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Thermochemical data calculated using ab initio molecular orbital theory are reported fg¥,:6 Bompounds

with x = 2, 3 andy > 2x. Accurate gas-phase heats of formation were obtained using coupled cluster with
single and double excitations and perturbative triples (CCSD(T)) valence electron calculations extrapolated
to the complete basis set (CBS) limit with additional corrections including core/valence, scalar relativistic,
and spin-orbit corrections to predict the atomization energies and scaled harmonic frequencies to correct for
zero point and thermal energies and estimate entropies. Computationally cheaper calculations were also
performed using the G3MP2 and G3B3 variants of the Gaussian 03 method, as well as density functional
theory (DFT) using the B3LYP functional. The G3MP2 heats of formation are too positive by t to
kcal/mol as compared with CCSD(T)/CBS values. The more expensive G3B3 method predicts heats of
formation that are too negative as compared with the CCSD(T)/CBS values by updt&cl/mol. DFT

using the B3LYP functional and 6-331G** basis set predict isodesmic reaction energies to within a few
kcal/mol compared with the CCSD(T)/CBS method so isodesmic reactions involving BN compounds and the
analogous hydrocarbons can be used to estimate heats of formation. Heats of format®sNeifl;, and
c-B3N3Hg are —95.5 and—115.5 kcal/mol at 298 K, respectively, using our best calculated CCSD(T)/CBS
approach. The experimental value ®B3;N3;Hs appears to be-7 kcal/mol too negative. Enthalpies, entropies,

and free energies are calculated for many dehydrocoupling and dehydrogenation reactions that conyvert BNH
to alicyclic and cyclic oligomers andXtj). Generally, the reactions are highly exothermic and exergonic as
well because of the release of 1 or more equivalents gf)H For c-BsNsH;> and c-B3sN3Hg, available
experimental data for sublimation and vaporization lead to estimates of their condensed phase 298 K heats
of formation: AH;°[c-BsN3sH1(S)] = —124 kcal/mol andAH;°[c-BsN3He(l)] = —123 kcal/mol. The reaction
thermochemistries for the dehydrocoupling of Bi) toc-BsNsH12(s) and the dehydrogenation @B3NzH: -

(s) to c-B3NsHg(I) are much less exothermic compared with the gas-phase reactions due to intermolecular
forces which decrease in the order BNH cyclo-BsNsH;, > cyclo-BsNsHs. The condensed phase reaction

free energies are less negative compared with the gas-phase reactions but are still too favorable for BNH
be regenerated from eitherB3N3sH;, or c-BsNsHg by just an overpressure of,H

Introduction and borazineg-B3N3Hs (3),%¢? as outlined in eq 1.

There is substantial interest in the development of hydrogen- A .
based fuel cells as a power source which is suitable for use in3B|_|3'\“_|3 (1) = c-(BHNHp); (2) + 3H,
the transportation sector, environmentally friendly, and not c-(BHNH); (3) + 3H, (1)
dependent on petroleum as a feedstock. A critical issue with
hydrogen as a fuel for use in on-board transportation systemsAs shown in Figure 1, these compounds are intermediates on
is the need for efficient chemicaltstorage materials which  the way to produce solid BN with a graphitic type structure.
have a ready release/uptake of HBorane amine derivatives The energetics for dehydrogenation bfand 2 in the gas
have been known for a number of yedr$,and there are a  and condensed phases are of interest for developing schemes
number of efforts currently focused on the use of amine boranesfor the release of kHland the regeneration of ammonia borane
for H, storage’—8 For example, borazane, BNH3 (1), has in these hydrogen storage compounds, and thus the thermody-
received attention due to its high gravimetric and volumetric namic properties of amine borane compounds are of critical
density of hydrogen and can release covalently bound hydrogenimportance. Wolf and Baumann have determined the standard
at the low temperatures required for practical implementations. heat of formation AH;°) and entropy for solid..1° Dixon and
Decomposition ofl in the solid state to yield an aminoborane Gutowskp calculatedAHs° (1) to be—13.5 kcal/mol in the gas
polymer and hydrogen is reported to be exothermic by about 5 phase using accurate ab initio electronic structure approaches.
kcal/mol? In solution, borazane thermally decomposes to yield Data for 3 in the gas (1 bar, 298 K) and liquid phases are
hydrogen and cyclotriborazaneBsNsH12 (2).4¢ With further available from standard sources (see Tablg"1)These data
heating, cyclotriborazane decomposes to yield more hydrogenallow a determination of the standard enthalpy of reaction for
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Figure 1. BN structures: (a) graphitic type and (b) diamonoid type. " 0‘4’ = s 9,0 ‘.‘ &
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TABLE 1: Thermodynamic Properties of BN Compounds in F ot 2 JJ o =T L o
Different Phases at 298 K "
AH 298K, S 298K " 2 o "
s . -
' . Figure 2. MP2 optimized molecular structure®2a, c-BsNsHi, or
compd phase kcalimol _cal/(motK) source cyclotriborazane in twist-boat conformatio2k, c-BsN3H1, or cyclo-
1 gas —-13.54+1.0 57.1 ref 6 triborazane in chair conformatioB; c-BsNsHe or borazine#, c-BoN,Hg
1 solid —36.6+2.4 23.0 ref 5§), ref 10 AH:°) or cyclodiborazane5, c-BsNsHg or 5,6-dihydroborazine (could also
2 gas —96.6+ 1.0 79.3 this work be named 1,2-dihydroboraziné); c-BsNzHs or 1,4-dihydroborazine;
2 solid —120.5+4 21.0 this work AH¢°), 7, ¢-BaNsHip or 3,4,5,6-tetrahydroborazine (could also be named 1,2,3,4-
ref 13 ) tetrahydroborazine)8a, BHsNH,BH,NHs or diborazane in linear
3 gas —121.9+3 ref1l conformation;8b, BHsNH,BH,NH; or diborazane in twisted conforma-
3 liquid —129.0+3 477 ref11H), ref 12 ) tion; 9a, BH3(NH2BH,).NH; or triborazane in linear conformatio@b,
3 gas —1155+1.0 687  thiswork BHas(NH,BH,),NHs or triborazane in twisted conformatioh, (BH,-
3 liquid —122.6+1.1 this work NHy). or diaminoboranel 1, (BHzNH,)s or triaminoborane12, (BHs-
3 solid —123.6+16 this work NHz),, head-to-tail borazane dimet3, (BHNH); linear structure14,

BH2(NHBH).NH; linear structure. Boron is in pink; nitrogen is in blue.
the overall reactionl(— 3) at 298 K: AH,° = —81.4 kcal/mol
(of 3) in the gas phase, which is reducedAdl,® = —19.2 Computational Approach
kcal/mol (of 3) to convert pure solid to pure liquid3. These
data show that intermolecular forces acting in the condensed We have been involved in developing an approach to the
phase substantially affect the thermochemistry for hydrogen prediction of thermodynamic properties to chemical accuracy
release. Compound, like 1, is a solid at room temperature based on coupled cluster with single and double excitations and
and, in addition to gas-phase energies and entropies, otheerturbative triples (CCSD(T)) valence electron calcula#ions
thermochemical information will be needed for the condensed €xtrapolated to the complete basis set (CBS) limit with additional
phases. Little experimental data exists to determine the relativecorrections® We use such an approach here as we have used
stability of 2. Leavers et a3 measured the equilibrium vapor ~for other chemical hydrogen storage systems. The calculations
pressure of soli@. By combining these data with high accuracy Were performed by using the Gaussian0OBJOLPRO 2006,
ab initio calculations of the gas-phase thermochemistry, we canand NWCherf suites of programs. The calculations were done
then predict the thermochemical stabilityih the solid phase. ~ ©on a variety of computers including the Cray XD-1 computer
In addition, the heat of formation & in the gas-phase needs atthe Alabama Supercomputer Center, a PQS Opteron computer
to be re-examined on the basis of high accuracy electronic at the University of Alabama, and the2000 processor HP
structure methods. Linux cluster in the Molecular Science Computing Facility at
Production of2 from three of1 may proceed through the the William R. Wiley Environmental Molecular Sciences
dimer 4 (Figure 2) so the heat of formation of this compound Laboratory at the Pacific Northwest National Laboratory.
has been calculated. Production ®ffrom 2 can involve a We first describe highly accurate calculations based on the
number of ring intermediates, and there are no thermochemical CCSD(T)/CBS extrapolations. The augmented correlation con-
data available for such species. Thus, we also present high levekistent basis sets aug-cc4pX/(n = D, T, Q), were used for
predictions of the gas-phase heats of formation $N4Bi,, y = many of the calculation®,and, for brevity, the basis set names
8 and 10, compounds, 6, and7 in Figure 2. are shortened to a\Z. The geometries were initially optimized
Besides the formation of graphitic BN from ring structures using density functional theory (DFT) with the hybrid B3LYP
(Figure 1a), one can also proceed through linear structuresexchange-correlation functiodalin conjunction with the
leading to the formation of a ring containing BN with a DZVP2 basis se¥ Starting from the DFT geometries, we then
diamonoid type structure as shown in Figure 1b. We have thus optimized the geometries at the MP2/cc-pVTZ level. This level
calculated the heats of formation of a number of linegd i, of calculation was also employed for the prediction of the
and BNsHy chains as shown in Figure 2. These types of chains harmonic vibrational frequencies for use in thermal corrections
are also relevant to a cationic chain mechanism as recentlyand for the zero point energy (ZPE) calculations. A scaling factor
described# is needed for the zero point energies to correct the harmonic
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TABLE 2: Optimized MP2/cc-pVTZ Bond Lengths (A) and Bond and Dihedral Angles (Degree) for BNsHg and BsNzH 1,

BBN3H12 BSNBHG
twist-boat @a) this work chair 2b) this work exptt planar @) this work
ren 1.5838, 1.5938, 1.5932 1.5887 1.435%.0021 1.4307
IBH 1.2047, 1.2057, 1.2063 1.2088, 1.2006 1.258.014 1.1910
I'NH 1.0144,1.0147,1.0156 1.0161, 1.0165 1.850.012 1.0059
OBNB 114.60, 116.08 117.54 12141.2 123.07
UONBN 106.08, 105.70 106.85 11741.2 116.93
OBNH 110.43, 110.22, 106.30, 110.74 118.46
110.14, 107.92,
107.87, 107.59
ONBH 108.36, 108.24, 109.43, 108.42 121.54
108.05, 110.03,
109.94, 109.94
OBNBN —34.30, 67.34 —52.82 0.00
—30.02
ONBNB —34.31, 67.34, 52.82 0.00
—30.00
OBNBH 83.66,—48.50, —171.21, 63.85 180.00
85.60,—151.11,
—173.43,-149.84
ONBNH 90.99, 92.54, 171.66,75.82 180.00
—57.85,—154.52,

—153.87,—172.47
a Reference 42.

frequencies to anharmonic values and any other errors in thecalculations using available electronic structure computer codes
calculated frequencies. Because there are issues with the analysido not correctly describe the lowest energy spin multiplet of

of the experimental spectrum forsB3Hs as discussed below
and because there are no experimental values fdgh®;», we
used a scale factor of 0.984 for®sHg from the average of

an atomic state as spitorbit in the atom and is usually not
included. Instead, the energy is a weighted average of the
available multiplets. For N in théS state, no spinorbit

the MP2/cc-pVTZ harmonic frequencies and the experimental correction is needed, but a correction of 0.03 kcal/mol is needed

fundamentals for the isoelectronic moleculesBs and a scale
factor of 0.980 for BN3H1» obtained from the average of the
MP2/cc-pVTZ harmonic frequencies and the experimental
fundamentals for the isoelectronic moleculgHg.2® These

for B, taken from the excitation energies of ModPe.
The total atomization energ¥Do or TAE) of a compound
is given by the expression

structures and values were used in calculating the entropies. Do = AEqe{CBS) — AE;pe + AEg, + AEgr + AEgq (4)

For the ring moleculed, 5, 6, and7, we used 0.980 as the
scale factor to obtain the zero point energies, &d, 10, and

11, a scale factor of 0.965, obtained from the MP2/cc-pVTZ
ZPE correction and that obtained from ref 6 for #HH;, was
used. Forl3 and14, a scale factor of 0.974, obtained from the
MP2/cc-pVTZ ZPE correction and that obtained from ref 6 for
BH2NH,, was used. Foll2, a scale factor of 0.968, obtained
from the MP2/aug-cc-pVTZ ZPE correction and that obtained
from ref 6 for BHsNH3, was used.

The MP2/VTZ geometries were used in single point CCSD-
(T)Y/avnZ calculations for n= D, T, Q. The CCSD(T) total
energies were extrapolated to the CBS limit by using a mixed
exponential/Gaussian function of the form

E(n) = Ecgs + Aexpl-(n — 1)l + Bexpl-(n— 1) (2)

with n = 2 (aVDZ2), 3 (aVTZ), and 4 (aVQZ), as proposed by
Peterson et &* The CCSD(T) calculations for open-shell atoms
were carried out at the RIUCCSD(T) level. In this approach, a
restricted open shell Hartre¢ock (ROHF) calculation was
initially performed, and the spin constraint was relaxed in the
coupled cluster calculatioft 27

Core—valence correction®\Ecy, were obtained at the CCSD-
(T)/cc-pwCVTZ level?® Scalar relativistic correctiong\Esg,
which account for changes in the relativistic contributions 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 aug-cc-pVTZ basis set.

By combining our computeBDg values with the known heats
of formation @ 0 K for the elementsAH:°(N) = 112.53+
0.02 kcal mot?, AH°(B) = 136.24 0.2 kcal mofl, andAH;°-

(H) = 51.683 kcal mot?),11 we can deriveAH¢° values for the
molecules under study in the gas phase. The valualfgf(B)

has only recently been revised. The older JANAF value was
132.64 2.9 kcal/mol (133.8 at 298 K while the newer value

is 136.2+ 0.2 kcal/mol (137.7 at 298 K) which we have uséd.
To obtain the heats of formation at 298 K, we followed the
procedure by Curtiss et &.

Besides the molecules described above, we are interested in
larger boron-nitrogen—hydrogen compounds. Thus, we need
computationally cheaper approaches to treat larger rings and
chains. We have thus performed G3(B3and G3(MP2*
calculations on these compounds and benchmarked the results
against the additive CCSD(T)/CBS approach described above.
Because of the broad use of the computationally efficient DFT
approaches, we have performed DFT calculations with the
commonly used B3LYP function&and the 6-313+G** basis
set3% Entropies and thermal corrections to 298 K, 1 atm, for

these DFT calculations were calculated from unscaled frequen-

cies.

Results and Discussion

Molecular Geometries. The optimized MP2/cc-pVTZ ge-
ometries for the two forms of 8l3H1» (twist boat,2a, and chair,
2b, Figure 2) and BN3sHg (structure3 in Figure 2) are shown

AEsris taken as the sum of the mass-velocity and one electronin Table 2. In the gas phase, the twist-boat confor2eiis

Darwin (MVD) terms in the Breit-Pauli Hamiltoniar?® Most

more stable than the chair conformer by 1.1 kcal/mbHj,
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TABLE 3: Dipole Moments at Different Levels of
Calculation (Debyes) for BNyH, Compounds

dipole moment

B3LYP/ B3LYP/ HF from HF/
molecule DGDZVP2  6-3114-G** G3MP2  cc-pVTZ
2a 1214 1.244 1.385 1.415
2b 3.565 3.595 3.826 3.852
3 0.000 0.000 0.000 0.000
4 0.000 0.000 0.000 0.000
5 3.353 3.301 3.586 3.619
6 5.042 4.834 5.051 4.910
7 3.725 3.760 4.323 4.326
8a 10.888 10.764 10.769 10.862
8b 4.208 4.227 4.421 4.308
9a 16.864 16.686 16.745 16.846
9b 1.979 1.919 1.940 1.754
10 2.370 4.999 4722 1.947
11 6.188 6.073 6.151 6.261
12 0.000 0.000 0.000 0.000
13 13.654 13.864 13.376 13.090
14 3.951 3.786 3.292 3.406

aB3LYP/6-311G* and G3MP2 optimizations give a different
geometry than B3LYP/DZVP2 and MP2/cc-pVTZ, where theHs—B
bridge is no longer preseftB3LYP/DZVP2 and B3LYP/6-31+G*
optimizations give a different geometry than G3MP2 and MP2/cc-
pVTZ, where the B-H—B bridge is no longer present.

whereas the free energy is 1.9 kcal/mol showing more confor-
mational flexibility in the twist-boat structure. This contrasts
with cyclohexane, for which the twist-boat conformer is 5.5
kcal/mol less stable than the chair conforet Solid 2 exists

in the chair form® 2b, presumably because of enhanced
stabilization from dipole-dipole interactions. We compare the
calculated chair structure to that from the crystal structure. The
calculated BN bond distances are in excellent agreement with
the experimental values, and the calculated value of 0.013 A is
longer than the average experimental value of 1.576 A. The
calculated NBN bond angle is 108,8ess than 0.5smaller
than the average experimental value of 107The calculated
BNB bond angle of 117%5is 1.6’ larger than the experimental
value of 115.9. The calculated HBH angle of 113.4s in
agreement with the experimental value of 121.@nd the
calculated HNH of 105.3is in agreement with the experimental
value of 105.2. One cannot directly compare the-dl and

B—H bond distances because of the foreshortening due to the

X-ray analysis’® The geometry parameters for the twist-boat
structure are similar to those for the chair.

Matus et al.

and the BHB bond angle is 90.7Structurell is 33.8 kcal/
mol less stable than twist-boatStructurell has a higher dipole
moment thar? so it may be better stabilized in polar media.

The moleculec-B3N3sHg has Dz, symmetry with all equal
B—N bond distances. The calculated-R bond distance fo8
is in excellent agreement with the experimental distance from
electron diffractiorf? The calculated NH bond distance is
1.0114 A at the MP2/cc-pVTZ level as compared to the
experimental value of 1.0116 A in N#43 For comparison, the
BH distance in BH at the CCSD(T)/aug-cc-pVQZ level is
calculated to be 1.1900 A which should be an excellent estimate
of the B—H distance. The calculated value for B&t the MP2/
cc-pVTZ level is 1.1869 A, in excellent agreement with the
CCSD(T) value suggesting that our calculatedHBand N—H
bond distances for $lsHs, 3, are good to better than 0.01 A.

A chain-like isomer of (BHNH, 13 in Figure 2, hasCs
symmetry with B-N distances ranging from 1.34 to 1.60 A.
Similar to10and11, 13 has a distorted BHB bridge with-BH
distances of 1.29 and 1.45 A, and a BHB bond angle of°83.1
This bridged structure was obtained in the G3MP2 and MP2/
cc-pVTZ optimizations; however, it was not obtained at the
B3LYP/DZVP2 and B3LYP/6-31+G** DFT levels, where an
optimized geometry similar to polyacetylene was found. Struc-
ture 13 is very high in energy, 135.9 kcal/mol abo8e

Figure 2 shows all of the BN structures optimized at the
MP2/cc-pVTZ level except for the BiNIH3; head-to-tail hydrogen-
bonded dimer, which was optimized at the MP2/aug-cc-pVTZ
level. Important geometry parameters for the 8 framework
are given in Table 4. The molecuteB,N,Hg (4 in Figure 2)
exhibits a planar BN—B—N structure withDy, symmetry with
B—N distances of 1.606 A (slightly larger than2jy BNB bond
angles of 87.9 and NBN bond angles of 92.10ptimizations
initiated from a nonplanar BN—B—N ring led to a planar ring
structure. Thuse-B,N2Hg differs from cyclobutane, which is
nonplanar* We can compare the calculated geometry wfith
that determined in the X-ray crystal structure of the dimethyl-
amino derivative’. The calculated distance is 0.01 A longer than
the experimental value. The calculated NBN and BNB bond
angles are closer to 9@han in experiment, and the calculated
bond angles show the same behavior with the former less than
90° and the latter greater than 90

There is a second structure withN&Hs. It has a bridging
H, a bridging NH, and a terminal NBHas shown il0in Figure
2. Linear BHNH,BH,NH; is unstable as attempts to optimize

The gas-phase dipole moments (see Table 3) for the chairit @lways led to breaking of the middie-BN bond to form two

and twist-boat conformations @fare calculated to be 3.6 and
1.2 debyes, respectively, at the B3LYP level. Levers ég al.
measured the dipole moment in 1,4-dioxane=(2.2) to be 3.2

D. Given that the value is closer to that for the chair, we estimate
that in the dioxane solutior® is predominantly in the chair
conformation. In later work, Levers and Taylor measured the
dipole moment o in 1,4-dioxane and obtained 2.690.11
D.*! Assuming that all of the molecules @fare in the chair

BH,;NH; molecules. Fol0, the B—N distances range from 1.45
to 1.58 A; the B-H distances from the bridge are 1.28 and
1.46 A, and the BHB bond angle is 92.(BtructurelOis 9.7
kcal/mol less stable thash

The geometries of the 5,6- and 1,4-isomers of dihydrobora-
zine, 6, 1,3,5-triaza-2,4,6-triboracyclohexa-1,3-diene d&hd
1,3,5-triaza-2,4,6-triboracyclohexa-1,4-diene, in Figure 2, re-
spectively) were optimized. Structubesshows a range of BN

conformation, they estimated the gas-phase dipole moment todistances from 1.39 to 1.64 A. The latter value is the calculated

be 2.42+ 0.16 D. On the basis of our gas-phase results, their

bond distance between the two adjacent dihydrogenated atoms.

second set of results suggests that, in 1,4-dioxane, bothStructure6 hasCs symmetry with two unique BN distances:

conformers are present in about equal amounts.

There are additional chain-like isomers of the trimer ¢BH
NHy)s. One of these has a bridging H and bridging MNlds
shown in1lin Figure 2. A linear (BHNHy); structure does

not dissociate but does have an imaginary frequency corre-

sponding to 87.1i cm and a range of BN distances from
1.46 to 1.87 A. Forl1, the B—N distances range from 1.50 to
1.70 A; the B-H distances from the bridge are both 1.33 A,

1.36 A between the mono-hydrogenated atoms and 1.57 A
between a mono- and a di-hydrogenated atom. The dipole
moments for5 and 6 are 3.3 and 4.9 (average with the two
basis sets) D, respectively, at the B3LYP level.

A planar chain isomer BE{NHBH),NH, (structure14 in
Figure 1) hasCs symmetry. The B-N distances forl4 range
from 1.41 to 1.45 A. The planar structure is 3.7 kcal/mol more
stable than rings. This result contrasts with the analogous



Boron—Nitrogen Hydrogen Storage Compounds J. Phys. Chem. A, Vol. 111, No. 20, 200¥#415

TABLE 4: Geometry Parameters for Frameworks of are longer than the bonds between the mono-hydrogenated
B«NxHy Compounds Optimized at the MP2/cc-pVTZ Levet atoms. The dipole moment is predicted to be 3.7 D at the B3LYP
BN backbone BHB bridge level.
compd rgy [OBNB [ONBN OBNBN [ONBNB rgy [OBHB Unlike n-butane andh-hexane which have linear chains, the
4 16061 87.94 92.05 0.00 0.00 minimum energy structures of di- and triborazane are coiled
5  1.6439 109.38 115.73 —45.41 7.19 because of the intramolecular dihydrogen bonding between the
1.3895 12350 11611  15.21 6.22 B—H and the N-H bonds?® The molecule BENH,BH,NH3
i:gggé 12354 10308 —4132  58.72 has a linear form[{(B—N—B—N) = 180.0, structure8a in
1.5345 Figure 1) and a twisted form with a dihedfd(B—N—B—N)
6 15729 120.80 111.19 2.91-52.81 of 23.£ (structure8b in Figure 1). The latter structure is 12.3
1.3622 11047 11119  52.81 —2.91 kcal/mol more stable at 298 K in terms of the enthalpy. The
- i:gggi ﬁg:ig igg:ig _42;;?33:1%:;2 free energy for th&a— 8b process is\G = —11.3 kcal/mol.
15739 116.97 117.53 17.84 —2.43 Similarly, the BH(NH2BH,),NH3 twisted structureqb in Figure
1.6083 130.72 106.29 14.80—44.68 1) is 24.6 kcal/mol more stable (enthalpy) than the linear
i-gggé structure 9a in Figure 1). The free energy for tt@a — 9b
15540 process isAG = —21.2 kcal/mol. Thus, the coiled forms have
8a 1.6557 112.97 108.44 180.00 lower entropies showing that they are more constrained by the
1.5410 head-to-tail hydrogen bonding. The conformational change from
o 1-223‘7‘ 11649 10577 2348 linear to twisted is more than twice the exothermicity observed
15795 ’ ’ ' for this structural transition i8. The twisted structuréb, has
1.6162 a central dihedral anglé](B—N—B—N), of 113.8, and the
9a 1.6459 114.87 108.06 179.28 178.30 other two dihedral angles are —50.C°, whereas the linear
i-gggg 11110 108.68 178.41 structure has allJ(B—N—B—N) greater than 178°0 The
15545 smallest H-+H (head-to-tail) nonbonded distance~£.00 A
1.6527 in either of the twisted structur@ or 9b. Thus, these structures
9 16116 119.41 106.89 —50.98 113.79 are dominated by short electrostatic interactions between the
iggéi 118.60 105.70 —47.52 acidic N—H(6+) and the basic BH(0—) bonds which lead to
15800 substantial stabilization of the ring-type chain structures over
1.6035 the linear chains. The short nonbonded-H interactions are
10 15845 7847 11544  106.68 1.2816 92.00 in excellent agreement with the value of 2.02 A found by a
1.5425 1.4625 neutron diffraction study of solid N$BH3 by Klooster et aft’
1.4540 . . S
11 15668 7464 116.42-105.59 15640 1.3295 90.74 and with a theoretical study of the BNH3 head-to-tail dimer
1.5575 114.44 105.11—179.06 1.3324 by Cramer and Gladfeltéwho predicted +-H bond distances
i%ﬂ of 1.99 A at the MP2/cc-pVDZ level. We can compare theNB

bond distances foBa and 8b with 9a and 9b, labeling the

13 1374 8085 15032 18000 18000 12879 a5 backbonesas BAN1-B2-N2and B:-N1-B2-N2-B3-N3,
1.4250 122.36 125.63 1.4454 respectively. Fo8, we find that the linear conformation has
1.3370 B1—N1 and B2-N2 distances of 1.66 A and a NB2 distance
i'gigg of 1.54 A, whereas the twisted conformation has slightly shorter

14 1:4132 125.70 121.59 180.00 180.00 B1—N1 and B2-N2 distances, 1.62 A, and a S|Ight|y Iarger
1.4463 125.25 121.82 N1-B2 distance, 1.57 A. In a similar wa@a has B1-N1,
1.4215 B2—N2, and B3-N3 bond distances of 1.65 A, a NB2
i:iggi distance of 1.56 A, and a NaB3 distance of 1.55 A, whereas

9b has shorter BEN1, B2—N2, and B3-N3 distances, 1.61,
BN backbone BHB bridge 1.61, and 1.60 A, respectively, and larger\82 and N2-B3
compd rgyv  OBNB ONBN OBNBN ryy ONH-sH OBH-H bond distances of 1.58 A. The changes making the bond

distances in the twisted forms more equal are apparently due

] to the short head-to-tail nonbonded-HH interactions which
aBond lengths (A) and bond and dihedral angles (degree) are Shownstabilize the ring chain structures.

in consecutive order of connectivity starting with a boron atom.

12 1.6283 92.31 87.69 0.00 1.99 144.90 88.89

Jacquemin et &° have studied polyaminoboranes (BH
(NH2BH2)n-1NH3) up to 16 BN units long at the PBE0/6-31G-
hydrocarbon systems (hexatriene is 16 kcal/mol less stable than(2d) level for geometries and energies with single point energies
1,3-cyclohexadiene) yet is understandable given that the dativeat the MP2/6-311G(2d) level. They find a helical and coiled
s-bond energy in aminoborane (29.9 kcal/mMbdis somewhat structure to be more stable than the all trans conformation by
stronger than the BN dativeo bond in ammonia borane (25.9 5.7 kcal/mol forn = 2 and do not report any values for= 3.
kcal/mol)® For larger values ohf, their results converge to about 6 kcal/

. . ) mol. These values are substantially lower than our values

_3,4,5,6-tetrahydrobora2|n§ (n Figure 2, _1,3,5-tr|aza-2,4,6- consistent with the fact that their structures do not exhibitB
trlboracyclohexa-l-e_ne) hgsarang_e effdistances from 1.55  ..N—H bonds. Li et al. have reinvestigated the stability of
to 1.61 A for bonds involving the di-hydrogenated atoms and a polyaminoboranes witm up to 5 using DFT methods and
distance of 1.37 A for the bond between the two mono- examined the effect of branching at nitrogen and boron a8ms.
hydrogenated atoms. This is consistent with the other calculatedThey found coiled structures with intramolecular dihydrogen
geometries where the bonds involving dihydrogenated atomsbonding. Stabilities relative to all trans structures calculated for
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TABLE 5: Calculated MP2/cc-pVTZ Vibrational - TABLE 6: Components of Calculated Atomization Energie$
Frequencies and Experimental Values for Borazine molecule AEcs® AEs® AEcy® AEsf AEsd Do0K)

2a 154554 98.87 5.81 —1.29 —-0.09 1451.10

symmetry  expt1939 expt 1972 expt 1967  this work

e’ 288 280 288 282.1 2b 1544.40 98.84 5.81 —1.29 —0.09 1450.02
a" 415 403 394 395.0 3 121875 58.08 591 -—-1.22 -0.09 1165.27
¢ 525 518 518 517.8 4 101850 64.4¥ 3.83 —-0.85 —0.06 957.01
e’ 798 770 798 711.7 5 1305.10 7048 5.79 —1.24 —-0.09 1239.08
o 622 718 719 734.6 6 1288.78 69.95 5.84 —1.23 —-0.09 1223.36
a' 851 845 852 859.3 7 1341.67 8399 5.81 -—1.25 —-0.09 1262.23
e’ 1070 977 968 930.9 8a 1113.44 75.27 3.81 —0.81 —0.06 1041.12
£ 1098 913 918 931.3 8b 1126.00 76.01 3.89 -0.82 —0.06 1053.00
a' 938 940 940 949.2 9a 1620.78 107.62 5.69 —1.26 —0.09 1517.51
2] 717 1068 990 951.6 9b 164558 108.89 5.84 —1.28 —0.09 1541.16
&' 800 782 1052.1 10 1006.70 62.07 3.93 -0.84 —0.06 947.66
e 917 1102 1096 1087.3 11 1508.46 94.58 5.84 —1.28 —0.09 1418.35
& 1110 1195 1255.1 12 1233.81 87.63 3.94 -0.82 —0.06 1149.25
&' 1650 1315.9 13 1078.94 52.76 5.61 —1.14 —0.09 1030.55
¢ 1466 1394 1406 1402.3 14 1307.61 68.28 575 —1.21 —0.09 1243.83
g %gig %gig %ggg %gg?% a2 Results in kcal/mol. The results are given at the MP2/cc-pVTZ
a 2535 (2545) 2535 2676.2 geometry” Extrapolated_by using_eq 2 with CC_SD(T)/aX/, wheren
a’ 3450 (3488) 3452 3666.2 =D, T, and Q. Zero point energies were obtained from the average
g 3400 3482 3486 3669.3 of MP2/cc-pVTZ and experimental valugsCore/valence corrections
were obtained by CCSD(T)/cc-pwCVTZScalar relativistic correction
aRaman lines and infrared spectrum. Reference’ S8 Ar matrix. is based on a CISD/cc-pVTZ calculation/alues obtained from ref
Values in parenthesis from Raman data. Reference Species # 30. 9 Scale factor of 0.980 obtained fromCsHi,. See texth Scale
and ¢ Raman lines, species’aand ¢ gas-phase infrared spectra.  factor of 0.984 obtained frora-CsHs. See text! Scale factor of 0.965
Reference 54. obtained from the MP2/cc-pVTZ ZPE correction and that obtained from

ref 6 for BHsNHs. | Scale factor of 0.968 obtained from the MP2/aug-

o ) ) cc-pVTZ ZPE correction and that obtained from ref 6 for 4BiHs.
n=1and 2 are very similar to what we find for oligomegs kScale factor of 0.974 obtained from the MP2/cc-pVTZ ZPE correction
and9, respectively. and that obtained from ref 6 for BINH..

The head-to-tail dimer of BENH3 (12 in Figure 1) is 14.0

kcal/mol more stable than two separated molecules. The dimercm except for three modes. Thé mode calculated at 952
hasC,, symmetry and is characterized by two short nonbonded cm™t is less than the assigned experimental value by about 40
B—H---H—N bonds of bond length 1.99 A at each end of the cm! as is found for the'emode calculated at 931 cth The
dimer for a total of four short interactions. These distances are biggest difference between the calculated and the experimental
again comparable to those found in the neutron diffraction study values is for the '€ mode calculated at 712 crhas compared
of solid NH;BH3 (2.02 A)‘” and from calculations at the MP2/  with the experimental value of 798 cy a difference of 86
cc-pVDZ (1.99 A¥8 and MP2/6-3%+G** levels 5! Morrison cm™L. The experimental assignment is based on the observation
and SiddicR? calculated the geometry in the solid by using plane of a very weak Raman line. THéB3N3Hg spectra obtained in
wave DFT methods with a gradient corrected functional and a matrix° can be compared with our calculated values as well.
obtained a slightly shorter distance of 1.940 A. Our calculated The agreement between the two sets of experimental values is
B—N bonds in the dimer are 0.03 A shorter than those in the not as good as one would hope for. We find that theband
monomer which are 1.65 A at the MP2/aug-cc-pVTZ level. calculated at 1255 cnd is 60 cn! above the experimentally

Klooster et al” showed in the crystal structure that théN— assigned matrix value. The experimentally assigned band at 1068
H---H tends toward linearity (159, whereas thé1B—H---H cm! seems to be too high as compared with our calculated
is bent (1086). This is similar to our results wheféNH---H is value and the other experimental result. These results show the

144.9 and is larger thaflBH:--H = 88.9; our results for the overall quality of the calculated vibrational frequencies, and we
isolated dimer differ from experimental results by more than expect that there will be comparably good agreement for the
10°, especially for the smaller value. These differences come other molecules whose vibrational frequencies are given as
from the fact that our head-to-tail dimer is structurally different Supporting Information.
from the neutron diffraction structure, although both havdB Calculated Heats of Formation. The components for the
-*H—N bonds. Our angles are close to the averages or essentiallyjtotal atomization energies of the compounds are shown in Table
within the ranges obtained for intermolecular dihydrogen bonds 6. There is a substantial corgalence correction 0f0.95 to 1
obtained by Richardson et @ who examined boron nitrogen  kcal/mol per B or N atom just as found in alkanes for the C
compounds from the Cambridge Structure Database. They foundatoms'é" The scalar relativistic correction is abou0.8 kcal/
26 B—H-*H—N bonds with H--H distances of 1.72.2 A mol for compounds with two B and two N atoms ard.2 to
(average, 1.96 AYINH---H bond angles of 117171° (average, —1.3 kcal/mol for compounds with three B and three N atoms.
149), and0BH---H bond angles of 99171° (average, 129. The heats of formation of the molecules are given in Table
Molecular Frequencies.The calculated and experimental 7 together with the entropies calculated at the MP2/cc-pVTZ
vibrational frequencies & are given in Table 5. The frequencies level at 298 K. The only experimental value is that derived for
have been measured and re-analyzed a number offifieiice 3 (AH:°(0 K) = —115.8+ 3.1 kcal/mol andAH;°(298 K) =
the original work of Crawford and Eds&f.The BH and NH —121.9 &+ 3.1 kcal/mol}* which is more negative than our
stretches are predicted to be too high by about 2001cas calculated value at 298 K by 6.4 kcal/mol. This is far outside
expected because of the difference in the calculated harmonicour usual range of errors for such compounds. The experimental
and anharmonic AH frequencies. The calculated and experi- value is based on the heat of combustion of ligBitbrming
mental gas-pha8tvalues for the remaining modes are in very solid B(OH) and Nx(g) and on vapor pressure measurements
good overall agreement with the experimental values within 20 as well as on an assumption of the change in heat capacity for
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TABLE 7: Gas-Phase Heats of Formation at 0 and 298 K solid 2 from solid 1 releases 20 kcal/mol of heat compared with
(kcal/mol) and Entropies at 298 K (cal/(motK)) 56 kcal/mol in the gas phase. Driving forces for the condensed-
AH{(OK) AH{(298 K) AH;(0K) AH;(298K) S phase reactions are also somewhat less compared with the gas
molecule CCSD(T) CCSD(T} G3MP2  G3MP2 (298 K) phase. Yet, hydrogen release is still too favorable for the
1 —9.1¢ —-13.8 —6.3 —10.6 57.15 reactions to be practically reversed with hydrogen overpres-
2a —85.3 —96.6 —79.3 —-90.2 7931 sure: AG°[1(s) — 3(s)] = 6 kcal/mol of1; AG°[2(s) — 3(1)]
(—98.9) = 38 kcal/mol. Indeed, Baitalow et al. have reported that thermal
2b —843 —95.5 —r8l (:gg:é) 76.71 release of hydrogen frorhis unaffected by hydrogen pressure
3 -109.3 —115,5 —103.2 -109.1 68.73 up to 600 baP8 Thus, strategies for regenerationidfom spent
(—119.1) materials such a3 must involve chemical steps other than the
4 —46.4 —53.6 —41.7 —48.7  67.16 simple application of hydrogen overpressure.
5 ~79.8 —875 —74.0 (:g?:? 75.77 One common approach to pre(_jictir_1g the heats c_)f_ formation
6 —64.1 ~71.8 _585 —65.9 75.61 of compounds is to use an approximation to our additive method
(—74.4) such as one of the G3-based methods. We used the computa-
7 —75.9 —85.3 —70.0 —79.2 7858 tionally efficient G3MP2 metho& We have calculated these
gz :g;g :ig'g :géi :Zi'g ;Zis values as shown in Table 7. All of the G3MP2 heats of
9a —485 —-59.9 405 _516 9797 formation are too positive by up te6 kcal/mol as compared
9b -72.1 —84.3 —63.7 —-754  87.16 with our CCSD(T)/CBS values. Overall, the G3MP2 method
10 —37.2 —43.9 —33.8 —39.9 7048 underestimates the stability of these species. For a few of the
ﬁ :g%g :461%2 :gg-g :2‘5‘-8 gg-;g compounds, we used the computationally more expensive G3B3
13 o5 4 50.4 310 266 8135 method® (as compared with G3MP2). As shown in Table 7,
14 —84.6 —91.2 —778 —84.2 84.11 the G3B3 method predicts heats of formation that are too
BH,NH, —15.¢ —-18.6 —14.0 —-16.7 55.92 negative as compared with the CCSD(T)/CBS values by up to
(-19.7) 3—4 kcal/mol.
2 Theoretical values at 298 K obtained by the same procedure asin  We are interested in the heats of formation of even larger
ref 32.° G3B3 values in parenthesesMP2/cc-pVTZ values! SH,) compounds for which we cannot use our composite CCSD(T)/

= 31.13 cal/(molK) from reference 11¢ Reference 6°From MP2/

aVTZ caloulation. CBS approach. DFT is an attractive computational alternative

to the more expensive CBS or G3 methods. We have thus used

- " . . the B3LYP/6-31#G** method to estimate the heats for a

the liquid to vapor transition being that of benzene. This led to . - . .
variety of dehydrogenation and dehydrocoupling reactions

the experimental value with an error limit &f 3 kcal/mol. If ) ) . . . .
the hepat of vaporization is actually somewhat higher, and involving molecules with +3 BN units. This led to differences

considering the combustion error limits to be conservative, then I the calculated heats that were too large (see Supporting

our calculated value is at the upper range of the experimentalformation, Table S3). One possible way to |mprove6(t)he DFT
values. predictions is to use an isodesmic reaction appré&eht®we

. . first benchmarked the DFT method on the basis of some simple
Condensed phase data for the compounds are included in . . . .
Table 1. The data for solid is from work by Wolf and co- hydrocarbon reactions with well-established heats of formation
510 [+ and then used isodesmic reactions involving BN compounds
workers: It is based on the average of results from three and hydrocarbons to predict the heats of formation of the BN

different methods. TheirAH:°[1(s)] is ~6 kcal/mol more d d d th f thi h. Tabl
positive than an earlier determination by Russian workers (as compounds to understand the accuracy of this approach. Table

quoted by T-Rais&l) who obtained—42.5 + 1.4 kcal/mol. 8 lists some hydrocarbon dehydrogenation energies at the

Morrison and Siddick calculated the sublimation energy at 0 B3LYP/6-31H-G** and G3B3 levels. The G3B3 results

K by using plane wave DFT methods with a gradient corrected repr_oduce the expenmt_antal values but the DFT B3LYP values
functional. Neglecting zero point energy and thermal corrections, deviate from the experimental values by as much as 10 kcal/
their predicted value idAHs® = 18.2 kcal/mol at 0 K. This mol for cpmpounds with six C atoms. It is important to note
value is reasonably consistent with the valueAbts,® = 21 that Curtiss and co-workers showed that the B3LYP method
kcal/mol derived from the\H; of Wolf and co-workers for the ~ Progressively worsened in terms of predicting the heats of
solid state and our calculated value for the gas phase. The solidformation of linear chain alkanes as the length of the chain
state value forn\H°(2) can be estimated from the current gas- increased! Table 9 lists isodesmic reactions that could be used
phase results and vapor presstiemperature data of soli to predict the heats of formation of unknown boron/nitrogen/
measured by Leavers et’@lExtrapolating the vapor pressure hydrogen compounds at 298 K. The reaction energies at the
data to 298 K provides the standard enthalpy and free energyB3LYP and G3B3 levels are quite similar in most cases. The
of sublimation: AHguy = 25+ 3 andAGg,y = 7.3+ 1.0 kcal/ agreement with the energies based on experimental heats of
mol. This yields a value 0f-120.5+ 4 kcal/mol for the solid- formation plus the best calculated heats of formation for the
state value foAH;°(2). We can also re-evaluate the liquid phase B/N/H compounds for the reactions (£0(19) are in quite good
AH°(3) by taking our calculated gas-phase value and including agreement within +3 kcal/mol. This suggests a systematic

the heat of vaporization of 74 0.1 kcal/mol to obtaimAH;°- cancellation of errors such that accurate prediction of reaction
(3)(liquid) of —122.6+ 1.1 kcal/mol. By using an estimated energies to within a few kilocalories per mole is achievable with
heat of melting of 14+ 0.5 kcal/mol [Tmeir = —55 °C), we can relatively inexpensive DFT methods. Difficulties in predicting
then obtainAH;°(2)(solid) of —123.6 kcal/mol. dative bond energies to better than3 kcal/mol with B3LYP
The above analysis of the thermodynamics leads us to are consistent with the observations of Gilbert on substituted
conclude that production of liquid from solid 2 by loss of b amineborane® The heats of formation derived from these

is an approximately thermoneutral process compared with it reactions (10} (19) are given in Table 10. Compared with best
being 19 kcal/mol exothermic in the gas phase. Production of calculated heats of formation, the isodesmic DFT and G3B3
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TABLE 8: Reaction Enthalpies for Model Hydrocarbon Reactions Calculated with the B3LYP/6-313-G** and G3B3 Methods

Compared with Experiment?

number reaction B3LYP G3B3 expt

3 CH;CH; — CH,=CH, + H 31.9 32.0 32.6

4 2CHCHz — ¢-C4Hg + 2H2 51.0 46.3 46.7

5 20H3CH3 - CH3CHQCH2CH3 + Hz 138 98 101

6 3CH;CH; — CH3CH,CH,CH,CH,CHs + 2H, 27.8 19.4 20.2

7 3CH30H3 — C-Cele + 3H2 41.5 30.0 30.7

8 c-CgH12— c-CgHg + 3H2 40.3 48.1 49.3

9 C-1,4-C5H3 - C-CeHe + H» —-10.1 —6.3 —5.0
2 Units are kcal/mol, 298 K® Reference 11b.
TABLE 9: Isodesmic Reaction Enthalpies Calculated with B3LYP/6-31%G** and G3B3 Methods?

number reaction DFT G3B3 expt
10 BHNH3 + CH,=CH,; — BH,=NH; + CH3;CHjs —39.9 —38.2 —37.7
11 2BHNH;3 + ¢-C4Hg — ¢c-B2NoHg + 2CH;CH;3 —74.7 —74.5 —73.3
12 2BHNH;3 + n-CsH1o— BH3NH2BH2NH3 + 2CHs —29.9 —30.5 —30.6
13 SBHgNHg + C-Cele_’ C-BgNngz + 3CH3CH3 —88.7 —-88.1 —86.8
14 3BHNH3 + n-CgH14 — BH3(NH2BH2)NH3 + 3CHg —61.9 —64.0
15 3BHsNH3 + ¢-CgHg — c-B3N3Hg + 3CH;CH3 —156.8 —156.7 —154.9
16 C-B3N3H6 + C-Cele_’ C-BgNngz + C-CGHG 68.0 68.6 68.2
17 C-BgNgHe + C-CsHlo_’ C-B3N3H10 + C-CeHe 49.6 51.1
18 c-B3N3Hg + ¢-5,6-GHg — ¢-5,6-BsN3Hg + ¢-CeHg 20.5 22.8
19 C-BgNgHG + C-1,4-C5H3 i C-1,4-83N3H3 + C'CGHG 36.5 38.5 39.5

aUnits are kcal/mol, referenced to the compounds in the gas-phase standard state, 1 atm, 298 K. Struct@gh f@ndc-BsNsH;, are the
chair conformations? Uses experimentahH;° for hydrocarbons and CCSD(H:° for B—N—H compounds (Table 7).

TABLE 10: Calculated AH;° at the B3LYP/6-3114+-G** and
G3B3 Levels from Isodesmic Reaction Energies (Table )

molecule isodesmic/DFT isodesmic/G3B3 CCSD(T)/CBS
BH.NH; —-20.8 -19.1 —18.6
4 —55 —54.8 —53.6
8b —46.8 —47.4 —47.6
3 —-117.3 —-117.2 —115.5
5 —91.8 —87.5
6 —75.8 —-73.7 —-71.8
7 —88.6 —85.3
2b (chair) —-98.5 —-97.9 —-95.5
2a(twist boat) —-98.9 —96.6
9b —-82.2 —84.3

2 Uses experimentalH;° of the hydrocarbort&® and AH;°(BH3NH3)
= —13.5 kcal/moF

values tend to overestimate the stability of the BN containing

compounds by 2 2 kcal/mol. Two exceptions ai&b and9b.
Entropies. The calculated entropies are given in Table 7.

Calculated entropies of£and cyclic hydrocarbons are in good

get weaker ag goes to form2 and3. The energy to form gas-
phase molecules per BN unit is 21, 8, and 2 kcal/mollfaz,
and 3, respectively. The driving forces for these reactions are
the conversion of the dative bonds in BHNH3 into stronger
delocalized dative bonds inc-B3N3H12 into very strong B-N
o bonds inc-B3N3He.*®

Reactions 40 to 47 show some interesting trends in Bdsv
formed from2. First, reaction 47 shows that loss of flom
c-B3N3H31» to form c-B3NsHsg is endothermic witAH = 11.4
kcal/mol; AG is lowered to 2.4 kcal/mol because of the
production of the HHmolecule. The 5,6-isomer @fB3N3zHg is
substantially more stable than the 1,4-isomer by 15.7 kcal/mol
at 298 K. The loss of bifrom c-B3N3H1gto form 5,6€-B3NzHg
(reaction 43) is slightly exothermic withH = —2.1 kcal/mol
andAG = —10.6 kcal/mol. The loss of the finalHrom 5,6-
c-BsN3Hg to form c-B3NsHg (reaction 40) is substantially
exothermic by—27.9 kcal/mol, showing the additional stability
of c-BsN3Hs. We can make an estimate of the “resonance
energy” inc-BsN3Hg by accounting for the-2.1 kcal/mol from

agreement with measured values. However, the harmonicreaction 43 which allows us to estimate the resonance energy

oscillator approximation may introduce errors when internal

as 26 kcal/mol, falling between the values of 20 and-36

rotors are present. For example, calculated entropies of thekcal/mol commonly used for benzeffe®® Han et al. predicted

normal alkanesn(> 2) deviate from experimental entropies by

the reaction energy of reaction 40 to b&5.6 kcal/mol and

an amount that increases monotonically with the carbon that of reaction 41 to be-41.5 kcal/mol at the B3LYP/6-

numberé® Because of the strong hydrogen bonds in the “linear”

311G** level in reasonable agreement with our restlghang

structures, there may be fewer rotamers than in the hydrocarboret al. have studied the hydrogenation energies of the BN
case which will reduce the errors due to using the harmonic, compound isoelectronic to barrelene at the B3LYP and G3MP2B3
rigid rotor approximation. levels to form the fully hydrogenated compourséighey predict

Reaction Energies.We can use the calculated heats of the dehydrogenation of the fully hydrogenated BN barrelene
formation to predict the energies of a variety of reactions for derivative to be endothermic by 2.8 kcal/mol at 298 K. The
the release of klas well as for condensation and rearrangement second step is slightly exothermic at 3.2 kcal/mol, and the third
reactions as shown in Table 11. We first continue our discussion Step is substantially exothermic at 16.2 kcal/mol. This is similar
of the energetics of reaction 1. The enthalpies for the gas-phase© the ordering of the energies that we found fraprogressing

reactionsl — 2 — 3 are quite negative;56.1 kcal/mol for the
first step and —18.9 kcal/mol for the second step. The
corresponding condensed phase reaction energies-80e7
kcal/mol for the first step (solid to solid) and2.1 kcal/mol

for the second step (solid to liquid). Thus, the intermolecular

forces in the solid state are quite strong for Bz, and they

through 5 and 7 to form 3. The energy differences in
hydrogenation of barrelene were attributed to strain energies,
but on the basis of our results, it is more likely due to differences
in the B—N bond energies.

Formation of the head-to-tail dimer (reaction 50) is substan-
tially exothermic by 14.3 kcal/mol at 298 K. On the basis of
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TABLE 11: Enthalpies (kcal/mol), Entropies (cal/(mol-K)),
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and Free Energies (kcal/mol) of Reactions

number reaction AH2(0K)  AH2(298K)  AS(298K)  AG (298 K)
20 2BHNH3; — ¢-B,N2Hg + 2H, —28.1 —26.4 15.12 —30.9
21 3BHNH3; — ¢c-B3NsH1» (twist-boat)+ 3H, —57.9 —55.9 1.25 —56.2
22 c-B3N3H12 (twist-boat)— c-B3NsHs + 3H: —23.9 —18.7 82.81 —43.3
23 2BHNH3; — BH3NHBH,NH; (twist) + Hz —-21.0 —20.5 —8.98 —17.8
24 3BHNH3; — BH3(NH2BH,).NH3 (twist) + 2H, —44.7 —43.6 —22.03 —-37.1
25 (BH:NH_)s — c-B3N:Hy» (twist-boat) —32.7 -33.8 -9.48 -31.0
26 (BHNH); — c-B3N3Hs —134.7 —135.9 —12.62 —132.1
27 BH(NHBH),NH; — c-B3N3Hg + H> —24.7 —24.2 15.75 —28.9
28 BH3(NHzBH2)2NH3 (tWiSt) - C-BgNngz (twist-boat}l— H, —-13.2 —-12.2 23.28 —-19.2
29 c-B3N3H12 (twist-boat)— BH2(NHBH).NH, + 2H, 0.8 5.6 67.06 —14.4
30 BH,NHBH,NH; (bridge)— c-B2N2Hs —9.2 —9.7 —-3.32 —-8.7
31 BH;NHBH,NH; (twist) — ¢-B2N2Hg + H> —7.2 —-5.9 24.10 —-13.1
32 2BHNH; — ¢-BoN2Hg —14.6 —16.4 —44.68 -3.1
33 3BH:NH; — ¢-B3N3Hg + 3H; —61.5 —59.5 —5.64 —57.8
34 3BH:NH; — ¢-B3N3sH; (twist-boat) —37.6 —40.8 —88.45 —14.4
35 3BHNH; — BH2(NHBH),NH; + 2H; —36.8 —35.2 —21.39 —28.9
36 3BHNH; — ¢-5,6-BsN3Hg + 2H, —-32.0 —-31.5 —29.73 —22.7
37 BH;NHBH,NH; (twist) — 2BH,NH, + H, 7.4 10.5 68.78 —10.0
38 BHs;(NH2BH_),NHj3 (twist) — 3BH.NH, + H, 24.4 28.6 111.73 —-4.7
39 BHsNH3; — BH,NH; + H» —6.8 —=5.0 29.90 —-13.9
40 €-5,6-BsN3Hg — ¢-B3N3sHg + Ha —29.5 —27.9 24.09 —35.1
41 c-1,4-BsN3Hg — ¢-B3N3Hg + Ha —45.2 —43.6 24.25 —50.9
42 c-B3sN3H1p— ¢-B3N3Hg + 2H, —33.3 —30.0 52.54 —45.7
43 c-B3N3H1p— ¢-5,6-BsN3Hg + H» —-3.9 21 28.45 —10.6
44 Cc-B3sN3zHi0— ¢-1,4-BsNsHg + Ha 11.8 13.6 28.29 51
45 c-B3N3H;; (twist-boat)— ¢-5,6-BsN3Hg + 2H, 5.6 9.3 58.72 —-8.2
46 c-BsN3zH1» (twist-boat)—> c-1,4-BsN3Hg + 2H, 21.3 25.0 58.56 7.5
47 C-B3N3sHa» (twist-boat)— c-BsNsHio + H> 9.4 11.4 30.27 2.4
48 (BH:NHa), (dimer)— ¢-B;NoHs + 2H, ~14.1 —12.1 46.04 ~25.9
49 (BHsNH3), (dimer)— BH3NH,BHNH; (twist) + H, -7.0 -6.2 21.94 -12.8
50 2BHNH; — (BHsNHs), (dimer) ~14.0 ~14.3 -30.92 5.1
51 BH;NH:BH,NH3; — BH3NH;BH;NH3 (twist) —-11.8 —-12.3 —3.33 —-11.3
52 BHs(NH2BH,):NHs — BH3(NH,BH,),NHs (twist) —236 —24.4 -10.81 —21.2
53 c-5,6-BsN3Hg — BHz(NHBH),NH; —-4.8 —-3.7 8.3 —6.2

a AH;ok(BH3NH3) = —9.1 kcal/mol andAHs 29sx(BH3NH3) = —13.5 kcal/mol, ref 6. We used for this levAH;o«(H2) = 0.03 kcal/mol and
AHe 208k(H2) = 0.08 kcal/mol.? At the G3MP2 level: AH;ok(Hz) = —1.2 kcal/mol andAHs29sx(H2) = —1.1 kcal/mol.© Entropy of reaction was
calculated from MP2/cc-pVTZ values, whe®BH3NH3) = 57.15 cal/(molK) and S(H,) = 31.10 cal/(molK).

the presence of four +tH nonbonded interactions, we can
estimate the H-H nonbonded interaction energy to be 3.6 kcal/
mol at 298 K and 3.5 kcal/mot® K with ZPE corrections. At
the electronic energy level, the-+H bond energy is 4.0 kcal/
mol. This is substantially larger than the value of 2.8 kcal/mol
obtained by a similar procedure at the MP2/6+31G** level

at 0 K with ZPE corrections and 3.3 kcal/mol without correc-
tions>! On the basis of a DFT solid-state calculation starting

higher than the value of the-BN bond strength irl of 25.9
kcal/mol® We note that compountil has bridging H and Nk
groups. The B(k)—N(H.) bond energy irb to form 14 (reaction

53) is actually negative with a value ef4.8 kcal/mol. The
B(H2)—N(H2) bond energy irt leading to the formation of0
(reverse of reaction 30) is only 9.2 kcal/mol showing evidence
of about 24 kcal/mol of ring strain on the basis of reaction 25.
The reverse of reaction 26 is the BH)(H) bond energy ir8

from the crystal structure orientation, a hydrogen bond energy and is 134.7 kcal/mol as compared with the 8 bond energy

value of 3.0 kcal/mol 80 K was obtained with no ZPE

in BH2NH> of 139.7 kcal/mol. There is no apparent resonance

correction. We note that the crystal structure does not have headstabilization in 3 on the basis of this comparison. The

to-tail dimers. Using the fact that there are six effective-H

components of the BN bond in BHNH> (strongo bond and

nonbonded interactions per molecule in the solid state andweaksz-donor bond) have been discussed in défail.

assuming that it is only these interactions which contribute to
the stability of the solid state, we obtain an estimate of the
cohesive energy of 21.6 kcal/mol which is in excellent agree-
ment with the value of 21 kcal/mol derived from our gas-phase
monomer energy and the solid staiél;® obtained by Wolf
and co-workerS8.Thus, the stability of the solid-state phase of
BH3NH; is driven almost completely by the formation of
H---H hydrogen bonds. The strength of the-# bond can be
compared to that of the OHO bond in the HO dimer which

is 5.0 kcal/mol with no ZPE correctidf§.Thus, the H--H bond

is about 1 kcal/mol weaker than the hydrogen bond in th®@ H

One step on the way to formirgfrom 1 is the reaction of
two molecules ofl to form 4 with the release of two f{reaction
20). This reaction is substantially exothermic withl = —22.8
kcal/mol at 298 K and\G = —31..1 kcal/mol. Thus, depending
on the kinetics, dimerization df could lead to a four-member
ring with loss of H. The reaction of (BENHz), or 12 to form
4 and two molecules of His still exothermic by 12.1 kcal/
mol. Reaction o#4 with BH3NH3 and loss of H to form 2 is
29.5 kcal/mol exothermic. We also note that dimerization of
BH,NH, to form 4 is exothermic by 16.4 kcal/mol (reaction
32).

dimer and is a medium strength H bond. We note that, at 298 As discussed above, there is also the possibility that the

K, the entropy effects are largely due to the formation of a free
particle and that the value &G to form the dimer is only
—1.5 kcal/mol.

The reverse of reaction 25 provides the BHN(H,) bond
strength in2a, and this value is 32.7 kcal/mol at 0 K, slightly

polymerization of BHNH3 could lead to chains. Such chains
could also be intermediates on the way to forming ring
compounds. The first such reaction is the dimerization o§-BH
NHs; to form 8b releasing H (reaction 23) which is exothermic
by 16.9 kcal/mol at 298 K. Elimination of a second te form
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the ring compoundt (reaction 31) is exothermic by only 5.9
kcal/mol at 298 K. Addition of BHNH3 to 8b followed by
elimination of H to form 9b is exothermic by 21.3 kcal/mol.
The final elimination of H from 9b to form 2 (reaction 28) is
exothermic by 12.2 kcal/mol at 298 K and hAa& = —19.2
kcal/mol because of the formation of the Fholecule. Thus,

Matus et al.

U.S.A,, and funded by the U.S. Department of Energy, was used
to obtain some of these results. Part of this research was
performed in the William R. Wiley Environmental Molecular
Sciences Laboratory (EMSL) at the Pacific Northwest National
Laboratory (PNNL) using the Molecular Sciences Computing
Facility. The EMSL is a national user facility funded by the

these chains can certainly serve as intermediate species in th®ffice of Biological and Environmental Research in the U.S.
formation of the ring compounds. The chains are stable to the Department of Energy. PNNL is a multiprogram national

loss of B and the formation of BENH,. The twisted molecular
trimer 9b can eliminate three Hand form14in an exothermic
fashion withAH = —6.9 kcal/mol.

Summary

This work provides the first complete analysis of the

laboratory operated by Battelle Memorial Institute for the U.S.
Department of Energy.

Supporting Information Available: CCSD(T) energies
(Ep); calculated MP2/cc-pVTZ frequencies; enthalpies (kcal/
mol) as a function of method; entropies (cal/(m) and free
energies (kcal/mol) of reactions 262; and Cartesian coordi-

thermodynamic cycle of hydrogen release and uptake for the nates for BN H, compounds. This material is available free of
chemical hydrogen storage compounds linked to borazane incharge via the Internet at http://pubs.acs.org.

the gas and condensed phases. Accurate gas-phase heats of

formation were calculated by using ab initio molecular orbital
theory at the CCSD(T)/CBS level with additional corrections
for 16 B,NxHy, compounds wittx = 2, 3 andy > 2x. These
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