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bstract

The formation of strong and very strong hydrogen bonds between NFnH3−n (n = 0.2) and F− have been computationally investigated via B3LYP/6-
11++G(d,p) geometry optimizations and MP2/6-311++G(d,p) single point energy calculations. The enthalpy of deprotonation of NF2H was found
o be 1518.5 kJ mol−1. The hydrogen bond energy in NH3· · ·F−, NFH2· · ·F− and NF2H· · ·F− were calculated to be 67.9, 120.2 and 181.2 kJ mol−1,
espectively, and clearly show the effect of fluorination on hydrogen bond strength in amine–fluoride systems. The change in enthalpy and entropy

or the clustering of methanol to NF2H· · ·F− to form the fluoride bound dimer of methanol and difluoramine has been measured via high pressure
ass spectrometry to be 68.3 kJ mol−1 and 90.5 J K−1 mol−1. These values are in excellent agreement with calculated values of 70.9 kJ mol−1 and

8.5 J K−1 mol−1.
2007 Published by Elsevier B.V.
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. Introduction

In the solid and liquid phases, NF2H (difluoramine) has
ttracted considerable attention based on its highly unstable and
xplosive nature [1–3]. The extremely volatile nature of this
ompound makes it very dangerous to work with and significant
afety precautions must be taken when dealing with it. In the
as-phase, difluoramine is much safer to handle and, as such, it
as been possible for it to be characterized by IR, microwave
nd UV spectroscopy [4–6]. Despite the considerable interest
n the condensed phase of difluoramine as a potential explosive
nd fuel [7], relatively few gas-phase investigations of clusters
f difluoramine have been performed [8,9] as a source of insight
nto the true nature of the intermolecular interactions intrinsic
o this molecule.

The presence of the both the NH moiety and lone pairs of

lectrons on nitrogen and fluorine in difluoramine make it an
ppealing candidate for hydrogen bond formation. In addition,
amdagni and Kebarle first demonstrated that hydrogen bond

∗ Corresponding author. Tel.: +1 519 888 4591; fax: +1 519 746 0435.
E-mail addresses: rnieckar@uwaterloo.ca (R.J. Nieckarz),
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ssure mass spectrometry

trength, D(BH· · ·X−), will increase both with the acidity of
n acid, BH, and the basicity of an ionic base, X− [10]. It
as also previously been demonstrated that fluorination of an
cid, BH, can lead to both an increase in the gas-phase acid-
ty of BH and a stronger BH· · ·X− hydrogen bond. This is
emonstrated, for example, by the hydrogen bonding proper-
ies of ethanol and 1,1,1 trifluoroethanol. The substitution of
uorine in ethanol to form CF3CH2OH results in a decrease

n the enthalpy of deprotonation from 1586.2 kJ mol−1 [11] to
513 kJ mol−1 [12], indicating a substantial increase in the gas-
hase acidity. When CH3CH2OH and CF3CH2OH are clustered
ith the anionic base F−, the measured OHF hydrogen bond

trengths are −135.6 kJ mol−1 [13] and −164 kJ mol−1 [14],
espectively. The difference in values of �H0

rxn for the depro-
onation of NF2H and NH3 are even greater and reported in the
iterature as −1552 kJ mol−1 [15] and −1563 kJ mol−1 [16] for
F2H and −1687.8 kJ mol−1 [17] for NH3. Based on these argu-
ents, difluoramine would be expected to participate in stronger

ydrogen bonds with F− than would NH3 and is a very likely
andidate to form very strong hydrogen bonds.
The present study involves an investigation of difluoramine
n hydrogen bonding environments from both experimental and
omputational perspectives. Using high pressure mass spec-
rometry (HPMS), thermochemical properties associated with

mailto:rnieckar@uwaterloo.ca
mailto:toldridg@sciborg.uwaterloo.ca
mailto:mcmahon@uwaterloo.ca
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Fig. 1. Time-intensity profiles for NF2H· · ·F− and NF2H· · ·F−· · ·CH3OH at
117 ◦C and PCH3OH = 7.45 millitorr. Each profile is the result of the summation
of ion intensity after 7000 electron gun pulses.

Fig. 2. Normalized time-intensity profiles for NF2H· · ·F− and
NF2H· · ·F−· · ·CH3OH. Equilibrium is established 0.5 ms after ioniza-
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other allowed for the identification of the presence of thermal
R.J. Nieckarz et al. / International Journ

ifluoramine have been measured. This technique allows for the
reation of ions derived from potentially dangerous compounds
n situ, greatly increasing the safety of the experiment. Also,
omputational investigations of difluoramine as well as clus-
ers of interest, specifically that shown in Eq. (1), have been
erformed to help further develop the understanding of very
trong hydrogen bonds which can form in these amine–fluorine
ystems.

F2H· · ·F− + CH3OH
Keq
�NF2H· · ·F−· · ·CH3OH (1)

. Experimental

All experimental measurements were conducted using a
igh-pressure mass spectrometer configured around a VG 8-
0 magnetic sector mass spectrometer. A detailed description of
his instrument has been given elsewhere [18].

In a heated 5 L reservoir, a known amount (between 2 and
0 �L) of CH3OH was injected into a mixture containing 9 Torr
F3 in 900 torr CH4·CH3OH (99.8% purity), NF3, and CH4

99.97% purity) were purchased from Sigma–Aldrich, Ozark
ahoning, and Praxair, respectively. Chemicals were used as

upplied with no further purification performed. This mixture
as introduced into the ion source at a constant total pressure

nd, using 2 keV electron pulses of 60 �s duration with a rep-
tition period of 60 ms, small, but reproducible ionic signals
orresponding to NF2H· · ·F− and NF2H· · ·F−· · ·CH3OH were
bserved.

There are several different possible explanations for the pres-
nce of the difluoramine containing species within the ion
ource. One possibility is that a small amount of NF2H is
resent as a contaminant in the commercial sample of NF3.
aseous NF2H is known to react with metal surfaces to decom-
ose into HF and tetrafluorohydrazine [2,3,19] and it is possible
hat tetraflurohydrazine itself may react subsequently with protic
pecies to regenerate NF2H. A second possibility is the direct
ynthesis of NF2H within the ion source, initiated by ioniza-
ion of the gas mixture. Slow secondary electrons or low energy
lectrons resulting from the thermalization of the 2 kV electrons
ntering the source, can undergo dissociative electron capture to
F3, Eq. (2) [16] and the resulting NF2

• species can then react
ith CH4 to generate NF2H, Eq. (3).

F3 + e− → F− + NF2
• (2)

F2
• + CH4 → NF2H + CH3 (3)

Whatever the mechanism of formation, once NF2H and
F2H· · ·F− are present in the ion source they may readily

ssociate with fluoride and methanol, respectively, leading to
he formation of the fluoride bound dimer of difluoramine and

ethanol, Eqs. (4) and (5).

− + NF2H → NF2H· · ·F− (4)
F2H· · ·F− + CH3OH
Keq�NF2H· · ·F−· · ·CH3OH (5)

All ions are generated in the electric field free ion source in the
resence of a bath gas, in this case CH4, and, at the experimental

e
i

ion and lasts until 3 ms after ionization. The apparent divergence observed
fter 4 ms is an artifact of low signal intensity and is not an indication that the
ystem is not at equilibrium.

ressures used, newly formed ions will have undergone approx-
mately 108 collisions before diffusing out of the ion source.1

his ensures that all ions attain thermal equilibrium within the
esidence time in the ion source.

Using an EG&G Ortec multichannel scalar data acquisition
ystem, 7000 accumulations of ion intensity as a function of
ime after ionization were summed for all ionic species in reac-
ion (1). This large number of accumulations was necessary to
mprove the signal to noise ratio of the low intensity ion signals
nvolved. Typical time-intensity and normalized time intensity
lots can be found in Figs. 1 and 2, respectively. Normalization
f the two resulting time–intensity profiles with respect to each
quilibrium 0.5 ms after the end of the electron gun pulse as
ndicated by the parallel horizontal region in Fig. 1.

1 Estimated using the Langevin Equation for collisional rate constants.
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for reaction (1) measured in the present study corresponds to
the second step involved in Path 2. In order for this route to be
followed, as a first step, a very strong hydrogen bond must be
formed between NF2H and F−. The enthalpy change for this
40 R.J. Nieckarz et al. / International Journ

A functional form of the equilibrium constant associated with
eaction (1), which allows for the determination of various ther-
ochemical properties, is given by Eq. (6).

eq = I[NF2H···F···CH3OH]−

I[NF2H···F]−P[CH3OH]
Po (6)

From the ratio of ion intensities during the period of time in
hich the two species are in equilibrium, the known partial pres-

ure of the neutral gas and the reference pressure of Po = 1 bar,
eq is obtained. If measurements of Keq are carried out over
temperature range in which no significant isomerization or

hanges in heat capacity occur, values for �H0
rxn and �S0

rxn
an be obtained from a plot of ln (Keq) as a function of 1/T. The
esulting van’t Hoff equation, Eq. (7), predicts a straight line
ith a slope of

nKeq = −�H0
rxn

RT
+ �S0

rxn

R
(7)

�H0
rxn/R and an intercept equal to �S0

rxn/R. All temperature
easurements were made using a J-type thermocouple (accu-

acy of ±1 K) placed in direct contact with the walls of the ion
ource. Absolute errors in �H0

rxn and �S0
rxn are based upon

ropagation of uncertainties in pressure and temperature and
aken as ±2 kJ mol−1 and ±10 J mol−1 K−1, respectively.

As a complement to experiments, a combination of DFT and
b initio calculations was performed on a number of species rel-
vant to this study. These calculations were carried out using
he commercially available Gaussian 03 software [20] while
mages of optimized ions and molecules were obtained from
he GaussView 3.0 program [21]. Geometry optimizations and
requency calculations were performed using the B3LYP level
f theory with a 6-311++G(d,p) basis set with no scaling of
requencies. The electronic energy of each optimized structure
as then calculated via an MP2(full) single point calculation,

lso employing the 6-311++G(d,p) basis set. This compound
ethod takes advantage of both the speed of B3LYP methods

nd their associated ability to accurately reproduce structural
etails, while at the same time achieving the higher energy
ccuracy from the fully correlated MP2 calculation [22].

�H0
rxn and �S0

rxn for reaction (1) were obtained by perform-
ng geometry optimizations, frequency calculations and single
oint calculations on all species involved and taking the appro-
riate differences between products and reactants. In the case of
he enthalpy change, Eq. (8),

H0
rxn = �Eelec + �ZPE + �Evib + �Erot + �Etrans + w,

(8)

Eelec is the difference in electronic energy between products
nd reactants, �ZPE is the difference in zero point energies,

Evib, �Erot and �Etrans are the differences of vibrational,

otational and translational energies, respectively, and w is the
ressure–volume work done in going from two moles of reactant
as to one mole of product gas. For (1), w = −RT . In the case

F
1
p
e
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f entropy change, Eq. (9)

S0
rxn =

∑

products

S0
i −

∑

reactants

S0
j , (9)

productsS
0
i and

∑
reactantsS

0
j represent the sums of transla-

ional, electronic, vibrational and rotational entropies over all
roduct and reactant species, respectively.

. Results and discussion

.1. Thermochemical data

The van’t Hoff plot shown in Fig. 3 for reaction (1) was
btained over a 92 ◦C temperature range from 55 to 147 ◦C. From
his plot, �H0

rxn and �S0
rxn for reaction (1) were found to be

68.3 ± 2 kJ mol−1 and −90.5 ± 10 J mol−1 K−1, respectively.
n expected increase in the scatter of data points in Fig. 3 was
resent due to the extremely low signal intensities that were
bserved for this system, yet excellent linearity remained over
he entire temperature range.

The minimum energy structures for NF2H· · ·F−, CH3OH and
F2H· · ·F−· · ·CH3OH obtained from B3LYP/6-311++G(d,p)
ptimizations are shown in Fig. 4 as II, III, and V, respec-
ively. The calculated values of �H0

rxn and �S0
rxn for reaction

1) based on these optimized structures were −70.9 kJ mol−1

nd −88.5 J mol−1 K−1, respectively, and are in excellent agree-
ent with the experimentally obtained values reported above.
more detailed discussion of all structures found in Fig. 4 is

iven below.
Two different routes for the formation of

F2H· · ·F−· · ·CH3OH clusters from NF2H, CH3OH, and
−, as shown in Fig. 5, can be envisioned. The enthalpy change
ig. 3. van’t Hoff plot collected over a 92 ◦C temperature range from 55 to
47 ◦C for clustering of NF2H· · ·F− with CH3OH. Error bars on each data
oint indicate standard deviation of 6–10 repetitive measurements of Keq at
ach temperature.
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ig. 4. Optimized geometries obtained from B3LYP/6-311++G(d,p) calculation
imer of CH3OH and NF2H. All distances are in Å and bond angles are in degr

ond formation reaction was calculated to be −181.2 kJ mol−1,
hich, in terms of bond strength, comes close to equaling

he very strong hydrogen bond strength present in FHF−
�H0

rxn = −192 kJ mol−1)[23]. Path 1 in Fig. 5 outlines an

lternative route for the formation of the fluoride bound clusters
f methanol and difluoramine. The initial step in Path 1 involves
he addition of methanol to fluoride, which has been previously
xamined by DeTuri and Ervin using TCID [11] and by Larson

a
t
t
w

NF2H; (II) NF2H· · ·F−; (III) CH3OH; (IV) CH3OH· · ·F−; (V) Fluoride bound

nd McMahon employing ion molecule reaction equilibria
n an FT-ICR [14]. DeTuri and Ervin found �H0

rxn to be
123 ± 9.2 kJ mol−1, while Larson and McMahon obtained
H0

rxn to be −124 ± 8.4 kJ mol−1. Both of these measurements

re consistent with the value of −129 kJ mol−1 computed in
his study. Larson and McMahon [14] also report a �S0

rxn for
his step of −94.6 J mol−1 K−1, which is in excellent agreement
ith the calculated value of −95.7 J mol−1 K−1.
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Fig. 5. Calculated reaction profile for the formation of CH3OH· · ·F−· · ·NF2H
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Table 2
Calculated and literature values of �H0

rxn(kJ mol−1) for NFnH3−n �
NFnH2−n

− + H+ using B3LYP/6-311++G(d,p) optimized geometry and
MP2(full)/6-311++G(d,p) electronic energy

Reaction Calculated (kJ/mol) Literature (kJ/mol)

NH3 �NH2
− + H+ −1695.2 −1687.8a

NFH2 �NFH− + H+ −1614.4 –

NF2H�NF2
− + H+ −1518.5 −1552b

−1563c

−1506d

a Ref. [17].
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lusters using B3LYP/6-311++G(d,p). Two pathways, each consisting of two
teps, are shown.

Calculations were also performed in order to gain further
nsight into the effect of fluorine substitution in ammonia-
uoride hydrogen bonded systems by examining the formation
quilibria of NFnH3−n· · ·F− (n = 0,. . .,2) clusters. The opti-
ized geometries of these clusters are shown in Fig. 6 and

he thermochemical data for the cluster formation is given in
able 1. A detailed discussion of the structural aspects of the
lusters shown in Fig. 6 is given below. A plot of the fluoride
inding enthalpy, �H0

FBE, versus gas phase acidity, �H0
acid, for

he NFnH3−n· · ·F− system is shown in Fig. 7. The expected
inear relationship between gas phase acidity and fluoride bind-
ng enthalpy was observed. Each sequential fluorine substitution
or hydrogen in NH3 increases the strength of the NH· · ·F−
ydrogen bond by approximately 60 kJ mol−1. Calculated and,
here available, experimental literature values for the enthalpy
f deprotonation of NH3, NFH2 and NF2H are reported in
able 2. The expected increase in gas-phase acidity as a function
f fluorination was observed, and in the case of NH3 good agree-
ent between literature and calculated values can be seen. There

s currently no reference value available for NFH2, while a large
ncertainty in the value for NF2H exists. Three different values
or the acidity of NF2H are reported in the literature, spanning

ore than a 50 kJ/mol range. It is believed that the stronger,

alculated gas-phase acidity reported in this work better repre-
ents the actual acidity of NF2H. This conclusion is based on
he excellent agreement of the measured thermochemical data

p
H
a
t

able 1
ummary of thermodynamic data pertaining to equilibrium reactions studied

eaction �H0
rxn kJ mol−1

F2H· · ·F− + CH3OH�NF2H· · ·F−· · ·CH3OH −68.3
−70.9

H3OH· · ·F− + NF2H�NF2H· · ·F−· · ·CH3OH −122.6

H3OH· · ·F− �CH3OH· · ·F− −129.6
−124

F2H + F− �NF2H· · ·F− −181.2
FH2 + F− �NFH2· · ·F− −120.2
H3 + F− �NH3· · ·F− −67.9

: HPMS, b: MP2(full)/6-31 l++G(d,p)//B3LYP/6-311++G(d,p), c: ion molecule reac
b Ref. [15].
c Ref. [16].
d Ref. [27]. Estimated using �G0

rxn + T�S0
rxn, where T�S0

rxn = 29 kJ/mol.

or the NF2H clusters reported above and a comparison to other
imple hydrogen bond forming systems.

The calculation method and level of theory employed here
ave been shown by others to be very successful in accu-
ately replicating geometries of hydrogen bonding systems [22]
nd, as such, should prove to be a reliable method for pre-
icting properties of the nitrogen–hydrogen, oxygen–hydrogen,
nd fluorine–hydrogen bonding clusters studied. As a test,
he enthalpy of deprotonation of HF, CH3OH, and NH3, as
ell as the fluoride affinities of HF, CH3OH, and H2O were

alculated using various basis sets. It was confirmed that
he combination of B3LYP/6-311++G(d,p) optimizations with

P2(full)/6-311++G(d,p) single point electronic energy calcu-
ations provided the best agreement for all test cases, giving
n agreement with literature values better than or equal to
kJ mol−1, and in many cases much better. The excellent agree-
ent between calculated and experimental thermochemical data

eported in this study thus increases the confidence in the ability
f this calculation method to accurately describe these systems.

For AXH acids of the same gas-phase acidity, where X = N,
, or F, it has been shown that upon the formation of hydro-
en bonds to an anionic base, B−, AXH· · ·B− hydrogen bond
trength increases when X is changed from N to O to F. A com-

arison of the deprotonation and fluoride binding energies of
F, CFH2CH2OH and NF2H provides insight into what the rel-

tive magnitudes of each of these should be. In the case of HF,
he enthalpy of deprotonation is 1554 kJ mol−1 [24], while its

�S0
rxn J mol−1 K−1 Method/ reference

−90.5 a/d
−88.5 b/d

−95.8 b/d

−95.7 b/d
−94.6 c/e

−102.9 b/d
−98.9 b/d
−85.1 b/d

tion equilibrium, d: this study, e: Larson and McMahon [14].
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Fig. 6. Optimized geometries obtained from B3LYP/6-311++G

inding energy to F− is 192 kJ mol−1 [23]. In the case of the 2-
uoroethanol the enthalpy of deprotonation is 1553 kJ mol−1

25], while its binding energy to F− is 146 kJ mol−1 [14],
n observable decrease in fluoride binding energy of nearly
0 kJ mol−1. If the gas-phase acidity of NF2H was closer to the
iterature value of 1552 kJ mol−1 the expected fluoride binding
nergy of NF2H would be well below that of 2-fluoroethanol, yet
alculations predict a significantly larger value of 181 kJ mol−1.
n order to explain the unexpectedly large fluoride binding
nergy of NF2H an increase in its gas-phase acidity would thus

e anticipated, as predicted by calculations.

The ability of difluoramine to form very strong hydrogen
onds was essential in permitting this system to be studied. In
rder to measure equilibrium constants in an HPMS experiment

3

c
b

calculations: (I) NH3· · ·F− (II) NFH2· · ·F− (III) NF2H· · ·F−.

ratio of ion intensities less than 100 is desirable. Since only very
mall amounts of NF2H were present in the ion source, it was
ecessary to introduce only very small amounts of methanol.
n the absence of the very strong hydrogen bond found in
F2H· · ·F−, it would not have been possible to generate this

pecies and thus to perform these experiments.

.2. Structural aspects of NF2H· · ·F−· · ·CH3OH and
FnH3−n· · ·F− (n = 0,. . .,2) cluster formation
.2.1. NFnH3−n· · ·F− (n = 0,. . .,2) clusters
In the case of the sequentially fluorinated ammonia–fluoride

lusters, interesting observations regarding the connection
etween NHF bond geometry and bond strength can be made.
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Fig. 7. Plot of fluoride binding enthalpy (�HFBE) versus gas phase acid-
ity (�Hacid) demonstrates the effect of fluorine substitution on hydrogen
bond strength in the NFnH3−n· · ·F− system. Electronic energies//optimized
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eometries obtained from MP2(full)/6-31 l++G(d,p)//B3LYP/6-311++G(d,p)
alculations.

he NH3· · ·F− cluster depicted in Fig. 6I reveals that the
ormation of a N–H–F hydrogen bond of −67.9 kJ mol−1 is
ccompanied by an increase in the NH bond length from
.01 Å in NH3 (calculated in this study) to 1.07 Å in the
luster.

The mono-substitution of fluorine for hydrogen in ammonia
o form NFH2 (Fig. 6II) initiates changes in the geometry and
hysical properties of the species. The root of most of these
hanges is the electron withdrawing effect of fluorine which
auses an increase in the gas-phase acidity of the species, an
ncrease in the NH bond polarity and a stronger hydrogen bond
−120.2 kJ mol−1) in the cluster with fluoride ion. A slightly
arger shift in NH bond length from 1.02 Å in NFH2 to 1.10 Å in
FH2· · ·F− can be seen when the hydrogen bond is formed,

lso indicating a stronger hydrogen bond relative to that in
H3· · ·F−.
The difluoro-substitution of ammonia to form NF2H fur-

her amplifies the changes noted in the mono-fluorinated case.
n additional increase in gas-phase acidity, bond polarity and
ydrogen bond strength (−181.2 kJ mol−1) can all be noted, as
ell as the increase in NH bond distance upon clustering with
uoride from 1.03 Å in NF2H to 1.20 Å in NF2H· · ·F−.

The NH bond distance and total NHF bond distance across the
FnH3−n· · ·F− system in order of increasing fluorination (i.e.
H3 to NFH2 to NF2H) are 1.07, 1.10, and 1.20 and 2.67, 2.54,

nd 2.44 Å, respectively. This decrease in total bond distance
nd hydrogen shift away from the nitrogen are strongly indica-
ive of the increasing hydrogen bond strength and increased
as-phase acidity of the fluoro-amine species. It is interest-
ng to note that in the case of the NF2H fluoride adduct the
roton is very close to being equally shared between N and

. This further supports the idea that the acidity of NF2H is
reater than that of HF since nitrogen acids are expected to
ond more weakly than HF if they have comparable gas phase
cidities.

t
t
t
C

ig. 8. Structure of NF2H as determined from microwave spectroscopy by Lide
5].

.2.2. NF2H· · ·F−· · ·CH3OH clusters
The geometry of neutral difluoramine calculated in this study

nd shown in Fig. 4I is in excellent agreement with the structure
btained from microwave spectroscopy reported in Fig. 8. This
tructure is also consistent with the structure of difluoramine
etermined computationally by Demaison and co-workers using
he same level of theory and basis set as that used in this study
26]. An examination of changes in geometry in proceeding from
tructures I–II–V and III–IV–V, as well as using the changes in
nthalpy reported in the two pathways of Fig. 5, permits a better
nderstanding of this hydrogen bond system.

Path 1 in Fig. 5 represents the initial clustering of methanol
o fluoride, followed by the clustering of CH3OH· · ·F− with
ifluoramine. The structures involved in this process are shown
n Fig. 4 as III, IV and V. The initial clustering of methanol to
uoride results in a strong hydrogen bond between the hydroxyl
ydrogen of methanol and F−(�H0

rxn = −129.6 kJ mol−1) and
esults in an increase in O–H bond length from 0.96 to 1.07 Å,
nd a total O–F bond distance of 2.42 Å. The subsequent clus-
ering with difluoramine reduces the strength of interaction
etween the fluoride and the hydroxyl group, resulting in a
ecrease in O–H bond length to 1.00 Å. This decreased OH· · ·F
ydrogen bond strength in the di-solvated fluoride cluster is also
anifested in the increased total O–F bond distance of 2.56 Å.
Path 2 in Fig. 5 represents the initial clustering of difluo-

amine with fluoride to form a very strong NH· · ·F hydrogen
ond (�H0

rxn = −181.2 kJ mol−1), followed by the clustering
ith methanol to form the mixed fluoride bound dimer. The
ery much stronger interaction of fluoride with NF2H relative to
hat with methanol is an indicator of the surprising and substan-
ial acidity of NF2H. The initial formation of the NH· · ·F bond
esults in an increase in NH bond length from 1.02 to 1.23 Å and
total N–F bond length of 2.43 Å. Although the N–F bond length

n II is almost identical to the O–F bond length in IV, one notable
ifference is that the NH· · ·F hydrogen bond possesses a near
ymmetric sharing of the proton. This once again indicates that
he gas-phase acidity of NF2H is comparable in magnitude to

he acidity of HF, but also implies that it is substantially greater
han that of CH3OH. This greater acidity is also evident from
he very significant decrease in the strength of interaction of
H3OH with NF2H· · ·F−. In contrast, the strengths of interac-
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ion in the two steps in Path 1 were comparable. A decrease in
–H bond distance to 1.12 Å, an increase in F–H bond distance

o 1.40 Å and an increase in N–F bond distance to 2.52 Å are
lso seen.

. Conclusion

The mixed fluoride bound cluster of difluoramine and
ethanol provides a wealth of information concerning strong

nd very strong hydrogen bonds. The effect of fluorine substitu-
ion on NFnH3−n· · ·F− systems is quite evident as demonstrated
y the monotonic increase in hydrogen bond strength in the
rder NH3· · ·F− < NFH2· · ·F− < NF2H· · ·F−. The enthalpy of
eprotonation of NF2H was found to be 1518.5 kJ mol−1. The
redicted changes in enthalpy observed in the two pathways
or the formation of the fluoride bound clusters of methanol
nd difluoramine are consistent with the geometric changes
btained from calculated structures. Further experiment to
easure �H0

rxn and �S0
rxn of formation for clusters of the

ype NFnH3−n· · ·F− (n = 0.2) or the addition of NF2H to
H3OH· · ·F− would definitely be useful to confirm the pre-
ictions of the calculations performed in this study.
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