LI GHT EM TTI NG COVWPLEX SALTS This invention relates to light-emtting
conplex salts, and uses thereof. Conpounds having various light-emtting
char act erwetzn@x4§m0g. fl uorescence, phosphorescence, el ectrraBussmereence,
etc.) find utility in a wide range of industrial applications. Exanples

I ncl ude i magi ng and di splay devices, electrooptical devices and assay
procedures. For exanple, fluorescent, phosphorescent and el ectrol um nescent

conmpounds L{‘G[Jﬁ FErIRRP CEmPLEX gALTSe manufacture of cathode ray tubes,
fl uorescen ubes, X-ray-imaging screens, radiation detectors, toys and

other recreati onal devices, signs, light-emtting solid state devices etc.
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cathode ray tubes, fluorescent tubes, X ray |mag|ng screens, radiation detectors,
toys and other recreational devices, signs, light-emitting solid state devices etc.
Generally inorganic phosphors are used in such applications and these have the

disadvantage that they require complex deposition techniques.

Other display devices are passive in the sense of utilising components that
modulate another light source. Examples include liquid crystal displays of the
kind found in mobile telephones, calculators, computer screens and flat-screen
television displays. Although more convenient to manufacture than cathode ray
tube displays, such devices require a separate light source and the materials from
which they are manufactured tend to deteriorate with time.

The present invention seeks to address these problems and has done so by
providing a new class of light emitting compounds that comprise complex salts
formed between a complexed metal anion and a selected organic cat ion. It has
been found that by appropriate selection of the complexed metal anion and the
organic cation, compounds having a wide range of desirable physical properties
may be produced. For example, the basic light emitting properties of the
complexes may be predetermined by appropriate selection of the metal and its
associated ligand.  Similarly, properties such as melting point and solubility in
organic solvents may be determined by appropriate selection of the organic
cation. It has also been found that the organic cation can affect the luminescent

properties of the complex as a whole.



been found that by appropriate selection of the conpl exed netal anion and
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of the present invention there is provided the use of conplex salts having
the formul Acé&r@fn%] td"ag@ aspadtidiothl plddehfinvdifibR! thef@ Ts brodided thE ke BF = 1
or 2, p=3, 4 or o;

complex salts having the formula

([Org]™)m - (IM(LG)p]™ n A)
wherein m=1,2,3o0r4;
n=1or2;
p=3,4,50r6;
M is a metal;

each Lg, which may be the same or

different, represents a ligand; and

[Org]™ represents an organic cation
in the manufacture of a luminescent display device, in the manufacture of a
coating material, e.g. a paint, or for incorporation into a plastics composition. By
“luminescent display device” is meant a device wherein in use, the device
produces a fluorescent, phosphorescent or electroluminescent light signal. The
device is preferably used for visual display applications. The device is preferably
used for visual display applications. Examples of coating materials include paints

and inks.

Complex salts having the formula (A) and which (1) exhibit at least one light
emitting property selected from (a) fluorescence, (b) phosphorescence, and (c)
electroluminescence when in the solid state, (2) have a melting point below
250°C., preferably below 200°C., and (3) are capable of forming ionic liquids when

molten are novel and form a further aspect of the present invention.



Mis a netal; each Lg, which may be the sane or different, represents a
ligand; and [Org] p+ represents an organic cation in the manufacture of a
| um nescewO 2do6aEBBEY device, in the manufacture of a coatrcmgGBrassaniehl, e.g.
a paint, or for incorporation into a plastics conposition. By "l um nescent
di spl ay device" is neant a device wherein in use, the device produces a
fluorescent, phosphorescent or el ectrolum nescent |ight signal. The device
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which (1) exhibit at, Le o] i ..emtting property selected from(a)
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land (3) are capable of form ng ionic |iquids when nolten are novel and
forma further wWh@@h of MHelpZed®ith i nvention. The invention further

provi des conplex salts hals(l:npoﬁae formula ([Orglnt)ym. ([MLg)J )" (A
wherein m=1, 2, 3 or 4, n = br 2; p =3, 4, 5 or 6;

p=34,5o0r6;

M is a metal;

each Lg, which may be the same or

different, represents a ligand; and

[Org]™ represents an organic cation
with the proviso that when M is Mn, the organic cation [Org]™ is (a) other than
tetramethylammonium, tetraethylammonium, tetrabutylammonium, trimethyl-
phenylphosphonium and triphenylmethylphosphonium,

For a given anion, ((M(Lg),]™ )n, complex salts according to the invention can be
produced with a range of selected physical properties, such as melting point and
solubility in organic solvents. Thus, complex salts according to the invention may
have melting points below 180°C., below 150°C., below 125°C. and in some

instances below 100°C.

The values of m, n and p will depend upon the valence state and coordination
number of metal M. Typically, for a four-coordinated metal ion in the +2 oxidation
state, such as manganese (Il), m will be 2, n will be 1 and p will be 4. With other

metal ions, p may have other values, e.g. 5 or 6.

Examples of metals “M” include Group VIl or Viil metals,'e.g. manganese or
ruthenium and examples of ligand Lg (each Lg may be the same or different) are
halogen, especially chlorine or bromine.

Typical formulae for the anion ([M(Lg)e]™) include (IM(Ch]™) or (IM(Br),]™),
especially ((M(CN4J¥) or (M(Br)4]*). E.g. where the metal is manganese, the
anions may, for example, be of formulae ([Mn(Cl)4]%) or ((Mn(Br)4%).
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Mis a netal; each Lg, which may be the sane or different, represents a

| i gand; and [OrgJn+ represents an organic cation with the proviso that when
Mis M, wbeoawmganoc cation [Org]p+ is (a) other than teCraBiésdosarmoni um
tetraet hyl ammoni um tetrabutyl ammoni um trinet hyl phenyl phosphoni um and

tri phenyl net hyl phosphoni um For a given anion, ([MLg) p]m- )n, conplex
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6. Exanples o I ncl ude Group VIT or VIIT metals, e.g. nmanganese

or rut henlmim([énﬁ%]e)sord{EME’gkﬂch Lg (each Lg may be the sanme or
different) are hal ogen, especially chlorine or brom ne. Typical fornul ae

for the anion ([MLg)PD include ([MC)PD or ([MBr)pp),
Physical properties such as meliing point, solubility in organic solvents and light-

emitting characteristics of the light-emitting complex salts of the invention are
dependent to a large extent on the size, structure and hydrophobicity of the
organic cation [Org]™ .

Generally the molecular weight of [Org]™ should be less than 1000, preferably
less than 500 and most preferably less than 250. Thus when [Org]™ is a tertiary
ammonium or tertiary phosphonium cation of formulae (NROR'RR)* or
(PRER"R'R))* as defined below, the groups R? R" R' and R! will preferably each
contain less than 30 carbon atoms, and most preferably less than 20 carbon
atoms. In preferred embodiments of complex light emitting salts according to the
invention of formufae (NR°R"R'R)* or (PRR"R'IR)* one of R?, R", R' and R will
have from 1 to 20 carbon atoms and the remainder from 1 to 6 carbon atoms. In
particularly preferred compounds, one of R?, R", R' and R will have from 10 to
20 carbon atoms and the remainder from 1 to 6 carbon atoms.

In preferred complex salts according to the invention [Org]™ is heterocyclic cation,
especially ones comprising a heterocyclic nucleus selected from pyridine,

pyridazine, pyrimidine, pyrazine, imidazole, pyrazole, oxazole and triazole.

Again the molecular weight of [Org]™ should be less than 1000, preferably less
than 500 and most preferably less than 250. Thus when [Org]™ is a substituted
heterocyclic nucleus selected from pyridine, pyridazine, pyrimidine, pyrazine,
imidazole, pyrazole, oxazole and triazole the substituents (e.g. substituents R?
R®, R RY, R® and R’ defined below) will preferably each contain less than 30

carbon atoms, and most preferably less than 20 carbon atoms. In preferred
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especially ([MC)4]2") or ([MBr)4]2' ) . E.g. where the netal is
manganese, the anions may, for exanple, be of forrmulae ([W(Cl)4]2") or

([ Mn(Br) wp2b)c/o46xither exanpl es of netal s, include |ant haoresRoeuoh2as
ceriumor europium In these cases the anion ([MLg)p]m) nay have the
formula ([MLg)6]3 ) . E.g ([MLg)pf ) may have the formula ([MCI)6]3 ) or
([MBr)6]3-). Mire specifically in the case of cerium the anion ([MLg)p]m
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The term “ionic liquid” as used herein refers to a liquid that is capable of being
produced by melting a solid, and when so produced, consists solely of ions. lonic
liquids may be derived from organic salts, especially salts of heterocyclic nitrogen-
containing compounds. Thus, in the context of the present invention, Org
preferably comprises a heterocyclic nucleus.

An ionic liquid may be formed from a homogeneous substance comprising one
species of cation and one species of anion, or can be composed of more than one
species of cation and/or anion. Thus, an ionic liquid may be composed of more
than one species of cation and one species of anion. An ionic liquid may further
be composed of one species of cation, and one or more species of anion. Thus
the mixed salts of the invention can comprise mixed salts containing anions and
cations in addition to the specified [Org]™ cations and [M(Lg),]™ anions. They
may further comprise mixed salts in which more than one species of the specified
[Org]™ cations and [M(Lg),]™ anions are present.

Thus, in summary, the term “ionic liquid” as used herein may refer to a
homogeneous composition consisting of a single salt (one cationic species and
one anionic species) or it may refer to a heterogeneous composition containing

more than one species of cation and/or more than one species of anion.



20 carbon atonms and the remainder from1 to 6 carbon atons. In preferred
conplex salts according to the invention [Org]ln+ is heterocyclic cation,
especi al Iwoanex4sanpri sing a heterocyclic nucl eus sel ecteed/dB2o00mqoyn2idi ne,
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liquids may be derived fromorganic salts, especially salts of heterocyclic
ni trogencont ai ni ng conpounds. Thus, in the context of the present

i nvent i orwoQ@o@/q@saber abl y conpri ses a heterocyclic nucl egs/GBanosmomie | i qui d
may be formed from a honobgeneous substance conprising one species of cation
and one species of anion, or can be conposed of nore than one species of
cation and/or anion. Thus, an ionic liquid nay be conposed of nobre than one
speci es of cation and one species of anion. An ionic liquid nmay further be
conposed of one species of cation, and one or nore species of anion. Thus
the m xed sdierginof the invention can conprise nixed salts containing ani ons

d cati i dit] h i fj orgJ
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Thus, in summary, the term"ionic " as used herein may refer to a
honogeneou@ll%ﬁb@ml@allsw g,f@m@lvgl@lphgw bgsgbﬂgu@dﬁ ong imthreaorennscselpetefes
and one ani S | r [
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ani on. The tadkapylyi onic |iquid" includes corrpounds havi ng both high nelting

t enper at ur und aving Low neltin oints .g. at .or, bel pw room
temper at ur & PR ABCRRSER' opRas 4% shme: of JIRGHY, S rdieath (Bdepansiaty
t emper at ur %felé&'ﬂé&frbhﬂ“' ds The conplex salts of the invention generally

are not preferred to be ' roomterrperature ifonic liquids" as normally the
light emtting profilhydregen,di mi ni shed or

a Cq to Cyp, (preferably Cq to Cz and more preferably C4 to Cq2)
straight chain or branched alkyl group, a C3 to Cs cycloalkyl group, or a Cs
to Cqo aryl group, wherein said alkyl, cycloalkyl or aryl groups are
unsubstituted or may be substituted by one to three groups selected from:
C; to Cg alkoxy, Cs to Cyparyl, CN, OH, NO,, C7 to C3p aralkyl and C7 to Cag
alkaryl, or
any two of R®, R%, RY, R® and R attached to adjacent carbon atoms form a
methylene chain -(CH2)4- wherein q is from 2 to 8, especially 3, 4 or 5.

Preferably, R® is an unsubstituted alkyl or cycloalkyl group as defined above. R®,
R°, RY, R® and R' are preferably hydrogen or Cs-1g alkyl. Examples of such
preferred compounds are ones in which one or two of of R?, R®, RY, R® and R
represent Cy-1p alkyl and the other three or four of R® RS, Rd, R® and Rf represent

hydrogen.

In preferred complex salts of the present invention, the cation is 1,3-
dialkylimidazolium. Other preferred cations include other substituted pyridinium or
alkyl- or poly-alkylpyridinium, alkyl imidazolium, imidazole, alkyl or poly-
alkylimidazolium, alkyl or polyalkylpyrazolium, ammonium, alkyl or polyalkyl
ammonium, alkyl or poly-alkyl phosphonium cations.

Particularly preferred ionic liquids are imidazolium, pyridinium or pyrazolium salts.

Thus those based on imidazolium cations may suitably have the formula:
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are lost when the conplex salts are in the liquid state. Surprisingly, a
fluorescent conplex salt according to the invention has been found to
retain i twof2basodenoence even when in the |liquid state a®CmdB0ésa0ae2scri bed
bel ow. As indicated, preferred conplex salts according to the invention
conprise conplex ions of al kylated or polyal kyl ated heteroaryl conpounds,
such as alkylated pyridine, pyridazine, pyrimdjne, pyrazine, imdazole,
pyrazol e, loxazol e d tri@@olk. Thus, exanpl es pf such cations include

t hose havilng o 0 1ig fo | a:wherein Ra i a G to C40 (preferably
Cl to C20 |and n%; erably to Cl2) straight chain or branched alkyl

group or g C3 to\C8jcycloal ky rourﬂ[M(}oﬁéﬁ]el)n spi d al kyl or cycl oal kyl
group whi dh may bstitute¢d y one to three proups selected from Cl to
C6 al koxy,|] C6 to CIR)aryl, CN , NO2, Cl1 to (BO_aralkyl and Cl1 to C30

al karyl ; a, R Rd, Re andd Rtcan be the same Br different and are each
I ndependently selected from hydrogen, a Cl to C40, (preferably Cl1 to C2o
and nore preferably C4 to Cl2) straight chain or branched al kyl group, a C3
to C8 cyclwheneil group, or a C6 to C10 aryl group, wherein said al kyl,

cycloal kyl or atth 85 QUL o WIRHDSH &Rk Sha BNS RAGdeRbT Lefibdyre t©

from C; to C4p straight chain or branched alkyl which may be substituted by

one fo three groups selected from: C4 to Cs alkoxy, Cg to C4g aryl, CN, OH,
NO,, C4 to Csp aralkyl and C, to Cjg alkary

- RXrepresents a C4 to Cqg straight chain or branched alkyl which may be
substituted by one to three groups selected from: C4 to Cg alkoxy, Cg to Cqo
aryl, CN, OH, NO3, C, to Cy aralkyl and C4 to C4q alkaryl,

- vyis0,1,2o0r3;

- M, Lg, m, n and p are as previously defined.

Those based on pyrazolium may suitably have the formula:
(R¥)y 1T 7]

T (M(Lg)pl™)

wherein

- each R* may be the same or different and each is independently selected
from Cqto Cy4 straight chain of branched alkyl which may be substituted by
one to three groups selected from: C¢ to Cg alkoxy, Cg to Cyo aryl, CN, OH,
NO;, Cq to C3g aralkyl and C4 to C5p alkary

- R* represents a C; to Cqp straight chain or branched alkyl which may be
substituted by one to three groups selected from: C, to Cg alkoxy, Cs to Cqo
aryl, CN, OH, NO,, C4 to Cyg aralkyl and C, to C1g alkaryl;

- yis0,1,20r3;

- M, Lg, m, n and p are as previously defined.



Cl to C6 al koxy, C6 to C10 aryl, CN, OH, N2, C7 to C30 aralkyl and C7 to
C30 al karyl, or any two of Rb, Rc, Rd, Re and Rf attached to adj acent

car bon atworodwmmia net hyl ene chain -(CH 2)g- wherein grPCc3/dB200n (4120 8,
especially 3, 4 or 5. Preferably, Ra is an unsubstituted al kyl or

cycl oal kyl group as defined above. Rb, Rc, Rd, Re and Rf are preferably
hydr ogen or C 10 al kyl. Exanpl es of such preferred conpounds are ones in

whi ch one QgolRalik é?e cB%plB@ saﬁEI bag@d @ﬁﬁ)ﬁﬁlm@ﬂﬁr@%l@% Heling Bedbltlilagnd t he

ot her three or four of Rb, d, Re an represent hydrogen. In

preferred conpl ex salt$RHyf the present I nventi on,

the cation is 1, 3-

di al kyl i m[dazol i um er preléerffed cations incl ude ot her substituted

pyri di ni um or al pol y-al Kyl pyri di nium alkyl imdazolium imdazole,
al kyl or pol yal kil i m dagoliumj &l kyl or polyal kyl pyrazol i um anmoni um

al kyl or polyal kyl ammhium al Kyl qumaq) | ky} phosphoni um cati ons.
Particularly pre r lonic ljiquids are I'mdaz¢lium pyridinium or
pyrazoliunp salts. TRus those Based on i m dazoligm cations may suitably have
t he formulja: wherein{- each Ra be the sane af different and each is

i ndependently sel ecrRed from G

to C40 straight chain or branched al kyl

whi ch may bﬁ Lﬁ?stituted by one to three groups selected from G to C
al koxy, €M o aryl, CN, OH N2, G to C30 aralkyl and G to C30 al kary

- R%is selected from C; to C4g straight chain or branched alkyl which may be
substituted by one to three groups selected from: Cy to Cg alkoxy, Cs to Cp
aryl, CN, OH, NO,, C4 to C3p aralkyl and C1 to Csq alkaryi;

- R*represents a Cq to Cqg straight chain or branched alkyl which may be
substituted by one to three groups selected from: C4 to Cg alkoxy, Cs to C1o
aryl, CN, OH, NO,, C, to Cy¢ aralkyl and C1 to C¢ alkaryl;

- yis0,1,20r3;

- M, Lg, m, n and p are as previously defined.

Preferably, in the above compounds, R? is independently selected from C4to Cy,
preferably C4 to Cg, and even more preferably, C4 to Cqz, straight chain or
branched alkyl.

In another exemplary class of compound according to the invention ([Org]™") may
be a quaternary ammonium or phosphonium ion (RR"RIRIN)* or (R°R"RRIP)* ,
wherein R R"' R' and R}, which may be the same or different represent

a Cy to Cyo, (preferably Cq to Czp and more preferably C4 to C2) straight chain or
branched alkyl group, a Cs to Cg cycloalkyl group, or a Cg to Cyp aryl group,
wherein said alkyl, cycloalkyl or aryl groups are unsubstituted or may be
substituted by one to three groups selected from: Cq to Cg alkoxy, Cs to Cyo aryl,
CN, OH, NO,, Cy to C3p aralkyl and C7 to C3p alkaryl, or any two of R® R R, R

form a methylene chain -(CHz)q- wherein q is from 2 fo 8, especially 3, 4 or 5.

Preferably, R%, R", R' and R! represent substituted or unsubstituted alkyl or
cycloalky!l or phenyl groups. The preferred alkyl and cycloalky!l groups preferably

9



- RX represents a G to G 0 straight chain or branched al kyl which may be
substituted by one to three groups selected from Cl to C al koxy, C6 to Cl10
aryl, CNwOHMpodd@2110Ci to C10 aral kyl and Cl to Cl0 al kargiriGB20gs/ios120, 1, 2
or 3; - M Lg, m n and p are as previously defined. Those based on

pyrazol i ugpAgyh faht dbby1 hassddnhatofry. nEkampldweobpreferredconfioumey dre dries same

or different and each is independently,selected, fromCl to C4 trai ght
chain or mwﬁ&ﬁbena R fwQuar dRreeagf 5’ éﬂrbéio gt g’drewe Fa*mr??'@é 3@%0&'65
sel ect eda%woln%{, ‘Ct)wé%cr)%e@ EBeentchQ 3\ hstithd 3, M, CL to C30

ar al kyl al kary - Rx represerts a G to éﬁo strai ght chain or
branched al kyl which may be substituted by one to three groups sel ected

from G ryl, CN, OH N2, Cl to C10 aral kyl and C1
to C10 al t&%ﬂ&?@*?&&&i%%r 3 - M Lg, m n and p are as previously
defined. AR ifveAtidH Riltiv BRBYseNbER I Mdva BethiPRitR pariiulriefdraht®RstHavi ng
the fornula: wherein - Rais selected fromC to Cdo straight chain or
branched &ckgmpanyilg drayings, Subdidhi ut ed by one to three groups sel ected

from C to C6 alkoxy, C6 to ClO aryl, CN1L OH, N2, C to C30 aral kyl and
Cl to C30 al karyl;

Figure 1 is a photograph of a sample of a manganese(ll) bromide room-
temperature ionic liquid of formula

[ S O\/] [MuBr,
| 2

Figure 2 is a photograph of the sample shown in Figure 1 alongside a
sample of [emim][MnBrg];

Figure 3 is a photograph of two tetrabromomanganate salts, and illustrates
the difference between compounds which are non-luminescent and
luminescent under UV irradiation. The colour is thought to be due to a
4T1g—BA1g Mn 3d transition (®A4g is the ground state).

Figure 4 is a diagram showing the main transition involved in
manganese(ll) luminescence;

Figure 5 shows the UV absorbance spectrum of [emim];[MnBr,4] and
1-ethyl-2,3-dimethylimidazolium tetrabromomanganate(ll),
[edmim]o[MnBry];

Figure 6 is a photograph that illustrates the phosphorescence colours of
[emim], [MnBrg], [Capyl2 [MnBrs] and [edmim}[MnBry] (left to right).

The two compounds in Figure & show phosphorescence (approx 1
millisecond) at 510 and 527 nm as determined on a fluorimeter. The

absorptions in the 450 and 370 nm regions are d-d transitions and the

10



- RXx represents a G to C 10 straight chain or branched al kyl which may be
substituted by one to three groups selected from Cl to C6 al koxy, C6 to
C-io arylwoGhe/o@siioNO2, Cl to Cl10 aral kyl and Cl to ClOpalriGB29és/00412¢ i s O,
1, 2 or 3; - M Lg, m n and p are as previously defined. Preferably, in

t he above conpounds, Ra is independently selected fromCl to C40,
preferably ClL to C20, and even nore preferably, C4 to Cl2 , straight chain
or branched al ksttong absuthbhes aexe388 amyis dueste Mh-Rrahizoge dransfen pdocesses. t he

[ ti O b t ' h honi ' ROR11
e o (5o Wby G R G o, G, STl

or different r Botestchtel@idut0, (preferably Cl to C20 and nore
preferably C4 ﬁg{%"p 2)esteraieght chain or branched al kyl group, a C3 to C

cycl oal kyl group, or a C6 to C10 aryl group, wherein said al kyl, cycloal kyl

o oups sel oot ed Bt cio: bsSE T kated BEoahh e Bl SfeeTe
C30 aral kyl and Bg;{ﬁﬂ%}(aryl, or any two of Re, Rf , RO, Rh forma
nmet hyl ene chainc-q{DCH 2)q- erein qis from2 to 8, especially 3, 4 or 5.

Preferably, R9, Rh, Rl and R represent substituted or unsubstituted al kyl
or cycl oal kyl : l..gro f atl Wl r Qdps
pr ef er abl ycont %lﬁﬂg%'i %oﬂ]ﬁ)@og%o%hg\{vg{r%?H%xanpll%@n%fse%ﬁeggm%(& oF
conpounds are oBesmplesw® ahd d®e(Ewred,v@e-dfiolet)r ee of R9, Rh, Rl, and R
represent Cr 10 al kyl and the
Figure 9 is a photograph that illustrates the Iluminescence of [Cn
pyridinium]o[MnBr4] salts under the uv lamp (n = 18, 4, 2 from left to right)
and [C; lutidinium]o[MnBr,] (far right);

Figure 10 is a photograph showing [Cn pyridinium]z[MnBr4] salts in daylight
(n =18, 4, 2 from left to right) and [C; lutidinium][MnBrg4] (far right);

Figure 11 is a photograph showing the difference in luminous intensity
between [emim]o[MnClg] (left) and [emim].[MnBr,] (right);

Figure 12 is a photograph showing [C14mim]; [MnCls] at 130 °C in liquid
crystalline phase (possible Smectic A) (top); and [Cysmim], [MnCl,] at 64°C
in liquid crystalline phase (possible Smectic A). Rhombic crystals of
[C14mim]; [MNnCl,] growing from liquid crystals phase;

Figure 13 is a photograph showing [Cismim] [MnBrs] (left) at 100°C in
liquid crystalline phase possible Smectic A) and [C1gmim]z [MnBrs] solid
(right) phase at 74°C during slow crystallisation from liquid crystal phase;

Figure 14 is a photograph that illustrates the luminous colours of Front
[Cé,6.6,10P1a[CeCl), left [Ceg,10P1[EUCHs], right [Ca,4,4,16P12[MnBr4]; and

Figure 15 shows the uv-vis absorption spectrum for [Cg g5.10P13[CeCle].
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other one, two or three represent C 6 al koxy-substituted C 0 al kyl .

DESCRI PTI ON OF FI GURES The invention will now be described in nore detail
wi t h partwoub@wvo4saber ence to the acconpanyi ng dr awi ngs, PCm/GEIE04R2igure 1
is a photograph of a sanple of a manganese(ll) bronide roontenperature
lonic liquid of fornmula Figure 2 is a photograph of the sanple shown in

Figure 1 alongside a sanple of [em 2l MBr4] . Figure 3 is a photograph
of Lo 1 et AIRLYSIRASGARISYBS: AR RENGRALS WNEHETIE RROCSRUBES et neoh
conmpounds which are non-lum nescent and |umi nescent under UV irradiation.
The colour is thought to be due to a 4T-1 g-6A -1g M 3d transition (6A -ig
i s the grolAnhlysistBgchifiqggese 4 is a diagram showing the main transition

i nvol ved in manganese(l1) | um nescence; Figure 5 shows the UV absorbance
spectrumof [em n] 2[ MhBr4] and 1-ethyl -2, 3-dinmethylimdazolium
tetrabronorngmpanate(ll), leUmn]2[ MnBr4] ; Figure 6 is a photograph that

illustrates the phosphorescence colours of [emn] 2 [MBrd4] , [CApyfc
[ MnBr 4] anM?@ﬁﬁ%F('%[ IFrEramagnetic and intejfares withethewmagoetio fieldsini the NIgR e 5

show phosphores6eaes . (RRPpSLsibile to obtain 'H and °C NMR spectra, but the peaks are

extremely broadened and subject to a slight paramagnetic shift.

Elemental Analysis

This technique gives the chemical formula and confirms that in the case of
manganese halide-based complex salts of the invention, the most stable complex
is a 2:1 [Org]" to [MnX4]* complex.

UV absorbance spectroscopy

The technique used involved sandwiching the solid between two glass slides (a

solvent cannot be used as this quenches the luminescence).
Luminescence Spectrometry

It is possible to obtain both excitation and emission spectra (i.e. absorption and
luminescence spectra) by this technique, which provides information about how
the cation influences the anions luminescence. It is also possible to determine if
phosphorescence is occurring by measuring the emission after a predefined time
delay. Lifetimes in the order of 1 millisecond have been observed for [emim]o
[MnBry].

Differential Scanning Calorimetry

This gives the melting points and transition temperatures of the compounds. The

luminescence shows significant temperature dependence and it is possible to
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mllisecond) at 510 and 527 nmas deternmined on a fluorineter. The
absorptions in the 450 and 370 nmregions are d-d transitions and thestrong
absor bancwoanoe04308 nmis due to Mi-Br charge transfer pCoCERSE&H041R21S
illustrated by Figure 6 the structure of the cation can affect the
phosphorescence colour; Figure 7 are photographs illustrating the changing
crystal structure of [C18DBU 2[WnBr 4] ; Figure 8 is a photograph show ng

the two | uatmmnspmmmhmﬁmfs ﬁkanmbeélwulcﬁnr@gr‘ltbnlar dffEuf rt|¢§lf|u|<ﬁme‘6c@h@é)
[ um nescence o

Figure 9 i hot.ograph that .illustrates th

pygl di ni un‘]ﬁ‘hﬁ[gﬂm a%glge@Mrreqtﬁ‘éormat[W he purity of she compledm | eft to
right) and [C lutidinium 2[ MhBr 4] (far rlght) Figure 10 is a photograph
showi ng [Cn pyridiniunj 2[MiBr 4] salts in daylight (n =18, 4, 2 from
left to ri Qelgrising Miczosoopyi ni unj 2[ MBr 4] (far right); Figure 11 is a
phot ograph showi ng the difference in lumnous intensity between [em nj
2[vnC 4] (left) and [emn] 2[MhBr 4] (right); Figure 12 is a photograph

h 1 [ d | Ll
nouLe L CEMTg Zridbosd meyi 18 S ) W4 CapyEkISf UK Segtgine

crystalli néllfpﬁé§@ef(tpc§‘@§1me)ée$néﬁ i QIVaE. lmﬂ@mtlm cabeu’alpyrdy pad 4|ran|sjtloﬂ

[MC 4] ¢ mliquid crystals phase; Figure 13 is a photograph
showing [C lieg}ﬁ,§2r1&%]"}c"%g[thBr 4] (left) at 100 OC in

GENERAL PREPARATIONS
Manganese complexes

The halide salt of an ofganic cation (4 mmol) is mixed with the corresponding
anhydrous manganese(ll) halide salt (2 mmol) in methanol (2.5 cm®). This was
stired while gently heating on a hotplate until all the manganese(ll) halide had
dissolved. The methanol was boiled off by heating (150 °C) and the crude
[organic cation]o[MnX,] cooled. The solid tetrahalomanganate(ll) salts were
recrystallised from boiling ethyl acetate (cations containing long alkyl chains > Cg)
or from isopropanol / methanol mixtures (<Cg). The crystalline solids were then
heated at 80-120 °C under vacuum (5 mmHg) to remove traces of solvent.

Europium and cerium complexes

The halide salt of an organic cation (3 mmol) was mixed with the corresponding
anhydrous europium or cerium (ll) halide salt (1 mmol) in methanol (10.0 cmd).
This was stirred while gently heating on a hotplate until all the lanthanide (lif)
halide had dissolves. The methanol was boiled off by heating (150 °C) and the
crude [organic cation*]s[MXs]> cooled. The solid hexahaloeuropium or cerium (lli)
salts were recrystallised from boiling ethyl acetate (cations containing long alkyl
chains > Cg) or from isopropanol / methanol mixtures (<Cg). The crystalline solids
were then heated at 80-120 °C under vacuum (5 mmHg) to remove traces of

solvent.
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liquid crystalline phase possible Snectic A) and [CG 8min] 2 [MBr 4] solid
(right) phase at 74C during slow crystallisation fromliquid crystal phase;
Fi gure 14awoo@s/@bavograph that illustrates the | um nous pculGRnes/mi12fr ont
[C6,6.6,i OP]3[CeCl 6] , left [C6 6 6 IoP]3[EuC 6] , right [C4 4 |
6P] 2[ MiBr 4]; and Figure 15 shows the uv-vis absorption spectrum for
[C6,6,6,i0P] 3[CeCl 6] . ANALYSI S TECHNI QUES AND GENERAL SYNTHETI C PROCEDURES
Anal ysi s Taihganeses Halitte omahers Salts)— Bull APReag#Hee c and interferes with
the magnetic field in the NVR spectroneter. It is possible to obtain 1H and
13C NMR spectra, but the peaks are extremely broadened and subject to a
slight pareipensdr 6 &idbromBheiipingseadnts itetradhilaromertyangse(1t)i salts wees
chem cal fornula and confirns that in the case,of nganese hal i de- bgsed
E:(I\)mrrg)(l ]e>2< sahaldech’y ming @& mefar ialie ofcan OLgaflf rerg g% ndt a"‘?.“@a[‘%?%ﬁﬁ to

]2 c r : 8 ' Hspbctivng)
sandw chi %%Fﬁée,s(%rgg@%{n\%@ﬁlg{l%%gﬁggg?Qﬁ‘lgégés(a%(ﬂzgm?gfﬁ!t@ ’ canngglvﬁlg’ ﬁ?gd as
this quenchegirigheSbrm ot theesompoundsiwerectonnd tepee stronglyr pmineseendr 4 e

o oo et AT A O e

the chlorides. An example of a room temperature manganese(ll) ionic liquid is
given in Figure 1. The yellow / brown colour is due to a weak d-d absorption
transition in the blue part of the spectrum. Figure 2 shows the difference in colour
between the non-luminescent sample in Figure 1 and the luminescent
[emim]o[MnBr4] in daylight. As can be seen, the luminescence makes the sample
appear bright yellow. Figure 3 shows the colours under long wave UV irradiation.
As can be seen, the [emim]s[MnBr,4] is intensely luminescent in the green part of
the visible spectrum.

Sulfonium manganese (1l) halide slats were prepared as above with the exception

of reactions with a disulfinyl compound where the molar ration was 1:1.

Physical Properties of Individual Manganese(il) Halide Complexes

A range of manganese complexes have been made and their properties are
described and listed individually. A similar synthesis technique was used for all of
the manganese chloride and manganese bromide salts.

The following specific examples illustrate the invention.

EXAMPLES

Using the procedures described in General Procedures above, the following

complexes were prepared:
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the cation influences the anions |um nescence. It is also possible to
determ ne if phosphorescence is occurring by neasuring the em ssion after a
pr edef i nestot2newen4sabay. Lifetinmes in the order of 1 m || ipse@Brdodmayeibeen
observed for [eminm2 [MiBr4] . Differential Scanning Calorinetry This gives
the melting points and transition tenperatures of the conpounds. The

| um nescence shows significant tenperature dependence and it is possible

t oassoci atExapple 1i-§EmimisiMnBrd with the switching on or off of the

| um nescence. The technique also gives indirect information on the purity
of the conplex. Polarising Mcroscopy. Polarising mcroscopy nmay be used in
the analysis of liquid crystalling|unBnescent2conpl exes and gives

i nformati ¢n ab?ﬁf‘"&rlty and trangiti of tenpgratures. GENERAL PREPARATI ONS
Manganese|conp exes he hal jlde sallt ofwmn ordanic cation (4 nmol) is m xed
with the or g\ggpﬁa ous gaaﬁ se(lly) halide salt (2 mml) in

nmet hanol Th| stirime ilesrdently heating on a hotplate
until all the nanganese(ll) & i dd had 8 ssolved. The net hanol was boil ed
of f by heating (150 CC) and the crude [organic cation] 2[ MiX4] cool ed. The
solid tetrahal omanganate(ll) salts were recrystallised fromboiling ethyl

acetate (Qpe@Rn&ent ai NivWioWPNgre@hkot)stalidkrsolia ifdhylight which changes to
yellow / brown above 65 °C.
Elemental Analysis: C 24.03 %, H 3.66 %, N 9.48 %. (Theoretical C 24.15 %, H
3.72 %, N 9.39 %).

DSC: mp = 163.6 °C (4.7 Jg™"); solid-solid transitions 117.4 °C
(0.2 Jg™") and 64.7 °C (34.3 Jg™).
Luminescence: Intense green phosphorescence. Amax = 510 nm emission;

363, 376 and 455 nm excitation (same as UV absorption
spectrum).

Example 2 - [Edmim],[MnBr,]

i
Mn
\/ Br/ \ \Br
2 Br
Appearance: Yellow / green crystalline solid in daylight which changes to

yellow brown above 117 °C.

Elemental Analysis: C 27.09 %, H 4.18 %, N 9.25 %. (Theoretical C 26.91 %, H
4.19 %, N 8.97 %).

DSC: mp = 189.8 °C (3.4 Jg™); solid-solid transition 116.5 °C (35.0
Jg™"). There is also another form with a transition at 87.0 °C
which forms slowly.

Luminescence: Intense yellow-green phosphorescence. A max = 527 nm
emission; 363, 376 and 456 nm excitation (same as UV

absorption spectrum).
15



or fromisopropanol / methanol m xtures (<C8). The crystalline solids were
then heated at 80-120 OC under vacuum (5 nmHg) to renove traces of solvent.
Eur opi umwoado@masum conpl exes The halide salt of an orgaoraGBatsmom2i3 nmol )
was mixed with the correspondi ng anhydrous europiumor cerium (I1) halide
salt (1 mmol) in nmethanol (10.0 cnB) . This was stirred while gently

heati ng on-a_ ho ate unti |..all .the Ianthanide (l111) halide had dissol ves.
The net han%?(aWef’égéo'i "BHMBbI‘ﬂeati ng (150 0C) and the crude [organic
cation +] 3[ MXe] 3" cool ed. The solid hexahal oeuropiumor cerium (I111) salts
were recrystallised fromboiling ethyl acetate (cations containing |ong

al kyl chai ps > fromi sopropégnol ! met h | m xtures (<Cs). The
crystallink sol[ds re then|heated at BO-120{0C under vacuum (5 nmHg) to
renove trares Rf. sol yrqt. anese|Hal iMa_Conpl ex Salts - Bul k Appearance A
nunber of .e't/rab\wo/rramggg (1'1) andt &t Machljor omanganese(l1) salts were

made by mking a 2:1 nolar rgtiho o Chn ,gaﬁ'i brom de salt with
manganese(l'l) brom de, or an~ofganit chloride’salt w th manganese(ll)
chloride, respectively, and heating. Sone of the conmpounds were found to be
strongly lumnescent in the solid phase. In general, the brom des were
consi der abf\PPEBIEECEUN nes Sihwhita srystaline PG des. An exanpl e of a room

t enper at ur g pgﬁg@gjs). ionic liquidis given in Figure 1. The yellow /
brown colour 1s due to a weak d-d absorption transition in the blue part of
the spectrD®C:Fi gure 2 shays=t120.8IPC {(2i8alry; solidseodlimltransitions 78.8 °C

(49.2 Jg™) or 48.0 °C (46.7 Jg'"). Only one of these solid-
solid transitions occurs on heating, depending on the
crystalline polymorph formed on freezing.

Luminescence: Moderate blue-green luminescence. A max = 528 and 416
(weak) nm emission; 328, 360, 450 and 482 nm excitation.
Luminescence disappears above solid-solid transition
temperature.

Example 4 - [Camim],[MnBr,]

— Br 2-
[\ |

Ns .
PN NN
r
2 Br

Appearance: Yellow / green crystalline solid in daylight, below melting
point. Melts to pale yellow / brown oil.
Elemental Analysis:

DSC: mp = 49.6 °C (33.5 Jg™).

Luminescence: Intense green luminescence which disappears on melting.

Example 5 - [Camim][MNnBr,)
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bet ween the non-|lum nescent sanple in Figure 1 and the | um nescent

[em M 2[ MiBr4] in daylight. As can be seen, the | um nescence makes the
sanpl e appeanodisght yell ow. Figure 3 shows the col ourspramam2oéscgiznave UV
irradiation. As can be seen, the [emm2[MBr4] is intensely |um nescent in
the green part of the visible spectrum Sulfonium manganese (I1) halide
slats were prepared as above with the exception of reactions with a

di sul finyl-conp where the nolar ration 1:Br Phygi2al Properties of
I ndi vi dual | Manganesefl |) Halide Conpl gxes A nange|of marjganese conpl exes
have been deNanglF their prepsertigs afe descrli bedgyand lijsted individually.

A similar pynfhekiig”t echaifue WS usef for alll yf%ﬁq

nganese chl ori de
and mangangse brom de salts. The foll pwi ng sp&€ifi g, ekh

. les illustrate the
i nvention. "EXAMPLES Using the proceduw es described in neral Procedures
above, the foll ow ng conplexes were prepared: Exanple 1 [ EMIn] 2[ MhBr 4]
Appear anceApReaiesae] gr eeRalg yellar/braven aibpt wan teraperajuie. vREPRINGRHBRs t o

yel l ow / brown above 65 0( _.El nahywegdi s: C 24.03 % H 3.66 % N 9.48
% (Theoretica 4.15 % ‘Wg 0 ) . DSC. np = 163. 4.7 Jg
h ical C2 rvfg %wq\f%QQQQEU SC 63.6 0C

1) ; sol i dErpheértat Apalysist ons 117.4 0C
DSC: mp <-20°C
Luminescence: No luminescence.

Example 6 - [C12mim]2[MnBr,]

[\ e

Neo 4+ 2N
 d \C12H25
2 Br

Appearance: Pale yellow / brown mushy solid.
Elemental Analysis:
DSC:

Luminescence: Weak green luminescence.

Example 7 - [C1smim]2[MnCl,4]

/':\ (I‘,I 2-
/N et N\ Mn\
N Gt ) o \CI cl

Appearance: Off-white waxy solid.

Elemental Analysis:

DSC: mp = 62.2 °C (93 Jg). No evidence of liquid crystal phase.
Luminescence: Weak green luminescence.
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(0.2 Jg-1) and 64.7 0C (34.3 Jg 1). Lum nescence: Intense green
phosphorescence. | max = 510 nm em ssion; 363, 376 and 455 nm excitation
(same as W 2adsa@Bpabi on spectrun). Exanple 2 - [ EcJm nm 2[pimErB24¢s/0bpprear ance:
Yellow / green crystalline solid in daylight which changes to yell ow brown
above 117 Bxampn@r{@isnine].jMh€1,]C 27.09 % H 4.18 % N 9.25 %
(Theoretical C 26.91 % H 4.19 % N 8.97 %9. DSC. np = 189.8 0C (3.4 Jg-1);
solid-solid transition 116.5 0C (35.0 Jg 1) . There is also another form
wth atransitio 87.0 0C which forns_slowy. Luronescence: |ntense

yel | ow gregn phgsphor\escence, max = 52 nmlem ssi pn; 363, 376 and 456 nm
excitation]|(sa absorpt{on spectrum. Bxanple}3 - [Em n] 2[ MhCl 4]
Appear ance: ;)‘/f it stall {ne solid. E:; al Analysis: DSC. nmp =
129.8 0C (4.8 Jg" . sofielsspl i d trans|gion 48[ 0C (49.2 Jg-1) or 48.0
OC (46.7 Jg*1) . Only one of thede solidgolid@ransjtions occurs on

heati ng, dependi ng on the

Appearance: Off-white waxy solid.

Elemental Analysis:

DSC: mp = 71.2 °C (99 Jg™). No evidence of liquid crystal phase.
Luminescence: Weak green luminescence.

Example 9 - [C1gmim],[MnCl,]

/:\ (|3| 2-
Nao 4 .oN Mn
~ > \C18H37 / \ N\

2 Cl

Appearance: Off-white waxy solid.
Elemental Analysis:
DSC:

Luminescence: Weak green fuminescence.

Example 10 - [Cpyridinium],[MnBr,]
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crystalline polynorph forned on freezing. Lum nescence: Mderate bl ue-green
| um nescence, | max = 528 and 416 (weak) nm em ssion; 328, 360, 450 and 482
nm exci t avoanoé/4smnmnescence di sappears above sol i d- sol i #CcrrGB803G00121
tenperature. Exanple 4 - [C3ITiJdn] 2] MaBr 4] Appearance: Yellow / green
crystalline solid in daylight, below nmelting point. Melts to pale yellow/
brown oil. Elenental Analysis: DSC. np = 49.6 0C (33.5 Jg" 1)

Lum nescenee: Intense -green | um nescence whi ch di sappears on nelting.
Example 5 [C i | nBr Appear ance: Pal e yell ¢w brown oil at room
tenperaturje. Remains a4 an ionjc |iqusd dowmp 4.0 -20 "C. El enental Anal ysis:
DSC. nmp < |20 0€ Yum nascence:|{ No | unf nescence. Exanple 6 - [C

21 ndni 2[ MBr 4]NAppear arjce: Pal e yel | n/ br gwn nushy solid. El enental

Anal ysi s: DSC.
|\ Bl'/ \ \Br
2 Br

Appearance: Yellow / green crystalline solid in daylight which changes to
yellow / brown above 108 °C.
Elemental Analysis:

DSC: mp = 155.8 °C (1.2 Jg™"); solid-solid transitions 131.0 °C
(2.7 Jg™"y and 107.7 °C (47.9 Jg™).
Luminescence: Intense green phosphorescence. Above 108 °C, no

luminescence observed. A max = 512 nm emission; 363, 375

and 456 nm excitation.

Example 11 - [Colutidinium]z[MnBr,]

Z I Br 2-
\E |\|/|
n
K Br/ \ \Br
| | 2 Br
Appearance: Bright yellow crystalline solid in daylight which changes to

yellow / brown above 108 °C.
Elemental Analysis:

DSC: mp = 193.0 °C (6.1 Jg™"); solid-solid transitions 181.4 °C
(25.7 Jg™') and 166.4 °C (6.4 Jg™).
Luminescence: Intense yellow-green luminescence.

Example 12 - [C4pyridinium]2[MnBry]
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Lum nescence: Wak green | um nescence. Exanple 7 - [CL4IH ITi]2[1VInC 4]
Appearance: Of-white waxy solid. Elenmental Analysis: DSC. np = 62.2 0C (93
Jg" 1) . Wo2eaidanee of |iquid crystal phase. Lum nesceRCe/GBM@EogrReen

| um nescence. Exanple 8 - [C 6m n] 2[ \nCl 4] Appearance: Of-white waxy solid.
El emental fAnal ysis: DSE np = 1.2 0C (99 4dg 1). No evidence of liquid
crystal phase, 1 hesdence: ak green | uminescence. Exanple 9 -

[ G 8m nj 2[IMh(Tl 4] pearfance: f-whi tBr waxy s id. Elenental Analysis: DSC
Lum nescence:|(\Weakl gregn | um nescence] Exangle 10 - [ C2PyHdJmUm [ MhBr

4] Appear ance: YR ow / {green cyystal ljjpe soliid in daylight which changes to
yel l ow / bfrown 4bove 148 OC. emenpAl\ Aqal ylsis: DSC: np = 155.8 0C (1.2 Jg

1) ; solidrsoli §4|t'9ransiti20ns 1B1. ®80C r2.|B|'Jg- 1) and 107.7 0C (47.9 Jg 1)

Appearance: Bright yellow crystalline solid in daylight which changes to
pale yellow above 108 °C.

Elemental Analysis:

DSC: mp = 100.2 °C (53.9 Jg™)

Luminescence Intense green luminescence up to 100 °C..

Example 13 - [Copyrazolium][MnBra4}

2N Br 2-
(‘l + \7 |
A II Mn
_-_..N / \ \
/ \/ B B Br
L. 32 e -
Appearance: Yellow crystalline solid in daylight which changes to yellow/

brown above 108 °C.

Elemental Analysis: C 24.26 %, H 3.64 %, N 9.57 %. (Theoretical C 24.15 %, H
3.72 %, N 9.39 %).

DSC: mp = 195.5°C (9.4 Jg™); solid-solid tr. 86.9 °C (2.9 Jg") and
44.5°C (13.2 Jg™"). Decomposes above 205 °C.
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Lum nescence: | ntense green phosphorescence. Above 108 0C, no | um nescence
observed | mac= 512 nm em ssion; 363, 375 and 456 nm excitation. Exanple 11
- [ C21 Ut Iworumy@BiBr 4] Appear ance: Bright yell ow crystalridBreossokiza i n
dayl i ght which changes to yellow / brown above 108 CC. El enental Analysis:
DSC. nmp = 193.0 0C (6.1 Jg 1) ; solid-solid transitions 181.4 0C (25.7
Jg-1) and 166.4 0C (6.4 Jg 1) . Lum nescence: Intense yell ow green
| um nescen irXvEpLe. 12 Lo R A1 APRRA . Bright
yel l ow cr ygtﬁg]ll I ne g%l id ?%tbgég?é?%% Bmm&%%g%& to paf(zé]f/(g’l rI‘(gw above 108
OC. Elenental Analysis: Di@nimgecend®obgeed( 53,2 =181 ZhmletisaiRsc 888e3TMt ense
green |l um nescence up to 100 0C . Exanpl.e 13 - [C2pyrazoliun] 2[ MnBr 4]
Appear ance: Yel | ow cryst a@Af60M eXGtatigRy | i ght whi ch changes to yel | ow /
brown above 108 0OC. Elenental Analysis: C 24.26 % H 3.64 % N 9.57 %
(Theoretical C 24.15 % H3.72 % N 9.39 9.

Example 14 - [C,DBU]:[MnBr4]

oo C4"]"g =] ™ Tr ] 2-
Mn
Br/ \ \Br
Br
L 42 L -
Appearance: Yellow / green solid.
Elemental Analysis:
DSC: mp = 54.5 °C (30.5 Jg™).
Luminescence: Intense green luminescence in solid phase
Example 15 - [C13DBU].[MnBr,]
- (,:18H37 1 - Tr 15-
Mn
Br/ \ \Br
Br
[ 42 L -
Appearance: White waxy powder.

Elemental Analysis:
DSC: mp = 79.1 °C (42.9 Jg'!). On freezing, it crystallises to the
Solid A phase (below 30 °C.). On heating, Solid A melts at

35.2 °C (40.6 Jg') and immediately re-freezes (-41.5 Jg™') to
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DSC. mp = 195.5 0C (9.4 Jg 1) ; solid-solid tr. 86.9 0C (2.9 Jg-1) and 44.5
0C (13.2 Jg 1) . Deconposes above 205 C Lum nescence: |ntense green
phosphor esoenaa43Above 108 0C, no | um nescence observedpPCh/GBR05005022 nm

em ssion; 363, 375 and 456 nm excitation. Exanple 14 - [ CADBU] 2[ MhBr 4]
Appear ance: Yel low / greercHglg. dOn%r@l@S‘h@éé'sté}%ﬁhdsthéflrQSt@ndQ?amréﬁarﬁpoc
(30.5 Jg 1) . Lum nescence: Intense green |um nescence in solid ase
Exanpl e 15 - [ C18DBU| 2[que/®§6m¢@ée tovghave thearyisieneeaf. OﬂEremant al

Anal ysis: DSC. nmp = 79.1 %g%ﬁ%r% 1) . On freezing, it crystallises to
the Solid A phase (bel ow P&, "heat i ng, Solid Anelts at 35.2 0C (40.6
Jg 1) and iLuwedésderice: r e- iiederate Greth luminkcehie ivbeth sbifd pKAsedr ol onged
standing, the first terrperature ranp on the DSC appears to show t he

exi stence of ot her1§oly ﬁ Lum nescence: Mderate green | um nescence in
both sol i d B3R unlsECe@kluni 3[ CeCl 6] Appearance: white crystalline
solid.

/\ e

N

N\\ + L2
CHy ™ o  Cehis

3
Appearance: white crystalline solid.
DSC: mp = 165-170 °C and decompose above 300 °C.
Luminescence : weak violet luminescence in solid phase.

Example 17 - [BusN];[CeClg)

s

— 3
Appearance: white crystalline solid.
DSC: mp = 271 °C and decomposes above 350 °C.
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DSC. np = 165-170 0C and deconpose above 300 OC. Lum nescence : weak viol et
| um nescence in solid phase. Exanple 17 - [Bu4N] 3[ CeCl 6] Appearance: white
crystal | iwe 28@li468110DSC. m p = 271 OC and deconposes abopeTREH20@&D04121

. Lum nescence : strong blue | um nescence in solid phase. Absorbs water
vapour fromthe air to forma hydrate which has a weaker viol et

| um nescence. Exanple 18 - [Ce.e.e.ioPMed e] Appear ance: Pale yellow room
{emer at U iGuhfebehddt o stRlG IR kRheSBhEL S6HH pffis ARlofls water

Lum nescence . strong bl ue nescence 1n B ase. sorbs wat er
vapour fromthe air to fovapcwrtf;cdnalneamibcfcbrnmamyairateaklmch\haslaaWeaker

| um nescence. Excitation nma at 3 11 and 350m, em ssion maxi ma at 502
nm This eni ssion peak |S‘"Pgt§ '@Hlfﬁs&a”%?l ghtly due to overlap of the
excitation and em ssion spectra. The type of |um nescence was determined to
be either Qf %g@ orescence with a half life of 10
mcrosecon%)ééﬁgl quo gé%éxg rrgle 19 - [Com m 3[EuCl 6] Appearance:
white crystalline solid.

v

| —3

Appearance: Pale yellow room temperature ionic liquid.

DSC: not yet determined. mp = <20 °C.

Luminescence : strong blue luminescence in liquid phase. Absorbs water

vapour from the air to form a hydrate which has a weaker
violet luminescence. Excitation maxima at 311 and 350mn,
emission maxima at 502 nm. This emission peak is red
shifted slightly due to overlap of the excitation and emission
spectra.

The type of luminescence was determined to be either a very
short lived phosphorescence with a half life of 10

microseconds or fluorescence.
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DSC. mp = 169.5 X (26 j g, -11 ) and deconpose above 300 OC. Lum nescence :
weak red | um nescence in solid phase. Exanple 20 - [C6 6 6 | oP] [EuCl 6]
Appear ancw0 20w/@sribess room tenperatue ionic |iquid DSECTREHR2005404121
determned, np = <20 OC. Lum nescence : Red |um nescence in |iquid phase.
Absorbs water vapour fromthe air to forma hydrate. This still shows

sonel um neghHeiriple ﬂc'cghim]g[ﬂacima at 530, 460 and 400 nm em SsSion nmaxi na
at 590, 610, 650 and 700 nm The type of |um nescence was determ ned to be
phosphorescence with a half life of 1.77 m croseconds. Conpounds of the

i nvention y be used in a wide range of industrial applications that nake
use of theijr Iight-ZﬁFFF\gg char actleri sti ﬁ' Anpl es include i magi ng and
di spl ay deVi ces, el gctro-pptical dqvices £ yC say procedures. Thus, the

fl uorescent|, phospieresceNtand el gctrol um nescent conpounds nmay be used in
t he manuf a tdﬁ@ of cak¥bde ra?éﬂ@b s, fluorescent tubes, X-ray-inmaging
screens, radiation detectors, toys a%d ot her recreational devices, signs,
light-emtting solid state devices etc. Specific exanples include the

di spl ays of nobile tel ephones, cal cul ators, conputer screens and

fl at - scr eerAppearance: white crystalline solid.
DSC: mp = 169.5 °C (26 j g”') and decompose above 300 °C.
Luminescence : weak red luminescence in solid phase.

Example 20 - [Cg 6,6,10P]s[EuClg]

+
P
3.

|Eucty]
- —3
Appearance: Colourless room temperatue ionic liquid.
DSC: not yet determined. mp = <20 °C.
Luminescence : Red luminescence in liquid phase. Absorbs water vapour

from the air to form a hydrate. This still shows some
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tel evision displays Mre specific applications include organic Iight
emtting diodes (OLEDS) in which the conplex salts of the invention can be
i ncor por avedoam4giiecrete | ayers or dopants. Qther uses POTIGBI05/004121

bi ol ogi cal markers and reagents (e.g. to formtagged reagents); -

| um nescent devices useful in hobbies, e.g. fishing lures; - for use in
detectors for explosives (e.g. TNT) or radiation; - safety devices; - as

additives for plastics, [ | atings
for ophthal mc | enses. Cl_k?}b@e%egneégo%(élgnosrgﬁwmévﬁgggh@g?%lgg R )

([Ogln+¥)m. (IMLgIpT ) emiksivaimaxima at 530, B0o65@;and Z00nax. 2; p = 3, 4, 5
or 6 ; Mis a netal; each Lg, which nay be the sane or dlfferent,
represents a Ilgand; and [Org]n+ represents an organi c cation,

The type of luminescence was determined to be
phosphorescence with a half life of 1.77 microseconds.

Compounds of the invention may be used in a wide range of industrial
applications that make use of their light-emitting characteristics. Examples
include imaging and display devices, electro-optical devices and assay
procedures. Thus, the fluorescent, phosphorescent and electroluminescent
compounds may be used in the manufacture of cathode ray tubes, fluorescent
tubes, X-ray-imaging screens, radiation detectors, toys and other recreational
devices, signs, light-emitting solid state devices etc. Specific examples include
the displays of mobile telephones, calculators, computer screens and flat-screen
television displays

More specific applications include organic light emitting diodes (OLEDS) in which
the complex salts of the invention can be incorporated as discrete layers or
dopants. Other uses include:

- biological markers and reagents (e.g. to form tagged reagents);
- luminescent devices useful in hobbies, e.g. fishing lures;

- for use in detectors for explosives (e.g. TNT) or radiation;

- safety devices; .

- as additives for plastics, inks and paints;

- security devices;

- as coatings for ophthalmic lenses.
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and wherein said conplex salt (1) exhibits at |east one light emtting
property selected from (a) fluorescence, (b) phosphorescence, and (c)

el ect r ol uwonesn@sne when in the solid state, (2) has a melrtdBrgogoirzt bel ow
25Q0C. and (3) are capable of formng ionic liquids when nolten 2. A

conpl ex s@ltABMSording to Caim1l having a nelting point below 2000C. 3. A
conplex salt according to Claim1l having a nelting point below 18Q0C. 4. A
conplex salt according to Claim1l having a nelting point below 1500C. 5. A
conpl ex sal t aggepfiphk st %ﬁhg:tﬂelf&mmﬁ a nmelting point below 125C. 6. A
conplex salt according to aim1l having a nelting point below 1000C. 7. A
conpl ex according to any of Clains 1 to 6 wherein mis 2. 8. A conpl ex
according to any of i 1 rein mis 1. 9. A conplex according to
any of Clainms 1 to mmn(m&i@)p\ﬁ%. A conpl ex according to any of
Clains 1 to 9 wherein pis 4, 5 or 6 11. A conplex according to any of
Clains 1 to 10 wherein pis 4. 12. A conplex salt according to any

precedi ng cl ai Wh@&iRi n Mis1a2A@ OB Vi1 or Vi1l metal 13. A conplex salt
according to any precedi ng_c{gis wherein Mis manganese or ruthenium 14. A
conpl ex salt according to any precedi ng clai mwherein each Lg (which may be
the same or different) isplkadcpdor@5. A conplex salt according to Claim14
wherein each Lg (which rmﬂ/n,be th?al'

is ame
each Lg, which may be the same or
different, represents a ligand; and
[Org]™ represents an organic cation,
and wherein said complex salt (1) exhibits at least one light emitting
property selected from (a) fluorescence, (b) phosphorescence, and (c)
electroluminescence when in the solid state, (2) has a melting point below

250°C. and (3) are capable of forming ionic liquids when molten

2. A complex salt according to Claim 1 having a melting point below 200°C.
3. A complex salt according to Claim 1 having a melting point below 180°C.
4, A complex salt according to Claim 1 having a melting point below 150°C.
5. A complex salt according to Claim 1 having a melting point below 125°C.
6. A complex salt according to Claim 1 having a melting point below 100°C.
7. A complex according to any of Claims 1 to 6 wherein m s 2.
8. A complex according to any of Claims 1 to 7 wherein m is 1.
9. A complex according to any of Claims 1 to 8 wherein nis 1.
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same or different) is  or Br. 16. A conplex salt according to Caim15
wherein the anion ([MLg)plm) has the formula ([MC)pp or ([MBr)plm) .
17. A compbexocmBiioaccording to Claim 16 wherein the aniPom/dE2MmIim ) has
the formula ([MCl)4]2 ) or ([MBr)4]2 ) . 18. A conplex salt according
Claim17 wherein the anion ([MLg)plm) has the fornula ([Mi(Cl)4]2 ) or
([M(Br)4]2 ). 19. A conplex salt according to any of Clains 1 to 11 claim

e ol AdhARk Geodiind S ARPLECIARS! RIS ARG o 8 L1518 13 Wnef el n

Mis ceriumor europiu ex salt according'to Caim 19 or Caim
20 wherein the anion ([MLg)pf-) has the fornmula ([MLg)6]3 ) .22. A

conpl ex salt accordi to Jdaim2 1 ein the anion .([MLg)plm) has the
fornula ([M<Q) ]C@nqu%}( a@ﬁﬂ&ﬂ@?@%} %D)f%égﬁ’mﬁ T W eE%i&%’l\/'glgcordi ng to daim
22 wherein the anion ([MLg)plm) has the formula ([Ce(Cl)6]3 or
([Ce(Br)6]3 ) . 24. A conplex salt according to Caim22 wherein_ the anion
([ M Lg) p] n2. had admeplesrsalil acoording dp gy preceding[aripBwherain)M i98. Grupovthl ex
salt according t‘pygm,‘eﬁ eceding claimin which [Org]ln+ is heterocyclic. 26.
A conpl ex salt gt é‘ to Caim25, wherein [Org]n+ conprises a

13. A complex salt according to any preceding claim wherein M is manganese
or ruthenium.

14. A complex salt according to any preceding claim wherein each Lg (which
may be the same or different) is halogen.

15. A complex salt according to Claim 14 wherein each Lg (which may be the
same or different) is Cl or Br.

16. A complex salt according to Claim 15 wherein the anion ([IM(Lg),]™) has
the formula ([M(C)p]™) or ((M(Br)e]™).

17. A complex salt according to Claim 16 wherein the anion ((M(Lg),]™) has
the formula ([M(CN4J*) or ((M(Br)4]%).

18. A complex salt according Claim 17 wherein the anion ([M(Lg),]™) has the
formula ((Mn(CN)4J*) or ((Mn(Br)4}%).

19. A complex salt according to any of Claims 1 to 11 claim wherein M is a
Lanthanide

20. A complex salt according to Claim 19 wherein M is cerium or europium.

21. A complex salt according to Claim 19 or Claim 20 wherein the anion
(IM(Lg),]™) has the formula (IM(Lg)s]*).
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het erocycl i c nucl eus selected from pyridine, pyridazine, pyrimdine,
pyrazine, imdazole, pyrazole, oxazole and triazole.7. A conplex salt
accor di ngvoaog@sm 25 wherein [Org]ln+ has a structure seceadBdosoort he
followi ng fornmula: wherein Ra is a Cl to C40, straight chain or branched

al kyl group or a C3 to C cycloal kyl group, wherein said al kyl or cycl oal kyl
group which may be substituted by one to three groups selected from G to
C|6kal kFXszbz: t 0A Cothpey balt Gtordihg tdR]aidi2 1t wheRn ﬂaa}a?wln (Wd_g)?ﬂm't)dma@SO ]

al kary Rc same or different and are eac

i ndependently s ﬁge'ffaﬁafﬁ?‘@z?%ld}%@&%a% to C4o, straight chain or
branched al kyl group, a C3 to C cycloal kyl group, or a C6 to C10 aryl

group, wherein said alkyl, cycloalkyl or aryl groups are unsubstituted or
may be sub23.i tuA@dnm}eX)ﬁeltta@colfwr@tcgelajmé%whetﬁl@dle eoien ({3 (Lg)p]CB haskoxy,

C6 to C10 aryl, 3- kyl and C7 to C30 al karyl, orany
two of Rb, Rc, ﬁ%bﬁg-‘?n@%%mg h@&%‘iﬁ acent carbon atons forma
nmet hyl ene chai n - (CHaV wherein q is from8 to 20. 28. A conplex salt

according to Claim25 wherein [C gl@im has a structure selected fromthe
fol | owi ng 2%+ nufEomplex sai aﬂC@ﬁ’d'l*Q Claip 22whreeis e apiondiM{la)dnd hagd each

:Nﬁi Lﬂdﬁgsng:n&%\s“ krﬁp @%B{é’lf"]g oft GEGHYFYr al ght chain or branched al kyl

25. A complex salt according to any preceding claim in which [Org]™ is
heterocyclic.

26. A complex salt according to Claim 25, wherein [Org]™ comprises a

heterocyclic nucleus selected from pyridine, pyridazine, pyrimidine,
pyrazine, imidazole, pyrazole, oxazole and triazole.
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one to three groups selected from G to C6 al koxy, Ce to Cio aryl, CNL
OH N2, C to C30 aralkyl and C1 to C30 alkary - Rx represents a G to C
0 strai ghwocha/oazan branched al kyl which nmay be substit ecedHEgoszoei2tio t hree
groups selected from G to C alkoxy, Cto Cl10 aryl, CN, OH N2, Cl to C10
aral kyl and C1 to C10 alkaryl; - y is O, 1, 2 or 3; - mand n are as
defined in any of Clains 1, 7, 8 or 9. 29. A conplex salt according to
Claim 25 wherein [Org] n+ has a structure selected fromthe foll ow ng
formul a: wherein- Ra is selected fromC to C40 straight chain or branched
al kyl whi c27.mayAmenmples salt @cedrdiyg tmEldim 25 nkerain Oy Sedeg strdcfurem C to
C6 al koxy, C6 to Cl10 aryl,, CN " 1 to C30 aral kyl and G to C30

al karyl; - Rx r%ﬂ?é@gﬁf@&“@f&@'@%@lﬁﬁi ght chain or branched al kyl which
may be substituted by,one tg+three groupsrsel ec&oed frem G to C6 al koxy,
C6 to Cl0 aryl, | CN, , N2 G to ClO aralkyl and G |to Cl10 al karyl; - vy
is0 1, 2 or 3] B  are as defined|iR R°Clains 1, 7, 8 or 9.
30. A conplex salt ding to any of d ains 241in whieh [Og]p+t is a
phosphoni um cat || oR®( TIHRIRIP) + , whereip RY ~#ih “ARljand R can be the
sanme or different and,'qaare each independently se,:lzaect edifroma G to C40,

] RY I I R 1°
|
RS ON/RF-‘ R°IN Re
RP l;l)\Rf RP f;l Rf
L R? i L Ra R
r -1+ _ _
RS, Rd Rc Rd *
/
N
e N .
) |
R2 R2
— + -1 +
Rb /Ra j F Rc\ /Rd
IN N=N
Rc %) Rd ) and Rb/(?)\Re
Ra

wherein

R® is a C4 to Cag, straight chain or branched alkyl group or a C; to Cg
cycloalkyl group, wherein said alkyl or cycloalkyl group which may be substituted
by one to three groups selected from: C4 to ‘Ce alkoxy, Cs to Cq aryl, CN, OH,
NO,, C1 to Cag aralkyl and C to Cg alkaryl; |

RP, R®, RY R°® and Rf can be the same or different and are each
independently selected from hydrogen, a Ci to Cy, straight chain or branched
alkyl group, a Cs to Cg cycloalkyl group, or a Cs to Cyg aryl group, wherein said
alkyl, cycloalkyl or aryl groups are unsubstituted or may be substituted by one to
three groups selected from: C4 to Cg alkoxy, Cs to Cyg aryl, CN, OH, NO,, C; to
Cap aralkyl and C; to Cy alkaryl, or
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straight chain or branched al kyl group, a C3 to C8 cycl oal kyl group, or a C
to ClO aryl group, wherein said alkyl, cycloalkyl or aryl groups are
unsubst i twoedocor43mmay be substituted by one to three groeps/cERbeowertifrom
Cl to C6 al koxy, C6 to C10 aryl, CN, OH, N2, C7 to C30 aralkyl and C7 to
C30 al karyl, 3 1. A conplex salt according to any of Clains 1 to 24 in
which [Org]n+ is a quaternary ammoni um cation (RgRhR R N)+ , wherein RO Rh
R and Rj anyetvasoﬂRP,iQ RERY, R°Grai Rf 3ttdchedto dﬁjamwlﬁbsalﬁtom@(fcrrﬂiang to
Claim12, 13 9 or ai 0 erein + i s other than

t et ramet hypm%ri‘%ﬁﬁ‘a‘f‘éf&ééﬂh%%ﬁfﬁﬁ '[8%0% %ttP@@ut y| ammoni um

tri met hyl phenyl phosphoni um and/ or tri phenyl net hyl phosphoni um 33. A conpl ex
salt havi ng the formul a ({Org]n{r)m. ([ MWPT )" (A wherein m=1, 2, 3 or
4: n = 1 o£82; pAcopplax sglt eccerdimng te Claime? avhersin fOrg]’™ vas alstroefurde t he

sare or i 11 er egle /oG RIAL Tolwithg3ihund [Orgln+ represents an organic

] - _
NP AN
\=F/ (M(LgHI™)
] (R Iml 1.
wherein

- each R* may be the same or different and each is independently selected
from C4 to Cy straight chain or branched alky! which may be substituted by
one to three groups selected from: C4 to Cs alkoxy, Cg to Cyg aryl, CN, OH,
NO,, C, to Czp aralkyl and C to C3g alkary

- R represents a Cy to Cqo straight chain or branched alkyl which may be
substituted by one to three groups selected from: C, to Cg alkoxy, Cg to C1o
aryl, CN, OH, NO,, C; to C1o aralkyl and C to Cyo alkaryl:

- vyis0,1,20r3;

- mand n are as defined in any of Claims 1, 7, 8 or 9.

29. A complex salt according to Claim 25 wherein [Org]™ has a structure
selected from the following formula:

] ®y )
YA
l P M(Lg)I™)
N .
i Jm] dn

Ra
wherein
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with the proviso that when Mis M1, the organic cation [Org]n+ is other
than tetranet hyl anmoni um tetraet hyl ammoni um tetrabutyl ammoni um

t ri met hylwbengd/qabnsphoni um and tri phet hyl met hyl phosphonipemGE4os/d42onpl ex
salt according to Caim33 wherein Mis a |anthanide. 35. A conplex salt
according to Caim34 wherein Mis ceriumor europium 36. A conplex salt
according to Caim34 or 35 wherein [Org}n+ Is other than 1-

butyl - 3 met hyl g %)Atéa'%g%ﬁgey forR 2R ordbrffRbd BNGR WA RrY be

net hyl - 3- et hyl | azo I am t accor ng to"Clalim 33 wherein
Mis a GV | Orsu&mméd by towe. to&BreeAgmmplmkecﬂacﬂ froat oy th Gg atkoxynGe tn€1of

Clainms 33 to 35 and rei Or.g]l n+ t t -net hyl -3
et hyl i m dazol i @Wa&?f@mhglﬁzd&ﬂ[tﬂrgg @@'kﬁm{@ gog?l% m@co?di ng to daim
37 wherein Mi R ;ﬂ@@éh’t@a‘& 10 CG fgﬁé@ht Ak @ncsferrdﬂh@a élRquvaicm Ha VKB?V ein

M i s manganese. ex salt accCording Claim 39 wherein &9 g] n+
i s other than ]sumetLrhqd bgmehtpmmejgmpsmleatgd fm%cﬁ'pt%ﬁegﬁ‘{qx)'a@e fnng to

use of comptex Sk 0 NpL k& a%?a'%yl[ L RN o o
wherein m= 1, ¢is® 0r24r3n = 1 or 2;

- mand n are as defined in any of Claims 1, 7, 8 or 9.

30. A complex salt according to any of Claims 1 to 24 in which [Org]™ is a
phosphonium cation (RR"RRIP)*, wherein R®' R"*R' and R/ can be the
same or different and are each independently selected from a C¢ to Cy,
straight chain or branched alkyl group, a C3 to Cg cycloalkyl group, or a Cg
to Cqo aryl group, wherein said alkyl, cycloalkyl or aryl groups are
unsubstituted or may be substituted by one to three groups selected from:
C1 to Cg alkoxy, Cg to Cigaryl, CN, OH, NO,, C7 to Csg aralkyl and C7 to Cap
alkaryl,

31. A complex salt according to any of Claims 1 to 24 in which [Org]™
is a quaternary ammonium cation (RSR"R'RIN)* , wherein R®'R™ R and R!
are as defined in Claim 31.

32. A complex salt according to Claim 12, 13, 19 or Claim 20 wherein [Org]™
other than tetramethylammonium, tetraethylammonium,
tetrabutylammonium, trimethylphenylphosphonium and/or
triphenylmethylphosphonium. |

33. A complex salt having the formula

([OrgI™)m . ((M(LG)p]™ ) (A)
wherein m=1,2,3o0r4;
n=1or2;
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p=23, 4 5or 6, Mis a netal; each Lg, which may be the same or
different, represents a ligand; and [Org] p+ represents an organic cation in
t he manufwotwesn4sfioa | um nescent display device, in theproaaHaetwiriof a
coating material, or for incorporation into a plasties conposition. 44. A

| um nescent display device conprising a light-emtting el enment conposed of
a conplex salt as defined in any of Cains 1 to 32. 45. As set conprising a

plurality of different pheshar,$ ecsording to any one of Cains 1-32
characterised in that each phosphaor phosphoresces at a different sel ected
wavel ength. 46. A set of M ip@d6kres according to Caim 45 wherein one

conpound phosphoresces at Way &' d a blue colour, a
second at a wavel ength cor?%spo(ﬁdlﬁ[rq'g&?orﬁa ri%pdég (b)ﬂ?]et g)rl;d athird at a

wavel engt h correspondi ng diffecery; expresants @ ligand; and
[Org]™ represents an organic cation

with the proviso that when M is Mn, the organic cation [Org]™ is other than

tetramethylammonium, tetraethylammonium, tetrabutylammonium, trimethyl-

phenylphosphonium and triphethylmethylphosphonium.

34. A complex salt according to Claim 33 wherein M is a lanthanide.

35. A complex salt according to Claim 34 wherein M is cerium or europium.

36. A complex salt according to Claim 34 or 35 wherein [Org}™ is other than 1-
butyl-3-methyl-imidazolium, acetonitrile and/or aluminium chloride-1-
methyl-3-ethylimidazolium.

37. A complex salt according to Claim 33 wherein M is a GpVll or GpVill metal.

38. A complex salt according to any one of Claims 33 to 35 and 37 wherein

[Org]™ is other than 1-methyl-3 ethylimidazolium and/or pyridinium.
39. A complex salt according to Claim 37 wherein M is ruthenium.
40. A complex salt according to Claim 37 wherein M is manganese.

41. A complex salt according to Claim 39 wherein [Org]™ is other than 1-
methyl-3-ethylimidazolium.

42. A complex salt according to Claim 40 wherein [Org)}™ is other than 1-
methyl-3-ethylimidazolium.
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43. The use of complex salts having the formula

([Org]™)m . (IM(LG)pl™ )n (A)
wherein m=1,2,3or4;
n=1or2;
p=3,4,5o0r6;
M is a metal;

each Lg, which may be the same or
different, represents a ligand; and
[Org]™ represents an organic cation
in the manufacture of a luminescent display device, in the manufacture of a

coating material, or for incorporation into a plastics composition.

44. Aluminescent display device comprising a light-emitting element
composed of a complex salt as defined in any of Claims 1 to 32.

45.  As set comprising a plurality of different phosphors according to any one
of Claims 1-32 characterised in that each phosphor phosphoresces at a
different selected wavelength.

46. A set of 3 phosphores according to Claim 45 wherein one compound
phosphoresces at a wavelength corresponding to a blue colour, a second
at a wavelength corresponding to a red colour, and a third at a wavelength
corresponding to a green colour.
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