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Laser-ablation experiments with metals provide a source of electrons for capture processes, which are codeposited with solid
argon and neon containing molecular fluorine. New argon and neon matrix absorptions at 510.6 and 524.7 cm ™", respectively,
are photosensitive upon irradiation at >290 nm, which is consistent with their assignment to an isolated anion. These bands
are below the [M]"[F5] ™ antisymmetric trifluoride stretching frequency of 550 cm™ ' in an argon matrix, which is the typical
relationship for cation—anion complexes and matrix-isolated anions. Thus, we report the isolated [F3] ™~ anion in solid argon
and neon environments. Moreover, we have carried out quantum-chemical calculations up to and including the CCSD(T)
method to investigate the stabilities of polyfluoride anions higher than the [F5] — anion.

Introduction

Several polyhalogen anions are well-known experimen-
tally,' * and especially the trihalide anions [X;]” (X =F, Cl,
Br, I) are of wider interest and practical use for superconduc-
tivity,”~’ organic synthesis,” and polymer science.'’ These
trihalide anions are dominated by the heavier halogensiodine
and bromine, with a decreasing number of anions involving
fluorine. Only one polyfluoride anion was initially observed
first under cryogenic conditions in an argon matrix as
[M]*[F3]~ (M =K, Rb, Cs) complexes'"!> and later in the
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gas phase by mass spectrometry.'*!'* This species has generated
considerable synthetic and theoretical interest. Numerous
quantum-chemical calculations have been done to investigate
the chemical bonding, stability, and properties of the [F5]™
anion."*~** These computational studies have shown that an
adequate description of the [F3]™ anion requires very sophisti-
cated quantum-chemical treatment. This can be exemplified by
a comparison of the [F;]” — [F]” + F, dissociation energy
where MCSCF gives 53 kJ mol ™! and density functional theory
(BLYP) gives 197 kJ mol~'. The best agreement between the
experimentally measured dissociation energy (98.4 £+ 10.6 kJ
mol ") is given by CCSD(T) calculations (103 kJ mol™")."”
Both values agree very well and show the [F;] anion to be
rather stable in the gas phase.

Here we report the first observation of the isolated [F3]~
anion stabilized under cryogenic conditions. This species is
formed by electron capture processes from laser-ablated metals
with molecular fluorine in excess argon and neon during con-
densation at 4 K. The [F5] ion has been characterized and
investigated by IR spectroscopy and quantum-chemical calcu-
lations up to and including the CCSD(T) method. Moreover,
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we have investigated the stabilities of the polyfluoride anions
[F4] and [Fs] ™ at the coupled-cluster level.

Experimental Section

The technique for laser ablation and FTIR matrix inves-
tigation has been described previously.>2° The metals were
mounted on a rotating (1 rpm) stainless steel rod. The Nd:YAG
laser fundamental (1064 nm, 10 Hz repetition rate, 10 ns pulse
width, 10—20 mJ pulses) was focused on the target through a
hole in the Csl cryogenic window (maintained at4—6 K). Metal
atoms were codeposited with 0.5—4% F, in argon and neon
at 3—4 mmol h™!' for 1 h periods. Commercial fluorine
(Matheson) was handled in a dedicated, well-passivated stain-
less steel manifold and spray-on line. Our 1 L fluorine reservoir
was cooled to 77 K during preparation of the matrix sample to
retain most of the common impurity molecules in commer-
cial fluorine (the deposited samples contained SiF, impurity at
1023 cm™ ! with 0.01 absorbance). FTIR spectra were recorded
with an accuracy of 0.1 cm ™' on a Nicolet 750 spectrometer at
0.5 cm™ ! resolution. Matrix samples were successively warmed
and recooled, and more spectra were collected; the matrix
was subjected to broad-band photolysis with a mercury arc
street lamp (Sylvania H39 KB-175) with the globe removed
(> 220 nm) at different stages in the annealing cycles.

Molecular structures were optimized at the density functional
theory (DFT) level (with B3LYP?° and BP86°'** func-
tionals), Moller—Plesset perturbation theory (MP2), and
coupled-cluster CCSD, with the CCSD(T) level using the pro-
grams Gaussian03*’ for the DFT and Molpro 2006.1°* (struc-
ture optimizations) and ACESIF* (calculation of frequencies)
for ab initio calculations. Higher-order coupled-cluster excita-
tions like CCSDT have been performed by MRCC, a string-
based quantum-chemical program suite.>> Several Dunning
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Figure 1. IR spectra for Cu, Ag, and Auatoms and F, reaction products
in solid argon at 6 K: (a) Cu + F; (4% in argon) deposition for 60 min;
(b) after >290 nm irradiation for 15 min; (c) after >220 nm irradiation
for 15 min; (d) Ag + F»> (4% in argon) deposition for 60 min; (e) after
> 290 nmirradiation for 15 min; (f) after >220 nmirradiation for 15 min;
(g) Au + F, (4% in argon) deposition for 60 min; (h) after >290 nm
irradiation for 15 min; (i) after >220 nm irradiation for 15 min.

correlation-consistent fluorine basis sets [double-{ (aug-cc-
pVDZ), triple-C (aug-cc-pVTZ), quadruple-& (aug-cc-pVQZ),
and quintuple-¢ (aug-cc-pV5Z)] were used to evaluate the basis-
set effects. Corrections for incompleteness of the basis-set size
have been adjusted by using the correlation-consistent basis
sets, which can be extrapolated to the complete basis set (CBS)
limit using equation E(/pay) = Ecps + Bllmax- (Bis the average
value of the two highest /;.,).*® Core—valence (CV) correction
has been performed by using the aug-cc-pwCVXZ (X = D, T,
Q, 5) basis sets at the CCSD(T) level. Anharmonic corrections
of the vibrational spectra have been investigated at the CCSD-
(T) level using the program package ACESII** Contributions
of basis-set superposition errors (BSSEs) to the energetics were
estimated at all ab initio levels using of the aug-cc-pVTZ basis
set. Scalar and spin—orbit relativistic effects have not been
considered in this study. All species investigated have shown
normal 7 diagnostic values and can be treated by single
reference methods.

Results and Discussion

Matrix-Isolation Experiments. A large number of laser-
ablated metal [groups 3, 4, 11, and 13 (B, Al)] experiments
were done with argon and neon samples containing mole-
cular fluorine in order to prepare numerous metal fluoride
molecules for matrix IR spectroscopic investigation, and
these metal fluoride products will be identified elsewhere.
Here we report one new IR absorption that is common, i.c.,
unshifted within experimental error, to these different metal
experiments. These occur at 510.6 cm ™' in solid argon and
5247 em™! in solid neon, and their metal-independent
frequencies are suggestive of precursor electron capture pro-
ducts. Laser ablation of metals also produces electrons, and
the electron flux depends on the electronic properties of the
metal. Figures 1—3 illustrate representative spectra in solid
argon and neon.
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Olsen, J.; Wilson, A. K. Chem. Phys. Lett. 1998, 286, 243-252.
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Figure 2. IR spectra for Cu, Ag, and Au atoms and F, reaction products
in solid neon at 6 K: (a) Cu + F, (4% in neon) deposition for 60 min;
(b) after > 290 nm irradiation for 15 min; (c) after >220 nm irradiation for
15 min; (d) Ag + F5 (4% in neon) deposition for 60 min; (e) after >470 nm
irradiation for 15 min; (f) after >290 nm irradiation for 15 min; (g) after
> 220 nm irradiation for 15 min; (h) Au + F5 (4% in neon) deposition for
60 min; (i) after >290 nm irradiation for 15 min; (j) after >220 nm
irradiation for 15 min; (k) Au + F, (2% in neon) deposition for 60 min;
(1) after >290 nm irradiation for 15 min.
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Figure 3. IR spectra for Sc and Y atoms and F, reaction products in
solid neon at 6 K: (a) Sc + F, (0.5% in neon) deposition for 60 min; (b)
after > 290 nmirradiation for 15 min; (c) after > 220 nmirradiation for 15
min; (d) Y + F5 (0.5% in neon) deposition for 60 min; (e) after > 530 nm
irradiation for 15 min; (f) after > 380 nm irradiation for 15 min; (g) after
> 290 nmirradiation for 15 min; (h) after > 220 nmirradiation for 15 min.

IR spectra for the reaction products of Cu, Ag, and Au
atoms and F; in solid argon at 6 K are compared in Figure 1.
The new 510.6 cm™ ! band sharpened upon irradiation at
>290 nm, as a blue shoulder decreased, and disappeared
upon irradiation at > 220 nm. The corresponding neon mat-
rix spectra are given in Figure 2. With copper, mercury arc
irradiation at > 290 nm halves the new 524.7 cm™ ! band, and
finally irradiation at > 220 nm removed the new 524.7 cm ™!
band. With silver, different irradiations were employed: irra-
diation at > 470 nm shows almost no changes, irradiation at
> 290 nm decreases the band, and irradiation at >220 nm
destroys the new 524.7 cm™ ! band. With gold, different fluo-
rine concentrations were employed: the 524.7 cm™ ! absorp-
tion is about the same intensity at higher concentrations
(4%), but a lower concentration (2%) produced 4 times as
much of the new 524.7 cm ™! band. Irradiation at >290 nm

Riedel et al.

had the same effect as before. The neon matrix spectrum
for Sc and Y atoms in Figure 3 shows a similar behavior
on the product yield. Irradiation at > 380 nm increased
the 524.7 cm™ ' band by 10%, and the next irradiation at
> 290 nm increased the 524.7 cm ™' band again by another
5%. The final irradiation at > 220 nm shows no absorption
remaining.

Assignments. The absorptions at 510.6 cm™ in the
argon matrix and at 524.7cm ' in the neon matrix are photo-
sensitive upon irradiation at >290 nm, which is consistent
with their assignment to an isolated anion. These bands are
below the [M]'[F5]” antisymmetric trifluoride stretching
frequency of 550 cm ™' in an argon matrix, which is the typi-
cal relationship for cation—anion complexes and isolated
anions. The [NO,]™ and [BO,]  anions are cases in point
where the cation complex absorptions are higher. Thus,
[NO,]~ absorbs near 1275 cm™ " in crystalline solids and at
1244 cm ™! when isolated in a solid argon matrix, and the
[M]"[BO,]~ ion pairs exhibit bands at 1976—1946 cm ',
whereas the isolated [BOZI anion fundamentally occurs at
1931 cm ™! in solid argon.”®*’ The best calculated gas-phase
frequency of the isolated [F5]~ anion is 512 cm ™' at QCISD-
(T)"* and 529.4 cm™' at CCSD(T)/aug-cc-pVTZ, (this
work), pointing to a lower frequency than the observed
550 cm~ ' [M]'[F;]~ value. The 510.6 cm™ ' argon matrix
and 524.7 cm” ! neon matrix absorptions are assigned
here to the isolated trifluoride anion in media of different
polarizabilities.

Structures. Figure 4 shows the optimized structures of
polyfluoride anions at different levels of theory for, F», [F5]
[Fs], and [Fs]. The [F3]" anion is calculated to show on
each level used D.., symmetry. This is in agreement with
previous observations and calculations. Unfortunately, no
experimental bond length is known for this species. There-
fore, our quantum-chemical calculations should represent
the most reliable bond length for the [F53]™ anion, which is
173.2 pm at CCSD(T)/aug-cc-pV5Z level; see Table 1.
Because the aim of this study is the investigation of [F3]~
and the higher polyfluoride anions, utilization of the aug-
cc-pV5Z basis set is not cost-efficient. Therefore, we have
used the aug-cc-pVTZ basis set for our productive work.
This basis set shows less than 1 pm bond length error
compared to the aug-cc-pV5Z basis set; see Table 1.

Other levels of theory, like DFT (BP86 and B3LYP),
MP2, or CCSD, are unfortunately not accurate enough to
describe higher polyfluoride molecules. This outcome is
well-known and is illustrated by the nontrivial description
of F, and its properties, such as the bond distance, fre-
quency, and thermochemistry. Therefore, we use the most
cost-efficient methodology of CCSD(T)/aug-cc-pVTZ to
investigate these higher polyfluoride anions.

At this computational level, we found the open-shell [F4]
to be a linear molecule with D..,, symmetry (Figure 4). The
computed bond lengths show two bonds with 175.3 pm and
one with 179.0 pm, indicating two coordinated F, frag-
ments.

For the pentafluoride anion, we found only one Cs-
symmetrical minimum (“hockey stick” in Figure 4). This
species can be described as a [F3] ™ anion with an associated
F, in the terminal position. The computed distance at the

1

(37) Milligan, D. E.; Jacox, M. E.; Guillory, W. A. J. Chem. Phys. 1970,
52, 3864-3868.
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A)F, B) [F.J
BP86 141.6 BP86 2061
B3LYP 139.7 B3LYP 200.8
MP2 140.1 MP2 195.1
cCsD 139.5 CCsD 191.4
CCSD(T) 141.8 CCSD(T) 1926
E) [Fsl’ F) [Fs]’
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C) [Fal D) [Fa
a b a
BP86 1754 a b
B3LYP 172.5 BP86™
MP2 17156 B3LYP 178.7 1765
CCsD 169.1 MP2 184.9 1692
cCcsD(T) 1739 cCcsD 169.9 1793

CCSD(T) 1753 179.0

G) [FsI'

a b c a b c d
BPBE 1509 2125 1747 BPE6 1620 1864 1189 1764
B3LYP 1411 2470 1725 B3LYP 156.1 1898 1211 1778
MP2 1411 2477 17 MpP2* 1569 1841 1557 1785
ccsb 140.2 2563 1691 ccsb 146.0 209.0 1167 1796
CCsSD(T)" 1428 2471 1740 CCsD(m)* 1576 1900 109.7 1789

b c d e
BPge?
B3LYP?
MP2 1419 2350 1725 1700 178.0/92.7/180.0

cCs
CCsD(T) 1446 2278 1762 170.7 177.8M102.1179.9

Figure 4. Polyfluoride anions optimized at different levels of theory using the aug-cc-pVTZ basis set: (*) no optimized minimum; (superscript a)

optimization leading to the V-shaped structure F.

Table 1. Optimized Structures of Fluorine Species Computed at the CCSD(T)
Level Using Different Basis-Set Sizes

aug-cc- aug-cc- aug-cc- aug-cc-
structure pVDZ pVTZ pvVQZ pV5Z
F, 145.0 141.8 141.3 141.1
[F>]™ 194.0 192.6 192.0 191.8
[Fs]~ 176.8 173.9 173.3 173.2
[F4] a 178.6 175.3 174.7 174.5
[Fs] b 181.0 179.0 178.6 178.5
[Fs]” a 151.5 144.6 144.1
[Fs]” b 210.4 227.8 227.4
[Fs]” ¢ 180.2 176.2 175.7
[Fs]”d 171.8 170.7 170.2
[Fs] e 178.0/106.2/ 177.9/102.1/ 178.3/101.7/
179.5 179.9 179.9

“Other computed bond lengths: MCSCF(6,4)+MP2/TZ+2P, 174.9
pm;?! MCSCF(7.8)+MP2/TZ+2P, 176.1 pm;*' ACCD/TZP, 170.1 pm;'*
MP2/631+G*, 173.8 pm;'® QCISD(T)/TZ2Pf+, 1743 pm;'” QCISD/
DI95V+*, 172.1 pm;*> MP2/D95V+*, 173.3 pm;** BLYP/aug-cc-pVTZ,
177.5 pm;** B3LYP/aug-cc-pVTZ, 172.5 pm 2 CCSD(T)/aug-cc-pVTZ,
173.9 pm:** MRCl/aug-cc-pVQZ, 173.8 pm*

CCSD(T) level between these two fragments is 227.8 pm,
which lies within the sum of the van der Waals radii of
fluorine. The bond length of the aggregated F, unit is slightly
elongated compared to the free F, molecule (Figure 4G,
bond a). Such a bond elongation of 2.3 pm is also observed
for the connecting F atom of the [F5]™ anion (bond ¢ in
Figure 4G). In contrast, bond d of this species is shortened
by 3.2 pm compared to the free [F3] ™ anion calculated at the
CCSD(T) level. Other isomers of the [Fs] anion, computed
at the CCSD(T)/aug-cc-pVTZ level, optimized to transition
states or higher saddle points on the potential energy surface
and therefore were higher in energy (see Figure 5). Note that
structure optimizations of the [Fs]~ anion using the CCSD-
(T) “hockey stick” minimum structure as the starting point
always led to minimum V-shaped structures at the CCSD,
B3LYP, and BPS86 levels. This V-shaped (C,,) structure is
commonly observed for other pentahalogen anions like

(38) Sharp, S. B.; Gellene, G. 1. J. Phys. Chem. A 1997, 101, 2192-2197.
(39) Schuster, P.; Mikosch, H.; Bauer, G. J. Chem. Phys. 1998, 109, 1833~
1844.

15

-
=l
1

Energy [kJ mol']
o

Figure 5. Optimized structures of [F5] ™ isomers at the CCSD(T)/aug-cc-
pVTZ level. All higher-energy structures are computed to be transition
states or saddle points on the hypersurface.

[Is] ** or [Brs]~.*** Only the MP2 method also led to a
“hockey stick” structure that was similar to that of the
CCSD(T) one (Figure 4).

Thermochemical Stability. Our computed bond disso-
ciation energies of the [F5] ~ anion are in very good agreement
with the experimentally measured values. They have been
determined from energy-resolved collision-induced dissocia-
tion cross-sectional measurements in two tandem mass spec-
trometers.'* The unimolecular gas-phase F, elimination
[F5]” — [F]” + F, is calculated to be 99.5 kJ mol ™" at the
CCSD(T)/aug-cc-pVTZ level and is therefore in excellent
agreement with the experimental value of 98.4 4+ 10.6 kJ
mol~'. Although the calculation of the homolytic bond
breaking [F5]” — F + [F,] shows a deviation of 11.4 kJ
mol~! from the experimental value of 1254 + 12.5 kJ
mol ™', it is still within the experimental error of 12.5 kJ
mol ™ 1.'* Moreover, several corrections have to be consi-
dered if thermochemistry is to achieve at an accuracy on the
order of £1 kcal mol ™~ '. The first correction accounts for the

(40) Nizzi, K. E.; Pommerening, C. A.; Sunderlin, L. S. J. Phys. Chem. A
1998, 102, 7674-7679.



7160 Inorganic Chemistry, Vol. 49, No. 15, 2010 Riedel et al.
Table 2. Reaction Energies of Fluorine Species Computed at the CCSD(T) Level Using Different Basis-Set Sizes
reaction OF] —~  ©@F) ~  @F = ©@F — ©OF — @F] —~ ®OF] —
(kJ mol™") (a) F,—2F F +[F] F, + [F] [Fo] +F [Fal + F» [F5s] +F [Fs]” + F> [FI™ +2F;
aug-cc-pVDZ
AFEec 125.5 114.4 117.9 128.9 29.1 25.6 22.1 140.0
AEcy” 0.54 0.21 —0.27 0.05 —0.73 0.35 0.05 —0.22
AEzpEharmonic) 4.94 2.71 2.24 4.47 1.6 0.6 3.0 5.3
AE7pEanharmonic) 491 2.70 2.17 4.38 2.7 49
AH® 120.1 111.5 116.0 124.5 28.2 24.7 24.8 145.1
aug-cc-pVTZ
AFEec 153.1 115.8 99.5 136.8 12.8 29.1 18.0 117.5
AEcy” —0.24 —0.07 —0.69 —0.86 —1.62 —0.84 —0.12 —0.81
AEzpEharmonic) 5.53 2.72 2.17 4.98 1.4 2.3 2.4 2.6
AE‘ZPE(anharmv;mic) 5.49 2.70 2.13 4.92
AEgssg 5.0 2.4 2.1 4.7 3.2 1.8 1.0 3.1
AH¢ 142.9 110.8 96.0 128.0 9.8 25.8 16.5 117.2
aug-cc-pVQZ
AEgjec 158.3 117.1 98.3 139.5 11.7 30.6 17.4 115.7
Ecv’ —0.32 —0.12 —0.79 —1.00 —1.28 —0.63
AE7pEharmonic) 5.55 2.71 1.71 4.55 L.5 0.9
AE‘ZPE(zmhzlrmonic) 5.51 2.69 1.67 4.49
AH® 153.1 114.5 97.4 136.0 8.9 29.1
aug-cc-pVS5Z
AFEec 160.0 117.1 96.9 139.7 10.3 30.6
AEcy! —0.34 —0.12 —0.81 —1.03
AE‘Z]’E(hurmonic) 5.57 2.73
AE‘ZPE(anharmonic) 5.54 2.71
AH® 154.8 114.5 97.7 140.7
CBS*
AEcgs 161.7 117.1 95.4 140.0 8.5 31.0 16.3 108.0
AH* 156.5 114.5 94.5 136.5 5.7 29.5
Exptl
154.4% 1168+ 6.7  984+10.6'" 12544 12.5"

@Values are CV-corrected using the aug-cc-pwCVXZ (X = D, T, Q, 5) basis sets. ” AH = AEqec — AEcy + AEzpE(anharmonic or harmonic)- - AH = AEgec
— AEcy + AE7pE@nharmonic or harmonic) T AEBSSE- 4 Estimation of the CBS limit by using equation E(/max) = Ecps + B/lmax’ (Bis the average value of the
two highest /,.x); more details are shown in the Supporting Information.® ‘AH = AEcps — AEcy + AEzpE@anharmonic) Values of AEcy and

AE7zpE@anharmonic) are taken from aug-cc-pVQZ, except for [F4] ", where AEzpgharmonic) Was used.

incompleteness of the basis-set size and can be adjusted by
using the correlation-consistent basis sets aug-cc-pVXZ,
which can be extrapolated to the CBS limit (Table 2). This
effect accounts for both reactions of the [F5] ™ anion having
less than 1 kJ mol~". The second effect that has to be con-
sidered is the CV correction. Usually, electronic structure
calculations invoke the frozen-core approximation, where
the 1s orbital, e.g., in fluorine, is not taken into account for
the electron correlation. The CV correction has been per-
formed by using the aug-cc-pwCVXZ (X = D, T, Q, 5)
basis sets at the CCSD(T) level and is computed to be less
than 2 kJ mol ™' for all investigated reactions in this study
(Table 2 and the Supporting Information). Furthermore, we
have to correct for the zero-point energy (ZPE), which is
usually computed as a harmonic treatment, neglecting the
anharmonic contributions. However, to be as exact as
possible, anharmonic ZPEs are given in Table 2. Consider-
ing all of these corrections, the reactions [F5]” —[F]” + F,
and [F3] — F +[F,] show AH values of 94.5 and 136.5 kJ
mol ', respectively, which are in good agreement with the
experimentally determined values; see Table 2. Note, the
only method that shows reliable agreement with the experi-
mental determind values is the coupled-cluster (CCSD(T))
method (Table 4).

For the tetrafluoride anion, we have computed the con-
certed F; elimination [F4]” —[F,]” + F, and the homolytic
bond breaking [F5] — F+ [F,] . Both dissociation chan-
nels show endothermic eliminations of 11.4 and 26.8 kJ
mol ™, respectively (Table 2).

On the basis of these findings, the stability of the [Fs]
anion (“hockey stick™) has been investigated. Scanning the
potential energy surface by stepwise elongation of the
F,- - -[F5]~ bond distance leads to a barrier of 19.3 kJ mol
at the CCSD(T) level (Figure 6). The corresponding elimina-
tion of F, from [Fs]™ to form the known [F5] ™ anion is com-
puted to be endothermic by 18.0 kJ mol ! at the CCSD(T)/
aug-cc-pVTZ level. Taking CV corrections (AEcy —0.12
kJ mol ™), zero-point energy correction (AEzpgharmonic) 0.9
kJmol "), and BSSE (1.0 kJ mol ") of the [Fs]” —[F5] + F>
elimination into account, the energy is only negligibly lowered
by 1.5kJ mol ™. The second possible decomposition channel,
[Fs] —[F] +2F>, shows an even more endothermic reaction
of 117.5 kI mol™". AEcy (—0.81 kJ mol™"), AEzpg(harmonic)
(—2.6 kJ mol™ "), and AEgssg (3.1 kJ mol ") of this reaction
are computed to be 0.3 kJ mol'. These endothermic uni-
molecular decomposition channels, together with the com-
puted “barrier”, account for the stability of this polyfluoride
anion and support speculation of the previous observations
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Table 3. Harmonic and Anharmonic Frequencies of Fluorine Species Computed at the CCSD(T) Level Using Different Basis-Set Sizes

frequencies”  Vigarm) Nt Viann) VaHarm) It Vaanm) V3(Harm.) Int. V3(Anh.) V4 Int.  v4ann, vs  Int. vsann)
(a) F»
aug-cc-pVDZ  826.7 803.0
aug-cc-pVIZ  924.2 900.8
aug-cc-pVQZ  927.3 904.5
aug-cc-pVS5Z 931.6 908.6
exptl 916.64*
(b) [F2]~
aug-cc-pVDZ 4537 441.9
aug-cc-pVTZ 4551 442.7
aug-cc-pVQZ  453.3 441.2
aug-cc-pVSZ  456.3 443.9
exptl 460%
(o) [F5]™
Plu SGg* SGu~
aug-cc-pVDZ  242.7 47 2334 3809 371.3 578.2 734 545.6
aug-cc-pVTZ  257.4 49 252.1 406.4 396.5 552.6 946 529.1
aug-cc-pVQZ  259.4 49 2540 407.1 397.0 546.8 961 523.4
aug-cc-pV5Z  258.1° 406.5° 546.9”
exptl 461" 550,11 5251w
(d) [Fal™
aug-cc-pVDZ  101.2 11 179.1 283.8 3232 453 516.1
aug-cc-pVTZ  108.2 10 191.7 302.3 330.6 484 499.4
aug-cc-pVQZ "’ 106.3 192.8 285.9 449.0 509.22
(e) [Fs]™
A// A/ A/ A/ A/
aug-cc-pVDZ  248.1 4 2414 2581 54 246.6 395.5 5 3819 4849 812 368.0 6294 83 549.7
aug-cc-pVTZ  260.0 3 266 5 413.6 10 527.5 639 805.0 76
“Harmonic and anharmonic frequencies in cm™'; intensities in km mol~'. ® Harmonic frequencies calculated with the program MOLPRO. ¢ Low

vibrational frequencies (under 200 cm™'): aug-cc-pVDZ, 188.4 (0), 188.1 (0), 119.3 (217), 25.6 (7); aug-cc-pVTZ, 146.6 (1), 145.8 (0), 124.8 (20), 16.0 (8)

5

F,~[F,J Distance [A]

2 3 L 10

-0

Energy [kJ mal']

15

=20

=25

Figure 6. CCSD(T) scan of the potential energy surface by stepwise
elongation (0.1 A per step) of the F5- - -[F3]~ bond distance, starting from
a bond distance of 1.878 A.

in a flowing afterglow source of an energy-resolved collision-
included dissociation cross-sectional measurement in a tan-
dem mass spectrometer where a corresPonding [Fs]™ peak
(m/z 95) was indicated in the gas phase.'*

Frequencies. It is known that the exact calculation of F»
frequencies is still no easy task and the application of sophis-
ticated methods is necessary. It was reported that even the
CCSD(T) method shows intrinsic errors, which are signifi-
cantly larger than usually thought. Indeed, our CCSD(T)/
aug-cc-pV5Z anharmonic frequency calculation still shows a

Av of 8 ecm™ ! compared to the experimentally determined
value (Table 3). The same difference of 8 cm™ " is observed
for harmonic frequency treatment at the CCSD(T)/aug-
cc-pVTZ level, whereas larger basis sets decrease the im-
provement (Table 3). This observation is mainly due to error
cancellations incurred by truncation of the coupled-cluster
hierarchy as in the case of the CCSD(T) description by
approximation of the connected triples through perturbative
treatment and disregard of higher-order connected excitations.
The application of higher-order excitations like CCSDT,
CCSDT(Q), etc., would improve this discrepancy. However,
the aim of this study is the investigation of polyfluoride
anions, and therefore the application of these higher-order
coupled-cluster calculations is computationally too expensive.

However, the [F3] species has its highest computed
harmonic IR band at 546.8 cm ™' by the CCSD(T)/aug-cc-
pVQZ level. As we have already reported above, the free
anionic species [F3] shows its highest frequency mode at
524.7 cm~ ! in neon matrixes and 510.6 cm™ ' in argon
matrixes. This difference of 26.3 cm ™' between the calcu-
lated frequency and the experimental band in neon is due
in large part to the harmonic calculation treatment of this
system. Anharmonic correction at the CCSD(T) level
using the aug-cc-pVTZ and -QZ basis set gives an anhar-
monic correction of 23.5 ecm™ !, leading to a vibrational
mode at 523.4 cm ™. This is in very good agreement with
the free anionic band at 524.7 cm™ ! in neon, which is also
subject to some weak matrix interaction. The 14.1 cm ™'
red-shifted band in argon matrixes is due to stronger
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Table 4. Reaction Energies of Fluorine Species Computed at Different Levels of Theory Using the aug-cc-pVTZ Basis-Set Size”
reaction BP86 B3LYP MP2 CCSD CCSD(T) CCSDT exptl
(a) F;—2F 219.0 155.3 173.6 124.5 153.1 151.4 154.4%
6.0 6.3 6.0(5.3) 6.0 (5.5) 5.5(5.0)
(b) [Fo] — F + [F]™ 201.8 167.7 139.5 102.2 115.8 116.8 + 6.7
1.8 2.1 2502) 2.8(2.3) 2.7(2.4)
(©) [F5]” — F» + [F]” 179.2 1325 97.0 51.1 99.5 98.4 + 10.6"
0.9 0.7 2.5(2.05) 0.3(2.1) 1.72.1)
(d)[Fs] —[Fs] +F 196.5 120.1 131.1 73.4 136.8 1254 4+ 12.5"
5.0 4.8 6.0 (5.2) 3.6(5.3) 4.5(4.7)
(e)[F4]” —[Fa +F» 51.1 68.8 —39.7 12.8
1.1 4.3(2.9) 25(2.5) -1.4(3.2)
(f) [Fa]” —[Fs] +F 86.3 111.3 11.4 29.1
0.3 43(11.9) 4.9 (4.4) 23(1.8)
() [Fs]” —[F3]” + F» 65.9 35.1 16.2 17.0 18.0
3.9 3. 1.2(0.9) 2.4(0.8) 0.9 (1.0)
(h) [Fs]” —[F]” + 2F, 245.1 167.5 113.2 68.1 117.5
4.8 38 3.7(3.0) 2.8(2.9) 2.6 (3.1)

“Reaction in parenthesis at SCS-MP 87.9 kJ mol™'; values in italic are ZPE corrections, and values in parentheses are BSSE corrections.

interaction with the more polarizable matrix host (see
below).

In the case of the polyfluoride anion [Fs]~, we have
computed two intense harmonic bands above 200 cm ™',
the first one at 805 cm ™' (68 km mol ') and the second
band at 527 cm ™' (769 km mol™") (Table 3). Unfortu-
nately, we were not able to compute anharmonic correc-
tions of this molecule because of a lack of computational
resources. However, the calculated frequencies support
our description of the [Fs5]™ anion as a [F3]™ ion indicated
by the 527 cm™ ' band and a coordinated F, molecule
showing a perturbed F—F stretching band at 805 cm ™.
Because of the weak interaction between F, and [F3] 7, itis
of interest to determine how strong the influence of the
matrix host argon or neon is (see below).

Noble Gas Influences

In principle, matrix-isolation comprises a category of experi-
mental techniques in which guest molecules or atoms are
trapped in rigid host materials. Usually, it is preferable that
the host material does not interact with the guest molecules to
simulate pseudo-gas-phase conditions. A host material that is
known to have only minor interactions with the trapped guest
species is the solid noble gas neon. Nevertheless, even this host
material has some minor interactions that can be competitive
with the species in question, especially if the guest molecule is
fragile like [Fs] .

To evaluate the influence of the noble gas atoms on the poly-
fluoride anions, we have computed interaction energies at vari-
ous ab initio levels. Three minimum structures have been found
at the CCSD(T)/aug-cc-pVTZ level of the Ng[F3] ™ (Ng = Ne,
Ar) species (Figure 7). The linear C»,-symmetrical species A
was only found to be a minimum for the Ar[F;] ™ species. The
Ar—F bond distance is calculated to be 306.6 pm, which is
below the sum of the van der Waals radii of 320 pm. The
second minimum structure, which was also found to be a mini-
mum for the Ne[F3] ™~ species, shows C; symmetry and is 2.8 kJ

(41) Christe, K. O. J. Fluorine Chem. 1995, 71, 149-150.

(42) Huber, K. P.; Herzberg, G. Molecular Spectra and Molecular
Structure, 4: Constants of Diatomic Molecules; Van Nostrand: New York,
1979; p 716.

(43) Wenthold, P. G.; Squires, R. R. J. Phys. Chem. 1995, 99, 2002-2005.

(44) Howard, W. F., Jr.; Andrews, L. J. Am. Chem. Soc. 1973, 95, 3045~
3046.

306.6 1743 1733

. ................ U_U_b
A. AFsI
$307.4 i 2963
87.0-% 87.3,1
1739 1737 1739 1739
B. ArF4J" C. Ne[Fs

Figure 7. Ng[F;]™ (Ng = Ne, Ar) minimum structures optimized at the
CCSD(T)/aug-cc-pVTZ level. Species A shows C,, and species B and C
show C symmetry.

mol ™! lower in energy than species A at the CCSD(T) level. In
this case, the Ar[F3]™ species has a Ar—F bond length below
the sum of the van der Waals radii, whereas the Ne[F;]~ bond
distance of 296.3 is beyond the value of 290 pm, indicating the
weak coordination of the Ne atom. These pseudo-T-shaped
structures show a small distortion from C,, symmetry of less
than 3° (Figure 7). Both argon complexes show relatively large
interaction energies for the argon elimination reaction Ar[F3] ™
—[F5]” 4+ Arof 5.6 and 8.5 kJ mol ™" at the CCSD(T) level for
species A and B, respectively. The corresponding elimination
reaction of the Ne[F;]™ complex shows only a negligible
dissociation energy of 2.6 kJ mol~' (ZPE-corrected value 1.0
kJ mol™"). This suggests that neon has almost no influence on
the guest species, whereas argon competes with a coordinated
F, unit in, for example, [Fs] .

Figure 8 shows the potential energy surface scan of the
Ng- - -[F3]” bond distance of the linear and T-shaped struc-
tures, indicating the larger interaction energies of argon
relative to neon. Furthermore, it is shown that MP2 under-
estimates and CCSD and SCS-MP2 overestimate the inter-
action energies of the Ar[F;]” complex in comparison to the
CCSD(T) energy. Note that this trend is not observed for the
Ne[F3]” complex, in which all other methods overestimate
the interaction energy.

One of the main aspects in using noble gas atoms like neon
and argon in matrix-isolation spectroscopy is their weak
interaction with the matrix guest. Nevertheless, these atoms
also have an effect on the vibrational frequency of the guest



Article

A. Ng[F | linear structure

Energy [kJ mol]

25 35 a5 5.5 65 75 85 95
Distance [A]

Inorganic Chemistry, Vol. 49, No. 15,2010 7163

B. Ng[F,] T-shape structure

5 as 55 65 7.5 85
Distance [A]

Figure 8. Scan of the potential energy surface by stepwise elongation (0.1 A per step) of the Ng- - - [F5]~ bond distance of the linear and T-shaped structures
at the CCSD(T), CCSD, MP2, and SCS-MP2 levels (starting from a bond distance of 2.8 A). Ne[F3] ™ and Ar[F;]~ complexes are denoted by red and blue

lines, respectively.

Table 5. Calculation of the Harmonic Frequencies of Ng[F;]™ (Ng = Ne, Ar)
Complexes”

Ne[F3]~ ArfF3]”
(T- (T- ArfF5]™
frequency [F5]™ shaped) shaped) (linear)
2 23.0 17.0 38.1
V) 56.0 65.7 62.1
V3 255.8 254.4 258.9
V4 260.9 258.9 266.7 258.9
Vs 391.0 398.6 400.5 403.3
Ve 550.8 549.8 554.0 550.4
Ve 510.6” 524.7° 524.7¢

“Calculations have been performed by MOLPRO using the FC-
CCSD(T)/aug-cc-pVTZ level. ® Experimental values in neon matrixes.
¢ Experimental values in argon matrixes.

molecule. To consider this effect, we have investigated the in-
fluence of one noble gas atom, neon or argon, on the vibra-
tional modes of the [F5] ™ ion (Table 5). It is shown that the Ne
atom has almost no influence, 1 cm™ ", on the antisymmetric
stretching mode, whereas the Ar atom in the T-shaped struc-
ture shows a shift of 3.2 cm™'. The influence of the Ng atoms
increases for the symmetric stretch mode by 7.6 cm™! for
neon, 9.5 cm™" for the T-shaped complex, and 12.3 cm ™' for
the linear complex (Table 5). We have considered one Ng atom
only in our calculations. In the matrix-isolation experiment, the
guest molecule is surrounded by several host atoms and all of
them have an influence on the observed band. This matrix host
effect is well-known for argon and neon and leads sometimes
even to blue-shifted bands. However, a detailed quantum-
chemical investigation to estimate the whole “vacuum”-to-
“noble gas” shift in such a host environment is out of the scope
of the present study and will be considered elsewhere.

Bonding Analysis

Chemical bonding in hypervalent species like [F3]™ can be
described as a three-center, four-electron bond (3c-4e). In
principle, this can be viewed as a linear combination of atomic
p orbitals that originate from all three F atoms, forming the
hypervalent bond. The linear combination of these orbitals
leads to the formation of three molecular orbitals that describe
the hypervalent bonding. Figure 9 shows these orbitals, in
which the electrons occupy the bonding and nonbonding

F—F—F:|
e o & anti-bonding
- [ @) —”— non-bonding
C@® @ —|— bonding

Figure 9. Linear combination of p orbitals leading to the formation of
three molecular orbitals that describe hypervalent bonding in [F3] ™.

[Fsl’
=0.107
F IFaT Q) 0092
[ — —— \ -0.518
0000  0.000 0574 0148 0574 y~ 0.150

-0.620
Figure 10. NPA at the B3LYP level for the polyfluoride anions.

orbitals. This arrangement indicates that most of the electron
density should be located at the terminal F atoms. Indeed, our
population analysis shows that the most negative natural
population analysis (NPA) charges occur at the terminal
atoms, where the central F atom is slightly positively charged
(Figure 10). Analyzing the [Fs]™ anion, we observe charge
distributions similar to those in [F3]~, with a positive charge on
the central atom (0.150) of the [F5] ™ unit whereas the terminal
atom is negatively charged by —0.515. The atom at the elbow is
computed to be the most negative atom (—0.620), which has
the positively charged F atom (0.092) of the F; ligand situated
adjacent to it. This charge separation is consistent with the
above-mentioned description in terms of a F, molecule co-
ordinated to a [F3] species. Analysis of the F»- - -[F5]” bond-
ing situation using the electron localization function shows
indeed that the main contribution is of ionic character.

Conclusions

We have reported for the first time IR spectra of the
isolated trifluoride anion [F3]~ stabilized under cryogenic
conditions in neon and argon matrixes. These species were
formed during the laser ablation of several metals (Cu, Ag,
Au, Ti, Zr, Sc, and Y) with excess F, in neon and argon
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at 4 K. The isolated trifluoride anion was observed in argon
matrixes at 510.6 cm™ ', whereas IR absorptions at 524.7 cm ™
have been observed in neon matrixes independent of the metal
employed. These bands are below the [M][F5] ™~ ion-pair com-
plex antisymmetric trifluoride stretching frequency of 550 cm ™~
in solid argon, which is the typical relationship for cation—
anion complexes and matrix-isolated anions. Quantum-
chemical calculations up to and including the CCSD(T) level
support the assignment of a free [F3] anion. Attempts to
stabilize this anion as ion-pair complex [N(CH3)4] "[F3]~ were
not successful.'**' Furthermore, it is shown by state-of-the-art
quantum-chemical calculations that [Fs] ™ is indeed a thermo-
chemically stable species and therefore confirms speculation
about a possible [Fs]  signal in the flowing afterglow source of
a mass spectrometry experiment. The species can be described

Riedel et al.

as a [F;] anion with a terminally coordinated F, molecule.
With this experimental observation at hand, F, is shown to be a
possible ligand under cryogenic conditions.
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