SPECTRA AND STRUCTURE OF ASYMMETRIC CARBOXYLIC ACID DIMERS
IN SOLUTION
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The study of asymmetric (consisting of different molecules) dimers of carboxylic acids
is of interest in two respects. In the first place, when there is a significant difference in
the electronegativities of the radicals such as, for example, in the case of the CFsCOOH.CH;-
COOH dimer, it might be expected that there would be a large difference in the strength of
the two hydrogen bonds in the dimer and this would increase the probability for the appear-
ance of an open dimer with a single hydrogen bond. A study of the equilibria
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would enable one to estimate the magnitude of the mutual effect of the two hydrogen bonds in
the dimer which it is generally assumed determines the high thermodynamic stability of the
cyclic structure. In the case of symmetric dimers open forms have not been observed either
in the gas phase or in inert solvents even at high temperatures [1]. (The authors of [4] were
unable to detect the bands ascribed in [2, 3] to the open forms of trifluorocacetic acid.
These bands apparently belong to complexes of the acid with a water impurity [5, 6].) Sec-
ondly, it becomes theoretically possible to obtain information on the frequency of the de-
generate intracomplex proton exchange between the two positions with are now nonequivalent.

OH . ..O O .. HO
- Nep wwpcd AN
RlL<o . HO CR“—RIC<OH A )

The estimation of the lower limit of the frequency of proton migration in the dimer of
formic acid at —160°C as t~* > 10® sec™!, which was accomplished using the contour of the
triplet OH signal in the PMR spectrum, is rather low and, according to the NMR spectra of
mixed dimers in which the two hydrogen bonds differ greatly both with respect to their energy
and, consequently, with respect to the proton chemical shift, it should be possible to sub-
stantially improve on this estimate.

In the present work we have investigated the IR spectra of solutions containing mixtures
of trifluoroacetic and trimethylacetic (pivalic) acids as well as several of their isotopical~-
ly substituted species in pentane (from —120 to +30°C) and in hexadecane C;e¢Hs, (from +30 to
250°C) at concentrations from 10~? to 10! mole/liter. The low temperature NMR spectra
(—=170°C) were recorded in a mixture of the freons CDFs + CDF;Cl. Moreover, the IR spectra of
the RCOOH + CF3COOH (R = CHs, H, 0-OH—Ce¢H,) systems and of several model systems were re-
corded in pentane at room temperature. Mixtures of trifluoroacetic acid with aliphatic acids
have previously been studied in the gas phase using their microwave [8] and far IR spectra
[9] and vapor pressure measurements [10] and, in the condensed phase using ultrasonic absorp-
tion [11] and methods of physicochemical analysis [12]. 1In every case, the formation of a
strong complex, which is usually classified as an asymmetric cyclic dimer, was noted.

The chemically pure grade trifluorocacetic acid, after the addition of a small amount of
the anhydride in order to remove any water present, was triply vacuum distilled at —40°C,
The deuterated acid was prepared by dissolving a calculated amount of D0 in trifluorocacetic
anhydride followed by vacuum distillation. The pivalic acid in hexane solution was dried
using type 4A zeolite and, after the solvent had been distilled off, it was doubly distilled
under vacuum at 50°C. The alkanes which were employed as the solvents were successively
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Fig. 1. Infrared spectra of solutions in pen-
tane. Each component separately (a): 1)
CF3COOH, 6-107% mole/liter, 2) (CHs) sCCOOH,
3:107° mole/liter at —100 (2) and +30°C (1);
(b) mixed solutions, containing both acids
under the same conditions.

shaken with oleum, sulfuric acid, and water. They were then dried with potassium chloride
and metallic sodium after which they were distilled (in the case of hexadecane, this was done
under vacuum). The freons were prepared and purified in accordance with the prescriptions
given in [13, 14]. The IR spectra were recorded on a UR-20 instrument in cells with CaF,

and KPS5-5 windows and spacers made out of Teflon or glass to give a layer with a thickness

of 0.5, 2, or 10 mm. The cells were put into the heating furnace or into the vacuum cryostat.
The technique used in the preparation of the samples for recording the NMR spectra of com-
pressed gases at low temperature has been described in [15]. The spectra were recorded on a
JEOLC-60HL (60 MHz) instrument. The chemical shifts were measured relative to TMS (internal
standard).

The bands corresponding to the valence vibrations of the carbonyl groups vC=0 and the
out-of-plane deformation vibrations of the hydroxyl groups YOH in the IR spectra turned out
to be informative. The spectra of a solution, containing CF;COOH and (CHs)3sCCOOH at various
different temperatures are depicted in Fig. lb. The spectra of similar solutions containing
these acids but separately are shown in Fig. la. At ccncentrations higher than 0.005 mole/
liter and temperatures from —120 to —20°C, bands from the monomers are barely observed. In
the spectra of the mixed solutions, the bands due to the symmetric dimers (1708 and 1782
cm™?') are significantly reduced in intensity and broad bands appear with maxima at 1667 and
1756 em™' which it is natural to assign to the C=0 group vibrations of the (CHjz)sCCOOH and
CF3COOH components in the mixed dimer, respectively. This assignment is confirmed by the
fact that, upon isotopic substitution of the carboxylic carbon in pivalic acid by '3C, the
band at 1667 cm™' is shifted by about 20 cm™' toward lower frequencies while the band at
1756 cm™* is not shifted. The spectrum is very different from that expected in the case of
the open dimer I which must be similar to the spectrum of the complex formed between CF;COOH
and the methyl ester of pivalic acid II
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In the latter, the vibration of the free C=0 group yields a narrow band at 1798 cm™*® lying

between the bands of the CF3;COOH monomer and dimer while the band due to the bound carbonyl
is practically coincident with the band of the (CHa)3CCOOH dimer. Consequently, only mixzed
cyclic dimers in equilibrium with symmetric dimers are present in the solution. Increasing
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Fig. 2. The spectrum of a solution
containing CFsCOOH (6:10"° mole/
liter) and salicylic acid (4-1073
mole/liter) in pentane at +20°C.
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Fig. 3. IR spectra of solutions in pentane. Separate
components (a): CFsCOOH (1) and (CH3)3CCOOH (2) at
concentrations of 0.1 mole/liter and —40°C. (b) A mixed
solution of these acids under the same conditions (the
YOH bands of the asymmetric dimer are approximately re-
solved by the dashed line).

the temperature from —120°C up to 0°C does not bring about the appearance of any new bands,
and only a certain redistribution of the intensities in favor of the symmetric dimers can be
noted. A natural result of increasing the temperature up to 250°C is the growth of the mono-
mer bands at the expense of the bands due to both types of dimers. No new bands whatsoever,
which could be assigned to an open dimer, were observed. The spectra of all mixed solutions
containing CF3;CO0H and a carboxylic acid look similar., All six C=0 group vibrational bands
are best separated in the case of salicylic acid (Fig. 2) and the bands due to the corres-
ponding mixed dimer at 1644 and 1760 cm™' are not broadened in comparison with the bands due
to the symmetric dimers. We also note that the width of the vC=0 bands of all of the other
mixed dimers is appreciably reduced upon deuteration of the acids. The reason for this re-
mains unclear. It is possible that this broadening is associated with rapid degenerate pro-
ton exchange within the dimer which is retarded upon deuteration and is absent in the dimer
of salicylic acid. Two strongly overlapping bands at 3540 and 3500 cm™ *, belonging to the
(CH3) 3CCOOH and CF3;COOH monomers are observed at high temperature in the region of the free
OH group valence vibrations. No traces of a third band which could have been assigned to the
vibration of the free OH group in the open dimer, were visible.

TABLE 1. Frequencies YOH and YOD of the Out-of-Plane
Deformation Vibration of the Hydroxyl Group in the Carboxylic
Acid Dimers CF3COOH.«RCOOH

Symmetric dimer "‘Asymmetric dimer
R CF,COOH RCOOT(
Yor Yob . - ;
© © o | Yop | ‘oH Yop
(CHjy), C 945 690 997 725 845 610
CH, 942 690 970 705 848 615
H 925 670 935 680 870 630
CF, 890 647 890 647 890 647
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Fig. 4. Relationships be-
tween the logarithm of the
dimerization constant X
(liter/ mole) for CF3CO0H (1)
and (CHj3)s;CCOOH (2) in hexa-
decane and the inverse tem-
perature.

The 800-1100 cm™' region of the spectra is depicted in Fig., 3 in which the YOH bands of
the carboxylic acid complexes appear. In the spectrum of a mixed solution, the bands at 890
and 945 cm~*, which belong respectively to the dimers of trifluoroacetic and pivalic acids
[16] are reduced in intensity and, instead, as many broad bands appear at 997 and 845 cm™',.
These bands disappear upon deuteration and bands arise at 725 and 610 cm™'. It has been
shown in [16, 17] that the frequencies of the YOH vibrations correlated fairly well with the
energies of the hydrogen bond which is formed by the OH group. It may therefore be postu-
lated that the 997-cm~' band belongs to the CFsCOOH molecule which forms an appreciably
stronger hydrogen bond than that in the symmetric dimer (the shift in the YOH frequency is
4110 em™'). Likewise, the second hydrogen bond in the mixed dimer is significantly weaker
than that in [(CH3)sCCOOH],. As the value of ApKy for the two acids decreases, the dif-

ference in the frequencies of the two YOH vibrations decreases (Table 1).

The use of the correlation relationship [17]
éompﬁ&y%ee::&S-IO*Afi (3)
is apparently the only available method of estimating the energies of the two bonds in the
mixed dimer separately. (It is not possible to resolve the broad bands due to the bound OH
group valence vibrations.) However, for this purpose one requires a knowledge of the YOH
frequencies in the monomers and the bands arising from the corresponding vibrations could not
be unambiguously identified. Hence, using Eq. (3), we solely found the magnitude of the dif-
ferences in the bond energies in the mixed and symmetric dimers. A direct comparison of the
frequencies in the symmetric and asymmetric dimer may appear unjustified since, in the first
case, the absorption band corresponds to an antisymmetric vibration of two bonds which vi-
brate practically independently in the second case. However, the interaction between the vi-
brations is very small in the symmetric dimer (for example, the difference in the frequencies
of the two YOH vibrations of Ay and B, symmetry in (HCOOH), is 2 cm™*) which means that the
above-mentioned effect can be neglected. Then, in the case of the CF3;COOH: (CH;) sCCOOH dimer,
one of the bonds is stronger than that in (CF5;CO00H). by 3.1 kcal/mole while the other is
weaker than that in [ (CHs)sCCOOH], by 2.9 kcal/mole such that, on the whole, the mixed dimer
is somewhat more favorable from the energetic point of view. Subsequently, the magnitude of
the enthalpy changes for the processes

(AH),==2 AH, ()
(BH),==2 BH, (5)
(AH), + (BH),==2 AH-BH, (6)

where AH = CF;COOH, BH = (CHj;)3CCOOH, were determined by the thermodynamic method using the
temperature dependence of the equilibrium constant. The equilibria (4) and (5) were studied
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Fig. 5. 'H NMR spectra of solutions containing
(CH3) sCCOOH, 5+107° mole/liter (a); CFsCOOH,
10-2 mole/liter (b); o-HOCeH,COOH, 5:107° mole/
liter (c); (CHs)sCCOOH, 5:107% mole/liter and
CFsCO0H, 1072 mole/liter (d); and o—~HOCgH,COOH,
5+107° mole/liter and CFsCOOH, 1072 mole/liter
(e) in a mixture of the freons CDFs; + CDF,Cl at
—-170°C.

using the vC=0 bands of the monomer and the dimer (the procedure for treating the spectra and
carrying the calculations has been described in [18]) in hexadecane over a temperature range
of 30-200°C. The relationships between 1ln K and T~ are shown in Fig. 4. As the result of
this, a value AH = 10.8+ 0.3 kcal/mole was obtained for the energy of dimerization of CFzCOCH
and a value of 12.2* 0.4 kcal/mole for the energy of dimerization of (CH;)sCCOOH. The first
value lies between the values of 8.8 kcal/mole obtained in [18] in CCl, solution and the
value of 12.2 kcal/mole found in [1] for the gas phase. Hence, the energy of one bend in the
mixed dimer is equal to 8.5 kcal/mole and the energy of the other equal to 3.2 kcal/mole with
an accuracy corresponding to the validity of the correlation equation (3) (values of 11-12
and 5-6 kcal/mole were found in [10] for the CFsCOOH.CH,COOH dimer in the gas phase.) The
equilibrium (6) was studied in pentane at —120 to —20°C, when the equilibria (4) and (5) are
completely displaced to the left. The bands at 1708 cm‘l of the (BH), dimer and at 1667 cm™
of the AH:BH dimer, which can be resolved graphically with comparative ease, were employed as
the analytical bands. Subject to the condition that [AH] = [BH] = 0, the equilibrium con-
stant expressed in terms of the concentrations of (BH). and AH:BH is equal to

[AH-BH2 4[{AH - BHP _ 2({BH}, — 2{(BH),])*

-1

" {(AH)I- [(BH))  (IAHl— [AH - BH])([BH], — [AH - BH)) [(BH),] - (1AH], — [BH], + 2 [(BH):D)

where [AH]o and [BH], are the initial concentrations of the acid. The integral absorption
coefficients of the bands at 1667 and 1708 cm™* can be measured separately since, in the ab-
sence of trifluoroacetic acid, all of the pivalic acid exists as the dimer and, when there

is a great excess of trifluoroacetic acid, in the form of the mixed dimer. They turned out

to be equal to 4.6:10% and 6.4+:10* liter/mole.cm®, respectively. The enthalpy change in-
volved in process (6) was found to be equal to AH = 0.6+ 0.2 kcal/mole which is in good agree-
ment with the value of AH = 2(8.5+3.2)-10.8-12.2 =0.4 kcal/mole, obtained using the corre-
lation relationship described by Eq. (3).

The low-temperature NMR spectra of solutions containing the mixed dimers of trifluoro-
acetic and pivalic acids (Fig. 5d) and of trifluoroacetic and salicylic acids (Fig. Se) are
sketched in Fig. 5. The assignment of the signals becomes obvious upon comparison with the
spectra of solutions which contain the above-mentioned acids separately. In the case of
salicylic acid, apart from the signals due tc the symmetric dimer, two signals are observed
in the spectrum at § = 12.2 and 13.6 ppm which are assigned to the twc nonequivalent protons
of the mixed dimer. This means that degenerate intracomplex proton exchange is absent. The
reason for this probably lies in the fact that the intramolecular hydrogen bond with the car-
bonyl group in the salicylic acid molecule makes one of the species, which are equivalent in
the absence of this bond, energetically unfavorable
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Internal rotation with the rupture of an intramolecular hydrogen bond (IHB) takes place
slowly on an NMR time scale [19] in o-carbonyl-substituted phenols at —170°C [9] and, hence,
the IHB hinders the process involving the transfer of protons within the dimer. In the mixed
complex the signal due to the phenolic proton is shifted to stronger fields in comparison
with the symmetric dimer since the carbonyl group simultaneously forms two hydrogen bonds
and, in this case, the reinforcement of one of them brings about a weakening of the other.

In the case of the mixed dimer of trifluorocacetic and pivalic acids, a single averaged
signal, lying between the signals due to the symmetric dimers, is observed in the spectrum.
The application of the correlation relationship which relates the chemical shift of the OH
proton to the energy of the hydrogen bond which is formed by carboxylic acids [20] provides
an estimate of the difference in the chemical shifts of the two nonequivalent protons of = 5
ppm since the difference in the energies of the two hydrogen bonds was estimated as 5.3 kcal/
mole. Since no brcadening of the signal from the mixed dimer was observed when the signal
was compared with those from the symmetric dimers, the lower limit of the proton transfer
frequency within this dimer at —170°C can be estimated as t~ ' > 10° sec™* using the formula
Avy/a = ZFPXPg(Av)zT, where Av is the difference in the frequencies of the overlapping sig-
nals, t is the average lifetime of the two species, and Pp = Pg = 1.

To sum up, the following conclusions may be drawn.

1. 1In spite of the fact that the difference in the energies of the two hydrogen bonds
in the mixed dimer of trifluoroacetic and pivalic acids is about 5 kcal/mole the open dimer
is thermodynamically unfavorable in comparison with the cyclic dimer and is not formed in
measurable amounts over the whole of the temperature range studied (=170 to +250°C). This
can apparently be explained by some additional stabilization of the cyclic dimers due to a
mutual polarization of the bonds in the conjugated system. Furthermore, the increase in en-
tropy upon passing from the cyclic dimer to the open dimer must be insignificant and cannot
compensate for the reduction in the enthalpy. This transition is to some extent similar to
cis-trans isomerization in molecules of the orthonitrophenol type which is not accompanied
by any noticeable increase in the entropy, as a consequence of which rupture of the com-
paratively weak (5 kcal/mole [21]) hydrogen bond is not observed up to +250°C.

2, Even in the case of two very nonequivalent hydrogen bonds degenerate proton ex-
change within the dimer takes place with a frequency greater than 10°% sec™® at —170°C. We
do not know of any quantum mechanical calculations on such systems. However, in the case of
the symmetric dimer of formic acid, a value for the tunnelling frequency in the ground vi-
brational state of the order of 107 sec~' was obtained in one of the calculations [22].

The authors are grateful to L. Kimtis for making available a sample of high purity de-
uterated pivalic acid.
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