4.2 x6 201.2 -- -45.0 
HCIC=C'C1 'H 448_+8 17 4.6_+8.5 {6 235 -- 0 
FCIC=C" CI H 452_+8 17 _196.7 h 37 -- 0 
F2C=C'CI H 456_+8 17 -331.4 15 -93 -- 0 
HFC=C" F H 460+8 z7 _332.2 h -90 -- 0 
F2C=C" F H 464_+8 17 -490.4+8.4 {a -244 -- 0 
p-FC6H~C'H 2 H 374.0 ts -147.5_+1.1 t~ 10.5 -- -17.9 
p-BrCH2C6Iq4C" H2 Br 276.1 {2 58.7 h 223.0 -- -20.7 
o-IC6H 4" I 266.2 t2 251.7_+5.9 {6 411.1 413.4 0 
PhC" HC] CI 276.6 Iz 17.8 h 173.1 -- -33.2 
PhC'C12 C1 278.2 lz 10_0 h 166.9 -- -19.6 

a The following auxiliary values were used: AHfl(H) = 218.0, AHfl(F) =79.5, AHf~ = 121.3, and 6Hf~ = 111.8 kJ mol -~. 
b Calculated from Eq. (1). c Calculated from the described6, 7 method, a T  he determination and method for calculation of 
conjugation energies have been developed previously, s ~ Corrected value, fAccording to the refined data, the contribution of 
Br--(C) is equal to 28.6 kJ tool -I. g Underestimated values. For explanation, see text. h Calculated values. For explanation, see 
text. i Preferable values. J Calculated by the substitution increment method, l{ 

ing to this regularity. The AHf~ F3) value, which 
was determined from the experimentally measured s dif- 
ference between /~/-/fl for EtI and EtBr and the calcu- 
lated s zXHfl(EtBr) value, was used in the estimations 
described. For  compar i son ,  Table 1 presents the 
AHfl(R" )me values for the three radicals indicated. These 
values were ca lcula ted  using the addi t ive-group 
method. 6,7 The noticeable deviations of  these values 
from those determined from Eq. (I) can be related to 
uncertainty of  contributions of  nonvalence F- -CI  and 
F - -Br  interactions (in fact, this uncertainty is inherent 
in the method).  6,7 Nevertheless,  the true value of  
AHfl(IF2CC'F2) should be close to AHf~ The errors 
o f  the enthalpy of  formation of  halosubstituted hydro- 
carbon radicals are twice as large, on the average, as the 
corresponding errors for unsubstituted analogs. For  
AHrO(CIF2CC" F2) and ~Hfl (BrF2CC'F2) ,  according to 
our estimations, they are not  lower than 4-9 kJ tool -1. 

The D(C--H)  and D(C--BO values are presented in 
Ref. 4 and unpublished data cited herein. Based on 
these data, we determined AHfl for F3CC'HC1 and 
F3CC'CIBr  radicals according to Eq. (1). All corre- 
sponding values are presented in Table 1. Finally, the 
almost coinciding ~Hf~  values were ob- 
tained from two D values for different bonds. Similar 

calculations of AHf~(F3CC'CIBr) give values differing 
by 19 kJ mo1-1. This is most likely related to an error in 
the AHf~(F3CC'C1Br2) value obtained 5 by calculations. 
Among the indicated pairs of the AHf~ ") values, we 
prefer those found using experimental values of  ,6Nil for 
molecules. The additive-group method  for calculation of 
AHfl (R ' )  6,7 is not developed for polyhalosubstituted 
hydrocarbons containing two or more different halo- 
gem, and its direct application in these eases can lead to 
a substantial error. In fact, using the known method, 6,7 
we obtain -511 .9  and 476.9 kJ tool - l  for the F3CC" HCI 
and F3CC 'CIBr  radicals, respectively. In this case, the 
method of  substitution increments 11 can be used. In this 
method, the AHf ~ values for the radicals indicated are 
calculated by the substitution scheme 

F3CC'H 2 ~ F3CC'HCI ~ F3CC'C1Br (2) 

~Hd~ tool -I 

--517.1 --28,1 32.4 

using ~Hf~ = -517 .1+8  kJ mol - t  as the 
reference value 4 and the modem version of the param- 
eters of  the substitution methodfl  I The aHf~ 
values thus determined (see Table 1) agree satisfactorily 
with those found from Eq. (I). 



Enthalpies of formation of  free radicals. Part 2 Russ. Chem.Bull., Vol. 47, No. 4, April, 1998 623 

Then the D(i-C3FT--H) value obtained 13 by the ki- 
netic method was used. The ~Hf~ value 
was calculated by the additive-group method, z~ The 
~,Hf ~ value for perf luoroisopropyl  determined from 
Eq. (I)  is presented in Table 1. Its error is most likely 
not less than +12 kJ mol - l ,  which is related to a consid- 
erable error in the method of  determination of D. 

In the light of  the problem stated, the results of  
Ref. 14, which estimated the dissociation bond energies 
D ( C H 2 C H C H G - - H ) ,  where G is F, CI, or Br, from the 
analysis of the data on the kinetics of isomerization of  
allyl chloride, are of great interest. For  all three D 
values,  the  er ror  was the  same; 14 however,  the  
D(CH2CHCHC1--H)  value can be considered to be 
most reliable, since published data with different degrees 
of reliability were used for estimation of the two other D 
values. The enthalpies of  formation of CH2=CHCH2CI 
(see Ref. 15) and CH2=CHCH2Br  (see Ref. 16) mol- 
ecules were taken f rom reference books; the  
~Hf~ value was calculated from the 
parameters of  the addit ive-group method, zl All the val- 
ues mentioned are presented in Table 1. For  the radicals 
considered, the stabilization energies Es due to conjuga- 
tion of a free radical with the n-system were estimated 
using the described procedure and known s parameters. 
The comparison of the values obtained with the E s value 
for the allyl radical ( -52 .0  kJ too l - l )  s shows the notice- 
able effect of substituents on E s, which increases as the 
electronegativity and donor properties increase in the 
series Br, C1, and F. According to the aforesaid, we 
assume different errors of  AHf~ ) for the three radicals 
indicated: +6.2 kJ tool -1 for C H 2 = C H C ' H C I  and 
CH2=CHC" HBr and +8.4 kJ tool -1 for CH2=CHC" HF. 

The five values of  D(C- -H)  in halosubstituted ethyl- 
enes were obtained 17 by studying the exchange reactions 
by GC. They are presented in Table 1 along with the 
~Hf ~ values for the corresponding molecules, which 
were either taken from the cited reference books, ts.16 or  
calculated from the additive-group method with the 
parameters from Ref. 21. The AHr ~ values of  the corre- 
sponding five radicals presented in Table 1 have errors 
not less than +12 kJ tool - l .  

The en tha lpy  o f  f o r m a t i o n  of  p - f luo robenzy l  
was de t e rmined  from the  D(CH2- -H)  Is and 
~Hf~(p-FCrH4Me) 16 values. It is noteworthy that Es of  
benzyl decreases ( -29 .3)  H when the F substituent is 
introduced into the benzene ring. A similar decrease in 
Es was ment ioned above for the  allylic type radicals. 

Additional challenges for extending the database on 
~Hf~ ) are given by the possibility to determine D 
from experimental values of  rate constants and activa- 
tion energies of  reactions of  radical abstraction from the 
X atom. These reactions proceed via the equation 

R" + R ~  = R X +  Ri. (3) 

This approach is based on the parabolic model of  the 
transition state of  reactions (3) 22 and was used lz ,~  for 

determination of  more than 100 D values, the majority 
of which have not been known before. The obtained 
mass of new data on D was also used for determining 
new values of  AHf~ "). We determined AHf ~ for eight 
new radicals of  the class considered in this work. The 
AHr* values of  the starting compounds  for the CF3CCI 3 
and o-I2C6H a molecules were taken from the litera- 
ture. 16 Six AHr ~ values for other molecules (MeCH~CBr3, 
ICH2CH2CH2I ,  C 1 C H 2 C H = C H C H 2 C I ,  
p-BrCH2CrH4CH2Br,  PhCHCI 2, and PhCC13) were cal- 
culated from the addit ive-group method with the pub- 
lished parameters.  2~ All of  them,  as well as the AHr~(R" ) 
values obtained from ~Hr ~ are tabulated (Table 1). 

Analysis of  the AHf~ ) values determined casts 
doubt on the reliability of  the value AH~(CF3C'C12) = 
- 5 3 8 . 6  kJ mol  - I ,  because  it co inc ides  with 
AHf~ "HCI) (see Table 1). Overestimation of  the 
value AHf~ = -725 .3  kJ tool -1, which was 
obtained s previously by calculation using the paired 
interaction method,  can be a reason for the error. The 
calculation by the group contr ibut ion method z0 gives 
~Hr~ = -778 .3  kJ tool - l ,  which coincides 
with the result ( -778 .4  kJ tool - l )  of  a similar calcula- 
t ion from the known parameters .  21 The value of  
AHr~ obtained by a substitution scheme 11 
similar to Eq. (2) is presented in Table I as the calcu- 
lated value. At the same time, calculation from the 
described method s :  gives -531 .7  kJ tool - t .  Unfortu- 
nately, at this stage, it is impossible to el iminate the 
contradictions associated with the ~xH~(CF3C" C12) value. 
For the zL//f~(R ") values considered, the E s values of  the 
conjugated radicals (see Table 1) cannot be thoroughly 
analyzed against the background of  errors not less than 
12 kJ tool - l .  Nevertheless, the introduction of halogens 
to the  B-pos i t ion  re la t ive  to the  x - b o n d  
(C1CH2CH=CHC" H~ and p-BrCH2CrH4C" H 2 radicals) 
has a slight effect on Es, and a decrease (in modulus) in 
E s is observed on going from P h C ' H C I  to P h C ' C I  2 
The fact that the determined and calculated values of 
~Hf~(o-ICsH'4)  coincide indicates the absence of a 
noticeable contribution of  the ortho-interaction of the 
iodine a tom and the ~- type free valence to AHf~(R')_ 
The satisfactory correspondence between the calculated 
~ / '~ (R"  ) values with those determined in this work also 
should be mentioned.  

The analysis performed allowed us to determine for 
the  first t ime  the en tha lp ies  o f  fo rma t ion  o f  23 
halosubstituted hydrocarbon radicals, which comprises 
more than 30% of the databank of  AHf ~ for these radi- 
cals. 
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