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Solid-State Structures of Primary Long-Chain Alkylamine
Borane Adducts - Synthesis, Properties and Computational

Analysis

Kevin Turani-l-Belloto,” Maria-José Valero-Pedraza,” Eddy Petit,” Rodica Chiriac,™
Francois Toche,” Dominique Granier," Pascal G. Yot,' Johan G. Alauzun, and

Umit B. Demirci*!

Two new members of the amine boranes family are hexadecyl-
amine borane C;¢H;3sNH,BH; (C16AB) and octadecylamine
borane C,gH;sNH,BH; (C18AB). They are easily synthesized by
reaction of the corresponding amines with borane dimethyl
sulfide. Both are white solids; they are crystalline and isostruc-
tural (monoclinic, s.g. P2,/a (No. 14)). Their successful synthesis
has been verified by molecular (FTIR, Raman, NMR) and
structural analyses as well as computational calculations (e.g.
Mulliken charges). These analyses have also pointed out the

Introduction

Amine borane adducts (ABA) are old molecules with new
interest. A typical representative is ammonia borane NH,BH,
(AB). It is the fully hydrogenated ABA. It was discovered in the
1950s and was re-discovered in the late 1990s owing to its high
potential for solid-state hydrogen storage.”’ In a context where
energy is a hot topic, AB has thus been extensively inves-
tigated, giving way to other ABAs for the same application.””
Yet, the use of ABAs goes beyond the aforementioned
application.”’ ABAs have also been developed to be used as
borylation agents,” hydroboration reagents,”  radical
initiators,® reducing agents,” hydrogenation reagents,"” hy-
drogenation catalysts,"” monomers of BNH polymers,"? and
additives for hydrocarbons combustion.® New ABAs are yet to

[a] Dr. K. Turani-I-Belloto, M.-J. Valero-Pedraza, E. Petit, Prof. U. B. Demirci
Institut Europeen des Membranes, [IEM - UMR 5635
Universite de Montpellier, ENSCM, CNRS

34090 Montpellier, France

E-mail: umit.demirci@umontpellier.fr

R. Chiriac, F. Toche

Laboratoire des Multimateriaux et Interfaces

UMR CNRS 5615, Univ Lyon 1

Université Claude Bernard Lyon 1,

F-69622 Villeurbanne, France

D. Granier, Dr. P. G. Yot, Dr. J. G. Alauzun

Institut Charles Gerhardt,

Univ. Montpellier, CNRS, ENSCM

Montpellier, France

[b

[c

Supporting information for this article is available on the WWW under
https://doi.org/10.1002/slct.202203533

™ © 2022 The Authors. ChemistrySelect published by Wiley-VCH GmbH. This
is an open access article under the terms of the Creative Commons At-
tribution Non-Commercial NoDerivs License, which permits use and dis-
tribution in any medium, provided the original work is properly cited, the
use is non-commercial and no modifications or adaptations are made.

(]

ChemistrySelect 2022, 7, 202203533 (1 of 8)

existence of dihydrogen bonds between H>* of NH, of one
molecule and H>~ of BH; of another molecule. The thermal
stability of C16AB and C18AB was studied. Both solids melts at
70-80°C; between 100 and ca. 210°C they dehydrogenate
while releasing 1.1-1.4 wt% of pure H,; and, above 210°C, they
decompose in high extent. All of these findings may open the
way to future works on molecular self-assembly, synthesis of
advanced materials and hydrogen storage. This is discussed
hereafter.

be discovered, as for the recently-synthesized catharanthine
borane.¥

AB is often compared to ethane CH;CH; because they are
isoelectronic and have similar molecular structures."™ Notwith-
standing these two features, AB and ethane are much different
in terms of physicochemical properties, because the B—N bond
of the former is dative and polar whereas the C—C bond of the
latter is covalent and apolar. The impact of this is considerable.
First, AB is solid at ambient conditions whereas ethane is
gaseous. Second, the hydrogens of the NH; group are protic
(H>*) and those of the BH; group are hydridic (H>"), whereas
the hydrogens of the CH; groups are neutral (H®~°). Third, AB is
unstable in the presence of protons or when heated above
80°C, whereas ethane is stable in similar conditions.””

More broadly, the aforementioned similarities and differ-
ences are also true for primary alkylamine borane adducts
C.Hzn1NH,BH; (CNBH,,, . ¢; AABA) and n-alkanes C H,,,, (with
m=n+2; resulting in C,CCH,,.,). They are also isoelectronic.
For instance, we recently reported on an AABA where n is
equal to 12."¥ This AABA, dodecylamine borane C;,H,sNH,BH;,
is solid at ambient conditions, and it decomposes when heated
above 80 °C. Contrariwise, dodecane C;,Hy is liquid at ambient
conditions, and it is stable when heated at 80-120 °C."”

The presence of H>* and H>" in ABAs allows the existence
of intermolecular dihydrogen H®*.-H®~ bonds (DHBs)."® Such
bonds are stronger than the intermolecular van der Waals
interactions existing between two H®~° of two alkane mole-
cules. The consequence is that the DHBs stabilize the solid-
state of both AB and dodecylamine borane. Additionally, DHBs
play an important role in stabilizing or destabilizing an ABA to
release pure H, at low temperature,” in generating reactive
intermediates as for diammoniate of diborane [(NH5),BH,]*

© 2022 The Authors. ChemistrySelect published by Wiley-VCH GmbH

85U017 SUOWILIOD BA1Fe81D 3|qeotjdde 8y} Aq pausenof a1e Sapie O ‘88N JO SaIN1 10} ARG 8UIIUO /8|1 UO (SUORIPUOD-PUR-SLLLBYW0D" A8 1M AR1q 1 BU1IUO//SANY) SUORIPUOD PUe WIS L U3 88S *[¢202/TT/9T] uo Arigiauliuo A|im ellpdiuo nig Aq £65602202 1 5/200T OT/10p/wiod" A 1m Atelq1jeuljuo-adoine-A1is ILByd//sdny Wwoly papeojumod ‘st ‘24z ‘6¥5959EC


http://orcid.org/0000-0003-3616-1810
https://doi.org/10.1002/slct.202203533
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fslct.202203533&domain=pdf&date_stamp=2022-11-16

Chemistry
Research Article Europe v
ChemistrySelect doi.org/10.1002/slct.202203533 Soueties Publahing
. H3C diethyl HAC .
H/NHZ \ ether N H/NHZ\
C].GAB H3C + S_BH3 EE— S + H3C ‘ BH3
HsC HaC
\ H3C diethyl H3C \
NH \ \ NH
C18AB HBCW 2 + /S—BH3 ether /S + HSCH/ Z\BH3
14 HaC HaC 16

Scheme 1. Synthesis of C16AB as hexadecylamine borane, and of C18AB as octadecylamine borane, in diethyl ether.

[BH,]~ forming by H>  transfer from one AB molecule to
another one," in designing derivatives where a borohydride
and ammonia are combined,”® and in producing BNH
polymeric structures by dehydrocoupling of ABA precursors.?"!
To paraphrase Chen et al.""® dihydrogen H®*.--H®>~ bonds have
been less studied than the conventional hydrogen bonds, and
they could be further investigated in order to explore
applications such as molecular recognition, crystal engineering,
molecular self-assembly, and synthesis of new advanced
materials.

Our recent works have to be seen within the context
mentioned above. In a previous work, we reported on the
synthesis and full characterizations of six primary AABAs, i.e.
C.HyniiNH,BH; with n equal to 4, 6, 8, 10, 12 and 14; for
brevity, they are denoted C4AB, C6AB, C8AB, C10AB, C12AB
and C14AB." The first two are oily liquids and the other ones,
which have never been synthesized before, are crystalline
solids. In this work, we synthesized two new, primary long-
chain AABA, such as hexadecylamine borane C,4H;;NH,BH; and
octadecylamine borane C,zH;sNH,BH;; for brevity and homoge-
neity, they are denoted C16AB and C18AB (Scheme 1). Both are
crystalline solids. They were properly and fully characterized,
and they were computationally studied. Our work has a twofold
objective: gaining better understanding on AABAs and on their
DHBs; and, developing AABAs like C16AB that, afterwards,
could be used as surfactant for molecular self-assembly and
synthesis of advanced materials.

Results and Discussion
Preliminary remarks

The two AABAs are synthesized by Lewis acid-base reaction of
hexadecylamine or octadecylamine with borane dimethyl
sulfide (Scheme 1) in diethyl ether. The reactions are exother-
mic. Boiling of diethyl ether was even observed when the
borane reactant was too quickly added to the amine solution.
To limit an exothermicity-induced heating of the solution, a
dropwise addition was performed. We determined the enthalpy
of reaction by Calvet calorimetry (Figure S1). The enthalpies are
—59.4 and —69.7 kJmol ™" for C16AB and C18AB. This confirms
the exothermic nature of the reaction.

ChemistrySelect 2022, 7, 202203533 (2 of 8)

At ambient temperature, both C16AB and C18AB are
powdery solids (yields >95%; purity >98% and >95%). They
are thus easy to extract (the solvent and the dimethyl sulfide
product being vacuum distillated).

Molecular analyses

C16AB was analyzed by FTIR spectroscopy while the spectrum
was computationally predicted (Figure 1). The spectrum shows
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Figure 1. FTIR spectra of C16AB and of the starting amine C,4H3;3NH, denoted
C16 A. The predicted (calculated) spectrum is shown for comparison. The
bands are attributed to the corresponding vibration modes.
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N—H (3400-3100 cm™"), C—H (3050-2750 cm "), and B—H (2500—
2100 cm™) stretching bands due to the NH,, CH;(CH,),, and
BH, groups.”® The spectrum of C16AB was compared to that of
the starting amine. On one hand, the C—H stretching bands are
similar. On the other hand, there are differences in the N—H
stretching bands. The spectrum of the amine shows three N—H
bands (3330, 3257 and 3162 cm™"); that of C,;,AB shows also the
three bands but they are red shifted (3268, 3234 and
3147 cm™). This indicates a change in the N-H bond strength,
which is in line with the formation of the polarized B—N bond
and the concomitant occurrence of DHBs. The spectra are
complex over the wavenumber range 1200-650 cm™'. There
are many bands caused by vibrations of C—H, C—C, B—H, C—N,
and B—N. For instance, the spectrum of C16AB shows an
additional band due to the stretching mode of the B—N bond
at about 690 cm™'. The experimental and calculated Raman
spectra of C16AB (Figure S2) corroborate these observations. It
can thus be concluded that C16AB was successfully produced.

C16AB in CD;CN solution was analyzed by NMR spectro-
scopy. The 'THNMR spectrum (Figure S3) shows six signals that

8 =-19.65 ppm
gy =942 Hz
C18AB

Intensity (a.u.)

3 =-19.65 ppm
"Jgy =953 Hz

16 8 0 -8 -16 24
3 (ppm)

Figure 2. ""BNMR spectra of C16AB and C18AB (dissolved in CD;CN). The
chemical shift and the coupling constant of the quartets are given.

BO,  N,BH, NBH, BH,
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Figure 3. "B MASNMR of C16AB and C18AB. The signals are assigned.
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confirm the molecular structure of the AABA: namely, a large
multiplet of low intensity between 0.5 and 2 ppm due to the 3
H of BH,; a triplet at 0.91 ppm due to the 3 H of CH;; a broad
signal at 1.31 ppm due to the CH, groups between CH; and the
beta CH,; a multiplet at 1.56 ppm due to the 2 H of CH,CH,N; a
quintet at 2.61 ppm due to the 2 H of CH,N; a broad singlet at
3.91 ppm due to the 2 H of NH,. This was further confirmed by
simulation of the chemical shifts (Figure S4). The '"HNMR data
were used to determine the purity of C16AB; it is >98%. The
""BNMR spectrum of C16AB (Figure2) shows a quartet at
—19.65 ppm of normalized intensity 1:2.5:2.5:1 and with a
coupling constant 'J,_, of 95.3 Hz. This is characteristic of a
NBH, environment.””

As C16AB is solid at ambient temperature, it was also
analyzed by "B MASNMR (Figure 3). The spectrum shows a
two-horned peak centered at —23.8 ppm, typical of a NBH,
environment®?  Our calculations predicted a shift of
—24.7 ppm, which is consistent with the experimental shift.
When the baseline is scrutinized, two signals with very low
intensity (at —13.7 and 0 ppm) can be observed. The signals at
negative chemical shift can be attributed to N,BH, environ-

ment. It suggests a slight evolution of C16AB
(dehydropolymerization),”* likely to be as follows:
2C;6H33NH,BH; — Ci6H33NH,BH, —NH, (C;sHs3)BH; (M

The signal at 0 ppm is generally indicative of B—O bonds,
probably due to moist air contamination (when transferred to
the spectrometer located in another building) and subsequent
hydrolysis."

With respect to C18AB, the FTIR (Figure S5), Raman (Fig-
ure S6), '"HNMR (Figure S7), simulated '"HNMR (Figure S8) and
"BNMR (Figure 2) spectra are much comparable to those of
C16AB. They all allow drawing the same conclusion, that is, the
successful production of C18AB. Based on the '"HNMR data, the
purity of C18AB was calculated as >95%. C18AB was also
analyzed by "B MASNMR (Figure 3). The two-horned peak
centered at —23.7 ppm (and computationally predicted at
—24.7 ppm) confirms the presence of a NBH; environment. The
baseline shows three signals of low intensity, at —13.8 (N,BH,),
0 ppm (BO,) and —37.8 ppm; the last one is attributed to a BH,
environment.” The concomitant presence of the environments
N,BH, and BH, may indicate the formation of an ionic dimer of
C18AB:

2C,gH3,NH,BH; — [(CygH3,NH,),BH,] " [BH,]~ (2)

This species would form by transfer of H™ from BH, of one
C18AB molecule to BH; of another one, and this would be
mediated by the DHBs."”

Structural analyses

C16AB and C18AB are crystalline (Figure 4 and Figures S9-510).
Regardless of the alkyl chain length, both solids crystallize in
the monoclinic system, and as it has been found in a previous
work with the solids C,,AB, C,,AB and C,,AB."® The space group

© 2022 The Authors. ChemistrySelect published by Wiley-VCH GmbH
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Figure 4. Powder X-ray diffraction patterns obtained for C16AB and C18AB in
the range 2.5-50° (A =1.54059 A).

is P2,/a (No. 14) for both C16AB and C18AB. In other words, the
increase in the alkyl chains in C16AB and C18AB gives no

Table 1. Space group, number of asymmetric unit (Z), unit cell parameters
(a, b, ¢, B), and unit cell volume, for solid-state C16AB and C18AB after
refinement of the powder diffraction patterns.

CxAB C16AB C18AB
Cy6HssNH,BH; CgHs;NH,BH;

Formulae B;N;C;¢Hss B;N;C;sHys

Space group P21/a P21/a

z 4 4

a(A) 44.655(6) 49.415(5)

b (A) 7.3980(5) 7.4075(4)

c A 5.4963(5) 5.5144(4)

B () 94.310(10) 96.574(7)

Volume (A% 1810.6(3) 2005.2(3)

Density 0.9366 0.9386

Mw (g mol™") 255.3 283.4

GoF 2.95 277

Rp (%) 8.34 9.60

WRp (%) 11.99 13.49

Robs (%) 13.85 13.32

wR(obs) (%) 1491 13.30

R(@ll) (%) 14.7 13.52

wR(all) (%) 14.78 13.37

Figure 5. Crystal structure of C16AB. The H, B, N and C atoms are represented
by white, pink, blue and dark grey spheres, respectively.
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difference into the symmetry: the solids are isostructural; and,
the lattice parameters (Table 1) follow the same trends (as
found in our previous work), that is, the b and c unit-cell
parameters are close to each other and consistent to the values
obtained for the solids based on shorter alkyl chains,"® and the
a unit-cell parameter increases with the number of carbons
such as ca. 4.5 A per carbon added.

The structural models do not present noticeable difference
in comparison to C6AB, C8AB, C10AB and C12AB."® The chains
are aligned together and are diagonal into plane parallel to the
(040) plane giving layers to form a close-packed arrangement
(Figure 5 and Figures S11-512). All the intermolecular distances
(Table S1) have been measured for the two solids. The number
of carbons affects the shortest C-to-C distance increasing form
from 4 to 4.1 A (while 4-4.3 A for C6AB to C12AB). At the same
time, the B-to-C distance is close to 4 A and is consistent with
the ones determined for C6AB to C12AB. However, the N-to-C
distances are strongly affected, with values of 4.4 and 4.65 A
(while 4.44 and 5 A for C6AB to C12AB). The C-to-C distances
into the planes (040) as defined by the aligned chains are close
to 449 A (versus 4.14 and 4.40 A for C6AB to C12AB). The
antiparallel NH,BH; dimeric configuration, that is, NH, of one
molecule facing BH; of another molecule along the b axis (and
the bc plane), gives intermolecular B-to-N distances between
405 and 4.3 A. Such a configuration is typical of the occurrence
of DHBs.

Electronic analyses

The C16AB and C18AB molecules were studied by DFT
calculations. The total energy of each was calculated. The total
energy of the C16AB molecule is —712.45 Hartree. With respect
to the C18AB molecule that has two more CH, groups (and the
corresponding molecular orbitals), the absolute value of the
total energy is higher; the total energy is —791.10 Hartree.

The Mulliken charges were extracted (Figures S13-S14). The
charges for both the C16AB and C18AB molecules are as
follows: —0.376 for N, 0.031-0.034 for B, 0.286-0.287 for H of
the N—H bonds, and —0.1 for H of the B—H bonds. The charges
of the hydrogens confirm the presence of H>* and H>", and
thus the occurrence of DHBs. It is worth mentioning the
negative charges of the alpha (—0.547 and —0.490 respectively)
and beta (—0.256 and —0.195 respectively) carbons for the
C16AB and C18AB molecules. These differences of charges are
also illustrated by the mapped electrostatic potentials (Figur-
es S15-516). In addition, the distribution of the highest
occupied molecular orbital (HOMO) and that of the lowest
unoccupied molecular orbital (LUMO), over each of the
molecules, were plotted (Figure 6). For both the C16AB and
C18AB molecules, the HOMO is mainly localized on the C—C—N
bonds, and the LUMO mainly comes for the BH; group and is
slightly delocalized to the adjacent N-C—C—C—C bonds. All of
these observations are in line with the known reactivity of the
NH,BH; group of the ABAs™ and they also show that the
bond between N and alpha C and that between alpha C and
beta C are likely to be reactive.

© 2022 The Authors. ChemistrySelect published by Wiley-VCH GmbH
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‘h evolution of the temperatures reported for C4AB to C14AB
J (Figure 7 and Figure S18).0ccurrence of dihydrogen H*...H®"

(a) C16AB - HOMO bonds in these ABA make the melting points higher than those
of the starting amines. The ‘gain’ is however less pronounced
as the molecular weight of the alkyl chain increases.

For C4AB to C14AB, it was reported that the enthalpy of
fusion increases by about 8.4 kimol™" with the presence of two
additional CH, groups."® For C16AB and C18AB, this trend is
further confirmed (Figure S19). For instance, the enthalpy of
fusion of C14AB is 48.1 kimol™" versus 58.5 kJmol™' for C16AB.

9 )
3 ‘J This is in line with the trend already reported for linear
z 3 alkanes.”® The larger the alkane (or alkyl) chain is, the stronger
3 3 ‘l ‘; (b) C16AB - LUMO the intermolecular London forces are. The consequence is a

concomitant increase of the melting points and enthalpies of
fusion, as a function of the number of C atoms.

The thermal stability of C16AB was examined by TG
analysis, and the evolving volatile decomposition products
were analyzed by coupling TG analysis with microGC-MS and
“ GC-MS. C16AB dehydrogenates from about 53°C (Figure 8)

‘; and, below 250°C, the dehydrogenation is featured by two

4 P " j’ (c) C18AB - HOMO events peaking at 126 and 200°C. Pure H, is thus released
9 J! Jg

below 200°C and the weight loss at 200°C is 1.4 wt%. This
corresponds to the release of 3.6 H (1.8 equiv. H,) over the 5 H
of the NH,BH; group. Above 275°C and up to about 550°C,
C16AB significantly decomposes into carbonaceous fractions
coming from the decomposition of the alkyl chain as obtained
by GC-MS. Saturated and unsaturated C4 to C15 fractions

3 (including some cyclic species like cyclohexene, 1-meth-
4 z’ Jt ylcyclohexene, cyclopentene, benzene and toluene) and
f J’ j’ : (d) C18AB - LUMO methane (from TGA/microGC-MS) were detected, in good

agreement with the cracking behavior of hexadecane.”” The
weight loss at 600°C is as high as 90.9 wt%, whereas the
content of B and N in C16AB corresponds to 9.7 wt%. This
suggests that a small fraction of B and/or N of the NH,BH,

Figure 6. Contour plots (isosurface value: 0.02) of the HOMO and LUMO of
the (a,b) C16AB and (c,d) C18AB molecules. Calculated by DFT at the B3LYP/

o
=]
S

6311G(2d,p) level. s Ref[A] P
so] ®© C16AB A
A C18AB .®
60 Alkyl amines 4

B~
o
1

Thermal analyses

C16AB and C18AB are stable when heated at <100°C, and
their melting is not concomitant with their decomposition. The
onset temperatures of the melting event of C16AB and C18AB
were thus determined by DSC (Figure S17). Melting is .

evidenced on heating by an endothermic signal and, on
cooling, by crystallization (exothermic signal). The onset
melting temperatures are 75.3 and 80°C, respectively. They are
higher than the melting points of the starting amines (44 °C for
hexadecylamine and 51°C for octadecylamine, respectively).

This is indicative of additional intermolecular interactions, that ~ Figure 7. Evolution of the onset temperature of the endothermic signal
is. of DHBs in the ABA .8 shown in Figure S17 for C16AB and C18AB and in reference [16] (i.e. [A] in

. the legend) for C4AB to C14AB) as a function of the natural logarithm of n,
The onset melting temperatures of C16AB and C18AB can the number of carbon atoms of C H,, ., ;NH,BH;. The evolution of the melting

be compared to those of the lighter AABAs we reported  points of the alkyl amines (as provided by the chemical supplier) is also
previously."® They rather fit with the almost logarithmic  shown for comparison.

Melting point (°C)
o 8

N
=]
1

IS
o
|

.~ R¥=0.9973

&
=1

™ T T T T T T T T T T T T T T T
1.4 16 1.8 20 22 24 26 28 3.0
In(n), with n of C,Hyp, {NH,BH,

[N}
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Figure 8. TG analysis of C16AB, coupled to microGC-MS in order to follow
the evolution of H,. The main weight loss between 275 and 550 °C are due to
the release of hydrocarbon fragments as evidenced by TG analysis coupled
GC-MSs.

group have been lost as volatile products, and that the
remaining solid is likely to be a boron nitride-based product.”®

The thermal stability of C18AB (Figure S20) is comparable
to that of C16AB. C18AB releases pure H, above 63°C, and the
dehydrogenation (1.1 wt%, that is, 1.55 equiv. H,) shows two
steps peaking at 140.3 and 204.1°C. The main decomposition
of C18AB occurs over the temperature range 300-600°C and
corresponds, as obtained by TG analysis coupled GC-MS, to the
release of alkanes and alkenes from C4 to C17, as well as some
cyclic compounds as those emitted from C16AB decomposi-
tion. The weight loss reaches 89.6 wt% at 600°C, and this in
line with the decomposition of the alkyl chain® into methane
and C4 to C17 fragments. The remaining solid residue, 11.4 wt
%, is likely to be mainly boron nitride-based.

Conclusion

The reaction of hexadecylamine or octadecylamine with borane
dimethyl sulfide, in diethyl ether and under argon atmosphere,
is exothermic (—59.4 and —69.7 kJmol™' respectively). The
reaction results in the formation of the crystalline white solids
C16AB and C18AB, as confirmed by the molecular and
structural analyses.

C16AB and C18AB are isostructural (monoclinic, s.g. P2,/a
(No. 14)) and their structural model shows antiparallel dimeric
configurations for the NH,BH; groups. This means that NH, of
one molecule is facing BH; of another molecule; this takes
place along the b axis (and the bc plane) with B-to-N distances
between 4.05 and 4.3 A. The DFT calculations (i.e. the Mulliken
charges and the electrostatic potentials) indicate that the
hydrogen atoms of NH,BH; (for both C16AB and C18AB) are
hydridic and protic. Such observations converge towards the
existence and occurrence of DHBs, and suggest that the ABAs
may be further exploited for molecular self-assembly and

ChemistrySelect 2022, 7, 202203533 (6 of 8)

synthesis of advanced materials. Works are in progress with
C16AB.

When heated up to <100°C, both C16AB and C18AB melt
(onset temperatures of 75.3 and 80°C, respectively). Above
100°C and up to ca. 210°C, they both dehydrogenate, releasing
14 and 1.1 wt% of pure H, respectively. This is pretty
remarkable because ABAs generally decompose over this range
of temperature. Such a result may open the way to lighter
ABAs as potential hydrogen carriers.

Experimental Section

C16AB and C18AB were synthesized from commercial amines, both
from Merck: hexadecylamine CH;(CH,);sNH, (>98%; 241.46 gmol
m.p.43-45°C) and octadecylamine CH;(CH,);;NH, (>99%;
269.51 gmol™"; m.p.50-52°C). A borane dimethyl sulfide
(CH,),S-BH; complex solution (5.0 M in diethyl ether; 75.97 gmol )
was purchased from Merck and used as received. Anhydrous
diethyl ether (>99.7 %, from Merck) was used as solvent.

The AABAs were synthesized by substitution of the Lewis base
(CH,),S of the borane dimethyl sulfide by an amine, in diethyl ether.
Having dimethyl sulfide as the only reaction and a solvent like
diethyl ether is convenient because both liquids have low boiling
points (37.3 and 34.6°C respectively), making their extraction easy.
The AABAs were synthesized as follows. In an argon-filled glove
box (MBraun M200B; O, < 0.1 ppm, H,0<0.1 ppm), 500 mg of an
amine was dissolved in 8 mL of anhydrous diethyl ether, under
stirring (500 rpm) for 1 h at ambient temperature. Thereafter, a
slight excess of borane dimethyl sulfide complex (1.1 equiv.) was
added dropwise to the amine solution; it is important to perform
this step slowly as the reaction is exothermic. The mixture was kept
under stirring for 24 h. Finally, the solution was transferred out of
the glove box, and connected to a vacuum line to extract diethyl
ether and dimethyl sulfide. Hexadecylamine  borane
CH;(CH,);sNH,BH;  (C16AB; 255.29 gmol™') and octadecylamine
borane CH,(CH,),,NH,BH; (C18AB; 283.34 g mol™") are white solids
at 20-25°C, which allowed performing the extraction step at
ambient temperature for 2 h. Both solids were stored at —48°C and
under argon atmosphere.

The enthalpy of reaction for the AABAs was determined by Calvet
calorimetry. The C80 calorimeter (from Setaram France) was used
with reversal hermetic mixing cells (made of stainless steel, used
for pressures up to 5 bar, and having two separated chambers). The
cells were filled and closed in the glove box. The amine solution
was poured in the 2.5 mL chamber and the borane solution was
injected in the second chamber (2 mL capacity) with a syringe. We
also used a reference cell that was kept empty. Both reference and
sample cells were inserted in the calorimeter. The experiment was
performed at 28°C. The reactants were mixed by turning the
calorimeter (and thus the cells) upside down several times with a
rotational motion. That inversion process was stopped when the
reaction peak reached its maximum. The heat flow was monitored
against time, which allowed calculating the enthalpy of reaction.

Molecular analyses were performed using: Fourier-transform infra-
red spectroscopy (FTIR; 1S50 Thermo Fisher Scientific; from 4000 to
650 cm™'; 64 scans; resolution of 4 cm™'); Raman spectroscopy
(Horiba Jobin Yvon LabRAM 1B; laser Ar/Kr 100 mW 647.1 nm); 'H
nuclear magnetic resonance spectroscopy (‘HNMR; Bruker Avance-
400 NMR; BBOF probe; CD,CN; 5-mm NMR tube); '"BNMR spectro-
scopy (Bruker AVANCE-400; probe head BBFO; CD;CN; 5-mm tube;
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128.378 MHz); solid-state ''B magic angle spinning (MAS) NMR
spectroscopy (''B MASNMR; Varian VNMR4000; 128.378 MHz).

The structural models of C16AB and C18AB were obtained by
Rietveld refinement from diffraction patterns collected at room
temperature on a PANalytical X'PERT Pro multipurpose diffractom-
eter (Cu-K,, radiation, A=1.54059 A, 45 kV and 40 mA) equipped
with an X'Celerator detector and using Scherrer geometry. The
acquisition time was about 10 h. The corresponding powders were
loaded into 0.5 mm borosilicate glass capillary tubes in an argon-
filled glove box (Jacomex PBOX; O,< 1 ppm, and H,0<2 ppm),
and sealed in order to prevent the samples from moist air
contamination. The unit cell parameters of the crystalline com-
pounds were determined using DICVOL06,°” and the diffraction
patterns were indexed in the monoclinic system using the space
group P2,/a (No. 14). In this space group, the number of
asymmetric unit Z is assumed to be 4 for both. In this way, the
average atomic volume for the carbon, boron and nitrogen atoms
is close to 25.5 A%, This is in very good agreement with the Loganin
criteria®" The crystal structures were solved using the software
FOX.B? The constitutive molecules have been considered flexible to
reach the structural model without using any anti-bump. The as-
obtained structural models were refined using the Rietveld method
using the software Jana 2006.%¥ Deposition Numbers 2204811 (for
C16AB, hexadecylamine borane or C,4H;3sNH,BH;) and 2204810 (for
C18AB, octadecylamine borane or C;gH;sNH,BH;)  contain the
supplementary crystallographic data for this paper. These data are
provided free of charge by the joint Cambridge Crystallographic
Data Centre and Fachinformationszentrum Karlsruhe http://www.
ccdc.cam.ac.uk/structures Access Structures service.

The melting points and enthalpies of fusion of the ABAs were
determined by DSC (DSC 1 Mettler-Toledo). We used indium and
mercury as standards to calibrate temperature, and indium and
zinc to calibrate the melting enthalpy; this resulted in errors of
<1%. We used sealable aluminum crucible (40 pL) to prevent the
ABA from air contamination. The samples were prepared in the
glove box, and the sealed crucibles were afterwards transferred
into the DSC oven. The heating rate was 5°C min~'. The N, flow
rate was 30 mL min~'. We performed a full cycle consisting of a
heating step and a cooling step. The thermal stability and
decomposition of the ABA were studied by thermogravimetric (TG)
analysis (TGA/DSC 2 Mettler Toledo; from 25 to 600°C; heating of
5°C min~"; N, flow rate of 30 mL min™"). The device was coupled to
gas chromatography (GC) and mass spectrometry (MS) detector
(7890B GC-5977A MSD Agilent Technologies). We actually used two
types of couplings: TGA/microGC-MS (SRA Instrument) to follow H,
(and to quantify it) and other small molecules like methane, and
TGA/Storage-Interface/GC-MS for heavier volatile products. The
samples (15 to 20 mg) were loaded into an aluminum crucible
(100 uL) having a pierced lid and heated under pure nitrogen
atmosphere.

The molecular structures of C16AB and C18AB were studied by
density functional theory (DFT) calculations. A gas phase geometry
optimization was performed using DFT/B3LYP method with the 6-
311+ +G (2d, p) basis set available in Gaussian16. The optimized
conformers were calculated at 298.15 K. The Mulliken charges, the
electrostatic potentials, the HOMO and the LUMO were calculated.

Supporting Information Summary

The Supporting Information provides Figures S1 to S20 and
Tables S1 to S3 that are cited throughout the article.
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