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ABSTRACT: A series of ternary graphite intercalation compounds (GICs) of alkali ou eN ec o
metal cations (M = Li, Na, K) and diamines [EN (ethylenediamine), 12DAP (1,2- ]

) ) ) ) ] =2
diaminopropane), and DMEDA (N,N-dimethylethylenediamine)] are reported. L'T' l:] e ;:j
These include stage 1 and 2 M—EN—GIC (M = Li, d; = 0.68—0.84 nm; M =Na, d;= 055 ;% 0.48 o ':"‘ 0.58 f
0.68 nm), stage 2 Li—12DAP—GIC (d; = 0.83 nm), and stage 1 and 2 Li-DMEDA— S | | _¢° [ 8"

GIC (d; = 0.91 nm), where d, is the gallery height. For M = L, a perpendicular-to- [ | | | | |

parallel transition of EN is observed upon evacuation, whereas for M = Na, the EN

Li-EN-GIC  Li-I2DAP-GIC  Li-DMEDA-GIC

remains in parallel orientation. Li—12DAP—GIC and Li—DMEDA—-GIC contain

chelated Li* and do not show the perpendicular-to-parallel transition. We also report the quaternary compounds of mixed cations
(Li,Na)—12DAP—GIC and mixed amines Na—(EN,12DAP)—GIC, with d; values in both cases between those of the ternary end
members. (Li,Na)—12DAP—GIC is a solid solution with lattice dimensions dependent on composition, whereas for Na—
(EN,12DAP)—GIC, the lattice dimension does not vary with amine content.

B INTRODUCTION

Intercalation, ie., the insertion of guest species into layered host
materials, can result in changes in both structures and properties of
the layered host and guest.' Intercalation compounds have
numerous applications, including the adsorption of toxins, use as
photo and electro-functional materials, or use as precursors in the
formation of clay—polymer nanocomposites with enhanced
mechanical properties.2 Large guests can generate microporosity
within layered solids; one proposed related application for graphite
intercalation compounds (GICs) lies in hydrogen storage.”* Other
intercalation reactions can be used to facilitate the exfoliation of
hosts into individual sheets. Besides the interesting properties of
the single-sheet structures themselves, the delamination is a key
step toward reassembled materials with novel magnetic, optical,
and electronic properties.”® A fundamental understanding of
intercalation compositions, energetics, and intragallery structures
will enable new routes to expanded or exfoliated materials and to
designed materials with desirable properties.

The exfoliation of graphite to form single-layer graphene
sheets may be the key to their large-scale synthesis, and this
method has received a great deal of attention. Recent reports
describe the use of binary or ternary GICs as precursors in
graphene production through low-temperature, liquid phase
exfoliation. The intercalates studied include potassium,” > K/
THF,'® bromine,'"' FeCl;/CH,;NO,,” and Na/NH,."> A
broader understanding of GIC chemistry may facilitate the
success of this approach.

The «,w-diamines, H,N(CH,),NH,, have been widely
employed as intercalate guests, with hosts including metal
(hydrogen/oxo)phosphates, metal chalcogenides, metal oxy-
chlorides, metal oxides, and clays." The incorporation of
diamines into a three-dimensional host structure such as zeolite
ZSM-5, and Y is also known."® In addition to the parallel or
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perpendicular orientations that are observed with monoamine
analogs, the presence of two functional groups can result in
more complex intragallery arrangements for diamines. For
example, different bonding modes of diamines intercalated into
graphite oxide (GO) have been proposed.'* These include (i)
bridging two different layers, (ii) looping the two active sites on
the same layer, and (iii) tailing where only one amine is
strongly bound.

The number of GICs prepared containing diamines is
surprisingly limited. In donor-type GICs, the graphene sheets
are reduced, and cations intercalate to maintain charge neutral-
ity."*™"7 Ternary GICs are produced when the metal cations
intercalate as solvated ions. The stage 2 compound Li—EN—GIC
(EN = ethylenediamine) was prepared by Riidorff'® by the direct
reaction of graphite, EN, and Li metal. However, the orientation of
EN within the intercalate galleries was not described. Later, Merle
et al" prepared K~TMEDA—GIC (TMEDA = N,N,N,N-
tetramethylethylenediamine) by the ternarization of KC,, with
TMEDA. More recently, we reported the preparation of M—
12DAP—GICs (M = Li, Na, K; 12DAP = 1,2-diaminopropane).*
A GIC containing the macrocylic cyptand “222” (4,7,13,16,21,24-
hexaoxa-1,10-diazabicyclo[8.8.8Jhexacosane)>' has also been
reported.

In addition to these diamine intercalates, there are several
known GICs containing monoamines, including ammonia,*> 2
methylamine,” and triethylamine.'® We added several to this list
by reporting a homologous series of ternary GICs containing Na*
solvated by n-alkylamines with x carbon atoms, Na—nCx—GIC
(x=23,4,6,8 12, and 14).26 A recent study also compared the
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Scheme 1. Structure of the Diamines and Abbreviations Used in This Work
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structures of GICs containing alkali metals and linear vs branched
amines.”’

The rich structural chemistry of ternary M—amine—GICs can
be expanded by employing the mixture of alkali metal cations
or of the mixed amines, resulting in the quaternary compounds.
The only donor-type quaternary GICs containing two metal
cations and an organic cointercalate that we are aware of is
MHg(benzene),Cs (M = K, Rb),*® which displays a
heterostructure of the sequence C—M—Hg—M—C—benzene—C
along the stacking direction. Quaternary GICs with two organic
intercalates include Li—(THF,BzN)—GIC*® and K-
(THF,Bz)—GIC*® (THF = tetrahydrofuran, Bz = benzene,
BzN = benzonitrile).

In this article, we describe several new GICs containing alkali
metal cations (M = Li, Na, K) with diamines. We will describe
the gallery structure and composition for the different cations
as well as varying (i) diamine carbon chain lengths, ie., x in
H,N(CH,),NH,, (ii) methyl substitution at the amine, i.e.,
—NH, vs —N(CHj;),, and (iii) structural isomerism such as in
H,N(CH,);NH, vs H,NCH,CH(NH,)CH;. We also report
herein the synthesis, structural features, and kinetics of the
quaternary compounds (Li,Na)—12DAP—GIC and Na-—
(EN,12DAP)—GIC.

B EXPERIMENTAL SECTION

All synthesis and handling of the air-sensitive reagents and the
resulting GICs were performed under an inert atmosphere (N, for Na,
K; Ar for Li) using a drybox or septum-syringe techniques. Amines
were dried over a molecular sieve 4A prior to use. The structures of
the amines employed, including their abbreviations, are shown in
Scheme 1. In a typical synthesis of stage 1 compounds, 0.25 g (21
mmol) of polycrystalline graphite powder (SP-1, Union Carbide,
average particle diameter 100 ym) was mixed with 0.060 g of Na metal
(99.95%, Alfa Aesar; 2.6 mmol) and the amine (2 mL).

Caution! Alkali metals are highly flammable when in contact with air
and/or water and should be handled with care.

The reaction mixtures were vigorously stirred at 70 °C for the
following periods: Na—EN—GIC (24 h), Na—12DAP—GIC (72 h),
Li—12DAP—GIC (6 h), and Li—-DMEDA—GIC (12 h). Li-containing
products were obtained using similar methods, but with increased metal
reagent amounts and long reactions times. For example, the stage 1 Li—
EN—GIC was reproducibly produced using 0.030 g (4.3 mmol) of Li and
a 72 h reaction.

Caution! Pressure in these reactors may increase and must be vented.

To synthesize stage 2 compounds, the above-mentioned conditions
were optimized as follows: Na—EN—GIC (0.010 g of Na, 0.4 mmol,
72 h), Li.EN—GIC (0.010 g Li, 1.4 mmol, 72 h), Li—12DAP—GIC
(S mL of 12DAP, intermittent stirring), and Li-DMEDA—GIC (150 h).
The synthesis of Li-DMEDA—GIC is poorly reproducible.

The quaternary (Li,Na)—12DAP—GIC was synthesized by employ-
ing 2.6 mmol of each metal to react with graphite and 12DAP. The
quaternary Na—(EN,12DAP)—GIC was synthesized starting from
0.25 g of dry stage 2 Na—EN—GIC with 2.6 mmol of Na and 2 mL of
12DAP. The mixtures were reacted for 0.5—72 h. The liquid amines
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were removed by centrifugation immediately, and the GIC products
were rinsed briefly with the amine. GIC products denoted “as
prepared” were characterized after centrifugation and brief washing
without further processing; other samples were placed under a vacuum
(<100 pm) at 60 °C for 6 h. Different drying conditions were applied
for Li—EN—GIC (as described below).

Powder X-ray diffraction (PXRD) data were collected on a Rigaku
MiniFlex II, using Ni-filtered Cu Ka radiation, with 0.02° 26 steps
from 5° to 35°. Sample holders were sealed with a plastic tape window
to prevent decomposition in the air during the PXRD measurement.
The (00L) reflections were indexed according to the relation I, = d; +
(n — 1)(0.335 nm), where I, is the identity period obtained directly
from diffraction data, d; is the gallery height, n is the GIC stage
number, and 0.335 nm is the distance between two adjacent graphene
sheets. The gallery expansion, Ad, is defined as Ad = d; — 0.335 nm.
Figure la illustrates these dimensions schematically.
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Figure 1. (a) Structural parameters used to describe GICs, shown here
as stage 2, and calculated dimensions in nanometers of (b) EN, (c)
12DAP, and (d) DMEDA. Labels 1 and 2 indicate bonding in the
head-to-tail (monodentate) and chelation (bidentate) modes,
respectively.

Thermogravimetric analysis (TGA) was performed with a Shimadzu
TGA-50 under flowing Ar gas (20 mL/min) from RT to 800 at S °C/min.
Elemental analyses for alkali metals were performed after alkali cations
in GICs were extracted into the liquid phase by a gentle boiling in
3:1 (v/v) HCI/HNO; as described previously.”” Capillary zone
electrophoresis (CZE) on the extract solutions was performed using
an Agilent Technologies HP*’CE equipped with a UV detector, a
fused-silica capillary, and indirect detection at 210 nm. Separation was
accomplished at 30 °C with an applied voltage of +15 kV, employing
the background electrolyte (pH = 5.2, adjusted with glacial acetic acid)
of 15 mM imidazole in water. Metal contents were quantified using a
calibration curve obtained from the peak areas of the cations’ standard
solutions (0.1-1.0 mM).”” GICs synthesized from different batches
and separately analyzed showed amine contents agreeing within
2%, and the alkali metal contents within 0.1% (Na) and 3% (Li).
"H NMR spectra were recorded at 299.947 MHz at RT using a Varian
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Figure 2. PXRD patterns of Li-EN—GICs: (a) stage 2 as prepared, (b) after 3 h and (c) 6 h of evacuation at 60 °C, (d) stage 1 as prepared, and (e)
after 6 h of evacuation at 60 °C. The d values (in nm) and assigned Miller indices (00L) are indicated for each reflection. The labels s1 and s2 refer

to stages 1 and 2, respectively.

(Agilent Technologies) INOVA 300 NMR spectrometer. Samples
were sealed in a Zirconia rotor under Ar gas.

The amine cointercalate structures were optimized using the hybrid
density functional method (B3LYP) with a 6-31+G(d,p) basis set and
the Gaussian 3.0 software.

B RESULTS AND DISCUSSION

GICs of Ethylenediamine. Figure 2a,d show PXRD
patterns of wet blue/black products obtained by reacting
graphite with Li metal and EN. Following Riidorff,'® these
products can be assigned as stage 2 Li—-EN—GIC (I, = 1.176
nm, d; = 0.841 nm vs the reported d; of 0.85 nm'®) and stage
1 (d; = 0.855 nm, not reported previously). The stage 1 Li—
EN—-GIC is prepared by employing 4.3 mmol of Li (instead of
1.4 mmol for stage 2) while fixing the amount of graphite at 21
mmol. The gallery expansions for both stages, Ad ~ 0.5 nm,
agree with the calculated dimension of EN with a perpendicular
orientation relative to the graphene sheets. The head-to-tail and
chelate structures, Figure 1b1b2, respectively, have similar
dimensions with this orientation, and either fits well with the
observed dimensions.

Following evacuation at 60 °C, the stage 1 and 2 phases
undergo a structural change and transform into phases with
smaller gallery dimensions (d; = 0.676 and 0.684 nm respectively,
Ad ~ 035 nm), as shown in Figure 2b,ce. From the diamine
steric requirements, these phases must have the EN oriented
parallel to the graphene sheets. Hence, Li-EN—GIC in Figure 2b
is a mixture of phases with perpendicular or parallel orientation of
EN. Again, the head-to-tail and chelate structures have similar
dimensions with this orientation, and either fits well with the
observed dimensions. The expansion observed for the parallel
orientation also agrees well with the known monolayer thickness
of amines in related GICs, such as Na—n-a]kylarnine—GIC,26 and
in other host structures, such as TiOCl and VOCI*! or TaS,.** In
the case of graphite oxide (GO),"* EN is also in parallel
orientation, and by varying x in H,N(CH,),NH,, the interlayer
distance of graphite oxide increases slowly from 0.64 nm (pristine
GO) to 0.84 nm (x = 4) to 0.99 nm (x = 10). GO and amines
interact via functional groups on GO, which is different from the
redox intercalation in donor-type GICs.
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In comparing the related ternary GICs, Li—-H,NCH,CH,X—
GICs with X = CH; (n-propylamine),*® X = CH,CH; (n-
butylamine),”® and X = NH, (EN), only the latter shows the
perpendicular-to-parallel transition after evacuation. The other
GICs always retain a parallel intercalate orientation.

The cation plays a significant role in directing the orientation
of the organic cointercalates in M—EN—GIC. Figure 3ab
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Figure 3. The PXRD patterns of (a) stage 1 and (b) stage 2 Na—EN—
GIC. The d values (in nm) and assigned Miller indices (00L) are
indicated for each reflection. The labels s1 and s2 refer to stages 1 and
2, respectively.

shows the PXRD pattern of the stage 1 (d; = 0.691 nm) and
stage 2 (d; = 0.676 nm) Na—EN—GIC. The as-prepared and
evacuated GICs both show Ad ~ 0.36 nm, indicating a parallel
EN orientation. These M—EN—GICs (M = Li, Na) provide
another example where a strong cation directing effect occurs,
the other reported cases are for M—THF—GIC* [d, = 0.89 nm
(M = K); 0.71 nm (M = Cs)], M—N,—GIC** [d, = 0.957 nm
(M = K); 0.946 nm (M = Cs)], and M—12DAP—GIC? [d, =
0.78 nm (M = Li); 0.75 nm (M = Na); 0.70 nm (M = K)]. In
all of these cases, counter to the relative cation radii, the gallery
dimensions decrease from Li* to K.
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Reaction of graphite, K, and EN produces a blue solid
product at RT and a black product at 70 °C. In both cases, the
product shows only the weak (002) of graphite (not shown). It
appears that the highly reactive K metal leads to an unstable
or amorphous product. Schlégl and Boehm®® reported that
K—THF—GIC decomposed in the mother liquor upon pro-
longed contact. Alternately, the formation of the EN-solvated
K* complexes, while known,*® is less favorable than for Li* or
Na', and this may prevent the formation of an ordered GIC
product.

GIC of Substituted Ethylenediamine. The PXRD
pattern of Li—12DAP—GIC stage 2 (d; = 0.827 nm) is
shown in Figure 4a. The stage 1 of this GIC was previously
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Figure 4. PXRD patterns of (a) stage 2 Li—12DAP—GIC and (b)
stage 1 and (c) stage 2 Li-DMEDA—GIC. The d values (in nm) and
assigned Miller indices (00L) are indicated for each reflection. The
labels s1 and s2 refer to stages 1 and 2, respectively. G(002) indicates
the graphite (002) reflection.

reported with a similar gallery dimension.”® The gallery
expansion Ad of 0.48—0.49 nm is in agreement with the
calculated dimension of 12DAP perpendicular to the graphene
sheets and chelating the cation, Figure 1c2.*° The calculated
dimension of 12DAP without chelation (i.e., along the N—C—
C—C backbone), 0.61 nm, is too large. The as-prepared and
evacuated products are similar; thus, the added methyl group
on the amine (Li—12DAP—GIC compared to Li—EN—GIC)
prevents intercalate reorientation. On the other hand, the
observed dimensions for K—12DAP—GIC (d; = 0.697 nm)
require that the 12DAP lie parallel to the graphene sheets,
whereas in Na—12DAP—GIC (d; = 0.749 nm), the diamine
displays an intermediate orientation.*

Ternary GICs of alkali metals with 13DAP and 14DAB are
not obtained by these methods; in all trials, only the (002)
reflection from graphite is observed after reaction (PXRDs not
shown). This underlines the necessity of —NH, groups in the 1,2
position (i.e,, vicinal) for intercalation to proceed. Li metal does
not appear to react with and dissolve into 13DAP and 14DAB,
whereas Na metal and K metal react but do not generate reactive
free radicals. The formation of M"H,N(CH,),NH"~ from 13DAP
was reported in the presence of ultrasound (M = Na) or ammonia
gas (M = K).* Further, Laszlo et al.*® showed by »*Na NMR that
the preference for Na* solvation by the diamines was in the order
14DAB < 13DAP < EN. Ternary GIC formation is, in part, driven
by the solvation enthalpy of cointercalates, and this provides

another explanation for the instability of GICs containing these
diamines.

Figure 4b shows the PXRD pattern of the product assigned
as a stage 1 Li-DMEDA~GIC, d; = 0.910 nm. As-prepared and
evacuated products are similar. DMEDA is structurally related
to EN with two additional methyl groups substituted for the
two hydrogen atoms on the same amine group. The gallery
expansion of Ad ~ 0.58 nm indicates a perpendicular and
chelating DMEDA orientation, similar to that observed for
EN and 12DAP, Figure 1d2. Stage 2 Li-DMEDA—GIC [d; =
0916 nm, Figure 4c], again with perpendicular, chelating
DMEDA, was obtained at longer reaction times. Thus, methyl
substitution on EN to form 12DAP or DMEDA results in
chelation of Li* within the GICs and the inhibition of the
perpendicular-to-parallel transition.

Although the solvation of Na" by DMEDA is known in the
solid state,*® the Na and K analogs of M—DMEDA—GIC were
not obtained. The PXRD pattern from the reaction of graphite,
Na metal, and DMEDA shows only the unreacted graphite and
Na metal remaining in the reaction tube. A similar result was
obtained for K metal, though the DMEDA turned brown,
indicating solvent decomposition.

The synthesis of a stage 1 K—-TMEDA—GIC (d; = 0.894 nm)
by the ternarization of the KC,, with TMEDA is known."
Assuming the parallel arrangement of TMEDA, the reported
Ad = 0.559 nm is close to that observed (0.563 nm) for
intercalation compounds of VOCI and TMEDA.>" We found
that the direct reaction of graphite, K metal, and TMEDA yields
a blue product with I, = 0.855 nm (PXRD not shown), and this
phase is assigned as K—TMEDA—GIC following Merle et al.'’
Neither Li nor Na metal dissolve in TMEDA, and neither metal
produces GICs using this method. The addition of electron
transfer agents (e.g, anthracene, biphenyl, naphthalene),
known to assist the formation of ternary GICs of alkali metal
cations and ether,***! does not result in GIC products. The
synthetic obstacles for M—TMEDA—GIC (M = Li, Na, K) by
the direct method are not due to the instability of metal
TMEDA complexes; many known crystal structures show
TMEDA solvating Lit,®7% Na*, %% or k40

The formation of radicals/anions/solvated electrons through
the reaction of alkali metal with liquid ammonia or small chain
amines is well-established in the literature.>" After reaction with
n-butyl lithium, free radicals were detected by electron
paramagnetic resonance (EPR) for EN and 12DAP, whereas
13DAP and DMEDA were EPR-silent.”> This is in line with
the production of ternary GICs of alkali metals with EN and
12DAP, but nonreaction of 13DAP. Contrary to this model,
DMEDA does form GICs. This might be related to the use of
Li metal as the reducing agent, rather than n-butyl lithium.

Compositional Analyses. 'H static NMR spectra of Na—
EN—GIC and EN liquid as a reference are shown in Figure S.
Only a broad signal of EN is observed in Na—EN—GIC; there are
no sharp CH, and NH, peaks of liquid EN at 0.8 and 0.5 kHz.
The motion of intercalated EN molecules is restricted, and no
excess liquid EN, for example, on the GIC surface, is observed.

Representative mass loss curves for the GIC products
obtained are shown in Figure 6. All show mass losses from
50 to 200 °C, followed by a higher temperature mass loss with
an onset around 600 °C. The lower temperature loss is ascribed
to intercalate volatilization and the latter to the decomposition
of the graphitic host lattice. This high temperature mass loss is
also observed for a graphite control sample (not shown) and is
due to the presence of trace O, in the flow gas. The diamine
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Figure 6. TGA mass loss data for GIC products.

content was determined from the mass loss from 50 to 200 °C
and metal content from elemental analyses as described above.
GIC compositions thus obtained are provided in Table 1.
Assuming that only Na,O remains after high temperature
thermolysis of the Na-containing GICs, the TGA residual
masses confirm the metal contents obtained from CZE (for
example, 7 wt % Na (from TGA residue) vs 6.5 wt % Na (from
CZE) for stage 2 Na—EN—GIC).

The diamine/M molar ratios are 6'generally close to 1:1 similar
to, e.g, Na—n-propylamine—GIC2 and others.>® The compo-
sition of the stage 2 perpendicular Li;(EN),,C,s found is
similar to the reported Li,(EN) 10Cos'® The T, geometry
around solvated Li* is documented in other GICs such as Li—
THF-GIC** or Li-DME—GIC.>® However, the molar ratios
found above indicate lower coordination numbers for GICs
with diamine intercalates. For most products obtained, the

compositions of these ternary GICs are close to one metal
cation for 15 (or 26) for stage 1 (or stage 2) graphene C atoms.

The packing fractions within the intercalate galleries are
obtained by comparing the experimentally obtained composi-
tions and structural data. For example, with Li—-EN—GIC, the
values required are the volume of Li* (0.0016 nm?); the van der
Waals molar volume of EN (0.0651 nm?®);*® the surface area
per C atom in a graphene layer (0.0261 nm?); and the
experimentally determined GIC composition, stage number,
and intercalate gallery expansion. The packing density, or
fraction of volume in the expanded galleries occupied by
intercalates, can then be determined as

[(0.0016 nm> + (0.7)(0.0651 nm>))
/[(26/2)(0.0261 nm*)(0.505 nm)]

= 0.28

The calculated packing fractions are shown in Table 1 and fall
in the range ~0.2—0.5. These values show a wide range for
other ternary GICs, from about 0.1—0.7.'%**%7%7
Quaternary GIC with Two Metal Cation Cointerca-
lates. Solid solutions of LiNa—amine—GIC can be prepared
directly by the reaction of graphite with two alkali metals and
the amine. PXRD patterns of products from different reaction
times are shown in Figure 7 and compositional results in Table 2.

(002)
o)
g J\ 24n G(002)
[+
g
a _J\ 10h
8
E 3.25h
1.5h
05h ‘ . ‘
10 15 20 25 30

20/°

Figure 7. Selected PXRD patterns of the stage 1 (LiNa)—12DAP—
GIC made by direct synthesis at different reaction times. The assigned
Miller indices (00L) are indicated for each reflection. G(002) indicates
the (002) reflection from graphite.

In all cases, quaternary stage 1 GICs are obtained. A gradual
shift in d; (in nm) with reaction time is observed: 0.806 (0.5 h),
0.802 (1.5 h), 0.775 (325 h), 0.768 (6 h), 0.766 (10 h), and
0.743 (24 h). The shorter reaction times show gallery dimensions
closer to those of Li—12DAP—GIC (d; = 0.816 nm), whereas
long reaction times show dimensions more similar to those of

Table 1. Compositional Data for Ternary M—Diamine—GICs

diamine cation M stage no. wt% M

EN Li 2 1.72
Li 2 1.95
Li 1 2.96
Na 2 6.50
Na 1 8.66

12DAP Li 1 2.82
Li 2 1.76
Na 1 5.70

“Ref 18.

11680

wt% diamine composition packing fraction
149 Li; (EN), oCas® 035
112 Li; (EN)-Cag 028
20.8 Li; (EN)sCis 0.40
10.0 Na,(EN)Cas 0.40
217 Na, (EN), ,Cs 051
28.7 Li;(12DAP)6sC1y 045
177 Li, (12DAP).4,Cy 047
242 Na,(12DAP), ,C,, 0.4
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Table 2. Structural and Compositional Data of the
Quaternary (Li,Na)—12DAP—GIC

wt %
time/h wt % (metal) diamine derived composition
0.5  3.12 (Li), not detected (Na) 29.8 Li;(12DAP),,C,,
15 352 (Li), 0.24 (Na) 285 (LigosNages)
(12DAP),,Cy,
6 2.75 (Li), 0.66 (Na) 252 (Ligo3Nage7)
(12DAP)5Cys
10 2.05 (Li), 0.53 (Na) 26.7 (Ligo3Nage7)
(12DAP), ,Cyy
24 2.18 (Li), 3.79 (Na) 24.2 (LiggesNagss)
(12DAP),,C,

Na—12DAP—GIC (d; = 0.749 nm). As shown in Table 2, Li
content decreases, and Na content increases, as the reaction
proceeds.

The continuous change in lattice dimension vs the Li content
[, in LixNal_x(IZDAP)yCZ] follows Vegard’s law for solid
solutions, Figure 8. Composition-dependent lattice variations,

#
-

0.73 - ! ) ! |

0.7 0.8 0.9 1.0
x

0.83

Figure 8. A plot of d; of the first stage (Li,Na)—12DAP—GIC vs the Li
content x as in (LixNal_x)(IZDAP)yCZ. The y-error bars for d; show
+1 standard deviation. The x-error bars are +0.01.

either linear or with anomaly, were reported for K;_,Rb,Cg.>" >
In the present case, Li metal reacts with 12DAP rapidly, forming
the Li'—12DAP complex that intercalates initially. This is clear
from the optimized reaction times of 6 h vs 72 h for preparation of
Li— and Na—12DAP—GIC, respectively (see the Experimental
Section). The Li* complex is slowly displaced by Na*—12DAP as
reaction times increase. Li'—12DAP can also displace the Na®
complex in a prepared Na—12DAP—GIC sample (data not
shown), suggesting there is little thermodynamic preference for
either complex and that reaction kinetics and mass action play a
dominant role in this exchange. In addition to M(12DAP)," (M =
Li, Na) complexes, the Na(EN)," complexes can also be
exchanged with tetra-alkylammonium cations,* resulting in a
new route to novel GICs.

To our knowledge, the only other quaternary GIC of this
type reported is Hg(benzene),Cs (M = K, Rb),” which forms
ordered heterostructures as opposed to the solid solutions
described above.

Quaternary GICs with Two Amine Intercalates. When
stage 2 Na—EN—GIC [d; = 0.678 nm, Figure 9a] reacts with
Na metal and 12DAP, the solid changes from black/blue to
intense blue. The PXRD patterns for the obtained products are
shown in Figure 9b—d. A stage 1 quaternary Na-—
(EN,12DAP)—GIC (d; = 0.716 nm) is observed with a gallery
dimension intermediate between Na—EN—GIC (0.691 nm)
and Na—12DAP—GIC (0.749 nm). At long reaction times,
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Figure 9. The PXRD patterns of (a) stage 2 Na—EN—GIC and the
product from its reaction with Na metal and 12DAP at (b) 6, (c) 24,
and (d) 72 h. The d values (in nm) and assigned Miller indices (00L)
are indicated for each reflection.

Na—12DAP—GIC appears in addition to Na—(EN,12DAP)—
GIC.

There is no diffraction evidence for an ordered hetero-
structure where the EN-solvated Na* intercalates into alternate
galleries. We propose that Na(lZDAP)},+ complexes intercalate
into both the empty layer and the layer already occupied by
Na(EN),". The displacement reaction occurs more slowly than
the opening of new galleries, accounting for the formation of a
quaternary compound followed by appearance of the Na—
12DAP—GIC phase. Attempts to prepare quaternary GICs by
the reaction of graphite with Na and a mixture of EN and
12DAP (at several different ratios) yielded disordered materials,
as indicated by broad PXRD patterns.

From the previously reported d, values for Li—(BzN,THF)—
GIC (d, = 0.744 nm)* and K—(THE,Bz)—GIC (d, = 0.9
nm),* organic cointercalates can form solid solutions. There
have also been reports of ordered heterostructures for acceptor-
type GICs, where the second guest species intercalates into the
empty gallery easily without displacing the initial guest
species.61

B CONCLUSIONS

We described the synthesis and structure of M—diamine—GICs,
employing the systematic investigation of diamines with
different alkyl chain lengths, different positions of the —NH,
group, and the presence of —CHj substituents. Stage 1 and 2
Li—EN—GICs show the first example of a monolayer
perpendicular-to-parallel intercalate transition. The presence
of methyl group(s) in 12DAP and DMEDA (i) inhibits that
transition and (ii) enforces the chelation to Li* in the GICs.
Two examples of cation-directed orientation of organic
cointercalates in GICs are identified, in the series M—
12DAP—GIC (M = Li, Na, and K) and M—EN—GIC (M =
Li, Na). In these cases, the GICs with the smaller-radius cation
show greater gallery expansions.

We also reported the synthesis of quaternary GICs
containing mixed metal cations or mixed amines. (Li,Na)—
12DAP—GIC was synthesized through the one-pot synthesis,
showing a variation in gallery height dependent on reaction
time and the composition. Na—(EN,12DAP)—GIC, on the
other hand, was prepared from the preformed stage 2 Na—EN—
GIC and shows an invariant gallery height.

dx.doi.org/10.1021/ic201661y | Inorg. Chem. 2011, 50, 11676—11682
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