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Liquid state1H and19F NMR experiments in the temperature range between 110 and 150 K have been performed
on mixtures of tetrabutylammonium fluoride with HF dissolved in a 1:2 mixture of CDF3 and CDF2Cl. Under
these conditions hydrogen bonded complexes between F– and a varying number of HF molecules were observed
in the slow proton and hydrogen bond exchange regime. At low HF concentrations the well known hydrogen
bifluoride ion [FHF]– is observed, exhibiting a strong symmetric H-bond. At higher HF concentrations the spe-
cies [F(HF)2]

–, [F(HF)3]
– are formed and a species to which we assign the structure [F(HF)4]

–. The spectra in-
dicate a central fluoride anion which forms multiple hydrogen bonds to HF. With increasing number of HF units
the hydrogen bond protons shift towards the terminal fluorine’s. The optimized gas-phase geometries of
[F(HF)n]

–, n=1 to 4, calculated using ab initio methods confirm the D?h, C2v, D3h and Td symmetries of these
ions. For the first time, both one-bond couplings between a hydrogen bond proton and the two heavy atoms of a
hydrogen bridge, here1JHF and1JHF ', where |1JHF|≥ |1JHF '|, as well as a a two-bond coupling between the heavy
atoms, here2JFF, have been observed. The analysis of the differential width of various multiplet components
gives evidence for the signs of these constants, i.e.1JHF and 2JSF>0, and1JHF '<0. Ab initio calculations of
NMR chemical shifts and the scalar coupling constants using the Density Functional formalism and the Multi-
configuration Complete Active Space method show a reasonable agreement with the experimental parameters

and confirm the covalent character of the hydrogen bonds studied.

1. Introduction

The interaction of the fluoride ion with HF gives rise to
anionic clusters of the type [F(HF)n]

– which are ideal ob-
jects for theoretical, structural and spectroscopic studies
of hydrogen bonding. Thus, anions withn=1 up to 5 have
been studied by X-ray and neutron diffraction experiments
[1]. Secondly, because of the small number of atoms in
these complexes high level ab initio calculations of the iso-
lated ions are possible from which not only electronic prop-
erties, energies and geometries, but also spectroscopic pa-
rameters can be obtained [2]. The hydrogen difluoride
ion, [FHF]–, is known to involve the strongest and shortest
hydrogen bond. The free ion is characterized according to
gas phase data [3a,b] and ab initio calculations [2] by a
symmetric single-well proton potential function, D?h

[3a,b]. In crystalline salts the symmetry of [FHF]– may
be retained [1a,b, f,g,h] or lifted [1c,d, f,h] by the crystal
field. The latter phenomenon leads to a lengthening of the
hydrogen bond. Existing solid state NMR and neutron dif-
fraction studies indicated a correlation between the F. . .F–

bond length and the proton position [1 f], where shortest H-
bond corresponds to a position of the proton at the hydro-
gen bond center. Both crystallographic and ab initio data
show that the hydrogen bond symmetry is also lifted in
the complexes [F(HF)n]

–. The anions withn=2, 3 and 4 ex-

hibit C2v [1g, 1h, 2d]-, D3h [1g,h, 2d]- und Td [2d]-sym-
metries, with a central fluoride involved in multiple hydro-
gen bonds with more or less elongated HF units. These
symmetries can be perturbed by changing the counterion
[1h, 1 i, 1k]. A general trend is that as n is increased the
shorter F. . .H distances become shorter and the longer
F. . .H longer. This phenomenon also leads to characteris-
tic changes of the corresponding vibrational frequences
[1e, 2d].

By contrast, little is known about complexation of the
fluoride ion by (HF)n in aprotic media. When dissolving a
crystalline hydrogen-bonded salt of a definite composi-
tion, an equilibrium mixture of several complexes usually
forms, and overlapping of their optical spectra makes it
difficult to attribute vibrational bands [3c]. In the case of
NMR experiments performed under conventional condi-
tions, fast proton and hydrogen bond exchange averages
the NMR signals of the various complexes preventing the
observation of chemical shifts and coupling constants of
the complexes [4]. In the past only for the most stable hy-
drogen difluoride ion well-resolved NMR spectra were
obtained [5], exhibiting a scalar one-bond spin-spin cou-
pling constant of1JHF=126 Hz. As this case constituted
up to date the only example of scalar spin-spin coupling
across an intermolecular hydrogen bond, the dependence
of these couplings on the hydrogen bond properties were
unknown. Moreover, the possibility of scalar two-bond
F. . .F coupling in [FHF]– has never been considered to
our knowledge as the corresponding coupling constant
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2JFF cannot be measured by NMR spectrabecauseof the
magnetic equivalenceof the two fluorine nuclei. By con-
trast, this coupling should be observable in the caseof
lesssymmetric ions, like [F(HF)n]

–, n=2 to 4, if it were
possibleto reachto slow-exchangeregimeof the various
hydrogen bondedclusters.

Theseconsiderationsincited us to becomeengagedin
the study of the systemtetrabutylammonium fluoride/HF,
by meansof the low-temperature (100–150K) NMR tech-
nique using liquefied freons as solvents [6], allowing us
to obtain high resolution spectra of hydrogen-bonded spe-
cies in slow proton and hydrogenbond exchange regime.
The results of this study are describedin this paper. As
expected,separate signalshavebeenfound for all hydro-
gen-bonded complexes, [F(HF)n]

–, n=1 to 4. Thus, not
only all hydrogen and fluorine chemical shifts but also
the one-bond 1H-19F and two bond 19F-19F couplings
could be determined. In order to assistthe correlation of
the parameters observed with the hydrogenbond struc-
tureswe have performedvariousab initio calculationsof
optimized geometries, chemicalshifts and coupling con-
stants. In the next section the experiments andthe compu-
tational methods are described. Then the result are pre-
sented anddiscussed.

2. Experimental

2.1 SamplePreparationsand NMR-Experiments

As a low-temperatureNMR solvent, a mixture of two
freons, CDF3/CDF2Cl, with the freezing point below
100K was used,prepared as described in Ref. [6b]. The
solventgivesrise to a quartetin the 1H NMR spectrum at
6.52ppm (CHF3) and a triplet at 7.18ppm (CHF2Cl),
wherethe signal intensities can be usedto determinethe
exact composition. Usually, the ratio was about 1:2, but
changesoccurred which did, however, not lead to notice-
ablechanges.No other1H NMR signalscouldbeobserved
for thepuresolvent. The 19F spectrum exhibitsvery strong
triplets at –78.6ppm for CDF3 and at –72.4 ppm for
CDF2Cl (reference CFCl3). Additional 19F peaks are ob-
servedsometimes in the region of interestwhich arediffi-
cult to assign, arising from small amountsof so-far non-
identified impurities. Partof these impurities comeseither
from the synthesis or from a reactionof fluoride with the
innerglasssurface. Theseimpurities,did, however, not af-
fect thecharacteristicsof thereproducible linesassignedto
the various speciesdescribed below.

Tetrabutylammonium fluoride trihydrate (TBA, Fluka)
and hydrofluoric acid (48% in water) from Aldrich were
usedfor the samplepreparation. The latterprocedurecon-
sistedof the addition of the calculated amount of hydro-
fluoric acid to a fluorine solution in acetoneand remov-
ing water by the azeotropic distillation with dichloro-
methane. Then the oily productwas placedinto a thick-
wall Wilmad NMR sampletube (Buena, USA) equipped
with a teflon needlevalve, withstanding the pressure up

to 50 bars.The tubewasconnectedto a high vacuumline
andthe solvent wasadded by vacuum transfer.

A number of differentsampleswereprepared. The sam-
ples of which spectraare reportedin this paperare sam-
ple #1 (concentrations TBA-F 0.020 M and HF 0.040,
respectively), sample #2 (TBA-F 0.020 M and HF
0.017M), sample#3 (TBA-F 0.020M and HF 0.018M)
andsample#4 (TBA-F 0.020 M andHF 0.032M).

The NMR spectra were recordedon a Bruker AMX-
500 instrument suppliedwith a specialNMR probehead
allowing the temperature adjustmentdown to 96 K. The
NMR chemical shifts were measured using the solvent
peaks as internal reference and then convertedinto the
usualscales.

2.2 Computational Methods

The optimized equilibrium geometriesof ionic clusters
were calculatedusing the GAUSSIAN 94 program[7] at
the MP2/6-31+G(d,p) level. Calculations of chemical
shifts and indirect spin-spin coupling constants using
DensityFunctional theory (DFT) wereperformedwith de-
Mon-NMR code [8] accordingthe computational proce-
duredescribed in detail in Ref. [8]. Perdew andWangex-
change [9] with Perdew correlation [10] functionals and
IGLO-III basisset [11] were implied. In DFT calculations
FINE grid with 64 radial points was usedfor numerical
integration [8d]. The absolute calculatedshieldingswere
also referenced to tetramethylsilanein the caseof 1H and
CFCl3 in the caseof 19F.

The multiconfiguration linear response (MCLR) calcu-
lations [12], using a MCSCF wavefunction of the com-
pleteactivespacetype (CAS) [13], werecarriedout only
for the [FHF]–-system.For thesecalculationswe usedthe
DALTON programpackage[14]. As for the DFT calcula-
tions the basisset employed was the IGLO-III basis. The
active spacewas chosen on the basisof the MP2 natural
occupation numbers [15]. The inactivespacecontainsthe
orbitals: 1g-2g; 1u-2u, which are essentially the 1s- und
2s-orbitals on the fluorine atoms. The active spacecon-
tains 13 orbitals: 3g-5g; 3u-4u; 1u-2u, 1g-2g in which 12
active electrons are distributed. This leads to a total of
368656 determinants.

3. Results

In this section we describe the results of the NMR
experiments and of the computations. All resultsare as-
sembled in Table1.

3.1 Resultsof the NMR Experiments

3.1.11H NMR Spectra

The 1H NMR spectra were found to be very sensitive
to the relative concentrations of tetrabutylammonium
fluoride andHF andthe samplepreparation. Nevertheless,
reproducible resultscould be obtained. In Fig. 1 are de-
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picted the low-field 1H NMR signals of two typical sam-
ples of tetrabutylammonium fluoride dissolved in CDF3/
CDF2Cl (1:2) exhibiting different added amounts of HF
andcooleddown to 120K. All signals arisefrom protons
in F. . .H . . .F hydrogenbonds.At low HF concentration
(sample 2, bottom), the well-known signal of [FHF]– ap-
pearingat d � 16.6ppm is dominant, split into a triplet
becauseof coupling with the two fluorine nuclei as de-
scribed in Ref. [5]. Therefore, the corresponding one-
bondcouplingconstants 1JHF and1JHF '=124Hz areiden-
tical. At higher HF concentrations(sample 1, top) addi-
tional multiplets observed at 14.0 and 11.8 which we as-
sign to the species [F(HF)2]

– and [F(HF)3]
–, formed by

successive additionof HF to [FHF]–. In addition, a so far

unidentified doubled marked by crossesare observed at
10.2ppm.Hiddenunder this signal is an additional broad-
er doublet marked by full circleswhich we tentatively as-
sign to [F(HF)4]

–.
The signal splitting patternsobserved are typical for

first-order spin systemsalthough, in principle, the struc-
turesindicatedin Fig. 1 representhigh orderspin systems
as they contain chemically equivalent but magnetically
non-equivalentprotonsand fluorine’s. The first orderpat-
ternsarisefrom the fact that the coupling constants2JHH,
3JHF, and 4JFF are smaller than the experimental line
width, as checkedby appropriate lineshape simulations
[16]. In contrast to [FHF]–, for [F(HF)2]

– and [F(HF)3]
–

the two one-bondcoupling constants1JHF and 1JHF ' are
no longer identical (Table 1), indicating the presenceof
asymmetric hydrogen bonds characterized by a smaller
F-H anda larger F. . .H distance.Moreover, only onesig-
nal is observed for eachspecies which can be explained
in terms of a central fluorine F', chemically equivalent
protonsand terminal fluorines,as illustratedby the struc-
tural formulas in Fig. 1. The high signal field shilfs are
consistent with an increasing F. . .F distancewhen an-
other HF moleculeis added.The gradual increaseof the
larger coupling constant1JHF indicatesthat at the same
time the average protonpositionis shiftedtowardsthe ter-
minal fluorines.By contrast,the smallercoupling constant
1JHF ' first decreases to 24 Hz in the caseof [F(HF)2]

–, in-
creasesto 41 Hz in the caseof [F(HF)3]

– and becomes
small andno longer resolved in the caseof [F(HF)4]

–.
The question then ariseswhether the coupling constants

are positive or negative. Here, thesesigns can be deter-
mined from the differential widths of the individual line
components of Fig. 1. The outer lines of the triplet of
[FHF]– arebroader than the inner line, indicating that the
transverserelaxationtimesT2 of the outercomponentsare
shorter than thoseof the inner line. It is well established
that differential widths of multiplet line componentsarise
from non-averaged interfering dipolar or chemical shield-
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Table1
Calculatedoptimizedgeometriesat the MP2/6-31+G(p,d) level andexperimentalandcalculatedNMR parametersof [F(HF)n]

–

[FHF]– [F(HF)2]
– [F(HF)3]

– [F(HF)4]
–

Symmetry D?h C2v D3h Td

r (F-H),Å 1.1495 1.012 0.979 0.961
r (F. . .H),Å 1.1495 1.349 1.451 1.540
a(H-F-H) linear 130.28 120.08 109.58

exp. calc. exp. calc. exp. calc. exp.b calc.

dH [ppm] 16.6 16.0 14.0 12.9 11.8 10.5 10.3b 8.6
dF' [ppm] –155.4 –154.8 –148.9 –122.7 –147.2 –100.1 – –82.5
dF [ppm] –155.4 –154.8 –176.9 –153.9 –185.0 –156.9 –191.4b –159.0
1JHF'/Hz 124±3 6, 133a 24±3 –71 41± 4 –72 <10b –63.4
2JFF/Hz – –133,385a 146±4 –73 92± 5 –100 <15b –144
1JHF/Hz 124±3 6, 133a 354±3 229 430± 4 300 480± 5b 336

Chemicalshifts and coupling constantcalculations:DFT method,a CAS-method.Standardfor 1H NMR is TMS, and for 19F NMR CFCl3.
F': centralfluorine, F: terminalfluorine’s. b tentativeassignment,for explanationseetext.

Fig. 1
Low-field 1H NMR signals (500MHz) of solutionscontainingHF
and tetrabutylammoniumfluoride (sample#1, top) and (sample#2,
bottom).Unidentifieddoubletmarkedby crosses



ing interactionswhen the rotationalcorrelation times are
increasedby lowering the viscosity, for exampleby low-
ering the temperature[17]. To our knowledge, this effect
hasnot yet beenreportedfor [FHF]–. Here,we assign this
effect to an interferenceto the two dipolar H . . .F cou-
pling tensors andan increaseof the correlationtime of ro-
tational diffusion at 120K. As contributions from the
magnetic field inhomogeneity can be neglected the line-
widths areproportional to the squareof the effective dipo-
lar interactions. Because of the linearity of the
F. . .H . . .F hydrogenbonds the two dipolar coupling ten-
sors are parallel and the effective dipolar H . . .F cou-
plings cancel in the caseof the centerline of the triplet
where the two fluorine’s exhibit different spin states,i.a.
a(F)b(F') or b(F)a(F'). Therefore,this line is sharp. By
contrast, the two outer components are broad. As the
gyromagnetic ratios of 1H and 19F are positive, the low-
field component arisesfrom a(F)a(F') and the high field
componentfrom b(F)b(F'), which is consistent with a pos-
itive sign of 1JHF. By contrast,in the caseof the signals
of [F(HF)2]

– and [F(HF)3]
– the inner components are

broader as compared to the outer components.Here, the
two dipolar interactionsH . . .F and H . . .F' do not com-
pletely cancel, but neverthelessthe line widths of the
componentscorresponding to a(F)a(F') and b(F)b(F') are
larger than those correspondingto a(F)b(F') andb(F)a(F').
Sincenow the inner lines arebroaderthanthe outer lines,
the smaller coupling constants 1JHF' should be negative.
Finally, we note an additional differential line width of
the signal componentswhich we attribute to an interfer-
encearising from the chemical shift anistotropy. A quanti-
tativeanalysis of the linewidth effectsis under progress.

3.1.219F NMR Spectra

The measurementof the 19F NMR spectrawasdifficult
becauseof the presence of the solventpeaks.In order to
obtain good signalsfor a given speciesits concentration
was optimized. Therefore, the 19F NMR signalsobtained
at 120K stem from different samples. It was checked,
however, that the signalpatternandpositionwasindepen-
denton the samplecomposition.

As expected [5], [FHF]– contributes a doublet at
d � 155.4ppm (Fig. 2a). Successive addition of HF leads
to a small shift of the central fluorine signalsto low field
and to a strong shift of the terminal fluorine signal to
high field (Fig. 2b and 2c). The relative intensity of the
central to the terminal fluor signals correspondsto the
stoichiometryof the complexes. The terminal fluorine sig-
nals of [F(HF)2]

– and [F(HF)3]
– are split into doublets of

doublets, and the centralfluorine’s into a triplet of triplets
and a quartet of quartets, respectively. We assign an
additional broad fluorine doublet at d � –191.4ppm to
the terminal fluorine of [F(HF)4]

– (not shown); the cor-
responding signal of the central fluorine could not be
identified; a candidate could be a small broad singlet at
d � –148.2ppm.

From the signals of the terminal fluorine’s the coupling
constants 1JHF could be obtained and from the central
fluorine signals the values of 1JHF' which confirm the
valuesfrom 1H NMR. However, in the caseof [F(HF)2]

–

and [F(HF)3]
–, unexpectedly both the central and terminal

fluorine signals were additionally split into doublets by
scalar two-bond couplings 2JFF=146Hz and 92 Hz, re-
spectively. 2JFF wasnot resolved in the caseof the doub-
let at d � –191.4ppm tentatively assigned to [F(HF)4]

–.
The assignment was justified by finding a coupling con-
stantof 1JHF=480Hz which is substantially larger thanin
the caseof [F(HF)3]

–. This valuealsohelpedto assignthe
correspondingprotonsignal in Fig. 1.

Finally, we calculatedagainthe theoretical fluorine sig-
nal patternsand checkedthat the neglected of 2JHH, 3JHF,
and 4JFF reproducesthe experimental first-order line
shapes of Fig. 2b and 2c. However, the calculations pre-
dict equal widthsfor all line components,whereasexperi-
mentally, again differential line widths are observed. In
the caseof the doublet of [FHF]– the low-field line is
slightly broader than the high field line (Fig. 2a). We
assignthis here to an interferenceof the dipolar F. . .H
coupling with a collinear chemical shielding tensor. This
effect is alsoseenin the signal of the terminal fluorine of
[F(HF)3]

– (Fig. 2c) wherethe two high field components
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Fig. 2
19F NMR signalsof HF-tetrabutylammoniumfluoride complexesdis-
solvedin CDF3/CDF2Cl at 130K. Only the signalsof the dominant
speciesareshown.(a) Sample#3. (b) Sample#4. (c) Sample#1. in
the freonmixtureat 130K



are sharper. The additional effect of the dipolar coupling
to the central fluorine leadsto a broadening of the lines
corresponding to the spin statesa(H)a(F') and b(H)b(F')
of the neighbouring nuclei, as compared to those of
a(H)b(F') andb(H)a(F'). As the outerline componentsare
broader than the adjacentinner line 2JFF has to be posi-
tive. Again, a more quantitative analysisof these aspects
is underway.

3.2 Resultsof Quantum Mechanical Calculations

The resultsof the various calculationsof the optimized
geometries, chemical shifts and coupling constants are
included in Table1. The data are visualized in Fig. 3
where we use as common abszissa the coordinate
q1 � 1=2�r1 ÿ r2� corresponding to the deviation of the
hydrogen bond proton from the hydrogen bond centeras
depicted in Scheme1.

For a given fluorine A, r1 correspondsto the distanceto
the proton,and r2 the distanceof the protonto the distant
fluorine B. As the protonis closer to the terminal fluorine
q1 is, therefore,negativefor thesenuclei giving rise to
the dataon the left handside of Fig. 3, whereasthe data
on the right hand sidestemthe central fluorine’s. We also
include in Fig. 3 the experimental results discussed to-
getherin the following Section.

4. Discussion

Using low temperature liquid 1H and 19F NMR spec-
troscopy we haveidentified in addition to the well-known
bifluoride ion [FHF]– also the clusters [F(HF)2]

– and
[F(HF)3]

–. In addition, we found some evidence for
[F(HF)4]

–. For [F(HF)2]
– and [F(HF)3]

– chemical shifts
and coupling constants are reported.Formally, theseclus-
ters exhibit a structurewith a central fluoride ion hydro-
genbondedto n equivalent HF units. It is remarkable that
not only both one-bond coupling constants 1JHF and 1JHF'

of the hydrogenbond protonwith the terminal andcentral
fluorine nuclei were observed but unexpectedlyalso a so
far unknown two-bond coupling 2JFF between the latter.
As this coupling cannot be measured experimentally in
the caseof the bifluoride ion its existence has not yet
been considered. The analysis of the NMR linewidth
gives good arguments that 1JHF and 2JFF arepositiveand
that 1JHF' is negative.Thus,thesequantities provideinter-
esting information concerning the properties of the
F. . .H . . .F hydrogenbondsin the differentcomplexes.In
order to understandthese propertiesin more detail we

haveperformedquantum mechanical ab initio calculations
of the optimized cluster geometries at the MP2/6-
31+G(d,p) level [7], of chemicalshifts andcoupling con-
stants using Density Functional theory (DFT) [8] and
MCLR-CAS methods [12–14].At present, no attemptwas
madeto correct for the anharmonic proton motion in the
hydrogen bonds nor to include solvent or counterion
effects.

4.1 Cluster Geometriesand Chemical Shifts

The ab initio calculations at the MP2/6-31+G(p,d) led
to the equilibrium geometries of the clusterspresented in
Table1. The calculatedsymmetry of [F(HF)n]

–, n=1 to 4
is D?h, C2v, D3h andTd, i.e. of the sametype asthe aver-
age solution symmetries obtained by NMR. The geo-
metric dataarein goodagreement with the available MP2
values[2d] as well as thosemeasured experimentally for
the crystallinesalts [1]. The finding that the structuresof
the anionicclusters aresimilar in the gasphaseand in the
solid stateand not very sensitiveto the type of the coun-
terion makesit plausible that also the solution structures
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Scheme1

Fig. 3
Experimentaland calculatedpropertiesof fluoride-HF as a function
of the deviation q1=1/2(r1–r2) of the proton from the hydrogen
bond center. q1 is positive for the centralandnegativefor the termi-
nal fluorine nuclei and obtainedusing ab initio calculationsat the
MP2/6-31+G(d,p) level (Table 1). (a) CalculatedF. . .F distances
q2= r1+r2. (b) 1H and (c) 19F chemicalshifts. (d) one bond and (e)
two-bondcouplingconstants.For furtherdescriptionseetext



are similar, which justifies to neglectthe influence of the
solventin first order. Not justified is the completeneglect
of the nuclear motion which is very anharmonic in the
hydrogen bondsleadingto strongdeviationsof the molec-
ular geometry from the calculatedequilibrium geometry.
Therefore, we can only makequalitative and no quantita-
tive comparisonsof theoreticalandexperimentaldata.

In Fig. 3a we have plotted the F. . .F distance
q2 � r1 � r2 as a function of the deviationof the proton
from the hydrogen bond center q1 � 1=2 �r1 ÿ r2� (see
Scheme2). q1 is negative for the terminal andpositivefor
the central fluorine’s. In the bifluoride ion q1 is zero,ex-
hibiting a minimum F. . .F distanceq2min. The successive
addition of HF molecules makes the hydrogen bond
asymmetric, shifts the proton towardsa terminal fluorine
which is accompaniedby an increaseof the F. . .F dis-
tance.The correlationcurveobserved is similar to the one
determined recently experimentally and theoretically for
N . . .H . . .N hydrogenbond systems[18].

The associated evolution of the 1H chemicalshifts is
depicted in Fig. 3b. It is obvious that in the stronghydro-
gen bond regime these shifts are a measure of the F. . .F
distance where the maximumlow-field shift is obtained in
the caseof the shortestF. . .F distance. A detailed de-
scription of the relationbetween geometries and chemical
shifts is given for the case of N . . .H . . .N hydrogen
bondsin Ref. [18].

We note a good agreement of the calculatedDFT 1H
chemical shift valuesfor the equilibrium geometries with
the experimental values.This agreement is not satisfacto-
ry in the caseof the calculationsof the fluorine chemical
shifts: only a very minor decreaseof the latter was found
experimentally in the seriesof n=2 to 4, whereasthe
DFT calculations predict a similar but much more pro-
nounced dependence. In this study it was not possibleto
elucidate the origin of this disagreement; we note, how-
ever, that preliminary calculations using the HF-IGLO
method [11] gavesimilar resultsasthe DFT method, indi-
cating that either anharmonic effects or solvent effects
may be responsiblefor the disagreement. For example, it
is conceivable that CDF3 forms weak hydrogen bonds
with the terminal fluorines,which dependon the cluster
size.

The dependenceof the one-bond H . . .F couplings as a
function of the deviation q1 of the proton from the hydro-
gen bond center is interestingand plotted in Fig. 3d. If
the proton is close to the fluorine considered, q1 is nega-
tive and the coupling constant positive. This is still true
in the caseof the symmetric bifluoride whereq1=0. By
analysis of differential line widths of various multiplet
lines experimentalevidence wasprovided that for positive
q1 the constant becomes negative. Then it goes througha
minimum and vanishes eventually. Qualitatively, this
“oscillation” is well reproducedby the valuescalculated
usingthe DFT method althoughthere is a large discrepan-
cy between the absolute calculatedand experimental val-
ues.A greatpart of this discrepancymust be attributedto
the method of calculation employed. Despitevery good

results for indirect spin-spin couplings between nuclei
without lone pairs,accuratecalculation of couplings with
fluorine is still a challenge for DFT basedmethods[8e].
For example, the calculated one-bond couplings with
fluorine aresystematically shiftedwith respectto their ex-
perimental counterparts by about 110Hz [8e]. However
the experimental trends areusuallywell reproduced.Note
that the valueof this systematic deviationdependson the
type of coupling studied.

The agreement betweenthe experimental value for the
bifluoride ion and the value calculatedusing the MCLR-
CAS is, on the otherhand,very satisfactory. If this agree-
mentis real, it follows that the symmetryof [FHF]– in so-
lution is similar to that in the gasphaseand that the pro-
ton motion is fairly harmonic. As the MCLR-CAS meth-
od is computationally much more demanding than the
DFT method we could not explore in this study whether
this method alsopredictsa minimum of the one-bondHF
coupling in the negativeregion.

Let us now discussthe two-bond couplings 2JFF be-
tween the terminal and the central fluorine’s. To our
knowledge,scalarcouplings betweentwo heavy atoms of
a hydrogenbond havenever beenobservednor beencal-
culated previously. We have experimental evidencethat
thesecouplings are positive. We note that the valuesare
of the order of the geminal FCF couplings in saturated
fluorocarbons[160–290 Hz), andevenlarger than the val-
ue of 95Hz found for the fluorine-bridgedanion,[F3B-F-
BF3]

– [19]. Thus, the hydrogenbond clusters [F(HF)n]
–

are betterdescribed in terms of a covalent charged mole-
cule ratherthan as a fluoride ion solvatedby HF groups.
As discussed recently in detail [18] the bondingsituation
of Fig. 3a can be described in terms of a total hydrogen
bond orderof 1, but unequally distributedto the adjacent
heavy atoms.

The resultsof the calculations confirm the existenceof
large valuesof 2JFF, asdepicted in Fig. 3e. However, this
type of coupling constitutesthe most difficult problemfor
calculation by the DFT method. We notea large disagree-
ment betweenthe experimental valuesand the DFT val-
ues which are negative. The change of 2JFF between
[F(HF)2]

– and [F(HF)3]
– can be qualitatively reproduced,

although the absolute valuesare negative,in contrastto
the experimental values. However, for the symmetric
complex [FHF]– even the expectedtrend is not repro-
duced. The value for the bifluoride ion exhibits a mini-
mum, whereasthe MCLR-CAS value is positiveandvery
large. Unfortunately, an experimental value can not be
measured because of the equivalency of the fluorine nu-
clei, and furthergoing calculationswerebeyondthe scope
of this study.

5. Conclusions

Using low-temperature liquid stateNMR spectroscopy
we have identified various hydrogenbonded complexes
between the fluoride ion and a varying number of HF
molecules.Thesecomplexesdo not exhibit only one-bond
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H . . .F couplingswhich arepositiveat shortand negative
at larger H . . .F distances but also substantial positive
two-bond F. . .F couplings. The latter have not yet been
observed beforeanddemonstratethe covalentcharacterof
the hydrogenbonds formed. The dependenceof the cou-
pling constants changeson the molecular structuresis
qualitatively reproduced in terms of preliminary ab initio
DFT and CAS calculations. Therefore,the systemspre-
sented constituteusefulmodels for testingmethods of cal-
culation of NMR-parametersof hydrogen bondedsystems
in solution. In the future, also solvent effects should be
taken into account. Currently, we are studying effects of
partial and full H/D substitution on the properties of the
ions observed. For the understanding of theseproperties it
will be necessaryto take the anharmonic vibrationalmo-
tion into account.

This work wassupportedby the Stiftung Volkswagenwerk,Hann-
over, the RussianFoundationof Basic Research(grant No. 96-03-
32846), the Freie Universität Berlin, the DeutscherAkademischer
AustauschdienstDAAD (Kennziffer A/97/53365),and the Fondsder
ChemischenIndustrie,Frankfurt.S. Kirpekar thanksthe Danishnatu-
ral scienceresearchcouncil (grantNo. 9600856).O. Malkina thanks
the SlovakGrantAgencyVEGA (grantNo. 2/3008/97)for financial
supportsand all authorsare indebtedto Dr. V.G. Malkin for helpful
discussions.

References

[1] (a) B.AL. McGaw and J.A. Ibers, J. Chem. Phys. 39, 2677
(1963). (b) W.W. Wilson, K. O. Christe,J. Feng,and R. Bau,
Can. J. Chem.67, 1898 (1989). (c) W.W. Williams and L. F.
Schneemeyer, J. Am. Chem.Soc.95, 5780 (1973).(d) O. Foss
and K. Maartmann-Moe,Acta Chem.Scand.A41, 310 (1987).
(e) F. Hibbert and J. Emsley, Adv. Phys.Org. Chem.26, 255
(1990) and referencescited therein. (f) A. M. Panich, Chem.
Phys. 196, 511 (1995). (g) D. Mootz and D. Boenigk, Z.
Anorg. Allg. Chem. 544, 159 (1987). (h) A. R. Mahjoub, D.
Leopold, and K. Seppelt,Eur. J. Solid StateInorg. Chem.29,
635 (1992). (i) J.D. Forrester, M. E. Senko,A. Zalkin, and D.
Templeton,Acta Crystallogr. 16, 58 (1963). (k) B.A. Coyle,
L. W. Schroeder, and J.A. Ibers, J. Solid. StateChem. I, 386
(1970).

[2] (a) V.C. Epa and W.R. Thorson, J. Chem. Phys. 93, 3773
(1990).(b) J.H. Clark, J. Emsley, D.J. Jones,andR.E. Overill,
J. Chem.Soc. Dalton Trans.1219 (1981). (c) A. Karpfen and
O. Yanovitskii, J. Mol. Struct. (Theochem.)307, 81 (1994);
314, 211 (1994).(d) W.D. Chandler, K. E. Johnson,and J.L. E.
Campbell,Inorg. Chem.34, 4943 (1995).(e) J. Almlöf, Chem.
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