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INFRARED SPECTRA AND ENERGETICS OF COMPLEXES OF NONAFLUORO-TERT-
BUTYLAMINE WITH PROTON ACCEPTORS

G. S. Denisov, L. A. Kuzina, and A. L. Smolyanskii UDC 535.343:539.196.3

Primary and secondary aliphatic amines can play the role of proton donors and acceptors
in a hydrogen bond, forming complexes of type NH...B and AH...N, as well as selfassociates
with the NH...N bond. The proton-donor ability of the NH group in aliphatic amines is low.
Studies on the NH...B hydrogen bond from the vibrational spectra are complicated due to the
low intensity of VNH bands, and the number of such investigations is small [1-5]. There
are good prospects for studying the structure and energetics of complexes with the NH...B
bond using fluorinated amines, in which the proton-donor ability of the NH group is consider-
ably increased due to the influence of the electronegative fluorine atoms. In the case of
primary amines, two types of complexes with proton acceptors, with the participation of one
or two NH groups, are possibly formed. In the literature there are papers dealing with the
investigation of perturbations during intermolecular interactions of bands of the NH, group
of trifluoroethylamine CF,CH,NH, [6-8], but no attempts have been made to reveal the spec-
tral characteristics of complexes with a different composition and to evaluate the influence
of fluorination on the proton-donor ability of the NH, group. In the present article, the
results are given of an IR spectral study of the hydrogen bond formed with a proton acceptor
by nonafluoro-tert-butylamine (CF,;),CNH, (NFTBA), that probably has the maximum proton-donor
ability among the fluorinated aliphatic primary amines. The method for the preparation of
NFTBA has already been described in [9]. The spectral parameters of complexes with a 1:1
and 1:2 composition with proton acceptors of different strength have been determined, the
energies of the complexes have been measured, and the reciprocal influence of the hydrogen
bonds in the 1:2 complex has been evaluated. The types of stretching vibrations of the NH,
 groups and their designations are given according to scheme
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Solutions of NFTBA in CCl,, toluene, acetonitrile, tetrahydrofuran (THF), hexametapol
(HMP) and in mixtures of CCl, with acceptors have been studied. The investigation was car-
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Fig. 1. Spectra of NFTBA solutions in
GC1l, (a), toluene (b), acetonitrile (c),
tetrahydrofuran (d), hexametapol (e) —
continuous line and in mixtures of CC1l,
with acetonitrile (c), tetrahydrofuran
(d), hexametapol (e) — dashed line. Con-
centration of NFTBA and acceptor, mole/
liter: a) 0.2 and 0; b) 0.4 and 9.3; c)
0.4 and 19.0 (1), 1.8 (2); d) 0.2 (1),
0.4 (2, 3), and 12.3 (1), 2.0 (2, 3); e)
0.4 (1), 0.3 (2, 3), and 5.54 (1), 0.88
(2, 3). T =25 (1, 2) and 72°C (3).
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ried out on a UR-20 spectrophotometer, using thermostated cuvettes 0.005-0.5 cm thick for
liquids. The spectra were measured in the vibration region of the NH, group at temperatures
of 25 and 72°C, and the temperature was measured by a copper—constantan thermocouple with an
accuracy within #0.5°C. A solution of proton acceptor in CCl, at the same temperature and
concentration as for the working solution was placed in the reference channel.

Figure 1 shows the spectra of NFTBA solutions in CCl, and proton acceptors and in their
mixtures in the VNH, bands region. In the spectrum of a solution in CCl, (a) bands are ob-
served at vgf = 3371 cm™? and v, f = 3439 em™! (e = 140 and 170 liter'mole™!+cm™!), and also a
weak band of an overtone of a deformational vibration & NH, at 3250 cm™'. The vif and Vasf
NH, bands in the gaseous phase are shifted by 19 cm™! to the higher frequencies, compared
with the case of a solution in CCl,, and are observed at 3390 and 3459 cm™!. 1In the spec-
trum of liquid NFTBA, each of the bands is in the form of a doublet; the high frequency com-
ponents in the doublets coincide with the frequencies in the gaseous phase and belong to
free molecules, while the bands that are shifted by ~15 cm™! to the low frequencies belong
to the selfassociates of NFTBA. At NFTBA concentrations lower than 0.3 mole/liter, no self-
association was observed, and therefore further work with the NFTBA and proton acceptor solu-
tions was carried out at a concentration that ensured that not more than 0.3 mole/liter of
free NFTBA molecule were present in the solution.

On transition to a solution in toluene (Fig. 1b), the vg and v,g NH, bands are shifted
to low frequencies as a result of the formation of NH...w-electrons of the aromatic ring
complexes, and are observed at 3355 and 3420 cm™!. The formation of the hydrogen bond leads
to 2.2- and 1.3-fold increases in the integral intensities of the vg and vy5 NH, bands, re-
spectively.

When acetonitrile is added to a solution of NFTBA in CCl, (Fig. lc), the band intensity
of the free molecules decreases and new bands at 3350 and 3420 cm™! appear. With increase
in the acetonitrile concentration, the intensity of the 3420 cm™! band first increases and
then begins to decrease, and, simultaneously, a new band appears at 3390 cm™!; the intensity
of the 3350 cm™! band thus continues to increase. The band at 3420 cm™! is situated between
vsf and vasf and can be assigned to vE vibration of the free NH-group of the 1:1 complex, and
the band at 3390 cm™! to the v,ycP vibration of the 1:2 complex, while the absorption with a
maximum at 3350 cm™! possibly corresponds to the strongly overlapping vsb and vP bands.
There is also a 28 NH, band in the spectrum that is intensified by the Fermi resonance with
the stretching vibrations of the complex.

A somewhat different pattern is observed for THF, which is a stronger proton acceptor
(Fig. 1d): When even commensurable amounts of THF are introduced into an NFTBA solution,
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TABLE 1. Spectral Characteristics of Nonafluoro-tert-
butylamine and Its Complexes with Tetrahydrofuran
and Hexametapol in a CCl, Solution

o <1 |S,-107* (25%)
Acceptar | Vibration - avy g, cm™t | S0 '
P v.em 172 liter .mole-!-cm
vl 3371 5 0.27
vl 3439 17 0.38
vf 3418 26 0.69
b
THF V‘ZS 3330 80 2.5
v —
vb} 3230 60 _
N
v 3414 2% 0.55
HMP v 3300 70 2.0
v 3170 90—110 -
b J—
Vs J . -

three new bands appear in the spectrum at 3418, 3330, and 3230 cm™!. With increase in the

THF concentration, the intensity of the 3418 cm™?! band first increases, and then decreases,
while the intensities of the other two bands continue to increase. The band at 3418 cm™?,
situated between vsf and Vasf’ corresponds to the vf vibration of the free NH group of the
1:1 complex, and the 3330 cm™! band to Vasb vibration of the 1:2 complex. The symmetric

vsb vibration of the 1:2 complex and the vP vibration fo the bound NH group of the 1:1 couplex,
with similar frequencies, together form a band at 3230 cm™'. The overtone of the deforma-
tional 28 NH, vibration, intensified by the Fermi resonance, probably also contributes to
this band. With increase in the temperature of the solution, the band intensity of the free
NFTBA molecules increases, while that of the complexes, in particular of the 1:2 complex,
decreases (Fig. 1d), i.e., the equilibrium is shifted in the direction of free molecules.
The spectral parameters of the NH, bands in the NFTBA-THF complexes are given in Table 1.

The spectrum of the NFTBA solution in the presence of HMP is similar (Fig. le) and the
assignment of bands is the same as for THF (Table 1), but the shifts of the VNH; bands as a
result of the formation of complexes are larger, because HMP is a stronger proton acceptor
than THF.

A comparison of the vf frequencies of the free NH group of the 1:1 NFTBA complexes with
acetonitrile, THF, and HMP shows that with increase in the proton-acceptor ability of the
partner, the vl band is shifted to lower frequencies and approaches the VNH frequency of the
NHD group of NFTBA. The integral absorption coefficient of the vf band thus increases and
becomes almost twice as high as the mean value for the vsf and vasf bands of the free NFTBA
molecules. The VNH band of the 1:1 complex of the semideuterated NFTBA with HMP of the
HND...B type lies 6-10 cm™! higher than does the WNH band of the free (CF;),CNHD molecule,
and hence the formation of the 1:1 complex leads to increase in the force constant of the
free NH bond. {The reason for this behavior of the free NH group band may be a kinematic in-
teraction with the vibrations of the bound NH groups of the 1:1 complex, and also the change
in the electron density in the NH, fragment as a result of the participation of the second
NH group in the hydrogen bond).

To study the influence of the hydrogen bond on other NFTBA bands, spectra of the NFTBA
solutions in CCl, in the presence of HMP (or HMP-D,) were recorded in the 400-1700-cm™! re-
gion. The 8NH, band at 1630 cm™! in the complex is shifted to 1635 cm™!, while its width
increases more than twofold. The 922 em™! band (e ~ 200 literrmole”!:cm™!), which was tenta-
tively assigned to the stretching vibration of the CN group, and which in the 1:1 complex
is shifted to 928 cm™ !, was found to be very sensitive to the formation of the hydrogen bond.
The remaining NFTBA bands located in a region accessible to observation do not undergo any
noticeable changes.

The quantitative determinations of the equilibrium constants of the reactions of forma-
tion of the 1:1 (1) and 1:2 (2) complexes were carried out for the NFTBA—THF and NFTBA—HMP
systems in CCl, according to the intensity of the VNH, bands:

A4 B=AB, K,=[ABYI[A}|B], ().
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intensities Sgs and St (s = [Ddv/d [Ac])
of the v,¢P and vf bands of the NFTBA-THF
(a, b) and NFTBA-HMP (c, d) systems. T =
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TABLE 2. Thermodynamic Characteristics of Complexes
of Nonafluoro-tert-butylamine with Tetrahydrofuran
and Hexametapol

Ky | Ky | —aHy | —AH, | —AS; | —aAS,
Acceptor 1 ; i g
liter+mole™*, 25%C |  kcal *mole” !cal.-mole' K™
THE 1.7 0.62 3.0 2.7 ‘9.0 10.0
HMP 7 | 0.6 5.3 3.1 11.2 11.2

AB+B==AB,, K, = AB,/|AB]|B]. (2)

Here [A]l, [B] are concentrations of free molecules of proton donor and acceptor; [AB], [AB, ]
are concentrations of complexes with a 1:1 and 1:2 composition, respectively. By using the
balance equations (3), (4), the number of values required for the determination of K;, K,,
which should be measured according to the band intensities, can be reduced to two:

[Ao] == [A] ‘l‘ [AB] + [ABz], (3)
[Bol = [B] + [AB] + 2 [4B;] (4)

([A,1, [By] are initial concentrations of the proton donor and acceptor). For these values,
we selected [A] and [AB] which can be conveniently determined from vsf and vf bands. After
the graphical separation of the bands, the value of [A] was determined from the intensity at
the maximum-of the vsf band, the absorption coefficient of which is known from the spectra
of NFTBA solutions in CCl,. However, to determine [AB], a preliminary measurement of the
absorption coefficient of the v band was necessary, and the following procedure was used.

By expressing the [AB] and [AB,] concentrations as optical densities of the bands D (e is
absorption coefficient, d is optical path) and by introducing o = [A]/[A,] (the fraction of
the free proton donor molecules), Eq. (3) can be represented in the form

D Db
Mu—@m1+EMQ~@m1_' (5)
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It can be seen that by plotting the intensities of the vf and Vasb bands, obtained at differ-
ent concentrations of the donor and acceptor in the DE/d(1 — o) [A,l, Dasb/d(l - a) [A,]
coordinates, we obtain a line that cuts sections on the axes equal to the absorption coeffi-
cients of these bands. The same procedure can also be applied for the determination of the
integral absorption coefficients of the vE and vasb bands; the values of the concentrations
[AB], determined from the integral and peak intensities of the v band, were found to be
similar., Figure 2 shows the corresponding dependences, plotted from the integral intensities
of the bands at 25 and 72°C. The integral absorption coefficients S, of the v and Vasb
bands, found in this way for the complexes of NFTBA with THF and HMP, are listed in Table 1.
With increase in the temperature from 25 to 72°C, these values decrease by 2-77%.

In the calculation of the values of K;, K,, the following factors were taken into ac-
count. Firstly, in the calculation of K;, we did not use experiments with a large excess
of proton acceptor, where equilibrium (1) is shifted strongly to the right and the value
of [A] is low; secondly, for the calculation of K,, we used experiments in which the frac-
tion of the NFTBA molecules in the 1:1 complexes was higher than 107, and in the 1:2 com-
plexes higher than 307% (the error in the determination of [AB,] according to (3) is higher than [AB]
measured directly according to the vf band); and thirdly, the experiments with less than double
excess of HMP were excluded, since in this case the value of the error in the determination of
[B] according to (4) is high. The values of K,, K,, averaged from 5-9 experiments, are given
in Table 2, and their accuracy was estimated as 20-307. A correction was introduced in the
calculations for the dependence of the density of solvent on temperature.

The changes in the enthalpy AH and entropy AS in processes (1) and (2) were calculated
according to the van't Hoff equation, and the results are given in Table 2. The error in
the determination of these values is ~10-20%. It is seen that for the NFTBA-HMP system,
the energy of formation of the second hydrogen bond is lower than that of the first one,
i.e., the proton-donor ability of the second NH group appreciably decreases during the for-
mation of the first hydrogen bond NH...B. However, for complexes of NFTBA with the weaker
proton-acceptor THF, the reciporocal influence of the two hydrogen bonds is not as high and
the energy of one hydrogen bond in the 1:2 complex (within the experimental error) does not
differ from that of the 1:1 complex.

The authors wish to express their gratitude to Yu. V. Zeifman for kindly providing non-
afluoro-tert-butylamineNand for discussing the results.
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