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Abstract: The hydrogen and fluorine nmr spectra of the fluorine bihalide ions FHX™ (X = F, Cl, Br, and 1) complete our
study of the ten bihalide ions in aprotic solvents. The H-F coupling constant has been resolved in all four fluorine bihalides.
Exchange of fluorine is siow; exchange of the other halogens is fast on the nmr time scale. The formation and interconversion
equilibria may be adequately interpreted by assuming quantitative hydrogen transfer to the most basic (the smallest) halide
ion in the system. Consistent with this, we find that the predominant complex in a solution of HCI and excess Br™ is CIHBr~
not BrHBr~ as previously reported (Fujiwara and Martin, J. Chem. Phys., 56, 4091 (1972)): the proton shieldings in these
ions are coincidentally the same. A heterobihalide ion XHY ~ behaves as an anion-molecule H-bonded complex XH -+ Y™,
where Zx is less than Zy. A simple electrostatic interpretation of the charge shifts on H bonding appears adequate to ac-
count for the observed formation constants and hydrogen shieldings. 1t is possible to make predictions of the bond lengths

and charge distributions in the heterobihalide ions.

The bihalide ions, XHY™ (X, Y = F, Cl, Br, and 1),
whose structure and spectra are the subject of current inter-
est and controversy! are the simplest entities exhibiting hy-
drogen bonding (H bonding). Consequently, they are im-
portant as model systems for this biologically significant in-
teraction, as well as being significant in the acid-base
chemistry of nonaqueous solvent systems. They span the en-
tire range of H-bond energies; the strongest one is that of
the bifluoride ion.2 It is also one of the few H-bonded sys-
tems which is at present accessible to accurate a priori cal-
culation? of its electronic structure.

The nuclear shielding and couplings of the hydrogen are
critical probes of the electronic rearrangements which ac-
company H bonding. In favorable cases, nuclear magnetic
resonance {nmr) may also elucidate the energetics and dy-
namics of formation and interconversion reactions. We have
recently presented a study? of the formation and intercon-
version in aprotic solvents of the homobihalides (X = Y)
and heterobihalides (X ¥ Y) containing Cl, Br, and I. In
these systems the reaction of interest was the formation of
the bihalide via anion-molecule association.

HX + Y- = XHY" M

There was evidence, when the hydrogen halide was in ex-
cess, of multiple association.

WHX + Y- = (XH), Y- (2)

If the ion X~ was larger (of greater atomic number) than
Y™, there was evidence that the alternative ion-molecule
association was significant and that the heterobihalide
might dissociate as follows.

XHY" = X~ + HY (3)

Reactions 1 and 3 taken together result in simple transfer of
hydrogen.

HX + Y- = X~ + HY 4

Studies of these reactions in the solid*- and gas phase’ indi-
cate that hydrogen always transfers to the smaller halogen.

We also obtained a high resolution spectrum of the bi-
fluoride ion in which the one-bond H-F coupling was sharp-
ly resolved.® We have now found that this coupling can be
observed in the heterobihalide ions containing fluorine and
that it appears to be very sensitive to the strength of the H
bond.

We present here the 'H and '°F nmr spectroscopy of the

fluorine bihalides and thus complete our study of the high
resolution nmr of all ten bihalide ions. We also reassess the
interconversion equilibria of the heterobihalide systems
studied previously* and evaluate the information which nmr
provides about the structure of the bihalide ions.

Procedures

Materials. Fisher reagent grade acetonitrile was stirred
with calcium hydride for 2 days then decanted and fraction-
ally distilled from phosphorus pentoxide. The distillate was
refluxed over calcium hydride for 2 hr before a final frac-
tional distillation. Eastman spectro grade nitromethane was
distilled from CaSOy4 under reduced pressure. N.N-Di-
methylformamide was stirred with P,Os for 3 days, with
KOH for 1 hr, and then fractionally distilled under reduced
pressure at temperatures below 70°.

Tetrabutylammonium halides were purified as previously
described.* They were analyzed for halide by potentiomet-
ric titration with AgNO3. BugNCl: chloride found 12.77%,
caled 12.76%. BuyNBr: bromide found 24.76%, calcd
24.79%. BuyNI: iodide found 34.42%, calcd 34.36%. We
were unable to prepare tetraalkylammonium fluorides pure
and dry enough for the study of the systems HX + F~. At-
tempts to dry fluorides led us inadvertently to a synthesis of
tetraethylammonium bifluoride.

Tetracthylammonium fluoride, Eastman, contained
water which could not be removed by vacuum at room tem-
perature. After 1 week’s pumping the salt was analyzed
gravimetrically® for fluoride ion and by the Karl Fischer
method for water. The analysis was consistent with a hy-
drate Et;NF(H»0),s. Aqueous solution of the salt had a
pH of about 8, indicating that it contained no acid. When
slowly heated to 100° under vacuum the salt decomposed
yielding an involatile material and gases which were collect-
ed in a liquid nitrogen trap. They were identified by nmr as
ethylene, triethylamine, and water. These are products of
dehydration accompanied by a known reaction!® analogous

2EtNF ), — EtNHF,, + Et;Ng + CH;y  (5)

to the Hoffman elimination of quaternary ammonium hy-
droxides.!! The residue was precipitated twice from aceto-
nitrile by adding diethyl ether and dried for several days
under vacuum at 100°. Analysis was consistent with
Et4NHF,: fluoride gravimetrically found 22.31%, caled
22.45%; hydrogen ion titrated in aqueous solution found
0.5895%, calcd 0.5955%. The water content, by the Karl
Fischer method, was less than 0.2% by weight. In a sealed
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melting point capillary the salt decomposed with evolution
of gas in the range 158.5 to 160.0°. The nmr spectrum was
identical with that of tetrabutylammonium bifluoride pre-
pared as described previously,? in the anion region.

A partially deuterated form of tetraethylammonium bi-
fluoride was prepared by dissolving EtyNHF, in DO and
evaporating off the excess water. The remaining salt was
then prepared and purified as described above.

Hydrogen fluoride, Matheson, was stored in a polytriflu-
orochloroethylene tube attached to a monel and copper vac-
uum system. It was purified by three trap to trap distilla-
tions.

Sample Preparation. All materials were stored and han-
dled either under dry nitrogen in a glove box or in the vacu-
um system. Solutions of bifluoride salts were prepared by
weighing in the glove box. They were found to be stable in-
definitely in glass sample tubes and caused no etching. They
were degassed and sealed by the usual procedures.?

Solutions of heterobifluoride ions FHX™ were prepared
in the nmr sample tube by condensing HF into a solution
containing the tetrabutylammonium halide BusNX. The
sample tubes were made from polypropylene tubing, 0.125
in. 0.d. and 0.016 in. wall, and attached to the vacuum line
by a Cajon Ultra-Torr O-ring compression fitting. If a thin
glass sleeve was fitted around the tube it could be sealed off
by warming with a hot air gun. The polypropylene sample
tube fits inside a S-mm medium wall glass nmr sample tube
and thus can be spun in the spectrometer.

The amount of hydrogen fluoride gas delivered was cali-
brated by measuring its pressure in a known volume with a
Helicoid bourdon gauge, type 460K, monel, 0-1 atm. Since
HF gas is quite nonideal, the actual amount was ultimately
determined by condensing HF into water in a sample tube
and then titrating with standard base. The amount of HF
delivered was found thus to be reproducible to within 1%.

Nmr Spectra. Hydrogen and fluorine spectra were ob-
tained using Varian HA-60 and HA-100 spectrometers.
Tetramethylsilane (TMS) was used as internal lock and ref-
erence for 'H spectra. Internal CF; was the reference for
I9F spectra. A 50% v:v solution of trifluoroacetic acid in ac-
etonitrile was used for the lock. It was put in a glass capil-
lary for use with glass sample tubes; when polypropylene
tubes were used, it was in the space between the inner and
outer tubes.

Shieldings are reported as such, in parts per million
{ppm). Note that shielding increases in the sense opposite to
the conventional “6” scales.

Observations

Line Shapes and Exchange Rates. Previous studies of hy-
drogen fluoride and its complexes have failed to resolve the
H-F coupling.'? Rapid exchange of nuclei leads to a single
averaged line, When the inverse of the spin lifetime. 77!, is
comparable to the coupling, J, the line shape may in princi-
ple be analyzed to determine r.!3 In our spectra the total
signal was so weak, and the coupling so large, that this was
not possible. All reported spectra are either in the slow ex-
change limit (77! « J, coupling resolved) or the fast ex-
change limit (#7! > J, a single sharp line, coupling not
measurable).

Purification of materials was usually carried out until
coupling could be reproducibly measured at accessible tem-
peratures. The success of this procedure confirms that in-
trinsic H-F exchange processes are quite slow and suggests
that they are catalyzed by impurities, presumably hydrogen
acids. Shieldings and couplings were reproducible but line
shapes were not. We could not determine the rates of the
various exchange reactions, but we can set limits on some of

them. In the descriptions of the spectra we shall report the
minimum line widths we observed, which presumably repre-
sent the cleanest systems. Where it is relevant we shall give
the values of exchange lifetimes corresponding to the limit-
ing line widths.

Hydrogen Fluoride in Acetonitrile. Although the other
hydrogen halides react with acetonitrile to form nitrilium or
imino salts,!# there is evidence that hydrogen fluoride is
molecular in this solvent.!3> The nmr spectra are consistent
with this: a doublet in both the 'H and !'°F spectra. The
splitting is 479 &+ 4 Hz at +34° and 476 £ 1 Hz at —40°;
this is comparable to that in the liquid'® and gas.!”

The line widths, measured as total width at half-height,
were as small as 10 £ S Hz at —40° and 50 £ 10 Hz at
+34°. This sets limits on exchange processes such as ioniza-
tion or protonation reactions. The minimum exchange life-
times are deduced!? as (wAv)~! and are thus about 30 msec
at —40° and 6 msec at +34°, These appear to be signifi-
cantly longer than those observed in liquid HF' and pre-
sumably represent the effect of dilution in lowering the con-
centration of HF polymers and reducing the frequency of
encounters between HF molecules.

The Bifluoride Ion. In adequately pure solvents, this ion
gives a doublet '°F spectrum and a triplet 'H spectrum, in-
tensity ratio 1:2:1, consistent with the symmetric structure
FHF~. Well resolved spectra were obtained in three sol-
vents. In the concentration range 0.05 to 0.5 M, there was
little change with concentration. Table I gives the observed

Table I. Nuclear Shieldings and Coupling in Tetraethylammonium
Bifluoride Extrapolated to Infinite Dilution

Hydrogen Fluorine
shielding, ppm shielding, ppm Coupling,
Solvent T, °C us. int TMS vs. int CFy Jar, Hz

+34 —16.29 = 0.01 86.09 =0.03 120.5+= 1.0
—30 —16.37 = 0.01 83.35=0.03 120.5+0.1
N,N-Dimethyl- +34 —16.63 = 0.01 86.30 == 0.05 120 = 2
formamide —40 —16.77 ==0.01 82.70 +=0.05 118.8 = 0.1
Nitromethane 434 —15.87 = 0.03 90.9 +0.1
—30 —16.27 =0.03 87.4 = 0.1

Acetonitrile

120.5+0.2

shieldings and HF coupling of the anion of tetraethylammo-
nium bifluoride extrapolated to infinite dilution in three sol-
vents at two temperatures. Solutions of tetra-n-butylammo-
nium bifluoride gave anion spectra identical with those of
tetraethylammonium bifluoride. Thus the nmr properties of
the bifluoride ion appear to be substantially independent of
solvent, cation, concentration, and temperature. The only
significant variation appears to be in the fluorine shielding.
This is consistent with the exposed location of the fluorines
compared to the hydrogen and with the known sensitivity of
fluorine shielding to solvent interactions.!8

The '°F shielding of bifluoride ion in aqueous solution,
inferred from the concentration dependence of the averaged
shieldings in fluoride solutions, is equivalent to 89 ppm vs.
internal CF4;!? this is close to the values we find in aprotic
solvents.

The bifluoride line widths in acetonitrile were as small as
1 or 2 Hz at —30° and 5 to 10 Hz at +34°. These corre-
spond to minimum exchange lifetimes of about 200 msec at
—30° and 40 msec at +34°, Such slow exchange reflects a
very large formation constant for FHF~ from HF and F~
and sets upper limits on the rates of dissociation of bifluo-
ride. Slightly broader lines were observed in /V,N-dimethyl-
formamide and nitromethane. There is no reason to believe
that the difference does not reflect differences in purity of
the solvents. In a chlorinated solvent such as carbon tetra-
chloride or s-tetrachloroethane only a single broad anion
signal was observed, whose position changed with time. Pre-
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sumably bifluoride ion reacts with such solvents to produce
chloride ion, which then promotes halide ion exchange with
bifluoride. Further evidence for such processes will be pre-
sented in the section on the heterobihalide ions.

Deuterium Bifluoride. Figure 1 is the !°F nmr spectrum
of a roughly equimolar solution of Et4NHF and Et4NDF;
in acetonitrile at —10°. The isotope effect on the fluorine
shielding is 0.40 % 0.02 ppm, the fluorine in the deuterium
ion being the more shielded. The isotope effect is indepen-
dent of concentration and temperature in the range studied,
to the limit of experimental precision. The fluorine
shielding isotope effect is much larger in hydrogen fluoride:
it is 1.6 ppm in the liquid!6 and 2.5 ppm in the gas.?0

The measured DF splitting of 18.1 + 0.3 Hz is somewhat
reduced by spin exchange. If the spin lifetime is estimated
from the line width, the D-F coupling is computed?! to be
18.5 + 0.3 Hz. Since 18.5(yu/yp) = 120.5 Hz, there ap-
pears to be no measurable isotope effect on the coupling.

Heterobihalide Ions. FHCI-, FHBr~, and FHI™. These
ions were prepared in solution by condensing HF into a so-
lution of the appropriate tetrabutylammonium halide. If so-
lutions containing a constant amount of HF are compared,
it appears that addition of even a small amount of a differ-
ent halide ion causes collapse of the spin-spin splitting and
a downfield shift of the hydrogen signal. In the presence of
excess halide ion the splitting reappears; in the chloride and
bromide systems the 'H and !°F shieldings become invari-
ant in the presence of excess halide. This is consistent with
formation of the bihalide ion, with a large association con-
stant. The association constant of FHI™ is relatively small.
After the coupling doublet reappears, the coupling and both
shieldings continue to change as the concentration of iodide
ion continues to increase. They do not become constant
within the limit of salt solubility. Their limiting values, and
the association constant, were determined by the Benesi-
Hildebrand-Scott method.22 This method was also used to
produce estimates of the association constants for FHCI™
and FHBr~. The accuracy of such determinations was re-
duced by the collapse of the spin coupling multiplet in the
critical equimolar region. The association constant of FHI~
was verified to be independent of the HF concentration.

Although the line shapes in the equimolar region, which
are determined by spin exchange, were not reproducible,
the spin coupling doublet lines became sharp enough at
high halide concentrations to allow accurate determination
of the coupling constant. A typical spectrum is that of
FHCI1~ in acetonitrile, shown in Figure 2. The minimum
line widths obtained, and the corresponding spin lifetimes,
were: FHCI™ 3 to 4 Hz at —40° (ca. 100 msec) and 30 +
10 Hz at +34° (ca. 10 msec); FHBr~ 5 £ 2 Hz at —40°
{ca. 60 msec) and greater than 20 Hz at +34° (less than 15
msec); FHI™ 60 £ 20 Hz at —40° (ca. 8 msec), spectrum
not observable at higher temperatures.

The shieldings and couplings of the fluorine heterobihal-
ide ions are summarized in Table II (the formation con-

Table IT, Nuclear Shieldings and Couplings of Hydrogen Fluoride
and Related Tetrabutylammonium Heterobihalides in Acetonitrile

Hydrogen Fluorine
shielding, ppm shielding, ppm  Coupling,
7, °C vus.int TMS vs. int CF, Urr, Hz
HF +34 —7.20+0.05 121.4+0.1 479+ 4
—40 —-7.64+0.02 118.7 £0.1 476 =1
FHClI- 434 —-10.344+:0.06 84.6 =0.4 404 =2
—40 —-10.43+0.03 83.3=+0.3 403.4+£0.2
FHBr~ +34 —8.76+0.05 84.4=+0.5 428 £2
—40 —8.88+0.03 83.2x0.3 427.1+0.2
FHI- —-40 —-7.4=+0.2 82+ 4 437 £ 5
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Figure 1. The fluorine nmr spectra of FHF~ and FDF~ in acetonitrile
at —10°.

A H I
-800 =600 -400

Hz vs. TMS at 60 MH:z
Figure 2. The "H nmr spectrum of FHC!I™ in acetonitrile at —40°.

stants can be found in Table V). The dependence of the
shieldings and coupling in FHCI ~and FHBr~ on the bihal-
ide ion concentration was investigated by examining solu-
tions containing a large amount of halide salt (ca. 0.7 M)
and varying the hydrogen fluoride concentration from 0.05
to 0.22 M. Using our deduced formation constants, it can
be shown that bihalide formation is quantitative to within
1% in these solutions. The spectra were invariant to concen-
tration, except that the fluorine shielding in both ions in-
creased by 0.5 ppm on dilution from 0.22 to 0.05 M. The
values in Table II may thus be regarded as characteristic of
the isolated ions.

A Reexamination of CIHBr~

In our initial publication® we observed that the popula-
tion averaged 'H shielding in solutions of hydrogen chloride
and tetrabutylammonium bromide approached that of bi-
bromide ion when the salt was in excess. We took this to be
evidence that the heterobihalide ion CIHBr~ is relatively
unstable, so that BrHBr~ is formed in the presence of large
amounts of bromide ion.

We have now obtained infrared spectra of our solutions
which allow us to distinguish among the possible ions
CIHCI™, CIHBr~, and BrHBr~. We find that HCI plus ex-
cess bromide gives a solution in which the predominant
complex ion is in fact the heterobihalide ion CIHBr~, whose
hydrogen shielding must therefore be identical with that of
BrHBr~.

Infrared spectra of the solutions were observed in the re-
gion from 4000 to 500 cm~! using a Perkin-Elmer Model
337 spectrometer, with 0.1 to 0.5 mm path lengths. Samples
using NaCl and KBr windows gave identical spectra, so ha-
lide exchange with the windows does not influence the ob-
servations, Solutions in both dichloromethane and acetoni-
trile were studied, to circumvent the solvent absorptions.
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Figure 3 shows the infrared spectra of three critical sys-
tems in dichloromethane. Portions of the corresponding
spectra in acetonitrile are shown by dashed lines. Figure 3a
is the spectrum of equimolar HCl + Br~. The peak near
1100 cm™! is that assigned to the bend, v, by Evans and
L0.23 The broad absorption above 1600 cm™! is the stretch,
v3. These absorptions, characteristic of the heterobihalide,
are indicated by arrows. They become more prominent as
the bromide ion is added to excess, as in Figure 3b. In no
case were any features of the bibromide spectrum visible,
such as the strong absorption in the region 700 to 1050
cm™!, which is readily observable in Figure 3c, the spectrum
of the system HBr + Br—.24

Similarly, the infrared spectra of solutions containing
HCI + 1~ showed features characteristic of CIHI™ 3 but not
of ITHI~.2% No distinguishable anion peaks were visible in
infrared spectra of solutions containing HBr and I-. No
spectra of the ion BrHI ™ have been reported yet.

Table III gives the deduced association constant of

Table III, Formation Constants, Complex Shifts, and Shieldings of
Heterobihalide lons in sym-Tetrachloroethane at +34° ¢

Bihalide
Formation shielding,
constant, K, ppm vs. int
System l. mol™*  Complex shift, ppm T™MS
HCI + Br— 107 = 28 —9.25 £ 0.06 —10.15
HCl + I~ 21 £ 3 —6.23 = 0.06 -7.13
HBr -+ I~ 27 = 4 —7.80 = 0.06 —-5.07

@ All salts were tetra-n-butylammonium halides.

CIHBr~ in s-tetrachloroethane, its complex shift (differ-
ence in shielding between CIHBr~ and HCI), and its hydro-
gen shielding. They are deduced from the bromide concen-
tration dependence of the observed shielding on the assump-
tion that the only equilibrium of significance is the ion-mol-
ecule association HCl + Br~ = CIHBr~, The table also
gives more refined data for the systems involving iodide ion,
which supersede those published previously.4

Analysis of the HCl + Br™ system in terms of a single
heterobihalide equilibrium implies that the hydrogen is al-
ways associated with chlorine. Therefore in the complemen-
tary system HBr + CI~ hydrogen transfer from Br to Cl
should occur, as described in eq 1, 3, and 4. To test this we
used our measured values of shieldings and equilibrium
constants to predict the population averaged proton
shieldings in the system HBr + Cl-, as chloride ion is added
to a constant concentration of HBr.

Figure 4a presents the results of this calculation as the
solid line; it is within experimental error of the observed
points everywhere except in the region where the HBr con-
centration exceeded that of Cl~. It was previously shown?
that in this region there is multiple association of the form
CI(HBr),~, which would produce deviations in the direc-
tion of those observed. Figure 4b shows the concentrations
of the various species at equilibrium predicted by our
model. The cusps arise because hydrogen transfer is as-
sumed to be quantitative.

Similar agreement was obtained for the systems HI +
Cl~ and HI + Br~. Note that in all cases the calculations
were performed using shieldings and equilibrium constants
previously evaluated; no parameters were adjusted.

Summary of Bihalide Spectra

In Table IV we present a summary of the observed
shieldings and couplings in all ten bihalide ions. The abso-
lute shieldings appropriate to spherical samples (“abs sph”
in Table IV) are computed for 'H using Raynes’ recent

ABSORBANCE
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i
2000 1300 1100 200 700

3000
cm-}

Figure 3. Infrared spectra of solutions in dichloromethane. Dashed
lines give absorbances of corresponding solutions in acetonitrile. The
arrows indicate characteristic bihalide ion absorptions: (a) hydrogen
chloride and equimolar bromide ions (the CIHBr— absorptions near
1100 cm™" and 1600 cm™! are marked); (b) hydrogen chloride and ex-
cess bromide ion (CIHBr~ lines marked); (c) hydrogen bromide and
equimolar bromide ion (the BrHBr~ absorption in the range 700 to
1050 cm™" is marked).
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Figure 4. (a) Comparison of the observed shieldings of hydrogen in so-
lutions containing 0.1 A HBr and added BusNCI with the calculated
values (solid line). (b) Concentration of hydrogenated species calculat-
ed using measured equilibrium constants, to give the predicted
shieldings above.

redetermination of the absolute shielding of methane gas,?¢
30.52 £ 0.17 ppm. From this and the relative shieldings of
methane and TMS in the gas phase?” we estimate the abso-
lute shielding of TMS to be 30.65 £ 0.2 ppm. The relative
solvent effects on 'H shieldings in the bihalide ions have
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Table IV. Summary of Observed Shieldings and Couplings in the Bihalide Ions, etc.
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~—————Hydrogen shielding, ppm-———— ~———Fluorine shielding, ppm——— Coupling,

Species vs. int TMS Abs sph Shift es. int CF, Abs sph Shift Jarp, Hz
HF (g) 28.42¢ 4100 529 4 23%
FHE- —16.30 14.35 —14.07 86 345 —65 120.5
FHCI- —10.34 20.31 —8.11 84 343 —67 403
FHBr~ —8.76 21.89 —6.53 84 343 —67 427
FHI- -7.2 23.4 —-5.0 82 341 —69 437
HCl (g) 31.13¢
CIHCI- —-13.62 16.73 —14.40
CIHBr— —10.15 20.50 —10.63
CIHI- —7.14 23.51 —-7.62
HBr (g) 35,084
BrHBr— —10.15 20.50 —14.58
BrHI- —5.06 25.59 —9.49
HI (g) 43.77¢
THI- —0.90 29.75 —14.02

@ Reference 28. ® Reference 17. < W. T, Raynes and B. P. Chadburn, Mo/. Phys. 24, 853 (1972). ¢ W. T. Raynes and B. P. Chadburn, J.
Magn. Resonance, 10,218 (1973). ¢ W. G. Schneider, H. J. Bernstein, and J. A. Pople, J. Chem. Phys., 28, 601 (1958).

been shown to be small. There is reason to believe that the
absolute solvent effects are also small, since the hydrogen is
isolated from solvent interactions and near a center of sym-
metry. If this is so, the “abs sph” 'H shieldings may be re-
garded as representative of the free ions, and it is legitimate
to compare them to the shieldings in the gas phase hydro-
gen halides. We believe that the entries may be regarded as
reliable to 0.5 ppm, and that their relative values are proba-
bly reliable to 0.1 ppm.

The fluorine “abs sph” shieldings have been deduced
using absolute shieldings of the gas phase reference com-
pounds determined by Hindermann and Cornwell.2® The
absolute values are estimated to be reliable to about 6 ppm;
relative shieldings among similar species are somewhat
more accurately known.

Discussion

Thermodynamics of Bihalide Formation in Solution. We
have now estimated formation constants of all ten bihalide
ions, although we have not been able to obtain them all at
the same temperature in the same solvent. Heterobihalide
formation constants have been obtained subject to the as-
sumption that there is no hydrogen transfer from the small-
er to the larger halogen; this is supported by our success in
reproducing the observed concentration dependence of the
shieldings and by the infrared spectra described above.

Table V is a summary of all the bihalide formation con-

Table V. Bihalide Formation Constants and Computed
Electrostatic Energies®

Formation constant, Computed energy,

System K, 1. mol™! kJ mol—1
HF + F~ Very large —219
HF + CI- 250 =+ 100° —123
HF + Br~ 100 £ 50° —105
HF + I~ 2.8 0.5 —84
HCl + CI- ca. 600¢ —104
HCl + Br- 107 £+ 28 —94
HCI + I~ 21 =3 -73
HBr + Br— ca., 200¢ —-93
HBr + I~ 27 £ 4 —68
HI + I7 7.3 £0.4¢ —69

o The formation constants are in s-tetrachloroethane at +34°
unless otherwise stated. » In acetonitrile at —40°. < Reference 4.

stants measured so far. Some values have been refined since
our first publication; the changes are not significant.* Note
that the fluorine bihalides were not studied in the same sol-
vents or at the same temperature as the others. Neverthe-
less, it is evident that for a given hydrogen halide the forma-
tion constants increase as the complexed halide ion becomes

smaller. This order agrees with the ordering of enthalpies of
the reactions measured in solid?® and liquid?® phases.

Correlations of enthalpy changes with formation con-
stants are always subject to the uncertainty arising from the
fact that the ion-molecule reaction in solution is really a
process of competitive solvation, in which displacement ef-
fects and entropy contributions may occur which cannot be
evaluated. In addition, no self-consistent set of enthalpy
measurements has been made for the bihalide ions in a sin-
gle phase.

We have estimated bihalide ion-molecule interaction
energies as the sum of the energies of the permanent and in-
duced dipoles of the hydrogen halide in the field of the ha-
lide ion at the equilibrium distance, as described before.30
In the absence of measured bond distances, the interhalogen
distance in the bihalide XHY ~ was taken to be the sum of
the HX bond length and the Y~ ionic radius, where Zx <
Zy.

The calculated ion-molecule interaction energies, shown
in the last column of Table V, are significantly larger than
those measured in condensed phases, as one would expect.?
The electrostatic energies reproduce the ordering of mea-
sured formation enthalpies?>2% and correlate about as well
as one would expect with the ordering of formation con-
stants.

Kinetics of Bihalide Exchange Reactions. The informa-
tion we have deduced concerning exchange lifetimes may be
summarized as follows. In aprotic solvents, exchange of hy-
drogen among species involving Cl, Br, and I is rapid on the
nmr time scale: the various entities have lifetimes of no
more than a few microseconds, since the observed signals
are sharp. On the other hand, processes which destroy H-F
spin correlation are slow; lifetimes of fluorinated species are
of the order of many milliseconds at least and appear to be
determined by exchange catalyzed by impurities. One sys-
tematic exception to these generalizations is that in solu-
tions containing HF and relatively small concentrations of
other halide ions rapid H-F exchange is observed.

A reasonable interpretation of these phenomena is that
exchange takes place via the dissociation of halide ions CI~,
Br~, and I~ which are thermodynamically stable in aprotic
solvents, but that such solvents are incapable of solvating
such a small ion as F~. Consequently no pathway for H-F
spin exchange normally exists, and this process is inherently
slow. However, if HF is present in excess over a reasonable
amount of a halide ion X, the following process may
occur.

X(HF).,” = HX + FHF"

Multiple complexes of this type have been observed.*25
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They provide a pathway for H-F spin exchange which does
not involve free fluoride ion in aprotic solvents,

Hydrogen Shielding. It is clear from Table IV that forma-
tion of a bihalide ion from a given hydrogen halide produces
increasingly negative change in the hydrogen shielding as
the complexing ion becomes smaller, in accord with the
order of H-bond strength. In the absence of reliable H-bond
energies, the shieldings must be related to other relevant ob-
servables. We have chosen the base strength of the ions,
since basicity of the H-bond acceptor appears to be most
important in determining the bond energy.3!

Figure S shows the relationship between the hydrogen
shielding shifts on formation of a hydrogen bonded complex
to a halide and the halide basicities measured as proton af-
finities.32 The relationship is linear and in the sense expect-
ed for the hydrogen halides and for hydrogen donors involv-
ing OH33 and CH?? bonds.

Other important points are evident. Strong departures
from linear correlation, indicated by the dashed lines, occur
only where the bihalide complex would be of the form HY
+ X7, where X is a smaller halogen than Y, for example,
HCI + F~. The shielding changes thus support a view of a
heterobihalide ion as an anion-molecule complex to the
weaker anionic base.

The susceptibility of hydrogen donors to perturbation is
in the order CH < OH < FH < CIH < BrH < IH; this is
the order of bond polarizabilities. One could attempt to
make this quantitative by using the Buckingham linear po-
larization model.34 The shielding change induced by elec-
trostatic field E is

Aoy = —AE, — BE? (6)

If B is assumed to have the hydrogen atom value3® 7.4 X
1071% esu™2, and the field in a linear complex is er~2, then
A may be evaluated from the derivative of a linear regres-
sion®2 of A¢ + BE? with r~2,

For reasonable assumed geometry, complexes of HF with
Cl, Br™, and I~ define a reasonable straight line and give
A = 4.5 X 10712 esu~!. This is comparable to the value for
OH?? and somewhat greater than that for CH.3422 The
FHF~ point deviates from the HF regression line. Com-
plexes of HCl, HBr, and HI do not define reasonable re-
gression lines through the origin. The apparent 4 values are
in the range 7 to 17 X 10712 esu~!; these are all much
smaller than the value deduced for HCI from studies of
weak interactions in the gas phase.3® The discrepancy is in
the direction to be expected if polarization of these mole-
cules is saturated in the high fields in the bihalide com-
plexes. Charge shifts estimated using bond polarizabilities3”
are immense and make it obvious that a linear polarization
model cannot account for the shielding changes in the bi-
halides. It is necessary to resort to a calculation in which
the charge distribution is not implicitly evaluated but is
treated as a variable,

In an earlier publication30 we demonstrated that the hy-
drogen shielding in a homobihalide ion is simply related to
the electronic charge distribution. A straightforward appli-
cation of eq 16b and 18 of that paper yields the following
equation governing the shielding in a heterobihalide ion
XHY~

pu = 21.4py + KX(RHX)(Z - py) + Ky(Rﬂy)(z - pPy)

(7

pu 1s the hydrogen s charge density. px and py are the
charge densities in the appropriate valence shell halogen or-
bitals of ¢ symmetry. A constraint is that pg + px + py =
4. K(Rux) and K(Ryy) are functions of hydrogen-halo-
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Figure 5, Hydrogen shielding shift as a function of halide ion proton af-
finity, for anion complexes in solution.

gen distances, each characteristic of a halogen. A reason-
able form is Kx(Rux) = kxRux">, etc.,, where kx is
characteristic of the halogen X.

In the absence of experimental heterobihalide bond dis-
tances, eq 7 contains four adjustable parameters: the dis-
tances Ryx and Ryy, and two electron density values from
the set pn, px, and py. The halogen constants kx and kvy
may be deduced from the hydrogen halide shieldings.30
Until some of the undetermined quantities have been mea-
sured it will not be possible to obtain a realistic test of the
ability of eq 7 to fit the heterobihalide shieldings. We can
report that such a fit is possible. If the bond distances are
estimated by the method used in the energy calculation, the
observed shieldings may be reproduced using hydrogen
charge densities similar to those found in the homobihalide
ions3% and halogen charge densities appropriate to anion-
molecule complexes of the form XH .- Y™, in which the
greater part of the excess negative charge is on the larger
halogen Y. Thus, while we cannot prove the validity of the
shielding function, it can be shown to be consistent with our
other conclusions about the structure of the bihalide ions.

It may be possible to measure the hydrogen-halogen dis-
tances in heterobihalide ions by diffraction or by liquid
crystal nmr; nuclear quadrupole resonance could provide es-
timates of the halogen charge densities. As these measure-
ments become available, the number of adjustable constants
in eq 7 will be reduced and a meaningful test will be possi-
ble. Alternatively, eq 7 would allow a measurement of an
ion’s geometry to be used to estimate the charge distribu-
tion, or vice versa.

Coupling Constants and Fluorine Shieldings. The one
bond H-F couplings in Table IV show a considerable de-
crease as the H-bond strength increases. The fluorine
shielding is smaller in the H-bonded entities relative to gas
phase hydrogen fluoride, but no clear trend is apparent.
Similar effects on the coupling and the fluorine shielding
were found when hydrogen fluoride was dissolved in aprotic
basic solvents. They are presented in the report immediately
following.3® A discussion of the H-F coupling and the fluo-
rine shielding will be found there, in the context of hydro-
gen bonding to HF.

Journal of the American Chemical Society [ 96:25 | December 11, 1974



Conclusions

It is appropriate to summarize here our findings which
are relevant to the structure and dynamics of the bihalide
ions. There are uniform trends in the formation constants,
exchange rates, and hydrogen shielding shifts which can be
accounted for in terms of simple H-bonding effects. These
trends all appear to be governed by the gross distribution of
electronic charge, which is perturbed in accord with a sim-
ple electrostatic mechanism: the stronger the base, the
stronger the H bond, and the greater the polarization of
electronic charge away from the hydrogen. In anticipation
of the conclusions of the following paper3® we wish to point
out that a similar mechanism accounts for the changes in
the H-F coupling.

We conclude with a summary.

1. Experimental evidence of several kinds suggests that
the equilibria of hydrogen halides and halide ions in aprotic
solvents may be accounted for in terms of two types of reac-
tion: (a) quantitative hydrogen transfer to the smaller, more
basic halogen; and (b) ion-molecule association of the re-
sulting species to form bihalides.

2. Consistent with this, supported by infrared evidence,
we reassign the complex observed* when excess bromide ion
is added to a solution of HCI; it is CIHBr~ rather than
BrHBr~. These two ions happen to have identical hydrogen
shieldings.

3. On the nmr time scale, exchange processes involving
H-F bonds are slow and those involving H-CIl, H-Br, and
H-1I bonds are fast. The implication of this is that fluoride
ion is not stable in aprotic solvents.

4. A heterobihalide ion XHY ™ may reasonably be re-
garded as an anion--molecule complex of the form X-H ..
- Y™, where the halogen X has the smaller atomic number.
We predict that the bond lengths will show that the hydro-
gen is more strongly bound to X, and the greater part of the
excess negative charge willbe on Y.

5. The decrease of hydrogen shielding when a hydrogen
halide is complexed by a halide ion is greater the smaller
the halide ion and the more polarizable the molecule.

6. The hydrogen shieldings in the bihalide ions may be
accounted for in terms of a local diamagnetic term and a
halogen paramagnetic term.3? The shielding can be related
to bond lengths and atomic charge densities and thus may
be used to estimate one set of these quantities when some of
the others become available from experiment.
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