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/Abstract: The lithiation of ethylenediamine by LiH is a step-
wise process to form the partially lithiated intermediates
LiN(H)CH,CH,NH, and [LiN(H)CH,CH,NH,]-
[LiIN(H)CH,CH,N(H)Lil, prior to the formation of dilithiated
ethylenediamine LiN(H)CH,CH,N(H)Li. A reversible phase
transformation between the partial and dilithiated species
was observed. One dimensional {Li,N,} ladders and three-di-
mensional network structures were found in the crystal

structures of LiN(H)CH,CH,NH, and LiN(H)CH,CH,N(H)Li, re-\
spectively. LiN(H)CH,CH,N(H)Li undergoes dehydrogenation
with an activation energy of 181+8 kJmol™', whereas the
partially lithiated ethylenediamine compounds were poly-
merized and released ammonia at elevated temperatures.
The dynamical dehydrogenation mechanism of the dilithiat-
ed ethylenediamine compounds was investigated by using
the Johnson-Mehl-Avrami equation. D

Introduction

Metalated amines, a class of organometallic compound, are
useful raw chemicals and catalysts in organic and organome-
tallic chemistry.™ In particular, lithiated amines play an indis-
pensable role in the widespread use of all other metalated
amines because these compounds are important reagents fre-
quently used to transfer the amido ligand in the synthesis of
other metalated amines throughout the Periodic Table. Lithiat-
ed amines are more stable and soluble than the other metalat-
ed amines and are powerful Brgnsted bases, which are the pre-
ferred bases for the formation of ketone enolates.” Ever in-
creasing research activities concerning the actions and struc-
tures of lithiated amines have emerged.” The ease of use and
high reactivity have led lithiated amines to be one of the most
regularly used reagents in synthetic chemistry. In practice, re-
agents derived from lithiated secondary amines [(R,NLi),] are
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widely used. As examples, lithiated diisopropylamine (LDA),
lithiated 2,2,6,6-tetramethylpiperidine (LTMP), and lithiated
hexamethydisilazane (LIHMDS) are the bases of choice for
a number of enlization, ortholithiation, and epoxide lithiation
reactions.” In contrast, lithiated primary amines ([{RN(H)Li},])
have received relatively little attention as bases, although a va-
riety of these compounds have been structurally character-
ized.®! Admittedly, many organolithium reactions demand fully
aprotic conditions, and a number of investigators (most nota-
bly Seebach) have shown that protic amine byproducts de-
rived from hindered lithiated amines can be detrimental in the
reactions of enolates.””! Nevertheless, there are many stabilized
carbanions and related organolithium intermediates that can
tolerate weak protic conditions. Primary amines and the corre-
sponding protic lithiated amines have been investigated in the
fields of organolithium-mediated polymerization,” epoxide
cleavage,” metalation,” and have potential in asymmetric syn-
theses."”

Polymeric/cyclic oligomeric aggregates that feature {Li,N,}
ladder cores have been the preferential aggregation mode for
lithiated amine species by using extensive ab initio molecular-
orbital calculations on the unsolvated and solvated model
compounds.™ Difficulties in understanding the association of
such species are due to the limited crystallographic informa-
tion concerning polymeric amides; most lithiated amines form
monomers or oligomers, including dimers, trimers, tetramers,
and hexamers.'"? The structures of lithiated oligomeric and
polymeric ethylenediamine (EDA) compounds were recently
determined to favor laddered structures over stacked dimers
based on extensive ab initio molecular-orbital calculations.™

There have been a number of studies on the thermal de-
composition of alkyllithium compounds. The mechanism of
such a decomposition is widely believed to be a,-hydride
elimination, thus yielding lithium hydride and the appropriate
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alkene." Similarly, lithiated secondary amines, such as lithiated
dimethylamine, lithiated diethylamine, and lithiated diisopro-
pylamine decompose, probably through an a,f-lithium hydride
elimination mechanism to give N-methylenemethylamine, N-
ethylideneethylamine, and N-isopropylideneisopropylamine, re-
spectively.”™ Interestingly, our recent experimental results
show that lithiated primary amines release H, rather than LiH
at moderate temperatures, which is likely due to the presence
of an a-hydrogen atom at the nitrogen site."® This new finding
shows that lithiated primary amines have the potential to be
hydrogen carriers.

Herein, we focus on the investigation of lithiated ethylenedi-
amine, including the synthetic method, thermal behavior, and
dehydrogenation kinetics. A phase transfer between the partial
and dilithiated species during the synthesis was observed,
which clearly evidences a stepwise lithiation of EDA. The ther-
mal decomposition properties of partial and dilithiated EDA
were studied. The kinetic investigation shows that there are
two different rate-determining processes in the different dehy-
drogenation stages of dilithiated EDA.

Experimental section
Synthesis

LiH (98%, Alfa Asear)”” and EDA (EDA,99.5%; Fluka) are com-
mercial products and were used without further purification.
Monolithiated EDA (LIEDA) was prepared by ball milling LiH
and EDA in a molar ratio of 1:1 in a Retsch PM 400 planetary
mill at 200 rpm and room temperature for 2 h. The partially
lithiated EDA intermediate [LiEDA][Li,EDA], was prepared by
heating LiEDA in an open vessel in an argon flow at 100°C for
4 h. Dilithiated EDA (Li,EDA) was prepared by ball milling LiH
and EDA in a molar ratio of 2:1 at 200 rpm at 60 °C for 24 h fol-
lowed by a heat treatment at 130°C for 4 h. Mixtures of LIEDA/
LiH and LiEDA/3 LiH were prepared by ball milling LiH and EDA
in molar ratios of 2:1 and 4:1 at 200 rpm at room temperature
for 2 h, respectively. Sample mixtures (ca. 600 mg) were loaded
into a 180 mL vessel and milled. The ball-to-powder ratio was
50:1. Heat treatments of the premilled samples of LiEDA/LiH
and LiEDA/3 LiH were conducted by using a Sievert-type appa-
ratus. Samples (100 mg) were heated inside a closed chamber.
All the sample handling was performed in an MBRAUN 200
glovebox filled with purified argon (O, and H,0 concentrations
were below 1 ppm).

Characterization

X-ray diffraction studies were conducted on a PANalytical
X'pert diffractometer (Cuy, radiation, 40 kV, 40 mA). A cell was
used in situ to avoid sample exposure to air during the mea-
surement. High-resolution X-ray diffraction patterns were col-
lected at room temperature at the BL14B1 beamline of Shang-
hai Synchrotron Radiation Facility (SSRF; Shanghai, China).
Thermogravimetric and differential thermal analysis (TG-DTA)
measurements were carried out on a Netzsch TG-DTA appara-
tus (Netzsch, Germany). A sample (10 mg) was heated in Al,O,
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crucibles at 1°Cmin~" in an argon flow. Hydrogen-desorption

measurements were performed by means of a homemade
temperature-programmed desorption (TPD) system that com-
prised a microreactor and a mass spectrometer (Hiden HPR-
20). Quantitative measurements of hydrogen desorption from
lithiated EDA were conducted on a Sievert-type apparatus.
Samples (100 mg) were heated inside a closed chamber (heat-
ing rate=2°Cmin~"). The pressure increase in the chamber
was monitored and small amounts of gaseous product were
conducted from the pressurized chamber to the mass spec-
trometer for analysis at heating intervals. FTIR spectra were re-
corded on a Varian 3100 unit.

Results and discussion
Synthesis of lithiated EDA

Compounds rich in protic hydrogens, such as NH;, N,H,, and
LiNH,, are expected to react with hydridic hydrogen atoms in
metal hydrides to generate H, due to the interaction between
the oppositely charged H>* and H®~ atoms."” Ethylenediamine
(NH,CH,CH,NH,), the simplest diamine, possesses four partially
positively charged hydrogen atoms and has the potential to
react with metal hydrides. Thus, we mixed EDA and LiH in dif-
ferent molar ratios (EDA/LiH=1:1, 1:2, and 1:4) to understand
the reactivity between these compounds. As expected, the re-
lease of H,, which was identified by mass-spectrometric analy-
sis (see Figure S1 in the Supporting Information), took place
easily by ball milling the EDA/LIH mixture in a molar ratio of
1:1 at room temperature. Monitored by a pressure gauge, one
equivalent of H, was released during the ball-milling process. It
is likely that EDA reacts with equivalent of LiH and gives rise to
monolithiated EDA (LIEDA; LINHCH,CH,NH,) and H, following
reaction (1).

Li—H + H—NHCH,CH,NH, — LiN(H)CH,CH,NH, + H, (1)

The solid residue has a diffraction pattern that matches the
previously reported LIEDA well (Figure 1b, left)."® Kowach and
co-workers found that LIEDA can be synthesized by an acid-
base reaction of Li;N, LiNH,, or nBuLi with excess EDA at room
temperature. Based on the XRD data, the crystal structure of
LIEDA can be well matched to a monoclinic structure (space
group P2,/n) with lattice parameters of approximately a=
12.943(1), b=9.259 (4), c=13.870 (4)A, and B=103.303°
(Table 1). The structure of LIEDA consists of infinite one-dimen-
sional ladders of double-edge-sharing LiN, tetrahedra (such
that a common vertex is shared) formed from —NH, and —NH
bonding interactions (Figure 2a). The ladders run parallel to
the crystallographic c axis and are effectively isolated from one
another because the EDA molecules in a given chain are bent
into the chain (Figure 2b). The bonding between the lithium
atom and the —NH group of the EDA constructs the frame of
a ladder with a sinusoidal ribbonlike pattern, as viewed from
the side of the ladder. Two bonding environments of the
ligand are present. The {Li,N,} rings are rotated so that the —
NH and —NH, groups of the same EDA ligand are bonded to
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Figure 1. a) Volumetric gas-release curve and the differentiated line for the
LiIEDA/LiH mixture heated from RT to 180°C in a closed vessel; b) XRD pat-
terns of LIEDA, [LIEDA][Li,EDA],, and Li,EDA, respectively; c) TG curve and

the corresponding TPD-MS spectrum (EDA signal) of LIEDA heated from RT
to 180°C in an argon flow. The ramping rate for the volumetric release and

TG analysis was 2°Cmin~".

Table 1. Summary of crystal parameters of LIEDA and Li,EDA.

Parameters LiEDA Li,EDA
Formula C,H,LiN, C,HgLi,N,

M, [gmol™] 66.03 71.96

Crystal system monoclinic monoclinic
Space group P2,/n (No.14) C12/c1 (No.15)
a Al 12.943(1) 11.1282(15)

b Al 9.259 (4) 12.5185(18)

c 4] 13.870 (4) 8.0692(11)
A1 103.303(0) 134.0218(32)

the lithium atoms in the form of either rings or a frame of the
ladder in an alternating fashion. The bonding in LiEDA is pri-
marily ionic in character with Li—N bonds formed through in-
teractions with the —NH group and covalent bonds through
the lone pair of electrons on the —NH, group. In the structure
of LIEDA, the monoprotonated nitrogen atom is penta-coordi-
nated (3xLi, 1xH, and 1xC). This hyper-coordination, al-
though unusual, has been observed in several amides, for ex-
ample, a penta-coordinated nitrogen atom with 3xLi and 2xH
in LiNH,." In contrast, the diprotonated nitrogen atom of the
EDA ligand forms a dative bond with the lithium atom lying in
a tetrahedral coordination.
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Figure 2. a) Crystal structure of LiEDA; b) {Li,N,} ladders in LIEDA; c) crystal
structure of Li,EDA; and d) {Li,N,} ladders in Li,EDA. The Li, N, C, and H
atoms are represented as green, blue, black, and pink spheres, respectively.

The addition of one more mole of LiH into the EDA/LiH mix-
ture leads to further dehydrogenation and the formation of di-
lithiated EDA (i.e., Li,EDA (LiN(H)CH,CH,N(H)Li)). However, the
dehydrogenation kinetics are poor, as reported previously by
us." An optimal ball-mill and heat-treatment method was ap-
plied in this study to save the reaction time and synthesize
well-crystalline Li,EDA. Ball milling the EDA/2LiH mixture for
a short period of time (2 hours) gave rise to the mixture of
LiIEDA and LiH, which was further heated from room tempera-
ture to 180°C in a closed vessel (see Figure S2 in the Support-
ing Information). A two-step dehydrogenation process oc-
curred (see Figure 1a and Figure S3 in the Supporting Informa-
tion). About 0.67 equivalents of H, were released from the
LiIEDA/LIH mixture in the first step, thus leading to the forma-
tion of a structure-unknown intermediate with the chemical
composition of [LiIEDA][L,EDA], (Figure 1b, middle). When
heating to 175°C, 0.9 equivalents of H, evolve with the forma-
tion of Li,EDA. However, Li,EDA decomposes easily at such
a high temperature. To obtain high-purity Li,EDA, we held the
premilled EDA/2LiH sample (ball milled at 60°C for 24 h with
the release of 1.3 equivalents of H,) at 130°C for 4 hours (see
Figure S4 in the Supporting Information). Well-crystalline
Li,EDA can be collected after releasing the remaining
0.6 equivalents of H, (Figure 1b, right). The overall lithiation
process is described in Equation (2). A similar phase transfor-

© 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim


http://www.chemeurj.org

:@2 ChemPubSoc
e Europe

mation from monolithiated amine to dilithiated amine with
the formation of an intermediate was observed in the synthe-
sis of the lithiated N,N-di-tert-butylethylenediamine.” The crys-
tal structures of the partial lithiated amines provided mecha-
nistic information on the formation of the {Li,N,} ladder and
direct evidence for the assembly of polymeric structures in
amidolithium chemistry. The dilithiated species can be isolated
into two forms that exhibit either a dimeric {Li,N,} cage or pos-
sibly a polymeric {Li,N,} ladder. However, the association with
a linear polymeric species showed excellent internal agreement
and clearly placed aggregation to a polymeric ladder, which is
more favorable relative to a stacked dimeric species.

3 LINHCH,CH,NH, + 3 LiH —
[LiIN(H)CH,CH,NH,][LiN(H)CH,CH,N(H)Li,+ (2)
2H, + LiH — 3 LiN(H)CH,CH,N(H)Li + 3 H,

The crystal structure of Li,EDA was determined by using
high-resolution XRD data and is well matched to a monoclinic
structure with lattice parameters of approximately a=
11.128(1), b=12.518(1), c=8.069(1) A, B=134.022(3)°, and V=
808.3(1) A*> (Table 1). Although the structure was reported
before by using ab initio molecular orbital calculations,"® a de-
tailed analysis was not given. Similar to the structure of LiEDA,
{Li;N,} rings are also observed in Li,EDA. The spatial connection
of such {Li,N,} rings leads to the formation of an infinite three-
dimensional network (Figure 2¢). The {Li,N,} ladders expand in
all directions and are cross-linked with each other (Figure 2d),
thus forming a cagelike structure (viewed along the c axis as
shown in Figure S5; see the Supporting Information). Half of
the lithium atoms in a {Li,N,} ring (Li1) are tetrahedrally
bonded with two pairs of —NH groups in two different EDA li-
gands, thus forming two Li-N-C-C-N pentagon rings. The Li—N
edges of these pentagons serve as building blocks to consti-
tute the three-dimensional {Li,N,} ladders. In contrast, Li2 only
acts as a joint to connect three neighboring individual Li-N-C-
C-N pentagons and form the frame of the {Li,N,} ladder. There-
fore, there are two different coordination environments of lithi-
um ions in Li,EDA, that is, the {LiN,} tetrahedra and {LiN} trian-
gle (see Figure S6a in the Supporting Information). The bond-
ing in Li,EDA is primarily ionic in character with Li—-N bonds
formed through the interaction with the —NH group. All the
EDA ligands participate in the formation of the Li-N-C-C-N pen-
tagon rings through bonding with the lithium ions. Hyper-co-
ordination of the nitrogen atoms was also found in Li,EDA.
One terminal nitrogen atom (N4) in an EDA ligand is penta-co-
ordinated with 3xLi, 1xH, and 1xC atoms, similar to the coor-
dination environment of the monoprotonated nitrogen atom
in LIEDA (see Figure S6b in the Supporting Information). Al-
though the other terminal nitrogen atom (N3 in Figure S6b) in
the same EDA ligand even shows hexa-coordination with 4 xLi,
1xH, and 1xC atoms. The most important distances in the
structure of Li,EDA are summarized in Table S1 (see the Sup-
porting Information).

However, there are still two more protic hydrogen atoms in
the dilithiated EDA. To confirm whether Li,EDA reacts further
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with LiH, we ball milled EDA with 4 equivalents of LiH followed
by heat treatment. The EDA/4LiH mixture only gave rise to
a mixture of Li,EDA and LiH (see Figure S7 in the Supporting
Information).

Interestingly, a reversible phase transformation between the
partially lithiated and dilithiated EDA occurred when heating
LiIEDA in an argon flow. As shown in the TG curve (Figure 1¢),
detachments of 0.4 and 0.06 equivalents of EDA (evidenced by
mass-spectrometric analysis) from LiEDA in two stages led to
the formation of [LIEDA][Li,EDA], and Li,EDA, respectively.
Therefore, pure [LIEDA][Li,EDA], can be synthesized by heating
LiIEDA in an argon flow at 100°C for 4 hours. On the other
hand, LIEDA reformed by dissolving Li,EDA into excess EDA.
Thus, it is proposed that a reversible transformation of partial
and dilithiated EDA can be achieved through an exchange be-
tween Li" ions and the active protic hydrogen atom in the —
NH, group [Eq. (3)].

5 LiN(H)CH,CH,N(H)—H + 5 Li—N(H)CH,CH,NH, —

2 [LiN(H)CH,CH,NH,][LiN(H)CH,CH,N(H)Li], + 4 NH,CH,CH,NH, «

5 LiN(H)CH,CH,N(H)Li + 5 NH,CH,CH,NH,
(3)

Thermal decomposition of lithiated EDA

Our previous work on the thermal decomposition of Li,EDA
demonstrated that two equivalents of H, can be released upon
holding the sample at 180°C."" It is interesting to investigate
the thermal decomposition of the partially lithiated EDA com-
pounds. We performed volumetric-release measurements in
a closed system to understand the thermal behavior of LIEDA
and [LiEDA][Li,EDA], relative to Li,EDA.

About 1.2 and 1.8 equivalents of gaseous products per EDA
molecule were released from LIEDA and [LiEDA][Li,EDA],, re-
spectively (Figure 3a). Different from Li,EDA, a two-step de-
composition of LIEDA or [LIEDAI[L,EDA], was observed, as
shown in the differential results (Figure 3b). Mass-spectromet-
ric analysis showed that H, and NH; are the main gaseous
products for LIEDA and H, NH,, and CH, species for [LIEDA]-
[Li,EDAL. Li,NH and an unknown phase were observed in the
decomposition residue of LIEDA. However, only a weak peak
for Li,CN, was found in the product of [LIEDA][Li,EDALJ,.

LiIEDA, as mentioned above, detaches EDA through the ex-
change of Li* and H®* ions in the —NH, group in an argon
flow or under vacuum [Eq. (3)]. When loading the sample into
a closed system, dehydrogenation followed by the release of
ammonia took place at elevated temperatures (evidenced by
mass-spectrometric analysis; see Figure S8 in the Supporting
Information). However, the decomposition of [LIEDA][Li,EDA],
seems more complicated with the desorption of H,, NH;, and
CH, species. The above results indicate that LIEDA and
[LiEDA][Li,EDA], may go through different decomposition
pathways from that of Li,EDA. However, the decomposition
mechanisms of partial lithiated EDA compounds are still un-
clear and need further study. As dilithiated EDA releases high-
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Figure 3. a) Volumetric release curves of LiEDA, [LIEDA][Li,EDA],, and Li,EDA; b) differential results of the decomposition processes; c) MS analyses of the gas-

eous products; d) XRD patterns of the decomposition residues.

purity hydrogen gas at around 180 °C, the dehydrogenation ki-
netics are investigated further in the following section.

Kinetic studies of hydrogen release from Li,EDA

The Kissinger method [Eq. (4)] was employed to determine the
energy barrier in hydrogen desorption from Li,EDA.

In(8/T,%) = —E/RT, + In (AR/E,) (4)
in which T, is the temperature at which the maximum reaction
rate peaks, S is the heating rate, E, is the activation energy, A
is the pre-exponential factor, and R is the gas constant. The
maximum reaction-rate temperatures at different heating rates
were collected by means of differential scanning calorimetry
(DSC) measurements. The DSC profiles of hydrogen desorption
from Li,EDA at different ramping rates are shown in Figure 4a.
It was observed that the peak temperatures shifted monotoni-
cally to higher values when the ramping rate was increased
from 0.1 to 0.5°Cmin~". The dependence of In(5/T,%) to 1/T,
was plotted (Figure 4b). The slope and intercept of the fitted
line were used to determine the values of E, and A, respective-
ly. Once E, and A are known, the specific rate constant k at
given temperature can be calculated by the Arrhenius equa-
tion:

k = Aexp(—E,/RT) (5)
The values of E,, A, and k (at 130, 150, 165, and 180°C) for
Li,EDA are shown in Table 2. As mentioned above, the rate
constant k rises rapidly with increasing reaction temperature.
The activation energy E, for the hydrogen desorption from
Li,EDA is around 18148 kJmol™".
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Such a high activation energy means that 1) the dehydro-
genation reaction is temperature sensitive; in other words,
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Figure 4. a) DSC profiles of hydrogen desorption from Li,EDA at ramping
rates of 0.1, 0.2, 0.3, 0.4, and 0.5°Cmin~"; b) Kissinger plots, which give the
activation energy of Li,EDA.
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Table 2. Values of E,, A, and k (at 130, 150, 165, and 180 °C) calculated by
using the Kissinger and Arrhenius equations.

Sample E, [kymol™] A [min~'] TI°d k [min™]
130 26x107*

. 1 150 23x10°°
Li,EDA 181+8 7.5%x10 165 2.0x10°2
180 1.0x107"

temperature is one of the most important factors to affect the
dehydrogenation rate; 2) the energy barrier to the formation
of the transition state is high. To understand the significance
of temperature and find out the dynamic mechanism of dehy-
drogenation, we performed combined isothermal dehydrogen-
ation experiments at different temperatures and used the
Johnson-Mehl-Avrami (JMA) method.

Isothermal dehydrogenation reactions of Li,EDA were carried
out at four different temperatures for comparison (Figure 5a).
It takes 152.8, 20.2, 1.11, and 0.15 hours to liberate two equiva-
lents of H, from Li,EDA upon heating at 130, 140, 165, and
180°C, respectively (Table 3). The corresponding highest dehy-
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drogenation rates calculated from the first-order differential re-
sults are 0.16, 1.4, 7.9, and 48.7 molh™', respectively (Fig-
ure 5b). A linear relationship between In(V,,,) and the deriva-
tive of the operation temperature (1/T) was found (Figure 5c).
Obviously, the active energy of the Li,EDA dehydrogenation
can also be obtained from the slope (i.e., E,=173+7 kimol ™,
which is close to the value obtained from the Kissinger
method (E,= 18148 kimol™).

It is well known that the kinetic model for the isothermal de-
hydrogenation of solid materials can be expressed by using
Equation (6):

Table 3. Summarization of dehydrogenation parameters and the Avrami
exponents calculated by using the JMA method.
T[°C t [h] V pax [Mmolh™'] Avrami exponent [n]
0<a<0.25 0.25<a<1
130 152.8 0.16 1.0 59
150 20.2 1.4 0.5 3.5
165 1.1 79 0.6 4.0
180 0.15 48.7 13 4.2
d)
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Figure 5. a) Isothermal dehydrogenation of Li,EDA at 130, 150, 165, and 180°C, respectively; b) first-order differential results of (a); c) relationship of In(V,..,)

versus 1/T; (d) results from the JMA method for Li,EDA.
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a(t) = 1—exp[—(kt)"] (6)

in which a(t) is the fraction that has already reacted at time t
(range=0-1), t is the reaction time, k is the rate constant, and
n is the Avrami exponent. The JMA equation was widely used
to describe the time-dependent kinetic behavior for isothermal
solid-state reactions,”” in which the Avrami exponent n repre-
sents the nucleation and growth process. In practical applica-
tions, Equation (6) is generally rearranged as

In{—In[1—a(t)]} = nin(t) + nin(k) (7)

By plotting In{—In[1—a(t)]} versus In(t), the Avrami exponent
n and rate constant k can be obtained from the slope and in-
tercept of the straight line. We plotted In{—In[1—a(t)]} against
In(t) in the range 0<a <1 for Li,EDA (Figure 5d).”" It can be
seen that the value of n for Li,EDA was lower than 1.3 in the
range 0 < a <0.25, which corresponds to a diffusion-controlled
reaction mechanism in the initial stage.?” To clarify what hap-
pened in the first dehydrogenation stage, we analyzed the de-
hydrogenated residues after the evolution of 0.5 equivalents of
H, (i.e., @=0.2) by using FTIR spectroscopic analysis (see Fig-
ure S9 in the Supporting Information). A sharp peak at around
#=3367.7cm™', which may belong to Li-N-H stretch was
weakened in the dehydrogenated sample. Simultaneously, the
peaks of the C—H stretch that appeared in the low wave-
number range #=2400-2713cm™' were intensified, thus
meaning that some of the C—H bonds in Li,EDA had been
weakened or consumed. On the other hand, two peaks at 7=
2097 and 2029 cm™', which may belong to the N=C=N stretch
in the final product and another C=N stretch in some unknown
intermediate, respectively, were observed in the products of
Li,EDA after the release of 0.5 equivalents of H,. However, only
a strong peak at around #=2089 cm™' (assignable to the N=
C=N vibration) can be observed after full dehydrogenation at
180°C, thus indicating that some unknown intermediates were
formed in the initial dehydrogenation stage. As proposed in
our previous work, dehydrogenation of Li,EDA may be ach-
ieved by an o,f-LiH elimination mechanism. It is very likely
that the B-H atom first transfers from C to Li, thus forming
a N(H)-Li-H moiety and then reacts with the a-H atom on the
nearby nitrogen atom to give rise to H, and the corresponding
[LICNH] species [Eq. (8)]1.'" That is to say, the migration of hy-
drogen atoms in the —CH,— group and Li* ions in —NHLi
group is the rate-determining step of Li,EDA in the period of
a<0.25. In contrast, the calculated Avrami exponent n was
higher than 3.5 in the range 0.25 < a <1 (Table 3), thus indicat-
ing that the three-dimensional growth of nuclei is a rate-limit-
ing process in the main stage of dehydrogenation.

[LIN=CHCH=NLIi] 4+ 2H, — x LIN=C=NLi + polymer + 2 H,
(8)
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Conclusion

An optimized ball-mill and heat-treatment method for Li,EDA
synthesis was performed in this study. Two intermediates of
LiIEDA and [LiEDAI][Li,EDA], were observed prior to the forma-
tion of Li,EDA. The phase transformation between partial and
dilithiated EDA is reversible. One-dimensional {Li,N,} ladders
and three-dimensional network structures were found in LIEDA
and Li,EDA, respectively. Thermal-decomposition studies on
these lithiated EDA compounds show that only dilithiated spe-
cies release high-purity H, at elevated temperatures. Thus, the
dehydrogenation kinetics of Li,EDA were systematically investi-
gated by using the Kissinger method, isothermal dehydrogena-
tion experiments, and the JMA equation. The high activation
energy (E,=18148 kJmol™) indicates the significance of tem-
perature in the reaction rate and the high energy barrier to
the formation of the transition state. The dynamics mechanism
studied by using the JMA method reveals that there are two
different rate-determining processes during the dehydrogena-
tion process of Li,EDA. In the initial dehydrogenation stage
(a < 0.25), migration of hydrogen atoms in the CH, groups and
Li* ions to optimal positions may be the rate-limiting process.
Some unknown intermediates form during this stage, whereas
the reaction is controlled by the three-dimensional growth of
the final products in the main dehydrogenation stage (0.25 <
a < 1). These findings provide new trajectories and new meth-
ods that can be used for reference in the synthesis, crystallo-
graphic studies, and investigation of the thermal behavior of
other metalated amines. Moreover, the study of the dehydro-
genation dynamics of Li,EDA may give directive guidance to
improve its dehydrogenation properties.
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