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Abstract

The influence of solvent on the equilibrium between the neutral and ionized forms of polyfluorinated aromatic
secondary amines in various solvents containing aliphatic amines or tetramethylguanidine has been studied by electronic
absorption spectroscopy in the near UV region. The influence of the solvent dielectric permittivity and the proton
accepting ability of its molecules are discussed. Possible mechanisms of stabilization of the anion in low- and

medium-polarity solvents are suggested.

1. Introduction

As has been shown by the measurements of
IR spectra and thermodynamic characteristics
of complexes with the hydrogen bond
NH---B formed by secondary amines R,NH
(R = polyfluorinated aryl radical) with proton
acceptors B [1], these compounds possess high
proton donating power. The equilibrium NH
acidity of these compounds is also sufficiently
high [2], so that the appearance of ionic forms
may be expected with a proton transferred at the
interaction of the NH donors with strong organic
bases in solvents of low and medium polarity. The
poor tendency for self-association makes them
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more feasible NH acids for studying proton
transfer along the NH...N bond than, for
example, nitroamines [3].

2. Results and discussion

In this work the compounds (C4Fs5),NH (I),
(4—CF3C¢F4),NH (I), (v—NC;F;),NH (III) and
(4-NCC¢F;),NH (IV), which were synthesized
using the method in ref. 4, and their complexes
with tributylamine (TBA), dibutylamine (DBA)
and tetramethylguanidine (TMG) have been
studied. According to the data from ref. 1 the
proton donating power of fluoroamines increases
in the series I < II < III: compound IV was not
studied earlier by spectral methods. The electronic
absorption spectra in the near UV region have been
used for the study of equilibria between molecular
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Fig. 1. Spectra of (p—CF;C¢F,),NH, 1.1 x 107*M (1,2) and
(7-NCsF,);NH, 1.1x10™*M (3,4) in isopropyl alcohol
solution (1,3) and in the presence of KOH (2,4).

and ionized forms of fluoroamines; the efficacy of
this technique has been demonstrated in a number
of papers devoted to the analysis of the structure of
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complexes formed by aromatic OH donors [5-11].
The measurements of spectra of fluoroamines
I-IV in alcoholic solutions showed that the first
absorption band in each case, located at 38 700,
34800, 36600 and 32000cm™', (258, 287, 273
and 312nm) correspondingly, vanishes after the
addition of KOH to the solution, and the anionic
band appears, which is displaced to lower fre-
quencies by 5800-6300cm™! (Fig. 1). The frequen-
cies and amplitude intensities of the neutral form
bands are in agreement with the data presented
in ref. 4. It can be seen from Fig. 1 that for these
compounds the bands of neutral and acidic forms
hardly overlap at all, have comparable intensities
and lie in the region of transparency of the various
solvents; these features offer considerable scope
for the study of equilibria with proton transfer.
So these compounds seem to be rather suitable for
the investigation of proton transfer equilibria.

In hexane solution the absorption bands of these
fluoroamines (except I) retain the remnants of
vibrational structure, which is blurred and
vanishes when passing to more active solvents
(chloroform, dichloroethane, alcohols). When a
hydrogen bond with a proton acceptor is formed,
as in the case of phenols, this band is shifted to
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Fig. 2. Spectra of (y-NCsF,),NH, 1.1 x 10™*M in hexane (—) and in the presence of (C,Hg);N, 6.4 x 107> M (---),20x 107> M

(== 32%x1073M (-—-).
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lower frequencies by 1000-1500cm™!; a typical

example is shown in Fig. 2. It is seen that with
increasing concentration of TBA in solution the
intensity of the free Il band at 37600cm™’
decreases, and the band at 36 500cm™' of mole-
cular complexes with the hydrogen bond
NH .- -N gradually increases. At a 200-300-fold
excess of TBA virtually all fluoroamine molecules
are bound into complexes. The band of the
complex in hexane solution also bears evidence of
vibrational structure. The band of the fluoroamine
IIT in complex with hexametapol, (Me,N);PO has
a similar shape and its low-frequency shift has the
same magnitude. At a large excess of TBA the band
of the anion arises in the spectrum at 32000cm™",
which is 1100-1200 cm ™! higher than in alcoholic
solutions containing bases. Hence in hexane solu-
tion there is an equilibrium between the molecular
complexes of fluoroamine with TBA and the ionic
complexes, the latter having the structure of a tight
anion—cationic pair. This equilibrium is essentially
shifted to the left.

The studied fluoroamines are more thoroughly
deprotonated by TMG, a strong organic base; its
proton accepting power in formation of molecular
complexes with hydrogen bonds as well as of ionic
pairs in solvents of low polarity is comparable
and even exceeds the proton accepting power of
aliphatic amines [12]. It is seen in Fig. 3 that in
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Fig. 3. Spectra of (p—CF3C¢F,),NH, 1.0 x 10~*M in hexane
in the presence of (Me,N)H,CNH, 19 x10™*M (—),
32x107*M  (---), 64x107*M (-.—.- ), 12x10™*M
—=-)19%x107*M (—.-—).

the presence of TMG in the spectrum of II there
appear simultaneously the band of a molecular
complex with hydrogen bonds and the band of
the fluoroamine anion, which is produced as a
result of proton transfer along the hydrogen bond
NH - - - N to the imine nitrogen of TMG.

Such experiments have been carried out in
several solvents to ascertain qualitatively the
principal mechanisms of initiating proton transfer
by intermolecular interaction with the surround-
ings. The solvents with dielectric permittivities in
the range 2—40 have been used. Their molecules are
essentially different in terms of the mechanisms
of dominating intermolecular interaction. The
molecules of alcohols possess pronounced proton
donating and proton accepting functions; chloro-
form is a weak proton donor, and acetonitrile
has a large dipole moment and also is a weak
proton acceptor. The molecule of dichloroethane
is apparently the least able to form hydrogen
bonds with dissolved molecules and with their
complexes. Hexane is obviously the most inert
apolar solvent.

Unfortunately, in all solvents studied, with the
exception of hexane, the bands of free fluoroamine
and its hydrogen bonded complex with nitrogen-
containing proton acceptors are badly overlapping,
so that it is practically impossible to estimate even
semiqualitatively the fraction of fluoroamine
molecules forming hydrogen bonds with the
acceptor. Therefore it is reasonable to present a
tentative summary of data obtained in a diagram
showing the dependence of the intensity of the
anionic band on the concentration of the base at
a constant concentration of fluoroamines in a series
of measurements (Fig. 4). It is seen that at the same
concentrations of donor and acceptor molecules
the equilibrium shifts to the ionized form of the
fluoroamine as the dielectric permittivity of the
solvent increases. This result seems to be rather
prevalent. It was repeatedly emphasized in studies
of proton transfer in non-polar solvents; see for
example refs. 13—15. However, it is remarkable
here that the alcohols do not stand out by their
activity against this group of solvents, although
usually the substantial additional stabilization of
an ionized form occurs in alcoholic media on
account of the hydrogen bonding solvation of the
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Fig. 4. Absorbance of the (v—NC;F,),N band as a function of

the (C4Hy),NH concentration in the solvents: x, chloroform, a,
dichloroethane, @, isoamyl alcohol, o, isopropyl alcohol, e,
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anion. In ethylene glycol and acetonitrile, the
solvents with nearly the same values of dielectric
permittivity but with substantially different

mechanisms of local intermolecular mtpranﬁnne

the curves of spectrophotometric titrations are
close. Hence, the formation of hydrogen bonds of
anions with proton donating solvent molecules is
of little importance, and the dominant mechanism
responsibie for the formation of ionic structures is
the influence of the dielectric properties of the

solvent medium
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Some additional information about the inter-
action of the anion with the solvent can be
obtained from analysis of the absorption band
frequencies of the anion. The available data
prove that the anionic band frequency decreases in
the solvent series hexane—chloroform—alcohols—
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not strong; the total shift is 1000-1500cm ™. The
band position in different alcohols is nearly the
same, whereas the band frequency in ethylene
glycol is 500—800 cm™' higher than in acetonitrile.
Thus there may exist a certain specific interaction
of the anion with alcohols. The conclusion of a

naar calvation af ilnaraaminag aniang in aleahalis
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solutions is in accordance with the general notion
of the charge distribution of the anion. Due to
the high electronegativity of fluorine atoms the
excessive negative charge is spread over the whole
ion and the charge density in the vicinity of

the nitrogen atom is not high. Therefore the
proton accepting ability of the fluoroamine anion is
low and its solvation in alcoholic solution is slight.
Thus the system fluoroamine—aliphatic amine
may be considered convenient for the experimental
verification of models describing the influence of
dielectric properties of a solvent on the processes
of formation and dissociation of ionic pairs.

This involves the important problems of the
ionic pair structure in a low-polarity solvent, the
structure of the cation, and the mechanism of its
interaction with the anion. From the spectra in
Fig. 2 it is seen that in hexane solution, in the
presence of a moderate excess of aliphatic amines,
while the anionic band had not vet appeared in the
spectrum, the set of curves has an isosbestic
point. However, as the concentration of amine
increases and the band of the anion becomes
clearly observable, the curves do not pass through
the isosbestic point. This is clearly seen in Fig. 3
where the equilibrium in the system is shifted to the

richt. Thig proves that the proton trancfer in a
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molecular complex with a hydrogen bond is not
a monomolecular process. It would appear
reasonable to suppose that the cation is stabilized
due to the formation of the hydrogen bond with
the second molecule of amine, so that the ionic pair
has the composition 1:2:

AerH + NAlk3 = AerH LR NAlk3

+NAlk, +
= "Ar,N. Alk;NHNAIk;,
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scoplc data, that cations BHB™ are often formed
in systems containing phenols or carboxylic acids
and organic bases [15-17].

-If the molecules of a solvent have proton accept-
ing centers, such a mechanism can take place with
the participation of a solvent, formally with the

comnacitinn ofa 11 ramnlay-
COMPOSsiIGI Cr a 1.1 COMPiCKe

S _ +
Ar,NH - NAlk; 2 Ar,N-All;NH - - - §

(S = solvent). This seems to be the case in system
IV with TMG in isopropyl alcohol solution,
where the equilibrium is strongly shifted to the
right and the complete ionization of the fluoro-
amine occurs at a content of fluoroamine close to
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Fig. 5. Fraction of the ionized form of (p-NCC¢F,),NH,
1.0 x 107 M, as a function of tetramethylguanidine concen-
tration in the solvents: A, isopropyl alcohol, o, acetonitrile,
A, absorbance of the anion band at a large excess of the base.

the stoichiometric ratio (Fig. 5). In acetonitrile
solution the titration of the fluoroamine is
slower, the complete ionization being achieved at a
content of TMG several times greater than in iso-
propanol. Here the low proton accepting ability of
the solvent molecules hampers the formation of
ionic species of 1: 1 composition and this tendency
proves to be stronger than the influence of the
medium.
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Fig. 6. Spectra of (p—CF3CgF,),NH, 1.0 x 10~* M in hexane in
the presence of 1.9x 107°M tetramethylguanidine (1),
37 x 107> M dibutylamine (2), 45 x 107> M tributylamine (3).

It follows from the spectral data that the
sequence of ionization abilities of fluoroamines
in all the solvents is the same as their proton
donating abilities in hydrogen bonded com-
plexes: I < II < III < IV. Somewhat surprisingly,
fluoroamine 1 is a much weaker acid than the
other compounds; we managed to observe its
anionic band only on interaction with the
strongest base, TMG, and in the most active
solvent, acetonitrile.

Finally, some uvseful conclusions can be drawn
from comparison of the proton accepting ability of
various bases, both in hydrogen bonded complexes
and by protonation. It is seen from Fig. 6 that in
the most inert solvent, hexane, the strongest base is
TMG, which is protonated most readily, followed
by DBA, the weakest base being TBA. The same
order of basicity is observed in all solvents and
for all fluorinated amines. This sequence is in
agreement with pK, values measured in aqueous
solutions but is in contradiction to the values of
basicity and proton affinity for tertiary and
secondary amines obtained in the gaseous phase
[18]. This means that the hydrogen bonded
complex of the fluorinated NH donor with a
secondary amine interacts with the solvent more
strongly than the complex with a tertiary amine,
and this interaction stimulates proton transfer in
the molecular complex. Even van der Waals
interactions with hexane molecules prove to be
sufficient to invert the sequence of the basicities
of amines in comparison with the gas phase.
This sequence is qualitatively the same in all
solvents from hexane to water, in spite of
the large differences in the mechanism and the
magnitude of interaction of the complex with
molecules of surrounding solvent. The same
conclusion was made from the spectroscopic
measurements of thermodynamic characteristics
of hydrogen bonded complexes and ionic
pairs formed by polyfluorinated naphthol with
secondary and tertiary aliphatic amines in
hydrocarbon solvents [19].
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