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Boron Dibromide and Boron Diiodide Ground State Neutral and Cation. Use of Effective
Core Potentials Combined withab Initio and Density Functional Theory
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All-electron and effective core potential (ECP) calculations have been performed on boron dibromide and its
cation. These calculations have allowed the determination of a reliable ECP method, which was subsequently
used to perform calculations on boron diiodide and its cation. Density functional calculations were then
performed using ECPs: this combined approach was found to be an inexpensive way of obtaining reliable
results. The results of these methods were then used to calculate ionization energies of these species. The
adiabatic ionization energy of each species is calculated to be 6.95 eV) @Rl 6.61 eV (BJ) using ECP

methods. For BBrthe adiabatic energy was also calculated using all-electron methods, which showed that
the ECP methods were reliable. The expected appearance of the photoelectron spectra of these species is
briefly discussed.

I. Introduction The present work follows on from a similar study on BCI
o o ) ) where the geometries and vibrational frequencies were calculated
BBr, was first identified in argon matrices by Miller and using ab initio method$ Additionally, in that work, the
Andrews by radiolysis and ultraviolet photolysis of BBrTwo ionization energy of BGlwas calculated at the G2 level of
main infrared absorptions were observed'f@Br,: one at597  theory, and calculations were performed to obtain a qualitative
cmt and one at 833 cm, the former was assigned to the totally picture of the excited states of both BGind BCE*. In the
symmetric stretchvy mode and the latter to the antisymmetric present work, owing to the number of electrons in the title
stretchvs mode. Isotopic absorptions _allowed a_lower_ bound species, especially Band Bb*, effective core potentials (ECPS)
on the bond angle of 116 5° to be derived; consideration of  are employed; however, these are first checked for reliability
other similar molecules allowed a further estimate of #25° by performing all-electron calculations on BBrso that a
to be made. Some time later, Moroz and Swéasyserved  comparison with the ECP calculations can be made. Addition-
BBr, in argon matrices by photolysis of B#H, mixtures. A a|ly, since, even with ECPs, methods such as CCSD(T) become
band at 833 cm' was also observed, similar to that seen by very expensive, the combination of density functional theory
Miller and Andrews} and a weak band at 551 clpwhichwas  and effective core potentials was used. The ionization energies
aSSigned to the SymmetriC stretch. The band seen at 5937 cm of BBr2 and Bb were also calculated: there appear to be no

by Miller and Andrews was also seen by Moroz and Sweany, reported values, measured or estimated, for these two species
but assigned to HBBr BBr, was also observed by Hassanzadeh in the literature.

and Andrew3in argon matrices in the reaction of halogens with

laser-ablated boron. In the latter work, only the 8337€m || Theoretical Details

vibration of 1'BBr, was observed. The JANAF tabfesontain

estimated geometric parameters, with a bond angle of 120  For the all-electron calculations on BBthe 6-311G* basis
(taken as being the same as the tribromide) and a bond lengthset was used as the basic basis set, and further calculations were
of 1.87 A (taken to be in between the bond lengths of BBr and performed with the 6-31£G* basis sef.® These calculations

BBrs). Vibrational frequencies were also estimétbyg taking employed Mgller-Plesset perturbation thedro second order
the force constants of BBito be the same as those of BBr ~ (MP2). Density functional theory, in the form of BLYP and
this gave values of 600, 150, and 830 ¢nfor v1, v,, andvs, B3LYP calculations, were also performed employing the two

respectively. Finally, dispersed fluorescence spectra originatingbasis sets mentioned above and also the 6+&(Bdf) basis
from the photoionization of BBrusing synchrotron radiation ~ set. The BLYP method employs the Becke exchange func-
were assignetto transitions to the ground electronic state of tional®together with the Lee, Yang, and Parr (LYP) correlation
BBr.. In principle, dispersed fluorescence spectra give informa- functional’* The B3LYP methotf uses a hybrid functional,
tion on the vibrational frequencies of the lower electronic state; Which includes some Hartred=ock exchange energy.
however, the spectra obtained in ref 5 were broad and unresolved For the effective core potential (ECP) calculations on BBr
and therefore no vibrational information could be obtained. In the LANL2DZ basis set was used, which, for second-row
that work, a broad emission was also attributed to BBr elements and above, is of douldequality for the valence
Bl, was observed by Hassanzadeh and Andfevesn the shell$3—note that the LANL2DZ acronym implies the used of
reaction of p with laser-ablated boron atoms. Infrared absorp- the Dunning doublé: (D95) basis sét on the first-row
tions were observed in the range 7385.5 cnt and assigned ~ elements. To this were added diffuse (sp) (denoted Y

to the asymmetric stretch vibratios. Isotopic data allowed a ~ @nd d polarization functions. For boron, the first sp function
lower limit of the bond angle of 105 6° to be obtained. was the standard function from a 6-BG* basis set, while the

second set had an exponent of 0.01; use of a set of two diffuse
T - sp functions on each atom is denoted Byt+'. The sets of d,
E-mail: epl@soton.ac.uk. . ok
+E-mail: tgw@soton.ac.uk. 2d, 3(_1, and f fu.nctllons also came frpm a standard sotreer
® Abstract published ifAdvance ACS Abstract&ebruary 1, 1997. bromine and iodine, the most diffuse sp function had an
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TABLE 1: Calculated Geometries and Vibrational TABLE 2: Calculated Geometries and Vibrational
Frequencies of BBp Frequencies of BBp™
level RIA  6/deg vi/lem™ volem™t vylomt level RIA  6/deg vi/cm™ vilem™t vylem?

MP2/6-311G 1.9186 128.3 527.1 183.8 8315 MP2/6-311G 1.7820 180 323.4 200.6 1231.9
MP2/6-311G* 1.8861 126.4 577.7 182.1 879.9 MP2/6-311G* 1.7673 180 3454 276.1 1293.6
MP2/6-31H-G* 1.8861 126.4 575.5 182.3 879.1 MP2/6-31H-G* 1.7682 180 345.0 2715 12914
BLYP/6-311G* 1.9149 126.5 523.1 169.8 786.4 BLYP/6-311G* 1.7842 180 3225 261.7 1219.4
B3LYP/6-311G* 1.8982 126.6 543.5 1754 824.4 B3LYP/6-311G* 1.7717 180 332.7 271.0 1252.3
B3LYP/6-31H-G* 1.8974 126.6 541.4 1753 825.4 B3LYP/6-31H-G* 1.7717 180 332.7 268.7 1252.3
B3LYP/6-31H-G(3df) 1.8905 126.9 537.7 175.1 827.3 B3LYP/6-31H-G(3df) 1.7682 180 332.0 273.8 1246.9
MP2/LANL2DZ 1.9550 127.6 507.1 170.5 794.7 MP2/LANL2DZ 1.8072 180 314.3 279.0 1212.8
MP2/LANL2DZ+(d) 1.8952 126.6 573.2 180.8 879.7 MP2/LANL2DZ+(d) 1.7761 180 344.2 277.1 1285.6

MP2/LANL2DZ+(2d) 1.8968 127.0 554.7 176.2 858.1 MP2/LANL2DZ+(2d) 1.7823 180 327.5 2714 12314
MP2/LANL2DZ++(2d)  1.8965 127.0 553.5 176.2 858.0 MP2/LANL2DZ++(2d) 1.7788 180 337.6 2859 12519
B3LYP/LANL2DZ+(2d) 1.9058 126.7 530.6 169.5 823.8 B3LYP/LANL2DZ+(2d) 1.7825 180 327.4 271.6 1230.9
B3LYP/LANL2D++(2d) 1.9055 126.7 529.7 169.6 823.9 B3LYP/LANL2DZ++(2d) 1.7822 180 327.8 272.6 12314
CCSD(T)/LANL2DZ+(2d) 1.9068 127.3 538.3 1725 839.6 CCSD(T)/LANL2DZ+(2d) 1.7872 180 328.2 281.1 1220.6

has an experimental fundamental frequency of 551 c(ref
2); the agreement is not quite so good, although reasonable.
The good behavior of the B3LYP method, with relatively large
fbasis sets, has been noted previously by Bauschlicher and
Partridg@! and Martinet al22

Turning now to the ECP results, it can be seen that these all

exponent of 0.027, which was a factor of 5 smaller than the
lowest p function exponent in the LANL2DZ basis -sttis

choice follows that of Chattaray and Schley&nvhen two

diffuse functions were used, the second had an exponent o
0.0055, one-fifth of the 0.027 diffuse functions. The d and f
functions for bromine and iodine are taken from Schwerdtfeger . .
et all” and Glukhovtsewet al and the exponents were as predict sllghtly longer bond Iength_s than the_ all-electron
follows: for bromine 1d (0.389)2d (0.8, 0.2), a3 d (0.13, ~ Methods, with the bond angle being very slightly larger
0.39, 1.17) 1 f (0.59): for iodine: 1 d (0.266R d (0.2, 0.5), 3 (although, with the different b§S|s sets used, it is difficult to
d (0.133, 0.266, 0.532), dnl f (0.434). In addition to MP2 compare these (_Jllrectly). As with the _aII-eIectro_n methods, the
and BBL’YP callculation’s using ECP basis sets, CCSI(T) diffuse sp functions seem to be having very little effect, but

calculations were also employed using some of these ECP basiéhe. d polarization functions are very Important for optammg
sets, reliable results. It appears that the addition of one diffuse sp

All calculations employed th&aussian 94suite of pro- \?v?tthatrﬁlde ?Ositfzg?;'or:; ?J}E?\‘gf’;ﬁ“?:’tl:ngsuﬁ;g gﬁ dolétéall-r\\{e;i,
grams?® Note that, in the MP2 and CCSD(T) calculations, the > SP S€t being p e
L calculations with this LANL2DZA-(2d) basis set showed reason-
frozen core approximation was used. For the open-shell, neutral . . . .
. . - . . able agreement with experiment, with the MP2 method giving
species, unrestricted wave functions were used; however, in all

. . - very good agreement for, but notvs, andvice versafor the
<
g?nsgls[SZDwas =0.76, showing that spin contamination was B3LYP method. A calculation using this basis set at the CCSD-

(T) level gave slightly better agreement with experiment when
both vibrational modes were considered. Comparison with the

lll.Resuits and Discussion approximate values from the JANAF tabléside supra shows

(a) Geometries and Vibrational Frequencies. Boron Di- that these were fairly accurate estimates.
bromide Neutral and CatianThe results from the various levels The results for the cation are shown in Table 2, and in all
of calculation for BBg are given in Table 1. In all cases the cases the equilibrium geometry is linear (which was assumed
calculated equilibrium bond angle is greater than°120would in most cases, but is confirmed by the three real frequencies).
be expected, owing to the lessened repulsive interactionsAgain the addition of d polarization functions to the basis set
between the halide atoms in BXholeculesys BX3 molecules; is important, with the addition of sp diffuse function being very
the angle is similarly greater than 120or BCl,.® The much less so. The MP2 frequencies are again significantly

all-electron calculations at the MP2 level indicate that the diffuse different from the B3LYP values, and if the neutral results are
function is not very important in the determination of the indicative, the B3LYP results will be the most reliable. The
molecular geometry nor the vibrational frequencies. On the B3LYP/6-31H-G(3df) results are in excellent agreement with
other hand, going from 6-311G to 6-311G* shows that the the CCSD(T) calculation with the LANL2DZ(2d) basis set.
addition of polarization functions makes significant differences  Boron Diiodide Neutral and Catian Consideration of the

to all calculated properties, except perhaps to the bond angle,values in Tables 1 and 2 shows that the LANL2DZ basis set,
which seems to be reliably calculated at all levels of theory. It when augmented by one sp diffuse set and two sets of
is unfortunate that there is so little experimental data available polarization functions, performs as well as the 6-3GI(3df)

for comparison with the calculated geometries; however, there basis set at the B3LYP level for boron dibromide, as indicated
are experimental values for the symmetric and asymmetric by their good agreement with experimental values. Thus,
stretch vibrational frequencies. Miller and Andrévedbtain a calculations were performed on Bland BL* using the
value of 833 cm?! for the asymmetric stretch, which was LANL2DZ basis set, augmented with a set of diffuse sp
confirmed by Moroz and Sweatyand Hassanzadeh and functions, and one or two sets of d functions. The results of
Andrews? The all-electron calculated values at the MP2 level these calculations are shown in Tables 3 and 4. The geometry
are in rather poor agreement with this value, as is the BLYP/ of the neutral (Table 3) may be seen to have a bond angle of
6-311G* value. The B3LYP method can be seen to be about 129, which follows a trend of increasing bond angle on
performing very well, however, with the largest basis set going from BC} to Bl,. The bond length is also longer than
6-311+G(3df) being in excellent agreement with experiment, that in BBr, as expected. The only experimental vibrational
especially considering that the experimental value is a funda- frequency available for comparison is the value of the asym-
mental and that the calculated value is a harmonic frequency. metric stretch, measured by Hassanzadeh and An8lchWw86—
Similar behavior is obtained for the symmetric stretch, which 745.5 cntl. The results show that the MP2 level is not
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TABLE 3: Calculated Geometries and Vibrational As atest of the reliability of the ECP basis sets for calculating

Frequencies of Bb accurate ionization energies, all-electron calculations were
level RIA  6ldeg vi/emt vilemt vafcmt performed. These were CCSD(T)/631&(3df) single-point

MP2/LANL2DZ-+(d) 20974 1287 4615 1258 7714 €nergy calculations at the respective MP2/6-8Gt optimized

MP2/LANL2DZ+(2d) 2.0967 129.1 4543 1254 769.2 geometries of the neutral and the cation. An AIE of 7.047 eV
B3LYP/LANL2DZ+(d)  2.1093 129.3 429.3 119.8 736.1 and a VIE of 8.331 eV, where no account of ZPVE has been
B3LYP/LANL2DZ+(2d) 2.1086 128.8 431.0 118.8 734.1  taken, were obtained. It may be seen that this result is camly

CCSD(T)/LANL2DZ+(2d) 2.1098 129.5 436.6 1221 7510 (1 eV away from the best ECP result (Table 5), showing that

TABLE 4: Calculated Geometries and Vibrational the ECP methodology is valid. .
Frequencies of Bp* Boron Diiodide The adiabatic ionization energy for this
level RA  6/deg vi/em-t vojem® vafom t species has also been obtained at the MP2/LANL2{24),
B3LYP/LANL2DZ+(2d), and CCSD(T)/LANL2DZ(2d) lev-
MP2/LANL2DZ+(d) 19707 180 2393 2374 11107 g theory; the results are given in Table 5. These values

EA;_%IESFA'NZEZZJZ(_ZF%) %_'g;gg %28 g’g:g gggg %8?2:3 increase slightly, as for BBrwhen ZPVE is included. As for

B3LYP/LANL2DZ+(2d) 1.9796 180 225.7 224.3 1069.6 BBr the extra single-point energy calculations were performed
CCSD(T)/LANL2DZ+(2d) 1.9867 180 225.3 218.8 1051.0 using the LANL2DZ+-(3df) basis set (again, ZPVE was

_ ) ) o ) calculated using CCSD(T)/LANL2DZ(2d) vibrational fre-
TABLE 5. Calculated Adiabatic lonization Energies (eV) quencies). The VIE was calculated to be 7.710 eV, where no
of BBr, and Bl,. Values in Parentheses have been
Corrected for ZPVE account of ZPVE has been taken.
Discussion of lonization Energiedt may be seen that the

level BBr Bl ionization energies of BBrand Bl are quite low and that there
MP2/LANL2DZ+(2d) 6.874 6.539 is a very large difference between the AIE and the VIE.
B3LYP/LANL2DZ+(2d) (g'_g(ﬁ) (%'_58%3) Looking at Taples_ 1r4_, it may be seen that the_ ma}jor_ geometry
(7.253) (6.913) change upon ionization for these two species is in the bond
CCSD(T)/LANL2DZ+(2d) 6.924 6.577 angle, which changes from 12830 to 18(; the change in
(6.959) (6.602) the bond length is not insignificant either, with a shortening of
CCSD(T)/LANL2DZ+(3df)? 6.929 6.596 just over 0.1 A upon ionization. Thus, it is to be expected that
(6.964) (6.621) a photoelectron spectrum of these species would consist of a
2 Single-point energy calculation at CCSD(T)/LANL2BZ2d)- long progression in the; mode, with contributions from the
optimized geometry. See text for details. The correction for the ZPVE y; mode. The photoelectron spectra would be extremely
was calculated using the CCSD(T)/LANL2B42d) vibrational fre- complicated, however, as the and v, modes of BBs" have

guencies (remembering that the linear cations have a doubly degenerat

TS A= Sery similar vibrational frequencies; these are almost identical
bending vibration).

) in the case of Bi*. With the limited resolution of conventional
performing very well, but the B3LYP method and the CCSD- - photoelectron spectroscopy, the spectrum would probably appear
(T) method both give good agreement with the experimental onjy partially resolvee-higher resolution, laser-based methods
value. Any further comparisons, especially with respect to the \youid be required in order to be able to pick out the separate
cations, will have to await more experimental data. components of each progression.

In passing, it is worth noting that the linearity of the cations (c) Relativistic and Spin—Orbit Effects. An extension of
of these complexgs is to be expected, as they are isoelectroniqhe G2 method has been formulated by Glukhovisewl. in
with Group 2 halides. These have the trénthat the light o 4er 1o study bromine- and iodine-containing molecéfeis.
Group 2 metals form linear molecules with all of the halides; 41 \ork, they compared results using relativistic and nonrela-
however, the structures become bent as the metal atom becomegistic ECPs and nonrelativistic all-electron calculations. Their
heavier. Thus, since boron dihalide cations are isoelectronic .qncjysion was that relativistic effects were not affecting the
with the beryllium dihalide molecules, a linear equilibrium  c5\cyjated properties, and of particular relevance to the present

structure is to be expected. _ paper is that ionization energies were not sensitive to relativistic
(b) lonization Energies. The difference between the cal-  effects. Thus, it is unlikely that relativistic effects are very

culated energies of the neutral and cation at their respectivejmnqrtant here for the calculation of the ionization energies.
equilibrium geometries, corrected for the zero-point vibrational aq jt happens, the 6-311G basis set and the ECP potential for

energy (ZPVE), gives the adiabatic ionization energy (AIE). hromine are both nonrelativistic, whereas the iodine ECP has
The VIE was also calculated; however, it is not obvious how q|ativistic effects included.

to correct the VIE for zero-point energy, and therefore no With regard to the geometry, Pyyl&chas summarized the

colrarecnog_gas b_gen_rr;adz._ batic ionizati ies for BB effects of relativity on molecular geometries and the trend is
oron Dibromide The adiabatic ionization energies for BBr - ¢, ponq jengths to get shorter when relativistic effects are

have been ca(;culate(;j at the M/PZ/LANLZEQdd)'I BSIIYP/f included. Thus, the calculated boron dibromide bond lengths
LANL2DZ+(2d), and CCSD(T)/LANL2DZ-(2d) levels o may be slightly too long, although relativistic effects should

theory, and the results are given in Table 5. Inclusion of ZPVE not be of too much importance. The effect of relativity on bond

inc_reases the vlalules_ slightly. Afdditiogally,ha furth%r _ls_inlgle-l angles is not yet know#f. Spin—orbit coupling has been shown
point energy calculation was performed at the CCSD(T) level ;%o important for bromine- and iodine-containing com-

for both the cation and the neutral, employing a LANL2BZ pounds!8 but for the compounds considered here, the neutral

(3df) basis set. This calculation was performed at the CCSD- state is bent, and the linear cationic state is not electronicall
e i . ) y
(T)/LANL2DZ +(2d)-optimized geometry; correction for ZPVE degenerate, and so this effect is not present.

was achieved by taking the frequencies from the CCSD(T)/
LANL2DZ+(2d) calculation. A further calculation on the

cation at the geometry of the neutral with the larger basis set
gave a vertical ionization energy of 8.295 eV (no correction  Effective core potentials have been used to investigate the
for ZPVE has been made to this value). ground state neutrals and cations of boron dibromide and boron

IV. Conclusions
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diiodide. The results of all-electron calculations were compared  (7) Binning, R. C., Jr.; Curtiss, L. Al. Comput Chem 199Q 11, 206.
to those from ECP calculations for boron dibromide, and itwas  (8) McGrath, M. P.; Radom, LJ. Chem Phys 1991 94, 511.
found that the LANL2DZ(2d) basis set appeared to give (9) Mgller, C.; Plesset, M. Shys Rev. 1934 46, 618.

reliable results. Calculations were then performed on boron ~ (10) Becke, A DPhys Rev. A At, Mol,, Opt Phys 1988 38, 3098.
diiodide using only ECP methods. For both species, ECPs werelgéélg7lj(e7%5_(;" Yang, W.; Parr, R. @hys Re. B: Condens Matter
used with the B3LYP density functional methods, and this 15y Becke, A. D.J. Chem Phys 1993 98, 5648.

combined approach was found to be an inexpensive way of (13) Hay, P. J.; Wadt, W. Rl. Chem Phys 1985 82, 270, 284, 299.
obtaining accurate results. The agreement with experiment was (14) Dunning, T. H., Jr.; Hay, P. Modern Theoretical Chemistry
similar for the CCSD(T) and B3LYP calculations using the Schaefer, H. F., lll, Ed.; Plenum: New York, 1976; p 1.

LANL2DZ +(2d) basis set. The ionization energies of BBr Lip(klfv)vit';e':ffé D-?Bgi(‘j/idsog' Eég?%fign'_s meaoygﬁta{igggl Chemistry
and Bl Wefe cglcglatt_ad; these are quite |OW, and follow a trend (26) Chattaréy, P. K Schyleyer,, P.v. RAM Cher,n Soc 1994 116
of decreasing ionization energy as the halide gets heavier. The;gg7.
photoelectron spectrum was expected to be very rich in structure, (17) Schwerdtfeger, P.; van SzeflipaL.; Vogel, K.; Silberbach, H.:
owing to the large geometry changes that accompany ionization;Stoll, H.; Preuss. HJ. Chem Phys 1986 84, 1606.

however, it was doubted whether conventional photoelectron _ (18) Glukhovtsev, M. N.; Pross, A.; McGrath, M. P.; RadomJ.1Chem

: Phys 1995 103 1878. Corrigendum:1996 104, 3407.
spectroscopy would be clearly able to resolve this structure. (19) Purvis, G. D.: Bartlett, R. J. Chem Phys 1082 76, 1910. Urban,
M.; Noga, J.; Cole, S. J.; Bartlett, R. J. Chem Phys 1985 83, 4041.
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