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ABSTRACT: In a set of recent articles, we have highlighted that friction is highly Three ILs at similar viscosities
inhomogeneous in a typical ionic liquid (IL) with charge networks that are stiff and 2838% 7 Viscosity (n)
charge-depleted regions that are soft. This has consequences not only for the M(qad,mwt) / '
dynamics of ILs but also for the transport properties of solutes dissolved in them. In <\ ; ) X;(Y
this article, we explore whether the family of alkylimidazolium ILs coupled with ) —

bis(triﬂuoromethylsulfonyl)imide (with similar Coulombic interactions but different 62-66 % XK# 6o
alkyl tails), when dynamically “equalized” by having a similar shear viscosity, display ~ (9naset) (G ponet)
g-dependent structural relaxation time scales that are the same across the family. Our ﬁ‘\ X/ 4

results show that this is not the case, and in fact, the relaxation of in-network charge é(\i/
alternation appears to be significantly affected by the presence of separate polar and

apolar domains. However, we also find that if one was to assign weight factors to the relaxation of the structural motifs, charge
alternation always contributes about the same amount (between 62.1 and 66.3%) across systems to the running integral of the stress
tensor correlation function from which the shear viscosity is derived. Adjacency correlations between positive and negative moieties
also contribute an identical amount if a prepeak is not present (about 38%) and a slightly smaller amount (about 28%) when
intermediate range order exists. The prepeak only contributes about 6% to viscoelastic relaxation, highlighting that the dynamics of
the smaller scale motifs is the most important.

H INTRODUCTION Maroncelli’s deviation trends are still valid but less pronounced
when ILs are considered at isoviscosity instead of at the same

In all real-life applications of ionic liquids (ILs),"” including in
temperature where their viscosities and frictional character-

the fields of tribology,s_7 batteries and capacitors,l’g’9 heat

transfer,'”'" separations,'” and even space exploration,"> an istics can differ significantly. Our study at an approximate
important property to consider is their shear viscosity. While isoviscosity condition is in contrast, for example, to results
many other characteristics of ILs may make them very presented in ref 30, where the structural dynamics of Im, "/
advantageous, their viscosity at a given operational temperature NTf,” and Im;,"/NTf,” were studied at the same temperature
can ultimately dictate whether a process is economically and the viscosity of one of the systems was about twice that of
feasible. In this article, we continue our exploration of the link the other.

between structural dynamics,l4_26 as described by the partial In order to better understand the results we are about to
subcomponents of the dynamic structure function [S(q,t)], and present, we show in Figure 1 the static structure function S(g)
transport properties, in particular shear relaxation. We focus on for our three systems each at its own respective temperature
three prototypical liquids from the same family depicted in consistent with the quasi-isoviscous condition. The computed
Figure 1, namely, 1-methyl-3-octylimidazolium bis- viscosities are 7.9 cP for Im, ,*/NTf,~, 7.7 cP for Im, ,*/NTf,”,
(trifluoromethylsulfonyl)imide (Im,"/NTf,”), 1-butyl-3- and 8.8 cP for Im,¢"/NTf,” at 354.4, 363.3 and 3774 K,
methylimidazolium bis(trifluoromethylsulfonyl)imide (Im,,"/ respectively, and errors are displayed in Figure S1. As is to be
NTf,”), and 1-ethyl-3-methylimidazolium bis- expected, the structure function can be divided into three g-
(trifluoromethylsulfonyl)imide (Im,,"/NTf,”) at temperatures regions associated with adjacency correlations, charge alter-

such that their viscosity is approximately 8 cP. We work
approximately at the same viscosity instead of at the same
temperature in an attempt to “equalize” their dynamics and
frictional characteristics. The reader is encouraged to look at
ref 24 and in particular its Figure 2 where the isoviscosity
condition is discussed in the context of Maroncelli’s real versus
ideal friction ratios;*” these authors as well as others*®*® have
discussed how the rotational and translational dynamics of
solutes deviate from hydrodynamics predictions in ILs based
on their size and charge characteristics. In ref 24, we found that

nation, and, when present, intermediate range order as
evidenced by a prepeak or first sharp diffraction
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Figure 1. Static structure function S(gq) for Im,,"/NTf,”, Im, ,*/NTf,”, and Im, ¢*/NTf,” under the approximate isoviscosity condition s ~ 8 cP.
In the figure, we also show our definition of cation head and anion components in red and tail components in blue. Notice that for Im, ,", the full

cation is considered the cationic head.

Figure 2. Snapshots of (a) Im,3*/NTf,7, (b) Im, ;*/NTf,”, and (c) Im,,"/NTf,”. Charge heads and anions are in red and apolar components in

blue (the color code matches that in Figure 1).

peak.'”?**'™* Only Im,¢*/NTf,” displays the signature of
nanostructural heterogeneity associated with a prepeak. The
origin of the prepeak is well understood from prior studies and
stems from the alternation of charge networks and apolar
domains as can be gleaned in 3D from Figure 2a. The reader
can see how these domains do not really form for the shorter
alkyl tail liquids in Figure 2b,c; such behavior has been
observed for many ILs before.”**~*

B COMPUTATIONAL METHODS

Simulation and analysis details follow a similar protocol to that
in a prior study.26 All simulation data for Im,g"/NTf,” are
from refs 24 and 26. Initial steps (equilibration and constant
energy simulations) for Im,,"/NTf,” and Im,,"/NTf,” are
also from ref 24; therefore, we only provide a brief
recapitulation of these steps here. In all cases, 512 ion pairs
were used; these were initially energy-minimized and later
equilibrated by scaling charges (first at 0% and then at 10%) in
the constant temperature and pressure (NPT) ensemble for 0.5
ns. Systems were then subjected to simulated annealing in the
same ensemble from target temperature up to 700 K and back
to target temperature at full charge for S ns. Following these
steps, 10 ns at constant volume and energy (NVE ensemble)
were simulated to compute S(q,t); subsequent viscosity

calculations (vide infra) were carried out in the constant
volume and temperature (NVT) ensemble at the average
temperature derived from the aforementioned NVE runs.

Potential parameters are from Canongia-Lopes and
Padua®>" and the optimized potentials for liquid simulations
all-atoms®® force fields and the Koéddermann et. al.
modifications to Lennard-Jones parameters only.”’ Final
configurations of pre-equilibrated NVE runs for Im,,"/NTf,~
and Im, ,*/NTf,” from a previous study’" were used as input
for a series of constant temperature NVT runs from which the
stress tensor auto-correlation function was computed. From
these trajectories, the viscosity was computed as described in
ref 54. To generate our NVT trajectories computed in double
precision, we used GROMACS version (4.5.5).°>°° Eighty
independent NVT trajectories (7 ns each run) were needed to
converge the viscosity of Im, ,"/NTf,” and Im, ,*/NTf,”. For
our NVT runs, we used the Nosé-Hoover *® thermostat with
a 0.5 ps time constant and the velocity-Verlet™ MD integrator.
The cutoff for all the non-bonded interactions was considered
to be 1.5 nm and electrostatic interactions were computed
using the Particle-mesh Ewald method®>®" with 0.08 nm
Fourier spacing and a sixth order interpolation.

The dynamic structure function is defined as*®
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where gi(rt) is the distinct van Hove correlation function
computed with periodic boundary conditions from our in-
house modified version of LiquiLib toolbox normalized so that
at time 0 it becomes the pair distribution function g'(r) and at
long time it goes to 1.°* In Equation (1) x, x; are the
corresponding atomic mol fractions, f(q), fi(q) are the X-ray
atomic form factors, and W(r) is a Lorch function. Just like the
structure function S(q), the dynamic structure function can
also be partitioned into convenient additive subcompo-
nents' 7>’ ™" that provide useful information about the
correlation of specific subgroups of atoms in the liquid; in this
work, we focus mostly on its cationic head—anion
subcomponent, S"(gt). In order to compute (i) the
normalized (going to 1 at a long time) running time integral
of the stress tensor auto-correlation function

fo C(#(0)o™ (¢))dt

1

¢(t) = TV

@)

where the shear viscosity # is defined from the Green Kubo
relation® as

1 feo zx zx
=i f (6=(0)o™(1))dt o

and (ii) the normalized running time integral of the head—
anion subcomponent of the dynamic structure function
squared

/Ot SH—A(q, t’)zdt’
o CGH-A 2

cutoff values corresponding to t,, needed to be defined as in
the protocol described in ref 54. For Im, ,"/NTf,” and Im, ,*/
NTf,”, t, was set to 675 ps and 900 ps respectively; as
described in ref 26, t,, for Im,g"/NTf,” was set to 984 ps,
except at gprepeac Where it was set to 2500 ps. The idea behind
the study of a(q,t), which reflects the time relaxation of IL
structural motifs, is that structural relaxation and viscoelastic

relaxation are necessarily linked. Mode coupling theo
6,30,63—71

a(q, t) =

combined with hypotheses put forth by Yamaguchi
imply that [(S(q,t')’dt' evaluated at a specific q value and
[6(6=(0)6™*(t'))dt’ are related quantities. When normalized
as in the definitions of {(t) and a(qt), the viscoelastic
relaxation and the structural relaxation of IL motifs can be
directly contrasted.

B RESULTS AND DISCUSSION

In a prior study,”® we linked the shear relaxation dynamics of
Im, 3*/NTf,” to the loss of memory about the location of
charges within (or along as opposed to across) charge
networks. Charge networks are the stiff'* >’ part of the
liquid and it is reasonable to imagine that such loss of memory
results from the motion of nearby charged species that are
strongly coupled electrostatically and that produce significant
shear stress on each other. Instead, the slower across networks
loss of memory associated with the prepeak requires much
larger scale liquid rearrangements. For example, in the prepeak
decorrelation regime, loss of memory implies apolar regions
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flooding the original location of charge networks, charged
components that were originally part of one charge network
crossing or pinching an apolar domain in order to swap charge
strands, or other rearrangements that are collective and on a
lengthscale significantly larger than the ions.

Since the dynamics of the char§e network appears to be so
important to the viscosity,'"™*"**7>**%* we should remind
the reader why a charge alternation peak is often absent in the
X-ray and neutron scattering S(q) or S(q,t).20’36 Whether the
charge alternation feature shows up at all in S(g) or not
depends completely on the contrast for the technique and not
so much on the actual topology of the liquid.** This is because
the overall S(q) can be partitioned into subcomponents””*"**
that in the charge alternation regime frequently cancel.””***
Specifically, cationic head—head correlations and anion—anion
correlations show as peaks in this g-region whereas cationic
head—anion correlations show as what we have termed as an
antipeak (see negative going peaks in Figure 3a—c at O ps in
the regime g ~ 0.85 A™')." This antipeak is often of large
enough intensity to cancel the sum of cationic head—head and
anion—anion peaks. The very interesting characteristics of the
cationic head—anion subcomponent of S(gq) are universal
across ILs and are thoroughly discussed in ref 40.

In this article, we focus on the dynamics of S"™#(g,t) as
displayed for our three liquids under the approximate
isoviscosity condition in Figure 3.'7?%*'”* The reason for
this is that this subcomponent has the most intuitive physical
correlation with the three structural motifs of ILs. We have
shown in prior studies'”***'™" that when there is an
alternation between classes of species (in ILs, these can be
subspecies, like tails and heads), the same-type correlations
appear as peaks and the opposite-type correlations as
antipeaks. In the prepeak region, when a prepeak exists,
SHA(g,t) always appears as a prominent peak because both
cation heads and anions are considered part of the same polar
species which alternates with the apolar domains (see the
lowest g-peak at ¢ &~ 0.3 A~ in Figure 3c at time 0). Instead, in
the charge alternation regime, S"(g,t) always shows as an
antipeak (see Figure 3a—c at time O in the charge alternation
region (¢ ~ 0.85 A™')). This is because in this g-region,
cationic heads and anions are considered different species that
alternate due to the value of their charge. This antipeak
signifies that at the typical distance we expect to find cation
heads from other cation heads, there is a depletion of
probability of finding anions and vice versa. S"7*(q) also has
a clear physical meaning in the adjacency regime (q ~ 1.4 A™")
as it highlights the most common nearest-neighbor correlations
in a salt, which are those between oppositely charged species. It
is therefore clear that the dynamics of S"7*(g,t) in the three
different q regimes (peak at prepealo Antipeak at o, and peak
at qygiacency) is directly related to the decay of correlations of the
prototypical IL motifs we all can easily visualize and
understand.

If we want to relate our results to the viscosity, the key
quantity to study is not S"7%(g,t) but instead the normalized
running integral of its square value, a(g,t), as defined in the
methods section; this stems from mode coupling theoretical
considerations that have been described previously.”****~"!
To be clear about why we focus on this subcomponent of the
dynamic structure function, Figures S2—S4 show that the time
evolution of the three structural motifs in a(q,t) is qualitatively
very similar to that of the overall ( [4S(q,t')* dt'/ [5°S(q,t)* dt)

in the same three g regimes. However, the interpretation of

https://doi.org/10.1021/acs.jpcb.1c03105
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Figure 3. Time evolution of S"™(gt) for (a) Im,,"/NTf,”, (b)
Im, ;*/NTf,7, and (c) Im,¢"/NTf,".

results is much simpler for a(g,t) as its meaning is clear and
not polluted with contributions from a milliard other more
difficult to understand correlations.

Figure 4ab shows for our three systems a(q,t) at the g-
values corresponding to the structural motifs. We see that the
relaxation of adjacency correlations is almost identical for
Im,,"/NTf,” and Im,,*/NTf,” and only slightly slower for
Im, ¢*/NTf,”; these are the fastest relevant structural
correlations in ILs corresponding to nearest-neighbor dynam-
ics. When it comes to the relaxation of the charge alternation
feature, we see that it is slightly slower for Im,; ,*/NTf,” than
for Im, ,"/NTf,” even though the latter is a little more viscous
in our study. The effect of larger alkyl tails becomes even more
apparent when we look at Im,g"/NTf,”, for which the
relaxation of the charge alternation motif is the slowest across
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increase in length of the alkyl tail, the relaxation time of the
charge alternation feature is more significantly affected than
the actual value of the viscosity. Only Im,,"/NTf,” has a
prepeak, and it is clear from Figure 4b that the relaxation of the
polar—apolar alternation motif is by far the slowest of all
features.

The reader is asked to notice from Figure S that whereas all
three liquids are at a similar viscosity, the normalized time
integrals of the stress tensor auto-correlation {(t), defined in
the methods section, follow the same trend as the charge
alternation motif relaxation in Figure 4b. The relaxation is
fastest for Im,,"/NTf,”, intermediate for Im,,"/NTf,”, and
slowest for Im, g*/NTf,~, with the difference between Im,¢*/
NTf,” and Im,,*/NTf,” being much larger than between
Im,,"/NTf,” and Im, ,;*/NTf,” (biexponential time constants
for the relaxation of {(t) are given in Table S1).”

Figure 6 compares the relaxation of the motifs as seen from
the time evolution of a(q,t) with that of {(t). The first obvious
conclusion from these figures is that shear relaxation falls
somewhere between that of the fastest and slowest relevant
structural motif in the liquid. In Im,,*/NTf,” and Im,,"/

https://doi.org/10.1021/acs.jpcb.1c03105
J. Phys. Chem. B 2021, 125, 6264—6271
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Figure S. {(t) for Im,,"/NTf,”, Im, ,/NT£,”, and Im, ¢*/NTf,".

NT{,7, it falls between that of adjacency and charge alternation
motifs and in Im,g"/NTf,” between that of adjacency and
polar—apolar alternation motifs. We described in a prior
publication,*® that for Im, 5" /NTf,”, the relaxation of a(q,t) for
the charge alternation motif is qualitatively quite similar to that
of {(t) and this can be gleaned from Figure 6¢.*° However, a
more mathematically formal comparison between the dynam-
ics of the structural motifs and that of the shear relaxation will
become quite revealing.

Two key questions need to be answered; can we assign
weights to a(qt) at the three (two) relevant g-values
corresponding to the motifs so that a linear combination
faithfully recovers {(t)? If so, how do these weights compare
across ILs? The answers to these questions are quite
remarkable as can be gleaned from Figure 7 and Table I.
We fit the equation é’(t) = Cadjacency X a(qadjacency) t) + Ccharge X
@@z ) + Sty X Wy ) (or in the case of I/
NTf,” and Im,,"/NTf,~ where there is no prepeak {(t) =
Cadjacency X a(qadjacency! t) + Ccharge X a(qcharge) t)) with the
additional constraint that C,gjacency * Ccharge + Cpolarity = 1 (or
Cadjacency + Ccharge = 1) using the fmincon algorithm as coded in
MATLAB.”* Even though, visually, a(qcharge, t) in Figure 6
appears quite similar to {(t) for Im,¢*/NTf,” and less so for
other ILs, in reality the weight cgqe is similar across the
family. Specifically, the charge network dynamics appears to
contribute about 62% in the case of ILs without apolar
domains and about 66% for Im, ¢*/NTf,” to the dynamics of
the stress tensor relaxation. In fact, for Im,,"/NTf,” and
Im, ,"/NTf,”, adjacency correlations also contribute the same
amount to {(t), about 38%. Even in the case of Im, 3*/NTf,”,
the contribution of adjacency correlations is still similar (about
28%) because Cppir, Only contributes about 6% to {(t).
However, even this small contribution from the prepeak may
be important since a(qpolarity, t) relaxes on such a longer time
scale. For completion, we ask the reader to see Figure S5 where
for the case of Im, 3*/NTf,”, we plot a(g,t) evaluated at qpge
together with some of its atomic pair subcomponents. We see
that the dynamics of the subcomponents is essentially the same
as that of a(q,t), implying that the results will be more or less
generic for neutron or X-ray scattering and no specific pair of
interactions with large X-ray or neutron weights will skew the
results.

We interpret our results to mean that the relaxation of shear
viscosity in these systems is dominated primarily by the
blurring of the charge network and secondarily by the shorter
range interactions of adjacent ions. Whereas the relaxation of
the charge alternation feature is different for ILs with and
without apolar domains (as can be seen from Figure 4b, even
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Figure 6. {(t) compared to a(g,t) at the q values of the structural
motifs for Im, ,*/NTf,” (a), Im, ,*/NT£,” (b), and Im, 3" /NTf,” (c)

(a similar plot in the case of Im, ¢*/NTf,” was already published in ref
26).

at isoviscosity, it is slower when there is intermediate range
order), the contribution of it to {(¢) is similar across liquids; if
charge blurring occurs on a longer time scale, so will the
relaxation of £(t).

B CONCLUSIONS

When we attempt to equalize the dynamics of a family of ILs
with very similar charge interactions but different apolar
components by studying them at temperatures that make their
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Figure 7. For Im,,"/NTf,~ (a), Im, ,*/NTf,” (b), and Im, ¢*/NT%,~
(c), fits of the coefficients in the expression ((t) = Cadjacency X
(Gadgjacency £ + Ceharge X W deharger B) + Cpolarity X polaritys 1)+ For
Im,;,"/NTf,” and Im,,”/NTf,”, the last term in the sum is not
considered.

Table 1. Weights of a(g,t) at q,gj,cency and qcharge and When
Applicable g1,y in Fits of £(t)*

IL C— ey ety
Im1y3+/NTf2_ 0.279 0.663 0.058
Im, ;*/NTf,~ 0376 0.624 n/a
Imly;/Nsz_ 0.379 0.621 n/a

a

g(t) = Cad'acency X a(qadjacencyl t) + Ccharge X a(qchargel t) + Cpolarity X
a(qpolamy, tj with the constraint ¢,gjacency + Ccharge + Cpolarity = 1- In the
cases of Im;," and Im,,", there is no intermediate range order and

therefore we do not consider ¢,y and a(qpola,ity, t).

viscosity similar, we find that adjacency correlations relax fast
and on a similar time scale across systems. Charge alternation
dynamics is very similar for the ILs without a prepeak but
somewhat slower when a prepeak is present. The dynamics of
the prepeak is very slow compared to all other relevant
structural relaxations. The relaxation of the three structural
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motifs (two when there are no apolar domains) can be linked
to the viscoelastic relaxation. In trying to fit the relaxation of
(t), if each of the structural motifs is given a weight, we find
that the weight for charge alternation is dominant and for
practical purposes similar across ILs. This result is quite
remarkable and deserves further scrutiny for other ILs and at
other isoviscosity conditions. The contribution of adjacency
correlations is also very significant and the same for ILs
without a prepeak but slightly smaller when a prepeak is
present. This may indicate that the viscoelastic relaxation in
these systems could be dominated by first- and second-
neighbor ion interactions as adjacency correlations are between
neighbors and charge alternation correlations are those
between second neighbors that give rise to IL charge networks.
The prepeak contributes little because its relaxation is
associated with the larger scale rearrangements of the polar
and apolar motifs which occur on significantly slower time
scales when compared to ().

B ASSOCIATED CONTENT

@ Supporting Information

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acs.jpcb.1c0310S.

Running integral of the Green—Kubo expression for
viscosity including error bars; a comparison between
[6S(qt')* dt'/ [5S(g,t)* dt and a(q,t) at the g-regions
associated with the structural motifs; for Im, g*/NTf,” a
comparison between a(qt) and some of its partial
subcomponents; parameters to fit {(t) including bi-
exponential time constants (PDF)

B AUTHOR INFORMATION

Corresponding Author
Claudio J. Margulis — Department of Chemistry, University of
Iowa, Iowa City, Iowa 52242, United States; © orcid.org/
0000-0003-1671-9784; Email: claudio-margulis@
uiowa.edu

Authors
Weththasinghage D. Amith — Department of Chemistry,
University of Iowa, Iowa City, Iowa 52242, United States;
orcid.org/0000-0002-4591-8654
Juan C. Araque — School of Engineering, Benedictine College,
Atchison, Kansas 66002, United States; ©® orcid.org/0000-
0002-4897-626X

Complete contact information is available at:
https://pubs.acs.org/10.1021/acs.jpcb.1c03105

Notes
The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

This work was supported by NSF grant no. 1954358 awarded
to C.J.M. at the University of Iowa; W.D.A. and C.J.M. thank
the University of Iowa for a generous allocation of high-
performance computing resources.

B REFERENCES

(1) Greaves, T. L.; Drummond, C. J. Protic Ionic Liquids: Evolving
Structure—Property Relationships and Expanding Applications. Chem.
Rev. 2018, 115, 11379—11448.

https://doi.org/10.1021/acs.jpcb.1c03105
J. Phys. Chem. B 2021, 125, 6264—6271


https://pubs.acs.org/doi/10.1021/acs.jpcb.1c03105?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/acs.jpcb.1c03105/suppl_file/jp1c03105_si_001.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Claudio+J.+Margulis"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-1671-9784
https://orcid.org/0000-0003-1671-9784
mailto:claudio-margulis@uiowa.edu
mailto:claudio-margulis@uiowa.edu
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Weththasinghage+D.+Amith"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-4591-8654
https://orcid.org/0000-0002-4591-8654
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Juan+C.+Araque"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-4897-626X
https://orcid.org/0000-0002-4897-626X
https://pubs.acs.org/doi/10.1021/acs.jpcb.1c03105?ref=pdf
https://doi.org/10.1021/acs.chemrev.5b00158?ref=pdf
https://doi.org/10.1021/acs.chemrev.5b00158?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.1c03105?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.1c03105?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.1c03105?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.1c03105?fig=fig7&ref=pdf
pubs.acs.org/JPCB?ref=pdf
https://doi.org/10.1021/acs.jpcb.1c03105?rel=cite-as&ref=PDF&jav=VoR

The Journal of Physical Chemistry B

pubs.acs.org/JPCB

(2) Welton, T. Ionic liquids: a brief history. Biophys. Rev. 2018, 10,
691-706.

(3) Hayes, R;; Warr, G. G.; Atkin, R. Structure and Nanostructure in
Tonic Liquids. Chem. Rev. 20185, 115, 6357—6426.

(4) Minami, L. Ionic Liquids in Tribology. Molecules 2009, 14,
2286—2308.

(5) Liu, W,; Ye, C.; Gong, Q.; Wang, H.; Wang, P. Tribol. Lett. 2002,
13, 81-85.

(6) Cowie, S.; Cooper, P. K; Atkin, R.; Li, H. Nanotribology of
Ionic Liquids as Lubricant Additives for Alumina Surfaces. J. Phys.
Chem. C 2017, 121, 28348—28353.

(7) Li, H;; Wood, R. J; Rutland, M. W.; Atkin, R. An ionic liquid
lubricant enables superlubricity to be “switched on” in situ using an
electrical potential. Chem. Commun. 2014, 50, 4368.

(8) Pan, S.; Yao, M.; Zhang, J; Li, B; Xing, C.; Song, X,; Su, P,;
Zhang, H. Recognition of Ionic Liquids as High-Voltage Electrolytes
for Supercapacitors. Front. Chem. 2020, 8, 261.

(9) Lewandowski, A.; Swiderska-Mocek, A. Ionic liquids as
electrolytes for Li-ion batteries—An overview of electrochemical
studies. J. Power Sources 2009, 194, 601—609.

(10) Wadekar, V. V. Ionic liquids as heat transfer fluids — An
assessment using industrial exchanger geometries. Appl. Therm. Eng.
2017, 111, 1581—1587.

(11) Franga, J. M. P; Lourengo, M. J. V.; Murshed, S. M. S.; Padua,
A. A. H,; Nieto de Castro, C. A. Thermal Conductivity of Ionic
Liquids and IoNanofluids and Their Feasibility as Heat Transfer
Fluids. Ind. Eng. Chem. Res. 2018, 57, 6516—6529.

(12) Wang, K; Adidharma, H.; Radosz, M.; Wan, P.; Xu, X.; Russell,
C. K,; Tian, H.; Fan, M,; Yu, J. Recovery of rare earth elements with
ionic liquids. Green Chem. 2017, 19, 4469—4493.

(13) Nancarrow, P.; Mohammed, H. Ionic Liquids in Space
Technology - Current and Future Trends. ChemBioEng Rev. 2017,
4, 106—119.

(14) Huy, Z,; Margulis, C. J. Heterogeneity in a room-temperature
ionic liquid: Persistent local environments and the red-edge effect.
Proc. Natl. Acad. Sci. U.S.A. 2006, 103, 831—836.

(15) Hu, Z.; Margulis, C. J. Room-Temperature Ionic Liquids: Slow
Dynamics, Viscosity, and the Red Edge Effect. Acc. Chem. Res. 2007,
40, 1097—110S.

(16) Hu, Z.; Margulis, C. J. On the Response of an Ionic Liquid to
External Perturbations and the Calculation of Shear Viscosityf. J.
Phys. Chem. B 2007, 111, 4705—4714.

(17) Hu, Z; Huang, X; Annapureddy, H. V. R; Margulis, C. J.
Molecular Dynamics Study of the Temperature-Dependent Optical
Kerr Effect Spectra and Intermolecular Dynamics of Room Temper-
ature Ionic Liquid 1-Methoxyethylpyridinium Dicyanoamide. J. Phys.
Chem. B 2008, 112, 7837—7849.

(18) Annapureddy, H. V. R; Margulis, C. J. Controlling the
Outcome of Electron Transfer Reactions in Ionic Liquids. J. Phys.
Chem. B 2009, 113, 12005—12012.

(19) Araque, J. C.; Hettige, J. J.; Margulis, C. J. Ionic liquids—
Conventional solvent mixtures, structurally different but dynamically
similar. J. Chem. Phys. 2018, 143, 13450S.

(20) Araque, J. C.; Hettige, J. J.; Margulis, C. J. Modern Room
Temperature Ionic Liquids, a Simple Guide to Understanding Their
Structure and How It May Relate to Dynamics. J. Phys. Chem. B 2018,
119, 12727-12740.

(21) Araque, J. C; Daly, R. P; Margulis, C. J. A link between
structure, diffusion and rotations of hydrogen bonding tracers in ionic
liquids. J. Chem. Phys. 2016, 144, 204504.

(22) Rumble, C. A; Kaintz, A.; Yadav, S. K; Conway, B.; Araque, J.
C.; Baker, G. A,; Margulis, C.; Maroncelli, M. Rotational Dynamics in
Ionic Liquids from NMR Relaxation Experiments and Simulations:
Benzene and 1-Ethyl-3-Methylimidazolium. J. Phys. Chem. B 2016,
120, 9450—9467.

(23) Daly, R. P; Araque, J. C.; Margulis, C. J. Communication: Stiff
and soft nano-environments and the “Octopus Effect” are the crux of
ionic liquid structural and dynamical heterogeneity. J. Chem. Phys.
2017, 147, 061102.

6270

(24) Araque, J. C; Margulis, C. J. In an ionic liquid, high local
friction is determined by the proximity to the charge network. J.
Chem. Phys. 2018, 149, 144503.

(25) Araque, J. C; Yadav, S. K; Shadeck, M.; Maroncelli, M.
Margulis, C. J. How Is Diffusion of Neutral and Charged Tracers
Related to the Structure and Dynamics of a Room-Temperature Ionic
Liquid? Large Deviations from Stokes—Einstein Behavior Explained. J.
Phys. Chem. B 2018, 119, 7015—7029.

(26) Amith, W. D.; Araque, J. C.; Margulis, C. J. A Pictorial View of
Viscosity in Ionic Liquids and the Link to Nanostructural
Heterogeneity. J. Phys. Chem. Lett. 2020, 11, 2062—2066.

(27) Kaintz, A.; Baker, G.; Benesi, A; Maroncelli M. Solute
Diffusion in Ionic Liquids, NMR Measurements and Comparisons to
Conventional Solvents. J. Phys. Chem. B 2013, 117, 11697—11708.

(28) Yasaka, Y,; Kimura, Y. Polarity and Nonpolarity of Ionic
Liquids Viewed from the Rotational Dynamics of Carbon Monoxide.
J. Phys. Chem. B 2015, 119, 15493—15501.

(29) Kimura, Y.; Kida, Y.; Matsushita, Y.; Yasaka, Y.; Ueno, M,;
Takahashi, K. Universality of Viscosity Dependence of Translational
Diffusion Coefficients of Carbon Monoxide, Diphenylacetylene, and
Diphenylcyclopropenone in Ionic Liquids under Various Conditions.
J. Phys. Chem. B 2015, 119, 8096—8103.

(30) Yamaguchi, T. Coupling between the mesoscopic dynamics and
shear stress of a room-temperature ionic liquid. Phys. Chem. Chem.
Phys. 2018, 20, 17809—17817.

(31) Santos, C. S.; Annapureddy, H. V. R; Murthy, N. S.; Kashyap,
H. K; Castner, E. W,; Margulis, C. J. Temperature-dependent
structure of methyltributylammonium bis(trifluoromethylsulfonyl)-
amide: X ray scattering and simulations. J. Chem. Phys. 2011, 134,
064501.

(32) Castner, E. W.; Margulis, C. J.; Maroncelli, M.; Wishart, J. F.
Tonic Liquids: Structure and Photochemical Reactions. Annu. Rev.
Phys. Chem. 2011, 62, 85—105.

(33) Kashyap, H. K; Hettige, J. J.; Annapureddy, H. V. R.; Margulis,
C. J. SAXS anti-peaks reveal the length-scales of dual positive—
negative and polar—apolar ordering in room-temperature ionic
liquids. Chem. Commun. 2012, 48, 5103.

(34) Annapureddy, H. V. R; Kashyap, H. K; De Biase, P. M,;
Margulis, C. J. What is the Origin of the Prepeak in the X-ray
Scattering of Imidazolium-Based Room-Temperature Ionic Liquids? J.
Phys. Chem. B 2010, 114, 16838—16846.

(35) Kashyap, H. K; Margulis, C. J. (Keynote) Theoretical
Deconstruction of the X-ray Structure Function Exposes Polarity
Alternations in Room Temperature Ionic Liquids. ECS Trans. 2013,
50, 301—307.

(36) Kashyap, H. K.; Santos, C. S.; Annapureddy, H. V. R.; Murthy,
N. S,; Margulis, C. J; Castner, E. W,, Jr. Temperature-dependent
structure of ionic liquids: X-ray scattering and simulations. Faraday
Discuss. 2012, 154, 133—143.

(37) Hettige, J. J.; Araque, J. C.; Kashyap, H. K.; Margulis, C. J.
Communication: Nanoscale structure of tetradecyltrihexylphospho-
nium based ionic liquids. J. Chem. Phys. 2016, 144, 121102.

(38) Hettige, J. J.; Araque, J. C.; Margulis, C. J. Bicontinuity and
Multiple Length Scale Ordering in Triphilic Hydrogen-Bonding Ionic
Liquids. J. Phys. Chem. B 2014, 118, 12706—12716.

(39) Hettige, J. J.; Kashyap, H. K;; Margulis, C. J. Communication:
Anomalous temperature dependence of the intermediate range order
in phosphonium ionic liquids. J. Chem. Phys. 2014, 140, 111102.

(40) Hettige, J. J.; Kashyap, H. K.; Annapureddy, H. V. R.; Margulis,
C. J. Anions, the Reporters of Structure in Ionic Liquids. J. Phys.
Chem. Lett. 2013, 4, 105—110.

(41) Dhungana, K. B;; Faria, L. F. O.; Wu, B.; Liang, M.; Ribeiro, M.
C. C; Margulis, C. J; Castner, E. W. Structure of cyano-anion ionic
liquids: X-ray scattering and simulations. J. Chem. Phys. 2016, 14S,
024503.

(42) Hettige, J. J.; Amith, W. D.; Castner, E. W.; Margulis, C. J. Ionic
Liquids with Symmetric Diether Tails: Bulk and Vacuum-Liquid
Interfacial Structures. J. Phys. Chem. B 2016, 121, 174—179.

https://doi.org/10.1021/acs.jpcb.1c03105
J. Phys. Chem. B 2021, 125, 6264—6271


https://doi.org/10.1007/s12551-018-0419-2
https://doi.org/10.1021/cr500411q?ref=pdf
https://doi.org/10.1021/cr500411q?ref=pdf
https://doi.org/10.3390/molecules14062286
https://doi.org/10.1021/acs.jpcc.7b09879?ref=pdf
https://doi.org/10.1021/acs.jpcc.7b09879?ref=pdf
https://doi.org/10.1039/c4cc00979g
https://doi.org/10.1039/c4cc00979g
https://doi.org/10.1039/c4cc00979g
https://doi.org/10.3389/fchem.2020.00261
https://doi.org/10.3389/fchem.2020.00261
https://doi.org/10.1016/j.jpowsour.2009.06.089
https://doi.org/10.1016/j.jpowsour.2009.06.089
https://doi.org/10.1016/j.jpowsour.2009.06.089
https://doi.org/10.1016/j.applthermaleng.2016.04.156
https://doi.org/10.1016/j.applthermaleng.2016.04.156
https://doi.org/10.1021/acs.iecr.7b04770?ref=pdf
https://doi.org/10.1021/acs.iecr.7b04770?ref=pdf
https://doi.org/10.1021/acs.iecr.7b04770?ref=pdf
https://doi.org/10.1039/c7gc02141k
https://doi.org/10.1039/c7gc02141k
https://doi.org/10.1002/cben.201600021
https://doi.org/10.1002/cben.201600021
https://doi.org/10.1073/pnas.0507364103
https://doi.org/10.1073/pnas.0507364103
https://doi.org/10.1021/ar700046m?ref=pdf
https://doi.org/10.1021/ar700046m?ref=pdf
https://doi.org/10.1021/jp067076n?ref=pdf
https://doi.org/10.1021/jp067076n?ref=pdf
https://doi.org/10.1021/jp800729g?ref=pdf
https://doi.org/10.1021/jp800729g?ref=pdf
https://doi.org/10.1021/jp800729g?ref=pdf
https://doi.org/10.1021/jp905144n?ref=pdf
https://doi.org/10.1021/jp905144n?ref=pdf
https://doi.org/10.1063/1.4932331
https://doi.org/10.1063/1.4932331
https://doi.org/10.1063/1.4932331
https://doi.org/10.1021/acs.jpcb.5b05506?ref=pdf
https://doi.org/10.1021/acs.jpcb.5b05506?ref=pdf
https://doi.org/10.1021/acs.jpcb.5b05506?ref=pdf
https://doi.org/10.1063/1.4951012
https://doi.org/10.1063/1.4951012
https://doi.org/10.1063/1.4951012
https://doi.org/10.1021/acs.jpcb.6b06715?ref=pdf
https://doi.org/10.1021/acs.jpcb.6b06715?ref=pdf
https://doi.org/10.1021/acs.jpcb.6b06715?ref=pdf
https://doi.org/10.1063/1.4990666
https://doi.org/10.1063/1.4990666
https://doi.org/10.1063/1.4990666
https://doi.org/10.1063/1.5045675
https://doi.org/10.1063/1.5045675
https://doi.org/10.1021/acs.jpcb.5b01093?ref=pdf
https://doi.org/10.1021/acs.jpcb.5b01093?ref=pdf
https://doi.org/10.1021/acs.jpcb.5b01093?ref=pdf
https://doi.org/10.1021/acs.jpclett.0c00170?ref=pdf
https://doi.org/10.1021/acs.jpclett.0c00170?ref=pdf
https://doi.org/10.1021/acs.jpclett.0c00170?ref=pdf
https://doi.org/10.1021/jp405393d?ref=pdf
https://doi.org/10.1021/jp405393d?ref=pdf
https://doi.org/10.1021/jp405393d?ref=pdf
https://doi.org/10.1021/acs.jpcb.5b09745?ref=pdf
https://doi.org/10.1021/acs.jpcb.5b09745?ref=pdf
https://doi.org/10.1021/acs.jpcb.5b02898?ref=pdf
https://doi.org/10.1021/acs.jpcb.5b02898?ref=pdf
https://doi.org/10.1021/acs.jpcb.5b02898?ref=pdf
https://doi.org/10.1039/c8cp02814a
https://doi.org/10.1039/c8cp02814a
https://doi.org/10.1063/1.3526958
https://doi.org/10.1063/1.3526958
https://doi.org/10.1063/1.3526958
https://doi.org/10.1146/annurev-physchem-032210-103421
https://doi.org/10.1039/c2cc30609c
https://doi.org/10.1039/c2cc30609c
https://doi.org/10.1039/c2cc30609c
https://doi.org/10.1021/jp108545z?ref=pdf
https://doi.org/10.1021/jp108545z?ref=pdf
https://doi.org/10.1149/05011.0301ecst
https://doi.org/10.1149/05011.0301ecst
https://doi.org/10.1149/05011.0301ecst
https://doi.org/10.1039/c1fd00059d
https://doi.org/10.1039/c1fd00059d
https://doi.org/10.1063/1.4944678
https://doi.org/10.1063/1.4944678
https://doi.org/10.1021/jp5068457?ref=pdf
https://doi.org/10.1021/jp5068457?ref=pdf
https://doi.org/10.1021/jp5068457?ref=pdf
https://doi.org/10.1063/1.4867900
https://doi.org/10.1063/1.4867900
https://doi.org/10.1063/1.4867900
https://doi.org/10.1021/jz301866f?ref=pdf
https://doi.org/10.1063/1.4955186
https://doi.org/10.1063/1.4955186
https://doi.org/10.1021/acs.jpcb.6b09148?ref=pdf
https://doi.org/10.1021/acs.jpcb.6b09148?ref=pdf
https://doi.org/10.1021/acs.jpcb.6b09148?ref=pdf
pubs.acs.org/JPCB?ref=pdf
https://doi.org/10.1021/acs.jpcb.1c03105?rel=cite-as&ref=PDF&jav=VoR

The Journal of Physical Chemistry B

pubs.acs.org/JPCB

(43) Amith, W. D.; Hettige, J. J.; Castner, E. W.; Margulis, C. J.
Structures of Ionic Liquids Having Both Anionic and Cationic Octyl
Tails: Lamellar Vacuum Interface vs Sponge-Like Bulk Order. J. Phys.
Chem. Lett. 2016, 7, 3785—3790.

(44) Wang, Y.; Voth, G. A. Tail Aggregation and Domain Diffusion
in Ionic Liquids. J. Phys. Chem. B 2006, 110, 18601—18608.

(45) Lopes, J. N. A. C.; Padua, A. A. H. Nanostructural Organization
in Ionic Liquids. J. Phys. Chem. B 2006, 110, 3330—333S.

(46) Jiang, W.; Wang, Y.; Voth, G. A. Molecular Dynamics
Simulation of Nanostructural Organization in Ionic Liquid/Water
Mixturest. J. Phys. Chem. B 2007, 111, 4812—4818.

(47) Jiang, H. J.; Atkin, R.; Warr, G. G. Nanostructured ionic liquids
and their solutions: Recent advances and emerging challenges. Curr.
Opin. Green Sustain. Chem. 2018, 12, 27-32.

(48) Pereiro, A. B; Pastoriza-Gallego, M. J.; Shimizu, K.; Marrucho,
I. M; Lopes, J. N. C,; Pifieiro, M. M,; Rebelo, L. P. N. On the
Formation of a Third, Nanostructured Domain in Ionic Liquids. J.
Phys. Chem. B 2013, 117, 10826—10833.

(49) Shimizu, K; P4ddua, A. A. H,; Canongia Lopes, J. N.
Nanostructure of Trialkylmethylammonium Bistriflamide Ionic
Liquids Studied by Molecular Dynamics. J. Phys. Chem. B 2010,
114, 15635—15641.

(50) Lopes, J. N. C.; Deschamps, J.; Pddua, A. A. H. Modeling Ionic
Liquids Using a Systematic All-Atom Force Field. J. Phys. Chem. B
2004, 108, 2038—2047.

(51) Lopes, J. N. C.; Pddua, A. A. H. Molecular Force Field for Ionic
Liquids Composed of Triflate or Bistriflylimide Anions. J. Phys. Chem.
B 2004, 108, 16893—16898.

(52) Jorgensen, W. L.; Maxwell, D. S.; Tirado-Rives, J. Development
and Testing of the OPLS All-Atom Force Field on Conformational
Energetics and Properties of Organic Liquids. J. Am. Chem. Soc. 1996,
118, 11225—-11236.

(53) Kéddermann, T.; Paschek, D.; Ludwig, R. Molecular Dynamic
Simulations of Ionic Liquids: A Reliable Description of Structure,
Thermodynamics and Dynamics. ChemPhysChem 2007, 8, 2464—
2470.

(54) Zhang, Y,; Otani, A; Maginn, E. J. Reliable Viscosity
Calculation from Equilibrium Molecular Dynamics Simulations: A
Time Decomposition Method. J. Chem. Theory Comput. 2015, 11,
3537-3546.

(55) Hess, B; Kutzner, C; van der Spoel, D.; Lindahl, E.
GROMACS 4: Algorithms for Highly Efficient, Load-Balanced, and
Scalable Molecular Simulation. J. Chem. Theory Comput. 2008, 4,
435—447.

(56) Van Der Spoel, D.; Lindahl, E.; Hess, B.; Groenhof, G.; Mark,
A. E.; Berendsen, H. J. C. GROMACS: Fast, Flexible, and Free. J.
Comput. Chem. 2008, 26, 1701—1718.

(57) Nosé, S. A Unified Formulation of the Constant Temperature
Molecular Dynamics Methods. J. Chem. Phys. 1984, 81, S11-519.

(58) Nos¢, S. A molecular dynamics method for simulations in the
canonical ensemble. Mol. Phys. 1984, 52, 255—268.

(59) Verlet, L. Computer “Experiments” on Classical Fluids. L
Thermodynamical Properties of Lennard-Jones Molecules. Phys. Rev.
1967, 159, 98—103.

(60) Darden, T.; York, D.; Pedersen, L. Particle Mesh Ewald: An N
log(N) Method for Ewald Sums in Large Systems. J. Chem. Phys.
1993, 98, 10089—10092.

(61) Essmann, U.; Perera, L.; Berkowitz, M. L.; Darden, T.; Lee, H.;
Pedersen, L. G. A Smooth Particle Mesh Ewald Method. J. Chem.
Phys. 1995, 103, 8577—-8593.

(62) Walter, N. P; Jaiswal, A; Cai, Z.; Zhang, Y. L.iquidL.ib: A
comprehensive toolbox for analyzing classical and ab initio molecular
dynamics simulations of liquids and liquid-like matter with
applications to neutron scattering experiments. Comput. Phys.
Commun. 2018, 228, 209—218.

(63) Balucani, U.; Zoppi, M. Dynamics of the Liquid State; Oxford
Science Publications, 1994.

6271

(64) Yamaguchi, T. Mode-coupling theoretical study on the roles of
heterogeneous structure in rheology of ionic liquids. J. Chem. Phys.
2016, 144, 124514

(65) Yamaguchi, T. Experimental study on the relationship between
the frequency-dependent shear viscosity and the intermediate
scattering function of representative viscous liquids. J. Chem. Phys.
2016, 145, 194505.

(66) Geszti, T. Pre-vitrification by viscosity feedback. J. Phys. C:
Solid State Phys. 1983, 16, 5805—5814.

(67) Balucani, U.,; Vallauri, R.; Gaskell, T. Stress autocorrelation
function in liquid rubidium. Phys. Rev. A 1988, 37, 3386—3392.

(68) Yamaguchi, T.; Faraone, A. Analysis of shear viscosity and
viscoelastic relaxation of liquid methanol based on molecular
dynamics simulation and mode-coupling theory. J. Chem. Phys.
2017, 146, 244506.

(69) Yamaguchi, T.; Koda, S. Mode-coupling theoretical analysis of
transport and relaxation properties of liquid dimethylimidazolium
chloride. J. Chem. Phys. 2010, 132, 114502.

(70) Yamaguchi, T.; Hirata, F. Site—site mode-coupling theory for
the shear viscosity of molecular liquids. J. Chem. Phys. 2001, 115,
9340—-9345.

(71) Yamaguchi, T.; Mikawa, K-i; Koda, S.; Fujii, K; Endo, H,;
Shibayama, M.; Hamano, H.; Umebayashi, Y. Relationship between
mesoscale dynamics and shear relaxation of ionic liquids with long
alkyl chain. J. Chem. Phys. 2012, 137, 104511.

(72) Veldhorst, A. A.; Ribeiro, M. C. C. Mechanical heterogeneity in
ionic liquids. J. Chem. Phys. 2018, 148, 193803.

(73) Amith, W. D. Ionic Liquids with Special Functionalities in the
Bulk and at Interfaces; Structural and Dynamical Properties. Ph.D.
Thesis, The University of Iowa, Iowa City, IA 52242, 2021.

(74) MATLAB Optimization Toolbox; The MathWorks, Inc.: Natick,
Massachusetts, United States, 2020.

https://doi.org/10.1021/acs.jpcb.1c03105
J. Phys. Chem. B 2021, 125, 6264—6271


https://doi.org/10.1021/acs.jpclett.6b01763?ref=pdf
https://doi.org/10.1021/acs.jpclett.6b01763?ref=pdf
https://doi.org/10.1021/jp063199w?ref=pdf
https://doi.org/10.1021/jp063199w?ref=pdf
https://doi.org/10.1021/jp056006y?ref=pdf
https://doi.org/10.1021/jp056006y?ref=pdf
https://doi.org/10.1021/jp067142l?ref=pdf
https://doi.org/10.1021/jp067142l?ref=pdf
https://doi.org/10.1021/jp067142l?ref=pdf
https://doi.org/10.1016/j.cogsc.2018.05.003
https://doi.org/10.1016/j.cogsc.2018.05.003
https://doi.org/10.1021/jp402300c?ref=pdf
https://doi.org/10.1021/jp402300c?ref=pdf
https://doi.org/10.1021/jp108420x?ref=pdf
https://doi.org/10.1021/jp108420x?ref=pdf
https://doi.org/10.1021/jp0362133?ref=pdf
https://doi.org/10.1021/jp0362133?ref=pdf
https://doi.org/10.1021/jp0476545?ref=pdf
https://doi.org/10.1021/jp0476545?ref=pdf
https://doi.org/10.1021/ja9621760?ref=pdf
https://doi.org/10.1021/ja9621760?ref=pdf
https://doi.org/10.1021/ja9621760?ref=pdf
https://doi.org/10.1002/cphc.200700552
https://doi.org/10.1002/cphc.200700552
https://doi.org/10.1002/cphc.200700552
https://doi.org/10.1021/acs.jctc.5b00351?ref=pdf
https://doi.org/10.1021/acs.jctc.5b00351?ref=pdf
https://doi.org/10.1021/acs.jctc.5b00351?ref=pdf
https://doi.org/10.1021/ct700301q?ref=pdf
https://doi.org/10.1021/ct700301q?ref=pdf
https://doi.org/10.1002/jcc.20291
https://doi.org/10.1063/1.447334
https://doi.org/10.1063/1.447334
https://doi.org/10.1080/00268978400101201
https://doi.org/10.1080/00268978400101201
https://doi.org/10.1103/physrev.159.98
https://doi.org/10.1103/physrev.159.98
https://doi.org/10.1063/1.464397
https://doi.org/10.1063/1.464397
https://doi.org/10.1063/1.470117
https://doi.org/10.1016/j.cpc.2018.03.005
https://doi.org/10.1016/j.cpc.2018.03.005
https://doi.org/10.1016/j.cpc.2018.03.005
https://doi.org/10.1016/j.cpc.2018.03.005
https://doi.org/10.1063/1.4944679
https://doi.org/10.1063/1.4944679
https://doi.org/10.1063/1.4968208
https://doi.org/10.1063/1.4968208
https://doi.org/10.1063/1.4968208
https://doi.org/10.1088/0022-3719/16/30/010
https://doi.org/10.1103/physreva.37.3386
https://doi.org/10.1103/physreva.37.3386
https://doi.org/10.1063/1.4990408
https://doi.org/10.1063/1.4990408
https://doi.org/10.1063/1.4990408
https://doi.org/10.1063/1.3354117
https://doi.org/10.1063/1.3354117
https://doi.org/10.1063/1.3354117
https://doi.org/10.1063/1.1413961
https://doi.org/10.1063/1.1413961
https://doi.org/10.1063/1.4751547
https://doi.org/10.1063/1.4751547
https://doi.org/10.1063/1.4751547
https://doi.org/10.1063/1.5008752
https://doi.org/10.1063/1.5008752
pubs.acs.org/JPCB?ref=pdf
https://doi.org/10.1021/acs.jpcb.1c03105?rel=cite-as&ref=PDF&jav=VoR

