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High-level ab initio quantum chemical calculations have been used to investigate possible reactions in the
Al—H—CI system. Transition states or barrierless reaction paths have been identified for essentially all feasible
reactions in this system involving a single aluminum atom. Structures, energies, and vibrational frequencies
for reactants, products, and transition states in this system are presented. These results provide a basis for the
estimation of reaction rate parameters for this system using transition state theory and related unimolecular
reaction rate theories and thereby construct a reaction mechanism useful for detailed chemical kinetic modeling
of aluminum combustion in HCI and chemical vapor deposition using AICH,. In the few cases where
previous experimental or theoretical results have been published, the present work is consistent with previous
work.

Introduction functional theory calculations to evaluate the energy as a
function of the breaking bond length. Conventional transition

state theory, with tunneling corrections as necessary, is used to
precursor for the deposition of aluminum-containing materials compute the rate pqrameters for.b|molecular reactlons. Unimo-
by CVD processes, often in the presence of ldnd (2) lecular and recomblnan_on reactions are treated using RRKM

aluminum is added to solid rocket propellant where it can react theF’fy and master equation calcula_t|on§. Results of _the molecular
exothermically with the products of combustion of other fuels, orbital calculations are presented in this paper, while computed

including HCI, HO, CO, and C@ However, there is very little  Kinetic parameters will be presented separately.
experimental information on elementary reactions in this system, )

or even on the thermochemistry of many of the species. To the Computational Methods

best of our knowledge, no experiments concerning the combus- £, high-accuracy ab initio models for computational

tion of Al particles in pure HCI have been reported in the 0pen ,omqchemistry were applied to the aluminum compounds and
literature. Alrevg reaﬁtlonslln I:hli system ha;,ehbeen §tt)llld'ed transition states studied here. The first method was based on
experimentally”* or theoretically;® but most of the possible  yengity functional theory calculations using the B3LYP func-
reactions remain uninvestigated. We are using computationaljjonai” This functional employs Becke's gradient-corrected

chemistry to explore possible reactions in this system ano! to exchange functiondithe Lee-Yang—Parr correlational func-
calculate rate parameters for elementary gas-phase reactiong;jona|9 and three parameters fit to the original G-2 test'8et.

In recently published workywe used high-accuracy molecular e geometry optimization and frequency calculations for this
orbital calculations to establish the thermochemistry of com- 04 used the 6-31G(d) basis set. The energy at that geometry
pouno.ls.ln this system and of some oxygen, nitrogen, and carbon-, o< then calculated using the 6-31G(3df,2p) basis set. The
containing aluminum compounds. On the basis of these results,qocond method used here was the CBS-Q complete basis set
we have identified possible reactions in the/M—Cl system a6 of Ochterski et &k This method employs the asymptotic
and are applying transition state theory and unimolecular .o ergence of pair natural orbital expansions to extrapolate
reaction rate theories to calculate rate parameters for these ihe second-order MallePlesset (MP2) complete basis set
reactions. Molecular orbital calculations of transition state it The higher-order contributions are then evaluated using

properties and re_action paths serve as in_puts tp these _ratesmaller basis sets. The third method used was the Gaussian-2
parameter calculations. For elementary reactions with an act|va-(G_2) model. This method approximates a quadratic configu-
tion barrier, we have located transition states and computed their, 5441 interaction calculation with a large basis set (QCISD-

energies using high-accuracy compound methods for energy r),s_311+G(3df,2p)) by combining a series of smaller calcu-
calculat|on_s, including the GZ CBSTQ' anc_i CBS-RAD _met_h- lations and assuming the additivity of several components of
ods. For simple bond-breaking reactions without an activation o energy2-14 All of the calculations were carried out using
barrier in the exothermic direction, we have used density o Gaussian 94 computer progra.

The gas-phase chemistry of the -All—Cl system is of
interest in at least two contexts: (1) AiCtan be used as a
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Reactions in the AFH—CI System

TABLE 1: Reactant, Product, and Transition-State Energies

J. Phys. Chem. A, Vol. 105, No. 1, 200265

total energy (hartrees)

relative energy (kcal mok)®

species B3LYP CBS-Q G-2 CBS-RAD B3LYP CBS-Q G-2 CBS-RAD
AlH —243.001271 —242.542997 —242.546190 —242.544989 0.0 0.0 0.0 0.0
AlY+H —242.888857 —242.428515 —242.430950 —242.428486 70.5 71.8 72.3 73.1
AICI —702.741598 —701.808146 —701.800168 —701.807884 0.0 0.0 0.0 0.0
Ald+Cld —702.555447 —701.611935 —701.607923 —701.611879 116.8 123.1 120.6 123.0
AlH, —243.580957 —243.117319 —243.118965 —243.117100 0.0 0.0 0.0 0.0
Al%+ H, —243.557108 —243.095127 —243.097652 —243.095061 15.0 13.9 134 13.8
AH +H —243.503427 —243.042815 —243.046190 —243.044807 48.7 46.8 45.7 45.4
AlH, < Al + H, SP —243.517765 —243.051663 39.7 411
AIHCI —703.300791 —702.362308 —702.353346 —702.362027 0.0 0.0 0.0 0.0
AICI +H —703.243754 —702.307964 —702.300168 —702.307702 35.8 34.1 33.4 34.1
Ald+ HCI —703.218823 —702.276112 —702.271471 —702.276047 51.4 54.1 51.4 54.0
AH + Cld —703.171015 —702.227233 —702.224161 —702.229198 814 84.8 81.1 83.4
Al + HCIl < AICI + H SP —703.219293 —702.274135 —702.262908 —702.269822 511 55.3 56.8 57.9
Al + HCIl < AIHCI SP® —703.226833 —702.284301 —702.275298 —702.283424 46.4 49.0 49.0 49.3
Al—HCI complex —703.226503 —702.281895 —702.276027 —702.281485 46.6 50.5 48.5 50.5
Al—CIH complex —702.279034 —702.273953 —702.278719 52.3 49.8 52.3
AICI, —1163.016482 —1161.604454 —1161.585244 —1161.604014 0.0 0.0 0.0 0.0
AICI + CI¢ —1162.911342 —1161.492382 —1161.478139 —1161.492093 66.0 70.3 67.2 70.2
Al%+ Cl, —1162.810259 —1161.388648 —1161.373501 —1161.388444 129.4 1354 1329 135.3
AlH3 —244.213664 —243.750511 —243.753945 —243.750143 0.0 0.0 0.0 0.0
AlH + H, —244.171338 —243.709087 —243.712552 —243.711042 26.6 26.0 26.0 24.5
AlH, +H —244.083113 —243.617137 —243.618965 —243.616918 81.9 83.7 84.7 83.6
AlH + H, < AlH3; SP —244.115870 —243.652045 61.4 61.6
AlHCI —703.931955 —702.994383 —702.987800 —702.993963 0.0 0.0 0.0 0.0
AICI + H; —703.911664 —702.974236 —702.966530 —702.973937 12.7 12.6 13.3 12.6
AlH + HCI —703.833052 —702.890072 —702.886371 —702.892028 62.1 65.5 63.6 64.0
AIHCI +H —703.802947 —702.862126 —702.853346 —702.861845 81.0 83.0 84.4 82.9
AlH, + Cl¢ —703.749363 —702.800217 —702.795598 —702.799971 1146 121.8 120.6 121.7
AlH,Cl < AlH + HCI SP —703.824547 —702.878649 67.4 72.4
AlH.Cl < AICI + H, SP® —703.814280 —702.875799 73.8 74.1
AIHCI + H < AlH + HCI SP —703.799626 —702.856708 83.0 86.1
AIHCI, —1163.647904 —1162.236874 —1162.220233 —1162.236393 0.0 0.0 0.0 0.0
AICI + HCI —1163.573379 —1162.155221 —1162.140349 —1162.154923 46.8 51.2 50.1 51.1
AICI,+H —1163.518638 —1162.104272 —1162.085244 —1162.103832 81.1 83.2 84.7 83.2
AIHCI + Cl¢ —1163.470535 —1162.046544 —1162.031317 —1162.046236 111.3  119.4 1185 119.3
AlH + Cl, —1163.424488 —1162.002608 —1161.988401 —1162.004425 140.2 147.0 1455 145.6
AICI + HCl < AICIl, + H SP —1163.517761 —1162.102112 81.7 84.3
AICI| + HCI < AIHCI, SP —1163.543944 —1162.124689 65.2 70.1
AICl; —1623.358956 —1621.475524 —1621.448747 —1621.474935 0.0 0.0 0.0 0.0
AlCI, + CI¢ —1623.184888 —1621.287352 —1621.261877 —1621.286885 109.2  118.1 117.3 118.0
AICI + Cl, —1623.164815 —1621.267757 —1621.242379 —1621.267320 121.8 130.4 129.5 130.3
AICI; + Cl < AICI + Cl, SP —1621.280152 122.2
AlH> + H; —244.751024 —244.283409 —244.285327 —244.283153 0.0 0.0 0.0 0.0
AlH, —244.734780 —244.262876 —244.265198 —244.261715 10.2 12.9 12.6 13.5
AlH;+H —244.715820 —244.250329 —244.253945 —244.249961 221 20.8 19.7 20.8
AlH>+ Hy < AlH3; + H SP —244.715829 —244.247147 —244.249302 —244.245560 22.1 22.8 22.6 23.6
AlH, + H, < AlH, SP —244.736355 —244.266541 —244.268343 —244.265649 9.2 10.6 10.7 11.0
AlH; + H < AlH4 SP —244.254602 —244.257584 —244.252051 18.1 17.4 19.5
AIHCI + H; —704.470858 —703.528398 —703.519708 —703.528080 0.0 0.0 0.0 0.0
AlHCI —704.447696 —703.502535 —703.495091 —703.500739 14.5 16.2 15.4 17.2
AlHCI+H —704.434111 —703.494201 —703.487800 —703.493781 23.1 215 20.0 21.5
AlH; + HCI —704.412739 —703.464394 —703.459146 —703.464139 36.5 40.2 38.0 40.1
AlH; + Cl¢ —704.383408 —703.434747 —703.431916 —703.434352 54.9 58.8 55.1 58.8
AlH.Cl + H < AIHCI + H, SP —704.433770 —703.491033 —703.483040 —703.489335 23.3 23.4 23.0 24.3
AlH3Cl < AIHCI + H, SP —704.446321 —703.502294 —703.493861 —703.501372 15.4 16.4 16.2 16.8
AlH, + HCl = AIH.CI + H SP —704.413667 —703.467889 —703.460413 —703.466837 35.9 38.0 37.2 38.4
AlH.Cl + H < AlH:CI SP —703.498512 —703.491043 —703.495881 18.8 18.0 20.2
AICl, + H; —1164.186549 —1162.770544 —1162.751606 —1162.770067 0.0 0.0 0.0 0.0
AlH.Cl, —1164.161278 —1162.740694 —1162.725035 —1162.739092 15.9 18.7 16.7 194
AIHCI, +H —1164.150060 —1162.736692 —1162.720233 —1162.736211 22.9 21.2 19.7 21.2
AIHCI + HCI —1164.132573 —1162.709383 —1162.693527 —1162.709066 33.9 38.4 36.4 38.3
AlH,CI + Cld —1164.101699 —1162.678619 —1162.665771 —1162.678172 53.2 57.7 53.9 57.7
AlH; + Cl —1164.004174 —1162.576930 —1162.561176 —1162.576536 114.4 1215 119.5 121.4
AIHCI; + H < AICI, + H, SP —1164.149246 —1162.733438 —1162.715378 —1162.731684 234 23.3 22.7 24.1
AIHCI; + H< AIHCI + HCISPP  —1164.124711 —1162.700819 —1162.681934 —1162.699763 38.8 43.8 43.7 44.1
AlHCl, < AICI; + H, SP —1164.154273 —1162.735171 20.3 21.9
AIHCI; + H < AIH.Cl, SP® —1162.738144 20.0
AICl; +H —1623.861112 —1621.975342 —1621.948747 —1621.974753 0.0 0.0 0.0 0.0
AICI; + HCI —1623.848263 —1621.951529 —1621.925425 —1621.951053 8.1 14.9 14.6 14.9
AIHCI, + Cl¢ —1623.816310 —1621.919772 —1621.896866 —1621.919264 28.1 34.9 32.6 34.8
AIHCI + Cl, —1623.724009 —1621.821919 —1621.795557 —1621.821463 86.0 96.3 96.1 96.2
AICl; + H< AICI, + HCI SP® —1623.837378 —1621.940108 —1621.912098 —1621.939547 14.9 221 23.0 221
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TABLE 1 (Continued)

total energy (hartree) relative energy (kcal mok)®

species B3LYP CBS-Q G-2 CBS-RAD B3LYP CBS-Q G-2 CBS-RAD
AIHCI; + Cl < AICI; + HCI SP® —1621.935467 —1621.908349 —1621.937063 250 254 23.7
AICl, —2083.558766 —2081.192201 —2081.152158 —2081.190707 0.0 0.0 0.0 0.0
AlCl; + Cld —2083.528700 —2081.159760 —2081.126718 —2081.159144 18.9 204 16.0 19.8
AICI, + Cl, —2083.439699 —2081.064065 —2081.027455 —2081.063450 74.7 80.4 783 79.9

aTotal energy at 0 K, including zero-point energyEnergy relative to the lowest-energy configuration of the same atbBBLYP/6-
311+G(3df,2p)//B3LYP/6-31G(d) energy plus zero-point energy calculated from the B3LYP/6-31G(d) frequencies, scaled by @88fyles of
Al and Cl atoms include experimental spiorbit corrections of 0.2136 and 0.8396 kcal/mol, respective8P indicates a first-order saddle point
on the reaction path between the given reactant(s) and produdits3. structure is a first-order saddle point at the UHF/6-31G(d) level but a
minimum at the UMP2/6-31G(d) level. The imaginary frequency has been ignored in computing the zero-point energy from the UHF/6-31G(d)

frequencies.

TABLE 2: Geometric Parameters

symmetry figure 1

species group part QCISD/6-31G(d) geometric parameteis and deg)

AlH Ceon R(AI—H) 1.67

AlCI Cas R(AI—CI) 2.14

AlH, Co R(AI—H) 1.61,A(H—Al—H) 118

AlH, <> Al + H, SP Cs a R(Al—H,) 1.80,R(Al—H,) 1.75,A(H;—Al—H,) 58

AIHCI Cs R(AI—H) 1.61,R(AI—-CI) 2.12,A(H—AI—CI) 116

Al + HCl < AICI + H SP’ Cs b R(AI-CI) 2.37,R(CI—H) 1.50,A(Al —CI—H) 133

Al + HCl < AIHCI SP Cs ¢ R(AI—H) 1.96,R(AI—CI) 2.77,A(H—AI—CI) 30.6

Al—HCI cluster Ceov d R(AI—H) 3.04,R(H—CI) 1.29

Al—CIH cluster Cs e  R(AI—CI) 3.74,R(CI—H) 1.29,A(Al—CI—H) 91

AICI, Co R(AI—CI) 2.10,A(CI-AI—ClI) 119

AlH; Dan R(AI—H) 1.60

AlH + H, < AlH; SP° Cs f R(Al—H1) 1.59,R(Al—H,) 1.85,R(Al —Hs) 1.60,A(H;—Al —Hy) 72, A(H2—Al —H3) 53

AlHClI Ca R(AI—H) 1.59,R(Al—CI) 2.10,A(H—Al—H) 125

AlIH,Cl < AICI + H, SP° Cs g R(AI—H;) 1.59,R(Al—H,) 1.90,R(Al—CI) 2.10,A(H;—Al —H;) 49, A(H.—AI—CI) 95

AlHCl < AlH + HCI SP° Cs h R(Al—H,) 1.61,R(Al—H,) 1.75,R(Al—Cl) 2.59,A(H,—AI —Cl) 37,A(H,—AI—ClI) 101

AIHC| + H <> AIH + HCI SP Cs [ R(Al—H1) 1.63,R(AlI—ClI) 2.24,R(Cl—H,) 1.67,A(H:—Al—Cl) 109, A(Al —Cl—H,) 143

AIHCI, Co R(AI—CI) 2.09,R(Al—H) 1.58,A(CI-AI—CI) 119

AICI + HCl < AIHCI, SP° Cs i R(AI—-Cl;) 2.10,R(Al—Cly) 2.50,R(Al—H) 1.73,A(Cl,—Al—H) 41, A(Cl;—Al—Cl,) 108

AICI + HCIl < AICI, + H SP° Cs k R(AI—Cl;) 2.11,R(Al—Cl,) 2.23,R(Cl,—H) 1.77,A(Cl;—AI—Cl,) 116,A(Al —Cl,—H) 155.

AICl; Dsn R(AI—CI) 2.08

AICI; + Cl< AICI + Cl, SP° Cs I R(AI—Cl;) 2.12,R(Al—Cly) 2.60,R(Cl,—Cls) 2.14,A(Cl,—Al —Cl,) 125,
A(Al-Cl,—Cl3) 163

AlH, Co m  R(Al—H;) 1.59,R(Al—=Hy) 1.71,A(H;—Al—H,) 127, A(H:—Al —H,) 114,A(H,—Al—H,) 52

AlH, +Hz < AlH3; + H SP° Co n R(Al—H,) 1.60,R(Al—H,) 1.73,R(H>—H3) 1.20,A(H:—Al —H) 120

AlH; + H, < AlH, SP° Ca 0  R(AI—Hj) 1.59,R(Al—Hy) 1.71,A(Hi—Al—H1) 132,A(H;—Al —H,) 112, A(H,—Al—H,) 41

AlH3+H < AlH, SP° Cs p R(Al—H;) 1.50,R(Al—H,) 1.62,R(Al—H3) 2.11,A(H;—Al—H;) 119,A(H,—Al—H3) 68

AlHCI Cs q R(AI—H) 1.71,R(Al —H,) 1.58,R(Al—ClI) 2.10,A(H,—Al—H;) 58, A(H,—Al —H,) 118,
A(H,—Al—Cl) 113

AIH,Cl + H < AIHCI + H, SP° Cs r R(Al—H;) 1.59,R(AI—CI) 2.11,R(Al —H,) 1.71,R(H.—H3) 1.21,A(H,—AI—ClI) 117,
A(H1—Al—H,) 125,A(Al —H,—H3) 179

AlH 2+ HCl < AIH,Cl + H SP Cs s R(Al—H,) 1.59,R(Al—H>) 1.97,R(H,—Cl) 1.41,A(H:—Al—H,), 126, A(H;—Al—H,) 114,
A(Al—H,—Cls) 97

AlH sCl <> AIHCI + H, SP’ Ci t R(Al—H1) 1.58,R(Al—Cl) 2.10,R(Al —H,) 1.67,R(Al —H3) 1.77,A(H;—Al—Cl) 128,
A(H1—Al—H,) 118,A(H;—Al —H3) 109, A(H,—Al —Hs) 35, A(H,—Al—CI) 110

AlH.Cl + H < AlHCI SP° C u  R(AI—H1) 1.61,R(Al —H,) 1.59,R(Al—H3) 2.01,R(AI—Cl) 2.11,A(H:—Al —H,) 124,
A(H;—Al—Hj3) 68, A(H;—AlI—Cl) 117,R(H,—Al —H3) 106,R(H,—AI—Cl) 119

AlH.Cl, Co v R(AI—H) 1.70,R(Al—ClI) 2.09,A(H—AIl—H) 63, A(H—AI—-CI) 115

AIHCI; + H < AICl, + H, SP° Ca w  R(AI-CI) 2.09,R(Al—H,) 1.69,R(H1—H,) 1.22,A(CI-Al—H;) 121

AIHCI, + H < AIHCI + C X R(AI—H) 1.59,R(Al—Cl,) 2.11,R(Al—Cl,) 2.26,R(Cl—H,) 1.52,A(H;—Al—Cly) 120,

HCI SP A(H1—Al—Cl,) 115,A(Cli—Al—Cl,) 114, A(Al —Cl,—H,) 135,D(H1—Al —Cl,—H,) 67

AlH,Cl, < AICI, + H, SP Cs y  R(AI—CI) 2.09,R(Al—H,) 1.64,R(Al—H,) 1.86,A(CI—Al—H;) 117, A(Cl—Al—H,) 108,
A(H:—Al—H,) 36

AIHCI, + H < AIH,Cl, SP° Cs z  R(AI-CI) 2.09,R(Al—H;) 1.61,R(Al —H,) 1.92,A(Cl—Al—H;) 119,A(CI—Al—H,) 108,
A(H;—Al—H,) 70

AICI3 + H < AICI; + HCI SP° Cs a R(AI—Cl;) 2.10,R(Al—Cl,) 2.26,R(Cl,—H) 1.54,A(Cl,—AlI—Cl,) 119,
A(Cl,—Al—Cl,) 115,A(Al-Cl,—H) 139

AIHCI; + Cl < AICI, + HCISP  Cy, b R(AI—Cl;) 2.08,R(Al—H) 1.68,R(H—-CI,) 1.71,A(Cl,—Al—H) 119

AlCl, Co ¢ R(AI—Cly) 2.09,R(Al—Cl,) 2.23,A(Cl;—Al —Cly) 120,A(Cl,—Al—Cl,) 113

Ha Do R(H—H) 0.75

HCI Ceon R(H—CI) 1.29

Cl Do R(CI-CIl) 2.03

a R(A—B) indicates the distance between atoms A and\@ —B—C) indicates the AB—C bond angle, an®(A—B—C-D) indicates a the
dihedral angle between A and D about the ® bond.? SP indicates a first-order saddle point on the reaction path between the given reactant(s)
and product(s).
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unpaired electrons). All of the above methods use spin- needed to specify the geometry of each species. Selected
unrestricted wave functions for open-shell species. These aremolecules and transition states are illustrated in Figure 1. Table
not necessarily eigenfunctions of the spin-squared oper&or (3 presents the computed vibrational frequencies and moments
and, therefore, do not yield pure doublet, triplet, etc. states. Theyof inertia for each of the species included in Table 1. The
may be contaminated by the states of higher-spin multiplicity. QCISD/6-31G(d) frequencies have been scaled by 0.9537, as
This spin contamination leads to values®f(that are greater ~ recommended by Scott and Radé&MNote that a different
than those of the pure spin states (il8[Jgreater than 0.75 for  scaling factor (0.9776) was used for the zero-point energy, also
doublets, greater than 2.0 for triplets, etc.). For species with as recommended by Scott and Rad8iihe numbers given in
mild spin contamination[@Cwithin 0.05 or so of the value for ~ Table 1 are illustrated in schematic energy diagrams in Figure
the pure spin state), the above methods were found by Mayer2. This figure also shows the many reaction paths that have no
et al'® to perform well. However, for more severely spin- energetic barrier and for which, therefore, no transition state
contaminated wave functions, they do not give reliable energies. properties are given in Table 1. Possible reactions for each
The effect of spin contamination on computed energies is stoichiometry-AlHClo—x (x = 0—2), AIH,Clz—y (x = 0—3),
discussed in more detail by Mayer ettaln addition, for some and AIHCls—x (x = 0—4)—are discussed individually below.

of the transition states studied here that are nominally closed- In the tables and in Figure 1, we have included information on
shell species, the restricted Hartrdéock wave function was  structures that are first-order saddle points at some levels of
found to be unstable with respect to becoming unrestricted. In theory even when at the highest levels of theory used these
other cases, no transition state was found at the restrictedstructures become significantly lower in energy than the
Hartree-Fock level, or one was found that was qualitatively reactants and would therefore, in the context of variational
different from those found at higher levels or at the unrestricted transition state theory, not be transition states.

Hartree-Fock level. In these cases, the CBS-Q and G-2methods |, this study, we have considered only reactions involving a
could not be used, since they are based on restricted Hartree single aluminum atom and five or fewer total atoms. We have
Fock methods for closed-shell species. Of course, the restrictedngt considered processes involving dimers of AIH_y that
calculations could be replaced with their unrestricted counter- 5.e known to exist in the gas phase at moderate temperatures,
parts, but then it is questionable whether the result can still be ;5 have we considered processes involving complexes such
called a CBS-Q or G-2 calculation. Therefore, the CBS-RAD 4o AICL-HCI. The binding energy of the AIGHCI complex
method, recommended by Mayer et‘@for computing high- ;a5 computed by Senger and Radéto be about 8 kcal/mol.
accuracy energies of free radicals, was also applied to all of o binding energy for the Algidimer is about 30 kcal/ma®

the molecules and transition states considered here. This is AThus. a complete model of reactions in the-Al—Cl system
variant of the CBS-Q method, in which the geometry optimiza- \,,5,1d need to include such processes to be applicable at

tion and frequency calculation are done at the QCISD/6-31G- temperatures below about 1000 K, where such complex forma-
(d) level of theory, and the larger QCISD energy calculation is ion' can be significant. If the only possible reactions are
replaced by a coupled-cluster (CE’SD(T)) calculation. This oyersible complex formations, then this will not add much to
procedure was shown by Mayer et'@to give more accurate  yhe chemistry. However, if the complexes can rearrange and
energies than the G-2 or CBS-Q methods for spin-contaminatedyeompose to a pair of compounds other than that from which

radical spe.cies. In the CBS.'RA.D me.thod, we used unrestrictedthey formed, processes proceeding through such complexes may
wave functions for all species, including nominally closed-shell be important. In any case, the investigation of such complexes

species. In most Cases, for the closed-shell species, pur_e_singleénd their reactions goes beyond the scope of the present study.
states were obtaine® = 0), but for several of the transition AlH ,. The potential surface for Allis shown schematicall
states whose wave functions had RHF to UHF instabilities, . 2 P y

somewhat spin-contaminated wave functions were obtained. In'" Figure 2a. Decomposition of Ao AlH + H is a simple

general, the CBS-RAD results were consistent with the CBS-Q gond-breakltng reafctlpan t?at':l birrﬁrle_sstlg the rgverse_dlrﬁctmn.
and G-2 results. Chuang etdlstudied the ability of single- ecomposition of AlH to 2 1S thermodynamically

reference methods to predict the properties of open-shell transi-'ﬁz’r(afer"’lble to decomposition to Alti H but has approximately

tion states and found that unrestricted quadradic configuration me_ﬁaﬂwe e_“ergetlc t()jar::er tohreacyohn. Slncg_decomposnrl]c_)In to
interaction (UQCISD) performed much better than unrestricted 2 Will proceed through a tight transition state while
second-order MgllerPlesset perturbation theory (UMP2) in decomposition to AIH+ H proceeds through a loose transition
predicting transition state geometries and that it performed nearly_sl_tr?te’ dec.o.mposmor; to ﬁ“-g H can be. ?Xpe‘]f‘ef' t%)e faster.
as well as coupled-cluster methods (UCCSD and variants on € transition state for the decomposition of Altd Al + H,

it). We therefore expect that the UQCISD/6-31G(d) geometry could not be located at the HF/6-31G(d) Iev_el, and therefore,
optimizations and frequency calculations performed as part of no CBS-Q or G-2 results are presented for this structure. There

the CBS-RAD method will provide more reliable geometries is no energetic barrier for direct H abstraction from AlH by H.
and frequencies than the other methods used here. This was confirmed by conducting scans of the potential surface

at the HF/6-31G(d) and B3LYP/6-31G(d) levels and identifying
Results and Discussion a barrierless path from AlH- H to Al + Ha.

Computed energies of reactants, products, and transition states AIHCI. The potential surface for AIHCI is shown schemati-
for possible reactions in the AH—CI system are given in Table  cally in Figure 2b. The AH HCI reaction has been studied
1. Blank entries in the table indicate that a particular method both experimentally and theoretically. In high-temperature fast-
was not applicable to a particular structure. The reasons for thisflow reactor studies, Rogowski et aineasured a rate constant
are given below. We have previously reported heats of formation of 1.5 x 101° exp(~800/T) cm?® molecule! s™1. Both Sakd
computed from these results for many of the stable spécies, and Fagstian et al® have studied this reaction using ab initio
but none of the transition state properties have been previouslymethods. Sakai considered only the insertion reaction to give
presented. Allendorf and co-worké#d® have previously pre-  AIHCI, while Fangstran et al. also considered the Cl atom
sented heats of formation of several of these species based otransfer to give AICIH H. These two studies agree with the
G-2 calculations. Table 2 presents the bond lengths and anglespresent result that Al and HCI can form two weakly bound
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Figure 1. Structures of the selected molecules (potential energy surface minima) and first-order saddle points investigated here.

addition complexes, a linear AHCI structure, and a bent Al transition state leading to AIHCI is slightly higher in energy
CIH structure. As found by Fegstram et al., the bent A+CIH than the addition complexes if only electronic energy is
cluster is not present at the B3LYP/6-31G(d) level. The considered. However, inclusion of zero-point energy and



Reactions in the AFH—CI System J. Phys. Chem. A, Vol. 105, No. 1, 200269

TABLE 3: Vibrational Frequencies and Moments of Inertia?

moments of

species scaled QCISD/6-31G(d) vibrational frequencies {tm inertia (amu &)
AlH 1596 2.7
AICI 473 69.8
AlH 729 1750 1790 1.3 3.9 5.1
AlH, <> Al + H, SP —4003 758 1346 1.5 4.5 6.0
AIHCI 495 552 1734 2.0 719 73.9
Al + HCl < AICI + H SP’ —2836 285 470 1.2 89.4 905
Al + HCl < AIHCI SP° —946 200 1063 1.0 117 118
Al—HCI cluster 61 201 201 2699 287
Al—CIH cluster 42 107 2843 1.6 215 217
AICI, 148 451 567 22.3 230 252
AlH3 671 751 751 1834 1850 1850 3.9 3.9 7.7
AH + Hy < AlH; SP° —-917 309 678 1025 1808 1858 3.6 4.7 8.2
AlHCI 500 514 577 747 1871 1891 4.0 746 78.6
AlH,Cl < AICI + H, SP° —1191 390 450 516 960 1837 4.0 75.6 79.6
AlHCl < AlH + HCI SP° —1296 228 460 493 1341 1780 3.6 105 109
AIHCI + H < AlH + HCI SP’ —1542 308 369 466 557 1724 3.3 849 88.2
AIHCI, 161 433 470 573 646 1924 27.7 225 253
AICI + HCl < AIHCI, SP’ —1415 102 290 308 514 1385 35.9 248 284
AICI + HCIl < AICI; + H SP° —1275 113 285 309 429 524 29.0 245 274
AICl3 146 146 198 376 612 612 226 226 452
AICI; + Cl< AICI + Cl, SP° —463 26 118 133 235 497 51 723 774
AlH 4 470 566 568 626 778 1223 1433 1858 1877 5.2 6.9 9.8
AlH; + Hy < AlH3 + H SP —1503 247 268 739 772 853 941 1816 1836 3.9 126 16.5
AlH, + H, < AlH, SP —720 407 612 726 727 1378 1455 1869 1895 5.0 6.6 10.1
AlH3+H < AlH, SP° —438 272 444 665 725 741 1762 1844 1855 6.4 8.2 9.7
AlHCl 330 414 494 512 640 773 1138 1445 1896 6.8 79.3 833
AIH,Cl + H < AIHCI + H, SP’ —1516 155 246 509 558 732 839 971 1848 10.2 819 921
AlH, + HCl < AIH,CI + H SP —784 198 362 464 598 692 1450 1827 1862 5.9 109 111
AlIH3Cl <> AIHCI + H, SP —1033 368 436 522 653 789 1236 1620 1915 6.5 79.0 84.1
AIHCl + H < AIHCI SP° —410 256 487 509 12 603 719 1757 1885 7.7 80.1 83.0
AlH.Cl, 156 187 441 460 474 604 722 1081 1469 32.0 232 261
AIHCI; +H < AICl; + H, SP —1512 152 153 156 458 581 683 799 1012 415 227 268
AIHCI; + H < AIHCI + HCI SP’ —1628 109 283 302 471 520 588 599 1857 35.3 244 276
AIHCl, < AICI; + H, SP° —1408 148 369 383 455 604 742 873 1730 30.2 238 265
AIHCI, + H < AIH,Cl, SP° =277 157 293 459 505 551 589 614 1742 33.0 231 259
AICI3 + H < AICI; + HCI SP° —1485 92 120 169 294 362 429 540 584 233 255 478
AIHCI; + H < AICI, + HCI SP° —400 36 60 142 378 433 583 584 633 232 457 688
AICl, 90 131 144 149 213 243 344 530 599 356 409 508
Ha 4140 0.28
HCI 2845 1.6
Cl, 499 72.0

aVibrational frequencies computed at the QCISD/6-31G(d) level have been scaled by 0.9537, as recommended by Scott ZAd°S&iom.
indicates a first-order saddle point on the reaction path between the given reactant(s) and product(s).

calculation of the electronic energy at higher levels shifts this ments of Rogowski et al. A quantitative comparison between
saddle point to an energy slightly lower than that of the addition our calculations and their results would require detailed master
complexes. Thus, there is no true energetic barrier to this equation treatment of the chemically activated process (with a
reaction. This reaction should also be pressure-dependent, andariational selection of the transition state) in parallel with the
in the low-pressure limit, chemically activated AIHCI produced direct abstraction reaction. AlH- ClI can react without an
from Al + HCI will decompose to AICH H before it can be energetic barrier to give At HCI, AICI + H, or AIHCI. The
collisionally stabilized. So at low pressures, this provides a reaction to produce AIHCI is a simple radical recombination

barrierless path for the overall reaction Al HClI — AICI + reaction. Barrierless paths for the other two reactions were
H. The direct reaction path for A+ HClI — AICI + H has an identified on the basis of potential energy surface scans at the
energetic barrier of about 4 kcal/mol. This is generally consistent UHF/6-31G(d) level.

with the kinetics observed by Rogowski et?2aln their AICl . The Al + Cl; reaction was studied experimentally by
experiments, both the direct reaction of AIHCI to give AICI Rogowski et af They measured a rate constant of x.940710

+ H and the reaction proceeding through chemically activated exp(—780/T) cm?® molecule® s~ for this process. Our computed
AIHCI may have been occurring. They did not observe any AICI, potential surface is summarized in Figure 2c. Both the
pressure dependence in their experiments from 12 to 40 Torr,addition reaction to give AlGland the Cl atom transfer reaction
but it is likely that the reaction proceeding through chemically to give AICI+ Cl are predicted to be barrierless by calculations
activated AIHCl is in the low-pressure limit for these conditions, at the UHF/6-31G(d) level. For the atom transfer reaction,
and in the low-pressure limit, its rate should be independent of barrierless paths from At Cl, to AICI + Cl were identified at
pressure. The small positive activation energy measured bythe UHF/6-31G(d), UMP2(full)/6-31G(d), UB3LYP/6-31G(d),
Rogowski et al. (1.6 kcal/mol) is between the value that would and UHF/6-31%G(3df,2p) levels of calculation. As a rule, the
be expected for the direct abstractiontwét4 kcal/mol energetic ~ UHF and UMP2 calculations tend to overpredict barrier heights,
barrier and the near-zero value that would be expected for theso we do not expect that higher-level calculations would reveal
barrierless reaction proceeding through chemically activated an electronic energy barrier. Our computational results at first
AIHCI. So our results are generally consistent with the experi- appear to be inconsistent with Rogowski et al.’s observation of
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Figure 2. Schematic energy diagrams for the-Ad—Cl system. Energies are in kcal/mol at O K, are relative to the lowest-energy structure of each
stoichiometry, and are based on calculations using the CBS-RAD method. SP indicates a first-order saddle point on the potential surface.

a positive activation energy for this reaction. However, as possible for the AlHt- H, <= AlH 3 transition state. The restricted
underlined by Dean and Bozzelfi,a temperature exponent of  Hartree-Fock wave function for this transition state had an RHF
1.5 is expected for an atom abstraction from a stable speciesto UHF instability. The insertion of AIH into Kto give AlH;3
by an atom. If this temperature exponent is held fixed, the is predicted to have a substantial energetic barrier (about 37
experimental data can be fit by 1.28310714 T15 exp(+74/T) kcal/mol). This is generally consistent with the experimental
cm® molecule® s with accuracy comparable to that of the results of Pasternack and Ritevho attempted to study this
Arhennius fit presented by Rogowski et al. Our prediction of a reaction at 300 K. They were unable to observe any reaction of
zero or slightly negative activation energy for this reaction is AIH with H, but measured a rate constant near the lower limit
thus consistent with the experimental data when the expectedof their experiment’s resolution for the reaction of AlH with
temperature dependence of the pre-exponential factor is takenD,. On the basis of the lower detection limit of their experi-
into account. ments, they derived an upper limit of 7@ molecule’? cm?

AlH 3. Our computed potential surface for AJi$ summarized s~1 for the bimolecular rate constant of the AlHH, reaction.
in Figure 2d. Note that no CBS-Q or G-2 calculations were This suggests that there is a barrier of at leasL@ kcal/mol
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for this reaction but does not support or contradict the much transition state or a barrierless path for this reaction at the UHF/
larger barrier predicted by our calculations. If their measured 6-31G(d), UMP2/6-31G(d), and UB3LYP/6-31G(d) levels of
rate constant for the A+ D, reaction of 1.4x 1014 molecule? calculation. Potential surface scans at these levels produced
cm® st at 460 Torr and 300 K in argon is correct, it would surfaces that were not smooth but that had apparent disconti-
imply a barrier to reaction substantially smaller than the 37 kcal/ nuities in slope. In constructing these surfaces, we took great
mol predicted here. However, they state that their measuredcare to ensure that the wave function at each geometry was
value is “near the limit of detectability of these experiments”, stable with respect to small perturbations. In many cases, the
and we should not therefore rule out the possibility that the calculations first converged to wave functions with instabilities.
barrier to reaction is much larger than would be expected on In these scans, the AICI distance and CICl distance were
the basis of that measurement. The AHH H < AIH + H; scanned, while the AtH distance was held fixed and the
reaction is predicted to be barrierless on the basis of scans ofgeometry was restricted @, symmetry. It is not clear whether
the potential energy surface. At the UHF/6-31G(d) level, there the apparent discontinuities would disappear if these restrictions
is a small barrier (about 2 kcal/mol) for this process, but at the were removed.
UB3LYP/6-31G(d) and UMP2/6-31G(d) levels, barrierless paths  AICI; The potential surface for Algis summarized in Figure
from the reactants to products were identified. 2g. The AICI + Cl, — AICI, + CI reaction was studied
AlH ,Cl. The computed potential surface for A€l is shown experimentally by Rogowski et &lTheir measured rate constant
schematically in Figure 2e. To our knowledge, reactions on this for this reaction for temperatures from 400 to 1025 K was 9.6
surface have not previously been studied experimentally or x 10711 exp (—610K/T) cm® molecule® s™1. At the UHF/6-
theoretically. For all three transition-state structures included 31G(d) and QCISD/6-31G(d) levels of calculation, an energetic
in this diagram, the restricted HartreEock wave function had  barrier is predicted for this reaction, while at the UB3LYP/6-
an RHF to UHF instability, and the CBS-Q and G-2 methods 31G(d) level, a scan of the potential surface shows the reaction
were therefore not applied. Insertion of AIH into HCI is to be barrierless. When the energies are computed at higher
predicted to have a significant energetic barrier (about 8 kcal/ levels and with larger basis sets and when the zero-point energy
mol), but insertion of AICI into H is predicted to have a much is included, the saddle point found at the UHF/6-31G(d) and
larger barrier (about 61 kcal/mol). From the point of view of QCISD/6-31G(d) levels is substantially lower in energy than
AlH >Cl decomposition, this means that althoughdimination AICI + Cl,. As shown in Table 1, at the CBS-RAD level of
is much more thermodynamically favorable than HCI elimina- calculation, this point is 8 kcal/mol lower in energy than the
tion, HCI elimination has a smaller energetic barrier to reaction. separated reactants. So our calculations lead us to conclude that
HCI elimination also proceeds through a slightly “looser” this reaction is barrierless. As was the case for the-@lp
transition state than Helimination, as can be seen from the reaction, our results at first appear to be inconsistent with the
vibrational frequencies and moments of inertia for these positive activation energy measured by Rogowski et al. Ac-
transition states shown in Table 2. This situation is strikingly cording to Dean and Bozzefif,a temperature exponent near 2
similar to the corresponding HCI and; ldlimination reactions is expected for an atom abstraction from a stable species by a
from SiH,Cl,.24-26 The two possible H-transfer reactions in this  diatomic radical. The experimental data can be fit well by 3.28
system, AIHCI+ H < AICI + H; and AlH, + Cl < AIH + x 10717 T2 exp (-574/T) cm?® molecule’ s~ with an accuracy
HCI, are both predicted to be barrierless by potential energy similar to that obtained with the Arrhenius fit given by Rogowski
surface scans, from which we identified barrierless reaction pathset al. Our prediction of a negative activation energy for this
at the UHF/6-31G(d) level. The Cl-atom transfer reaction, AIHCI reaction is therefore consistent with the experimental data. The
+ H < AIH + HCI, is predicted to have a small energetic barrier insertion of AICI into C} is predicted to occur without a barrier
(about 3 kcal/mol). on the basis of the large exothermicity of this reaction. However,
AIHCl,. The computed potential surface for AIHCls we were unable to identify either a well-defined transition state
summarized in Figure 2f. The AICk HCI < AICI, + H or a barrierless path for this reaction at the UHF/6-31G(d),
reaction was studied experimentally by Slavejkov and Fohtijn  UMP2/6-31G(d), and UB3LYP/6-31G(d) levels of calculation.
who measured the rate constant to bex 102! exp(~ 13100/ The situation was identical to that described above for the
T) cm® molecule s! between 1330 and 1610 K at total insertion of AlH into Cb.
pressures of 30 to 80 mbar. They did not observe any pressure AlH 4. The computed potential surface for AJHs shown
dependence of the reaction rate over this limited pressure rangeschematically in Figure 2h. We are not aware of any previous
Their experimental activation energy of about 26 kcal/mol is experimental or theoretical studies of these reactions. At the
significantly smaller than our predicted energetic barrier of 33 UHF/6-31G(d), MP2/6-31G(d), and QCISD/6-31G(d) levels of
kcal/mol for this bimolecular reaction. However, if some of the calculation, AlH, is a local minimum on the potential surface,
chemically activated AlHGIthat should also be formed from and a transition state for its decomposition to AHH H, can
AICI + HCI was either being collisionally stabilized or be identified. However, as shown in Table 1, when the energies
decomposing to AIGI+ H rather than back to the reactants, are computed at higher levels and with larger basis sets and
the apparent activation energy would be lowered. Our predictedwhen the zero-point energy is included, this transition state
energetic barrier for AICH HCIl < AIHCI is about 19 kcal/ becomes lower in energy than AJHThus this reaction is
mol. It should also be noted that their measured activation energybarrierless. The Algl+ H — AlH,4 reaction is not a simple
is substantially smaller than the endothermicity for AKLHCI radical recombination, since AlHs a closed-shell molecule.
< AICI, + H predicted by our calculations. The H-atom transfer Therefore, we cannot simply assume that this reaction is
from AIHCI to Cl is predicted to be barrierless. A barrierless barrierless. At the UHF/6-31G(d) and MP2/6-31G(d) levels of
path for this reaction was identified on the basis of potential calculation, a barrier is predicted. However, these levels of
energy surface scans at the UHF/6-31G(d) level of calculation. calculation also predict that this reaction is exothermic rather
The insertion of AlH into Gl is predicted to occur without a  than endothermic, as predicted by higher-level calculations.
barrier on the basis of the large exothermicity of this reaction. Calculations at the UB3LYP/6-31G(d) level correctly predict
However, we were unable to identify either a well-defined that the reaction is exothermic. A potential surface scan at this



272 J. Phys. Chem. A, Vol. 105, No. 1, 2001 Swihart and Catoire

level predicts that there is no energetic barrier for this reaction. considered here. This barrier is about 3 kcal/mol at the CBS-
Calculations at the UQCISD/6-31G(d) level also correctly RAD level of calculation. At the UHF/6-31G(d) level, where
predict that the reaction is exothermic, but they do predict a AlH,Cl, is a first-order saddle point, the imaginary frequency
barrier. As shown in Table 1, when the energies are computedcorresponds to the decomposition of A, to AIHCI, + H.

at higher levels and with larger basis sets and when the zero-The AIHCL, + H association reaction that forms Ad@l, is
point energy is included, this transition state becomes slightly predicted to be endothermic by calculations at the UHF/6-31G-
lower in energy than the reactants. Therefore, we also predict(d), UMP2/6-31G(d), and UQCISD/6-31G(d) levels. However,
that this reaction is barrierless. Combined with the barrierless it is predicted to be exothermic by calculations at the UB3LYP/
decomposition of AlH to AlH, + Ha, this provides a rather  6-31G(d) level, as well as by the higher-level calculations whose
indirect but barrierless reaction path for the overall reactionsAlH results are shown in Table 1. At the UHF/6-31G(d) level, this
+ H— AlH, + Ha. As shown in Table 1 and Figure 2, a direct reaction is predicted to be barrierless, while at the UMP2/6-
reaction path for Al + H — AIH, + H, was also identified, 31G(d) and UQCISD/6-31G(d) levels, it has a barrier, and a

with an energetic barrier of about 3 kcal/mol. transition state for the reaction was located. As shown by the
AlH 5Cl. The computed potential surface for Al is shown CBS-RAD calculation in Table 1, however, when higher-level
schematically in Figure 2i. It is similar to that for AjHAt the methods are used, this saddle point becomes slightly lower in

UHF/6-31G(d), MP2/6-31G(d), and QCISD/6-31G(d) levels of €nergy than the reactants. As was the case for the analogous
calculation, AIHCl is a local minimum on the potential surface, reactions in the Al and AlH;Cl systems, this reaction is
and a transition state for its decomposition to AIHEH, can predicted to be barrierless. The direct H-atom transfer reaction
be identified. However, as shown in Table 1, when the energiesAIHCI2 + H — AICI; + H is predicted to have abba 3 kcal/

are computed at higher levels and with larger basis sets andmol energetic barrier. However, the H-atom transfer reaction
when zero-point energy is included, this saddle point becomesAlH2Cl + Cl — AIHCI + HCl is predicted to be barrierless on
approximate|y equa] in energy to A&B| Thus this reaction the basis of potential energy surface scans at the UHF/6-31G-
has no significant energetic barrier. The AB1 + H — AlH5- (d) level. The Cl-atom transfer reaction AIHEIHCI — AIHCI ,

Cl reaction is also predicted to be barrierless. At the UHF/6- + H is predicted to have approximaged 6 kcal/mol energetic
31G(d), MP2/6-31G(d), and QCISD/6-31G(d) levels of calcu- barrier. The association reaction A€l + ClI — AlH:Cl; is
lation, a barrier is predicted for this reaction. However, these Predicted to be barrierless. At the UHF/6-31G(d) and UMP2/
levels of calculation also predict that this reaction is exothermic 6-31G(d) levels, we were unable to find either a saddle point
rather than endothermic, as predicted by higher-level calcula- O @ barrierless path connecting the reactants and products.
tions. Calculations at the UB3LYP/6-31G(d) level correctly However, atthe UB3LYP/6-31G(d) level, a barrierless reaction
predict that the reaction is exothermic. A potential surface scan path was identified. The situation was the same for the,AtH

at this level predicts that there is no energetic barrier for this Cl2 — AlHCl; insertion reaction. At the UHF/6-31G(d) and
reaction. As shown in Table 1, when the energies are computedUMP2/6-31G(d) levels, we were unable to find either a saddle
at higher levels and with larger basis sets and when the zero-point connecting the reactants and products or a barrierless path
point energy is included, this saddle point becomes lower in connecting them. However, at the UB3LYP/6-31G(d) level, a
energy than the reactants. Therefore, we also predict that thisbarrierless reaction path was identified.

reaction is barrierless. Combined with the barrierless decom- AIHCI3. The computed potential surface for AIHCIs
position of AIHCI to AIHCI + Hy, this provides a barrierless  summarized in Figure 2k. In contrast to the other Al
reaction path for the overall reaction Al@l + H — AIHCI + species, AIHG is not a local minimum on the potential energy
H,. As shown in Table 1 and Figure 2, a direct reaction path surface for any of the methods applied here. The Cl-atom
for AIH,Cl + H — AIHCI + H, was also identified, with an transfer reaction AIGI+ HCI — AICl3; + H is predicted to
energetic barrier of about 2 kcal/mol. The Cl-atom transfer have a significant energetic barrier of about 7 kcal/mol. How-
reaction AlH + HCI — AIH,CI + H has a small energetic  ever, the Cl-atom transfer reaction AIH&! Cl, — AIHCI, +
barrier and well-defined saddle point on the reaction path at Cl, which is much more exothermic, is predicted by potential
the UHF/6-31G(d), MP2/6-31G(d), B3LYP/6-31G(d), and energy surface scans at the UHF/6-31G(d) level to be barrierless.
QCISD/6-31G(d) levels. However, when the zero-point energy The H-atom transfer reaction AIHEH ClI — AICl, + HCI

is included and when the energies are calculated at higher levelshas an energetic barrier and a well-defined saddle point on the
of theory and with larger basis sets, this saddle point becomesreaction path at the UHF/6-31G(d), UMP2/6-31G(d), UB3LYP/
slightly lower in energy than the reactants. Thus, this reaction 6-31G(d), and UQCISD/6-31G(d) levels of calculation. How-
is also predicted to be barrierless. The association reactiog AIH ever, when zero-point energy is included and when the energies
+ Cl — AIH3Cl is predicted to be barrierless by scans of the are calculated at higher levels of theory and with larger basis
potential energy surface at the UB3LYP/6-31G(d) level. At the sets, this saddle point becomes slightly lower in energy than
UHF/6-31G(d) and UMP2/6-31G(d) levels, we were unable to the reactants. Thus, this reaction is also predicted to be
find either a saddle point connecting the reactants and productsbarrierless.

or a barrierless path connecting them. However, on the basis of ~ AIC|,. The computed potential surface for Al sum-

the UB3LYP/6-3lG(d) results, we predict that this reaction is marized in Figure 21. A|Q| is predic[ed by the higher-|eve|

barrierless. The H-atom transfer reaction Al Cl — AlH; calculations to be a stable structure approximately 20 kcal/mol

+ HCl was found to be barrierless on the basis of scans of the |ower in energy than AIGI+ CI. Its formation from AICk +

potential energy surface at the UHF/6-31G(d) level. Clis predicted to occur without an energetic barrier by potential
AlH ,Cl,. The computed potential surface for AlEl;, is surface scans at the UHF/6-31G(d) level. At this level, however,

summarized in Figure 2i. AlkCl, is a first-order saddle point  the UHF/6-31G(d) calculations predict that Al@ a first-order

at the UHF/6-31G(d) level of theory but a local minimum at saddle point, about 6 kcal/mol higher in energy than AIEI

the UB3LYP/6-31G(d), UMP2/6-31G(d), and UQCISD/6-31G- CI. The Cl-atom transfer reaction AlCH Cl — AICl; + CI

(d) levels of theory. Its decomposition to AICH H, is predicted has a small energetic barrier of 2.6 kcal/mol at the UHF/6-31G-
to have an energetic barrier at all of the levels of theory (d)level. However, at the UMP2/6-31GJdevel, where a first-
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