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We have conducted an extensive computational study of the structure, bondiNgp@&ential energy curve,

and vibrational frequencies of GAN—BF;, using MP2, B3LYP, and BWP91 methods with basis sets ranging
from STO-3G to aug-cc-pVQZ. Two types of minimum energy structures were found; one group-with B
distances near 1.8 A, another with distances near 2.3 A. In most cases, longer bond length structures were
found with basis sets lacking diffuse functions, whereas shorter bond length structures were found when
these functions were included. The exception is the largest basis set (aug-cc-pVQZ), for which the equilibrium
B—N distance was found to be 2.315 A. Potential energy curves calculated fortNesBetching coordinate

are found to be remarkably flat, and this results from the occurrence of two competing minima corresponding
to the two types of minimum energy structures. At the B3LYP/aug-cc-pVQZ level, an extremely flat region
occurs near 1.93 A on the-B\ potential curve, which lies about 0.2 kcal/mol above the global minimum
after accounting for the effects of basis set super position error (BSSE) and zero-point vibrational energy
(ZPE). The results are nearly converged with respect to basis set at the B3LYP/aug-cc-pVQZ level; further
attempts at increasing the size of the basis set were not successful. An AIM analysis indicates that the two
minima in the B-N potential arise from distinctly different interactions, the longer being primarily an
electrostatic interaction, the inner being a partial covalent bond. Given the flat, asymmetric nature of the
potential, it is very likely that the equilibrium and vibrationally averaged structures differ significantly due to
large amplitude motion in the intermoleculatBl stretching mode. Furthermore, a comparison of experimental
and calculated vibrational frequencies leads to the tentative conclusion thatteliBtance is significantly
shorter in an argon matrix than in the gas phase.

I. Introduction over the past few decades. Even before the X-ray crystal
structure was published in 1968ome infrared bands had been
measured in solutioh,and a generalized normal coordinate
analysis of CHCN—BX;3 species had been performedhis
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The structure and bonding of GEIN—BF; (acetonitrile-
borontrifluoride) has been the study of numerous investigations




4010 J. Phys. Chem. A, Vol. 107, No. 20, 2003 Giesen and Phillips

gas-phase structure of the complex was determined by FTwas reported as part of a study attempting to parametrize the
microwave spectroscopy, and the complex was found to haveinteraction energies in a series of BEnd SQ adducts?®

a B—N distance of 2.011(7) A and an-NB—F angle of 95.6- However, the structural results reported for {CN—BF;
(6)°.5 Surprisingly, these data suggested a deramceptor bond compared quite poorly with experiment, with a rather long 2.509
that defied classification as a purely “bonding” or “nonbonding” A B—N distance and a 9324AN—B—F angle.

interaction, because the-B\ distance and NB—F angle were Our initial motivation for the present study was to obtain
intermediate relative to values typical of a bona fide denor  credible ab initio frequencies for the gas-phase complex with
acceptor adduct such agh-BFs, and weakly bonded com-  which to compare matrix-IR results, and in turn, gauge the effect
plexes such as NBF; and NCCN-BF;. Specifically, HN— of an inert gas matrix on the structure and bonding of;CH
BF; has a 1.67(1) A BN distance in the gas phase, and the CN—BFs. The first step was to obtain a reliable computational
N—B—F angle of about 104 indicating a near-tetrahedral structure, and some simplistic frontier orbital considerations led

geometry about the bordnAt the other extreme, NBF;” and us to suspect that some incorrect assumptions could have been
NCCN—BF3,8 have B-N distances of 2.875(2) A and 2.647(3) made in the previous studies, and that they may be the
A, respectively, and both have NB—F angles near 90 underlying reason for the peculiar discrepancy between the
indicating that the BEsubunit remains essentially planar. experimental and the theoretical structures of the complex.
Not only was the gas-phase structure ofCN—BF; peculiar ~ Specifically, the HOMO of CHCN is an e— symmetry,zcy

in relation to analogous BN complexes, it also differed  — type orbital, though thecy orbital is only about 0.6 eV lower
markedly from the previously determined crystal structure, in energy#® Of course, the LUMO of BEis essentially an
which had a B-N distance of 1.630(4) A, and an-NB—F angle “empty p, orbital” on the boron, with a small contribution from

of 105.6(6).1 Thus, upon crystallization, the doreacceptor the p orbitals on the fluorine$! Thus, a simple, direct HOM©
bond in CHCN—BF; contracts by nearly 0.4 A, and the LUMO interaction would render the complex bent about the
N—B—F angle opens by about 10These unusually large gas ~ C—N—Blinkage. As best we can tell from the manuscripts?
solid structure differences have raised much interest in the effectg€ometry optimizations were constrainedQg, in all of the

of chemical medium on the structure of @EN—BFs, as well previous computational studies. This was most certainly ap-
as a handful of other donecceptor species that have been Propriate, given that the crystalline complex is cleatly, and
shown to exhibit similar behavidr.In this spirit, several  that the microwave spectrum was indicative of a 3-fold
vibrational frequencies of GY¥€N—BF3 were recently measured symmetncﬂstructure. Il-lsowever, there ariega_ few cases, such as
in an argon matri*? and a comparison between these data and HCl—BFs,*" HF—BF31* and OCO-BF5,*® in which large
the frequencies of the crystalline complerdicate that Ch amplltudeT wbratlongl motions render the complex symmetric
CN-BF; is significantly more weakly bonded in an argon ©N the microwave time scale, even though the true minimum
matrix than in the solid state. Experimental gas-phase frequen-ENErgy structure is asymmetric. At the very least, an interaction
cies have yet to be measured, however, and in the absence opetween thezen-type HOMO of CHCN and the LUMO of
these data, the degree to which an argon matrix environmentBFs Might result in a soft bending potential, and even if the

perturbs the structure and bonding of LHN—BF; remains equilibrium structure was not bent at relatively long-B
uncertain distances, perhaps large amplitude bending motions were

. . . . . .. obscuring the gas-phase structure analysis. Thus, our initial goal
Given the myriad of intriguing experimental observations, it 9 gas-p Y 9

. ) ; w map a potential energy surface along both thé\B
is no surprise that C¥]CN—BF; has also attracted the attention as to map a p 9y 9

! . stretching and the €N—B bending coordinates. Below, results
of computational chemists. However, all of the structural results from B3LYP2 calculations will show that most of these initial
published to dafé~15 agree quite poorly with experimeht his

! | di the fact that _BF tai | suspicions were incorrect; the equilibrium structure appears to
IS very Ltj]nusua gt)|ven N dac 6}[ @?\tlh scon ?'r,:.s only be Cs,, and the bending potential is not unusually flat. However,
seven heavy aloms, and most of the computalions Were; ., ¢ found that the intramolecular stretching potential is
conducted .at the MP2 level of the_ory with reasor?ablyllarge. b_as's remarkably flat, and it appears that the discrepancy between
Sets. Ehe Ilrsthmodgrn computatlc?[nal StUdﬁ.V‘{hgh g'i?ﬁ:l'gt'al the experimental and computational structures o§CIRH-BF;
searcl es ?]” N mlcrowavel sp?c rum, predicted a 2. ’ may stem from a genuine difference between the equilibrium
bond length, an NB—F angle of 98, and ablnd|r_19 energy o and vibrationally averaged geometries; the result of large
—5.7 kcal/molt! A few years later, Jonas, Frenking, and Reetz

; amplitude vibrational motion along the-B\ stretching coor-
performed a comprehensive survey of 18 dofmrceptor  ginate This observation motivated us to examine the nature of
complexes, and published a structure of sCN—BF; with a

; the bonding in the complex. Ultimately, we did obtain vibra-
B—N distance of 2.213 A, an NB—F angle of 95.8 and a

Y 10 tional frequencies as well, and we will explore their structural
binding energy of-7.2 kcal/mol® Shortly thereafter, as part  gependence and compare them to experimental data for both
of an effort to reproduce gasolid structure differences using

" > crystalline and matrix-isolated GBN—BFs.
SCRF theory, Jaio and Schleyer reported a structure withld B
distance of 2.277 A, an NB—F angle of 94.8, and a binding
energy of—7.0 kcal/mol® These more recent results, though
quite consistent with the first computational study, still predicted  All calculations were performed witaussian 98evision
B—N distances that were about 0.2 A longer than the experi- A.9.21 Geometry optimizations used the eptight option which
mental value. More recently, an MP2/6-BG* structure was gives convergence thresholds of X507, 1.0 x 1075, 6.0 x
reported with a B-N distance of 1.801 A% just over 0.2 A 1075, and 4.0x 105 on the maximum force, RMS force,
shorter than the experimental value. An-NB—F angle of maximum displacement and RMS displacement, respectively.
101.2, a binding energy of-7.2 kcal/mol, and vibrational = Without the opt= tight option, many calculations failed to find
frequencies were also report&dDespite the poor agreement the true minimum geometry due to the flat nature of theNB
with the experimental (gas phase) structure, the vibrational distance potential energy surface. Potential energy curves were
frequencies reported in that paper did compare favorably with computed by freezing the-BN distance at various values and
matrix-IR frequencied? Just last year, an HF/6-31G(d) structure optimizing all other degrees of freedom. Points on the curves

[I. Computational Methods
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TABLE 1: Equilibrium B —N Distances (A) of CHCN—BF3 ) o |
for Various Basis Sets 0 B
basis set B3LYP MP2 10894 @),
STO-3G 2.54 2.58 11452 A
3-21G 1.76 1.85 |
Dz(dy 2.17 =
6-31G(d) 2.28 1.88 .
6-31G(d,p) 2.28 |
6-31:+G(d) 175 1.75 1.145 A
6-31G(2d) 2.32 2.23 '
6-314+G(2d,p) 1.79 1.80 [§)
6-31G(3d) 1.82 1.82 :
6-31G(3df) 1.87 1.84 t
6-31G(3df,p) 1.87 1.84 ¢
6-31++G(3df,3pd) 1.85 1.82 1868 A 1123154
6-311G(d) 2.33 2.37 i
6-311+G(d) 1.80 1.80 | i
cc-pvDZ 2.07 13494 gah1008° 1323 A gaN9s.1°
aug-cc-pvVDz 1.77 | e —— _—:.._ )
TZ2P 221 |. 9 ¢ '
gﬁ_p-\c/z-ZVTZ 21?;347 Figure 1. Equilibrium Structures of CECN—BF; calculated at the
2 c-ngQg >3 B3LYP/aug-cc-pVTZ (left) and B3LYP/aug-cc-pVQZ (right) levels of
aug-cc-pvQZz 2.32 theory.
2Double< polarized basis set with diffuse functions on fluorine only. 7.0 0.25
Basis set and results from ref °Ref 13, gas phaséRef 12. 1
3 %0 ' 10203
] +020 %
were computed every 0.05 A from 1.5 to 2.4 A as well as 2.5 % 5.0 ! %
and 2.6 A. For the aug-cc-pVQZ surface, additional points were £ | v a8
computed at 2.8, 3.0, and 3.5 A. 5 40 \ : ~
&30 ‘ o0 2
Ill. Results and Discussion @ 1 " ! o
s 20 A ' 2
Equilibrium Structures. Equilibrium structures @z,) ob- < - ' . ;L oos ‘%’
tained from MP22 and/or B3LYP calculations using a myriad ® 10| b ’ 4
of basis sets are summarized in Table 1, which shows onli B 0.0 4ttt LT 0.00
distances as the other structure parameters have been omitted ’ 2 29888228 9 8 '
for clarity. It should be noted that stringent convergence criteria - < < < < d d o & o o

as detailed in the Computational Details section were needed B-N Distance (Angstroms)

to obtain these results. This was the first indication of an gigure 2. Potential energy (electronic) of GEN—BF; versus B-N
unusually flat intermolecular potential. The data in Table 1 seem distance, calculated at the B3LYP/6-31G(d) level of theory. The solid
to fall into two distinct groups; one with equilibrium -8\ line shows the full potential energy surface and corresponds to the left-
distances near 1.8 A that agree well with ref 14, and the other handY-axis. The dashed line is a blow-up of the flat portion of the
with B—N distances near 2.3 A, in fair agreement with refs surface and corresponds to the right-hafxis.

11-13. Neither group agrees well with the experimental value reactants. In any event, the collection of results in Table 1 do
of 2.011 A. Because the MP2 and B3LYP results are quite explain, at least in a phenomenological sense, the reason behind
consistent for all but the smallest basis sets, the choice of the disagreement between the previously reported MP2 theoreti-
computational method is apparently not the reason for the two cal structures 14 In ref 14, a 6-3%G* basis was used and a
distinct types of structures. Rather, it appears that basis setsB—N distance of 1.80 A was found, whereas the others used
augmented with diffuse functions (those basis sets withdr double¢ basis sets lacking diffuse functions on B and N and
“aug” in the name) or d functions with unusually small found longer bond lengths between 2.17 and 2.28 A. This
exponents (those basis sets with “3d” in the name) favor the distinction between augmented and nonaugmented basis sets
shorter bond length structure, whereas those that lack thesealso provides an alternative explanation to the condensed phase
functions favor the longer bond length structure. An exception results in ref 13, where a large decrease in bond length was
to this separation is the aug-cc-pV&zesult, which has a  found between computed gas phase and SCRF structures.
minimum energy structure with a 2.315 ABl distance, despite  However, the gas-phase results were computed with a nonaug-
containing diffuse functions. Collectively, the results appear to mented basis set and the SCRF structure was computed with
show that the equilibrium geometry is not yet converged at the an augmented basis set, and the decrease in bond length from
aug-cc-pVQZ level of theory, which is remarkable for a species 2.28 A to 1.65 A is only slightly greater than the difference

of this size. However, as discussed below, when the calculationsbetween augmented and nonaugmented basis sets in Table 1.
are corrected for basis set superposition error, it appears that B—N Distance Potential. The reasons underlying these
the aug-cc-pVQZ results are nearly converged. Further increasesunusual structural results become much more apparent upon
in basis set size were unsuccessful due to computationalexamination of the potential energy along the 8 stretching
limitations. Full geometries for the two most sophisticated coordinate. Figure 2 shows a1\ potential curve (constrained
models (B3LYP/aug-cc-pVT2 and B3LYP/aug-cc-pVQZ) are  to Cs,) calculated at the B3LYP/6-31G{)evel of theory. The
shown in Figure 1. The binding energy-i$5.1 kcal/mol at the immediately striking feature is that the curve is extremely flat
B3LYP/aug-cc-pVQZ level, as calculated from the difference and remains under 1.0 kcal/mol for over 1.0 A, and under 0.1
in electronic energies between the complex and the isolatedkcal/mol from 1.85 A to 2.35 A; this essentially spans both
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a) ,5 each type of structure noted above. Because these results were
obtained with a basis set lacking diffuse functions, the longer
minimum is lower in energy. Clearly such a potential would
allow for very large amplitude vibrational motions along the
B—N bond, even in the ground vibrational state. The experi-
mental B-N distance of 2.011 A happens to lie near the center
of the flat region of the curve; about 0.3 A shorter than the
global minimum. If the true potential energy surface has this
asymmetrical shape, a large amplitude 8 stretching motion
would cause a significant difference between the equilibrium
and vibrationally averaged bond lengths.

0.0 B—N potential curves obtained with larger basis sets are
1.60 1.70 1.80 1.90 2.00 2.10 2.20 2.30 2.40 2.50 2.60 shown in Figure 3. The upper panel (a) shows curves (MP2
B-N Distance (Angstroms) and B3LYP) obtained with the 6-311G#)asis set, and the
lower panel shows curves for the 6-31G(d)° basis set.
25 Because the only difference between the two basis sets in 3a
and 3b are the diffuse {") functions on heavy atoms, these
curves illustrate the effect of the functions on the equilibrium
B—N distance as described above. Although each of these curves
has only a single minimum, each also has a “plateau-like”
feature in the region of the second minimum found in Figure
2. Specifically, in 3a, the absence of diffuse functions in the
6-311G(d) basis set favors the longer bond length minimum
(~2.3 A), but there are clear indications of a flattened region
around 1.9 A. Conversely, the curves in Figure 3b, obtained
using the 6-3116(d) basis, have a true minimum near 1.8 A
and a flattened region near 2.3 A. Despite the shoulder features,
these curves lack the flatness needed to rationalize any
B-N Distance (Angstroms) consistency with the experimental bond length. However, the
Figure 3. (a, top) Potential energy (electronic) of GEN—BF; versus B—N bond potential is clearly not converged with respect to
B—N distance calculated with the MP2 method (solid) and the B3LYP pasis set in Figure 3, so larger basis sets were tried. Because of
method (dashed) using the 6-311G(d) basis set. (b, bottom) Potentialipo similarity of the B3LYP and MP2 results shown in Table 1
energy of CHCN—BF; versus B-N distance calculated with the MP2 and Figure 3, only B3LYP was used for the remainder of the

method (solid) and the B3LYP method (dashed) using the 6+-&1 ;
(d) basis set. analysis presented below.

Figure 4 displays BN potential curves calculated at the
types of B-N distances noted above. The flatness appears to B3LYP/aug-cc-pVTZ and B3LYP/aug-cc-pVQZ levels of theory.
be the result of two competing minima, one corresponding to Again, the striking feature of both curves is the extensive flat
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Figure 4. Potential energy (electronic) of GAN—BF; versus B-N distance calculated with at the B3LYP/aug-cc-pVTZ level (blue) and the
B3LYP/aug-cc-pVQZ level (red).
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TABLE 2: Experimental and B3LYP/Aug-cc-pVQZ Vibrational Frequencies (cm~1) for CH 3sCN, BF3, and the CH;CN—11BF3
Complex

reactant reactant complex complex complex complex complex approximate

mode expe cale® sym. 2.315A 1.919 A Ar matrixt crystaf description

V1 2954 2925 A 2928 2929 2956 Cklsym. str.

2 2262 2268 A 2295 2324 2365 2376 €N str.

V3 1390 1415 A 1414 1413 1372 Cklumbrella

V4 920 928 A 938 951 978 CCstr.

Vs Aq 63 47 359 B—N str.

Ve 888 884 A 859 830 858 894 BFR; sym str.

V7 691 684 A 587 564 601 657 BF; umbrella

Vg As 20 22 Torsion

Vg 3009 2991 E 2996 3000 3030 GHsy. str.

V10 1448 1475 E 1472 1468 1430 GHsy. def.

V11 1041 1063 E 1063 1062 1031 GFock

V12 365 380 E 396 412 423 NC—C bend

V13 1453 1441 E 1395 1306 1249 1198 $sy. str.

V14 480 475 E 474 487 521 Bfasy. def.

V1s E 187 266 314 Bfrock

V16 E 42 59 B-N—C bend

a Reference 28 for acetonitrile frequencies and Reference 29 fofr@ffuenciesPFrequencies higher than 2000 chihave been scaled by 0.96.
See text for discussiofiReference 1(?Reference 4¢The solid-state assignments fioyandv; have been switched, as suggested by Reference 14,
see text for discussiofAssignment is tentative. It should be noted that three distinct absorption features were observed between 820 artd 855 cm
and none of these could be confirmed or excluded as assignments for

region that is apparently the result of the two competing cm™), from a (quite poor) fit of the entire well. A full
interactions, one that is optimal near 1.8 A and one near 2.3 A. rationalization of the experimental bond length will not only
The aug-cc-pVTZ curve is remarkably flat, and remains at or require a sophisticated, anharmonic treatment of the ground state
below 0.05 kcal/mol (17 crri) from 1.8 A to 2.4 A. The inner vibrational energy, and also a curve that is fully converged with
minimum at 1.87 A is global, the secondary minimum lies at respect to basis set and quite accurate in the 1.9 A region. At
2.25 A, and the barrier between the two is only 0.05 kcal/mol this point, however, it seems quite likely that there is a
(17 cnm?) relative to the global minimum. The aug-cc-pVQZ  significant difference between the equilibrium and vibrationally
curve is also quite flat, but shows a clear preference for the averaged B-N bond distances, and that the latter should be
outer minimum. The curve remains below 0.15 kcal/mol (52 significantly shorter. In turn, these data suggest that the peculiar
cm1) from about 1.8 to 2.5 A. The global minimum is at a discrepancy between the theoretical and experimental structures
B—N distance of 2.315 A. An extremely shallow minimum with  of the complex may indeed be genuine.

no imaginary frequencies that lies 0.11 kcal/mol higher than  With potential energy curves this flat, it is possible that
the global minimum is found at 1.919 A, with a barrier less sometimes-overlooked effects such as basis set superposition
than 0.001 kcal/mol toward longer-B\ distances. Again, error (BSSE) and zero-point energy (ZPE) could have a large
neither global minimum agrees well with the experimentaNB effect on the equilibrium BN distance. The counterpoise
distance of 2.011 A, but this vibrationally averaged bond length correctio® was used to estimate the amount of BSSE in the
does lie well within the flat region of the potential. Furthermore, distance potential curves. The procedure at a giverNB
the peculiar asymmetric shape of these curves would mostdistance used the following steps: (1) compute the energy and
certainly result in a significant difference between the equilib- geometry of the complex with a frozen\ distance Ecompiey,

rium and vibrationally averaged bond lengths. At this point, (2) compute the energy of acetonitrile (ACN) at the complex
we can qualitatively rationalize some consistency with experi- geometry Eacn), (3) compute the energy of ACN at the
ment, because the potential near the global minimum on the complex geometry in the presence of Bghost functions at
aug-cc-pVTZ curve is much softer along the inner wall, which the B complex geometryHacn(gh), (4) compute the energy
would make the vibrationally averaged-B! distanceshorter of BF3; at the complex geometryEgrs), and (5) compute the
than the global minimum; toward the experimental value of 2.01 energy of BE at the complex geometry in the presence of ACN
A. Moreover, given that the barrier between the minima is so ghost functions at the ACN complex geometBggsgn). The

low, even a modest zero point energy of 0.1 kcal/mol in the estimate of the BSSE-corrected enerdscdat that B-N

B—N stretching mode would correspond to classical turning distance is then given by

points separated by about 0.6 A. In turn, this would have the

complex sweeping through a range cf R distances in a single Ecoor = Ecomplex T (Eacn T Egrs = Eacnign) — Esra@gn) (1)
vibrational period that almost spans those characteristic of both

moderately strong donor acceptor adducts and weakly bondedAs shown in Figure 5, the BSSE correction is quite large for
complexes! Although we have no reliable assessment of thesmall- to medium-sized basis sets. In all cases, there is a
zero-point energy or vibrational amplitude in the-R stretching destabilization of the shorter minimum. The 6-31G(d) potential
coordinate at this point, the calculated (harmonie)NBstretch- is no longer flat and the global minimum has moved about 0.2
ing frequency (Table 2) suggests that the ground vibrational A longer. The shorter minimum has become little more than a
level would lie very near the shelf-like, secondary minimum in shoulder on the curve. The medium-sized basis sets with diffuse
the aug-cc-pVQZ curve. The simplistic harmonic estimates we functions in Figure 5b have very similar looking curves. After
have made by fitting various regions of the aug-cc-pVQZ curve the BSSE correction, the 6-31G(d) and the aug-cc-pVD2

to a force constant are consistent with this, as we estimate acurves appear almost identical. Although the strongly favored
zero point energy of 0.14 kcal/mol (48 c#) from a set of points short minimum remains the only minimum for these basis sets
near the global minimum, and a value of 0.10 kcal/mol (34 and shifts only slightly longer, the shoulder at the longer distance
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energy surfaces. (&, top): B3LYP/6-31G(d), (b, bottom): B3LYP/aug- Figure 6. BSSE-corrected (dashed) and uncorrected (solid) potential
cc-pvDZ [1] and B3LYP/6-31+G(d) [2]. energy surfaces. (a, top): B3LYP/aug-cc-pVTZ, (b, bottom): B3LYP/
aug-cc-pvVQZ.
has become much more pronounced. Figure 6 shows the effect 25
of the BSSE correction on the large aug-cc-pVTZ and aug-cc- [b]
pVQZ basis sets. The BSSE correction is much smaller for these 3 , |
two basis sets. However, it is enough to qualitatively change %
the aug-cc-pVTZ curve to favor the longer minimum, so that g 15
the BSSE counterpoise correction changes the equilibrium bond 3
length by 0.4 A. The effect on the aug-cc-pVQZ potential energy g
surface is trivial. By using the BSSE correction, convergence 1.0 [c]
in basis set size is nearly achieved. Not only is the BSSE %
correction trivial for aug-cc-pVQZ, but also the BSSE-corrected 2 05 | ~
relative energy curves for aug-cc-pVTZ and aug-cc-pVQZ differ
by less than 0.14 kcal/mol over the entire span efN\Bdistances 0.0 | ‘ ‘
from 1.5t0 2.6 A. 16 17 18 19 2 21 22 23 24 25 26

With very large BSSE corrections and qualitatively incorrect

resu'.ts for basis sets smaller.than aug-cc-p\/TZ, any prOpe.rtieSFigure 7. Potential energy (electronic) of GAN—BF; versus B-N

of this complex calculated with smaller basis sets are dubious gistance calculated with the BPW91 method using the [a] 6-311G(d),
and probably meaningless. Unfortunately, this rules out using [b] 6-3114-G(d), and [c] aug-cc-pVQZ basis sets.

higher-level methods such as MP4, CISD, or QCISD with

available computational resources. Without resorting to thesethe B3LYP curves in Figure 3) also lack the flatness to
higher level methods, it is difficult to check the validity of the rationalize any agreement with the experimental structure. One
B3LYP results. In an effort to perform some consistency check, difficulty with DFT is that when two methods disagree, there
the pure DFT method BPW9%-2"was used with several basis is no a priori way to tell which one is more reliable. However,
sets. The resulting BN distance potentials are shown in Figure in this case the close agreement between B3LYP and MP2
7. The BPW91/6-311G(d) and BPW91/6-31G(d) curves (a provides good confidence in the B3LYP results, and the B3LYP
and b) can be compared to the B3LYP and MP2 curves in Figure method will be used for further analysis.

3a and 3b. From this, it is seen that BPW91 strongly favors the  The zero-point energy can be evaluated for each minimum
short minimum compared to the other two methods. It is not using the computed frequencies. Harmonic vibrational frequen-
surprising then, that the BPW91/aug-cc-pVQZ curve also favors cies from ab initio and density functional theory calculations
the short minimum over the long minimum, in contrast to are typically multiplied by empirically established scale factors
B3LYP/aug-cc-pVQZ. All the curves do clearly show a “pla- when comparing to experimental frequencigé3o determine
teaulike” region near the 2.3 A minimum as well, and they (like an appropriate scale factor for the B3LYP/aug-cc-pVQZ cal-

B-N Distance (Angstroms)
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0.50 0.16 result of electrostatic attraction. The second interesting Laplacian
045 4 1o1a feature is the local minimum at 1.95 A. Although the Laplacian
040 | never becomes negative, this dip indicates an increasingly
0351 \ 1 0.12 covalent character to the-BN interaction and is consistent with
. ' RN 1 010 the idea that the short minimum results from the formation of
§ 0307 N z a weak partial bond. The occurrence of two distinct minima
2 0254 \ T008 ¢ arising from different interactions is quite significant. First of
8 0.20 1 AN 1006 ° all, large amplitude motion in the BN stretching coordinate
0.15 - ‘s . would apparently have the partial bond forming and breaking
0.10 R T 004 in the course of a vibrational period. Furthermore, the effect of
0.05 | ~~ o | 002 chemical medium on the structure of GEN—BF; and other
’ complexes with partial bonds has been previously rationalized
000 ——— T~ 000 primarily from the standpoint that only a single minimum exists,
1516171819 2 2122232425 and that it is shifted via interactions with the surrounding
B-N Distance (Angstroms) environmen£:234The present results indicate that the structure
Figure 8. Electron density (dashed) and Laplacian of the electron is quite sensitive to a delicate energetic balance betviwen
density (solid) at the BN bond critical point by AIM analysis. minima along the B-N potential, and it is quite likely that

) ) ] o environmental effects would significantly disrupt this balance
culations, computed frequencies for the isolated acetonitrile and see pelow). Although either an AIM or Natural Bond Orbital
borontrifluoride njolegoules were compared to gas-phase experi-gnalysis of the B-N bond order would be interesting, neither
mental frequencie¥:*® Although the typical scale factor for  method was able to successfully complete using either the aug-
BSLYP calculations is about 0.%,|_t was fou_nd that.frequen- cc-pVTZ or aug-cc-pVQZ basis set using the G98 program. Both
cies below 2000 cmt agreeq well with experiment without any  tha Mulliken and the Lwdin bond order analysis were deemed
scale factor. For frequencies above 2000 &na scale factor 5 pe inappropriate with large diffuse basis sets such as these.
0f 0.96 gave good agreement W't.h the expenmenta_l frequencies, Bending Potential. This inquiry was initiated with the notion
Because one of the goals of this work is to obtain computed ) . :

f . oS . . the complex may be bent, and as such, a discussion of efforts

requencies useful in interpreting experimental measurements, -

the following method was adopted for scaling computed to Iogate a bent minimum structure and map thgl\C—B
bending potential is presented here. First of all, it was not

frequencies of the C¥CN—BF3; complex: frequencies above - S .
2000 cnt! were scaled by 0.96 and frequencies below 2000 feasible to run multiple ]qbs that were not constrainedip
symmetry with any basis set larger than 6-313*. The

cmt were left unscaled. This scheme gives an RMS difference difference between the-BN potential ener rve for this basi
of 17 cnt! between the calculated and experimental frequencies erence between etk potential energy curve for this basis
set shown in Figure 3 and the curves for the larger aug-cc basis

for acetonitrile and borontrifluoride, and the results are shown 2 . :
sets shown in Figure 4 makes any results from this basis set

in Table 2. Frequencies for the complex were calculated at the hat tionable. H h tf bent
two minima on the B3LYP/aug-cc-pVQZ potential energy curve somewhat questionable. FHowever, the argument for a ben
complex lies in the mixing of orbitals to form a bond, and the

and are also shown in Table 2. The difference in ZPE (arising O . . .

from modes other than the-BN stretch) between the two shorter minimum is probably the result of partial bonding
) . . -

minima favors the longer minimum by 0.09 kcal/mol. This raises urwlterz;ctlons. E}epause .theh 6'%&Gh baS|sbset stronglgly f?vors .

the difference in energy between the two minima to 0.20 kcal/ the shorter minimum, it should show a bent complex if one Is
at all favored to form. If no evidence is found of a bent complex

mol. . . . o
Bonding. Because the potential energy surface indicates that With this basis set, then it is likely that none would be found

the ground state vibrational amplitude may sweep through With the larger basis sets which de-emphasize the bonding
regions that vary widely in bonding character, an analysis of Minimum. Numerous full optimizations were attempted starting
the bonding along the B3LYP/aug-cc-pVQZ potential energy frqm varied bent structures. AIthpugh many of the optimizations
surface was completed using the Atoms in Molecti¢aiM) failed to converge, those that did converge returned tdChe
approach. The density at a bond critical point in the AlM Structure. An attempt to map a potential energy surface was
methodology can be related to the strength of the bonding Made by freezing several angles at set values and optimizing
interaction, and the sign of the Laplacian of the electron density the remaining degrees of freedom. Most structures optimized
at the critical point gives information as to the type of bonding © high-energy structures with BN distances that were
interaction32 A positive Laplacian is associated with so-called considerably longer than even the longzy, minimum. Even
“closed shell” interactions such as hydrogen bonds, noble gastnose structures with short8\ distances were higher in energy
dimers and ionic bond® A negative Laplacian is associated ~than theCs, minimum. The resulting potential energy surface
with covalent bonding? Figure 8 shows both the density and iS_Shown in Figure 9 and gives no indication that a bent
the Laplacian of the density as a function of the distance ~ Minimum exists, and the surface does not seem unusually flat.
for B3LYP/aug-cc-pVQZ calculations. At the minimum energy ~ Given that this basis set overestimates the favorable energetics
distance of 2.32 A, the density has a value of 0.026. This value Of the bond-forming process in this complex, it seems unlikely
is similar to those found for hydrogen bordss In the shelf ~ that a bent minimum exists.

region at 1.9 A, the density has doubled to 0.061. This is about  Vibrational Frequencies. Because there is a lack of gas-
twice as large as the value for most hydrogen bonds, but it still phase frequencies with which to compare matrix-IR results, a
considerably smaller than the value for a typical single bond, comparison between the calculated frequencies for both potential
many of which have density values between 0.20 and ¥.30. minima and those measured for the crystalline and matrix
The Laplacian has several interesting features. The first featureisolated complexes is presented. For this analysis, the alternative
is a local maximum that appears at about 2.3 A. Because aassignment ofis andv, that was suggested in the computational
positive Laplacian is associated with electrostatic interactions, study by Cho and Cheotfyvas adopted. In the solid-state study,
this is consistent with the picture that the long minimum is a the primary basis given for the, assignment was a comparison
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Figure 9. Potential energy surface for bending along two angular
coordinates. Plot is relative energy in kcal/mol. T®g structure is at
FBN = 101.7 and BNC= 180.0

to much stronger aminreBF3; complexes. As for the; assign-
ment, the authors relied heavily on Raman polarization data,
which indicated that the 359 crh band was A symmetry,
thereby distinguishing it from several otHersymmetry modes
in that region. Becauses and v; are both A symmetry, the
Raman data would not distinguish them, and furthermore,
isotope shifts measured for both bands were quite similar.
Though the structural results are still not completely converged

with respect to basis set, the calculated frequencies do convey

how the vibrational modes depend on structure and may offer
some additional insight into matrix effects. Calculated harmonic

frequencies are listed in Table 2, and we note that the mode-
numbering scheme is that from ref 14, rather than that from the
solid-state stud§.The general agreement between the calculated

(gas phase) and solid-state frequencies is quite poor except for

the modes involving motions within the methyl group. This is

expected, given changes in force constants that must accompan)‘l?_

the gas-solid structure differences (and also the geometrical
distortion of the BE subunit). In general, the calculated

frequencies for either gas phase structure agree better with the

matrix data than the crystal data, though it is at best only
marginal, with the exception ofs for the longer (2.3 A)
minimum structure, which is excellent, and most likely fortu-
itous. At first glance, the’;3 and v, modes agree somewhat
more favorably with the 1.919 A frequencies, and thandv;
modes agree with the 2.315 A frequencies, and thus give no
obvious indication that either minimum structure is more or less
favored in the argon matrix.

However, the key to rationalizing matrix effects on the
structure and bonding is the trends in the frequency shifts that
parallel B-N bond compression. These are reflected by differ-

ences between the calculated frequencies at the two gas-phase

minima and those measured for the crystal, which have 2.32,
1.93, and 1.64 A BN distances, respectively. For modes 1, 2,
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Figure 12. B3LYP/6-31HG* frequency versus BN distance for

with decreasing BN distance. For modes 3, 10, 11, and 13,
the frequencies are monotonically decreasing with decreasing
B—N distance. Finally, for modes 6 and 7, the frequencies red
shift between 2.32 A and 1.93 A, but blue shift between 1.93
A and 1.64 A. To investigate these trends, frequencies were
calculated at every 0.05 A on the-® PES from 1.55 to 2.60

A using B3LYP/6-31%G*. Such frequency calculations at
nonequilibrium structures are not strictly valid. However, in the
limit of zero mixing with the nonequilibrium coordinate (the
B—N distance), the remaining coordinates (which are at
equilibrium for that B-N distance) should be valid. These data
(frequencies versus-BN distance) are displayed in Figures 10,

11, and 12, and for every mode, the calculations reproduce the
trends noted aboveéncluding those for the nonmonotonig
andv; modesGiven the quantitatively good agreement between
experiment and theory for the frequencies of the isolated
reactants, and the qualitatively accurate prediction of the trends
in frequency versus bond length, it would be expected that the
matrix frequencies should be better explained by the computed
results. However, the matrix frequencies are not consistent with
the frequency data if the experimentally determined gas-phase
B—N distance of 2.011 A is assumed. If, however, it is assumed
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that the argon matrix compresses the distance to a value  experiment, and this may be the primary reason for the peculiar
somewhat shorter than 1.919 A, then all four matrix frequencies discrepancy between the experimehtahd theoretical 15
are reasonably consistent with the frequency data. structures. An AIM analysis indicates that the interaction
This rationale is consistent with the notion that the delicate associated with the longer, 2.3 A minimum appears to be an
energetic balance between the two competing minima on the electrostatic in nature, although that corresponding to the inner
B—N bond potential most likely does play a key role in the minimum appears to be a weak partial covalent bond. Although
medium sensitivity of the structure and bonding of {ONI— frontier orbital considerations suggest a possible bent minimum
BFs. Although the suggested change in (vibrationally averaged) energy structure for the complex, no evidence of such a structure
bond length from 2.011 A in the gas phase to less than 1.919was found. Frequencies were reported for both minima with
A in an argon matrix seems unusual, the extremely flaiNB the B3LYP/aug-cc-pVQZ method, and although neither set
potential energy surface enables very small energetic effects toagrees well with argon matrix experimental data, the trends in
have a substantial impact on the-B distance, and in turn,  the frequency shifts that paralleHBN bond shortening suggest
and other structural parameters as well (such as th&-NF a B—N distance that is somewhat shorter than 1.919 A. Thus,
angle). In an effort to determine qualitatively whether such a the computational evidence presented, both frequencies and
bond shortening could be induced by an argon matrix, a B3LYP/ SCRF results, suggest that even an “inert” environment such
aug-cc-pVQZ geometry optimization was run using the con- as argon may be sufficient to cause the® distance contract
tinuum dielectric CPCM model to simulate the Argon maffix.  significantly.
The dielectric constant for liquid Argon of 1.53 atl91° was
used3 As is often the case with SCRF calculations, tight  Acknowledgementfor financial support of this work is made
convergence of the geometry optimization could not be achieved,to the Donors of the Petroleum Research Fund, administered
but the B-N distance was converged to within 0.01 A for 10 by the American Chemical Society. This work was also
iterations. The B-N distance, which started at the gas-phase supported by an award from Research Corporation, and by the
global minimum 2.315 A, optimized to 1.75 A. The complex Office of Research and Sponsored Programs at UWEC. We
was also optimized using the CPCM model but keeping the would also like to acknowledge Drs. C. Cramer and D. Truhlar

B—N distance frozen at 2.315 A. This structure was found to for helpful discussions.

be 1.9 kcal/mol higher in energy than the fully minimized

CPCM structure. Both of these results indicate that even a very References and Notes
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