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Abstract: The first mechanistic investigation of a topochemical dihydrogen to covalent bonding conversion is
presented. Solid-state decomposition of the LiBHEA (TEA = triethanolamine) dihydrogen-bonded complex

into a covalent material was studied usitig solid-state MAS NMR, FT-IR, XRD, and optical microscopy.

The majority of this solid-state reaction occurs by nucleation and two-dimensional growth of the covalent
product nuclei. Variable-temperature kinetics and H/D exchange experiments established that proton transfer
between the OH groups of the TEA and the BHnions, at the reactant/product interface, is the rate-limiting
step, with an associated activation barrier of 2t.0.4 kcal/mol. The activation parameteks* andAS for

the same process were calculated to be 20.2.4 kcal/mol and-16.8 + 6.2 eu, respectively, comparable

with the analogous values found for the aqueous hydrolysis of BRI neutral water, suggesting similar
mechanisms for the solid and solution decompositions.

Dihydrogen bonding has long been recognized as a Lewis Scheme 1

acid—base interaction between hydridic hydrogens ofiM(M
= B, Ga, Ir, Mo, Mn, Os, Re, Ru, W) bonds and traditional
X—H (X = O, N, F, C) proton donors A detailed structural

and energetic characterization of these unconventional hydrogen

bonds was achieved with the help of IR and NMR spectroscopy
in solution? X-ray or neutron diffraction in the solid statend
theoretical calculations in the gas phdsRecent experimental

XH.  BHy ——— X-BHy + H
H
X=0,N

the implications of dihydrogen bonding in proton transfer have
also been reported.
The significance of this unusual and interesting interaction

and theoretical studies with an emphasis on the reactivity and extends, however, beyond its fundamental aspects. With strength
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and directionality comparable with those found in conventional
hydrogen bonding, dihydrogen bonds can serve as organizing
interactions to guide chemical reactions. Very recently we
exploited dihydrogen bonds to control reactivity and diastereo-
selectivity of borohydride reductions ef-hydroxyketones in
solution® Additionally, dihydrogen bonds, like conventional
hydrogen bonds, can serve as control elements in crystal
engineering. But unlike the classical kind, dihydrogen bonds
can topochemically react in the solid by, tbss, exchanging
the weak H--H interactions for strong covalent bonds (Scheme
1), and thus opening new routes to the rational assembly of
ordered, extended covalent materfals.

Our initial efforts toward the topochemical assembly of
covalent materials using dihydrogen bonds have concentrated
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on the investigation of solid-state structures and reactivities of
triethanolamine (TEA) complexes with various metal borohy-
drides (MBHX-TEA: M = Na, Li; X = H, CN)8abA few

key factors such as the relative acidity and basicity of the
protonic and hydridic partners and the melting points of these
dihydrogen-bonded complexes were recognized to be critical
for the solid-state chemistry of these systems. Now that the
topochemical assembly of covalent solids from dihydrogen-
bonded systems appears to be a viable concept, unlimited
applications of this new strategy are conceivable, offering access
to novel covalent materials with targeted structures and proper-
ties.

We seek a detailed understanding of the mechanism of these

topochemical bond-forming processes. In the complex LiBH
TEA (1), strong complexation by the tiions significantly
enhances the acidity of the OH groups, leading to extremely
short H--H contacts and high solid-state reactivity. This fact,
together with the high melting point df, allowed a detailed
study of this dihydrogen-bonded system and its topochemical
decomposition. The present report describes our results from
the systematic investigation of the solid-state decomposition of
1, with the aim of probing the mechanism of this topochemical
process both at the macroscopic and the molecular levels.

Results and Discussion

Solid-State Decomposition of LiBH-TEA (1). A. General
Characterization. The synthesis and solid-state structuréd of
as well as a succinct description of its decomposition, have been
previously reporte@ The crystal structure df consists of Li*-
(TEA)}, dimers interconnected by dihydrogen bonds between
the OH groups from TEA and hydridic hydrogens from BH
anions, forming one-dimensional extended ribbons. A total of
ten H--H short contacts are present, six from one,Btnd
four from another, with H-H contact distances ranging between
1.62 and 2.28 A. The smallest two distances of 1.62 and 1.67
A represent the shortest-HH contacts reported so far for
dihydrogen bonds. They appear to be the result of the strong
complexation of the OH groups by the'Ltations, which in
turn increases the acidity of the corresponding protons, as well
as the solid-state reactivity of this system. The decomposition
was induced thermally at 12TC under an Ar atmosphere. In
about 1 h the complex was completely decomposed, with the
formation of an insoluble refractory material. On the basis of
the crystal structure df, the finding that 3 mol of Hwere lost
per mole of initial complex (on the basis of chemical analysis
and TGA), and the solid-statéB MAS NMR spectrum, which
showed a single peak at—4.6 ppm (relative to B(OH), we
proposed a one-dimensional polymeric trialkoxyborohydride
structure for the final decomposed covalent prod@g{Figure
1). The formation of2 appears to be topochemical, since a
polymeric borate and unconverted LiBFesulted from decom-
position in DMSO solution. This outcome is not unexpected,
as the intermediate BOR)-x~ species are usually more
reactive than BhlI", and prone to disproportionation. What is
surprising is that between the IR spectrumlaind 2, the vgy
differs significantly (Table 1). For referenagy for BH(OCHg)s~
and BH,~ are very similar in THF (2210 and 2220 cf
respectively, for L)% and virtually identical in the solid state
(2250 cnr! for Na®),®® and we found the same similarity
between NaBi# TEA and its trialkoxyborohydride decomposi-

(9) (@) Ashby, E. C.; Dobbs, F. R.; Hopkins, H. .Am. Chem. Soc.
1975 97, 3158. (b) Kadlec, V.; Hanzlik, Lollect. Czech. Chem. Commun.
1974 39, 3200.
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Figure 1. Schematic representation of the topochemical decomposition
of 1 to the proposed trialkoxyborohydrid@ The five most significant
H---H interactions are illustrated.

Table 1. IR Data for LiBH,TEA (1), LIBD4TEA (14),

LiBH 4(50%DY}TEA (1b), and Their Corresponding Solid-State
Decomposition Product®, 2a, and2b (LiBH4 is included for
comparison)

IR vgH (BD) (Cmfl)

1 2231, 2290, 2369
2 initial 2171, 2247, 2301
annealed 2340, 2368
la 1652, 1704
2a initial 1656
annealed 16%5
1b 1649, 1703, 1752
2226, 2292, 2384
2b initial 1656
2169, 2247, 2291
annealed 1683
2340, 2369
LiBH 4 2219, 2301, 2378

aUncertain value due to the low intensity of the absorption and
overlap with other vibration modes.

tion product®® However, theoretical calculations at the RHF/
6-31G* level predict a significant red shift in thgy when
going from BH,~ (2362 cn?) to BH(OCHs)s~ (2190 cnrl).
On the other hand, the solid-stdte MAS NMR chemical shifts
for 2 and1 are almost identical (Table 2).

As depicted in Figure 1, pairs of trialkoxyborohydrides are
presumably present i Disproportionation into dialkoxyboro-
hydride and borate is therefore conceivable in principle. For
instance, in LIBH(OCH)s, slow disproportionation into LiBk
(OCHs), and LiB(OCH)4 was observed in THE10 Table 2
presents the experimentdB NMR chemical shifts for the
BHx(OCHgs)s—x~ (X = 0—4) anions, for comparison with the
experimental data found f&. Unfortunately, we did not find
any NMR data in the literature referring to B{@CHs),~. We
therefore calculated théB NMR chemical shifts for the same
series at the RHF/6-31G* level (Table 2), finding good
agreement between the experimehitéd’and calculated values

(10) Brown, H. C.; Mead, E. J.; Shoaf, C.J.Am. Chem. Sod.956
78, 3616.
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Table 2. NMR Data for BH(OCH;s)s—x, 1, and?2
1B NMR 63(ppm)

calcd exptl Li NMR 8°(ppm)
BH,~ —50.7 —49.7 (solidy 1.5 (solid LiBH,)¢
—49.5 (solidy
BH3(OCHs)~  —26.4 —25.1(THF) -
BH,(OCHs),~ —12.8 - -
BH(OCHz)s~  —10.8  —8.6 (THF) -
B(OCHs)s~ —14.9 —15.2(CHOH)} -
—13.0 (THFJ
1 - —48.0 (solidy 2.8 (solid)
2, initial - —3.9 (solid) 3.1 (solid)
2, annealed —2.6 (solid) 1.0 (solid)

2 Relative to B(OCH)s. P Relative to LiCl.¢ Reference 8 Refer-
ence 8b¢ Reference 11d.Reference 11b.

for the known BH(OCHs),—x~ anions. Compared to these
values, however, our decomposed borohydrides exhibitiues

that are consistently shifted downfield. For example, decom-

position of1 or of its Na analogue in DMSO yielded polymeric
borates which showeldB solid-state MAS NMR peaks at5.2
and —4.3 ppm?2 respectively, significantly different from the
corresponding values in B(OGH™~. Similarly, for a recently

J. Am. Chem. Soc., Vol. 122, No. 22, 2683

. =
Figure 2. Structure of LIBH(OCH); optimized at the RHF/6-31G*
level, with the interatomic distances in A.

ation occurs during the solid-state decompositiof, @fs a result
of the isolation and reduced mobility of the borohydride units
in 1 and2.

The X-ray powder pattern o2 exhibits two broad peaks,
indicating some degree of long-range oréftwe attempted to
enhance the crystallinity of this material by annealing at 120

studied borate whose structure was confirmed by X-ray crystal- °C under Ar. This process, however, induced a decrease in the

lography to be of the type B(OR)H™~, we obtained & value
of —6.8 ppm!2 which is again considerably different from the
calculated value 0f~14.9 ppm in B(OCH)sOH~. However,
for the solid-state decomposition prod@and its Na analogue,
we observed) values of—3.9 and—6.4 ppm!2 respectively,

XRD peaks of2, until they completely disappeared after
approximately 2 weeks While the hydridic content remained
unchanged (one H, the'B and’Li MAS NMR chemical shifts
moved 1.3 and 2.1 ppm downfield and upfield, respectively
(Table 2). These changes point up the metastable nature of this

in better agreement with the corresponding experimental value topochemically controlled product. Moreover, the appearance

of —8.6 ppm in BH(OCH)3~. The only possibilities that can

of the BH stretching region in the IR spectrum changed

be ruled out unambiguously based on the available data are theconsiderably (Table 1) and apparently irreversibly, as the BH

presence of BEOR)™ or BHs~ in 2, which would display
distinctive chemical shifts arounet26 or —50 ppm, respec-
tively. The chemical shifts for the other alkoxyborohydride

stretching absorptions did not revert to the original values even
after 8 months at room temperature. 8y shift to shorter
wavelengths in metal borohydrides generally indicates a stronger

species are too close to each other for a safe conclusion to beBH™*--M™ interaction* and therefore a similar situation could

drawn. It would be very difficult to distinguish, especially in
the solid state, between a BH(QR}structure and a 1:1 mixture
of BH2(OR),~ and B(OR)~ that would result from dispropor-
tionation.

be present ir2. The observed shifts in the solid-std#® and

Li MAS NMR spectra are in agreement with this supposition.
On the other hand, no disproportionation seems to have
occurred, since again the IR spectrum of annealed basically

An experiment that would possibly differentiate between the a summation of the corresponding spectraZ@nd2a (Table

two possibilities is to decompose a sampleldahat contains

1). The result of a topochemical reaction, the structur2wés

50% deuterated borohydride. If any disproportionation occurred very likely controlled by kinetic factors, and its subsequent

during decomposition, mixed BHD(OR)species would result,
which should display IR bands significantly different from those
of BH2(OR),” and BDy(OR),". Ab initio calculations at the
RHF/6-31G* level predict the BH and BD stretching frequencies
in BHD(OR),™ to be shifted by—10 and—53 cnt?, respec-
tively, relative to the corresponding values in dialkoxyborohy-

annealing presumably allowed structural relaxation into a
thermodynamically more stable arrangement in which the
oppositely charged BH(OR) and Li* units are closer in space.
The profound modifications in the IR spectrum ®fand the
relatively small downfield shift in it$'B NMR spectrum are

in good qualitative agreement with a BH(Og)kt++-Li™ model,

dride or -borodeuteride, respectively. We first synthesized the whose optimized structure at the RHF/6-31G* level is shown

reference LIBQ-TEA (1a). The solid-state decomposition
product resulting from this materia24) exhibits thevgp at 48
cm™! lower than the starting compourtth (Table 1). This
change is comparable with the corresponding shift48 cnr?
accompanying thé to 2 transformation. We then obtained the
50% deuterated complexlf), starting from a 1:1 mixture of
LiBH, and LiBD, in THF, by precipitation with TEA. It exhibits
vey andvgp values that are very similar to the corresponding
values inl andla(Table 1). The IR spectrum of its solid-state
decomposition product2p) is virtually identical with the

in Figure 2. Itsvgy frequency (scaled by 0.9%)is estimated at
2418 cnrl, comparable with the 2368 crhvalue found in2
after annealing. Th&B NMR 6 value of—10.7 ppm calculated
for this model structure is virtually identical with the corre-
sponding value in BH(OCH);~, predicting that the above-
mentioned interaction with tishould have minimal influence
over thel’B NMR chemical shift.

B. Mechanistic Study. There are a few fundamental issues
to be considered regarding the mechanism of the topochemical

(13) This transformation occurs faster4 days) if 2 is heated as a

spectrum obtained by addition of the spectra corresponding to suspension in DMSO.

2 and2a (Table 1). This result suggests that no disproportion-

(11) (a) Onak, T. P.; Landesman, H.; Williams, R. E.; Shapird, Phys.
Chem. 1959 63, 1533. (b) Golden, J. H.; Schreier, C.; Singaram, B.;
Williamson, S. M.Inorg. Chem.1992 31, 1533.

(12) Corrected by-0.7 ppm for adjustment to the B(OGH referencéla

(14) (a) Price, W. CJ. Chem. Physl949 17, 1044. (b) Volkov, V. V;
Sobolev, E. V.; Grankina, Z. A.; Kalinina, I. Russ. J. Inorg. Chen1968§
13, 343. (c) Marks, T. J.; Kennelly, W. J.; Kolb, J. R.; Shimp, L.lAorg.
Chem.1972 11, 2540.

(15) This scaling factor was obtained by comparison of the theoretical
and experimental values of the strongest absorption in BH
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decomposition ofl in particular, and of dihydrogen-bonded
complexes in general. As for many other solid-state reactions,
conventional concepts such as concentration, reaction order, or
molecularity have little applicability here. More relevant in this
context are the appearance and morphological evolution of the
product phase, as well as its compatibility and “solubility” in
the reactant phasé As thermally initiated solid-state reactions
that yield both solid and gaseous products, decompositions of
1 (and other dihydrogen-bonded systems) are complex processes
involving not only chemical steps such as breaking and
formation of bonds but also physical transformations such as
destruction of the initial lattice, reactant/product solid solution
formation (with possible separation of the product phase),
diffusion and desorption of §l and heat transféf:l” The a
variations in the crystals’ morphology are of particular interest
as they can provide critical information about the mechanism
of decompositio®17 The mechanism of this solid-state
decomposition at the molecular level is particularly relevant for
the successful design of the next generation of dihydrogen-
bonded systems, and also for a better understanding of such
fundamental processes as proton transfer or covalent bond
formation, extensively studied in the gas phase and solution,
but considerably less in the solid state.

Figure 3 presents typical optical micrographs showing crystals
of 1 at different stages of decomposition at °I0 The initial
transparent crystals gradually become opaque as the reaction
progresses toward completion, suggesting the separation of a
new phase. There is no visible reaction front advancing through
the crystal; instead, the process appears to start randomly and b
proceed uniformly in the crystal bulk. The size and morphology
of the crystals remained virtually unchanged during decomposi-
tion, practically eliminating the possibility of melting. However,
when decomposition was examined with polarized light, a
gradual disappearance of crystallinity could be observed.

When decomposition df was monitored in situ b¥'B solid-
state MAS NMR spectroscopy, no other boron species than the
initial BH,~ and the final trialkoxyborohydride could be
detected, probably because of the increased reactivity and the
short lifetime of the intermediate mono- and dialkoxyborohy-
drides. Integration of the two well-separated peaks proved to
be a suitable way to measure the extent of the solid-state
decomposition, and thus to study the kinetics of this topochemi-
cal reaction independent of other physical transformations that
occur during the process. We studied the solid-state decomposi-_ ) ) o ) ) )
tion of 1 at temperatures between 105 and 12Qusing LiBHy: Flg_ure 3. Typical microscopic V|_ev_v_(transm|tted light) of_LlEzHrEA
TEA samples from the same batch for each experiment to solld-stat.e decomposition: (a) initial crystall, (b) 10 min at *@)
eliminate any possible error introduced by sample varidfion. and (c) final decomposed crystal. Scale bar: 400

The resulting conversiontime curves (Figure 4) have the 5 1 the inflection point, after which time the rate decreases
typical sigmoid shape characteristic for most solid-state decom'monotonically to zero. This pattern is almost universally

positions of the type Aia — Bsoia + Cgas'®'’ The short  aegqciated with the initiation of reaction at specific sites followed
initiation period is followed by a rapid increase in reaction rate by the growth of nuclei, with the reaction mostly confined to

(16) (a) Hannay, N. BReactiity of Solids Treatise On Solid State  the product/reactant interface. The kinetics is therefore controlled
Chemistry; Plenum Press: New York, 1976; Vol 4. (b) Curtin, D. Y.; Paul, by the number of nuclei present and the total area of the

I. C.; Duesler, E. N.; Lewis, T. W.; Mann, B. J.; Shiau, WMol. Cryst. expanding interface. After the inflection point, the growin
Lig. Cryst. 1979 50, 25. (c) Paul, I. C.; Curtin, D. YAcc. Chem. Res. pl . 9 | : lowi he d P . 9 gh
1973 6, 217, (d) Gaiwey. A. K.Pure Appl. Chem1995 67, 1809. (6) nuclei start to coalesce, slowing the decomposition rate as the

Dunitz, J. D.Acta Crystallogr.1995 B51, 619. (f) Vyazovkin, S.; Wight, interfacial area decreases, until the reaction eventually stops.
g- 'JA- éﬂnu-gﬁ- ﬁxyfég;ig?gg,?‘é&(g% (gl) Vﬁl%_vkln, S.ijwlcglr:\t, C. Different kinetic models with their corresponding equations
. J. Phys. Chen¥ , . pple, M.; Troger, LJ. Chem. : - B
Soc., Dalton Trans1996 11. (i) Shin, S. H.; Cizmeciyan, D.; Keating, A. haV?_ been e|ab0_rat6d to account for various solid-state decom
E.; Khan, S. I.; Garcia-Garibay, M. A. Am. Chem. S04997, 119, 1859. position mechanisms. Among them, the most common are the
(17) (a) Sekiguchi, K.; Shirotani, K.-1.; Sakata, O.; Suzuki,Ehem. Avrami—Erofeyev equation (eq 1) and the phase boundary model

Pharm. Bull. 1984 32, 1558. (b) Tanaka, H.; Koga, N.. Phys. Chem. (eq 2)16,17
1988 92, 7023. (c) Koga, N.; Tanaka, H. Phys. Cheni994 98, 10521. ’
(18) We noticed a significant variation in decomposition rates among
different samples, a feature characteristic of many solid-state reattiths. [-In1— o))"=kt n=1-4 1)
See also: Brill, T. B.; Gongwer, P. E.; Williams, G. K. Phys. Chem. n
1994 98, 12242. 1-1-o) "=kt n=1-3 (2)
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Table 3. Rate Constantk for the Solid-State Decomposition @f
Calculated from the AvramiErofeyev Law for Nucleation and
Two-Dimensional Growth in the Specified Conversion Ranges,
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Figure 7. Variation of activation energy with conversion for the solid-
state decomposition df, obtained using the isoconversional method.

= 3), gave a worse match (&? = 0.9852 vs 0.9984 fon =
2). For the late stages of decomposition, however, although the

Together with the Correlation Coefficients of the Linear Regression 2D or 3D contraction mechanisms (eq 2) fit somewhat better

Analysis R? o .
nayysis _ _ than other decomposition models, they do not provide an
temp(C)  k(min™) x 10"~ conversionrange R acceptable description of our data.
105 37+ 1.4 0.284-0.681 0.9980 The measured rate constants for the solid-state decomposition
ﬁg ggi g-g 8-2328232 8-8333 of 1 at temperatures between 105 and 1Z0° obey the
120 1111 0.9 0.064-0.531 0.9990 Arrhenius equationRe = 0.9755), as illustrated by the linear

dependence of logagainst 1T (Figure 6). An activation energy
of 21.0+ 2.4 kcal/mol for the solid-state decomposition lof
can be estimated from our data. Similarly, using the Eyring
equation, the activation parameters for decompositiait, and

The first one corresponds to a nucleation and growth mecha-
nism, while the second is associated with an inward advance-

ment of the reaction interface from the crystal’s edges. It should
be pointed out, however, that very often there is no single model AS', were calcglated 1o be 20 2.4 kcal/mol and-16.8+
6.2 eu, respectively.

that can acceptably describe the whole conversion range, as An alternative approach for the kinetic analysis of solid-state
different mechanisms may operate for different stages of reactions is the isoEgnversional method, a| Iie)éi under isothermal
decomposition. The agreement of our data to eqs 1 and 2 as » app

well as to other models for solid-state decompositi®i&was or nonisothermal conditior§"9 This strategy allows the estima-
compared, and the best match was found for a nucleation andt'on of the activation energy without assuming a particular

: : - : reaction model, and is particularly convenient for analysis of
two-dimensional growth mechanism. The corresponding plots : ’ .
of [~In(1 — o)]¥2 against time for different temperatures studied nonisothermal data such as that obtained from DSC and TGA

are presented (Figure 5), together with the obtained rate pr:rrtlir;]ljgrséc?nr:/ier;ilgr%he(rzgr?lbrsg;\r/naelijgzz daﬁg}/ﬁtlzr&%?ergy at
constantg, the correlation coefficients of the linear regression P @ 9 )
analysisR?, and the conversion ranges for which the Avrami 3)
Erofeyev law is obeyed (Table 3). It could be speculated that

The major disadvantage of this method, however, is that the

the two-dimensional expansion of nuclei might originate in the
crystal structure of, consisting of one-dimensional dihydrogen- ) fodl : -t |

bonded ribbons linked by conventional H-bonds in overall ©btained activation energy varies significantly with the extent
extended layers. Once decomposition has started, it is more (19 At temperatures above 12G, the solid-state decomposition bf
likely it will propagate within the same layer, where the becomes faster than predicted by the Arrhenius equation. A possible
H-bonding network is disrupted, weakening thus the compact- explanation is that the dissipation of the resulting heat becomes too slow
ness of the crystalline environn,1ent By comparison, a similar compared to decomposition rate, eventually leading to the autoacceleration

! k ! 5 k of reaction. No melting occurs even under these conditions, as verified by
mechanism, but with a three-dimensional growth of nuahei ( optical microscopy.

—Int,; = IN[Ag(a)] — E/RT,
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Figure 8. Proposed mechanism for the firsti---H—O to B—O
topochemical conversion if.

of reaction, which complicates the interpretation of the kinetic
datal®" We applied eq 3 to our data, and the resulfiiagrersus
o plot is illustrated in Figure 7. The activation energies thus

Custelcean and Jackson

reaction interface. The reacting partners in this region are
presumably more flexible than in the perfectly ordered environ-

ment of the undisturbed crystal. The lower activation entropy

found for this process, compared to the similar reaction in water,
could be attributed to the preorganization imposed by the

dihydrogen bonding network in the crystal. Despite the hetero-
geneous nature of decomposition, the topochemical information
is nonetheless transferred through the interface, to the newly
formed covalent produét.

Conclusions

Solid-state decomposition of the dihydrogen-bonded LiBH
TEA complex was investigated using IR and in situ solid-state
1B MAS NMR spectroscopies, optical microscopy, XRD, and
chemical analysis. After the initial topochemical loss of 3 mol
of Hy with the formation of a polymeric trialkoxyborohydride
covalent material, subsequent annealing at 1€0induced
additional structural modifications associated with the complete
disappearance of order, apparently accompanied by the migra-
tion of Li* cations into closer proximity to the negatively

obtained are, within experimental errors, generally comparable charged BH(ORY™ centers. Both the microscopic examination

with the value calculated using the model-fitting meti38d.
Since the kinetic measurements were done by in SBu
NMR spectroscopy, which allowed direct monitoring of the

appearance of the final trialkoxyborohydride product, indepen-

and the kinetics of decomposition indicate a heterogeneous
process with phase separation of the resulting covalent material.
A mechanism involving random nucleation followed by two-
dimensional growth of nuclei best fit the observed conversion

dent of other physical processes such as nucleation, phas@ime data?> The measured rate constants at temperatures

separation, or diffusion and desorption of,ldand considering

between 105 and 120C obey the Arrhenius law, and an

the fact that no phase transition occurred prior to decomposition, activation energy of 21.0+ 2.4 kcal/mol was found for

as shown by powder X-ray diffraction, it is reasonable to assume decomposition. The estimated activation paramet&k, and

that the kinetic parameters found in this study are directly related AS, of 20.1+ 2.4 kcal/mol and-16.8+ 6.2 eu, respectively,

to the chemical transformations responsible for decomposgtion. are comparable with the corresponding values reported for the
Moreover, the present activation parameters are comparable witheuytral aqueous hydrolysis of BH suggesting similar decom-

the activation enthalpy of 20.6& 1 kcal/mol and activation
entropy of—22.3+ 3 eu found for the hydrolysis of BH in

position mechanisms in solution and solid state. To all appear-
ances, these activation parameters correspond to rate-limiting

neutral water, and associated with the rate-limiting proton- proton transfer at the interface between the crystalline dihy-

transfer steg? However, the mechanism could be different in
the solid state, with the Hevolution slowed by the crystal

constraints, possibly becoming the rate-determining step. To
address this question, we studied the solid-state decomposition

of LiBH4N(CH,CH,OD)3, the analogue ofl, with the OH
groups deuterated. H/D exchange between Bihd OD groups

of the TEA is expected for a scheme involving fast, reversible

proton transfer followed by slow Hloss. However, no H/D

exchange was observed at any stage of decomposition, unde

various conditions, as indicated by the IRt NMR of the

partly or fully decomposed deuterated complex. This experiment
suggests that as in solution, the proton transfer is slow compareoJ

to H, loss and B-O covalent bond formation (Figure P The

drogen-bonded systetnand the newly formed covalent product
2.

In summary, we have reported the first detailed mechanistic
study of a topochemical dihydrogen to covalent bonding

transformation. More dihydrogen-bonded systems and their
solid-state decompositions need to be studied to probe the
generality of this analysis, and we continue to pursue this
fascinating subject, which adds new dimensions to the expanding
field of supramolecular chemistry, by building a bridge between

molecular crystals, self-assembled by weak intermolecular

nteractions, and extended, ordered covalent solids.

(23) We interpret our results using a stepwise mechanism for the solid-

measured activation parameters for the solid-state decompositiorstate decomposition based on analogy with the aqueous hydrolysis;of BH
of 1 can therefore be associated with the proton transfer at thein neutral water, and theoretical calculations supporting the existence of

(20) Analyses starting witho; initial times set at various extents of
reaction,a, yield differentE, values. For instance, wheg is set fora. =

the BH; intermediate (see, for example: Schreiner, P. R.; Schaefer, H. F.,
III; Schleyer, P. v. RJ. Chem. Physl994 101, 7625). In the solution the
four-center transition state could be unambiguously eliminated based on

0.1, the resulting activation energies vary between 14.9 and 24.1 kcal/mol. kinetic isotope effects and hydrolysis experiments in the presence of

In comparison, the AvramiErofeyev = 2) model analysis does not show

trimethylammonium ion (Davis, R. El. Am. Chem. S0d.962 84, 892),

much variation. Considering also the fact that it fits our data much better but in our solid-state system the possibility of a concerted mechanism cannot
than any other model, and is in agreement with the microscopic observationsbe ruled out. However, considering the similarity of the reacting partners

and available structural data far we think that the use of this model is
particularly appropriate for the present study.

(21) For other solid-state reactions where the kinetics are directly coupled
to chemical transformations see, for example: (a) Galwey, A. K.; Mohamed,

M. A. J. Chem. Soc., Faraday Trank985 81, 2503. (b) Son, S. F.; Asay,

B. W.; Henson, B. F.; Sander, R. K.; Ali, A. N.; Zielinski, P. M.; Phillips,

D. S.; Schwarz, R. B.; Skidmore, C. B. Phys. Chem. B999 103 5434.
(22) These values were obtained using Otbncentration data. When

pH data were used, slightly different values were obtaingH¥ = 22.1+

1 kcal/mol; ASF = —18.44 3 eu. See: Mesmer, R. E.; Jolly, W. Inorg.

Chem.1962 1, 608.

and the activation parameters found in our study and in solution, it appears
the same mechanism should apply for both.

(24) Analysis of a great number of solid-state reactions indicated that
there is no strong correlation between the chemical specificity and the overall
crystallographic order of the final solid phase. See: Gougoutas,Ruré.
Appl. Chem1971, 27, 305.

(25) Neither our failure to observe reaction fronts nor the fact that the
random nucleation model gives the best fit to the data preclude the possibility
that reaction is initiated at preexisting defects in the crystal. Indeed, the
observed sample-dependent variation in absolute rate of decomp®sition
may support the latter suggestion.
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Experimental Section room temperature for 2 h. The resulting precipitate was filtered and
1 . e 1 .y
FT-IR spectra were measured in KBr pellets on a Perkin-Elmer washed with THF. IR (KBr):vep = 1704, 1652 cm. Anal. hydridic

Spectrum 2000 instrumentB (128.33 MHz) and'Li (155.44 MHz) content: 3.90, 90% D based 8H NMR (DMSO-).
solid-state MAS NMR spectra were recorded on a Varian VXR-400  LiBH4(50% D)-TEA (1b). A mixture of 0.044 g (2 mmol) of LiBH
instrument, using solid boric acid and LiCl, respectively, as references; and 0.052 g (2 mmol) of LiBbwas dissolved in 12 mL of THF. TEA
a negative sign represents a chemical shift upfield from reference. X-ray (0.64 g , 4.3 mmol) was subsequently added and the mixture was stirred
powder diffraction measurements were conducted on a Rigaku-Denki under Ar at room temperature for 2 h. The resulting precipitate was
RWA400F2 diffractometer with monochromatic Cu Ka radiation, oper- collected and washed with THF. IR (KBrygp = 1752, 1703, 1649
ated at 45 kV and 100 mA. Optical micrographs were obtained with a cm™; vgy = 2384, 2292, 2226 cm. Anal. hydridic content: 3.80,
Nikon AFX-DX microscope equipped with a Mettler FP82HT hot stage. 54% D based oAH NMR (DMSO-ds).
Analysis of th.e hydridic content was done by titration with dilutgd HCI H/D Isotope Exchange ExperimentsAliquots of 0.1-0.3 g of
and volumetrl_c mea_surement qf the élolved. TEAd; was obtained LiBH,-TEA-ds were heated under dry Ar at 8810 °C, monitoring
by repeated dissolution of TEA inD (99.9% D) followed by removal
of the water at 85C under vacuum, until théH NMR (DMSO-ds)
signal for the OH protons completely disappeared. LiB®as
synthesized by metathegfsfrom NaBD, (98%D).

In Situ B MAS Solid-State NMR. All spectra were recorded at a
MAS frequency of 3.8 kHz, using 2.0 mg2 pulses, with a recycle

delay_of 5 s, to allow full relaxatlon_ of all boron specfészor each Acknowledgment. The support of the MSU Center for
experiment, 48 scans were acquired. The observed spectra were

deconvoluted into Lorentzian lines, and the ratios of the resulting ~undamental Materials Research (Grant R508) is gratefully

integrals, corresponding to product and starting material, respectively, aknowledged. We thank Professor Gregory L. Baker for

were used to estimate the extent of decomposition. making available the hot stage microscope and Mr. Kermit M.
Theoretical Calculations. All calculations were carried out with Johnson for assistance with solid-state NMR.

the GAUSSIAN 98 packagéat the RHF/6-31G* level. Each structure

was fully optimized and confirmed by vibrational analysis to be a JA994361U

minimum on the potential energy surface.
LiBH 4 TEA-ds. A mixture of 0.22 g (10 mmol) of LiBH and 1.4 (28) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb,

: : M. A.; Cheeseman, J. R.; Zakrzewski, V. G.; Montgomery, J. A.; Stratmann,
mL (10.3 mmol) of TEA€; in 30 mL of THF was stirred under Ar at R. E.. Burant, J. C.. Dapprich, S.. Millam, A. D.; Daniéls, A. D.. Kudin,

room temperature for 1 h. The resulting precipitate was filtered and x N strain. M. C.: Farkas. O.: Thomasi. J. Barone. V.: Cossi. M- Cammi

the decompositions by Hanalysis. The partly or fully decomposed
samples were analyzed by IR (KBr) afid NMR (CHsCN-ds). No
signals for thevgp in the IR or for OH in*H NMR spectra were
observed throughout the reaction.

washed with THF. Yield: quantitativéH NMR (CHsCN-d3): no OH R.; Mennucci, B.; Pomelli, C.; Adamo, C.; Clifford, S.; Ochterski, J.;
signal. IR (KBr): vop = 2516 cnTt. Anal. hydridic content: 4.06. Petersson, G. A.; Ayala, P. Y.; Cui, Q.; Morokuma, K.; Malick, D. K.;
LiBD 4 TEA (1a). A mixture of 0.065 g (2.5 mmol) of LiBpand Rabuck, A. D.; Raghavachari, K.; Foresman, J. B.; Cioslowski, J.; Ortiz, J.

0.4 g (2.7 mmol) of TEA in 8 mL of THF was stirred under Ar at V- Stefanov, B. B.; Liu, G.; Liashenko, A.; Piskorz, P.; Komaromi, |.;
9 ( ) Gomperts, R.; Martin, R. L.; Fox, D. J.; Keith, T.; Al-Laham, M. A.; Peng,

(26) Schlesinger, H. I.; Brown, H. C.; Hyde, E. K. Am. Chem. Soc. C. Y.; Nanayakkara, A.; Gonzalez, C.; Challacombe, M.; Gill, P. M. W.;
1953 75, 209. Johnson, B. G.; Chen, W.; Wong, M. W.; Andres, J. L.; Head-Gordon, M.;
(27) Eckert, H.Prog. Nucl. Magn. Reson. Sp992 24, 159. Replogle, E. S.; Pople, J. A.; Gaussian, Inc.: Pittsburgh, PA, 1998.




