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35C1 NQR spectra from complexes of trichloroacetic acid (A—H) and bases (B) are
studied at 77 K for pK, ranging from —10 to +11. A characteristic dependence of Avg
vs 4pK, is obtained. The proton transfer problem is discussed, and good agreement with
the dielectric and spectroscopic data of others is achieved.

2. Introduction

Nuclear quadrupole resonance permits the determination of the electric field gradient
at the nucleus under investigation. When a complex is formed, the electron structure .
surrounding the resonating nucleus, and thus the field gradient, undergo a modification.
From the latter, one can draw conclusions concerning the amount of charge transferred
within the complex as well as the direction in which the transfer occurred. Numerous
papers deal with “charge-transfer” complexes by the method of NQR [1-8].

Especially interesting are complexes involving hydrogen bonds. Lucas and Guibe [5]
carried out an assessment of the charge transferred in complexes of chloroform and various
bases. Chihara and Nakamura [6] studied complexes of pyridine and chloroacetic acids,
and found them to exhibit proton transfer.

After Mulliken [9], a system of two molecules forming a complex can be described
in terms of a wave function vy, given by the superposition of functions describing the
states of the complexes with normal and ionized hydrogen bond (y, and v, respectively)

yy = ayo[(A—H)(B)]+by, [(A)-(H-B)*]. )
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Once the preceding function is known, the electric field gradient at the point of the nucleus
can be obtained from the formula [10]
g =Y eyy| (3cos® 0,—1)/r}|yyd + e )]

1

where summation extends over all electrons of the complex having the coordinates (r;, Q;)
with respect to the central point of the system i.e. the point of the nucleus under considera-
tion. g, denotes the gradient due to all the other molecules of the crystal. Calculations
lead to the following formula for the NQR frequency of-hydrogen bonded complexes

Vo = Vo+b’dv,, 3

where Vo = Vo+Ve, and Avy, = vy—vo.

Vo is the frequency for the complex with normal hydrogen bond and v, that for the
complex with proton completely transferred. The problem of proton transfer within
the hydrogen bond of the complex and that of the degree of transfer as a function of the
nature of the acid and base, appeared to us to be of much interest. Accordingly, so as to
omit no aspect of the problem, we proceeded to a study of the complexes of trichloro-
acetic acid and a variety of bases, ranging from the weakest to very strong ones.

2. Experimental

Complexes were obtained in the form of crystals by dissolving the base in a small
volume of chloroform and adding trichloroacetic acid (TCA) in a small volume of carbon
tetrachloride. The complexes were recrystallized from chloroform-carbon tetrachloride
mixture (3: 1). Correct analyses were obtained. The melting points were: TCA + 4-methyl-
pyridine . N-oxide, 56°C; TCA - 3-bromopyridine, 56°C; TCA - 4-methylquinoline,
98—99°C; TCA + 4-methylpyridine, 83-—-84°C; TCA - 2, 4-dimethylpyridine, 68—69°C;
TCA - 2,6~-dimethylpyridine, 78°C; TCA - 2,4,6-trimethylpyridine, 63—64°C.

The NQR spectrum of 3*Cl isotope in the complexes was observed by means of
a spectrometer with synchronized superreactive detector [11] and modulated frequency
similar to the setup of Tong [12]. We applied a system of automatic frequency calibration,
marking the recorder. tape. The accuracy of the position of the frequency marks was
assessed as +1kHz. The measurements were performed at 77 K immersing the sample
and spectrometer generator coil directly in liquid nitrogen in the Dewar flask.

3. Results and discussion

Table I gives the NQR line frequencies, measured for the complexes, in the order
of increasing strengths of the base (pK,). The data of Chihara and Nakamura [6, 13],
as well as the latest results of Poleshchuk et al. [14]for other complexes of TCA, are included
in the present analysis.

All the complexes exhibit a shift in NQR spectrum towards lower frequencies as
compared with TCA. This proves that, on formation of a hydrogen bond, the electron
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TABLE 1

Frequencies of the NQR line of 35Cl isotope in hydrogen bonded complexes of the type CCl;COOH. - B
at 77 K, mean values of spectral frequencies »q variations of the mean frequency 4vq and pK,-values of
the bases

-

Complex

YQ
[MHz]

7Q
[MHz]

Ag
[MHZ]

CCI;COOH (=TCA)

39.969 2
40.162
40.242

TCA * 4-methylpyridine
N-oxide

TCA - 3-bromopyridine

38.413%2
38.877
39.011

38.430
38.476
38.476
38.697
38.811
38.908

R, e

40.124

38.767

38.633

PK,
base BP

1.29

—1.491

TCA - 4-methylquinoline

38.124
38.376
38.451
38.494

TCA - 4-methylpyridine

TCA - 2,4-dimethylpyridine

TCA - 2,6-dimethylpiridine

TCA - 2, 4, 6-trimethyl-
pyridine

3 Ref. [15] P Ref. [16]

37.868%2
38.037
39.003

37.877
38.194
38.539

37.456
37.840
38.669

37.600
38.125
38.306

38.361

38.303

38.203

37.988

38.010

—1.763

~1.821

2.84

5.67

6.02

—1.921

6.63

-2.136

~2.114

6.75

7.44

structure in the vicinity of the chlorine nucleus is modified: the ionicity of the C—Cl

bond increases [17] and the electric field gradient decreases accordingly.

By having recourse to mean values of the NQR line frequencies it was possible to
avoid taking into consideration the crystal effect related with the inequivalency of the
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positions of the three chlorine nuclei in TCA and thus to concentrate entirely on the
change in electron structure due to the formation of intermolecular hydrogen bonds.

Figure 1 shows Avqy as a function of ApK, = pK, (base) —pK, (acid). The dependence
Avq = f(4pK,) in the range of negative ApK,-values (lower left hand portion of ﬁgure D
defines the NQR frequency for a complex with normal hydrogen bond. In accordance
with the notation of Eq. (3), this is the frequency v, (39.994 MHz). However, the largest

24 = —

20

47y [MHz]
[N

8

04

i L 1
-2 -8 -4 0 4 ] 2
AdpKa

Fig. 1. Shift in mean NQR frequency of the TCA ‘B complexes versus ApK,. The complexes are labelled

according to their base as follows: 1 - acetonitryl [14], 2 — cyclohexanone [14], 3 — acetophenone [14],

4 — acetamide [14], 5 — a-pyrolidone [14], 6 — N, N-dimethylacetamide [14], 7 — pyridine N-oxide [13],

8 — d-methylpyridine N-oxide, 9— 3-bromopyridine, 10— pyridine [6], 11— 4-methylquinoline,

12 — 4-methylpyridine, 13 — 2,4-dimethylpyridine, 14 — 2,6-dimethylpyridine, 15 -— 2, 4,6-trimethyl-
pyridine, 16 — triethylamine [14]

shift in NQR (upper right hand part of figure 1) is due to complete transfer of the proton
in the hydrogen bond. Thus, for 4v,, we obtain a value of about 2 MHz. On insertion
of the values thus determined into Eq. (3) and on the assumption of v, & 0, we obtained
the value of the coefficient “»” for each complex. Next, by having recourse to the normali~
zation condition for the function wy(a®+2abS+b*> = 1) and the value S = 0.20 [18]
characteristic for this type of complexes, we determined the coefficients “a”. Their value
for the complexes are given in figure 2.

For comparison, the coefficient P, providing a direct measure of the degree of transfer
of the proton in the hydrogen bond and obtained from the simple relation [6]

v = Py +(1—P)vg %

is also plotted vs. 4pK,.
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A dependence similar to that of Fig. 1 has been obtained for the function A4z = f(ApK,),
with Ap — the electric dipole moment of the hydrogen bond, in cases of complexes of
phenols and carboxylic acids with pyridine, triethylamine and aniline [19-24].

It results from IR [24, 25] and NQR studies that, in complexes of strong bases
(pK,;> 0), an ion pair with hydrogen bond appears (A~---H—B+), whereas in cases of

Coefficients a,b and P

ApKg

Fig. 2. The coefficients a, b and P as function of ApK,, for the TCA - B complexes studied

weak bases (pK, < 0) one has a complex involving a normal hydrogen bond (A—H---B).
Complete transfer of the proton from the acid to the base causes a change in NQR frequency
by 4vq ~ 2MHz. , '

A similar situation is met with when analyzing the differences in mean NQR fre-
quencies between mono- and bi-chloroacetic acid and their ammonia salts, which are of
the completely ionized type [6]. The Avy-values of these salts amounting to 2.0 and 1.9 MHz,
respectively, are in good agreement with the valie AVQ & 2 MHz, attributed to the com-
plexes with total proton transfer (A----H—B+). It should be noted that the preceding
comparison concerns studies on one, two and three chlorine nuclei of the various chloro-
acetic acids, and that the conformity of the results obtained is supplementary evidence in
favour of the method of NQR frequency averaging adopted at the outset.

‘The resuits obtained show that the transfer of the proton from the acid to the base
proceeds continuously in the complexes studied. The point of inflection (figure 1) corre-
sponds to ApK, =~ 0, and is shifted by about 3—S5 pK, units downwards compared with’
the data from dielectric studies of solutions. In dielectric studies, the point of inflection
corresponds to the equimolar tautomeric equilibrium

A—H---B= A~---H—B".
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In the present work, performed in solid phase, tautomeric equilibrium is hardly conceivable.
We presume the proton transfer in the solid phase to occur by way of proton delocalization
(A---H---B).

We performed an evaluation of the shift in mean NQR frequency to be expected
from the emergence of a dipole moment on the hydrogen bond of the complex. We selected
the complex of TCA and triethylamine, for which the proton transfer has to be complete
and the dipole moment the largest, as confirmed by the work of Sobczyk and Pawelka
[22, 261.

Bloembergen [27] calculated the changes in quadrupole interaction energies within
covalence bonds induced by an external electric field. His predictions were confirmed by
numerous experimental papers [28-30]. In the case of an axially symmetric field gradient,
for which the asymmetry parameter is initially zero, the electrically induced shift in frequency
is of the following simple form:

AV& = RzzzEm (5)

where R,,, is a constant, and E, the z-component of the external electric field.

In molecular crystals with a C—Cl bond, the most frequent value of R.., encountered
(from 6 X 10! m~* t0 7.5 X 10** m~*) [29] is sufficient evidence that the electrons participating
in the C—Cl bond are chiefly responsible for the value of the electric shift. In this case
intermolecular interactions are less important, and the local field corrections are more
or less identical for all substances having this type of bond. However, with regard to
molecular crystals with hydrogen bonds as well as complexated compounds, it is not
possible to neglect the strongly differing intermolecular interactions. Consequently, as
done in reference [31], we took into account the influence of the electric field, originating
essentially in the dipole of the hydrogen bond, on the polarization of the covalent C—Cl
bond. The field in question can be expressed as follows: .

cos 0 \/ 3 cos? <p+_1 , 6y

v

E, = 3

dreyer
where @ is the angle between the direction of the dipole and the radius vector connecting
the. centre of the dipole and the chlorine nucleus considered, 0 is the angle between the
radius vector and the direction of the C—Cl bond. From structural data [32], we calculated
the distances r between the dipole and 3Cl nuclei, as well as the angles ¢ and 6 as: Cl;
(4.00 A, 5°, 63°); Cl, (4.35 A, 30°, 45°); Cl, (4.35 A, 30°, 45°). Hence, and assuming
i = 672D [26] and R, = 7.25X10"* m~*, we obtained Avg = 2.095 MHz, in good
agreement with the 4vq value measured [14].

Thus, the frequency shifts of the NQR spectrum of the successive complexes as
compared with pure trichloroacetic acid are due to changes in the action of the electric
field originating essentially in the polar group of the hydrogen bridge leading to a change
in polarization of the covalent C—Cl bond which consists in 2 displacement of the shared
electron pair towards the more strongly electronegative atom CL
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Hence, although atoms with a quadrupolar nucleus do not often occur in the immediate
vicinity of changes taking place within molecular systems of the crystal lattice, they nonethe-
Jess are sensitive and true indicators of these changes. The shift in NQR spectrum suggests
itself as the basis of a method for the determination of the dipole moments of hydrogen
bonds. Much important information concerning intermolecular interactions in crystals
can thus be gained from spectroscopic studies of nuclear quadrupole resonance.
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