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ABSTRACT: Graphite intercalation compounds (GICs) of a
series of symmetric or asymmetric tetraalkylammonium
(TAA) intercalates are obtained from stage-1 [Na(en);,]Cys
via cation exchange. The prepared dull-black TAA-GICs
contain either flattened monolayer or bilayer galleries, with
significant cointercalation of the dimethylsulfoxide (DMSO)
solvent in the bilayer galleries. The TAA-GIC products
obtained are characterized by X-ray diffraction and related
structural modeling, compositional analyses, and Raman
spectroscopy. [(C4Hy),N]C,; is obtained as a pure stage-1
GIC with the flattened monolayer structure. The larger
symmetric TAA cations, (C¢H}3),N, (C,H5),N, (CgH;,),N,
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and the asymmetric TAA cations, (C,,H,5)(CH,);N, (C;sH;,)(CH;);N, (CigHj,),(CH;),N, all form pure stage-1 GICs with
flattened bilayer conformations. Thermogravimetric analyses combined with mass spectrometry and elemental analyses indicate
the presence of ~1—2 DMSO cointercalates per bilayer cation. The intercalate layers in these TAA-GICs have expansions along
the stacking direction of ~0.40 nm. Raman data confirm the low graphene sheet charge densities in the obtained TAA-GICs.

B INTRODUCTION

Graphite has been long studied as an intercalation host and
shows some unique aspects.' > Graphite intercalation com-
pounds (GICs) consist of host graphene layers and intercalate
guests; either donor or acceptor-type compounds can be
prepared by reduction or oxidation of the graphene sheets,
respectively.* """ This redox intercalation can be performed by
either chemical or electrochemical methods, and a wide range
of atomic or molecular ions, often accompanied by neutral
cointercalate molecules, are known to act as intercalate
guests.'>™"7 The ordered sequencing of intercalate and
graphene sheets perpendicular to the stackin§ direction is
known as “staging” in common for GICs,'®™ and, while
known, it is rarely observed with other layered hosts.”® The
highest intercalate contents are for stage-1 GICs, where all
graphene sheets are separated by intercalate layers. Important
applications for GICs and the associated chemistries include
reversible energy storage in Li-ion battery anodes,”"> use as
reducing agents”® or gas/liquid absorbers,>*>® and as
precursors to exfoliated graphite or graphene.”” '

Our group has previously reported new donor-type GICs
containing a wide range of alkali metal—amine intercalate
complexes.”” > These GICs were prepared using a direct
chemical approach where alkali metals and amines are simply
combined with graphite under appropriate conditions. The
arrangements and orientations of intercalates in the resulting
GICs depend on both the alkali metal cation and the amine.
For example, in [Na(n-CyH,NH,),,]C;s the intercalate
complexes are arranged as a monolayers with long molecular
axes parallel to the encasing graphene layers.>> Amine
intercalates with longer alkyl substituents, such as in [Na(s-
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C,HyNH,),,]C,s, form intercalate bilayers, again with long
molecular axes parallel to the graphene sheets.*” Earlier studies
on alkylammonium intercalation in graphite have emIplogred
electrochemical reduction in aprotic polar solvents.'®*¢~*!
Recently, our group reported a new chemical method for the
preparation of a GIC containing tetrabutylammonium cations,
by reaction in N,N-dimethylformamide (DMF), to displace the
Na(en)* intercalate in [Na(en),,]JC,s (en = ethylenedi-
amine).*” In that study, a stage-1 [(C,H,),N]C,, GIC was
obtained with a highly flattened intercalate monolayer and
gallery expansion of 0.47 nm. We proposed that this cation
conformation results from the large lattice enthalpies in GICs
that strongly favor minimal expansion upon intercalation. No
other tetraalkylammonium (TAA) GICs could be obtained
using this approach.

The intercalation of alkylammonium ions via ion exchange
has been widely studied for several layered hosts, along with
detailed structural characterization of the resulting materi-
als. P~ Higghly flattened conformations have been observed
previously.** ™" For example, in smectite clays, a structural
evolution from monolayer to bilayer to pseudotrilayer galleries
is observed for increasing size of symmetric alkylammonium
cations.”>** The intercalate monolayers showed an interlayer
expansion of ~0.5 nm relative to the anhydrous host, requiring
that the alkyl chain substituents lie parallel to the clay layers and
that the cations have a flattened conformation. The interlayer
spacing increases by an additional 0.4—0.5 nm for each added
cation layer. Flattened monolayers of ~0.5 nm thickness were
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also observed in MoS,, rectorite, and montmorillonite
compounds with asymmetric alkylammonium intercalates.>*~
These very small interlayer dimensions are at the steric limit of
an alkylammonium headgroup.

In the present work, we report the first preparation of a
homologous series of symmetric or asymmetric tetra-n-
alkylammonium GICs (TAA-GICs) by adapting the previously
reported method, and characterize structures and compositions
of the GICs obtained.

B EXPERIMENTAL PROCEDURE

Materials. Graphite powder (SP-1 grade, average diameter 100
pum) was used as received from Union Carbide, Inc. Ethylenediamine
(99%), dimethylsulfoxide (AR grade, 99.9%), acetonitrile (HPLC
grade, 99.9%), and anhydrous methanol (99.9%) were dried over a 4 A
molecular sieve prior to use. All tetraalkylammonium cations were
obtained as bromide salts with a purity >98% and were used as
received.

Syntheses. [Na(en),(]Cs (en = ethylenediamine) was prepared
according to a previously reported reaction:>> 20 mmol of graphite
(240 mg) and 2 mmol of sodium metal (S0 mg) were added to 3 mL
of ethylenediamine and continuously stirred at 60 °C for 24 h under
an inert atmosphere. After the supernatant solution was separated by
centrifugation, a blue solid product was dried in vacuo overnight at
room temperature. The product was characterized by PXRD and TGA,
and used as a reagent for subsequent reactions.

For the ion exchange reactions with smaller TAA cations (e.g,
(CH;)uN, (CHg)yN, (C3H,)4N, (CyHo),N, and (Ci,H,s)(CHs)3N),
2 mL of dimethylsulfoxide (DMSQO) was added to a reaction tube
containing 0.30 mmol of [Na(en);(]C;s and 0.20 mmol of the
alkylammonium bromide salt. The exchange was carried out at 60 °C
for 10 min under an inert atmosphere. Next, the mixture was
centrifuged for S min, and the top liquid phase was removed by
syringe. The wet product was washed with acetonitrile and then
anhydrous methanol to remove soluble byproducts and excess
alkylammonium salt. The GIC product was dried in vacuo overnight
at ambient temperature. The reactant solution and rinse solvents were
collected, combined, and later analyzed to quantify the extent of the
exchange.

The same synthetic procedure was employed for the larger TAA
cations (e.g, (CsHy)uN, (CeHy3)uN, (C/H;s)uN, (CgHy,)uN,
(CisHs,)(CH;,)3N, and (CgHy,),(CH;),N), except that the products
were rinsed only with anhydrous methanol, and were dried at 60 °C
for 6 h.

Characterization. Powder X-ray diffraction (PXRD) patterns were
recorded using a Rigaku Miniflex II diffractometer with Ni-filtered Cu
K, radiation (4 = 0.15406 nm). All measurements were collected in
the 260 range from 3° to 60° at a scan speed of 5°/min. The
relationship of the gallery height (d,), repeat distance along c-axis (I.),
and stage number (n) is given by:

I=d,—0335(n—-1) (1)
where 0.335 nm corresponds to the thickness of a single graphene
sheet. The interlayer expansion (Ad) refers to the difference between
the gallery height of the GIC and the thickness of a single graphene
sheet (i.e., Ad = d, — 0.335 nm).

A Shimadzu TGA-50 thermogravimetric analyzer (TGA) was used
to study the thermal behavior of GICs under flowing Ar/O, (20 mL/
min) at a heating rate of 10 °C/min from ambient to 800 °C. A TA Q-
600 TGA equipped with a Hiden HPR-20 QIC mass spectrometer was
employed to track the evolution of DMSO at m/z = 63 in flowing N,
at the same heating rate. CHN and S elemental analyses were
performed by Micro-Analysis, Inc. (Wilmington, DE). A Witech
confocal Raman microscope was used to collect Raman spectra
(resolution = 4 cm™') with a 514 nm laser source. Capillary zone
electrophoresis (CZE) analyses were performed on a HP *°CE
instrument according to a previously described method.*
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Energy-minimized structural models and mapped electron density
surfaces for the “flattened” and “undistorted” conformations of the
selected (C;H;5),4N cation and DMSO molecule were calculated using
the hybrid density functional method (B3LYP) with a 6-31G basis set
and the Gaussian 09W software.

One-dimensional electron density maps were generated from a
centrosymmetric stage-1 cell in comparison between the observed
PXRD data sets and the calculated structure models. The methodology
has been described in detail previously."*

B RESULTS AND DISCUSSION

For larger TAA cations, the generation of a series of single-
phase, stage-1 TAA-GICs can be accomplished via cation
exchange as illustrated in Scheme 1, where the Na(en)" cationic

Scheme 1. Synthetic Route to TAA-GICs
l |

3N s I
N NI NI N N

60°C for 24 h | |
[Na(en), 4|C,s

J o —
Nag,, in ‘en

Graphite

R NBr in DMSO
60°C for 10 min

¥ v
[ ] [ . |
<K  -or- =~k
1 1 o

[ |

TAA-GICs

complex is displaced by TAA cations. For most of these
reactions, the cation exchange occurs rapidly at moderate
temperatures in a DMSO solvent. The color of all of the
obtained GICs is dull black, as compared to the bright blue
[Na(en), ,]C;s reactant.

The PXRD patterns obtained for the reactant [Na(en), o]C,
and the TAA-GIC products are shown in Figure 1. [Na(en); ]
C,s (Figure 1a) displays a highly ordered stacking arrangement
with d; = 0.691 nm. As reported previously, this gallery
expansion is consistent with a monolayer arrangement of
Na(en)* in which ethylenediamine forms a chelate structure
oriented parallel to the graphene sheets.> Figure le shows the
stage-1 [(C4H,),N]C,; product obtained, with d; = 0.813 nm.
This product is similar to that obtained previously using
exchange in DMF, and the interlayer expansion (Ad) of only
0.478 nm sterically requires the (C,H,),N* intercalates to form
monolayers with a highly flattened conformation.*

Figure 1g—i shows the formation of several new, well-
ordered, single-phase TAA-GICs. In each case, the observed
reflections can be indexed as stage-1 GICs with d; & 1.14 nm.
No residual [Na(en),(]C;s is seen, although a very small
graphite (002) reflection at 26 = 27° is often present, most
notably in Figure 1g. The larger interlayer expansion (Ad ~
0.80 nm), coupled with structure modeling and compositional
data (described below), indicate that these large TAA
intercalates form novel bilayer, rather than monolayer, galleries,
again with the steric requirement that each layer contains highly
flattened cations.

Exchange with (CsH,;,),N* (Figure 1f) does not result in
either the ordered monolayer or the bilayer arrangement, but
yields instead a poorly ordered structure with only two strong
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Figure 1. PXRD patterns of the (a) [Na(en),,]C,s reactant and GIC
products containing (b) (CH;),N, (c) (C,H;),N, (d) (C3H,)4N, (e)
(CHo)uN, (f) (CsHy )N, (g) (CeH3)aN, (h) (C;Hys)uN, and (i)
(CgH,;)4N. The assigned indices of obtained GICs and of graphite are
denoted as (001) and G(00), respectively.

reflections observed. These are consistent with a stage-2 TAA-
GIC with a bilayer gallery (Ad = 0.79 nm). Compositional
analyses also show a lower intercalate content for this product
(Table 1). The high angle shoulder on the (003) reflection after
exchange with (C4sH;;3),N* (Figure 1g) may also be ascribed to
a minor component of the stage-2 GIC.

Interestingly, attempts to exchange [Na(en);]C;s with
smaller TAA cations by the same route were unsuccessful;
the products obtained after reaction with (CH;),N* and
(C,H;),N* cation-containing solutions show only broadened
graphite reflections (Figure 1b,c), and the (C;H,),N* exchange
reaction (Figure 1d) results in a mix of disordered graphite and
a high-stage GIC. In these reactions, therefore, the oxidation of
[Na(en),(]C;s to graphite or to a high-stage GIC must be
accompanied by reduction of the reactant solution. Because
[Na(en);(]C;s is oxidized to graphite by exposure to neat
DMSO under similar conditions, we can restate these

observations as the stabilization effect of the larger, but not
the smaller, TAA cations that promotes ion exchange over GIC
oxidation.

Although the products obtained after reaction with the larger
TAA cations are stage-1GICs, the charge densities do decrease
on the graphene sheets during these reactions, as will be shown
below in the increased x value in the composition [TAA]C.,.
This indicates a partial oxidation of the graphene sheets during
the exchange process.

Figure 2a—c shows the PXRD patterns obtained following
exchange with asymmetric TAA cations. All of the products
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Figure 2. PXRD patterns of products obtained after exchange by
asymmetric TAA cations (a) (C,,H,5)(CH;);N, (b) (CisHy,)-
(CH3)5N, and (c) (Cy3Hy;)2(CH;),N.

obtained are single-phase, stage-1 GICs with d; & 1.12 nm,
indicating again a bilayer arrangement of flattened TAA cations.
The structural data obtained for [Na(en),,]C,5 and the TAA-
GICs are summarized in Table 1.

Capillary zone electrophoretic (CZE) analyses can be used to
quantitate soluble species during and after reactions, and here
were used to monitor reaction progress and to determine GIC
composition by the appearance of Na' and en and the
disappearance of TAA cations from the reactant solution
according to:

Table 1. Structural and Compositional Data of [Na(en)1.0]C,5 and Obtained TAA-GICs

d, Ad intercalate

cation stage (nm) (nm) arrangement
Na(en),* 1 0.691 0.356 monolayer
(CH,),N high-stage + 0.760  0.42S monolayer

graphite
(CH,),N 1 0.813 0478 monolayer
(CeH,)N 2 1123 0793 bilayer
(C¢Hy3)N 1 1122 0.787 bilayer
(CHy5)N 1 1.144  0.809 bilayer
(CgH;,)N 1 1.148 0813 bilayer
(C13H,5)(CH;)3N 1 1.109  0.774 bilayer
(CysHsy)(CH3);N 1 1126 0791 bilayer
(CysHy,),(CH;),N 1 1.118  0.783 bilayer
“Data from ref 33.
7141

total intercalate packing

(mass %) composition fraction
304 [Na(en),(]Cys 0.51
11.8 n/a n/a
318 [(C,Hy),N]Cys 0.55
27.5 n/a n/a
382 [(C4H,3),N]Cso:1.1DMSO 042
408 [(C,H,);N]Cgy14DMSO 045
414 [(C4H,,),N]Cys 1.9DMSO 0.46
38.8 [(C1yH,5)(CH,);N]C,y 1.4DMSO 043
37.5 [(CysHs)(CH,);N]Cyo'1.6DMSO 0.40
414 [(CysHy,),(CH;),N]Cgs-2.2DMSO 0.48
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excess TAA
[Na(en),,]C Jem [TAA]C, + aNa* + b(en
10415 x

)

where 4, b, and «x in the products can be derived directly from
CZE data. Quantitative displacement of the sodium complex
will result in a = b = 1.0. For exchanges using symmetric TAA
cations larger than (C;H,),N*, and for the asymmetric TAA
cations, the exchange is nearly complete for both Na cations
and en (the a and b values obtained are close to 1 in Table 2).
Additionally, the TAA cation contents for the GICs derived
from CZE(x) are consistent with TGA results (Table 2).

Table 2. Stoichiometric Ratios for Displacement Reaction 2
As Determined by CZE®

CZE TGA
obtained GICs a b x x
[(C,H,),N]C, 097 1.0 41 43
[(C¢H,3).NIC, 1.0 0.98 56 59
[(C,H,5)NIC, 1.0 1.0 s8 63
[(CeH,,),NIC, 1.0 099 63 72
[(C1Hye) (CH,),N]C, 097 093 40 44

“[TAA]C, values derived from TGA are also provided.

The thermal behavior of two TAA-GICs and graphite is
shown in Figure 3. [(C,H,),N]C,; shows two mass loss regions
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Figure 3. TGA mass loss data for [(C,H,5),N]Cg;-1.4DMSO (- - ),
[(C,Hy)N]Cyy (—-—-— ), and unreacted graphite (—). At the
bottom, m/z = 63 peak intensities from TGA/MS are shown for
[(C/H,5)4N]Cg3 1.4DMSO (- - -) and [(C,;H,),N]Cys (—-—- = )-

(130—250, 250—500 °C) attributed to the thermolysis of the
TAA cation. [(C;H;5),N]Cg;-1.4DMSO shows a much larger
total mass loss, and an additional low-temperature mass loss at
95—110 °C. The latter is ascribed to volatilization of a DMSO
cointercalate, and this is confirmed by both the corresponding
DMSO mass peak at m/z = 63 in the same temperature range
and the subsequent elemental analysis for sulfur (3.5% S vs
3.4% S, from the actual composition in Table 1). Significant
DMSO cointercalation was observed for all of the bilayer GICs,
but neither the DMSO mass loss peak, nor any appreciable
sulfur content, were identified in the monolayer gallery
structure of [(C,H,),N]C,;. Mass loss above 550 °C for all
samples including graphite is due to the combustion of a
graphitic carbon by O, in the flow gas. On the basis of the CZE,
TGA, and sulfur content analyses, the structural compositions
of all resulting TAA-GICs are reported in Table 1 for the
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single-phase, or nearly single-phase, products. The exchanged
products with (C;H,),N* and (CsH,,),N* are not included as
they are multiphase. Again, it is interesting to note that only the
TAA-GICs with bilayers incorporate DMSO into the intercalate
galleries.

The packing fractions of these intercalate galleries can be
calculated from the structural and compositional data reported
above, and then compared to those in other GICs. Packing
fraction is defined here as:

v
packing fraction = —

Vi ©)

where V; is the van der Waals volume of intercalates per
formula unit, which is estimated by the VABC (atomic and
bond contributions of van der Waals volume) method,*” and V;,
is the available volume per formula unit due to the lattice
expansion obtained from the surface area per graphitic carbon
(0.0261 nm*), product composition, and the observed Ad. The
resulting packing fractions are provided in Table 1, and show a
range of 0.40—0.55, with the monolayer gallery in
[(C4H,),N]C,; showing more dense intercalate packing than
any of the bilayer arrangements.

To model the bilayer arrangement of flattened intercalates
and DMSO cointercalates, a 1-D electron density map along
the c-axis direction was generated from the PXRD (00!) peak
intensities. The calculated profile for a structure model of
[(C,H;5),N]C,-1.4DMSO is compared to that obtained from
observed PXRD peak intensities (Figure 4). In the model, the

S .11 *.®

-0.141 N

Figure 4. Structure model and 1D-electron density profiles for
[(C,;H;5),N]C,-14ADMSO showing the bilayer intercalate arrange-
ment. The dashed line and solid line represent the profiles derived
from observed data and from the structure model, respectively (the
crystallographic R factor = 0.11).

flattened TAA conformations are generated using Gaussian, and
bilayers are formed with these cations oriented with long axes
parallel to the graphene sheets. The DMSO cointercalates are
positioned with H and S atoms nestled into the graphene sheets
by 0.038 and 0.032 nm, respectively. The relative concen-
trations of TAA and DMSO within galleries were fixed by the
known product compositions. The close agreement of model
and observed profiles obtained can be seen in Figure 4.
Multiple models were tested, and we conclude that the double
peak of electron density from the observed data is only
consistent with a bilayer intercalate model. However, the best
fit model indicates an x value considerably lower than that
observed (37 vs 63). The origin of this mismatch is under
investigation.

The Raman spectrum of pristine graphite (Figure Sa)
exhibits a strong G-band at 1584 cm™ (Ezg) involving
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Figure S. Raman spectra for (a) pristine graphite, (b) [Na(en),,]Cs,
() [(C4H,)4N]Cys, and (d) [(C/H,5),N]Cg31.4DMSO.

intralayer atomic motion. Reductive intercalation into the
graphitic host causes a perturbation of the in-plane force
constant, resulting in a G-band shift to higher frequency. The
magnitude of the shift has been shown to depend on the degree
of reduction, and therefore the stage, of the GIC formed.>>~%°
[Na(en),,]C,s (Figure Sb) shows a significant shift to a peak
maximum at 1605 cm™'. The G-band peak positions for
[(C4Hy)4N]Cys and [(C;H;5),N]Cqy3:1.4DMSO (Figure Sc,d)
are both at 1586 cm™. These peak positions agree with the
conclusion drawn from the compositional data, that these GICs
have very low charge densities for stage 1 GICs.

To our knowledge, the observed range of x from 41 to 85 in
these TAA-GICs indicates the lowest charge densities for any
stage-1 reduced GICs." The very low charge densities are
required by the steric demands (i.e., large footprints) of the
monovalent, flattened TAA cations. Thus, designed intercala-
tion of large deformable cations provides a degree of steric
control over the sheet charge densities in GICs. Sterics may
also help explain the observed monolayer to bilayer transition,
as the high packing fractions for [(C,H,),N]C,; would
necessarily increase even further if larger TAA cations adopted
a monolayer arrangement. In future, the intercalation of even
larger cations may generate tri- or multilayer galleries, or
perhaps produce stable materials containing fully disordered
(delaminated) graphene sheets.

B CONCLUSION

A new series of stage-1 donor-type GICs containing TAA
intercalates was successfully prepared via cation exchange in
DMSO. Monolayer or bilayer arrangements of flattened
intercalates are formed, with solvent cointercalation observed
only for the bilayer structures. TAA cations smaller than
(C,H,),N* do not form stable GICs by this approach. These
large intercalates diminish the charge densities on the graphene
sheets in the GICs obtained.
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