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Liquid state*H and*®F 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 &t CDRCI. Under

these conditions hydrogen bonded complexes betweandra 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 [FHFT is observed, exhibiting a strong symmetric H-bond. At higher HF concentrations the spe-

cies [F(HFY]~, [F(HF)]™ are formed and a species to which we assign the structure [fJ(HFhe 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=1 to 4, calculated using ab initio methods confirm thgDC,,, D3, and Ty 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, herte and*Jie, where }34e|=[*34e|, as well as a a two-bond coupling between the heavy

atoms, heréJg, have been observed. The analysis of the differential width of various multiplet components

gives evidence for the signs of these constants g and 2Jse>0, andJye <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 hibit C,, [19, 1h, 2d]-, By, [19, h, 2d]- und T [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
T%h, 1i, 1K]. A general trend is that as n is increased the

been studied by X-ray and neutron diffraction experimen horter F...H distances become shorter and the longer
y y P F...H longer. This phenomenon also leads to characteris-
[1]. Secondly, because of the small humber of atoms in . o
; L . —_lic changes of the corresponding vibrational frequences
these complexes high level ab initio calculations of the |53—

The interaction of the fluoride ion with HF gives rise to
anionic clusters of the type [F(HE) which are ideal ob-
jects for theoretical, structural and spectroscopic studi
of hydrogen bonding. Thus, anions witlx1 up to 5 have

. . . . le, 2d].
Iatc_ed lons are passible from W.h'Ch not only electronic prop= By contrast, little is known about complexation of the
erties, energies and gepmetrles, but also spectrogcoplg Rforide ion by' (HF), in aprotic media. When dissolving a
irggm?lt:eHrT:]_cailg k?\?)wonb:gl?ne\;jol\[/ze].thzh;rggdég?gz dd;ﬂlécr’tgierystalline hydrogen-bonded salt of a definite composi-
’ ' Lo 9 . ion, an equilibrium mixture of several complexes usually
hydrogen bond. The free ion is _cha_racterlzed_ according Brms, and overlapping of their optical spectra makes it
gas phage dgta [3a,b] and ab initio qalculatlons [2] by &ifficult to attribute vibrational bands [3c]. In the case of
symmetric single-well proton potential function, .9

. NMR experiments performed under conventional condi-
[3a, b].'ln crystalline salts the symmetry of [FHFnay Itions, fast proton and hydrogen bond exchange averages
be retained [1a,b,f,g, h] or lifted [1c,d,f,h] by the crysta ; . )
the NMR signals of the various complexes preventing the

field. The latter phenomenon leads to a lengthening of the'bservation of chemical shifts and coupling constants of
hydrogen bond. Existing solid state NMR and neutron difo

fraction studies indicated a correlation between the. F~ the complexes [4]. In the past only for the most stable hy-

bond length and the proton position [1f], where shortest Fprogen difluoride ion well-resolved NMR spectra were

bond corresponds to a position of the proton at the hydrg-btamed [5], exhibiting a scalar one-bond spin-spin cou-

gen bond center. Both crystallographic and ab initio dat%IIng constant of Jue=126 Hz. As this case constituted

show that the hydrogen bond symmetry is also lifted i P to date the only example of scalar spin-spin coupling

> . o across an intermolecular hydrogen bond, the dependence
the complexes [F(HR)". The anions witm=2, 3 and 4 ex- 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
*) Authors for correspondence. our knowledge as the corresponding coupling constant
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2Jre camot be measued by NMR spectrabecauseof the
magnéic equvalenceof the two fluorine nuclei. By con-
trast, this coupling shodd be obsenable in the caseof
lesssymmetric ions like [F(HF),]", n=2 to 4, if it were
possibleto reachto slow-exclangeregimeof the various
hydrogen bondedclustes.

Thesecorsiderationsincited us to becomeengagedin
the study of the systemtetrabutylammaium fluorideHF,
by meansof the low-tempergure (100-150K) NMR tech-
nique using liquefied freons as solvens [6], allowing us
to obtain high resoldion specta of hydrogen-bondd spe-
ciesin slow proton and hydrogenbond exchang regime.
The resuls of this study are describedin this pape. As
expeted, separge signalshave beenfound for all hydro-
gen-onded compkxes, [F(HF),]~, n=1 to 4. Thus, not
only all hydrogen and fluorine chemical shifts but also
the one-tond *H-°F and two bord *°F-'°F couplings
could be determinedIn orderto assistthe correlaion of
the parametrs obsered with the hydrogenbord struc-
tureswe hawe performedvariousab initio calalations of
optimized geometies, chemicalshifts and coupling con-
stants In the next secton the experimats andthe compu
tatioral methals are descriled. Then the result are pre-
sentel anddiscused.

2. Experimentd
2.1 SamplePreparationsand NM R-Experiments

As a low-temperatureNMR solvent, a mixture of two
freons, CDF;/CDF,CI, with the freeang point below
100K was used,prepaed as descriled in Ref. [6b]. The
solventgivesrise to a quartetin the 'H NMR spectum at
6.52ppm (CHF;) and a triplet at 7.18 ppm (CHF.CI),
wherethe signal intersities can be usedto deerminethe
exactcomposition. Usually the ratio was abait 1:2, but
chargesocaurred which did, howeer, not leadto notice-
ablechanges.No other*H NMR signalscould be observe
for the puresolvent The *°F spectrim exhibitsvery strong
triplets at —78.6ppm for CDF; and at —724 ppm for
CDF,CI (referene CFCL). Additional 1°F peals are ob-
servedsometime in the regim of interestwhich are diffi-
cult to assign arisirg from smdl amountsof so-fa non
identfied impurities. Partof theseimpurities comeseither
from the synthess or from a reactionof fluoride with the
innerglasssurfae. Theseimpurities, did, however not af
fectthe charactéstics of the reproducibe linesassignedo
the various specesdescriled below

Tetrabutyammonium fluoride trihydrae (TBA, Fluka)
and hydrofluoric acid (48% in water) from Aldrich were
usedfor the samplepreparéabn. The latter procedurecon-
sistedof the addition of the calculdaed amount of hydro-
fluoric acid to a fluorine solutionin acetoneand remov-
ing water by the azeotopic distillaton with dichloro-
methane. Then the oily productwas placedinto a thick-
wall Wilmad NMR sampletube (Buera, USA) equpped
with a teflon needlevalve, withstanding the pressire up

to 50 bars.The tubewascomectedto a high vacuumline
andthe solventwasaddel by vacwm transfer

A numbe of differentsamplesverepreparedThe sam-
ples of which spectraare reportedin this paperare sam-
ple #1 (concentrabns TBA-F 0.020 M and HF 0.040,
respedtely), 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 0.020M andHF 0.032M).

The NMR specta were recordedon a Bruker AM X-
500 instrument suppliedwith a specialNMR probehead
allowing the tempeature adjustmentdown to 96 K. The
NMR chemical shifts were measued using the solvent
peals as intemal referemwe and then convertedinto the
usualscales.

2.2 Computational Methods

The optimized equilibrium geometriesof ionic clustes
were calalated using the GAUSSIAN 94 program[7] at
the MP2/6-31+#5(d,p) level. Calalations of chemtal
shifts and indired spinspin cowling constarg using
Density Functonal theoy (DFT) wereperformedwith de-
Mon-NMR cocde [8] accordingthe computaibnal proce-
duredescibedin detailin Ref. [8]. Perdev and Wang ex-
charge [9] with Peraew correlation [10] functonals and
IGLO-IIl basisset[11] wereimplied. In DFT calaulations
FINE grid with 64 radial points was usedfor numeical
integraion [8d]. The absolué cakulatedshieldingswere
alsoreferemedto tetraméhylsilanein the caseof *H and
CFCk in the caseof °F.

The multiconfiguration linear respose (MCLR) calau-
lations [12], using a MCSCF wawefunction of the com-
plete active spacetype (CAS) [13], were carriedout only
for the [FHF]-system.For thesecalalationswe usedthe
DALTON programpackage[14]. As for the DFT calcula-
tions the basisset emplo/ed was the IGLO-III bass. The
active spacewas chos@ on the basisof the MP2 natural
occpation numters[15]. The inactive spacecontainsthe
orbitals: 14-2,, 1,-2,, which are es®ntially the 1s- und
2s-orbitads on the fluorine atams. The active spacecon-
tains 13 orbitals: 33-54; 3y-4y; 1420, 1g-2g in which 12
active eledrons are distibuted. This leadsto a total of
368656 deteminants.

3. Results

In this section we descibe the resuls of the NMR
expaiments and of the computabns. All resultsare as-
semblé in Tablel.

3.1 Resultsof the NMR Experiments
3.1.1*H NMR Spectra

The 'H NMR specta were found to be very sensiive
to the relative coneentrations of tetrabuylammaium
fluoride and HF andthe samplepreparabn. Newertheless,
reproduible resultscoud be obtaned. In Fig.1 are de-
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Tablel
Calculatedoptimizedgeometriesat the MP2/6-31+G(pd) level and experimentabnd calculatedNMR parametersf [F(HF),]~
[FHFT [F(HF)] [F(HF)]™ [F(HF)]”

Symmetry Dooh Cov Dsn Ty
r(F-H)A | 1.1495 1.012 0.979 0.961
r(F...H),A 1.1495 1.349 1451 1.540
a(H-F-H) linear 130.2 120.° 109.5°

exp. calc. exp. calc. exp. calc. exp. calc.
Jn [ppm] 16.6 16.0 14.0 12.9 11.8 105 10.3° 8.6
e [ppm] -155.4 -154.8 -148.9 -122.7 -147.2 -100.1 - -82.5
Ik [ppm] -155.4 -154.8 -176.9 -153.9 -185.0 -156.9 -191.#4 -159.0
L3ne/Hz 124+3 6, 133° 24+3 -71 41+4 -72 <10° -63.4
2JedHz - -133,3852 146+ 4 -73 92+5 -100 <15° —144
LyeHz 124+3 6, 1332 354+3 229 430+4 300 480+5° 336

Chemicalshifts and coupling constantcalculations:DF T method,® CAS-method Standardfor *H NMR is TMS, and for °F NMR CFCk.
F: centralfluorine, F: terminalfluorine’s. ° tentativeassignmentfor explanationseetext.
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Low-field *H NMR signals (500MHz) of solutions containing HF
and tetrabutylammoniuniluoride (sample#1, top) and (sample#2,
bottom).Unidentifieddoubletmarkedby crosses

picted the low-field *H NMR sigrals of two typical sam-
ples of tetrabutylammaium fluoride dissdved in CDF5/
CDF,CI (1:2) exhibiting different addel amourts of HF
and cooleddown to 120K. All sigrals arisefrom protons
in F...H...F hydrogenbonds.At low HF concentation
(sampe 2, bottom), the well-known signal of [FHF]™ ap-
pearingat 6 = 16.6ppm is dominan} split into a triplet
becauseof cowpling with the two fluorine nudei as de-
scribed in Ref. [5]. Therebre, the correspoding one-
bond coupling constars *J= and *Je =124 Hz areiden-
tical. At highe HF corcentrations(sampe 1, top) add-
tional multiplets observe at 14.0 and 11.8 which we as-
sign to the speces [F(HF)]~ and [F(HF)s]~, formed by
successie addition of HF to [FHF]". In addition, a so far

unideriified doubled marlked by crossesare observe at
10.2ppm. Hiddenunder this sigral is an additional broad-
er doublé marked by full circleswhich we tentaively as-
signto [F(HF)4]™.

The sigral splitting patternsobsered are typical for
first-order spin systemsalthowgh, in principle, the struc-
turesindicatedin Fig. 1 represenhigh orderspin systems
as they contain chemially equivalen but magnécally
non-gjuivalentprotonsand fluorine’s. The first order pat-
ternsarisefrom the fact that the coupling corstants®J,yy,
3Jue and “Je= are smaller than the experimental line
width, as checkedby apprgriate lineshag simulations
[16]. In contrastto [FHF], for [F(HF),]~ and [F(HF)s]~
the two one-bondcoupling corstants®J= and *J, are
no longer identical (Table 1), indicaing the presenceof
asymnetric hydrogen bonds charaterized by a smadler
F-H andalargerF...H distance Moreover only one sig-
nal is obseved for eachspedes which can be explaned
in terms of a certral fluorine F, chemtally equivalent
protonsand terminal fluorines, asillustratedby the struc-
tural formulasin Fig. 1. The high sigral field shilfs are
consigent with an increasing F...F distancewhen an-
other HF moleculeis added.The gradwal increaseof the
larger coupling constant'Jy indicatestha at the same
time the averag proton positionis shiftedtowardsthe ter
minal fluorines.By contrastthe smallercoupling constant
134 first decreaseto 24 Hz in the caseof [F(HF),]", in-
creasedo 41Hz in the caseof [F(HF)s]~ and becanes
smallandno longe resohed in the caseof [F(HF),]™.

The questim then ariseswhether the coupling constais
are postive or negdive. Here, thesesigns can be deer
mined from the differental widths of the individual line
compaents of Fig.1. The outer lines of the triplet of
[FHF]™ arebroackr than the inner line, indicatirg that the
trans\erserelaxationtimesT, of the outercompaentsare
shorte than thoseof the inner line. It is well estalished
that differental widths of multiplet line compmentsarise
from non-averagd inteffering dipolar or cheamical shield-



ing interactionswhen the rotational correlation times are
increaed by lowering the viscosty, for exampleby low-
ering the temperature[17]. To our knowledge, this effect
hasnot yet beenreportedfor [FHF]". Here,we assgn this
effect to an interferenceto the two dipolar H...
pling tensos andan increaseof the correlationtime of ro-
tatiomal diffusion at 120K. As cortributions from the
magnéic field inhomayeneity can be nedected the line-
widths areproportional to the squareof the effective dipo-
lar interactions. Becawse of the
F...H...F hydrogenbonds the two dipolar coupling ten-
sors are parallel and the effective dipolar H...
plings cancé in the caseof the centerline of the triplet
wherethe two fluorine’s exhibit different spin states,i.a.
a(F)B(F) or p(Fa(F). Therefore,this line is sharp. By
contast, the two outer componets are broad As the
gyromaynetic ratios of *H and *°F are postive, the low-
field componen arisesfrom a(F)a(F) and the high field
compamentfrom S(F)S(F), which is consigentwith a pos-
itive sign of 1Jue= By contrast,in the caseof the signals
of [F(HF),]- and [F(HF)s]~ the inner components are
broader as compaed to the outer commpnents.Here, the
two dipolar interactionsH...F andH...
pletely cancel, but newerthelessthe line widths of the
compamentscorrepondingto a(F)a(F) and g(F)p(F) are
larger than those correpondingto a(F)S(F) and g(F)a(F).
Sincenow the inner lines are broaderthanthe outerlines,
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the smaller coupling constarg *J4= shoud be negative.
Finaly, we note an addtional differential line width of
the signal compmentswhich we attribute to an interfer-
encealising from the chemcal shift anistotopy. A quanti
tative andysis of the linewidth effectsis under progress.

3.1.2'%F NMR Spetra

The measirementof the *°F NMR spectrawas difficult
becauseof the presece of the solventpeaks.In orderto
obtain goad signalsfor a given speciesits concentation
was optimized. Therebre, the *°F NMR signalsobtaned
at 120K stem from different sample. It was chedked,
howeve, thatthe signal patternand positionwasindepen-
denton the samplecomposition.

As expected [5], [FHF]™ contibutes a doublet at
0 = 155.4ppm (Fig. 2a). Successie addtion of HF leads
to a small shift of the cental fluorine signalsto low field
and to a strong shift of the termind fluorine signal to
high field (Fig.2b and 2c). The relaive intersity of the
centrd to the terminal fluor signals correspondsto the
stoichbmetry of the complexs. The termina fluorine sig-
nals of [F(HF),]™ and [F(HF);]™ are split into doublés of
doublés, andthe centralfluorine’s into a triplet of triplets
and a quaret of quatets, respedvely. We assign an
additional broad fluorine doublg at 6 =-191.4ppm to
the termnal fluorine of [F(HF)s~ (not shown); the cor
respomling signal of the centrd fluorine coud not be
identfied; a canddate coud be a small broad singet at
0 =-148.2ppm.

1%F NMR signalsof HF-tetrabutylammoniurfluoride complexesdis-
solvedin CDF3/CDF,CI at 130K. Only the signalsof the dominant
speciesareshown.(a) Sample#3. (b) Sample#4. (c) Sample#1. in
the freon mixture at 130K

From the sigrals of the terminal fluorine’s the coupling
constats 1J,r could be obtaired and from the central
fluorine signals the values of *Jue which confirm the
valuesfrom *H NMR. Howe\er, in the caseof [F(HF),]™
and [F(HF)s]™, unexpetedly both the centrd andterninal
fluorine signals were addtionally split into doublets by
scalartwo-bord couplings 2Jee=146Hz and 92Hz, re-
specively. 2Jer was not resoled in the caseof the doub-
let at 6 =—-191.4ppm tertatively assiged to [F(HF),]™.
The assignmet was justified by finding a coupling con-
stantof *J,=480Hz which is substatially larger thanin
the caseof [F(HF)s]™. This valuealsohelpedto assignthe
correpondingprotonsigral in Fig. 1.

Finaly, we calailatedagainthe theorettal fluorine sig-
nal patternsand checkedthat the negleced of 2Jyy, 3Jur
and “Jer reproducesthe experinental first-order line
shape of Fig.2b and 2c. Howe\er, the calculatims pre-
dict equa widthsfor all line compnents,wheres expei-
mentdly, again differential line widths are observe. In
the caseof the douwblet of [FHF]™ the low-field line is
slightly broaderthan the high field line (Fig.2a). We
assignthis hereto an interfeenceof the dipolar F...H
coupling with a collinear chemi@l shidding tensor This
effectis alsoseenin the sigral of the termnal fluorine of
[F(HF)s]™ (Fig.2c) wherethe two high field commpnents
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are sharper The addition# effect of the dipolar coupling

to the cental fluorine leadsto a broadermg of the lines

correponding to the spin statesa(H)a(F) and S(H)A(F)

of the neighlburing nuclej as compaed to those of

a(H)p(F) and f(H)a(F). As the outerline compnentsare
broackr than the adjacentinner line 2Jz= hasto be posi-

tive. Again, a more quantitative analysisof these aspects
is underway

3.2 Resultsof Quantum Mechanical Calculations

The resultsof the various calalationsof the optimized
geomdries, chemical shifts and cowling constats are
included in Tablel1l. The data are visualized in Fig. 3
where we use as comnon abszssa the coadinate
g1 = 1/2(r; — r2) correponding to the deviation of the
hydrogen bord proton from the hydrogen bord centeras
depicedin Schemel.

9,
vo = 5 g, = Ya(ry-ry)
Au ................. H ........ B q2 r1+r2
— ——
q
Schemel 2

For a given fluorine A, r; correspondgo the distanceto
the proton,andr, the distanceof the protonto the distant
fluorine B. As the protonis close 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 hard side stemthe cental fluorine’s. We also
include in Fig.3 the expeimental results discused to-
getherin the following Section.

4. Disaussion

Using low temperture liquid *H and **F NMR spec-
trosc@y we haveidentified in addtion to the well-known
bifluoride ion [FHF]™ also the clustes [F(HF)]~ and
[F(HF)3]™. In additon, we found some eviderce for
[F(HF),". For [F(HF),]” and [F(HF);]~ chemcal shifts
and coupling constats are reported.Formaly, theseclus-
ters exhibit a structurewith a centrd fluoride ion hydro-
genbordedto n equivdent HF units. It is remarkale that
not only both one-tond cowling constats *J4e and '
of the hydrogenbond protonwith the termind and central
fluorine nudei were obseved but unexpectedlyalso a so
far unknown two-bord couling 2Jer betwea the latter
As this cowling cannotbe measired experimentaly in
the caseof the bifluoride ion its existerce has not yet
been consideed. The analysis of the NMR linewidth
gives good aguments that J,,= and 2Jg¢ are positive and
that *J, is neative. Thus, thesequantities provideinter
esting informaion conceerning the properties of the
F...H...F hydrogenbondsin the differentcomgdexes.In
order to understandthese propertiesin more detail we

+

? O exp
o % 161 O DFT

— 121

T

S 8

g *80] O exp.

& ~1204 O DFT
C —~

& —1601

© —2001

Fig. 3

Experimentaland calculatedpropertiesof fluoride-HF as a function
of the deviation q;=1/2(r,—,) of the proton from the hydrogen
bond center q; is positivefor the centraland negativefor the termi-
nal fluorine nuclei and obtainedusing ab initio calculationsat the
MP2/6-31+G(dp) level (Table 1). (a) CalculatedF...F distances
Op=ry+r,. (b) *H and (c) **F chemicalshifts. (d) one bond and (e)
two-bondcoupling constantsFor further descriptionseetext

have performedquantum mechairctal ab initio calalations
of the optimized cluster geanetries at the MP2/6-
31+G(dp) level [7], of chemicalshifts and couwpling con-
stants using Density Functional theory (DFT) [8] and
MCLR-CAS methals [12—-14]. At presentno attemptwas
madeto correct for the anhamonic proton motion in the
hydrogen bonds nor to include solvent or counte&ion
effects.

4.1 Cluster Geometriesand Chemical Shifts

The ab initio calculdions at the MP2/6-3L+G(pd) led
to the equilibrium geometies of the clusterspreseted in
Tablel. The calculatedsymmaery of [F(HF),]", n=1to 4
is Doony Cow D3y andTy, i.e. of the sametype asthe aver
age soluion synmetries obtaired by NMR. The geo-
metic dataarein good agreemet with the availabe MP2
values[2d] aswell asthosemeasued experimatally for
the crystallinesals [1]. The finding tha the structresof
the anionic clustes are similar in the gasfphaseandin the
solid stateand not very sensitiveto the type of the coun-
terion makesit plausible tha also the soluion structues
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are similar, which justifies to neglectthe influence of the
solventin first order Not justified is the completeneglect
of the nudear motion which is very anharmaic in the
hydrogen bondsleadingto strongdewvationsof the molec-
ular geomety from the calculatedequilibrium geoméry.

Therebre, we can only makequalitative and no quantita-
tive comparsonsof theoreticaland experinental data.

In Fig.3a we haw plotted the F...F distance
q» = r; + r, asa fundion of the deviation of the proton
from the hydrogenbond centerg, = 1/2(r; — r2) (see
Scheme?). q, is negptive for the terminal and positivefor
the centra fluorine’s. In the bifluoride ion q; is zero, ex-
hibiting a minimum F...F distanceq,mi,. The succasive
additon of HF molecules ma&es the hydrogen bond
asymnetric, shifts the proton towardsa terminal fluorine
which is accanpaniedby an increaseof the F...F dis-
tance.The correlationcurveobsered s similar to the one
determied recenly experinentally and theoetically for
N...H...N hydrogenbord systemq18].

The associted evoluion of the *H chemicalshifts is
depicedin Fig. 3b. It is obvious thatin the stronghydro-
gen bond regime these shifts are a measire of the F...F
distane where the maximumlow-field shift is obtaired in
the caseof the shortestF...F distance A detailed de-
scripfon of the relationbetwe® geometies and chemcal
shifts is given for the caseof N...H...N hydrogen
bondsin Ref.[18].

We note a good agreenent of the calculatedDFT *H
chemcal shift valuesfor the equilibrium geometies with
the experinental values.This agreemenis not satsfacto-
ry in the caseof the calailationsof the fluorine chemcal
shifts: only a very minor decreasef the latter was found
expaimentally in the seriesof n=2 to 4, whereasthe
DFT calculatioms predct a similar but much more pro-
nounce dependace. In this study it was not possibleto
elucidate the origin of this disggreementwe note, how-
ever that preiminary calailations using the HF-IGLO
methal [11] gavesimilar resultsasthe DFT methdal, indi-
cating tha either antarmonic effects or solvent effects
may be responsiblefor the disagreementFor exanple, it
is corceivabk that CDF; forms wed& hydrogen bords
with the terminal fluorines, which dependon the cluster
size.

The dependenceof the one-tond H. .. F cowlings asa
function of the deviaton g, of the proton from the hydro-
gen bord centeris interestingand plotted in Fig. 3d. If
the protonis close to the fluorine consideed, g, is nega-
tive and the coupling constan postive. This is still true
in the caseof the symmetic bifluoride whereq;=0. By
analyss of differential line widths of various multiplet
lines experimentalevidene was provided that for positive
d: the constaih becoms negdive. Thenit goes througha
minimun and vanishe everiually. Qualitativey, this
“oscillation” is well repioducedby the valuescalculded
usingthe DFT methal althoughthere is a large discrean-
cy betwea the absolué calculatedand experimatal val-
ues.A greatpartof this disaepancymud be attributedto
the method of calculatiom employed Despite very good

resuls for indirect spinspin couplings betwe& nudei
without lone pairs, accuratecalalation of couplings with
fluorine is still a challenge for DFT basedmethods[8e].
For example, the calculated one-lond couplings with
fluorine are systemactally shiftedwith respecto ther ex-
perimertal counterparts by about 110Hz [8€e]. Howeer
the experinental trends are usually well reproduced Note
that the value of this systemat deviationdependson the
type of coupling studied.

The agreemet betweenthe experinental value for the
bifluoride ion and the value calculatedusing the MCLR-
CAS is, on the otherhand,very satisfatory. If this agree-
mentis real, it follows thatthe symmetry of [FHF] in so-
lution is similar to that in the gasphasend that the pro-
ton motion is fairly harmonic. As the MCLR-CAS meth-
od is compuationaly much more demandig than the
DFT methal we could not explorein this study whether
this method also predictsa minimum of the onebond HF
coupling in the negativeregian.

Let us now discussthe two-bond couplings 2Jer be-
tween the terminal and the centrd fluorine’s. To our
knowledge,scalarcouplings betweentwo heawy atams of
a hydrogenbond have newer beenobservedor beencal-
culated previously We have experimatal evidencethat
thesecouplings are postive. We note that the valuesare
of the order of the geminal FCF couplings in saturagd
fluorocarbong160—-29 Hz), and evenlarger than the val-
ue of 95Hz found for the fluorine-bridyed anion, [F3B-F-
BFs]™ [19]. Thus, the hydrogenbond clusters [F(HF),]~
are betterdescibed in terns of a covalen chaged mole-
cule ratherthan as a fluoride ion solvatedby HF groups.
As discussd recenly in detail [18] the bonding situation
of Fig.3a can be descibed in terms of a total hydrogen
bond orderof 1, but unequdly distributedto the adjacent
heay atoms.

The resultsof the calculations confirm the existenceof
large valuesof 2Jer asdepicedin Fig. 3e. Howeer, this
type of cowpling constiutesthe mog difficult problemfor
calculdion by the DFT methal. We notea large disagre-
ment betweenthe experimenal valuesand the DFT val-
ues which are negaive. The charge of 2Je= between
[F(HF),]” and [F(HF)s]~ can be quditatively repioduced,
althowgh the absolué valuesare negative,in contrastto
the experimatal values. Howeve, for the symmetric
compkx [FHF]™ even the expectedtrend is not repio-
ducal. The value for the bifluoride ion exhibits a mini-
mum, whereasthe MCLR-CAS value is positiveand very
large. Unfortunately an expeimentd value can not be
measired becaise of the equivdency of the fluorine nu-
clei, and furthergoing calailationswere beyondthe scope
of this study

5. Conclusions

Using low-tempeature liquid state NMR spectoscopy
we have identified various hydrogenbonded compkxes
betwea the fluoride ion and a varying numker of HF
moleailes. Thesecompkxesdo not exhibit only one-bond
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H...F couplingswhich are positive at shortand negative
at larger H...F distanes but also subséantial positive
two-bord F...F couplings. The latter have not yet been
obsenred beforeand demamstratethe covalentcharacteof

the hydrogen bornds formed. The dependenceof the cou-
pling constats changeson the molecular structuresis

qualitatively reprodiced in ternms of preliminary ab initio

DFT and CAS calculatims. Therefore,the systemspre-
sentel corstitute usefulmodés for testingmethals of cal-

culation of NMR-parameter®f hydrogen bondedsystems
in soluion. In the future, also solvent effects shoud be
takeninto account Currently we are studying effects of

partial and full H/D substitdion on the propeties of the
ions observe. For the understading of theseproperies it

will be necessaryo take the anharmaic vibrational mo-

tion into account
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