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CHAPTER 9

Host-guest Chemistry: Hirshfeld surface
analysis of phosphonium salts

Treatment of (phosphonium™*)(Cl- or Br), and (imidazolium™*)(X)n, n =1 or 2 with p-
sulfonatocalix[4]arene and aquated gadolinium ions results in metathetical exchange,
affording crystalline salts (phosphoniumn+)(X-)n (X- = [SCN],, [N(CN)z]-, [C(CN)s],
[PFe]-, [CF3S0s3]- or [N(CF350:)2]"), with the imidazolium cation residing in the cavity
of the calixarene in solution, as established form 1H NMR studies. The structurally
authenticated phosphonium salts have been examined using Hirshfeld surface analysis,
revealing the domination of C-H---X non-classical hydrogen-bonding between the

cations and anions.
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CHAPTER 9

9.1 Introduction

Supramolecular building block (tectons) bearing phenyl or aryl groups can interact
with each other, and with other molecules of the same ilk through multiple phenyl (or
aryl) embraces. This relates to the electronic and geometrical complementarity of the
molecules 28229 The concept of embracing molecules organised on their surfaces were
recognised and developed since 1995 by Dance and co-workers 22!, The investigations
were deemed important in the development of introducing new embrace paradigm in the
well-known intermolecular motif, as a tool for supramolecular chemistry by analysing

the packing of molecules in crystals 222,

Embrace motifs can be bimolecular or multimolecular and they are described with

names, in which the number refers to the number of the embracing phenyl (or aryl)

groups, and with symbols giving the types and multiplicities of local interactions [22%.

Individual phenyl groups are engaged in edge-to-face (ef) and offset-face-to-face (off)

attractive phenyl---phenyl interactions, Figure 9.1.

} -

e

ef off

Figure 9.1. Phenyl---phenyl interactions of the multiple phenyl embraces.
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The major categories of multiple phenyl embrace are the sixfold phenyl embrace
(6PE) and two types of fourfold phenyl embrace (4PE) which has orthogonal and
parallel variants, which are also known as O4PE and P4PE respectively #7218 The
simplest embrace is the PAPE where two phenyl groups on each molecule are engaged
in one off interaction together with two ef interactions and the Cipso-P-Cipso planes for
the two molecules are exactly or approximately parallel 22?2 |n the O4PE, the two
Cipso-P-Cipso planes for the four phenyl rings are approximately orthogonal and are
engaged in four ef interactions. 6PE contains six ef attractions involving three phenyl
rings from each molecule with net attractive energy for the phenyl rings in the range 8-

11 kcal mol™* [202 2201

This type of embraces occurs frequently in crystals of compounds having terminal
PhsP ligands, and in crystals containing the Ph,P" cation in the solid state. It is also
noteworthy that the cation PhsP* can participate in more than one multiple phenyl
embrace, with the crystal structures usually containing chains and networks of such
arrangements of interacting phenyl rings #*®. Dance and co-workers reported the
general occurrence of continuous chains of these embraces, Figure 9.2, as the zig-zag
infinite chain of sixfold phenyl embraces (ZZI6PE) and the linear infinite chain of
translational fourfold phenyl embraces (LIT4PE, translational repetition of Ph,P* along
a pseudo-twofold axis generates O4PE motifs) *®l. In the LIT4PE only two of the
“edges” of the PhsP" tetrahedron are involved in 4PE, while in the ZZI6PE only two
“faces” of the tetrahedron are used !, Therefore there are additional opportunities for

multiple phenyl embraces which can take place.
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Figure 9.2. General occurrence of phenyl embraces ).
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9.2 Solid state structures of phosphonium salts

Molecules bearing two or more phenyl groups, as in phosphonium cations, can form
multiple phenyl embraces, and these can dominate their self assembly and overall
cohesion in the solid state. Eleven organic compounds containing phosphonium cations,
possessing three or four phenyl rings attached to phosphorus centres, including a bis-
phosphonium cation, and a variety of anions were successfully isolated and structurally
elucidated, Table 9.1. The organisation of the large phosphonium cations in the solid
state are coupled with anions based on the common species featuring in ionic liquids,
specifically [SCN], [N(CN).], [C(CN)s], [PFs], [CF3:SOs] and [N(CF3SO,).].
Interestingly these compounds were essentially formed by metathetical exchange
involving phosphonium halides (CI" or Br’), with ionic liquid anions based on
imidazolium salts of the aforementioned cations, in the presence of the sodium salt of p-
sulfonatocalix[4]arene, crystallising the least soluble salt, and presumably this is
facilitated by the binding of the imidazolium cation in the cavity of the calixarene,
which have been recently established as a favoured process over binding of phenyl rings
of phosphonium cations. The interaction between the cations and anions in all the

compounds is dominated by CH---X non-classical hydrogen-bonding.

While the phosphonium cations do not favour the formation of low melting point
solids, the nature of their interaction with the aforementioned anions is of interest in the
overall cohesion of ‘ionic liquids’ in the solid state, as well as in their liquidous state,
noting that all the anions in the present study readily form ionic liquids, depending on
the nature of the cations. The high melting point solids which afforded single crystals
were suitable for acquisition of X-ray diffraction data of sufficient quality to be able to

study the interaction of the components using Hirshfeld surface analysis.
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H3CKN /%N+/C2H5
18:X- = [SCN}

1-ethyl-3-methylimidazolium

19:X- = [N(CN),I
"'sc\m/“\w’c‘*"'9 20:X- = [C(CN);F

\:/ 21:X-=[N(CF;30,),]
1-butyl-3-methylimidazolium

C.Hs
; 22:X = [PFe}

N +F
@"\/O/\NL\:/\NC‘*HS 23: X =[CF;80,]

1,1°-[1,4-phenylenebis(methylene)]bis(3-butyl-1H-imidazolium-1-yl)

Scheme 9.1. Imidazolium salts featuring in ionic liquids.

The structures containing a series of different phosphonium cations and anions,
Scheme 9.1, are reported in a convenient graphical presentation which illustrates
different packing arrangements as well as polymorphisms for selected compounds,
Figure 9.3. The Hirshfeld surfaces analyses were undertaken using Crystal Explorer, on
each structure to further understand the nature of the intermolecular interactions
between the phosphonium and the anion molecules, and themselves ™*4. In doing so,
the intermolecular interactions of the compounds are compared using the fingerprint
plots generated by the Hirshfeld surfaces noting that the fingerprint plots have been
found to be useful in comparative studies between different crystal structures of the
same molecule, as well as different polymorphs 1. Fingerprint plots are sensitive to
the immediate environment of the molecule and indeed are unique for a given molecule
in a particular polymorphic form ™. The Hirshfeld surface and its corresponding
fingerprint plots also provide information about the more distant contacts and areas
where interactions are weakest. The fingerprint plot is constructed by a colouring
scheme on a two-dimensional grid according to the fraction of the total surface area,
with the smallest non-zero contribution coloured blue to red for a contribution of 0.1%
or greater to the total surface area 9%,

195



CHAPTER 9

079092
0TZ-68T
(9120
8€0T0
LTv0°0
vI6Y
80500
T08S
G5€09
9.5
L¥20
9£GT
TEV'T ‘9
(DzroLve
00°02T
0006
00°06
(9)19¢ec 01
(2)6996°6
(2)6996°6
(69T "ON) *od
|euoBexay
ETOXYT0X 870
LE'86Y
Nn__wH_NN_I_mNO
AXX

6£909.
Z81-8.T
(8)8s°C
v.£T°0
6050°0
1995
GEVO'0
TSV,
V€679
2'59
Al
98
L62T 'y
(€)og 2012
0006
(T)16%'16
0006
(T)69cE°ET
(T)t0€T2T
(1)8926°2T

(#T "'ON) u/*ed
Jluijoouow
STOXTZOXVED

8y’ 11y

SAN®H¥Q

AIXX

8£909.
0T2-502
(S)or0
€6L0°0
18€0°0
6185
¥£90°0
020.
¥90vS
L'¥9
ZST0
969T
TI€T'8
(8)¢ 0TV
00°06
0006
00°06
(@e0e vt
(2)9v6'9T
(2)9r6'9T

(28 'ON) -1

|euobelial

T¢0X¥2'0X820

[472c101%

n_mZON_I_oNO

HIXX

/£909.
202-06T
(T)o'C
122€0
67210
2LL6
#9500
60G2T
9/v6Y
619
6820
98
06T ‘v
(6T)66'T88T
(r)e6L L
(5)656°L8
(§)99.°28
(TT)T699°€T
(9)9809°€T
(9)0961°0T
(2 oN) T-d
oLy

ET'0X6C0XTED

YXAAAY
Nn_on_wHIm.mO
qrIxx

9£909/
202-06T
meT
v162°0
G070
2915
1£L0°0
62,9
€8ETY
vYET
8£9°C
82.1
v8r'T ‘8
(v)e'18L8
00°06
(L)z8e60T
00°06
(6).79G°¥T
(9)oz60°€T
(eT)TZ20TC
(#T "ON) 9/zd
Jluljoouow

€00XYT0XGZ0"

Ly
Nn_mn_wHImHU
BIIXX

‘ou 0do2
(Do) 1L
[y 8l =]
(erep |le) ©y®
(eyep psqo) Ty
((Doz< D) &ep psqQO
E_W_

(anbiun) sujsey
(1e103) supyey
(Bap) gz

(- wiw) 7
(000)4
(cwob)°a‘z
(cY) 10N
(6ap) 4

(6ap) &

(B6ap) 0

()0

(w)a

(e

dnoJb adedg
wialsAs Je1shin
(;ww) o215
(;.10w B) md
e|nwiio4
punodwo)

aXIXX-elIXX saxa|dwo) 4oy s|reraq a1ydeabojrershid 16 ajqeL

196



CHAPTER 9

9%909.
v£2-02¢
(6)s2'T
66810
26L0°0
6919
67900
GS62T
¥8170T
L'1S
veeo
veve
1SVT'Y
(9)9°T1ES
0006
(£)ooo'e6
0006
(T)avL 6T
(8)T0T9'¥T
(T)8ev'8T
(#T 'ON) 9/'¢d
Jlutjoouowl
ST0X0E0X Y0
86'88TT
vmmn_wONZNHn_wmewU
axIXXx

G909/ %909, €909/ 27909, T%909.
¥€2-022 ¥92-0vC 8£2-022 Z.1-09T Z.1-09T
(Levo Q)10 (9)st°0 (9)ec0 (9)or'0
1T0T°0 17800 YETT0 S090°0 90600
T0¥0°0 L0v0°0 G600 ZTr0°0 £9€0°0
44 089Y 1615 €15 0585
81200 18€0°0 GZv0'0 8.10°0 6£€0°0
¥59. €50. 2L9 8.18 0908
£80ST 9/5%¢ 66155 99¢5T GTZ0E
8'€9 G'G9 799 005 759
GSe0 0ST'0 85T°0 6520 952°0
‘909 78 96/ 0v0T 0v0T
8/GT'T 06271 'C 9TET ‘T vEY'T 'Y LTVT'y
(TT)L€TS2T (6)89°T802 (¥1)88'6T6T (6T)58°L2€2 (sT)evssee
(v)zze 10T 00'06 00°06 (v)s08°s2 00°06
(v)sLz2'06 (2)s88°L6 (¥)156'96 (£)600'98 (v)T0L°50T
(q)zs6°L0T 00'06 00°06 (v)629°88 00°06
@1tvL2CT (v).8€2 71T (9)819T'+T (T)yor'12 ((Alanrans
(9)ever 1T (#)19867T (9)902L°€T (9)6851'TT (L)9zyy6T
(9)ez6S'6 (2)5898'6 (¥)9.76'6 (v)z68L'6 (v)ovez' 1T
(z 'oN) 1-d (#T 'ON) 9/'¢d (#T 'ON) 9/'¢d (z 'oN) 1-d (#T 'ON) 9/'ed
QUL Jlutjoouow Jlutjoouowl UL Jlutjoouowl
9T'0XBE0XEFD  L00XSGZOXZr0  8TOX0Z0X6Z0 900XZI0X8Z0 ETOXLZOXEED
86'88TT 78'808 81°09. L¥'208 L¥'208
wwN&wONZNan_wmevO Nn_onmINmO N&omeIva m&mOmH_NNIwNU Wn_mOmu_NNIoNU
exIXX HIAXX HAXX gIAXX BIAXX

'0u Da2d
(D) 1L

[y 8] *dv]
(exep |re) y®
(eyep psgo) Ty
((DoT< 1) ®1EP PSAO
E_W_

(enbiun) sujyey
(1e101) supsay
(Bap) gz
(i)
(000)4
(cwoB)°a‘z
(YY) 10N
(Bap) £
(Bap) ¢

(Bap) ©

(y)o

(w4

(e

dnoJb aoedsg
wasAs [e1shiD
(sWw) s8z1S
(;.10w B) M4
e|nw.o4H
punodwo)

('u02) gXIXX-BIIXX soxa|dwo) Jof sjrersq d1ydeafioljeisA1d 1°6 8|qe L

197



CHAPTER 9

QX IXX — el IXX spunodwo?d Jo sainonais ayy ul Buoed jeisA1D ‘g6 a4nbi4

Leostan]

[FHFosE40IN]

LE(no)ol RE (Vo))

nAxx punodwod IIAXX punodwad

198



CHAPTER 9

The crystals containing  triphenylmethyl  phosphonium  cations and
hexafluorophosphate in compounds XXlla and XXIIb appear as polymorphs,
crystallising in monoclinic and triclinic space groups respectively. In compound XXlla,
the phosphonium cations are embraced in two different pairs, one pair with one off and
two ef interactions, the other pair having three ef interactions between the cations with
P-.-P separations at 7.4 and 7.5 A respectively, and these pairs of phosphonium cations
are propagated by translation operation resulting in infinite chains forming columns in
zigzag sequence running parallel to the c-axis. The polymorph of the same compound,
compound XXIIb, has shorter P---P separation at 6.0 A with the associated embrace
having the methyl groups directed towards the phenyl rings with C-- 7eentroig ClOSE
distances at 3.45 A. The pairs of cations form a rectangular array with off interactions
between the nearest phosphonium cations in both directions.

Compound XXIII crystallises in the tetragonal system having four independent
tetraphenyl phosphonium cations with each P atom lying on a site with
crystallographically imposed -4 symmetry. The phosphonium cations are in the
common multiple embrace motifs with one pair of phosphonium cations is engaged in
the established orthogonal fourfold phenyl embrace consisting of four ef interactions,
and another pair has 2 off interactions, forming stacks of columns effectively arranged
in an alternate linear translation manner along the c-axis, having a P---P separation of
7.2 A for the embrace pairing, and a P---P separation of 9.2 A between columns. The ef
and off interactions have close C- - Ttcentroig and Teentroid- - *Tcentroid distances ranging from
3.51 to 3.60 A and at 3.92 A respectively between each neighbouring pair of phenyl
rings. It is noteworthy that [Ph4P]" cations often coordinate into chains and networks of
the dominant multiple phenyl embrace i.e. sixfold and fourfold phenyl embraces (zigzag

infinite and linear infinite)!?*®!. In addition, [Ph4P]" cations can also pack into tetragonal
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lattices, with Cgo and I" occupying the tetragonal prismatic cavities formed by eight
cations (#1921,

Crystal structures of compound XXIV to XXVI are comprised of triphenylbenzyl
phosphonium cations with different anions, namely thiocyanide, hexafluorophosphate
and trifluoromethanesulfonate respectively. The phosphonium cation bearing a benzyl
arm forms infinite zigzag chain, and they associate through slightly different phenyl
embraces for each compound. In compound XXIV the cations are engaged in the
parallel fourfold phenyl embraces where the motif comprises of one off
(Tcentroid- - *Ticentroid distance at 4.19 A) and two ef (C---Teentroid distance at 3.69 and 3.95 A)
interactions between each neighbouring pair of phenyl rings with a P---P separation at
7.4 A and P---P---P angle at 110.9°. Compound XXV crystallises in a hexagonal space
group and the arrangement of phosphonium cations is unusual compared to other
compounds with the same cation. They are not organized in the common embrace
fashion but rather they are connected with one ef interaction between one another
forming continuous zigzag chains, with P---P separations at 8.5 to 9.8 A, and with
P---P---P angles at 96.2 to 107.3°. Compound XXVla and XXVIb are polymorphs of
the same compound, crystallising in monoclinic and triclinic space groups respectively,
and both the polymorphs have fourfold phenyl embraces with four ef interactions
(C--Teentroig distances ranging from 3.56 to 4.41 A) between neighbouring phenyl rings,
except for the interaction between the phosphonium cation pairs; in compound XXVla
the phosphonium cations are linked through ef interactions with distance at C- - -mcentroid
3.85 A, while in compound XXVIb they are linked through ef and off interactions
(C-+Teentroig distance at 3.99 and Teentroig** *Teentroia distance at 3.95 A respectively). The
embraced phosphonium cations have P---P separations at 7.2 and 7.6 A for compound

XXVla and compound XXV b respectively.
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Compounds XXVII to XXIX contain larger phosphonium moieties which lie about
inversion centres in trans-conformation, except for a polymorph in compound XXIXb.
The crystal packing for compounds XXVI1I and XXVIII are similar where the phenyl
rings of the bis-phosphonium cation are involved in two ef interactions (C---n distances
ranging from 3.70 to 3.73 A) between three neighbouring bis-phosphonium cations,
forming infinite zigzag chains in ladder-like layers arranged in alternating two
dimensional arrays, with a slightly shorter P---P separation at 8.5 A in compound
XXVII relative to that in compound XXVIII, at 8.7 A. Compounds XXIXa and
XXIXb with the same bis-phosphonium cation crystallised as polymorphs, in triclinic
and monoclinic space groups respectively. The significant difference between these
polymorphs is the conformation of the bis-phosphonium cation, where the cations are in
the trans and cis-conformations respectively.

The cations in compound XXI1Xa form continuous zigzag arrangement but with more
ef interactions between the phenyl rings (C---n distances ranging from 3.59 to 3.89 A),
having a shorter P---P separation at 5.7 A. The cations in compound XXIXb are
arranged in an up-down fashion alternately with the multiple phenyl embrace comprised
of two ef interactions (C---n distances ranging from 3.87 to 4.28 A), with a P---P
separation at 8.2 A. The higher positive charges of these bis-phosphonium cations with
a two fold increase in the number of univalent anions results in an expansion of the

lattice are different packing arrangements of the ions.
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Compound XXlIb

Compound XXIlI
Compound XXIV |

Figure 9.4(a). Phenyl embraces of the phosphonium cations in off (double arrow) and
ef (single arrow) with the interacting phenyl rings in blue and the non-interacting in

orange.
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Compound XXVla

Compound XXVIb

Compound XXVII
&
XXVIl

Compound XXIXa

Compound XXIXb

Figure 9.4(b). Phenyl embraces of the phosphonium cations in off (double arrow) and
ef (single arrow) with the interacting phenyl rings in blue and the non-interacting in

orange.
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9.3 Hirshfeld surface analysis of phosphonium salts

Phosphonium cations

Two-dimensional fingerprint plots from Hirshfeld surface analyses, Figure 9.5,
illustrate the difference between the intermolecular interaction patterns and the relative
contributions to the Hirshfeld surface (in percentage) for the major intermolecular
contacts associated with the phosphonium cations. Importantly, in all compounds
intermolecular H---H bonding appears to be a major contributor in the crystal packing.
Several herringbone arrangements can be identified, notably for compounds XXIII,
XXIV, XXVII, XXVIII and XXIXa, where the dominant motif involves C—H:--x
contacts which appear as ‘wings’. Compound XXIII has the shortest C—H---x contact
with dc..y= 2.7 A, where the characteristic wings are more pronounced compared to
other compounds.

In each of the structures the interaction of the cations and the anions is dominated by
C-H---X (X =N, O, F) non-classical hydrogen-bonding, with a donor spike in the upper
part of the fingerprint plot and some red streaking. O-atom containing anions in
compounds XXVla, XXVIb, XXIXa and XXIXb show strong C-H---O contact with a
sharp donor spike relative to C—H---F contacts. There is a sharp spike indicative of
strong C---C contacts involving the cyano moieties in N(CN),” and C(CN)s  for
compounds XXVI1I and XXVIII. However, this feature is absent in compound XXIV
which also have cyano moieties, in SCN. Among all the compounds, XXIlb, XXIV,
XXVla, XXVIb, XXVII and XXIXa have poor packing efficiency with the contact
distances in the fingerprint plot extended further, with regions of intermolecular voids.

Interestingly this correlates with the lower melting points for these compounds.
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Phosphonium cation
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Figure 9.5. Fingerprint plots for phosphonium cations in compound XXlla — XXIXb.
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Anions

The symmetrical and non-symmetrical homo-charged anions PFg’, N(CN),", C(CN)3’,
SCN’, CF3SO3 and N(CF3S0,), are surrounded by the phosphonium cations which
pack in different arrays through C—H---X non-classical hydrogen-bonding where the
basis of the molecular electrostatic potential is consistent to previous studies, involving
both charged fragments having close contacts for C—H and N, O or F groups. The two-
dimensional fingerprint plots from Hirshfeld surface analyses for the anions are shown
in Figure 9.7. Anions containing F-atoms, except for compounds XXI11, XXIV, XXVII
and XXVIII, show C-H---F interactions, with H---F distances ranging from 2.66 to
2.99 A. Compound XXlla contains disordered PFs anions which is related to a
symmetrical spinning motion and lack preferential directionality in the solid state 224,
The C—H---F interactions between the cations and anions for compound XXlla, XXI1b
and XXV is dominant, while in compound XXVla, XXVIb, XXIXa and XXIXb there
isa C—H---O hydrogen bonding (from CF3SO3" and N(CF3SO,),"), with H---O distances
distances ranging from 2.60 to 2.98 A. In compound XXIXa and XXIXb there are
different conformations of [N(CF3SO,),]" anions; compound XXIXa has [N(CF3S0,),]
anions interlocked in the trans-conformation (Figure 9.6(a)) while compound XXIXb
has cis- and trans-conformers which are arranged in between the phosphonium cations

forming narrow channels across the structure (Figure 9.6(b)).

Figure 9.6. Bis-phosphonium cation and trifluoromethylsufonylamide anion in

compound XXIXb.
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For compounds containing SCN’, N(CN), and C(CN)s" the anions are surrounded by
oppositely charged phosphonium cations with N---H hydrogen bonds between N-atoms
of cyano moieties and the phenyl H-atoms from the phosphonium cations, with short
N---H distances ranging from 2.69 to 2.95 A. The anions also have close C-N---C
contacts from the C-atoms of the cyano groups and the phosphonium phenyl H-atoms,
with distances ranging from 2.55 to 2.97 A. The terminal S-atom in thiocyanate in
compound XXIV has additional C—H---S interaction, with shortest H---S distances at

2.89 A.

The green colouring towards the spikes in the fingerprint plots represent a greater
relative contribution of hydrogen bonding on the surface, involving N, O, F and S atoms.
There is a larger number of C—H---N interactions between cations and anions for
compounds XXI1, XX1V, XXVII and XXVI11. For compounds containing PFg" anion,
the prevailing F---H interactions have relative contribution fractions of more than 90 %.
The CF3SO3 and N(CF3S0,),;" anions with the C—H---F and C—H---O interactions have
similar contributions to the overall surface. Compounds XXIIb, XXV, XXVla, and
XXIXa have considerably less efficient close packing in the crystal as compared to the

other structures.
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Anions
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Figure 9.7. Fingerprint plots for anions in compound XXIla — XXIXb.
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CHAPTER 9

9.4 Conclusions

In structurally authenticating a series of compounds based on various phosphonium
cations and anions which are intrinsically important in ionic liquids, a greater
understanding has been established, on how the anions, which avoid each other in the
structures, interact with phosphonium cations, at the same time how the more charge
diffuse cations interact with each through phenyl embraces. This dominance of the
interactions of the cations with themselves and of these cations with the anions is
readily identified through Hirshfeld surface analyses. Of particular interest is identifying
the different contacts for polymorph pairs, i.e. compounds XXlla and XXIIb, XXVla
and XXVIb, and XXIXa and XXIXb, and compounds that differ in the anion, which
have similar or different three dimensional connections, i.e. compounds XXII1, XXIV,
XXV, XXVII and XXVIII. The phosphonium cations usually associate through
phenyl---phenyl interactions either in the off or ef types, and that these motifs can form
multiple phenyl embraces which can further correlate in the formation of chains and
nets. The interplay of the anions with the cations is dominated through non-classical C-

H---X hydrogen bonds.
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CHAPTER 9

9.5 Experimental Section

A. General remarks on crystal growth

Suitable crystals of compounds XXIl1a—XXIXb (Figure 9.3 and Table 9.1), for X-ray
diffraction studies formed on slow evaporation of a solution of an equimolar mixture of
p-sulfonatocalix[4]arene and imidazolium (1-ethyl-3methylimidazolium, 1-butyl-
3methylimidazolium and 1,1’-[1,4-phenylenebis(methylene)]bis(3-butyl-1H-
imidazolium-1-yl)) salts, in the presence of phosphonium salts (halides) and a threefold
excess of gadolinium(lll) chloride, in a mixture of THF and water (1:1, 2 mL, pH 2.5-
5.4), affording colourless crystals of complexes which were suitable for X-ray
diffraction studies after several days. The compounds can also be prepared directly in
the presence of sodium p-sulfonatocalix[4]arene and gadolinium(lI11) chloride, in yields
from 20 to 60%, albeit without forming crystals suitable for single crystal diffraction
studies. Imidazolium salts containing [SCN]’, [N(CN).],, [C(CN)s]’, [PFe], [CF3SO3]
and [N(CF3SO,),]” anions were synthesized as described in Section 3.4 and 6.4.
Phosphonium salts were purchased from Sigma Aldrich and were used without

purification.

Controlling the growth of single crystals in the presence of the calixarene is
interesting given that the imidazolium charged head group is selectively drawn into the
cavity of the calixarene, rather than binding of phenyl rings of phosphonium cations,

both in solid and solution state, which have been discussed in Chapters 3 to 8.
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