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The heats of formation for the molecules BMHs, BH.PH,, HBPH, AlH3NHa3, AIH;NH,, HAINH, AlH sPH;,

AlH ,PH,, HAIPH, AlH,~, PHs, PH,, and PHT, as well as the diatomics BP, AIN, and AIP, have been calculated

by using ab initio molecular orbital theory. The coupled cluster with single and double excitations and
perturbative triples method (CCSD(T)) was employed for the total valence electronic energies. Correlation
consistent basis sets were used, up through the augmented qualngpextrapolate to the complete basis

set limit. Additional d core functions were used for Al and P. Core/valence, scalar relativistic, aradpin
corrections were included in an additive fashion to predict the atomization energies. Geometries were calculated
at the CCSD(T) level up through at least aug-cc-pVTZ and frequencies were calculated at the CCSD(T)/
aug-cc-pVDZ level. The heats of formation of the salts JBHPH,](s), [AIH4 ]INH47](s), and [AIH,][PH1](s)

have been estimated by using an empirical expression for the lattice energy and the calculated heats of formation
of the two component ions. The calculations show that bothsNH(g) and [AIH,~][NH 4t](s) can serve as

good hydrogen storage systems that releagsa H slightly exothermic process. In addition, APH; and the

salts [AIH,][PH4"] and [BH,][PH4 '] have the potential to serve as btorage systems. The hydride affinity

of AlH3 is calculated to be-70.4 kcal/mol at 298 K. The proton affinity of RHs calculated to be 187.8
kcal/mol at 298 K in excellent agreement with the experimental value of 188 kcal/mglisRidlculated to

be barely stable with respect to loss of a hydrogen to forrs. PH

Introduction systems isoelectronic to the previously studied amine boranes,

. . . BH3NH3, BH2NH,, and HBNH, those compounds containin
There is clear interest in the development oflidsed fuel Al 3P Bs andzN 2 P g

cells to provide economic, energy, and environmental security AN df q ding th il dthei
benefits to the United States. There is a critical need to develop n important need for understanding these materials and their

new chemical H storage materials and novel approaches for performa}nce is. apcurate thermodynamic data. Such data are
the release/uptake of 4or use in on-board transportation needed in designing not only the release process but also the

systems. The amine boranes have excellent weight percent regengration system, .., addition quﬁck to theag?gﬁpleted
storage for H, with BHsNHz having 19% if 3 molecules of 4~ Material. We have been developing an appréathto the

are produced and the salt (MKBH.) having 24% if 4 molecules reliable calculation of _molecular therm_oglynamic properties,
of H, are produced. The suitability of the NBHy (x = 1—4) notably heats of format_lon, based on ab initio molecular orblta_l
compounds for hydrogen storage has recently been evaluatedh€0ry. Our approach is based on calculating the total atomi-
using theoretical methods The calculations showed that Zation energy of a molecule and using this with known heats
BH3sNH3(g), BHsNHs(s), and [BH-][NH4*](s) can serve as  Of formation of the atoms to calculate the heat of formation at
good hydrogen storage systems. The energetics for release of K. This approach starts with coupled cluster theory with single
H, were calculated, and the energetics for release ofr¢in and double excitations and includes a perturbative triples
BHaNH; is predicted to be substantially different from the correction (CCSD(T)}=?* combined with the correlation-
energetics for release obHrom CHs. In addition, calculations ~ consistent basis séts* extrapolated to the complete basis set
on the solid materials show that they may all be good systems!imit to treat the correlation energy of the valence electrons.
for H, storage. These prior results show that the thermoneutrality This is followed by a number of smaller additive corrections
of hydrogen release from the NBH, compounds is in including core-valence interactions and relativistic effects, both
significant contrast to hydrolysis pathways of boron based scalar and spinorbit. Finally, one must include the zero point
hydrogen storage materi&l#n addition, recent work has shown ~ €nergy obtained from experiment, theory, or some combination.
that nanoscaffolds can be used to mediate the release offhe standard heats of formation of compounds at 298 K can
hydrogen from amine boran&®©ur current interest is to search  then be calculated by using standard thermodynamic and
for other candidates for btorage systems to identify alterna-  statistical mechanics expressions in the rigid rotor-harmonic
tives that may be easier to synthesize and for which we can oscillator approximatiot? and the appropriate corrections for
design new catalysts. We have chosen to study the molecularthe heat of formation of the atoms.

In the present study, we present data for the molecular
T E-mail: dadixon@bama.ua.edu. compounds BBPH;, BH,PH,;, HBPH, AlH3NH3, AIH;NHo,
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HAINH, AlH 3PHs, AlH,PH,, HAIPH, AlH4~, PHs, PH,;, and Q) 2425 For the sake of brevity, we abbreviate the names to
PH,* as well as the diatomics BP, AIN, and AIP. We have aVnZ. Only the spherical components (5d, 7f, and 9g) of the
recently used a combined computational chemistry/empirical Cartesian basis functions were used. All of the current work
modeling approaciito predict the lattice energy of thesNNs™ was performed with the MOLPRO suite of prografdsthe
and Ns"Ns* saltg® and that of [BH~][NH 47](s).* We employ open-shell CCSD(T) calculations for the atoms were carried out
this same approach to calculate the lattice energy for the at the R/UCCSD(T) level. In this approach, a restricted open
[BH47J[PH4TI(S), [AIH47][NH 4T](s), and [AlH;7][PH4T](s) salts. shell Hartree-Fock (ROHF) calculation was initially performed
There have been previous experimental and computationaland the spin constraint was relaxed in the coupled cluster
studies of a number of the molecules under study. The moleculecalculation?*46 All of the calculations were done on a
BH3PH; has been shown to be the monomer in the molten state massively parallel HP Linux cluster with 1970 Itanium-2
at 37°C and in the solid on the basis of NMR, infrared, and processors in the Molecular Sciences Computing Facility in the
Raman studie® Jungwirth and Zahradnik calculated the William R. Wiley Environmental Molecular Sciences Laboratory
geometries for BENH3, BH3PHs, AIH3NH3, and AlHPH; at or on the 144 processor Cray XD-1 computer system at the
the MP2/6-31G* level and evaluated bond energies at the Alabama Supercomputer Center.
QCISD(T)/6-31G* level with a BSSE correction. They find The geometries were optimized numerically at the frozen core
X—Y bond distances of 1.661, 1.944, 2.083, and 2.544 A CCSD(T) level with the aug-cc-pVDZ and aug-cc-pVTZ
respectively and XY bond energies of 20.9, 15.6, 22.4, and correlation-consistent basis sets. The CCSD(T)/aug-cc-pVTZ
8.8 kcal/mol, respectively. The dissociation energy to fornryBH geometries were then used in single point CCSD(T)/aug-cc-
+ PH; has been calculated to be 18.0 kcal/mol at the pVQZ calculations. Harmonic frequencies and anharmonic
MP4(STDQ)/6-3%+G(d,p)//MP2/6-3%+G(d,p) level2 The constants for the diatomic molecules were obtained from a fifth-
B—P bond distance has been calculated to be 1.947 A. Similarly, order fit of the potential energy surface at the CCSD(T)/aug-
AlH3PH; has been calculated to have a bond distance of 2.555cc-pV(Q+d)Z level. For a few molecules, the harmonic
A and a AP bond energy of 12.8 kcal/mol. The structures frequencies were calculated at the CCSD(T)/aug-cc-pVDZ to
and frequencies of AlfPH; have been calculated at the CISD/ get scaling parameters for the zero point energies. All of the

DZP level and for AIHPH, at the CISD/TZ2P level. The

vibrational frequencies were calculated at the MP2/cc-pVTZ

geometries were also calculated at the CCSD/TZ2P level, andlevel’ using the Gaussian program syst&hiThese were used

the Al—P bond is 2.576 A for AlPH; and 2.335 A for
AlH,PH, with a decidedly nonplanar structure for the latter.
The AIHPH isomer has been predicted to be 13 kcal/mol higher
in energy than the AlPHisomer at the CCSD/TZ2P lev&.
The Al—P bond distance for M&l—PMe; has been found to
be 2.53(4) A on the basis of an electron diffraction stéfly.
The best calculated value f@x, for the Al—P bond energy in
AlH3PH; is the CCSD/TZ2P value of 11.0 kcal/m$l.This

for the zero point energies except for the diatomics and for the
thermal corrections and entropies.

It has recently been found that tight d functions are necessary
for calculating accurate atomization energies for second row
elements? so we also included additional tight d functions in
our calculations. Basis sets containing extra tight d functions
are denoted aug-cc-pR{d)Z in analogy to the original
augmented correlation consistent basis sets. We will use aug-

group also calculated a dehydrogenation energy of 3.3 kcal/ cc-pV(n+d)Z to represent the combination of aug-cc-p¥¢)Z

mol at the CCSD/TZ2P level with zero point corrections for
loss of H from AlH3PH; to form AlH,PH,. The structures and
energetics of AINK have been calculated at the CISD and
CCSD levels with basis sets up to TZ¥PThe heat of
hydrogenation of AIlINH, is —4 kcal/mol and for AIHNH is
—62 kcal/mol at the CCSD/DZP level. The bond energy is
AlH 3sNH3; has been calculated to be 26 kcal/mol at the CCSD/
DZP level3® At the MP2/cc-pVDZ level, the bond distance in
AlH3NH3 has been calculated to be 2.116 A and 2.111 A at the
B3LYP/cc-pVDZ level. These values were obtained in a study
of the dimers’” Watts et aP® studied the molecule HBPH
and found a cis structure to be the global minimum with a
variety of methods up through CCSD(T) with the cc-pVTZ basis

(on the second row atoms Al and P) and aug-cc-pVnZ (on H,
B, and N) basis sets and abbreviate this asna\d#)Z. The
CCSD(T) total energies were extrapolated to the CBS limit by
using a mixed exponential/Gaussian function of the form

(1)

with n = 2 (DZ), 3 (TZ), and 4 (QZ), as first proposed by
Peterson et & This extrapolation method has been shown to
yield atomization energies in the closest agreement with
experiment (by a small amount) as compared to other extrapola-
tion approaches up through= 4.

Core-valence correctiondFEcy, were obtained at the CCSD(T)/

E(n) = Ecgs + Aexp[—(n — 1)] + Bexp[—(n — 1)7]

set. The cis structure is best described as an H bridging the BcCc-pwCVTZ level of theory! Scalar relativistic corrections

and P although it is not described as such in the reference.

Kerrins et aP® also found a similar cisoid structure to be the
most stable with geometries optimized at the HF/6-31G** level
and energies obtained at the MP4/6+31@G** level. Their
cisoid structure has lessM bond bridging than the correlated
one. The AIN molecule has been studied by Langhoff &f al.
at the CASSCF and MRCI levels with a focus on the spectrum.
The AIN bond energy for théll state has been calculated to
be 63.2 kcal/mol at the density functional theory level with the
Becke exchange and PerdeWang correlation functional
(BPW) and the DNP basis sBtCostales et al. used the same
method to calculate the properties of AIP for t#gr state??

Computational Approach

For the current study, we used the augmented correlation

consistent basis sets aug-cc-pVnZ for H, B, and N=(D, T,

(AEsg), which account for changes in the relativistic contribu-
tions to the total energies of the molecule and the constituent
atoms, were included at the CI-SD (configuration interaction
singles and doubles) level of theory using the cc-pVTZ basis
set. AEsg is taken as the sum of the masslocity and
1-electron Darwin (MVD) terms in the BreitPauli Hamilto-
nian>2 Most calculations using available electronic structure
computer codes do not correctly describe the lowest energy spin
multiplet of an atomic state, as sptorbit in the atom is usually
not included. Instead, the energy is a weighted average of the
available multiplets. For N or P in thS state, no spinorbit
correction is needed, but a correction of 0.03 kcal/mol is needed
for B and one of 0.21 kcal/mol for Al, taken from the excitation
energies of Mooré3

By combining our computeBD, (total atomization energies)
values with the known heats of formationCeK for the elements
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TABLE 1: Optimized CCSD(T) Bond Lengths (A) and
Bond Angles (deg) for AlH, and PHy

molecule basis set I'MH OHMH
AlH 3 avDZ 1.5921 120.0
avTz 1.5855 120.0
AlH4~ avDzZ 1.6547 109.5
avTZz 1.6482 109.5
PH; (*A1)? avDZ 1.4343 93.45
avTz 1.4195 93.46
expe 1.413 93.45
PH, (C2,) avDZ 1.5488ax 170.66ax
1.4238eq 99.06eq
avTz 1.5241ax 170.63ax
1.4091eq 99.79eq
PH,* avDZ 1.4103 109.5
avTZz 1.3972 109.5

a Structure of Free Polyatomic MoleculeBasic Data Kuchitsu,
K., Ed.; Springer: Berlin, 1998; p 66.

(AH;O(N) = 112.53+ 0.02 kcal mot?, AH;9(B) = 136.2+
0.2 kcal mot?, AH;%(P) = 75.424 0.24 kcal mot?, AH; °(Al)
= 78.23+ 1.0 kcal mof?, andAH; °(H) = 51.63 kcal mot?,3*
we can deriveAH© values for the molecules under study in
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identical within 1 kcal/mol, as shown by Jenkins et2&lgn
the basis of the values reported by Jenkihs.

Results and Discussion

The calculated geometries are given in Tablegtland the
calculated vibrational frequencies in Tables& The molecular
structures are shown in Figure 1. The calculated geometries
show some interesting behavior. The molecules B,
AlH3NH3, and AlHsPH; all have long dative bonds between
the group IlIA and group VA atoms. As a consequence, the
HPH angles become a little less pyramidal than i BRU the
HAIH and HBH bond angles become more pyramidal and move
away from theDgs, angle of 120.0. The molecule AlHNH;
remains planar, as found for BNH; but the molecules BiPH,
and AlH,PH, become nonplanar. The nonplanarity occurs at
the PB— moiety and is consistent with the much higher
inversion barrier in Pglas compared to N&P8 The nonplanar
form of BH,PH, is 6.5 kcal/mol more stable than the planar
structure at the CBS valence electronic energy level and the
nonplanar form of AIHPH, is 5.0 more stable than the planar
structure at the same level. The molecules BHPH and AIHPH

the gas phase. We obtain heats of formation at 298 K by are clearly bent with the bent structures 28.4 and 25.9 kcal/mol

following the procedures outlined by Curtiss ef4l.

more stable than the linear structures at the CBS valence

To predict the lattice energies needed for predicting the heat electronic energy level, respectively. The bent structure HBPH

of formation of a salt, we can use the empirical expreg8ion

)

to estimate the lattice energy,, of the salt, wherd is the
ionic strength (= 1), Vi is the molecular (formula unit) volume
of the lattices involved, which is equal to the sum of the
individual ion volumes of the cationt/+, and anionV-—, ando

= 28.0 kcal mot! nm andf = 12.4 kcal mot? for 1:1 salts.
Most of the individual ion volumes for can be taken from an
ion volume database and ak{BH,;") = 0.066 + 0.015,
V(NH4T) = 0.021 £+ 0.015, V(AIH4") = 0.067 nm.28 The
volume for PH' was calculated on the basis of the volumes
that we have used in free energy of solvation calculat?¥®ns.
The electron densities were calculated at the B3LYP/6G1

U, =2[aV, *+4]

forms a BHP bridge-bond with a PH distance of 1.529 A, which
is slightly larger than the PH bond distance obtained fog PH
of 1.4195 A. Also, thélBHP of 70.F is smaller than th&BHB
of 84.3 obtained in diborane. This structure for the minimum
is essentially the same as the one predicted by Watts3t al.
The molecule AIHNH has more complicated energetics with
the bent and linear forms having the same energy at the CBS
valence electronic energy level. The bent AIHNH molecule has
a trans structure with &HNAI of 147.2° further from linear
compared to th&]HAIN of 161.4°. The bent structure HAIPH
has al1HPAI of 78.0° with the HAIP angle remaining linear.
The PH bond distance of 1.449 A is larger than the PH bond
distance obtained in Pybf 1.4195 A,

Huber and HerzbeP§ report a bond length of 1.786 A for
the bond length of thélT state for AIN and our best calculated

leveP® and the volume was taken to be that inside the 0.001 au value is a little long by 0.02 A. The calculated and experimental

contour of the electron density, givingPH,") = 0.025 nni.
The empirical expression is probably gooditd kcal/mol on

values forwe are in excellent agreement with each other for
the 1T state. Langhoff et & calculated a number of states for

the basis of comparing lattice energies from it with those AIN at the CASSCF and MRCI levels and suggest that the

obtained from experimental data based on a Bdé#aber cycle.
For example, for NECN, K, and LiF the values are essentially

ground state iSIT with the 3=~ slightly higher in energy. Their
spectroscopic constants Bf = 1.817 A andw. = 737 cnr?

TABLE 2: Optimized CCSD(T) Bond Lengths (A) and Bond Angles (deg) for BPH,

molecule basis set IpH OHPH OHPB en OHBH OHBP Isp
BPCII) avDZ 1.7858
avTZ 1.7602
avQZz 1.7521
BPEY) avDzZ 1.9976
avTzZ 1.9728
avQz 1.9643
BP(X) avDZ 1.7133
avTZz 1.6880
avQZz 1.6799
HBPH (linear) avDz 1.3967 1.1841 1.6701
avTzZ 1.3855 1.1717 1.6507
HBPH (nonlinear) avDZz 1.5454 52.70 1.1910 176.38 1.7307
avTzZ 1.5288 52.57 1.1778 176.49 1.7066
BH,PH, (planar) avDZz 1.4071 109.23 125.39 1.2029 124.61 117.69 1.8140
avTzZ 1.3939 109.03 125.49 1.1888 124.69 117.67 1.7943
BH,PH, (nonplanar) avDZz 1.4246 99.70 102.53 1.2056 120.70 119.65 1.8997
avTZ 1.4101 100.16 103.18 1.1913 120.86 119.57 1.8783
BH3;PH; avDZ 1.4205 99.98 117.82 1.2215 115.01 103.11 1.9818
avTZ 1.4062 99.99 117.81 1.2079 114.87 103.30 1.9491
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TABLE 3: Optimized CCSD(T) Bond Lengths (A) and Bond Angles (deg) for AINH,

J. Phys. Chem. A, Vol. 109, No. 44, 20080141

molecule basis set I'NH OHNH OHNAI I AH OHAIH OHAIN I AN
AIN(II) avDZ 1.8597
avTz 1.8141
avQz 1.8031
AIN(ZS) avDZ 1.9894
avTZz 1.9400
avQz 1.9287
AIN(L) avDZ 1.7186
avTZ 1.6863
avQz 1.6771
HAINH (linear) avDZ 1.0080 1.5630 1.6530
avTZz 0.9990 1.5590 1.6312
HAINH (nonlinear) avDZz 1.0175 137.67 1.5730 157.30 1.6974
avTz 1.0046 147.21 1.5646 161.37 1.6579
AlH2NH; (planar) avDZ 1.0168 110.02 124.99 1.5888 124.78 117.61 1.8087
avTz 1.0090 109.77 125.11 1.5833 124.38 117.81 1.7812
AlH 3sNH3 avDZz 1.0238 107.09 111.76 1.6087 117.71 98.78 2.1220
avTz 1.0164 107.36 111.51 1.6038 117.51 99.18 2.0714
TABLE 4: Optimized CCSD(T) Bond Lengths (A) and Bond Angles (deg) for AIPH;
molecule basis set rpH OHPH OHPAI I AlH OHAIH OHAIP I AP
AIP(3IT) avDZz 2.2743
avTZz 2.2366
avQz 2.2197
AIP(3T) avDZz 2.4773
avTZz 2.4374
avQz 2.4232
AIP(L5) avDZ 2.1399
avTz 2.1108
avQz 2.0967
HAIPH (linear) avDZz 1.4013 1.5623 2.0532
avTZz 1.3890 1.5576 2.0315
HAIPH (nonlinear) avDz 1.4592 80.04 1.5881 180.0 2.1865
avTZz 1.4487 78.01 1.5817 180.0 2.1585
AlHPH; (planar) avDZ 1.4097 107.28 126.36 1.5835 127.82 116.09 2.2573
avTZz 1.3971 106.95 126.53 1.5775 127.50 116.25 2.2373
AlH PH, avDZz 1.4352 95.16 94.02 1.5919 121.34 119.33 2.3651
(nonplanar) avTZz 1.4213 95.01 93.55 1.5855 121.09 119.46 2.3402
AlH ;PH; avDZz 1.4229 98.44 119.03 1.6033 118.75 96.46 2.6231
avTZz 1.4087 98.63 118.86 1.5979 118.65 96.73 2.5673
for the [T state are in good agreement with ours, and our values TABLE 5: Calculated Vibrational MP2/(CCSD(T)/
of Re = 1.8031 A andw. = 745 cn1'? for the 3[1 state show a aug-cc-pVDZ) Frequencies (cm?) for AlH 4 and PH,2
slightly shorter bond distance and higher frequency as a molecule symmetry calc expt
consequence. Costales et@talculated the properties of AlP ;
o - AlH 3 & 1894.0/1904.5
for the 3%~ state at the BPW/DNP level and obtdta = 2.46 " 732.1/721.7 6978
A andwe = 348 cn1?, in qualitative agreement with our values g 1896.2/1911.2 1882.8
as their bond length is too long and their frequency too low. e 807.3/787.0 783.4
The calculated frequencies for the molecules under consid-  AlH4~ a 1692.5/1702.8
eration are given in Tables—B. Where comparisons can be e 778.3/750.5 7509
made, the values are in reasonable agreement with the experi- : 1383'8;%25%4 1?23'2
mental value§°-52 Based on our previous calculations on BNH PH: a 2352.6/2385.0 2333
compoundéas well as those of othefdthe largest error in the a 1020.4/1005.0 992
calculated frequencies would be in the bond between the group e 2364.5/2398.1 2328
IIA and group VA atoms in the compound s;¥—YHs. e 1161.6/1133.4 1118
However, because the bonds are longer in the compounds under PHs a 2402.7
consideration, the error is smaller in an absolute sense. To & 1791.2
: . a 1027.7
calculate the zero point energy correction, we scaled thédM a 919.4
frequencies by the factors 0.96 for M B and M= N, 0.95 % 1218.8
for M = P, and 0.954 for M= Al. These scale factors were by 2418.7
obtained by taking the average of the CCSD(T)/aug-cc-pVTZ [o}} 856.7
values and the experimental values for the-Mi stretches for b, 1441.5
the MH; compounds and dividing them by the MP2/cc-pVTZ - by 12%513-%
value. Thus we estimate that the error introduced in the heats 2 1166.5
of formation due to the zero point energies is a maximum of t 25025
40.5 kcal/mol. t 1020.1

The calculated total valence CCSD(T) energies as a function
of basis set are given as Supporting Information, and the

a Calculated values at the CCSD(T)/aug-cc-pVDZ level are given
calculated energy components for the total atomization energiesafter the “/”.
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TABLE 6: Calculated Vibrational MP2/cc-pVTZ Level TABLE 7: Calculated Vibrational MP2/(CCSD(T)/
Frequencies (cm?) for BPH aug-cc-pVDZ) Frequencies (cm?) for AINH ,2
molecule symmetry calc molecule symmetry calc expt
BPEII)? o 941.1 AIN(GIT)P o 745.06 746.9
6.21@exe) 5.65@ee)
BPEX)? o 638.7 AIN(3Z)b o 622.54
4.41weye) 4.54(@e)e)
BP(Z)? o 1043.4 AIN(IZ)P o 970.7
6.26(eye) 6.04@exe)
HBPH (linear) o 2749.0 HAINH (linear) o 3630.7
o 2551.0 o 2000.8
o 1145.4 o 1106.2
T 650.7 b4 531.5
T 574.9i T 216.1i
HBPH (nonlinear) a 2708.0 HAINH (nonlinear) a 3563.5
& 1978.7 & 1977.0
a 1068.9 & 1051.3
a 1050.0 a 486.2
a 759.0 & 296.8
& 658.5 & 517.4
BH-PH, (planar) a 2550.0 AlH2NH; (planar) a 3469.5/3499.7 35582
a 2485.9 a 1897.9/1891.0 1921.5
& 1194.6 el 1573.0/1541.6 1566.6
a 1088.2 a 839.3/801.4 818.7
a 828.5 a 764.8/742.8 755.0
& 720.4 & 499.4/498.8
b1 891.4 b; 629.8/627.2 608.7
by 340.8i by 427.8/411.7 518.3
b, 2656.3 b, 3567.6/3657.7
b, 2518.4 b 1900.1/1925.9 1899.3
b, 823.8 b, 735.0/745.1 769.8
b, 438.8 b, 424.1/435.1
BH,PH, (nonplanar) a 2540.3 AlH 3NH;3 & 3354.9
a 2398.5 & 1827.4
& 1224.3 & 1263.5
ag 1136.5 a1 791.2
a 950.7 a 422.3
a 750.2 & 125.6
a 403.5 e 3483.4
& 2633.8 e 1808.8
& 2419.4 e 1664.8
& 896.5 e 800.2
& 536.8 e 709.6
& 491.3 e 373.2
BH:PH, 21 giggg aCalculated values at the CCSD(T)/aug-cc-pVDZ level are given
a 1118.2 after the “/". ® Diatomic molecule frequencies calculated at the CCSD(T)/
a 1037.4 aug-cc-pV(Qrd)Z level with a fifth-order fit.
Z‘; gig:i and the®T~ 20.9 kcal/mol higher in energy. The AIN molecule
e 24925 has a near degeneracy between ¥ieand the3=~, and we
e 2430.1 predict the®=~ to be slightly lower in energy. Th& " state is
e 1186.7 9.5 kcal/mol higher in energy. Both tREl and!=" states have
: %gg';' substantial multireference character, as noted by the lagge T
e 385.3 diagnostic$® The 32~ state does not have substantial multi-

reference character. The AIP molecule is very similar to the
AIN molecules with the two triplet states essentially isoenergetic
and the®=~ is the ground state. TH&" state is 12.0 kcal/mol

in Table 9. The relativistic corrections are all negative and higher in energy than the ground state. Although the &P
reasonably small ranging from 0 tel kcal/mol. The core- state does have some multireference character, it is substantially
valence corrections are positive for the BPdgries and range  smaller than in BN or AIN. Théll state for AIP has a little
from 1 to 1.6 kcal/mol. For the AINKiseries the core valence  multireference character but it is not large and38e has very
corrections are negative and range from G-tb kcal/mol. For little. The BP bond energy is substantially higher than the AIN
the AIPH; series, the core valence corrections are positive for or AIP bond energies. The multireference character in the three
the compounds containing BHand are negative for the states for BP is like that in AlP.

remaining compounds. The calculated heats of formation are The dissociation energy for AIN has been measured

a Diatomic molecule frequencies calculated at the CCSD(T)/aug-
cc-pV(Q+d)Z level with a fifth-order fit.

given in Table 10. The calculated value faH:(PHg) is in spectroscopically to be 66 9 kcal/mol®46 Our value of
excellent agreement with the experimental value. Our estimated57.3 kcal/mol is consistent with the lower range of the
error bars for the heats of formation ate.0 kcal/mol. experimental value. The higher experimental dissociation

The diatomic BN molecule has @I ground state with the  energy leads to a value &fH; °(AIN) = 125.0 kcal/mol, lower
13+ 0.54 kcal/mol higher in enerdi. The diatomic BP has a  than our calculated value as expected on the basis of the
S[1 ground state with thé=* 7.5 kcal/mol higher in energy  difference in dissociation energies. Our valudgf= 58.1 kcal/
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TABLE 8: Calculated Vibrational MP2/(CCSD(T)/
aug-cc-pVDZ) Frequencies (cm?t) for AIPH 4

molecule symmetry calc
AlIPCIL)? o 466.7
0.85@exe)
AIP(E)? o 372.76
1.67@qro)
AIP(1Z)2 o 60.1
2.93@ere)
HAIPH (linear) o 2521.2
o 1996.0
o 687.9
T 441.1
T 565.3i
HAIPH (nonlinear) a 2155.8
a 1905.8
a 636.8
& 534.2
a 300.5
& 391.1
AlH ;PH, (planar) a 2463.8
a 1910.3
a 1079.8
a 747.2
& 494.5
& 440.2
by 594.9
by 413.8i
b, 2493.0
b, 1926.0
b, 546.5
b, 318.6
AlH ;PH, (nonplanar) a 2337.5
& 1884.1
& 1105.4
ag 791.9
& 632.1
ag 432.1
a 417.0
& 2351.5
& 1893.4
=% 665.4
& 373.4
& 203.9
AlH3PH;s a 2430.5
& 1842.2
a 1016.7
& 730.6
a 241.1
& 125.2
e 2424.1
e 1833.2
e 1153.6
e 777.8
e 516.0
e 220.6

a Diatomic molecule frequencies calculated at the CCSD(T)/aug-
cc-pV(Q+d)Z level with a fifth-order fit.

mol for the3IT state is consistent with the value calculated by
Langhoff et al*® of 54.2 kcal/mol at the MRCIQ level with a
[5s4p2d1f(N)/6s5p2d1f(Al)] basis set. Langhoff et@find the

13F state to be 13.3 kcal/mol above tRH, a few kcal/mol
higher than our energy difference. At the BPW/DNP level the
bond energy for AIN is calculated to be about 6 kcal/mol higher
than our more accurately calculated vatti&he BP bond energy
has been measured to be 82:04 kcal/mol on the basis of
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mol.>* Similarly, the calculated heat of formation of AJtbf
30.3 kcal/mol at 298 K is in excellent agreement with the
experimental value of 30.8 kcal/mefl,especially considering
the error bars for the heat of formation of the Al atom. We
have previously shown that the calculated heats of forma-
tion of BHz and NH; are in good agreement with experi-
ment#$19.20

The dissociation energy of A#MH3 to form AlH3z + NHgz is
calculated to be 26.1 kcal/mol, comparable to the calculated
value of 25.9 kcal/mol for BENH3.# The dissociation energy
of BH3PH; to form BH; + PHs is calculated to be somewhat
lower at 21.1 kcal/mol, and the dissociation energy of &tH;
to form AlH3 + PH;s is calculated to be even lower at 14.0 kcal/
mol. These values are in general higher than those obtained by
workers using lower level methodk:3¢

On the basis of the calculated values, we can calculate the
energy for the sequential release offrbm these molecules in
the gas phase

AIH;NH; — AIH,NH, + H,
AH = 3.5 (0 K), 5.0 (298 K) kcal/mol (3)

AIH,NH, — HAINH + H,
AH = 60.7 (0 K), 61.9 (298 K) kcal/mol (4)

AIHNH — AIN + H,
AH = 73.1 (0 K), 74.9(298 K) kcal/mol (5)

BH,PH, — BH,PH, + H,
AH = 15.8 (0 K), 17.4 (298 K) kcal/mol (6)

BH,PH, — HBPH+ H,
AH =29.2 (0 K), 31.4 (298 K) kcal/mol (7)

BHPH—BP+ H,
AH = 81.6 (0 K), 82.5 (298 K) kcal/mol (8)

AlH PH, — AIH,PH, + H,
AH = 4.3 (0 K), 5.6 (298 K) kcal/mol (9)

AlH,PH, — HAIPH + H,
AH = 33.2 (0 K), 34.6 (298 K) kcal/mol (10)

AIHPH — AIP + H,
AH = 44.1 (0 K), 45.4(298 K) kcal/mol (11)

Simply on the basis of the value &H, only reaction 3
involving AlH3NH3 and reaction 9 involving AlsPHs might
be possible sources for ;Hrelease, as they are close to
thermoneutral. However, one must also consider the values of
the free energy. The formation of two gas-phase products will
lead to a substantidlAS term, which will make H generation
more favorable. The values 8ffor each molecule are given in
Table 11 and the values 6fTASat T = 298 K for reactions
3—11 are given in Table 12. These values clearly show that
reactions 3 and 9 are potential sources for H

Another possibility for an bl storage system are the salts
[BH47][PH4], [AIH 47] [NH 4], and [AlH,~][PH41]. We* and
otherg=3 have previously predicted that the salt [BH{NH 4]

Knudsen cell measurements, in reasonable agreement with ourcan readily release Ho form either solid or gaseous BNH3

value of 76.4 kcal/moft? The dissociation energy for AIP has
been measured to be 5083 kcal/mol, in excellent agreement
with our calculated value of 50.7 kcal/m@l.

The calculated heat of formation of Ridf 1.4 kcal/mol at
298 K is in excellent with the experimental value of 1.3 kcal/

exothermically. We can estimate the lattice energy of the salts
from eq 2 by using the volumes given above. Use of these values
in eq 2 gives lattice energies for [RH[PH4 ], [AIH 47] [NH 4],

and [AlH;][PH4] of 149.3, 150.7, and 148.9 kcal/mol,
respectively, and calculated heats of formation of the salts at
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HBPH HAINH HAIPH

H,BPH, H,AINH, H,AIPH,

W
9 @ » @

H,BPH, H,AINH, H,AIPH,
Figure 1. Optimized molecular structures for HBPH, HAINH, HAIPH, BPH,, AIH,NH,, AlH,PH,, BH3PHs, AIH3NH3, and AlHsPHs.

0 K of +21.8,—0.5, and+-30.4 kcal/mol, respectively. We note  TABLE 9: Components for Calculated Atomization

that the error bars for using eq 2 are probat§ kcal/mol. Energies (kcal/mol}
The reaction energies starting from the ionic solid to form the molecule CB8 AEze AEcy® AEsg® AEsd ZDg(0K)9
gas-phase products are BPEI) 7719 134 0.78-0.16 —0.03  76.44
_ N BPEZ") 56.24 0.91 0.35-0.07 —0.03 5558
[BH, ][PH, ](s) —~ BHsPH; + H, BP(S") 69.83 150 0.81-0.13 —0.03 68.98
AH(0 K) = —13.2 kcal/mol (12 AIN(CIT) 58.23 1.06 0.24-0.13 -0.21  57.07
OK) 3.2 keal/mol (12) AIN(3E") 58.51 0.89 —0.01 —0.14 —0.21 57.26
_ ey AIN(=H) 49.94 1.40 —0.42 —0.13 —0.21  47.78
[AIH 4 J[NH,"](s) =~ AlHgNH; + H, AIP(IT) 51.63 067 012-0.13 —021 50.74
AH(0 K) = —3.3 kcal/mol (13) AIP(3E") 51.72 053 0.07-0.12 —-0.21 5093
AIP(iZt) 4053 0.80 —0.46 —0.16 —0.21  38.90
- ey HBPH (linear) 24335 11.07 1.23-0.64 —0.03 232.84
[AIH , TIPH,7](S) — AlHgPH; + H, HBPH (nonlinear)  271.79 11.75  1.480.23 —0.03 261.26
AH(0 K) = —9.3 kcal/mol (14) HAINH (linear) 24589 11.14 —0.29 —0.63 —0.21 233.62
) ] ) ) ) HAINH (nonlinear) 245.88 11.27 —0.27 —0.57 —0.21 233.56
All of the reactions involving the salts releasing &te predicted HAIPH (linear) 181.89 8.70 —0.88 —1.00 —0.21 171.10

to be exothermic, as found for [BH|[NH 4]. Thus they may HAIPH (nonlinear)  207.80 8.46 —0.31 —0.48 —0.21 198.34
serve as Kl storage systems. The reaction starting from BHzPH:(planar) 409.82 23.14  1.39-0.66 —0.03 387.38
[AIH ,7J[NH 4*](s) is close to thermoneutral, so this salt might BHzPH (nonplanar) - 416.31  23.40  1.35-0.53 —0.03  393.70

- . AlHNH, (planar) 422,57 23.90-0.21 —0.69 —0.21 397.56
be a good source of Has it will be easier to manage the heat AlH PH, (planar) 345.97 1859 -074 —096 —021 32542

release. AlHPH; (nonplanar) 354.92 18.70—0.60 —0.72 —0.21 334.69
For the salt to be stable, we need to look at the possibility of BHsPH, 547.28 3545 157-0.61 —0.03 512.76
electron transfer. The electron affinity (EA) of MHis very AlH3NH; 541.80 36.38 —0.15 —0.73 —0.21 504.33
low, as NH, is a Rydberg molecule with only a weak binding AlHsPH 472.00 2891  0.27-0.86 —0.21 442.29
of H to NHs if at all. Thus we estimate the EA(N#) as the A'H{ 21427 1148 -1.00 —0.33 -0.21  201.25
energy of the reaction AlH,4 304.76 15.00 —0.99 —0.48 —0.21 288.10
PHs 242,01 14.89 0.27-0.36 0.00 227.03

+ _ PH, 250.81 18.86 0.09-0.61 0.00 231.43

NH,” +e —NH;+H (15) PH;* 121.89 21.93 —0.08 —0.62 0.00 99.26

giving —111.6 kcal/mol (4.84 eV). The ionization potential of aThe energies of the atomic asymptotes and the open shell states of

BH4~ can be estimated from the reaction the diatomics were calculated with the R/UCCSD(T) metHdgix-
trapolated by using eq 1 with aug-cc-PVnZ=D, T, Q. ¢ The zero

BH,” —BH,+H+e —BH,+¢e (16) point energies were obtained as described in the fe&Xbre/valence

corrections were obtained with the cc-pwCVTZ basis sets at the

. . . . ... optimized geometrie$.The scalar relativistic correction is based on a
as BH; is a weakly bonded system with a predicted dissociation CISD(FC)/cc-pVTZ MVD calculationf Correction due to the incorrect

energy of 12.9 kcal/mol to form Bt H and a dissociation  yreatment of the atomic asymptotes as an average of spin multiplets.
energy to form BH + H; of 14.8 kcal/mol at the UMP4/6-  values are based on Moore’s tabf@s9 The theoretical value of the
311G(df,p) levek® The electron affinity of BH is very small dissociation energy to atonEDo(0K).
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TABLE 10: Calculated Heats of Formation (kcal/mol) at 0
and 298 K2

molecule AH;(OK)heory AH;(298K}heory
BPEIL)® 135.2 135.7
AIN(3IT)C 133.7 133.7
AIN(Z) 133.5 133.5
AIPCIT)¢ 102.9 102.8
AIP(3T) 102.7 102.6
HBPH (nonlinear 53.6 53.2
HAINH (nonlinear) 60.4 58.6
HAIPH (nonlineary 58.6 57.2
BH,PH, (nonplanar) 24.4 21.8
AlH ;NH; (planar) -0.3 -3.3
AlH,PH; (nonplanar) 25.4 22.6
BH3;PH; 8.6 4.4
AlH3NH; -3.8 -8.3
AlH 3PH; 21.1 17.0
AlH3 31.9 30.3
AlH 4~ —-34 —-5.9
PH; 3.3 1.4
PH, 50.5 47.7
PH,* 182.7 179.8
BH3 26.4 255
BH,~ -11.6 —13.5
NHs -9.6 —11.3
NH* 153.6 150.9

aValues for BH, BHs~, NH3z, and NH™ from ref 4.2 AH;(0K)
BPEZ") = 156.0 kcal/mol, AH(OK) BP(Z") = 142.6 kcal/mol.
¢ AH(OK) AIN(!=*) = 143.0 kcal/mol® AH(OK) AIP(:=*) = 114.8
kcal/mol.® AH(OK) HBPH (linear)= 82.0 kcal/mol.f AH(OK) HAINH
(linear) = 60.4 kcal/mol.9 AH(OK) HAIPH (linear) = 86.1 kcal/mol.
P AH(OK) BH.PH, (planar) = 31.0 kcal/mol.! AH(OK) AIH.PH,
(planar)= 35.4 kcal/mol.

TABLE 11: Calculated Entropies [cal/(mol K)] at the
MP2/cc-pVTZ Level

molecule (298K kneory
BPCIT) 52.64
AIN(3IT) 53.28
AIN(ZT) 53.28
AIP(31) 56.40
AIP(Y) 56.40
HBPH (nonlinear) 56.74
HAINH (nonlinear) 52.38
HAIPH (nonlinear) 62.40
BH.PH, (nonplanar) 60.88
AlHNH; (planar) 60.11
AlH ;PH; (nonplanar) 66.87
BHsPH; 61.79
AlH3NH3 64.50
AlH3PHs 70.66
AlH3 49.49
AlH4~ 49.87
PH; 50.16
PH, 53.76
PH,* 48.52
BH3 44.96
BH4~ 45.17
NH3 45.94
NH4" 44.39
H> 31.23

(0.038+ 0.015 eV= 0.88+ 0.35 kcal/mol)° The ionization
potential of BH,~ is thus predicted to be quite low, 76.7 kcal/
mol (3.33 eV)’! The fact that the electron affinity of Nfi
and the ionization potential of BH are comparable within 1.5
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TABLE 12: TAS (kcal/mol) Corrections for Reactions 3-11

reaction —TAS(298K)

8.0

PO OO~ U AW
©
[

o

predicted to be bound by 17.9 kcal/mol with respect to AtH
H.”2 The ionization potential of Ali~ can be estimated by the
reaction
AH, —AH;+H+e —AH,+e a7

giving a value of 69.0 kcal/mol (2.99 eV), which is similar to
the value found for BH™. The EA of PH* is given by

PH,"+e& —PH,+H—PH, (18)
where the first half of the reaction gives 127.8 kcal/mol (5.54
eV), which is reduced by 4.4 kcal/mol (0.19 eV) by the ability
of PHs to bind H to give a final value of 5.35 eV. BHPA,) is
barely stable with a PH bond energy of 4.4 kcal/mol with
respect to PEl+ H.

Use of these ionization and electron attachment values for
(12)—(14) gives electron transfer energies of 2.02, 1.85, and
2.36 eV, respectively. These values are substantially less than
the lattice energies so that electron transfer is unlikely to occur
and the salts are expected to be stable in terms of their ionic
components.

From the heats of formation of AlH and AlH; together with
the heat of formation of H (34.2 kcal/mol at 298 K), we can
calculate the hydride affinity of Alsldefined as—AH for the
reaction Allf + H™ — AlH4~. This value is 70.4 kcal/mol,
which shows that AlHis a good hydride acceptor as expected.
There is a very recent experimental vafugublished after this
paper was initially submitted) based on a flowing afterglow mass
spectrometric measurement for the hydride affinity of-#%l
kcal/mol, in reasonable agreement with our computational value.
The valué for the hydride affinity of BH of 72.2 kcal/mol is
very similar to that for AIH. From the heats of formation of
PH,™ and PH together with the heat of formation oftH367.2
kcal/mol at 298 K), we calculate the proton affinity of Ptd
be 187.8 kcal/mol, in excellent agreement with the experimental
value of 188 kcal/mol*

Conclusions

Ab initio molecular orbital theory at the CCSD(T)/CBS level
plus additional corrections has been used to predict the heats
of formation of a number of borane phosphines, alane amines,
and phosphine alanes. The heat of formation of the salts
[BH4_][PH4+], [AlH 4_] [NH4+], and [A|H4_][PH4+] (S) has been
estimated by using an empirical expression for the lattice energy
and the calculated heats of formation of the two component
ions. The calculations show that both AlNH3(g) and

eV of each other is consistent with the fact that this salt can be [AIH ;- ]NH4"](s) can serve as good hydrogen storage systems.

produced as we have previously reported.

The molecule AlH is predicted to be only weakly bound by
1 kcal/mol (without zero point energy (ZPE) corrections and
unbound with ZPE corrections included) with respect to
AlH, + H, at the UMP4/6-311+G(MC)(2df,p) level and is

In addition, AlHsPH; and the salts [AlE][PHs'] and
[BH4][PH4™] have the potential to serve as btorage systems.
The hydride affinity for Al and the proton affinity for PH
were also calculated, and the latter value is found to be in good
agreement with the available experimental result. Theél®ond
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energy in PH of 4.4 kcal/mol shows that PHs only weakly
bound with respect to the H+ PH; asymptote.
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