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17 Abstiact

Some poly(N-propylaziridine)/lithium salt compositions have been synthesised
and their clectrical conductivities have been measured in order to assess their
suitability as electrolytes in safe, leakproof, high energy-density lithium
batteries operating at ambient temperature, The effects on conductivity of
temperature, and the nature and concentration of the salt have also been studied.

The presence of the salts markedly improved the conductivity of the
compositions over that of the undoped polymer but they were insufficiently
conducting to be considered as battery electrolytes, due possibly to ion-pairing.
1".cir creep resistance was also low.

: It was concluded that less fluid compositions containing higher molecular
weigzht polymers better able to promote ion separation would be more suitable,
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i SUMMARY

Some poly(N-propylaziridine)/lithium salt compositions have been
synthesised and their electrical conductivities have been measured in order

to assess their suitability as electrolytes in safe, leakproof, high energy-

density lithium batteries operating at ambient temperature. The effects on :~;;$;k“g}

conductivity of temperature, and the nature and concentration of the salt ECURIICRARE
. - e . ‘_; _3

have also been studied. o @
The presence of the salts markedly improved the conductivity of the SRS
compositions over that of the undoped polymer but they were insufficiently .;ic' S0
conducting to be considered as battery electrolytes, due possibly to ion- jfg_zf;fj:
: . Y - >J

pairing. Their creep resistance was also low.

It was concluded that less fluid compositions containing higher
molecular weight polymers better able to promote ion separation would be

more suitable.
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1 [NTRODUCT LON

In recent years, considerable improvemeats in some aspects of the performance of
batteries over traditional types such as the L8clanché and lead-acid have been achieved
using lithium anodes and improved cathode materials. Advances have occurred in energy-
and power-densities and also in shelf lives, but the use of lithium necessitates the
substitution of aqueous clectrolytes by the less conductive organic aprotic electrolytes
containing solvents such as propylene carbonate or dimethoxyethane. A disadvantage of
using liquid solvents is that they may leak and since they are often inflammable, they
constitute a hazard, especially if they lead to ignition of the lithium anodes. Problems
have also occurred during the attempted recharging of secondary lithium batteries using

organic liquid electrolytes due partly to their iunstability to the highly reactive
deposited lithium.

In general, the conductivity of lithium ions through solid electrolytes is lower
than that through liquids, but if the solid electrolyte can be easily manufactured in a
flexible film form of thickness 10-100 ym, it could still be attractive for use in those
high energy-density, low current-drain batteries where safety, absence of leakage and
extra long shelf-life are desired. Several inorganic crystalline and glassy solids have
been considered for such applications but they tend to be inflexible and until now have
not been easily made in thin film form. The discovery in 1973 1 that poly(ethylene
oxide), PEO, complexed certain alkali metal salts and the subsequent realisation by
Armand® that the relatively high ionic conductivities of the complexes above 100°C might
make them usceful in advanced batteries offered the prospect of providing a flexible solid

crystalline electrolyte having the following properties:

(1) an adequate lithium ion conductivity above 100°C to sustain current

withdrawal at densities in the range 0.1 to 1 mA/cm?,

(1i) good kinetic stability of the electrolyte in contact with the electrode

materials,
(iii) an electrolyte/electrode interface stable over many charge/discharge cycles.
These properties have been realised in practice and the cycling of cells of

configuration

Li metal anode PEO-LXCF3503 electrolyte composite V6013 cathode

has recently been demonstrated’. [LiCF3SO3 is lithium trifluoromethanesulphonate-]

Recent research at RAE' and elsewhere on polymer electrolytes has been concerned
with their intended use at temperatures below 70°C. In this range, PEO/LiCr'3503
electrolyte is unsatisfactory for three reasons:

(1) Its conductivity is too low for continuous cell operation at a practical

current density unless extremely thin tilms can be used.

(2) As the annealed electrolyte is cooled below the melting point of PEO (about

£5°C), a crystalline phase tends to form whose proportion increases with
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further cooling at the expense of an amorphous PED - salt phase. Since it is
now widely accepted5 that the amorphous and not the crystalline phase is

responsible for the fast ion conduction, the overall conductivity is further
decreased below that expected for a totally amorphous electrolyte at the same

temperature.

(3 Recent evidence® suggests that only about half of the charge in the
electrolyte is carried by the lithium cations, and not the whole of it as
originally anticipated. Thus not only is the current density further
decreased but local depletion of lithium ions near the cathode or local

precipitation of salt in the electrolyte could impair cell operation.

The current RAE intra~ and extramural research programme attempts to prepare usable
polymer electrolytes for ambient temperature operation by increasing their conductivity
towards a 107" ohm™! cn”! target level before investigating their interaction with
suitable electrode materials. The conductivity improvement is being sought both by
modification of the existing PEO-based electrolyte and also by evaluating the electrical

and mechanical properties of other polymers capable of incorporating lithium salts.

Despite the growing international interest in the structure of the polyether/salt
complexes, the mechanism of conduction of the fons has not been fully established. 1In
the absence of other coordinating molecules, the polymer itself must coordinate the
cations of the added salt and this interaction must be sufficient to overcome the lattice
energy of the salt. However the optimum strength of interaction between cation and
polymer to obtain the highest cation mobility is not yet known so it was of iaterest to
study a polymer analogous to PEO but in which the cation-polymer interaction was expected
to be stronger. The polymer chosen for study was poly(N-propylaziridine) (PPA),
‘ECHZCHE‘N(C3H7)33 , which is a nitrogen analogue of PEO. This class of polymer is not
commercially available and so a sample was synthesised by a modification of a literature
method (section 2). The N-propyl derivative was chosen for preparation because of the
commerclial availability in high purity of the 2-ethyl-2-oxazoline starting material. PPA

was regarded as a suitable candidate for study for the following reasoas:
(1) this type of polymer is known to form strong complexes with lithium salts7,

(2) the N~alkylation makes the polymer aprotic and so its stability in contact
with a lithium anode in a cell is likely to be higher than in poly(aziridine)
itself,

(3) it contains a high density of potentially coordinating nitrogen atoms,

(%) belng a tertiary amine, it should be very stable to reduction and moderately

so to oxidation in the cell,

(5) it should have a low glass transition temperature making it flexible and the
polymer chain segments mobile in the intended operating temperature range; a

glass transition temperature of -50°C is quoted for the analogous N-methyl

8

derivative” of molecular weight 11000,
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(o) the pendant propyl groups are expected to make crystallisation less easy in

the polyner/salt complex.

Section 2 summarises the preparative route to the polymer, further details of which
are given in Appeadix A.  Section 3 describes the formation and properties of the
polymer/salt compositions and section 4 describes their conductivity measurement and the
results obtained. Section 5 compares these results with those previously obtained for

other polymer electrolytes.

The electrical conductivity of a poly(N-methylaziridine)/lithium salt couplex has

heen briefly meationed in a patent9 but few details were given.

z SYNTHESLS OF POLY(N-PROPYLAZIRIDINE)

N-Alkylaziridines readily undergo ring-opening polymerisation in the presence of
Lewis acid catalysts hut the product polymers lack well-defined structures because of
branching, formaticn of quaternary ammonium centres and possibly macrocyclic rings.

Conversion of monomer is incomplete and the polymers way be contaminated with

: i
oligomers v,

For these redsons, a sample of linear PPA was prepared in this work by the high-

yield conversion of 2-ethyl-2-oxazoline to poly(N-propionylaziridine) according to the

o : . 1 . . . .
method of Basstrll‘, followed by the reduction of this intermediate polymer to the
12

desired product by modifying the wmethod of Saegusa 2. The reactions may be represented

as follows:

N aethyl tosylate LiAlHa

1 fci_cH N(coEt)F ——== JcH cH N(cH Ee)F

‘ o 272 1 . 2 R Y
0-C~gr 120°C 50°C

Preparative details are given in Appendix A. The product was a transparent pale
yellow viscous syrup and its composition and structure were confirmed by elemental
analysis, infra-red (IR) and nuclear magnetic resonance (NMR) spectroscopy; no major
impurities were present. An attempt to determine the molecular weight distribution of
the polymer by gel permeation chromatography was unsuccessful due possibly to its strong
adsorption on the column material. However a molecular weight average of only a few
thousand is to be expected from litecrature reportsli and this was supported by its NMR
spectrum (Appendix A) in which several minor 'impurity' resonances could be attributed to

a significant end-group concentration,

3 FORMATION AND NATURE OF POLYMER/SALT COMPOSLTIONS

Direct spectrouscopic evidence for the coordination of the lithium ion by polymers
and its distribution therein has been difficult to obtain but was interred in PEO/salt
~omplexes by TLi NMR spe«:trusopy5 and hy extended X-ray absorption fine structure
(Exars) e, However, evidence for polymer—-salt interactions can also be obtained simply
by observing the number of phases remaining after ensuring the intimate mixing of the

catefally deied polymer and salt using a co-solvent and then completely removing the
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latter. Thus a sample of PPA (1.U0 ) was driled by heating it ander vacuuaw at 130°¢C toc

2 hours and was treated, after cooling, with a solution containing 0.313 g ot LiCLUQ in

o.b 5 of tetrahydroturan (THF) to give a l:4% molar ratio ot salt:polymer repeat unit. -
The salt was previously dried by heating it at 150YC for o hours ila vacuo and the THE was - ) 4
freshly distilled from lithium alunininn hydride. When the solution was coupletely ; o -
houwogeneous, solveut was slowly removed under reduced pressure to ensure that noue ot the ‘;j“ ;:‘:
material escaped tfrom the pre-weighed reaction vessel. The vessel and contents were then N {

baked in vacuo at 150°C for 10 hours until the total weight of the contents was 10 more
than 5 ag dirterent from th2 sum of the weights of polymer and salt taken. This S
indicated virtually cogplete solvent removal and the product was a transparent yellow P

hard tough gum containing no solid lithium perchlorate phase. [t was therefore concladed

that, in the absence of coordinating species other than the polymer {itselr, an amorphous
polymer/salt composition had been formed. The stoichiometry and phase limits of the

complex were unot further iavestigated.

Further solvent-free polymer-salt compositions were prepared in 1 similar maaner, ~
containing dirferent salt:polymer repeat unit ratios in the range 1:1000 to l:4. All
preparations were carried out either in a glove-box coantaining air of water content 4 ppm
by volume or under vacuum to minimise water absorption. THE solvent and Lithium
perchlorate were also dried before use. The resulting compositions were all transparent
single-phase systems but their viscosities at 20°C increased markedly as the salt o
concentration increased, from viscous syrups similar to the undoped polymer at a 1:1000
stoichiometry through soft elastic gums at a }:30 rativ to tough resins at more salt- -
rich levels. No quantitative viscosity data was obtained because insufficient material

was available. This marked thickening effect during salt incorporation parallels that

observed in the poly{(proupylene oxide)/lithium perchlorate systemls. The present

compositions were therefore mostly liquid-like and not suitable for casting as films on R
‘non-stick' surfaces by solvent evaporation from solutions. This was because of the .
difticulty of peeling them from the surface due to their strongly adhesive properties. i i

For electrolyte film formation it was therefore found to be more satisfactory to either _!!”_
spread the coaposition dirzctly onto the surface of one electrode at ambient teamperature . o
if Lt was mobile enough, or else to apply it when it had softened after heating. '}:_i

Complete coverage of the electrode surfaces was ensured by pressing the electrodes
8 Y p 8

together until the compositina just extruded around the whole perimeter of the narrow gap PY Ps
i between the flat electrode faces. The 1:15 and 1:7 lithium perchlorate compositions i '?
:} needed to be applied and extraded whilst still hot; the analogous 1:4% composition :
; renaiied zlassy and impenetrable even at 1307¢ so no conductivity measaremeats could he _-‘
] made. )

[ CONDUCTIVITY MEASUREMENTS - 1
4.1 Procedur.:

The cell asseabiy (Fig 1) was placed in a1 glass tube ia the glove=-box and
elocteical and theraseonple connections sealed throueh the ead of the tabe endhled the ® ®

vievtrolyte condactivity to be weasared over 4 Leaperatare vange 20=100"Ce Temperature

'
"
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! was controlled by a Buchi T-30 drying oven of which the plass tube formed the drying 1
e tube. The upper tewmperature was limited to 100°C because the temperature tange of most R
: interest tor the preseat anplication was thereby covered and because the cell contained o
PIFE insulators and epoxy-resin joints which could degrade at higher temperatures.
(Another cell allowing simultincous electerolyte thickness and pressure measurements and .
operible over 1 wider teaperature range (s under coustruction). J
E. After allowing the teaperature of the cell to stabilise, the electrulyte resistance . o .J
: wis estimated by recording the ac ifapedance of the cell and representing it in the . :
complex plane using a Solarteon 1250 trequency response analyser in conjunction with a ::::
:: i Solartron 1186 electrochemical intertface.  Lmpedance measurements were made over a 3
! Y okHz ey DLl z frequency range decreasing at oa rate of six logarithnic steps per ® ®
' decade, and nsing 4 10 ko standard resistor for curreat measurement. The integration i
: tine wias 3 seconds at cach {rejquency.  The sample temperature was then increased in steps .
: o about 20°C and the resistince re-measured.  Measureaents taken over a 20-100-20°C 1
! cvele indicited virtually no nysteresis in the conductivity-temperature plots (see below) ;
;. and sugygested that the electrode separation did not change significantly during cycling. ¢ . 1
ﬁ Impedance plots ot the type shown in Fig 2 were obtained at the higher temperatures where )
[ the electrolyte conductivity was highest. Plots similar to Fig 3 were obtained at lower S
' temperitures, and the semicircular portions at high frequencies approximated to the i
idealised model of the electrolyte resistance shunted with the geowetric capacitance, ° ) 1
enibling estimates of this and the dielectric constant to be made. The magnitude of the ]
clectroiste resistance, R, was taken as the value measured aleng the z' axis at the
point of iatersection of it with the extrapolated Low—frequency 'spike', as shown in the . ]

tigures.

€

The electrolyte thickness, L , was estimated vptically at the end of the

.
3 .
‘: . heating/cooling cvele ana measurement of the electrode area A  enabled the specific con- N
[

. . -~
E ductivity 5 (ohm™* c¢n *) to be caleulated using the formula N

.-:;
b . .
[ J £ ®
— 5= =, b '
. AR o
, . R
- |
- The estimated ervrors in the measured parameters were X
‘ clectrolyte resistance, R (ohm) vy ' 4
.. temperature, T (xelvin) 027 _. ® <
S )
electrode area, A (cm”) up to 10% if alignment is poor

- clectrolvte thickness, « (cm) large, perhaps up to 07,

Thus by far the largest ancertainty in the conductivity results was caused by the very

N
R )

o cruade estination ol clectrolyte thivkness asiang the present cell arrangement and by the L] ®

ik

flauid natare of the compositions.  Jther geometrical tactors having a marked effect on
' Accuracy WJoete inpertoctions i the Dhatness aad smoothiess ot the electrode surfaces,

' deviations tron a periect iy parallel sartiace alisnment and very slight non-coincidence of

° the electrode cylindrical axe-o  Thus condanccivity measarements made at divterent

temperatiares Por one saple dar g a0 temperatare cevole can o be conpared with greater
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coar ideuce than ¢ the absolute magnitude ot the conductivities ot ditterent samples at
the sa4ae tempetature, since the cell geometrey did not sigaiticantly change during
cveling.

A2 Resules
The inpedance spectrum ot the uacomplexed polrace consisted nerely ot oa

continuousts Laereasing capacitative redactance s the frequency was decreased and so (s
. ‘ \
P f \ Y -1 - . -
specific conductivity was Lmneasurably low - less thaa 10 ol cntoar 20°¢. The
conductivities o severtl olymer,/salt vcompositioas are given Do Table 1. They show

aarked Lacrease as the coacentriation or lithiun perchlorate in them increases trom zero,

through 1 11100 stoichiometry, but reach o temperature=dependent maximum as the salt

concentrition (ncreases over a4 130 to 1:7 cange, as shown in Fig 4 at ¢ ‘rent
remperatares.  The teaperature—dependeace of the conductivity is plott « Arrhenius

form i Flg e The toaperature range was oo limited to be able to distinguish clearly
hetWeen Arrhienius and free=volume nodels tor the conduction process but t. onductivity-
tenperatare behaviour of nost compositions approximates to the linear Arrhenius torn,
enabling activation encrgies to be calealated.  These are also indicated in Table 1 tor
cach conposition together with averaged estimated values for the geometrical capacitance
() and dielectric constant () ot each electrolyte.  These values were estimated trom

%
the trequencies 1% corresponding to the points ot maximum reactance in the semicircular

portions of the lapediance plots of the coupositions (see Fig 3) using the fornulae:

| C o
C = - and [ = "’b_ = N
& 2n kR £ A 2m Ry
U
Wiere - is the pernittivity of tree space (8.8 x i farad/cm).

N
Both the activation encrgies and the geonetrical capacitances increased as the salt
concentration increased and the compositions became tougher, the activation energy rising

from ahouat 20-30 kJ/mol aad the capacitance fron about 295=170 pF over the studied range.

The eftect on conductivity of difterent anion shape was also stadied by preparing a
P20 compositinn containing LiCF350 in place of the perchlorate salt, using a procedure
similar ty that Jdescribed in section 3 but with acetonitrile as co-solvent (Appendix B),
Lts conductivity at 207C (Table 1) appeared slightly, thouzh not very sigaiticantly,
Hrcter than comparablae Li(lH; compositions, but any slight advantaye appeared to be lTost
At higther teaperatares becauase of the lower activation energy.e  This amaterial was
siisntly less viscous at o piven temperature than the analogous 1T:1H and 1030 Lilllﬂa

Coapositions.
) DISCrssion

[t was iatended that the above polyaer/salt compositions, though Liquid=like in ot
possessing any loay-riange ordering, should at Lleast show some resistance to flow over the
whole o the neasare ! teaperatare canges Howevere, they all tended to ilow under applied
pressare ar 190700 and even at 2070 in the case ot the dilute complexes, so that all

tesareacat s o dere done avder csseatiatly zern loads These aatecials can thus be compared

3

4
-
_
Ty
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), - pobi it solutioas ot Lty salts in aprotic orgade solveats sach as J
;: U, 2=dimethoxyvetiiane, aad also wiz o Lithinm perchlorate solations v other coordiaatiag, @ ()
. . . . Lo bs e
Lipuid nolvaers sach as polvpropyvlieae oxide), PPO, ot Los molecular weight' o The
) S ‘ - - -1 . . . ,
toraer teypically show coadactivities ot the order ot 1) ol ™t o at 257¢, whilst the

correspond iy values tor Uhe Litter aad toc the peeseat Liclo, /PPA materials reach @mixinmag
B
- . - - . .2 o . . . .
ol the order ot 1 and 1o tespectively (see Fig 4). The PPA stadied in this work,
heiag a tectiary amiae polvmer, is one of the closest nitvogen analogues ot the

aalisethers oi Wwhich PPO L5 exaple. Not surprisingly theretore the behaviour ot the C .

two polrsuers atftec incorporation of LICLO, is very similar in:
4

(H the depondence ot the condactivity on salt concentration, ) ]
(A tite shirt of the conduct ivity maxima to higher salt concentrations with an * o 1
icrease {1 temperiture (from about 1:20 at 25°C to about 1:10 at 100°C for
PPA), ‘J
3) the marked increase in viscosity ot the compositions withh an increase in salt j
Sonceatration, L4 L y
(+) the lacrease Ln Arrhenius activation eunergy with increasing salt
coqcentration in this study and one on an analogous block copolymer system . ’ .
contatning propylene oxide SC({UC“CUSlb’
‘ ) . . o . ® L
() the slight ioprovencat in conductivity obtained at low temperature by - - 1
substitating Lit;m,4 by LiCF}SO,} (again comparing this work with that on the
1oove hlock copolymer). N
olloawing these analogies, it is reasoible to assume that the conductivity of the ' J
LT /PPA composls s, il ceaay [00U- old less than their PPO analogues, would be even o A4 A
Lower it their creep resistance could be improved by the use of a polymer of higher 4
wolecnlar weight, since such 4 decredase was found for the PPO/lithium salt systemls.
The w-h lower conductivity of the PPA/salt system compared with the PPO/salt 4
complexes could be due to thie existence of strony ion-pairing in the former, rather than : o i
slaply to the stronger polymer-cation interaction. This is because the anions should 1
still hbe freely mobile and conducting in the case where the lithium cations are totally
eaveloped by chelation with the polymer amine groups. However the formation of ion pairs
[ the present work is wore dirticalt to envisage because of the excess of coordinating ° °®
Nitrogen atoms above the presuned maximan four-tfold coordination around the lithium fon i ?
il because ot the lower Lendenc: Uor anions such as perchlorate to ion-pair, as compated - ‘_
to o nalide ions. ’ ~.‘
Py Lon=pairiag 15 <uown Uy decrease the conductivity of PEO/sodium horohydride ° ® |
4 «‘vur\ple\(es.‘v and wis postelated i oligomeric 'mnlngn,mSV ot the PPA/salt compositions to ' 1
b explain cheir musailly high solubility in hydrocarbons.  The stractare of a complex
1 Coraed between Lithium chloride and v tridentate amine was believed to be
S
@ ® L
b
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and evidence for the streagth of the cation-polymer interaction was obtained from the NMR
spactra of the sotutionst®. The conductivity of the analogous bromide comnplex was
claimed to he as high as 5.2 x 1w ohm—l cm*l in the molten state at [10°C. The same
pdtent7 also described the formation of a 1:3 complex between lithium bromide and
poly(N-methylaziridine) of nolecular weight 10000 but this was hydrocarbon-insoluble and

no conductivity data was giveu.

It is also noteworthy that the poor conductivities of the PPA/salt zompositions
compared to those of the polyether/salt complexes are not attributable to low dielectric
constant values since they are similar in magnitude to those found for both PEO/LiSCN

complexes (€ = 17)® and PPO/zinc chloride complexes (e = 20).

The conductivity-temperature behaviour of the 1:15 LiCLOA/PPA composition is
compared in Fiy 6 with published data on a variety of lithium salt/polymer compositions
by different authors. Clearly the conductivity of this complex lies near the bottowm end
of the observed range, though it is equally as conducting at 20°C as several of the
complexes of LiSCN or LiCF3SOZ with PEO and PPO. It is also apparent that the only
compositions whose conductivities presently exceed 107° ohm™' cm™' at 20°C are those
containing either solvents such as propylene carbonate or ones made from low-molecular-
weight liquid polymers giving very fluid polymer/salt compositions. The so-called
"high-purity' amorphous LiClOQ/PEO complexes are almost as conducting but since this is

believed to be due to rhe presence of traces of water!®

, they are probably unsuitable as
battery electrolytes. Poly(ether-urethane) gels containing LiCLO& without other solvents

were vety poor conductors.
) CONCLUS LONS
(i) A low molecular weight liquid poly(N-propylaziridine) formed single-phase amorphous

compositions with lithium perchlorate over a range of stoichiometries from 1:1000 to

1:4, based on the molar ratio of the saltipolymer cepeat unit.

(ii) As the salt zoncentration in the polymer was increased both the viscosity and the
electeical eonductivity of the compositions increased. However the conductivity reached
its maximun at 25°C at ahbout a4 1:20) stoichiometry when the material was a soft gum,
bacomiag slightly less conducting as the consistency became tough and resinous with

fauarther salt iddition.

(1ii) An analogous 1:20 LiCF}SO}:polymer composition was slightly more conducting at 20°
but less so0 at higher temperatures.
(iv) The best conductivity of about 9 x 1077 ohn™t el ar 25°C was comparable with

those of some LiCF}SU}/poLy(ethylunv oxide) conplexes but the conductivity was lower than

the latter at higher temperatures aad the conpositions were 4lso more susceptible to craep.
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(v) The poly(N-propylaziridine)/lithium salt compositions were electrically and mechan-

ically unsuitable as 'solid' electrolytes for lithium batteries operating at ambient

temperature.

(vi) The low conductivities of the present materials were believed to be due to ion-
pairing and their relatively high fluidity to the low molecular weight of the polymer.
Further work on polymer electrolytes should therefore concentrate on using higher

molecular-weight polymers better able to promote ion separation and mobility.
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Appendix A
SYNTHESIS AND CHARACTERISATION OF POLYMERS

(see section 2)

Poly(N-propionylaziridine)

2-Ethyl-2-oxazoline (Aldrich, 99%, used as received) was deoxygenated and 312 g was
then treated with methyl p-toluenesulphonate (Aldrich, 0.25 g) at ambient temperature.
The solution was then heated at 120°C for 20 hours under a nitrogen atmosphere. There
was no evidence of polymerisation so a further aliquot (0.16 g) of initiator was added
after cooling. After a further period of 2 hours at 120°C an exothermic polymerisation
reaction occurred which continued for 1 hour without the need for external heating. The
temperature was malntained at 120°C for a further 2 hours using an oil bath to ensure
complete conversion and the reaction mixture was then cooled slowly to 20°C. The tough
gummy product was dissolved over several days in dichloromethane which had previously
been dried by distillation from lithium aluminium hydride and the solvent weight was

adjusted to give a 30 wt% stock solution of poly(N-propionylaziridine).

Tests showed taat the product was dissolved or swollen by the majority of common
organic solvents but could be precipitated from solution by n-hexane or diethyl ether.
However, in both cases, it precipitated in a slightly swollen state as a gum. Diethyl
ether was the more satisfactory precipitant and so the polymer was purified in portions
by slowly adding the dichloromethane concentrate into an excess of vigorously stirred
diethyl ether. The gummy precipitate was washed with ether then dried in a vacuum oven
The resulting brittle foamy mass could then be powdered to

Yield = 80%. Analysis:

at 40°C over uvne week.

facilitate further drying as above.
r ired for CH NO =~
equire sty

found -

60.6%C; 9.15%H; 14.1%N

59.2%C; 9.1%ZH; 13.7AN .

No significant endothermic events were observed in the differential scanning calorimeter
plots of the pure polymer in the temperature range -35 to 250°C, apart from very small
endotherms at 148 and 233°C. The melting transition at 148°C could be reproduced on a
larger scale by observing the softening and fusion of the white solid into a transparent
The transition therefore occurred in the range

expected (140-210°C) for this type of polymerll.

mass at approximately this temperature.
The infra-red (IR) spectrum of the
polymer (Table 2) is similar to that previously reported for poly(N-acylaziridines) and

shows a strong amide carbonyl absorption at 1640 cn”t.

Poly(N-propylaziridine)

The reduction of the acyl polymer was carried out exclusively in tetrahydrofuran
since previous tests had shown thfs to be a good solvent for the polymer, {n contrast to
an earlier finding2, A sample of the dried acyl polymer (54 g) was dissolved in
tetcahydrofuran (1120 g) which was freshly distilled from lithium aluminfum hydride. The
solution was deaerated in a three-necked flask and a slurry of lith{um aluminium hydride

(18.5 g) fn dry tetrahydrofuran (40 g) was added to the stirred solution against a
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Appendix A

counter—current of nitrogen. A gelatinous precipitate formed immediately which preveated

eftficient stirring and the mixture was then maiatained at 50°C for two days under
nitrogen. Aftec this time, the gel remained and a further 6 g of hydride was added.
Heating was continued for a further 15 hours. After cooling to ambient temperature, the
mixture was hydrolysed in portions by traunsferring it to a large beaker maintained in an
ice=bath and adding distilled water dropwise to the vigorously stirred mixture. The gel
dissolved and a fine white suspension formed which was filtered off. Solvent was removed
from the filtrate in a rotary evaporator and the viscous product was dissolved in

n-hexane, centrifuged to remove residual solid and stripped of solvent under vacuunm

yielding 26 g of viscous liquid poly(N-propylaziridine). Analysis:
required for CSHllN - 70,5%C; 13.0%H; 16.5%N
found - 69.5%C; 12.5%H; 16.9%N

(total 98.9%) .

An attempt was made to purify a portion of the product according to the acid

12

extraction procedure but the recovered yield was low and the acidified

of Saegusa

polymer was found to be highly susceptible to complex formation with metal ions yielding

insolutle products. Polymer/salt compositions were therefore prepared directly from the

crude product.

The IR spectrum of the polymer (Table 2) was similar to that previously recorded

for the analogous ethyl polymer as well as to the model compound tetraethylethylene-
12, and differs from the spectrum of the acyl derivative in showing virtually no

absorptions in either the 3000-4000 cm™!

diamine
raange or in the carbonyl stretching region; a

carbon~hydrogen stretching absorption is also shifted to lower frequency (2805 cm-l) in
1

the spectrum of the reduced polymer. Impurity absorptions preseat at 3310 and 1655 cm”

could possibly be due to slight protonation of a few of the amine groups or to the

presence of a trace of poly(aziridine) in the sample.

No endothermic events were observed during repeated differential scanning calori-
metry cycling of the polymer over a -35 to 170°C range. Likewise, a polymer/lithium

perchlorate composition showed no traansitions over a -50 to 200°C range.

The 'H NMR spectrum of poly(N-propylaziridine) (Table 3) confirmed its overall

structure, showing four distinct resonances due to the four differeant proton enviroaments

at the expected chemical shifts. A Be sk spectrum (decoupled) further exposed two sets Ff?f3i??:?’
of minor impurity resonances, one of which was probably associated with the :f.:f }‘ .
‘*CHZN[CH(OH)Czﬂs]CHE} grouping and the other with polymer end-groups. The impurity ?f;:-.' .
peaks in the IR spectrum at 1655 and 3310 cm™' could also be attributable to a hydroxyl L $1
group of the type {ndicated. -@ . L

O
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Appendix B

PREPARATLON OF A POLY(N-PROPYLAZIRIDINE)/LiCF_S0, COMPOSLTION _ A -'J

3773
.o
(see section 4.2) g 4
) : 9
A crude sample of lithium trifluoromethanesulphonate (Ventron, 3.25 g) was purified J
4
by dissolving it in AR acetone (4.5 g) in a glove-box, centrifuging off the insoluble : . J
solid in a sealed tube, evaporating the clear filtrate to dryness and drying the ". .
Tt v .Y
resulting powder to constant weight in a vacuum drier at 100°C. This was combined with T

the dried solid from a second extraction yielding 1.8 g of solid which completely

dissolved in acetone and acetonitrile.

A solution of 0.51 g of the salt in freshly dried acetonitrile was prepared, giving - T
a total solution weight of 5.63 g. 0.86 g of this was mixed with 0.84 g of polymer in a ¢ ¢
short B9 test tube giving a 1:20 molar ratio of salt to polymer repeat units. A milky |
solution formed which cleared on evaporating the solvent and the resulting foamy mass ]
softened on heating under vacuum to a clear pale yellow viscous liquid. The material was ‘

applied when still hot to the electrodes as described in section 3 above. ® ®
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Table 1
ELECTRICAL DATA ON POLY(N-PROPYLAZIRIDINE)/SALT COMPOSITIONS
Salt Salt :C")Hl lN Temp. Conductivity AC::‘:‘::;OH cgs(::iz:;ze Dielectric
molar ratio | (°C) (oha™! cn”!) (kJ/mol) (pF) constant

k__;;ne - 20 < 10710 - 25 11

LiC10, 1:100 24 8.5 x 10710 20 39 18
33 3.7 x 107°
39 5.2 x 107
59 | 1.4 x 1078
80 | 4.4 x 1078
102 | 1.1 x 1077

LiCl0, 1:30 23 | 5.9 x 1079 24.5 39 17
32 | 1.5 x 1078
37.5 | 1.8 x 1078
48 | 4.4 x 1078
58.5 { 8.1 x 1078
69.5 | 1.6 x 1077
79 | 2.4 x 1077
100.5 | 6.3 x 1077

Licio, 1:15 19 | 4.3 x 107° 13 77 13
27.5 | 1.2 x 1078
37.5 | 2.1 x 1078
47 | 7.45 x 1078
57.5 | 1.3 x 1077
68.5 | 4.3 x 1077
78 | 5.9 x 107/
94 | 2.4 x 107®

Lic10, 1:7 29.5 | 6.0 x 107° 36 166 22
41 | 3.0 x 1078
49 | 4.5 x 1078
59.5 | 1.5 x 1077
69.5 | 2.8 x 1077
83 1.25 x 10°
94 | 1.5 x 107°
105 | 4.3 x 107

LICF S0, 1:20 20.8 | 1.1 x 1078 22 100 16
23.8 | 8.2 x 107°
38.7 | 3.2 x 1078
53.4 | 1.25 x 1077
58.1 | 1.19 x 10”7
79.5 | 3.2 x 1077

6.8

A A
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Table 2
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e IR TR
Polyner Lufra-red absorptions (cm™b)*
rkPoly(.\'—prupi.):lyllmiridinw) ilombr, 298Us, 294Us, 2880m, 1735wsh, lh4als,
1470s, 14255, 1375s, (320m, 1240m, 1200s, 1130w,
1O80m, lubSs, 915w, 820m
Poly(N-propylaziridine) 33lovw, 296Us, 29405, 2870s, 28U5s, 1655w, 1465s,
1380m, 1369sh, 1340m, 1295mbr, 1115sh, 1075s,
1025m, 9%0w, 885w, 770wsh, 745w
* 5 = strong, a = medium, w = weak, sh = shoulder, br = broad, v = very
Table 3
ﬂ'ﬁ{ _SE’ECTRA OF POLY(N-PROPYLAZIRIDINE)
lmﬁﬂ_"wﬁ - h 1 T“-—_—Tﬁa_
ics Re lat ive
| Nuc leus ¢ ew%cx .e i lYL Assignment** Remarks
i shiftt* intensity
RS Y G ————— e ——— 4.
‘H 299 87 (a + b) a singlet
H 2.45 - b multiplet
1.50 32 c nultiplet
0.85 42 d triplet
; 1
X  (decoupled) 57.17 B singlet
52.95 A "
20,28 C "
1L.67 D "
86.89
56.79
54.46 - -
51.10 - . _}.‘
47.05 > 4% of A+ B+ C + D | end-groups plus . L
31.33 minor impurities S
22.139 . ‘.vﬂl
13.89 -
8.69 | ® ® ,
R SR IU D I - S
*  tetramethylsilane = 0 for Iy 1
Ad Aa S
R
** assignments refer to the tollowing: —%CHE—CHE—N); ]
b |H . ¢ 1
Bh C :
2 .
Cc LHZ 5
Dd CH L
3 o
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b
t No. Lomposition Reference
11 Ko
- 1 (PEO) _LACF_SO Solid State lonics, 11, (1), 91 (1983)
8 33 | Armand}
2 (PRO) . LICF S0, Solid State lontcs, 2, 347 (1981) {Steele]
3 (PEO) | LICF,SO, Solid State Ionics, 2, 347 (1981) {Steele]
4 (PEO) LICF 50, Solid State lonice, 2, 347 (1981) [Steele]
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