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The fluoride affinities of fluorinated alanes, AlH,;,F3_,, (m=1-3) were measured using energy-resolved
collision-induced dissociation of fluorinated aluminate anions. The AlH,,F4_,~ anions were formed by
reaction of dimethylethylamine-alane with fluoride ion and F,. From the measured bond dissociation
energies, the fluoride affinities of fluorinated alanes are determined to be 93.2 +3.1, 97.54+4.0, and
108.6 & 3.7 kcal/mol for m=3, 2, and 1, respectively. The fluoride affinities are in good agreement with
the theoretical calculations at the CCSD(T)/CBS and B3LYP/6-31 + G* levels of theory. The increased Lewis
acidity of more fluorinated alanes is attributed to increased positive charge density on the aluminum.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Thermochemical properties provide fundamental insight into
the nature of molecular structure and bonding [1]. There are a wide
variety of commonly measured thermochemical properties such
as proton affinities, gas-phase acidities, and electron and hydride
affinities. Fluoride affinity (FA)is also animportant thermochemical
property, serving as a measure of the Lewis acidity. The measure-
ments of FAs have been determined experimentally using a variety
of techniques [2-4]. Haartz and McDaniel used ion cyclotron reso-
nance spectroscopy to determine the relative order of the fluoride
affinity to be SF,4, SF5 <SO,, HCl, AsF; < SiF4 < BF3 < PF5 <BCl3 < ASF5
[2]. Larson and McMahon related fluoride affinities to the hydrogen
bond strengths of various chemical species [3], which enabled them
to create a wide-range fluoride affinity scale. The scale was fixed at
the low end with the fluoride affinity of H,O (23.3 kcal/mol) and at
the high end with the fluoride affinity of HCO,H (45.3 kcal/mol).
Energy-resolved collision-induced dissociation (CID) has led to
revisions of the fluoride affinity scale allowing the addition of new
values [4-6].

Despite the advancement in FA measurements, very few
aluminum containing systems have been studied. In fact, few
thermochemical properties are known for any aluminum contain-
ing molecules, alanes in particular. Aluminates such as aluminum
hydride are important because they are commonly used as reduc-
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ing agents and have been proposed as a means for hydrogen storage
[7].In this study, we determined the fluoride affinities of fluorinated
alanes using a flowing afterglow-triple quadrupole instrument.

2. Experimental
2.1. Instrumental description and data analysis

The fluoride affinities of fluorinated alanes were determined
using a flowing afterglow-triple quadrupole mass spectrometer
that has been previously described elsewhere [8]. Fluoride ions
were generated by 70 eV electron ionization of F, (5% in helium).
Helium buffer gas (P=400mTorr) was used to carry the ions
through the flow tube at a flow rate of ca. 190 STPcm~3/s. lons
were then allowed to undergo ion-molecule reactions with the neu-
tral reagent (dimethylethylamine-alane, DMEAA) added through a
reagent port, down stream the flow tube. Ions were then extracted
through a 1 mm nose cone orifice into the triple quadrupole mass
analyzer where they were analyzed.

Collision-induced dissociation (CID) was carried out by mass
selecting the ion of interest in the first quadrupole. The ions enter
the second quadrupole and subsequently collide with xenon target
gas. The higher mass and polarizability of xenon as the target gas
leads to a more efficient kinetic-to-internal transfer in the CID pro-
cess [9]. The resulting fragment ions were extracted into the third
quadruple where they were detected with a conversion dynode
and an electron multiplier, which is operated in the pulse counting
mode. During energy-resolved mass spectrometry experiments,
product formation is measured while the g2 offset is scanned over
a range of energies. The products are analyzed in q3.
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The cross sections (o) were calculated using op =Ip/INI, where N
is the number density of the target and [ is the effective length of
the collision cell, calibrated to be 24 +4 cm [8]. The effective path
length was obtained from calibration experiments using the reac-
tion of Ar* + Dy, which has a well established cross section [10]. I,
and I are the intensities of the parent ions and the product ions,
respectively. The center of mass collision energies were calculated
using Ecm = Ejp/[m/(M +m)], where Ej, is the collision energy under
laboratory frame, m is the mass of the target and M is the mass of
the ion. The cross sections were measured at different pressures
and extrapolated to zero pressure, which corresponds to single ion
collision conditions.

Energy-resolved cross sections are fitted using model shown in
Eq. (1) [11,12]. In this equation, o is a scaling factor, g; is the frac-
tion ofions with the internal energy E;, E is the center of mass energy
of the reactantion, Ey is the threshold energy for dissociation, and n
is an adjustable parameter that reflects the energy deposition in the
collision. The parameter P; is the probability calculated using RRKM
theory. The data are modeled by changing the parameters to fit the
linear part of the appearance curve. The rotational constants and
vibrational frequencies, needed to determine the internal energy of
the ion, were calculated using Gaussian 03 at B3LYP/6-31 + G* level
of theory [13]. Data analysis and modeling were carried out using
the CRUNCH program [14-16].

G(E):O.Ozpigi(E+§i*EO) 1)

2.2. Computational methods

Geometries and energies of the fluorinated alanes and fluori-
nated aluminate ions were calculated at the B3LYP/6-31+G™* [13]
and CCSD(T) [17] levels of theory. Theoretical fluoride affinities
were calculated using an isodesmic approach, calculating the 298K
enthalpy for the fluoride transfer reaction with tetrafluoroalumi-
nate, shown in Eq. (2).

AlF4~ 4+ AlH3_;;,Fn — AlF3 + AlHg_ Fin™ (2)

Absolute fluoride affinities for the aluminum hydride ion are
obtained by combining the computed enthalpy of reaction (2) with
the fluoride affinity of AlF3, 116.7 2.4 kcal/mol [18]. Coupled-
cluster energies of the alanes and aluminates were calculated using
the aug-cc-pVDZ, aug-cc-pVTZ and aug-cc-pVQZ basis sets, using
the CCSD(T)/aug-cc-VDZ geometries. The CCSD(T) energies were
extrapolated to the complete basis set (CBS) limit using the stan-
dard relationship shown in Eq. (3) [19].

E(x) = Eoc +AX™3 +BX™> (3)

Zero point energy and thermal corrections to the CCSD(T) energies
were obtained using the unscaled B3LYP/6-31 + G* frequencies. The
total corrections are less than 0.1 kcal/mol for the reaction in Eq. (2).

2.3. Materials

Unless otherwise indicated, reagents were used as received
without further purification. Fluorine gas (5% in helium)
was purchased from Spectra Gases. A 0.5M solution of
dimethylethylamine-alane (DMEAA) in toluene was obtained
from Sigma-Aldrich.

3. Results

Fluorinated aluminate ions were generated by chemical ion-
ization (CI) of the Lewis acid-base complex dimethylethylamine-
alane, DMEAA, with F~ generated from F, as the CI reagent Eq. (4).
Among the products observed are AlHyF4_,,,~, where m=0-3. By
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Fig. 1. Absolute cross sections for CID of AlH,F4_p,~ ions as a function of colli-
sion energy. The circles (m=3), squares (m=2), and triangles (m=1) represent the
formation of fluoride. The solid lines are the fully convoluted fits for the data.

changing the source conditions, more of the higher masses can be
formed (m=1, 2). The fourth ion, AlF4~ could not be formed in suf-
ficient abundance for CID studies. AIH3F~ is likely generated by
substitution of the dimethylethylamine in DMEAA. The more highly
substituted fluorinated ions are likely formed by the reaction of
AlH3F~ with fluorine gas. Upon CID, the ions lose fluoride ion as
the only product, leaving a neutral substituted alane Eq. (5). Fluo-
ride affinities of fluorinated alanes were measured directly using
energy-resolved CID.

Cy,H5N(CH3),-AlH3 -‘rF_/Fz — AlHp,Fso ™ (4)
AlHpFa_m~ — AlHpFs_p+F- (5)

The cross sections for the formation of fluoride as a function
of energy are shown in Fig. 1. Even at the highest energy, the
measured cross sections are very small. While the reactions are
undoubtedly inefficient because of the high bond dissociation ener-
gies, it is also the case that low-mass ions are discriminated against
in the flowing afterglow-triple quadrupole [20]. The solid lines
are the convoluted fit to the data, obtained using the procedures
explained in the experimental. From the modeling, the bond disso-
ciation energies for the formation of F~ are found to be 93.2 +3.1,
97.5+4.0, and 108.6 & 3.7 kcal/mol for m=3, 2, and 1, respectively,
where uncertainties include the uncertainty in the absolute energy
scale for the experiment (+£0.15eV lab frame), the standard devi-
ation of values obtained from replicate experimental trials, and
uncertainty from error in the transition state. Error in the tran-
sition state is estimated as the change in the dissociation energy
that results when the frequencies are scaled to change the acti-
vation entropy by +2 cal/mol K, and is ca. 0.01 eV. The measured
fluoride affinities of the alanes are listed in Table 1. Not surpris-

Table 1
Experimental and calculated fluoride affinities (kcal/mol).
Experimental Calculated
CCSD(T)/CBS B3LYP/6-31+G*
AlH; 93.2 £ 3.1 93.3 89.0
AlH,F 97.5 £ 4.0 99.4 95.9
AIHF, 108.6 + 3.7 106.8 104.9
AlF;3 116.7 £ 2.42 116.7° 116.7°
a Ref. [19].

b Obtained using the isodesmic approach Eq. (2), anchored to the FA of AlFs,
116.7 kcal/mol.



J.K.P. Williams, P.G. Wenthold / International Journal of Mass Spectrometry 299 (2011) 9-12 11

54 T T T T ' ' T
s2f ]
5.0
4.8
4.6
4.4

42

3.6 : 1 1 1 1 1 1 1
1.0 1.2 1.4 1.6 1.8 2.0 2.2 24

Positive Charge on Al

Fig. 2. Plot of experimental and calculated fluoride affinities of the alanes versus the
calculated (NPA) charge on the aluminum. The solid triangles are the experimen-
tally measured values, with error bars, whereas the squares and circles are values
computed at the CCSD/CBS and B3LYP/6-31 + G* levels of theory, respectively.

ingly, the fluoride affinities are larger for alanes with more fluorine
substitution.

The computed FAs, obtained using the isodesmic procedure and
anchored to that for AlFs, are provided in Table 1. Calculated bond
lengths and bond angles in the fluorinated alanes and aluminates
are provided as Supplementary data.

4. Discussion

The experimentally measured FAs are in good agreement with
the theoretical predicted values, with only the B3LYP value for
AIHF, at the edge of the assigned error limit. As noted above, the FA
values are larger for alanes with more fluorine substituents, reflect-
ing the greater Lewis acidity for these substrates. The increased
Lewis acidity results from increased positive charge density on
the aluminum in the alane when replacing a hydrogen atom with
a more electronegative fluorine. Charge densities in the alanes
were calculated using natural population analysis (NPA) of the
CCSD/aug-cc-pVTZ wave function [21-23]. The positive charge on
the aluminum was found to be 1.22, 1.63, 1.93, and 2.21 for AlH3,
AIHF,, and AIH,F, and AlF3, respectively.

A plot of the FA versus positive charge density on aluminum,
Fig. 2, shows a strong correlation between FA and charge density.
If fluoride binding were simply a Coulombic interaction, then there
should be alinear relationship between FA and charge density. With
the uncertainties on the experimental values, a linear relationship
cannot be ruled out. The computed values suggest that it is not
completely linear, with disproportionately higher FA values with
larger charges. However, some of the deviation can be attributed
to geometry differences. The Al-F bond distances in the aluminates
(Supplementary data) are shorter when more fluorines are present,
which would lead to a stronger Coulombic interaction. However,
the difference in geometries is not sufficient to account for all of
the non-linearity of the computed values.

Additional insight can be obtained by considering the abso-
lute electronic energies of the fluorinated alanes and aluminum
hydride anions (Supplementary data). In particular, the energies
can be used to assess in light of the extent of fluorination of the
alanes and aluminate anions. For example, the effect of fluorina-
tion on the aluminate anions is nearly additive after the addition
of the first fluorine. Thus, the electronic energies of AIHF3~ and
AlF,~ are within 1 kcal/mol of what would be predicted be using

the energy of AlH,F,~ and adding the energy difference between
AlH3F~ and AlH,F,~ either once (AIHF3; ™) or twice (AlF4™). In con-
trast, whereas the effects of the first two fluorines on energies of
the alanes are nearly additive (to within 0.5 kcal/mol), the energy
of AlF3 is higher (less negative) than the additivity value by nearly
0.2 eV. Although Fig. 2 shows that the charge density is not exactly
linearly related to the number of fluorines in the alanes, it does not
account for the difference in energies, and particularly the energy
of AlF5. That difference accounts for most of the deviation from lin-
earity in the CCSD(T) fluoride affinities shown in Fig. 2. The origin
of the non-additive effect of fluorine in AlF; is not clear.

5. Conclusions

Fluorination of alanes increases the fluoride affinity, and hence
the Lewis acidity, by increasing the extent of positive charge char-
acter on the aluminum atom. The increase in fluoride affinity is
not linear because the energies of fluorinated alanes are not linear
with increased number of fluorines. The measured fluoride affini-
ties agree well with theoretically predicted values.
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