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CHAPTER I 

INTRODUCTION 

Sigma bond activation, making a sigma bond more reactive, has been one of tht' 

most extensively studied areas of chemistry for the past decade. Sigma bonds are the 

strongest bonds and therefore reactions that involve the breaking of such bonds have 

large activation energies. Without a doubt, the three most popular sigma bonds are 

H-H. C-H, and C-C which have been studied extensively in the chemical and physical 

sciences, and are the driving force behind many industrial processes. Activation of 

a sigma bond requires a reduction in the energy necessary to break the bond, and 

historically this has involved an interaction with a transition metal. The selective 

activation of alkanes has been identified as one of the Holy Grails of current chemical 

investigation [1]. 

Prior to 1985. alkanes were thought to be inert to all reagents except metal sur

faces, strong oxidants like permanganate, and certain reactive radicals. With the 

discovery of the Shilov reaction [2]. which is the activation of CH bonds by Pt salts 

in aqueous acid solution, activation of sigma bonds has exclusively involved the use 

of transition metal complexes. Activation of C-H and C-C bonds by gas phase tran

sition metal ions has been investigated over the past decade, and it has been shown 

that ancillary ligands on the transition metal affect the metals ability to activate C-H 

and C-C bonds [3]. Solid transition metal surfaces such as titanium, platinum, and 

nickel are also known to activate H-H. and C-H sigma bonds ^4]. The transition metal 

complexes involved in sigma bond activation need to be coordinatively unsaturated 

to provide access to their valence orbitals and electronically unsaturated to accom

modate the new bonds with carbon and hydrogen. The significant body of work in 

this area, both experimental and computational, has characterized many factors that 

contribute to sigma bond activation. 

Recently, an unusual type of sigma bond activation was discovered in an experi

mental study of the gas-phase reactions of B~(^Sg) and H2(̂ X1~) by Kemper. Buslmell. 



Weis, and Bowers [5]. The insertion reaction 

B-( ' s , ) + H 2 ( ' i : - ) ^ H B H - C i : : ) (1.1) 

is exothermic by more that 50 kcal/mol but proceeds ineffeciently due t^ the pres

ence of a large barrier, which is discussed in detail in Chapter I\'. It was fuund 

that a cooperation of two additional hydrogen molecules resulted in a dramatic low

ering of this activation barrier. The electrostatic complexation of B" to three Hj 

molecules reduced the activation energ}' for HBH"*" formation to almost zero. Consid

ering that the electrostatic binding energy of each H2 molecule is expected to be only 

2-4 kcal/mol. this dramatic activation energy decrease could not be attributed simply 

to the energetic effects of B* solvation by H2. A cooperative mechanism for sigma 

bond activation has been observed previously for the transition metal systems Sc^/H2 

[6] and Ti^/CH4 [7]. However, in those studies the explanation involved an energy re

ordering of the low-lying electronic states of the metal ion upon complexation, which 

cannot be the case with the B"*" ion. 

Part of this thesis (Chapter IV) is devoted to gaining a better understanding of 

the origin and mechanism of this cooperative sigma bond activation by implementing 

a high level ab initio electronic structure investigation of the series of reactions: 

M(H2).-fH2 ^MH2(H2)n . (1.2) 

where M = B^. and n=1.2.3,4. In reaction (1.2). M(H2)n denotes a cluster ion where 

the H2 molecules are electrostatically bound to M and MH2(Hj)n denotes an ion where 

H2 molecules are bound to the HMH molecular ion. The generality of this cooperative 

sigma bond activation was also investigated by substituting M = B~ with M = Be 

and M = Li" (Chapters \ ' and \'I respectively), both of which are isoelectronic with 

B*. and therefore could be expected to have similar molecular orbital featuit- .\ 

comparison of these three s} stems gives insight into whether or not B~ is " ^preial" 

and also gives insight into the role of the electric charge on sigma bond activation.. 

i ^^^ te • a d 
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CHAPTER II 

METHODS 

2.1 Basis Set 

The basis sets used for each species in this study (B, Be, Li, and H) are of triple-C 

quality augmented by diffuse functions. Diffuse functions are necessary to accurately 

describe polarizability, which will be important for characterizing the electrostatic 

complexes in which polarizability contributes significantly to the bonding. Diffuse 

functions will also be important in the Li" study, as it is well known that diffuse 

functions are needed to correctly describe anions. Pure spherical harmonic functions 

were used throughout. The basis set used for each species can be found in Tables 

2.1-2.4. 

The basis set used for hydrogen and boron is the aug-cc-p\''TZ developed by 

Dunning and co-workers [1, 2]. For boron, the basis set includes a (10s5p2dlf) set 

of primitive Gaussian functions contracted to [4s3p2dlf], and is augmented by an 

uncontracted (Islpldlf) set of diffuse functions. For hydrogen, the basis set includes 

a (7s2pld) set of primitive Gaussian functions contracted to [3s2pld] and augmented 

by a (Islpld) set of diffuse functions. Because this is a widely used and established 

basis set no further testing was deemed necessary. 

The basis set used for beryllium is the cc-VTZ, which contains a (Ils5p2dlf) set of 

primitive gaussian functions contracted to [4s3p2dlf]. This basis set was augmented 

by a set of uncontracted (Islpldlf) diffuse functions which were energy optimized 

for the 2s^2p^ ^P excited state of beryllium, because a p orbital, being larger, would 

utilize the diffuse functions better than an 5 orbital. The adequacy of this basis 

set was tested by comparing excitation energies calculated at the MRCISD level of 

theory with experimental excitation energies [16]. The ^P to ^S excitation energy 

was calculated to be 22048cm~^ which compares well with the experimental value of 

21980cm~^ differing by only 68 cm"^: the ^P to Ŝ excitation energy was calculated V • 

be 42881 cm"^ which is only 316 cm"^ higher than the experimental value of 42565 
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cm~\ and the ^P to^P excitation energ\' was calculated to be 20834 cm~^ which 

is 249 cm~^ higher than the experimental value of 20585 cm~^ This basis set was 

also able to describe the BeH bond length well, with MP2 giving an v^ of 1.3440.4 

which compares well with the experimental value of 1.3426.4 [17j. The MP2 harmonic 

frequency of BeH was calculated to be 2092.6 cm~^ which also compares well with 

the experimental value of 2060.8 cm~^ [17]. 

The triple-C basis set used for lithium, constructed from several sources, contains 

a (9s4p2dlf) set of primitive gaussian functions contracted to [4s3p2dlf] and aug

mented by an uncontracted (Islpldlf) set of diffuse functions. The (9s4p)/[4s3p] 

part was taken from a bcisis constructed by Canuto et al. [3] that was used to calcu

late the dipole polarizability of the lithium anion. The (2dlf) coefficients are those 

recommended for the triple-^ 6-31IG basis set for lithium [4, 5], and the diffuse func

tions were energy optimized for lithium anion at the MRCISD level of theory. In 

order to test the adequacy of the basis set, calculations on Li. Li~, LiH, and LiH" 

were performed and compared with previous experimental and computational results. 

The electron affinity of the lithium atom was calculated to be 0.615 e\' (CCSD(T)) 

and 0.616 e\' (MRCISD). which compares well to the experimental [6] value of 0.618 

e\', and is in line with the previous computational results of Patterson et al. (0.614 

eV) [7]. Sims et al. (0.609±0.007 e\') [8], and Canuto et al. (0.608 e\') [3]. The 

electron aflBnity of LiH has is calculated to be 0.313 e\' (CCSD(T)) and 0.305 e\' 

(MRCISD) which agrees well with previously calculated values of 0.30 e\' [9] using 

the equation of motion method (EOM) and 0.32 e\' [10] which was derived from CI 

methodology, but is about 10% lower than the experimental value of 0.342±0.0r2 e\' 

[11]. The calculated re of LiH (1.615A CCSD(T): 1.596A MRCISD) agrees well with 

the experimental [12] value of 1.596A . and the computational value of 1.596A [13]. 

The dissociation energy (Do) of LiH was calculated to be 2.36 e\' (CCSD(T)), which 

is in good agreement with the U\' spectroscopic analysis of X'elasco (Do=2.43 e\') 

[14]. The re LiH" was calculated to be 1.68 A (CCSD(T)) and 1.70 A (MRCISD). 

which compares well with the lower limit of the experimental range of 1.724^0.015 



.4 [11], and also agrees well with the previously calculated value of 1.69 A [15]. The 

Do of LiH~ was calculated to be around 1.97 e\' (CCSD(T)). which is in excellent 

agreement with the experimental value of 2.017^0.021 eV [11], and the previously 

calculated value of 1.96 e\' (CEPA/Li(12s6p3d);9s6p3d]H(7s3p2d);5s3p2d ) [15]. 

2.2 Characterization of Stationarv Points 

Stationary points on the X(H2)n and MH2(H2)n-i (M=B~, Li". Be) hypersurfaces 

were located and characterized by second-order Moller-Plesset ',MP2) perturbation 

theory applied to a Hartree-Fock (HF) wavefunction with frozen core electrons Ge

ometric structures were optimized by analytical first derivatives to a residual root-

mean-square force of less than 10"^ hartree/bohr. Analytical second derivatives were 

used to characterize a stationary point as a local minimum (all real frequencies) or 

a transition state (one imaginary frequency). For each transition state identified, 

the reaction coordinate was determined by displacing the geometry slightly in the 

positive and negative direction of the eigenvector associated with the imaginary fre

quency. The potential energy- gradient was then followed to a subsequent stationary 

point on the potential energ}- surface. 

An important exception to this approach was followed in the location and charac

terization of the transition state region for each of the M/H2 systems. Because this 

region of the potential energy' surface in each system is necessarily multiconfigura-

tional, it could not be described well by MP2 calculations based on a single configu

ration HF wave function. Instead, complete active space (CAS) multiconfigurational 

self-consistent field (MCSCF) [18, 19] calculations followed by internally contracted 

configuration interaction in the single and double space (MRCISD) [20. 21 were per

formed. In these MCSCF calculations the (Is)^ electrons of M were held frozen and 

the four valence electrons were distributed among the six orbitals arising from the 

2s and 2p atomic orbitals of M and the Is atomic orbitals of each hydrogen atom. 

For (B"H2)* and (BeH2)' a subŝ t̂ of the MRCISD potential energy surface was fit 

to a second degree polynomial, which allowed the transition state to be i > :ated and 
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characterized analytically. Because the (Li~H2)^ transition state is located at a con

ical intersection of the Ai and B2 surfaces in C2V symmetry, a slightly more detailed 

approach had to be taken. .A. subset of both the .\i and B2 surfaces were each fit to a 

second degree polynomial and then set equal to each other, giving a functional form 

that describes the seam of conical intersections. The coordinates that minimize this 

function were then located. 

To facilitate comparisons between the various stationary points only a subset of 

internal coordinates and harmonic frequencies will be used. A full description of 

the optimizied geometries and harmonic vibrational frequencies can be found in the 

appendix. The coordinates R, r//2, and 9HMH will be used to denote the distance 

between the metal center M (B" ,̂ Be, and Li") and the midpoint of an H2 molecule, 

the H2 bond length, and the angle between R and i^^, respectively. The coordinates 

IMH and QHMH will denote the MH bond length and the HMH bond angle in the MH2 

moiety of MH2(H2)n-i respectively. The angle formed by two different R coordinates 

will be denoted QR,R'. The transition states which have been identified along the 

minimum energy pathway (MEP) connecting the reactants and products for these 

systems will be denoted TSnj. where n indicates the number of H2 molecules and i is 

an integer index. 

2.3 Single Point Calculations 

.At the stationary point geometries on the M(H2)n and MH.t(H2)n-i hypersurfaces 

located by the MP2 calculations, MRCISD and coupled cluster with single and dou

ble substitutions and a perturbative treatment of triple substitutions (CCSD(T))[22" 

calculations were performed. For H2, CCSD calculations were performed instead be

cause they correspond to full CI for a two electron system. These additional single 

point calculations allowed two important issues to be addressed. First, comparing 

CCSD(T) and MP2 results gave insight into the importance of electron correlation 

for correctly describing the relative energy of the various structures and bonding mo

tifs, because CCSD(T) captures more electron correlation than does MP2. Second, a 



comparison of the CCSD(T) and the MRCISD results gave insight into the validity 

of using single configurational approaches (i.e., MP2 and CCSD(T)) for geometries 

far from the M/H2 transition state regions. 

To simplify energy comparisons, the electronic energy of M(H2)n and MH2(H2)n-i 

and the harmonic zero point energies (ZPEs) are presented relative to the energies 

of the corresponding infinitely separated M -t- nH2 reactants. Unsealed harmonic 

frequencies are used in the calculation of ZPEs. because MP2 and CCSD(T) are size 

extensive, the electronic energy of multiple H2 molecules is simply the corresponding 

multiple of the single H2 molecule energy. Unfortunately, MRCISD calculations are 

not size extensive, and the energies can be compared properly only when the calcu

lations consider the same number of H2 molecules (i.e., the supermolecule approach), 

which was taken to be three in this study. Davidson [23] has proposed a correction 

{Q) to partially compensate for the size nonextensivity of MRCISD calculations and 

the MRCISD-I-Q energy will also be reported as appropriate. 

The MP2 and CCSD(T) calculations were performed using the GAUSSIAN 94[24]suite 

of programs and the MRCISD calculations were performed with the MOLPRO[25] 

electronic structure package. All calculations were performed on a DEC alpha 3000/700 

workstation. 

2.4 References 
[1] Dunning, T.H., Jr. J. Chem. Phys. 1989, 90, 1007. 

[2] Kendal, R.A.; Dunning. T.H.,Jr.; Harrison, R.J. J. Chem. Phys. 1992, 96, 
6796. 

[3] Canuto, S.; Duch, W.;Mller-Plathe, F.;Oddershede, J.; Scuseria, G.E. Chemi
cal Physics Letters 1988, 147, 435. 

[4] Krishnan, R.; Binkley, J.S.; Seeger. R.; Pople, J.A. J. Chem. Phys. 1980, 
72(1), 650. 

[5] Frisch, Michael J.; Pople. John .A.: Binkley, Stephen J. J. Chem. Phys. 1984, 
80(7) 3265. 
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Table 2.1: Exponents and coefficients of the Hydrogen basis set 

Exponent 

s 33.87 
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1.159 

0.3258 

0.1027 

0.02526 

p 1.407 

0.388 

0.102 

d 0.247 

Coefficients 

0.006068 

0.045308 

0.202822 

0.503903 

0.383421 

0.0 

1.0 

0.0 

0.0 

1.0 

0.0 

0.0 

0.0 

1.0 

0.0 

0.0 

0.0 

1.0 

0.0 

0.0 

0.0 

0.0 

0.0 

1.0 

0.0 

0.0 

0.0 

1.0 

0.0 

0.0 

0.0 

0.0 

0.0 

1.0 
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Taylor, P.R.; Lindh, R. 
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Table 2.2; Exponents and coefficients of the Boron basis set 

Exponent 

s 5473 

820.9 

186.8 

52.83 

17.0S 

5.999 

2.20S 

0.5S79 

0.2415 

0.08610 

0.02914 

p 12.05 

2.613 

0.7475 

0.23S5 

0.i:'769S 

0.02096 

d 0.661 

0.199 

0.0604 

f 0.490 

0.163 

Coefficients 

0.000555 

0.004291 

0.021949 

O.0S4441 

0.23S557 

0.435072 

0.341955 

0.036856 

-0.009545 

0.002368 

0.0 

0.01311S 

0.079S96 

0.277275 

0.504270 

0.353680 

0.0 

1.0 

0.0 

0.0 

1,0 

0.0 

-0.000112 

-0.000868 

-0.004484 

-0.017683 

-0.053639 

-0.119005 

-0.165S24 

0.120107 

0.595981 

0.411021 

0.0 

0.0 

0.0 

0.0 

1.0 

0.0 

0.0 

0.0 

1.0 

0.0 

0.0 

1.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

1.0 

1.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

1.0 

0.0 

0.0 

0.0 

1.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

1.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

1.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

1.0 

,3X 
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Table 2.3: Exponents and coefficients of the Beryllium basis set 

Exponent 

s 6863 

1030 

234.7 

66.56 

21.69 

7.734 

2.916 

1.130 

0.2577 

0.1101 

0.04409 

0.11600 

p 7.436 

1.577 

0.4352 

0.1438 

0.04994 

0.018 

d 0.1803 

0.348 

0.068 

f 0.325 

0.142 

Coefficients 

0.000236 

0.001826 

0.009452 

0.037957 

0.119965 

0.282162 

0.427404 

0.266278 

0.018193 

-0.007275 

0.001903 

0.0 

0.010736 

0.062854 

0.248180 

0.523699 

0.353425 

0.0 

1.0 

0.0 

0.0 

1.0 

0.0 

-0.000043 

-0.000333 

-0.001736 

-0.007012 

-0.023126 

-0.058138 

-0.114556 

-0.135908 

0.228026 

0.577441 

0.317873 

0.0 

0.0 

0.0 

0.0 

1.0 

0.0 

0.0 

0.0 

1.0 

0.0 

0.0 

1.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

1.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

1.0 

0.0 

0.0 

0.0 

1.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

1.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

1.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

1.0 
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Table 2.4: Exponents and coefficients of the Lithium basis set 

Exponent 

s 1359.45 

204.026 

46.5495 

13.2326 

4.28615 

1.49554 

0.542238 

0.073968 

0.028095 

0.0088 

p 1.488 

0.2667 

0.07201 

0.0237 

0.00755 

d 0.400 

0.100 

0.560 

f 0.150 

0.074 

Coefficients 

0.001049 

0.008057 

0.040336 

0.14583 

0.365684 

0.55916 

0.0 

0.0 

0.0 

0.0 

0.03877 

0.236257 

0.0 

0.0 

0.0 

1.0 

0.0 

0.0 

1.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

1.0 

0.0 

0.0 

0.0 

0.0 

0.0 

1.0 

0.0 

0.0 

0.0 

1.0 

0.0 

0.0 

1.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

1.0 

0.0 

0.0 

0.0 

0.0 

0.0 

1.0 

0.0 

0.0 

0.0 

1.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

1.0 

0.0 

0.0 

0.0 

0.0 

0.0 

1.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

1.0 
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CHAPTER III 

CHARACTERIZATION OF REACTANTS 

Energies and geometric parameters for the reactants M(^S5) (M=B+. Be, and Li~) 

and H2(^i;^) are outlined in tables 3.1-3.4. Inspection of Table 3.1 indicates that the 

CCSD/aug-cc-pVTZ calculations for H2 give a bond length and harmonic frequency 

values that are in excellent agreement with experiment whereas the MP2 bond length 

and harmonic frequency are about 0.5% longer and 1.0% larger, respectively. Table 

3.2 contains energies and bond lengths for the M=B'^ system. Some insight into the 

effectiveness of the Davidson correction for this system can be obtained by comparing 

the MRCISD and MRCISD+Q energies with the CCSD energy of B+ -h 3H2 because 

each of these species is an effective two-electron system (with the core electrons of 

B"̂  frozen) and CCSD is exact for a true two-electron system. In this case, Q is less 

than 3 mHartrees and the CCSD energy falls almost midway between the MRCISD 

and MRCISD-I-Q results. For the M=Be system, tabulated in Table 3.3, Q is also 

equal to about 5 mHartrees, and the CCSD(T) and MRCISD-I-Q energies differ by 

only 0.4 mHartrees. The same comparison can be made for the M=Li~ system which 

is tabulated in Table 3.4. In this case Q is about 5 mHartrees, with the CCSD and 

MRCISD-I-Q energies differing by only 0.05 mHartrees. 
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Table 3.1: Calculated Energy and Geometry of H2. ''aug-cc-pX'TZ basis set used 
throughout. ^CCSD is exact for a two electron system (i.e., H2). ^Huber.K.P.: 
Herzberg, G. C onstant so f Diatomic Molecules: \'an Nostrand Reinhold: New \'ork. 
1979. ^CCSD geometry was used. 

Species 

H2 

H2 

H2 

Method 

MP2 

CCSD'' 

expt*̂  

Energy (an) 

-1.165023 

-1.172636 

r//2 (A ) 

0.73744 

0.74298 

0.74144 

ZPE(H) 

(cm-^) 

2258.8 

2200.6 

2200.6 

ZPE(D) 

(cm-^) 

1597.8 

1556.6 

1557.8 

Table 3.2: Calculated Energy and Geometry of the B+(^Sp) with H2 (^2^) Reactants. 
''aug-cc-pX'TZ basis set used throughout. ''CCSD is exact for a two electron system 
(i.e., H2 and B"̂  with frozen core electrons). ^MP2 geometry was used, ^CCSD 
geometry was used. 

Species 

B+ 

B-

B^/3H2 

B+/3H2 

B+/3H2 

B+/3H2 

Method 

MP2 

CCSD'' 

MP2 

CCSD(T) 

MRCISD 

MRCISD+Q 

Energy (au) 

24.272821 

-24.296627 

-27.767890 

-27.814535 

-27.812429 

27.816150 

r//. (A ) 

0.73744^ 

0.74298'̂  

0.74298^ 

0.74298̂ '̂ 

15 



Table 3.3: Calculated Energy and Geometry of the Be{^Sg) with H2 C^;) Reactants. 
'^basis I used throughout. ''CCSD is exact for a two electron system (i.e., H2 and Be 
with frozen core electrons). ^MP2 geometry was used. ^CCSD geometry was used. 

Species 

Be 

Be 

Be/3H2 

Be/3H2 

Be/3H2 

Be/3H2 

Method 

MP2 

CCSD'' 

MP2 

CCSD(T) 

MRCISD 

MRCISD+Q 

Energy (au) 

-14.601369 

-14.618556 

-18.096438 

-18.136464 

-18.130952 

-18.136094 

r//2 (A) 

0.73744̂ ^ 

0.74298'̂  

0.74298^ 

0.74298^ 

Table 3.4: Calculated Energy and Geometry of the Li-(^Sp) with H2 (^^J) Reactants. 
"basis I used throughout. ''CCSD is exact for a two electron system (i.e., Ho and Li-
with frozen core electrons). ^MP2 geometry was used. ''CCSD geometry was used. 

Species 

Li-

Li-

Li-/3H2 

Li-/3H2 

Li-/3H2 

Li-/3H2 

Method 

MP2 

CCSD'' 

MP2 

CCSD(T) 

MRCISD 

MRCISD+Q 

Energy (au) 

-7.444884 

-7.454785 

-10.939953 

-10.972693 

-10.967969 

-10.972640 

r ( A ) 

0.73744^ 

0.74298^ 

0.74298^ 

0.74298^ 
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CHAPTER I\ ' 

SIGMA BOND ACTIVATION BY THE BORON C.\TION^ 

4.1 Introduction 

The reaction of B+ (^Sg) with H2 (^E+) to produce the centrosymmetric (Doo/i) 

covalently bound HBH+ (^S+) ion is exothermic by more than 50 kcal/mol. Never

theless, the gas phase reaction proceeds inefficiently due to the presence of a large 

activation energy. The origin of the reaction barrier has been discussed previously 

by Nichols et al. [1] in the context of guided ion beam [2, 3] and other experimental 

studies [4] of BH+ formation from B+/H2 collisions and is straightforward to under

stand. The analysis is simplified by considering a constrained C2i; geometry for the 

reaction coordinate (Figure 4.1). At large B'''/H2 separation a ^Ai electronic ground 

state of the electrostatic complex arises from the four valence electrons adopting a 

(2ai)^(3ai)^ electron configuration. The lower energy orbital has no nodes between 

boron and H2 and the higher energy orbital has one such node lying parallel to the H-

H axis. Alternatively, at small B'''/H2 separation a ^Ai electronic ground state of the 

covalent molecular ion arises from the four valence electrons adopting a (2ai)-(lb2)" 

electron configuration. As was the case at large separation, the lower energy orbital 

has no nodes between boron and hydrogen. However, the node of the higher energy 

orbital now lies perpendicular to the H-H axis. Thus, although the electronic state 

is always labeled a ^A.i in C2U symmetry, the (3ai)^ occupancy of large separation 

ground state correlates with an excited electronic state at small separation and an 

energy barrier to reaction ensues. 

Very recently, Kemper. Bushnell, Weis, and Bowers[5] (KBW'B) reported that the 

electrostatic complexation of the B"*" ion to three H2 molecules caused the activation 

energy for HBH"*" formation to decrease to almost zero. Considering that the electro-

* Reproduced with permission from the .American Chemical Society from ''Sigma Bond Activation 
by Cooperative Interaction with ns"^ Atoms: B"̂  + nHo" by Stephanie B. Sharp and Gregory I. 
Gellene. Journal of the American Chemical Society, \'ol. 120 No. 30, pp. 7585-7593. Copyright 
1998 by the American Chemical Society. 
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static binding energy of each H2 molecule is expected to be only about 2-4 kcal/mol, 

this dramatic activation energy decrease could not be attributed simply to the energy 

eff'ects of H2 clustering on B'*'. A cluster assisted mechanism for o bond activation has 

been observed previously for the transition metal systems SC+/H2 [6] and Ti^/CH4 

[7]. However, in those cases the explanation involved an energetic reordering of the 

low-lying electronic states of the metal ion upon complexation which cannot be the 

ca^e for the B"*" ion. To understand this observation more fully, a high-level ab initio 

electronic structure investigation of the series of reactions 

B+(H2)„ + H2^BH2+(H2). . (4.1) 

for n=0-3 was undertaken. 

4.2 Results 

4.2.1 B+(H2) and BH -f-

Energies and geometric parameters characterizing various stationary points on 

this hypersurface are summarized in Table 4.1. The electrostatic complex is calcu

lated to be T-shaped (C2v) with R equal to 2.27 (MP2), 2.25 (CCSD(T)), or 2.24 

k (MRCISD). The H2 moiety is little changed from it infinitely separated charac

teristics with an r/^j bond length that is increased only 0.013 (MP2 and CCSD(T)) 

or 0.020 .4 (MRCISD) and a stretching frequency that is decreased by only 211.5 

(MP2) or 197.3 cm-^ (CCSD(T)). The dissociation energies (Dg) calculated at the 

MP2, CCSD(T), and MRCISD levels of theory agree extremely well with each other, 

falling within the range of 4.26+0.03 kcal/mol while the MRCISD+Q calculations 

predict a Dg about 0.14 kcal/mol larger. Inclusion of MP2 ZPE predicts adiabatic 

dissociation energies (DQ) which are decreased from the Dg value by 0.92 and 0.68 

kcal/mol for the per-hydrogenated and per-deuterated species, respectively. To assess 

the adequacy of MP2 theory for predicting DQ, C C S D ( T ) harmonic frequencies were 

also calculated for the B+(H2) electrostatic complex. The low-frequency modes of 
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B+-H2 stretching (345 cm-^ MP2; 346 cm-^ CCSD(T)) and H2 rocking (511 cm '^ 

MP2; 504 c m - \ CCSD(T)) have very similar values at the two levels of theory while 

the high frequency H2 stretching mode (4306 cm-^ MP2: 4204 c m - \ CCSD(T)) ap

pears to be overestimated by MP2 theory. However, the error is comparable to that 

observed for the isolated H2 stretching frequencies (4518 cm" \ MP2: 4401 cm-^ 

CCSD), suggesting that harmonically based DQ values can be adequately predicted 

for these systems by MP2 theory. 

The covalently bound BHj molecule is calculated to be a linear symmetric molecule 

(Dooh) with an TBH equal to 1.170 (MP2) or 1.175 A (MRCISD). Dg values calculated 

at the CCSD(T), MRCISD, and MRCISD+Q levels of theory agree well with each 

other, falling in the range of 60.38+0.09 kcal/mol, suggesting that the MP2 value 

may be 4 kcal/mol too large. MP2 harmonic frequencies for the per-hydrogenated 

species are calculated to be 2729, 1009, and 3014 cm-^ for the symmetric stretching, 

bending, and asymmetric stretching modes, respectively. These results indicate that 

Do is decreased from Dg by 4.63 and 3.66 kcal/mol for the per-hydrogenated and 

per-deuterated species, respectively. 

Two saddle points have been found on the B'^(H2)/BHj hypersurface. The first 

has a C2U geometric structure and corresponds to the second-order saddle point iden

tified previously by the MCSCF calculations of Nichols et al.[l]. In that work the 

optimized geometry had R = 1.226 .A , TH2 = 1.396 .4. . and an energy of 77.6 kcal/mol 

with respect to B^ + H2. In the present MRCISD calculations this second-order sad

dle point is characterized by R=1.206A , r//2=1.335A , and an energy of 69.7 kcal/mol 

with respect to B"*" + H2. The second saddle point has not been identified previously 

and represents the true transition state for the reaction. The structure has C5 symme

try with the short TBH = 1-208A , r//, = 2.416A , and OBMH = 98.1° (Figure 4.1). The 

hydrogen atoms are inequivalent in this transition state with the long IBH = 2.849A . 

Inclusion of ZPE decreases the transition state energy by 2.27 and 1.50 kcal/mol for 

the per-hydrogenated and per-deuterated species, respectively. The relative energy 

of the stationary points along the minimum energy- pathway (MEP) is summarized 

in Figure 4.1. 
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4.2.2 B+(H2)2 and BH+(H2) 

Energies and geometric parameters characterizing various stationary points on 

this hypersurface are summarized in Table 4.2 and illustrated in Figure 4.2. The 

electrostatic complex is calculated at the MP2 level to have a C5 minimum energ\' 

structure with the values of R and r/Zj comparable to those of the B"'"(H2) electrostatic 

complex. Each H2 adopts a T- or near T-shaped structure with the B"̂  ion with 

9R,R' equal to 78.5°. All of the methods investigated predict very similar values for 

the Dg of this complex, which fall in the range of 8.53+0.23 kcal/mol. Lying only 

about 0.1 kcal/mol in energy above this structure is a planar C2t; transition state. 

TS21. Interestingly, Table 3 indicates that, when harmonic ZPE is considered. TS21 

is about 0.5 kcal/mol more stable than the C5 minimum. This result suggests that 

the electrostatic complex may be a very fluxional molecule without a well-defined 

equilibrium geometry. 

Continuing along the MEP from TS21 brings the system to TS22, which is the true 

transition state for the reaction. The major geometric changes between TS21 and 

TS22 are a shortening of R by about 0.76A and an elongation of IH2 by about 0.12A . 

TS22 is a planar five-membered ring from which the covalent molecular ion is formed 

through a pericyclic mechanism where simultaneously two BH bonds are formed, two 

H2 bonds are broken, and a new H2 bond is formed. It is worth emphasizing that 

this mechanism implies that the two hydrogen atoms that ultimately participate in 

the two BH bonds of BHj(H2) originate from diflferent hydrogen molecules as do the 

two hydrogen atoms which ultimately form the H2. The final transition state consid

ered for this system. TS23 has a square-planar geometry (D4/1) with four equivalent 

hydrogens. However, the energ>' of TS23 Hes above that of BHf + H2, indicating that 

dissociation is energetically preferred over internal hydrogen exchange through this 

transition state. 
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4.2.3 B+(H2)3 and BH+(H2)2 

Energies and geometric parameters characterizing various stationary points on 

this hypersurface are summarized in Table 4.3 and illustrated in Figure 4 3. The 

electrostatic complex is calculated at the MP2 level to have a C3 minimum energy 

structure with the values of R and IH2 comparable to those of the B-(H2) and B^(H2)2 

electrostatic complexes. Again, each H2 adopts a near-T-shaped structure with the B^ 

ion with On^Bf equal to about 78°. All of the methods investigated predict very similar 

values for the Dg of this complex, which fall in the range of 12.51+0.35 kcal/mol. 

The structure of the transition state for forming the covalent molecular ion, TS31, is 

very similar to that of the electrostatic complex with the most significant geometric 

changes occurring in coordinates of î?,r//2 ^"^^ ^ which decrease by about 20° and 

O.43A , respectively. Because these motions of the H2 molecules are associated with a 

small energy change, the electronic surface at TS31 is only about 3.4 kcal/mol higher 

in energy than the electrostatic minimum. From TS31 the MEP leads to TS32, a high-

symmetry {D^h) transition state where the B"*" ion interacts equivalently with all six 

hydrogens. At this point on the MEP nearly 75% of the reaction exothermicity has 

been released. From TS32, motion along the MEP involves an asymmetric distortion 

that breaks the C3 symmetry which has been preservered thus far, leading the system 

to the covalent molecular ion. 

4.2.4 B+(H2)4 and BH+(H2)3 

Energies and geometric parameters characterizing various stationary points on 

this hypersurface are summarized in Table 4.4. The B^(H2)4 electrostatic complex is 

calculated at the MP2 level to have a C5 minimum energy structure with the values 

of R and RH2 comparable to those of the other electrostatic complexes and with 

each H2 adopting a T- or near-T-shaped structure with the B" ion. The symmetry 

plane contains one H2 and bisects a second H2, which have a 9R_R> equal to about 7S' 

with respect to each other. The other two H2 molecules lie in equivalent pu>itiuiis 

on either side of the symmetry plane having a OR^R' of about 77-78° with respect to 
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the first two H2 molecules and a 6R^R> of about 147° with each other. CCSD(T) and 

MP2 calculations predict similar values of about 15.46+0.06 kcal/mol for the Dg of 

this complex to B+ + 4H2. The transition state for forming the covalent molecular 

ion (TS41) has C, symmetry (although a plane of symmetry is not preserved in going 

from the electrostatic complex to TS41) and is very similar to TS31 with the additional 

H2 located far from the B+ ion (R=2.82A ). From TS41, the MEP proceeds to the 

covalent molecular ion that is structurally very similar to that of BHj(H2)2 with an 

additional weakly bound H2 molecule. Two diflPerent local minima for the location of 

this final H2 were found. One is a C5 structure where the weakly bound H2 molecule 

is located between the covalently bound H2 molecules but much further away from 

the B+ ion. The other is a Ci structure where the weakly bound H2 molecule is 

located about midway between the plane of boron and one covalently bound H2 and 

the BHj plane. These two minima and the transition state connecting them (TS42) 

all lie within about 1 kcal/mol of each other. 

4.3 Discussion 

Although the results were presented with each system distinguished by the num

ber of H2 molecules present, instructive trends in the results can be identified best 

by regrouping the systems under the headings of electrostatic complexes, covalent 

molecular ions, and the intervening transition states. It is also instructive to consider 

the relative energies for the stepwise addition of each H2 molecule within each of these 

groups. Although this information is implicit in Tables 4.1-4.4, it is summarized in 

Table 4.5 for convenience. To produce a consistent set of energy diff'erences, CCSD(T) 

electronic energies and MP2 ZPEs were used generally because the CCSD(T) and the 

MRCISD results are in good agreement and CCSD(T) values are available for all 

systems considered. An important exception is the (BHf)^ transitions state, which 

requires a multireference technique for a correct description and MRCISD electronic 

energy, and harmonic frequencies are used in this case. 
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4.3.1 Electrostatic Complex Formation 

Each H2 molecule in every electrostatic complex investigated adopts a T- or near-

T-shaped orientation {OR^rn^ ~ 90°), which is the attractive orientation of the H2 

quadrupole moment with a positive charge. The position of H2 molecules with respect 

to each other is also consistent, maintaining a 6R^R> value of about 78°. Noting that 

this value of 6R^R> is close to the mutual angle between the three empty p-orbitals 

of B"̂  (i.e., 90°) suggests that these empty orbitals are instrumental in transferring 

electron density from the H2 molecules to the B+ ion. The structures of the B^(H2)2 

and B'^(H2)3 complexes indicate a preference for each p-orbital to interact with a 

single H2 molecule, and the similarity of the electronic binding energy of the first 

three H2 molecules (4.3, 4.1, and 4,1 kcal/mol) indicates that each of these sequential 

binding events are largely independent from an electronic point of view. Formation 

of B"^(H2)4 requires that two H2 molecules interact with the same p-orbital and Table 

6 indicates a preference for the H2 molecules to be on the "same side" of the B"*" with 

all OR^R' values (except that involving the two H2 molecules interacting with the same 

p-orbital) being 77.4+0.6°. 

The present adiabatic electrostatic binding energies for the per-hydrogenated 

clusters can be compared with the QCISD(T)/6-311++G(2df,p) computational and 

clustering equilibrium experimental results of KBWB [5]. Computationally, the 

present binding energies are about 10% larger for B+(H2) and B+(H2)2 formation (3.4 

kcal/mol vs. 3.1 kcal/mol and 2.7 kcal/mol vs. 2.5 kcal/mol, respectively) and about 

10% smaller for B+(H2)3 and B'''(H2)4 formation (2.2 kcal/mol vs. 2.3 kcal/mol and 

1.6 kcal/mol vs. 1.9 kcal/mol, respectively). Ordinarily, QCISD(T) and CCSD(T) 

calculations with comparable basis sets would be expected to give very similar results. 

It is possible that the small discrepancies in computed binding energies arise from the 

present use of MP2 ZPEs and the KBWB use of SCF ZPEs. The binding energies 

for B+(H2) and B^(H2)2 formation presently calculated are in better agreement with 

the experimental values (3.8+0.2 and 3.0+0.3 kcal/mol, respectively) than are the 

calculations of KBWB. 
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The results in Tables 4.4 and 4.5 indicate that the covalently bound BHj(H2)3 is 

best considered as an electrostatic complex between BHj(H2)2 and H2 and is thus 

denoted BHj(H2)2(H2) in Table 4.5. The electrostatic binding of the first H2 to 

BH2"(H2)2 is weaker than the electrostatic binding of the fourth H2 to B"*", suggest

ing that the B'^(H2)4 complex is more likely to be observed mass spectrometrically 

despite having an overall stability that is much less than that of the isomeric clus

ter, BH2"(H2)2(H2). This result can be rationalized by considering the size difference 

between BH2"(H2)2 and B"̂ , which causes the electrostatically bound H2 molecule in 

BH2"(H2)2(H2) to be about lA further from the boron atom than it is in the B+(H2)4 

complex. 

4.3.2 Covalent Bond Formation 

The reaction of B"̂  + H2 to form BHj is calculated to be about 56.8 kcal/mol 

exothermic, which agrees well with the QCISD(T) result of 55.7 kcal/mol calculated 

by KBWB but is substantially greater than the MCSCF of 42.1 kcal/mol reported 

by Nichols et al.[l] However, building CI on to the multireference wavefunction, as is 

done in the MRCISD calculations, repairs this deficiency of the MCSCF calculations. 

Binding of an H2 molecule to BHf is calculated to be exothermic by 13.7 kcal/mol, 

which agrees well with the computational (13.8 kcal/mol) and experimental (14.7+0.5 

kcal/mol) results of KBWB as well as with the MP2(fu)/6-31lG(d,p) calculations 

(14.5 kcal/mol) of DePuy et al.[8]. The latter agreement is surprising considering that 

the present MP2 and CCSD(T) results differ by almost 5 kcal/mol for the exother

micity of this reaction. It is possible that the near agreement with the results of 

DePuy et al. may be due to their use of a somewhat smaller basis set and/or the 

correlation of the Is electrons of boron. Technical comparisons aside, however, it 

is clear that the binding energy of H2 to BHj is about 5 times greater than is the 

binding of H2 to B"^(H2). Coupling this energy result with the geometric results of a 

long H2 bond (O.81A vs. 0.76A ) and short value of R (1.37 vs. 2.25A ) in BH+(H2). 

relative to the value of those parameters in B^(H2)2, indicates a significant degree 
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of covalent character in the bonding of H2 to BHJ. This was first noted by Rasul 

and Olah [9] who pointed out the three center-two electron (3c-2e) nature of this 

bonding. This bonding picture of boron participating in one 3c-2e bond with the H2 

species and two 2c-2e bonds in the BHJ moiety is supported by the QHBH angle of 

141.2°. which is close to the 120° angle expected for three pairs of electrons around a 

central atom. Further, a comparison of the vibrational frequencies indicates that the 

formation of the 3c-2e bond seems to have little eflPect on the 2c-2e bonding in the 

BHj moiety beyond the near 40° decrease in QHBH- The frequency of the symmetric 

stretch, in-plane bend, and asymmetric stretch of the BHj moiety in BH2"(H2) and 

the change from the corresponding value in BHJ (in parentheses) are calculated to 

be 2734.2(+5.3 cm"^). 987.2(-21.3 cm-^). and 2939.1 cm"^ (-75.2 cm-^). In contrast. 

the H2 vibrational frequency decreases 938.3 cm"^ to 3579.3 cm-^ upon forming the 

3c-2e bond. 

Binding of the second H2 to BHj is calculated to be about 3 kcal/mol more 

exothermic than the binding of the first H2 in agreement with the computational and 

experimental results of KBWB and the computational results of DePuy et al. This 

increased exothermicity coupled with a long H2 bond and short value of R similar 

to that observed for BH2"(H2) supports the bonding picture of a second 3c-2e bond 

formation as suggested by Rasul and Olah. This viewpoint gains further support 

when it is recognized that the two 2c-2e bonds and the two 3c-2e bonds form near-

tetrahedral angles with respect to each other as expected for four pairs of electrons 

around a central atom. Again, a consideration of the vibrational frequencies indicates 

that the dominant eff'ect of the formation of the two 3c-2e bonds on 2c-2e bonding 

in the BHj is the decrease in QHBH- In this case, the frequencies of the symmetric 

stretch, inplane bend, and asymmetric stretch of the BH7 moiety in BHj(H2)2 and 

the change from the corresponding value in BHj (in parentheses) are calculated to be 

2688.0 (-40.9 cm"^). 10S5.1 (+76.6 cm"-), and 2813.S cm-^ (-200.5 cm"^), whereas 

the H2 in-phase and out-of-phase stretching frequencies decrease to an average value 

of 3454.2 cm-i (-1063.4 cm"^). 



4.3.3 Transition State Formation 

The transition state for BHj formation from B"*" + H2 is calculated to be about 

57 kcal/mol, which is only about 1 kcal/mol less that the energy required to form 

BH"̂  + H. This result coupled with the calculated transition state structure of an 

essentially fully formed BH bond {TBH = 1-208 k , identical to the equilibrium bond 

length of BH+), and an essentially fully dissociated H2 bond (r/Zj = 2.416 .A ). sup

ports the mechanistic interpretation of sequential bond formation for this reaction. 

Although the origin of this activation has been discussed in detail in the Section 4.1. 

anticipating the results for reactions with additional H2 molecules present, the fol

lowing perspective is oflFered. To activate the H2 for insertion, electron density needs 

to be shifted into an orbital having a node that bisects the H2 bond. In the B^ + H2 

reaction, this requires substantial rotation of the H2 molecule {QBHH = 98.1° at the 

transition state) causing the B"̂  ion to interact strongly with only one hydrogen of 

the H2 molecule. Thus, the full energy price of breaking the H2 bond must be paid 

while the pay back of forming only one of the two BH bonds is received. It can be 

anticipated that a substantial reduction in activation energy my ensue if the system 

can maneuver the node of an occupied molecular orbital to bisect an H2 bond while 

allowing the B"̂  ion to interact with multiple hydrogens. 

This is precisely what occurs in the transition state for the reaction of B~(H2) + 

H2 where the activation energy is lowered by nearly 80% to only about 11 kcal/mol. 

Figure 2 shows that this is accomplished by having the node in the HOMO, which 

lies between the B ' ion and the two H2 molecules in the electrostatic complex, shift 

at the transition state to where it begins to bisect both H2 bonds while two bond-like 

BH distances (TBH = lAlk ) are maintained. .As mentioned previously, passing out 

of this transition state the system breaks two H2 bonds while simultaneously forming 

two BH bonds and one new H2 bond. .As the system proceeds toward the BHJ(H2) 

product, the highest two occupied molecular orbitals exchange their relative energy 

ordering. 
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This strategy for activation energy reduction is used to greater advantage in the 

reaction of B+(H2)2 + H2 where more than 70% of the remaining activation energy is 

removed. Figure 3 shows that the relevant molecular orbital node is again that of the 

HOMO, which shifts at the transition state to begin to bisect all three H2 bonds. In 

this transition state, the angle that the hydrogen atoms closest to boron make with 

boron {6HBH')^S 95.2°. This angle suggests the hydrogen atoms nearest boron are 

strongly interacting with the three previously unoccupied p-orbitals of B^ ion. Use 

of these orbitals will be crucial in formation of the ensuing two 2c-2e and two 3c-2e 

bonds. For this reaction path, the relative energy ordering of the molecular orbitals 

is preserved and only one H2 bond is broken while two BH bonds are formed. Of 

the three detailed reaction mechanisms considered thus far, only this final one can be 

considered properly as an insertion mechanism. 

The activation energy for the reaction of B"^(H2)3 + H2 increases about 1.7 

kcal/mol over that for the B+(H2)2 + H2 reaction, indicating that, for these systems, 

activation energy lowering by interacting with increasing numbers of H2 molecules 

maximizes with three H2 molecules. This value of three appears to be intimately 

associated with the fact that the B+ ion has three empty p-orbitals. .A.t the transition 

state for B+(H2)3 + H2 reaction, 9HBH values for the three hydrogen atoms closest 

to B^ are 95.0-96.3°, similar to the value observed for the B"'"(H2)2 + H2 transition 

state. This H2 molecule is precisely the one that "shares" a B^ ion (R = 2.82A ) 

at the transition state as if to leave as much of the p-orbital interaction for the H2 

that will participate significantly in the reaction. Because all other structural pa

rameters characterizing (B"''(H2)3)^ and (B+(H2)4)^ are similar, it appears that the 

1.7 kcal/mol increase in activation energy occurring with the addition of a fourth H2 

molecule arises from the necessity of sharing a B+ p-orbital by two H2 molecules. This 

interpretation suggests that no further reduction in activation energy is expected with 

participation of increasing numbers of H2 molecules beyond three. Rather, a small 

increase in activation energy may continue to occur instead. 
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4.3.4 Comparison with Experiment 

From an analysis of the temperature dependence of the rate of BHj(H2)2 forma

tion, KBWB inferred that the reactive species was B''"(H2)3 and that the barrier to 

reaction was 1.0+0.5 kcal/mol. From a similar analysis of analogous experiments with 

deuterium substitution, a reaction barrier of 1.7 kcal/mol was inferred for the forma

tion of BDj(D2)2- The present computational results are in full agreement with the 

conclusion that B'^(H2)3 is the most reactive electrostatic complex. However, there 

are two major difficulties in interpreting the experimentally determined activation 

energies as classical adiabatic barriers to reaction. First, the kinetic analysis used 

by KBWB implies that the inferred activation energies are to be measured from the 

zero-point level of the respective electrostatic complex, placing the barriers 0.6+0.5 

and 0.2 kcal/mol below the energy of B''"(H2)2 + H2 and B^(D2)2 + D2. respec

tively. Considering that these dissociation limits are the experimental starting points 

for complex formation, it is difficult to understand why production of the covalent 

molecular ion would be slow (as inferred in the experimental work) when reactants 

with zero relative kinetic energy have sufficient energy- to undergo the reaction. It 

is conceivable that the reaction rate may be slowed by a dynamical constraint that 

limits access to the transition state region and some evidence for the 'tightness*' of 

the transition state can be inferred from the increased ZPE of(B"(H2)3)^ relative to 

that of B^(H2)3. However, if the reactants did contain energy in excess of the classi

cal adiabatic barrier, the reaction would ordinarily be thought to be facile under the 

experimental conditions of KBWB. 

The second difl[iculty concerns the isotope effect on the activation energy. KBWB 

inferred a barrier height for the deuterated reaction which was greater than that for 

the hydrogenated reaction. Alternatively, the present computational results predict 

classical adiabatic reaction barriers of 3.4 and 2.3 kcal/mol for the hydrogenated and 

deuterated reactants. respectively, if measured from the separated reactants. These 

barriers become 5.6 and 5.0 kcal/mol. respectively, if measured from the ZPE of the 

respective electrostatic complex. From either point of view, the classical adiabatic 
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reaction barrier is predicted to decrease upon deuteration and this is a robust re

sult of these calculations. Although it is true that the molecular hydrogen stretching 

frequencies are decreased at the transition state relative to their values in the elec

trostatic complex or separated reactants, this effect, which by itself would cause an 

increase in the adiabatic barrier upon deuteration, is more than offset by two ad

ditional considerations. First, at the transition state, the low frequency modes of 

molecular hydrogen in the electrostatic complexes shift to higher energy as the strong 

bonding of the covalent molecular ion starts to develop. Second, with respect to the 

separated reactants, the transition state has five additional vibrational modes, all of 

which shift to lower frequency upon deuteration. 

If the experimentally determined activation energies are not readily interpreted 

classical adiabatic barrier heights, how should they be understood? One possibility is 

that they represent effective dynamical barrier heights. The eff"ective mass associated 

with motion over the col at the transition state is calculated to be 1.1841 amu for 

(B'^(H2)3)^ and 2.4844 amu for (B+(D2)3)^ These effective masses are light enough for 

tunneling at energies below the classical adiabatic barrier to contribute to the overall 

observed rate. Considering that the present calculations predict classical adiabatic 

reaction barriers which are a few kilocalories per mole above the dissociation energy 

of the electrostatic complexes, it is possible that the reaction mechanism may be 

dominated by tunneling under the experimental conditions of KBWB. If this is true, 

the experimental determination of an effective dynamical barrier that increases upon 

deuteration can be understood generally as a consequence of the greater effective 

mass of the deuterated reactants which decreases the tunneling rate relative to that 

of the hydrogenated reactants at the same energy above their respective ZPE, 

One final mechanistic point can be noted. Because under the experimental con

ditions of KBWB electrostatic complexes are produced by a three-body association 

reaction. 

(B-(H2)2)* + H. —> B*(H2)2 -T- H2 (4.2) 
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where (B''"(H2)2)* is a collision complex, it might be thought that the required activa

tion energy could be supplied as internal energy in (B"*"(H2)2)*- In this mechanism, the 

rate of covalent molecular ion formation would depend on the competition between 

reaction (4.2) and 

(B+(H2)2)*+H2-^BH2+(H2)2. (4.3) 

However the present calculations indicate that a fully energized (B^(H2)2)* collision 

complex (i.e., having an energy equal to the dissociation energy) still requires an 

additional 0.71 kcal/mol to surmount the classical adiabatic reaction barrier. Inter

estingly, when the analogous per-deuterated reaction is considered, the calculations 

predict that the fully energized (B^(D2)2)* collision complex has 0.77 kcal/mol in 

excess of its classical adiabatic reaction barrier. Thus if internal energy in the col

lision complexes played a significant role in promoting the reaction, the calculations 

indicate that the deuterated reaction should be favored. Experimentally, this is not 

the case. 
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Table 4.1: Calculated Geometry and Relative Energy for B" (̂H2) and BHj Stationary 
Points. °Angle between r /̂j and TBH is 98.1°. ''Relative to B* + H2 in kcal/mol. 
"^Relative to H2(D2) in kcal/mol. '̂ At the MP2/aug-cc-p\TZ level of theory. 'At the 
MRCISD/aug-cc-pVTZ level of theory. 

property 

point group 

R (A )/MP2 

R (A )/CCSD(T) 

R (A )/MRCISD 

TH, (A )/MP2 

rH2 (A )/CCSD(T) 

TH2 (A )/MRCISD 

IBH (A )/MP2 

TBH (A )/MRCISD 

relative energy^ 

MP2 

CCSD(T) 

MRCISD 

MRCISD+Q 

relative ZPE" 

per-H 

per-D 

Electrostatic 

complex 

C2t; 

2.2721 

2.2546 

2.2425 

0.7509 

0.7563 

0.7625 

-4.26 

-4.29 

-4.23 

-4.40 

. 0.92̂ ^ 

0.68^ 

Hypersaddle 

point 

C27; 

1.2056 

1.3348 

69.72 

69.94 

Transition 

state^ 

c. 

2.7762 

2.4159 

1.2079 

59.10 

59.06 

-2.27' 

-1.50' 

Covalent 

molecular 

ion 

Doo/i 

1.1702 

1.1749 

-64.46 

-60.57 

-60.39 

-60.53 

4.63^ 

3.66^ 
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Table 4.2: Calculated Geometry'' and Relative Energy for B+(H2)2 and BHT(H2) 
Stationary Points. '^Geometry optimized at the MP2 level only. ''(||) and (+) refer 
to the H2 molecules which are parallel and perpendicular to the plane of symmetry, 
respectively. "Relative to B^ + 2H2 in kcal/mol. '^Relative to 2H2(2D2) in kcal/mol. 

property 

point group 

R(A) 

^H,{k) 

^BHik ) 

9HBH{deg) 

OR^TH^ (deg) 

9R,R>{dQg) 

relative energy" 

MP2 

CCSD(T) 

MRCISD 

MRCISD+Q 

relative ZPE^ 

per-H 

per-D 

Electrostatic 

complex'' 

c. 
2.2511(11) 

2.2848(+) 

0.7509(11) 

0.7502(+) 

91.4(11) 

90.0(+) 

78.5 

-8.42 

-8.41 

-8.75 

-8.30 

2.35 

1.72 

Transition 

state 1 

C2V 

2.2636 

0.7506 

92.3 

78.9 

-8.33 

-8.33 

2.14 

1.58 

Transition 

state 2 

C2i; 

1.5008 

0.8721 

1.4121 

70.0 

75.8 

0.06 

3.51 

3.83 

2.89 

4.68 

3.49 

Covalent 

molecular ion 

C2i; 

1.3699 

0.8103 

1.1729 

141.2 

90.0 

-88.25 

-79.46 

-79.12 

-79.53 

9.86 

7.47 

Transition 

state 3 

D4/̂  

0.8525 

1.7049 

1.2056 

90.0 

90.0 

-57.71 

-50.54 

-49.51 

-50.85 

5.57 

4.38 

• 

, ./.,!.. 
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Table 4.3: Calculated Geometry'' and Relative Energy for B+(H2)3 and BHj(H2)2 
Stationary Points. "Geometry optimized at the MP2 level only. ''Relative to B^ + 
3H2 in kcal/mol. "Relative to 3H2(3D2) in kcal/mol. 

property 

point group 

R(A) 

r/f2 (A ) 

r^z/A 

OnBHideg) 

<9fl,r/f2(deg) 

OR,R'{deg) 

relative energy^ 

MP2 

CCSD(T) 

MRCISD 

MRCISD+Q 

relative ZPE" 

per-H 

per-D 

Electrostatic 

complex 

C3 

2.2418 

0.7509 

92.2 

77.9 

-12.66 

-12.51 

-12.86 

-12.16 

4.26 

3.11 

Transition 

state 1 

C3U 

1.8089 

0.7759 

70.6 

77.4 

-10.27 

-9.08 

-9.14 

-9.07 

6.42 

4.70 

Transition 

state 2 

D3/. 

1.1027 

1.0694 

1.2255 

51.7 

90.0 

120.0 

-89.18 

-78.69 

12.64 

9.60 

Covalent 

molecular ion 

C2V 

1.3123 

0.8196 

1.1810 

123.0 

90.0 

100.1 

-111.57 

-102.28 

-101.67 

-101.95 

16.23 

12.11 
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Table 4.4: Calculated Geometry" and Relative Energy for B+(H2)4 and BHj(H2)3 
Stationary Points. "Geometry optimized at the MP2 level only. R, r/Zj, and f̂l,r//2 
values correspond to the same H2 molecule in the order listed. QR^R< values correspond 
to the angle between the first and second H2 listed, followed by the first and third, 
and so on until the third and fourth. ''Relative to B^ + 4H2 in kcal/mol. "Relative 
to 4H2(4D2) in kcal/mol. 

property 

point group 

R(A) 

ri/2 (A ) 

rBi/(A ) 

^//B//(deg) 

Electrostatic 

complex 

Cs 

2.2157 

2.2416 

2.4391 

2.4391 

0.7513 

0.7506 

0.7461 

0.7461 

Transition 

state 1 

c. 
1.8166 

1.8166 

1.8815 

2.8156 

0.7780 

0.7780 

0.7726 

0.7419 

Covalent 

molecular ion 

c. 
1.3121 

1.3121 

3.1901 

0.8191 

0.8191 

0.7414 

1.1806 

1.1809 

123.1 

Transition 

state 2 

c. 
1.3052 

1.3115 

3.7715 

0.8189 

0.8197 

0.7403 

1.1811 

1.1811 

122.6 

Covalent 

molecular ion 2 

Ci 

1.3155 

1.3531 

3.1090 

0.8181 

0.7401 

1.1809 

1.1809 

123.0 
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Table 4.4: Continued. 

Electrostatic Transition Covalent Transition Covalent 

complex state 1 molecular ion state 2 molecular ion 2 property 

point group 

6R,rH2{deg) 

OR,R'{deg) 

relative energy'' 

MP2 

CCSD(T) 

relative ZPE" 

per-H 

per-D 

c. 
90.0 

92.4 

91.8 

91.8 

77.7 

76.8 

76.8 

77.9 

77.9 

147.4 

-15.52 

-15.40 

5.58 

4.09 

c. 
71.2 

71.2 

70.5 

76.5 

78.0 

78.1 

72.9 

78.1 

72.9 

139.0 

-12.33 

-11.05 

7.84 

5.72 

c. 
89.8 

89.8 

82.7 

99.6 

59.6 

59.6 

-113.78 

-104.52 

17.68 

13.14 

Cs 

90.0 

90.0 

90.0 

100.3 

0.0 

100.3 

-113,17 

-103.91 

17.24 

12.83 

Ci 

90.0 

89.9 

99.9 

99.7 

156.3 

57.3 

-113.21 

-103.95 

17.25 

12.83 
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Figure 4.1: Relative energy of stationary points on the minimum energy parh for B^ 
+ H2 ^ BHj calculated at the CCSD(T) /aug-cc-pVTZ level of theory with harmonic 
ZPE added for the per-hydrogenated species at the MP2/aug-cc-p\'TZ level if theory. 
The transition state was calculated at the MRCISD/aug-cc-p\TZ level of theorv. The 
orbitals pictured are the highest two occupied and lowest unoccupied valence orbitals. 
The inset shows the potential energy surface for a constrained Co,, geometry. 
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CHAPTER V 

SIGMA BOND ACTIVATION BY THE BERYLLIUM ATOM 

5.1 Introduction 

After examining the dramatic activation energy lowering that was evident in the 

boron system by the cooperative interaction of the H2 molecules, interest in finding 

out if other species reacting with H2 molecules would exhibit the same characteristics 

grew. Hence, a high level ab initio electronic structure investigation analogous to the 

previous study involving the boron cation was undertaken for the following reactions: 

Be(H2)n + H2^BeH2(H2)n. (5.1) 

The species reacting with H2 molecules in this case is a beryllium atom, which is 

isoelectronic with the boron cation. This particular study addresses the similarities 

and differences that arise in these reactions when the central atom is neutral as 

opposed to being positively charged. 

The formation of BeH2 from Be + H2 has been used in previous work as a model 

reaction for testing both single reference and multireference computational methods 

[1, 2, 3, 4]. These studies of the transition state region were always constrained to C2U 

symmetry. However it will be shown in the present investigation that the transition 

state is actually of C5 symmetry much like the (BHj)^ transition state. 

5.2 Results 

5.2.1 Be(H2) and BeH2 

Energies and geometric parameters characterizing the various stationary points 

on this hypersurface are summarized in Table 5.1 and illustrated in Figure 5.1. The 

electrostatic complex is calculated to be linear with C ĉr symmetry with R equal to 

4.23.4 (MP2), and 4.56.4 (CCSD(T)). These two methods give a sizeable difference 

in R. However, the change in energy between the two geometries is small 0.01 kcal/mol 
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(MP2) and 0.82 kcal/mol (CCSD(T)). The H2 moiety in this electrostatic structure is 

little changed from its infinitely separated characteristics with a the bond length (r/zj 

0.00026A longer (MP2) and 0.00586A longer (CCSD(T)), and a harmonic stretching 

frequency that is decreased by only 9.0 cm~^ (MP2). The dissociation energies (Dg) 

are shown calculated at the four levels of theory employed in this study. MP2 and 

MRCISD+Q both predict a postive Dg, while MRCISD overestimates the binding 

energy predicting Dg to be about 2.7 kcal/mol. The Dg predicted by CCSD(T) 

is 0.08 kcal/mol. This poor agreement between the higher levels of theory stems 

from the fact that the binding energy is very weak and therefore difficult to predict. 

Inclusion of MP2 harmonic ZPE predicts adiabatic dissociation energies (DQ) which 

are decreased from Dg by 0.22 kcal/mol and 0.15 kcal/mol for the per-hydrogenated 

and per-deuterated species, respectively. The ability of MP2 to accurately predict 

(Do) was checked in the boron cation and lithium anion studies by comparing with 

harmonic frequencies calculated at the CCSD(T) level of theory. It was concluded 

that harmonically based Do were adequately predicted by MP2, and therefore the 

comparisons will not be repeated here. 

The covalent molecular ion was calculated to be linear symmetric of DQO/I sym

metry with an TBSH equal to 1.33 A (MP2) and 1.35 A (CCSD(T)). These two 

methods are in much better agreement for the geometric parameters of the covalent 

species than they were for the electrostatic complex above. The Dg values calcu

lated at the four different levels are also in good agreement, with MP2 predicting 

-40.70 kcal/mol and CCSD(T), MRCISD, and MRCISD+Q falling in the range of 

-36.95 ± 2.00 kcal/mol. This result suggests that MP2 may be about 3 kcal/mol too 

large, which is consistent with the results for BHj covalent molecular ion. The MP2 

harmonic frequencies for the per-hydrogenated are calculated to be 2056.5, 722.3, 

and 2265.6 cm"^ for the symmetric stretching, bending, and asymmetric stretching 

modes respectively. These results show that Do is decreased from Dg by 1.79 and 1.26 

kcal/mol for the per-hydrogenated and per-deuterated species, respectively. 

The transition state on the Be(H2)/BeH2 hypersurface was found to be of C, very 
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analogous to the (BH2)^ transition state. The geometric parameters for this species 

include an TBCH of 1.353 A , an TH2 of 3.50 A , and a 9BHH of 106.8°. It is worth 

emphasizing that the hydrogen atoms in this species are inequivalent with a long TBCH 

of 4.10 A . The activation energy for this transition state was calculated to be 58.8 

kcal/mol at the MRCISD level of theory and 60.5 kcal/mol at the MRCISD+Q level 

of theory. 

5.2.2 Be(H2)2 and BeH2(H2) 

Energies and geometric parameters characterizing the various stationary points for 

this hypersurface can be found summarized in Table 5.2 and illustrated in Figure 5.2. 

The electrostatic complex was calculated to have C5 symmetry, in a geometry which 

is essentially a beryllium atom interacting with a hydrogen dimer. The geometric 

parameters for this species are similar to those of the Be(H2) electrostatic complex 

with R values of 4.32 and 4.18 A , and TH2 values of 0.7377 and 0.7379 A . The 

value for 9R^R> is 46.46°. The equilibrium geometry of the hydrogen dimer alone has 

been previously optimized at MP2 with the same basis set as is used in this study[5]. 

The optimized geometry is T-shaped of C2t; symmetry, and is defined by R, which is 

distance between the midpoint of each H2, and two angles which represent the angles 
o 

R makes with each H2 respectively. In the dimer R is equal to 3.A1A and the angles 

are equal to 90 and 180 degrees. In the Be(H2) electrostatic complex R is equal to 

3.36A , and the two angles are equal to 91.6 and 172.1 degrees, showing that the 

H2-H2 interaction in this complex is much greater than the Be-H2 interaction. The 

Dg predicted by MP2 for this species is positive and that predicted by CCSD(T) is 

about 0.21 kcal/mol. Inclusion of MP2 ZPE decreases Dg by 0.67 or 0.47 kcal/mol 

for the per-hydrogenated and per-deuterated species, respectively. 

The transition state for this system is calculated to be a planar five-membered ring 

of C2. symmetry. This pericyclic transition state is analogous to the (B"^(H2)2)t- The 

i-BeH is 1.50 A which is 2.6 .4 decreased from the electrostatic complex, and only 0.17 

.4 awav from what it will become in the inserted molecule. As in the boron system. 
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the inserted molecule is formed from this transition state whereby two BeH bonds 

are formed, two H2 bonds are broken, and a new H2 bond is formed simultaneously. 

The activation energy predicted by CCSD(T), MRCISD, and MRCISD+Q fall in 

the range of 34.27+1.8 kcal/mol, while MP2 predicts an activation energy about 2.3 

kcal/mol larger. Inclusion of MP2 harmonic ZPE increases the activation energy by 

3.31 kcal/mol and 2.33 kcal/mol for the per-hydrogenated and per-deuterated species, 

respectively. 

The inserted molecular ion on this hypersurface is calculated to be of C2U symme

try with an TBCH equal to 1.3325 A which is only 0.0006A longer than it would be 

without the second H2. The value of R to the weakly bound H2 is 2.87 .4 , the TH2 
o 

is 0.7391yi , and the harmonic frequency is decreased by only about 29 cm~^ from 

its infinitely separated value. The Dg calculated for this species falls in the range of 

-38.67+2.0 kcal/mol, for the four methods used. Inclusion of harmonic MP2 ZPE 

decreases Dg by 2.84 and 2.01 kcal/mol for the per-hydrogenated and per-deuterated 

species, respectively. 

5.2.3 Be(H2)3 and BeH2(H2)2 

Energies and geometric parameters characterizing the various stationary points 

on this hypersurface are summarized in Table 5.3 and illustrated in Figure 5.3. The 

electrostatic complex is calculated to have C3 symmetry with a R of 4.25.4 , which 

is similar to the R value of the previous electrostatic clusters. This cluster, as in 

the Be(H2)2 electrostatic cluster, appears to be a hydrogen trimer interacting with 

the beryllium atom. The value of TH2 is 0.7379/1, the 9R^R' angle is 49.4° and the 

frequency of the H2 stretch is lowered by only 8 kcal/mol from its infinitely sepa

rated characteristics. As in the previous electrostatic complexes the Dg predicted by 

MP2 and MRCISD+Q is positive, while the Dg predicted by CCSD(T) is about 0.53 

kcal/mol. Again, MRCISD overestimates the binding energy predicting a Dg of about 

3.8 kcal/mol. Inclusion of MP2 ZPE decreases Dg by 1.19 and 0.84 kcal/mol fur the 

per-hydrogenated and per-deuterated species, respectively. It is interesting to note 
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that the distance between the midpoints of each pair of H2's in this species is 3.34.4 

which compares strongly with the calculated H2 dimer value (as described above) 

of 3,4lA . This comparison reveals that the Be-H2 interaction in these electrostatic 

complexes is much weaker than the H2-H2 interaction. 

The transition state for this system is calculated to be of C^r symmetry with R 

decreased from 4.25A in the electrostatic cluster to 1.82.4 and TH2 equal to 0.7935.4 . 

The value of9R^R has grown from 49.4° in the electrostatic cluster to 72.6°. The MP2 

frequency for the H2 stretch is decreased from the infinitely separated frequency by 

981 cm~^ showing that the H2's are becoming more interactive with the beryllium 

atom. The activation energies predicted by the four levels of theory used in this study 

fall in the range of 26.26+1.9 kcal/mol. Inclusion of harmonic MP2 ZPE increases 

the activation energy by 8.14 and 5.75 kcal/mol for the per-hydrogenated and per-

deuterated species, respectively. 

As in the analogous boron system, continuing along the MEP leads to the highly 

symmetric D3/1 stationary point, where the beryllium atom is interacting equivalently 

with all three hydrogen molecules. This stationary point was found to be a local 

minimum by MP2. However, the transition state lying between D3/1 and TS31 is 

geometrically and energetically (0.1 kcal/mol higher at MP2; single point CCSD(T) 

and MRCISD predict the transition state to be lower than the D3/J structure) similar 

to the D3/1 structure, so there is some concern as to whether MP2 is accurately 

describing the D^h structure in terms of being a local minimum or a transition state. 

The inserted molecule calculated on this hypersurface is of C2r symmetry, very 

similar to the BeH2(H2) inserted molecule, with the third H2 in a symmetry equivalent 

position to the second H2. The calculated Dg's for this molecule fall in the range of 

-38.84+0.98 kcal/mol, and inclusion of .MP2 ZPE decreases this value by 4.10 and 

2.90 for the per-hydrogenated and per-deuterated species, respectively. 
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5.3 Discussion 

For the sake of comparison and continuity with the previous two chapters, the 

discussion will fall into three headings; electrostatic complexes, inserted molecules, 

and the intervening transition states. The energies will be presented relative to the 

stepwise addition of each H2 within each of these subgroups. This information al

though implicit in Table 5.1-5.3 is summarized in Table 5.4. For consistency CCSD(T) 

electronic energies and MP2 ZPEs are used, with the exception of the (BeH2)^ transi

tion state which requires a multireference technique for correct description, for which 

MRCISD electronic energy and harmonic frequencies are used. 

5.3.1 Electrostatic Complex Formation 

For the Be(H2) electrostatic complex, the H2 aligns itself linearly with the beryl

lium atom. This can be understood by the fact that the parallel contribution to the 

polarizability of H2 is larger than the perpendicular contribution, influencing the H2 

to align in a linear fashion with beryllium. In the previous two chapters, the metal 

center was charged and therefore the ion quadrupole interaction dominated the orien

tation of subsequent H2's. In this case, however, the metal center is not charged and 

the H2-H2 interaction dominates the orientation of the H2's. This is evident in the 

Be(H2)2 electrostatic complex where the two H2's are in a "T" shape, which is the 

favorable geometry of the hydrogen dimer. As discussed in Section 6.2.2 the geometry 

of the H2's in this complex were compared with the geometry of the hydrogen dimer 

calculated at the same level of theory and with the same basis set[5]. This comparison 

revealed that the geometry of the H2's in the Be(H2)2" complex is very much like the 

geometry of the H2 dimer. In the Be(H2)3 electrostatic cluster it is also evident that 

the H2-H2 interaction is the dominating force. A comparison of the H2 dimer inter

action energy calculated at the QCISD(T)/aug-cc-p\TZ [5] level of theory with the 

present CCSD(T) Be-H2 interaction energy shows the H2-H2 interaction (Dg=0.11 

kcal/mol) to be larger than the Be-H2 interaction (D,-=0.08 kcal/mol). These re

sults support the conclusion that the electrostatic complexes are best des( ribed as a 
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beryllium atom interacting with a hydrogen monomer, dimer, or trimer because the 

beryllium hydrogen interaction is so weak. All of the electrostatic clusters are very 

weakly bound, so much so that inclusion of MP2 ZPE at the CCSD(T) level of theory 

removes all of the binding energy. 

5.3.2 Covalent Bond Formation 

The reaction of Be + H2 to form BeH2 is calculated to be exothermic by 34.8 

kcal/mol. A previous calculation by Tague et al. [6], using MBPT(2) and the 6-

311* basis set predicted the Dg to be 40 kcal/mol, which is about 5 kcal/mol greater 

than the present predictions. This diff"erence is an acceptable one in that the present 

calculations use a higher level of theory and a more extensive basis set. The MP2 

optimized value of R in this study is 1.332A , which agrees well with previous calcu

lations of I.333A [6] and 1.334A [7], the latter using HF with the 6-3lG(d) basis 

set. MP2 harmonic frequencies calculated for this molecule are 722.27?:^, 2056.55<7p, 

and 2265.63(Ju c m " \ which compare well with the matrix IR frequencies of Tague et 

al. of 697.97r ,̂, and 2159.la^ cm-^ 

Binding of subsequent H2's to the BeH2 species has not previously been studied. 

Binding of the first H2 to BeH2 is calculated to be only 0.58 kcal/mol more exothermic 

than the formation of BeH2. Inclusion of the MP2 harmonic ZPE, however causes 

the BeH2(H2) species to be 0,47 kcal/mol less stable than the BeH2 + H2 species 

alone. Binding of this subsequent H2 cannot be properly labeled as covalent due 

to the large value of R (2.9A ) and the weak binding energy. The frequency of 

the symmetric stretch, the in plane bend, and the asymmetric stretch of the BeH2 

moiety in BeH2(H2) and the change from the corresponding value in BeH2 alone (in 

parenthesis) are calculated to be 2054.7 (1.9 cm'^), 720.9 (1.4 cm'^), and 2262.5 

(3.1 cm"^). The frequency of the subsequent H2 stretch in the BeH2(H2) molecule 

is calculated to be 4489.0 cm"^ which is only decreased by 28.6 cm"^ from the H. 

stretch alone. These results show that the molecular properties of the BeH2 and the 

H2 moieties in BeH2(H2) are little changed upon interaction. This lack of interaction 
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was evident in the analogous Li//2~(H2) inserted molecule, but was not the case in 

BH2"(H2) where the subsequent H2 participated in 3c-2e bonding with boron. 

Binding of the second H2 to BeH2 is calculated to be about 1 kcal/mol more 

exothermic than the binding of the first H2. The calculated value of R in this case 

IS about 2.SA which is almost identical to the R value in the BeH2(H2) inserted 

molecule of 2.9A . The frequencies of the symmetric stretch, bend, and asymmetric 

stretch of the BeH2 moiety in BeH2(H2)2 and the change from the corresponding value 

of BeH2 alone (in parenthesis) are calculated to be 2052.2 (4.3cm~^), 719.9 (2.4cm~^) 

and 2257.8 (7.8cm~^). The frequency of the subsequent H2's are only decreased by 

32.1cm~^ from their infinitely separated frequency. These results again indicate that 

there is very little interaction between BeH2 and the subsequent H2's in these species. 

5.3.3 Transition State Formation 

The transition state for the formation of BeH2 from Be + H2 is calculated to 

56.1 kcal/mol. Geometrically, the transition state was found to have C5 symmetry, 
o 

with a BeH bond distance being 1.35.4 which is identical to the BeH bond length 
o 

alone, and an TH2 distance of 3.5.4 . This supports the mechanistic interpretation of 

sequential bond formation, that was also in play in the (BHj)^ transition state. It 

should also be noted that the activation energy is calculated to be slightly higher than 

the energy to form BeH + H, however the two are so close (0.69 kcal/mol) that no 

definitive conclusions should be drawn. As stated in the introduction the transition 

state region for the this species has been studied extensively, but only as a model 

for testing computational methods, and always constrained to C2t symmetry. O^Xeal 

et al. [2] found a C2t; transition state with R=1.4A and r//2=1.3A using a surface 

walking algorithm, and report an energy diflFerence from the transition state to the 

covalent molecule of 127.9 kcal/mol. Page et al. [1] report a C2r transition state 

located at R=1.5.4 and r//,=1.3A . using MCSCF with a (10s4p)/[5s4p] basis set 

for beryllium and a (4s)/[2s] basis set for hydrogen and report an energy diflFerence 

from the transition state to the covalent molecule of 110.8 kcal/mol. In the present 
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Study, the energy difference from the transition state to the covalent molecule is 

91.6 kcal/mol, suggesting that the Cg transition state lies about 20 kcal/mol below 

that of the previously studied C21; and is therefore the correct transition state for 

this reaction. The study conducted by Page et al. also reports frequencies for their 

(BeH2)^ transition state for which only one is imaginary, implying that this is a 

proper transition state. To address this inconsistency, an MCSCF calculation with 

the present basis set using the reported C2t; transition state geometry of Page et al. 

[1] was performed. It was found that by slightly distorting this geometry (1 degree 

rotation of the H2 with respect to Be) into C5 symmetry resulted in a lower energy, 

which could not happen with only one imaginary frequency. This inconsistency must 

a result of the previous study using a much smaller basis set than the present study. 

The transition state for the reaction of Be(H2) + H2 is predicted to have an 

activation energy of 37.6 kcal/mol, which is 19.2 kcal/mol lower than the (Be(H2))t 

transition state. Having two hydrogen molecules as opposed to one in the reaction 

to form BeH2 has resulted in removal of about 34% of the activation energy. In the 

analogous boron cation system, having two hydrogen molecules as opposed to one 

removed about 80% of the activation energy. The same mechanistic interpretation of 

the activation energy lowering in the boron cation system is in place here. Figure 6.2 

shows that the electrostatic complex has a node lying between the Be and the two 

H2 molecules, which shifts at the transition state to bisect both H2 bonds. Passing 

out of this pericyclic transition state results in two H2 bonds broken, two BeH bonds 

formed, and one new H2 bond formed. 

The transition state for the reaction of Be(H2)2 + H2 has an activation energy 

of 32.9 kcal/mol, which is only 4.7 kcal/mol lower than the (Be(H2)2)t transition 

state. Again, although the activation energy reduction is not as dramatic as in the 

boron cation system, the same mechanism for activation energy reduction is in place. 

The node that hes between the Be and the three H2 in the electrostatic complex has 

shifted to bisect all three of the H2 bonds in the transition state. Passing out of 

this transition state results in one H2 bond broken and two BeH bonds formed. This 
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mechanism therefore goes by insertion of the Be into one of the H2 molecules. In this 

transition state, there is some evidence of 3c-2e bonding, in that the frequency of the 

H2 stretch has decreased about 980 cm~^ from its infinitely separated value. 
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Table 5.1: Calculated Geometry and Relative Energy for Be(H2) and BeH2 Stationary 
Points. "Relative to Be + H2 in kcal/mol. ''Relative to H2(D2) in kcal/mol. ^\ t the 
MP2 level of theory. '̂ At the MRCISD level of theory. 

property 

point group 

R (A )/MP2 

R (A )/CCSD(T) 

R (A)/MRCISD 

IH2 (A)/MP2 

IH2 (A)/CCSD(T) 

TH2 (A)/MRCISD 

r^g^ (A)/MP2 

iBeH (A)/MRCISD 

9BeHH 

relative energy'̂  

MP2 

CCSD(T) 

MRCISD 

MRCISD+Q 

relative ZPE'' 

per-H 

per-D 

Electrostatic 

complex 

^oou 

4.2268 

4.5634 

0.7377 

0.7433 

106.8 

0.9557 

-0.0836 

-2.3750 

0.5913 

0.22' 

0.15^ 

Transition 

state*^ 

c. 

2.4981 

3.4964 

1.3495 

+58.8258 

+60.5257 

3.49^ 

2.37'̂  

Covalent 

molecular 

ion 

Doo/i 

1.3319 

-40.6959 

-36.5637 

-38.9566 

-35.3308 

1.79' 

1.26' 
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Table 5.2: Calculated Geometry*^ and Relative Energy for Be(H2)2 and BeH2(H2) 
Stationary Points. "Geometry optimized at the MP2 level only. ''Relative to Be + 
2H2 in kcal/mol. 'Relative to 2H2(2D2) in kcal/mol. 

property 

point group 

R(A) 

R(A) 

r//2(A) 

r/f2(A) 

rBeH{k) 

rBeH(A) 

9 H BeH {deg) 

0R,rH2{deg) 

0R,rH2{dQg) 

9R,R' (deg) 

relative energy" 

MP2 

CCSD(T) 

MRCISD 

MRCISD+Q 

relative ZPE** 

per-H 

per-D 

Electrostatic 

complex 

c. 
4.3211(11) 

4.1833(1) 

0.7379(11) 

0.7377(1) 

4.1300(1) 

3.8398(1) 

44.10 

123.31(1) 

159.57(1) 

46.46 

1.8239 

-0.2136 

0.67 

0,47 

Transition 

state 

C2U 

1.5663 

0.9018 

1.5027 

107.5 

73.6 

74.0 

+36.0134 

+34.9509 

+31.7548 

+36.1064 

3.31 

2.33 

Covalent 

molecular ion 

C2V 

2.8685 

0.7391 

1.3325 

177.93 

90.0 

-40.2011 

-37.1480 

-40.1942 

-35.3521 

2.84 

2.01 

11 
-^.4 

ni l 
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Table 5.3: Calculated Geometry" and Relative Energy for Be(H2)3 and BeH^(H2)2 
Stationary Points. "Geometry optimized at the x\IP2 level only. ''Relative to Be + 
3H2 in kcal/mol. 'Relative to 3H2(3D2) in kcal/mol. 

property 

point group 

R(A) 

r//2(A) 

rBeif(A) 

9HBeH {deg) 

9R,rH2{deg) 

9 R,R'{deg) 

relative energy'' 

MP2 

CCSD(T) 

MRCISD 

MRCISD+Q 

relative ZPE' 

per-H 

per-D 

Electrostatic 

complex 

C3 

4.2462 (3) 

0.7379 (3) 

4.1010 

41.73 

69.17 (3) 

49.38 (3) 

2.6000 

-0.5317 

-3.7562 

0.1240 

1.19 

0.84 

Transition 

state 

^3v 

1.8187 (3) 

0.7935 (3) 

1.7120 

90.47 

68.28 (3) 

72.56 (3) 

+28.1287 

+25.9654 

+23.6194 

+27.3114 

8.14 

5.75 

Covalent 

molecular ion 1 

D3/. 

1.3124 (3) 

0.9129 (3) 

1.3895 

123.64 

90.00 (3) 

120.00 (3) 

+4.3076 

+5.6112 

+3.8776 

+5.7027 

9.67 

6.83 

Covalent 

molecular ion 2 

C2U 

2.8187 (2) 

0.7374 (2) 

1.3334 

176.17 

90.00 (2) 

71.67 (2) 

-39.8229 

-37.8559 

-40.7734 

-36.1117 

4,10 

2.90 
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Figure 5.1: Relative energy of stationary point.s on the minimum energy path for Be 
+ H2 -^ BeH2 calculated at the CCSD(T) level of theory with harmonic ZPE added 
for the per-hydrogenated species at the MP2 level of theory. The transition state was 
calculated at the MRCISD level of theory. The orbitals pictured are the highest two 
occupied and lowest unoccupied valence orbitals. 
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CHAPTER VI 

SIGMA BOND ACTIVATION BY THE LITHIUM ANION 

6.1 Introduction 

This chapter is devoted to the study of the following series of reactions: 

Li-(H2)„ + H2—>LiH2-(H2)n. (6.1) 

The species reacting with H2 molecules in this case is a lithium anion, which is isoelec

tronic with the boron cation and the beryllium atom. This particular study addresses 

the similarities and differences that arise in these reactions when the central atom is 

negatively charged as opposed to being positively charged or neutral. A barrier to the 

formation of the linear DQO/I HLiH" (^E+) from Li~ (̂ S )̂ + H2 (^S+) will arise, as in 

HBH+, because the ground electronic ground state of HLiH" does not correlate with 

the electronic ground state of the asymptote. The electronic ground state configura

tion of HLiH" is lcr̂ 2cr̂ l<7y, which correlates to the lal2allb'l configuration in C2V 

symmetry, but the Li" + H2 asymptote correlates with the Ial2al3a'l configuration, 

thus an energy barrier arises. This potential barrier has been previously discussed 

and investigated computationally by Senekowitsch et al. [1]. 

6.2 Results 

6.2.1 Li"(H2) and LiH^ 

Energies and geometric parameters characterizing the various stationary points 

on this hypersurface are summarized in Table 6.1 and illustrated in Figure 6.1. The 

electrostatic complex is calculated to be linear (Coov) ^vith R equal to 6.4247 (MP2) 

and 6.1472 (CCSD(T)), which is a fairly large discrepancy. However the energy 

change between the two geometries is only 0.02 kcal/mol (MP2 and CCSD(T)). The 

H2 moiety is changed little from its infinitely separated characteristics. The I'H. bond 

length is increased only 0.00066A (MP2) or 0.00092A (CCSD(T)). and the stretch-

)') 

• "iTM-irT r^ [t*..^..ir<ff.- grtaMjaJurrif^^gM 



• l i W i I 1 I r • r » i , l » i | » i H « ^ 

ing frequency is decreased by only 8.074 cm'^ (MP2) or 9.779 cm"^ (CCSD(T)). The 

dissociation energies (Dg) are shown calculated at four diflFerent levels of theory. The 

electrostatic complex is a local minimum at the MP2 level of theory, however energet

ically MP2 predicts the complex to be unstable with respect to the dissociation limit 

of Li" + H2. CCSD(T) and MRCISD give comparable results and the MRCISD+Q 

level of theory predicts a (Dg) that is about 23% less than that of CCSD(T) and 

MRCISD. Inclusion of MP2 ZPE predicts adiabatic dissociation energies (DQ) which 

are decreased from the Dg by 0.45 and 0.32 kcal/mol the per-hydrogenated and per-

deuterated species, respectively. The ability of MP2 to predict (Do) was checked 

by comparing harmonic frequencies calculated at the CCSD(T) level of theory for 

the Li"(H2) electrostatic complex. The low frequency modes of Li"(H2) stretching 

(24.3372 cm-i MP2; 27.1419 cm"^ CCSD(T)) and H2 rocking (152.6531 cm"^ MP2; 

162.6609 cm"^ CCSD(T)), are only slightly underestimated by MP2, while the high 

frequency H2 stretching mode (4501.4514 cm'^ MP2; 4381.6411 cm"^ CCSD(T)) is 

overestimated by MP2. This error, however, is compatible to that observed for the iso

lated H2 stretching frequencies (4518 cm"^ MP2; 4401 cm"^ CCSD(T)), which leads 

to the conclusion that harmonically based Do values can be adequately predicted by 

MP2 for these systems. 

The covalent molecular ion is calculated to be linear symmetric (Doo/i) ^ îth an 

RLZH equal to 1.7554A (MP2) and 1.760lA (CCSD(T)). The Dg values calculated at 

the higher levels of theory, CCSD(T), MRCISD, MRCISD+Q, agree well with each 

other falling in the range of 4.545+0.3 kcal/mol, while MP2 appears to underestimate 

the Dg by about 1 kcal/mol. The harmonic frequencies for the per-hydrogenated 

species are calculated to be 431, 1024, and 1092 cm'^ at MP2 and 423, 1003, and 1071 

cm"^ at CCSD(T) for the bending, symmetric stretching, and asymmetric stretching 

modes, respectively. Inclusion of MP2 ZPE indicates that DQ is increased from Dg 

by 2.20 kcal/mol for the per-hydrogenated species, and 1.56 for the per-deuterated 

species, respectively. 

The transition state on the Li"(H2)/LiH.J hypersurface turned out to he at a 

• 
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conical intersection between the Ai and B2 surfaces in C2i; symmetry. The lowest 

energy conical intersection has a R value of 1.515A and TH2 equal to 1.707A . The 

i^LiH value is 1.7386A which is only about 0.02A shorter than it becomes in the 

covalent molecular ion. The energy associated with this transition state is 44.37 

kcal/mol (MRCISD) and 45.19 kcal/mol (MRCISD+Q). Because of the non Born-

Oppenheimer nature of this transition state, a harmonic ZPE analysis would not be 

valid, and therefore was not attempted. 

6.2.2 Li"(H2)2 and LiH2(H2) 

Energies and geometric parameters for the various stationary points on this hyper

surface are summarized in Table 6.2 and illustrated in Figure 6.2. The electrostatic 

complex is calculated to have a C2V minimum energy structure with the values of R 

and RH2 similar to those of the Li"(H2) electrostatic complex. Each H2 adopts a near 

linear shape with the Li" with 9RJ^ equal to 177.7 degrees, and 9HLiH equal to 33.2 

degrees. The Dg's predicted by the four levels of theory follow the same trend as the 

Li~(H2) electrostatic complex, with CCSD(T) and MRCISD predicting similar values, 

while MP2 predicts the complex to be unstable and MRCISD+Q predicts a Dg about 

39% less than that of CCSD(T) and MRCISD. Inclusion of the MP2 harmonic ZPE's 

indicate that DQ is decreased from Dg by 0.94 kcal/mol for the per-hydrogenated 

species and 0.66 kcal/mol for the per-deuterated species. 

The transition state for this system is calculated to be a planar five membered ring 

of C2z; symmetry, analogous to the (B+(H2)2)^ transition state. The run distance has 

decreased from 5.82 A in the electrostatic complex to 1.76 .\ , which is only 7 mA 

away from what it is in the covalent molecule. As in the analogous boron transition 

state, the covalent molecular ion is formed from this transition state through a peri

cyclic mechanism, where two LiH bonds are formed, two H2 bonds are broken, and a 

new H2 bond is formed simultaneously. The activation energy predicted by CCSD(T) 

is 40.1 kcal/mol. while MP2 predicts an activation energy about 3.5 kcal/mol higher. 

Inclusion of MP2 ZPE decreases this activation energy by 0.68 and 0.4S kcal/mol for 
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the per-hydrogenated and per-deuterated species, respectively. The vertical electron 

detachment energy was calculated to be 36.2 kcal/mol (CCSD(^Tj) at the transition 

state geometry. 

Continuing along the MEP from the transition state brings the system to the 

covalent molecular ion. calculated to be linear with Cocv symmetry. The r^,// bond 

distance is 1.754A (1.753 on the side with the H2). which is only 0.001 A shorter than 

the bond distance in the LiH^ covalent molecular ion. The weakly interacting H2 in 

this species is little changed from its infinitely separated characteristics, with its bond 

length being 0.007A longer, and its stretching frequency decreased by only 18 cm ^ 

The value of Dg predicted for this complex ranges from 3.8 to 6.5 kcal/mol, over the 

four methods utilized. Inclusion of MP2 harmonic ZPE's predict DQ increased from 

Dg by 0.65 kcal/mol for the per-hydrogenated and 0.46 for the per-deuterated species, 

respectively. 

6.2.3 Li"(H2)3 and LIH^ (H2)2 

Energies and geometric parameters describing the various stationary points on 

this hypersurface are summarized in Table 6.3 and illustrated in Figure 6.3. The 

electrostatic complex is calculated to have a C5 minimum energy structure with all 

of the H2S again lining up in a nearly linear fashion with Li". The two symmetry 

equivalent H2 s have R values of 5.9 A and 9RJJJ values of 175°, which are comparable 

to the previous Li"(H2) and Li"(H2)2 electrostatic complexes. The third H2 is in the 

plane of symmetry and has a larger R value of 7.8A and a 9RJ^ value of 168' . As 

has been the trend with the previous electrostatic complexes, the Dg predicted by 

CCSD(T) and MRICSD agree well with each other, while MP2 predicts the complex 

to be unstable with respect to dissociation into Li" + 3H2. and MRCISD+Q predicts 

a Dg about 40% less than that of CCSD(T) and MRCISD. Inclusion of MP2 ZPE 

predicts a D that is decreased from De by 1.75 kcal/mol for the per-hydrogenated 

species and 1.24 kcal/mol for the per-deuterated species. 

The transition state for this s\steni is calculated to be of C, svmmetrv wit'u a 
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R equal to 1.8 A for the two symmetry equivalent H2's, and R equal to 2.3 .4 for 

the H2 in the plane of symmetry. The TH2 value for the two symmetry equivalent 

H2's is 0.7859 A and 1.5106 A for the other H2, suggesting that lithium will insert 

into the H2 with the essentially broken bond. The activation energy predicted by 

CCSD(T), MRCISD, and MRCISD+Q, falls into the range of 32.28+0.3 kcal/mol. 

while MP2 predicts an activation energy 5.7 kcal/mol higher. Inclusion of MP2 ZPE 

increases the activation energy by 2.65 and 1.87 kcal/mol for the per-hydrogenated 

and per-deuterated species, respectively. The vertical electron detachment energy 

was calculated to be 13.7 kcal/mol (CCSD(T)) at the transition state geometry. 

For this system, two inserted molecular ions with different arrangements of the 

weakly interacting H2's but very similar energies, were located and characteracterized. 

The first was calculated to be linear with DQO/I symmetry. The two H2's are on 

opposite ends of the molecule with an R value of 4.636A which is similar to the R 

value (4.638A ) in the LiH^(H2) covalent molecule. The second inserted molecular ion 

has C2t; symmetry with the two H2's on the same side of the molecule with the angle 

9R,R' equal to 42 degrees. The value of R for this species is equal to 4.43A which is 

about O.20A shorter than that of the linear species. All of the methods investigated 

predict these two structures to be within 0.25 kcal/mol of each other. Addition of 

MP2 ZPE's, tends to favor the C2i; structure slightly because Do is decreased less 

from Dg for the C2t; structure than the D<x)h structure. However the two are still 

within 0.46 kcal/mol of each other. 

The geometry of the LiH^(H2)2 inserted molecular ion with C21; symmetry affords 

the possibility for BSSE (basis set superpostition error) among the weakly bound 

H2's, which could cause this molecule to have an artificially lower dissociation energy. 

BSSE is an artificial lowering of the interaction energy in weakly bound electrostatic 

complexes, and occurs when diflFerent fragments in the molecule ''borrow" basis func

tion from each other. The effect of BSSE gets smaller and eventually disappears as 

the size of the basis set gets larger and eventually reaches completeness. In order to 

assess the effect of BSSE on the two inserted molecular ions in this case, both were 
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xMP2 optimized with a larger basis set to analyze any geometric changes with the extra 

basis functions, and single point CCSD(T) calculations were performed to see if the 

relative energys was preserved. The larger basis set used was the aug-cc-p\'QZ[3].[4] 

for hydrogen, and for lithium the previous basis set was used with another (Islpldlf) 

set of diflPuse functions added in a geometric progression. The linear inserted molec

ular ion when optimized with the larger basis set showed only minor differences with 

a shortening of R by 0.012A , a 0.004A shortening of TUH, and a O.OOlA shortening 

of r//2- The same geometric trends arise in the C2U inserted when optimized with 

the larger basis set with 9R^R' growing by 0.3 degrees, and a slight (0.001-0.004.4 ) 

shortening of the distance parameters. The CCSD(T) relative energies of these two 

inserted molecular ions with the larger basis set show that these molecules are still 

essentially energyally equivalent with the linear structure lying only 0.02 kcal/mol 

lower than the C2V 

6.3 Discussion 

In order to facilitate discussion of the results, the systems will be regrouped under 

the headings of electrostatic complex formation, covalent bond formation, and the 

intervening transition state formation. The relative energies will be presented in 

terms of the stepwise addition of each H2 molecule within each of these groups. Table 

6.4 contains a summary of this information. The relative energies presented are at the 

CCSD(T) level of theory with MP2 harmonic ZPE's. The only exception being the 

(LiH^)^ transition state which requires a multireference approach for which MRCISD 

electronic energy is used. Due to the non-Born-Oppenheimer nature of this transition 

state, MP2 harmonic frequencies were not attempted. 

6.3.1 Electrostatic Complex Formation 

In the Li"(H2) electrostatic complex the H2 molecule lines up linearly with the 

lithium anion, which is the favorable orientation of the H2 quadrupole moment with 

a negative charge. This is in agreement with the previous CEPA calculations of 
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Senekowitsch et al.[l] which predicts a Run of about 5.7 A (this work at CCSD(T) 

5.8 .A ) and a bond energy (DQ) of about 0.23 kcal/mol (this work at CCSD(T) 

0.18 kcal/mol). Although, the ion quadrupole interaction seems to dominate the 

orientation of subsequent H2S with respect to Li", the H2-H2 interaction also plays 

a role in that the 9HHLi is slightly bent (up to 5 degrees) from linear. The value of R 

in all of the electrostatic complexes is around 6.0A . This is much longer than the R 

of the boron electrostatic complexes, which is around 2.2A . This can be attributed 

to the larger size of the lithium anion, and also helps to explain the small interaction 

energies (less than 0.5 kcal/mol per H2). 

The H2-H2 interaction apparent in the Li"(H2)2 and Li"(H2)3 electrostatic clusters 

initiated a look into how basis set superposition error (BSSE) might be aflfecting these 

complexes. Two strategies for assessing BSSE were taken. The first strategy utilized 

the function counterpoise method at the CCSD(T) level of theory. This approach uses 

ghost atoms which are simply a nuclear center without any electrons, which allows one 

to get an estimate on how much a particular fragment is "borrowing" basis functions 

from another. For the Li~(H2) complex, the lithium anion was calculated with a 

ghost hydrogen molecule, and the hydrogen molecule was then calculated with a 

ghost lithium atom. The BSSE correction (reported as the diflFerence between the Dg 

without a function counterpoise correction and the Dg with a function counterpoise 

correction) in this case is 0.17 kcal/mol, which originates from H2 borrowing from the 

hthium. For the Li"(H2)2 electrostatic cluster the same approach resulted in a BSSE 

correction of 0.41 kcal/mol. with the borrowing again originating from the hydrogen 

molecule. 

The second strateg>^ used to assess the aflFect of BSSE involved optimizing each 

complex at the MP2 level of theory with a larger basis set followed by a CCSD(T) 

single point calculation with the larger basis set. This analysis allows a look into how 

the geometry and relative energy changes \vi*h a larger basis set. The larger basis used 

was the aug-cc-p\'QZ'3j.[4] for hydrogen, and for lithium the presem triple-^' basis set 

was augmented with a second (Islpldlf j set of diflFuse functions added in a geometric 
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progression. For the Li~(H2) electrostatic cluster, optimizing with the larger basis 

set resulted in a R shortening of 6.4 mA . and a CCSD(T) electronic dissociation 

energy (De=-0.17 kcal/mol) that is 0.43 kcal/mol less than that reported with the 

smaller basis set. Optimizing the Li"(H2)2 electrostatic cluster with the larger basis 

set resulted in an elongation of R by 9.2 mA , and a CCSD(T) dissociation energy 

(Dg=-0.40 kcal/mol) that is 0.95 kcal/mol less than that reported for the smaller 

basis set. The optimization of the Li"(H2)3 electrostatic cluster with the larger basis 

set was neglected for lack of time and resources, however, the same trend would be 

expected as was found for the 2H2 electrostatic cluster, with a slight elongation of R 

and removal of about 30% of the binding energy. 

6.3.2 Inserted Molecule Formation 

The formation of LiH^ covalent molecular ion from Li" + H2 is calculated to have 

a Do of about 6.7 kcal/mol, which is somewhat deeper than previous ab initio predic

tions of 5.3 kcal/mol by Senekowitsch et al.[l] at the CEPA/Li(12s6p3d)[9s6p3d]; 

H(7s3p2d)[5s3p2d] level of theory and Boldyrev et al. [2] at the QCISD(T)/6-

311++G(2cy, 2pcf) level of theory. The present calculations deeper DQ can be at

tributed to using a larger basis set, since QCISD(T) and CCSD(T) calculations are 

usually quite comparable. The LiH^ calculated rg of 1.755 A compares well with 

the previous calculations of 1.743 A [1] and 1.735 A [2]. MP2 harmonic frequencies 

for this molecule (431 TT̂ , 1024 Gg, and 1092 a^ cm"^) also agree well with those of 

Boldyrev et al. (425 TT̂ , 1057 ag. and 1120 GU cm"^), and the CEPA calculations of 

Senekowitsch et al. (441 TT^, 1032 a^, and 1086 a^ cm~^). 

Binding of subsequent H2's to the LiH^ species has not been previously studied. 

Binding of the first H2 is calculated to be only 0.40 kcal/mol exothermic, and the 

H2 molecule has a R equal to 4.6A . which is in direct contrast to the BHJ(H2) 

molecule in which the binding energy was 13.7 kcal/mol and R was equal to 1.37.\ . 

As a result, the LiH.j(H2) complex cannot be labeled covalent. and will be more 

properly referred to as inserted. The frequency of the s\mmetric stretch, in plane 
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bend, and the symmetric stretch of the LiH J moiety in LiHj(H2) and the change 

from the corresponding value in LiH^ (in parentheses) are calculated to be 1036.3 

(-12.5 cm-i), 420.6 (+10.4 cm'^). and 1103.4 (-11.4 cm"^). The frequency of the 

H2 stretch (4381.9 cm"^) has only decreased 135.7 cm~^ showing that the molecular 

properties of the LiH^ and H2 moieties are little changed upon complexation. This 

was not the csise with the BH2'(H2) covalent molecule in which the H2 participated 

in 3c-2e bonding with boron. Because of the electrostatic nature of this complex, 

an analysis of the effect of BSSE was undertaken in the same way as described for 

the electrostatic complexes in Section 5.3.1. The function counterpoise correction 

in this case is 1.41 kcal/mol, and it originates predominantly with the H2 fragment 

borrowing from the HLiH" fragment. Optimization with the larger basis set resulted 

in essentially unchanged values of both TUH'S, and an R value elongated by 1 mA . 

The CCSD(T) Dg calculated with the larger basis set is -5.3 kcal/mol which is about 

1.2 kcal/mol less, than that reported with the smaller basis set. showing the extent 

of the BSSE in this molecule. 

Two LiH^(H2)2 inserted molecular ions with very similar energies were located, 

one that is linear with DQO/I symmetry and the other with C2U symmetry. Binding of 

the second H2 to LiH^ to form the linear inserted molecular ion is calculated to be 

about 0.24 kcal/mol more exothermic than the binding of the first H2. The calculated 

value of R in this case is around 4.6 A which is almost identical to the value of R in 

the LiH^(H2). The frequency of the symmetric stretch, bend, and asymmetric stretch 

of the LiHj moiety in LiH^(H2)2 and the change in the corresponding value in LiH^ 

(in parentheses) are calculated to be 1049.9 (-26.1 cm"^). 419.5 (+11.5 cm~^) and 

1112.5 (-20.5 cm"^). respectively. And the H2 stretches are only decreased by 135.6 

cm"^ to 4382.0 cm~^ showing again that these molecules are interacting very weakly 

compared to the BHJ(H2)2 species. Binding of the second H2 to LiH^ to form the 

C2r inserted molecular ion is calculated to be about 0.49 kcal/mol more exothermic 

than the binding of the first H2. The value of R in this complex is around 4.4A which 

is about 0.2 .4 shorter than the R value in the linear complex. The frequem \ of the 



symmetric stretch, bend, and asymmetric stretch of the LiH2 moiety in this complex 

and the change in the corresponding value in LiH^ (in parentheses) are calculated 

to be 1043.3 (-19.4 cm-^), 410.8 (+20.2cm"^), and 1111.6 (-19.6cm-^) respectively. 

Much like the linear structure the frequency of the H2 stretches is only decreased by 

136.2 cm-i to 4382.7 cm"^ 

The possibility for BSSE in these two inserted molecular ions was addressed in 

Section 5.2.3 in order to rule out the possibility of the C2V structure being artificially 

lowered. The analysis there was done by using a larger basis set to optimize and 

get energetic parameters and it was found that the changes were about the same 

for both molecules geometrically and energetically. For the linear structure. R was 

shortened by 0.012 A , TUH decreased by 0.004 A , TH2 decreased by 0.001 A , and the 

Dg decreased by 1.6 kcal/mol. For the C2U structure, R and TUH were decreased by 
o o 

0.004 A , TH2 was decreased by 0.001 A , and the Dg WEIS decreased by 1.6 kcal/mol. 

The function counterpoise results for these molecules are also comparible with the 

linear structure having a 2.93 kcal/mol correction and the C2r structure having a 

2.97 kcal/mol correction. In each case the correction originates with the hydrogen 

molecules borrowing from the HLiH" moiety. 

6.3.3 Transition State Formation 

The lowest energy conical intersection for LiH^ formation from Li" + H2 is calcu

lated to be about 44.4 kcal/mol. which is close to the value estimated by Rosmus et 

al. [1] of around 46 kcal/mol. Geometrically this transition state has C2f symmetry 

and almost forms an equilateral triangle. The LiH bond length is only 0.016 .\ longer 

than it is in the linear covalent molecule and the H-H bond is essentially broken with 

an IH2 equal to 1.7 A . This particular transition state is located at a conical intersec

tion of the Al and B2 surfaces in C2L' symmetry. This surface crossing situation did 

not arise in the BH^ and BeHo transition state regions even though the three species 

are isoelectronic and therefore have the same molecular orbital configurations The 

surface crossing comes about in LiHj because at some point moving towards tlu 
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separated atom limit the electron will jump from lithium (electron affinity = 0.616 

eV) to one of the hydrogen atoms (electron affinity = 0.728 e\'). In Figure 6.1 the 

potential energy surface is mapped out illustrating the surface crossing. Figure 6.2 il

lustrates the minimum energy pathway (drawn to scale) from the electrostatic cluster 

to the covalent molecule, with three important geometries between the two empha

sized. Moving from the electrostatic cluster the first geometry shown represents a 

conical intersection in which the molecule would move from the Ai surface to the B2 

surface the lines representing the slope of the steepest descent vector. The dot above 

this geometry is the energy of the neutral at this point, and it lies about 5.7 kcal/mol 

above the anion. Moving along the next geometry represents a saddle point on the 

Al surface. At this point the B2 surface lies 5.48 kcal/mol below and the neutral 

falls between the two around 1.9 kcal/mol below the Ai. The next geometry is a 

conical intersection in which the molecule would move back onto the Ai surface and 

represents the true transition state for this system. The neutral species here lies 4.4 

kcal/mol above the transition state, and therefore never crosses the minimum energy 

pathway. It should be emphasized that this MEP is in C21; symmetry which is correct 

for the Al saddle and the overall transition state, but for the first conical intersection 

breaking the C2U symmetry results in lower energy. 

The transition state for the reaction of Li~(H2) + H2 results in an activation 

energy of 40 kcal/mol, which is only 4 kcal/mol lower than the activation energ\' of 

(Li"(H2))^ transition state. Although having an extra H2 around has lowered the 

activation energy, it is not as dramatic as the lowering that occurred in the analogous 

boron system. The same mechanisms are in place in the lithium species that resulted 

in activation energy lowering in boron species. Figure 5.2 shows that as in the boron 

and beryllium cases, the electrostatic complex has a node lying between Li" and the 

two H2 molecules, and in the transition state the node has shifted to bisect both Ho 

bonds. Passing out of this pericyclic transition state 2 Ho bonds are broken, two LiH 

bonds and one Ho bond is formed. As the system proceeds from the transition state 

to the LiH.j(H2) product, the highest two occupied molecular orbitals exchange their 

xn-^ 
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relative energy ordering. 

The transition state for the reaction of Li"(H2)2 + H2 has an energy of 35.0 

kcal/mol, which is 9-10 kcal/mol lower than the activation energ>' of (LiHj)^ This 

lowering is not as dramatic as the almost 60 kcal/mol lowering that occurred in 

the boron cation study, however formation of the covalent molecular ion from this 

transition state proceeds by only a slightly diflFerent mechanism. .A.s evident in the 

geometry of this transition state, the lithium will insert into the H2 with the longer 

bond, and the other two H2's will move away from the HliH" covalent species. This 

transition state is diflFerent from the analogous boron and beryllium transition states 

in that it occurs further along in the reaction, with the lithium already starting to 

insert into one of the H2 molecules. The two H2 molecules that are not involved 

in the insertion have a bond length that is 0.05A longer and a harmonic stretching 

frequency that is 946 cm~^ decrccised from from their infinitely separated values, 

which is indicative of 3c-2e bonding. Another difference between the two analogous 

reaction pathways of B"*" and Li" is that moving from the transition state towards the 

inserted molecular ion, the lithium species does not pass through the highly symmetric 

Da/i transition state as the boron and beryllium species did, but instead goes directly 

into the product. 
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Table 6.1: Calculated Geometry and Relative Energ>' for Li"(H2) and LiHj Station
ary Points. "Relative to Li" + H2 in kcal/mol. ''Relative to H2(D2) in kcal/mol. ''At 
the MP2/Basis I level of theory. ''At the MRCISD level of theory. "Calculated with 
larger basis set, namely aug-cc-p\'QZ for hydrogen, and for lithium the present basis 
set augmented with a second (Islpldlf) set of diflFuse functions. 

property 

point group 

R (A )/MP2 

R (A)/CCSD(T) 

R (A )/MRCISD 

rH2 (A )/MP2 

TH2 (A )/CCSD(T) 

TH2 (A )/MRCISD 

TLiH (A )/MP2 

TUH (A )/MRCISD 

relative energy" 

MP2 

CCSD(T) 

MRCISD 

MRCISD+Q 

relative ZPE^ 

per-H 

per-D 

Electrostatic 

complex 

^oou 

6.4247 

6.1472 

0.7381 

0.7439 

0.8924 

-0.6319 (-0.1672)' 

-0.755S 

-0.1613 

0.45' 

0.32' 

Transition 

state" 

C2t; 

1.5148 

1.707 

1.7386 

44.3702 

45.1856 

Covalent 

molecular 

ion 

D:,, 

1.7554 

-3.3S76 

-4.5175i-3.8391)' 

-4.2670 

-4.8510 

-2.20' 

-1.56' 

T -
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Table 6.2: Calculated Geometry" and Relative Energy for Li"(H2)2 and LiHjlHj) 
Stationary Points. "Geometry optimized at the MP2 level only. ''Relative to Li" -
2H2 in kcal/mol. '^Calculated with larger basis set. namely aug-cc-p\'QZ for hydrogen, 
and for lithium the present basis set augmented with a second (Islpldlf) set of diffuse 
functions. '^Relative to 2H2(2D2) in kcal/mol. 

property 

point group 

R(A) 

r//.(A) 

rL.//(A ) 

rL://(A) 

9HLxH{de^ 

6'/j,r//o(deg) 

relative energy** 

MP2 

CCSD(T) 

MRCISD 

MRCISD+Q 

relative ZPE'' 

per-H 

per-D 

Electrostatic 

complex 

C2V 

6.1869 

0.73S2 

5.8178 

33.1906 

177.684 

1.7203 

-1.3513(-0.4007)' 

-1.8423 

-0.6187 

0.94 

0.66 

Transition 

state 

C2V 

1.6401 

1.1287 

1.7604 

112.583 

68.522 

43.722 

40.1019 

-0.68 

-0.4S 

Covalent 

molecular ion 

^oou 

4.638 

0.744461 

1.7537 

1.7533 

180.0 

180.0 

-3.8026 

-6.4707(-5.3054)'= 

-5.0518 

-4.3621 

-0.65 

-0.46 
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Table 6.3: Calculated Geometry" and Relative Energy for Li"(H2)3 and LiH2 (H2)2 
Stationary Points. "Geometry optimized at the MP2 level only. ''Relative to Li" ^ 
3H2 in kcal/mol. '^Calculated with larger basis set, namely aug-cc-pVQZ for hydrogen, 
and for lithium the present basis set augmented with a second (Islpldlf) set of diffuse 
functions. '^Relative to 3H2(3D2) in kcal/mol. 

property 

point group 

R(A) 

R(A) 

r//2 (A ) 

r//2(A) 

TLz/f (A ) 

rLtif(A ) 

9HLiH {deg) 

9R,rH2{deg) 

9R,rH2{deg) 

9R,R' (deg) 

9 R,R'{deg) 

relative energy'' 

MP2 

CCSD(T) 

MRCISD 

MRCISD+Q 

relative ZPE'^ 

per-H 

per-D 

Electrostatic 

complex 

Cs 

5.9047 (2) 

7.7504 (1) 

0.7385 (2) 

0.0.7380 (1) 

180.0 

175.2 (2) 

168.3 (1) 

23.5 (2) 

34.5 (1) 

2.4341 

-2.1884 

-2.6455 

-0.9640 

1.75 

1.24 

Transition 

state 

c. 
1.7997 (2) 

1.5165 (1) 

0.7859 (2) 

1.5106 (1) 

1.7013 (2) 

1.6870 (1) 

52.952 

87.07 (2) 

89.40 (1) 

87.22 (2) 

38.0166 

31.9780 

32.4420 

32.4123 

2.65 

1.87 

Covalent 

molecular ion 1 

Doo/l 

4.6358 (2) 

0.7389 (2) 

1.7494 

180.0 

180.0 

180.0 

-4.2270 

-8.4216(-6.8324)'= 

-8.1472 

-7.3432 

1.06 

0.75 

Covalent 

molecular ion 2 

C2. 

4.4345 (2) 

0.7444 (2) 

1.7514 

1.7521 

180.0 

169.73 (2) 

42.19 

-4.2456 

-8.4620(-6.8152)' 

-8.3973 

7.2574 

0.850 

0.599 
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CHAPTER \'II 

CONCLUSION 

In this research, the mechanism for sigma bond activation occurring in the series 

of reactions 

M(H2)„ + H2^MH2(H2)„ . (7.1) 

for which M=B+. Be, and Li~ and n=l-3 was found. The first reaction in the se

ries (n=l) , where M^B"*" proceeds through the transition state to products by fully 

breaking the H2 bond, forming a BH bond, and then eventually forming the other BH 

bond resulting in a large activation energy. The second reaction (n=2) passes through 

the transition state via a pericyclic mechanism, and results in an 80% reduction in 

the activation energy. This activation energy lowering is attributed to having a node 

in the HOMO, which lies between B"̂  and the two H2 molecules in the electrostatic 

complex, shift at the transition state to bisect both H2 molecules. Having the node 

positioned in this way allows for the simultaneous breaking of two bonds and for

mation of three bonds. In this mechanism, the hydrogens that eventually form the 

HBH' moiety in the product are from two different H2 molecules, and the remaining 

H2 molecule becomes involved in 3c-2e bonding with B^. This same strategj' is used 

in the n=3 reaction, where the node in the HOMO has shifted to bisect all three H2 

molecules, thus stabilizing the transition state even more. Passing out of the transi

tion state, in this case, the B~ inserts into one of the H2 molecules and the remaining 

two H2 molecules form 3c-2e bonds with B^. 

The series of reactions for which M=Be was also investigated for sigma bond acti

vation, and an overall 40% lowering in the activation energy was found. This lowering 

is not as dramatic as the lowering in the boron system, however the mechanism of 

product formation in each reaction is identical to the mechani-in.- for the boron sys

tem. The n= l reaction passes through the transition state by having fullv broken tLe 
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H2 bond to form a BeH bond, and moving out of the transition state to eventually 

form the other BeH bond. The n=2 reaction goes by a pericyclic mechanism, and the 

n=3 reaction goes by insertion with the same nodal patterns as in the boron system. 

In the inserted beryllium products, the H2 molecules do not form 3c-2e bonds with 

Be and are interacting only weakly with the HBeH moiety. 

The series of reactions for which M=Li~, was also investigated for sigma bond 

activation. In this system, the activation energy was only lowered by about 20%, 

compared to a 90% lowering in the boron system. .A.s anticipated, the lithium reactions 

proceeded by mechanisms similar to the boron mechanisms, however they were minor 

differences. One major difference occurs in the n=l reaction where the transition 

state was found located at a conical intersection of two surfaces. This situation arises 

because in the three atom limit, the electron will move from lithium to one of the 

hydrogens which has larger electron affinity. The n=2 reaction passes through the 

transition state via a pericyclic mechanism with the node of the HOMO bisecting the 

two H2 molecules, resulting in 2 bonds broken and 3 bonds formed. This reaction 

proceeds much like the analogous boron reaction up until product formation whereby 

there is only a weak electrostatic interaction between HLiH" and the H2 molecule. 

In this product, there exists no 3c-2e bonding between Li" and the Ho molecule, as 

was evident in the boron complex. The n=3 reaction proceeds through the transition 

state with the node of the HOMO bisecting all three H2 molecules and moving out 

of this transition state results in Li" inserting into one of the H2 molecules to form 

the product. The two remaining H2 molecules, as in the n=2 product, are only 

weakly bound to the HLiH" moiety. This particular reaction mechanism differs from 

the analogous boron and beryllium cases in that at the transition state lithium has 

already begun inserting into one of the hydrogen molecules. 

In the three systems studied, all exhibit sigma bond activation to some degree. 

however the B+ s}-stem displays the largest effect with a removal of 90% of the acti

vation energy. One major difference between the boron system, and the isoelectronic 

lithium and beryllium systems, is the ability of boron to form 3c-2t̂  bonds with H2. 
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Another large difference is present in the lithium n=3 reaction whereby the transition 

state occurs later in the reation than it does in the boron and beryllium cases. With 

the mechanism by which the metal center so efficiently activates the H2 sigma bond 

now well understood, research is currently being done by Gellene and co-workers, on 

the ability of the boron cation to activate the C-H and C-C sigma bonds. 
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APPENDIX: OPTIMIZED GEOMETRIES AND MP2 HARMONIC 

FREQUENCIES 

Table A.l: Optimizied geometries for B (H2)2 and BH.2 (H2). 

X \ ' 

Electrostatic Complex 

B 0.000000 0.780464 0.000000 

H -1.435161 -0.997298 0.375097 

H -1.435161 -0.99729S -0.375097 

H 1.718646 -0.707698 0.000000 

H 1.151677 -1.200027 0.000000 

TS21 

B 0.000000 0.000000 0.7692S6 

1.735684 -0.70S325 

1.181S29 -1.214SS9 

-1.735684 -0.70S325 

H 0.000000 -1.181S29 -1.214889 

TS22 

B 0.000000 0.000000 0.5263S1 

H 0.000000 1.153311 -0.255495 

H 0.000000 0.690264 -1.02745S 

H 0.000000 -1.153311 -0.2SS495 

H 0.000000 -0.690264 -1.02745S 

H 0.000000 

H 0.000000 

H 0.000000 

* j j 

^3 



Table . \ . l : Continued. 

B 

H 

H 

H 

H 

B 

H 

H 

H 

H 

X Y 

Covalent molecular 

0.000000 

0.000000 

0.000000 

0.000000 

0.000000 

0.000000 

0.000000 

1.205575 

-1.205575 

0.000000 

0.000000 

0.405126 

-0.405125 

-1.106415 

1.106415 

TS23 

0.000000 

1.205575 

0.000000 

0.000000 

-1.205575 

Z 

ion 

0.217922 

-1.152004 

-1.152004 

0.607198 

0.607198 

0.000000 

0.000000 

0.000000 

0.000000 

0.000000 

:.t*; 
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Table .A..2: Optimizied geometries for B (H2)3 and BHj(H2)2-

X \ 

Electrostatic complex 

B 0.000000 0.000000 0.840750 

H 0.000000 1.827405 -0.4S7182 

H 1.582579 -0.913702 -0.4871S2 

H -1.5S2579 -0.913702 -0.487182 

H -0.443843 1.397797 -0.914068 

H 1.432449 -0.314520 -0.914068 

H -0.988607 -1.083277 -0.914068 

TS31 

B 0.000000 0.000000 0.682700 

H 0.000000 1.466663 -0.215814 

H 1.270167 -0.733331 -0.215814 

H -1.270167 -0.733331 -0.215814 

H 0.000000 1.145286 -0.922019 

H 0.991846 -0.572643 -0.922019 

H -0.991846 -0.572643 -0.922019 

TS30 

B 0.000000 0.000000 0.000000 

H 0.000000 1.102668 0 534677 

H -0.954938 -0.551334 0.534677 

H 0.954938 -0.551334 0.534677 

H 0.000000 1.102668 -0.534677 

H 0.95493S -0.551334 -0.534667 

H -0.95493S -0.551334 -0.534667 

^o 



Table A.2: Continued. 

X ^ ' 

Covalent molecular 

B 0.000000 0.000000 

H -1.006383 -0.409809 

H -1.006383 0.409809 

H 0.000000 -1.037977 

H 0.000000 1.037977 

H 1.006383 0.409809 

H 1.006383 -0.409809 

ion 

0.203853 

-0.638395 

-0.638395 

0.767157 

0.767157 

-0.638395 

-0.638395 

.̂f: 
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Table A.3: Optimizied geometries for B+(H2)4 and BHJ(H2)3. 

X y 

Electrostatic complex 

B 0.000000 0.744G07 0.000000 

H 0.224410 -0.206875 2.278375 

H -0.282187 0.326483 2.403154 

H -0.282187 0.326483 -2.403154 

H 0.224410 -0.206875 -2.278375 

H 1.706140 -0.732817 0.000000 

H 1.148226 -1.234993 0.000000 

H -1.369406 -0.997220 0.375670 

H -1.369406 -0.997220 -0.375670 

TS41 

B 0.000000 0.682777 0.000000 

H 0.521325 -0.918770 0.966413 

H -0.021490 -0.445111 1.260218 

H 0.521325 -0.918770 -0.966413 

H -0.021490 -0.445111 -1.260218 

H 1.741517 0.876880 0.000000 

H 1.932827 0.128312 0.000000 

H 2.461099 -0.496074 0.000000 

H -2.212915 -1.195241 0.000000 

5i 



Table .A..3: Continued. 

B 

H 

H 

H 

H 

H 

H 

H 

H 

B 

H 

H 

H 

H 

H 

H 

H 

H 

X Y 

Covalent molecular i 

0.000000 

-0.052828 

-0.760946 

-0.052828 

-0.760946 

-0.633592 

1.180558 

0.185862 

0.894722 

0.000000 

-0.359054 

-0.359054 

1.311502 

1.311502 

-1.076936 

-0.355336 

-0.236312 

-0.236312 

0.636751 

-0.312163 

0.099276 

-0.312163 

0.099276 

1.633257 

0.623231 

-2.615838 

-2.398633 

TS42 

0.699987 

1.138842 

1.138842 

0.697780 

0.697780 

-2.920296 

-3.085539 

-0.383672 

-0.383672 

Z 

on 1 

0.000000 

0.994760 

1.008864 

-0.994769 

-1.008864 

0.000000 

0.000000 

0.000000 

0.000000 

0.000000 

1.036073 

-1.036073 

0.409869 

-0.409869 

0.000000 

0.000000 

0.409469 

-0.409469 
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Table A.3: Continued. 

B 

H 

H 

H 

H 

H 

H 

H 

H 

X ^ ' 

Covalent molecular i 

0.421985 

0.246913 

0.243601 

1.647939 

1.647122 

-2.627623 

-2.740742 

-0.263338 

-0.263596 

0.161031 

1.120424 

0.147088 

-0.070725 

-0.453390 

0.358627 

-0.262730 

-0.629970 

-1.014480 

Z 

on 2 

0.086632 

-0.579343 

1.253890 

-0.497661 

0.225461 

-0.173358 

0.212439 

-0.799236 

-0.075350 
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Table A.4: Optimized geometries for Li (H2)2 and LiH2 (H2). 

X Y 

Electrostatic complex 

Li 0.000000 0.000000 3.390388 

H 0.000000 1.661620 -2.185079 

H 0.000000 -1.661620 -2.185079 

H 0.000000 1.843705 -2.900504 

H 0.000000 -1.843705 -2.900504 

TS21 

Li 0.000000 0.000000 0.742373 

H 0.000000 1.464437 -0.234603 

H 0.000000 -1.464437 -0.234603 

H 0.000000 0.537785 -0.878956 

H 0.000000 -0.537785 -0.878956 

Inserted molecular ion 

Li 0.000000 0.000000 1.325170 

H 0.000000 0.000000 3.078917 

H 0.000000 0.000000 -0.428177 

H 0.000000 0.000000 -2.940894 

H 0.000000 0.000000 -3.685355 
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Table A.5: Optimized geometries for Li (H2)3 and LiH2 (H2)2-

X Y 

Electrostatic complex 

Li 1.511230 -3.906997 0.000000 

H -0.980869 0.757349 1.639992 

H 0.000000 3.326282 0.000000 

H -0.980869 0.757349 -1.639992 

H -1.289393 1.407864 1.804336 

H 0.006832 4.064283 0.000000 

H -1.289393 1.407864 -1.804336 

TS31 

Li 0.000000 0.641948 0.000000 

H 1.686987 0.656891 0.000000 

H -0.956856 -0.235146 1.394963 

H -0.405125 -0.702844 1.087646 

H 1.036975 -0.706754 0.000000 

H -0.956856 -0.235146 -1.394963 

H -0.405125 -0.702844 -1.087646 

Inserted molecular ion 1 (DQO/I) 

Li 0.000000 0.000000 0.000000 

H 0.000000 0.000000 1.751637 

H 0.000000 0.000000 -1.751637 

H 0.000000 0.000000 -4.263615 

H 0.000000 0.000000 -5.008045 

H 0.000000 0.000000 4.263615 

H 0.000000 0.000000 5.008045 
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Table .A..5: Continued. 

X Y 

Inserted molecular ion 

Li 0.000000 1.838897 

H 0.000000 3.590252 

H 0.000000 -2.616167 

H 0.000000 -1.980687 

H 0.000000 0.086764 

H 0.000000 -2.616167 

H 0.000000 -1.980687 

2 (C2.) 

0.000000 

0.000000 

1.789948 

1.402217 

0.000000 

-1.789948 

-1.402217 
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Table A.6: Optimized geometries for Be(H2)2 and BeH2(H2). 

X ^ ' 

Electrostatic complex 

Be 0.000000 1.953796 0.000000 

H -1.656004 -1.510493 0.000000 

H -1.697133 -2.247194 0.000000 

H 1.313860 -1.961638 0.000000 

H 2.039277 -2.095857 0.000000 

TS21 

Be 0.000000 0.000000 0.625263 

H 0.000000 1.211898 -0.263289 

H 0.000000 -1.211898 -0.263289 

H 0.000000 0.674227 -0.987237 

H 0.000000 -0.674227 -0.987237 

Inserted molecular ion 

Be 0.000000 0.000000 0.710356 

H 0.000000 1.332304 0.734395 

H 0.000000 -1.332304 0.734395 

H 0.000000 0.369559 -2.155107 

H 0.000000 -0.369559 -2.155107 
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Table .\.7: Optimized geometries for Be(H2)3 and BeH2(H2)2-

H 

H 

Y 

Electrostatic complex 

Be 0.000000 0.000000 2.269130 

H 0.000000 1.686626 -1.468985 

H 1.460661 -0.843313 -1.468985 

H -1.460661 2.130396 -1.556521 

H -0.582964 2.130396 -1.556521 

H 2.136459 -0.560337 -1.556521 

H -1.553495 -1.570059 -1.556521 

TS31 

Be 0.000000 0.000000 0.802776 

H 0.000000 1.403571 -0.177540 

H 0.000000 1.060138 

H 1.215528 -0.701786 -0.177540 

H 0.918106 -0.530069 -0.892828 

-1.215528 -0.701786 -0.177540 

-0.918106 -0.530069 -0.892828 

-0.892828 
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Table \.7: Continued. 

X \ ' 

D3/1 Stationary point 

Be 0.000000 0.000000 0.000000 

H 0.000000 1.312415 0.456435 

H 0.000000 1.312415 -0.456435 

H -1.136585 -0.656208 0.456435 

H -1.136585 -0.656208 -0.456435 

H 1.136585 -0.656208 0.456435 

H 1.136585 -0.656208 -0.456435 

Inserted molecular ion 

Be 0.000000 0.000000 0.893079 

H 0.000000 1.332625 0.937699 

H 0.000000 -1.332625 0.937699 

H -1.650294 0.369683 -1.361929 

H -1.650294 -0.369683 -1.361929 

H 1.650294 0.369683 -1.361929 

H 1.650294 -0.369683 -1.361929 
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Table A.8: '^Calculated at MRCISD/aug-cc-p\TZ level of theory. 

X Y 

Electrostatic complex (C2v) 

per-H2 per-D2 

Transition State (C5)" 

per-H2 per-D2 

4306.0697 (ai) 3046.0401 (ai) 

510.7329 (bz) 362.1540 (b2) 

345.0794 (ai) 262.2817 (ai) 

547.08132 (a') 400.8267z (a') 

2533.8795 (a ) 1864.3911 (a') 

279.4205 (a') 202.2792 (a') 

Table A.8: Continued. 

Covalent molecular ion (Dj^/i) 

per-H2 per-D2 

3014.2769 {au) 2291.0514 {{au) 

2728.8903 {ag) 1930.3583 {ag) 

1008.4622 {TVU) 766.4985 {TTU) 
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Table A.9: Harmonic frequencies for B+(H2)2 and BH2'(H2) and their deuterated 
analogs. 

Electrostatic 

per-H2 

complex (C5) 

per-D2 

TS21 (C,) 

per-H^ per-D-

27.2970 (a") 

145.9557 (a") 

205.4839 (a') 

324.4422 (a') 

337.6207 (a') 

495.0740 (a") 

518.3432 (a') 

4306.0974 (a') 

4317.7769 (a') 

19.3689 (a") 

103.2587 (a") 

148.8722 (a') 

243.7475 (a') 

260.9395 (a') 

350.9979 (a") 

369.2267 (a') 

3046.0638 (a') 

3054.3219 (a') 

115.23552 (a2) 

64.6464 (bi) 

206.5781 (ai) 

323.0795 (b2) 

325.5955 (ai) 

488.9943 (b2) 

507.6461 (ai) 

4309.3925 (bs) 

4310.2124 (ai) 

81.5151Z (a2) 

45.9024 (bi) 

149.9534 (ai) 

241.2989 (b2) 

252.1574 (ai) 

349.1917 (b2) 

362.2821 (ai) 

3048.3896 (bi) 

3048.9795 (ai) 
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Table A.9: Continued. 

TS22 (C2u) 

per-H2 per-T>2 

Covalent molecular ion (C2r) 

per-H2 per-D2 

1096.02082 (ai) 

814.5294 (ai) 

888.4728 (bi) 

971.3095 (a2) 

1135.6736 (b2) 

1472.5448 (ai) 

1626.1168 (b2) 

2433.9122 (ai) 

2965.8162 (bz) 

818.21382 (ai) 

609.5440 (ai) 

638.2799 (bi) 

687.0835 (a2) 

816.4004 (ba) 

1043.0009 (ai) 

1205.0369 (b2) 

1733.9787 (ai) 

2099.1008 (b2) 

846.7310 (a2) 

944.9014 (b2) 

979.9734 (bi) 

987.1683 (ai) 

1263.4362 (ai) 

1655.1404 (b2) 

2734.2284 (ai) 

2939.0964 (b2) 

3579.2737 (ai) 

598.9593 

690.6806 (b2) 

765.0581 (bi) 

777.2337 (ai) 

894.0096 (ai) 

1178.5776 (b2) 

1953.5236 (ai) 

2224.7699 (b2) 

2534.9130 (ai) 

Table A.9: Continued. 

TS23 (D4„) 

per-H2 per-D2 

851.38682 (e^) 

851.38682 (e^) 

654.4715 (a2u) 

879.0872 (b2p) 

1215.2679 (b2u) 

2388.6740 (ai^) 

2417.4748 (bi^) 

26S9.0539 (ej 

26S9.0539 (ej 

636.74222 (e^) 

636.7422^ (e^) 

521.2384 (a2u) 

621.8474 {h2g) 

859.6544 {h2g) 

1689.6966 (ai^) 

1710.0697 (bi^) 

2025.6313 (ej 

2025.6313 (e„) 
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Table .A..10: Harmonic frequencies for B (H2)3 and BH^ (H2)2 and their deuterated 
analogs. 

electrostatic 

per-H2 

118.4876 (e) 

118.4876 (e) 

203.6462 (a) 

214.2684 (e) 

214.2684 (e) 

233.6122 (a) 

320.2224 (a) 

327.7581 (e) 

327.7581 (e) 

507.0293 (e) 

507.0293 (e) 

515.7310 (a) 

4306.7922 (a) 

4307-4111 (e) 

4307.4111 (e) 

complex (Cs) 

per-D2 

83.9672 (e) 

83.9672 (e) 

144.3081 (a) 

153.4728 (e) 

153.4728 (e) 

167.7267 (a) 

245.7585 (e) 

245.7585 (e) 

255.7071 (a) 

360.8098 (e) 

360.8098 (e) 

369.8450 (a) 

3046.5696 (a) 

3046.9898 (e) 

3046.9898 (e) 

TS3: 

per-H2 

493.7295^ (ai) 

307.2322 (e) 

307.2322 (e) 

307.9096 (a2) 

562.4502 (e) 

562.4502 (e) 

602.5033 (ai) 

609.9614 (e) 

609.9614 (e) 

805.4219 (e) 

S05.4216 (e) 

840.2046 (ai) 

3841.0740 (ai) 

3940.5996 (e) 

3940.5996 (e) 

(Cs.) 

per-D2 

374.0419Z (ai) 

217.S0S7 ((a)2) 

218.8618 (e) 

218.8618 (e) 

404.0556 (e) 

404.0556 (e) 

448.9169 (e) 

448.9169 (e) 

454.5451 ((a)i) 

5S0.3935 (e) 

5S0.3935 (e) 

605.2230 (ai) 

2718.2414 (ai) 

27S7.697S (e) 

27S7.697S (e) 
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Table .A. 10: Continued. 

TS32 

per-H2 

992.91092 (e') 

992.91092 (e') 

495.6115 (a2'') 

903.5995 (e') 

903.5995 (e') 

1053.3733 (e") 

1053.3733 (e") 

1252.2645 (ai") 

1556.8479 (ai') 

2352.0996 (ai) 

2497.3731 (e") 

2497.3731 (e") 

2595.9218 (a2") 

2619.5612 (e') 

2619.5612 (e) 

(D3.) 

per-D2 

724.07332 (e) 

724.07332 (e') 

390.0685 (a2"̂ ) 

673.9736 (e') 

673.9736 (e') 

745.1336 (e") 

745.1336 (e") 

885.8250 (ai") 

1101.2808 (ai') 

1663.8247 (ai') 

1766.5881 (e") 

1766.5881 (e") 

1920.4491 (a2'') 

1983.5900 (e') 

1983.5900 (e") 

Covalent molecular ion (C21.) 

per-H2 

521.7912 (bs) 

667.5855 (a2) 

830.9469 (ai) 

910.0196 (b2) 

1066.3332 (bi) 

1075.4565 (a2) 

1085.0568 (ai) 

1311.4862 (bi) 

1320.8570 (ai) 

1835.3278 (a2) 

1871.6537 (b2) 

2688.0255 (ai) 

2813.8008 (b2) 

3425.5834 (bi) 

3482.8042 (ai) 

per-D2 

375.4417 (b2) 

472.2357 (a2) 

654.8856 (aj 

676.7788 (b2) 

760.7549 (a2) 

793.9833 (bi) 

777.9164 (ai) 

942.1299 (ai) 

1014.0457 (bi) 

1298.1637 (ai) 

1339.7104 (b2) 

1938.1637 (ai) 

2114.9604 (b2) 

2426.5713 (bi) 

2469.5731 (ai) 
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Table A.11: Harmonic frequencies for B''"(H2)4 and BHj(H2)3 and their deuteratcc 

analogs. 

electrostatic complex (C5) 

per-H2 per-D2 

TS41 (C,) 

per-H2 per-D2 

101.9381 (a") 

122.5266 (a') 

142.5013 (a') 

145.5126 (a') 

148.1004 (a") 

194.0871 (a") 

217.2683 (a") 

222.4807 (a") 

230.7501 (a') 

235.1804 (a") 

297.2481 (a') 

314.1816 (a') 

327.5928 (a") 

444.2641 (a") 

453.1832 (a') 

507.9296 (a') 

522.6463 (a") 

4301.1530 (a') 

4310.5121 (a') 

4373.9554 (a") 

4383.4626 (a') 

72.1130 (a") 

90.5556 (a') 

102.6923 (a) 

104.8456 (a") 

104.9899 (a') 

138.9947 (a'̂ ) 

155.2843 (a") 

163.9012 (a") 

165.4004 (a') 

178.9734 (a") 

210.9872 (a') 

241.0433 (a') 

251.7325 {a') 

314.3468 (a") 

326.3574 (a') 

363.2571 (a') 

371.8634 (a") 

3042.5748 (a') 

3049.1891 (a") 

3094.0711 (a") 

3100.76S4 (a") 

505.78362 (a') 

137.8126 (a'") 

147.9161 (a') 

163.2224 (a") 

199.2417 (a') 

293.9701 (a') 

308.6756 (a") 

319.9593 (a'") 

371.4748 (a') 

557.4816 (a") 

563.2536 (a') 

589.6634 (a') 

616.7973 (a") 

638.7726 (a*) 

782.6197 (a') 

844.0246 (a") 

862.4143 (a") 

3822.8886 (a") 

3918.9852 (a") 

3965.7951 (a") 

4445.9632 (a') 

383.01012 (a") 

99.4276 (a") 

112.9000 (a) 

115.7973 (a") 

144.8825 (a') 

208.0926 (a') 

218.4125 (a") 

228.1076 (a") 

262.9911 (a') 

400.2654 (a) 

409.0210 (a') 

428.6469 (a') 

463.0792 (a") 

468.8119 (a") 

563.3907 (a") 

611.0844 (a) 

619.5938 (a') 

2705.3961 (a') 

2772.4224 (a") 

2805.6014 (a") 

3144.9829 (a") 
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Table .A. 11: Continued. 

Covalent molecular ioni (C5) 

per-H2 

54.0675 (a) 

128.7968 (a") 

206.4126 (a") 

232.3002 (a) 

399.4020 (a") 

531.6616 (a^ 

667.6248 (a") 

835.5689 (a^ 

905.9314 (a') 

1063.3118 (a") 

1074.7517 (a") 

1090.4442 (a") 

1318.1142 (a") 

1326.3493 (a) 

1838.2349 (a") 

1874.3732 (a) 

2690.6782 (a') 

2816.3223 (a") 

3432.9299 (a'") 

3488.6063 (a") 

445S.4147 (a") 

per-D2 

38.2585 (a") 

91.7678 (a) 

146.0395 (a") 

167.5852 (a') 

282.7489 (a") 

382.1806 (a') 

472.2651 (a) 

656.3471 (a^ 

675.7308 (a') 

757.7141 (a") 

783.0974 (a") 

795.3548 {a") 

947.0120 (a") 

1017.S955 (a") 

1300.3559 (a") 

1341.2722 (a) 

1940.3013 (a) 

2116.8163 (a') 

2431.7455 (a) 

2473.4126 (a") 

3153.7S83 (a"; 

TS.2 

per-H2 

110.26842 (a) 

29.6879 (a") 

59.4719 {a) 

203.7096 (a") 

3S5.8556 (a*) 

515.4344 (a) 

665.7422 (a") 

840.6484 (a) 

909.0352 (a) 

1066.4879 (a) 

1078.1448 (a*") 

1095.5526 (a") 

1316.9177 (a) 

1368.6834 (a") 

1830.4776 (a") 

1871.2092 (a") 

26S7.6533 (a") 

2S11.7796 (a) 

3428.6752 (a") 

3488.3298 (a") 

4474.4735 (a"; 

{Cs) 

per-D2 

77.9855? (a") 

21.1189 (a") 

42.0S4S (a) 

148.1173 (a*) 

273.1031 (a) 

370.9283 (a) 

470.9313 (a) 

661.0649 (a') 

675.8852 (a") 

762.6565 (a") 

784.1156 (a') 

794.2S19 (a') 

954.S203 (a") 

1041.7720 (a") 

12'-5.3S55 (a") 

1339.3351 (a) 

1938.5243 (a") 

2112.8955 (a'") 

2428.8466 (a") 

2473.5051 (a") 

3165.1474 a" 
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Table .A. 11: Continued. 

Covalent molecular ion2 (C^) 

per-H2 per-D2 

29.7512 21.0871 

61.6043 44.2124 

87.8972 63.9396 

219.3070 157.3889 

358.7653 253.9066 

511.7089 367.1924 

653.0696 462.0825 

829.2765 653.8338 

903.8134 673.0457 

1062.6681 758.5688 

1072.3742 778.3988 

1086.7299 791.9991 

1304.8327 943.4279 

1337.2427 1018.8906 

1834.0810 1298.0917 

1875.9628 1342.1300 

2689.5979 1939.3845 

2815.0633 2115.9232 

3432.9845 2431.8585 

3492.6331 2476.4148 

4477 4241 3167.2345 
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Table A. 12: Harmonic frequencies for Li"(H2) and LiH^ and their deuterated analogs. 

Electrostatic complex (C^ci) Covalent molecular ion (D^c/i) 

per-H2 per-D2 per-H2 per-D2 

24.337(a) 17.211244(a) 430.96899(7rJ 304.78335(7rJ 

152.653(7r) 107.95694(7r) 430.96899(7r„) 304.78335(7rJ 

152.653(7r) 107.95694(7r) 1023.812(a5) 724.0448(a^) 

4501.4512(a) 3183.448(a) 1091.969(aJ 772.24574(aO 

Table A. 13: Harmonic frequencies for Li (H2)2 and LiH2 (H2) and their deuterated 
analogs. 

Electrostatic complex (Coou) TS21 (C2u) 

per-H2 per-D2 per-H2 per-D2 

10.9640(b2) 7.7537937(b2) 1909.4940z(ai) 1350.4034z(ai) 

27.9610(ai) 19.774154(ai) 444.931(bi) 314.65735(bi) 

59.3010(ai) 41.937953(ai) 666.75598(ai) 471.53305(ai) 

124.350(b2) 87.940919(b2) 707.80402(b2) 500.56242(b2) 

151.7970(a2) 107.35157(a2) 1106.983(b2) 782.86374(b2) 

158.6050(ai) 112.16622(ai) 1128.113(ai) 797.80699(ai) 

160.0280(bi) 113.17257(bi) 1382.958(ai) 978.03458(ai) 

4499.7168(b2) 3182.2214(b2) 1416.48(a2) 1001.7415(a2) 

4499.9048(ai) 3182.3544(ai) 1703.9(b2) 1205.0063(b2) 
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Table A. 13: Continued. 

Covalent molecular ion (Coov) 

per-H2 per-D2 

47.298(7r) 

47.298(7r) 

148.045(a) 

420.58801(7r) 

488.73098(77) 

488.73098(7r) 

1036.333(a) 

1103.402(a) 

4381.9458(a) 

33.449374(7r 

33.449374(77 

104.69814(a 

297.44187(77 

345.63291(77 

345.63291(77 

732.89971(a 

780.3312(a) 

3098.9332(a) 
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Table A. 14: Harmonic frequencies for Li-(H2)3 and LiH^(H2)2 and their deuterated 
analogs. 

electrostatic 

per-H2 

complex (C5) 

per-D2 

12.134(a') 

29.861(a") 

33.037998(a') 

63.098999(a') 

76.734001(a") 

98.904999(a') 

128.978(a") 

135.43201(a') 

150.44701(a") 

174.36301(a') 

184.39999(a") 

194.017(a') 

4495.6538(a") 

4495.689(a') 

4505.25(a') 

8.5812234(a' 

21.117843(a" 

23.364632(a' 

44.623917(a' 

54.266656(a" 

69.946093(a' 

91.213862(a" 

95.778169(a' 

106.39685(a" 

123.31036(a' 

130.40857(a" 

137.20976(a' 

3179.3481(a" 

3179.3729(a" 

3186.1345(a' 

TS31 {Cs) 

per-H: 

1150.28372(a') 

282.9617(a') 

288.6343(a") 

327.2422(a') 

522.7437(a") 

607.0444(a') 

628.9607(a") 

813.313(a') 

883.915(a") 

1054.617(a') 

1169.2888(a") 

1210.7425(a") 

1292.0551(a') 

3571.3956(a") 

3640.0443(a) 

per-D-, 

813.486182(a 

200.11188(a" 

204.12357(a" 

231.42726(a' 

369.68687(a"" 

429.30473(a' 

444.80404(a'̂  

575.17888(a' 

625.10895(a" 

745.83023(a" 

826.92668(a' 

856.24294(a"" 

913.7476(a") 

2525.7082(a' 

2574.2569(a 
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Table A. 14: Continued. 

Covalent molecular ioui (DQO/I) 

per-H2 per-D2 

Covalent molecular ion2 (C5) 

per-H2 per-D2 

26.3387(77„) 

26.3387(77^) 

79.046(773) 

79.046(a5) 

133.3728(ag) 

161.2909(au) 

419.4981(77„) 

419.4981(77u) 

486.8278(775) 

486.8278(77^) 

524.2237(77^) 

524.2237(77^) 

1049.9387(77^) 

1112.4551(au) 

4382.0506(au) 

4383.0218(a5) 

18.626856(77^) 

18.626856(77^) 

55.901713(77^) 

55.901713(ap) 

94.321888(ap) 

114.0657(au) 

296.67108(^u) 

296.67108(77„) 

344.28697(77^) 

344.28697(77g) 

370.73353(77^ 

370.73353(77^) 

742.52172(77^) 

786.73362(au) 

3099.0073(aJ 

3099.6942(ag) 

39.813(a") 

53.609(aO 

92.952(a') 

152.839(a") 

179.035(a'") 

410.59(a') 

410.973(a") 

450.822(a") 

466.529(a') 

475.022(a"") 

495.514(a") 

1043.305(a') 

1111.59(a") 

4380.474(a"") 

4384.858(a') 

28.155946(a) 

37.912544(a') 

65.736103(a') 

108.08848(a") 

126.61442(a) 

290.37194(a") 

290.64209(a") 

318.82349(a'") 

329.93156(a') 

335.93785(a") 

350.429S9(a') 

737.83033(a") 

786.12181(a") 

3097.8924(a") 

3100.9927(a') 
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Table A.15: '^Calculated at MRCISD level of theory. 

Electrostatic complex (Coov) Transition State (C^)'̂  

per-H2 per-D2 per-H2 per-D2 

46.3261(a) 32.762042(a) 77.41222 56.7088? 

57.5881(77) 40.726582(77) 2032.0652 1507.8849 

57.5965(77) 40.732523(77) 44.8332 32.8153 

4508.6447(a) 3188.5353(a) 

Table A. 15: Continued. 

Covalent molecular ion (DQC/I) 

per-H2 per-D2 

722.2675(77^) 510.79106(77^) 

722.2681(77^) 510.79149(77^) 

2056.548(ag) 1454.4007(a5) 

2265.6271(aJ 1602.2624(au) 
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Table A. 16: Harmonic frequencies for Be(H2)2 and BeH2(H2) and their deuterated 
analogs. 

Electrostatic 

per-H2 

39.548 

45.235001 

49.417 

53.7133 

83.6434 

89.3945 

125.0625 

4507.0338 

4509.8613 

complex (C5) 

per-D2 

27.968536 

31.990411 

34.947941 

37.986305 

59.153016 

63.220222 

88.444804 

3187.3961 

3189.3957 

TS21 

per-H2 

1110.20422(ai) 

602.6986(ai) 

771.0518(bi) 

1212.1855(a2) 

1232.3056(b2) 

1526.4342(b2) 

1583.4013(ai) 

1940.4506(ai) 

2480.3858(b2) 

(C2v) 

per-D2 

785.141772(ai) 

426.23136(ai) 

545.29155(bi) 

857.26344(a2) 

871.49247(b2) 

1079.5016(b2) 

1119.789(ai) 

1372.296(ai) 

1754.1408(b2) 
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Table A. 16: Continued. 

Covalent molecular ion (C2v) 

per-H2 per-D2 

39.548(ai) 

45.235001(b2) 

49.417(a2) 

53.7133(b2) 

83.6434(bi) 

89.3945(ai) 

125.0625(ai) 

4507.0338(b2) 

4509.8613(ai) 

27.968536(ai) 

31.990411(b2) 

34.947941 (as) 

37.986305(b2) 

59.153016(bi) 

63.220222(ai) 

88.444804(ai) 

3187.3961(b2) 

3189.3957(ai) 
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Table A.17: Harmonic frequencies for Be(H2)3 and BeH2(H2)2 and their deuterated 
analogs. 

electrostatic complex (C3) TS31 (Cs^) 

per-H2 per-D2 per-H2 per-D2 

39.1561(e) 27.691383(e) 610.04222(a) 431.424792(a) 

39.4411(e) 27.892936(e) 504.8833(e) 357.05591(e) 

45.8684(e) 32.438354(e) 505.0057(e) 357.14247(e) 

50.678(e) 35.839726(e) 646.652(e) 457.31542(e) 

50.7505(e) 35.890999(e) 646.7027(e) 457.35127(e) 

68.3656(e) 48.348482(e) 684.50r2(a) 484.08255(a) 

69.0283(e) 48.817147(e) 780.2365(a) 551.78702(a) 

72.8332(e) 51.507991(e) 789.0176(e) 557.99706(e) 

99.5412(e) 70.396017(e) 789.0731(e) 558.03631(e) 

100.0604(e) 70.763198(e) 1117.2486(e) 790.1236(e) 

101.0225(e) 71.4436(e) 1117.3536(e) 790.19786(e) 

173.5911(a) 122.76446(a) 1172.8238(a) 829.42665(a) 

4506.6319(a) 3187.1118(a) 3419.5143(a) 2418.297ia) 

4508.9606(e) 31SS.75S7(e) 3537.2694(e) 2501.574(e) 

4508.9817(e) 3188.7736(e) 3537.2739(e) 2501.5772(e) 
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Table A.17: Continued. 

Stationary point (D3/1) 

per-H2 

130.2143(a2") 

445.3912(e') 

445.4298(e') 

781.7049(e') 

781.8114(e') 

959.8307(e") 

959.8495(e") 

1219.644(ai") 

1352.3761(ai') 

2054.9036(a2") 

2059.4487(e") 

2059.4867(e") 

2262.0447(e') 

2262.064(e') 

2540.0861(ai') 

per-D2 

92.088181(a2") 

314.98281(e') 

315.0101(e') 

552.82548(e') 

552.9008(e') 

678.7969(e") 

678.8102(e") 

862.53812(ai") 

956.40691(ai') 

1453.2377(a2") 

1456.4521(e") 

1456.4789(e") 

1599.7289(e') 

1599.7426(e') 

1796.3612(ai') 

- • - - • • ' • " - ' ' . ^ . . • 

Covalent molecular ion (C2t;) 

per-H2 

77.6396(ai) 

112.4214(ai) 

121.3704(bi) 

132.0168(a2) 

172.8909(b2) 

185.9353(a2) 

197.05(b2) 

337.7515(a2) 

366.3655(b2) 

718.3989(bi) 

719.9383(ai) 

2052.245(ai) 

2257.7943(b2) 

4485.3831(bi) 

4485.5603(ai) 

per-D2 

54.9071(ai) 

79.504957(ai) 

85.833733(bi) 

93.362918(a2) 

122.26928(b2) 

131.49434(a2) 

139.35471(b2) 

238.85949(a2) 

259.09545(b2) 

508.05517(bi) 

509.14384(ai) 

1451.3576(ai) 

1596.723(b2) 

3172.0846(bi) 

3172.2099(ai) 
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