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The kinetics of formation and cleavage of hydrogen bonds in complexes of

carboxylic acids with proton acceptors have been studied by PMR spectrosco-
o

py over the range -100 to 150 C. The activation parameters of the processes

have been measured.

[To cnextpam AMP 1I—I B HHTEpBale -100%- =155 °C nce-
JlejopaHa KMHETUKa npolecco obpa3’oBaHUS U paspblBa
BOONOPOAHON CBI3M B KOMINIEKCAX KapBGOHOBBIX KHUCIOT C
aKuenTopamMu nporoHa. MaMepeHbl nmapaMeTpbl aKTHBAUHUH

3TUX OpPOUECCOB.

The lifetimes of hydrogen bonds in different complexes in solution have been
estimated at room temperature using relaxation techniques/1, 2/ and NMR/3/
methods. These estimates are of the order 10-9 - 10-10 s. The rate of formation
and cleavage of these complexes is determined by diffusion, which hinders the
measurement of the real activation parameters and the study of the mechanism.
The estimates made according to Ref. /4/ indicate that at about -1300C the life-
times of stable complexes may reach 10-3 - 10-2 s. A study of the kinetics under
these conditions provides significantly more information about the mechanism of
formation and cleavage of the hydrogen bond. In the present study an attempt is
made to determine the dynamic characteristics of the strong hydrogen bond formed
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between carboxylic acids (CF3COOH, HCOOH) and oxygen-containing acceptors,
(CH2)40. (CH3)2~NCHO, (CH3)2$O. [(CH3)2N] 3PO. at temperatures from =100
to -155 C. The PMR spectra (HR-100 Varian spectrometer and JEOL C-60) of solu-
tions of these substances in CHF2C1 have been examined. To check the effect of
intermolecular proton exchange on the spectrum, we recorded the spectra of strongly
dehydrated samples as well as of samples containing some amounts of water. For
0.03-0.2 mol/1 HCOOCH solutions at -80°C, a separation of the water signal is
observed followed by the narrowing of the carboxy proton signal. In the region
~120 to -155°C the position of this signal practically does not depend on the tem-
perature and concentration ( 6 = 18.05%0.05 ppm). This implies that the mole-
cules are present in the solution almost entirely as cyclic dimers, In the presence
of proton acceptors two signals are observed at -150°C: the shift of one of them
coincides with that of the dimer signal, the other one is at a lower field ahd de-
pends on the type of the acceptor (Fig. 1). Thus, under these conditions an
equilibrium between (HCOOH)2 dimers and HCOOH. .. B complexes is observed
which may be due to the formation of more complicated complexes. Splitting of
the carboxy proton signal into two signals is also observed in the presence of two
proton acceptors in the solution. In this case the equilibrium is established between

two types of complexes:

K
AH...B' + B" ——>  AH...B" + B' Q)

-1
For CF 3COOI—I spectra the addition of an acceptor also leads to signal split-
ting. However, the lineshape is apparently affected by intermolecular proton
exchange (the water signal is separated at -120°C but the effect of exchange
with water is not observed below -140°C). The addition of an excess weak accep-
tor (diethyl ether) strongly inhibits the exchange and thus makes it possible to de-

termine the lifetime of CF3COOH complexes in equilibrium /1/.
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Fig. 1, Spectra of the system containing formic acid and hexamethapol (0.1

mol/1 each) at various temperatures

According to the technique in Ref. /5/, a complete analysis was made of

the lineshape of the absorption signal (the relative population of states and the

mean lifetime being varied). Chemical shifts of individual forms were found from

0
spectra at the lowest temperature (~155 C) when the signals were completely se-

parated, time T_ was determined from the width of the acid signal in the absence

of an acceptor. The lifetime thus obtained for the AH... B’ complexes, which

are in equilibrium with AH. .. B" complexes is inversely proportional to the con-

centration of acceptor B". Hence, the rate of exchange of acceptors is first order

with respect to both components:

= AH...B’ "] =
\Y k1 [AH...B'] [B"] [AH B]/tAH

Vo, sk AHLBT BT = [ARLLBT /r,
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Fig. 2. Logarithm of the rate constant of exchange vs. reciprocal temperature:
1. HCOCH + (C2H5)2O: 2. HCOOH + HCOOH; 3. HCOOH +(CH3)2

O; 4. HCOOH +[(CH PO: 5. CF_COOH C
S [(C 3)2N]3 3 + [( H3)2N] 3PO

t

The enthalpy AHi and entropy S of activation of exchange processes
(1) have been determined (Fig. 2) from the temperature dependence of the rate
constants, using the method of least squares (diethyl ether was used as acceptor
B’). The values obtained are listed in Table 1, The activation energies are ra-
ther high and exceed even the values of hydrogen bond energies in such systems
/6/. This indicates that the exchange process proceeds via two stages with succes-
sive cleavage of one hydrogen bond and formation of another. Since the energy
barrier against hydrogen bond formation is apparently close to zero, the level of
the transition state differs from the level of free molecules only by the activation
energy of diffusion in the liquid. The anomalously high positive activation entro-

pies can be explained by the practical absence of bonding between the molecules

in the transition/state. The stepwise mechanism of this process is also supported
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Table 1
Kinetic characteristics of hydrogen-bonded complexes of

formic (HCOOH) and trifluoroacetic (CF3COOH) acid

HCOOH CF,COOH
ut ast aut aut as¥ auF
Acceptor
(kcal/mol) (e.u,) (kcal/mol){ (kcal/mol) (e.u.) (kcal/mol)
(CH,),0 - - - 10.8%0.8 20 10,3
+
(CH,), SO 9.20.5 17 7.6 11.83%1.0 24 10.1
+
[(CH,),N],PO10.20.8 21 7.3 12.4%1.5 30 10.6
(CH,), NCHO 9.850.5 20 7.5 12.041.5 30 10.6
HCOOH 7.8-0.6 8 - - - -

by the fact that the activation energy of hydrogen bond cleavage in complexes

with ether (4 Hith ) does not depend on the type of the second acceptor and is
€

probably determined only by the difference between the energy levels of the ether

complex and the free molecule.
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