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Abstract

We have studied the rotational diffusion of two prolate nitroxide probes, the negatively
doubly charged peroxylamine disulfonate (Frémy's salt - FS) and neutral di-tert-butyl nitroxide
(DTBN), in a series of 1-alkyl-3-methylimidazolium tetrafluoroborate room-temperature ionic
liquids (RTILs) having alkyl chain lengths from two to eight carbons using spin-label electron
paramagnetic resonance (EPR) spectroscopy. Though the size and shape of the probes are
reasonably similar, they behave differently due to the charge difference. The rotation of FS is
anisotropic, and the rotational anisotropy increases with the alkyl chain length of the cation, while
the rotation of DTBN is isotropic. The hyperfine coupling constant of DTBN decreases as a
function of the alkyl chain length and is proportional to the relative permittivity of ionic liquids.
On the other hand, the hyperfine coupling constant of FS increases with increasing chain length.
These behaviors indicate the location of each probe in RTILs. FS is likely located in the polar
region near the network of charged imidazolium ions. DTBN molecules are predominately

distributed in the nonpolar domains.
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1. Introduction

During the last four decades, the research on room-temperature ionic liquids (RTILs) and
their industrial applications have grown almost exponentially [1-5]. RTILs are salts consisting
entirely of large organic cations and organic or inorganic anions. Since their structure and
properties are governed mainly by Coulomb interaction between the cations and anions, which is
not as strong as the one in inorganic salts [3, 6], they have peculiar and interesting physicochemical
properties. Due to the weakened Coulomb forces, the RTILs have low melting temperatures and
are liquids at room temperature. The potential number of RTILs is enormous due to the
combination of different cations and ions [7]. Because of the large variety of combinations and
their ionic nature, RTILs have unique and versatile properties, including negligible volatility, high
ionic conductivity, high polarity, thermal stability, and low vapor pressure [8-10]. For that reason,
RTILs are becoming the solvents of choice in many applications, such as organic synthesis [11,
12], catalysis [13-15], syntheses of new nano-sized sensor systems [16, 17], adsorption [18],
electrochemistry [19], and analytical chemistry [19].

The structure and physical properties, such as solvation and polarity [20] of RTILs have
been studied with different experimental methods, such as neutron diffraction [21], X-ray
scattering [22], fluorescence [23, 24], and NMR spectroscopy [25, 26], to understand their use as
reaction media. The spin-label electron paramagnetic resonance (EPR) method has also been
shown to be extremely useful in studying the structure and physical properties of RTILs [27-30].

Small neutral and charged nitroxide probes have been used to investigate the structure,
polarity, and solvation of RTILs [28, 31, 32]. From the EPR measurements of two nitroxide spin
probes, 2,2,6,6-tetramethylpiperidine-1-oxyl (TEMPO) and 4-amino-2,2,6,6-
tetramethylpiperidine-1-oxyl (TEMPAMINE), Noel et al. have concluded that the solvation
properties of ILs are like those of polar organic solvents such as dimethylformamide and dimethyl
sulfoxide [33]. Strehmel et al. [31] have applied the Gierer and Wirtz theory to explain the
influence of microviscosity on the rotational correlation time of the neutral spin probes TEMPO
and TEMPOL (4-hydroxy TEMPO) in a series of imidazolium-based ILs bearing either [BF4] or
[PFe] at 293 K. They concluded that the activation of the viscous flow dominates in the investigated
RTILs. Mladenova et al. have analyzed the hyperfine coupling constants and rotational correlation
times of TEMPO, TEMPAMINE, TEMPOL, and peroxylamine disulfonate (PADS or Frémy's salt
- FS) in the ionic liquids 1-ethyl-3-methylimidazolium ethylsulfate (EmimES), 1-ethyl-3-



methylimidazolium tetrafluoroborate (EmimBF4), 1-butyl-3-methylimidazolium
hexafluorophosphate (BmimPFg), and 1-butyl-3-methylimidazolium tetrafluoroborate (BmimBF4)
[27]. Their Gierer and Wirtz theoretical analysis of the microviscosity of the spin probe's
surroundings indicated that ILs might not be seen as individual ion pairs but instead as
supramolecular aggregates. Using perdeuterated TEMPONE (pDTO), our group has investigated
the nanostructural organization of a series of BFs-based imidazolium RTILs with alkyl chain
lengths from two to eight carbon atoms [34]. The rotational correlation time of pDTO in those
RTILs was well described by the Stokes-Einstein-Debye law.

The  stable, positively charged  nitroxide  4-trimethylammonium-2,2,6,6-
tetramethylpiperidine-1-oxyl iodide (Cat-1) has also been employed to gain insight into the
physicochemical properties of ionic liquids [28-30, 35, 36]. Akdogan et al. [28] showed that Cat-
1 likely resides in the polar region at the interface between the cations and anions, where it can
interact with BF4 and form a hydrogen bond with the acidic imidazolium protons, see Fig 6 in Ref
[28]. Our group's measurements [36] of the ratio of the rotational times of pDTO and Cat-1, the
rotational anisotropy, and the apparent activation energy of Cat-1 indicated the transition from a
homogeneously globular structure to a spongelike structure when the alkyl chain has four carbons,
which is also established by MD simulations [37, 38].

Miyake et al. [32, 39] have investigated the rotational motion of Frémy's salt in a variety
of RTILs. From the constancy of FS's hyperfine coupling constant values for various RTILs, the
authors concluded that the interaction between the N-O- moiety, and the cation of RTIL was
negligible. The large anisotropy of the FS rotation suggested a strong interaction of the negative
sulfonyl parts of FS with the cations of RTILS. Using high-field/high-frequency EPR spectroscopy,
Kattnig et al. studied the solvation and location of Frémy's salt in the ionic liquids BmimBF4 and
I-hexyl-3-methylimidazolium tetrafluoroborate (HmimBF4), and their water mixtures [40].
According to them, Frémy's salt is located in highly polar regions of these solvents. Since the spin
Hamiltonian parameters of Frémy's salt remain the same throughout different solvents, they
concluded that Frémy's salt environment is the same in different ionic liquids. They also observed
that the molecular structure of Frémy's salt was distorted, showing an increased pyramidalization
at the nitrogen center. They speculated that this molecular structure distortion points to FS being

likely absorbed on the charged surface made of an array of imidazolium ions. Frémy's salt in



different RTILs was as well studied by Mladenova et al. [27]. Their EPR results also suggested
that FS might be located away from the alkyl chains at the charge-bearing surface.

This article aims to explore how the hyperfine coupling constants and rotational times of
two prolate nitroxide spin probes are affected by the length of the alkyl chain of BF4-based
imidazolium RTILs. Since one of the chosen nitroxides is the doubly charged peroxylamine
disulfonate and the other is the neutral di-tert-butyl nitroxide (DTBN), but have similar shapes and
sizes, we expect to gain insight into the effect of charge on the behavior of Frémy's salt in RTILs.
In addition, as far as we know, DTBN has never been used in the study of RTILs, so this is the

first study of this small, neutral, and prolate nitroxide spin probe in RTILs.

2. Materials and Methods

Sample Preparation

Frémy's salt and di-tert-butyl nitroxide (DTBN) were purchased from Aldrich Chemical
Company. The room temperature ionic liquids 1-ethyl-3-methylimidazolium tetrafluoroborate
(EmimBF4),  1-butyl-3-methylimidazolium tetrafluoroborate = (BmimBF4), 1-hexyl-3-
methylimidazolium  tetrafluoroborate  (HmimBF4), and I-octyl-3-methylimidazolium
tetrafluoroborate (OmimBF4) were obtained from Tokyo Chemical Industry Company. The
structures of spin probes and BmimBF4 are shown in Scheme 1. All alcohols (methanol, 1-
propanol, 1-butanol, 1-pentanol, 1-heptanol, 1-octanol, 1-nonanol, 1-decanol, 1-undecanol, 1-

dodecanol) were bought from Fluka Chemika. All chemicals are used as received.
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Scheme 1. Chemical structures of (a) Frémy's salt (FS), (b) di-tert-butyl nitroxide (DTBN), and
(c) 1-butyl-3-methylimidazolium tetrafluoroborate (BmimBFj).



The solutions of both chemicals were prepared by weight in each RTIL and alcohol. The
concentration of FS was about 1 mM, while the concentration of DTBN was 0.2 mM. The
concentration of FS was slightly larger than that of DTBN because FS decays with time. Both
concentrations were low enough to avoid EPR line broadening and dispersion due to Heisenberg

spin exchange and dipole-dipole interactions [41].

EPR Measurements

Before use, the RTIL solutions were kept under a vacuum for three days at room
temperature. For each sample, a small amount of solution was drawn into open-ended
polytetrafluoroethylene (PTFE - ID: AWGZ21) tubing bought from Zeus Industrial Products. The
tubing was then folded, and the ends were squeezed with flat-nose pliers. The folded tubing was
placed in an EPR quartz tube obtained from Wilmad, which was then inserted in the quartz Dewar
insert of a Bruker N2 temperature unit. EPR spectra were recorded by a Bruker EMXPlus EPR
spectrometer equipped with the cylindrical TEoiz ER 4119HS high-sensitivity cavity. The
microwave frequency was approximately 9.3 GHz, while the microwave power was 0.5 mW. The
modulation amplitude for Frémy's salt was 0.09 G, and the one for DTBN was 0.2 G. The
temperature of each sample was monitored with a thermocouple setup manufactured by Omega
and was maintained constant within £ 0.2 K. Measurements were mostly done between 270 K and
340 K. The lowest temperature was slightly moved depending on the viscosity of the ionic liquid,
which was always less than 1000 mPa-s. Also, before the EPR measurements, we calibrated the
external magnetic field according to the Bruker calibration procedure specified in the Xenon
manual.

The EPR DTBN-alcohol measurements were made slightly differently. EPR measurements
were made by a Bruker ESP 300E spectrometer equipped with a Bruker variable temperature unit
(Model B-VT-2000) and a standard TEi02 microwave cavity. Each sample was deoxygenated
before beginning an EPR measurement until the linewidths stopped changing (approximately 60
min). Oxygen dissolves very well in alcohols [42] and, through Heisenberg spin exchange with
DTBN, broadens the EPR lines, reducing the signal-to-noise ratio. For that reason, the PTFE
tubing with DTBN solution was inserted into a quartz tube with a hole in the bottom to allow for



nitrogen equilibration of the sample in the EPR cavity [43]. This way, the nitrogen that controlled

the temperature replaced the oxygen in the solution, reducing the DTBN EPR linewidths.

EPR Spectral Analysis

EPR spectra were fitted using the home-written computer program Lowfit. Since we have
described the use of Lowfit in detail in our previous publications [44, 45], here, we will just briefly
state the benefits of EPR spectral fitting [46]. Using the Dobryakov—Lebedev relation [47, 48],

Lowfit extracts the peak-to-peak Lorentzian linewidth, ABk

»p, from the inhomogeneously

broadened observed peak-to-peak EPR linewidth, AB,. The Lorentzian linewidth is related to the

spin-spin relaxation time, T2, as ABy, = )Tl , Where e is the electron gyromagnetic ratio.
2

2
e
ABy, is used in the calculation of the rotational correlation time (see below) [49]. In addition, the
resonance EPR line positions are given with a few mG precision, allowing us to have highly precise

hyperfine coupling constants.
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Fig. 1. The EPR spectra of (a) FS and (b) DTBN in BmimBF4 at a temperature of 302 K. The upper
traces show both the spectra and their fits; the fits are excellent except for the '*C lines in Fig. 1b.
The middle traces show the residuals, while the lower traces represent experimental dispersion. Ao
is one-half the distance between the outer lines of the ESR signal, while ABpOp is the observed peak-
to-peak linewidth.



Figures 1(a) and 1(b) show the experimental EPR spectra of FS and DTBN and their fits at
302 K, respectively. The second trace in both figures is the difference between the experimental
spectrum and the fit. The residual in Fig. 1(a) is flat, while the one in Fig. 1(b) has some wiggles,
which come from the natural abundance of C in DTBN, which is not included in the fit function.
The bottom traces in Fig. 1(b) are due to experimental dispersion. Note that all dispersion lines
have the same sign, which means that there is no Heisenberg spin exchange or dipole-dipole
interactions in the solution [41, 50].

The Lorentzian EPR linewidths in the motional narrowing regime depend on the N
nuclear spin quantum number, m;, according to:

ABy,(m;) = Ay, + Bppymy + Cpymf (1)

where m; = +1, 0, —1 for the low-field, central, and high-field EPR lines, respectively. The
linewidth coefficients App, Bpp, and Cpp depend on the rotational correlation times and are measured
in G. App contributes equally to all three lines and originates from several homogeneous broadening
mechanisms, which cannot be easily separated [51]. Bpp and Cpp can be obtained from all three

Lorentzian linewidths using:
By, = %[ABZEP(+1) —ABL,(-1)] (2a)
Cpp = %[ABﬁp(+1) + ABL,(=1) — 2ABL,(0)]  (2b)

The relation between the linewidth coefficients and the rotational correlation times in the fast-
motional regime can be found by time-dependent perturbation theory [49, 52]. To describe axially

anisotropic rotation, we need two correlation times 0 and 2,2, which can be found from:

B,, = X (1 + 3%) AgAAT, o + 3 (1 +i 2

45v3 41+wit3, 4 1+w3T3,

) 6g6A12,2] (3a)

3 1 1 1
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where @ is the electron Larmor frequency, wa=ao/2, where ao = (Ax + Ayy + Az)/3 is the isotropic
hyperfine coupling constant, and Axx, Ayy, and A are the principal values of the hyperfine tensor.
For rotation around the nitroxide z-axis as the principal (||) axis, the hyperfine anisotropies are:
1
AA = Ay, — 3 (Axx + Ayy) (4a)

1

64 = 2 (Axx — Ayy) (4b)



Likewise, for the g-value anisotropies, we have:
1
Ag = gzz — 5 (Gxx + gyy) (52)

89 = (Gux — Gyy) (5D)
where gxx, Qyy, and gz, are the principal values of the g-tensor. For the axially symmetric rotation
of a nitroxide molecule about the x- and y-axes as principal axes, one needs to permute indices in
Egs. (4a) - (5b) cyclically. To find the values of 0 and 72, we used the function fsolve from
Matlab. Next, one can find two effective rotational correlation times, one for rotation about the
principal (||) axis, T, and another for rotation about a perpendicular (L) axis, tx,, using:
TpL =Tz0  (63)

Tor = 2T2,072,2 (6b)
Ri 372,0— 72,2

For isotropic rotation, Tp; = Tz = Ty, Egs. (3a) and (3b) become:

_ 8Y.B 3 1
B,y = 45\/50 (AgAA + 35g5A) (1 + ZW) TR (7a)

Cop = o2 (AA? +3(6A)7) (1-2———2— )1z (7h)

PP T 453 81+wits 8 1+w?td
= can be found from Bpp and C,, by solving Egs. (7a) and (7b). If the ratio of ws (EQ. (7a)) and
we (Eqg. (7b)) is close to unity; the probe rotation is isotropic; otherwise, it is anisotropic. The

rotational correlation time z is the geometric mean of the correlation times t;, and g, that is

TR = WITR" TRJ_; |IkeWISG TR = WITRB TRC'

3. Results and Discussion

Rotational Anisotropy

We calculated the linewidth coefficients Bpp and Cpp for all four ionic liquids using Egs.
(2a) and (2b), respectively, from the Lorentzian linewidths. Figures 2(a) and 2(b) show Cpp versus
|Bpp| for FS (a) and DTBN (b) in all four ionic liquids. When |Cpp/Bpp| ~ 1, the nitroxide rotation is
isotropic [51], the black lines in Figs. 2(a) and 2(b). On the other hand, when Cpp # Bpp, the spin
probe rotation is anisotropic. Therefore, from Figs. 2(a) and 2(b), it can be observed that the
rotation of FS is highly anisotropic, while the rotation of DTBN is isotropic. The same can be
concluded from Fig. 1(a). Due to the anisotropic motion of FS, the low-field EPR line is broader

than the central EPR line, while the high-field EPR line is even broader. Also, from the shape of



the EPR spectrum of FS, it is evident that the preferred axis of rotation for FS is the y-axis; see
Fig. 7.7 from Ref. [49]. The y-axis is perpendicular to the z-axis, which lies along the nitrogen 2p
atomic orbital (perpendicular to the paper plane), and the x-axis which lies along the N-O bond. In
other words, the y-axis is along the line connecting the two S atoms in FS or the two central C
atoms in DTBN. Next, from the slopes of the lines in Fig. 2(a) given in Table 1, one can see that
the rotational anisotropy of FS increases with the alkyl chain length. The rotation of DTBN in
RTILs appears to be close to isotropic, which is also indicated by similar linewidths of the low-
field and central EPR lines, which also implies that |Cpp/Bpp| = 1, Table 1 and Fig. 1(b). The slight

anisotropy decreases from 1.15 to 1.04 as the alkyl chain length increases, Table 1.
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Fig. 2. Relation between Cpp and By for the rotation of (a) FS and (b) DTBN in RTILs (E -
EmimBF4_(o); B- Bmirr_]BF4 (m); H-HmimBF4 (A); and O - OmimBF4 (). The solid black lines
represent isotropic rotation.

The obtained values of Bpp and Cpp were used to find the values of zo and »2 or = by
solving Egs. (3a) and (3b) or Egs. (7a) and (7b), respectively. We also needed the g-value tensor
and hyperfine coupling tensor principal values to solve those equations. We took rigid limit spectra
of both spin probes in RTILs at low temperatures to obtain these principal values. The rigid limit
EPR spectra are given in Supplemental Information, Figs. S1 and S2. Table 2 shows the principal
values for g-value and hyperfine coupling tensors for FS in all four RTILs. Fig. S1 shows that all

the FS EPR spectra are the same, so we assumed that the principal values are the same for all four

10



RTILs. The values of g,; and A;; were obtained from the rigid limit spectra. Goldman et al. [52]
found that when <A> and <g> measured from the rigid spectrum are close to the isotropic values
measured in the motional narrowing region, the principal values can be used to simulate the
motionally narrowed spectrum. Therefore, gx, Qyy, Axx, and Ayy values are found by fitting the fast-
motional spectra of FS in RTILs using EasySpin and averaging all the values [53, 54]. Kattnig et
al. [40] also found that the principal values of FS are the same in BmimBFs and HmimBF4. The

principal values for DTBN are presented in Table 3. The values are extracted by EasySpin rigid
limit spectral fitting, Fig. S2.

Table 1. The slope coefficients of the lines in Figs.2(a) and 2(b) for FS and DTBN and their
correlation coefficients, R

[C/By| (FS) R [C,1/By| (DTBN) R
EmimBF, 1.53+0.02 0.997 1.15+£0.01 0.998
BmimBF, 1.78 £ 0.01 0.999 1.12+0.01 0.999
HmimBF4 2.40+0.05 0.999 1.07£0.02 0.996
OmimBF4 3.14+0.03 0.999 1.04 £0.02 0.995

Table 2. Principal g and A4 values for FS in all four RTILs

G S g
2.0085 + 0.0002 2.0053 + 0.0002 2.0024 + 0.0002
4. (G) 4., (G) 4. (G)
595+0.15 485+0.15 2897+ 0231

Table 3. Principal g and 4 values for DTBN in all four RTILs

DTBN | 8w S g 4 (G) 4y (G) 4= (G) 40 (G)

EmimBF, | 2.0087 2.0060 2.0020 7.09+0.03 5.33+0.08 35.30+0.15 15.908

BmimBF4 | 2.0089 2.0061 2.0021 7.01+0.01 5.50+0.04 35.17+0.01 15.896

HmimBF, | 2.0088 2.0060 2.0020 6.98+0.01 5.61+0.02 35.03+0.01 15.877

OmimBF, | 2.0089 2.0060 2.0020 6.95+0.01 5.73+£0.03 34.91+0.01 15.865

From 0 and =2, we calculated the perpendicular rotational correlation time . and
parallel rotational correlation time z for FS in RTILs using Egs. (6a) and (6b). These values are
plotted in Fig. 3(a). The data were fitted to a line without an offset, and the line slopes, which
represent the rotational anisotropy N = ./, are presented in Table 4. Again, from Fig. 3(a) and
Table 4, one can see that the rotation of FS is highly anisotropic. The rotational anisotropy

increases with the alkyl chain length from 3.87 to 10. Next, wc and e for DTBN in RTILs were
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calculated using Egs. (7a) and (7b) and plotted as zrc versus s in Fig. 3(b). The ratio c/ms is
also given in Table 4. Figure 3(b) and Table 4 show that the rotation of DTBN in RTILs is
approximately isotropic. One can conclude that there is some slight anisotropic rotation, which
decreases from EmimBF4 to OmimBF4. We also calculated 1 and = for DTBN, but their values

were noisy, and the R values were not very good.
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Fig. 3. (a) Correlation of . and ) for rotation of FS and (b) correlation of zc and z for rotation
of DTBN in RTILs (E - EmimBF; (e); B - BmimBF4 (m); H - HmimBF4 (A); and O - OmimBF4
(7). The solid black lines represent isotropic rotation.

Let us see what rotational anisotropy one can expect from geometric considerations. FS
and DTBN molecules can be described as prolate axially symmetric ellipsoids, meaning the probes
should have some degree of axially asymmetric rotational diffusion. From the x-ray data, the long
axis of FSis ry=ry=2.9 A, and the perpendicular axis is 7. = 2.0 A, [55] giving the volume of FS
as 48.5 A3. On the other side, FS van der Waals volume is 110 A3 [56], which is the same as the
DFT calculated volume [32]. We intend to use van der Waals volumes and rj =ry=3.9 A, and .
=2.6 A from Ref. [32]. As is well known, following Perrin's approach, [57] one can calculate the
effect of elliptical shape on the anisotropy of rotational diffusion of a prolate molecule [27, 49, 55,
58, 59]. A brief introduction to Perrin's approach is given in Supplemental Information. According
to Egs. (S.8), the rotational anisotropy expected from the geometric shape of FS is 1.37. The

observed rotational anisotropy, which ranges from 3.87 to 10, is greater than the theoretical one,

12



which means that FS very likely rotates along the charged surface formed by an array of
imidazolium ions as was suggested by Kattnig et al. [40]. After introducing additional

experimental results, the anisotropic dependence on the alkyl chain length will be discussed below.

Table 4. Rotational anisotropy N for FS and the ratio of zc and z; for DTBN, and their correlation
coefficients, R

N= TRJ_/TRH (FS) R Z'Rc/Z'RB (DTBN) R
EmimBF4 3.87+0.09 0.986 1.15+0.02 0.996
BmimBF4 4.53 £0.04 0.999 1.11 +£0.01 0.999
HmimBF, 6.50 £ 0.07 0.998 1.04 £0.02 0.997
OmimBF4 10.0+£0.1 0.998 0.98 £0.01 0.998

The van der Waals volume of DTBN is 164 A’ [56]. Using the electron diffraction
measurements of DTBN in the vapor phase [60], we estimated rj=4.2 A, and 7. = 2.5 A, which
gives us I/rL = 1.68. To adjust these numbers with the van der Waals volume of DTBN, we scaled
the values for rj and r., getting rj = 4.8 A, and r. = 2.85 A. The rotational anisotropy expected
from the geometric shape of DTBN, according to Eq. (S.8), is 1.54. As seen from Scheme 1 and
the presented numbers, the shapes of FS and DTBN are very much alike. On the other hand, their
observed rotational anisotropy is very different, and the reason for that is that FS is a dianion, while

DTBN is neutral. Also, the two nitroxides very likely sense different parts of the solvent.

Rotational Correlation Time
The rotational correlation times of nitroxide probes can often be almost perfectly fitted to

the Arrhenius equation:

E_a
TR = Tpgo €RT (8)

where Ea is the activation energy of rotation, R is the universal gas constant, and zro is zr at T = oo.
In the In zr vs. 1/T plot, the activation energy represents the slope of the data, while physically, it
can represent the minimum energy barrier from the surroundings, which the probe must overcome
to start rotating. Therefore, Ea is sensitive to the dynamics and structure of the surrounding
environment.

Figure 4 shows the temperature dependence of the perpendicular and parallel rotational

correlation times for FS in RTILs as Arrhenius plots. The activation energies of . and ) are

13



presented in Table 5. One can notice that the activation energy of rotation for both correlation
times increases with the alkyl chain length from EmimBF4 to HmimBF4 and then remains the
same. Also, for EmimBF4 and BmimBF,, the activation energy of the perpendicular rotation is
lower by 4 kJ/mol than the one for the parallel rotation, while for HmimBFs and OmimBF; is
opposite, though the difference is less; it might not be significant. Miyake et al. [32] also observed
the same trend for EmimBF4 and BmimBFa. Also, it appears that = for HmimBFs and OmimBF4

are the same, indicating that the probe's surrounding affecting the parallel rotation might be similar.
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Fig. 4. Temperature dependence of the perpendicular correlation time, .1, and parallel correlation
time, gy, for rotation of FS in RTILS; (a) E — EmimBF4 and B - BmimBF4 and (b) H - HmimBF4
and O - OmimBF.. Solid lines are least-square Arrhenius fits whose slopes give activation energy
for rotational diffusion.

Table 5. Activation energies of the perpendicular correlation time, ., and parallel correlation

time, gy, for rotation of FS in RTILs and their correlation coefficients.

FS E, /kJ mol! R E, /kJ mol’! R
(zr1) (zr))

EmimBF4 262 +1.1 0.990 30.4+0.5 0.999

BmimBF4 36.9+2.0 0.990 41.0+0.8 0.996

HmimBF4 449+1.0 0.999 429+0.9 0.998

OmimBF4 44,1 £3.3 0.999 412 +£0.7 0.999
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The rotational correlation times of FS and DTBN as a function of 1000/T are shown in Fig.
5, together with their Arrhenius fits. One can notice that the values of = of FS are consistently
longer than the ones for DTBN, which is expected due to the double charge of FS. Table 6 presents
the activation energies for the rotation of FS and DTBN and the activation energy for the viscous
flow of all four RTILs. As was explained in Ref. [34], the viscosity data are taken from the lonic
Liquids Data Base ILThermo [61, 62]. Since the activation energies for the rotation of FS and
DTBN are the same as the activation energy of viscosity, the long-range dynamics likely drive
their overall rotation because their different rotational anisotropies indicate that FS and DTBN
probe different local environments. Mladenova et al. [63] also found that the activation energy of
rotational diffusion of TEMPOL closely matches the activation energies of viscous flow for
EmimBF4, BmimBF4, OmimBF4, and EmimPFe.

= —o—tauR E ns
—®—fauR B ns
—&—(auR H ns

€ (auR O ns

—®—tauR E ns
—®—tauR B ns
—4&—tauR H ns
—&—tauR O ns

b)

32 33 34 3.

312 313 314 315 36 3.7
1000/T /K™ 1000/T /K

Fig. 5. Temperature dependence of the correlation time, , for rotation of FS (a) and DTBN (b)
in RTILs: E - EmimBF4 (e); B - BmimBF4 (m); H - HmimBF4 (A); and O - OmimBF4 (). Solid
lines are least-square Arrhenius fits, giving activation energy for rotational diffusion.

0.01 L 1
29 3 31

L 0.01 1 1
5 3.6 37 29 3 31

Table 6. Activation energies of the rotational correlation times of FS and DTBN, and RTILs
viscosity with corresponding correlation coefficients, R.

E, /kJ mol™! R E, /kJ mol™! R E, /kJ mol™! R
(FS) (DTBN) (viscosity)
EmimBF4 27.5+0.8 0.997 30.3+0.9 0.997 29.1+£0.5 0.999
BmimBF4 38.9+0.6 0.998 40.5+1.2 0.996 382+1.0 0.997
HmimBF4 439+1.0 0.999 441+ 0.7 0.999 42.6+1.2 0.998
OmimBF4 42.6+0.3 0.999 434 +0.5 0.999 43.4+0.9 0.999
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The Stokes-Einstein-Debye (SED) equation is given by:

= TriLf ©)
where r is the van der Waals radius of the solute, # is the shear viscosity of the surrounding solvent,
k is the Boltzmann constant, and f is the slip coefficient. If f= 1, the rotating solute molecule is
much larger than the surrounding solvent molecules, and the neighboring solvent molecules rotate
together with the solute. In other words, the tangential velocity of the first layer of solvent
molecules is zero, which is called the stick boundary condition. Small nitroxide molecules hardly
ever satisfy f= 1 because nitroxides and solvent molecules' sizes are often comparable. Therefore,
the value of f can be used to indicate the nature of interactions between the solute and its
surroundings.

The rotational correlation times of FS and DTBN in RTILs as a function of #/T are shown
in Fig. 6. Also, for comparison, the rotational correlation times expected from Eq. (9) using the
van der Waals volumes of the probes, zrn, are shown in Fig. 6. The solid lines in Fig. 6 are fitted
with Eqg. 9. The SED equation describes the obtained zr data for the covered temperature range
exceptionally well. Also, it can be seen in Fig. 6 that the measured values of tr are much shorter

than expected from hydrodynamics.
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Fig. 6. Rotational correlation times, zr, of FS (a) and DTBN (b) versus #/T in E - EmimBF4 (e), B
- BmimBF4 (m), H - HmimBF4, (A) and O - OmimBF4 (7). The hydrodynamic rotational
correlation time rn, EQ. (9), is shown for comparison (solid black line). The solid lines are linear
fits (without intercept).
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It is common to calculate the effective hydrodynamic radius, ren, from the measured =
using Eq. (9), assuming /=1 [55]. The effective hydrodynamic radii of FS and DTBN are presented
in Table 7. We also presented the slip coefficients in parenthesis in Table 7, which is (ren/rvaw)°.
Although the van der Waals radius of DTBN (3.4 A) is greater than the one of FS (2.98 A), its
effective hydrodynamic radius (~ 1 A) is less than the effective hydrodynamic radius of FS (~ 1.2
A). This means that the rotation of DTBN is less restricted than the rotation of FS in the same
solvent. According to Hwang et al. [55], the value of 7., for FS in aqueous glycerol solution is 1.16
A, which is close to the values we obtained here, ~ 1.2 A. Therefore, due to very low slip
coefficients, less than 0.1, we can conclude that both probes rotate in cage-type vacancies and that
DTBN is predominantly located in the nonpolar alkyl regions, which are less dense and where one
can expect more vacancies. The electrostatic interactions between FS and imidazolium cations

cause a larger effective FS radius.

Table 7. Effective hydrodynamic radii of FS and DTBN in RTILs, ratios of the effective
hydrodynamic radius to the van der Waals radius, and the corresponding slip coefficients in
parenthesis.

Fen, A (FS) e /Tvaw (f) Fen, A (DTBN) ren/Tvaw (f)
EmimBF,4 1.21 0.41 (0.067) 1.03 0.30 (0.028)
BmimBF4 1.23 0.41 (0.070) 0.98 0.29 (0.024)
HmimBF4 1.28 0.43 (0.079) 0.95 0.28 (0.022)
OmimBF4 1.20 0.40 (0.065) 0.94 0.28 (0.021)

Hyperfine Coupling Constant

The hyperfine coupling constant of the nitroxide free radical is sensitive to the
micropolarity of its surroundings [49]. Higher surrounding micropolarity boosts the unpaired
electron spin density on the nitrogen atom, which increases the hyperfine coupling constant. This
behavior has been well-established for conventional solvents and many RTILs [27, 31]. Figure 7
displays the hyperfine coupling constant of FS in RTILs, water, and methanol as a function of
temperature. The A o values for EmimBF4, BmimBF4, water, and methanol appear to increase
linearly with temperature in the temperature range studied. However, a different, nonlinear
temperature dependence can be seen in HmimBF4 and OmimBF..

Based on the behavior of the hyperfine coupling constant of pDTO, Cat-1, TEMPOL,
TEMPO, and TEMPAMINE, [27, 34, 36] one would expect that the value of Ao in the fast-motional

regime would decrease as the alkyl chain length increases at the same temperature. Here, we
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observe the opposite behavior for FS: the value of Ao; in other words, the micropolarity sensed by
FS increases. In Fig. 7, we also included the hyperfine coupling constants of FS in water and
methanol for comparison. Since methanol's permittivity is less than water's, as expected, the value
of Ao in methanol is less than in water. Therefore, the most likely explanation for the opposite
behavior of FS is that FS in RTILs is in the region close to the surface of charged imidazolium
ions in the polar nanodomain. As the nanostructure morphology changes from homogeneously
distributed polar and nonpolar domains in EmimBF4 to 3-D dimensional bicontinuous spongelike
nanostructure in the longer chain RTILs, as explained in Refs. [37] and [38], the continuous
charged surface increases. This change, in turn, increases the electrostatic interactions between the
FS dianion and the positive imidazolium surface, moving FS toward a more polar environment
and increasing the value of Ao. In the case of water and methanol, FS senses a homogenous

environment. In addition, since methanol is less polar, 4o behaves as expected.
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Fig. 7. Hyperfine coupling constant Ao of FS versus T in E - EmimBF4 (e), B - BmimBF4 (m), H -
HmimBF4, (A), O - OmimBF,4 (), W - water (o), and MOH - methanol (o). The straight solid
lines are linear fits.

The increase in Ao is also supported by the decrease in ion dissociation, the number of free
ions divided by the total number of ions in the ionic liquid, observed in ChmimBF4, where n = 2,
4, 6, and 8, Figure 10 in Ref. [64]. Increasing the number of alkyl carbons decreases the

electrostatic interaction between cations and anions due to the decreased concentration of cationic
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headgroups and increases the van der Waals interaction between the alkyl chains. The result of the
competing interactions is the formation of nonpolar and polar nanodomains. The observed
decrease in ion dissociation [64] indicates that, at the same time, the overall strength of the
attraction between the ion pairs increases. Therefore, the attraction between FS and cation
headgroups also increases with alkyl chain length, producing an increase in Ao.

According to Bullock et al. [65], the temperature dependence of 4o depends on the angle
between the C-N-C plane and the N-O-bond, which in turn depends on the minimum configuration
of nitroxide. If the C-(N-O-)-C configuration is planar, then the potential energy governing out-of-
plane vibrations will have one minimum, and 4o has a positive temperature dependence. When the
C-(N-O)-C configuration is pyramidal, then the potential energy governing out-of-plane vibrations
will have a symmetric double minimum. In this case, the temperature dependence of Ao depends
on the height of the barrier to inversion. If the barrier is large enough, having at least three
vibrational levels, then at low temperatures, the temperature dependence of 4o will be negative,
and as the temperature continues increasing, the change in Ao will go through zero and start
increasing [65]. Conversely, when the inversion barrier is low, having less than three vibrational
levels, the value of Ao increases monotonically with temperature. Accordingly, it is not always easy
to distinguish between the planar and double minimum low barrier inversion configurations.

The temperature dependence of 4o for FS in HmimBF4 and OmimBF4 indicates that the C-
(N-O)-C configuration in FS is pyramidal with a symmetric double potential minimum. The
inversion barrier is sufficiently high for there to exist at least three vibrational levels below the top
of the barrier, with two of these levels nearly degenerate, and the barrier in OmimBF4 (T 40min ~
310 K) is higher than in HmimBF4 (T4omin ~ 300 K). Kattnig et al. [40] also speculated that FS in
HmimBF4 experiences an increased pyramidalization at the nitrogen center. We observed a linear
temperature dependence in the measured temperature range for the other two ionic liquids.
However, Mladenova ef al. [27] observed a minimum in BmimPFe (740min ~ 265 K), which could
indicate that such a minimum also exists in BmimBF4 below our measured temperature range. The
temperature coefficients, d A o/d T , we obtained for the slopes in EmimBF4 and BmimBF, are 2.65
+ 0.01 mG/K (R=0.99984) and 2.55 £ 0.02 mG/K (R=0.99933), respectively, which is the same
(2.56 £ 0.07 mG/K) as in Ref. [27]. As mentioned, for the remaining three cases (EmimBF4, water,
and methanol), it is impossible to know whether the C-(N-O')-C configuration is planar or

pyramidal with a double minimum low barrier inversion. Also, the temperature coefficient for
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water, which is 3.09 mG/K, is the same as the one measured by Bales et al. [66]. Since FS in
methanol has not been measured before, we present its 4o temperature dependence in the 167 to
314 K temperature range in Fig S3 (Supplemental Information).

The hyperfine coupling constant of DTBN in RTILs as a function of temperature is
presented in Fig. 8. The value of 4o decreases with the alkyl chain length, as expected. Another
interesting feature is that 4o is constant over most of the temperature range and starts decreasing at

lower temperatures when viscosity rapidly increases.
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Fig. 8. Hyperfine coupling constant Ao of DTBN versus T in E - EmimBF; (e), B - BmimBF4 (m),
H - HmimBF4, (A), and O - OmimBF; ([2).

Mukerjee et al. [67] demonstrated that the hyperfine coupling constant of a nitroxide is
linearly dependent on the relative permittivity of the solvent. This can be seen in Fig. 9, which
shows the value of Ao in water and a series of n-alcohols versus relative permittivity & at room
temperature. The solid line in Fig. 9 is a linear fit to the data and is described by 4o = (15.736 +
0.005) + (0.0163 = 0.0003) &, with R = 0.994. This equation can be used to estimate the relative
permittivity sensed by DTBN. The relative permittivities at room temperature are 11 for EmimBF4,
7.6 for BmimBF4, 5.3 for HmimBF3, and 3 for OmimBF4. These values are close but slightly lower
than the relative permittivity values measured at zero frequency using a coaxial probe technique

by Bennett et al. [68], which are 12.9 (EmimBF,), 9.7 (BmimBF;), and 8.4 (HmimBF4); Table 2
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in Ref. [68]. The slightly lower values sensed by DTBN may indicate that DTBN spends a bit more

time in the nonpolar than polar domains.
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Fig. 9. Hyperfine coupling spacings Ao of DTBN versus relative permittivity ¢ in water, methanol,
propanol, butanol, pentanol, heptanol, octanol, nonanol, decanol, undecanol, and dodecanol (from
top to bottom) at room temperature.

4. Conclusions

Although FS and DTBN are both prolate molecules with similar sizes and anisotropies,
their rotational behavior in all four RTILs differs significantly. Undoubtedly, the reason for
different behavior comes from their charge difference, which makes them reside in different
domains of the studied RTILs.

Frémy's salt resides in the polar domain near the network of charged imidazolium ions.
Two sulfonyl groups with negative charges are electrostatically attracted to the RTIL cations, so
the molecule preferentially rotates about its y-axis, which connects the two negative charges. The
rotation about this axis is represented by tg,. It is several times faster than the perpendicular
rotation, even though, according to Perrin's theoretical arguments based on FS geometry, it should
be only slightly faster (about 37%). As the cation alkyl chain increases, the rotation anisotropy N
increases from 3.87 in EmimBF4 to 10 in OmimBF4. This increase likely happens because the

charge-bearing network of the 3-D dimensional bicontinuous spongelike nanostructure becomes
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better interconnected as the nonpolar regions grow. In addition, the slight increase in the hyperfine
coupling constant indicates that the electrostatic attraction increases and FS moves closer to the
positively charged network. The probe location change restricts the out-of-plane vibrations of the
C-(N-O)-C pyramidal configuration of FS, which, in turn, affects the height of the barrier to
inversion of the pyramidal configuration so that the height of the barrier increases from ~ 265 K
in BmimPF4 to ~ 310 K in OmimBFa.

The location and behavior of Frémy's salt in methylimidazolium BF4 RTILs can also be
explained by the decrease of ion dissociation in the same ionic liquids observed by Nordness and
Brennecke [64]. According to them, in the case of weakly coordinating and lower charged density
anion BF4, the increased number of alkyl carbons decreases electrostatic attraction while, at the
same time, increasing the overall strength of the attraction between the cationic headgroups and
negatively charged anions, in our case, both BF4 and Frémy's salt.

Since it is neutral, DTBN moves freely throughout the RTIL volume but spends more time
in the nonpolar alkyl domains. For this reason, the rotation of DTBN is nearly isotropic even
though, according to Perrin's geometrical considerations, the rotational anisotropy is 1.54. The
hyperfine coupling constant of DTBN decreases with increasing cation alkyl chain length. Based
on the alcohol calibration curve, Fig. 9, the relative permittivities of RTILs at room temperature
are close but slightly lower than the relative permittivity values measured at zero frequency using
a coaxial probe technique.

The activation energies for the rotation of FS and DTBN are the same and are the same as
the activation energy of viscosity. Since the local environments and the rotational anisotropy of
the probes are different, but the energy required for the probe to rotate is the same as the energy
required to overcome the viscous resistance from the solvent molecules, the long-range dynamics
likely drive their overall rotation. The SED equation with the slip boundary conditions fits the
rotational correlation times of FS and DTBN in RTILs. The slip coefficients are less than 0.1 and
thus indicate that both probes rotate in cage-type vacancies. Even though the van der Waals radius
of DTBN is about 13% larger than the van der Waals radius of FS, the slip coefficient for FS is
about two times larger than the one for DTBN. This relationship means that the rotation of DTBN
is less restricted than the rotation of FS in the same solvent, which is due to the probes' different

locations, as mentioned above.
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Highlights

Doubly charged peroxylamine disulfonate — Frémy's salt — resides in the polar nanodomains of
room-temperature ionic liquids.

Neutral di-tert-butyl nitroxide — DTBN - resides in the nonpolar nanodomains of room-
temperature ionic liquids.

Rotational anisotropy of Frémy's salt increases with increasing cation alkyl chain length.

The activation energy of the rotation of Frémy's salt and di-tert-butyl nitroxide is the same as
that of the viscous flow.

Long-range collective motion governs the activation energy of Frémy's salt and di-tert-butyl
nitroxide rotation.
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1. Rigid Limit Spectra of Frémy’s Salt in RTILs

Fig. S1 represents the rigid limit spectra of Frémy’s Salt (FS) in EmimBF4, BmimBF4,
HmimBF4, and OmimBF4 taken at 110 K as a function of g-value. It appears that all four spectra
are indistinguishable. The principal values of hyperfine coupling and g-value tensors are given in
Table 2.
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Fig. S1. The rigid limit spectra of FS in EmimBF4 (blue), BmimBF4 (pink), HmimBF4 (green),
and OmimBF4 (brown) at 110 K as a function of g-value. The principal values A4.. and g:: that can
be measured from the spectrum are indicated.




2. Rigid Limit Spectrum of DTBN in OmimBF4

Fig. S2 shows the EasySpin fit of neutral di-tert-butyl nitroxide (DTBN) in OmimBF4. The
overlapping of the spectrum and the fit, and the residual with minimal wiggles, indicate a

reasonably good fit. The principal values of hyperfine coupling and g-value tensors are given in
Table 3.

spectrum
fit
residual

Intensity / a.u.

3260 3280 3300 3320 3340 3360 3380
B/G

Fig. S2. The rigid limit spectrum of DTBN in OmimBF4 at 110 K as a function of B. The
spectrum (blue) was fit by EasySpin (pink) [1, 2]. The residual is shown in green.




3. Lowfit and EasySpin Fitting

EasySpin is a powerful software package designed to simulate, fit, and analyze Electron
Paramagnetic Resonance (EPR) spectra [1, 2]. Lowfit is our homemade lineshape, which can give
us very precise lineshape parameters such as line positions, linewidts, and heights when lines are
Lorentzians, Gaussians, or Voigts [3, 4]. We try to validate our Lowfit approach with the EasySpin
approach[5] whenever possible. Here, we have made the same. Figure S3 shows the fits of the
experimental spectrum of FS in OmimBF4 at 289 K fitted by both EasySpin and Lowfit. Both fits
are excellent, though the EasySpin residual is somewhat worse. We do not know why that is so,
but one reason might be that EasySpin does not account for experimental dispersion, which is
usually less than 1 % of EPR absorption. Therefore, the two approaches should not be much
different in the region where Lowfit can be used.
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Fig. S3 The EPR spectrum of FS in OmimBFj4 at a temperature of 289 K fitted by EasySpin (upper
traces) and Lowfit (lower traces). The experimental spectra are blue, the fits are red and the
residuals are green.

In EasySpin, we varied 10 parameters: gv, gy, - 4w, Ay, Az, ABzﬁp, TRxx> TRyy» and Tgyy.
We used the latest version (Version 6.0.0dev-54) with the MATLAB minimization function



Isgnonlin. Lowfit has more input parameters, but they are related to the EPR lines; that is, we have
for each line its position B, observed linewidth ABJ,, absorption peak-to-peak height ¥,
dispersion height Vs, and shape factor m, which is used to find the Lorentzian and Gaussian
linewidths as described before in Refs [3, 6]. Lowfit has 3 times 5 parameters, for which the initial
guesses can be found easily from the spectrum. The results of EasySpin and Lowfit fittings are
shown in Fig S4. Since FS undergoes axially asymmetric rotational diffusion, we obtained gy,
Tryy, and Tg,, by EasySpin. We found that 7g,, and 7g,, are very close and used their average
(Trxx *+ Trzz)/2 to compare to T, While Tgy, is compared to 7g;. The agreement between the
two approaches appears very good. At several temperatures, we ran EasySpin several times and
found that it is slightly dependent on initial guesses. Also, the EasySpin fitting runs were much
longer than the Lowfit runs due to the complexity of the fitting function. Therefore, we think that
we validated our approach for current work. One should note that we also need EasySpin for the
principal g and 4 tensor values to calculate the perpendicular and parallel correlation times using
the Lorentzian linewidths extracted by Lowfit.
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Fig. S4. The rotational correlation times Tg,,, (®) and (Tgxx + Tr;z)/2 (m) obtained by EasySpin,
and the rotational correlation times r| (©) and zr. (O) obtained by Lowfit.



In Fig. S5, we added two extra low-temperature points for the HmimBF4 and OmimBF4
data. Those points show that the value of 4o starts decreasing at very high viscosities, as expected.
The current data suggests that the intermediate region in the case of HmimBF4 and OmimBF4
likely starts below 280 K.
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Fig. S5. Hyperfine coupling constant 4o of FS versus 7'in EmimBF4 (), BmimBF4 (m), HmimBF4,
(A), OmimBF4 (#), water (©), and methanol (o). The straight solid lines are linear fits. This figure
is the same as Fig. 8 except for two extra points added to HmimBF4 and OmimBF, data at low
temperatures.

4. Rotational Anisotropy

The rotational correlation times of prolate molecule about the principal symmetry axis, |,
and perpendicular to it, i, are related to the rotational diffusion coefficients Dg and Dru,
respectively [7]:

wy = 1/(6 Dg) (S.1)
and

TRL — 1/(6 DRL), (S2)



where the diffusion coefficients are related to the friction coefficients through the rotational analog
of the Einstein relation by[§]

Dr = kgT/fx. (S.3)
For a spherical particle of radius a, the frictional coefficient is

R = 6nVs = 8nna’ (S.4)
where Vs is the volume of the spherical particle.

For a prolate particle, the frictional coefficients have two values, fz| and fz1, which are related to
rotation around and perpendicular to the principal axis of symmetry. Perrin [9] derived the
frictional coefficients for a prolate particle with semi-axes a > b = ¢ in an isotropic medium. The
friction coefficient about the a (||) semi-axis is

02 1-p

fril = 1R 31 55,2 (S.5)

and, about the b (L) semi-axis is

feL=fg 3pzm (S.6)

where for a rodlike particle p = b/a = ri/ r <1, S is defined as

5= (“V;‘QZ). (S.7)
Finally, rotational anisotropy is
— IRL _ DRI _ fRL
N = TRi Dri  fRI (5-8)

5. Hyperfine Coupling Constant of Frémy’s Salt in Methanol

Fig. S5 shows the hyperfine coupling constant of Fremy’s salt vs temperature in methanol. The
measurements were fitted to a linear function:

JA(T
A(T) = 4y(T) + 28T (S.9)
The measurement yields

A(T) = (11.881 £ 0.002)x 10~* + (0.003609 + 0.00001)10~*T (S.10)

The correlation coefficient R 1s 0.99989.
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Fig. S6. The hyperfine coupling constant of Fremy’s salt as a function of temperature in methanol.
The line is a plot of Eq. (S.9).

6. Viscosity of RTILs

Fig. S6 shows the temperature dependence of the viscosity of all four RTILs. The same data are
presented in Ref. [5], but the original viscosity data are taken from the Ionic Liquids Data Base
ILThermo [10, 11]. Solid lines are least-square Arrhenius fits, giving activation energy for
viscous flow. The activation energies are presented in Table 6.
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Fig. S7. Temperature dependence of vsicosity, n, of EmimBF4 (®); BmimBF4 (m); HmimBF4
(A); and OmimBF, (). Solid lines are least-square Arrhenius fits.

7. Conformance of the Temperature Dependence of tr and 1.
Figure S8 shows In(tr7) for FS, while Fig. S9 shows In(tr7) for DTBN as a function of the

inverse of temperature. The fits to a line equation are very good, indicating conformity between
the temperature dependence of the rotational correlation time and the viscosity.
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Fig. S8. Ln(tr7) for FS versus 1/7 in EmimBF4 (®); BmimBF4 (m); HmimBF4 (A); and
OmimBF; (). Solid lines are linear fits.
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Fig. S9. Ln(tr7) for DTBN versus 1/7 in EmimBF4 (®); BmimBF4 (m); HmimBF4 (A ); and
OmimBF; (). Solid lines are linear fits.
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