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Measurements of 'H, 2H, F, 3'P, and *CINMR, differential scanning calorimetry (DSC), and X-ray powder
diffraction were carried out in solid pyrrolidinium perchlorate ([C4HsNH;]ClO4) and hexafluorophosphate ([CsHsNH> ]-
PF¢). Five and three solid phases were obtained in perchlorate and hexafluorophosphate, respectively, by DSC measurement
above 150 K. X-Ray powder patterns showed the highest-temperature solid phase of both salts to be CsCl-type cubic,
indicating that both cations and anions take isotropically disordered orientations. The measurements of the NMR linewidth
and its second moment revealed that the C4HgNH," and PF¢~ ions perform self-diffusion as well as isotropic rotation in
this phase. From the dynamical behaviour of ions, the highest-temperature phase can be assigned to be an ionic plastic
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phase; this is the first example of an ionic plastic phase containing pyrrolidinium cations.

In previous studies, we have carried out 'H, 2H, '“N, 3!P,
and CINMR, X-ray powder diffraction, and thermal mea-
surements on piperidinium perchlorate, nitrate! and hexa-
fluorophosphate? ([CsH1oNH,]X, X = ClO4, NO;, and PFg),
and revealed that the highest-temperature solid phases of
these salts crystallize in cubic structures; the salts with the
large anions (ClO4~ and PFg™) form a CsCl-type cubic lat-
tice, while that with small anion (NO3 ™) forms an NaCl-type.
Isotropic rotations of both cations and anions were observed
in these phases. Moreover, the onset of translational self-
diffusion of the bulky cation and the PF¢ ™~ anion in the CsCl-
type cubic phase was detected by NMR. The ClO4~ ion
smaller in size is also expected to perform the same motion
in this phase. We concluded that the CsCl-type cubic phase
is the ionic plastic phase, because the dynamical behaviour
of the constituent ions in this cubic phase is quite analo-
gous to that in the plastic phase found in molecular crystals?
and, at the same time, the entropy of fusion determined in
these salts is low (7.9—11 JK~! mol~') compared with 20
JK~'mol~!, which value has been accepted as the criterion
for the formation of plastic phase.® Such ionic plastic phases
have been recently shown to exist in various methyl- and
ethyl-substituted ammonium salts.*—2°

In the present investigation, we have undertaken studies on
pyrrolidinium perchlorate ([C4HgNH,]ClO4) and hexafluo-
rophosphate ([C4HgNH,]PFg) with the expectation of the
ionic plastic phase being widespread in cyclic-alkylammo-
nium salts. We measured differential scanning calorimetry
(DSC), X-ray powder diffraction, 'H and '"FNMR spin-
lattice relaxation times in the laboratory and rotating frame

-(Ty and Ty,), spin-spin relaxation time (77), second moment
(M,) of 'H and "Y’FNMR linewidths, and 2H, N, 3'P, and
33CINMR spectra.

Experimental

[C4HgNH,]ClOs and [CsHsNH,]PFs were prepared by neu-
tralizing pyrrolidine with perchloric and hexafluorophosphoric
acid, respectively. The obtained crystals of [C4HgNH,]ClO4
and [C4HsNH,]PFs were recrystallized twice from ethanol and
1-propanol, respectively. Found: C, 28.17; H, 5.64; N, 8.15%.
Calcd for [C4HgNH,]ClO4: C, 28.00; H, 5.87; N, 8.16%. Found:
C, 21.93; H, 4.78; N, 6.39%. Calcd for [C4HgNH:]PFs: C, 22.13;
H, 4.64; N, 6.45%. Before DSC and NMR measurements, both
crystals were dried under vacuum (ca. 107! Pa) at 120 °C for 24 h.
[C4HgND,]ClO4 was prepared from purified [C4HsNH>]ClO4 by
crystallization from D, O three times and finally recrystallized from
CH;0D.

Differential scanning calorimetry (DSC) was carried out on a
Seiko DSC 120 with a heating rate of 1 Kmin ™' from 150 K to the
melting or the decomposition point. X-Ray powder patterns were
taken at ca. 320 and 370 K for [C4HgNH,]ClO4 and ca. 300 K for
[C4HsNH, ]PFs using a Philips X Pert PW3050/00 diffractometer
with Cu K« radiation.

The second moment of 'H and '’FNMR linewidths was recorded
on a Bruker SXP 100 spectrometer with the solid-echo method.?
Ty, Tip and T> of 'H and YFNMR were measured on the SXP
100 and a home-made NMR spectrometer’’” with a JEOL ES-CC2
electromagnet. The inversion recovery method was used for the
determination of T and the Hahn’s spin-echo method?® for T». The
radio-frequency field amplitude (H;) of 0.4 mT was used for the
T1p measurement. Experimental uncertainty was estimated to be
within 10% for T1, T1p, and T>. The temperature of the samples
was controlled by a temperature control unit with an accuracy of 1
K.

2H, 33C1, and *' P NMR spectra were taken at Larmor frequencies
0f46.07,29.41, and 121.50 MHz, respectively, using a Bruker MSL
300 spectrometer. The (5t/2)x — T — (7t/2)y — 7 method®® was used
for H and *' P NMR, while the Fourier transform after 90° pulse was
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employed for *CINMR. *'PNMR spectrum of 1.2% [C4HsNH;]-
PFs in a D,0O solution was obtained at room temperature using
a JEOL JNM-EX270 spectrometer. 10% NaCl and 85% H3PO.
aqueous solutions were used as standards of **Cl and *'PNMR
spectra, respectively.

Results

Above 150 K, DSC measurements afforded five solid
phases in [C4HgNH,]ClO4 and three phases in [C4HgNH;]-
PFs. The obtained solid phases are designated as Phase I
to V and Phase I to IIl for perchlorate and hexafluorophos-
phate, respectively, in the order of decreasing temperature.
The phase transition temperatures from Phase V to IV in
perchlorate and from Phase II to I in hexafluorophosphate
were spread over ranges of 250—258 and 282-—292 K, re-
spectively, depending on the heating runs and samples. The
observed transition temperatures (T, the corresponding en-
thalpy changes (AH), and the entropy changes (AS) are sum-
marized in Table 1.

X-Ray powder patterns were taken for perchlorate at ca.
370 K (Phase I) and ca. 320 K (Phase II), and for hexafluoro-
phosphate at ca. 300 K (Phase I). Phases I and II of perchlo-
rate were determined to be CsCl-type cubic (a = 5.837(2)
A, Z=1,V=1989Q) A% and D, = 1.432(2) Mgm—3)
and tetragonal (a = 8.024(3), ¢ = 6.0982) A, Z=2, V =
392.6(4) A3, and D, = 1.451(2) Mg m ™), respectively. The
structure in Phase I of hexafluorophosphate was determined
to be CsCl-type cubic (@ = 6.007(2) A, Z =1, V = 216.8(3)
A3, and D, = 1.662(3) Mgm ).

Figure 1 shows the temperature dependence of M,y ob-
served for perchlorate in the range 146—416 K. In Phase
1, M,y decreased to less than 0.01 x 10~2 mT? above 380 K.
Figure 2 shows temperature dependences of Myy and Moyr
observed for hexafluorophosphate in the range 110—430 K.
Above 413 K in Phase I, M,y became less than 0.01x 1072
mT2. Myr in Phase I decreased with increasing temperature
from 0.06x10~2 mT? (290 K) to less than 0.01x10~2 mT?
above 390 K.

The 2H spectrum of [C,;HgND,]CIO, observed at 360 K
(Phase I) showed a single peak with a half-height width of
30010 Hz. 3CINMR spectra of [C4HsND,]ClO, obtained
at 315 K (Phase 1) and 400 K (Phase I) also showed a single

Table 1. Transition Temperatures (7;), Enthalpy Changes
(AH), and Entropy Changes (AS) in [C4sHsNH,]X (X =
Cl104 and PFs) Determined by DSC

Compound To/K  AH/KImol™' AS/TK™'mol™'

[C4HsNH,]CIOs 250—258 1.7+£0.1 6.7+0.5
306+1 3.7+0.2 12+1
310+1 2.0+0.2 6.4+0.6
342+1  0.97£0.04 2.840.2
481

[CsHsNH,]PFs 244+1 3.74+0.5 15£2
282~-292 1.14+0.5 4.0+2.0
555" 6.6£0.4 1241

a) decomposed. b) mp with decomposition.
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Fig. 1. Temperature dependence of the second moment (M>)
of "THNMR linewidth in [C4HsNH,]ClO4 at a Larmor fre-
quency of 41 MHz. The broken lines show the phase tran-
sition temperatures determined by DSC. The temperature
from Phase V to IV illustrated in this figure is 254 K.
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Fig. 2. Temperature dependences of the second mo-

ments (M) of 'H and "FNMR linewidths observed in
[CsHsNH,]PFs. Moy observed at 36 MHz (O); Mar at
34 MHz ([J). The broken lines show the phase transition
temperatures determined by DSC. The temperature from
Phase II to I illustrated in this figure is 287 K.

peak with a half-height width of 120410 Hz. 3!'PNMR
spectra of [C4HgNH,]PFs taken above 340 K (Phase 1) gave
septet peaks with a spin coupling constant !Jpg of 765 Hz.
The chemical shift (&) of the central peak was —147 ppm at
300 K from 85% H3;POQ,. The spectrum in D, O solution of
1.2% [C4HgNH,]PFg consists of the septet lines: 'Jpg and &
were 707 Hz and —144 ppm, respectively.

Figure 3 shows temperature dependences of 'HNMR T7,
T),, and T; (abbreviated to Tip, 11,1, and Top, respectively)
of [C4HgNH;]ClO;,. In Phase I, 71y had a maximum at 380
K at a Larmor frequency of 48.9 MHz, while Tiy at 14.9
MHz decreased with increasing temperature. T,z had a
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Fig. 3. Temperature dependences of '"HNMR spin-lattice

relaxation times in the laboratory and rotating frame (7
and T1p), and spin—spin relaxation time (72) observed in
[C4HgNH,]ClO4: Ty at 48.9 MHz (O), Ty at 14.9 MHz
(@), Tipu at a locking field (H:) of 0.4 mT (7) and T, at
40.8 MHz (A). Solid and dotted lines are the best-fitted
calculated values. The broken lines show the transition
temperatures determined by DSC.

minimum value of 1.05 ms around 365 K and T»y increased
from 142 ps to 9.2 ms with temperature. T,y and 75 had
almost the same values above 400 K. In Phases II and I,
T1x was independent of the Larmor frequency and increased
upon heating.

Figures 4 and 5 show temperature dependences of Ty,
T pH> Toy, and I9E NMR T, Ty o> and T, (abbreviated to Tig,
T',r, and ToF, respectively) in Phases I to Il of [C4HgNH;]-
PFs and those in Phase I, respectively. In Phase I, 71y and
Tir showed a marked non-exponential recovery of 'H and
19F magnetizations. This curve could be separated into two
relaxation times, T5; and T}, (T3, < T%;, i = H or F), according
to the equation:

(Moi — Myi(T))/2Moi = Asexp (~ 7/T5) +Arexp (~ T/T]n), M

where My; and M;(7) are z components of the magnetization
at thermal equilibrium and at the time 7 after 180° pulse, re-
spectively; As and A; are constants (A;+A; = 1). T},4 showed
a minimum value of 1 ms around 380 K. T,y and Tof in-
creased upon heating and became 11 and 31 ms, respectively,
at 500 K. Ti,u and Toy became nearly the same above 450
K, as did T ,r and Tor above 340 K. In Phases Il and III, 71y
and Ty could be expressed by a single relaxation process.

Analysis and Discussion

The CsCl-type cubic structure in Phase I of [C4HgNH;]-
ClO4 implies that both cations and anions are highly disor-
dered, behaving like spherical ions in crystal. Isotropically
rotating cations are also revealed from the narrow 2H NMR
spectrum. The quite narrow 3> CINMR spectra indicate that
the rotation of anion occurs in Phase I as well as Phase II. In
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Fig. 4. Temperature dependences of the spin-lattice relax-
ation times in the laboratory (T1u and Tir), and rotating
frame (T1pn and 7'pr), and spin—spin relaxation times (72u
and Tor) of 'H and ’FNMR observed in [C4HsNH;]PFe:
Tiu at 40.7 MHz (O and @), Tir at 38.3 MHz (A and A),
Tou at 40.7 MHz (%), Tor at 38.3 MHz (+), Tipn (¥) and
Tipr (V) with a locking magnetic field (i) of 0.4 mT.
Solid and dotted lines are the best-fitted calculated values.
The broken lines show transition temperatures determined
by DSC.
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Fig. 5. Temperature dependénces of the spin-lattice relax-
ation times in the laboratory (Tiy and Tir) and rotating
frame (T'pn and T'pr), and spin—spin relaxation times (T2u
and Tor) of 'Hand "FNMR in Phase I of [C4HsNH,]PF¢:
Ty at 40.7 MHz (O and @) and at 15.0 MHz ({1 and H),
Tir at 38.3 MHz (4 and A) and 14.1 MHz (@ and ), T1n
(W) and T',r (7) with the locking field (H,) of 4.0 G, Ton at
40.7 MHz (x), and Tor at 38.3 MHz (+). Solid and dotted
lines are the best-fitted calculated values.
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addition to the isotropic rotation, the cation was found to per-
form the translational self-diffusion from the fact that M,y in
Phase I decreased to less than 0.01x 10~2 mT? above 380 K
(Fig. 1). This is because My calculated for the isotropically
rotating cations using the present X-ray data was 0.71x 1072
mT? and experimental values smaller than this can be only
explained by the onset of the cationic self-diffusion. The an-
ion smaller in size than the cation is also expected to perform
the same motion.

The T,y minimum and the increase in T,y observed with
increasing temperature in Phase I (Fig. 3) is attributed to the
cationic self-diffusion, because the onset of this motion was
shown above and the isotropic rotation of the cation is too
fast to affect 77, and Ton. Ty,n can be approximately ex-
pressed with the BPP-type equation® including the Torrey’s
treatment for the translational self-diffusion:

Tipn ™" = Cair [(5/2)(Tair / 2)/ {1 + ot aie /2)°}
+(zair/2)/ {1 + 4 gur(Taie /2)° }
+(3/2)(zsit/2)/ {1 + 40Tz /2)° 1], @

o = WHi. 3)

Here Cair, oy, and 9y are the motional constant related to
M>y reduction due to the cationic self-diffusion, the Larmor
frequency, and the gyromagnetic ratio of 'H, respectively.
Tyir 1S the mean time interval between consecutive diffusional
jumps of the cation, the temperature dependence of which is
described by the Arrhenius-type equation expressed as

Tair = To,gif €xp (Ea/RT), @

where E, and 1 gi¢ are the activation energy and the correla-
tion time at the infinite temperature, respectively. T>y can be
stated in terms of 7g;r under the condition of wpy Tgi>>>1 as

Ton™ "' = (3/2)Cait(tit /2)- )]

Motional parameters, E,, %, and Cgir, determined by ap-
plying Egs. 3, 4, and 5, are summarized in Table 2.

The frequency dependent Ty observed in Phase I was
explained by assuming the presence of the two relaxation
processes given by

—1 -1 -1
Tiw™ =Tbeor +Timae (©)
where Tipror and T g are the relaxation times caused by

the cationic isotropic rotation and the cationic self-diffusion,

Table 2.  Activation Energies (E,), Correlation Times at
the Limit of Infite Temperature (1), and Motional Con-
stants (C) Evaluated for Cationic Motions in Phase I of

[C4HgNH,]C104
E/kImol ™ w/s  C/10° s™2 Method Motional mode
4946 Toy
4745 1L7x1072 42 Tipu  Self-diffusion
4745 T
T£2 Tin  Isotropic rotation

Ionic Plastic Phases of Pyrrolidinium Salts

respectively. As mentioned above, 1y is short enough to
satisfy the condition of ayy ;i< 1, whereas g fulfils woy
75:>1.  Applying the BPP-equation® under these condi-
tions, we can rewrite Eq. 6 as

T = 5Co G+ 2Cair o™ > (Taie ™ /2), 7

where C,, denotes the motional constant of isotropic rotation
of cation. Assuming the temperature dependence of both 7o
and Ty to be Arrhenius-type as expressed as Eq. 4, we
evaluated activation energies for the cationic self-diffusion
and isotropic rotation as shown in Table 2.

The structure of [C4HgNH,]PFg in Phase I is a CsCl-type
cubic lattice isomorphous with that of perchlorate, implying
that both cations and anions are dynamically disordered and
obtain the greatest part of the motional freedom. In fact,
the decrease in Moy and Moy to less than 0.01x 1072 mT?
(Fig. 2) indicates that both ions perform self-diffusion as
well as isotropic rotation in this phase, because these values
are much smaller than the M, values (Mg = 0.93%x 1072 and
Mor =0.95x 1072 mT?) calculated for isotropically rotating
cations and anions by using the present crystal data of Phase
I. The liquid-like behaviour of the anions was also supported
by the solid ! P NMR spectra in Phase I showing septet peaks
similar to the spectrum in the D,0O solution. The difference
of 1Jpg, between 707 Hz in the solution and 765 Hz in the
solid, is explainable in terms of the extension of P-F bond
length caused by the polar solvent of D,O. The high mo-
bility of ions can also be derived from the entropy of fusion
(121 JK ! mol~!) being lower than 20 J K~ mol ! as ac-
cepted as a criterion of forming the plastic phase in molecular
crystals.? ,

According to the results of M,y and Msg, the Ty and
Tir in Phase I of [C4HgNH;,]PFg (Fig. 5) can be explained
in terms of the isotropic rotation and self-diffusion of both
cations and anions. The minimum in 7,4 and Ti,r, and
the increase in Tpy and T»p with temperature in Phase I are
attributed to the cationic and anionic self-diffusion, respec-
tively. Since the temperature dependency of the relaxation
times in Phase I closely resembles that in the CsCl-type ionic
plastic phase of [CsH;o(NH;]PFs, we analyzed the present
data according to the procedure described in Ref. 2, where
'H-'H, F-'°F, and '"H-'°F magnetic dipolar interactions
are taken into account.’'—>* Results of the analysis are sum--
marized in Table 3.

The mean time intervals between consecutive diffusional
jumps of the cation and anion, 7 gir and 7 gif, extrapolated
to the melting point were determined to be 1.2x1077 and
1.1x1077 s, respectively, using E, and 7 obtained for the
cationic and anionic self-diffusions listed in Table 5. The
diffusion coefficients for the cation (Dy) and the anion (Dg)
at the melting point were evaluated to be 5.0x10~!3 and
5.5x 10~ m? s~2 from the relationship® given by

Di=<r*>/6%4, (i=H or F) ®)

where <r2> denotes the mean-square-jump distance taken
to be the squared unit cell distance in the CsCl-type cubic
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Table 3. Activation Energies (E,), Correlation Times at the Limit of Infite Temperature
(1), and Motional Constants (C) Evaluated for Cationic and Anionic Motions in Phase
Iof [C4H8NH2]PF6
E,/kJ mol™! T/s Cnods—2 Method Motional mode
4543 Tou Cationic self-diffusion
42+1 1.3x107 1 4.2 (Cun) T1pu
4241 42 (Cun) Tin
29 (Cer)
1.7 (Cur)
1.2 (Cem1)
26+2 Tor Anionic self-diffusion
2642 40x107% 29 (Crr) T1pr
0.42 (Cyp) Tipn
2442 42 (Cun) Tir
29 (G
1.7 (Car)
1.2 (Crur)
7+3 Tiu Cationic isotropic rotation
10£3 Tir Anionic isotropic rotation
lattice. The obtained 7 and D values are close to those ‘ ' ' ]
reported in the molecular plastic crystals.>*> Furthermore, o7 89 4
we should note that 7y gir and 7 gir, or Dy and Dy, become T 60 o6 o o |
almost the same value at the melting point, in spite of the g Os n 12
large differences in the diffusion rate between cations and 2 | A2
anions in the low temperature range of Phase I and in the = 0 ey 0 7
size of the ions. The same result has been obtained for the w
melting in [CsH;oNH,]PFs which forms the ionic plastic O A ]
phase of CsCl-type.” This fact suggests that the melting of 40 - 5 10 1 4
ionic crystal occurs when the diffusional rates of both cation o O 4
and anion reach a certain threshold value. ! l
Figure 6 illustrates the relationship between the activation 30 | ]
energy for self-diffusion and the lattice constant determined —
for CsCl-type cubic phase of alkylammonium perchlorate and I ﬁ 0
hexafluorophosphate. We can see a tendency that the activa- 20 I | L
tion energy of the cation increases with increasing the lattice 5 5.5 6 6.5
size, implying that the increase in molecular weight and size " '
makes the diffusion difficult. Furthermore, the activation . L. . a_ /,A e
Fig. 6. Activation energies for ionic self-diffusion versus

energy of PFs™ ions shows an analogous size dependency
to that in the cation. Since the activation energy for self-
diffusion is related to the potential barrier for the ion to jump
into a neighbouring vacant site and also to the energy for va-
cancy formation,>* this result suggests that cation and anion
vacancies are not formed independently but with some cor-
- relation, probably as a cation and anion vacancy pair and/or
a Schottky defect.

Conclusion

In the present investigation, we have revealed that
the highest-temperature solid phases of [C,HgNH;]ClO4
and [C4HgNH,]PFg crystallize in CsCl-type cubic lattices.
Isotropic rotations of both cations and anions were observed
in these phases. Moreover, self-diffusion of the bulky
C4HgNH,* ion and the PF¢~ ion was definitely detected
by NMR. It is highly possible that the smaller anion, C1O4~,
also diffuses in the cubic phase. Since the dynamical proper-

lattice constants in CsCl-type ionic phase of alkylammo-
nium perchlorate and hexafluorophosphate. O: cation in
perchlorate; [J: cation in hexafluorophosphate; A: an-
ion in hexafluorophosphate. 1: CH3NH;ClQ4;'%* 2:
CH;NH;:ClO4;” 3: (CH3);NH,C104;3% 4: C4HgNH,Cl1Oq;
5: (CH3)sNHCI04;% 6: (CH3)sNHC104:%% 7: CsH oNH,-
ClO4:' 8 (CH3):NCHsClO42* 9: (CHs3)sNC,H,OH-
Cl04;® 10: C4HsNH,PFs; 11: CsHoNH,PFs:2 12:
(CH;3);NC,H;PFs.2*

ties of the constituent ions in cubic phases are quite analogous
to those in the plastic phase found in molecular crystals, these
solid phases can be assigned to the ionic plastic phase. To
our knowledge, this is the first report on the ionic plastic
phase consisting of C4;HgNH," cations.
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