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Abstract: The gas-phase ion-molecule reactions of CHF2+ with n-donor bases have been investigated using the techniques of 
ion cyclotron resonance spectroscopy. CHF2+ reacts only by proton transfer with CH3CN, CH3CHO, CH3OH, AsH3, and 
CH2O. While CHF2+ with excess translational and internal energy undergoes proton transfer to HCN, ground state CHF2+ 

does not react. CHF2+ is also unreactive with H2O. Rate constants for ion-molecule reactions in the pure systems and for 
the proton transfer reactions are reported. The proton affinity of difluorocarbene is determined to be 172 ± 2 kcal/mol, 
which is 7 kcal/mol lower than calculated from previously reported thermodynamic data. The possible use of CHF2+ as a re
agent ion for chemical ionization is discussed, and some reservations are noted. 

The ion-molecule reactions of fluoromethyl cations are 
of particular interest, for they are the simplest substituted 
carbonium ions and fluorine is unique in its ability as a sub-
stituent to modify molecular properties and reactivity. It is 
possible to generate CHzF+ , CHF2+ , and C F 3

+ under con
ditions such that they do not react with their precursors. 
The reaction of CH 3

+ with CH4 is rapid and to our knowl
edge C H 3

+ reacts with all neutrals from which it can be de
rived as a fragment ion. In contrast, the ions CHzF+ from 
CH 3 F or CH2F2 ,3 3 C H F 2

+ from CHF 3 , and C F 3
+ from 

CF4 derived either by electron impact or ion-molecule reac
tion sequences do not react with the respective fluoro-
methane neutrals.3b 

While the gas-phase ion chemistry of the fluoromethanes 
themselves has been the subject of several investigations,3b-4 

the reactions of fluoromethyl cations with organic mole
cules have not been examined in detail.5 A point of consid
erable interest is the possible use of these species as reagent 
ions in chemical ionization studies, which in the case of 
C F 3

+ has already been explored by Munson.6 

We wish to report the ion-molecule reactions of the di-
fluoromethyl cation with the n-donor bases CH 3 CN, 
CH 3 CHO, CH 3OH, AsH3, CH2O, HCN, and H2O. Being 
considered as protonated difluorocarbene, the reactions of 
C H F 2

+ provide interesting insight into the molecular prop
erties of difluorocarbene, CF2 . 

Experimental Section 

The theory, techniques, and instrumentation of ICR spectrosco
py have been previously described in detail.7"9 The instrument 
used was built in these laboratories, incorporating a 15-in. magnet 
and specially designed circuitry for performing trapped-ion experi
ments as described by McMahon and Beauchamp.9 

Experiments reported herein were generally performed in the 
pressure range 10~7-10~5 Torr. To measure absolute pressures, a 
Schulz-Phelps10 gauge installed adjacent to the ICR cell in the 
magnetic field is calibrated for a given emission current and mag
netic field (usually 5 ^A and 6 kG, respectively) against an MKS 
Instrument Baratron Model 90 Hl-E capacitance manometer. A 
linear variation of ion gauge current with pressure is observed over 
three decades (1O-6-1O-3 Torr). The major error in rate constants 
of ±10% arises from uncertainties in absolute pressure determina
tion. Gas mixtures were prepared directly in the instrument using 
two sample inlets and the calibrated Schulz-Phelps gauge. Except 
as noted in the reported experiments, the primary ions were gener
ated with a 25 eV electron beam pulse of 10 msec duration. 

All chemicals were obtained from commercial sources and used 
as supplied except for removal of non-condensable gases using 
freeze-pump-thaw cycles. No impurities were detected by mass 
spectrometric analysis of samples prior to use. 

Results 

Fluoroform ionized by electron impact provides a conve
nient source of C H F 2

+ ions. The most abundant primary 
ions are CF 3

+ and CHF 2
+ , the former being converted to 

the latter by the fluoride transfer reaction 1. The difluo-

CF3
+ + CHF3 —«• CHF2

+ + CF4 (1) 

romethyl cation is unreactive toward CHF3 . The rate con
stant for reaction 1 is determined to be 5.5 X 1O-10 cm3 

molecule - ' sec - 1 in pure CHF 3 and in mixtures of CHF 3 

with gases toward which CF 3
+ is unreactive. This value is in 

agreement with 5.9 X 1O -10 cm3 molecule -1 sec - 1 reported 
by McAskill4d and 5.3 X 1O - 1 0 cm3 molecule -1 sec - 1 as 
measured by Miasek," but significantly higher than the 
value 2.1 X 1 0 - i 0 cm3 molecule -1 sec - 1 reported in earlier 
studies from our laboratory.313 The origin of this discrepan
cy has not been ascertained. 

Acetonitrile, acetaldehyde, methanol, arsine, formalde
hyde, hydrogen cyanide, and water were chosen as neutral 
molecules, covering a range of base strengths and expected 
reactivity. Total rate constants determined in this work for 
the principal ions formed in the pure systems are listed in 
Table I and compared with previously reported data. The 
results for the individual systems are discussed in order of 
decreasing base strength of the n-donor bases. 

CH3CN. The principal primary ions from acetonitrile at 
25 eV electron energy include C H 3 C N + (42%), C H 2 C N + 

(34%), and C H C N + (24%). Observed processes include re
action 2 yielding the protonated parent ion and the conden-

CH3CN+ + CH3CN —* CH3CNH+ + CHXN (2) 

CH2CN+ + CH3CN -^ C3H4N
+ + HCN (3) 

sation reaction 3 which have been previously discussed in 
detail.12 

CH3CN-CHF3. In addition to the expected ion-molecule 
reactions of the components the proton transfer reaction 4 is 
observed in a mixture of acetonitrile and fluoroform. Dou
ble resonance experiments confirm that only reaction 4 ac-

CHF2
+ + CH3CN —*• CH3CNH+ + CF2 (4) 

counts for the disappearance of C H F 2
+ ions in this mixture. 

CH3CHO. In acetaldehyde at 25 eV electron energy, the 
abundant primary ions include C H 3 C H O + (40%), 
C H 3 C O + (28%), and C H O + (32%). While CH 3 CO + is un
reactive with the parent neutral, both C H 3 C H O + and 
C H O + react to form CH 3 CHOH + . 
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Table I. Total Rate Constants for the Reaction of Parent and Some 
Fragment Ions in the Pure Reactant Gases 

Total rate constant0 

Neutral 

HCN 

CH5O 

CH ,OH 

CH3CHO 

CH,CN 

Ion 

HCN+ 

CH2O+ 

CHO+ 

CH3OH2
 + 

CH3OH+ 

CH2OH+ 

CHO+ 

CH3CHO+ 

CHO+ 

CH3CN+ 

CH2CN+ 

CHCN+ 

This work* 

21.2 

17.7 
16.3 

0.8 
18.6 

18.0 
16.1 
19.9 

19.9 
20.9 

9.7 
35.4 

Literature 

6.(K 
35<* 
12* 
19.3/.? 
20.0?-'1 

17.9/? 
20.6?." 

1.5' 
25.3/ 
20.0* 
24.5' 
21.1/ 
19.0/-/ 
19.1? 
24.9"» 
25.3™ 
19.6/' 
22.7/ / 
35.0<* 

flRate constants in 10"10 cm3 molecule-1 sec-1. ^Measured at 25 
eV electron energy. Rate constants are from limiting slopes of 
trapped-ion decay curves, and are appropriate for thermal ion ener
gies. cHigh-pressure MS: A. G. Harrison and J. C. J. Thynne, Can. J. 
Chem., 45, 1321 (1967). This value is most probably too low as was 
stated later in footnote/. dHigh-pressure MS: T. W. Martin and C. 
E. Melton,/. Chem. Phys., 32, 700 (1960). eM. Inoue and M. Cot-
tin, Adv. Mass Spectrom., 3, 339 (1966)./At 3.4 eV ion energy. 
?H. Pritchard and A. G. Harrison,/. Chem. Phys., 48, 5623 (1968). 
ftAt 2.4 eV ion energy. 'T. B. McMahon, Ph.D. Thesis, California 
Institute of Technology, 1973. /High-pressure MS: S. K. Gupta, E. 
G. Jones, A. G. Harrison, and J. J. Myher, Can. J. Chem., 45, 3107 
(1967). * D . J. Hyatt, E. A. Dodman, and M. J. Henchman, Adv. 
Chem. Ser., 58, 131 (1966). 'K. R. Ryan, L. Sieck, and J. H. 
Futrell,/. Chem. Phys., 41, 111 (1964). ™ A. S. Blair and A. G. 
Harrison, Can. J. Chem., 51, 703 (1973). 

CH3CHO-CHF3. In addition to the ion-molecule reac
tions observed in acetaldehyde and fluoroform alone, sever
al additional reactions occur in the mixture. Besides react
ing with CHF 3 to form C H F 2

+ , C F 3
+ also reacts with 

CH 3 CHO in accordance with reaction 5. This reaction, 

CF3
+ + CH3CHO — 

CH3 

^ O = C F 2 

CH3 

H 

CH3CHF+ + CF2O (5) 
leading to the formation of C H 3 C H F + , is analogous to the 
reaction of C F 3

+ with various organic compounds contain
ing a carbonyl functional group as reported by Eyler et al.13 

The product C 2 H 4 F + can be regarded as protonated vinyl 
fluoride, which has a proton affinity of 173 kcal/mol.14 It is 
thus not surprising that C 2 H 4 F + undergoes the exothermic 
proton transfer reaction 6 with CH 3 CHO. In contrast to 

CH3CHF+ + CH1CHO CH3CHOH+ + C,H3F (6) 

C F 3
+ , the C H F 2

+ ions react with CH 3 CHO only in the 
proton transfer process 7. The proposed reaction scheme ac-

CHF3
+ + CH3CHO — CH3CHOH+ + CF2 (7) 

counts for the variation of ion abundance with time as illus
trated in Figure 1. It is of interest that a process analogous 
to reaction 5, in which CHFO is the neutral product, does 
not occur with C H F 2

+ . It is estimated that such a process 
would be exothermic by 28 kcal/mol.15 

60 80 
Time (msec) 

140 

Figure 1. Variation of ion abundance with time for a 1:3.1 mixture of 
CH3CHO and CHF3 at 25 eV and a total pressure of 3.4 X 10"6 Torr. 

CH3OH. The ion-molecule chemistry of methanol is 
straightforward, the three primary ions C H 3 O H + (28%), 
C H 2 O H + (55%), and C H O + (17%) reacting to yield pro
tonated methanol, CH 3 OH 2

+ , which in turn reacts slowly 
with methanol to form protonated dimethyl ether (reaction 
8). For this process the rate constant was determined to be 
0.8 X 10 _ 1 0 cm 3 molecule -1 sec - 1 . 

CH3OH2
+ + CH3OH —»• (CH3),OH+ + H3O (8) 

CH3OH-CHF3. Again, in addition to the expected reac
tions of the two components, the proton transfer reaction 9 

CHF2
+ + CH3OH — • CH3OH3

+ + CF2 (9) 
from C H F 2

+ to neutral methanol is observed in a mixture 
of methanol and fluoroform. 

CH2O. Both primary ions C H 2 O + (66%) and C H O + 

(34%) formed by 25 eV electron impact in formaldehyde 
react with the neutral CH 2 O to yield C H 2 O H + . 

CH2O-CHF3. The only additional reaction observed in a 
mixture of formaldehyde and fluoroform is the proton 
transfer reaction 10. It is evident from the variation of ion 

CHF2
+ + CH2O — CH2OH+ + CF2 (10) 

abundance with time (Figure 2) that this reaction is much 
slower than the proton transfer process involving more basic 
neutrals (Table II). A process analogous to reaction 5 in
volving C F 3

+ and CH 2 O was not observed, although the re
action is calculated to be exothermic by 24 kcal/mol.15 

HCN. At 25 eV electron energy only H C N + is formed in 
abundance from hydrogen cyanide. This ion reacts rapidly 
with the neutral to form protonated hydrogen cyanide. 

HCN-CHF3. The data in Figure 3 illustrate the variation 
of ion abundance with time in a mixture of fluoroform and 
hydrogen cyanide. Both C H F 2

+ and H C N H + persist as 
abundant ions at long times. Also shown in Figure 3 is the 
observed decrease in the abundance of H C N H + when 
C H F 2

+ is continuously ejected during the trapped ion ex
periment. These results indicate that the proton transfer re
action 11 occurs only for a fraction (15%) of the initially 

CHF2
+ + HCN —* HCNH+ + CF2 (11) 

formed C H F 2
+ ions. Since structural isomerization does not 

seem likely, the only reasonable suggestion to offer for these 
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Figure 2. Variation of ion abundance with time for a 1:1.9 mixture of 
CH2O and CHF3 at 25 eV and a total pressure of 2.9 X IQ-6 Torr. 

Table II. Rates of Pioton Transfer from CHF5
+ to n-Donor Bases 

Base 

CH3CN 
CH3CHO 
CH3OH 
AsH3 
CH2O 
HCN 
H2O 

k" 

14.6 
16.6 
10.4 
2.2 
0.73 

<0 . 01 / 
<0.01 

PA* 

189<* 
187« 
184<* 
175* 
172c 
171.6<* 
167.5^ 

"Rate constants in 10"'° cm3 molecule"1 sec"1. * Proton affinities 
in kcal/mol. c Recent photoionization studies of aliphatic alcohols 
in our laboratory yield AfYf(CH2OH+) =167 + 1 kcal/mol and 
A^f(CH3CHOH+) = 139 ± 1 kcal/mol, corresponding to PA(CH2O) 
= 172 ± 1 kcal/mol and PA(CH3CHO) =187 + 1 kcal/mol. These re
sults do not differ significantly from those reported by K. M. A. 
Refaey and W. A. Chupka,/. Chem. Phys.,A&, 5205 (1968). <*PA-
(CH3CN) andPA(CH3OH) are relative to PA(CH3CHO) = 187 kcal/ 
mol; PA(HCN) and PA(H3O) are relative to PA(CH2O) = 172 kcal/ 
mol (R. H. Staley and J. L. Beauchamp, unpublished studies of pro
ton transfer equilibria). e R. H. Wyatt, D. Holtz, T. B. McMahon, 
and J. L. Beauchamp,Inorg. Chem., 13, 1511 (1974)./Proton 
transfer from vibrationally excited CHF2

+ to HCN was observed 
(see text). 

observations is that reaction 11 is endothermic and occurs 
only for CHF2+ possessing excess internal and/or transla-
tional excitation. 

H2O-CHF3 and AsH3-CHF3. Due to difficulties associ
ated with handling water, the ion-molecule reactions in a 
mixture of water with fluoroform were only investigated in 
a qualitative manner. Double resonance experiments indi
cated that the proton transfer reaction 12 does not occur, 

CHF2
+ + H2O -#* H:!0

+ + CF, (12) 
and no competing processes were observed which would 
have obscured this reaction. 

To further bracket the proton affinity of CF2, the reac
tions occurring in a mixture of arsine and fluoroform were 
studied. The proton transfer reaction 13 occurs fairly rapid-

CHF2
+ + AsH, — AsH4

+ + CF2 (13) 

Iy, accounting for the disappearance of CHF2 + in the mix
ture. Other reactions in this mixture were not examined in 

60 80 100 
Time (msec) 

140 

Figure 3. Variation of ion abundance with time for a 1:1.6 mixture of 
HCN and CHF3 at 25 eV and a total pressure of 3.5 X 10"6Torr. Also 
shown is the decrease in HCNH+ abundance when CHF2

+ is contin
uously ejected (see text for discussion). 

detail, owing to the complexity of the reaction scheme in
volving AsH3 . '6 

Discussion 

The only observed reaction of CHF2+ with the «-donor 
bases considered in this investigation involves proton trans
fer to species more basic than formaldehyde. With formal
dehyde the proton transfer is slow, suggesting that this pro
cess is very nearly thermoneutral. From these results, the 
proton affinity of difluorocarbene is taken to be 172 ± 2 
kcal/mol, approximately equal to formaldehyde, higher 
than HCN (171.6 kcal/mol), and lower than AsH3 (175 
kcal/mol). The measured proton affinity of CF2 is signifi
cantly less than that calculated15 for C H F (195.4 kcal/mol) 
and CH 2 (196.9 kcal/mol). This is generally consistent with 
the fact that CF2 is considered to be the most stable of the 
three carbenes. 

Thus, the difluoromethyl cation or, more appropriately, 
protonated difluorocarbene is observed to be a reasonably 
good Bronsted acid (proton donor) rather than reacting as a 
Lewis acid (electron acceptor). The latter behavior is ap
propriate for describing the reactions of C F 3

+ with al
dehydes and ketones13 (e.g., reaction 5). This behavior can 
be explained in part by considering the calculated net 
charges on the carbon atom in the different fluoromethyl 
cations. The higher positive charge on the C atom in C F 3

+ 

makes it a better electrophile compared to CHF2+ (Table 
III). The calculated charge distributions in the fluorometh
yl cations suggest CH2F+ to be even less electrophilic than 
CHF 2

+ . 
The observed reactivity of C H F 2

+ indicates possible ap
plications as a reagent ion for chemical ionization studies. 
The proton affinity of CF2 is only slightly higher than H2O. 
In certain applications C H F 2

+ might be preferred to H 3 O + , 
for the latter tends to form clusters with the molecules 
under study and its precursor, H2O. Preliminary experi
ments5 dealing with the reaction of C H F 2

+ with ir-donor 
bases in part limit this perspective. In these experiments it 
is observed that C H F 2

+ reacts with ethylene or benzene pri
marily by addition followed by elimination of HF. Conse-
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Table III. Calculated Charge Distribution in Fluoro-Substituted 
Methyl Cations 

Charge CH2F+ 

atom a 

C +0.346 
H +0.254 
F +0.146 

b 

+0.659 
+0.141 
+0.059 

CHF; 

a 

+0.516 
+0.272 
+0.106 

+ 
2 

b 

+0.862 
+0.146 
-0.004 

CF3
+ 

a b 

+1.095 

-0.028 
aSTO-3G-minimal basis set ab initio calculation: N. C. Baird and R. 

K. Datta, Can. J. Chem., 49, 3708 (1971). 6INDO calculation: L. D. 
Kispert et al., / Am. Chem. Soc., 94, 5979 (1972). 

Table IV. The Heat of Formation of CF2" 

Method 

Equilibrium 
C F 2 = C F 2 ^ 2CF2 

Equilibrium 
CHF2Br 5* CF2 + HBr 
Photoionization threshold 
CF 2 =CF 2 -> CF 2

+ + CF2 

and IP(CF2)= 11.42 eV 
Photoionization threshold 
C6H5CF3 - C 6 H 5 F + + CF2 

Ref 

b 

C 

d 

e 

f 

"Older values ranging from -6.3 to -50 kcal/mol are discussed by 
J. Heicklen,Adv. Photochem., 1, (1969). 6G. A. Carlson,/. Phys. 
Chem., IS, 1625 (1971). ^E. N. Okafo and E. Whittle,/ Chem. 
Soc, Faraday Trans 1, 70, 1366 (1974). d T. A. Walter, C. Lifshitz, 
W. A. Chupka, and J. Berkowitz,/. Chem. Phys., 51, 3531 (1969). 
ei. M. Dyke, L. Golob, N. Jonathan, A. Morris, and M. Okuda, / 
Chem, Soc, Faraday Trans. 2, 11, 1828 (1974)./B. S. Freiser and 
J. L. Beauchamp, unpublished photoionization studies. 

quently the assumption that an observed peak represents a 
protonated species would be unwarranted in the analysis of 
an unknown sample. 

The value of 172 kcal/mol determined in this work for 
the proton affinity of difluorocarbene has some interesting 
thermochemical implications. The heat of formation of 
CF2, a subject of considerable controversy, has recently 
been determined by Carlson17 from the dissociation of tet-
rafiuoroethylene to be AH{ (CF2) = -44.5 ± 0.4 kcal/mol, 
which is in good agreement with data obtained by indepen
dent methods (Table IV). Combining this value with the de
termined proton affinity of CF2 gives AHf (CHF2

+) = 

Nucleophilic displacements at the carbonyl carbon have 
long been an area of active investigation.1 Among other rea
sons, interest in this area arises from its relevance to the ac-

149.2 kcal/mol which is inconsistent with the previously ac
cepted value of 142.4 kcal/mol.3b Alternatively, assuming 
the previous value for AHt (CHF2

+), the heat of formation 
of CF2 is calculated to be -51.3 kcal/mol, which in turn 
differs by about 7 kcal/mol from newer experimental data 
(Table IV). It is our suspicion that the discrepancy is in the 
heat of formation of CHF2

+ and results from uncertainties 
in the heats of formation of several fluorinated methanes, 
on which the calculations are based. For example, the heat 
of formation of methyl fluoride has never been measured 
and the "accepted" value is an estimate.18 
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tion of enzymes in catalysis of reactions of carboxylic acid 
derivatives. 

The formation of tetrahedral intermediates is considered 
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Abstract: Making use of ion cyclotron resonance spectroscopy, we have identified adducts of negative halide ions and acyl 
halides (RCOX2""). Using double resonance, we have established that the adducts have structurally equivalent halides, indi
cating a tetrahedral structure. 
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