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to covalent bonding transformation

1 *
Radu Custelcean ', James E. Jackson
Department of Chemistry, Michigan State University, East Lansing, MI 48824-1322, USA
Received 23 July 2001; received in revised form 15 October 2001; accepted 18 October 2001

Abstract

Solid-state decomposition of the dihydrogen-bonded complex LiBH,- TEA (TEA: triethanolamine) into a covalent material
was probed via ''B MAS NMR and FT-IR spectroscopies, as well as single-crystal and powder X-ray diffraction and optical
microscopy. Based on variable-temperature kinetic analysis and H/D exchange experiments, H, loss appears to occur via rate-
limiting proton transfer from the TEA’s —OH groups to the BH, anions at the reactant/product interface. The activation
parameters AH' = 84 & 10 kJ/mol and AS* = —70 £ 26 J/(mol K) are comparable to those found for neutral aqueous
hydrolysis of BH, ™, suggesting similar mechanisms for the solid and solution decompositions. © 2002 Elsevier Science

B.V. All rights reserved.
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1. Introduction

Organic solid-state reactions have been reported to
occur since the beginning of organic chemistry. Woh-
ler’s famous transformation in 1828 of ammonium
cyanate into urea was proven to take place both in
solution and solid state [1]. However, it was not until
relatively recently that this discipline has developed
into a mature field, with the invaluable assistance of
physical methods like X-ray crystallography, optical
and electronic microscopies, thermal analysis, and
solid-state NMR spectroscopy. A fundamental differ-
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ence between the reactivity in fluid and solid phases is
that while the former is dominated by the electronic
properties of molecules, reactivity in solids is a bal-
ance between packing and electronic effects. In the
solid state, the reactants are usually locked in a fixed
orientation with relatively low mobility, and conse-
quently the intrinsic reactivity of the molecules is
often less important than their spatial arrangement
relative to the neighboring molecules in the crystal.
Reactions under such geometrical control can there-
fore be highly selective, leading sometimes to pro-
ducts and materials otherwise inaccessible [2]. The
first to recognize this powerful concept was G.M.J.
Schmidt, who in the 1960s articulated the “topochem-
ical” principle of lattice control over the course
of solid-state reactions and stereochemistry of the
products [3]. This approach has ever since been exten-
sively exploited for the assembly of both small mole-
cules and extended covalent networks with controlled
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topologies [4]. However, its major disadvantage is the
lack of solid-state reactivity in many systems due to
misalignment of the reactive functionalities in their
crystals. This obstacle can, in favorable cases, be
surmounted by carefully designing the structures
and solid-state reactivities of the initial molecular
solids [5]. However, with the crystal engineering field
still in its infancy, the development of solid-state
reactive organic systems of even relatively low com-
plexity remains challenging and time-consuming.

We have recently developed a general strategy for
the topochemical assembly of covalent materials by
conveniently exploiting the unconventional O-
H---H-B hydrogen bonds (dihydrogen bonds) [6]
between —OH groups and BH,  anions, representing
the protonic and hydridic partners, respectively [7].
The intrinsic ability of these dihydrogen-bonded sys-
tems to lose H, in the solid state, and trade the weak
H---H interactions for strong O-B covalent bonds
(Scheme 1), makes this strategy a practical approach
toward solid-state synthesis of new covalent materials
with desired architectures and functions.

Our initial efforts toward the topochemical assembly
of covalent materials using dihydrogen bonds have con-
centrated on the investigation of solid-state structures
and reactivities of triethanolamine (TEA) complexes
with various metal borohydrides (MBH;X-TEA,;
M = Na, Li; X = H, CN) [7b—d]. A 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.
Thus, within this series, the LiBH4-TEA (1) complex
proved to be particularly reactive, presumably because
of the strong complexation by the Li* cation, which, in
turn, was translated into enhanced acidity of the OH
groups, and consequently extremely short H- - -H con-
tacts [7d]. This fact, in conjunction with the high
melting point of 1, allowed us to address the detailed
mechanism of these dihydrogen to covalent bonding
transformations both at the macroscopic and the mole-
cular levels [7b].

ll BH3
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'
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2. Experimental

FT-IR spectra were measured in KBr pellets
on a Perkin-Elmer Spectrum 2000 instrument. ''B
(128.33 MHz) solid-state MAS NMR spectra were
recorded on a Varian VXR-400 instrument, using solid
boric acid as reference. X-ray powder diffraction
measurements were conducted on a Rigaku-Denki
RW400F2 diffractometer with monochromatic Cu
Ko radiation, operated at 45 kV and 100 mA. Optical
micrographs were obtained with a Nikon AFX-DX
microscope equipped with a Mettler FP82HT hot
stage. Analysis of the hydridic content was done by
titration with dilute HCI and volumetric measurement
of the H, evolved.

2.1. In situ "B MAS solid-state NMR

All spectra were recorded at a MAS frequency of
3.8 kHz, using 2.0 ps /2 pulses, with a recycle delay
of 5, to allow full relaxation of all boron species
[8]. For each experiment, 48 scans were acquired.
The observed spectra were deconvoluted into Lorent-
zian lines, and the ratios of the resulting integrals,
corresponding to product and starting material, res-
pectively, were used to estimate the extent of decom-
position.

2.2. H/D isotope exchange experiments

Aliquots of 0.1-0.3 g of LiBH4TEA-d; were
heated under dry Ar at 85-110 °C, monitoring the
decompositions by H™ analysis. The partly or fully
decomposed samples were analyzed by IR (KBr) and
'"HNMR (CH;CN-d5). No signals for the vgp in the IR
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or for OH in 'H NMR spectra were observed through-
out the reaction.

3. Results and discussion

The crystal structure of 1 consists of {Li"(TEA)},
dimers interconnected by dihydrogen bonds between
the OH groups from TEA and hydridic hydrogens
from BH, anions, forming a one-dimensional
extended network (Fig. 1). Solid-state decomposition
of 1 at 120 °C under an Ar atmosphere for 1h
resulted in an insoluble refractory material. Based
on the crystal structure of 1, the finding that
three moles of H, were lost per mole of initial
complex (based on chemical analysis and TGA),
and the solid-state ''B MAS NMR spectrum, which
showed a single peak at 6 = —4.6 ppm (relative to
B(OH);), we proposed a one-dimensional polymeric
trialkoxyborohydride structure for the final decom-
posed covalent product (2).

The formation of 2 appears to be topochemical, since a
polymeric borate and unconverted LiBH, resulted
from decomposition in DMSO solution. This outcome
is not unexpected, as the intermediate BH (OR)4_,~
species are usually more reactive than BH, , and
prone to disproportionation. For comparison, no such
disproportionation occurs during the solid-state
decomposition, as demonstrated by H/D isotopic
labeling experiments [7b]. The X-ray powder pattern

Fig. 1. X-ray crystal structure of 1.

of 2 exhibits two broad peaks, indicating some degree
of long-range organization. However, further anneal-
ing at 120 °C induced complete loss of order, pointing
out the metastable nature of this topochemically gen-
erated material.

Fig. 2 presents typical optical micrographs showing
crystals of 1 at different stages of decomposition
at 110 °C. The initial transparent crystals gradually
became opaque as the reaction progressed 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 proceed uniformly in the crystal bulk. The size
and morphology of the crystals remained virtually
unchanged during decomposition, practically eliminat-
ing the possibility of melting. However, when decom-
position was examined with polarized light, a gradual
disappearance of crystallinity could be observed.

As thermally initiated solid-state reactions that
yield both solid and gaseous products, decomposi-
tions of 1 and other dihydrogen-bonded systems are
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Fig. 2. Optical microscopic view (transmitted light) of LiBH4-TEA solid-state decomposition: (a) initial crystal; (b) 10 min at 110 °C; (c) final

decomposed crystal.

complex processes involving not only chemical steps
such as breaking and formation of bonds, but also
physical transformations like destruction of the initial
lattice, reactant/product solid solution formation (with
possible separation of the product phase), diffusion
and desorption of H,, and heat transfer. We were
particularly interested in the mechanism of the
solid-state 1 — 2 transformation at the molecular
level, which besides its relevance to the future design
of topochemically controlled reactions, is also impor-
tant for a better understanding of such fundamental
processes as proton transfer or covalent bond forma-
tion, extensively studied in the gas phase or solution,
but considerably less in the solid state. Since conven-
tional solid-state kinetic analyses (based on monitor-
ing the mass loss, heat exchanged, or evolution of
volume or pressure) typically yield overall kinetic
parameters, which in most cases cannot be associated

with particular steps of the global process [9], we
opted for a more chemically specific technique for our
mechanistic study. Thus, in situ ''B solid-state MAS
NMR spectroscopy proved to be particularly conve-
nient for monitoring our system. Only the initial BH, ™
and the final trialkoxyborohydride could be detected
throughout the reaction, presumably because of the
short lifetime of the intermediate mono- and dialkox-
yborohydride species. Integration of the two well-
separated peaks allowed for direct measurement
of the reaction extent, independent of other physical
transformations that accompanied the chemical
process.

We studied the solid-state decomposition of 1 at
temperatures between 105 and 120 °C, using
LiBH4 TEA samples from the same batch for each
experiment to eliminate any possible error introduced
by sample variation. The resulting conversion—time
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Fig. 3. Conversion () vs. time curves for the solid-state decomposition of 1: (@) 105 °C; ([J) 110 °C; (A) 115 °C; (x) 120 °C.
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curves (Fig. 3) have the typical sigmoid shape
characteristic for most solid-state decompositions
of the type Agolia — Bsolia + Cgas [10]. The short
induction period is followed by a rapid increase in
reaction rate up to the inflection point, after which
time, the rate decreases monotonically to zero. This
pattern is almost universally associated with the
initiation of reaction at specific sites followed by
the growth of nuclei, with the reaction mostly con-
fined to the product/reactant interface. The kinetics is
therefore controlled by the number of nuclei present
and the total area of the expanding interface. After the
inflection point, the growing nuclei start to coalesce,
slowing the decomposition rate as the interfacial area
decreases, until the reaction eventually stops.

Different kinetic models with their corresponding
equations g(o) = k¢ (where o = fractional conver-
sion) have been elaborated to account for various
solid-state decomposition mechanisms [9,10]. Among
them, the most common are the Avrami-—Erofeev
Eq. (1) and the phase boundary model (2):

[In(l — o))" =kt, n=1-4 (1)
1-(1—)" =k, n=1-3 2)

The first one corresponds to a nucleation and growth
mechanism, while the second is associated with an
inward advancement of the reaction interface from the
crystal’s edges. It should be pointed out, however, that
very often there is no single model that can acceptably
describe the whole conversion range, as different
mechanisms may operate for different stages of
decomposition. The agreement of our data to Eqgs.
(1) and (2) as well as to other models for solid-state
decompositions [9,10] were compared, and the best
match was found for a nucleation and two-dimen-
sional growth mechanism. The corresponding plots
of [~In(1 — «)]"/? against time for different tempera-
tures studied are presented (Fig. 4), together with the
obtained rate constants k, the correlation coefficients
of the linear regression analysis R2, and the conversion
ranges for which the Avrami—Erofeev law is obeyed
(Table 1). It could be speculated that the two-dimen-
sional expansion of nuclei might originate in the
crystal structure of 1, consisting of one-dimensional
dihydrogen-bonded ribbons linked by conventional
H-bonds in overall extended layers. Once decomposi-
tion has started, it is more likely it will propagate
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Fig. 4. Plots of the Avrami-Erofeev law, [~In(1 — «)]"/? against
time, for the solid-state decomposition of 1: () 105 °C; (1)
110 °C; (A) 115 °C; (x) 120 °C.

within the same layer, where the H-bonding network
is disrupted, weakening thus the compactness of the
crystalline environment. By comparison, a similar
mechanism, but with a three-dimensional growth
of nuclei (n =3), gave a worse match (average
R? = 0.9852 versus 0.9984 for n = 2). However, a
totally unambiguous choice of the reaction model is
practically impossible based solely on the existing
kinetic data [11], and additional high resolution micro-
scopy studies would be necessary to validate the
assigned mechanism. For the late stages of decom-
position, although the two- or three-dimensional con-
tracting mechanisms (Eq. (2)) fit somewhat better than
other decomposition models, they do not provide an
acceptable description of our data. The measured rate
constants for the solid-state decomposition of 1 at
temperatures between 105 and 120 °C obey the Arrhe-
nius equation (R*> = 0.9755), as illustrated by the
linear dependence of log k against 1/T (Fig. 5). For
comparison, when the rate constants were derived
from a three-dimensional growth model, a much

Table 1

Rate constants (k) for the solid-state decomposition of 1, calculated
from the Avrami-Erofeev law for nucleation and two-dimensional
growth in the specified conversion ranges, together with the
correlation coefficients of the linear regression analysis (R)

Temperature k (x 10* min~") Conversion R?
“O) range

105 37+ 1.4 0.284-0.681 0.9980
110 56 + 2.6 0.090-0.480 0.9988
115 66 + 2.8 0.224-0.606 0.9979
120 111 £ 09 0.064-0.531 0.9990
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Fig. 5. Arrhenius plot for the solid-state decomposition of 1 at 105-120 °C.

worse linearity of the Arrhenius equation was obtained
(R? = 0.9262), which substantiates once again the
proposed two-dimensional growth mechanism. An
activation energy of 88 £ 10 kJ/mol for the solid-state
decomposition of 1 can be estimated from our data.
Similarly, using the Eyring equation, the activation
parameters for decomposition, AH” and AS#, were
calculated to be 84 £ 10kJ/mol and —70+£261J/
(mol K), respectively.

An alternative approach for the kinetic analysis of
solid-state reactions, which avoids the ambiguity and
subjectivity associated with the model-fitting meth-
ods, is the isoconversional method, applied under
isothermal or nonisothermal conditions [9,11,12].
This strategy allows the estimation of the activation
energy without assuming a particular reaction model,

and is particularly convenient for analysis of noni-
sothermal data such as that obtained from DSC and
TGA experiments. Under the isothermal regime, the
activation energy at a particular conversion, E,, can be
evaluated using Eq. (3) [11,12]:

—Int,; =1In {ﬁ}

While in some cases it can unmask the complexity of
the solid-state process studied, one inconvenience of
this method is that the obtained activation energy
typically varies significantly with the extent of reac-
tion, which complicates the interpretation of the
kinetic data. We applied Eq. (3) to our data, and
the resulting E, versus o plot is illustrated in Fig. 6.
The activation energies thus obtained are, within
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Fig. 6. Variation of activation energy with conversion for the solid-state decomposition of 1, obtained by isoconversional method.



R. Custelcean, J.E. Jackson/Thermochimica Acta 388 (2002) 143—150 149

H
/ BHg BH
M ° ,BHs
0 o H, 0
1 .' i
: : 2 -'
N'—----,L‘i+ SIOW N------ L|+ faSt N"--':L\i+
% . % - 2 4
«,,__I,'__‘? 2 ’//__,'__‘?
'1' I ,'l
o) H of H Q 4
\ \ \
H H H
1

Fig. 7. Proposed mechanism for the first B-H- - -H-O to B-O transformation in 1.

experimental errors, generally comparable with the
value calculated using the model-fitting method.
Since the kinetic measurements were done by in situ
"B NMR spectroscopy which allowed direct moni-
toring of the appearance of the final trialkoxyborohy-
dride product, independent of other physical processes
such as nucleation, phase separation, or diffusion and
desorption of H,, and considering the fact that no
phase transition occurred prior to decomposition, as
shown by powder X-ray diffraction, it is reasonable to
assume that the kinetic parameters found in this study
are directly related to the chemical transformations
responsible for decomposition. Moreover, the present
activation parameters are comparable with the activa-
tion enthalpy of 86 &+ 4 kJ/mol and activation entropy
of —93 + 13 J/(mol K) found for the hydrolysis of
BH,  in neutral water, and associated with the rate
limiting proton transfer step [13]. However, the
mechanism could be different in the solid state, with
the H, evolution slowed down by the crystal con-
straints, possibly becoming the rate-determining
step. To address this question, we studied the solid-
state decomposition of LiBH4-N(CH,CH,OD);, the
analogue of 1, with the OH groups deuterated. H/D
exchange between BH, ™ and OD groups of the TEA is
expected for a scheme involving fast, reversible proton
transfer followed by slow H; loss. However, no H/D
exchange was observed at any stage of decomposition,
under various conditions, as indicated by the IR or 'H
NMR of the partly or fully decomposed deuterated
complex. This experiment suggests that as in solution,
the proton transfer is slow compared to H; loss and B—
O covalent bond formation (Fig. 7). The measured
activation parameters for the solid-state decomposi-

tion of 1 can therefore be associated with the proton
transfer at the reaction interface. The reacting partners
in this region are presumably more flexible than in the
perfectly ordered environment of the undisturbed crys-
tal. The lower activation entropy found for this process,
compared to the similar reaction in water, could be
attributed to the pre-organization imposed by the dihy-
drogen bonding network in the crystal. Despite the
heterogeneous nature of decomposition, the topochem-
ical information is nonetheless transferred through the
interface, to the newly formed covalent product.

In summary, we have reported the first in-depth
mechanistic study of a topochemical dihydrogen to
covalent bonding conversion. In situ ''B MAS solid-
state NMR spectroscopy proved to be a very conve-
nient, chemically-specific technique, for measuring
the kinetics of this decomposition, providing insight
into the actual chemical transformations at the mole-
cular level, independent of other physical processes
that typically obscure the interpretation of kinetic
parameters. This technique may be generally suitable
for the study of other solid-state conversions, where
detailed information about the involved molecular
transformations are desired [14].
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