PCCP

Accepted Manuscript

st s s s This is an Accepted Manuscript, which has been through the
Royal Society of Chemistry peer review process and has been
accepted for publication.

Accepted Manuscripts are published online shortly after
acceptance, before technical editing, formatting and proof reading.
Using this free service, authors can make their results available

to the community, in citable form, before we publish the edited
article. We will replace this Accepted Manuscript with the edited
and formatted Advance Article as soon as it is available.

You can find more information about Accepted Manuscripts in the
Information for Authors.

Please note that technical editing may introduce minor changes

to the text and/or graphics, which may alter content. The journal's
e standard Terms & Conditions and the Ethical guidelines still

‘gﬁﬁéﬁéﬁ# apply. In no event shall the Royal Society of Chemistry be held

responsible for any errors or omissions in this Accepted Manuscript

Or any consequences arising from the use of any information it

contains.

ROYAL SOCIETY
OF CHEMISTRY WWW.rsc.org/pccp


http://www.rsc.org/Publishing/Journals/guidelines/AuthorGuidelines/JournalPolicy/accepted_manuscripts.asp
http://www.rsc.org/help/termsconditions.asp
http://www.rsc.org/publishing/journals/guidelines/

Page 1 of 7

PhysicatChemistry Chemical Physics

PCCP

Deuteron Quadrupole Coupling Constants and Reorientational
Correlation Times in Protic lonic Liquids by Means of NMR

Received 00th January 20xx,
Accepted 00th January 20xx

Dynamics Simulations

DOI: 10.1039/x0xx00000x

www.rsc.org/

We describe a method for the accurate determination of deuteron
quadrupole coupling constants N-D bonds in
triethylammonium-based protic ionic liquids (PILs). This approach
has been first introduced by Wendt and Farrar for O-D bonds in
molecular liquids, and is based on the linear relationship between
the deuteron quadrupole coupling constants j,, and the proton
chemical shifts é‘lH, as obtained from DFT calculated properties in
differently sized clusters of the compounds. Thus the
measurement of &'H provides an accurate estimate for zp, which
can then be used for deriving reorientational correlation-times
Two, by means of NMR deuteron quadrupole relaxation time
measurements. The method is applied to pure PILs including
differently strong interacting anions. The obtained j, values vary
between 152 and 204 kHz, depending on the cation-anion
interaction strength, intensified by H-bonding. We find that
considering dispersion corrections in the DFT-calculations leads to
only slightly decreasing #, values. The determined reorientational
correlation times indicate that the extreme narrowing condition is
fulfilled for these PILs. The 7, values along with the measured
viscosities provide an estimate for the volume/size of the clusters
present in solution. In addition, the correlation times 7, and the
H-bonded aggregates were also characterized by molecular
dynamics (MD) simulations.
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The structure and properties of ionic liquids (ILs) are characterized
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by a subtle balance between Coulomb interactions, hydrogen
bonding and dispersion forces.[1-4] This melange of different types
of interaction results in unique properties that make ILs attractive
for science and technology.[5,6] Mostly, information about the
structure and thermodynamics of this new liquid material has been
at the center of interest. However, the characterization and
understanding of the molecular motions of ILs is at least equally
important as the knowledge of their structure. Translational
diffusion of the ions has been extensively studied by NMR Pulsed-
Field-Gradient (PFG) and Spin-Echo (SE) techniques. In particular
the Watanabe group has provided valuable information about ion
self-diffusion in ILs.[7-10] Kremer et al. have shown that the
frequency-dependent electrical conductance can be transcribed
into ionic self-diffusion coefficients with proper rescaling.[11]
Although NMR provides information about single particle motions,
and enables the characterisation of anisotropic reorientation by
site-specific experiments, the knowledge about the rotational
dynamics in ILs is surprisingly small.[12-14] This is in particular true
for the rotational motions of molecular vectors that are involved in
hydrogen bonding.[15-17] If C-H, O-H or N-H bonds of imidazolium
or ammonium cations are hydrogen bonded to their counter ions,
proton exchange is an issue. Usually, this process is fast compared
to the NMR time scale. Hence, a proper distinction between intra-
and inter-molecular relaxation contributions to the magnetic
dipole-dipole relaxation is often not possible. This problem of fast
proton exchange has been addressed earlier for molecular liquids
by performing isotopic substitution experiments. For water and
alcohols the 0-enhanced proton relaxation rates were measured
for a series of different YO-enriched samples.[18-32] From the
separated intramolecular relaxation rates, the reorientational
correlation times 1oy could then be determined. This method has
been shown to provide reliable data on the rotational dynamics of
hydrogen-bonded molecular liquids and has often been used for the
parameterization and validation of force fields employed for
molecular dynamics simulations.[33-38] A similar approach has
been suggested by Seipelt and Zeidler for the determination of the
reorientational correlation times Ty in liquid amides.[39] However,
expensive 14N/IE’N enriched samples needed to be synthesized and
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characterized. Here, the situation was even more complicated,
because both nitrogen isotopes are NMR sensitive with different
spins, /=1 for YN and =% for "N, representing quadrupolar and
dipolar nuclei, respectively. For routine measurements, these kinds
of NMR relaxation time experiments using isotopic substituted
compounds are too complex and prohibitely expensive. Hence, we
would like to present an alternative approach for measuring reliable
NMR rotational correlation times for protic ionic liquids (PILs)
involving N-H/N-D molecular bonds.

The most interesting relaxation mechanism in this respect is based
on the interaction of the nuclear quadrupole moment with the
main component of the electric field gradient. It is the strongest
relaxation mechanism besides spin-rotation, which is not relevant
for viscous liquid materials as used here.[40,41] However, before
the reorientational correlation times 7. can be determined from
quadrupolar relaxation data, the knowledge of the coupling
parameter the deuteron
quadrupole coupling constant y;, needs to be known properly. From

corresponding to this mechanism,

studies on molecular liquids it is known that yp shows significantly
different values for the gas, the liquid and the solid phases. y; has
been shown to be a sensitive probe for hydrogen bonding and is
often temperature dependent, despite of what the term ‘coupling
constant’ is suggesting.[22,23] In general, the deuteron quadrupole
coupling constants for protic ionic liquids as discussed here are not
known. However, to provide a solution to this problem, Wendt and
Farrar introduced a method for deriving rotational correlation times
o4 for molecular liquids such as alcohols, which is based on both,
quadrupolar relaxation experiments, and a relation between
deuteron quadruple coupling constants and proton chemical shifts
derived from quantum chemical calculations.[42-45]

It is the purpose of this work to show that this approach can be also
transferred to N-H bonds in ammonium-based PILs. Our aim is to
accurately determine the deuteron quadrupole coupling constants
2o for those liquids, and to provide reliable reorientational
correlation-times 7. To demonstrate the reliability of these
properties, we have chosen a set of PILs, which we have studied
before by using far infrared spectroscopy and DFT calculations of
differently sized clusters.[46-50] From these studies we were able
to determine the interaction strength between the cations and
anions, which should also be reflected in the dynamical properties
we would like to investigate here. Three PILs sharing the same
cation had been synthesized. The full set of PILs are comprised of
triethylammonium bis(trifluoromethylsulfonyl)-imide
[(C,Hs)sNH][NTS,] (1), triethylammonium trifluoromethyl sulfonate
[(C,H5)sNH][CF3SO3] (1), and triethylammonium methylsulfonate
[(C,H5)sNH][CH3SO3]  (ll). Because we are using the same
triethylammonium cation throughout, changes in the interaction
strength can only be attributed to the anions. An important feature
of the triethylammonium cation is that it exhibits a single proton
donor function N-H. The only possible directional interaction ‘N-
H"A™ provided isolated vibrational bands in the far infrared spectra,
which could be clearly attributed to the H-bond enhanced anion-
cation interaction. The chosen anions showed increasing interaction
strengths in the order [NTf,] < [CF3SOs;] < [CH3SO;] due to
fluorination of the methyl groups.

It is interesting to see how this particular order of anion interaction
strengths is reflected in both, the deuteron quadrupole coupling
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parameters yp, as well as in the correlation time 7y of the
rotational motion of the N-H bond in these PILs. By also measuring
the viscosities, we can provide additional valuable information
about the validity of the Stokes-Einstein-Debye relation in these
ionic liquids.

Results and Discussion

First, we measured the proton chemical shifts S'H of the N-H proton
at the triethylammonium cation in the pure PILs. Using TMS
(tetramethylsilane) as an external references, we obtained
downfield chemical shifts of about 5.96 ppm for I, 6.81 ppm for Il
and 8.66 ppm for Il at 303 K, respectively. This reflects the
expected order for the increasing interaction strength of the anions
in the sequence [NTf,] < [CF3;SO;] < [CH3SO3], as obtained from FIR
measurements.[46-50] In addition, the chemical shift differences of
about A(élH)=0.85 ppm for II-1 and A(51H)=1.84 ppm for NI-11 clearly
indicate that the cation-anion interaction is particularly enhanced in
11l. Obviously, the inductive effect of the fluorine atoms in [NTf,]
and [CF3;S0O;] strongly weakens the interaction between cation and
anion. These chemical shifts are now used for describing the
coupling parameters and rotational motion of the cations in all
three PlLs. For that purpose we measured the NMR deuteron
quadrupolar relaxation times T;.

The PILs I-lll were synthesized and characterized as described in
earlier studies.[46,48] Then they were deuterated by 1H/ZH
exchange in 2HZO and properly dried. 'H NMR spectra confirmed
that exchange took only place at the N-H position. Longitudinal 2y
magnetic relaxation times T, were measured using a BRUKER
Avance 500 spectrometer at a resonance frequency of v = ©/2n =
76.7 MHz, employing the inversion recovery (180°-790°) pulse
sequence. Results are given in Table 1. The shown values for T, are
estimated to be accurate to within +2%.

Table 1. Deuteron relaxation rates 1/T; in s™ for PILs I-III.

PILs 293 K 303K 313K
| 112.6 93.74 69.98
I 109.78 95.79 71.84
11l 124.01 118.88 100.99

’H nuclear magnetic relaxation is driven by interaction of the
electrostatic quadrupole moment of the ’H-nucleus with the
electric field gradient at the 2H-position, generated by the electron
distribution surrounding the nucleus along the N-H bond. The
relaxation rate 1/T; is given by [40,41]

T 47
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where yp is the ’H nuclear quadrupole coupling constant, 7 is the
corresponding asymmetry parameter, and 7, represents the integral
reorientational correlation time.
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In low-viscosity molecular liquids, the extreme-narrowing condition
w7, « 1 is commonly fulfilled. However, this is not necessarily
guaranteed for ILs, because there is evidence for an extremely
stretched orientational dynamics, [14] that may broaden the
spectral densities in Eq. (1) to extend to the Larmor frequency. We
have carefully checked that the relaxation time experiments for all
PILs were performed in the extreme narrowing limit. The relaxation
rates 1/T; increasing with decreasing temperature are showing
Arrhenius behaviour (see Table 1). Only for the most viscous PIL IlI,
a frequency dependent relaxation is observed at temperatures well
below room temperature, which are not discussed here. We can
conclude that the extreme narrowing condition is fulfilled for all
PILs at room temperature. We will see later that the largest
correlation times 7. at 303 K are of the order of a few hundred
picoseconds. Thus the product @z, (76.7-106 Hz-x 400-10% s ~
0.03) is definitely smaller than 1 and confirms the extreme
narrowing condition. Moreover, for the case of the extreme
narrowing limit @,z « 1, equation (1) simplifies to

2
! :éﬂ'z 1+
T, 2 3

D

2
ZD Tc

()

Equation (2) shows that we now have access to molecular
correlation times 7, if the deuteron quadrupole coupling constant
2o, and the asymmetry parameter 7 are known.

Here we adapt an idea suggested by Wendt and Farrar.[42-45] They
could show for pure methanol, as well as for methanol in mixtures
with tetrachloromethane, that the correlation time for the
reorientation of the O-H bond can be derived from the spin-lattice
relaxation rate for the deuteron [Eq. (2)]. Due to a strong coupling
parameter, the deuteron quadrupole relaxation is entirely an
intramolecular process. Other relaxation mechanisms, or the
separation of intra- and intermolecular relaxation contributions do
not have to be considered. Moreover, since the principal axis of the
deuterium electric field gradient is nearly axially symmetric and lies
along the direction of the N-D bond,[51] its correlation time is equal
to the correlation time for the reorientation of the N-D vector.
Experimental data also indicate that there is a negligible isotope
effect for the rotational diffusion.[15,16] However, a reasonable
deuteron quadrupole coupling constant for the N-D bond in these
ILs is not known, neither for the gas phase, nor for the liquid phase.
The idea of Wendt and Farrar is based on DFT calculated properties
of molecular clusters. They obtained a linear correlation between
the calculated proton chemical shifts S'H and calculated deuteron
quadrupole coupling constants yp. The advantage is that S'H can be
easily measured in the liquid phase, and thus provides reasonable
access to yp. Huber and co-workers reported that this method
provides good agreement between measured and simulated values
for water.[51-53] We also used this method previously for
estimating yp for the liquid phase of pure water and alcohols, as
well as their mixtures with organic solvents and ionic liquids.[16,17]
Before applying this approach, however, we have to show that the
ND bond in PILs can be treated exactly the same way as the OD
bond in molecular liquids. For that purpose we determined the
proton chemical shifts 61H, and the quadrupole coupling constants

This journal is © The Royal Society of Chemistry 20xx

2o from ab initio calculations of PIL clusters including n=1-4 ion-
pairs. The proton chemical shifts were referenced against TMS, as it
was done in the experiment. The xp = (equZQ/h) values were
derived by multiplying the calculated main components of the
electric field gradient tensor g,, with a calibrated nuclear
guadrupole moment eQ for the given theory level and basis set
used in the calculations. Similarly to the OD bond in alcohols, the
asymmetry parameter of the electric field gradient for ND is found
to be negligible and does not need to be considered in [Eq. 2]. This
has been shown for molecular systems such as ammonia,
formamide, N-methyl formamide and N-methyl acetamide,
respectively.[54-59] Throughout, the geometries of the clusters as
well as the electric field gradients of the deuterons and the proton
chemical shifts were calculated at the B3LYP/6-31+G* level of
theory with and without D3 dispersion corrections introduced by
Grimme et al.[60-62] This allows us also to quantify the influence of
dispersion forces on these two important spectroscopic properties.

200 T ] T ] T [
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Figure 1. DFT (B3LYP/6-31+G*) calculated deuteron quadrupole
coupling constants yp, plotted versus calculated proton chemical
shifts 8'H of the N-H groups in different sized clusters of PILs I-Ill. It
is observed that the y; values decrease with increasing interaction
strength of the PIL anions in the order [NTf,] > [CF3SO3] > [CH3SOs].
Including dispersion correction gives slightly lower deuteron
quadrupole coupling constants in particular for the weaker
interacting anion in PIL I.

In Figure 1 it is shown that we find a perfect linear behaviour
between the deuteron quadrupole coupling constants yp, and the
proton chemical shifts S'H. From linear regression we obtain
5=297.87 kHz — 15.77-5'H kHz/ppm and ,=285.06 kHz — 14.92-6'H
kHz/ppm, if the dispersion correction is taken into account.
Enhanced cation-anion interactions, as present in PIL 1ll, lead to
larger downfield chemical shifts, and to smaller deuteron
quadrupole coupling constants. The weakest interactions,
present in PIL I, are characterized by smaller S'H shifts, and larger
2o values. It does not matter, whether these pairs of properties are
calculated for N-H/N-D in varying sized clusters or for different
configurations within these clusters, they all show linear
dependence. This is not at all surprising, because both properties,

as
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SH , as well as yp, are sensitive to local and directional interactions,
such as hydrogen bonding. In this respect, N-H bonds behave
similar to O-H bonds in water and alcohols.[15-17, 64] An ultimate
test for the reliability of the linear relation between both properties
in PILs is carried out by interpolating the chemical shifts to zero
ppm, indicating a complete absence intermolecular interactions.
For this case we expect the calculated y; values to be similar to
those measured for the gas phase. And indeed, the estimated value
of 297.9 kHz for y; in PILs is very close to the measured gas phase
and calculated monomer j, values for ammonia (290.6 kHz),
formamide (292 kHz) and N-methylformamide (294 kHz),
respectively.[54-59] Some time ago, Seipelt and Zeidler introduced
the *N/**N-method to determine the correlation time Ty for N-
methylformamide (NMF) and N-methylacetamide (NMA) in the
liquid phase.[39] Subsequently, they used these correlation times
from dipolar relaxation to derive the deuteron quadrupole coupling
constants y, from quadrupolar relaxation measurements. If we take
the measured proton chemical shifts, and the determined deuteron
quadrupole coupling constants for the liquid phases of ammonia,
NMF, and NMA, we observe that the pairs of spectroscopic
properties lie perfectly on our calculated straight line (see Figure 2).
This further supports the reliability of our approach, which allows
the determination of quadrupole coupling constants for any state,
including the liquid phase, if just the proton chemical shifts can be
measured accurately.

[~ [ 7 T — T
300 i é\ A NMF liq =
L V¥ NMAlig i
\‘:\ molecular Z NH, lig

B Mo liqui NMF |

250 o iquids rin
L \\\\\ O N, |

e [0 PILs DFT
/kH 200 - \\\\ & rusorrioe
Xp/KRZ
150 1
100 T T T A B

Figure 2. DFT (B3LYP/6-31+G*) calculated deuteron quadrupole
coupling constants yp, plotted versus calculated proton chemical
shifts 8'H of the N-H groups in different sized clusters of PILs I-llI
between 0 and 12 ppm. For proving the validity of the relation
between both properties we added measured gas phase or
calculated monomer values for formamide (FA), N-
methylformamide (NMF) and ammonia (NHs), as well as the liquid
phase values for NMF, NH; and N-methylacetamide (NMA).[39, 54-
59] The yp values for the molecular liquids show the same linear
dependence as the PlLs.

4| J. Name., 2012, 00, 1-3

Before evaluating the y; values for the N-D deuterons for Plls I-lll,
we would like to briefly discuss the influence of dispersion forces on
both spectroscopic properties. In Figure 1 it is shown that we obtain
linear relations between the calculated y, and S'H values,
regardless of whether or not dispersion corrections are taken into
account. However, we observe that dispersion forces result in
systematically (slightly) smaller quadrupole coupling constants and
slightly stronger downfield chemical shifts due to an enhanced
interaction between cation and anion in the PILs. The largest
difference about 10 kHz is observed for the most weakly interacting
PIL I at high g and low é"lH, whereas for the largest clusters
representing the liquid phase, dispersion effects become less
important compared to Coulomb interaction and hydrogen
bonding. In this liquid region the differences come down to only a
few kHz. Here, we can conclude that dispersion correction needs to
be considered, in particular for weak cation-anion interaction.
Hereby the subtle balance is shifted from Coulomb to dispersion
interaction.

300 T T |
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I 2001 7 O NMA |
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Figure 3. Deuteron quadrupole coupling constants y; for the N-D
deuterons of the triethylammonium cations in PILs I-1ll as obtained
from measured proton chemical shifts S'H and the calculated
relation between both properties as shown in Figure 2. For
comparison, the known experimental values for molecular liquids
NMF and NMA resulting from challenging isotopic substitution
experiments are shown.[39]

Using this linear relation along with the measured proton chemical
shifts, we obtain deuteron quadrupole constants y; of about 203.9
kHz, 190.5 kHz, and 152.3 kHz for PILs I-lll as shown in Figure 3. The
sequence of the yp values follows the interaction strength between
cation and anion and reflect the frequency shifts in the far infrared
spectra.[46-50] The most strongly interacting anion in PIL IlI,
methylsulfonate, forms the strongest hydrogen bond, resulting in
the lowest yp value of about 152 kHz. Clearly, the quadrupole
coupling constant is a sensitive probe for hydrogen bonding in ionic
liquids, as it has been previously shown
liquids.[22,23] Unfortunately, there no N-D deuteron
quadrupole coupling constants available from other PILs. Therefore
we added y;, values for related molecular liquids, such as NMF and

for molecular

are
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NMA to Figure 3.[54-59] Overall, we can conclude that the
procedure suggested by Wendt and Farrar for O-H containing
molecular liquids, such as methanol, can be successfully applied to
N-H bonds in ionic liquids for deriving accurate deuteron
guadrupolar coupling constants for the liquid phase.
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Figure 4. Reorientational correlation times of the N-H molecular
vector 7y in the PILs I-lll (circles) obtained from NMR deuteron
quadrupole relaxation time measurements at 303 K and calculated
quadrupole coupling constants yp. The dotted line is only used as a
guideline for the eye. Additionally we show the values obtained
from MD simulations at 360 K (triangles) and at 300 K for PIL |
(square). Although the same sequence of correlation times is found,
the H-bond strength is significantly overestimated in the MD-model.

The yp values derived from the linear relationship are now plugged
into Eqg.2 for deriving reliable correlation times 7. The resulting
reorientational correlation times 1y, are determined to be 152.3 ps,
178.3 ps and 346.1 ps for PILs I-lll (see Figure 4). With increasing
interaction strength of the anions in the order [NTf,] < [CF3SO;] <
[CH3SO3], the molecular motion of the cation is slowed down.
Whereas the change from PIL I to Il is moderate, the correlation
time tyy for PIL Il is twice as large as that for I. The same sequence
of correlation times is found for the reorientational correlation
times 7yy from MD simulations (for details see the supporting
information) and can be attributed to the hierarchy of hydrogen-
bond strength observed between the TEA-cation and the varying
anions in the different PILs. The correlation times obtained from
MD (also included in Figure 4) are, however, significantly larger
than the data obtained from NMR, suggesting that the strengths of
the inter-ionic hydrogen bonds are significantly overestimated in
the MD-model. It is noteworthy that the best agreement between
experiment and simulation can be achieved for PIL | including the
NTf, anion. For this hydrophobic anion the force field could be
properly parametrized in imidazolium-based aprotic ionic
liquids.[37] Our result here suggests that the interaction strength is
mainly overrated for PILs including the triflate and methylsulfonate
anions.

This journal is © The Royal Society of Chemistry 20xx

However, the long-time behaviour of the computed reorientational
correlation function, however, is mostly monoexponential, which
compatible with a Lorentz-shaped spectral density, used in Eq. 1.
Thus the MD simulations support that the evaluation of the
relaxation rates as used here is justified. Moreover, the
temperature dependence of simulated correlation times pretty
much follows an Arrhenius behaviour.
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|

T /ps i F
200

I
N
]

1 | 1 | 1 | 1
100=—65—""60 80

n/mPa s

100

Figure 5. Reorientational correlation times 7. plotted versus
viscosities 77. According to the Stokes-Einstein-Debye relation, the
linear behavior indicates that the effective volume Vi is similar for
all PILs. And indeed, the calculated size for the solute is that of the
triethyl ammonium cation.

If we plot the resulting reorientational correlation times 7, versus
measured viscosities 7 for all liquids, we observe a linear behaviour.
This, however, would be expected from the Stokes—Einstein—Debye
(SED) relation if the volume/size of the solute are assumed to be
similar for all PILs. The SED relation is derived from classical
hydrodynamics and simple kinetic theory.[64,65] It provides
molecular insight into the dynamical behaviour of liquids and liquid
mixtures: In the SED relation[65] [Eq. (3)]

Ver

T, =— (3)
c kBTn

here z_is the reorientational correlation time, 7 is the viscosity, kg is
the Boltzmann constant, T is the temperature, and V. is the
effective volume. V. is obtained by multiplying the volume V with
the so-called Gierer-Wirtz factor f. For neat liquids f has a value of
1/6 ~ 0.16. The friction factor is only 16% of the value under so-
called stick-conditions and we reach the slip limit. From the slope of
the plot in Figure 5, we can estimate the effective volume V. to be
about 0.1217 nm’. If we assume a spherical shape of the solute
particle, we obtain an effective radius re of about 3.07 A. This
radius is in reasonable agreement with the size of the
triethylammonium cation, which has been calculated to be 3.22
A.[60] Since we use reorientational correlation times of the cation
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only, which is identical in all three PILs, a linear behaviour between
7. and 7 follows. The finding of similar structures for PILs I-lll is also
consistent with results from recent MD simulations.[66] In a recent
study it could be shown that in the neat PILs all cations are involved
in hydrogen bonding, no matter how strong the interaction with the
anion is. Moreover, the distribution of H-bonded clusters with
anions forming two, one or zero H-bonds was found to be similar
for all pure PILs.

Conclusion

We have shown that a method introduced by Wendt and Farrar for
O-D bonds in alcohols can be successfully applied to protic ionic
liquids (PILs) for the accurate determination of deuteron
quadrupole coupling constants in N-D bonds. Consequently, the
experimentally challenging approach based on complex and
expensive isotopic substitution experiments is no longer required
for deriving the coupling parameters in hydrogen-bonded ionic
liquids. A linear relationship between the deuteron quadrupole
coupling constants yp and the proton chemical shifts 5*H for the N-
D bonds, computed from DFT calculations of differently sized
clusters of three ammonium-based PlLs, serves as an internal
calibration standard. In addition, also experimentally available yp
and &'H values for molecular liquids, such as ammonia, NMF, and
NMA are found to fit perfectly into this linear relationship.
Moreover, the gas phase values for yp for those molecular liquids
are predicted correctly too, suggesting the validity of this
relationship. We conclude, that the measurement of S'H provides a
sufficiently accurate estimate for yp, which then can be used for
obtaining reorientational correlation-times 7y, by means of NMR
deuteron quadrupole relaxation time experiments. Here we have
shown that those correlation times reflect the interaction strength
between cation and anion, which is consistent to what has been
obtained earlier from far infrared spectra. The rotational dynamics
is found to be particularly slowed down for the strongly interacting
methylsulfonate anion. However, even the longest correlation time
7. of about 380 ps is short enough to ensure that the extreme
narrowing limit is still valid at room temperature. Finally, we
observe that the obtained correlation times for all PILs are
proportional to their corresponding viscosities. The Stokes-Einstein-
Debye (SED) relation hence suggests the presence of the same type
of aggregates in all three PILs. This result corresponds to earlier
findings based on molecular dynamics simulations [66].
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