Beryllium Diammine Difluoride [BeF,(NH,),]
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Beryllium difluoride BeF; reacts with liquid ammonia forming discrete diammine difluoro beryl-
lium(IT) [BeF»(NH3),] molecules. The colorless compound crystallizes in the monoclinic space
group P2 /c with a = 4.8815(2), b = 6.8528(3), ¢ = 10.3690(5) A, B =92.01(1)°, V = 346.65(3) A3
at 123 K with Z = 4. [BeF,(NHj3);] is the first structurally characterized example of a beryllium-
ammonia complex. The compound has been investigated further by Raman, IR, and DTA-TG mea-
surements and by quantum chemical ELF, AIM and NBO calculations.
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Introduction

The first experiments in the BeF,/NHj3 system were
carried out by Biltz and coworkers [1]. These authors
observed that BeF, obtained by cooling from the melt
does not react with liquid ammonia. However, when a
frozen aqueous solution of BeF; was treated with liq-
uid ammonia, and the water was extracted completely,
the monoammoniate BeF,- NH3 appeared to remain
according to vapor pressure measurements. In 1967
the reaction of BeF, with NH3; was reinvestigated by
Grigor’ev and coworkers who established the diammo-
niate BeF, - 2NHj to be the final product [2]. Based
on infrared absorption spectroscopy data this phase
was proposed to exist as [Be(NH3)4][BeF4] and not as
[BeF>(NH3),]. In our own studies we were now able
to show by single crystal structure determination that
the beryllium fluoride diammoniate is in fact composed
of discrete BeF,(NH3), molecules interconnected via
N-H-: - -F hydrogen bonding in the crystal lattice.

Results and Discussion

Preparation and single crystal structure analysis

Anhydrous beryllium fluoride BeF, reacts only
slowly with an excess of liquid ammonia at —78 °C.
After four weeks of storage of the mixture at —40 °C
colorless crystals of [BeF,(NH3)2] (1) can be ob-
tained. The single crystal structure determination (Ta-
ble 1) has shown that one beryllium atom Be(l),
two fluorine atoms F(1) and F(2) and two nitro-

Table 1. Crystal structure data for 1.

Formula HgN;BeF,

M, 81.08

Cryst. size, mm3 0.2x0.15x0.1
Crystal system monoclinic
Space group P2y /c

a, A 4.8815(2)

b, A 6.8528(3)

¢, A 10.3690(5)

B, deg 92.01(1)

v, A3 346.65(3)

Z 4

T.K 123(2)

Deated> gem ™ 1.554
U(MoKy), cm™! 0.173

F(000), e 168

hkl range +7, -7+ 10, =15
((sin®)/A) max, A~ 1.380

Refl. measured 12498

Refl. unique 1232

Rint 0.0253

Param. refined 48
R1(F)/wR2(F?)? (all refl.) 0.0456/0.1031
GoF (F?)* 1.068

Apgn (max/min), e A~3 0.31/-0.23
& RUF) = ||F| — |F|l/E|F|, WR(F?) = [Zw(F,? — F.2)?

|
/ Ew(F2)?V2, w = [0%(R?) + (0.067P)2]"!, where P =
(Max(Foz,O) +2F02)/37 GoF = [EW(FOZ *Fcz)z/(nobs 7”param)] 12,

gen atoms N(1) and N(2) of ammonia molecules are
present in the asymmetric unit. All atoms occupy
the common 4e positions of space group P2;/c. The
beryllium ion is surrounded by the two fluoride an-
ions and the two ammonia molecules in a tetrahedral
shape forming the novel [BeF,(NH3),] molecule the
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Table 2. Selected bond lengths (A) and angles (deg) for 1
with estimated standard deviations in parentheses.

Be(1)-F(1) 1.5308(11) Be(1)-F(2) 1.5202(11)
Be(1)-N(1) 1.7586(12)  Be(1)-N(2) 1.7491(13)
N-H 0.91

F(1)-Be(1)-F(2)  110.95(7)  F(1)-Be(1)-N(1)  108.28(7)
F(1)-Be(1)-N(2)  109.10(7)  F(2)-Be(1)-N(1)  110.41(7)
F(2)-Be(1)-N(2)  108.96(7)  N(1)-Be(1)-N(2)  109.11(7)

F(2)

Fig. 1. A projection of the structure of the [BeF,;(NHj3);]
molecule which is close to C;,, symmetry. Thermal ellipsoids
are shown at the 70 % probability level at 123 K.

Fig. 2. A projection of the unit cell of 1 at 123 K. Thermal
ellipsoids are shown at the 70 % probability level.

structure of which is close to C,, symmetry (Fig. 1).
The Be-F bond lengths, 1.5308(11) A for Be(1)-F(1)
and 1.5202(11) A for Be(1)-F(2), are significantly
shorter compared to the Be-N distances, which are
1.7586(12) A for Be(1)-N(1) and 1.7491(13) A for
Be(1)-N(2). This finding is as expected due to the
strong Coulomb attraction of beryllium cations and
fluoride anions and is in good agreement with Be-F
distances found at 1.506(63) A in tetrafluoroberyl-
lates [3]. Be-N distances are 1.8 A in nitrides, 1.6 A
in amidoberyllates, and 1.7 A in complexes with or-
ganic nitrogen donor molecules [3—5]. The distances
are also in agreement with quantum chemically cal-
culated Be-F and Be-N bond lengths of 1.47 and
1.77 A [6] and 1.84 A, respectively (see below). We
have not found an established example of a Be-NHj3
bond in the literature, and to the best of our knowledge
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Fig. 3. The [BeF,(NHj3), molecule and its hydrogen bond-
ing to fluorine atoms of adjacent molecules. (Thermal dis-
placement parameters are shown at the 70 % probability level
at 123 K. Hydrogen bonds are shown as dashed lines). D-H,
H---A, D--- A hydrogen bond lengths (A) and DHA angles
(deg) (D = Donor, A = Acceptor):

N()—H(A)---FQ)* 091, 202, 291978), 171.7;
N(D—H(1B)---F2)*2 091, 2.64, 3.3070(9), 130.4;
N(1)—H(B)---F()* 091, 231, 3.0632(9), 140.1;
N(1)—H(C)---F2)** 091, 2.40, 3.2089(10), 148.2;
N(D—=H(1C)---F(1)*™ 091, 2.47, 3.2238(10), 140.5;
NQ)—HQA)---F(1)® 091, 231, 3.1303(9), 150.6;
NQ)—HQA)---F2)* 091, 238, 3.1244(9), 138.6;
N(Q2)—H2B)---F(1)®¥ 091, 2.25, 3.0261(9), 143.3;
N(2)—H@2B)---F(2)*¢ 091, 2.55, 3.1849(9), 127.5;
N(2)—HQC)---E(D)* 091, 2.03, 2.93358), 172.8.

Symmetry transformations for the generation of equivalent
atoms: *lx, —y + 12, 24+ 1/2; ¥ —x, y £ 1/2, —z+3/2;
Brx—Lyz™—x+1,y+12,—2+3/2,™ —x+1,y-1)2,
—243/5% —x y—1/2, —z4+3/2% x4 1, —y, —z42.

even the fundamental species [Be(NH3)4]*+ presented
in textbooks has not been characterized by single crys-
tal structure determinations.

The bond angles of 1 are all very close to tetrahedral
which is somewhat surprising since strong fluorine-
fluorine repulsions might be expected. The quite small
F-Be-F bond angle of 110.95(7)° is probably due to
the effect of the hydrogen bonding network present in
the crystal lattice.

Bond lengths and angles are summarized in Ta-
ble 2, and a projection of the unit cell of 1 is shown
in Fig. 2. The discrete molecules of 1 are intercon-
nected by N-H---F hydrogen bonds (Fig. 3a). Each
ammonia molecule acts as a donor for two bifur-
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Fig. 4. A plot of hydrogen bond strenghts in compound 1.
Squares and triangles denote N(1) and N(2) as donor atoms,
grey and black denote F(1) and F(2) as acceptor atoms, re-
spectively. The stronger non-bifurcated hydrogen bonds in
the upper left of the plot are clearly separated from the bifur-
cated ones in the right part of the plot. The margins of error
are typically within 0.7 % and 3°, respectively.

cated and one regular N-H- - -F hydrogen bonds. Flu-
oride ion F(1) shows a coordination sphere simi-
lar to a trigonal prism as it is coordinated by five
hydrogen atoms and one beryllium atom (Fig. 3b),
while F(2) is surrounded by five hydrogen atoms and
one beryllium atom in a shape similar to an octahe-
dron (Fig. 3c). This hydrogen bonding leads in to-
tal to a i[BGFz(NHg)z] network where one molecule
is connected to nine others via hydrogen bonds. The
strongest hydrogen bonds are formed in the link-
ages N(1)-H(1A)---F(2)*! and N(2)-H(2C)---F(1)*’
with 30 % shortening compared to the sum of the van-
der-Waals radii and only 8 and 7° deviation from 180°
(Fig. 4). These hydrogen bonds are the only non-
bifurcated ones. Bifurcated hydrogen bonding is gener-
ally considered to be weaker which is nicely confirmed
in this work (Fig. 4). Compared to other N-H---F
hydrogen bonds, for example in [Ag(NH3)3(u-NHj3)-
Ag(NH3)4]MFg - 8NH;3 [7], MF4(NH3)4-NH3 (M =
Zr, Hf) [8] and [Ag(NHj3),]F -2 NHj3 [8], compound 1
appears to have shorter and hence stronger N-H-:--F
hydrogen bonds. This phenomenon can be ascribed
to the extreme “hardness” of the beryllium(II) cation
which leads to a strong polarization of the N-H
bond.

X-Ray powder diffractometry

Attempts to remove the liquid ammonia from
the reaction mixture at r.t. under argon afforded a
white powder. The X-ray powder diffraction pattern
shows reflections which compare well with the pow-
der pattern calculated for BeF,(NHj3), which is proof
that 1 is stable at ambient temperature and pres-
sure.

Table 3. IR bands and Raman lines (cm™!) of BeF,(NH3),.

IR Raman Assignment
Int. Int.

3367 vs, br — — vasNH3
3210 Vs 3206 vs, br vsNH3
2346 w, br 2500 VW S(N-H---F)
1644 s, br 1691, 1625 m Oas(NH3)
1401 s 1324 VW 8s(NH3)

801 vs, vbr 580 mw vas(BeF)

736 vs, vbr 496 w vs(BeF)

- - 326 m vas(BeN)

- - 310 w vs(BeN)
MAS-NMR spectroscopy

9Be NMR spectroscopy is a rarely employed ana-
Iytical tool for the study of beryllium compounds in
solutions and even less so in the solid state. °Be is a
100 % natural abundance isotope with spin 3/2 and a
quadrupole moment of 5.2-10° cm?. The °Be solid
state resonance of BeF,(INH3); is found at 1.77 ppm as
a broad singlet. A chemical shift of 1.7 ppm has been
given for the [Be(NH3)4]*" complex in solution. How-
ever, this [Be(NH3)4]*" complex has not been struc-
turally characterized yet and therefore the assignment
remains ambigous [9, 10]. In the 'H NMR spectrum
of solid 1 we found a very broad singlet at 2.97 ppm.
For technical reasons no solid state '°F NMR spectrum
could be recorded. Solution ?Be shift data for [BeF,-
(H20)4,n]("_2)_ are available, and the signal for BeF,-
(H0), is found in the range of 0.17—0.33 ppm [11].
The °Be solid state NMR spectrum confirms our find-
ing by single crystal structure analysis as only one *Be
resonance is observed which is expected for the BeF,-
(NH3), species. If the diammoniate of BeF, would ex-
ist as [Be(NH3)4][BeF4], two 9Be resonances are re-
quired.

Raman and infrared spectroscopy

The N-H stretching vibrations are found
at 3206 cm~! in the Raman spectrum and at 3367
and 3210 cm~! in the FT-IR spectrum. Compared to
the NH3 valence vibrations of pure liquid ammonia
at 3380, 3304 (Raman) and 3373, 3285 cm~! (IR)
these bands are red-shifted indicating the influence of
the coordination to the Be atom and of the N-H---F
hydrogen bonds [12]. By comparing spectra of beryl-
lium fluorides and several ammine complexes known
from the literature with our own data [5, 12— 14], the
Raman bands at 580 and 496 cm~! can be assigned
to the Be-F stretching modes and the Raman bands
at 326 and 310 cm~! to the Be-N vibrations. This
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distinction of Be-N and Be-F vibrations is not trivial
but is in agreement with the reference data. It also
agrees with relative band positions obtained from
quantum chemical computations. It is reasonable to
assume that Be-N bonds are weaker than Be—F bonds,
which clearly determines the relative positions of
IR and Raman bands. The IR band at 2346 cm™! is
assigned to the N-H---F hydrogen bond. Overall,
the IR band positions are in agreement with the ones
measured by Grigor’ev and coworkers, but these
authors claim to have additionally observed bands of
BeF, or of BeF4>~ [2]. It is interesting to note that
the IR spectrum of BeF,(NHj3), shows pronounced
similarities to the IR spectrum of boron trifluoride
ammonia (1/1), BF3- NH3 [15].

Thermal decomposition

The thermal decomposition of the beryllium di-
ammine difluoride was studied previously by Gri-
gro’ev and coworkers [2]. This diammoniate was
found to be stable at r.t. The thermogravimetric anal-
ysis indicated that the first molecule of ammonia is
lost between 80 and 130 °C, and the second one be-
tween 130 and 350 °C. X-Ray powder diffractometry
showed the final decomposition product to be amor-
phous BeF,. We were able to reproduce these findings.
The first ammonia molecule is given off at 120.8 °C,
the second one between 150 and 350 °C, leaving amor-
phous BeF; as a residue.

Quantum chemical calculations

The atomic parameters of the BeF,(NH3), molecule
were structurally optimized using GAUSSIANO3 at dif-
ferent levels of theory (HF, B3LYP, MP2, QCISD) us-
ing 6-311++G(3df,3pd) as basis sets [16]. The cal-
culations converged for a structure with Cy, symme-
try which was shown to be a stable ground state by
frequency calculations and by a relaxed scan of the
NHj3 rotation around the Be-N axis. While in the
crystal structure the F-Be-F angle was determined to
be 110.95(7)°, in the calculations mentioned above
we find the F-Be-F angle in the range of 127.7-
128.2° and the N-Be—N angle in the range of 108.9—
109.8° for the gas phase. As already mentioned, the
smaller F-Be-F angle in the crystal structure is prob-
ably caused by the hydrogen bond interactions. In the
calculations we find the Be—N distances in the range
of 1.83—-1.85 A and the BeF distances in the range
of 1.45—1.48 A. These calculated bond lengths are in
good agreement with the experimental data (Table 2).

a)

b)

9]

Fig. 5. (color online) The 3D-ELF of BeF,(NH3); at n(r) =
0.845. Core basins are color-coded blue, monosynaptic va-
lence basins red, protonated monosynaptic valence basins
yellow, disynaptic valence basins green; a) shows the view
along the C; axis with the fluorine atoms pointing towards
the viewer, b) the view along a ¢, mirror plane, and c) the
view along the other ¢, mirror plane.

With the application of the Electron Localization
Function ELF on the wavefunctions derived at the HF
and B3LYP level of theory, we tried to get a deeper
insight into the chemical bonding of the BeF,(NHj3),
molecule using the TOPMOD suite of programs [17—
23]. The results of the population analyses on HF and
B3LYP level are almost identical, so only the HF re-
sults are presented. Fig. 5 depicts the 3D-ELF of the
BeF,(NH3), molecule where the monosynaptic va-
lence basins (lone pairs) on the fluorine atoms and the
disynaptic valence basins (bonds) between Be-N and
Be—F are clearly found. The Be—F bond is of course
not expected to be completely ionic due to the strongly
polarizing Be?* cation. This is confirmed by the ELF
analyses where a disynaptic valence basin between Be
and F is found. A population analysis shows the Be, F
and N core basins to be fully occupied with 2.05, 2.15
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and 2.10 electrons, respectively. The protonated basins,
that is, the N-H bonds, show the expected population
of 1.95 electrons. The Be—N disynaptic basin is pop-
ulated with 2.00 electrons, and hence a regular cova-
lent bond may be assumed. The monosynapitc valence
basins on the fluorine atoms, that is, the lone pairs of
electrons, are populated with 6.38 electrons. The pop-
ulation of the Be—F disynaptic valence basin is found
to be 1.45 electrons. This deficit of 0.55 electrons is
assigned to the strongly polarized Be—F bond with its
partly ionic character.

The application of the Atoms In Molecules AIM
concept [24 —27] to 1 shows basins with 9.93 electrons
for the fluorine atoms and hence neon configuration.
For beryllium we find a population of 2.20 electrons
which is a little more than the helium configuration due
to the strongly polarizing power of Be(II). The nitrogen
atoms have a population of 8.21 electrons, and with
the three hydrogen atoms attached (each 0.58 elec-
trons) they also almost reach the neon configuration
with 9.94 electrons. In total, 41.94 of the 42 electrons
of the BeF,(NHj3), molecule are accounted for in the
calculations. The results of the application of the AIM
theory compare well with those obtained from the Nat-
ural Bond Orbital NBO analysis: The Be atom has a
natural charge of +1.7 and the fluorine atoms of —0.9
each, while the nitrogen atoms have a natural charge
of —1.1 due to the hydrogen atoms which have a mean
natural charge of +0.38.

Conclusion

Beryllium difluoride dissolves in liquid ammonia
to form the colorless molecular compound BeF,-
(NH3), for which previously an ionic structure [Be-
(NH3)4][BeF4] had been proposed. The intermolecu-
lar N-H---F hydrogen bonding present in the crys-
tal of the new compound has a pronounced influ-
ence on the F-Be-F bond angle which is predicted
to be 18° larger in quantum chemical calculations for
the molecule in the gas phase. The results of ELF,
AIM and NBO calculations confirm the expectation
that beryllium—fluorine bonding is partly covalent.

Experimental Section

All work was carried out excluding moisture and air in
an atmosphere of dried and purified argon (Westfalen AG) or
fluorine (Solvay Fluor) using high-vacuum glass lines, monel
lines or a glovebox (MBraun), respectively. Liquid ammonia
(Air Liquide) was dried and stored over sodium (VWR) in a
special high-vacuum glass line.

Beryllium and its compounds are generally considered to
be highly toxic. Therefore all necessary precautions should
be taken against any contamination of the environment.

Synthesis of beryllium diammine difluoride

BeF, was obtained by literature procedures [28]. The
crude product was treated with elemental fluorine at 125 °C
to remove traces of water and oxygen. The obtained BeF,
was amorphous. 100 mg (1.23 mmol) of BeF, was placed
into a Schlenk tube, and about 10 mL of dry liquid ammonia
was distilled into the reaction vessel at —78 °C. No dissolu-
tion process could be observed visually. After four weeks of
storage at —40 °C colorless crystals had formed on the walls
of the vessel of which one specimen was subjected to sin-
gle crystal structure determination. Chemical analysis using
standard titration methods to determine the ammonia con-
tent: NH3: found 41.9 %, calcd. 42.0 %.

X-Ray powder patterns were recorded on a Stoe Stadi-P
powder diffractometer using germanium-monochromated
CuKy radiation and a linear position-sensitive detector.
DTA-TG curves were obtained on a Netzsch STA 409 PC
Luxx instrument and evaluated using the PROTEUS soft-
ware [29]. Raman spectra were recorded on an ISA T64000
instrument using an Ar™ laser tube (514.5 nm) in flame-
sealed glass ampules. IR spectra were recorded on a JASCO
FT-IR-460 plus spectrometer.

MAS-NMR spectra were recorded on a Bruker AV300 in-
strument at r. t. with resonance frequencies of 42.17 MHz for
9Be and 300.13 MHz for 'H. Spinning speeds were 12 kHz
each with 20 and 2 s pulse repetitions, respectively.

X-Ray structure determination of 1

A colorless crystal of 0.2 x 0.15 x 0.1 mm?> size was
mounted in hydrofluoroether oil (Galden PFPE, Solvay
Solexis) and shock-cooled to 123 K. The diffraction in-
tensities were collected on an Oxford Xcalibur3 diffrac-
tometer (MoK, A = 0.71073 A). Cell determination rou-
tines gave a primitive monoclinic unit cell. The data were
reduced with the CRYSALISRED software, and an empir-
ical absorption correction using spherical harmonics with
SCALE3 ABSPACK was applied [30]. The structure was
solved by Direct Methods (SHELXS-97) and refinded against
F? with SHELXL-97 in space group P2;/c [31,32]. All
atoms where located via Difference Fourier Syntheses and
refined anisotropically, hydrogen atoms isotropically using a
riding model. With chemical reasoning, and based on their
displacement parameters and occupational factors, the N and
F atoms could be clearly distinguished.

Further details of the crystal structure investigation may
be obtained from Fachinformationszentrum Karlsruhe,
76344 Eggenstein-Leopoldshafen, Germany (fax: +49-7247-
808-666; e-mail: crysdata@fiz-karlsruhe.de, http://www.fiz-
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informationsdienste.de/en/DB/icsd/depot_anforderung.html)
on quoting the deposition number CSD-420049.

Acknowledgements

S.

A. Baer and F. Kraus thank the Fonds der Chemischen

Industrie for the Liebig fellowship, and Solvay Fluor for the

donation of elemental fluorine. We thank Prof. Dr. A. Kor-

nath,

Miinchen, for the measurement of Raman spectra and

Dr. G. Raudaschl-Sieber, Miinchen, for the measurement of
MAS-NMR spectra.

(1]
(2]
(3]

(4]
(3]

(6]
(7]
(8]
(9]
(10]
[11]

[12]

[13]

[14]

[15]
[16]

W. Biltz, E. Rahlfs, Z. Anorg. Allg. Chem. 1927, 166,
351-376.

A.1 Grigor’ev, V. A. Sipachev, A. V. Novoselova, Russ.
J. Inorg. Chem. 1967, 12,319 -321.

International Tables for Crystallography Volume C,
3rd ed., (Ed.: E. Prince), Kluwer Academic Publishers,
Dordrecht, Boston, London 2004.

M. P. Dressel, S. Nogai, R.J. F. Berger, H. Schmidbaur,
Z. Naturforsch. 2003, 58b, 173 —182.

B. Neumiiller, K. Dehnicke, Z. Anorg. Allg. Chem.
2007, 633, 2262 -2267; K Dehnicke, B. Neumiiller,
Z. Anorg. Allg. Chem., 2008, 634, 2703 —2728.

R. Puchta, N. van Eikema Hommes, R. van Eldik, Helv.
Chim. Acta 2005, 88, 911 -922.

W. Meng, F. Kraus, Eur. J. Inorg. Chem. 2008, 3068 —
3074.

F. Kraus, S. A. Baer, M. B. Fichtl, Eur. J. Inorg. Chem.
2008, in print.

D.F. Gaines, K.M. Coleson, D.F. Hillenbrand, J.
Magn. Res. 1981, 44, 84 —88.

R. A. Kovar, G.L. Morgan, J. Am. Chem. Soc. 1970,
92, 5067 -5072.

M. Schmidt, H. Schmidbaur, Z. Naturforsch. 1998,
53b, 1294 —1300.

K. Nakamoto, Infrared and Raman Spectra of Inor-
ganic and Coordination Compounds, 4th ed., John Wi-
ley & Sons, New York, Chichester, Brisbane, Toronto,
Singapore 1986.

J. Jander, V. Doetsch, U. Engelhardt, J. Fischer,
C. Lafrenz, H. Nagel, W. Renz, G. Tiirk, T. von
Volkmann, G. Weber, Chemie in nichtwdfrigen ion-
isierenden Losungsmitteln — Chemie in wasserfreiem
fliissigem Ammoniak, 1st ed., Vol. 1.1, Friedr. Vieweg
& Sohn, Braunschweig 1966.

W. Massa, K. Dehnicke, Z. Anorg. Allg. Chem. 2007,
633, 1366 —1370.

D. Gobbels, PhD Thesis, Universitét zu Koln, 2000.
M.J. Frisch, G.W. Trucks, H.B. Schlegel, G.E.
Scuseria, M. A. Robb, J.R. Cheeseman, J. A. Mont-
gomery, Jr., T. Vreven, K.N. Kudin, J.C. Burant,
J.M. Millam, S.S. Iyengar, J. Tomasi, V. Barone,
B. Menucci, M. Cossi, G. Scalmani, N. Rega, G. A.
Petersson, H. Nakatsuji, M. Hada, M. Ehara, K. Toy-
ota, R. Fukuda, J. Hasegawa, M. Ishida, T. Naka-
jima, Y. Honda, O. Kitao, H. Nakai, M. Klene, X. Li,
J.E. Knox, H.P. Hratchian, J. B. Cross, V. Bakken,
C. Adamo, J. Jaramillo, R. Gomperts, R. E. Stratmann,

(17]
(18]
(19]
[20]
[21]
[22]
[23]
[24]
[25]
[26]
[27]
(28]
[29]
(30]

(31]

[32]

O. Yazyev, A.J. Austin, R. Cammi, C. Pomelli, P. Y.
Ayala, K. Morokuma, G. A. Voth, P. Salvador, J. J. Dan-
nenberg, V. G. Zakrzewski, S. Dapprich, A. D. Daniels,
M. C. Strain, O. Farkas, D. K. Malick, A.D. Rabuck,
K. Raghavachari, J. B. Foresman, J. V. Ortiz, Q. Cui,
A.G. Baboul, S. Clifford, J. Cioslowski, B.B. Ste-
fanov, A. Liashenko, P. Piskorz, I. Komaromi, R.L.
Martin, D.J. Fox, T. Keith, M. A. Al-Laham, C.Y.
Peng, A. Nanayakkara, M. Challacombe, P. M. W. Gill,
B. Johnson, W. Chen, M. W. Wong, C. Gonzalez, J. A.
Pople, GAUSSIANO3 (revision C.02), Gaussian, Inc.,
Wallingford CT, 2004.

A.D. Becke, K. E.J. Edgecombe, J. Chem. Phys. 1990,
92, 5397 -5403.

A. Savin, A.D. Becke, J. Flad, R. Nesper, H. Preuss,
H. G. von Schnering, Angew. Chem. 1991, 103, 421 —
424; Angew. Chem., Int. Ed. Engl. 1991, 30, 409 —412.
B. Silvi, A. Savin, Nature 1994, 371, 683 —686.

A. Savin, R. Nesper, S. Wengert, T.F. Féssler, Angew.
Chem. 1997, 109, 1892 —1918; Angew. Chem., Int. Ed.
Engl. 1997, 36, 1808 — 1832.

T.F. Fissler, A. Savin, Chem. unserer Zeit 1997, 31,
110-120.

S. Noury, X. Krokidis, F. Fuster, B. Silvi, Computers &
Chemistry 1999, 23, 597 — 604.

S. Noury, X. Krokidis, F. Fuster, B. Silvi, TOPMOD,
Laboratoire de Chimie Théorique (UMR-CNRS 7616),
Université Pierre et Marie Curie, Paris (France) 1997.
R.F. W. Bader, Chem. Rev. 1991, 91, 893 —928.

R.FE. Bader, Atoms in Molecules: A. Quantum Theory,
Oxford University Press, Oxford 1994.

E. Chamorro, P. Fuentealba, A. Savin, J. Comput.
Chem. 2003, 24, 496 —504.

B. Silvi, Phys. Chem. Chem. Phys. 2004, 6, 256 —260.
G. Brauer, Handbuch der Priparativen Anorganischen
Chemie in drei Bdnden, 3rd ed., Ferdinand Enke Ver-
lag, Stuttgart 1975.

PROTEUS Thermal Analysis,
GmbH, Selb (Germany) 2006.
CRYSALISRED, Oxford Diffraction Inc.,
(U.K.) 2008.

G. M. Sheldrick, SHELXS-97, Program for the Solution
of Crystal Structures, University of Gottingen, Gottin-
gen (Germany) 1997.

G. M. Sheldrick, SHELXL-97, Program for the Refine-
ment of Crystal Structures, University of Gottingen,
Gottingen (Germany) 1997.

Netzsch Geritebau

Oxford



