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Abstract: Five different pure density functional theory (DFT) and hybrid Hartree—Fock/DFT methods have
been used to search for the molecular structures, thermochemistry, and electron affinities of the bromine
hydrogen fluorides HBrF,/HBrF,~ (n = 2, 4). The basis sets used in this work are of double-¢ plus polarization
guality in conjunction with s- and p-type diffuse functions, labeled as DZP++. Structures with Br—F and
Br—H normal bonds, that is, HBrF,/HBrF,~ with C,, or Cs symmetry and HBrF./HBrF,~ with Csy or Cs
symmetry, are genuine minima. However, unlike the original BrF; and BrFs molecules, the global minima
for HBrF,/HBrF, (n= 2, 4) species are predicted to be complexes, some of which contain hydrogen bonds.
The demise of the hypervalent structures is due to the availability of favorable dissociation products involving
HF, which has a much larger dissociation energy than F,. Similar reasoning suggests that PF,H, SF3H,
SFsH, CIFzH, CIF4H, AsF4H, SeFzH, and SeFsH will all be hydrogen bond structures incorporating diatomic
HF. The most reasonable theoretical values of the adiabatic electron affinities (EAaq) are 3.69 (HBrF,) and
4.38 eV (HBrF,4) with the BHLYP method. These electron affinities are comparable to those of the analogous
molecules: Br.F,, CIBrF, and BrF,;; systems. The first F-atom dissociation energies for the neutral global
minima are 60 (HBrF;) and 49 kcal/mol (HBrF,) with the B3LYP method. The first H-atom dissociation
energies for the same systems are 109 (HBrF) and 116 kcal/mol (HBrF,4). The large Br—H bond energies
are not sufficient to render the hypervalent structures energetically tenable. The dissociation energies for
the complexes to their fragments are relatively small.

Introduction example, CIBrigand Brk.2%In a recent comprehensive review
Rienstra-Kiracofe et af showed that that several DFT methods
appear to give reliable predictions of the structures and ener-
getics of such systems. Because the stable closed-shell BrF,
'BrFs, and Brks species have been prepared and thoroughly
studied!?~13their mono-hydrogen substituted species are natural
candidates for stability and playing a related role in chemistry.
In addition to the well-known hydrobromic acid HBr, it is of
interest to explore the potentially hypervalent compounds HBrF

The interhalogen compounds play a key role in organic syn-
thesis and stratosphere chemistry.Thus, theoretical interest
in the interhalogens comes as no surprise. The diatomics BrF
BrCl, and Brl have been studied with many body perturbation
theory methods (to the 4th order) by Kucharski et ahd by
Sadlej’ However, the previous studies of these molecules have
been devoted mainly to the binary compounds, partly because.

the highly reliable convergent quantum mechanical methods are_ g HBrR. To our knowledge, no previous studies for these

difficult to apply to larger molecules with current computational ternary hydrogen and halogen compounds have been reported.
resources. The development of methods based on density
In the present study, we consider the hydrogen bromine

functional theory (DFT) in recent years has allowed DFT . - ) A
methods to be applied to larger interhalogen molecules, for fluorides HBrk and HBrk and their anions with five selected
DFT methods and investigate their properties, including geom-
* Beijing Institute of Technology. etries of different isomers, dissociation energies, and electron

* University of Georgia. affinities (EA).
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Theoretical Methods

Five different DFT or hybrid Hatree-Fock/DFT methods were used

Table 1. ZPVEs within the Harmonic Approximation for the HBrF,/
HBrF,~ and HBrF4/ HBrF,~ Systems with DZP++ DFT Methods,
in kcal/mol

in this study: (1) BHLYP, which is Becke’s half and half HF/DFT

hybrid exchange functional (BM)combined with the Lee, Yang, and
Parret correlation functional (LYP; (2) B3P86, Becke's three-
parameter function{B3) plus Perdew’s correlation functioha{P86);
(3) B3LYP, B3 combined with LYP; (4) BP86, incorporation of the
Becke's 1988 exchange functional {B)vith P86; and (5) BLYP, which
employs B along with LYP.

As in previous DFT studie%?'9standard doublé&-plus polarization
basis sets were used, augmented wihdp diffuse functions, denoted
DZP++. The basis set for bromine was composed of Ahlrichs’ standard
double£? plus a set ofi-type polarization functionsof(Br) = 0.389F°
and adding diffuse functionsf(Br) = 0.0469] and ¢,(Br) = 0.0465].

The DZPt++ basis sets for fluorine and hydrogen in this paper were
composed of the standard Huzinage@unning*?? double¢ sets plus
polarization functionsdq(F) = 1.00, 0,,(H) = 0.75], augmented with
one set of diffuse functionsof(F) = 0.1049,a,(F) = 0.0826, and
os(H) 0.04415]. The final contracted basis is designated
Br(15s12p6d/9s7p3d), F(10s6pld/5s3pld), and H(5s1p/3sip). All
computations were carried out using the Gaussian 98 prograni®suite
in Beijing. The fine integration grid (99 590) was applied.

The geometries were optimized independently with each of the five
DFT methods. Vibrational frequency analyses were carried out at each
level, to assess the nature of the stationary points and to obtain zero
point vibrational energies (ZPVE). It is found that the ZPVE corrections

compound BHLYP B3P86 B3LYP BP86 BLYP

2na(A’, Cy 7.88 7.71 7.55 7.44 7.29
2nb (*A’, Cy) 8.44 8.14 8.05 7.79 7.72
2nc (1=, Cay) 7.44 7.17 7.07 6.85 6.76
2nd (1=, Cu) 8.00 7.57 7.52 7.14 7.11
2ne(*A’, Cy a 7.65 7.50 7.37 7.25
2nf (Ay, Ca) 7.81 7.41 7.29 6.96 6.83
2ng (*A', Co 7.97 7.53 7.37 7.00 6.84
2aa(?A’, Cy 8.20 7.93 7.83 7.53 7.44
2ab 25+, Cuy) 7.94 7.54 7.45 6.98 6.91
2aq?A’, Cy 7.96 7.59 7.53 7.18 7.13
2ad (2=*, Cuy) 7.60 7.22 7.16 6.77 6.72
2ae(?B, Cz) 5.45 4.98 487 465 452
2af (%A1, Ca,) 2.40 2.66 2.53 2.65 2.50
4na('A’, Cy 1171 1130  11.05 1074  10.50
4nb (1A, Cy) 11.75  11.26  11.06  10.61  10.40
4nc (1A', C) 10.75 1022 1008  10.01 9.84
4nd (fA, CJ) 10.25  10.00 9.80  10.05 9.81
4ne(*Ay, Ca) 12.42 1163 1140 1073  10.49
anf (1A', C9 1223  11.39  11.13 1041  10.14
4aa(?A’, Cy 1080  10.31  10.15 9.66 9.53
4ab (1A, Cy) 10.62 1030  10.14 9.78 9.64
dac(A’, Cy) b 9.78 9.58 9.29 9.12
4ad (1A, Cy) 1029  10.09 9.95 9.51 9.38
4ae(’A’, Cy) 10.29 9.99 9.85 9.37 9.24
4af (°A', Cy) 9.39 8.93 8.72 8.06 ¢

for EAaq are quite small (Table 1). The vibrational frequencies and
infrared intensities for the different global minima are reported as
Supporting Information.

Three forms of the neutralanion energy separations are determined
as differences in total energies: The adiabatic electron affinities are
determined by

EAad = E(optimized neutral) E(optimized anion)
the vertical electron affinities by

EA

vert — E(optimized neutral) E(anion at optimized neutral geometry)

and the vertical detachment energies (VDESs) by

VDE = E(neutral at optimized anion geometry) E(optimized anion)

aStructure2ne is not a stationary point with the BHLYP method.
b Structure 4ac with the BHLYP method is identical to that ofaa
¢ Structuredaf with the BLYP method collapses #ae

are listed in Table 2. The global minimum structure of BrF
has long been known to be T-shapg@dihe mono-hydrogen
analogue has two possible formsCa structure with the central

fluorine atom replaced by a hydrogen atom an@satructure
with the terminal fluorine atom replaced. Indeed, we found two

corresponding minimaznf and 2ng analogous to the hyper-

valent Brk. They have normal BfH and Br—F bond distances.

The five methods predict th€,, structure 2nf) in its 1A;
electronic state to be similar to that for BrffThe B—F bond
distances ir2nf are slightly (by about 0.05 A) longer than those

The dissociation energies for these systems have also been predicted®f BrFs, while the DHBrF bond angles are smaller than the

Results and Discussions

1. HBrF,/HBrF ;. The optimized equilibrium geometries for
HBrF, are shown in Figure 226a—2ng). Their relative energies

(14) The BHandHLYP method implemented in the Gaussian programs has the
formula, 0.5*Ex(LSDA)+ 0.5*Ex(HF) + 0.5*Delta-Ex(B88)+ Ec(LYP),
which is not precisely the formulation proposed by A. D. Becke in his
paper,J. Chem. Phys1993 98, 1372-1377.

(15) Lee, C.; Yang, W.; Parr, R. ®hys. Re. B 1988 37, 785-789.

(16) Becke, A. DJ. Chem. Phys1993 98,5648-5652.

(17) Perdew. J. PPhys. Re. B 1986 33, 8822-8824;34, 7406-7406.

(18) Becke, A. D.Phys. Re. A 1988 38, 3098-3100.

(19) Van Huis, T. J.; Galbraith, J. M.; Schaefer, H.Nfol. Phys.1996 89,
607-631.

(20) Schiger, A.; Horn, H.; Ahlrichs, RJ. Chem. Physl992 97, 2571-2577.

(21) Huzinaga, SJ. Chem. Physl965 42, 1293-1302.

(22) Dunning, T. HJ. Chem. Phys197Q 53, 2823-2833.

(23) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb, M.
A.; Cheeseman, J. R.; Zakrzewski, V. G.; Montgomery, J. A., Jr.; Stratmann,
R. E.; Burant, J. C.; Dapprich, S.; Millam, J. M.; Daniels, A. D.; Kudin,
K. N.; Strain, M. C.; Farkas, O.; Tomasi, J.; Barone, V.; Cossi, M.; Cammi,
R.; Mennucci, B.; Pomelli, C.; Adamo, C.; Clifford, S.; Ochterski, J.;
Petersson, G. A.; Ayala, P. Y.; Cui, Q.; Morokuma, K.; Malick, D. K.;
Rabuck, A. D.; Raghavachari, K.; Foresman, J. B.; Cioslowski, J.; Ortiz,
J. V.; Stefanov, B. B.; Liu, G.; Liashenko, A.; Piskorz, P.; Komaromi, |.;
Gomperts, R.; Martin, R. L.; Fox, D. J.; Keith, T.; Al-Laham, M. A.; Peng,
C. Y.; Nanayakkara, A.; Gonzalez, C.; Challacombe, M.; Gill, P. M. W_;
Johnson, B. G.; Chen, W.; Wong, M. W.; Andres, J. L.; Head-Gordon,
M.; Replogle, E. S.; Pople, J. AGaussian 98revision A.9; Gaussian,
Inc.: Pittsburgh, PA, 1998.

corresponding]FBrF bond angle by 0:92.8°. Compared with

the relatedC,, BrCIF, structure, the BrF bond distances of

HBrF, are slightly longer than those in BrGIfby about 0.02

A), while the OHBrF bond angle is smaller thanCIBrF by

3.3—7.7°. The planar asymmetric&s structure 2ng) with the

1A' electronic state is also predicted to be a minimum. It lies
energetically higher than that @hf by 35 kcal/mol. The H-Br
bond is~0.05 A longer than that i@nf. The F-Br bond lengths

are also longer than the corresponding distances in.BrF
However, neither of these two structures with normatBrand
Br—H bonds is the global minimum, and there are several less
conventional complexes that lie much lower in energy.

We have investgated two linear complexes, the stationary
points FBr--FH (1=, 2nc) and BrF--HF (=", 2nd). They have
much lower energies than the Brkke structures but are
predicted to be second-order stationary points, that is, points
on the potential energy surface at which there are two imaginary
harmonic vibrational frequencies. The doubly degenerate
imaginary vibrational modes lead to bent structures. Structure
2nc collapses t@na (FBr---FH), which is the global minimum,
lying energetically below the corresponding lin@aic structure
by only 0.8 kcal/mol (B3LYP). Zero-point vibrational energies

J. AM. CHEM. SOC. = VOL. 126, NO. 45, 2004 14951
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Figure 1. Optimized structures for the neutral HBrEystems. Bond distances are in angstroms.

Table 2. Relative Energies in eV (or in kcal/mol in parentheses) for the Neutral HBrF, System?

BHLYP B3P86 B3LYP BP86 BLYP

H + BrF; 5.16 (119.0) 4.79 (110.5) 4.71 (108.6) 4.33(99.8) 4.22 (97.4)
F + BrHF (&%) 2.00 (46.2) 2.72 (62.8) 2.59 (59.8) 3.03 (69.8) 2.94 (67.7)
BIF + HF 0.16 (3.7) 0.15 (3.4) 0.15 (3.3) 0.11 (2.5) 0.14 (3.2)
2na 0.00 0.00 0.00 0.00 0.00

2nb 0.00 (0.0) 0.02 (0.5) 0.00 (0.1) 0.04 (0.9) 0.01 (0.2)
2nc 0.02 (0.6) 0.05 (1.1) 0.04 (0.8) 0.07 (1.5) 0.05 (1.2)
2nd 0.02 (0.5) 0.06 (1.4) 0.04 (0.9) 0.08 (1.9) 0.05 (1.2)
2ne b 0.11 (2.5) 0.10 (2.4) 0.11 (2.5) 0.10 (2.3)
2nf 1.87 (43.1) 1.46 (33.7) 1.54 (35.5) 1.22 (28.2) 1.29 (29.7)
2ng 3.50 (80.7) 2.98 (68.7) 3.04 (70.2) 2.63 (60.7) 2.68 (61.9)

aNot corrected with ZPVEP Structure2ne is not a stationary point with the BHLYP method.

do not reverse this qualitative prediction. Struct@ma lies predicted dissociation energy a8hato HF + BrF is 3.3 kcal/
below 2nf and 2ng by 35 and 70 kcal/mol (B3LYP), respec- mol (Table 2). Another bent structugmb (BrF---HF), derived
tively. It seems that complena is favored by the attraction  from 2nd, lies slightly higher than that &na. The nearly linear
of the negatively charged (in a simple picture) F atom (infH nonsymmetrical FH-F shape with a~1.85 A H---F distance
and the positively charged Br atom (inBF). This phenomenon ;"0 - o: xu, W.: Xie, Y. Schaefer, H. B. Phys. Chem. 2004
is analogous to that found for the neutrabBrmolecule?* The 108 3598-3614.

14952 J. AM. CHEM. SOC. = VOL. 126, NO. 45, 2004
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Figure 2. Optimized structures for the anionic HBrFsystems. Bond distances are in angstroms.
Table 3. Relative Energies (in eV or in kcal/mol in parentheses) for the Anionic HBrF,~ System?
BHLYP B3P86 B3LYP BP86 BLYP
H™ + Brk; 8.22 (189.7) 9.01 (207.8) 7.72 (178.0) 7.23 (166.8) 7.22 (166.5)
HF~ + BrF 4.87 (112.4) 4.84 (111.5) 4.82(111.2) 4.72 (108.7) 4.76 (109.8)
H + BrFy~ 4.06 (93.7) 3.89(89.7) 3.84 (88.6) 3.68 (84.9) 3.61(83.3)
F -+ BrHF- 1.49 (34.4) 2.02 (46.7) 2.03 (46.8) 2.32 (53.6) 2.37 (54.7)
HF + BrF- 1.20 (27.7) 1.20 (27.7) 1.18 (27.2) 1.17 (27.0) 1.16 (26.7)
Br + FHF- 0.79 (18.3) 1.01 (23.4) 0.96 (22.2) 1.14 (26.3) 1.08 (24.9)
2aa 0.00 0.00 0.00 0.00 0.00
2ab 0.05 (1.1) 0.08 (1.7) 0.07 (1.6) 0.09 (2.0) 0.09 (1.9)
2ac 0.52 (12.1) 0.49 (11.3) 0.49 (11.4) 0.46 (10.7) 0.47 (10.9)
2ad 0.66 (15.3) 0.63 (14.6) 0.64 (14.7) 0.61 (14.0) 0.62 (14.2)
2ae 3.34 (77.0) 2.97 (68.6) 2.92 (67.4) 2.65 (61.0) 2.58 (59.5)
2af 4.03(92.9) 3.80 (87.6) 3.77 (87.0) 3.55 (81.8) 3.51(81.0)

aNot corrected with ZPVE.

suggests a weak but conventional hydrogen bond between the In summary, three complexe®ra, 2nb, and 2ne) have

two fragments ir2nb. Accordingly, the dissociation energy (to  energies within 3 kcal/mol, while structur@sf and2ng with

HF + BrF) for 2nb is 3.2 kcal/mol (Table 2). normal B—H and BrF bonds have significantly higher
The other plana€s structure FBr--HF (2ne) is predicted to ~ energies than the global minimum, by 35 kcal/mol 2oif and

be a local minimum at four DFT levels (except for BHLYP, 70 kcal/mol for2ng (Table 2).

which predicts dissociation to HF BrF). Structure2ne lies The optimized equilibrium geometries for anionic HBrF

energetically above the global minimum by2.4 kcal/mol are shown in Figure 22@a—2af), and their relative energies

(Table 2). The interaction between the FBr and HF fragments are listed in Table 3. The linear structure with strong hydrogen

in 2ne is weak, with the dissociation energy (to FBr HF) bonding [Br--FHF]~ (2ab) is predicted to be a second-order

being 0.9 kcal/mol (Table 2). stationary point, the doubly degenerate imaginary vibrational

J. AM. CHEM. SOC. = VOL. 126, NO. 45, 2004 14953
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modes leading to the planéx structure [Br--FHF]~ (2ad) in

its 2A’ state with a hydrogen bond. The isolated FHfhion is
known to be relatively stable. Structui2aa is the global
minimum, but it lies only 1.6 kcal/mol belogab (B3LYP,
Table 3). Compared with the analogous neutral struc2oig
structure2aa has a much shorter-H distance than that in
2nb (by ~0.5 A), and the BrF distance oRaais much longer
than that o2nb (by 0.6 A), indicating a stronger hydrogen bond.
Accordingly, the dissociation energy to HFBrF— is ~27 kcal/

density is located in the FBrF vicinity (F is more electronegative
than H and CI), and the highest occupied molecular orbital is
an antibonding orbital. The other HByksomer with normal
Br—H and Br—F bonds iginf (Figure 3). Because an equatorial
F atom was replaced by an H atodnf hasCs symmetry in its

1A" electronic ground state. Compared with 18g, structure
4ne, the Br—H bond length ofdnf is longer by~0.05 A, the
Br—F bond opposite to BrH is longer, and the other three
Br—F bonds are shorter. The energy4oif is higher thardne

mol, which is almost eight times that for the analogous neutral by 26 kcal/mol (Table 3). Similar to HBg-structuregine and

2nb. Another linear structure f=Br---HF]~ (2ad) is also a
second-order stationary point, lying 15 kcal/mol ab2ee. The

modes of the imaginary vibrational frequencies lead to another

planarC; structure 2ac), which is a local minimum lying 11
kcal/mol higher than the global minimum. The linear BiHF
structure2ac could be thought of as a weak hydrogen bonding
situation with the Br:+H distance~2.2 A. Compared with this,
the corresponding neutral structiZee has even weaker inter-
action between the fragments FBr and HF, with the-Bf
distance as long as2.6 A.

4nf are not global minima, and the more stable species are the
HBrF, complexes 4na—4nd).

The global minimum for HBrk is a planar EBrF---HF
structure 4na) with Cs symmetry.4nais a complex of Brg
and HF, connected by arr-#HF hydrogen bond. The energy
of 4nais lower than that ofine by 54 kcal/mol. The F-HF
hydrogen bond distance (1.91 A) is slightly longer than that
for 2nb (1.84 A). TheF---HF angle for4nais 127, much
smaller than the analogous angle2imb, which is nearly linear.
The dissociation energy of the compldra to Bri; + HF is

Like the neutrals, the Br-centered structures have higher about 5.6 kcal/mol (Table 3), which is larger than thatZab.

energies. Th€&,, structure2aeis a transition state (except with
BHLYP, which predicts a minimum). Compared to its neutral
analoguenf, the Br—H bond distance is similar, but its BiF
bonds (2.36 A, BHLYP) are much longer (by-0.5 A).
Following the imaginary frequency modey)leads to structure
2ac. Another Cy, structure fA;, 2af), although with higher
energy, is predicted to be a minimum with two normaHBr
bonds (1.95 A) and a very long+Br distance (2.77 A). When
adding one electron to the neutéaif (Cy,, *A;), there are two
related anionic structurésae(C,,, 2B) and2af (Cy,, 2A1). The
former has long BrF bonds, and the latter has a very long
Br—H bond, indicating that the singly-occupied molecular
orbitals are antibonding orbitals either for the-B¥ bonds (b)
or for the B—H bond (a@). The energy oRaeis higher than
that of 2aa by 67 kcal/mol, while the energy &faf is higher
by 87 kcal/mol. Compared with the energy of the dissociation
limit BrF,~ + H (89 kcal/mol, in Table 3, B3LYP), the energy
of complex2afis only 2 kcal/mol lower (Table 3), and it may
dissociate easily. Because thelR---F bonds are stronger than
the H--Br and F--Br interactions, the Br-centered geometry
should have the higher energy.

Generally, the theoretical bond lengths falls in the order of
BHLYP < B3P86< B3LYP < BP86 < BLYP, like those for

When the Brk fragment rotates by90°, aC; minimum @nb)

is obtained. With a few exceptions, all the internuclear distances
(including the F--H distance) irdnb are slightly shorter than
those ind4na. The OF—H-:-F angle is~17C°. The energy of
4nb is close to that of the global minimurna (within 0.5
kcal/mol, B3LYP). The dissociation energy 4fb to Brk; +

HF is predicted to be 5.1 kcal/mol.

The nonplanar $BrF---FH structure4ncis predicted to be a
minimum (except with the BHLYP and B3P86 methods, which
predict a transition state that eventually collapseértb). The
F---H distance idncis quite long (2.0 A from the pure DFT
methods;~2.7 A from the hybrid methods), and tfigF---HF
angle is quite small{161° from the pure DFT methods;90°
from the hybrid methods, Figure 3). Structutac lies above
the global minimumdnaby 4 kcal/mol.4ncis predicted to lie
below HF + BrF; by only 1.4 kcal/mol (Table 4). Structure
4nd is an unusual complex of the form FB#H---F,. There
appears a weak hydrogen bond betweerHFand F, and a
dipole-induced interaction between FBr and HBiHd could also
be considered as a complex2iia with F,, but with a slightly
longer F—H distance and a shorter B distance. The
geometry differences are dependent on the methods, hybrid or
pure DFT. The energy ofnd is higher than that ofna by 46

the isolated BrF, HF, and HBr molecules. Experience suggestskcal/mol, and this energy is only 4 kcal/mol (hybrid methods)
that the BHLYP structures are the most reliable for these lower than the dissociation limit FB+ FH + F, (Table 4).

interhalogen compounds.

2. HBrF4HBrF 4,~. The global minimum of Brk has Cy,
symmetry!3 with two distinguishable kinds of fluorine atoms
(axial and equatorial), either of which might be substituted by
a hydrogen atom. These two HBrisomers 4neand4nf) were
found, possessing normal BF and Br-H bonds. Structurdne
HBrF, has C4, symmetry {A; state, Figure 3). The BrH

The predicted anionic HBgF structures are shown in Figure
4, and the relative energies are reported in Table 5. The global
minimum for anionic HBri~ has a nonplanaCs structure 4aa).
It may be regarded as a complex obLff---F]~---HF with a
strong F---HF hydrogen bond. Compared with the correspond-
ing neutral structurdnc, the anion has the stronger hydrogen
bond, because of the shorter4H distance (1.47 A), slightly

distances are 1.42 A (axial) and 1.47 A (equatorial), and the longer H-F distance (0.96 A), and nearly linear FHF

Br—F bonds range from 1.75 A (axial) and 1.80 A (equatorial,
4neé) to 1.78 (axial) and 1.85 A (equatoridinf). The DFT BrF
bonds indneare slightly longer than those in Byfby 0.03 A?
Similarly, the Br—F distances in the corresponding CIBrF
structur@ are longer than those in BgFby 0.02 A. This is
understandable because for HB&nd CIBri more electron
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linkage. The dissociation energy to Br—+ HF is more than
20 kcal/mol (Table 5). This large dissociation energy is
consistent with its stability as a global minimum. Structdiabd
has a similar geometry tdaa with a slightly longer H:--F
distance and accordingly a slightly higher4.0 kcal/mol)
energy (except BHLYP, which predicts a shorter-H distance
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Figure 3. Optimized structures for the neutral HBrBystems. Bond distances are in angstroms.
Table 4. Relative Energies in EV (or in kcal/mol in parentheses) for the Neutral HBrF, System?
BHLYP B3P86 B3LYP BPS6 BLYP
H + BrFs 5.50 (126.8) 5.08 (117.1) 5.02 (115.8) 4.59 (105.8) 4.51 (103.9)
HBIF + Fs 3.79 (87.5) 4.89 (112.7) 4.64 (107.0) 5.36 (123.7) 5.17 (119.1)
BrF + HF + F» 1.94 (44.7) 2.29 (52.8) 2.17 (49.9) 2.47 (56.9) 2.37 (54.6)
F + BrHFs 1.71(39.4) 2.33(53.7) 2.14 (49.3) 2.52 (58.1) 2.35(54.2)
F, + HBIF, 1.78 (41.0) 2.14 (49.3) 2.02 (46.6) 2.32 (53.6) 2.23(51.4)
HF + BrFs 0.27 (6.1) 0.24 (5.6) 0.24 (5.6) 0.24 (5.6) 0.24 (5.4)
4na 0.0 0.0 0.0 0.0 0.0
4nb 0.02 (0.4) 0.03 (0.8) 0.02 (0.5) 0.06 (1.4) 0.04 (0.9)
anc 0.18 (4.1) 0.19 (4.4) 0.18 (4.2) 0.20 (4.7) 0.18 (4.1)
4nd 1.73(39.9) 2.11 (48.6) 1.98 (45.6) 1.94 (44.7) 1.81 (41.7)
4ne 2.67 (61.7) 2.24 (51.7) 2.35 (54.2) 2.03 (46.8) 2.13 (49.2)
4nf 3.85(88.7) 3.37 (77.6) 3.49 (80.4) 3.10 (71.5) 3.21 (74.0)

a2 Not corrected with ZPVE.

and a lower energy; see Table 5). The dissociation energy ofkcal/mol, Table 3). A nonplanats structure BBr---HF (4ac
anion 4ab to BrR~ + HF is about 19 kcal/mol, which is  with long Br---H distance is a minimum for all five DFT
comparable with that foRac dissociating to BrF + HF (~17 methods except BHLYP, with which structudacis not close
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Figure 4. Optimized structures for the anionic HBrFsystems. Bond distances are in angstroms.

to the geometries predicted by other methods, but collapses toStructuredaf predicted by the BLYP method is not a stationary

4aa. The energy o#acis higher than that oflaa by 12—13

kcal/mol.

The planarCs stationarydaeis composed of FBrH-+-F)---HF
(Figure 4). The F-HF arrangement idlae suggests a strong
hydrogen bond. The energy d&eis higher that o#aaby 15
kcal/mol (Table 5). Structuréaeis predicted to be a transition

point and collapses téac The anionic HBrE~ structure with
C4, symmetry (not shown in Figure 4) has a very long-Br
distance (3.3 A, BHLYP) and a very high energy90 kcal/
mol abovedaa), so it will not be discussed further.

3. Electron Affinities. The DFT predicted neutralanion
energy separations for HB#fHBrF,~ and HBri/HBrF,~ are

state. The mode of the imaginary frequency leads to a minimum listed in Table 6. The adiabatic electron affinity EAs the

with C; structure 4ad), which is only slightly distorted from

4aeand lies slightly lower in energy thadae (Table 5).

There is no low-lying structure of HBEF analogous to neu-
tral Bris or the Bris~ anion. TheC; structuredaf has geometry
similar to that of the neutradnf but with the all B—F bond
distances longer. Structudaf lies abovedaaby 87 kcal/mol.
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energy difference between tlghobal minima that is,2na —
2aafor HBrF, and4na — 4aafor HBrF,. But we also list in
Table 6 the energy differences between sdowal minima
(neutral and anion). Because of their geometrical similarity, such
as2nf — 2aeor 4nf — 4af, these local electron affinities are
more likely to be observable experimentally.
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Table 5. Relative Energies in eV (or in kcal/mol in parentheses) for the Anionic HBrF,;~ System?

BHLYP B3P86 B3LYP BP86 BLYP
H- + BrF, 9.26 (213.5) 8.72 (201.0) 8.76 (202.0) 8.14 (187.8) 8.25 (190.2)
BIF + HF + F 7.35 (169.5) 7.63 (175.9) 7.58 (174.7) 7.69 (177.3) 7.74 (178.4)
HF~ + BrFs 5.68 (130.9) 5.59 (128.8) 5.65 (130.3) 5.46 (126.1) 5.60 (129.2)
HBIF~ + Fs 3.95 (91.1) 4.81(111.0) 478 (110.1) 5.30 (122.2) 5.34 (123.2)
H + BrF4~ 4.30 (99.1) 4.03 (93.0) 4.02 (92.6) 3.81(87.8) 3.78 (87.1)
BIF~ + HF + F 3.68 (84.8) 3.99 (92.0) 3.93 (90.6) 4.15 (95.6) 4.13 (95.3)
F~ + BrHF; 3.15 (72.7) 3.27 (75.4) 3.18 (73.4) 3.24 (74.6) 3.17 (73.0)
BrF -+ HF + F,~ 2.81 (64.8) 3.19 (73.5) 3.03 (69.8) 3.32(76.6) 3.18 (73.3)
F,~ + HBIF, 2.65 (61.1) 3.04 (70.1) 2.88 (66.5) 3.18 (73.3) 3.04 (70.1)
F2+ HBrFy~ 2.47 (57.0) 2.79 (64.4) 2.75 (63.4) 2.97 (68.6) 2.97 (68.6)
FHF~ + BrF, 1.34(30.8) 1.58 (31.7) 1.36 (31.3) 1.36 (31.5) 1.35 (31.1)
F+ BrHFs 0.48 (11.1) 1.24 (28.7) 1.19 (27.5) 1.70 (39.3) 1.68 (38.8)
HF + BrFs 0.87 (20.0) 0.95 (21.9) 0.93 (21.3) 0.97 (22.5) 0.96 (22.0)
4aa 0.0 0.0 0.0 0.0 0.0
4ab —0.04 (-0.9) 0.10 (2.2) 0.08 (1.8) 0.17 (4.0) 0.16 (3.6)
4ac 0.00 0.54 (12.4) 0.53 (12.2) 0.57 (13.2) 0.57 (13.1)
4ad 0.31(6.3) 0.75 (17.1) 0.66 (15.2) 0.83(19.3) 0.77 (17.6)
4ae 0.31(6.3) 0.75 (17.2) 0.66 (15.3) 0.84 (19.5) 0.78 (17.8)
4af 4.11(94.7) 3.77 (86.9) 3.77 (86.9) 3.44 (79.5) b

aNot corrected with ZPVEP Collapsed to4ac at BLYP.

Table 6. Adiabatic Electron Affinities EAag and EAaqzeve) (With and without ZPVE corrections), Vertical Electron Affinities (EAver) for the
Neutral HBrF, and HBrF, Species, and VDEs for the Anionic HBrF,~ and HBrF,~ Species in eV (or in kcal/mol in parentheses) Predicted by
Five DFT Methods with DZP++ Basis Sets

compound method EAx EAuizeve) EAen VDE
2na—2aa BHLYP 3.69 (85.0) 3.67 (84.7) 0.51 (11.7) 5.72 (132.0)
(*A'—2A" B3P86 4.34 (102.2) 4.42 (102.0) 1.34 (30.9) 6.11 (141.0)
B3LYP 3.86 (89.0) 3.85(88.8) 0.97 (22.3) 5.62 (129.6)
BP86 3.91(90.2) 3.91(90.1) 1.13(26.1) 5.38 (124.0)
BLYP 3.77 (86.8) 3.76 (86.7) 1.10 (25.3) 5.24 (120.9)
4na—4aa BHLYP 4.38 (101.8) 4.45 (102.7) 1.79 (41.3) 6.62 (152.7)
(A'—2A") B3P86 4.96 (114.2) 5.00 (115.2) 2.56 (59.0) 6.80 (156.7)
B3LYP 4.49 (105.7) 4.62 (106.6) 2.20 (50.8) 6.37 (146.8)
BP86 4.48 (103.5) 4.54 (104.6) 2.28 (52.6) 5.89 (135.8)
BLYP 4.49 (103.5) 4.53 (104.5) 2.30 (53.1) 5.81 (134.0)
compound method local EA local EAzpve) EAven VDE
2nb—2aa BHLYP 3.69 (85.0) 3.70 (85.2) 1.83(42.2) 5.72 (132.0)
(*A'—2A") B3P86 4.32 (99.7) 4.33(99.9) 2.60 (59.9) 6.11 (141.0)
B3LYP 3.86 (89.0) 3.87(89.2) 2.15 (49.5) 5.62 (129.6)
BP86 3.87 (89.3) 3.88 (89.6) 2.26 (52.2) 5.38 (124.0)
BLYP 3.76 (86.6) 3.77 (86.9) 2.16 (49.9) 5.24 (120.9)
2nf—2ae BHLYP 2.22(51.2) 2.30 (53.1) —0.52 (-12.1) 4.92 (113.4)
(*A1—2B>) B3P86 2.79 (64.3) 2.89 (66.7) 0.31(7.1) 5.26 (121.5)
B3LYP 2.47 (57.0) 2.58 (59.4) 0.02 (0.4) 491 (113.2)
BP86 2.41 (55.6) 2.51(57.9) —0.34 (-7.8) 4.72 (108.8)
BLYP 2.45 (56.7) 2.55 (59.0) —0.01 (-0.3) 4.72 (108.8)
4na—4ab BHLYP 4.42 (102.0) 4.47 (103.1) 1.79 (41.3) 6.83 (157.6)
(*A'—2A) B3P86 4.86 (112.0) 4.90 (113.0) 2.56 (59.0) 6.67 (153.8)
B3LYP 4.51 (103.9) 4.55 (104.8) 2.20(50.8) 6.28 (144.9)
BP86 4.32 (99.5) 4.36 (100.5) 2.28 (52.6) 6.08 (140.1)
BLYP 4.33(99.9) 4.37 (100.8) 2.30 (53.1) 5.70 (131.3)
Anf—4af BHLYP 4.13 (95.1) 4.25 (98.0) 1.73 (39.8) 6.88 (158.6)
(*A'—2A") B3P86 4.55 (105.0) 4.66 (107.4) 2.64 (60.8) 6.46 (149.1)
B3LYP 4.30 (99.2) 4.41 (101.6) 2.40 (55.4) 6.16 (142.2)
BP86 4.14 (95.5) 4.24 (97.9) 2.55 (58.8) 5.65 (130.4)
BLYP?2

a At the BLYP level, structurelaf collapses tatac

Among the five DFT methods, B3P86 spuriously predicts studies, but we can compare the present results with the re-
EAaq values significantly higher, while the other four methods lated molecules CIBHK; BroF,, and Brk+;. From Table 7, we
predict electron affinities in reasonable agreement with each can see that the electron affinities of these related molecules
other. Previous studig&'®have shown that the BHLYP method are comparable, with the trend EfHBIF,) < EA,(BrFs) <
appears to be the best in the predictions of the electron affinitiesEA,(Br.F2) ~ EAa(CIBrF;) and EA(BIrFs) < EAa(HBIrF,)
of the interhalogens. With the BHLYP method, the fAor < EAadBroFs) < EAa(CIBrF,). This is quite understandable
HBrF is 3.69 eV and that for HBrfHs 4.38 eV (Table 6). After because the electron affinities of these elements fall in the order
ZPVE correction, the Efyzrve)values are 3.67 and 4.45 eV, H < F~ Br < Cl,?>with the latter three halogens having rather
respectively. There are no experimental or previous theoretical similar electron affinities. All the predicted electron affinities
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(Ta_l#]e 7i nggrélrisontpf the Ag/i)elb?&cBEII:eC(tron /gﬁT)itie_?hEé\adF dissociation energies in reasonable agreement with each other,
withou orrection, In e (0] r n=2, wi rakn, .
BrCIF,, and BrF, with the DZP+-+ BHLYP Methoda g although the pure DFT methods (BP86 and BLYP) yield
- oy o somewhat largeD, values than the hybrid methods (B3P86
HBFY B BreiFy ot and B3LYP). There are no experimental results for comparison,
2 3.69 4.35 4.35 3.77 but the B3LYP prediction may be considered the most depend-
4 4.38 4.49 5.25 4.24 61 ' . o
able® It is seen that the first dissociation energy for the neutral
aReference 24 Reference 8¢ Reference 9. HBrF, and HBrFK species are significantly high, for example,

De¢(BrHF—F) = 60 kcal/mol andD¢(BrF,—H) = 109 kcal/mol

are substantial, suggesting that these anion complexesHBrF (B3LYP) for 2na and De(BrHF;—F) = 49 kcal/mol and
and HBrl~ may exist in the laboratory. _ De(BrFs—H) = 116 kcal/mol for4na (Table 8). These large

The local electron affinity value fonb — 2aais almost  yalues (especially for dissociation to a hydrogen atom) indicate
the same as the global electron affinity, because the energy ofthat the HBr; and HBrR, species are thermodynamically stable
2nbis close to that oPna. The local electron affinity foAna —ith respect to fluorine atom or hydrogen atom dissociation.
— 4abdisplays a similar situation. The local electron affinities Eqor the anionic species, the dissociation energies are also
for 2nf ~— 2aeand4nf - 4af refer to the neutral and anionic  sjgnificantly high. The pathways to HBfE, + F~ have higher
structures with all normal BfF and Br-H bonds, instead of  parriers than the routes to HBfR~ + F, while the differences

the lower energy complexes. The local electron affinityZof between the pathways to Brf- H- and the route to BrfF +
— 2ae(2.22 eV, BHLYP) is smaller than Ef (2na— 2aa), H are even larger (Table 8).
while the local electron affinity fordnf <— 4af (4.13 eV,
BHLYP) is close to EAq4 (4na <~ 4aa). Conclusions
The vertical electron affinities (EAr) and VDE are also listed . )
in Table 6. It is seen that the E& and VDE values for HBIE In the present paper, novel stationary points for the HBrF

HBrF,~ and HBrR/HBrF,~ systems have been reported. These
structures provide a qualitative view of the potential energy
4. Dissociation EnergiesThe dissociation energies for the ~NYPersurfaces for these species. Perhaps surprisingly, the global
HBIF/HBIF,~ complexes to their fragments have already been Minima of the HBriyHBrF,~ (n = 2, 4) systems are not similar
discussed. In this section, we will pay attention to the first t© BrFs and Brks, which possess all normal B chemical

fluorine and first hydrogen dissociation energies. For the neutral Ponds. The global minima for HBRFHBrF,~ are complexes,
species, the first dissociation energies refer to the reactions 2nd some of these equilibrium structures contain hydrogen
bonds. Like many interhalogen compounds, most predicted

HBrF,— HBrF,_, +F or HBrk,—BrF,+H geometries exhibit perpendicular or linear bond angles. This
may be rationalized in terms of simple (indeed naiveldsp
For the anions, the first dissociation energies refer to two hybridization or spd® hybridization models for the Br atomic
different reactions. One involves release of a neutral F or H orbitals24 The valence shell electron pair repulsion also does a
atom: good job, certainly for the closed-shell neutrals.

The DFT theoretical predictions of the adiabatic electron
affinities (EAyg) are 3.69 (HBrE) and 4.38 eV (HBrk) with
the BHLYP method. These large electron affinities suggest
that the anionic species might be observable in the laboratory.
No experimental electron affinity values are available so far,
HBrF,” — HBIF,_, +F or HBrF, —BrF, +H" but the electron affinity values for the HBrFspecies are
comparable with those for the B+, CIBrF, and Brk; systems
The predicted dissociation energies are presented in Table g(Table 7).
As pointed out in previous studi€8;1°24the BHLYP results While the dissociation energies for the complexes to their
are least reliable for dissociation energies and will not be fragments are small, the first F or H dissociation energies for
discussed hereafter. The other DFT methods predict first the HBrR/HBrF,~ and HBrR/HBrF,~ global minima are quite

and HBrF are quite different because of the significant
differences between the neutral and anionic geometries.

HBrF, —HBrF,_, +F or HBrF, —BrF, +H

The second dissociation process involves release arfFH™
anion:

Table 8. Dissociation Energies in eV (or in kcal/mol in parentheses) for the HBrF,/ HBrF,~ (n = 2, 4) Systems?

BHLYP B3P86 B3LYP BP86 BLYP
HBIF; (2na) — BrHF ¢=+) + F 2.00 (46.2) 2.72 (62.8) 2.59 (59.8) 3.03 (69.8) 2.94 (67.7)
HBIF (2na) — BrF, (A1) + H 5.16 (119.0) 4.79 (110.5) 4.71(108.6) 4.33(99.8) 4.22(97.4)
HBIF4 (4na) — BrHF; (2A") + F 1.71(39.4) 2.33(53.7) 2.14 (49.3) 2.52 (58.1) 2.35 (54.2)
HBIF4 (4na) — BrFs (A7) + H 5.50 (126.8) 5.08 (117.1) 5.02 (115.8) 4.59 (105.8) 4,51 (103.9)
HBIF,~ (2ag) — BrHF- (i) + F 1.49 (34.4) 2.02 (46.7) 2.03 (46.8) 2.32 (53.6) 2.37 (54.7)
HBIF,~ (2ag) — BrHF =) + F- 2.75 (63.4) 3.01 (69.5) 2.90 (66.9) 3.10 (71.5) 3.01 (69.4)
HBIF,~ (2ag) — BrFy~ (i) + H 4.06 (93.7) 3.89 (89.7) 3.84 (88.6) 3.68 (84.9) 3.61(83.3)
HBIF,~ (2ag)— BrF; (A1) + H- 8.22 (189.7) 9.01 (207.8) 7.72 (178.0) 7.23 (166.8) 7.22 (166.5)
HBIF4~ (4ad) — BrHFs~ (fA") + F 0.48 (11.1) 1.24 (28.7) 1.19 (27.5) 1.70 (39.3) 1.68 (38.8)
HBIF4~ (4aa) — BrHF; (CA) + F- 3.15 (72.7) 3.27 (75.4) 3.18 (73.4) 3.24 (74.6) 3.17 (73.0)
HBIF4~ (4ag) — BrFs~ (1A;) + H 4.30 (99.1) 4.03 (93.0) 4.02(92.6) 3.81(87.8) 3.78 (87.1)
HBIF4~ (4ag) — BrFy (2A7) + H- 9.26 (213.5) 8.72 (201.0) 8.76 (202.0) 8.14 (187.8) 8.25 (190.2)

a2 Not corrected with ZPVE.
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large. The first H atom dissociation energies are even larger That is, these interhalogens form isolable salts with cations and
than the first F atom dissociation energies. For the anions, theanions of the same formula, in the current case BffFor —).
dissociation pathways to release an (®r an H) anion have Thus, it would be of interest to consider analogous cationic
higher barriers than the pathways to release a neutral F (or H)systems such as BsF and HBrk" in the future.
atom. ,

The primary result of this research is that hypervalency is Acknowledgment. This research was supported by the
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BrFs---HF are the true global minima. In comparison with the Science Foundation, Grant CHE-0136186.

hypervalent Brgand Brfs molecules, the problem is clear. The  g,5n0rting Information Available:  The vibrational frequen-
energetic drive toward HF complexes arises from the fact that ¢jes and infrared intensities for the different global minima. This

the HF dissociation energy (135 kcal/nils so much greater  material is available free of charge via the Internet at
than that for i (37 kcal/mol)?® From similar arguments, we  pyn:/jpubs.acs.org.

anticipate that the global minima of i, SRH, SKH, CIFH,
CIF4H, AskH, SekH, and SeBH will all be complexes of HF.
Finally, it should be noted that many interhalogen molecules
are “hermaphroditic”, to use the description of Liebman &t al.
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