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The saltN-ethylN-methylpyrrolidinium bis(trifluoromethanesulfonyl)imide (PYARFSI) undergoes
several solie-solid phase transitions before melting at@. At —120°C, the crystal structure consists
of ordered ions (phase V). After the solidolid phase transition at85 °C, however, all of the PYR"
and TFSTI ions become disordered, forming a plastic crystalline phase (phase IIl). We report here the
PYRy,TFSI phase Il and IV structures determined from single-crystal diffraction data using the same
crystal. The two structures are compared to elucidate the mechanism of the phase transition and gain a
greater understanding of disordering modes of ions in the solid state.

Introduction pyrrolidinium salts>® A detailed understanding of the crystal
packing arrangement of ions in a given salt and the ion

Solid—soliq phase transitior!s of salts from an ordered_ disordering mechanisms may help explain why the mp’s of
phase to disordered crystalline phases, that is, pIaSt'CPYRlRTFSI salts vary dramatically, that is, mp’s with=

crystalline phases, in which some or all of the ions gain 1_4 41e 135 91 12 and3 °C respectively. Here, we

orientational, rotational, and perhaps even translational ;oo the crystal structures of the low-temperature ordered
degrees of freedom are a topic of great |nterest for both.the PYR.,TFSI crystalline phase (phase IV) and the first R¥R
development_ of a fundamental understanding (_)f p_hyS|caI TFSI disordered plastic crystalline phase (phase Ill). In the
phenomer'1a'|n condensed matter gnd more apP“ed Ir]terGSt%tter, all of the ions are disordered, although the crystal ionic
such as lithium battery technologiésgrroelectrics, and packing is similar to the phase IV ordered structure. The
explosives’ N-Methyl-N-alkylpyrrolidinium (PYRx" where phases have been numbered using the standard convention,

messugscrig)RTTzslljor n:jetf:al, 2 fqr eth%/I, et(g) salts Wit? q with phase | being the phase present just prior to the fusion
(SOLH). ( ) and other anions have been reporte transition with subsequent phases numbered with decreasing

and extensively studied by MacFarlane’s gréupome of

. . temperature.
these salts have plastic crystalline phases, whereas others

have subambient melting points (mp’s) resulting in their
classification as room-temperature ionic liqutdSsor most
cases, it is still unclear which ions become disordered in the
plastic crystalline phases, how this disordering occurs, and
how this, in turn, influences the mp of a salt. Some limited
work has been reported examining the phase transitions of
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Figure 1. DSC heating trace of PYRTFSI.

Table 1. Crystal and Refinement Data

phase IV phase Ill
chemical formula GH16FeN2041S, CoH16FeN204S,
fw 394.36 394.36
wavelength (A) 0.71073 0.71073 Figure 2. Asymmetric unit of the PYRTFSI phase IV structure at120
crystal system monoclinic triclinic °C (30% thermal ellipsoids)
space group P2i/n P-1 P '
a(A) 13.099(3) 8.5425(14)
b (A) 14.454(3) 9.6978(16)
c(h) 16.987(4) 11.2219(18)
a (deg) 90 88.487(3)
B (deg) 97.546(4) 73.119(3)
v (deg) 90 68.294(3)
V (A3 3188.5(13) 823.1(2)
z 8 2
T(K) 153(2) 213(2)
pealc (g cn3) 1.643 1.591
u (mm?) 0.415 0.402
crystal size (mm) 0.4 0.16 x 0.06 0.40x 0.16 x 0.06
F(000) 1616 404
’%16("‘&“ gdeg) 52655%3(0 0470) 330015(0 0360) Figure 3. Asymmetric unit of the PYRTFSI phase Il structure at60
n ' ' °C (30% thermal ellipsoids) (anions are disordered by symmetnyot
NI > 20(1)] 4646 1832 hown)
RLAWRP [l > 20(1)]  0.0587, 0.1549 0.0864, 0.2658 shown).
R1,2 WRy? (all data) 0.0718, 0.1613 0.1166, 0.2931 _
GOP 1.051 1.097 PYR1,TFSI Phase Ill Structure. Crystal and refinement
. —3 — — . .
Aeminmax(e A™9) 0.367,0.899 0.398, 0.523 data for the phase Ill structure are given in Table 1. The
*Ru= 3 IIFol — IFlli3|Fol. "szlz [ [W(Fo* — F)2/ 3 [W(FoH)T] M2 unit cell of the phase IlI structure contaitisof the contents
c — — —
GOF = [3[w(Fo® — F)(n — p)]*= of the phase IV structure. In the phase Il structure, all of
Results and Discussion the ions are disordered. The asymmetric unit of the BYR

PYR.,TFSI Thermal Behavior. The DSC thermal be- TFSI crystal structure at60 °C contains one PYR' cation

havior of PYR,TFSI has been reported in detail elsewtefe, ~and two-half TFST anions (Figure 3). The PYRR" cation
but is briefly reviewed here for clarity. In the solid state, 1S assumed to be 50:50 disordered about its long axis defined

the salt has several crystalline phases, that is, IV, IlI, II, and PY the N1 nitrogen and the centroid of the C2/C3 carbons.
I, with transition temperaturesT(_, Tu—n, and T,—) at Each half TFST anion is Ipcated on a unique inversion
—85, 17, and 45C, respectively. PYRTFSI melts T/-.) center. The anion disorder is not shown in Figure 3 because

at 91°C (Figure 1). Melting occurs in a sudden step, rather it originates f_rom a symmetry operation. Requisite restrai_nts
than gradually. TheT,_, transition appears to be second and constraints were imposed; the number of restraints
order, whereas th&, _; and Ty_y transitions have both  €xceeds parameters. Some bond distances still fall outside
first- and second-order character. Note that a small peak atthe normal ranges even after employing these restraints. The
—102°C prior to theT,y_i peak at—85 °C indicates that a phase transition occurring between the ordered monoclinic
fourth solid-solid phase transition may also occur (Figure phase IV and disordered triclinic phase Il is quite drastic.
1). We have neglected this in the following discussion The ratio of the two twin components is also different. While
because it is of low energy. phase lll had a 2:1 ratio, phase IV had a 7:1 ratio. Perhaps
PYR,TFSI Phase IV Structure. Crystal and refinement this means that, given enough time and annealing, a single
data for the phase IV structure are given in Table 1. The crystal could be produced.
asymmetric unit of the PYRTFSI crystal structure at120 The dramatic increase in thermal disorder of the atoms is
°C contains two PYR" cations and two TFSI anions evident from the difference in the anisotropic displacements
(Figure 2). All of the ions are ordered. Both of the TFSI  of the two structures. In addition, both the P¥Rcations
anions adopt the low-enerd@}: conformatior The cations and TFSI anions in phase Ill appear to possess rotational

adopt an envelopeCg) conformation. disorder. The conformers of the ions in the two different
disorder models for the cations and anions are shown in
(8) (a) Johansson, P.; Gejji, S. P.; Tegenfeldt, J.; Lindgrelegtrochim. Figure 4a. It is not possible to superimpose the two structures

Acta1998 43, 1375. (b) Arnaud, R.; Benrabah, B.; Sanchez, JJY. . . . . .
Phys. Chem.1996 100, 10882. (c) Xue, L; Padgett, C. W.; for the cations and anions, respectively (Figure 4b). This

DesMarteau, D. D.; Pennington, W. $olid State Sc2002 4, 1535. indicates that, in addition to rotation about a central axis for
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Figure 4. (a) Cation and anion disorder and (b) comparison of the -@Ff,g [ ;@@-ﬁ
disordered ion conformations in the PYARFSI phase Il structure at60 é, d ~®
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portions of the ions, the conformations of the ions also
change. The PYR" cations rotate about an axis through Figure 5. Comparison of the anion packing around a cation in the ordered
the N1 nitrogen and the centroid between the C2 and C3PYRy:TFSI phase IV structure at120°C: (a) cation with N1 nitrogen,

carbons (the ring flins). This is clear because the methyl (b) cation with N2 nitrogen and disordered P¥RFSI phase Il structure
( g 1ip ) y at—60 °C, (c) cation with N1 nitrogen (the other cation is not shown), and

group attached to the nitrogen of the cation has OppOSIte(d) cation with N1 nitrogen (the other cation is not shown) (30% thermal
orientation in the two conformers. The ethyl group also ellipsoids).

undergoes a conformation change. This minimizes the

additional space required for the two conformers in the cage the disordered PYR" cations used in the phase Il PYR
created by the neighboring anions (the two conformers TFSI structure consists of two cations, both with envelope
occupy approximately the same volume). The TF&tions (C9) conformations. The ring cations, however, have large
also rotate about a central axis through the two sulfurs, alongthermal parameters and closely spaced carbons. Thus, twisted
with rotations of the SECF; groups. This changes the (C2) conformers cannot be excluded as alternatives for the
orientation of the nitrogen and oxygens, but the $gi6ups ~ Proposed model. o _

groups are rotated about th® axis). The TFSt anions in must be dynamic in nature, rather than static because the
both conformers have, symmetry. Again, this form of two reported structures originate from the same crystal. There

the ordered to disordered transition in the cage created byfound for the cations and anions, respectively.-AG0 °C,
the neighboring cations. This TFSlanion disordering however, the lifetime of the ions in the transition states may

mechanism has been recently reported by us in a supercoole®® much shorter than that of the ions in one of the two

plastic crystalline phase of BNTFSI? disordered conformations. Thus, only the two low-energy
Pyrrolidinium cations have two low-energy, twisteth) states are observed by crystallography-#0 °C. As the
and envelopeQy), ring conformationd? The ordered PYR* temperature increases, the barriers for these transition states

cations in the phase IV PYRFSI structure have the decrease and the ions begin to flip between the states more
envelope Co) conformation as is also found in the ordered rapidly. This explains why the high angle diffraction data

PYRul and PYR.TFSI crystal structure®:h The model for ~ rapidly drop off as the temperature increases abo6@ °C.
Besides the disordering of the ions, just how different are
(9) Henderson, W. A.; Herstedt, M.; Young, V. G., Jr.; Passerini, S.: De the ordered phase IV and disordered phase Il structures?
Long, H. C.; Trulove, P. Clnorg. Chem. in press. Figure 5 shows the anion crystal packing around a BYR
(10) 2?4!Sggf’?f))'*gez%rgrksigf‘é;glfaég' ;m@asg"gﬂﬁﬂmeﬂyfiz?%ﬁoﬁgwak’ cation in the two structures. It is immediately evident that

D.; Zaleski, JJ. Phys.: Condens. Matte2002 14, 3129. the cations in both structures are surrounded by eight TFSI
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anions. In the ordered phase IV structure, there are two further 4 h at 120°C. A hermetically sealed Al pan with the salt
separate cations with different anion environments (Figure was prepared in a dry roon+(.1% relative humidity). The sample
5a and b). In the disordered phase Il structure, however, Was cooled at SC/min from room temperature te140 °C and
there is a single disordered cation with two orientations. An then heated at 3C/min to 200°C.

examination of the disordered anions around these two cation Crystal Structure Determination. A larger crystal was cut from
orientations suggests that the anion environment is identical® N9 needle and partially dissolved in a water/ethanol mixture to
to that found in the ordered state (Figure 5¢ and d). The two remove deformation around the cleaved portion. The crystal was

diff t cati ites in the ph IV struct h dthen cooled from room temperature 660 °C at 1 °C min-1.
ierent cation sites In the phase 1V Sructure are ranSpoS€ap;q, +tion data were collected to determine the phase Ill structure.

into a single site in the phase Ill structure by the ion disorder. te same crystal was then further coolecHt20°C at 1°C min-L.

The close packing of the ions results in holes for the piffraction data were again collected to determine the phase IV
counterions of a specific size and shape. The disorderedstrycture.

structure implies that both the cations and the anions are A preliminary set of cell constants was calculated from reflections
flipping between two orientations with different conforma- harvested at-60 °C from four sets of 50 frames containing 327
tions. It may be that this occurs via a “wave- or cascade- reflections. Three twin components were indexed. The reference
mechanism” through the crystal; that is, as an ion switches component was relatively large, while the other two were small.
its orientation and conformation, it induces a corresponding One twin component is a true nonmerohedral twin, while the other
transformation in all of its neighboring ions due to steric @Ppears to be randomly orient€dThe nonmerohedral twin law

and other interactions. The disorder transformation will thus ;%%Lct"’("fg)('s ['Il'h0e0t<N %:@ﬁ?ﬁjéﬁéﬂ;ﬁﬂig j?v?/igo(tzsc;gws)
progress through the crystal like a wave. is [0.479 0.793 0.103/0.7690.421 0.580/0.628-0.405—0.744],
The unit cell of the phase Il structure has ohlyas many  \wnich is a 147.4 rotation around an irrational direct axis

ions as the phase IV structure. Quadrupling the calculated(1.000 0.494 0.223). Because of the random orientation of the third
unit cell volume for the disordered phase Il structure gives twin component, it was not included in the integration. A handful
a volume of 3292.5 Aor an increase of 104.03kelative of reflections were removed prior to the final set of least squares.
to the ordered phase IV structure. Thus, the disordering A preliminary set of cell constants was calculated from reflections
mechanism adopted by the cations and anions in the phaséarvested at-120°C from four sets of 50 frames containing 223

[l structure requires only a 3% increase in volume (from reflections. Two twin components were indexed. The ratio of masses
—120 to—60 °C) from the phase IV structure. This and the for both is approximately 2:1. At least one randomly oriented
similar ionic packing explain the relative low energy of the satellite was indexed, but because it was deemed not to interfere

o) ) . L . with the pair, it was not included in the integration phés&he
Tw—m transition despite the large increase in ion disorder. nonmerohedral twin law (by rows) is-L 0.026—0.026/0—0.149—

0.851/0—1.149—0.149], which is a 180rotation about a direct
axis (0—11).

Crystal structures for the ordered phase IV and disordered  Final cell constants were calculated from strong reflections from
phase Il of PYR2TFSI have been determined from single- the actual data collection after integration (SAIN%Jhe intensity
crystal diffraction data. The two structures are nearly identical data were corrected for absorption and decay (TWINABSoth
in the packing of the ions, but in the latter structure all of structures were solved and refined using Bruker SHELXTThe
the ions become disordered. This sel&blid phase transition =~ SHELX HKLF 5 data for both phases IIl and IV were treated with
is of low energy and requires only a 3% change in volume. Strip Red_undant V1.1_1.5.In like manner, the data for phase IV were
The TFSI anions undergo &, <> C, disordering mode that treated W|th SysAbsFllter V13 The space groups were.d.etermln.ed
clearly is one of the standard disordering mechanisms for on the basis of systematic absences and intensity statistics. A direct-

these anions in the solid state. The information reported methods solution was calculated, which provided most non-

. . . . . hydrogen atoms from the E-map. Full-matrix least squares/
regarding the soligsolid phase transition to a disordered difference Fourier cycles were performed, which located the

phase and the mechanisms for the ion disordering might emaining non-hydrogen atoms. All non-hydrogen atoms were
prove useful for explaining the low melting temperatures of refined with anisotropic displacement parameters. All hydrogen

Conclusion

many salts forming ionic liquids. atoms were placed in ideal positions and refined as riding atoms
) ) with relative isotropic displacement parameters. Schematics of the
Experimental Section structures were drawn using ORTEP-3 and Mercury 1.4.

PYR;TFSI Preparation. The PYR,TFSI salt was prepared by
a metathesis reaction between PYRand LiTFSI in deionized
water. PYR2l was prepared by combining equimolar amounts of
1-methylpyrrolidine and iodoethane in ethyl acetate. The reaction
is very exothermic. Both PYRI and LiTFSI are highly soluble in - — -
water, but upon mixing the two solutions, the white solid R¥R (15} SKINT Ve S Brukcer analytcal X ray Systems, Madison, Wi 2001
TFSI salt crystallizes rapidly. PYRRTFSI was purified by melting  (13) TwINABS V1.07: (a) Sheldrick, G. University of Gottingen, 2004.
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