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Novel ternary graphite intercalation compounds (GICs) of alkatahtations
and a wide variety of amines have been synthesized by one-potcehegmtheses.
Alkali metals studied includes Li, Na and K. The families ofreaa employed are-
alkylamines, branched alkylamines, and different structural isoofediamines and
polyamines. Intragallery structures of the amine co-inteesl@siding between the
graphene sheets are proposed based on powder X-ray diffractionDJPXR
supplemented by compositional analyses, thermal analyses, andrstaimization

when appropriate.

A homologous series of M-alkylamine-GICs (M = Na, Li) is reported for the
first time, with then-alkylamines of 3-14 carbon atoms (nC3-nC14). The following

new GICs with indicated stages and intercalate arrangements are aiséage 1d; ~



0.70 nm, monolayer (nC3, nC4); stagedl; 1.10 nm, bilayer (nC6, nC8); and stage
2,di~ 1.10 nm, bilayer (nC12, nC14). Heades the gallery height. Two features new
to donor-type GICs found are (i) an intercalate bilayer gearent with guest alkyl
chains parallel to encasing graphene layers, and (ii) the toanBdm an intercalate

bilayer to monolayer arrangement upon evacuation for nC6.

GICs containing branched alkylamines co-intercalates amapreé and their
intragallery structures compared to those of selectedkylamines. A notable
difference is observed for amines with 4 carbon atoms. Whilendar n-butylamine
forms parallel monolayersd(~ 0.70 nm), the branched analogso{putylamine and
secbutylamine) instead form bilayers with~ 1.30 nm. This result contrasts with the
general observation that more sterically-hindered intercatates to intercalate at
lower concentrations. This structural difference is not observed, howmtereem-

propylamine andso-propylamine @ ~ 0.70 and 0.76 nm respectively).

A rare example of a ternary GIC exhibiting cation-direatgdntation of the
diamine co-intercalate (1,2-diaminopropane, 12DAP) is reported. Dependitige on
cation M, this diamine can exhibit either perpendicular (M = dii~ 0.81 nm),
parallel (M = K, d ~ 0.70 nm) or a tilted orientation (M = Nd, ~ 0.75 nm).

Interestingly, the gallery expansions increase as the cationideatdease.

The structural effect of the diamines is systematicallyshgated, employing
diamines with different alkyl chain lengths, different positiohen —NH group, and

different —CH substituent patterns. The first example of a monolayer perpendicula



to-parallel transition in a GIC is reported for Li- ethylermedine (EN)-GIC, with the
respective change thfrom 0.85 to 0.68 nm. The sodium analog, Na-EN-GIC, is also
prepared and described. We also report quaternary compounds of miets cat

(Li,Na)-12DAP-GIC and mixed amines Na-(EN,12DAP)-GIC.

Ternary graphite intercalation compounds (GICs) of alkali metaid
polyamines are prepared. Structural modifications similar todilmmines indicated
above are also observed for polyamine intercalates. The polyastuded include
diethylenetriamine, triethylenetetramine, tetraethylentgprine, N,N,N',N',\*
pentamethyldiethylenetriamine, and tris(2-aminoethyl)amine. Mbshe new GICs
have amine intercalates in parallel orientatidn-(0.76-0.86 nm for monolayers, and
1.13 nm for bilayers), though the GIC stage numbers depend on thefsike
polyamine. In contrast, the star-shaped polyamine tris(2-amingeatiiple shows a

perpendicular monolayer orientation wdf- 1.06 nm.
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CHAPTER 1

INTRODUCTION

11 INTRODUCTION TO INTERCALATION CHEMISTRY

Intercalation is the insertion of guest species (atoms, ionsculedd between
the strongly bound layers of a two-dimensional host structure whémirgg the host
framework® ? In some cases, subtle changes are observed in the host, such as a new
stacking order or changes in bond lengths. From one viewpoint, inteynalati
chemistry allows the study of molecular confinement in two dimess and thus
complements related studies on one- and three-dimensional hostsaféheuenerous
important applications of intercalation compounds, including their usenénge
storage, adsorption of toxins, as photo- and electro-functional msateaiatl as
precursors for novel compositéntercalation reactions can also sometimes be used
as a means to completely separate (delaminate) the host, shgebcess known as
exfoliation. This route can even lead to single sheets that can exhibit prepertie
different from the original bulk materiafs.

One way of categorizing the large number of intercalationticeec and

materials is using the reaction mechanism involved, as shown in Table 1.1.



Table 1.1 Classification through intercalation mechanism, with examplé®sis

and guests
Mechanism Hoét Examples of Guebt
lon exchange | Clay, metal phosphate and metal | M™. NR,"; protonated form
phosphonate of amine, alcohol, ether,
ketone etc.
Layered metal hydroxide (LDH) BX
Acid-base MCh MPS, MX, MOX, Clay, amines, alcohol, ether,
metal phosphate and metal ketone etc.
phosphonate,
Reduction Graphite, MGhMPS;, MOy, BN M™, NRy"
Oxidation Graphite, BN FSGs, N(SGRp)2,
C(SQRp)s, P(R)s, B(RA)4,
MX,, X

®MCh, = metal dichalcogenide, MRS metal phosphorus trichalcogenide, MX =
metal halide, MOX = metal oxyhalide, M@ metal oxide, BN = boron nitride

PM™ = alkali, alkaline earth, transition metal cati@ts; NR," = tetraalkylammonium
(or simply any ammonium), imidazolium catiomsc; A" = NOy, SQ, ClO, etc;

Rr = (per)fluoroalkyl group; MX = metal halide anions; > halide anions



In ion exchange intercalation, the host layers are inherenthgethaand this
charge is compensated by intercalate ions of opposite chargeddetveen the host
layers. Some examples include alkali or alkaline earth catidHsirMiclays, H in
metal phosphate and metal phosphonate, angt @OLDH. lon exchange reactions
can be performed with species whose charges are opposite to tevérkenand
numerous examples include inorganic, organic, or organometallic ions pkesaare
the ion exchange of Hn a-Zr(HPOy),- H,O by divalent cation3,of Na/EN complex
(EN = ethylenediamine) in Na-EN-GIC by tetrabutylammorfiy@IC = graphite
intercalation compound), and of chloride in ZnOHXCI-2H,0 by
ferrocenesulfonaté.Note from the first example above that ions with different
valencies can often be exchanged.

The formation of new intercalation compounds through acid-base itb&®c
is well known. In Bronsted acid-base reactions, the interaction betiWeéom the
host structure and guest molecule drives the intercalation reachendetails of the
proton transfer, however, depend on both the host and the guest. Examples below
relate to the intercalation of aliphatic amines, RNRanet al® showed that in
H,W,0; the amine intercalates exist as the protonated species;' RBAl the other
hand, a combination of both RNHand neutral RNH intercalate are present in
kaolinite, as reported by Kurodet al® Matsuoet al’® suggested the presence of
hydrogen-bonding (both for neutral and protonated species) in amine-atierca

graphite oxide.



Additionally, the metal atoms at the framework of the host strectan act as
Lewis acids, and interact with non-bonding electron pairs (Lewis basem#sgnt on

the intercalates. Clearfielcet all?

reported the intercalation of amines into
Cu(GsPR)-HO (R = CH, GHs and CHCgHs), in which the water coordinated to
framework Cu ions is displaced by amines.

Lastly, there are many intercalation reactions that adettieelectrochemical
reduction or oxidation reactions. The host will accept (donate)retesctoncomitant
with the intercalation of cationic (anionic) guests. In such reagctiadditional
considerations can become important, including the use of oxidants orargdueith
appropriate redox activities to drive the redox reactions, and tbetisa of guests
and solvents that are stable under the experimental conditions.e8at@aimples are
shown in Fig. 1.1 The figure indicates the electrochemical potentials requived
intercalate Li into different hosts (relative to the referencé/lLii potential). For
example, Li first starts to intercalate into graphite at a potentiatd.5 V, and will
fully intercalate graphite, to form LiCat ~+0.2 V. The amount of intercalated Li
(indicated by x in Fig 1.1) increases as the potential isedeed. The vertical axis on
this plot therefore relates to the driving force (electrochenmotgntial) required for
intercalation.

As hosts, graphite and BN are unique in that they can undergo eittativx

or reductive intercalation chemistry. The intercalation chemistrgraphite will be

the focus of the remainder of this thesis.
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Figure 1.1  Reduction potentials of selected host structul@eprinted with

permission from ref? Copyright 1998 American Chemical Society.

1.2 GRAPHITE INTERCALATION COMPOUNDS (GICs)
1.2.1 Crystal Structure of Graphite

Graphite is a planar layered material comprisedptarbon atoms bound in
hexagonal sheets (called graphene sheets). Eaehestigbits strongrbonding that is
delocalized through all C-C bonds. Graphite existsvo common forms: hexagonal
and rhombohedral. The hexagonal structure (spamgdts/mmgq is more common,
and is shown in Fig. 1.2. Each unit cell contaiogrfatoms (A, A’, B, and B’); the
sheet stacking sequence is (AB)he A-A’ distance of 0.335 nm defines the graghen
sheet thickness and = (2x0.335 nm) = 0.671 nm. Hexagonal graphite rbay

transformed into the rhombohedral structure by nmildchanical treatment. The



latter has the stacking sequence (ABQGInd is far less common. According to

Rudorff the two forms do not show different reactivitiesem forming GICs.

0.335nm

0.142 nm

Figure 1.2 The crystal structure of hexagonal graphite altmgc-direction.

Adapted from ref?

1.2.2 Intercalation Chemistry of Graphite: Donorvs Acceptor

As mentioned in Section 1.1, graphite is one offéve layered host materials
that can intercalate either cations or anions, ddipg on experimental conditions.
Representative reactions are indicated by eq éhd)1.2) respectively.

M(s) + XC(s) > M'C,(s) (1.1)

MY n(g) + XC(S)> C MYy (s) (1.2)

In eq (1.1) the metal M reduces graphite, resuliing donor-typeGIC M'C,

where the graphene sheets accommodate the cafioBIKIs of some alkaline eatth



and rare earth metafsare also known. The synthesis of donor-type GICs will be
described later in Section 1.2.4, and more details on the GICs retevéns thesis
can be found in Section 1.3.

In eq (1.2), the metal halide MYoxidizes graphite to yield tha&cceptor-type
GIC, G'MY, containing anion intercalates between graphene sheets. In adaligion t
variety of metal halides, other guest species include animasaj@anic derivatives)
of boric, nitric, perchloric, phosphoric, sulfuric acids, and halogens. |13 edsere the
guest species themselves cannot oxidize graphite, the addition dfirmxidigents
such as §; or compounds containing high oxidation state metals, can be included as
reagents in the GIC syntheses, or electrochemical oxidatiorpmaide an alternate

route. To date, acceptor-type GICs have shown a richer chemistry than théygenor

1.2.3 Staging

Staging is the periodic sequencing of the intercalates anddbbene sheets
along thec-axis!’ Stage one indicates the presence of intercalate betweeapiiege
sheets, stage two indicates the presence of intercalatedmew®very two graphene
sheets, and so on. The observation that GICs can readily undeegpng $tansition
from nth to (n-1}h or (n+1)th, gave rise to what is now known as Daumas-Herold
staging model, Fig. 1.5 In this model there are no completely unfilled layers; instead
the graphene sheets bend, forming intercalate islands. Diffetreictural regions in
GICs are indicated in Fig. 1.3, including the boundaries of guesidsI@l”), an

interlayer defect (“2”), and a terminating graphene lay&”)(*® Thomaset al'®



published the high-resolution transmission electmooroscopy (HRTEM) images of
the acceptor-type Feg£GIC, showing directly the formation of intercalastands as
suggested by this DH model. Staging is common @< Ibut is rare in other layered
materials’® The flexibility of graphene sheets?* has been identified as the principal

reason for this novel phenomenon.

Stage 2
IR <— Graphene
I o
— R

- . = <—|ntercalates

Figure 1.3  The Daumas-Herold model of staging, where theoregof stage 1 and
stage 2 are highlighted. Other regions are alsavshiacluding the boundaries of
guest islands (“1"), an interlayer defect (“2”),daa terminating graphene layer (“3”).

Adapted from ref 18.

This thesis will use notation as indicated in Higt to describe GIC structures.
The (00I) reflections from PXRD are first indexed accordiogthe relation; = d; +

(n-1)(0.335 nm), wheré. is the identity period obtained directly from dé@tion data,



d is the gallery heightn is the GIC stage number, and 0.335 nm is the distan
between two adjacent graphene sheets. The gakpansion Ad, is defined asid =

d — 0.335 nm. Also, a tilt angk& will be defined as the angle between the axisgalon
the longest direction of a co-intercalatethe adjacent graphene sheets. Fig. 1.4(a)
shows the case whefe= 90° and the guest species are said to haveparnmicular
orientation. The most common intercalate orientat®® = 0°, where the intercalate
species have a parallel orientation to the graplsteets, Fig. 1.4(b). Also observed

are tilted orientations with intermediate value®0Fig. 1.4(c).

0.335 nm

A

I b\‘,&
© Ad ‘% |G

: ) ? 2 ‘(J’;J
v_| l ° | v 1.«3 3") J?{ 2%

2 ¢

(@) (b) (€)

Figure 1.4  (a) Structural parameters of GIC, shown here atage 2 compound.
The orientations of the intercalates are: (a) pedffmrilar P = 90°], (b) parallel

orientation p = 0°], and (c) tilted, where the tilt anddas shown in (c).
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1.2.4 Preparation of Donor-Type GICs
1.24.1 Thermodynamics Considerations
As a simple example, the formation of binary M-GICs from tleenents can

be separated into the following energetic contributions:

M(s) = M(9) AHatm (1.3a)
M(g) > M*(g) + € /; (1.3b)
Cx(s) + € > C(9) -E; (1.3¢c)
M*(g) + XC(g) > MCx(s) AH, (1.3d)
M(s) + XC(S)> MCx(s) AHs (1.3e)

Summation of steps (1.3a) to (1.3d) gives step (1.3e), which is thatfomenthalpy
AH; of the GIC. The ternk; combines the energy relating to sheet separation of
graphite and addition of the electron, anid the number of graphitic carbons bearing
the negative charge. This simple energy scheme helps tafydsome important
issues in designing GIC syntheses. For example, consider tiesgsatof the binary
M-GICs (M = Na, K, Rb and Cs). For GICs with the same stoicatom MG, the
termsin 1.3c are identical, and 1.3a and b are well known in the literatwse, when

the in-plane arrangements of the intercalate cations ardasirthie differences in
lattice enthalpies can be deduced from the differences in oldsddvéhe differences

in AH: then relates to the terms in Table 1.2.
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Table 1.2 Selected energetic contributions (kJ/mol) in the formation of GICs
Metal AH o222 % AH Z

Li 150 513 (440

Na 100 496 Not available

K 82 418 234

Rb 74 403 207

Cs 70 376 180

%For a LiG stoichiometry. The calculated value for ki®as not reportet’

It can be seen that the decreasing atomization and ionizatioalgas more
than compensate for the decreasing lattice enthalpies forl@&fGmed with larger
alkali metals. Boersma showed that stage 1 MGnd stage 2-5 MG, (Section
1.3.1) have negative free energies of formation for M = K, Rb and l@=eas those
of M = Na and Li have positive values. Interestingly, while thergicampounds are
unknown or little known, severdérnary Na-solvent-GICs are readily prepared, as
will be outlined in Section 1.5.

A somewhat more detailed description of the lattice enthdlhyfor reaction
(1.3d) takes the form:

AHL = A(-XZaZdlTac + Y ZaZdlVaa+ ¥ ZcZd/ Vo) (1.4)
where A is the constant, and z is the charge of the anion and cation respectively, r
is the distance between anion-catiog) (lanion-anion () and cation-cation {). For

donor-type GICs, the anionic term refers to the negatively-ciagggphene sheets.
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ThereforedH, is both composition- and structure-dependent. The tg¢ns most
affected by the distance between graphene sheets and treMatdn the other hand,
rec is affected by the in-plane arrangement of the intercakttens. Selected values of
AH, calculated by Settéhare shown in Table 1.2.

GIC lattices are more stabilizede(, larger value of4H,) for M-GICs with
small gallery expansions and highly concentrated intercalatest&ge 1 binary GICs,
LiCs has the highest value dH, and Cs@ has the lowest. The stability of LiCan
then be explained due to the favorallld, compensating for the energy-intensive
contributions fromyHam and/;.

The incorporation of metal cations solvated by organic molecules lea
ternary GICs, Section 1.3.3. These solvent molecules are ternetbi@alates. This
thesis focuses on the synthesis and compositional and structurds adtauch
compounds. The presence of organic co-intercalates qualitatively intsodbee
following modifications to the above simple energy model; (i) Gd€esstabilized by
the presence of additional ion-dipole interactions, (ii) intr@dayepulsions are
reduced due to the screening by the co-intercalates, and (@i)lda&ice enthalpies
decrease due to the steric requirements of the co-intercalaese effects are similar
to those in forming three-dimensional hydrates or other solvats. (iii) above
explains why there is often a preference for guest pamliehtation and therefore
minimal gallery expansions, as this maximizéid, for the GICs produced. The
interaction energies in K-THF-GIC (THF = tetrahydrofuraye been calculated by

127

Charlieret al"" and support the above description.



13

1.2.4.2 Chemical Reduction

The chemical reduction of graphite can be carried out with reagéhes in
the vapor, liquid, or solution phase. The synthesis of the binary GICsyenipl@apor
phase reactions has been well established in the literatuhes imethod, graphite and
alkali metal are placed at different temperature at theetvds in an evacuated Pyrex
glass tube. The stage number can be precisely controlled thtbegiemperature
difference,e.g.,as shown for M-GICs of the composition Mg(M = K, Rb, Cs; n>
2).% The materials obtained can be of high quality suitable foripdlyproperties
measurement, but the quantity produced is usually limited.

Liquid-solid phase reactions can be performed by heating a mixtuakxadlf
metal and graphite at elevated temperatures. This method wasyechdbr the
synthesis of K-GIC of different stag&&This method is attractive because it is simple
and scalable, although the inhomogeneous nature of some products might be
problematic. In a more recent stutfyKCs can be made within 3 minutes employing
high power (500 W) sonication. The formation of GaSrG, and Ba through the
high-energy ball milling has also been reported@he extension of these methods to
the syntheses of other synthetically-challenging GICs warrants fimtrestigation.

Syntheses of GICs using reactants in solution involve the readtgnahite,
alkali metal, and a chosen solvent. These can be done either HQutvauxiliary
agents, or (ii) with electron transfer agents such as anthrdmghenyl, naphthalene,
phenanthrene, or CofB4)(P(CHs)s)s. The solvents applicable for route (i) are highly

polarizing and capable of directly solubilizing alkali metagy., liquid ammonia,
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methylamine, ethylenediamir@. The products formed are typically ternary M-
solvent-GICs. This method will be employed extensively in theioilg chapters.
When additives are included, in route (ii), other less-polar solvantdbe employed,
such as ethers, or even non-polar solvent suchpestane or toluene in the case of
the Co compleX? Since the GIC products usually contain the solvent as co-
intercalates, the choice of solvent can play a critical rot@enstructure of the GICs

obtained.

1.2.4.3 Electrochemical Reduction

With this method, a graphite electrode is reduced in an eleetrbigt contains
dissolved intercalate cations such as alkali metal catiohspMetraalkylammonium
cations, R. The graphene sheets are reduced, and cations intercalatentGICs.
Until recently, the electrochemical synthesis wasoihlg reported way to synthesize
the binary R-GICs. As with the solution phase syntheses, this metbatlyugives
the ternary M-solvent-GIC (M = Na to Cs, and tetramethyt@mmium; solvent =
dimethylsulfoxide DMSO¥? The electrochemical intercalation of Krom molten
KF at 1163 K has also been reportédowever, due to the demanding reaction
conditions, this method is unlikely to find a practical use. Electroasa syntheses
using liquid ammonia as electrolyte have been reported, yieldingryeM-NHs-
GICs (M = Be, Mg, Al, Sc, Y and L&}. These ternary compounds cannot be made

by chemical reduction.
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1.2.4.4 Ternarization

Ternarization can be accomplished by reacting a binary GIC théhco-
intercalate liquid or vapor. The following general rules can be dediroed the
literature. Firstly, stage 2 GICs are more likely to yieddhary GICs than stage 1
precursor$®>’ Similar reactions with higher stage compounds>(3) appear to be
facile, although fewer examples have been repdft@tie highaH, values for stage 1
binary M-GICs help to explain their non-reactivity towards temagion. Secondly,
protic species €g.,alcoholg® or watef®) are unstable with respect te Formation,
and do not form ternary GICs. Finally, the ternary GICs often hlesta the mother
liquor, as observed in the slow degradation of GICs prepared byizatian of KG

or KCy4 with liquid THF*

1.2.4.5 lon Exchange/ Guest Replacement

This method, although very well known for the intercalation chemagtother
layered host$, has so far been explored to only a limited extent in GICs. One
challenge lies in the choice of solvents, which should dissolve totanés to high
concentrations, remain stable at very low chemical potential, antlemoselves act as
co-intercalates or otherwise complicate the reaction chem@irg known example is
the preparation of M-THF-GIC (M = Li, Na) by reaction of KQiCs, or Na-NH-
GIC, with a salt MX (X = CI, I) in THF, as reported byuSippet al** The synthesis
of EuGs from the mixture of graphite, Li, and Eu was repofted. product sequence

of LiCg, a mixture of LiG/EuGs, and finally pure Eugwas observed as the reaction
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time increased. Therefore, this is an example of the exchaihge” for EU". A
ternary Li-Eu-GIC was not detected in that study.

Recently, our group has utilized Na-EN-GIC as a precursor Her first
chemical synthesis of GICs containing tetraalkylammofitimough an ion exchange
route, which were previously only prepared by electrochemical metAadwill be

described in Chapter 5, new compounds can also be obtained this way.

1.2.5 Applications of GICs

Many reviews describing the applications of GICs are avaif&8fe” Two
major existing applications of GICs are their use as anodds-fon batteries® and
as precursors for the manufacture of thermally exfoliateghifa (TEG)***” C/LiCs
is a reversible anode with a theoretical capacity of 372 mA&hpgactical cells can
now achieve reversible capacities exceeding 340 mAh/g. A typattaige profile for

lithium intercalation (charge) and de-intercalation (discharge) is showig.itt.5*®
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Figure 1.5 A typical voltage profile for lithium intercalatio (charge) and de-
intercalation (discharge) of a graphite electr§tiReprinted with permission from ref.

48. Copyright 1998 Chemical Society of Japan.

The plateau observed at 0.8V Li/Li * is due to the formation of the solid-
electrolyte interface (SEI) during the first fornoat of the GIC. The majority of
lithium ion intercalation into graphite occurs b&l©.25 V. The charge consumed by
the first charging (=400 mAh/g) is not fully recogd by the following discharge
(~320 mAh/g). The capacity that can or cannot bewexed is called, respectively, the
reversible Q., and irreversible capacit@i,, shown in Fig. 1.5. The efficiency
(Qie/Qirr) for the first charge is relatively lofV,0.7-0.9, but for subsequent cycles the
charge discharge efficiencies usually exceed 9988%eral groups are exploring the
use of new graphitic materialg.g. carbon nanofibéf or graphen® to achieve

superior electrode performance.
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GICs are also currently used as precursors for materidisd cddermally
exfoliated graphite, expanded graphite, or sometimes graphite narepf&t&These
are made through the rapid thermolysis of GICs, leading to the zapon of the
intercalates and the delamination of stacks of graphene sh&etkinner ones. Due
to their remarkable properties (including extrudability, therstability, mechanical
flexibility and high surface areas), TEGs find unique apphbecetisuch as making high
temperature seaf$,and sorbents for oil spilf§. Other proposed uses incluéeg.,
electrical conductioff and catalysis?

In the above cases, binary GICs are utilized. Recently the appticaf
ternary GICs has been proposed for hydrogen storage. Computationabmvduk
benzene-GIC by Zhaet al>® and on Li-THF-GIC by Han and Jafiguggests that the
presence of solvent co-intercalates enables the adsorption of multiplelétules per
intercalate cation in Li-solvent-GICs. The ternary M-amine<5I€ported in this
thesis may prove interesting as $iorage materials. An overview of different families

of ternary M-amine-GICs is provided in Section 1.3.3.

1.3 STRUCTURAL FEATURES OF DONOR-TYPE GICs
1.3.1 Binary M-GICs and Ternary (M,M")-GICs
The general formula of a stage 1 binary M-GICs isgM2 = K, di = 0.535
nm; M = Rb,d; = 0.565 nm; and M = CgJ, = 0.594 nm) and MG, (n> 2 ) for
higher-stage compound$The d; values of the higher stage compounds are close to

that of the stage 1 compounds. The in-plane structure, however, iemiffeThe in-
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plane structure of Mgis shown in Fig. 1.6(a), that of M&(present in higher stage

compounds) in Fig. 1.6(b), and that of ki@ Fig. 1.6(c).

Figure 1.6 The in-plane structure of (a) MQ(b) MCy» (M = K, Rb and CsY and

(c) LiCs.>’
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The stage 1 to stage 5 Li-GIG$ € 0.371 nm) of the composition Lig(n >
1-5) have been reportétithough their syntheses require higher reaction temperatures
than those with the larger alkali metals, and the products frequemtgin impurities.
The in-plane structure of Li-GICs has been studied extensivelyodilie importance
of Li-batteries, and models for high stage compounds are availdBl€he dense
packing of cations in Ligresults in a highedH,, and thus helps to stabilize the
structure. For M = Na, K, Rb and Cs, cation-cation repulsions appbartbo great to
adopt the M@ structure. Churl§ applied a similar argument to rationalize the stability
of LiCs vSMCs.

Solid solutions of the M-GIC type can also be prepared, yieltbngary
(M,M")-GICs where the two cations M and M’ are statistigalistributed within each
layer. Examples include Né1.,Cs (M = K, Rb, or Cs}* and KRb;,Cs.% Similarly,
the formation of solid solutions with composition-dependent latticeniamons, either

linear or with an anomaly, are well known for 3-dimensional solid solutfons.

1.3.2 Ternary M-M’-GICs and M-Y-GICs

Some ternary M-M’-GICs show an ordered filling of gallerieshwdifferent
metals residing in separate layers; such gallery stegtare known apolylayers
Several examples are known for the mixed-cation GICs prepared lfroalloys.
These include the Li-M-GICs with the intercalate ordering cosimpyia 5-layer C-Li-
M-Li-M-Li-C sequence (M = Cag; = 0.776 nnf* M = Eu, d; = 0.804 nrf) and 7-

layer Li-M-Li-Li-Li-M-Li (M = Ca, d; = 0.970 nrit).



21

A related example is the ternary M-Y-GIC, where M is thalametal and Y
is an element less-electropositive than M, including H, Hg, TI, Bi, O, P, San8de.
%668 The polylayer sequence C-M-Y-M-C is most often observed, althoune m
complex cases are reported. Y is not limited to a single alernet can also indicate
an ion pair such as NaX (X = OH, Cl, Br*®pr even more complex combinatiotis.
However, this family of GICs is difficult to prepare and theisures are not well

characterized.

1.3.3 Ternary M-solvent-GICs

Reviews on ternary GICs containing metal cations and organic excaldtes
focusing one.g.,their physic® or chemistr{® are available. Sometimes these GICs
are called ternary M-solvent-GICs, as they are usually pedpasing a solution
method with the organic solvent serving as the co-intercal&e.solvents include
amines, ethers, alkane, alkene, aromatics, and others. For completi@rnanyat

compounds will be discussed as well in Section 1.3.3.7.

1.3.3.1 Amine Co-intercalates

Table 1.3 gives examples of ternary GICs containing amine caahdées.
The M-NH;-GIC (M = Li, Na, K, Rb, Cs) series investigated by Rudetffal’*"?
appears to be the first report of ternary GICs containingtal m&tion and solvent. An
extension of the ammoniated GICs to M = Ca, Sf’Bad M = Be, Mg, Al, Sc, Y,

and L& was subsequently reported (also in Table 1.3). A detailed natiffaction
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study* for K-NH3-GIC employing NQ (D = deuterium) and®N found that nitrogen
atoms reside at the mid-plane of the interlayer region, witintarcalate tilt angl® =
21.6°, whereas Kis situated not along the mid-plane, but closer to the graphene
surfaces. Judging from the simildr values for other M-NEGIC (~0.7 nm, Table

1.3), similar intercalate orientations can be assumed.
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Table 1.3 Ternary GICs of metals and amine co-intercalates. Alstage 1 GICs

unless a stage is indicated in parentheses.

GIC? M di/ nm Ref.
M(NH3)2C12 Li, Na, K, Rband Cg 0.66 72
M(NH3)2-3Cog Li, Na, K, Rband Cs| 0.66 (2) 72
M(NH3)2-5C12 Ca, Srand Ba 0.636-0.662 73
M(NH3)3-4C27-30 Ca, Srand Ba 0.644-0.660 (2) 73
M(NH3)2C12-14 Be and Mg 0.623-0.636 (2) 73
M(NH3),C, Al 0.550 [y =2,z =19](3) 35

Y 0.584 [y=4.5,z=28] (3)

La 0.583[y=4.0,z=13] (3)
Sc(NHs)4.5Cas Sc 0.577 (4) 35
Li(CH3NH2).Cs» Li 0.666 72
K(CH3NH2)3Ca4 K 0.695 75
LI(EN)Cys Li 0.850 (2) 73,76
K(TMEDA) 0.7Cs7 K 0.895 77
K(NEts)o.4Css K 1.240 77

°EN = ethylenediamine, TMEDA =N,N,N’,N-tetramethylethylenediamine; NEt

triethylamine

The use of other amine solvents yields their respective te@ky, the first

of this type reported being Li(GNH,),C1,."> Additional examples are shown in
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Table 1.3. The orientation of these organic co-intercalates can b& deduced by
geometric consideration of the amine dimensions and the gallernsapadd. The
structure of K-CHNH,-GIC’® has perhaps been studied in greatest detail. Neutron
diffraction of K(CHNH)3Czs, K(CD3NH2)3Czs, and K(CRIND,)3Cos showed an
approximately co-linear K C and N at the gallery centers, indicatthg 0°. Note that
the K" in K-CH3NH,-GIC is at the gallery center, whereas it resides cltsehe
graphene sheet surfaces in K-NEIC.

The intercalation of amine guest species is common for mgeyel hosts.
Interestingly, despite the long history of GIC chemistry, nbenber of compounds
containing amine co-intercalates remained fairly limited poahis thesis work. The
syntheses of such GICs will benefit our understanding of inter@alahemistry of
graphite in relation to other host structures. We will reporoweh series of new
ternary GIC containing alkali cations and nitrogen-containing orgaases. These
include n-alkylamines (Chapter 2), branched alkylamines (Chapter 3),dsdkyines
(Chapters 4 and 5), and alkylpolyamines (Chapter 6). A detailedaz@on of amine

intercalation chemistry for graphite and other hosts will be provided in Section 1.4.
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1.3.3.2 Etheric Co-intercalates

This class of GICs contains aliphatic ether co-intercalaleble 1.4. In
contrast to amine co-intercalates, an electron transfer agmfit as anthracene,
benzophenone, biphenyl, naphthalene, phenanthettegppears to be required for
these syntheses. This summary will focus on (i) compositionaltieasafor a given

guest; and (ii) the structural effect of the ethers on the GIC gallerie

Table 1.4  Ternary GICs of metals and ether co-intercalates. Alstage 1 GICs

unless a stage is indicated in parentheses.

GIC® di/ nm Ref.
M(DME)Cag.31 0.732 (M = Li), 0.726 (M = Na), 0.728 (M = K) 81
M(DME),Cos 1.162 (M = Li), 1.177 (M = Na), 81
K(DME)3Ca1 1.194 81
Li-DEE-GIC 1.12 82, 83
Li(THF),C, 1.253[y=1.4,2=6],1.244[y=2.3,z=12], |84

1.245[y = 3.4,z = 18]

K(THF)Ci2n 0.716 (1), 0.721 (2), 0.717 (3) 85

K(THF),C, 0.712[y =1, z = 36] 85
0.89[y =2, z=24] 86

M-MeTHF-GIC 0.738 (M = Rb), 0.722 (M = Cs) 87

*OME = 1,2-dimethoxyethane; DEE = 1,2-diethoxyethane; THF = tadrafuran;

MeTHF = 2-methyltetrahydrofuran. If reported, the compositions desllia the table.
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The ternary GICs with etheric co-intercalates have a widege of
compositions and interlayer structures. For example, a locahégtral arrangement
around the metal M has been reported for M(DME)see Table 1.4, M = Li, Na, y =
2,z=28 M=K,y =3, z=31 ~1.2 nm). Upon heating, a phase with the
composition M(DME)Gs (M = Li, Na, K; d; ~ 0.73 nm) was obtained, with DME in a
parallel orientation.

Beguin and SettdA reported the GICs containing potassium and THF with the
composition K(THF)G, or K(THF)Gsg, both withd, ~ 0.7 nm. Although the ratio of
intercalates to carbon is different, in both cases THF remaiagarallel orientation.

A later repoft® indicated that GICs with different THF/K ratios are obtained
depending on the synthetic conditiorms i nm in parenthesis): 1 (0.7), or 2 and 3
(0.9). From geometric considerations, the stage 2 and 3 GICs appese t-h&0°.
Beguin et al® also reported a stage 1 Li-THF-GICs with a wide range of co
intercalate/metal ratios, but all with ~ 1.24 nm: Li(THF)4Cs, Li(THF),.3C12, and
Li(THF)3.4Cis. For these GICs, @ Li(THF)," intercalate complex was proposéd.
Upon cooling® this T4 complex converts to a parallel bilayer structure, yieldi®@
with d; = 1.063 nm. Lastly, K(THE)C,4 has a mean plane of THF molecules tilted
with @ = 50-75%°

Mizutani et al®®"%% *!studied the effect of the etheric co-intercalate structures
on the formation of M-ether-GICs (M = alkali metal). Ethetsdged included THF,
MeTHF, 2,5-dimethyltetrahydrofuran, tetrahydropyran, DME, DEE, 1,2-

dibutoxyethane (DBE), 1-methoxypropane (MP), 1-methoxybutane (MB), and
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diethylether. Important results include the findings by Tanaikel@eghak* that, for
compounds in the series Na-[@BCHzx+1)]2-GIC (x = 1 for DME, x = 2 for DEE,
and x = 4 for DBE), all havd; ~ 1.2 nm. This indicates a paralekF O ° orientation
regardless of the length of the alkyl chains. The tendencynfaikali metal to form

ternary M-ether-GICs by this method increases from M = Li t&°Cs.

1.3.3.3 Alkane Co-intercalates

In a series of publications, Pilliee¢ al.described the preparaion of M-alkane-
GICs where the alkanes include meth#é n-butane’® n-pentane€?’ n-hexane’>*°
cyclopentan® and cyclohexan®&, Table 1.5. Due to the weak interaction of the alkane
with the graphene sheets and alkali metal cations, the prosass termed
“physintercalation”. Most of these GICs were synthesized at&ation, allowing
the gaseous alkane to interact with the preformed stage 2 M-G&Zsdentified
structures, the alkanes show@d 0°. In other cas&where thed; values were not
explicitly reported, as in Cs{butane)s¢Cz4 and Cs(cyclopentang)C,4 the parallel

orientation can be deduced from the data supplied.
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Table 1.5 Ternary GICs of metals and alkane co-intercalates. All are stagésl G

unless a stage is indicated in parentheses.

GIC di/ nm Ref.
Cs(n-pentane)edCz7 0.678 94
Cs(n-pentane)srCss 0.675 (2) 94
Cs(n-hexane) oCos 0.694 96
Cs(h-hexane) s«Cao 0.681 (2) 95

This family of GICs also presents interesting structur@hgformations. For
example, starting from stage 2 GgCternarization leads to a stage 2 rEs(
hexane)sdCso plus stage 1 binary Cg& A similar reaction occurs for Cs-GIC with
n-pentanée’

The ternarization of Cs-alkane-GICs can also lead dsordered
heterostructures containing Tand Cs(alkang) intercalates, where thk is the
average of the stage 2 Gs(l. = 0.939 nm), or ordered ternary compounks=(
1.013 nm for Cs¥pentane-GICi. = 0.986 nm for Cs-methane-GI&).** Further
discussion of heterostructures can be found in Section 1.3.3.7. For exaneple, t
disordered heterostructure stage 2 ngmentane-GIC I¢ = 0.972 nm~ (0.939 +
1.013)/2) was detected and explained as a phase boundary betweenf@nGsbe
ordered ternary phagéThe linear dependence kfvs methane uptake was taken as
evidence supporting the formation of the ordered Cs-methan&@\@ditionally, an

order-disorder transition, as indicated by changes in the diiracoherence lengths,
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was also observed either by decreasing the temperaturarmrégsing the-pentane

pressure?

1.3.34 Alkene Co-intercalates

The reaction of alkenes with donor-type binary GICs usually resultiseir
polymerization, either (i) within GIC galleries, and/or (ii) on the gragpteactive edge
surface. A third, relatively rare, case involves alkene intdroalawithout
polymerization. Known examples include reacting stage 1 or 2 @i@®sorganic
vapors including acrylonitrilé’ ethylene?® 1-buten€ 1,3-butadiené’ isobutené’
isoprene’’ styrene’® and tetracyanoethyler®

In case (i), the starting binary GI@.¢.,KCg or KC,4) expands along the c-
direction once in contact with the organic vapor. In all casesetheoducts do not
display sharp diffraction peaks, but are highly disordered, and emed
“‘composites”. However, diffraction does indicate clearly that bineary GIC
structures disappear after reaction with the alkene. The commuiddéeed from
isoprene was elastic, like polyisoprene, whereas that from styua@n&ess elastic, like
polystyrene”® The presence of polymer in the products was also supported through the
detection of species with 5-20 carbon atoms by thermogravimegg-spgectrometry
(TG/MS) analysis of the pyrolyzed samplés.

In case (i), diffraction patterns of the starting binary G#s observed, and
the samples do not show expansion. However, polymerization at thewsdge

deduced from the increased stability of the GIC in water andsaitetermined by
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diffraction, electrical conductivity and Raman gspescopy. This is the case for
alkenes including acrylonitrile, 1-butene, and isteime®’

An example of intercalation without polymerizatimnfound in the reaction of
KCs and KG4 with tetracyanoethylene [TCNE, (N&O=C(CN)], which vyields
products of composition K(TCNE)Ys; K(TCNE)y25Cs, and K(TCNE)..Cs.*® In this
report, the formation of ternary GICs was deducecthfmass uptake, color, and the C
=N (stretching) vibrational frequency. K(TCNELs was also obtained and reported
with TCNE was in a parallel orientatid® However, this assignment does not agree

well with the intercalate dimensions, and may regjuvision.

1.3.35 Aromatic Co-intercalates
There are numerous studies on ternary M-aromati@sGand the orientation

of aromatics in the GIC gallerié8 Examples are shown in Table 1.6.
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Table 1.6  Ternary GICs of metals and aromatic co-intercalates. Allséage 1

GICs unless a stage is indicated in parentheses.

GIC d/ nm Ref.
K(benzeneg)s.1Cz4 1.22-1.26 (2) 103
K(benzene)sCyy 0.93 103, 104
K(benzene)Cyq 1.22-1.26 (2) 103
K(toluene)Cyy 1.23 (2) 105
K(toluene}Cyy 0.91 70
K(o-xylene}Cyy 1.06 105
M(furan).76-0.065s 0.878 (M = K), 0.900 (M = Rb) 40

The ternary M-benzene-GICs show a wide variety of co-intdecala
orientations observable by differedt values. The first example is a full sandwich
structure of the type benzene-M-benzeme=(1.29 nm, K) withd ~ 0°2%1% A second
example is the half-sandwich structude<£ 0.755 nm for Li, 0.94 nm for K ~ 0°,
but with only one benzene intercalate per®4'°° The third cased = 0.931 nm) also
is ascribed to a full sandwich structure, with ins nestled between two benzene
molecules, but with tilt angle8; = 60° or8,=120°°" Different orientations ob-
xylene in Ko-xylene}C,4 were also proposed by Isaev al'®® Interesting onlyo-
xylene forms GICs upon ternarization, whereagylene, p-xylene, and mesitylene
(1,3,5-trimethylbenzene) do not intercalate. Seétbal®’ reported the ternarization of

|36

KCg or KCy4 with a variety of aromatics. Merlet al.™ reported the ternarization of
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LiC12 with a solution of polystyrene in benzene to yield a product &vith1.317 nm.
They assigned this phase to a bilayer of polystyrene inteecalégh polymers
interconnectedia -CHCHCH- linkages.

Schldgl and Boehifi reported the synthesis of stage 1 to 5 K-furan-GICs with
di ~ 0.90 nm. The compositions found were K(fusadls (stage 1), K(furan)£oa
(stage 2), and K(furamCizx+1) (X = 2-5). In these compounds; ks off the gallery
centers, and furan molecules are tilte® at 15°. Ternary Rb-furan-GICs with similar

d; values were also report&d.

1.3.3.6 Other Co-intercalates

Ternary M-DMSO-GICs (M = Li, K; DMSO

dimethysulfoxideyere
prepared by the electrochemical reduction of graphite in DMSOi@mutontaining
either LiCIQ, or KI.'%1%The general composition found was K(DM$Oy (x > 1)
with d = 1.15 nni® or 1.50 nm® For these GICs, Besenhaetial®* have noted that
Ad is close to the edge length of a hypothetical regular DMS@&hedron, suggesting
y = 6. Okuyamat al.*® however, reported y = 3.

Ginderow and Settdf’ synthesized the stage 1 GICs Li(HMPF)Gind
Na(HMPT)G7 (HMPT = hexamethylphosphoramide, O=P(NEE#Ht) employing the
direct reaction of graphite, alkali metal, and the amide. Thesaappde the only
amide-containing GICs reported. The obserded 0.762 nm suggests that the P=0O

bond lies perpendicular to the graphene shiegts.
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Beguin et al!*! reported the structural study of the ternary K@C (di =
0.957 nm) and Rb-NGIC (d, = 0.946 nm). The differences dhwere explained b¥
< 15° for M = K butB < 10° for M = Rb. These GICs, together with that of DME
(Section 3.3.2) and 12DAP (Chapter 4), are examples of cation-dimatatation of
co-intercalates in GICs. Setten al'*? synthesized the ternary K-K222-GIC [K222 =
4,7,13,16,21,24-hexaoxa-1,10-diazabicyclo[8.8.8]hexacosade, = 1.550 nm,
composition K(K222)Gg] through the ternarization of Kgwith a solution of K222 in

THF. This is the only ternary GIC containing a macrocylic ligand reported ¢o dat

1.3.3.7 Quaternary GICs of Organic Co-intercalates

The rich structural chemistry of ternary M-organic-GIGs1 doe expanded
further by employing two types of metal cations or organicntercalates, yielding
quaternary GICs. There have been a limited number of donor-typarut&ICs
reported. Ginderow® prepared the compound Li(THRYBzN)o.2:£Co7 (di = 0.744 nm,
BzN = benzonitrile) through the direct reaction of graphite, ddd a mixture of
organic co-intercalates. The quaternarization of K(THEu,*** or M-Hg-GICs (M =
K, Rb)"*® by benzene, or of K&by a mixture of benzene and THF was repottéd.
Unexpectedly, although no ternary GICs were formed by reacting vt either
benzene or THF individually for up to 4 weeks, the reaction yieldiegquaternary
compound was complete in 3. The orientation of co-intercalates were only

indicated for K-(THF,benzene)-GIE? with a tilt angle® = 30°. Considering the

reportedd; values, co-intercalates in other GICs appear to Bave°.
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There are two categories of quaternary GICs based ondtheilues. For the
first type,d; values fall between the ternary end members (if known). As amge
(with di in nm in parenthesis), K-(THF,benzene)-GIC (0.900) had &etween
K(THF),C,4 (0.800) and K(benzeng,, (0.924) (y = 2-3)!* On the other hand,
heterostructures are defined when different guest speciesaiaterbetweedifferent
graphene sheets in a regular manner. An example is RbHg(benzen&y whered,
= 2.02 nm is close to the sumdfalues for Rb-benzene-GIC (0.93 nm) and Rb-Hg-
GIC (1.065 nm). Therefore, a heterostructure with the sequence C-(RmbeGze
(Rb,Hg)-C was proposed. KHg(benzengls (d = 1.96 nm) can be obtained
similarly.!*® The heterostructure arrangement can be contrasted with solicossluti
that contain statistical distributions of two (or more) guesthinveach intercalate
gallery (Section 1.3.1). It is also different from a polylaytencture, where the guests
arrange themselves into multiple layers with a regular seguelso within a single
intercalate gallery (Section 1.3.2). We will present in Chapterofhar example of a

guaternary compound, Na-(EN,12DAP)-GIC (12DAP = 1,2-diaminopropane).

1.3.4 Binary R-GICs

In the binary compounds R-GICs (R = alkylammonium, imidazoletag), the
organic cations provide the charge neutrality required by the eddyraphene sheets,
Table 1.7. This is in contrast to the ternary GICs mentioned ito8€ec3.3.1, where
neutral organic co-intercalates act as spacers betweenetaéaation. Besides those

tabulated, there are reports on the intercalation of the followingnt® graphite,
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although no structural details were giveniHg.1)aN* (x =1, 2, 4 and 8); (CHs)s(n-
CeHim)N* 1811 and a variety of ionic liquids based on imidazolitffit?

pyrrolidinium,*?? or piperidinium catiort?* 123

Table 1.7 Binary R-GICs. All are stage 1 GICs unless a stage icatelil in

parentheses.

Cation di/ nm
(CaHo)aN* ° 0.802
(CeH17)aN™° 0.775 (2)
(CH3)sN* (DMSO-solvated)” 1.59 (1-4)
1,2-dimethyl-3n-butylimidazoliunt 1.034
1-n-butyl-3-methylimidazoliurtt* 1.038
1,2-dimethyl-3a-propylimidazoliunt® 1.052

The electrochemical intercalation of graphite ByhRs been widely studied, in
part due to potential applications of graphitic electrodes in supertagaor in dual-
intercalating molten electrolytes (DIME) celf®. The alkylammonium intercalates can
be either unsolvated or solvated (By., DMSC®). The chemical synthesis of this
GIC family has only been reported recently, and was accompliblgedn ion
exchange reaction with Na-EN-GfC.

In electrochemical syntheses, the intercalation ofvRs mainly deduced from

a cathodic peak observed in cyclic voltammetry, supplementedybin situ AFM to
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observe a gallery expansion, or XPS to detect the surface compositithe
electrodes after the reactions. PXRD patterns of the resuBi@s were rarely

reported, or were inconclusive 122 124-127

14 COMPARISON: AMINES IN GRAPHITE AND IN OTHER HOST
STRUCTURES
In this section the orientations of amines in GICs will be cetdcato those in

other host structures. The alkyl chain(s) can be either pagigiendicular, or tilted
to an anglé relative to the sheets, Fig. 1.4. The intercalates can form-moiroor
trilayers, or the overlap of those chains which is caled., pseudotrilayer.
Intercalation of more than three intercalate layers is not known.

As will be shown in Chapter 2, the amines in Na-nCx-GICs (n@atkylamine
of x carbon atomse.g.,CiH2x+1NH) show a parallel monolayer structure for x = 1-4,
and a parallel bilayer structure for x = 6-14, with the x = 6 shgva transition
between these structur€sThis structure and the transition are reported in GICs for
the first time. Similar amine orientations, however, are known ierotiosts. For
example, a parallel orientation for x = 1-4 for FgP8and x = 2-8 in BagHsPO;*’
has been reported. The perpendicular monolayer (x = 2-10 igHgROs- 2H,0)"*’ or
the tilted bilayer (x = 4-12, §Ti307, 55°* are known in the literature. Graphite oxide
(GO),* Pintercalates amines with both the monolayer and bilayer otiiemsa(with

tilt angles of 0° and 17-27° respectively) depending on the amine/&O Phases

with different gallery expansions arising from amines of theesaomber of carbon
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atoms are also known for other layered hosts. For example, #yerd = 12 and 16

in HCaLaNBTiO10,*° can show different tilt angles in the galleries depending on the
drying conditions employed. Also of interest is birnessite, Mmbere amines with x

= 10-18 unusually rearrange from an approximate monolayer perpendcbitayer
perpendicular upon evacuatitt.

The presence af- (and to a lesser extefit) branched intercalates has been
reported to retard or inhibit intercalation reactions. In casesewh&ercalation does
occur, however, the gallery expansions are similar regardlels sfructure (linears
branched) of intercalates, as in,b..,)OPQ;- yH,0.*? In this case, Garcia-Pone¢

al.™*? reported a bilayer witl = 58°. Similar PXRD patterns were shown for the

inclusion compound ofn-butylamine and iso-butylamine with [Cdgz-N,O-p-
NH,CeH1S0s)-(H20):], 22 implying a similar orientation although a structure model
was not described. With Na-branched amine-GICs (Chapter 3), bilaf/éranched
amines intercalate with parallel orientations, in contrast tortbaolayers obtained
with the linear analogs.

As will be described in Chapter 5, for a variety of Li-diamin€&[diamine = EN,
12DAP, andN,N-dimethylethylenediamine (DMEDA)], more than one orieptati
can be obtained. In case of LI-EN-GIC, EN goes from perpendicalgratallel
orientation during evacuation, with Li bonding to EN in a monodentate mdter O
host structures reported to show multiple orientations of EN inclli@| and VOCI
(parallel monolayery®* H,TisOs (perpendicular monolayer and perpendicular

bilayer) 3> Ba(HO3AsCsHs),- 2H:0 (tilted monolayer, 6297° Intercalation of a series
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of a,w-diaminoalkane BN(CH,)NH. with x = 2 {.e., EN)**" or 4-13*® into graphite
oxide was reported, with the diamines in approximately parallel orientation.

The presence of functional groups at both ends of diamines togethdhevith
presence of a cation can involve binding of diamines to cations eithea a
monodentate (head-to-tail) or bidentate (chelation). This interaddica topic of
interest in computation chemistry of discrete molecules in ta@hased.g.,H", Li",
and Nd with EN;*° or H and , Li with H,N(CH,),NH,where x = 1-89, but has not
received as much attention in intercalation compounds. We will sho@hapter 5
that, for GICs, monodentate binding is observed for EN binding tp Miit the
diamines 12DAP and DMEDA form chelates with' im a perpendicular orientation
within the galleries. Interestingly, the perpendicular-to{perdransition observed
upon evacuation in LI-EN-GIC does not occur for Li-12DAP-GIC or Li-ODA=
GIC.

Chapter 6 reports the synthesis and structure of M-polyamine-Gl&sgeva
series of polyamines of increasing —CHH,NH units was employed to investigate
the structure-properties relationship. In addition to this work, pulditation the
intercalation of polyamines are relatively limitéd14? By reacting a-zirconium
phosphate with diethylenetriamine (2E3N) at different reactioegjniNakayamat
al.*** obtained products with different gallery expansions, proposed as due to ghangin
intercalate tilt angles. In the related Li-2E3N-GIC, the polye 2E3N shows a

143
al

parallel orientation. Kijima et reported the intercalation of tris(2-
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aminoethyl)amine (3E4NS) inta- andy-zirconium phosphates, with perpendicular
orientation of 3E4NS. In Chapter 6, we propose a similar structure for K-3E4S -G
For completeness, the orientation of the perfluoroalkyl chain in theptm-
type GICs should be described. FQF&+1SOs with x = 1 the fluoroalkyl chains have
a parallel orientation. However, they form tilted bilayers when 4 with the SQ’
head group orientated towards graphene sheets. Anions with more x@tnptture
such as @F21S0;, CGFsOGF,SO;, and GFs(CgF10)SO; also form bilayer

structures*

1.5 CHAPTER SUMMARIES

In this thesis, the syntheses of ternary donor-type GICs contailikaly metal
cations M (M = Li, Na, K) and a variety of amines are reported. At@ainumber of
guaternary GICs are also prepared. The goal is to explore newesyrand structural
chemistry in GICs through the use of amine co-intercal&egeral new intragallery
structures, and structural transitions, are reported for theifitst Some of these were
known in other layered hosts, but not with graphite.

Chapter 2 reports the synthesis of a homologous series realkddamine-
GICs with 3-14 carbon atoms. In all cases the alkyl chains tedlglato the graphene
sheets. However, the staging and number of amine layers depend on the specific amine
employed. A novel bilayer-to-monolayer transition is also reported.

Chapter 3 compares the structures of the GICs contaimalxylamine

selected from Chapter 2 with those containing branched alkylaminaotable
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difference is observed for amines with 4 carbon atoms. Whilértsar amine forms
parallel monolayers, the branched analogs instead form bilay@ssresult contrasts
with the general observation that more sterically-hindered imé¢esatend to
intercalate at lower concentrations. This structural diffexemc not observed,
however, between linear and branched amines with 3 carbon atoms.

In addition to the structure-directing effect of amine intetealaChapter 4
describes a new series of GICs containing different caiodsthe same amine. The
amine studied (12DAP) can orient with either a perpendicular, darafetilted
orientation. This is a rare example of cation-directed orientatiomtercalation
compounds. Interestingly, the gallery expansions increase asatinic radi
decrease.

Chapter 5 describes the synthesis and structure of M-did&iDe- A
systematic study was performed employing amine analogs. Tdredegs include
amines with different alkyl chain lengths, different positions-MNH, group, and the
presence of —Cisubstituents. Stage 1 and 2 Li-EN-GICs show the first exame of
monolayer perpendicular-to-parallel transition. Another new exampleatibn-
directed orientation of amines intercalates is also reportedldyecomparing Li-EN-
GIC with Na-EN-GIC. Additionally, this works extends to the sysibieof the
guaternary GICs containing mixed metal cations or mixed amiBeth solid
solutions and the phase with fixddare reported.

Chapter 6 explores ternary GICs containing polyamines (intercaldteshare

than two —NH groups). Most of these new GICs have amines in parallel atiemns,
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though the GIC stage numbers depend on the size of the polyamirantiast, the
star-shaped polyamine tris(2-aminoethyl)amine (3E4NS) has mpenmicular
orientation. Similar structural modifications to the amines a€hapter 5 are also

examined in this chapter.
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21 ABSTRACT

New ternary graphite intercalation compounds (GICs) containing axal
linear alkylamines (Na-nGGIC) are reported. The following new GICs with
indicated stages and intercalate arrangements are obtaage:1stmonolayer (nC3,
nC4); stage 1, bilayer (nC6, nC8); and stage 2 bilayer (nC12, nC14). eards
new to donor-type GICs found are (i) an intercalate bilayengement with guest
alkyl chains parallel to encasing graphene layers, andh@)transition from an
intercalate bilayer to monolayer arrangement upon evacuatiomCtrAlthough there
are many reports on the intercalation of short, medium, and long-dkgiangines in
layered hosts, this is the first example of a homologous compours $eriGICs.
The products obtained are characterized using powder X-ray didfracti

thermogravimetric analysis, and differential scanning calorimetry.
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2.2 INTRODUCTION

Intercalation chemistry results in changes in both layered hostjuest and
allows the study of molecular confinement in two dimensfofike properties and
subsequent chemistry of intercalation compounds can be more cleaslpmid and
controlled by understanding the intercalate composition and arrangevithin the
expanded galleries. Alkylamines and alkylammonium ions are amongntst
commonly employed intercalate guests. Details of complessitrans in intercalate
arrangements have been obtained for some layered hosts. For exampieolution
of a hexadecylamine (gHs3NH,) intercalate arrangement from parallel monolayer, to
parallel bilayer, to perpendicular (or tilted) monolayer, to padpmilar (or tilted)
bilayer, was observed with increasing intercalate content in bemtdnBimilar
structural changes, with an added bilayer-to-trilayer ttiamsiwere reported for a
R:N*-exchanged smectite cldy. These organoclays have several potential
applications, including the adsorption of toxins, use as photo and electtimifiahc
materials, and as precursors in the formation of clay-polymer oarpmsites with
enhanced mechanical properties.

Although the intercalation and exfoliation of layered materialsngusi
alkylamine intercalates (or the associated ammonium catisnggll known in the
literature™® similar behavior has never been reported for graphite. In the donor-type
graphite intercalation compounds (GICs), graphene sheets are dealudecations
intercalate between the carbon layers. Ternary GICs, in whickollkent molecules

coordinate to the M cations and are co-intercalates, can be syathesing either
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direct or indirect methods. In the direct method, an alkali nietdiksolved in a polar,
highly ionizing liquid such as liquid ammonid methylaminé, or ethylenediaminé.
The electrons/radicals/anions thus generated reduce the graphetse ahdethe
solvated cations intercalate to satisfy the charge neuattializ In the indirect method,
a pre-formed binary GIG.g.,KCy4 or KCgg, is further reacted with a co-intercalate in
the liquid or gas phase, examples include the co-intercalatiomN,N{N’,N*-
tetramethylethylenediamine (TMEDA] triethylamine’® and the cryptand “K222'
In some cases, such as with methylamine, GIC’s have been syathbgiboth direct
and indirect methods' We recently reported the synthesis of the ternary GICs
containing the alkali metal M (M = Li, Na, K) and 1,2-diaminoprop&nehich
provides an unusual example of cation-directed orientation of orgamiatercalates.
However, no extended homologous series for alkylamines has been ddpodite.
This contrasts the extensive literature on amine interoaldtir other layered hosts
such as transition metal dichalcogenides and clays where homoksyees of amines
have been prepared and their structure-property relations evaluated.

We report herein the synthesis of several new GICs contditahgations and
a series of linear alkylamines with 3, 4, 6, 8, 12, 14 carbon atomse Toeenpounds
exhibit two features new to donor-type GICs, an intercalate biEyangement with
guest alkyl chains parallel to encasing graphene layers,aamdnsition from an
intercalate bilayer to monolayer arrangement. Both as prepased’)(and dried
products were studied, as the intercalate arrangement can démeglyson drying

conditions. The GIC products are characterized using powder X-rénactidn
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(PXRD), thermogravimetric analysis (TGA), and differentsalanning calorimetry

(DSC).

2.3 EXPERIMENTAL

All synthesis and handling of the air-sensitive reagents and thikingsGICs
were done under an inert atmosphere using a dry-box or septum-ggchge&ues. In
a typical synthesis, 0.25 g of graphite powder (SP-1, Union Carbidegaveasicle
dia. 100um) was mixed with 0.06 g of Na metal (99.95%, Alfa Aesar) (mMoldT Na
= 8) and the amine (4 mL forpropyl ton-octylamine, 0.75 g fon-dodecylamine and
n-tetradecylamine). Anthracene (0.05g) was added as an eléetnsifer catalyst for
the C12 and C14 amines. The reaction mixtures were continuousdy $orrl-7 days
at the following temperatures:propylamine (nC3) and-butylamine (nC4) 20 °Qy-
hexylamine (nC6) 90 °Qy-octylamine (nC8) 140 °C, amddodecylamine (nC12) and
n-tetradecylamine (nC14) 90 °C. For the nC12 synthesis, an additionainespe
was performed using only 0.25 g of the amine. For some reactionsjaliwas used
to prepare Li-nCx-GICs by the same methods. The liquid amines rgaroved by
centrifugation immediately (nC3-nC8), or by washing with dryeok followed by
centrifugation (nC12, nC14). GIC products denoted “wet” were chaizadeafter
centrifugation without further processing, those denoted “dried” wexeegl under
vacuum (<100 pm) at 20 °C (nC3-nC4) or 50 °C (nC6-nC14) for 6 h.

PXRD data were collected on a Rigaku MiniFlex Il, using Neféd Cu K

radiation, with 0.02° @ steps from 3° to 60°. Sample holders were sealed with a



56

plastic tape window to prevent decomposition in air during the PXRDunement.
The (00I) reflections were indexed according to the relationd; + (n-1)(0.335 nm),
wherel. is the identity period obtained directly by diffraction dafais the gallery
height,n is the GIC stage number, and 0.335 nm is the distance between twenadjac
graphene sheets. The samples were digested in conc. HCI and tiva sodient in
the liquid was analyzed with ICP-AES using the Jobin Yvon Emissi@0@0. TGA
was performed using a Shimadzu TGA-50 under flowing Ar gas (20 m)/finom

RT to 800°C at 5 °C/min. DSC measurements were performed on adzni®SC-

50, with samples (=5 mg) hermetically sealed in aluminum pdms.DISC samples
were heated from ambient to 150 °C at 5 °C/min. Only the heatingscureee

recorded.

2.4 RESULTSAND DISCUSSION
24.1 Short to Medium Chain Amines

Fig. 2.1(a) shows the PXRD pattern of the blue stage 1 GlQupt, Na-nC3-
GIC (d = 0.701 nm), obtained wittrpropylamine after RT drying under vacuum. The
wet product shows the same PXRD pattern. This product has welkdrdalleries as
evidenced by the presence of up higher order reflections. Niaglebe contribution
of Na', which has a smaller diameter0(2 nm) than the minimum amine dimension
along any axis, the intercalate monolayer height within the gn&pluyallery is
therefore 0.701 — 0.335 = 0.366 nm. The relationship between the orientationl of alky

chains and interactions with the Neation will be discussed later. This monolayer
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height is similar to that reported previously for Li-methylara@i€ (0.36 nmY, but
smaller than those reported for Li-ethylenediamine-GIC (0.57 amj K-TMEDA-
GIC (0.56 nm):° The larger dimension for the TMEDA gallery is readily understood

due to the increased steric requirement for the methyl group substituents onntde ami

=
] X3
— jL . ...\\"“\.. ST M
‘E‘- (C) e 1*(003) . T -
z 0.362 nm 32(224) 1%(005) 1*(006)
) 1#(001) 1#(002) ST 0219mm 0.182 nm x5
= L052mm 537 4m R R——— e
= | (b) (002 ~ "
0.351 nm 1(003) 1(004)
1(001) 0.235 nm 0.177 nm
0.690 nm n e x5
(a) A | i — .
0 10 20 30 40 50 60
20/ °

Figure21 PXRD pattern of (a) Na-nC3-GIC, (b) Na-nC6-GIC (wet), (e}MNC6-
GIC (dried), and (d) Na-nC8-GIC (dried). The number 1 and 1* inglita stage 1
monolayer and bilayer respectively, with the assigneb) (00ices and the observed d
values indicated. The PXRD patterns of Na-nC3-GIC and Na-nC8-&ltharsame

for the wet and dry samples.
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Na-nC4-GIC ¢ = 0.704 nm), Li-nC3-GICd = 0.700 nm), and Li-nC4-GIC
(di =0.697 nm) can all be prepared similarly, and the products have monolayer heights
comparable to Na-nC3-GIC. From steric considerations, and the equigalésry
heights for M-nC3-GIC and M-nC4-GICs (M = Li, Na), it is adldhat these short
chain alkylamine intercalates must form monolayers with longeoutdr axes lying
parallel to the graphene sheets, as shown in Fig. 2.2(a). The symth€s-&-GIC
(for C4, C5, and Calkang have also been previously reported through the reaction of
CsGy and the alkane vapdt.Although thed; values of those GICs were not directly
stated by the authors, the data included in the publication inslitze these GICs

contained parallel alkane monolayers.
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Figure2.2 (a) The monolayer structure in Na-nC3-GIC, (b) biayer structure in
wet Na-nC6-GIC and its transformation to the moyeitastructure by drying, and (c)
the bilayer structure in stage 2 Na-nC12-GIC. Takegy dimensionsgl;, are shown in

each case. The locations of the'N#ercalates are not shown.

The wet Na-nC6-GIC product is a blue stage 1 Gl@hwlj = 1.091 nm,
corresponding to an intercalate dimension of 0.@86 As shown in Fig. 2.1(b), the
presence of reflections up (006) indicates well-ordered domains along the stacking
direction. These galleries are assigned a bilaye@ngement, since the intercalate
dimension is nearly twice that of the monolayeaagement described above for M-
nC3-GIC and M-nC4-GIC (M = Li, Na). After drying, mew nC6 monolayer GIC

structure appears withi = 0.699 nm (Fig. 2.1(c)), indicating a transititm the
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monolayer arrangement described above. This transition of bilayeoitolayer
arrangement for alkyl-chain intercalates, indicated in thensehe Fig. 2.2(b), is new
for GICs. A bilayer structure is also observed in the wet productir@at withn-
octylamine — the blue stage 1 Na-nC8-Gt:< 1.093 nm). However, Na-nC8-GIC
does not change structure after drying. The bilayer to monolegmsition was also
not observed for the alkane-containing Cs-C5-GIC or Cs-C6GKhe number of
steps in the TGA mass loss curves further supports the monolayebilagér
assignments (see below).

The formation of radicals/anions/solvated electrons through theiamauit
alkali metal with liquid ammonia, ethylenediamine, and smallrclaaines is well
established in the literatut@ The analogous reactions with longer-chain amines have
received less attention. However, the successful formation of Ba=iC and Na-
nC8-GIC suggests that such reactive intermediates exist anpr@ade the strong
reducing conditions necessary to form donor-type GICs. SinceghedtiNa content
in a well-characterized binary Na-graphite is the staga®G,dNsynthesized from the
reaction of graphite and a molten Na-Ca alloy at 250-306%i€)s unlikely that the
indirect method is operative in these reactions. Much more likegset GICs are
formed by a direct method — coinsertion of cation and solvent. The sdeta
formation of a binary alkali metal GIC has not been proposed in wgperts of GICs

containing amine§? *2
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24.2 LongChain Amines

Preparation of the black Na-nC12-GIC product requires the addition of
anthracene, possibly due to the low solubility of the sodium metéleiong chain
amine. While the details of dissolution of alkali metals in liquith®nial’ or small
amines like ethylamin® or ethylenediaminé are reported, we are not aware of
similar experiments with long chain amines. Control experimentsgre either
anthracene or the amines were omitted, yielded only graphite, as evidgrecsttdng
and sharp(002) graphite reflection in the resulting PXRD (not shown). The use of
electron transfer agents, including naphthalene and phenanthrene, has bded repor
previously in the synthesis of GICs containing alkali metals amett >*Fig. 2.3(a)
shows the PXRD obtained for Na-nC12-GIC, with reflections observe updex
(008). Na-nC14-GIC is prepared under the same synthetic conditions, thecprodu

PXRD is shown in Fig. 2.3(c).
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Figure2.3  PXRD patterns of: (a) Na-nC12-GIC, (b) the mixture of Na-nC1@-Gl
and graphite obtained by decreasing the amine reactant (sgeatekic) Na-nC14-
GIC. The 2*(00) labels indicate reflections for the stage 2 parallel bilsyercture.

The reflection from graphite is labeled G(002).

Na-nC12-GIC ¢ = 1.107 nm) and Na-nC14-GI@; (= 1.095 nm) are stage 2
compounds. These assignments give layer heights of 0.386 and 0.380 nm,
respectively, consistent with a parallel oriented bilayercture as described above.

An alternate structure model, a stage 1 trilayer, would gitexdalate layer heights
around 0.37 nm, but was discarded due to the products black colors anthda$zA

losses indicating organic content comparable to a bilayer arr@mgesee Thermal
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analysis, Section 2.4.3). Interestingly, the same stage 2 Na-nlCl®gether with

the unreacted graphite are obtained when the amount of nC12 reagencedrby

2/3, Fig. 2.3(b). These conditions favor the formation of mixed phases thtre
higher-stage GIC products. The PXRD patterns of Na-nC12-GIC amiClil4-GIC

do not change after drying.

Although the synthesis of intercalation compounds containing short, medium

and long chain alkylamine for other layered hosts is common initdratlire® we
believe that this is the first report of such a series forsG& summary of the

prepared GICs and structure assignments is provided in Table 2.1.

Table2.1 Structural and compositional data of the prepared M-alkylamine-GICs

Amine Stage di/nm Intercalate Wt% Wt%  Experimental
number arrangement amine  Na composition
n

nC3 1 0.701 (0.706) Monolayer 15.4 9.3 Na(nCg3)Cie

nC4 1 0.704 (0.697) Monolayer (14.8) - -

nC6 wet 1 1.091 Bilayer - - -

nC6 1 0.699 Monolayer - - -

dried

nC8 1 1.093 Bilayer 29.3 3.3 Na(nG& 40

nC12 2 1.107 Bilayer 18.0 - -

nCl14 2 1.095 Bilayer 14.5 - -

#Values in parentheses indicate M = Li, all others are for M = Na.
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A simple model for understanding the number of layers formed by the
alkylamine intercalates can focus on the relative strengtikgf chain hydrophobic
interactions. The attractive forces between” Mation intercalates and negatively
charged graphene sheets strongly favors the formation of @ithsa minimum
gallery height, in this case the parallel monolayer arrangemowever, interchain
interactions grow in relative strength as the alkyl chaigtlehincrease. Thus, for Na-
nC3-GIC and Na-nC4-GIC, only parallel monolayers are observed, vghineala-
nC8-GIC, which has more significant interchain interactions, gdvilarrangement is
produced and is preserved even after the GIC is dried. An intermdxiibawvior is
observed in Na-nC6-GIC, which undergoes the bilayer to monolayer imansgon
drying. Unlike clay hosts where a trilayer structure has begorted for longer chain
amines: the bilayer structure persists for Na-nC12-GIC and Na-nC14-GH@.
change to stage 2 products rather than stage 1 for thesen@{ also be associated

with the retention of the bilayer arrangement.

2.4.3 Thermal and Elemental Analyses

Representative mass loss curves for the GIC products obtamee@cted in
Fig. 2.4(a). All show mass losses from ~50-300 °C that are absem igraphite
starting reagent. These losses are followed by a higher temmgeraass loss with
onset around 600-650°C, also seen in graphite, which is ascribed to the detompos
of the graphitic host lattice. A single mass loss region igrekd for Na-nC3-GIC.

Together with analysis of the sodium content, we can obtain a Gitpasition of
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Na(nC3) /Cis. The Na to amine ratio (1/0.7) and the ~15% amine content of this
phase are similar to previous reports for comparable GICs, nag{&lyN,N’,N*-
tetramethylethylenediaming)Cs7 (14.4% mass loss},Csh-pentane)oCos (14.6%)*
Li(ethylenediamine)Css  (14.9%)’  Csf-hexane)sCs  (15.6%)*  and
Li(methylamine)Ci, (17.4%)’

For Na-nC8-GIC, the presence of two, rather than one, mass losagteps
with the assignment as a bilayer intercalate. The greatss noss for the stage 1
bilayer Na-nC8-GIC (approx. 28%) supports also this assignment. ‘éowee did
not attempt to separate the intermediate phase monolayer Nai@CByGhermal
decomposition of the bilayer Na-nC8-GIC. The obtained composition of
Na(nC8) «C40 shows a significantly decreased Na/amine mole ratio as compared to the
propylamine GIC (1/1.6 as compared to 1/0.7), but the amine/graphgasraimilar
in each case. The mass losses of the stage 2 bilayer Na-nC1ar@l stage 1
monolayer Na-nC3-GIC are similar (Table 2.1). This appears rdasocansidering
the equivalent ratio of intercalate and graphene layers inwbestructures. The
determination of the amine content in the stage 2 bilayer structayeappear less
reliable due to the overlap of the mass loss events (Fig. 2.4(a)evdovwthe same
GICs prepared in separate experiments showed organic coritahtsgteed within
2%, and the Na contents in these cases agreed to within 0.6% for3Nat6Cand

0.2% for Na-nC8-GIC.
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We can determine the packing densities of the intercalalleriga by
comparing the experimentally-obtained compositions and structatalod these Na-
nCx-GICs with the known dimensions of the intercalates. For Na-nC346¢Galues
required are the ionic volume of N#0.0060 nm), the van der Waals molecular
volume of n-propylamine (0.0714 nfp?* the surface area per carbon atom in a
graphene layer (0.0261 Am and the experimentally-determined composition and
intercalate gallery expansion, Na(ng&).s and0.366 nm. The packing density, or
ratio of intercalate molecular volumes to geometric volume availebthe opened
galleries is determined by the following ratio:

[(0.0060 nm+ (0.7)(0.0714 nrf)] / (16)(0.0261 nrf)(0.366 nm) = 0.98
The intercalate galleries in this GIC are efficientlyched. In contrast, a similar
calculation for Na(nC8)Cs using the molecular volume far-octylamine (0.158
nm’)*? and the gallery expansion (0.758 nm) yields a much lower packingylefsit
only 0.33. Two characteristics that may be associated with thediféeggent packing
efficiencies are the different intercalate volumes, and trengement of monolayer
(for nC3)vshbilayer (for nC8).

The DSC heating curve for Na-nC12-GIC and the amine reagernt@ms sn
Fig. 2.4(b). The amine reagent shows a strong, sharp melting endath2e9C, and
two additional endotherms at 74 and 130 °C (labaed respectively). Then-
dodecylamine boiling point occurs at ~250 °C and is beyond the temperatge
studied. Endotherms for Na-nC12-GIC are observed at 58 °C and 96 °C (kdeled

andb, respectively). These coincide with peaks in the dTGA curve also simokig.
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2.4(b). The disappearance of the free amine melting endotherm, and appearance of two
new endothermic transitions between 50 and 100 °C for amines intesczdatened

in galleries are all consistent with previous observations on amteealated
montmorillonite?

Surface studies of-alkylamine €.g., nC8) on graphite show a parallel
orientation of the amine long axis to the graphite basal pfasemilar to that
described above for the GIC galleries. The adsorption of nC6-nC16 marsotaye
graphite has also been reportédh those cases, as in this study, the other orientation
details, such as whether the H-C-H or H-N-H face orientsritsmiie graphene layer,

remain an unanswered and interesting question.
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31 ABSTRACT

New donor-type ternary graphite intercalation compounds (GICs) inorga
alkali metals and branched amines are prepared by diretioreaf graphite with the
alkali metal and amine. The new GICs include M(§28)s.1s (M = Li, Na; iC3 =iso-
propylamine; d = 0.76 nm) with a monolayer intercalate arrangement; and
Na(sC4) ¢Cis (sC4 =secbutylamine;d; = 1.34 nm) and Na(iC4)C,s (iIC4 =iso
butylamine;d; = 1.28 nm) with bilayer arrangements. Li-sC4-GIC and K-iC3-GK a
not formed using this reaction chemistry. M-iC3-GICs show galieexpanded by
0.06 nm more than that for M(nG3)o£16 (M = Li, Na; nC3 =n-propylamine).
Unlike the case of rigid-sheet hosts where branched aminesalaterat a lower rate
and with lower amine content, M-sC4-GICs and M-iC4-GICs reddiiy intercalate

bilayers.
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3.2 INTRODUCTION

Alkylamines and alkylammonium ions are among the most widelgiexu
guests employed in intercalation chemistigtercalation compounds containing these
species are applied as adsorbents for toxic compounds, photo and eledtomdilinc
materials, and catalysisThe insertion of large guests can generate microporosity
within layered materials, and can contribute to the delaminatidheolayered hosts
into individual sheets. The latter process, known as exfoliation, prosideste to
reassembled materials with novel magnetic, optical and ehectproperties. Studies
of the affect of intercalate geometry on reaction rate and pragtucture have

provided a better understanding of this chemistry.

In donor-type graphite intercalation compounds (GICs), the graphenes sheet
are reduced and cations intercalate to maintain charge neutr#ihen the metal
cation intercalate as solvated ions, ternary GICs are produeegit®the long history
of exploring GIC chemistry, the number of known GICs with amineraatates or co-
intercalates is surprisingly limited. The amine intercalaggorted are ammonia or
ammomiunt,” methylaminé ethylenediaminé? N,N,N’,N*
tetramethylethylenediamine ~ (TMEDAR), triethylamine’  cryptand  “K222”
(4,7,13,16,21,24-hexaoxa-1,10-diazabicyclo[8.8.8]hexacosane), and 1,2-
diaminopropane (12DAPY. We recently added several new GICs to this list in
reporting the synthesis of a homologous series of ternary GiGsiging N&

solvated byn-alkylamines withx carbon atoms, Na-n€&GIC (x = 3, 4, 6, 8, 12, and
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14)* The smaller homologs (nC3 and nC4) intercalaté witparallel monolayer
arrangement, whereas the larger homologs (nC8 twin€xhibit a parallel bilayer
intercalate structure that is new to GICs. Thermadiate length amine, nC6, can

intercalate with either arrangement and can ttiamsbetween the two.

In this report, we extend this work to study théernalation of branched
amines into graphite, and compare the resulting €itdctures and reaction chemistry
of amines containing or 3 subsituents with their linear homologs. Specificahe
new ternary GICs containing alkail metal cations Ma, or K andso-propylamine
(IC3), iso-butylamine (iC4), oisecbutylamine (sC4) are described and their reaction
chemistries, structures, and compositions compar€iCs containingi-propylamine
(nC3) and n-butylamine (nC4), Fig. 3.1. The results obtaineglphextend an
understanding of the energetics of graphite intatican, which should prove useful
towards preparing GICs with large and complex gaée and ultimately developing a

rational synthesis of colloidal graphene dispersion

Linear a-Branched 3-Branched
NH
/'\_/-NHZ \r i /l\/NHZ
nC3 (48 °C) iIC3 (32 °C) iC4 (63 °C)
~oSANH: /\‘/NH 2
nC4 (77 °C)
sC4 (63 °C)

Figure3.1 The amines studied and abbreviations (with notmding points)
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3.3 EXPERIMENTAL

3.3.1 Synthesis

Reactions containing metallic Li were assembled in a Vao. RC-1 dry box
under Ar (99.99+%). All other reagents and the obtained GICs were hamtledN
(Vac. Atm. He-43-2 box, <5 ppm B and Q). In a typical synthesis, 0.25 g of
polycrystalline graphite powder (SP-1, Union Carbide, avg partieleldiOpm) was
mixed with 0.06 g of Na metal (99.95%, Alfa Aesar) (mol C/mol-N8) and the
selected liquid amine (4 mL). Reactions using Li (m) and K (is9 ased the same
mole ratio of C/metalCaution! Alkali metals are highly flammable when in contact
with air and/or water and should be handle with care. The reaction mixtures were
continuously stirred at ambient temperature under an inert phreas for 3 days
(nC3, iC3 and nC4) or 7 days (sC4 and iGZaution! Pressure may increase and
must be vented. The mixtures were then centrifuged and the liquid amine overlayer
removedvia syringe. GIC products were then driedvacuoat 20°C for 6 h. Some

products were subjected to different drying times (2-72 h), as described in the text

3.3.2 Characterization
Powder X-ray diffraction (PXRD) data (Rigaku MiniFlex II,-Nitered Cu Ku
radiation) were collected for a total time of 15 min per rumg$.02° 2 steps,

between 3° and 60°92 A plastic film seal was sufficient to prevent decomposition in
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air. This method provided sharp reflections without evidence of datywadfor the
much more reactive first-stage K&t the same scan rate. PXRDIj0@flections were
indexed according to the relation= d; + (n-1)(0.335 nm), wherd; is the unit cell
repeat along the-axis, d; is the GIC gallery height is the GIC stage number, and
0.335 nm is the graphene sheet thickness. Thermogravimetric angbyssmdzu
TGA-50) were performed under flowing Ar (20 mL/min) from RT 800 °C at a
heating rate of 5 °C/min. Elemental analyses for alkali metate performed using
Capillary Zone Electrophoresis (CZE). CZE analyses wer@meed on an HEPCE
instrument equipped with a UV detector, usinga 50 pm inner diameter, 56 cm
long fused-silica capillary (47.5 cm to the detection window). The cagmllary was
sequentially conditioned by flushing with methanol (30 min), Milli-Q wgge min),
1.0 M NaOH (30 min), Milli-Q water (5 min)and finally the baakgnd
electrolyte (BGE) for 30 min. In between runs, the capillary fliashed with 0.1M
NaOH (2 min), Milli-Q water (3 min) and BGE (3 min). Separatiors\@acomplished
using an applied voltage of +15 kV. The capillary was thermostatt@® 2C and
solutions were injected hydrodynamically at 50 mbar for 5 s. doduoletection was
employed with the detection wavelength set at 210 nm. The backgrcesttbigte
used was 15mM imidazole, pH adjusted to 5.2 with glacial acetic aci@s G
synthesized from different batches and separately analzed showee eomtents
agreeing within 2% and the alkali metal contents within 0.5%. Th&earco-
intercalate structures were optimized using the hybrid derfigitgtional method

(B3LYP) with a 6-31+G(d,p) basis set and Gaussian 3.0 software.
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34 RESULTSAND DISCUSSION

Except where noted, all the products obtained were first-stage @ilGs
intercalate galleries opened between all graphene sh&etap adjacent graphene
sheets remain in the products. The first-stage compounds arélialht blue (see Fig.

3.3).
3.4.1 Intercalation of iC3

The PXRD patterns obtained for the blue M-iC3-GICs (M =dL& 0.760 nm;
M = Na, d; = 0.758 nm) are shown in Fig. 3.2. The presence of Bragg reflections up t
(004) indicates an ordered GIC arrangement along ttieection. A blue product was
also obtained from the reaction with M = K, but displayed onlyoadPXRD pattern
(not shown), indicating a disordered structure. After substractingréqghene sheet
thickness of 0.335 nm, the expansidd, related to intercalation of the M-iC3
complexes is ~0.43 nm. Because the Li and Na metal cation dianf@t&f0.2 nm)
are smaller than the minimum amine dimension, the cation contmbtai gallery
expansion is neglected (of course, the cations may indirectiwbé/éed by affecting
the orientation of the larger amine co-intercalates). For cosgmariFig. 3.2 also
shows the PXRD pattern of the first stage Na-nC3-GIG=(0.701 nmAd = 0.37

nm), where the nC3 subsituent lies parallel to the adjacent graphene'Sheets.
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(002) Na-nC3-GIC
(001) 0351 (003) (004)
0.690 0.235 0.177
| A ) S
= (002)
c\i | (001) 0-372 . Li-C3-GIC
= 0.733 (003) (004)
D s 0.256 0196
% ’ (002)
= 0.377 iCa
| 00D) Na-iC3-GIC
0.739 (003) (004)
0.253
A “\ I ko "\,\“ I (‘-)"“]:90 |
0 10 20 30 40 50 60
20/ °

Figure3.2 The PXRD patterns of Na-iC3-GIC, Li-IC3-GIC, and Na-nC3-GIC.

Thed values (in nm) and assigned Miller indices are indicated for each reflecti

The increased gallery expansion by 0.06 nm for V€31C3 co-intercalates
conforms well with our calculated minumium dimensions (nC3 = 0.42 nnm+iC39
nm) for these amines. To form these galleries, iC3 must theréroriented with
either the C-C-C or N-C-C molecular axis parallel to trephene sheets, leaving a —
NH, or —CH; substituent, respectively, oriented towards the encasing graphehe shee
This branching is responsible for the increased gallery dimensiative to that of

nC3, Fig. 3.3. PXRD data are not sufficient to locate alkali Inegiizon positions,
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they are shown schematically at the gallery centArs analogous gallery height
increase in ternary GICs for substituted organimteocalates has been observed by

Isaev et al®®

in comparing K-benzene-GICd( = 0.895 nm) and K-1,2-
dimethylbenzene-GICd( = 1.06 nm). The additional steric requirements tioe
branched amine may also affect the GIC compositiaagdiscussed in Section 3.4.4,

resulting in a lower packing density of iC3 than3nC

- T 1
- ; na

Na-nC3-GIC Na-iC3-GIC

30, o Ls4n PTpTR e, 1.28nm
4$84.0.8% 43 §3%4044 L
Na-sC4-GIC Na-iC4-GIC

OAlkalimetal ® N ® C JH

Figure3.3  Schematic of intercalate orientations for Na-nQ&GNa-iC3-GIC,
Na-sC4-GIC, and Na-iC4-GIC. The inset shows thdidmi blue color of Na-sC4-

GIC which is observed for all first-stage ternar)C& reported in this work.
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3.4.2 Intercalation of sC4

Fig. 3.4 shows the PXRD pattern of the blue product M-sC4-GIG (N&, d;
=1.341 nm; M = Kd; = 1.335 nm). The gallery expansion due to the M-sC4 complex
is ~1.00 nm. K-sC4-GIC is similar to the Na analog, with sligbtigadened peaks
indicating decreased structural ordering alongcthgis. Li-sC4-GIC was not obtained
under similar conditions - a black product indicated only unreacted tgaiot
shown). Comparing these PXRD patterns with that for Li-nC4*&(& = 0.704 nm,

Fig. 3.4) shows the dramatic effect of theCH; subsituent in sSC4 on the resulting

intercalate arrangement in the prepared GICs.

The large gallery height (1.34 nm) and high amine content (seers&cfi.4)
indicate a parallel bilayer structure for the sC4 co-intetealgig. 3.3. Again, the
limited number of diffraction peaks observed prevents cation position &waluand
the alkali cations in the model are shown schematically. Considgrenfull gallery
expansion, each monolayer dimension is ~0.50 nm, somewhat greater than that
observed for the iC3 monolayers (0.43 nm). Other known donor types Gtits w
comparable gallery dimensions include Na-nC8-GiG=(1.093 nm)? Li-DME-GIC
(DME = dimethoxyethane), = 1.162 nm);> and M-THF-GIC (M = Li, Na, K; THF =
tetrahydrofurang; = 1.245 nm)® The parallel bilayer structure was reported for Na-
nC8-GIC, whereas a4lco-intercalate geometry about the metal cation was suggested
in the other cases. In the current example, we believe thhaildlyer structure is more

likely.
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Figure3.4  The PXRD patterns of Na-sC4-GIC, K-sC4-GIC, anehC4-GIC. The

d values (in nm) and assigned Miller indices aredatid for each reflection.

3.4.3 Intercalation of iC4

Fig. 3.5 shows the PXRD patterns of M-iC4-GICs (M=\a, K). For the blue

Na-iC4-GIC product, the observed= 1.28 nm andd ~ 0.95 nm are similar to those

for sC4 described above. Based on the similar yatianensions and amine contents

(Secion 3.4.4), the intercalate galleries are alssigned a parallel bilayer structure

similar to that shown in Fig. 3.3.
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004)*
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Figure3.5 The PXRD patterns of Na-iC4-GIC, Li-iC4-GIC, and K-iC4-GIThe
d values (in nm) and assigned Miller indices are indicated for esftdction. The

starred assignments indicate a stage 2 GIC, others are for stage 1.

Li-iC4-GIC is obtained as a blue, but notable darker, product thamN#he
analog. The PXRD pattern indicates a predominantly stage ZIGHCL.547 nmg;, =
1.220 nm) with a small amount of a stage 1 presé&nt ((.221 nm). Increasing the
reaction time to 2 weeks resulted in a poorly-ordered first-gpag@uct ¢ = 1.220
nm, PXRD not shown). Passivation of the Li(m) surface with nitreiles (to an M
impurity in the Ar atmosphere) could account for the the higher stages

obtained with Li(m). The broadened reflection at 0.314 nm is an overltpe dirst-
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stage(004) (calculated position = 0.305 nm) and the second-g2@f#)* (calculated

at 0.312 nm). A similar overlap occurs for the first-st40@3) and second-stage
(004)* reflections, with the first-stage component on the low-angle efd¢he
overlapping peak. A blue K-sC4-GI@; (= 1.244 nm) product can also be prepared,
although the PXRD pattern indicates a poorly-ordered materiahthgtalso contain
some stage 2 GIC. From the gallery dimensions and GIC compositibtisessd M-

iIC4-GICs are assigned a parallel bilayer intercalate structure.

3.4.4 Compositional Analyses

Table 3.1 provides a summary of the structural and compositionabfitia
GICs prepared in this work. The ternary GICs show two massdgssns in TGA,
Fig. 3.6 The first mass loss (RT to 200 °C) is ascribed to the volatilization of the am
intercalate; the higher temperature losses (>400 °C) to the destiion of the
graphite host structure. This high temperature mass lossasoblserved for a

graphite control sample, and is due to the presence of teaoel® flow gas.
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Table3.1 Structural and compositional data of first-stage ternary M-amine-GICs

Amine Cation d;/nm Intercalate Wt% Wit% Composition Packing

M arrangement M amine fraction

nC3 Li 0.700 Monolayer 2.9 19.0  Li(nC3Cis 0.40
Na 0.701  Monolayer 9.3 15.4 Na(nC3)Cis 0.37
iC3 Li 0.760 Monolayer 2.8 9.8 Li(iIC3)4Cs 0.16

Na 0.758 Monolayer 10.1 9.9 Na(iC34Cis 0.21

nC4 Li 0.704  Monolayer 14.8

sC4 Na 1.341  Bilayer 6.6 329 Na(s¢dis 0.31
K 1.335 Bilayer 21.7

iC4 Li 1.221 Bilayer
Na 1.280 Bilayer 43 320 Na(iCHLC:s 0.27
K 1.244  Bilayer 23.4

" nC3 compositional data from r&.
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Na-iC3-GIC

O T T T !

0 200 400 600 800
Temperature/ °C

Figure3.6  TGA mass loss curves for Na-iC3-GIC, Na-sC4-GIC, and Na-iC4-GIC.

The amine content in M-iC3-GIC (10%) is much lower than that ofittear
isomer intercalate M-nC3-GIC (15-19%), and also lower thandbsg¢rved in other
ternary GICs with organic cointercalates of similar molecsitze such as K-TMEDA-
GIC (14.4%)? Csn-pentane-GIC (14.6%), Li-ethylenediamine-GIC (14.9%8)Csn-
hexane-GIC (15.6%), and Li-methylamine-GIC (17.49%).This lower packing
fraction might relate to inefficient packing within the branclaegine monolayer. A
lower intercalate content due to the more rapid loss of the cecatdéz during drying
(IC3 b.p. =32 °C; nC3 b.p. =48 °C) is unlikely and will be discussed bé&lmve are

other examples of decreased uptake of the iC3 amine isomer talateam reactions,
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for example, Caiet al'® reported that [Cd(1,5-naphthalenedisulfonatgd]
intercalates 4 moles of nC3, but only 3 mols of iC3. Similarly [&t,Op-

NH.,CsH4SO3)(H,0),] intercalates 5 moles of nC3 but only 0.5 moles of 3.

The mass losses of the Na-sC4-GIC and Na-iC4-GIC are ~3RéseTarger
amine contents are consistent with the assigned bilayer stuana are comparable
to that for Na-nC8-GIC (29%) which was previously reported with layéi
structure'® The lower amine contents observed for K-sC4-GIC and K-iC4-GIE (22
23%) might be related to their less ordered structures and esfbece of packing with

the larger cation.

The packing fractioni.e. the volume of intercalates divided by the volume
opened in the expanded galleries, are estimated in Table 3.1 frorknthen
compositions, gallery dimension, the surface area per carbon atograprene layer
(0.0261 nr), and using intercalate volume (in HmLi* (0.0016), N4 (0.0060), C3
(0.0714) and C4 (0.0887J.0ne notable result is that the monolayer arrangement with
branched amines have much lower packing densities than thedmaags (~0.2 vs
0.4) The bilayer arrangements show an intermediate value (~0.3). Therga
fractions of other ternary GICs show a wide range, from about 0.IEQamples
include K(NEg)o4:Css (NEtz = triethylamine) (0.083" K(TMEDA)o/Cs; (0.2)°

K(CH3NH.)3C24(0.55)2 and Li(CHNH2)2C12(0.68)°

When comparing these compositions and structures, it is importaongaer

the possible variation in composition, especially that of the amhietexcalates, due
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to preparative conditions. Perhaps most significant is evacuationthiese GICs lose
amine co-intercalate during evacuation. In order to evaluate these chaagsdpsses
of several Li-amine-GICs were recorded as a function of ewacuime. Fig. 3.7

shows the normalized GIC mass as a function of evacuation tiraesdel were
normalized to the 2 h evacuated product (where no liquid phase co-¢éxistadid

complications where excess liquid phase exists in the asrptepample. All samples
show an approximately exponentially decreasing mass loss withutisher vacuum.
The rate of mass loss is lowest for Li-nC3-GIC and Li-nC&;Gind much greater

for Li-iC4-GIC.
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Figure3.7 Normalized mass loss as a function of evacuation time. Lines a

exponential fits to the data, with equations shown in the inset.

These loss rates do not correspond to the volatilities of the liguilcea (as
indicated by their normal boiling points), and should result frorferdint relative
binding energies of amines in the GICs, or to the different @vaakate diffusion
rates for different gallery arrangements. The greater exgansi Li-iC4-GIC may
facilite more rapid diffusion of the intercalates out of thergakate galleries. We are
studying these effects and will report conclusions more fildlgvehere. However, the
magnitude of mass losses observed provide a useful result. Our stamdeavation

time in preparations of 6 h corresponds, at most, to massHasge of <0.5%. The
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amine contents reported in Table 3.1 are therefore not variable waitihuagion time
above this extent, and the observations on packing fractions reported rabtia

valid despite different mass loss rates. Thus, we conclude thaiteeamine content
for iC3 (~10%) as compared to nC3 (16-19%) is associated with ilsteer@nergetics

or sterics rather than experimental conditions.

The intercalate mole ratios nC3 / M are in the range of 0.W0eBeas those
for iC3 / M are ~0.4. On the other hand, the branched C4 amine /idd s&& much
larger, 1.6-2.0 (Table 3.1). These ratios are similar to others edparthe literature:
0.56 for Csa-butane-GICY" 0.7 for Na-nC3-GIC? 1.2 for Cs-acrylonitrile-GIG?
1.6-2.2 for M-NH-GICs (M = Li, Na, K, Rb, Cs3}® and 2 for Li-methylamine-GI€&.
For the M-amine-GICs reported in this work, the metal catioemde play an only
relatively minor role in determining GIC orientation or arrangetn@ contrast to the
M-12DAP-GIC series (M = Li, Na, K) we have reported previpdlOn the other
hand, the amine properties may be related to the formation of bdayaonolayer
intercalate structures. In this work, the amines with higher dipolement, sC4 (1.28
D) and iC4 (1.27) formed bilayer GICs, whereas those with lower dipol@ents

formed monolayers - nC3 (1.17 D), iC3 (1.19), and nC4 ¥+1).
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3.4.5 Graphitevsother hosts

Previous studies have reported on the affect of intercalate istyperon
reactivities or product structures for graphite or other hostsuthtizet al®® reported
the synthesis of Li-1,2-diethoxyethane-Gi £ 1.12 nm)vsLi-1,2-dimethoxyethane-
GIC (di = 1.17 nm). Neither the Li / ether ratio nor the orientation ofetther co-
intercalates are reported. The same gfdalso reported the synthesis of a ternary M-
tetrahydrofuran-GIC, whereas only the binary M-GICs were éarnwhen 2-
methyltetrahydrofuran or 2,5-dimethyltetrahydrofuran (M = alkadetal) were

present. Similarly Isaest al!®

reported the ternarization study of Qvith aromatic
compounds, where the ternary GICs were obtained with benzene and 1,2-
dimethylbenzene, but not with 1,3-dimethylbenzene, 1,4-dimethylbenzene, or 1,3,5

trimethylbenzene.

For other layered hosts, the presenceadfranched intercalates has been

reported to retard or inhibit guest intercalation much more significantly dng-fy-,

or no-branching. Examples include the intercalation of amines into
Zn(OsPGsHs)- H,0.2” M"(OsPCH) (M = Co and Zn¥® Cd(Q;PCHs),? and (UNbs.
JOPQ;-yH,0,.* as well as the intercalation of branched alcohols into VZPDhe
intercalation of branched amines into rigid hosts such as metal phaipkacan be
limited by the requirement that guests occupy specific sitegshe host surface,
resulting in what has been termed “selective intercalation”. Egample,

Zn(O3PGHs)- H.O rapidly intercalates-alkylamine, but require 1-3 weeks to form
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corresponding compounds with arbranched amin€’ Similarly, M"(OsPCHs) (M =
Co and Zn) intercalates nC4 (no branching) and gZdranching), but not sC4 ¢ert-
butylamine @-branchingf’® and Cd(@PCH) intercalates 2-methylbutylamingd-(
branching) and 3-methylbutylaming-lfranching), but not 1-methylbutylamine-(

branching)?’

However, as described above, GICs present a contrasting reelctionstry
for branched amines. The delocalized and somewhat variable chatige graphene
host, and perhaps the greater mechanical flexibility of graphem¢ssheads to the
adoption of different intercalate arrangements for braneisdohear guests, moreso

than a selectivity for different intercalate species.
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41 ABSTRACT

1,2-Diaminopropane (12DAP) provides an unusual example of an organic co-
intercalate where graphite intercalation compounds (GICs) shova-gatiery
orientation dependant on the identity of the alkali metal cationcaitge (LT, Na', or
K™"). The GIC gallery heights, K-12DAP-GK0.697 nm and Li-12DAP-GIC = 0.782
nm, indicate 12DAP long axis orientations that are parallgdevpendicular to the

graphene sheets, respectively.
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4.2 INTRODUCTION

Donor-type graphite intercalation compounds (GICs) have been widdigdtu
for their unique chemical and physical properties, and their techoalogiportance -
especially LiG in battery anodeSBinary GICs of this type MC(M = alkali, alkaline
earth, and a few other metals) have been studied extensively, Bi@} Ras been
reported. Many ternary GICs are known, typically where glka¢tal cations
intercalate along with co-intercalates that include H, Ng, TI, pnictinides,
chalcogenides, and organic molecules such as amines, ethexznde and
dimethylsulfoxide. For an overview of these GICs sek ffe gallery heightsd() of
the ternary GICs containing organic co-intercalatesthe separation of carbon sheet
centers along the stacking direction, are generally independent spélcdic metal
cation intercalate. In other words, the orientation and therefongc dteight
requirement of the organic co-intercalate is independent of the ydentihe alkali
metal cation. Examples of this include GIGk i( parentheses) with co-intercalates
NH; (0.658-0.662 nm), 1,2-dimethoxyethane  (1.16-1.20 nm), 2-
methyltetrahydrofuran (0.722-0.738 nm), and furan (0.878-0.900° nv¢. report
herein the synthesis of several new GICs, abbreviated as M-1ZD&Rere M = Li,
Na, or K, and 12-DAP = 1,2-diaminopropane. These new GICs show an-cati
dependent orientation of the organic co-intercalates. In contrast tdrethe of
increasing alkali cation radii and corresponding gallery heigit&it, to KC,,* the

M-12DAP-GIC compounds have decreasing gallery heights from M= Li to K.
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4.3 EXPERIMENTAL

In a typical reaction, 0.25 g of graphite powder (SP-1 grade, Unidndga
average patrticle size 1Qm) and metallic Li, Na, or K (mol C / mol M = 8) were
added to 4 mL of 12DAP under Ar (Li) orKNa, K). The reactants were stirred at 90
°C for 1-3 days, after which the sample was centrifuged and top pask removed,
leaving a wet powder product. Samples were dried for 6 h at 60 °C wexciarm.
Powder XRD (PXRD) patterns (recorded on a Rigaku MiniFlex Hfilidired Cuko
radiation, 3-60° at 0.02°62steps) were collected on the wet powder products.
Thermogravimetric analyses (TGA) (Shimadzu TGA-50) wereoperéd on the dried
samples at 5 °C/min under Ar flow (20 mL/ min). Solid staieNMR spectra
(Varian Inova 300, 116.6 MHz) were recorded at ambient temperagiegefnced to
saturated LiCl solution at O ppm) using a single pulse sequerit@wsge delay =5 s
and arv2 pulse = 5us. Structure calculations were determined using the hybrid
density functional method (B3LYP) with a 6-31G+(d,p) basis set@aagssian 3.0

software.

4.4 RESULTSAND DISCUSSION

The blue solids isolated in each case show PXRD patterns wtrase
diffraction peaks, all are indexed for stage 1 GIC products &ig. The GIC gallery
heights i) found are Li-12DAP-GICd; = 0.782 nm), Na-12DAP-GICd{( = 0.749
nm), and K-12DAP-GICd; = 0.697 nm). Subtracting the thickness of one graphene

layer (0.335 nm) gives expansions due to intercalation of 0.447, 0.414, and 0.362 nm,
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respectively. These expansions relate to the dimension of 12[»hg #ie stacking

direction in the GICs. The different dimensions indicate a chantfeeiorientations of

12DAP.
i i (002)
| K-12DAP-GIC 0.348
004
(001) (003) E] 17;
0.670 0.236 '
Mumwmwn'm x5
Na-12DAP-GIC (002)
0.373 (003) (004)
(001) 0.236 0.179
0.723
x5
Li-12DAP-GIC (002)
(001) 0.391 (003)
0.772 0.263 (004)
0.197
x5
— I i~ et . e

0 10 20 30 40 50 60
20/

Figure4.1l PXRD patterns with assignetlk{) indices and d-spacing values (nm)

added for M-12DAP-GIC products.
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For K-12DAP-GIC, the smaller expansion of 0.362 nm sterically regua
12DAP orientation with the CICH, bond axis parallel to the graphene sheets; a
similar expansion and orientation has been reported previously fa{13B&P) 45>
A structure model for this product is provided in Fig. 4.2(a). The sir@anhodel
shows the required 12DAP orientation, and has the amine chelating thizi<alate.
Fig. 4.2(b) shows a structure model for Li-12DAP-GIC. Since the imar
calculated dimension for a l-2DAP chelate complex of 0.447 nm is close to the
observed co-intercalate dimension (0.476 nm), the 12DAP co-intertsatatest likely
oriented with long axis perpendicular to the encasing grapheneesirfather 12DAP
conformations that do not allow formation of the chelation complex|soepassible,
but would be much less energetically favorable. For Na-12DAP-G&intermediate

gallery height suggests an intermediate 12DAP orientation.

H

¢ O C

2‘ \&' Y o ® N
« Ut ~O O K (large)
Li (small)

) (b)

Figure4.2  Structure models for (a) K-12DAP-GIC and (b) Li-12DAP-GIC,

showing the different orientations of 12DAP intercalates and thatahelof cations

by 12DAP.
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These GICs show the mass loss from RT to 250 °C (23.9% for Li-12DAP-
GIC, 19.3% for Na-12DAP-GIC) ascribed to the loss of amine iakate. Values
from different batches agree within 2%. K-12DAP-GIC was nablst after drying
and the amine content could not be established by TGA. Assuming ae-to¥gation
ratio of 1 as in ref®yields x =19 for M = Li, and x = 24 for M = Na for the gexler
formula M(12DAP)G. These ratios are much lower than those reported for other
amine GICs where x = 53 for a GIC containing K ardN,N’,N*-
tetramethylethylenediamine (calc from 14.4% amine wt Dft], and x = 28 for a
GIC containing Li and ethylenediamine (calc from 14.9% amine wt'pct).

Fig. 4.3 shows théLi NMR spectra of Li-12DAP-GIC. The spectra show a
broad peak at 0-6 ppm in both the static and MAS modes. The peak positacataadi
that Li is present as ionic 1and interacting with the amine co-intercalate; in contrast
stage 1 or 2 Li¢; where Li strongly interacts with graphene layers, show NKiRss
of 42-43 ppm, and quasi-metallic Li in amorphous carbon is observed a80ve
ppm?®’ NMR peaks and sidebands remain broad in the MAS spectrum, indicating
some distribution of chemical environments or an anisotropic Li environment
Although satellite peaks have been reported for a GIC containiagd.iTHF’ they

are not present here, also implying a distribution in Li environments.
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200 0  -200
ol ppm

Figure4.3  The’Li MAS- and static-NMR spectra of Li-12DAP-GIC. (*) indiest

spinning side bands.

The cation-dependent orientation of the organic co-intercalates obdered
is not common for ternary GICs. The few examples of terna@sGhat do show a
strong cation effect include M-THF-GIC (M = Cd,= 0.71 nm; M = K,d, = 0.89
nm)? and M-N-GIC (M = K, di = 0.957 nm; M = Csg; = 0.901-0.903 nmj.lt is
notable that in all these cases, counter to any expectatiantfend related to the size
of the alkali cations, the larger cations all result in smaller galleghtsefor GICs.

We are currently exploring additional GIC chemistry with amirees
intercalates. Due to the wide range in number and type of substituents possiiés, am
provide a diverse range of co-intercalate candidates. Diamingsofrainines further

broaden the potential chemistry of this class of compounds.
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5.1 ABSTRACT

A series of ternary graphite intercalation compounds of alkaklnsations (M
= Li, Na, K) and diamines [EN (ethylenediamine), 12DAP (1,2-diaminoprgpand
DMEDA (N,N-dimethylethylenediamine)] are reported. These include stage 1 and 2
M-EN-GIC (M = Li, di = 0.68-0.84 nm; M = Nagj = 0.68 nm), stage 2 Li-12DAP-
GIC (di = 0.83 nm), and stage 1 and 2 Li-DMEDA-GI& £ 0.91 nm), wherd, is the
gallery height. For M = Li a perpendicular-to-parallel transitof EN is observed
upon evacuation, whereas for M = Na the EN remains in paralleitatien. Li-
12DAP-GIC and Li-DMEDA-GIC show chelation of Linstead of the head-to-tail
bonding, and the inhibition of the perpendicular-to-parallel transition. eraport
the quaternary compounds of mixed cations (Li,Na)-12DAP-GIC and mix@uesa
Na-(EN,12DAP)-GIC, withd; values in both cases between the ternary end members.
However, (Li,Na)-12DAP-GIC is a solid solution with lattice dimiens dependent
on composition, whereas for Na-(EN,12DAP)-GIC the lattice dimensios doé

change with relative amine contents.
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5.2 INTRODUCTION

Intercalation chemistry is the insertion of guest species ayeréd host
materials. This results in changes in both structures and propsrties layered host
and guest. Intercalation compounds have numerous applications, including the
adsorption of toxins, the use as photo and electro-functional materialareor
precursors in the formation of clay-polymer nanocomposites with enhanced
mechanical properti€s.The insertion of large guests can generate microporosity
within layered materials, and can contribute to the delaminatioheofalered hosts
into individual sheets. The latter process, known as exfoliation, providestea to
reassembled materials with novel magnetic, optical and electymuiperties:
Graphene is an example of a single-sheet material that ¢gise® much attention,
and for which there is much interest in developing an exfoliation mdtrolrge-
scale synthesis’ A fundamental understanding of intercalation energetics, as svell a
intercalate composition and arrangement, is essential to designialsawith new
properties and new routes to expanded or exfoliated sheet materials.

a,w-Diamines HN(CH.)xNH, have been widely employed as intercalate
guests. Several host structures are known to incorporate diaminesjingckhe
layered metal (hydrogen/oxo)phosphates, metal chalcogenides, metdllooxie,
metal oxides and claysThe incorporation of diamines into a 3-dimensional host
structures such as zeolite ZSM-5 antli¥ also known. In addition to the parallel or
perpendicular orientations that are observed with monoamine analogsesbaqar of

functional groups at both ends of diamines can result in more compiagahery
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arrangements. For example, different bonding modes of diamines latedcanto
graphite oxide (GO) have been propo3éthese include (i) bridging two different
layers, (ii) looping the two active sites on the same layer (iahtailing where only

one side is bonded and the other side is free.

In donor-type graphite intercalation compounds (GICs), the graphene sheets are
reduced and cations intercalate to maintain charge neutfalftflernary GICs are
produced when the metal cations intercalate as solvated ions. The ninBKSs
prepared containing diamines is surprisingly limited. The stagenipeund Li-EN-

GIC (EN = ethylenediamine) was reported by Rudetffal®® through the direct
reaction of graphite, EN, and Li metal. However the orientation ofviNin the

intercalate galleries was not discussed in that report. IMtste et al*

prepared K-
TMEDA-GIC (TMEDA = N,N,N’,N-tetramethylethylenediamine) by the ternarization
of KCy4 with TMEDA. More recently, we reported that M-12DAP-GICs (MLi=Na,

K: 12DAP = 1,2-diaminopropan®) can be prepared and show cation-directed
orientation of the amine co-intercalate. The GIC containing theaogc cyptand
“K222" (4,7,13,16,21,24-hexaoxa-1,10-diazabicyclo[8.8.8]hexaco¥aneith both
oxygen and nitrogen donor atoms has also been reported. In addition to #meise di
intercalates, there are several known GICs containing monoamindadingc
ammonia-"° methylamin&® and triethylaminé? We added several new GICs to this
list, reporting the synthesis of a homologous series of tern&g Gdntaining Na

solvated byn-alkylamines withx carbon atoms, Na-n&GIC (x = 3, 4, 6, 8, 12, and

14)** A more recent study also compared the structure of the tern@sy @ alkali
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metals and lineavs branched amineS.In this article, we describe several new GICs
containing alkali metal cations (M = Li, Na, K) with diaminéal/e will describe the
intragallery structure and composition for the different cationwelsas varying (i)
diamine carbon chain lengthise. xin H,N(CHy)xNH>, (ii) methyl substitution at the
amine, i.,e. —-NH, vs. —N(CHg),, and (iii) structural isomerism such as in

H2N(CH2)3N H, vs HzNCHzCH(N H2)CH3.

The rich structural chemistry of ternary M-amine-GICs carekganded by
employing the mixture of alkali metal cations or of the mixedhas) resulting in the
guaternary compounds. The only donor-type quaternary GICs containing twio meta
cations and organic co-intercalate that we are aware of ig(bédzenelCs (M = K,

Rb)?® which display a heterostructure of the sequence C-M-Hg-M-C-her2e
along the stacking direction. Quaternary GICs with two organic intersatateide Li-
(THF,BzN)-GIC* and K-(THF,Bz)-GIG® (THF = tetrahydrofuran, Bz = benzene, Bz
= benzonitrile). We report herein the synthesis, structural featanel kinetics of the

guaternary compounds (Li,Na)-12DAP-GIC and Na-(EN,12DAP)-GIC.

5.3 EXPERIMENTAL

All synthesis and handling of the air-sensitive reagents and shéing GICs
were performed under an inert atmospheref@INa, K; Ar for Li) using a dry-box or
septum-syringe techniques. Diamines were dried over moleculardslepgor to use.
The structures of the diamines employed, including their abbreviatinshawn in

Fig. 5.1. In a typical synthesis of stage 1 compounds, 0.25 g (21 mmol) of
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polycrystalline graphite powder (SP-1, Union Carbide, average padial 100um)
was mixed with 0.060 g of Na metal (99.95%, Alfa Aesar) (2.6 mmolxlaama@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 period: Na-EN-GIC (1 d), Na-1FDA
GIC (3 d), Li-12DAP-GIC (6 h), and Li-DMEDA-GIC (12 h). The stagei-EN-GIC
is more reproducibly produced using 0.030 g (4.3 mmol) of Li (3Gaution!
Pressure may increase and must be vented, especially for Li-12DAP-GIC. To
synthesize stage 2 compounds, the above-mentioned conditions were optimized a
follows: Na-EN-GIC (0.010 g of Na, 0.4 mmol, 3 d), LIi-EN-GIC (0.010 g1.4
mmol, 3 d), Li-12DAP-GIC (5 mL of 12DARyccasionallystirred), Li-DMEDA-GIC
(7 d). The synthesis of LIi-DMEDA-GIC is poorly reproducible. The quiatey
(Li,Na)-12DAP-GIC was synthesized by employing 2.6 mmoéath metal to react
with graphite and 12DAP. The quaternary Na-(EN,12DAP)-GIC washeyized
starting from 0.25 g of dry stage 2-Na-EN-GIC with 2.6 mmol ofddd 2mL of
12DAP. The mixtures were reacted for 0.5-72 h. The liquid aminesrem@ved by
centrifugation immediately, and the GIC products were rinsed Yofeth the amine.
GIC products denoted “as prepared” were characterized afteifugaion and brief
washing without further processing, other samples were placed undemvgs100
pm) at 60 °C for 6 h. Different drying conditions were applied foENGIC (as

described below).
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EN 12DAP NH 13DAP
2 /\/\
CH3
14DAB DMEDA TMEDA

/\/\/NHZ N(CHz), N(CHz),
HoN i SN (H3C)2N/\/

2 2

Figure5.1 Structure of the diamines and abbreviations used in this work.

Powder X-ray Diffraction (PXRD) data were collected on aaRigMiniFlex
Il, using Ni-filtered Cu K¢ radiation, with 0.02° @ steps from 5° to 35°. Sample
holders were sealed with a plastic tape window to prevent decoropasitair during
the PXRD measurement. T@Ol) reflections were indexed according to the relation
lc = d + (n-1)(0.335 nm), wherd. is the identity period obtained directly from
diffraction datad; is the gallery heighty is the GIC stage number, and 0.335 nm is the
distance between two adjacent graphene sheets. The gallery erpddsis defined
as 4d = di — 0.335 nm. Figure 5.2(a) illustrates these dimensions schematically.
Thermogravimetric analysis (TGA) was performed using a Shima@zA-50 under
flowing Ar gas (20 mL/min) from RT to 800 °C at 5 °C/min. Elemeatalyses for
alkali metals were performed using Capillary Zone Electrophsordsigilent
Technologies HP’CE equipped with a UV detector) with an indirect detection mode

at 210 nm, after alkali cations in GICs were extracted intdidhal phase by a gentle
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boiling in 3/1 (v/v) HCI/HNQ as described previous!§y.GICs synthesized from
different batches and separately analyzed showed amine contagmagvithin 2%,
and the alkali metal contents within 0.1% (Na) and 3% (Li). The anuratercalate
structures were optimized using the hybrid density functional methgidy(®) with a

6-31+G(d,p) basis set and Gaussian 3.0 software.
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O(;f 0.45 0“1‘5048 f:)fa 0.58
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(a) 0.36 o.45' ‘043
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Figure5.2  (a) Structural parameters used to describe GICs, shown hetiagas?,
and calculated dimensions in nm of (b) EN, (c) 12DAP, and (d) DMEDAldleds 1
and 2 indicate bonding in the head-to-tail (monodentate) and chelation (jlenta

modes, respectively.
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54 RESULTSAND DISCUSSION

54.1 GICsof Ethylenediamine

Fig. 5.3(a,d) show PXRD patterns of wet blue/black products obtained by
reacting graphite with Li(m) and EN. Following Riidceffal,’® these products can be
assigned as stage 2 LI-EN-GIG £ 1.176 nmd; = 0.841 nnvsthe reported]; of 0.85
nm-3) and stage 1d( = 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 stageh2¢ xing
the amount of graphite at 21 mmol. The gallery expansions for botbsstag~ 0.5
nm, agree with the calculated dimension of EN (Fig. 1(b1)) with raepéicular
orientation relative to the graphene sheets with EN bonding ‘tanLhead-to-tail

fashion,i.e., a monodentate interaction.

Following evacuation at 60 °C, the stage 1 and 2 phases undergo a structura
change and transform into phases with smaller gallery dimensibprs(.676 and
0.684 nm respectivelyld ~ 0.35 nm), as shown in Figure 2(b,c,e). From the diamine
steric requirements, these phases must have the EN orientedlgar#ile graphene
sheets. The head-to-tail and chelate structures have similansions with this
orientation and either fits well with the observed dimensions. Thensipafor the
parallel orientation also agree well with the known monolayer thgskoé amines in
related GICs such as Nmalkylamine-GIC?* and in other host structures such as
TiOCI and VOCI*® or TaS.?’ In the case of graphite oxide (GDEN is also in
parallel orientation, and by varying in H,N(CH,)«NH>, the interlayer distance of

graphite oxide increases slowly from 0.64 nm (pristine GO) to 0.84 ) to 0.99
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nm = 10). GO and amines interact via functional groups on GO, whichfesedfit

from the redox intercalation in donor-type GICs.

1(001) 1(002)
0.673 0339
N (e)
1*(001) 1%(002) 1*(003)
0.848 0.428 0.287
_e | ‘J\w__/\ﬂ
C'G N A
E 2(001) 2(002) 2(003)
T 1.018 0.505 0.340
o
= (b)
2*(001) 2*(003) 2*(004)
1.157 M394 0297 (4
_\ __N\_
5 15 25 35
20/ ©
Figure5.3 PXRD patterns of Li-EN-GICs: (a) stage 2 as prepared; (b) after 3 h and

(c) 6 h evacuation at 60°C; (d) stage 1 as prepared; and (ep dit@vacuation at

60°C. Perpendicular phase reflections are indicated with an asfemnisk. values (in

nm) and assigned Miller indiceg00l) are indicated for each reflection, wheres the

stage number.

In comparing the related ternary GICs, LINCH,CH,X-GICs with X = CH;

(n-propylaminef* X = CH,CHjs (n-butylamine)** and X = NH (EN), only the latter
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shows the perpendicular-to-parallel transition after evacuation. Tiee GICs always

retain a parallel intercalate orientation.

The cation plays a significant role in directing the orientatioth@forganic co-
intercalates in M-EN-GIC. Fig. 5.4(a,b) shows the PXRD pattetheofktage 1d =
0.691 nm) and stage #i(= 0.676 nm) Na-EN-GIC. The as-prepared and evacuated

GICs both show!d ~ 0.36 nm, indicating a parallel EN orientation.

2(003)
0.33!
2(001)

5 1.011 2(002)
CC§ 0.50¢
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D 1(002)
O 0.345
]
= 1(001)

0.69:

J\ (a)

5 15 25 35
20/ ¢©

Figure54  The PXRD patterns of (a) stage 1, and (b) stage 2 Na-EN-Tikd
values (in nm) and assigned Miller indice®O0l) are indicated for each reflection,

wheren is the stage number.
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These M-EN-GIC (M = Li, Na) provide another example whereangtcation
directing effect occurs, the other reported cases are for MGIEE® [d; = 0.89 nm
(M = K); 0.71 nm (M = Cs)], M-M-GIC* [d; = 0.957 nm (M = K); 0.946 nm (M =
Cs)], and M-12DAP-GI€ [d; = 0.78 nm (M = Li); 0.75 nm (M = Na); 0.70 nm (M =
K)]. In all these cases, counter to the relative cation radii,gdllery dimensions

decrease from Lito K*.

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 onlwehk (002) of
graphite (not shown). The presence of EN is deduced from TGA masgnot
shown). It appears that the highly reactive K metal leads to dablm®r amorphous
product. Schlégl and Boehfhreported that K-THF-GIC decomposed in the mother
liguor upon prolonged contact. Alternately, the formation of the EN-solviifed
complexes, while knowr. is less favorable than for Lor N&, and this may prevent

the formation of an ordered GIC product.

5.4.2 GIC of Substituted Ethylenediamine

The PXRD pattern of Li-12DAP-GIC stage @ € 0.827 nm) is shown in Fig.
5.5(a). The stage 1 of this GIC was previously reported with dasimgallery
dimensiom> The gallery expansiozld of 0.48-0.49 nm is in agreement with the
calculated dimension of 12DAP perpendicular to the graphene sheets ktithghlee

cation, Fig. 5.3(c2)° The calculated dimension of 12DAP without chelatiog.
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along the N-C-C-C backbone), 0.61 nm, is too large. The as-prepared andtedac
products are similar, thus the added methyl group on the amine (Li-:ZDBP
compared to LI-EN-GIC) prevents intercalate re-orientation. Onother hand, the
observed dimensions for K-12DAP-GIG; € 0.697 nm) require that the 12DAP lie
parallel to the graphene sheets, whereas in Na-12DAP-GIE (0.749 nm) the

diamine displays an intermediate orientation.

2(003 2(004)
1.20¢ G(002)
: A (002 ()
S5 0(45,_) 1(003)
CU . “
A 1(001) 0.30¢
%‘ 0.89:
_N\_ b
< 2(003) (b)
= 0.38¢
- 2(001) 2(004)
1.15: 0.29;
/\ (a)
5 15 25 35
20/ ¢

Figure55 PXRD patterns of (a) stage 2 Li-12DAP-GIC, and (b) stage 1(@nd
stage 2 Li-DMEDA-GIC. Thea values (in nm), stage and assigned Miller indices

n(00l), are indicated for each reflecticd(002)indicates the graphi{®02)reflection.
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Ternary GICs of alkali metals with 13DAP and 14DAB are not obtaine
these methods; in all trials only tl§@02) reflection from graphite is observed after
reaction (PXRDs not shown). This underlines the necessity of,-gxbups in 1,2-
position {.e., vicinal) for intercalation to proceed. Li(m) does not appear td keidc
and dissolve into 13DAP and 14DAB, whereas Na(m) and K(m) react but do not
generate reactive free radicals. The formation &M (CH,)sNH™ from 13DAP was
reported in the presence of ultrasound (M = Na) or ammonia gasKM=Further,

122 showed by*Na NMR that the preference for Naolvation by the

Laszloet a
diamines was in the order 14DAB < 13DAP < EN. Ternary GIC fdonas, in part,
driven by the solvation enthalpy of co-intercalates, and this provides anothe

explanation for the instability of GICs containing these diamines.

Fig. 5.5(b) shows the PXRD pattern of the product assigned as alstage
DMEDA-GIC, di = 0.910 nm. As-prepared and evacuated products are similar.
DMEDA is structurally related to EN with two additional metigybups substituted
for the two hydrogen atoms on the same amine group, Fig. 5.1. Thg galb@ansion
of 4d ~ 0.58 nm indicates a perpendicular and chelating DMEDA orientatioilasi
to that observed for EN and 12DAP, Fig. 5.3(d2). Stage 2 Li-DMEDA-EIG
0.916 nm, Fig. 5.5(c)], again with perpendicular, chelating DMEDA was rautaat
longer reaction times. Thus, methyl substitution on EN to form 12DAPMIEDA
results in chelation of Liwithin the GICs and the inhibition of the perpendicular-to-

parallel transition.
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Although the solvation of Naby DMEDA is known in the solid staféthe Na
and K analogs of M-DMEDA-GIC were not obtained. The PXRD patteym fthe
reaction of graphite, Na metal, and DMEDA shows only the unreactghite and
Na(m) remaining in the reaction tube. A similar result wasiobdtafor K(m), though

the DMEDA turned brown, indicating solvent decomposition.

The synthesis of a stage 1 K-TMEDA-GI € 0.894 nm)y the ternarization
of the KGs with TMEDA is known* Assuming the parallel arrangement of
TMEDA, the reported4dd = 0.559 nm is close to that observed (0.563 nm) for
intercalation compounds of VOCI and TMEDAWe found that the direct reaction of
graphite, K(m), and TMEDA yields a blue product with= 0.855 nm (PXRD not
shown), and this phase is assigned as K-TMEDA-GIC following Matrkd1* Li(m)
and Na(m) do not dissolve in TMEDA and do not form GICs by this method. The
addition of electron transfer agenesd.,anthracene, biphenyl, naphthalene) known to
assist the formation of ternary GICs of alkali metal catiand ether> ¢ does not
result in GIC products. The synthetic obstacles for M-TMEDA-@VC= Li, Na, K)
by the direct method are not due to the instability of metal TMED#Aplexes; many

known crystal structures show TMEDA solvating,t1* Na',**3 or K* #+ 4°

The formation of radicals/anions/solvated electrons through the aeaati
alkali metal with liquid ammonia or small chain amines is sgsthblished in the
literature?® After reaction withn-butyl lithium, free radicals were detected by electron
paramagnetic resonance (EPR) for EN and 12DAP, whereas 13DAP aB®AOM

were EPR-silent’ This is in line with the production of ternary GICs of alkali aiet
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with EN and 12DAP, but non-reaction of 13DAP. DMEDA does intercalaterazgnt
to this model, this discrepancy might be related to the use oktalras a reducing

agent rather than-butyl lithium.

5.4.3 Compositional Analyses

Representative mass loss curves for the GIC products obtainedoarne
Fig. 5.6. All show mass losses from 50-150 °C, followed by a higher tataper
mass loss with an onset around 600 °C. The lower temperature loswimea to
intercalate volatilization, and the latter to the decomposition ofgthghitic host
lattice. This high temperature mass loss is also observedyfaphite control sample
(not shown), and is due to the presence of trace e flow gas.GIC compositions

obtained from TGA mass losses and elemental analyses are provided in Table 5.1.
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Figure5.6  TGA mass loss data for GIC products.
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Table5.1 Compositional data for ternary M-diamine-GICs

Diamine  Cation Stage Wt% M Wit% Composition Packing
M no. diamine fraction
EN Li 2 1.72 14.9 Li(EN)1.oCog” 0.35
Li 2 1.95 11.2 Li(EN)o Cas 0.28
Li 1 2.96 20.8 Li(EN)o ¢C1s 0.40
Na 2 6.50 10.0 NEEN)o.Cos 0.40
Na 1 8.66 21.7 NEN); C15 0.51
12DAP  Li 1 2.82 28.7 Li1(12DAP), 9C14 0.45
Li 2 1.76 17.7 Li1(12DAP), 0Cos 0.47
Na 1 5.70 24.2 N&12DAP), :Cos 0.44

areference 13

The diamine/M molar ratios are generally close to 1/1 sintdae.g., Nan-
propylamine-GIG' and other§® The composition of the stage 2 perpendicular
Li(EN)o.7Co6 found is similar to the reported:(EN); (Cos.*® The Ty geometry around
solvated LT is documented in other GICs such as Li-THF-8I6r Li-DME-GIC.>®
However, the mole ratios found above indicate lower coordination numbe®&Gsr
with diamine intercalates. For most products obtained, the compositiotises
ternary GICs are close to one metal cation for 15 (or 26) fgesta(or stage 2)

graphene C atoms.
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The packing fractions within the intercalate galleries are imdda by
comparing the experimentally obtained compositions and structuraFdatexample,
with Li-EN-GIC, the values required are the volume of (0.0016 nm), the van der
Waals molar volume of EN (0.0651 fyji* the surface area per C atom in a graphene
layer (0.0261 nrf), and the experimentally determined GIC composition, stage
number, and intercalate gallery expansion. The packing density, totira¢ volume

in the expanded galleries occupied by intercalates, can then be determined as:

[(0.0016 nni + (0.7)(0.0651 nr) / [(26/2)(0.0261 nif)(0.505 nm)] = 0.28

The calculated packing fractions are shown in Table 4.1, and féléirahge
~0.2-0.5. These values show a wide range for other ternary GICs, from @Gheut
0.71% 17 2022Recently Haret al®? proposed Li-THF-GIC as a new hydrogen storage
material based on the porous galleries. Several new ternasysgitthesized in this

work could be interesting materials to test foiskbrage.

54.4 Quaternary GIC with Two Metal Cation Co-intercalates

Solid solutions of Li,Na-amine-GIC can be prepared directly bytimaof
graphite with two alkali metals and the amine. PXRD patternpraducts from
different reaction times are shown in Fig. 5.7 and compositional sasultable 5.2.

In all cases, quaternary stage 1 GICs are obtained. A gradftahsthi(in nm) with
reaction time is observed: 0.806 (0.5 h), 0.802 (1.5 h), 0.775 (3.25 h), 0.768 (6 h),

0.766 (10 h), and 0.743 (24 h). The shorter reaction times show gallery dimensions
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closer to that of Li-12DAP-GICdA = 0.816 nm), whereas long reaction times show

dimensions more similar to Na-12DAP-GIG € 0.749 nm). As shown in Table 5.2,

Li content decreases, and Na content increases, as the reaction proceeds.

1(002)
1(001)
S | /L G(002)
ac 24 h
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=
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L 3.25h
=
15h
0.5h
5 10 15 20 25 30
20/ °©
Figure5.7  Selected PXRD patterns of the first stage (Li,Na)-12DAE-@hade by

direct synthesis at different reaction timég002)indicates th€002) reflection from

graphite.
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Tableb5.2 Structural and compositional data of the quaternary (Li,Na)-12DAP-

GIC.
Time/h  Wt% (Metal) W1t% diamine Derived composition
0.5 3.12 (Li), not detected (Na) 29.8 1li2DAP), C12
1.5 3.52 (Li), 0.24 (Na) 28.5 (b4dN3o 02 (L2DAPY, C1s
6 2.75 (Li), 0.66 (Na) 25.2 (bbNag 07)(12DAP) «C15
10 2.05 (Li), 0.53 (Na) 26.7 (b6Nag.07)(12DAP), 1Cyg
24 2.18 (Li), 3.79 (Na) 24.2 (bbdNao 39(12DAPY, C1p

The continuous change in lattice dimensiathe Li content %, in LixNa;-
«(12DAP),C,] follows Vegard's law for solid solutions, Figure 5.8. Composition-
dependent lattice variations, either linear or with anomaly, weperted for the
compound K,Rb,Cs.>**° In the present case, Li metal reacts with 12DAP rapidly,
forming the Lf-12DAP complexes that intercalate first (Note the optimizedtien
times are 6 lvs 3 days for Li- and Na-12DAP-GIC respectively, see Experimgntal
Some Li complexes are more slowly displaced by"i4aDAP as reaction times
increase. Li-12DAP can also displace the Neomplexes in a prepared Na-12DAP-
GIC sample (data not shown), suggesting there is little thermodgmaeference for

either complex, and that reaction kinetics plays a dominant roledditian to
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M(12DAP)," (M = Li, Na) complexes, the Na(E{)complexes can also be exchanged

with tetraalkylammonium catior§,resulting in a new route to novel GICs.

The only other quaternary GIC of this type that we are aware of,
MHg(benzene)lCs (M = K, Rb)* forms ordered heterostructures as opposed to the

solid solutions observed here.
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Figure5.8 A plot of d; of the first stage (Li,Na)-12DAP-GIGsthe Li contenk as

in (LixNay-)(12DAP),C,. The y-error bars fad; show + one standard deviation. The x-

error bars are + 0.01.
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54.5 Quaternary GlCswith Two Amine Co-intercalates

When stage 2 Na-EN-GIQI[= 0.678 nm, Fig. 5.9(a)] reacts with Na(m) and
12DAP, the solid changes from black/blue to intense blue. The PXRDPnsafibe the
obtained products are shown in Fig. 5.9(b) to (d). A stage 1 quaternary Na-
(EN,12DAP)-GIC ¢ = 0.716 nm) is observed with a gallery dimension intermediate
between Na-EN-GIC (0.691) and Na-12DAP-GIC (0.749). At long reacticestiiMa-

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

m Na-12DAP-GIC stagel — Na-EN-GIC stage2 e Na-(EN,12DAP)-GIC stagel
1(002)
e

1(001) J.k
"o (d)
A 1002)
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Figure5.9 The PXRD patterns of (a) stage 2 Na-EN-GIC, and the productifsom
reaction with Na(m) and 12DAP at (b) 6, (c) 24, and (d) 72 h.diaues (in nm)
and assigned Miller indices(00l) are indicated for each reflection, wharas the

stage number.
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There is no diffraction evidence for an ordered heterostructure wesfeN-
solvated Na intercalates into alternate galleries. We propose that Na(PEDA
complexes intercalate into both the empty layer and the lagesdgl occupied by
Na(EN),". The displacement reaction occurs more slowly than the opening of new
galleries, accounting for the formation of a quaternary compound folldvyed
appearance of the Na-12DAP-GIC phase. Attempts to prepare quat&i@syby
reaction of graphite with Na and a mixture of EN and 12DAP (atrak different

ratios) yielded disordered materials as indicated by broad PXRD patterns.

From the previously reported values for Li-(BzN,THF)-GIC ¢, = 0.744
nmy* and K-(THF,Bz)-GIC ¢ = 0.9 nm)° organic co-intercalates can form solid
solutions. There have also been reports of ordered heterostructuresdptoatype
GICs, where the second guest species intercalates into the gatipty easily without

displacing the initial guest speci&s.
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6.1 ABSTRACT

Ternary graphite intercalation compounds (GICs) of alkali metald
polyamines are reported. These include Li-2E3N-GIC (2E3N = desthiriaminegd;
= 0.74-1.13 nm), Li-3E4N-GIC (3E4N = triethylenetetramines; 1.43 nm, unknown
stage), M-4E5N-GIC (M = Li, Na; 4E5N = tetraethylenepenteand, = 0.75-0.76
nm), K-2E3NMe-GIC (2E3NMe #,N,N',N',N“pentamethyldiethylenetriamind; =
0.86 nm), and K-3E4ANS-GIC (3E4NS = tris(2-aminoethyl)amitie 1.06 nm),
where d; is the gallery height andl. is the identity period. While Li-2E3N-GIC
exhibits the parallel bilayer-to-monolayer transition of 2E3N, iIEBN-GIC the
larger polyamine 4E5N shows only the parallel monolayer orientationh &uc
transition is absent in K-2E3NMe-GIC, where 2E3NMe is the pertaiiaged analog
of 2E3N. The structure and the stage number of Li-3E4N-GIC comgpithe
intermediate size polyamine 3E4N are proposed yet not certain. @oritrary in K-
3E4ANS-GIC, where the star-shaped polyamine 3E4NS is the strusctumar of the
linear analog 3E4N, the 3E4NS is perpendicular to the sheets. W#h tbmary
metal-polyamine-GICs, we demonstrate that alkyl chains inggecanto GICs can

exhibit a rich intragallery structure similar to intercalation compoundsagécl
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6.2 INTRODUCTION

Graphite intercation compounds (GICs) have been extensively studiledyas
exhibit intereresting structural, electronic, optical and magmetperties:>* Upon
reaction with reducing agents such as the alkali metal M, deajghieduced and the
alkali metal cation Mintercalates between graphene sheets, giving binary compounds
M-GICs. Some of these compounds have found commercialeugelLiCes as the
anode in lithium ion batteri€'s. Co-intercalation of neutral species, usually solvent
molecules through either direct or post-synthesis (ternarizatiett)od, results in the
ternary M-solvent-GICS” The first examples of such compounds were MGHCs
reported by Rudorff and Schul2éfhese compounds have received recent attention
due to their potential use in energy-related applications. Form&amhaoet al.’

119 and Chenget al'* have proposed their use as-$torage materials.

Han et a
Ternary GICs can also serve as precursors for the synthegiapifene, as reported
by Viculis et al.*Widenkvistet al™and Leeet al*

In addition to ammonia, other amine co-intercalates reported ® afat
methylamine’>® ethylenediamine (ENY, N,N,N’,N-tetramethylethylenediamine
(TMEDA),*" and triethylaminé’ The GIC containing a macrocylic cyptand “K222”
(4,7,13,16,21,24-hexaoxa-1,10-diazabicyclo[8.8.8]hexaco$aneth both oxygen
and nitrogen donor atoms has also been reported. Recently, our group acdaed se
new amine co-intercalates to this list, including a homologousssefrrealkylamines

with 3-14 carbon atomS, branched amines with —GHsubstituent atr and f-

positions®® and several diamines e.., EN, 1,2-diaminopropane, N,N-
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dimethylethylenediamine, and TMEDA) including their solid solutionalthough
the functionalization of graphene sheet surfaces by polyamines ¢rasdported”*
there is no previous report of the intercalation of polyamints graphite to form
GICs.

We report herein the preparation and characterization of tern&y @lalkali
metals and a homologous series of polyamines, with different numbers of
CH,CH:N(H) unit. The effect of methylation at the amine sitesalso studied.
Additionally, the intragallery structure of the linees star-shaped isomers will be
compared. With these ternary metal-polyamine-GICs, we demandtnat alkyl
chains intercalate into GICs can exhibit a rich intragallénycture similar toe.g.

intercalation compounds of cla$/.

6.3 EXPERIMENTAL
All air-sensitive reagents and the obtained GICs were handled Andéor

Li) or N2 (for others). In a typical reaction, 0.25 g (20.8 mmol) of graphitedpow
(SP-1 grade, Union Carbide, average particle sizauh)Owas mixed with metallic Li
(0.02 g, 2.9 mmol) and 3 mL of the neat polyamine whose the structerslavn in
Fig. 6.1. All polyamine reagents were of 99+% purity, except 3BRd4N4E5N which
were technical grade. In some cases, metallic Na or K wsed, maintaining the
graphite/metal mole ratio of ~ 7 as for Li. The reaction orxtwas continuously
stirred for 1 day at 90 °C, after which the liquid phase was sdiogt, leaving a wet

powder product. GIC products denoted “wet” were characterized witotlter
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processing, whereas those denoted “heat-treated” were subg@caduation at 90°C

for 6h. Most of the GICs (except that containing 2E3N) cannot be dried onde
experimental setup due to the high boiling point of the polyamine250°C).
Washing the products with solvents such as toluettesxane or ethanol, results in
amorphous products. Upon heating to dryness, Li-2E3N-GIC became disordered
(PXRD not shown). Structural calculations were performed using B3LYRoahetith

3-21G basis set and Gaussian 3.0 software.

X
N

XN/\/

2

\/\Nx2 HZN/\/\H/\/\NH

X =H, 2E3N 2P3N
X = CHs, 2E3NMe

e >IN

2 H

2

3E4N

HZN/\/H\/\H/\/H\/\NH

4E5N

2

NH,

2

/\/N\/\
H,N NH

3E4ANS

Figure6.1  Structures and abbreviations of polyamines employed in this study
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Powder X-ray Diffraction (PXRD) patterns were collected onvtle¢ powder
products using a Rigaku MiniFlex II, Ni-filtered Cukradiation, 5-45° at 0.02°62
steps. Products were indexed following the relaliond; + 0.3350-1) nm, wherd. is
the identity period read directly from the diffraction pattetnis the gallery height,
0.335 nm is the distance between two graphene sheets,isatite stage number, with

the expansion due to intercalasis=d; — 0.335 nm.

64 RESULTSAND DISCUSSION
6.4.1 Linear Polyamines

The products identified as GICs are all bright blue, excepthercase of
3E4N, which forms a black/blue product. The reaction of graphite, Li, aBN gives
the product withd; = 1.127 nm when wet [Fig. 6.2(a)] add= 0.742 nm after heat
treatment (but still wet) [Fig. 6.2(b)]. For the latter phdke, expansiodd = 0.407
nm is close to 0.404-0.416 nm for TiOCI/3E4N and VOCI/3E4N intercalation
compound$® and is slightly larger than 0.35-0.37 nm for the intercalated
alkylaminé® or EN*! in ternary Na-(di)amine-GICs. In the above c&5€<” the
amine intercalates are oriented parallel to the graphene shiketefore, the heat-
treated product is consistent with a 2E3N monolayer with pamliehtation. The
metal-amine interaction cannot be defined because both bidentedkatihg) and
monodentate interactions can show similar gallery expansions. @hité® reported
single crystal structures of the compounds B2E3N (X = CI, Br;n = 1 and 1.5)

where 2E3N coordinates to ‘Lieither in a monodentate or bidentate mode.
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Compositional studies might clarify this, although these data cannatbtaéned
currently due to the presence of residual polyamines. We reportéar assignment

in ternary M-diamine-GIC§'

(002)

(001) 0.377 8022’)3
0.748 '
= A Nxs (@
< | (001) (004)  (005)
< | 1369 0.358 (297
G s N s ©
c (002)
% (001) 0.368 803223
= 0.739 :
e x5 (b)
(003) (004)
(001) (oo2)  0.37 0.283
1.116 0.564
e %% s @
5 15 25 35 45
20/ ¢

Figure6.2  PXRD patterns of (a) wet and (b) dry Li-2E3N-GIC, (c) weBE4N-
GIC, and (d) wet Li-4E5N-GIC. The values (in nm) and the assigned Miller indices

(O0I) are indicated for each reflection.

We therefore ascribe the wet product to an intercalate bikaitar parallel
orientation, where each layer is 0.407-nm thick. The parallel bitaysrenolayer
transition in Li-2E3N-GIC is illustrated in Fig. 6.3(a). A simil&ransition was

observed for Narhexylamine-GIC® In contrast, a perpendicular-to-parallel
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monolayer transition is observed in a smaller homolog Li-EN?GIEN =

H,NCH,CH,;NH,, or 1E2N in this present notation).

4
M&HJ T Evacuation 29 T
9999999 1 13pm —— ‘*m 99 0.74nm
Jhe 90°C 6h KL ELE,
J?J J ?f) J
(a)
«— 0.84nn—»
9
}J};‘;‘f“ 0.7%/nn ’
1.06 nm Oc
*‘)}J o N
= |
(b)
Figure6.3 lllustration of (a) the parallel bilayer structure and tresoaiate

transition to the parallel monolayer structure in Li-2E3N-GIC, &l the
perpendicular monolayer structure in K-3E4NS-GIC, where the shaB&4MIS is

approximated as an equilateral triangle. Cations are omitted for both fllustta
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A PXRD pattern of Li-3E4N-GICI{ = 1.428 nmAd = 1.094 nm) is shown in
Fig. 6.2(c). Assuming the monomolecular thickness of 3E4N to béasitoi that of
2E3N, ~0.40 nm, we compare the following three models describing thgatary
structures of this GIC. In the first two models 3E4N molecalesparallel to the
graphene sheets. Model | is a stage 1 compound with the trilayer @iEhNyredicted
I = 0.335 + (3x0.40) = 1.54 nm. Although the trilayer structure of alkgins is well
known for intercalation compounds of cl&jsye are not aware of this structure in
GICs. Next, model 1l is a stage 2 compound with the bilayer 3p4édictedl. =
(0.335x2) + (2x0.40) = 1.48 nm. Such an intercalate structure was re ot
first time by us in Naxalkylamine-GIC with amines containing long alkyl chains (12
and 14 carbon atom$).The blue/black color of Li-3E4N-GIC suggests, though does
not confirm, this intercalate structure. Lastly, we consider mibigdevhich is a stage 1
compound with the long axis of the 3E4N tilted by$in10/1.26)~ 60° to the
underlying graphene sheets. (The 3E4N molecular length of ~1.26asmobtained

by geometry optimization, Section 6.3). Tsukagdtoal*®

also reported a tilt angle of
60° for 3E4N intercalates im-zirconium phosphate. Considering that all other linear
polyamines in this work show a parallel orientation, we believentoatel Il is less
likely. Elemental analyses or structural refinements on hightgusamples may be
required to elucidate the correct intragallery structure of 3E4N.

In contrast to 2E3N and 3E4N where a structural transition or gplegm

structure is observed, the intercalation of 4E5N surprisinglidyia GIC product

parallel intercalate monolayed; = 0.754 nm, Fig. 6.2(d)) (Na-4E5N-GIC with similar
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di (0.763 nm) was also prepared.) The parallel orientation of 4E5N $eliéfarent
from the 60°-tilted structure reported by Tsukaital?® for 4E5N intercalates inta-
zirconium phosphate. Interestingly in these Li-polyamine-GICsintreased size of
co-intercalates reduced the complexity of the intragallengstre. The opposite trend
was reported for intercalation compounds of cfyé&/hether or not the intra-gallery
structure obtained is kinetically controlled, however, warrants further igagen.
Attempts to prepare GICs with a larger polyamine (5E6N, strectot shown)
were unsuccessful as the metal (Li, Na or K) was found todmduble in the amine.
Similarly, reactions using alkali metal M (M = Li, Na or Ehd the polyamine 2P3N
did not result in GIC formation. This polyamine has -NHhit joined through the
propylene group (CHCH,CH,), compared to the ethylene group (CiH,) in 2E3N,
Fig. 6.1. This points to the importance of using amine co-inteesalahere the —NH
(or -N(CH)x, Section 6.4.2) is in a 1,2-positioa.q., vicinal). We reported similar
findings in the synthesis of ternary M-diamine-Gf€syhich the GIC was obtained

with 1,2-diaminopropane but not with 1,3-diaminopropane.

6.4.2 Methylated Polyamines

Fig. 6.4 shows the PXRD pattern of the stage 1 K-2E3NMe-@GI€ (.863
nm), which can be ascribed to a parallel polyamine monolayer. Howé#ve
synthesis was found to be poorly reproducible. The relatively Zatiery expansion

of ~0.5 nm, (calculated thickness of 2E3NMe = 0.491 nm) as compared to othe
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unsubstituted polyaminegdd = 0.41-0.43 nm), can be attributed to the presence of the

—CHs substituents.
§Z
S 003)
k= 0.290
(001) I -
0.834 0.310 ” ((){)4)
,I 3} ‘ A ~‘=_,-I A ‘ _ 4V A A
5 15 25 35 45

20/°
Figure6.4  The PXRD pattern of K-2E3NMe-GIC. Thevalues (in nm) and the

assigned Miller indice§00l) are indicated for each reflection. The peakl at 0.310

nm is unidentified.

6.4.3 Star-Shaped Polyamine
Fig. 6.5 shows the PXRD pattern of the stage 1 K-3E4ANS-GIE 1.06 nm,
Ad = 0.725 nm). Na-3E4NS-GIC with similar valuedpfcan be prepared, although it

is much less crystalline (PXRD not shown). Kijiraal?® reported an expansion of
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0.72 nm for the intercalation compound afzirconium phosphate and 3E4NS.
Roughly, this star-shaped polyamine can be described as an equiléege, Fig.
6.3(b), which is 0.73 nm-high and whose side is 0.84 nm. The “thickness” of this
triangle is=~0.37 nm. (All dimensions are taken from the structure optimization.) The
experimentally founddd fits well to the calculated height of 3E4NS, suggesting that
the molecular plane is nearly perpendicular to the graphenesshbet orientation is
also shown in Fig. 6.3(b). An alternate structure model has the &B#NS tilted at

an angel of sif\(0.73/0.84) = 60° (not shown).
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Figure6.5 The PXRD pattern of K-3E4ANS-GIC. Thevalues (in nm) and the

assigned Miller indice@)0I) are indicated for each reflection.
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In addition to the assignments based on the (approximately) perpandicul
orientation of 3E4NS, we now consider the following alternatives forptrallel
orientation. We use the monolayer thickness of 0.42 nm (as found for 2E3N and
4E5N) in the calculation. The first is the stage 1 parallel bilayer strucialcilatedd;
= 0.335 + (2x0.42) = 1.18 nm]. Another model is where K-3E4NS-GIC is dige &
parallel monolayer structure [calculateld = (0.335%2) + 0.42 = 1.09 nm]. This
assignment is discarded due to the bright blue color of the compawmch is
knowrf? to be characteristics of stage 1 ternary M-solvent-GICs. Merysimilar to
the case of Li-3E4N-GIC in Section 6.4.1, other analyses will befibethe The GICs

reported in this chapter are summarized in Table 6.1.
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Table6.1 Ternary GICs of Li-polyamine-GIC reported in this wokl.are stage

1 compounds except those of M-4E5N-GICs, where the value repoftadtiser than

d.
Polyamine Cation d/ nm Intercalate arrangement
2E3N Li 1.127 Parallel bilayer

Li 0.742 Parallel monolayer
3E4N Li 1.428 Unknown
4E5N Li 0.754 Parallel monolayer

Na 0.763 Parallel monolayer
2E3NMe K 0.863 Parallel monolayer
3E4ANS K 1.057 Perpendicular monolayer

We note the following salient points from this study. Firstly,egugnce of
intercalate orientation from bilayer (in 2E3N) to monolayer (4E®ss observed as
the molecular mass of polyamines increases. The orientation ofnpob/awith
intermediate size (3E4N) is not yet certain. In these Li-palyes®ICs, increasing
size of co-intercalates reduces the complexity of the inteagadtructure, opposed to
what is known for intercalation compounds of cl&yglowever, the kinetics might
play a role and this warrants further investigation. Secondly, irbic@tion with our
previous work on Naralkylamine-GIC!® there seems to be a range of suitable

molecular weight of the organic co-intercalates allowing the liparhilayer-to-
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monolayer transition. This is known for thalkylamine seriesnthexylamine, 101.19
g/mol) and the polyamine series 2E3N (103.17 g/mol). The low moleouwdas
intercalates show the monolayer structure, whereas the high naolemdss
intercalates show the bilayer structure. Such a transition, howsvet observed for
2E3NMe which is the pentamethylated analog of 2E3N. We repsirtgtar results'
where the parallel-to-perpendicular monolayer transition was obstwddE2N but
not 1lE2NMe. Thirdly, the van der Waals monomolecular thickness of polyamine
(~0.42 nm) is bigger than that ofalkylamine (0.37 nm}? possibly due to the larger
number of lone pair electrons in the former. Lastly, the pamaldgiolayer structure
as in Fig. 6.3(a), can be substituted by the structure where thenpodyahelates to
metal cations. This will give the samfl, as suggested previously for ternary M-

diamine-GIC!
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CHAPTER 7

CONCLUSION

7.1 CONCLUSION

The syntheses and intragallery structure of ternary M-amines-G\IIC= Li, Na
and K) are reported in this thesis. The amines studied inohadleylamine, branched
amines, and a systematic variation on the structure of diaminepdyamines.
Selected samples of the quaternary compounds, either with mixeidnadital cations
or with mixed amines, are reported as well. Summaries,oftage numben,
composition of the GICs, and intragallery orientations for new compoundsedt
are shown in Table 7.h{alkylamine and branched amines), Table 7.2 (diamines), and

Table 7.3 (polyamines).
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Table7.1 Summary of ternary Mralkylamine-GICs and M-branched amine-

GICs reported in this thesis

M Aming® Composition n d/nm Intercalate arrangement
Li nC3 Li(nC3).eC16 1 0.700 Parallel monolayer
Na nC3 Na(nC3)Cie 1 0.701  Parallel monolayer
Li nC4 - 1 0.697 Parallel monolayer
Na nC4 - 1 0704 Parallel monolayer
Na nC6 - 1 1.091 Parallel bilayer

Na nCé6 - 1 0.699 Parallel monolayer
Na nC8 Na(nC8)eCao 1 1.093  Parallel bilayer

Na nCl2 - 2 1.107 Parallel bilayer

Na nCl4 - 2 1.095 Parallel bilayer

Li iC3 Li(iC3)0.4C1s 1 0.760  Parallel monolayer
Na iC3 Na(iC3y.4Cis 1 0.758  Parallel monolayer
Na sC4 Na(sC4)Cis 1 1.341 Parallel bilayer

K sC4 - 1 1.335 Parallel bilayer

Li iIC4 - 1 1.221 Parallel bilayer

Na iC4 Na(iC4).oCos 1 1.280  Parallel bilayer

K iC4 - 1 1.244 Parallel bilayer

%Cx is the amine with x carbon atoms, with the prefix indicatisgstructure: n

normal, i =iso, and s =sec
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Table7.2 Summary of ternary M-diamine-GICs reported in this thesis

M Aminé® Composition d/ nm Intercalate arrangement

Li EN - 0.855  Perpendicular monolayer

Li EN - 0.841  Perpendicular monolayer

Li EN Li1(EN)o.eCis 0.676  Parallel monolayer

Li EN Li1(EN)o.7C26 0.684  Parallel monolayer

Na EN Na(EN)1.oC1s 0.691 Parallel monolayer

Na EN Na(EN)o.6Cas 0.676  Parallel monolayer

Li  12DAP  Liy(12DAP).9sC14 0.808 Perpendicular (chelating)
monolayer

Li  12DAP  Liy(12DAP).9L2 0.827  Perpendicular (chelating)
monolayer

Na 12DAP  Na12DAP) :Cos 0.749  Tilted

K 12DAP - 0.697  Parallel monolayer

Li DMEDA - 0.910 Perpendicular (chelating)
monolayer

Li DMEDA - 0.916  Perpendicular (chelating)
monolayer

°EN = ethylenediamine; 12DAP 1,2-diaminopropane; DMEDA N3N

dimethylethylenediamine
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Table7.3 Summary of ternary M-polyamine-GICs reported in this thesis

M Aming® n d/ nm Intercalate arrangement

Li 2E3N 1 1.127 Parallel bilayer

Li 2E3N 1 0.742 Parallel monolayer

Li 3E4N Unknown 1.428 Unknown

Li 4E5N 1 0.754 Parallel monolayer

Na 4E5N 1 0.763 Parallel monolayer

K 2E3NMe 1 0.863 Parallel monolayer

K 3E4ANS 1 1.057 Perpendicular monolayer
®2E3N = diethylenetriamine; 3E4N = triethylenetetramine; 4E5SN

tetraethylenepentamine; 2E3NMe HN,N,N’,N’,N"-pentamethyldiethylenetriamine;

3E4NS = tris(2-aminoethyl)amine

After the first report on M-NEGIC (M = Li, Na, K, Rb and Cs) by Rudorff
et al.} there followed similar GICs with M = Ca, Sr,Band M = Be, Mg, Al, Sc, Y,
and La® Early extensions to amine co-intercalates included metlyéim
ethylenediamine  (ENj), N,N,N’,N-tetramethylethylenediamine ~ (TMEDA),

triethylamine® and “K222” (4,7,13,16,21,24-hexaoxa-1,10-
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diazabicyclo[8.8.8]hexacosane)This thesis significantly expands the number of

known ternary GICs of alkali metal cations and amines.

The GICs synthesized show many interesting and/or novel struttatales.
Examples include (i) a parallel bilayer arrangememnt-afkylamines (with x carbon
atoms, nCx) as observed in Na-nCx-GIC; (ii) a parallel bilayer-to-monolegesition
in Na-nC6-GIC and Li-2E3N-GIC; (iii) formation of intercaldtdayers in sterically-
demanding branched amines; (iv) the cation-directed orientation mirgiaco-
intercalates EN and 12DAP; and (v) a perpendicular-to-paraliesitian in Li-EN-
GIC. This thesis also attempts to provide new insights into how iimirte and
polyamine co-intercalate structures direct the intragallemangements of the

prepared GICs.
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