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Preparation of Graphite Intercalation Compounds Containing

Oligo and Polyethers

Hanyang Zhang® and Michael M. Lerner®

Layered host-polymer nanocomposites comprising polymeric guests between inorganic sheets have been prepared with

many inorganic hosts, but there is limited evidence for the incorporation of polymeric guests into graphite. Here we report

for the first time the preparation, and structural and compositional characterization of graphite intercalation compounds
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(GICs) containing polyether bilayers. The new GICs are obtained by either (1) reductive intercalation of graphite with an
alkali metal in the presence of an oligo or polyether and an electrocatalyst, or (2) co-intercalate exchange of an amine for
an oligo or polyether in a donor-type GIC. Structural characterization of products using powder X-ray diffraction, Raman

spectroscopy, and thermal analyses support the formation of well-ordered, first-stage GICs containing alkali metal cations
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Introduction

Layered host-polymer nanocomposites have been prepared
from many materials combinations® including the following
hosts; layered smectite clays,2 M02,3 MSZ,4 MoO35 and MPS36
and the polymeric guests that include ponIactide,7 poly(vinyl
pyrrolidone),6 linear poly(ethylenimine),6 poly(vinyl alcohol),8
and poly(ethylene oxide).“’9
may be ordered, most often retaining co-planarity of inorganic

The resulting nanocomposites

host layers with intercalate galleries opened for the polymers,
or they may be disordered, for example with delaminated
inorganic nanosheets dispersed into a polymer matrix.'
Because often
property changes from both the native constituents and
microscale composites,11 they may be applied as enhanced
structural materials, gas barriers, or thermal/fire resistant
components.12

There are several

nanoscale composites display significant

synthetic approaches to generating
nanocomposites,l’13 including (1) intercalation of monomeric
precursors followed by in situ polymerization, 14 (2) layered
host exfoliation followed by sorption of polymer and
reassembly of the nanocomposites (either in a solvent or as a
solvent-free  “melt-intercalation” process), ° (3) direct
topochemical intercalation of the polymer between host layers,
> and (4) templated growth of the inorganic layers on the
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and oligo or polyether bilayers between reduced graphene sheets.

polymer.6

The nanoscale combination of polymers with graphite is a
special case that presents significant challenges. Graphite has a
high chemical potential for oxidation (= 4.5-5.0 V vs Li(m)/Li*)
' and low chemical potential (= 0.2-1.0 V vs Li(m)/Li*) for
reduction, 7 which significantly limits the number of stable
intercalates and solvents. Furthermore, graphene sheet
flexibility results in the unique stack ordering effect called
staging, %19 which maintains a relatively constant graphene
sheet charge density during intercalation. % This limits,
perhaps closes, the possibility of effecting host delamination
via redox titration. The template approach is of course unlikely
to succeed with organic polymers given the high temperatures
(>500°C) required to crack molecular precursors such as
alkanes.

Still, there have been previous reports on forming graphite
intercalation compounds containing polymeric guests. The
donor-type graphite intercalation compounds (GICs) such as
KCg are well known to function as polymerization catalysts,
and can uptake polymerizable co-intercalates including
ethylene,21 styrene22 and butadiene.” Shioyama et al® have
reported the in situ polymerization of such vinyl
intercalates. However, the products were highly disordered,
precluding strong evidence for the nanocomposite structure.
Additionally, the differentiation of bulk, surface-adsorbed and
intercalated polymer remains a challenge for materials derived
using this approach.25

Graphite oxide (GO) can be dispersed into polar solvents and
thus undergo solution-phase processing. GO has been
shown to form nanocomposites with polyethers.27 Related
approaches have employed chemically and thermally

co-
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pretreated graphite (including thermally exfoliated graphites,
graphenes, graphite oxide, or reduced graphene oxide) to
generate nanocomposite materials with dispersed graphene
nanosheets.”®

Our group has recently explored the co-intercalation of linear
and branched amines to form GICs with expanded and unusual
intercalate conformations and arrangements.29 Subsequent
ion exchange can rapidly and quantitatively generate well-
ordered GICs with intercalates as large as (CigHs7),N(CHs),"
(molar mass = 551 D).*° This work suggested the plausibility for
incorporating oligomeric or polymeric constituents via similar
exchange reactions; and these exchange reaction products are
characterized in this report. We also found, surprisingly, as
described below, that the direct reductive intercalation of
oligo and polyethers can lead to similar products. Polymer
candidates must be reductively stable to <1.0 V vs Li(m)/Li".
They should strongly solvate alkali metal cations to provide
favourable energetics for co-intercalation. Poly(ethylene glycol)
(PEG), and poly(ethylene oxide) (PEO) were selected as they
are ether-group abundant and show M" binding constants
linearly proportional to chain Iength;31 both readily form
nanocomposites with many layered hosts.”*®° The methylated
derivatives, poly(ethylene glycol) dimethyl ethers (PEGDME),
CH30(CH,CH,0),CH;, were used for lower molecular weight
reagents to avoid reduction of terminal groups.

The co-intercalation of small molecular ethers with alkali metal
cations to form GICs has been established; there are reports
for (1) tetrahydrofuran (THF) and derivatives 2-methyITHF, 2,5-
dimethyITHF;32 (2) diethylether and t-butylmethyl ether;® (3)
dialkoxymethanes and dialkoxyethanes;*® (4) the macrocyclic
2.2.2—cryptand.34 and (5) diglyme35 and diethylene glycol
dimethyl ether.®® Most of these GICs were obtained by direct
reduction of graphite by alkali metals in the ether solvent;
some reactions used electrochemical reduction.

Experimental

Syntheses

Dimethoxyethane (dme, 99+%, Alfa-Aesar)
ethylenediamine (en, Alfa Aesar, 99%) were used as received.
Glassware and graphite reagents were dried at 120 °C prior to
use. PEGDMEs (Sigma-Aldrich) and PEG-6k (TCI America, PEG
with M= 6,000) were dried overnight under dynamic vacuum
(<10 um). For direct reactions, 0.25 g (21 mmol) of graphite
(SP-1 grade, Union Carbide Corp., 100 um, or Synthetic, Aldrich,
1-2 um) and 2.0 mL (for liquid) or 2.0 g (for solid) polymer
were combined with 3.5 mmol of Li (Sigma-Aldrich, 99.9%), Na
(Alfa Aesar, 99.95%), or K (Alfa Aesar, 99.5%) metal and a
naphthalene or phenanthrene as electrocatalyst (=5 mg) in
sealed glass tube under N,(g) (or under Ar(g) for Li(m)
reactions). The reactions were maintained at 90°C for =20 h.
For ion-exchange reactions, 0.25-1.0 g of polymer (as indicated
below) and 0.25 g of graphite were added to en (1.0 g) and Na
(0.10 g) in a sealed glass tube and stirred continuously under
N, at 60°C for 20 h. Products were isolated using
centrifugation and separation of the solid phase, and then
dried under vacuum at 60°C for 6 h. Products were dried in

and
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inverted test tubes to allow most excess polymer to flow away
from the samples.

Characterization

Powder X-ray diffraction (PXRD) patterns were acquired using
a Rigaku Miniflex Il diffractometer with Ni-filtered Cu Ko
radiation (A= 0.15406 nm). Samples were loaded in the drybox
into air-tight sample holders. Data were collected in the 20
range from 3-60° at 3°/min. One dimensional electron density
maps were generated from PXRD data using a method
described previously. ¥ Domain sizes were derived from the
modified Scherer relation.®® A TA Q50 thermogravimetric
analyzer (TGA) was employed using a heating rate of 10 °C/min
under flowing N, (Ar for lithium products) or O,, and first
derivatives of thermal responses (dTGA) were calculated.
Raman spectra (resolution=4 cm™) were obtained with a
Witech confocal Raman microscope equipped with a 514 nm
laser source. Raman and TGA samples were exposed to
ambient conditions for < 1 min.

Results and Discussions

The GIC products reported below were obtained using either
(1) the direct reaction of graphite, polymer, alkali metal and an
electrocatalyst above the polymer melting point, or (2)
graphite, polymer, alkali metal in ethylenediamine (en).

PXRD structural studies

Using the larger particle SP-1 graphite, direct reaction products
with PEGDME co-intercalate M,y < 1,000 were dark blue, those
with My, > 1,000 were dull-black. PXRD data (Fig. 1a) show the
product obtained with dme is a stage 1 GIC (stage n indicates
that n graphene layers separate intercalates) with a basal
repeat, d; = 0.73 nm, corresponding to a gallery expansion of
Ad = d;—0.335 nm = 0.40 nm. This dimension agrees well with
previous work, with cations and dme monolayers between
graphene sheets.? Direct reaction products with the low
molecular weight PEGDMEs (M,y < 500) show no identifiable
new phases, but have weak and broadened graphite (002)
peaks, indicating that bulk intercalation occurs but results in
unstable products, leading to higher-stage GICs and/or
disordered materials. In contrast, reaction with PEGDME-1k
yields a well-ordered new phase with d; = 1.164 nm. The
corresponding gallery height, Ad = 0.83 nm, is similar those for
PEO-containing nanocomposites with polymer bilayers in other
inorganic hosts.”*® These suggest a structure model with
single graphene sheets separated by bilayers containing Na*
and PEGDME co-intercalate, confirmed by the observed 1D
gallery electron density map. 37 (Fig. 2) The domain size
obtained from PXRD peak widths (Table 1, also see ESIf)
indicates =30 coherent stack repeats per domain. Reactions
with PEGDME-2k and higher did not generate new GIC
products with SP-1 graphite. However, a smaller particle size
synthetic graphite (domain size =1-2 um) reacts as above with
PEG-6k to form a well-ordered GIC, again with Ad = 0.83 nm.

This journal is © The Royal Society of Chemistry 20xx
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Fig. 1 Ex situ PXRD patterns for products of (a) direct reaction products, from bottom to top are graphite, Na(m), and either
dimethoxyethane, PEGDMEs with My, = 250-2k, or PEG-6k, and (b) exchange reaction products with PEGDME-2k and the polymer/graphite
(P/G) ratios indicated. Asterisks (*) indicate native polymer phase peaks. Miller indices (hk/) are included only for peaks ascribed to new GIC
products.

Graphene
PEGDME layer

PEGDME layer

————= Graphene

PEGDME layer
PEGDME layer
Graphene
10 20 30 40 50
P

Fig 2 Schematic diagram of (a) M-PEG(DME)-GIC bilayer structure and (b) a 1D-electron density map generated from Na-PEGDME1k-GIC
diffraction data showing the gallery bilayers.
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Fig. 3 (a) Ex situ PXRD patterns of direct reaction products using Li, Na or K metal and PEGDME-1k, and (b) gallery expansion for these GICs
vs. ionic radii of the alkali cations.
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The higher viscosity and lower diffusion rates for longer
polymer chains are likely to create a kinetic restriction for
direct intercalation of high Mw polymers; the dissolution of
PEG into the electride solution may facilitate a more rapid
reaction. The combination of en and alkali metals with
graphite generates [Na(en),]C,, so we hypothesize that
[Na(en),]C, forms first and then PEG is exchanged for en.2%?°
so we hypothesized that this initial product will form and then
might exchange PEG for the en co-intercalate.

The reaction of PEGDME-2k with SP-1 graphite at
polymer/graphite ratios <2 generates only [Na(en),(]C;5 (Fig.
1b). Increasing the polymer reagent content to P/G = 3, a new
GIC phase appears, and at P/G = 4 only this new GIC phase and
excess polymer are observed, indicating complete exchange of
en for the polyether. The gallery expansion is, as before, Ad =
0.83 nm, and the sharp PXRD peaks again indicate a well-
ordered GIC product.

Li, Na, and K reactions using the direct method with PEGDME-
1k all generate new single phase GICs with a linear response of
gallery expansion vs. alkali metal ionic radius (Fig. 3). The slope
of this plot, =1.3, confirms that more than a single cation-
containing layer contributes to the gallery expansion.

Raman study

Raman spectra are sensitive to graphene layer charge; donor-
type GICs display an E,; (G band) peak shift to higher
wavenumber due to occupancy of in-plane antibonding
orbitals. A 12-14 cm™ shift has been reported for LiCS.40 Fig. 4
shows the G band peak for graphite at 1576 cm™, and for the
GIC products at 1596-1601 em™?, indicating reduction of the
graphene sheets. The low D/G band ratios obtained (See ESIT)

Nanoscale
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Fig. 4 Raman spectra show a G band peak at 1576 cm’™ for native
graphite, with a blue shift to 1596-1601 cm™ for GICs with
PEGDMEs.

for graphite and the GIC products confirm that graphene
sheets do not accumulate defects in these reactions.
Compositions using thermoanalysis

We employed a simple gravity separation method (allowing
polymer to flow out of sample maintained at 60°C for 6 h) to
remove excess polymer after reaction. Still, the products
obtained are all admixtures of GICs with the polymer reagents.
TGA and dTGA (Fig. 5) show two mass loss features in all GIC
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Fig. 5 Thermal analyses (TGA and derivative TGA plots) of Na-GIC products under N2 flow for reactions with PEGDME-1k, PEGDME-2k
and PEG-6k. Each plot includes a trace for the starting polymer for comparison.
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Table 1 Structural and compositional data for synthesized GICs. All products were first stage, with single graphene sheets between

polymer bilayers.

M Co-intercalate Ad Gallery type  Composition Packing Domain size
/ nm fraction / nm

Na DME 0.40 monolayer N/A N/A N/A

Li PEGDME-1k 0.81 bilayer [Li(CH,CH,0); 4]1Cys 0.32 37

Na PEGDME-1k 0.83 bilayer [Na(CH,CH,0),6]C3  0.49 37

K PEGDME-1k 0.89 bilayer [K(CH,CH,0),4]C; 0.52 27

Na PEGDME-2k 0.83 bilayer [Na(CH,CH,0); 4]Cy 0.40 39

Na PEG-6k 0.84 bilayer [Na(CH,CH;0),4]Cy ~ 0.60 30

products, a loss at temperature close to that with the native
polymer (shown above), plus a lower-temperature loss at
=250-320°C ascribed to degradation of the polymer co-
intercalate in the GIC. Previous studies have shown a similar
catalytic effect where intercalates and co-intercalates in GICs
thermally degrade at reduced temperatures.“’ *2 The low-
temperature peak areas were evaluated to determine co-
intercalate contents in the GIC phase. Metal cation content
was obtained by thermolysis under O, flow; above 800 °C all
carbon is volatilized as CO, leaving only Li,O, Na,0 or K,O. The
derived GIC compositions are shown in Table 1 (see ESIT
Section 3 for details). By combining the compositions and GIC
gallery expansions, gallery packing fractions of 0.41-0.60 were
obtained (Table 1, and ESIf Section 4). From these results, GICs
have similar gallery dimensions, but somewhat less densely
packed polymer bilayers, than PEO nanocomposites with MPS3
(packing fraction = 0.72—0.83),6 or Na-montmorillonite (packing
fraction = 0.68)."

Conclusions

Well-ordered GICs containing polyether intercalates are
synthesized via direct reductive intercalation or co-intercalate
exchange, providing new simple methods for generating
nanocomposites comprising graphite and oligo or polyethers.
The GIC products are first-stage and have intercalate bilayers
and metal cations between reduced graphene sheets. If these
GICs are applied as electrodes materials, these large Mw ether
bilayers may remain within galleries and thus reduce the
gallery volume changes required during charge/ discharge

cycling.
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