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The physical significance of the Kamlet—Taft

n* parameter of ionic liquidsT
Nadine WeiR, (22 Caroline H. Schmidt, {22 Gabi Thielemann, {22 Esther Heid, (2°
Christian Schroder (2 *° and Stefan Spange () *

The Kamlet—Taft dipolarity/polarizability parameters =n* for various ionic liquids were determined using
4-tert-butyl-2-((dicyanomethylene)-5-[4-N,N-diethylamino)-benzylidene]-A3-thiazoline and 5-(N,N-di-
methylamino)-5’-nitro-2,2’-bithiophene as solvatochromic probes. In contrast to the established
n*-probe N,N-diethylnitroaniline, the chromophores presented here show excellent agreement with
polarity measurement using the chemical shift of 2°Xe. They do not suffer from additional
bathochromic UV/vis shifts caused by hydrogen-bonding resulting in too high n*-values for some ionic
liquids. In combination with large sets of various ionic liquids, these new chromophores thereby allow
for detailed analysis of the physical significance of n* and the comparison to quantum-mechanical
methods. We find that n* correlates strongly with the ratio of molar refractivity to molar volume, and

rsc.li/pccp thus with the refractive index.

1 Introduction

The classification of organic solvents and ionic liquids (ILs) by
empirical polarity scales is an established concept in physical
organic chemistry."® The most widely applied method to
describe multiple polarity properties of such solvents is the
Kamlet-Taft polarity scale:"”°

(XYZ) = (XYZ)o + a0 + b-B + s-(n* + d-0) (1)

The (XYZ) term in eqn (1) is the result of a solvent dependent
chemical process differing from a reference process (XYZ), in a
nonpolar medium.””® The three independent empirial Kamlet-
Taft polarity parameters describe the hydrogen bond donating
(), the hydrogen bonding accepting ability () and the polariz-
ability/dipolarity (7*). The parameter J corrects for halogenated
and for aromatic solvents. The solvent independent coefficients
a, b, s and d map the corresponding impact of the above
mentioned descriptors on the chemical process of interest
(xY2).

Alternatively, the linear solvation energy concept of Catalan
can be applied:*"**

(XYZ) = (XYZ), + a-SA + b-SB + s:SP + e-SdP  (2)
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Here, the individual polarity parameters concern the solvent
acidity (SA), the solvent basicity (SB), the solvent polarizability
(SP) and the solvent dipolarity (SdP). The coefficients a, b, s and
e are independent of the solvent.>'>*

One may expect, that the solvent acidity and basicity corre-
spond to the Kamlet-Taft hydrogen-bonding parameters, and
that SP and SdP correlate with the Kamlet-Taft polarizability/
dipolarity parameter. However, for organic solvents, the multiple
square correlation analyses of n* as a function f(SP), f(SdP)
or f(SP,SdP) lead to contradictory statements, especially when
different organic solvent classes such as alcohols, alkanes,
ketones, haloalkanes, esters, etc. are considered individually.”?
In addition, we showed that n* correlates for organic solvents with
SdP but not so much with SP using an extended record from
literature.>® Nevertheless, SAP and SP are not really independent
of each other and various correlations are recognized for parti-
cular solvent families.>® For this reason, we will only consider the
Kamlet-Taft 7* parameter in this paper.

In case of ILs, the physical interpretation of Kamlet-Taft o
and f as well as Catalans SA and SB is convincingly supported
by various results of independent spectroscopic measurement
methods.>*' In contrast, the situation for interpretation of
Kamlet-Taft n* is still not clear although several attempts were
made to substantiate the n* data of ILs obtained by means of
independent physico-chemical measurement data,'*'>17:1932:33
Kobrak argued that n* is a linear function f(V;,) of the molar
volume V,,,."> However, the predicted relationships of n* as a
linear function of V;; is not convincingly demonstrated if all ILs
are considered. For particular cation classes, these kind of corre-
lations are indicated. Yoshida reported a linear relationship of n*
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with the inverse molar volume for dicyanimide-based ionic
liquids,"” i.e. f{1/Vy)- In a recent publication, we discussed that
n* = f(1/Vyy,) is due to the fact that the total dipolarity correlates
with the number of dipoles per volume.>* However, when
evaluating literature data on other types of ILs, a correlation
of n* as a function of the inverse molar volume have not been
recognized so far."®™®?° Complementary to the correlation
with the molar volume, the relationship of n* to the molar
refractivity A, 7n* = f(Am), and to the refractive index np,
n* = f(np), have been discussed.?*** A linear correlation of n*
with the refractive index would make the disperse part of the
polarizability responsible.>**® On the other hand, Rani et al.
stated that 7* of the IL 1-butyl-1-methylpyrrolidinium bis-(tri-
fluoromethanesulfonyl)imide strongly depends on the molecular
structure of the solvatochromic probe.'® Indeed, various solvato-
chromic probe molecules resulted in different n*values of
particular ILs."”>™™ Especially the hydrogen-bonding accepting
ability of a probe may infer with measurements in solvents with
large Kamlet-Taft " *° However, the understanding of the
dipolarity/polarizability uncoupled from hydrogen bonds is an
important aspect to interpret photosensitization when different
ILs are used.*!

In order to contribute to this discussion, we measured
Kamlet-Taft n*-values for a large and diverse set of ILs (see
ESIT for the complete list) with two different solvatochromic
probes, 4-tert-butyl-2((dicyanomethylene)-5-{4-N,N-diethylamino)-
benzylidene]-A3-thiazoline (Th) and 5-(N,N-dimethylamino)-5'-
nitro-2,2’-bithiophene (BT), which differ very much in size and
functional groups. Experimental results are enhanced by compu-
tational determination of solvent polarizabilities, and together
provide new insights into the significance and physical meaning
of 7* in ILs.

The remainder of this paper is organized as follows. Section 2
provides a short description of the properties polarizability,
dipolarity, polarization and polarity as used throughout this
article and summarizes important relations between them.
Section 3 details the materials, experimental and computational
setup of this study. Section 4 describes and discusses the
obtained results, followed by concluding remarks in Section 5.

2 Theory

Since the terms (di)polarity and polarization are sometimes
used in a different sense in literature, the following section
gives definitions on what we perceive as polarizability, dipolarity,
polarization and polarity.

The term dipolarity is only vaguely defined as a measure of
the dipolar character of the solvent." This indicates that the
dipole moment fi; = "™ + "4 of solvent molecule i should
play an important role for this property. In principle, molecular
dipole moments for single cations and anions can be computed
quantum-mechanically. As each ion is not neutral, dipole
moments are evaluated with respect to their center-of-
masses.*> However, the problem for the current discussion of
dipolarity of ionic liquids is how to combine the gas phase
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cationic and anionic dipole moments and compare them to the
experimental 7*-value in liquid phase.

In liquid phase, molecular dipole moments are summed up
to yield the collective rotational dipole moment M, which is not
accessible by quantum-mechanics. The polarization density P
(or often simply polarization) is defined by the ratio between
this collective dipole moment and the occupied volume V:**>*?

.

= Mp 5

P = 7 = % (3)
= go(es — 1)E (4)

Applying a static electric field E to the liquid will orientate the
molecular dipoles. The emerging polarization density depends
on the static dielectric constant ¢s and the dielectric permittivity
of the vacuum ¢, = 8.85 x 107> A s V' m " In case of N
nonpolar molecules,** the polarization induced by the total
electric field is

N & +2

oy

P= E
4 (5)

using the molecular polarizability «;.** Multiplying the ratio V/N
with the Avogadro constant N, yields the molar volume V,:

VNa M
Vp=—t2=2" 6
N ©
which can be evaluated by the ratio of the molar mass M and
the mass density p. Combining eqn (4) and (5) yields the
Clausius-Mossotti equation:****

8571 _NA
es+2 T 3e

% )

For polar molecules the influence of orientational polarization
can be included as*

g — 1 Na i
= Vim==—| o 8
B2 ™ 3g (“ 3T (8)

There is no clear definition of the term polarity. Usually it is
used to empirically characterize the solvation capability of a
particular solvent, but cannot be defined properly in terms of
physico-chemical properties.' Therefore, we skip this term for
the discussion in this work.

The term polarizability o; defines the ease to deform the
electron cloud and correlates the induced dipole "¢ with the
electric field E.

ﬁi‘nd = aiﬁ (9)
Strictly speaking, the polarizability is a tensor but often only a
scalar value o; = (o + @ + 0;)/3 is used as it can be
approximated as isotropic property.

The experimental determination of 7* uses a wave length in
the UV/vis regime. If an electric field E(w) changes with the
corresponding frequencies, translational and rotational motion
of the molecules cannot follow. Consequently, we replace the
static dielectric constant ¢ in eqn (7) with its high-frequency
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limit ¢., which is the refractive index squared and obtain the
Lorentz-Lorenz equation:

7]’!])2—1 7NA
_I’lD2+2 m_380

Eoo — 1
FOO+2 m

o (10)

We will call the ratio fi(np) = (np> — 1)/(np> + 2) Lorentz-Lorenz
function fi;(np) for the remaining part of the manuscript. The
right hand side of eqn (10) is called molar refractivity A,.

(11)

The usage of eqn (10) has several advantages: first, we do not
have to consider the conductivity contribution to the dielectric
constant from the IL ions. Second, strictly speaking, eqn (7) is
only valid for nonpolar molecules which ILs are not. However,
at this UV/vis frequencies only the molecular electron cloud
and not the nuclei may react to the electric field.

3 Methods
3.1 Materials

The solvatochromic probe BT (see Fig. 1) was kindly provided
by Prof. F. Effenberger, University Stuttgart, in highly purified
form. It was dried over CaH, in vacuo before dissolved in the IL.
For each measurement, only a very low quantity <1 x 10> mol L "
is required. The dye Th (see Fig. 1) was synthesized and purified as
described in the literature.*>*® DENA was commercially purchased
from Fluorochem in a purity of 97%.

Dichloromethane (DCM) was freshly distilled over CaH,
before use under argon atmosphere. Then, the water content
was below the detection limit of the Karl-Fischer titration.

The ionic liquids [C;mim]Cl, [C;mim]tosylate, [Cgmim]Cl
and [C;omim]Cl were purchased from ABCR; [Csmim]CF3;SO3
from Acros; [C;mim]N(CN),, [Cemim]Br, [Csmim]Br, [2C,mS]|NTf,
and [3CgmN|NTf, from IoLiTec; [C,mim]|FAP, [C,mim]I,
[C4mim]OctOSO;, [C;mim]CF;CO,, [C,mim]CF;S0;, [C,mim]BF,,
[C,mim]C(CN)3, [C,;mim]PFs, [C;mim]FAP, [Csmim]Cl, [Csmim|BF,

o NO,
/j S /j/ i:
=N
/
Th N/ DENA
YA
7\ sTNo,
BT

Fig. 1 The solvatochromic probes 4-tert-butyl-2((dicyanomethylene)-5-
[4-N,N-diethylamino)-benzylidene]-A3-thiazoline (Th), N,N-diethyl-4-
nitroaniline (DENA) and 5-(N,N-dimethylamino)-5'-nitro-2,2’-bithio-
phene (BT) to determine the Kamlet—Taft n*-parameter.
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and [Cgmim]CF;SO; from Merck in highest purity grade. BASF
kindly provided us [C;mim]Ac, [C;mim]CH;3SO3, [C,mim]CH;0S0;
and [C,mim|SCN in high purity. Others 1-alkyl-3-methyl-
imidazolium-based ILs were synthesized from the respective chloride
salt according to established literature procedures.”’>* The tetra-
alkylammonium-based ILs were also synthesized from the respective
chloride salt according to established literature procedures.>® In
general, tri-N-butyl-methyl-ammonium chloride (5 g) was dissolved
in water (150 mL) and a solution of equimolar silver salt (AgCF;CO,,
AgN(CN), [freshly synthesized]) or lithium salt (LiNTf,) was added
dropwise. For the synthesis of tri-n-octyl-methyl-ammonium-based
ILs, [Cgmim]Cl was dissolved in a H,O/DCM solution (50 : 50% v/v)
and the corresponding silver salt was added dropwise.

Prior to use, the ILs were dried over molecular sieve (4 A)
from Roth, unless otherwise indicated. For this purpose, the
respective IL was dried in vacuum at 300 °C for 2 h. After
cooling to room temperature, dried DCM was added to the
molecular sieve under argon atmosphere and the IL was dis-
persed in it. Volume ratio of DCM to IL was about 10. After 20 h,
the mixture was filtered and the DCM was removed by a rotary
evaporator. Subsequently the IL was dried for 24 h under high
vacuum (0.5 mbar). [C;mim]Cl, [C,;mim]BF,, [C,mim]FAP,
[Cemim]FAP, [Cgmim]Br, [C;omim]Cl and [3CCq4P]Cl were
dried over silica. The versatile advantage of silica is that traces
of water and anion impurities from precursors are completely
removed. In case of many present impurities, the mass balance
IL to silica can be adapted. The only downside of this method is
the loss of some IL. However, the method is able to remove, for
example, traces of fluoride ions (fluoride <1 x 107> mol L)
from purchasable [C,mim]|BF, and other ILs. To dry these ILs,
porous silica from Macherey-Nagel (BET surface area 500 m*> g~ ')
was first dried in vacuum at 200 °C for 2 h. After cooling to room
temperature, dried DCM was also added to the silica under argon
atmosphere and the IL was dissolved in it. Drying and subsequent
reconditioning of the IL was carried out in the same way as drying
using a molecular sieve. During the whole drying process steps,
the temperature should be kept below 25 °C, especially when the
dye is dissolved in the IL. For [C,mim]FAP, alkaline alumina from
Sigma Aldrich (pore size 58 A, pH = 9.5) was used instead of silica.

The purity of the IL was checked by measuring the diffrac-
tion index of the IL and compared with literature data. Effect of
water on UV/vis spectra is weak as investigated by reference
experiments with [C,mim|BF, (see ESIt).

3.2 Experimental setup

For UV/vis spectroscopic investigations, the respective dye was first
dissolved in 0.3 mL IL. Both solvatochromic probes, Th and BT,
are soluble in the complete set of ionic liquids investigated in the
current work. The UV/vis absorption spectra of this solution were
recorded in cuvettes made of special optical glass with a light path
of 2 mm at 25 °C on a Cary 60 UV/vis from Agilent Technologies.

The Kamlet-Taft parameter nj, as reported by Th was
calculated via

17 571 em™" — v
1854.4 cm™!

* f—
Tth =

(12)
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where v, is the UV/vis absorption energy of Th, which was
shown to be insensitive to the hydrogen bond donating abilities
of the solvent."**

The Kamlet-Taft nj;-value gained from BT was determined
according to Effenberger et al.,>” via

21 166 cm™" — vy
3323 cm™!

* J—
TpT =

(13)
where v, is the UV/vis absorption energy of BT.

3.3 Computational approach

As the Kamlet-Taft n* is intended to characterize the polariz-
ability, we computed the molecular polarizability of all ILs
studied here quantum-mechanically. Based on eqn (9) we
determine the isotropic molecular polarizability of ion as

Cafou] o] o -
3\ Ok E 0I O, E, 0I OF; E.=0
= = 2=

and the polarizability o; of a solvent molecule i as the sum of
the molecular polarizability of the cation and anion via

(15)

applying a weak electric field E in x-, y- and z-direction. The
geometries of the respective cations and anions of each IL were
optimized on a RI-MP2/6-31+G(d) level of theory in Psi4’®
starting from manually drawn starting configurations. Six
single point energy evaluations employing RI-MP2 and the
more extensive polarizable PVTZ basis set of Sadlej®® were
calculated at electric fields of magnitude 0.0008 a.u. in the
positive and negative x-, y- and z-direction. Mgller-Plesset
perturbation theory (MP2) with Sadlej’s basis set was shown
to yield accurate polarizabilities of ILs.”® Psi4 employs a
density-fitting approximation of MP2 (Resolution-of-the-
Identity MP2 or RI-MP2), which speeds up the calculations
considerably, and was used in literature for the calculation of
polarizabilities.®" A numerical differentiation of the molecular
dipole moment with the electric field then yielded the mole-
cular polarizability, as described in literature®»®* and eqn (14).
These calculation are performed for each cation and anion
separately in gas phase. In order to show their relevance for the
current discussion we plot experimental molar refractivity
Am = fir(np)-Vim (see eqn (10)) and the experimental molar
volume V,, as a function of the molecular polarizability in
Fig. 2. The experimental molar volumes V,, are determined by
the experimental density p (see eqn (6)). Please note that we
converted the molecular polarizability o; in units of A* s* kg™*
to the much more common molecular polarizability volume &;
in units of A® via & = «;/(4nz,). The blue dotted line represents a
linear regression with a slope of 2.56 cm® mol~* A™® and a R? of
0.98 which agrees very well with the theoretical value of
2.52 cm® mol™* A~ based on eqn (11). This finding implies
that the gas phase polarizabilities can be used as a measure
for the molar refractivity in liquid phase. As the polarizabilities
are computed for single ions, only negligible interactions
between molecular polarizabilities are expected. Furthermore, the

%; = Ueation T Qanion
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Fig. 2 Correlation of the molecular polarizability volume &; gained from
gas phase quantum-mechanical calculations with the experimental molar
refractivity A, (blue symbols) and molar volume V,,, (orange symbols) of all
ILs investigated here.

spatial heterogeneities present in ILs seem to be of minor impor-
tance for the molar refractivity Ay,. The linear relationship between
the molecular polarizability and the molar volume in Fig. 2 con-
firms this finding.

We furthermore calculated the molecular dipole moments ji; =
fP™ + " of each cation and anion separately. Please note
that these dipole moments are computed with respect to the
center-of-mass as the molecules are charged species. In con-
trast to the molecular polarizabilities, molecular dipole
moments cannot be summed up. Consequently, one has to
fix a cationic or anionic species in order to correlate n* with the
dipole moments of the unfixed counter-ions.

4 Results and discussion

The Kamlet-Taft n*-values of a set of 41 ILs (see ESIT for details)
were measured via the solvatochromic probes Th and BT. In the
following, we discuss the suitability of the chosen probes as
means to determine 7*, and investigate the physical meaning of
7* in ionic liquids.

4.1 Validity of the chosen solvatochromic probes

We agree with Welton and co-workers® who state that incon-
sistent n*-values for ILs in literature are due to the inappropri-
ate use of apparently established UV/vis probes. For example,
N,N-dialkylnitroaniline derivatives like N,N-diethyl-4-nitro-
aniline (DENA, see Fig. 1) and other probes are routinely used
for n* determination'>**'*° despite the fact that these probes
also respond to hydrogen-bonding.>”*° The solvation of the
nitro group by OH-dipoles induces an additional bathochromic
UV/vis shift and likely results in too high n*-values.®* For
example, DENA only provides useful n*-data if the hydrogen-
bonding ability does not vary significantly within the solvent
series under investigation.®® Thus, nitroaniline probes should

Phys. Chem. Chem. Phys., 2021, 23,1616-1626 | 1619
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actually only be used for non hydrogen bonding solvents.
Particularly, N,N-dialkylnitroaniline compounds are of limited
suitability for protic ILs.®*"®® Hydrogen-bonding also plays a
role for Stokes shift relaxation of indoline derivatives.*!

Hence, we recommended the use of Th (see Fig. 1) as n*-
probe, because its UV/vis absorption energy (vmay) is insensitive
to hydrogen bond donating of the solvent."**> However, this
probe has not yet been used by other working groups to
determine 7©* of ILs. Therefore, in this work we want to
demonstrate again the usefulness of this special probe mole-
cule. To independently prove the reliability of our n*-values, we
use an alternative probe with similar solvatochromic properties
as Th. For this purpose, 5-(N,N-dimethylamino)-5'-nitro-2,2’-
bithiophene (BT, Fig. 1) is selected, whose position of the
UV/vis absorption energy also does not depend on the specific
hydrogen bond donating of the solvent.’”””® Furthermore, BT is
one of the strongest positive solvatochromic probes.® Surpris-
ingly, in the literature only few studies on solvatochromic
measurements by BT in ILs exist.”*

The strong correlation between the n*-values gained from
BT and Th is shown in Fig. 3a. The diagonal gray line corre-
sponds to 100% agreement and almost all ;- (orange spheres)
are close to that line. A linear regression of the nj; as a function
of m%, yields a slope of 0.96 and a R* of 0.92.

In contrast, n*-values evaluated from DENA (blue plus
symbols) show a significant deviation from the other chromo-
phores for =}, -values below 0.95 (gray shaded area) which is
probably due to the additional bathochromic shift mentioned
above. It seems that the solvatochromic behavior of DENA is
not suitable to determine very low n*-values as they level-off
sketched by the dotted blue line. This is particularly true for
strong hydrogen bond donating ILs because vy, (DENA) is also
a function of the Kamlet-Taft o-values.*”*® With increasing
Kamlet-Taft o, the deviation between njp\, and =y, also
increases.

n* Th
07 075 08 085 09 0.95 1 105 11 115 1.2
1.2 T T T T T T — T
+
11 | (a) S s ¢ -
* T + o+ 0+ ‘ o %09 0.00 N
= VWessss e Y A 'S 8 » OO
0.9 - o_-g09° ® + -
o o8-og BT o
08 Iy o DENA + ]|
0.7 L[N | ! | | | | |
: T T T T N
+
11+ (b ¢ =
(b) .. A 2 & A
1|y ++ " sg 7
N B Ao ~ o A
E 09 Yo 9 4
g 454 Th &
0.8 BT o
07+ # DENA + |
| ! I ! |
140 160 180 200 220
6Xe [ppm]

Fig. 3 Comparison of the solvatochromic probes DENA, BT and Th.
(a) Correlation between the probes. (b) Correlation of n* with 2°Xe-NMR
data at 25 °C.7273
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The IL influences the dipolar solvatochromic probe via
dipole-dipole interactions. These interactions should be
similar to those with the induced dipole of a Xe atom.”*”°
Fortunately, for many of the ILs in this study also chemical shift
data of "*°Xe exist in literature.”>”® We restrict the correlation
between the 7*-values of the chromophores to §'*°Xe at room
temperature in Fig. 3b since they are known to be temperature
sensitive.”””® We find a significant correlation of the chemical
shifts of '*°Xe to the n*-values of BT and Th over the complete
ppm range. In case of DENA similar problems (gray area in
Fig. 3b) as discussed above occur which limits the validity of
Thena-values of ILs to those above roughly 0.95.

As a result, we believe that n*-values obtained from the
solvatochromic probes BT and Th have the quality to analyze
the physical meaning of the Kamlet-Taft polarizability/dipolarity
parameter. For the sake of clarity, we will display the correlations
with other properties for Th only as more data exist for that
chromophore. Nevertheless, similar quality of correlations always
exist for the other chromophore BT.

4.2 Correlation of =* with physico-chemical properties

The Kamlet-Taft n*-values have been analyzed in terms of
molar refractivity 4,,, molar volume V,,,, molecular polarizabil-
ity volume @; and refractive index np. Please note that the
number of ILs measured for a particular property may differ
as not all values were experimentally accessible or reported in
literature (see ESIT for a complete list).

In order to compare the quality of the fits, all correlations
are displayed as n* = f{(...). In addition to classical coefficient
of determination R?, we also apply the Akaike (AIC) and
Bayesian®® (BIC) information criterion which are estimators
of out-of-sample prediction error and consequently a
measure of the correlation quality. Both, AIC and BIC, mea-
sure the relative amount of information loss by a given fit
model.?*®? The less information a fit model loses, the lower
the AIC/BIC value and the higher quality of the corresponding
correlation. However, AIC and BIC are sensitive to the dimen-
sion of values of the function. Therefore, AIC and BIC cannot
compare the quality of correlations like ... = f(n*) where the
function takes on different value ranges. Therefore, we report
these measures only for 7n* = f(...). AIC and BIC also deals
with the problem of overfitting as they take into account
the number of fitting parameters as well as the likelihood
function. In contrast to AIC, BIC also takes into account
the number of data points. All statistical evaluations are
performed in Mathematica 11.3.%

The correlations n* = f(...) are depicted in Fig. 4 and sum-
marized in Table 1. In Fig. 4 the fit is shown as gray dashed
line. The n*-values for Th and BT are depicted as red triangles
and orange circles, respectively. Yoshida et al. reported for a
small set of imidazolium dicyanamide based ILs a linear
increase of 7* with the concentration of the ionic liquid which
corresponds to the inverse molar volume.'” This trend can be
observed qualitatively for our set of ionic liquids as well as
shown in Fig. 4a with an R*value of 0.48 indicating many
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Fig. 4 Dependence of the Kamlet-Taft n*-value measured by the probes Th and BT on the molar refractivity A, and volume V... R? concerns the
correlation with Th but the corresponding values for BT are very close.

outliers, for example for imidazolium based tris(pentafluoro-
ethyl)trifluorophosphate [C,mim]FAP with n = 2, 4 and 6
possessing very low n*-values. This demonstrates the risk of

This journal is © the Owner Societies 2021

finding correlation in a limited set of data. The inverse relation-
ship 7* = f(Vi,) proposed by Kobrak' does not show a linear
trend. His threshold of 620 A® corresponds to a molar volume of
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Table 1 Summary of fit results. The lower the Akaike (AIC) and Bayesian
(BIC) information criterion is, the less information by this fit model is

lost81,82

o =f(...) H#IL R AIC BIC
1/Vim 45 0.50 -111.8 -107.0
Vin 45 0.35 —100.1 —-95.2
1/Vim, Vin 45 0.54 —-113.3 —-107.0
A 30 0.23 —66.4 —63.1
1/Am 30 0.19 —64.8 —61.5
& 51 0.18 —-103.7 —98.4
Am/Vi 31 0.81 —111.3 —-107.9
VinlAm 31 0.80 —110.7 —107.3
np 31 0.81 -111.2 —107.8
AES 11 0.58 —23.6 —25.9

% C,mim based ILs.

373 cm® mol ™' and is shown as gray vertical dotted line in
Fig. 4b. Left to this barrier n*-values decreases more or less
linearly with increasing molar volume whereas right to this line
one may find a positive slope. However, the FAP-based imida-
zoliums possess a positive slope (see gray shaded area in
Fig. 4b) although [C,mim]FAP and [C,mim]FAP are on the
wrong side of the threshold. Additionally, the n*-parameter is
associated with a frequency (see eqn (12)) and consequently
correlates with an absorption energy. As a result, one would
expect a correlation of this energy parameter with the molar
concentration 1/V,, but not with the molar volume.

In Fig. 5a the n*-values of the imidazolium subset of our ILs
is shown as a function of the inverse molar volume. Ignoring
some outliers, one may fit these values with a uniform slope
(dotted lines) for C,mim (n = 4, 6, 8 and 10). With increasing
chain length n the overall offset increases, i.e. C;omim (blue
symbols) has higher n*-values compared to C,mim (orange
symbols) at a given inverse molar volume 1/V,,,. Spatial hetero-
geneity cannot be blamed for the outliers as the molar volume
in the liquid phase scales almost perfectly with the molecular
polarizability volume obtained from gas phase quantum-
mechanical calculations (see Fig. 2).

For a fixed cation, for example C;mim (orange symbols in
Fig. 5a), the n*-values obtained by Th correlate to some extent
(see Table 1) to the vertical oxidation potential AEy of ref. 84
which characterizes the ionization potential. A similar correla-
tion is found for n*-values obtained by BT which can be found
in the ESL.T The correlation between n* and AE, seems inter-
esting to investigate as ILs strongly interact with radicals.?>**
In particular, radical polymerizations are significantly influ-
enced by ILs.%°' Although the overall process of radical
polymerization is rather complex and unpaired electrons
undergo many types of interactions,®*®' Breuermann et al.
could show that the gross reaction rate constant of the radical
polymerization in ILs significantly increases with increasing
7*.°2 Additionally, solvent-dependent redox processes in ILs or
organic solvents can be characterized by Kamlet-Taft
parameters.”>* In theory, the lower AEy-value, the easier the
anion can be oxidized, i.e. an electron can be removed. This
corresponds to the extreme case of electron cloud deformation.
In fact, decreasing AEy of the IL anions results in increasing
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Fig. 5 Kamlet-Taft n*-values as a function of inverse molar volume. (a)
Restricting the set of ILs to a particular C,mim. (b) Fixing the anion and
follow the trend with increasing chain length of the imidazolium.

n*-values and indicate some correlation with the polarizability.
However, tetrafluoroborate and hexafluorophosphate have the
highest AEy of the anions investigated here. Nevertheless, their
n*-values in Fig. 5b are close to the average value of 0.95. We
also do not find a correlation between AEy and the molecular
polarizability volume (see ESI).

Given a particular anion as shown in Fig. 5b the n*-values
approaches roughly 0.95 while increasing the alkyl chain length
of the imidazoliums. In case of very small anions like chloride
n* starts at high values and becomes smaller with increasing
chain length. Medium sized anions, such as tetrafluoroborate,
hexafluorophosphate, triflate and dicyanamide, show a mar-
ginal impact of the cation size on the n*-values. For the large
anions like FAP and NTf, ", the n*-values increases with increas-
ing chain length.

All these results indicate a dependency of 7* on the polariz-
ability: chloride has a very high polarizability whereas FAP and
NTf,” contain many fluorine atoms with a small polarizability.
This changes the ratio of polarizability per volume.

This journal is © the Owner Societies 2021
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Highly polarizable molecules can be detected experimentally
by the molar refractivity 4,, (see Lorentz-Lorenz eqn (10)). The
corresponding correlation between A,, and the Kamlet-Taft n*
is shown in Fig. 4c. The overall correlation is not very strong
indicated by the low R*value of 0.23. In addition, there is a
negative trend: with increasing molar refractivity, the corres-
ponding n*-values decrease which is counter-intuitive on first
sight. A direct plot of the n*-values as a function of molecular
polarizability volume d; is depicted in Fig. 6a. Again, there is no
linear trend of the polarizability/dipolarity Kamlet-Taft para-
meter 7* with the molecular polarizability or its respective
volume. The n*-values are scattered. For example, for &; of
28 A%, the range of n*-values reaches from 0.7 to 1.1 which is
the complete range of values investigated in this work. Further-
more, the trend is still negative. With increasing molecular
polarizability, the m*-value roughly decreases. This can be
rationalized by examining the nature of a rise in polarizability.
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Fig. 6 Polarizability/dipolarity parameter n* as a function of the molecular
polarizability volume &;: (a) all ILs without dipole correction, (b) C4mim-

based ILs with (orange) and without (blue) dipole correction, (c) NTf,™ - and
Cl™-based imidazolium ILs with and without dipole correction.
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The molecular polarizability arises from atomic contributions
that are roughly additive. Adding more atoms to a molecule
strictly increases the polarizability, but often decreases the
polarizability density, since the volume of the molecule
increases with the number of atoms as well. However, the ratio
of polarizability change to volume change per added atom
depends on the nature of the atom. For example, the addition
of bromine or iodine atoms has a positive effect on the ratio,
whereas an addition of carbon atoms has a neutral to negative
effect, as shown recently for various ILs.®

Ionic liquids are polar molecules. Consequently, the dipole
moments may influence the n*-value. In eqn (8), the molecular
polarizability «; was enhanced by a dipole-dependent term
1*/(3ksT). In Fig. 6b the molecular polarizability volumes (blue
filled symbols) were augmented by this term using the anionic
dipoles (orange circles). This results in a significant shift for
very polar anions, such as acetate, trifluoroacetate, methyl-
sulfonate, triflate and methylsulfate whereas halides and sym-
metrical anions like hexafluorophosphate, tetrafluoroborate,
nitrate, are not shifted. However, the correlation is not
improved taking the dipole correction into account. In Fig. 6¢
various imidazolium NTf,- and chloride-based ILs are dis-
played. Again, the dipole correction using the cationic dipoles
does not improve the correlation but uncompresses the curve.

Also an inverse relationship between the n*-values and the
molar refractivity as shown in Fig. 4d has no linear trend. Based
on the results discussed so far, one may come to the conclusion
that 7* has nothing to do with the polarizability or refractivity.
But this is not true. Interestingly, there is a strong correlation
between the n*-values and the ratio between the molar refrac-
tivity and the molar volume A,,/V,, as shown in Fig. 4e. This
correlation is much better than n* = f(1/V,,) with an R* of 0.81
(see Table 1 for comparison). The ratio A.,/Vy, is the Lorentz-
Lorenz function fi;(np). As the range of the refractive index
np of ILs is quite limited, the linear part of a Taylor-series
fin(np) ~ 0.278 + 0.510(np — 1.468) with the expansion point of
(np) = 1.468 (which is the mean value of all ILs investigated in
this work) is sufficient to reproduce fi1(np) (see ESIt). A linear
correlation between the refractive index and the polarizability
per volume was already reported in literature.>%®

This ratio A,,/V;, corresponds to a polarizability density as
already proposed by Seddon and co-workers.>* They discrimi-
nated between two classes of ILs: the first class consisted of ILs
with a higher polarizability density than a CH,-unit. This
corresponds to ILs right of the gray dotted line in Fig. 4e and
above the gray dotted line in Fig. 5b. The second class of ionic
liquids has a lower polarizability density compared to the
CH,-unit. It often consists of many low-polarizable atoms like
fluorine.

Class I ionic liquids have n*-values higher than 0.95 where
the linear relationship crosses the vertical line in Fig. 4e. Please
note that the average refractive index (np) and the theoretical
value for a CH,-unit based on the calculations in ref. 32 are
almost identical. This is expected as many ILs contain long
alkyl chains driving the refractive index towards the theoretical
values of a CH,-unit. Class I ionic liquids decrease their
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refractive index with increasing chain length and consequently
their n*-values; class II ionic liquids increase their refractive
index and hence their n*-values with increasing chain length.
This effect was observed in Fig. 5b and 6c.

Fig. 4 unambiguously demonstrates that the correlation
with a single quantity such as 1/V,, or A, as done by many
authors in literature is insufficient to capture the complete
picture. It is the combination of the molar refractivity and the
molar volume which is important. Interestingly, the Kamlet-
Taft n*-values show also a linear trend as a function of 1/f;;, =
Vin/Am as depicted in Fig. 4f. The quality of this linear trend is
as good as for A,/Vy, since no significant discrepancy exist
between R?, AIC and BIC (see Table 1) for the two relationships.
However, in both cases, n* = f(An/Vin) and 7* = f(Vin/An), the
Kamlet-Taft parameter increases with increasing refractive
index np. This is even more interesting as the single correla-
tions 7n* = f(V,) and n* = f(1/A,,) show no linear trend
emphasizing the importance of the combined property Vy,/Am
vs. its single components. In Fig. 4b the fit n* = f(Vi,1/Vi)
results in the gray dashed line but show no significant improve-
ment with respect to n* = f(Vy,).

The molecular polarizability is an important parameter for
the dynamics of ILs.°”°® With increasing polarizability the
effective Coulomb interactions are reduced and the mobility
of the ions is increased. On a collective level, the average impact
of polarizability can also be mimicked by reduced partial
charges and theoretically reasoned by a dielectric continuum
model.””®° The charge scaling factor in this case equals the
inverse of the refractive index.’”°®°%1%1 1p this sense, the
Kamlet-Taft 7* is a measure of the charge sharing and polariz-
able interactions in ILs, although it is not directly linked to
molecular polarizability or dipole moments.

5 Conclusions

We have proven the applicability of Th and BT as solvatochromic
probes for the measurement of the Kamlet-Taft parameter n*,
where 7y, and 7y correlate well with alternative polarity mea-
surements via the chemical shift of **Xe. Both probes do not
suffer from dependencies of the measured n* on the hydrogen
bond donating abilities of the solvent, which makes them
superior to conventional solvatochromic probes such as DENA.
The accurate measurement of 7* via Th and BT then allowed us
to examine the correlations of the dipolarity/polarizability para-
meter with other physico-chemical properties of the ionic
liquids. We find that the correlation of 7* on the inverse molar
volume and molar refractivity which was found in a few studies
is only of qualitative nature, and is not universally applicable
between different classes of IL cations and anions. However,
there is a strong correlation of n* on A.,/Vy, as well as V;,,/An,
i.e. the ratio of molar refractivity and molar volume which is a
function of the refractive index. We thus conclude that the
Kamlet-Taft parameter 7* is a collective parameter measuring
both the volume and polarizable interactions in ionic liquids,
which can be viewed as a polarizability density.
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Our findings allow a more concise view on the meaning of 7*
in ionic liquids. We furthermore hope to encourage the reader
to question the applicability of solvatochromic probes to
their solvents of interest, especially for hydrogen bond donating
solvents.
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