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Abstract: N-Alkyl-N-methylpyrrolidini-
um cations have been used for the
design of ionic liquid crystals, including
a new type of uranium-containing me-
tallomesogen. Pyrrolidinium salts with

bromide, bis(trifluoromethylsulfonyl)-
imide, tetrafluoroborate, hexafluoro-
phosphate, thiocyanate, tetrakis(2-

thenoyltrifluoroacetonato)europate(IIT)
and tetrabromouranyl counteranions
were prepared. For the bromide salts
and tetrabromouranyl compounds, the
chain length of the alkyl group C,H,,
was varied from eight to twenty carbon

Thomas Cardinaels*!*!

highly ordered smectic phases (the
crystal smectic E phase and the uncom-
mon crystal smectic T phase), smectic
A phases, and hexagonal columnar
phases were observed, depending on
chain length and anion. This work
gives better insight into the nature and
formation of the crystal smectic T
phase, and the molecular requirements
for the appearance of this highly or-
dered phase. This uncommon tetrago-
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nal mesophase is thoroughly discussed
on the basis of detailed powder X-ray
diffraction experiments and in relation
to the existing literature. Structural
models are proposed for self-assembly
of the molecules within the smectic
layers. In addition, the photophysical
properties of the compounds contain-
ing a metal complex anion were inves-
tigated. For the uranium-containing
mesogens, luminescence can be in-
duced by dissolving them in an ionic
liquid matrix. The europium-containing
compound shows intense red photolu-

atoms (n=8, 10-20). The compounds
show rich mesomorphic behaviour:

Introduction

Tonic liquid crystals are a fascinating class of molecular ma-
terials, both from fundamental and from applied points of
view.!'! The ionic nature of these compounds allows uncom-
mon mesophases like the crystal smectic T phase®® and the
nematic columnar phase to be obtained.”’ Aligned samples
of ionic liquid crystals show pronounced anisotropic ion con-
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Supporting information for this article is available on the WWW
under http://dx.doi.org/10.1002/chem.200801566. It contains synthetic
procedures and characterisation data for UO,Br,-x H,O and 13; stack
column graphs showing the evolution of the transition temperatures
in the series 2a-12a and 2g-12g; powder X-ray diffraction data for
uranyl complexes 6g-12g; and powder X-ray diffractograms of 12a
and 12g in the SmA phase.
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minescence with high colour purity.

duction and are of interest as low-dimensional ion-conduc-
tive materials.*”! Recent studies have shown that ionic me-
tallomesogens can be used as an anisotropic reaction
medium for shape-selective synthesis of nanoparticles.'*'
Different types of ionic liquid crystals have been investigat-
ed, among others imidazolium,"*"¥ pyridinium,!'*!61%2?
quaternary ammonium®*?! and quaternary phosphonium
salts.?*?] Recently, we reported on nematic ionic liquid crys-
tals and a luminescent tetrakis (-diketonate lanthanidome-
sogen with mesogenic imidazolium cations.”! The liquid-
crystalline behaviour of the ionic salts strongly depends on
the nature of both the cation and the anion, but also on the
length of the alkyl chain of the organic cation. Pyrrolidinium
salts are used as ionic liquids with a large electrochemical
window,” ! as surfactants,*” and as mesostructuring agents
in the preparation of oriented thin films.®!! To the best of
our knowledge, no investigation of the mesomorphic proper-
ties of thermotropic liquid-crystalline pyrrolidinium salts has
appeared in the literature yet. However, the pyrrolidinium
core offers advantages for studying the metal-centred lumi-
nescence of ionic metallomesogens, because it shows no in-
convenient background fluorescence. Here we describe the
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thermotropic liquid-crystalline properties of N-alkyl-N-
methylpyrrolidinium salts with bromide, bis(trifluoromethyl-
sulfonyl)imide, tetrafluoroborate, hexafluorophosphate, thio-
cyanate, tetrakis(2-thenoyltrifluoroacetonato)europate(III)
and tetrabromouranyl counteranions. In addition, the lumi-
nescence properties of the mesogens that contain a metal
complex anion were studied.

Results and Discussion

Synthesis: Synthesis of the pyrrolidinium salts is outlined in
Scheme 1. Compounds 1a-12a were prepared by quaterni-
sation (Menschutkin reaction) of 1-methylpyrrolidine with
C,H,,, Br (n=8, 10-20)." Yields were in the range of 72—
88% (except for 1a and 2a: 47 and 51 %, respectively).
Under the experimental conditions used, 1a and 2a were
obtained as monohydrate salts, as confirmed by CHN ele-
mental analysis, while 3a—12a were obtained as water-free
compounds and stored in a desiccator. Compounds 10b-10e
were synthesised by a metathesis reaction between bromide
salt 10a and lithium bis(trifluoromethylsulfonyl)imide
(LiNTf,, Tf=SO,CF;), sodium tetrafluoroborate, potassium

Abstract in Dutch: Het N-alkyl-N-methylpyrrolidinium-
kation werd gebruikt voor de bereiding van ionische vioeiba-
re kristallen, waaronder een nieuw type uraniumhoudend me-
tallomesogeen. Er werden pyrrolidiniumzouten met bromide-,
bis(trifluoromethylsulfonyl)imide-, tetrafluoroboraat-, hexa-
fluorofosfaat-,  thiocyanaat-,  tetrakis(2-thenoyl-trifluoro-
acetonato)europaat(IIl)- en tetrabromouranyl-anionen gesyn-
thetiseerd. In het geval van de bromidezouten en de tetrabro-
mouranylverbindingen werd de ketenlengte gevarieerd van
acht tot twintig koolstofatomen (n=8, 10, 11, 12 ,13, 14, 15,
16, 17, 18, 19, 20). De verbindingen vertonen een rijk mesofa-
segedrag, van hooggeordende smectische fasen (de kristal-
smectische E fase en de zeldzame kristal-smectische T fase)
over smectische A fasen tot hexagonaal kolomvormige fasen,
afhankelijk van de ketenlengte en het anion. Dit werk geeft
een beter inzicht in de aard en vorming van de kristal-smecti-
sche T fase, en de moleculaire vereisten voor het voorkomen
van deze hooggeordende fase. Er wordt een nauwkeurige be-
schrijving gegeven van de mesofasestructuur, op basis van ge-
detailleerde poeder X-stralendiffractie-experimenten en door
het verband te leggen met de bestaande literatuur omtrent
deze ongewone tetragonale mesofase. Er worden structurele
modellen voorgesteld die de zelforganisatie van de moleculen
in de smectische lagen verduidelijken. Daarnaast werden de
fotofysische eigenschappen van de verbindingen met een
anionisch metaalfragment onderzocht. Voor de uraniumhou-
dende metallomesogenen werd aangetoond dat luminescentie
geinduceerd kan worden door deze op te lossen in een ioni-
sche vloeistof. De europiumhoudende verbinding vertoont
een intense rode fotoluminescentie met een hoge kleurzuiver-
heid.
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Scheme 1. Synthesis of the pyrrolidinium compounds. i) C,H,,, ,Br (n=38,
10-20), Ar, dry toluene, RT (1a and 2a) or 80°C (3a-12a); ii) 10b: 10a,
LiNTf,, H,O/MeOH, 60°C; ii) 10c: 10a, NaBF,, acetone, reflux; ii) 10d:
10a, KPF,, H,O/MeOH, 60°C; ii) 10e: 10a, KSCN, Ar, acetone, 55°C;
i))10f: 10a, Htta, NaOH, EuClL-6H,0, H,O/EtOH, 50°C;
iii) UO,Br,.xH,0O, EtOH, reflux.

hexafluorophosphate and potassium thiocyanate, respective-
ly. Compound 10 f was prepared by a reaction between bro-
mide salt 10a, 2-thenoyltrifluoroacetone (Htta), sodium hy-
droxide and europium(III) chloride hexahydrate. Com-
pounds 1g-12g were synthesised by reaction of bromide
salts 1a-12a with uranyl bromide hydrate (UO,Br,:xH,0)
in refluxing ethanol. Due to its hygroscopic character, it is
difficult to determine the exact number of water molecules
x in the uranyl bromide salt precursor. The uranyl bromide
salt was carefully dried, and when weighing, x was assumed
to be zero so that compounds 1g-12g would not be conta-
minated with an excess of uranyl bromide. The uranyl com-
plexes were obtained as anhydrous yellow solids (as con-
firmed by CHN elemental analysis), although no special
care was taken to prevent hydration of the salts. The 'H and
BC NMR spectra of the uranyl complexes in CD;OD (not
reported here) are similar to those obtained for the parent
halide salts in CD;OD. The uranyl complexes were obtained
in relatively low yields because of their rather good solubili-
ty in ethanol, from which they were recrystallised, and the
difficulty of working with the hygroscopic uranyl bromide
salt precursor (see above).

Single-crystal X-ray diffraction: Crystals of uranyl complex
6¢ suitable for single-crystal X-ray structure determination
could be obtained by slowly evaporating a solution of the
compound in ethanol. The crystal structure consists of two
crystallographically independent N-methyl-N-tetradecylpyr-
rolidinium cations and a [UO,Br,]*” ion in the asymmetric
unit (Figure 1, top). In the first coordination sphere, the
uranyl ion is surrounded by four bromide ions in the equato-
rial plane. Weak interactions of the protons of the pyrrolidi-
nium cations with the bromine atoms (ranging from 2.75 to
3.04 A) and with the oxygen atoms (ranging from 2.43 to
2.59 A) of the [UO,Br,]*" ions are found (Figure 1, bottom).
In the packing of the crystal structure of 6g, the cationic
head groups and the [UO,Br,*" anions are arranged in

www.chemeurj.org — 657


www.chemeurj.org

CHEMISTRY

T. Cardinaels et al.

A EUROPEAN JOURNAL

w’\ts '( b
] s\ ® e ' .,\ ‘\\A\N
SOSOSOSRKTR
‘l P . ¢ 9 b % » 4 "Elr
- < " ‘ .
\ ‘s -~ A > 1, % U
TN K XK o
1Y \ &
) : ‘.‘\"c ¥

-—

Figure 1. Top: asymmetric unit of the crystal structure of 6g. Bottom:
weak interactions of protons of the pyrrolidinium cations with the sur-
rounding anions, shown for one of the cations in the crystal structure of
6g.

ionic double layers with the alkyl chains pointing in opposite
directions (Figure 2). These double layers are separated
from one another by the alkyl chains, which are arranged in
a parallel and interdigitated fashion. The horizontal U--U
distance within the double layers is 10.52 A, and the vertical
U--U distance is 8.57 A. The shortest U--U distances be-
tween two parallel double layers are 22.14 and 35.64 A be-
tween the inner and outer uranyl ions, respectively.

Thermal behaviour: The thermal properties of all com-
pounds were examined by polarising optical microscopy
(POM), differential scanning calorimetry (DSC) and X-ray
diffraction on powder samples. The transition temperatures
and thermal data for all the pyrrolidinium salts are collected
in Table 1. Representative DSC traces of 6a, 10a and 10g
are shown in Figure 3. In general, the second heating run
was not analogous to the first one, because the pyrrolidini-
um compounds are not stable at high temperatures (above
ca. 200°C). This was confirmed by POM, by the fact that
the baseline of the DSC thermogram alters above approxi-
mately 200°C, and by thermogravimetry (Figure 4). If the
compounds were heated to only 180°C during the first heat-
ing run, a matching and reproducible cooling run and a re-
producible second heating run were obtained (Figure 5). Ac-
cording to thermogravimetry, the pyrrolidinium bromide
compounds are thermally less stable than the corresponding
uranyl complexes (Figure 4a). At 250°C, 10a showed 28 %
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Figure 2. Packing in the crystal structure of 6g, viewed along the a axis.

weight loss, while 10g had not started to decompose yet.
The alkyl chain length does not seem to have any influence
on the thermal stability of the pyrrolidinium bromides. On
the other hand, the type of anion strongly determines the
thermal stability (Figure 4b). Bis(trifluoromethylsulfonyl)-
imide compound 10b is thermally stable up to 365°C. The
thermal stability order of the singly charged anions can be
summarised as: NTf,” >PF,” >[Eu(tta),]” >Br ~BF, >
SCN™. Compound 10c¢ shows a two-stage decomposition
process. The weight loss for compound 10f occurring be-
tween 265 and 340°C corresponds to the gradual decomposi-
tion of the metal-containing anion [Eu(tta),]”.

For some compounds, two or more crystalline phases
were observed. This is not unusual, as crystal polymorphism
and the existence of conductive plastic crystal phases (rota-
tionally disordered phases) of pyrrolidinium-based ionic lig-
uids have been reported in the past.??*¥331 A minimum
alkyl chain length of eleven carbon atoms is required for the
pyrrolidinium bromide salts to exhibit mesomorphism. In-
vestigation of the thermal properties of 1a and 2a was com-
plicated by their hygroscopicity and by the fact that differ-
ent crystal forms melt at different temperatures in the case
of samples without a thermal history. As a consequence,
crystals of a high-melting polymorph are scattered in the
melt of a lower-melting crystal polymorph when viewed by
POM. The first and second DSC heating runs differed from
one another when samples that had not been kept under an
inert atmosphere were measured in DSC pans with a small
hole in the lid. The transition temperatures for the third and
fourth heating run were identical to the values observed for
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Table 1. Transition temperatures and thermal data for the pyrrolidinium salts.

Compd #l"  Anion Transition®  T'[°C])  AH [kJmol™] Compd #*  Anion Transition®  7T'[°C]  AH [kJmol™']
(AS [IK ' mol™]) (AS [JK™"mol™"])

1a 8§ Br Cr—1 159 7.1 (16) 1g 8 [UOBr> Cr—I 67 117 (34)

2a 10 Br- Cr,—Cr,1 41 18.6(59) 2g 10 [UO,Br* Cr,—Cr, 57 4.0(12)
Cr,—1 162 6.7 (15) Cr,—I 84  5.8(16)

3a 11 Br Cr—T, 27 102 (34) 4g 12 [UOBr*” Cr,—Cr, 61  11.6(35)
T,-T, 70 0.5 (1.4) Cr,—I 108 7.0 (18)
T,—I 171 5.7 (13) 5g 13 [UOBr]* Cr,—Cr, 45 489 (154)

4a 12 Br Cr—T, 53 32.7 (100) Cr,—I 109 5.4 (14)
T,-T, 78 0.8(2) 6g 14 [UOBr]* Cr,—Cr, 49 50.0
T,—I 191 6.7 (14) Cr,—E 55

S5a 13  Br Cr,—Cr, 53 13.80 (I—Coly) EL -
Cr,—T, 59 E—I 133 6.4 (16)
T,—-T, 79 09(@3) 7g 15 [UOBr,”” Cr—E 60 742 (223)
T,—I 201 7.6 (16) (I—Coly) L -

6a 14 Br- Cr—T, 62 41.6 (124) E—I 147 6.7 (16)
T,—-T, 80 09(3) 8g 16 [UOBr,’” Cr—E 64 47.0 (139)
T,—I 208 8.7 (18) (I—Col,) 15100

7a 15 Br Cr—T, 74 172 (50) E—I 160 7.3 (17)
(T,—T)) 83l 0.9 (3) 9g 17 [UO,Br,* Cr;—Cr, 69  80.9¢
T,—I 214 93 (19) Cr,—E 72

8a 16 Br- Cr,—Cr,¥ 66 3140 (I—Coly) L -
Cr,—T, 75 E—I 169 7.6 (17)
(T,—T)) 77" 0.8 () 10g 18 [UO,Br,* Cr;—Cr, 62 112 (33)
T,—I 217 9.7 (20) Cr,—E 72 412 (118)

9a 17 Br- Cr,—Cr, 38l 1.1 (4) E—I 172 10.0 (22)
Cr,—T 82 24.9 (70) 11g 19 [UO,Br,* Cr;—Cr, 75 96.8¢
T—I 218 93 (19) Cr,—E 80

10a 18  Br- Cr,—Cr, 42 24() E—SmA 185  9.2(20)
Cr,—T 82 26.4 (74) SmA I 227 05 (1.1)
T—SmA 217 81(17) 12g 20 [UO,Br]* Cr,—Cr, 41 2.8 (9)
SmA I 229 1.6 (3) Cr,—Cr, 69 112 (33)

11a 19 Br Cr,—Cr, 356 1.1 (4) Cr;—E 83 502 (141)
Cr,—T 80  29.3 (81) E—SmA 186  85(19)
T—SmA 216 83 (17) SmA —I 267 08(2)
SmA I 233 15(3)

12a 20 Br- Cr—T 89  32.7 (90)
T—SmA 214 89 (18)
SmA I 233 13 (3)

10b 18 NTf,~ Cr,—Cr, 346 1.5 (5)
Cr,—1 72 32.3(94)

10¢ 18 BF,” Cr,—Cr, 47 78 (24)
Cr,—T 92 208 (57)
T-1 166 5.5 (13)

10d 18  PF,” Cr—T 95 33.1(90)
T—I1 145 4.7 (11)

10e 18 SCN- Cr,—Cr, 37 3.6(12)
Cr,—SmA 86 29.9 (83)
SmA I 164 09 (2)

10f 18  [Eu(tta),]” Cr—I 121 46.5 (118)

[a] n=number of carbon atoms in the alkyl chain. [b] Abbreviations: Cr, Cr,, Cr, and Cr;=crystalline or partially crystalline phase; T, T, and T, =crystal
smectic T phase; E =crystal smectic E phase; SmA =smectic A phase; Col, =hexagonal columnar phase; I=isotropic liquid. Transitions in parentheses
indicate transitions to a monotropic mesophase. [c] Onset temperatures obtained by DSC at heating/cooling rates of 10°Cmin~' (He atmosphere). For
1a-12a, 10c and 10d, values were taken from the second heating run (first heating run up to 180°C). For the other compounds, values were taken from
the first heating run. During the first cooling run, 1a, 2a and 1g-12g were cooled to —50°C, and the other compounds to —20°C. [d] Before this endo-
thermic transition, an exothermic recrystallisation process took place. For 2a: at 9°C (peak temperature) (AH=—15.2kJmol™'; AS=—-54 JK ' mol™);
for 4a: at 23°C (peak temperature) (AH=-9.7kJmol™; AS=-33JK'mol™); for 6a: at 33°C (peak temperature) (AH=-18.5kImol™"; AS=
—60 JK 'mol™"); for 8a: at 53°C (peak temperature) (AH=—5.6 kJmol™'; AS=—17JK 'mol™). [e] As the transition peaks in the DSC thermogram
were not fully resolved, the total enthalpy value AH for both transitions is given. [f] Values taken from the first cooling run (first heating run up to
180°C). [g] Peak temperature. [h] Not detected by DSC. If possible, the temperature at which the monotropic mesophase transformed into the isotropic
liquid phase on heating was determined by POM.

the second heating run. When the compounds were dried in first and second DSC heating run were almost identical to
vacuo at 180°C (i.e., in their liquid state) for three hours one another (slightly lower melting point for the second
and put in completely sealed DSC pans in a glove box, the heating run) and the same peaks as for the second heating
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Figure 3. DSC traces of a) 6a, b) 10a and c) 10g (heating/cooling rate of
10°C min!'; He atmosphere). The first heating/cooling cycle is shown by
a solid line, and the second heating/cooling cycle by a dashed line. Ab-
breviations: Cr, Cr, and Cr,=crystalline or partially crystalline phase; T,
T, and T,=crystal smectic T phase; E =crystal smectic E phase; SmA =
smectic A phase; I=isotropic liquid. Endothermic peaks point upwards.

run of the first series of measurements were observed. The
melting temperatures were, however, lower (by 3-5°C) after
the drying procedure. This might be due to slight decompo-
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Figure 4. Thermograms of selected pyrrolidinium salts (heating rate of
10°Cmin~'; N, atmosphere). a) 4a, 10a and 10g; b) 10b, 10¢, 10d, 10e
and 10 f.

sition, as indicated by the change in colour from white to
pale brown.

Bromide salts 3a—-12a showed one or more enantiotropic
smectic phases. Compounds 3a, 4a, 5a and 6a (n=11, 12,
13 and 14, respectively) formed two types of crystal smectic
T phases (for a discussion on the T phase, see the section
about X-ray diffraction experiments), designated as T, and
T, for the lower- and higher-temperature phase, respectively.
The T, and T, phases appeared both on heating and on cool-
ing (Figure 5a). Compounds 7a and 8a (n=15 and 16, re-
spectively) showed only one type of enantiotropic T phase
(designated as T,). However, on cooling, another T phase
(designated as T,) appeared beneath the enantiotropic T
phase, as indicated by the appearance of an additional,
small peak in the DSC thermograms. Compound 9a (n=17)
exhibited only one type of T phase. Compounds 10a, 11a
and 12a (n=18, 19 and 20, respectively) showed a SmA
phase at higher temperatures and a T phase at lower tem-
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Figure 5. DSC traces of a) 6a and b) 10a (heating/cooling rate of 10°C
'; He atmosphere). The first heating/cooling cycle is shown by a
solid line, and the second heating/cooling cycle by a dashed line. Abbre-
viations: Cr; and Cr,=crystalline or partially crystalline phase; T, T, and
T,=crystal smectic T phase; SmA =smectic A phase; I=isotropic liquid.
Endothermic peaks point upwards.

min~

peratures. The bis(trifluoromethylsulfonyl)imide salt 10b
was not liquid-crystalline. The tetrafluoroborate salt 10 ¢ and
the hexafluorophosphate salt 10d showed a T phase, while
the thiocyanate salt 10e showed a SmA phase. Of the com-
pounds containing metal complex anions, the tetrakis(2-
thenoyltrifluoroacetonato)europate(III) salt 10f was not
liquid-crystalline, while the tetrabromouranyl salts with a
chain length of at least fourteen carbon atoms (6g-12g)
showed crystal smectic E phases. For compounds 6g-9¢g
(n=14-17), an additional monotropic hexagonal columnar
phase (Col,) was observed on cooling from the isotropic
liquid. Compounds 11g and 12g (n=19 and 20, respectively)
showed an additional SmA phase above the highly ordered
smectic phase. Only a very limited number of uranium-con-
taining liquid crystals have been reported till now.
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The SmA phases could be easily identified by their defect
textures: focal conic fan and oily streak textures were ob-
served (Figure 6, top right and middle left). For both the
SmA and T phases, observation of large homeotropic do-
mains confirmed that they are orthogonal, optically uniaxial
mesophases. For the more viscous T phases, the observed
lancet-like texture (Figure 6, top left) or mosaic texture
points at a highly ordered smectic phase. On the basis of
POM observations alone, these phases could not be un-
equivocally assigned as T phases (e.g., SmB and crystal B
phases also show a lancet-like texture). X-ray diffraction
measurements on powder samples were required for full
characterisation of these phases (see below). A completely
non-birefringent texture such as reported by Nogami
et al."! and Ohta et al.”! for the T phases of 1,4-dialkyl-1,4-
diazoniabicyclo[2.2.2]octane dibromides was not observed
for the T phases of the pyrrolidinium compounds described
here (except for compound 10¢). Tetrabromouranyl salts
6g-12¢g showed viscous mesophases for which lancet-like
and mosaic textures, as well as large pseudo-homeotropic
domains, were observed (Figure 6, middle right and bottom
left). For the monotropic Col, phase of 6g-9g, a pseudo
focal conic texture was seen (Figure 6, bottom right). In the
case of 6g and 9g, the Col, phase was observed upon cool-
ing over a narrow temperature range for a very short period
of time, while it was more stable in the case of 7g and 8g.

A contact sample of compound 8a and N,N-bis(hexadec-
yl)-N,N-dimethylammonium bromide (13) was prepared by
allowing a small droplet of 8a in its T phase and a small
droplet of 13 in its isotropic liquid state to mix under a
cover slip at 180°C. Compound 13 was one of the first com-
pounds that was reported to exhibit a T phase (see below).?
In the first heating run, it shows a crystal-to-crystal transi-
tion at 64°C (AH=5.6kImol™"; AS=17JK 'mol™); its
melting point and clearing point are 76 and 171°C, respec-
tively (AH,=54.8kJmol™; AS,=157JK'mol™; AH.=
7.6 kImol™!; AS,=17 JK ' mol™).*”) The interface between
the two materials was studied by POM on cooling the con-
tact sample from the isotropic liquid. Interestingly, the two
compounds mixed homogeneously, and at the interface a
SmA phase was formed (Figure 7). Apparently, the two dif-
ferent mesogens, both showing a T phase in their pure form,
cannot form this highly ordered phase when they are mixed;
a disordered SmA phase is formed instead. The difference
in molecular structure (one chain per cation for 8a; two
chains per cation for 13) and the difference in molecular
packing in the T phases shown by both mesogens (ionic
double layers for 8a (see below); ionic monolayers for 13™)
preclude ordering of a mixture of the compounds in a
square two-dimensional lattice.

In the series 3a—12a and 6 g-12 g, the melting and clearing
temperatures increase on going from shorter to longer chain
lengths. Such behaviour was also observed for mesomorphic
imidazolium and pyridinium salts.'*141617:1%21 However,
compared to the imidazolium and pyridinium salts, which
only exhibit SmA phases, our pyrrolidinium salts show a
rich polymorphism, ranging from several types of smectic
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Figure 6. Top left: lancet-like texture of the T, phase of 6a at 165°C (100 x magnification). Top right: focal conic fan texture of the SmA phase of 12a at
215°C (200x magnification). Middle left: oily streak texture of the SmA phase of 10e at 130°C (200 x magnification). Middle right: lancet-like texture
of the E phase of 6g at 115°C (100 x magnification). Bottom left: mosaic texture of the E phase of 6g at 99°C (200x magnification). Bottom right:
pseudo focal conic texture of the Col;, phase of 8g at 150°C (100 x magnification).

phases to even a (monotropic) Col, phase for some uranyl
complexes. The difference can be attributed to the different
shapes of the cationic head groups, the absence of charge
delocalisation for pyrrolidinium cations and the absence of
strong hydrogen bonding for N-alkyl-N-methylpyrrolidinium
halides. Although short contacts exist in the crystalline solid
state of N-methyl-N-propylpyrrolidinium iodide (between
the halide anions and the B-protons of the pyrrolidinium cat-
ions), these interactions cannot be assigned as true hydrogen
bonds because of the large distance between them.*! On
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the other hand, the presence of non-classical C—H:X hy-
drogen bonding in halide salts with heteroaromatic cations
has been described by several authors in the past.***" The
fact that a minimum alkyl chain length is required to induce
mesomorphism has been commonly observed for ionic
liquid crystals."! In the series 1a-12a, an alkyl chain length
of at least eleven carbon atoms is needed to obtain micro-
phase separation between the ionic head groups and the hy-
drophobic alkyl chains, which leads to the formation of
(highly ordered and disordered) lamellar phases. The micro-
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Figure 7. Contact preparation of 8a and 13 at 163°C (200x magnifica-
tion) after cooling from 180°C. Lower part: 8a in its T phase. Upper
part: 13 in its T phase. Middle part (interface between the two T phases):
SmA phase (mostly homeotropically aligned; a focal conic fan texture
appears when the sample is compressed with a needle).

phase separation is a result of the strong van der Waals in-
teractions between the long aliphatic alkyl chains.

For compounds 10a, 11a and 12a, a SmA phase is formed
above the T phase. Such a phase sequence was also ob-
served for N,N-bis(2-hydroxyethyl)-N-methyl-N-alkylammo-
nium bromides.! However, for the latter compounds, the
SmA phase was observed for a whole series of compounds
(n=12, 14, 16 and 18 carbon atoms), whereas for our pyrro-
lidinium compounds, the SmA phase is only seen for the
long-chain alkyl analogues (n=18, 19 or 20 carbon atoms).
The T-SmA transition is a first-order transition which is ac-
companied by a considerable enthalpy change (8-
9 kJmol™). It appears that (very) long alkyl chains are not
compatible with an ordered packing of the ions in the ionic
sublayers at higher temperatures, and hence a disordered
SmA phase results (see below).

For the series 6g-9g, the appearance of columnar (besides
smectic) mesomorphism was surprising. However, a Col,
phase was also observed for several N-alkylpyridinium salts
with [CuCl,]*" as counteranion (n=12, 13 or 14 carbon
atoms).! The octahedral [UO,Br,]*~ dianion has a different
coordination geometry compared to the tetrahedral
[CuClL]J* dianion and consequently has a different shape
and size. The importance of the coordination geometry is il-
lustrated by the fact that N-alkylpyridinium salts of the
square-planar [PdCl,]*>~ dianion only show smectic meso-
phases, while the corresponding [CuCl,]*" salts exhibit col-
umnar, cubic and smectic A mesophases.** It was also
found that salts of the [CoCl]*, [NiCL]*, [CuCl]*,
[ZnCl,)*" and [CACLJ*" complex anions (tetrahedral coordi-
nation geometry) with N-hexadecylpyridinium cations have
similar transition temperatures and mesophase temperature
ranges, which on the other hand differ from those of the cor-
responding [PACL]*~ salt.'**! Although the pyrrolidinium
compounds with two long alkyl chains per cation have not
been synthesised yet, it can be expected that the corre-
sponding uranyl complexes would be mesomorphic for
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shorter chain lengths than fourteen carbon atoms. It was ob-
served that in the homologous series of [C,mim],[PdCl,]
complexes ([C,mim]* =1-methyl-3-alkylimidazolium) a min-
imum of 14 carbon atoms (n=14) is required to show
liquid-crystalline properties, while [Cy¢Cgim],[PdCl,] already
shows a SmA phase over a broad temperature range.’*>!!

In the series 10a-10g, the anion clearly has great influ-
ence on the thermal behaviour.'*? The large NTf,” and
[Eu(tta),]” anions (compounds 10b and 10f, respectively)
destroy the liquid-crystalline properties, while for the small-
er anions, the anion type has a large effect on the mesomor-
phic behaviour (mesophase type and transition tempera-
tures). Compound 10a exhibits both T and SmA phases,
while compounds 10¢ and 10d only exhibit a T phase. Fur-
thermore, when the bromide anion is replaced by a thiocya-
nate anion, as in compound 10e, the highly ordered T phase
is replaced by a disordered SmA phase. Apparently, the
larger, non-spherical thiocyanate anion is not suitable for as-
sembly in an ordered, square, two-dimensional network (see
below). Combination of the N-methyl-N-octadecylpyrrolidi-
nium cation with a [UO,Br,]*" dianion, as in 10g, leads to
formation of a crystal smectic E phase.

Powder X-ray diffraction: Most of the liquid-crystalline pyr-
rolidinium compounds were studied by X-ray diffraction on
powder samples for further identification of the enantiotrop-
ic mesophases and to obtain more information about the
molecular packing in the mesophases. Table 2 gives an over-
view of the Bragg reflections collected from the X-ray dif-
fractograms of compounds 4a, 6a, 8a, 10a, 12a, 10c, 10d
and 10e. Diffraction data for the uranyl complexes 6g-12¢g
are given in the Supporting Information.

Before describing and discussing the X-ray diffractograms
of the mesophases formed by our pyrrolidinium compounds,
we briefly discuss the nature of the T phase. The T phase is
a highly ordered mesophase which has not often been ob-
served and which has an unusual symmetry. The T phase
was first observed in 1993 by Skoulios and co-workers, when
they examined the thermal behaviour of N,N-dialkyl-N,N-di-
methylammonium bromides.”! On the basis of powder X-ray
diffraction measurements, they concluded that, within the
smectic layers, the lateral packing of the cationic head
groups and bromide anions was ordered and tetragonal in
symmetry. Therefore, the mesophase was named smectic T
(according to Przedmojski and Dynarowicz-Eatka, this
phase was only shown by the homologues with two hexadec-
yl or two octadecyl chains; the compounds with two decyl,
two dodecyl or two tetradecyl chains were said to exhibit
crystal smectic E phases®™). More specifically, the ammoni-
um and bromide ions were arranged periodically in a square
two-dimensional network, and the ionic sublayers were sep-
arated from one another by sublayers containing the disor-
dered alkyl chains. The T phases are rare, and until now
they have only been observed for ionic liquid crystals: oxy-
nitrostilbene derivatives of N,N-dialkyl-N,N-dimethylammo-
nium bromides,”) N,N-bis(2-hydroxyethyl)-N-methyl-N-alkyl-
ammonium  bromides, 1,4-dialkyl-1,4-diazoniabicyclo-
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Table 2. Bragg reflections collected from the X-ray diffractograms of the different enantiotropic mesophases.

Compd  dyeys [A] 10 hkl' deq [A]® Parameters of Compd  dyess [A]H IV hkl¥ d [A]® Parameters of
smectic smectic
phaseld-¢! phaseld-¢l

4a 27.80 VS 001 2775 T,: T=70°C 12a 38.99 VS 001 3892 T: T=150°C

bl 002 V=574 A® 19.50 M 002  19.46 Vy=811 A3
9.25 M 003 9.25 Ay=41.4 A? ] 003 Ay=41.6 A?
6.93 M 004 6.94 L=19.13 A 9.72 M 004 9.73 a=638 A
5.55 M 005 5.55 7.77 M 005 7.78 L=2932A
4.62 w 006 4.63 6.48 M 006 6.49
_ti 110 5.56 M 007 5.56
i 111 487 w 008 4.87
i 200 451 M 110 451
i 210 3.20 W 200 3.19
27.29 VS 001  27.28 T,: T=130°C 2.85 W (br) 210 2.85
—nl 002 V=599 A® 35.74 'S 001 35.85 SmA: T=200°CH
9.08 M 003 9.09 Ay=44.0 A? 17.98 w 002 1792 V=839 A3
6.82 M 004 6.82 a=639 A Ay=46.8 A?
5.46 M 005 5.46 L=19.13 A L=2932 A
455 w 006 455 10¢ 32.63 VS 001 32.67 T: T=130°C
452 w 110 452 16.32 M 002 1634 V=762 A3
4.46 W 111 4.46 10.88 w 003 10.89 Ay=46.6 A2
i 200 8.17 M 004 8.17 a=6.90 A
i 210 6.54 M 005 6.53 L=2673A
6a 30.02 VS 001  30.06 T: T=75°C 5.46 w 006 5.45
15.01 w 002  15.03 Vu=625 A’ 4.88 M 110 4.88
10.01 M 003 10.02 Ay=41.6 A% 4.84 M 111 4.82
7.52 M 004 7.52 a=628 A 4.68 w 112 4.67
6.02 M 005 6.01 L=2167A 447 w 113 445
5.02 w 006 5.01 420 w 114 4.19
4.44 w 110 4.44 3.94 W 115 3.91
4.40 w 111 439 3.62 w 116 3.63
3.13 w 200 3.14 345 w 200 3.45
2.77 w 210 2.81 1 210
30.02 'S 001 30.11 T,: T=130°C 10d 30.64 'S 001 30.71 T: T=130°C
15.09 w 002  15.05 V=649 A’ 15.40 M 002 1536 V=866 A
10.05 w 003 10.04 Ay=432 A2 10.25 M 003 1024 Ay=56.4 A
7.52 M 004 7.53 a=637 A 7.67 M 004 7.68 a=729 A
6.03 M 005 6.02 L=2167A 6.14 M 005 6.14 L=2673A
5.01 w 006 5.02 5.16 W 110 5.16
4.50 w 110 450 5.12 W 006 5.12
4.47 W 111 445 K 111
3.18 w 200 3.18 4.87 w 112 4.89
2.71 w 210 2.85 4.60 W 113 4.60
8a 33.36 'S 001  33.13 T,: T=130°C 427 w 114 428
16.50 M 002  16.56 V=700 A3 3.94 w 115 3.94
11.00 w 003  11.04 Ay=422 A2 3.63 W (br) 200 3.65
8.28 M 004 8.28 a=638 A i 210
6.63 M 005 6.63 L=2423 A 10e 34.12 VS 001 3412 SmA: T=125°C
5.53 W 006 5.52 V=708 A’
451 M 110 451 Ay=41.6 A?
4.49 M 111 4.47 L=2673A
3.19 W 200 3.19
2.82 W (br) 210 2.85
10a 35.96 VS 001 3592 T: T=150°C
17.98 M 002  17.96 V=760 A®
bl 003 Ay=42.4 A?
9.00 M 004 8.98 a=637A
7.18 M 005 7.18 L=2673A
5.98 M 006 5.99
5.13 w 007 5.13
4.48 w 008 4.49
451 M 110 451
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Table 2. (Continued)

Compd  dpey [A] 10 hkl' do [A]®  Parameters of Compd  dyess [A]® 1P hkl¥ d [A]® Parameters of
smectic smectic
phasel®-¢! phaseld-¢!

3.20 W 200 3.19
2.84 W(br) 210 285
33.36 VS 001 33.45 SmA: T=195°Cll
16.77 W 002 16.73 Vu=784 Al
Ay=46.8 A?
L=2673 A

[a] dineas and d.,q are the measured and calculated diffraction spacings, respectively. [b] [ is the intensity of the reflections: VS, very strong; M, medium;
W, weak; br, broad reflection. [c] hkl are the Miller indices of the reflections. [d] T is the temperature at which the X-ray diffractogram was recorded.
[e] Vy, is the molecular volume, and A,, the molecular area. [f] a is the lattice parameter of (the square basis of) the tetragonal unit cell in the T phase
(a=b, c=d). For compound 4a, a could not be determined due to the absence of signals in the wide-angle region. [g] L is the calculated length of the
relevant pyrrolidinium cation in its most extended conformation (estimated with Chem3D; the structure of the pyrrolidinium cation was energy-mini-
mised by an MM2 calculation within Chem3D). [h] Not detected because of overlap with the diffraction signal produced by the covering foil used in the
experimental set-up (this signal occurs at 260=>5.7-7.6°). [i] Not detected. [j] During the temperature scan of the X-ray diffraction measurement, the SmA
phase was observed at lower temperatures than indicated by DSC (Table 1). This might point to slight decomposition of the sample at high temperatures.

[k] This reflection overlaps with the (006) reflection.

[2.2.2]octane dibromides® and 1,4-piperazinium dialkyl sul-
fates.”! For the highly ordered smectic (and crystal smectic)
phases formed by non-ionic calamitic mesogens, only hexag-
onal (hexatic phases) and rectangular two-dimensional net-
works have been observed so far, in which the molecules
can be tilted or non-tilted within the smectic layers.’**!
Considering the type and structure of the cation, T phases
have only been observed for salts with cations carrying one
or two non-delocalised charges, similar to the pyrrolidinium
compounds described in this paper (on the contrary, unfunc-
tionalised 1-methyl-3-alkylimidazolium and N-alkylpyridini-
um bromides invariably form disordered SmA phases). For
these compounds, localised coulombic interactions result in
an ordered packing of the ions in the ionic sublayers; no
other relevant interactions must be taken into account (the
cations do not carry any functional groups). Ordering of the
ions in a square two-dimensional network with cations and
anions in the corners and centres, respectively, allows strict
alternation of positive and negative charges (in a manner
similar to that found in the faces of the face-centred cubic
crystals of alkali metal halides). In this way, positive and
negative charges compensate each other most efficiently.

The following section describes the X-ray diffraction data
of our pyrrolidinium compounds. The crystalline nature of
the solid phases at room temperature was confirmed by the
presence of several sharp Bragg reflections at both small
and wide angles. In addition, the equidistant small-angle re-
flections indicated that the molecules are arranged in a la-
mellar fashion.

The diffractograms of the smectic mesophases show sever-
al sharp and equidistant reflections at small angles in the
case of the highly ordered smectic phases (crystal smectic T
and crystal smectic E), or only two sharp and equidistant re-
flections at small angles in the case of the SmA phases
(except for 10e, for which only one sharp reflection was ob-
served). These reflections are related to the consecutive
smectic layers of a specific layer thickness d (Table 2). The
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absence of more small-angle reflections for the SmA phases
confirms that the positions of the strongly diffracting bro-
mide anions in the SmA layers are not as well-defined as in
the crystal smectic T layers. In the wide-angle region, a dif-
fuse signal, centred at about 4.7 A, was observed, corre-
sponding to the lateral short-range order of the disordered
(molten) aliphatic chains. In addition, several relatively
sharp peaks were seen in the wide-angle region for the T
and E phases. For the E phases, additional peaks were ob-
served in the medium-angle region (see Supporting Informa-
tion). The nature of the T phase of 4a could not be unequiv-
ocally confirmed by X-ray diffraction due to the absence of
signals in the wide-angle region. Nevertheless, we believe
that this assignment is justified because 4a shows identical
defect textures and similar enthalpy values compared to 6a.
In addition, Skoulios et al. also observed less and less in-
tense wide-angle reflections for the shortest chain com-
pound in comparison to the other ammonium bromides.™

The T phases shown by the pyrrolidinium bromide com-
pounds were identified by the presence of two rather sharp
peaks (located at about 4.5 and 3.2 A) and one low-intensity
peak (located around 2.8 A) in the wide-angle region
(Figure 8). These peaks were indexed as the (110), (200) and
(210) reflections of a square lattice [reciprocal spacings of
the reflections in the characteristic ratio 1:2Y2:(52/212)].
The low-intensity (210) reflection broadens with increasing
chain length. For compounds 4a, 6a and 8a, the diffracto-
grams additionally show the (111) reflection of a tetragonal
lattice. This indicates that the smectic layers are slightly
three-dimensionally correlated. Due to the shorter chains,
the ionic sublayers are separated by a smaller distance (see
below).>¢

In contrast to what is commonly observed for SmA
phases, the layer thickness d of the T phase is independent
of temperature (Figure 9). However, d increases linearly
with the number of carbon atoms n in the alkyl chain
[Eq. (1), Figure 10].
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Figure 8. X-ray diffractogram of 12a in the T phase at 150°C, represented
as the logarithm of the scattering intensity (in counts) versus the scatter-
ing angle 26 (the broad diffraction signal centred at 26~6.5° is due to
the covering foil used in the experimental set-up).
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Figure 9. Evolution of the layer thickness d of the T phase of 8a as a
function of temperature.

d/A =9.9(£0.1) + 1.448(£0.008)n (1)

As a consequence, the thickness of the ionic sublayers d,
can be estimated to be approximately 9.9 A. The unit cell
parameter a of the square lattice (for a two-dimensional
square lattice, 1/d;, = (h*+k*)/a®) only slightly increases with
temperature (e.g., for compound 8a: a=6.31 A at 90°C, a=
6.45 A at 170°C). However, at a given temperature it is
nearly constant for all chain lengths, and is on average equal
to 6.37 A at 130°C. As noted by Skoulios et al., this lattice
can only describe the periodic arrangement of the cationic
head groups and the bromide anions in three-dimensional
space, since the alkyl chains are disordered.?¥ From a
formal point of view, the T phase is a genuine crystal phase
exhibiting three-dimensional positional order. On the other
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Figure 10. Evolution of the layer thickness d of the T phase at 130°C as a
function of the number of carbon atoms n in the alkyl chain for the
series 3a-12a: d=9.9(£0.1) + 1.448(+0.008)n.

hand, Skoulios et al. explain in their paper why they prefer
to consider the T phase, from a morphological point of view,
as a truly smectic liquid-crystalline phase (with abbreviation
SmT)." They state that the three-dimensional correlations
in the T phase arise from long-range coulombic interactions
of the ionic charges, which are periodically distributed
inside the ionic sublayers according to a tetragonal lattice.
However, as the coulombic interactions are stronger inside
the polar layers than between them (especially when longer
alkyl chains separate the ionic layers, which explains the fact
that no (111) reflection was observed for 10a and 12a in
their T phases), the smectic layers can slide over each other
rather easily. We indeed observed that the T phases, al-
though appreciably viscous, are soft and flowing. We pro-
pose to consider the T phase as a crystal smectic phase, and
denote it by a capital letter T without the prefix “Sm”. This
type of abbreviation is also used for the other known crystal
smectic (or anisotropic plastic crystal) phases, namely, the B,
J, G, E, K and H phases.”*>

Interestingly, the unit-cell parameter a of the higher-tem-
perature T, phase of compound 6a differs only slightly from
that of the lower-temperature T, phase (unfortunately, a
could not be calculated for the T, phase of compound 4a).
This indicates that there are only subtle structural differen-
ces between the two T phases. This is supported by the very
small enthalpy change that accompanies the T,-T, phase
transition of 4a and 6a (Table 1). Whereas the lamellar
period of compound 4a decreases on going from T, to T,, it
remains constant for 6a. It is not justified to make any state-
ments about the thickness of the ionic sublayers of the T,
phases, as only two lamellar periods are available to plot as
a function of the chain length 7.

To provide a more precise description of the molecular ar-
rangement, a quantitative discussion based on the measured
periodicities and calculated (partial) molecular volumes is
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presented. As the layer thickness d=V/a>=(ZV,+ZVcun)/
a* (where V is the volume of the tetragonal unit cell, Z the
number of molecules per unit cell, V,, the volume of one
ionic head group and Vg, the volume of one methylene
unit; at 130°C Veyy,~29.2 A% the volume contribution of
the terminal methyl group is somewhat larger than that of a
methylene group, but this is not taken into account), Z can
be deduced from the slope of the linear d versus n plot
(Figure 10). This calculation leads to a value of Z=2.0.
Therefore, each tetragonal unit cell contains two molecules,
and consequently the ionic sublayer consists of two cationic
head groups and two bromide anions per unit cell. The mo-
lecular volume V) can be estimated by using the relation
V= (M/0.6022)f, where M is the molecular mass (gmol ")
and fis a temperature-correcting factor (f=0.9813+7.474 x
10~*T with T in °C).*® For 8a, this gives a molecular volume
of V=699 A® at 130°C. This allows us to calculate the mo-
lecular area Ay, as 2Vy/d~422 A. This value closely corre-
sponds to the area of the square basis of the tetragonal lat-
tice (a°=40.6 A%). Consequently, the unit cell contains
indeed two molecules, in accordance with Z=~2.0.

Based on the parameters calculated above, a structural
model is proposed for the molecular arrangement within the
T phases of 3a-12a (Figure 11). For this model, the follow-
ing issues were taken into account:

1) The coulombic interactions demand strict alternation of
positive and negative charges, and this can only be ach-
ieved by placing the cations and anions in the corners
and centres of the square basis of the tetragonal lattice.
Since there are two molecules (two cations and two
anions) per unit cell, the pyrrolidinium and bromide ions

~99A

Figure 11. Structural model for the T phases exhibited by 3a-12a. Left:
unit cell of the tetragonal lattice (the carbon and hydrogen atoms of the
pyrrolidinium ring and the methyl group on the nitrogen atom of the pyr-
rolidinium ring are omitted for clarity). Right: two ionic sublayers sepa-
rated by the aliphatic continuum; d is the layer thickness of the T layers
(the length of the alkyl chains is underestimated for clarity).

Chem. Eur. J. 2009, 15, 656—674

© 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

FULL PAPER

are not juxtaposed in single
layers, but superposed on
top of one another to form
double layers. A single-layer
molecular arrangement, as
represented schematically in
Figure 12, is not possible,
because of the dimensions
of the unit cell of the tetrag-
onal lattice: one side of the
square basis of the unit cell
measures only 6.37 A (as de-
duced above), while the
ionic radius of one bromide
anion is 1.95A and the
width of a pyrrolidinium pounds 3a-12a, because the
ring is approximately 43 A dimensions of the unit cell are
(as estimated with ~ too small.

Chem3D).

2) The thickness of an ionic sublayer d,, estimated to be
99 A, is large enough to accommodate two pyrrolidini-
um cations on top of one another, with the positively
charged nitrogen atoms located in the upper and lower
plane of the ionic sublayer, respectively. In this way, the
alkyl chains extend above and below the ionic sublayer
to create the aliphatic sublayers.

3) The surface area of the square basis (a>=40.6 A?) indeed
corresponds to the area of two long alkyl chains and thus
to two molecules per unit cell. (Although they do not
contain an elongated rigid core, the molecules are con-
sidered to be in an “upright” position. In fact, tilted fluid
phases have never been found in amphiphilic liquid crys-
tals without rigid cores).””

4) The alkyl chains are in their extended conformation and
are interdigitated. For all compounds, the layer thickness
d is indeed equal to about 1.37 times the calculated
length L of a cation in its most extended conformation
(Table 2). The ratio d/L slightly decreases on going from
n=12 (1.43) to n=20 (1.33), that is, interdigitation of the
longer chains is greater.

Figure 12. Top view of a theo-
retically possible single-layer
molecular arrangement for the
T phase, which satisfies the re-
quirements of charge alterna-
tion and the appearance of
two molecules per unit cell.
However, this arrangement
should be discarded for the T
phases exhibited by com-

The molecular packing in the model was also tested with
regard to the space-filling requirements by elementary mo-
lecular modelling with Chem3D using the cell parameters
obtained from X-ray diffraction (Figure 13). The molecular
packing found is plausible, as no molecules or ions are sus-
pended in empty space and none overlap.

The proposed model thus strongly resembles the structure
of the T phases shown by the N,N-bis(2-hydroxyethyl)-N-
methyl-N-alkylammonium bromides (without the additional
hydrogen bonding of the hydroxyl groups within the ionic
sublayers).) The calculated density p within the ionic sub-
layers of our pyrrolidinium compounds is 1.37 gecm ™, which
is consistent with the value found by Skoulios et al.
(1.40 gem™) (p/mol A= NV, "' =N,'Z/a’d,, where N, is
the Avogadro constant; p/gem>=166.06x 10 p/mol A3,
where 166.06 gmol ' is the molecular weight of one ionic
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Figure 13. Molecular packing in the T phases exhibited by compounds
3a-12a, as obtained by elementary molecular modelling (Chem3D soft-
ware). Left: side view of a unit cell of the tetragonal lattice. Right: top
view of a unit cell of the tetragonal lattice. For clarity, the long alkyl
chains on the cations are replaced by single methyl groups. Before
modelling, the structure of a pyrrolidinium cation was energy-minimised
by an MM2 calculation within Chem3D. The pyrrolidinium ring is non-
planar, with the nitrogen atom sitting above the plane of the four ring
carbon atoms.?’)

head group).! On the contrary, the proposed structure dif-
fers from those of all other reported T phases, which contain
only one molecule per tetragonal unit cell, although the
latter phases were all formed by compounds with two long
alkyl chains per cation.** Considering the dimensions of
the tetragonal unit cell of our pyrrolidinium compounds, the
pyrrolidinium cations are theoretically free to rotate around
the axis normal to the smectic layer planes. However, the
space-filling model suggests cooperative rotation, whereby
rotating cations must share space (as in SmB and crystal B
phases).P¥

The T phases of 10c¢ and 10d have a smaller layer thick-
ness d in comparison to the T phase of bromide analogue
10a (Table 2). Furthermore, the molecular area Ay and lat-
tice parameter a are larger (at 130°C, Ay, =41.6 A? for 10 a).
This is due to the larger size of the BF,” and PF,  anions,
respectively. The molten alkyl chains are more folded to
compensate for the larger molecular area of the ionic head
groups in the smectic layers. This explains the smaller d
values. In general, however, we propose a similar model for
these T phases to that depicted in Figure 11. The BF,” and
PF¢~ anions can indeed be considered to be negatively
charged spheres that resemble a single bromide anion, but
with a larger radius. The diffractograms of 10¢ and 10d ad-
ditionally show the (111), (112), (113), (114) and (115) re-
flections of a square lattice (Table 2), that is, the smectic
layers are correlated (see above). The (210) reflection, how-
ever, could not be detected. For 10¢ and 10d, the layer
thickness d of the T phase increases slightly with increasing
temperature (10¢: d=3228 A at 100°C, d=32.99 A at
160°C; 10d: d=30.33 A at 100°C, d=30.95 A at 140°C).

In contrast to the spherical BF,” and PFy~ anions, the
linear thiocyanate anion seems to be incompatible with te-
tragonal ordering; no T phase is observed for 10e. As ex-
pected, the layer thickness d in the SmA phase of 10e de-
creases with increasing temperature (Figure 14). The alkyl
chains are interdigitated (L <d <2L).
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Figure 14. Evolution of the layer thickness d of the SmA phase of 10e as
a function of temperature.

In the case of 10a, 11a and 12a (n=18, 19 and 20, respec-
tively), a SmA phase exists above the T phase at higher
temperatures, corresponding to the loss of ordering within
the smectic layer planes. This phase, however, only exists
over a narrow temperature range. The T-SmA phase transi-
tion is accompanied by a decrease in the smectic layer thick-
ness and by an increase of the molecular area (Table 2). The
transition can be explained as follows. When the tempera-
ture is increased, the volume of the long alkyl chains in-
creases. To counterbalance this increase in volume and mo-
lecular area of the alkyl chains, the molecular area of the
ionic moieties increases as well (this is necessary for a stable
smectic phase). At the T-SmA transition, however, the alkyl
chains (and ionic head groups) occupy such a large molecu-
lar cross section that the high degree of ordering within the
ionic sublayers of the T phase cannot be sustained anymore
(as is confirmed by an increase in the thickness of the ionic
sublayers, do).[“] Nevertheless, for the long-chain compounds
10a, 11a and 12a, the van der Waals interactions between
the aliphatic alkyl chains are strong enough to retain the mi-
crophase separation between ionic sublayers and aliphatic
continuum, which leads to the formation of a disordered
SmA phase. For the shorter alkyl chains (n < 18), this is not
the case (the T phase transforms directly into the isotropic
liquid, not via a SmA phase), nor is it the case for 10¢ and
10d (n=18). It may, nevertheless, be expected that for
longer alkyl chains (n>18), the corresponding BF,” and
PFs~ compounds will show an additional SmA phase, as the
van der Waals interactions between the aliphatic alkyl
chains will then be sufficiently strong to preserve a micro-
phase separation between ionic sublayers and aliphatic con-
tinuum.

Indexing the diffractograms of uranyl complexes 6g-12¢g
was not straightforward (Figure 15). However, for all these
salts an orthorhombic lattice could be obtained, with unit
cell parameter ¢ equal to the layer thickness d of the meso-
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Figure 15. X-ray diffractogram of 6g in the E phase at 95°C, represented
as the logarithm of the scattering intensity (in counts) versus the scatter-
ing angle 26 (the broad diffraction signal centred at 26~6.5° is due to
the covering foil used in the experimental set-up).

phase (diffraction data and unit-cell parameters are present-
ed in the Supporting Information). Unfortunately, no rea-
sonable unit-cell parameters a and b could be found for
compound 12g. The orthorhombic symmetry is consistent
only with an orthogonal crystal smectic E phase, which be-
longs to the class of anisotropic plastic crystal phases.’*>!
This phase has already been observed for N-alkylpyridinium
salts of [PdCl,]*~ with hexadecyl and octadecyl chains.* In-
terestingly, the corresponding [PdBr,]*" salts only showed a
disordered SmA phase. This was attributed to a lower
degree of hydrogen bonding and to size effects. Although no
hydrogen bonding can be expected for our [UO,Br,]*~ com-
plexes, these compounds form a highly ordered E phase.
Weak interactions of the protons of the pyrrolidinium cat-
ions with the [UO,Br,]*~ dianions, as observed in the crystal
structure of compound 6g (Figure 1), may be of importance
for the formation of the E phase.

Heating the E phase destroys the long-range (intralayer
and interlayer) positional order and leads directly to forma-
tion of the isotropic liquid in the case of the short-chain
compounds (6g-10g). For the long-chain analogues (11g
and 12g), the transition to the isotropic liquid occurs gradu-
ally via a SmA phase, by analogy with the T-SmA-I phase
sequence observed for the bromide compounds (see above).
The diffractogram of the SmA phase of uranyl complexes
11g and 12g shows two sharp, equidistant peaks in the
small-angle region (corresponding to the lamellar structure),
and a diffuse signal in the wide-angle region, centred at
about 4.85 A (corresponding to the lateral short-range order
of the molten aliphatic chains). In addition, a diffuse signal
centred at about 8.1 A could be observed (see Supporting
Information). This broad reflection is associated with the
short-range positional correlation of the [UO,Br,]*~ dianions
within the smectic layers.
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Thus, while the cationic head groups and anions of com-
pounds 3a-12a are arranged in a square two-dimensional
lattice in the T phase, the ionic fragments of uranyl com-
plexes 6g-12¢g are ordered in a rectangular two-dimensional
lattice. The alkyl chains are interdigitated (L <d<2L). The
layer thickness d of the E phase increases slightly with in-
creasing temperature (Figure 16). However, it is much more
dependent on the number of carbon atoms in the alkyl
chain n; the layer thickness increases linearly with n
(Figure 17).

M

39

< 37
3

35 A

75 95 115 135 155 175
TI°C

Figure 16. Evolution of the layer thickness d of the E phase of 10g as a
function of temperature.
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Figure 17. Evolution of the layer thickness d of the E phase at 115°C as a
function of the number of carbon atoms n in the alkyl chain for the
series 6g-12g: d=13.5(£0.1) 4 1.295(£0.007)n.

Luminescence properties: Europium(III) complex 10f ex-
hibits intense red photoluminescence (Figure 18). The lumi-
nescence spectrum consists of transitions from the D, excit-
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Figure 18. Photoluminescence spectrum of europium(IIl) complex 10 f in
the solid state at room temperature (excitation wavelength: 393 nm).

ed state to the different J levels of the ’F ground term (/=
0, 1, 2, 3, 4). The spectrum is dominated by the *D,—F,
line, with emission maximum at 614.3 nm. The intensity
ratio I(°Dy—'F,)/I(°Dy—’F,), obtained by integration of the
emission peaks, is 19.9. This value is remarkably high, but is
not unusual for europium(IIl) tetrakis (-diketonate com-
plexes.’! Thanks to the intense *Dy,—’F, line, the emitted
light has high colour purity. The very weak *D,—F, line at
580.2 nm (only 3% of the intensity of the magnetic dipole
transition *Dy,—’F,) may indicate that the symmetry of the
eight-coordinate europium(IIT) complex is close to an ideal
dodecahedron with D,, symmetry (the D,—F, line is for-
bidden in D,, symmetry).

Tetrabromouranyl salts 1g-12g are not luminescent in
pure form, probably due to autoquenching.””®! However,
when these salts were dissolved in acetonitrile or in the
ionic liquid N-butyl-N-methylpyrrolidinium bis(trifluoro-
methylsulfonyl)imide ([C,mpyrr][NTf,]), photoluminescence
in the visible region of the electromagnetic spectrum could
be observed. The luminescence spectra of uranyl complex
6g, recorded at room temperature, are shown in Figure 19.
For both solutions, a broad and intense emission peak was
found between 16000 and 21000 cm '. In contrast to the
[UO,C1,]*~ species, which shows a distinct vibrational fine
structure when dissolved in ionic liquids, no fine structure
could be observed for the [UO,Br,]*” species, neither in
acetonitrile, nor in the ionic liquid.®-!

Conclusion

We have synthesised the first series of thermotropic ionic
liquid crystals based on the pyrrolidinium cation. The pyrro-
lidinium compounds show a rich mesomorphism, including
highly ordered smectic phases such as the crystal smectic T
phase and the crystal smectic E phase, disordered SmA
phases and hexagonal columnar phases. Both the alkyl chain
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Figure 19. Photoluminescence spectra of uranyl complex 6g at room tem-
perature (excitation wavelength: 435 nm). Black line: 6g dissolved in ace-
tonitrile. Grey line: 6g dissolved in [Cympyrr]|[NTH)].

length and anion type have great influence on the mesomor-
phic behaviour. The most interesting feature of (some of)
these pyrrolidinium salts is the formation of T phases on
heating. The absence of charge delocalisation in the cation
seems to be of crucial importance for packing of the ions
into a tetragonal lattice. Moreover, large, asymmetric coun-
terions do not seem to be compatible with the highly or-
dered ionic sublayers of the T phase. To induce disordered
phases above the T phase, sufficiently long alkyl chains and
small anions are required for the pyrrolidinium compounds.
The pyrrolidinium salts containing the [UO,Br,]*~ fragment
are not photoluminescent in the pure, undiluted form, while
photoluminescence can be induced by dissolving them in an
ionic liquid. In this way, autoquenching is avoided. The
europium(IIT) complex 10 f shows intense red photolumines-
cence with high colour purity.

Experimental Section

General: Nuclear magnetic resonance (NMR) spectra were recorded on
a Bruker Avance 300 spectrometer (operating at 300 MHz for 'H). Ele-
mental analyses were obtained on a CE Instruments EA-1110 elemental
analyser. Electrospray ionisation (ESI) mass spectra were recorded on a
Thermo Finnigan LCQ Advantage mass spectrometer. Defect textures of
the mesophases were observed with an Olympus BX60 polarising micro-
scope equipped with a LINKAM THMS600 hot stage and a LINKAM
TMS93 programmable temperature controller. Microscope glass slides
were soaked in concentrated HNO; for an hour, washed with distilled
water, and finally rinsed with acetone, which was then allowed to evapo-
rate. DSC traces were recorded with a Mettler-Toledo DSC822e module
(heating/cooling rate of 10°Cmin~'; He atmosphere). Thermal stability
was assessed by thermogravimetry in the range from 25 to 400°C at a
heating rate of 10°C min~' under nitrogen with a TA Instruments SDT
Q600 thermal analyser. Powder X-ray diffractograms were recorded with
a Bruker AXS D8 Discover diffractometer mounted with a copper X-ray
ceramic tube, working at 1.6 kW. The emitted Cug, radiation (A=
1.5418 A) was focussed on the sample by a Gobel mirror. All samples
(without a thermal history) were prepared by spreading the powders on a
thin cleaned Si wafer. Diffractograms were collected in the Bragg—Bren-
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tano reflection geometry (6/2 6 set-up) at an angular resolution (in 2 6) of
0.03° per step. The deviation between the temperature on the surface of
the sample holder and the set temperature was about 3 %. The scattering
signal was recorded with a one-dimensional detector (LynxEye detector).
Indexation of the powder X-ray diffractograms was performed with the
WinX"V program package with the Index & Refine program by using
the Werner TREOR algorithm program (allowed error in matching the
experimentally observed peaks of 26=0.05°).%! Molecular models
were obtained with the Chem3D software package from CambridgeSoft.
Photoluminescence spectra were recorded on an Edinburgh Instruments
FS900 spectrofluorimeter. This instrument is equipped with a xenon arc
lamp, a microsecond flashlamp (pulse length: 2 us) and a red-sensitive
photomultiplier (300-850 nm). The excitation wavelength was 393 nm for
10f and 435 nm for 6g. The ionic liquid N-butyl-N-methylpyrrolidinium
bis(trifluoromethylsulfonyl)imide was obtained from IoLiTec.

Yellow single crystals of compound 6¢g were obtained after three days by
slowly evaporating a solution of the compound in ethanol. X-ray intensity
data were collected on a SMART 6000 diffractometer equipped with a
CCD detector using Cuy, radiation (1=1.5418 A). The images were in-
terpreted and integrated with the program SAINT from Bruker.® 6g:
Cy3HgoBr,N,O,U, M=1154.70 gmol™', monoclinic, P2,/n (No. 14), a=
8.5731(3), b=>56.8084(2), c¢=10.5237(4)A, p=113.8850(1)°, V=
4686.43) A>, T=1002) K, Z=4, Peea=1.637gem™>,  u(Cuy,)=
13.966 mm ', F(000)=2280, crystal size 0.3x0.2x0.1 mm, 45996 inde-
pendent reflections (R;, =0.0760). Number of parameters =428. Absorp-
tion correction: multi-scan (SADABS, Bruker 2004). T, =0.094; T\.«=
0.247. Final R=0.0486 for 8254 reflections with I>20(I) and wR,=
0.1182 for all data. The structure was solved by direct methods and re-
fined by full-matrix least-squares techniques on F* by using the
SHELXTL program package.”) Non-hydrogen atoms were refined aniso-
tropically and hydrogen atoms in riding mode with isotropic temperature
factors fixed at 1.2U(eq) of the parent atoms (1.5U(eq) for methyl
groups). CCDC 695524 contains the supplementary crystallographic data
for this paper. These data can be obtained free of charge from The Cam-
bridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_
request/cif.

1a and 2a: The appropriate 1-bromoalkane (1 mol) was added dropwise
to an ice-cooled, stirred solution of 1-methylpyrrolidine (1 mol) in dry
toluene under an argon atmosphere. The mixture was allowed to warm
to room temperature and was stirred for 48 h under an argon atmos-
phere. The solvent was removed under reduced pressure. The residue
was washed carefully with toluene, ethyl acetate and diethyl ether until a
white, hygroscopic powder was obtained. The pure compounds were
dried in vacuo at 70°C.

1a: Yield: 47%. '"H NMR (300 MHz, CD;0D, 25°C, TMS): 6=0.91 (t,
3J(H,H)=6.4 Hz, 3H; CH;), 1.28-1.50 (m, 10H; CH,), 1.75-1.90 (m, 2H;
NCH,CH,), 2.19-2.32 (m, 4H; pyrr. H-3 and H-4), 3.09 (s, 3H; NCH,),
3.35-3.45 (m, 2H; NCH,), 3.51-3.66 ppm (m, 4H; pyrr. H-2 and H-5);
BCNMR (75 MHz, CD;0D, 25°C, TMS): 0=14.54, 22.68, 23.75, 24.91,
27.64, 30.30, 32.97, 48.90, 65.49, 65.67 ppm; ESIMS (acetonitrile): m/z
(%): 198.4 (100) [M—Br™]*, 477.2 (10) [M+M—Br ]*; elemental analysis
caled (%) for C;3H,BrN-H,O: C 52.70, H 10.21, N 4.73; found: C 52.29,
H 10.33, N 4.53.

2a: Yield: 51%. '"HNMR (300 MHz, CD;OD, 25°C, TMS): 6=0.90 (t,
3J(H,H)=6.4 Hz, 3H; CH;), 1.26-1.44 (m, 14H; CH,), 1.74-1.89 (m, 2H;
NCH,CH,), 2.19-2.28 (m, 4H; pyrr. H-3 and H-4), 3.08 (s, 3H; NCH,),
3.34-3.43 (m, 2H; NCH,), 3.50-3.62 ppm (m, 4H; pyrr. H-2 and H-5);
BCNMR (75 MHz, CD;0D, 25°C, TMS): 6=14.55, 22.66, 23.80, 24.90,
27.64, 30.33, 30.48, 30.64, 33.11, 48.94, 65.49, 65.68 ppm; ESIMS (acetoni-
trile/water (80/20)+0.1% formic acid): m/z (%): 226.4 (100) [M—Br]*,
5333 (10) [M+M-Br]*; elemental analysis caled (%) for
CsH3,BrN-H,0: C 55.55, H 10.57, N 4.32; found: C 55.61, H 10.30, N
4.18.

3a: 1-Bromoundecane (1 mol) was added dropwise to an ice-cooled
stirred solution of 1-methylpyrrolidine (1 mol) in dry toluene under an
argon atmosphere. The mixture was allowed to warm to room tempera-
ture and stirred for 12 h under an argon atmosphere. The temperature
was increased to 50°C and stirring was continued for 36 h. The pale
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yellow precipitate was filtered off and washed carefully with toluene, n-
hexane and ethyl acetate. The residue was vigorously stirred in n-hexane
for 15 min, filtered off and washed with n-hexane and diethyl ether. The
pure, white compound was dried in vacuo at 50°C. Yield: 72%. '"H NMR
(300 MHz, CDCl;, 25°C, TMS): 6=0.90 (t, *J(H,H)=6.5 Hz, 3H; CH,),
1.19-1.46 (m, 16H; CH,), 1.71-1.85 (m, 2H; NCH,CH,), 2.25-2.38 (m,
4H; pyrr. H-3 and H-4), 3.30 (s, 3H; NCH;), 3.60-3.69 (m, 2H; NCH,),
3.77-3.91 ppm (m, 4H; pyrr. H-2 and H-5); *C NMR (75 MHz, CDCl,,
25°C, TMS): 6=14.02, 21.59, 22.57, 24.03, 26.33, 29.16, 29.28, 29.37,
29.43, 31.76, 48.61, 64.15, 64.37 ppm; ESIMS (acetonitrile/water (80/20) +
0.1% formic acid): m/z (%): 240.5 (100) [M-Br]*, 559.5 (38)
[M+M—Br|*; elemental analysis caled (%) for C,(H3;BrN: C 59.99, H
10.70, N 4.37; found: C 59.68, H 11.07, N 4.34.

4a-12a: The appropriate 1-bromoalkane (1 mol), or for n>16 a solution
of the 1-bromoalkane in dry toluene, was added dropwise to a stirred so-
lution of 1-methylpyrrolidine (1 mol) in dry toluene under an argon at-
mosphere. The mixture was stirred for 48 h at 80°C under an argon at-
mosphere. A pale yellow precipitate formed and was filtered off and
washed carefully with toluene and ethyl acetate. The precipitate was re-
crystallised from methanol/diethyl ether to obtain a white solid. The pure
compounds were dried in vacuo at 50°C.

4a: Yield: 88%. 'HNMR (300 MHz, CDCl,;, 25°C, TMS): 6=0.88 (t,
*J(H,H) =6.4 Hz, 3H; CH;), 1.26-1.37 (m, 18 H; CH,), 1.74-1.75 (m, 2H;
NCH,CH,), 2.23-2.39 (m, 4H; pyrr. H-3 and H-4), 3.33 (s, 3H; NCH,),
3.64-3.69 (m, 2H; NCH,), 3.85-3.89 ppm (m, 4H; pyrr. H-2 and H-5);
BCNMR (75 MHz, CDCl,, 25°C, TMS): 6=14.51, 22.06, 23.06, 24.51,
26.81, 29.64, 29.70, 29.76, 29.85, 29.98, 32.29, 49.05, 64.55, 64.82 ppm;
ESIMS (acetonitrile/water (80/20)+0.1% formic acid): m/z (%): 254.5
(100) [M—Br7]*, 587.4 (22) [M+M—Br~]*; elemental analysis calcd (%)
for C;;H;BrN: C 61.06, H 10.85, N 4.19; found: C 60.74, H 11.25, N 4.14.
5a: Yield: 80%. '"HNMR (300 MHz, CDCl;, 25°C, TMS): 6=0.89 (t,
*J(H,H) =6.4 Hz, 3H; CH;), 1.19-1.46 (m, 20H; CH,), 1.71-1.84 (m, 2H;
NCH,CH,), 2.25-2.38 (m, 4H; pyrr. H-3 and H-4), 3.31 (s, 3H; NCHs),
3.61-3.69 (m, 2H; NCH,), 3.77-3.92 ppm (m, 4H; pyrr. H-2 and H-5);
BCNMR (75 MHz, CDCl,, 25°C, TMS): 0=14.13, 21.68, 22.66, 24.13,
26.44, 29.25, 29.34, 29.40, 29.47, 29.60, 31.89, 48.69, 64.20, 64.46 ppm;
ESIMS (acetonitrile/water (80/20)+0.1% formic acid): m/z (%): 268.5
(100) [M—Br7]*, 615.4 (27) [M+M—Br~]*; elemental analysis calcd (%)
for CigH3BrN: C 62.05, H 10.99, N 4.02; found: C 61.85, H 11.14, N 3.98.
6a: Yield: 78%. 'HNMR (300 MHz, CDCl,, 25°C, TMS): 6=0.88 (t,
*J(H,H)=6.5 Hz, 3H; CH;), 1.26-1.36 (m, 22H; CH,), 1.69-1.79 (m, 2H;
NCH,CH,), 2.25-2.37 (m, 4H; pyrr. H-3 and H-4), 3.32 (s, 3H; NCHj;),
3.63-3.69 (m, 2H; NCH,), 3.81-3.90 ppm (m, 4H; pyrr. H-2 and H-5);
BCNMR (75 MHz, CDCl,, 25°C, TMS): 6=14.13, 21.69, 22.69, 24.13,
26.44, 29.27, 29.37, 29.48, 29.64, 31.92, 48.70, 64.19, 64.46 ppm; ESIMS
(acetonitrile/water (80/20)40.1% formic acid): m/z (%): 282.5 (100)
[M—Br7]*, 643.5 (25) [M+M—Br~]*; elemental analysis calcd (%) for
C,yH,BrN: C 62.96, H 11.12, N 3.86; found: C 62.76, H 10.71, N 3.83.
7a: Yield: 74%. 'HNMR (300 MHz, CD,Cl,, 25°C): §=0.90 (t,
*J(H,H)=6.3 Hz, 3H; CH;), 1.22-1.47 (m, 24H; CH,), 1.72-1.85 (m, 2H;
NCH,CH,), 2.24-2.36 (m, 4H; pyrr. H-3 and H-4), 3.26 (s, 3H; NCH,),
3.56-3.64 (m, 2H; NCH,), 3.70-3.88 ppm (m, 4H; pyrr. H-2 and H-5);
BCNMR (75 MHz, CD,Cl,, 25°C): 6=13.95, 21.68, 22.75, 24.03, 26.44,
29.24,29.42, 29.55, 29.71, 31.98, 48.66, 64.30, 64.51 ppm; ESIMS (acetoni-
trile/water (80/20)+0.1% formic acid): m/z (%): 296.6 (100) [M—Br~]*,
671.6 (46) [M+M—Br]|"; elemental analysis calcd (%) for C,)H,,BrN: C
63.81, H 11.25, N 3.72; found: C 63.36, H 11.66, N 3.54.

8a: Yield: 76%. '"HNMR (300 MHz, CDCl,;, 25°C, TMS): 6=0.88 (t,
*J(H,H) =6.4 Hz, 3H; CH;), 1.15-1.48 (m, 26 H; CH,), 1.70-1.87 (m, 2H;
NCH,CH,), 2.22-2.40 (m, 4H; pyrr. H-3 and H-4), 3.32 (s, 3H; NCHs),
3.61-3.72 (m, 2H; NCH,), 3.76-3.96 ppm (m, 4H; pyrr. H-2 and H-5);
BCNMR (75 MHz, CDClL,, 25°C, TMS): 6=14.19, 21.74, 22.75, 24.20,
26.50, 29.33, 29.43, 29.55, 29.67, 29.74, 31.98, 48.74, 64.23, 64.50 ppm;
ESIMS (acetonitrile/water (80/20)+0.1% formic acid): m/z (%): 310.6
(100) [M—Br7]*, 699.6 (30) [M+M—Br~]*; elemental analysis caled (%)
for C,;HyBrN: C 64.59, H 11.36, N 3.59; found: C 64.33, H 11.69, N 3.52.
9a: Yield: 80%. 'HNMR (300 MHz, CD,Cl,, 25°C): 6=091 (t,
*J(H,H)=6.5 Hz, 3H; CH,), 1.18-1.51 (m, 28 H; CH,), 1.71-1.85 (m, 2H;
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NCH,CH,), 2.23-2.37 (m, 4H; pyrr. H-3 and H-4), 3.26 (s, 3H; NCH,),
3.54-3.64 (m, 2H; NCH,), 3.70-3.87 ppm (m, 4H; pyrr. H-2 and H-5);
BCNMR (75 MHz, CD,Cl,, 25°C): 6=14.16, 21.88, 22.96, 24.24, 26.65,
29.45, 29.63, 29.76, 29.97, 32.19, 48.89, 64.57, 64.76 ppm; ESIMS (acetoni-
trile/water (80/20)40.1% formic acid): m/z (%): 324.6 (100) [M—Br]*,
727.5 (24) [M+M—Br™]*; elemental analysis caled (%) for C,,H,BrN: C
6532, H 1146, N 3.46; found: C 6491, H 11.73, N 3.33.
10a: Yield: 81%. '"HNMR (300 MHz, CDCl,, 25°C, TMS): 6=0.88 (,
3J(H,H)=6.4 Hz, 3H; CH,), 1.26-1.36 (m, 30H; CH,), 1.72-1.75 (m, 2H;
NCH,CH,), 2.25-2.37 (m, 4H; pyrr. H-3 and H-4), 3.32 (s, 3H; NCH,),
3.63-3.69 (m, 2H; NCH,), 3.85-3.88 ppm (m, 4H; pyrr. H-2 and H-5);
BCNMR (75 MHz, CDCl,, 25°C, TMS): 6=14.51, 22.06, 23.07, 24.49,
26.81, 29.65, 29.77, 29.89, 30.05, 30.10, 46.05, 64.55, 64.82 ppm; ESIMS
(acetonitrile/water (80/20)4+0.1% formic acid): m/z (%): 338.6 (100)
[M—Br]*, 755.6 (28) [M+M—Br |*; elemental analysis caled (%) for
CyHyBrN: C 66.00, H 11.56, N 3.35; found: C 65.54, H 11.25, N 3.45.
11a: Yield: 75%. 'HNMR (300 MHz, CD,Cl,, 25°C): 6=091 (t,
3J(H,H)=6.4 Hz, 3H; CH;), 1.20-1.49 (m, 32H; CH,), 1.72-1.85 (m, 2H;
NCH,CH,), 2.24-2.36 (m, 4H; pyrr. H-3 and H-4), 3.26 (s, 3H; NCHj;),
3.55-3.64 (m, 2H; NCH,), 3.69-3.87 ppm (m, 4H; pyrr. H-2 and H-5);
BC NMR (75 MHz, CD,Cl,, 25°C): 6=14.15, 21.88, 22.96, 24.24, 26.65,
29.45, 29.63, 29.76, 29.97, 32.19, 48.89, 64.58, 64.76 ppm; ESIMS (acetoni-
trile/water (80/20)40.1% formic acid): m/z (%): 352.6 (100) [M—Br]*,
783.5 (12) [M+M—Br~]*; elemental analysis calcd (%) for C,,HsBrN: C
66.64, H 11.65, N 3.24; found: C 66.22, H 11.97, N 3.12.

12a: Yield: 76%. '"HNMR (300 MHz, CDCl,;, 25°C, TMS): 6=0.88 (t,
3J(H,H)=6.5 Hz, 3H; CH;), 1.25-1.40 (m, 34H; CH,), 1.69-1.77 (m, 2H;
NCH,CH,), 2.25-2.37 (m, 4H; pyrr. H-3 and H-4), 3.32 (s, 3H; NCHj;),
3.63-3.68 (m, 2H; NCH,), 3.82-3.88 ppm (m, 4H; pyrr. H-2 and H-5);
BCNMR (75 MHz, CDCl;, 25°C, TMS): 6=14.17, 21.72, 22.73, 24.17,
26.47, 29.31, 29.40, 29.45, 29.55, 29.75, 31.96, 48.70, 64.19, 64.46 ppm;
ESIMS (acetonitrile/water (80/20)+0.1% formic acid): m/z (%): 366.7
(100) [M—Br7]*, 813.5 (20) [M+M—Br~]*; elemental analysis caled (%)
for C,sHs,BrN: C 67.24, H 11.74, N 3.14; found: C 67.20, H 11.50, N 3.10.
10b: A solution of 10a (1.19 mmol) in methanol (6 mL) was heated to
60°C. An aqueous solution of LINTf, (2.38 mmol) was added dropwise
and the reaction mixture was stirred for 3 h at 60°C. Methanol was then
removed under reduced pressure. The white precipitate was filtered off,
washed with water and dried in vacuo at 50°C. Yield: 88%. '"H NMR
(300 MHz, CDCl,, 25°C, TMS): 6=0.88 (t, *J(H,H)=6.4 Hz, 3H; CH,),
1.25-1.35 (m, 30H; CH,), 1.76-1.78 (m, 2H; NCH,CH,), 2.23-2.35 (m,
4H; pyrr. H-3 and H-4), 3.08 (s, 3H; NCHs;), 3.30-3.35 (m, 2H; NCH,),
3.52-3.56 ppm (m, 4H; pyrr. H-2 and H-5); "C NMR (75 MHz, CDCl,,
25°C, TMS): 0=14.25, 21.62, 22.81, 23.99, 26.29, 29.15, 29.23, 29.48,
29.57,29.73, 29.81, 32.04, 48.54, 64.67, 64.94, 74.11, 113.56, 117.82, 122.06,
126.32 ppm; ESIMS (acetonitrile/water (80/20)+0.1% formic acid): m/z
(%): 338.6 (100) [M—NTf, %, 956.3 (33) [M+M—NTf, |*, 280.2 (100)
[NTf,]~ (observed in negative mode), 898.1 (68) [M+NTf, |~ (observed
in negative mode); elemental analysis calcd (%) for C,sHF¢N,O,S,: C
48.53, H 7.82, N 4.53; found: C 48.61, H 8.09, N 4.35.

10c: A solution of 10a (1.19 mmol) in acetone (10 mL) was heated to
55°C. NaBF, (2.38 mmol) was added and the reaction mixture was
heated to reflux for 3 h. Inorganic salts were filtered off and washed with
acetone. The filtrate was evaporated under reduced pressure to give a
white powder. A test with AgNOj; confirmed that no bromide starting
compound was present anymore. Residual NaBF, was removed by dis-
solving the crude product in dry chloroform, leaving this solution in a re-
frigerator and filtering the cold solution. The solvent of the filtrate was
removed under reduced pressure. This procedure was repeated once. The
pure product was dried in vacuo at 50°C. Yield: 70%. 'HNMR
(300 MHz, CDCl,, 25°C, TMS): 6=0.88 (t, *J(H,H)=6.4 Hz, 3H; CH,),
1.25-1.34 (m, 30H; CH,), 1.72-1.77 (m, 2H; NCH,CH,), 2.23-2.31 (m,
4H; pyrr. H-3 and H-4), 3.10 (s, 3H; NCHj;), 3.33-3.34 (m, 2H; NCH,),
3.52-3.61 ppm (m, 4H; pyrr. H-2 and H-5); *CNMR (75 MHz, CDCl,,
25°C, TMS): 6=14.53, 22.03, 23.09, 24.31, 26.75, 29.57, 29.77, 29.92,
30.10, 32.32, 48.73, 64.73, 64.78 ppm; ESIMS (acetonitrile/water (80/20)+
0.1% formic acid): m/z (%): 338.6 (100) [M-BF, ]*, 763.5 (25)
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[M+M—BF, |*; elemental analysis calcd (%) for C;sH,BF,N: C 64.93,
H 11.37, N 3.29; found: C 64.71, H 11.03, N 3.23.

10d: A solution of 10a (1.19 mmol) in methanol/water (60/40, 10 mL)
was heated to 60°C. An aqueous solution of KPF; (2.38 mmol) was
added dropwise and the reaction mixture was stirred for 3 h at 60°C. A
white precipitate formed, and was filtered off and washed with water. A
test with AgNO; confirmed that no bromide starting compound was pres-
ent anymore. The pure product (which completely dissolved in dry
chloroform, that is, there was no residual KPF,) was dried in vacuo at
50°C. Yield: 98%. '"HNMR (300 MHz, CDCl,, 25°C, TMS): 6=0.88 (t,
*J(H,H)=6.5 Hz, 3H; CH;), 1.25-1.34 (m, 30H; CH,), 1.73-1.77 (m, 2H;
NCH,CH,), 2.22-2.32 (m, 4H; pyrr. H-3 and H-4), 3.05 (s, 3H; NCH,),
3.26-3.32 (m, 2H; NCH,), 3.51-3.53 ppm (m, 4H; pyrr. H-2 and H-5);
BCNMR (75 MHz, CDCl,, 25°C, TMS): 6=14.53, 21.67, 23.09, 24.23,
26.68, 29.51, 29.77, 29.91, 29.92, 30.13, 32.32, 48.77, 64.82, 64.99 ppm;
ESIMS (acetonitrile/water (80/20)+0.1% formic acid): m/z (%): 338.6
(100) [M—PF,]*, 821.4 (35) [M+M—PF ]+, 628.1 (12) [M+PF, ]~ (ob-
served in negative mode); elemental analysis calcd (%) for Cp;HF(NP:
C 57.12, H 10.00, N 2.90; found: C 56.90, H 9.98, N 2.99.

10e: KSCN (36.00 mmol) was added to a solution of 10a (18.00 mmol) in
acetone (150 mL) at 55°C. The mixture was stirred for 48 h at 55°C
under an argon atmosphere with exclusion of light. The warm reaction
mixture was filtered to remove the precipitated KBr. The precipitate was
washed with warm acetone and warm chloroform. The solvent of the fil-
trate was removed under reduced pressure, and the residue was dissolved
in dry chloroform. The precipitated residual KBr and the excess of
KSCN were filtered off. The solvent of the filtrate was removed under re-
duced pressure, and the residue was dissolved in dry chloroform again.
This solution was left to stand in a freezer overnight. The formed precipi-
tate was filtered off. The solvent of the filtrate was removed under re-
duced pressure. This procedure was repeated once. The pure, white to
pinkish product was dried in vacuo at 50°C. Yield: 84%. 'HNMR
(300 MHz, CDCl,, 25°C, TMS): 6=0.88 (t, *J(H,H)=6.5 Hz, 3H; CH,),
1.18-1.48 (m, 30H; CH,), 1.75-1.88 (m, 2H; NCH,CH,), 2.31-2.42 (m,
4H; pyrr. H-3 and H-4), 3.25 (s, 3H; NCH;), 3.49-3.57 (m, 2H; NCH,),
3.67-3.82 ppm (m, 4H; pyrr. H-2 and H-5); C NMR (75 MHz, CDCl,
25°C, TMS): 6=14.26, 22.05, 22.82, 24.28, 26.57, 29.33, 29.50, 29.64,
29.82, 32.05, 48.74, 64.82, 131.48 ppm; ESIMS (acetonitrile/water (80/
20)4+0.1% formic acid): m/z (%): 338.7 (100) [M—SCN~]*, 734.5 (40)
[M+M—SCN~]*; elemental analysis calcd (%) for C,sH,N,S: C 72.66, H
12.20, N 7.06; found: C 72.28, H 11.82, N 7.03.

10 f: 2-Thenoyltrifluoroacetone (1.46 mmol) was dissolved in ethanol
(4 mL), and NaOH (1.46 mmol, 1 molL™" aqueous solution) was added.
The mixture was stirred for 10 min. Then a solution of 10a (0.37 mmol)
in ethanol (5 mL) was added. The mixture was heated to 50°C. A solu-
tion of EuCl;-6H,0 (0.37 mmol) in water (2.5 mL) was added dropwise
and the mixture was stirred for 1.5 h at 50°C with exclusion of light. A
yellow precipitate formed and was filtered off and washed with cold
water and with cold ethanol. The pure product was dried in vacuo at
50°C. Yield: 56%. ESIMS (acetonitrile/water (80/20)+0.1% formic
acid): m/z (%): 338.6 (100) [M—[Eu(tta),]"]*, 1037.1 (100), [Eu(tta),]”
(observed in negative mode); elemental analysis caled (%) for
CssHeEuF ,NOgS,: C 48.03, H 4.69, N 1.02; found: C 48.00, H 4.67, N
1.09.

1g-12g: A solution of UO,Br,.xH,O (1 mol) in ethanol was added drop-
wise to a stirred solution of the appropriate N-alkyl-N-methylpyrrolidini-
um bromide 1a-12a (2 mol) in ethanol. The reaction mixture was heated
to reflux for 2 h. Then the solvent was removed under reduced pressure.
The crude product was recrystallised twice from a minimal amount of 1-
butanol/ethanol (2/1; 1g-2g) or from a minimal amount of ethanol (4g-
12¢) to obtain yellow crystals (crystals formed in the refrigerator for the
short-chain compounds). The pure compounds were dried in vacuo at 40
or 50°C.

1g: Yield: 17%. ESIMS (acetonitrile/water (80/20)40.1% formic acid):
miz (%): 1983 (100) [M—C H,NT—[UO,Br,* 1%, 4752 (17) [M—
[UO,Br, > +Br]*; elemental analysis calcd (%) for C,sHsBr,N,O,U: C
31.66, H 5.72, N 2.84; found: C 31.78, H 5.89, N 2.72.
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2g: Yield: 18 %. ESIMS (acetonitrile/water (80/20)+0.1% formic acid):
mlz (%): 2263 (100) [M—C;sH,N*—[UO,Br,* |+, 531.2 (18) [M—
[UO,Br, > +Br]*; elemental analysis calcd (%) for C;Hg,Br,N,0,U: C
34.56, H 6.19, N 2.69; found: C 34.52, H 6.24, N 2.52.

4g: Yield: 20%. ESIMS (acetonitrile/water (80/20)+0.1% formic acid):
mlz (%): 254.5 (100) [M—C,;HxN*—[UO,Br,* |*, 587.3 (12) [M—
[UO,Br, > +Br]*; elemental analysis calcd (%) for C;,H,,Br,N,0,U: C
37.17, H 6.61, N 2.55; found: C 37.38, H 6.33, N 2.55.

S5g: Yield: 23%. ESIMS (acetonitrile/water (80/20)+0.1% formic acid):
mlz (%): 268.6 (100) [M—C;sHxNT—[UO,Br,* |*, 6155 (20) [M—
[UO,Br, > +Br]*; elemental analysis calcd (%) for CsH,Br,N,0,U: C
38.38, H 6.80, N 2.49; found: C 38.22, H 6.99, N 2.40.

6g: Yield: 31%. ESIMS (acetonitrile/water (80/20)+0.1% formic acid):
mlz (%): 282.5 (100) [M—[C,yH,N]*—-[UO,Br,* ]+, 6453 (7) [M—
[UO,Br, > +Br]*; elemental analysis calcd (%) for CsgHgoBr,N,0,U: C
39.53, H 6.98, N 2.43; found: C 39.46, H 7.15, N 2.38.

7g: Yield: 34%. ESIMS (acetonitrile/water (80/20)+0.1% formic acid):
mlz (%): 296.5 (100) [M—CyH,N*—[UO,Br,* %, 671.3 (12) [M—
[UO,Br, > +Br |*; elemental analysis calcd (%) for C,HgBr,N,0,U: C
40.62, H 7.16, N 2.37; found: C 40.41, H 7.09, N 2.45.

8g: Yield: 40%. ESIMS (acetonitrile/water (80/20)+0.1% formic acid):
mlz (%): 3105 (100) [M—C,HyN*—[UO,Br,J*"]*, 699.4 (5) [M—
[UO,Br, > +Br ]*; elemental analysis calcd (%) for C,HgBr,N,0,U: C
41.66, H 7.33, N 2.31; found: C 41.59, H 7.47, N 2.26.

9¢g: Yield: 38%. ESIMS (acetonitrile/water (80/20)+0.1% formic acid):
mlz (%): 3245 (100) [M—C,HNT—[UO,Br,* |+, 7274 (12) [M—
[UO,Br, > +Br]*; elemental analysis calcd (%) for C,Hy,Br,N,0,U: C
42.66, H 7.49, N 2.26; found: C 42.49, H 7.17, N 2.31.

10g: Yield: 43%. ESIMS (acetonitrile/water (80/20)+0.1% formic acid):
mlz (%): 338.6 (100) [M—C,HN*t—[UO,Br,> 1", 7574 (5) [M—
[UO,Br, > +Br]*; elemental analysis calcd (%) for C,HyBr,N,0,U: C
43.61, H 7.64, N 2.21; found: C 43.21, H 7.80, N 2.12.

11g: Yield: 45%. ESIMS (acetonitrile/water (80/20)+0.1 % formic acid):
mlz (%): 352.6 (100) [M—[C,,HsN]*—[UO,Br,J*"]*, 783.5 (11) [M—
[UO,Br, > +Br]*; elemental analysis calcd (%) for CusH,oB1,N,O,U: C
44.52, H 7.78, N 2.16; found: C 44.47, H 7.60, N 2.23.

12¢g: Yield: 41%. ESIMS (acetonitrile/water (80/20)+0.1 % formic acid):
mlz (%): 366.6 (100) [M—CyH,N*—[UO,Br,J* 1%, 811.6 (10) [M—
[UO,Br, > +Br ]*; elemental analysis calcd (%) for CsyH,,Br,N,0,U: C
4539, H 7.92, N 2.12; found: C 45.22, H 8.10, N 2.07.
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