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H NMR spectra of trifluoroacetic acid in the gas phase have
been obtained at pressures ranging from 20 to 500 torr and
temperatures from 40 to 90° C at working spectrometer fre-
quencies of 80, 270 and 360 MHz. It has been concluded that
the signal broadens with frequency growth due to monomer-
dimer relaxation. Consequently, the cyclic dimer lifetimes
{107-10"% s) can be determined. The dimer dissociation re-
action is monomolecular, and the pressure range in which the
order of the reaction changes from the first to the second
is below 70 torr. The activation energy of dissociation
(Eqjg = 12.6 £ 0.5 kcal/mol) approaches the total energy of
two hydrogen bond§ (12.2 kcal/mol). The dimer formation
process is of an activationless character (Ejq = 0.0 * 0.2
kcal/mol). The kinetic data are in accord with the synchro-
nous as well as the consecutive mechanism of the fission of

two bonds when, in the latter case, internal rotation around
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the remaining hydrogen bond in the open dimer occurs much
more rapidly than its fission. Certain preference was given
to the stage mechanism (with intermediate formation of an
open dimer) on comparing the data obtained both in the gas

phase and in solution.

(Received October 5, 1981)

To understand several fundamental problems connected with
the nature of the hydrogen bond and its manifestations in
experiments, it is important to study the kinetic character-
istics of complexes with the hydrogen bond. Determination
of the lifetime of the complexes in the gas phase (the com-
plexes being unperturbed by the medium) is of the greatest
interest. The values of this lifetime are more easily cal-
culated theoretically, and the mechanisms of the processes
which occur in the gas phase can, in principle, be studied
more thoroughly. All the presently available experimental
data refer to liquids and solutions (1-4]. We do not know
a single case when the lifetime of a complex in the gas
phase was successfully determined. In Ref. [5], the kinetics
of monomer-dimer relaxation in carboxylic acid vapors was
studied by the shock wave method, and only the upper boundary
of the dimer lifetime was determined, T < 1075 s, at 100° C.
In this work, an attempt is made to determine the life-
time of the cyclic CF3COOH dimer in the gas phase from the
width of the averaged NMR signal of the 14 monomer and dimer
in strong magnetic fields. Besides the monomer-dimer relax-
ation, i.e., the process of establishing the corresponding
equilibrium, the cause of signal broadening is spin-rotation-
al relaxation as well as proton exchange with the molecules

of admixtures (e.g., water). Broadening caused by a rapid
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tr~1 »>> 27 vpa — vB]) interconversion of two forms, A and B,
is distinguished by its quadratic dependence on the differ-
ence of the resonance frequencies and, conseqguently, on the

field intensity [6]

Avy=45n,’ng® (va—vs) (T4 +1s), (1)

where na and ng are the relative numbers of the resonating
nuclei with frequencies vp and vg in the specimen volume.
The line width determined by spin-rotational relaxation can
only diminish as the intensity grows [7], but it does not
depend on the intensity in the case of "strongly narrowing
lines." Therefore, in order to elucidate the nature of line
broadening, we compare the spectra taken in three working
frequencies: 80, 270 and 360 MHz {the spectrometers used
were Varian CFT-20, Bruker HX-270 and WH-360). At 80 MHz,
monomer-dimer relaxation, whose frequency is known to be
higher than 105 -1 f5], cannot make a measurable contribu-
tion to the observed line width when the difference of the
chemical shifts of the monomer and the dimer is less than

10 ppm {8). In this case, the line width is wholly deter-
mined by spin-rotational relaxation and slower exchange pro-
cesses.

Traces of water in acid vapors noticeably affect the
spectrum. However, water molecules are virtuvally complete-
ly bound and the chemical shift of the signal is reproduced
with an accuracy of 0.01 ppm, while the width, with an ac-
curacy of about 5%, when a small excess of trifluorocacetic
anhydride is added. Anhydride {(ca. 5% excess) was added to
CF3COOH, which was sublimated twice in vacuum at -40°C.
Afterwards, the acid was placed into a glass vacuum appara-
tus, cooled with liquid nitrogen, and evacuated to 10°3 torr.

Glass ampoules containing capillary tubes with D;0 inside
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(for stabilizing resonance conditions) were sealed to the
apparatus. Then they were evacuated to 1075 torr, filled
with trifluoroacetic anhydride vapors, and left to stand for
several hours until the adsorbed water was completly re-
placed by CF3CO0H. The surface treated in this way was en-
larged 20 times by £illing the ampoule with glass spirals.
However, this did not change the signal width and location
within the limits of the measurement error. When the am-
poules were evacuated again, they were filled with acid va-
pors. The gases were metered with a. deformation gas-dis-
charge monometer VDG-1 tb an accuracy of 3-5%. Afterwards,
the ampoules were disconnected and put into the spectrometer
probe. From 104 and 105 accumulations were required for re-
cording the spectrum with the signal to noise ratio being
about 30, depending on the acid concentration.

When the frequency is 80 MHz and the pressures range
from 70 to 500 torr, the line width is constant (ca. 0.5 Hz)
and is determined by the field heterogeneity. When the pres-
sure diminishes from 70 to 20 torr, this width grows to 10
Hz. However, the broadening is eliminated when argon is ad-
ded {pressure is 10-20 atm), indicating its spin-rotational
origin. At low pressures, the "strongly narrowing line" re-
quirements [7] are most probably not met, and the rate of
spin-rotational relaxation can depend on frequency. There-
fore, we use only pressures ranging from 70~500 torr to ob-
tain guantitative data, since the relevant contribution to
the line width can be neglected in this case. Table I gives
the values of the half-width of the line &vy o, depending
on the total pressure of the acid pgy = pyp + pg and on tem-
perature, and degree of dissociation o = p,/p, (where p, and
pg are the partial monomer and dimer pressures calculated

from the equilibrium constants determined in Ref. [9] for a



Table I

Degree of Dissociation a, Dimer Lifetime T, s, and Half-width of the
Averaged Signal Avl/z, in Hz, as Functions of Pressure p, and
Temperature at 270 (in parentheses) and 360 MHz

=

tg‘r’r a avy /2 106 ¢ a Avy /o 106 1 a avy /o 106 © é

a

=

40°c 50°C 60°C Z

400 - -- - - -- - 0.25% 2.0 1.0 2

300 -~ - -~ 0.22 2.6 1.8 0.28 2.6 1.2 (,Z

200 0.20 3.7 3.6 0.27 4.0 2.0 0.33 3.2 0.9 §

150 -- -— -— 0.31 4.8 1.7 0.37 5.0 1.2 g

150 -- - - (0.31) (2.6) (1.8) (0.37) (2.6) (1.3) 5
100 0.27 7.2 3.5 0.36 7.8 1.8 0.43 8.2 1.4
70 0.32 11.0 3.7 0.41 11.0 2.2 0.49 10.3 1.3
70 (0.32) (6.2) (3.7) (0.41) (6.0) (2.0) (0.49) (5.6) (1.4)
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Degree of Dissociation a,
Averaged Signal Avl/z, in Hz, as Functions of Pressure p, and
Temperature at 270 (in parentheses)

Table I (Continued)

Dimer Lifetime T,

and 360 MHz

and Half-width of the

tzgr a aviso 106 ¢ a Aviy /o 108 ¢ a vy /o 108 ¢
70°C 80°C 90°C

400 0.31 1.8 0.58 0.42 1.8 - - - -~
300 0.35 2.2 0.58 0.42 1.8 0.34 0.50 1.7 0.19
200 0.41 3.1 0.60 0.49 2.6 0.36 0.57 2.1 0.21
150 0.46 4.1 0.59 0.54 3.5 0.35 0.62 2.8 0.21
150 (0.46) (2.4) (0.60) (0.54) (2.0} (0.32) (0.62) (1.5) (0.20)
100 0.52 5.8 0.63 0.61 5.0 0.36 0.69 3.4 0.20

70 0.58 7.1 0.61 0.67 5.7 0.38 0.74 4.3 0.23

70 (0.58) (4.2) (0.63) (0.67) (3.3) (0.37) (0.74) (2.5) (0.2)
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wide temperature range). It can be seen that the ratio of
the half-width measured at frequencies of 360 and 270 MHz is
in the vicinity of 1.77 = (360/270)2.

Hence, the given broadening is due to the rapid exchange
reaction, which causes the modulation of the chemical shift.
But this does not mean that the monomer and the dimer are
the exchanging states. Let us determine the lifetime of the
dimer, assuming that this supposition is valid. Since the
lifetimes of the states are proportional to their equilibri-

um concentrations we have from Eg.{1l):

Av.,,=4ﬂnm2nd" (AV)*(f--ac) “Td'

Furthermore, the probabilities of finding a proton in a dim-

er Oor a monomer are:

, 2py 2(1~a) 1
14 == == H = ——
¢ 2p o, 2—a 2—q
Consequently, we have:
2 1_ -
Av.,,=16nM(Av}’td. : (2)

2—a)*

The value of Av, which is needed for calculating t1q,
was taken from Ref. [8]. The lifetimes determined in this
way (Table I) at a given temperature were virtually inde-
pendent of pressure p,. This indicates that the reaction
is of the first order with respect to dimer concentration.
Obviously, any reactfon proceeding through a direct colli-
sion of dimer and monomer molecules (or two dimer molecules)
would result in a lifetime 13 dependent on the total con-
centration at the limiting stage. Thus, only monomolecular

decomposition of the dimer broadens the signal observed:
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kdis
(AH), = 2 AH. (3)

Fas

For a monomolecular reaction in gas, the first order
means [10] that the reacting molecules are activated by col-
lisions in the range under consideration more rapidly than
the elementary reaction of bond fission occurs. In this case,
the pressures at which the order of the reaction changes are
below 70 torr. This could have been expected as regards the
decomposition of such a complex molecule are a cyclic dimer,
which has a large number (at least six) of low-frequency nor-
mal oscillations. Here the rate is limited by the random
energy transfer process, which has been stored up at low-fre-
quency degrees of freedom, to the reaction coordinate. To
calculate the rate theoretically, it is important to take
account of the coordinate shape. Let us consider two possi-
ble reaction paths.

1. Simultaneous fission of two hydrogen bonds. The
reaction coordinate should be close to a polysymmetrical nor-
mal coordinate of the stretching vibrations of the hydrogen
bonds which are observed in the Raman spectra in the 100-200
em~1 range. For such a mechanism, the dimer lifetime being
measured is 1 = kais; the activation energy is close to the
sum of the energies of two hydrogen bonds, while its value
for a reverse reaction is near zero.

2. Consecutive fission of two bonds with an interme-

diate formation of an open dimer:

* h
(AH) = AH...AHZ=2 AH.. (4)
k_y K_y

At the limiting stage, the reaction coordinate should
be close to the antisymmetrical coordinate of hydrogen bond

oscillations, and then it should be close to the angle char-
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acterizing internal rotation around the remaining bond. Since
the open dimer is not observed spectroscopically, the proba-
bility that the process is limited by the second bond fission
can be disregarded. With a stage mechanism, the forward and

reverse process rates are equal to:

L S o i
v kytk ! ~Fn otk . (5)
The lifetimes are:
ke, vk - ky+k
szpd/v_':k’_l—z_l:-——l-' 'gmzk_'zpm'"‘_z.k____l., (6}
-2 -1

The experimentally measured constants of the rates of disso-

ciation and formation of the dimer are equal to:

k‘kz . k—1k—z

B o=t =t 7
dis™ jtko, as™ kL, 7

Differentiating Eq.(7) with respect to temperature, we ob-
tain the effective values of the activation energies of the

forward and reverse reactions:

k-
EY =E*+-—" _(E*_E_~*
diS 1 k2+k_, V2 H ), (8)
k2
E,*=E_,*— E,*~E_*
as : kz+k_,( BT

Here, the dependences of 1ln k on -1 may deviate from
a straight line whei there are definite ratios between the
probabilities of individual elementary stages. However, such
deviations are not observed in experimental graphs (see Fig.
1) within the limits of experimental error. The activation
energy value (Eéis = 12.6 *+ 0.5 kcal/mol) virtually coincides

with that of the total energy of dimer dissociation (12.2 %
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lnk

13

2
—O—O—D__()_~__Q_o__
1 ! L 1 1 1 -
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Fig. 1. Arrhenius plots of the rate constants

of dissociation kgig, ™! (1) and formation kye;

57! torr! (2) of the cyclic dimer CF4CODH in

the gas phase,
0.4 kcal/mol) that has been measured under identical condi-
tions {9]; the value of 0.0 * 0.2 kcal/mol is obtained for
a reverse reaction. This would seem to indicate that a syn-
chronous dissociation mechanism exists. However, it is quite
reasonable to anticipate that in the gas phase the probabil-
ity of cyclization of the open dimer per unit time k_j, which
is equal to the frequency of internal rotation around the
hydrogen bond, is far greater than the probability of bond
fission, which involves overcoming an appreciable energy bar-
rier. Then we have the following expressions from Egs.({7)

and (8):

kdis==k,k:k_.“, ka§==k_:,
E* —E 4B —E_*~E ", (9)

dis ) -
Eas =E_,"~0,

This is in accord with the experimental data.
It should be taken into account, however, that internal

rotation around the hydrogen bond will be slower in the
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liquid phase. This effect should be especially prominent
when solvents possess the properties of specific intermolec-
ular interactions. Experimentally [in the case of mechanism
{4)], this should reduce the activation energy of dissocia-
tion to Ej. It is hard to expect such a strong effect for
a synchronous mechanism. We were unable to measure the diwm-
er lifetime in solution within the same range of concentra-
tions and temperatures by the NMR method (probably because
of the proton exchange which was catalyzed by impurities).
However, some data in literature, obtained by the ultrasonic
relaxation method [11], and our data on low-temperature nu-
clear magnetic resonance [12] show that the activation ener-
gy of the dissociation of acid dimers diminishes to 6-7 kcal/
mol when the solvent activity grows. Here, the values of
E:s = 3-4 kcal/mol are obtained for a reverse reaction. They
are close to the expected value of Efz, which is determined
by the temperature dependence of the diffusion coefficient
in solution. In some instances {13], better evidence in fa-
vor of a stage mechanism (4) was obtained for solutions.
Hence, the specifics of the given kinetics of monomer-
dimer relaxation in carboxylic acid vapors and solutions are
described within the framework of a single mechanism (4}.
0f course, this does not mean that it is always valid. A
reaction should be treated theoretically in order to draw
a final conclusion and obtain information on the rates of
the elementary stages.

"
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