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Chapter 1. Introduction
(1.1) Room temperature ionic liquids (RTILs)

Air and water stable room temperature ionic liquids (RTILs), which are composed
entirely of cation and anion, have been studied extensively since 1990s."* One of the
characteristic features of RTILs lies in great diversity that various properties such as
viscosity can be widely controlled by a choice of cation and anion combinations. For
example, viscosities of RTILs with imidazolium cation changes by a choice of anions
which have different volumes shown in Figure 1.1. RTILs could be synthesized with
various unique physicochemical properties including magnetic or photochromic

> RTILs are considered as powerful candidate media for electric battery and

nature.
chemical solvent because of electrically conducting and nonvolatile properties. For
these applications, it is quite important to acquire basic information on diffusion motion
of solute in RTILs and solute-solvent interaction in RTILs. However, there remain many
unknown problems on molecular diffusion in RTILs. For example, energy transfer
reaction from excited triplet naphthalene to benzophenone is known as nearly
diffusion-controlled reaction in organic solvents, but in a typical RTIL of BmimPFg '
the reaction rate constant turns out to be about four times larger than the diffusion
controlled rate constant."” Similar experimental results have been reported for other
chemical reaction systems.'*"

To dissolve the reason why the chemical reactions observed in RTILs are different

from those in conventional solvents, basic motion which are translational and rotational



dynamics for solutes in RTILs should be understood.

(1.2) Translational diffusion of solutes in RTILs

For translational diffusion of solutes in RTILs, several papers have been reported.
Morgan et al. measured diffusivities of several smaller-sized gases in RTILs and
determined the diffusion coefficients, Dr, by using a lag-time technique at 303 K.'°
According to Stokes-Einstein (SE) hydrodynamic theory, the relation with Dy oc Ty
The Dr values were plotted against # for each gas solute in RTILs at 303 K and Dy
values for each gas samples in imidazolium RTILs are found to be proportional to #°.
This relation is different from that described by SE equation. Nishiyama et al. reported
that Dt values of monoxide and some kinds of organic solutes such as benzophenone
(BP) and benzophenone ketyl radical (BPK) in RTILs by transient grating
spectroscopy.17 Figure 1.2 shows Dr values plotted against T n”! for (a) BP and BPK,
and (b) monoxide In the result, Dr values for larger-sized BP or BPK in RTILs and
molecular solvents were proportional to 7 5. On the other hand, Dr values for
smaller-sized monoxide in RTIL and molecular solvents are proportional to (7 5)"°
and do not obey SE equation. These results indicate translational diffusion is affected by

solute size.



(1.3) Rotational diffusion of solutes in RTILs
(1.3.1) Hydrodynamic theory for rotational diffusion

Rotational diffusion for solutes in molecular solvents has been evaluated by
hydrodynamic theory. First, the hydrodynamic theory for rotational diffusion is

. 118,19
explained. ™

The simplest model of rotational diffusion is one where the tip of a vector
defining the orientation of a molecule makes a random walk over the surface of a
sphere: this is isotropic Brownian motion. The conditional probability P (6, ¢, t) that the

reference vector is oriented along (6, ¢) at a time, ¢, after it initially lay along (0, 0) is

given by the diffusion equation

2
dP(0,¢>t) =DR 1 i[smﬁij-l- - 12 0 3 P(0,¢,t) (11)
dt sin@ 00 00) sin” 0 0¢

where Dy, is the rotational diffusion coefficient, the fundamental quantity characterizing
the motion. The angular operator in this equation is identical to that which occurs in the
Schrodinger equation for the hydrogen atom and which determines the orbital angular
momentum. Therefore, it comes that the solution of eq (1.1) is an expansion in the
spherical harmonics, Y;,, (6, ¢)

P(9,¢,r)=;c,,mn,m(e,¢)exp{—l(l+I)DRr} (12)

It can be shown that the effect of the rotational diffusion is to make the average value of
any angular function, F (6, ¢), which can be expressed in terms of spherical harmonics,

decay according to

(F(t)) = (F(0))exp{— (I +1)D,t} (1.3)



The anisotropic quantities of interest here are second-rank tensors, thus / = 2 and the

correlation time can be identified as

Tp=—" 1.4
=D, (1.4)

The diffusion coefficient relates to the rotational friction coefficient, fr, through the

Einstein formula

D, = (1.5)

and if a macroscopic sphere rotates in viscous liquid, fz is given by Stokes’s law
Jr =87y (1.6)
where # is the shear viscosity of the solvent and 7y the hydrodynamic radius of the

diffusion particle, one obtains the Debye equation for the rotational correlation time, tr

T = 47”030 = Vpn
3k, T kT

(1.7)

where ¥}, is the molecular volume determined by the hydrodynamic radius 7.

(1.3.2) Rotational diffusion of solutes in traditional molecular solvents

It has been reported that rotational correlation times for many solutes in molecular
solvents have been determined experimentally and fitted by those calculated based on
eq (1.7) which is called as Stokes-Einstein-Debye (SED) equation. For example, it was

reported that rotational diffusion for coumarin 153 was determined experimentally in



methanol and agreed with those calculated by SED equation.”” The volume for
coumarin 153 is 243 A’ and it is much larger than that for methanol of 36 A°. The
relation between volumes of coumarin and methanol satisfies SED theory premises that

the volume of solute is much larger than that of solvent molecule.

(1.3.3) Reports on rotational diffusion of solutes in RTILs

Many experimental papers on the rotational motion of solute in RTILs have been
reported in the last decade.”’™ Most of them are based on the fluorescence decay
experiments to investigate the solvation and rotation dynamics of dye molecules in
RTILs. For example, Jin ef al.’' measured the rotational correlation times of coumarin
153 in various RTILs by a time correlated single photon counting method. Figure 1.3
shows rotational correlation times, <t,,~>, of coumarin 153 in RTILs and molecular
solvents at room temperature plotted vs (/7). The <z, measured in RTILs are
proportional to (#/T) and longer than the g values calculated by hydrodynamic theory
with slip boundary condition same as those for molecular solvents. If the rotational
correlation times are longer than those calculated by the theory, it can be said that the
rotational diffusion follows the theory. The details are explained in Chapter 4. Therefore,
they concluded that the rotational correlation times follow hydrodynamic equation with
slip boundary condition. These previous studies seem to suggest that the rotational
diffusion dynamics of solute in RTILs is similar to that in conventional solvents. It

should be of note here that the SED equation assumes continuum media for solvent.



Under this assumption, solvent molecule should be much smaller in size than solute.
One of the important structural characteristics of RTILs is that one unit of solvent,
which may be composed of anion, cation, and the ion pair, is usually larger than
conventional organic solvent molecules. This feature suggests us that the simple SED
equation holds only for larger-sized solute / smaller-sized solvent systems such as
fluorescent dye molecules in RTILs. From this viewpoint, the rotation dynamics of
smaller-sized solute is quite interesting. Unfortunately, it is rather difficult to study the
rotation motion of small solute by observing the fluorescence in the condensed phase.
Dahl et al. challenged to measure the rotational correlation time of small solute such as
NCS’ in RTILs by observing the relaxation of the vibrational excited level.** However,
the solute size was so small that the relaxation took place rapidly and the rotation
motion was not observed. Yasaka et a/. measured the rotational correlation times of D,O
and C¢Dg in BmimPFs and BmimCl by NMR spectroscopy and concluded that the
rotational activation energy is smaller than that calculated by the SED hydrodynamic
equation.”* In the present thesis, the rotational diffusion of small size solutes in RTILs

was evaluated experimentally by using EPR spectroscopy.

(1.4) EPR spectroscopy
(1.4.1) Features of EPR spectroscopy
There are three reasons why EPR spectroscopy is chosen in the present research to

study solute’s dynamics in RTILs. The first reason lies in a time range of EPR transition.



In EPR, spin-spin relaxation time, 75, is a few ns. Rotational diffusion rate of solute in
the solution is expected to occur in the range between picoseconds and nanoseconds.
Because they are close each other, the 7, value is influenced by rotation which reflects
the observed EPR spectrum. The rotational correlation times which range picoseconds
for small size solutes can be evaluated by an EPR method. The scond reason lies in the
high selectivity for paramagnetic species. EPR provides information only on
paramagnetic species and their surroundings. If radicals exist as solute and not as
solvent, EPR experiments provide us fruitful information only on the solutes and their
environments can be obtained. The third reason that the spectroscopic sensitivity of
EPR is reasonably high. If solute concentration in is high, the solute-solute interaction
effects on the EPR spectra and rotational diffusion may not be evaluated correctly.
When rotational the diffusion of D,O and C¢Dg in RTILs were examined by NMR, the
concentration for D,O and C¢Dg was 50 mM and 20 mM, respectively.24 On the other
hand, the concentration of nitroxide solute, which is lower than 2 mM is enough to
evaluate rotational diffusion by the EPR method. Therefore, the rotational diffusion of

solutes in solvents can be evaluated more correctly by EPR.

(1.4.2) EPR study on picosecond region rotational correlation times of solutes in
molecular solvents
The EPR method has been used as a tool to study the diffusion dynamics of solutes

for a long time. Many papers have reported 7z values for paramagnetic solutes in



molecular solvents determined by the EPR method.*'** Angerman et al. determined the
7z values of vanadyl complexes in various solvents,”’ which accord well with those
calculated by SED equation. For example, the rotational correlation time, rRObS, of
vanadyl perchlorate in water is determined to be 48 ps by the EPR method, which
agrees well with a value of 53 ps calculated by SED equation. In this way, the rotational
correlation times of paramagnetic solutes in picoseconds have been determined by using

EPR spectroscopy.

(1.5) Goal and outline of the present thesis

The goal of the present thesis is to understand the rotational diffusion of
smaller-sized solute in RTILs. Chart 1.1 shows pattern images of classified size relation
between solute and solvent molecules for the purpose to understand rotational diffusion.
The volume of coumarin 153 is 243 A°, which is larger than that of methanol (36 A”)
and BmimBF, (213 A?). The volume of PADS which is used as solute in the present
study is 110 AS, which is less than those of BmimBF, and the other RTILs. Rotational

correlation times (TRObS’

s) of smaller-sized solutes dissolved in RTILs are derived by the
aids of EPR spectroscopy and the resultant values are compared with those calculated
by hydrodynamic theory (zg"“’s).

The outlines of the subsequent chapters in the present thesis are described below.

In Chapter 2, the experimental procedures employed are described. First, the sample

preparation and the EPR method used to determine rotational correlation times



experimentally are explained. Secondly, the methods of viscosity measurement and
quantum chemical calculation, which are required as parameters to calculate rotational
correlation times with hydrodynamic theory, are explained.

In Chapter 3, proxyl radicals which have been used as spin probe to evaluate
rotational correlation times by the EPR method in molecular solvents widely, are used
as solutes in RTILs. For the proxyl radicals whose shape is near sphere, CProxyH and
CProxyl  is selected. The dependence of rotational correlation times for the CProxyH
and CProxyl™ in RTILs on (#/T) are examined by the EPR methods and compared with
the estimations calculated by Stokes-Einstein-Debye (SED) equation. The difference of
rotational diffusion for sphere shape solutes in RTILs between the results determined
experimentally and those calculated by hydrodynamic theory is discussed.

In Chapter 4, the rotation motion and solvation of PADS nitroxide radical whose
size is smaller than that of ion pair for the RTILs, are examined in various RTILs.
Because the shape of PADS is prolate top, the anisotropic rotation can be examined. By
analyzing the EPR spectra, the hyperfine coupling constant (4), the
temperature-dependent anisotropic rotational correlation times (z; and 7,), and the
rotational anisotropy (N) defined as 7, /7, are determined. By comparing the results of 4
and N values in RTILs with those in organic solvent, N-methylimidazole, interaction
between PADS and RTILs is discussed. Based on comparing experimental values of
and 7, with those calculated by hydrodynamic theory with stick and slip boundary

condition in various RTILs, effect of RTIL components on rotational diffusion of small



size solute is discussed.
In Chapter 5, the effect of solute size and shape on rotation diffusion in RTILs is

. . b
examined. The ratios of ™

values for nitroxide radicals, whose shape is
pseudo-sphere, and rotational correlation times calculated by hydrodynamic theory with
slip boundary condition, rRShp, are determined. Besides, a nitroxide radical, whose shape
is non-sphere and ellipse, is introduced and the w=%/:""P values are determined. By

comparing the results of nitorxides, the effect of solute size and shape on its rotation

motion in RTILs is discussed.

10
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Figure 1.1: Plots of viscosity # against volume. The viscosities are the values at 295 K.
The volumes are calculated by DFT calculations. Red and black colours represent
Bmim cation based RTILs and traditional molecular solvents, respectively. The symbols
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CH;0S0;, PFg¢ and THLN? anions, respectively. The data of traditional molecular

solvents were quoted from ref 20.
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Chart 1.1: Pattern images for classified size relation between (a) coumarin 153 and

methanol, (b) coumarin 153 and BmimBF, and (c¢) PADS and BmimBF,.

14



Reference and notes of Chapter 1
(1)  Wilkes, J. S.; Zaworotko, M. J. J. Chem. Soc. Chem. Commun. 1992, 965.
(2)  Welton, T. Chem. Rev. 1999, 99, 2071.
(3) Huddleston, J. G.; Willauer, H. D.; Swatloski, R. P.; Visser, A. E.; Rogers, R. D.
Chem. Commun. 1998, 1765.
(4) Kitazume, T.; Kasai, K. Green Chem. 2001, 3, 30.
(5) Hayashi, S.; Hamaguchi, H. Chem. Lett. 2004, 33, 1590.
(6)  Yoshida, Y.; Tanaka, H.; Saito, G. Chem. Lett. 2007, 36, 1096.
(7)  Miyake, Y.; Hidemori, T.; Akai, N.; Kawai, A.; Shibuya, K.; Koguchi, S.;
Kitazume, T. Chem. Lett. 2009, 38, 124.
(8  Yoshida, Y.; Saito, G. Phys. Chem. Chem. Phys. 2010, 12, 1675.
(9) Asaka, T.; Akai, N.; Kawai, A.; Shibuya, K. J. Photochem. Photobiol. A 2010,
209, 12.
(10) Kawai, A.; Kawamori, D.; Monji, T.; Asaka, T.; Akai, N.; Shibuya, K. Chem. Lett.
2010, 39, 230.
(11) Tamura, H.; Shinohara, Y.; Arai, T. Chem. Lett. 2010, 39, 240.
(12) Bmim; 1-butyl-3-methylimidazolium, Tf;N; bis(trifluoromethanesulfonyl)amide
(13) Muldoon, M. J.; McLean, A. J.; Gordon, C. M.; Dunkin, I. R. Chem. Commun.
2001, 2364.
(14) Skrzypczak, A.; Neta, P. J. Phys. Chem. A 2003, 107, 7800.

(15) Paul, A.; Samanta, A. J. Phys. Chem. B 2007, 111, 1957.

15



(16)
(17)

Morgan, D.; Ferguson, L.; Scovazzo, P. Ind. Eng. Chem. Res. 2005, 44, 4815.

Nishiyama, Y.; Fukuda, M.; Terazima, M.; Kimura, Y. J. Chem. Phys. 2008, 128,

164514.

(18) Atherton, N. M. Principles of Electron Spin Resonance; Ellis Harwood, Chichester,

1993; Chap.9.

(19)

Boere, R. T.; Kidd, R. G. Rotational Correlation Times in Nuclear Magnetic

Relaxation.

(20)
21)
(22)
(23)

(24)

Horng, M.-L.; Gardecki, J. A.; Maroncelli, M. J. Phys. Chem. A 1997, 101, 1030.
Mali, K. S.; Dutt, G. B.; Mukherjee, T. J. Chem. Phys. 2008, 128, 054504.
Khara, D. C.; Samanta, A. Phys. Chem. Chem. Phys. 2010, 12, 7671.

Fruchey, K.; Fayer, M. D. J. Phys. Chem. B 2010, 114, 2840.

Yasaka, Y.; Wakai, C.; Matsubayashi, N.; Nakahara, M. J. Chem. Phys. 2007, 127,

104506.

(25)
(26)
(27)
(28)
(29)
(30)

1)

Dutt, G. B. J. Phys. Chem. B 2010, 114, 8971.

Mali, K. S.; Dutt, G. B.; Mukherjee, T. J. Chem. Phys. 2005, 123, 174504.
Ito, N.; Arzhantsev, S.; Maroncelli, M. Chem. Phys. Lett. 2004, 396, 83.
Seth, D.; Sarkar, S.; Sarkar, N. J. Phys. Chem. B 2008, 112, 2629.

Paul, A.; Samanta, A. J. Phys. Chem. B 2007, 111, 4724.

Iwata, K.; Kakita, M.; Hamaguchi, H. J. Phys. Chem. B 2007, 111, 4914.

Jin, H.; Baker, G.; Arzhantsev, S.; Dong, J.; Maroncelli, M. J. Phys. Chem. B

2007, 111, 7291.

16



(32) Ito, N.; Arzhantsev, S.; Heitz, M.; Maroncelli, M. J. Phys. Chem. B 2004, 108,
5771.

(33) Funston, A. M.; Fadeeva, T. A.; Wishart, J. F.; Castner, E. W., Jr. J. Phys. Chem.
B 2007, 111, 4963.

(34) Shim, Y.; Jeong, D.; Choi, M. Y.; Kim, H. J. J. Chem. Phys. 2006, 125, 061102.
(35) Noel, M. A. M.; Allendoerfer, R. D.; Osteryoung, R. A. J. Phys. Chem. 1992, 96,
2391.

(36) Evans, R. G.; Wain, A. J.; Hardacre, C.; Compton, R. G. Chem. Phys. Chem. 2005,
6, 1035.

(37) Kawai, A.; Hidemori, T.; Shibuya, K. Mol. Phys. 2006, 104, 1573.

(38) Uchida, Y.; Oki, S.; Tamura, R.; Sakaguchi, T.; Suzuki, K.; Ishibashi, K;
Yamauchi, J. J. Mater. Chem. 2009, 19, 6877.

(39) Strehmel, V.; Rexhausen, H.; Strauch, P. Phys. Chem. Chem. Phys. 2010, 12,
1933.

(40) Dahl, K.; Sando, G. M.; Fox, D. M.; Sutto, T. E.; Owrutsky, J. C. J. Chem. Phys.
2005, 723, 084504.

(41) Stone, T. J.; Buckman, T.; Nordio, P.L.; McConnell, H. M. Proc. Natl. Acad. Sci.
US4 1965, 54, 1010.

(42) Angerman, N. S.; Jordan, R. B. J. Chem. Phys. 1971, 33, 1094.

(43) Andreozzi, L.; Schino, A. D.; Giordano, M.; Lepori, D. Europhys. Lett. 1997, 38,

669.

17



Chapter 2. Experimental
(2.1) Sample preparations

Properties of RTILs significantly depend on impurities. Especially, shear viscosity
remarkably changes as a function of water content. Rotational correlation times of
solutes in RTILs are sensitive to viscosity and thus depend on the concentration of
impurity, in particular, water content of RTIL. Therefore, gases and water impurities
dissolved in RTIL samples were evacuated under vacuum for 3 days before EPR
spectral measurements. After the evacuation procedure, the solution was pipetted into a
quartz EPR cell with 5 or 2.6 mm diameter. The cells were connected to silica sample
tubes on a vacuum line and then sealed after the evacuation of dissolved gases.
Concentration of the samples was adjusted to be less than 2 mM to suppress line
broadening in EPR spectra by exchange or dipolar interactions between the solutes. The
effects of solvent-solute interaction on rotation are selectively evaluated by checking
EPR spectra of well-diluted solutions in the present study.

Impurity water amount in samples was measured with Karl-Fisher measurement of
moisture titrator (MKC-610, KYOTO ELECTRONICS). Moisture contents for each

sample are summarized in Table 2.1.

(2.2) EPR Measurements
EPR spectra were recorded by an X-band EPR spectrometer (ELEXIS 580E,

Bruker) with a rectangle cavity resonator of TE;p, mode. All EPR experiments
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employed a microwave power of 0.6 mW and modulation width of 0.1 G or 0.2 G. The
magnetic field was calibrated by a tesla meter (ER036TM, Bruker). The temperature of
samples in the EPR cavity was controlled by a temperature controller (ER4131VT,
Bruker) from 240 to 330 K. The equipment for EPR measurement is described in Chart

2.1.

(2.3) Viscosity measurements

Viscosity of solvent is important physicochemical property for evaluation of 7z by
hydrodynamic equations. Viscosity of solvent was measured by a rotational viscometer
(DV-1I +Pro, BROOKFIELD) with cones and plate geometry. Temperature of solvent in
the viscometer was varied from 293 to 330 K by temperature controller (UA-100,
EYELA). Figure 2.1 shows measured shear viscosity (#) vs temperature (7) plots of

BmimPFg. The #-T plot is known to follow an empirical equation,

17(T)=a+bexp(—T_T°j 2.1
c

This equation was applied to fit the present experimental data to determine parameters,
a b, ¢ and T). The data on viscosities of the other RTILs were also measured and fitted
by the equation. Table 2.2 summarizes the parameters of the equation for each sample.
Some viscosity values at low temperature, which were not measured by the viscometer,

were evaluated by eq. 2.1 with these parameters.
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(2.4) Quantum chemical calculation

Volumes of both solvent and solute molecules are necessary to calculate rotational
correlation times by hydrodynamic equation. To determine the volumes, density
functional theory (DFT) calculation was performed by using the Gaussian 03 program'
for all samples examined in this study. Molecular volumes were derived from

B3LYP/6-31(d, p) level calculations.’

20



600

500

400

7/ cP

200
100
o+————"1———T— T T T
285 290 295 300 305 310 315 320 325
7/ K

Figure 2.1: Experimental #-T plot and its best-fitted curve for BmimPFs assuming

eq.2.1.
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Table 2.1: Water contents of solvents

solvent water content / %
PP;TE,N <0.001
Py;3THhN <0.001
DemeTf,N <0.01
P1asse6 THN 0.002
Py 14 TH;N 0.055
BmimPF 0.073
N3 THN 0.098
EmimBF,4 0.15
BmimCH;0S0; 0.18
BmimBF, <043
DemeBF, 0.58
EmimEtOSO; 0.60
N-methylimidazole <0.001
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Table 2.2: Best-fitted parameters in the empirical equation for temperature dependent

solvent viscosity ¥

solvent a/cP b/cP c/K To/ K
DemeBF,4 -10.43 442.78 16.81 294.55
EmimBF,4 -8.14 35.88 45.61 299.35
BmimBF4 0.65 4.03 15.36 298.15
N3 THEN 3.36 44.45 21.72 299.75
BmimTf,N 4.77 35.62 23.49 298.75

EmimC,Hs0S03 6.69 43.48 19.54 299.65
PPsTEN 8.63 49.84 19.23 298.35
DemeTf,N 9.23 77.80 17.90 292.95

Py 14 TH;N 12.25 65.85 16.33 298.05
PyisTHN 13.75 101.83 16.47 300.35
BmimCH;0S0;3 14.76 140.11 14.67 299.45
BmimPFg 30.87 202.42 12.22 301.35
N-methylimidazole 0.18 1.49 43.19 293.15

a) equation (2.1)
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Magnetic field generator

/ Magnetic field generator

Temperature controller

Liquid nitrogen and heater
Sample cavity //

Chart 2.1: Equipment for EPR measurement and temperature controller.
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Chapter 3. Breakdown of Stokes-Einstein-Debye theory for
rotational diffusion of proxyl in BmimPF¢ and BmimBF,
(3.1) Introduction

Nitroxide radicals have been used as solutes and rotation motion of solutes in
various solvents has been examined by analyzing EPR spectra for the radicals." EPR
spectra for nitroxide radicals are dominated by very simple three peaks due to nuclear
spin of "*N atom and both linewidth and intensity pattern depend on rotational diffusion
rate of nitroxide radicals. The EPR spectra whose lineshape is Lorentzian have been
examined in detail.’ In this study, proxyl radical which is one of nitroxide radicals was
used as solute in RTILs and, by analyzing EPR spectra, rotational correlation times,
rRObs for the proxyl radicals in RTILs were determined. The theoretical rotational

calc

correlation time, 7R values are also obtained by Stokes-Einstein-Debye (SED)
hydrodynamic equation which has been widely used to evaluate rotation diffusion of

solute in molecular solvents. The SED hydrodynamic equation is formulated for

isotropic rotational correlation time and described as,

role = 2 3.1)

where V}, is volume of solute, # is shear viscosity, kg is Boltzmann constant and 7T is

calc

. . b .
temperature. If there is difference between 7z™* and z“*° values, environment around

solute may be different from that expected by SED hydrodynamic theory. To evaluate

calc

the discrepancy between ™ and 7z values, dependence of 7z value on (/) is
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focused and the following fractional relation,
77 t
T o [?j (3.2)

between > and #/T is introduced.” If 7 value is unity, 7z°* value is proportional to
(n/T) which is essentially the same as SED equation, and actually, many molecular
solvents, show # values of almost unity.”” If  value is not unity, SED equation should be
modified to reflect the individual solute environment.

In this chapter, the "™ values of proxyl radicals, CProxyl” and CProxylH whose
structures are shown in Chart 3.1 were determined in RTILs at various temperatures and
the ¢ values were evaluated accurately. The ¢ values for CProxylH and CProxyl in
BmimPFs and BmimBF; were compared with those in molecular solvents, and

discussed non-SED behavior of rotational diffusion of solutes in RTILs.

(3.2) Experimental

CProxylH used as solute was purchased from Tokyo Kasei. BmimBF4 and BmimPFg
were supplied by Kanto Chemical. BmimCProxyl was synthesized according to the
reaction pathways shown in Scheme 3.1. CProxylH and Ag,O in distilled water were
stirred at 298 K for 24 h and the resultant aqueous solution was filtered to remove
dissolved Ag,O. BmimBr was added to the remaining aqueous solution until AgBr
precipitation was not observed. After filtration, the remaining solution was heated at

310 K under vacuum to remove water, and a yellow liquid containing BmimCProxyl

27



was produced. The crude residue was dissolved in acetonitrile to remove remaining
silver compounds. After the evaporation of acetonitrile, pure BmimCProxyl liquid was
obtained. BmimCProxyl was identified with IR and NMR spectrometers. For IR
measurement, neat RTIL samples were put in a cell with CaF, or KBr windows and the
spectra were measured by a FT/IR - 4100 spectrometer (JASCO). The NMR spectra
were measured by a 300 MHz NMR spectrometer (JEOL). The IR and 'H-NMR spectra
showed the product to be composed of Bmim" and CProxyl".

For EPR measurements, diluted solutions of radicals in RTILs were prepared with
concentration of ca. 2 mM and were dried with the method explained in Chapter 2. A
small amount of the samples was introduced into a quartz EPR sample cell with 5 mm
inner diameter. The cells were connected to a vacuum line and then sealed after

evacuation of dissolved oxygen.

(3.3) Results and Discussion
(3.3.1) Determination of rotational correlation time 7g
Figure 3.1 shows an EPR spectrum of CProxylH radical in BmimPF¢. The spectrum
is composed of triplet hyperfine lines due to '*N nuclear spin. The similar spectrum was
obtained for CProxy” in BmimBF,. In these spectra, intensities of hyperfine lines are not
equivalent, which indicates that anisotropic terms in hyperfine and g tensors are not
negligible. This asymmetric intensity pattern is related to how the molecular rotation

of radicals averages out these anisotropic terms, namely, fast rotation gives only
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isotropic terms whereas slow rotation leaves anisotropic terms as well as isotropic
interactions. According to Kivelson’s theory,’ rotational correlation time, 7°* of rapidly

rotating nitroxide radicals can be described by the equation

T = 6.0><10-“’{ /h—o + /ﬁ —2}AH(O). (3.3)
h+l h—l

The position of A4y, ho, h.; and AH(0) were referred to Figure 3.1. This theory can be
used for nitroxide radicals which satisfies two conditions as described below. One
condition is that spectral shape of triplet hyperfine lines is Lorentzian lineshape. Since
proxyl radicals have several hydrogen atoms, inhomogeneous broadening due to nuclear
spin of H atom may occur, and which leads to non-Lorentzian spectral lineshape. The
other is that Ay is larger than hy,. If Ay is smaller than 4y, rotation of the nitroxide
radical may be anisotropic and the present Kivelson’s theory which is for isotropic
rotation is not applicable. The EPR spectra of CProxylH in BmimPF4 and CProxyl” in
BmimBF; satisfy both the two conditions. Therefore, analysis on these two samples was
safely performed and the 7z°* values were determined by eq (3.3). The 7°™ values were

. I
compared with 7z

values calculated by SED hydrodynamic equation as described in
eq (3.1). The V, values of proxyl radicals were calculated by density for the proxyl
radicals. The 7" values for CProxylH in BmimPFs and CProxyl in BmimBEF, at 298 K

calc

are 1.5 ns and 1.2 ns, respectively, and they are shorter than g™ values which are 16.4

ns and 5.0 ns, respectively.
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(3.3.2) Arrhenius parameters for rotation in RTILs

In order to obtain more detailed information on rotation dynamics in RTILs, the g
value was measured at various temperatures and Arrhenius parameters were determined
from 7z°™ vs. 1/T plots as shown in Figure 3.2. The activation energy E,°* determined
for CProxylH in BmimPFs and CProxyl” in BmimBF, are summarized in Table 3.1. By

cale yvalues

using SED equation, 7z value was calculated for various temperature and E,
are determined as summarized in Table 3.1. By comparing E," and E,*" values, one
may recognize that measured E,°* values were by 8 - 15 kJ/mol lower than the
calculated ones. These results lead the conclusion that the SED equation does not hold

for proxyls in these solvents and proxyl radicals rotates more easily than expected by

SED equation.

(3.3.3) Rotational diffusion evaluated by fractional SED equation

In the case SED equation does not hold, the experimental results of = were
examined by fractional SED equation defined in eq (3.2). Figure 3.3 shows plots of Tz
against (#/T) for two samples. The plots show linear dependence and thus the ¢ values
were determined as the slopes of the lines. It is interesting to note that the SED equation
should be modified by introducing fractional parameter ¢ of about 0.7 for these two
samples.

In order to find a general trend in the #-7 relation, we plotted the z-parameter vs. log

(viscosity) as shown in Figure 3.4. In addition to the present data, f-parameters for
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rotation of nitroxide radicals obtained from the literature’” were also plotted. In these
literature works, rotational motions were studied in organic solvents, toluene, EtOH (=
ethanol), OTP (= o-terphenyl) and SALOL (= phenyl-salicylate). It is interesting that the
t-parameters in organic solvents remains essentially a unity in a wide range of viscosity,
n = 435 cP, which indicates that the rotational motion in organic solvents follows the
SED equation regardless of the # value. On the other hand, the situation seems different
in RTILs as clearly shown in Figure 3.4.

As t value is less than unity, solutes slip in these solvents during rotational motion as
hydrodynamic model is valid. A similar conclusion has been reported for the rotation of
TEMPO in supercooled organic liquids. The #-parameters in the fractional SED equation
have been determined to be 0.28 for OTP (< 298 K)’ and 0.46 for SALOL (< 278 K)* in
which non-thermal dynamics are considered. BmimPFs and BmimBF, are certainly
different from supercooled solvents and different rotation dynamics are expected to
occur.

The above-mentioned observation may indicate that solutes rotate more easily than
expected by the SED equation based on shear viscosity of solvent in BmimPFg, and in

BmimBF..

(3.4) Conclusion
By using proxyl radicals as EPR spectroscopy probe, the rotational dynamics of the

solutes in RTILs was examined. Rotational correlation times of CProxylH in BmimPF,
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and CProxyl” in BmimBF, were successfully determined and compared with those
calculated by SED equation. Activation energies for rotational correlation times
determined experimentally are lower than those calculated by SED equation. This
means CProxylH in BmimPFs and CProxyl” in BmimBF, rotate more easily than
expected by SED equation.

The dependence of rotational correlation times on (#/7) was evaluated for CProxylH
in BmimPFg and CProxyl” in BmimBF,4. This low ¢ value may indicate that solutes
rotate more easily than expected by the SED equation based on shear viscosity of
solvent in BmimPFg, and in BmimBF,. The plots were well fitted by 7 o (/T)

relation with 7 value of about 0.7.
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Figure 3.1: EPR spectrum of CProxylH in BmimPFs at 303 K.
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Figure 3.2: Rectangular data points are (l/rRObS) vs (-1/RT) plots for CProxylH in
BmimPFs The black line was obtained by the least-squares fitting procedure. The red

line shows the simulation based on SED hydrodynamic theory.
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Table 3.1: Activation energies (kJ mol™) for rotational diffusion motion derived from

rotational correlation times.

E obs E calc
CProxylH in BmimPFg 342+1.2 46.9 0.7
CProxyl” in BmimBF4 27.6+2.3 413+0.2
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Chart 3.1: Structure of proxyl radicals used as solute
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Scheme 3.1: Synthesis of BmimCProxyl
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Chapter 4. Anisotropic rotational diffusion of proxylamine
disulfonate (PADS) nitroxide radical in RTILs
(4.1) Introduction

In Chapter 3, rotational correlation times, = of proxyl radicals whose shape is
pseudo-sphere in BmimPF¢s and BmimBF, were measured by EPR spectroscopy. To

examine difference of rotational diffusion in RTILs and molecular solvents, the tRObs

values were compared with rotational correlation times, w7, calculated by

Stokes-Einstein-Debye (SED) hydrodynamic equation which is simple theory for

rotational motion of sphere solute and has been widely used for rotational diffusion of

S C

solutes in molecular solvent. In the result, the " values are 7z values and the

activation energy determined by Arrhenius plots for (1/7g°™

) is lower than that for
(1/7:°). The difference between "™ and " for (#/T) dependence is evaluated by ¢
value defined as g o (5/T)" and the ¢ values are about 0.7. These results suggest
solutes in BmimPFs and BmimBF, rotate more easily than SED hydrodynamic theory.
To examine rotational diffusion of solutes in RTILs in more detail, this chapter
focused on the anisotropic rotational motion of solute, and the solute-solvent interaction
in RTILs. The peroxylamine disulfonate (PADS) nitroxide radical (Chart 4.1) was
chosen as a small-sized solute molecule. The molecular volume of PADS is ~110 A3,
which is smaller than well-studied fluorescent solutes such as anthracene (~175A°),

coumarin 153 (~246 A°), and peryrene (~225A7)."° The "N isotropic hyperfine

coupling constant (4) and rotational anisotropy of PADS in RTILs were determined by
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analyzing the EPR spectra. From the A values and rotational anisotropy of PADS in
RTILs, solvated structures of PADS in RTILs were discussed. Based on the lineshape
analysis,® the rotational correlation times of PADS in various RTIL solutions were
determined and discussed based on hydrodynamic theory with the stick/slip boundary

conditions of the solute-solvent interactions.

(4.2) Experimental

Potassium peroxylamine disulfonate (K,PADS) and N-methylimidazole were
purchased from Tokyo Kasei. Ionic liquid samples were supplied by Kanto Chemical
except EmimC,HsOSO; from BASF and BmimCH;0OSOs3 from Fruka.’ The structures
of PADS and these RTILs are listed in Charts 4.1 and 4.2. RTILs were prepared as
explained in Chapter 2. N-methylimidazole was dehydrated with molecular sieve 3A
1/16 (Kanto Chemical) for 3 days and deoxygenated by bubbling with Ar for ca. 10 min.
The sample solution was filtered in order to remove undissolved solutes. The

concentration of PADS was less than 2 mM.

(4.3) Results and Discussion
(4.3.1) Isotropic hyperfine coupling constant of PADS radical

Figure 4.1 shows the EPR spectra of PADS in BmimPF4 measured at (a) 295 K and
(b) 320 K. The spectra show triplet hyperfine structure due to nuclear spin (I=1) of N

Similar spectra were obtained for PADS radical in various solvents including RTILs.
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The g and A values of PADS radical were determined by analyzing these EPR spectra
and the results are summarized in Table 4.1. It has been known that the 4 value of
nitroxide free radicals in solution is sensitive to the polarity of solvent.®* In terms of
valence bond theory, two canonical structures can be drawn for nitroxide radicals as
shown in Chart 4.3. The 4 value of nitroxide radicals is related to spin density on N
atom and thus, depends on the charge-transfer (CT) nature of N-O group. Polar solvent
stabilizes the CT canonical structure and the spin density at N atom is enhanced, which
results in larger 4 value in polar solvent. PADS is classified to nitroxide radical and
polarity dependence of 4 value is expected. However, there is no report on solvent
effect of A4 value because PADS is not soluble in conventional solvents except water. It
is noteworthy that PADS is found to be soluble well in various RTILs. Hence, we
examined the 4 value of PADS against solvent polarity. £1(30) is a widely-quoted
empirical parameter for polari‘[y9 and Table 4.1 lists the E1(30) values reported for

. 4,7,8,10-13
various RTILs.”">

Figure 4.2 plots the 4 values against E1(30). As already reported,
4-amino-2,2,6,6-tetramethylpiperidine-1-oxyl (ATEMPO) radical, which is another
nitroxide radical, shows a good linear correlation between 4 and E1(30) values in RTILs
and in organic solvents.® This means interaction between the N-O group of ATEMPO
and polar solvent stabilizes CT canonical structure of ATEMPO and the spin density at
N atom of ATEMPO becomes high in polar solvent. On the other hand, the 4 values of

PADS radical does not change against E1(30) and are essentially constant for all the

solvents. This indicates negligible interaction between the N-O group of PADS and
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solvents regardless of the solvent polarity. Since PADS has two sulfonyl groups with
negative charge, preferentially the cations of RTIL would bind to these electron rich
parts of PADS and the spin density at the N atom does not change by solvation. This

feature is contrast to ATEMPO which undergoes solvation at N-O group.

(4.3.2) Anisotropic rotational motion of PADS radical

It has been known that asymmetric triplet hyperfine structure of nitroxide radicals is
related to rotational correlation time, 7r of the radicals. As seen in Figure 4.1, the EPR
linewidths of PADS in BmimPFg are not identical for triplet peaks. Moreover, the
linewidth measured at 295 K becomes wider than that at 320 K. This feature roughly
indicates that the rotational correlation time of PADS in BmimPF¢ at 295 K is much
longer than that at 320 K. This experimental observation suggests that information on
the temperature dependence of the rotational motion of PADS radical in RTILs is
obtained from the EPR spectroscopy, and the detailed EPR analysis was performed as
described below.

The geometric structure of PADS radical is approximated as a prolate shape, and its
unique axis lies along the SO3;-N-SO; pseudo-line as already treated by Freed and
coworkers.* Chart 4.1 presents the molecular axes of PADS, where y-axis is parallel (//)
to the unique axis, and the other x- and z-axes are perpendicular (L) to it. Rotational
correlation times for rotational motion around the perpendicular and parallel axes are

defined as 7, and 7, respectively, and were determined by analyzing the EPR spectra

44



recorded.

As the viscosity of the solution decreases with increasing temperature, the rotational
correlation time (zr) of the radical becomes shorter and the anisotropies in the hyperfine
coupling and g-tensors are effectively averaged out. In a so-called “fast-motion region”
of ;g =< 3X107° s, the 7z values can be determined via a motional narrowing theory.46
According to this theory, the linewidths in the EPR spectra having asymmetric line
broadening can be fitted to a quadratic equation with the nuclear spin quantum number,
my, as follows.

AH(m,)=A+Bm, +Cm;  (4.1)
As far as EPR spectra show Lorentzian lineshape, parameters of B and C are calculated

by the following equations

1 (1, [,
1 (1, [1,

where m; =21, 0 for PADS radical, 4 H(0) is the linewidth of the center peak, and 71, Iy,
I, are relative heights of hyperfine lines as depicted in Figure 4.1(a)."* Figure 4.3 shows
expanded views of the center peak of PADS in BmimPFg at (a) 295 K and (b) 320 K.
The spectral shapes are well fitted by a Lorentzian lineshape. Since PADS does not have
any hydrogen atom, no inhomogeneous broadening due to the nuclear spin of H atom

occurs in each hyperfine line. This is a quite advantageous point of the present study,
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where PADS radical is used instead of other nitroxide radicals containing H atoms. It
was carefully checked that all the EPR spectra of PADS recorded in this study were well
fitted by a Lorentzian lineshape. The linewidth of 4 H(0) and the ratios of /y/l;; and
Ip/I, were obtained from the spectra, and parameters of B and C were determined at
temperatures examined.

When rotational correlation times of nitoxide are in the fast-motion region and the
shape of solute is approximated as a prolate top, the EPR spectral parameters, B and C,

are expressed by the following equations.*

2 16 4 16 4
B=——w A, —+——>r+29, A7, ,—+——— 4.4
\E}Q 10 o{go 0 2,0{ 3 1+a)§z_22,0} 8,4, 2,_2{ 3 1+60§Z'22’i2 }:l (4.4)

2 4r*| 8 1 1 2 8 1 1
- \/_3—;/6T{ 0 P20 {E 1+ 2y 2'22,0 - 3(1 + a;;rjjo )} H2A T {E 1+ o5 Tzz,ﬁ B 3(1 + a)gTZZ,iZ )H

(4.5)
The A; and g; are anisotropy of hyperfine coupling tensor and g-tensor, respectively, for i
= 0 and 2 in the unit of Hertz. The 7, is rotational correlation time for quantum
numbers, / and m derived from Shrédinger equation for rotational motion which will be
discussed later. The wo and w, are Larmor frequencies of electron and nuclear spins,
respectively. The y. is magnetogyric ratio. The 4; and g; values for PADS are available
from a literature.* The 7, and 7 . values which are our present interest are related to 7,

and 7, 1, by the following equa‘[ions.15

T, =1, (4.6)
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The 7,9 and 7, 1, values are calculated by introducing experimentally-determined B and
C values into equations (4.4) and (4.5). Then using these 7, and 71, values, the 7, and
7, values are derived from equations (4.6) and (4.7). For a prolate top molecule like

PADS, the anisotropy of rotation, N, is defined as
N="L (48)

The 7, values were plotted against 7, values as shown in Figure 4.4 to determine the N
values of PADS dissolved in various solvents. A good linear correlation between 7, and
7, 1s recognized for all the solvents studied here. From the slopes of the fitted lines, the
rotational anisotropy of PADS was determined and the resultant values are listed in
Table 4.2. The N values of PADS in organic solvent, N-methylimidazole, is nearly 2,
whereas the N values of PADS in RTILs are 3 ~ 5. This interesting feature of
solvent-depending N values will be discussed later by comparing experimental and
theoretical N values.

Temperature dependence of rotational correlation times, 7, and 7, were also
measured in this study and some of the experimental results are shown in Figure 4.5 for
three RTIL solutions. The measured rotational rates, derived from (z,)" and (7)),
follow the Arrhenius equation and Arrhenius parameters were determined. They were

summarized in Table 3.

47



(4.3.3) Theoretical evaluation for anisotropic rotation of PADS radical

The experimental values of rotational correlation times and rotational anisotropy
determined in the proceeding section are compared with those calculated by a
hydrodynamic theory for diffusional motion. The hydrodynamic theory for rotational

motion is reviewed as follows. The following rotational diffusion equation

2 2 D 2
P(9,6,¥) =D, —,1 9 sin(9i +— 12 6—2—72_0028976 +| cot’ 9 +—L 0 5 P(go,@,t//)
ot sinf 00 00 ) sin“0 0p~ sin” @ Opoy D

4.9)
is required to be solved to calculate the values of 7, and 7/ for a prolate top molecule in
the liquid. Here, D | and D, are the principal values of the diffusion tensor, and (¢, 6, )

1516 The rotational correlation times derived from EPR

are the Euler angles.
spectroscopy are related to the second-rank Legendre polynomial derived from equation

(4.9) and then derived as simple equation (4.10).

r=—, (i=// or L) (4.10)

The Dy and D, values of a prolate top molecule, which are characterized by effective

hydrodynamic radii of 7, and », with a relation that »;, >, are calculated by equation

(4.11).1°

po_ kI . (i=/orl) (411

i~ o 3
8znr, 0,

Here
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(2} A(1-2%) (4.12a)
0/ o
A-(1-4°

3 Jin\J(1+2)/(1- 1)

(2j A(1-2%)
(1422 J(1+ 2)/(1-2) - 2 (4.125)
and
P it , 0<i<1.
r (4.13)

The symbols of kg, # and T are Boltzman constant, viscosity of solvent and temperature,
respectively.'® The 7, and », values were calculated to be 3.9 and 2.6 A, respectively
by a DFT calculation method for PADS as described in Chapter 2, which gives o, =
0.41 and o, = 0.55 by use of equations (4.12a) and (4.12b), respectively. From these
values and equation (4.10), the 7, and 7, values are finally calculated as theoretical
values on the basis of the hydrodynamic diffusion theory.

First, the rotational anisotropy is examined. Theoretical rotational anisotropy value, N,
can be calculated by the 7, and 7, wvalues. According to equations (4.8) and

(4.10)-(4.13), the N value follows the equation

N=fL_O%1 (4.14)

[/

As seen in equations (4.12a) and (4.12b), the o, and o, values are determined only by
the geometric structure of solute (o, and o | ) and the resultant N value is calculated to be

1.4 for PADS solute. This theoretical N value number is closer to the experimental N
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value of 2.4 in organic solvent, N-methylimidazole, than ca. 3~5 in RTILs. The larger N
value means the rotation of PADS around the perpendicular axis takes place more
slowly than that around the parallel y-axis. The PADS radical has two sulfonyl groups
with negative charges, and Coulombic interaction between the sulfonyl groups and
cations of RTILs may hinder the rotation of PADS around the perpendicular axis. This
might be a reason why the anisotropy of PADS (3~5) in RTILs is much larger than the N
value (1.4) estimated by theory. Coulombic interaction between solute and solvent will
expected to be less effective in organic solvent (N-methylimidazole) than in RTILs.

Secondly, the absolute value of rotation correlation times, 7, and 7, is discussed. For
this purpose, we examine the temperature dependence of rotation correlation times by
comparing the experimental values with the theoretical estimation is examined.
Theoretical 7, and 7, values for a prolate top molecule in the liquid can be calculated
according to equations (4.10) to (4.13) and their temperature dependence is plotted by
solid lines in Figure 4.5. By comparing the theoretical lines with the experimental 7,
and 7/, values, it was found that theoretical values are longer than experimental values in
all solvents in all the temperature range. This means microscopic viscosity around the
solute is lower than macroscopic viscosity of solvent. Hence, the boundary conditions
between solute and solvent on rotational motion are described below.

According to Youngren and Acrivos,'” equation (4.10) is modified as

) = écﬁ (i=//orl) (4.15)

1
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The C;’ coefficient with j = “stick” or “slip” is a parameter to specify the boundary
condition between solute and solvent. If the boundary condition is “stick”, the solute
sticks to surrounding solvent molecules and no angular momentum transfer occurs
between solute and solvent during rotation. The above-mentioned hydrodynamic
diffusion theory for equations (4.9)-(4.13) assumes a stick boundary condition or C; stick
=1. If the boundary condition is “slip”, the solute rotates with slipping on surrounding
solvent molecules. Under the slip boundary condition, a solute molecule of prolate top
rotates around the parallel axis without any friction, which implies C,*""=0. When the
solute rotates around the perpendicular axis, the prolate top rotor must encounter with
surrounding solvent molecules, which implies C )

According to the literatures of Youngren and Acrivos'’ and of Sension and
Hochstrasserlg, the C f“p value is determined by the r, / r ratio and calculated to be
~0.09 in the particular case of PADS. This value for the C,*'" value of PADS was
adopted. The 7, values in (a) BmimTf;N, (b) N-methylimizaole, and (¢) BmimBF,
solutions were calculated for slip boundary conditions and the resultant curves are
plotted by dotted lines in Figure 4.5. The measured 7, times are shorter than the

sk times (solid lines) but longer than the calculated 7 P times (dotted

calculated 7,
lines). This observation means that the microscopic viscosity around the solute rotor is
much smaller than the macroscopic viscosity of solvent but can not be neglected

judging from a fact that 7, >, *"". Thus, it was found that our measured 7, values are

reasonably explained by a Youngren and Acrivos’s theory. For the rotation around
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parallel y-axis, the experimental 7, values are much shorter than the theoretical 7 | stick

values. The theoretical C*™® value equals to zero and thus, the quantitative discussion
on the measured 7, value based on the hydrodynamic theory must be stopped. Another

hydrodynamic theory will be examined instead in the subsequent section.

(4.3.4) Theoretical evaluation due to non-spherical slip model for isotropic rotation
of PADS radical

According to Perrin,' the rotational correlation times of non-spherical solute can be
described by introducing an f-parameter for SED equation of spherical solute. This
parameter is dimensionless hydrodynamic frictional coefficient and depends on the
shape of solute. Hu and Zwanzig®® modified the equation by considering the boundary
conditions and the shape of solute, which is represented by a coefficient, Ci. These

modifications give equation (4.16).

(4.16)

i
TR =

W rc (= stick or slip)
kT

Here, Cyick =1 and Cgip = 0.075 for the shape of PADS.?® For the solute of prolate top

shape, the f~parameter is expressed by

o2 (R> +1)R> 1) 4.17)
3R 2R —1)in(R + VR? —1)- RVR? =1

where R means r L/r//.19’21 The f-value of PADS is 1.18, and V}, is a volume of solute.

Since the theory provides mean value of 7z, we employed 7z°™ which is obtained by
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averaging experimental values of 7, and 7, according to the following equation.
obs
T =ANGTL (4.18)

This treatment is after the method done by Freed and coworkers.” To compare the

tick I
1% and R*"? values, the observed and calculated

measured 7z° values with calculated g
7r values of PADS were plotted against #/7 in (a) BmimTf;N, (b) N-methylimidzole, (c)
DemeTf;N and (d) N3 TN as shown in Figure 4.6. The similar plots for PADS

dissolved in solvents of (a) BmimBF,4 and (b) BmimPFg are shown in Figure 4.7. One

can recognize from Figure 4.6 that the TRObS values are located between two theoretical

stick slip

lines corresponding to 7g” ~ and g™ © estimations. This indicates that TRObS in BmimTEHN,
N-methylimidzole, DemeTf,N and N3;;; Tf;N can be explained by the hydrodynamic
theory modified with lowering of the microscopic viscosity.”” On the other hand, Figure
4.7 shows that the rRObS times measured in BmimBF,; and BmimPF¢ solvents are even
shorter than the rRSﬁp values. The experimental results shown in Figure 4.7 can not be
interpreted by Hu and Zwanzig theory with slip boundary condition and may be
categorized as so-called “subslip” boundary condition. The calculated 7z°*/z:""" ratios
are listed in Table 4.4. Most of the ratios are larger than unity, and possively the rotation
of PADS in those solvents can be characterized by Hu and Zwanzig theory. On the other
hand, the 7r°°/zx"'P ratios derived for the BmimBF, and BmimPF; solutions are smaller
than unity, and Hu and Zwanzig theory can not explain the experimental results or the

boundary condition seems to fall into a “subslip” region. Some modification is needed

to equation (4.16) derived by Hu and Zwanzig theory.
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Fruchey et al.' have recently reported on similar subslip rotation of dye molecule in
alkyl-substituted imidazolium-based RTILs. The “subslip” boundary condition usually
originates from the inhomogeneous nature of solvent, which can not be characterized by
one macroscopic viscosity value. They have proposed that fast rotation in RTIL may
be due to selective solvation of dye molecule in a hypothetical non-polar and
low-viscous region of RTIL. This interpretation may not be applicable for PADS
because PADS has two sulfonyl groups with negative charges and may dissolve in a
polar region of RTIL.

Recently, Yao and coworkers reported the frequency dependence of shear viscosity
n for PFe-based RTILs with 1-alkyl-3-methylimidazolium cations in their sound
absorption and velocity measurements.”> More recently, Yamaguchi and Koda®
measured the frequency-dependent 7 values of BmimPF¢ and BmimTf,N at 298 K for a
frequency range of 0 to 0.2 GHz. It is striking that the # values of BmimTf,N are almost
constant in this frequency range, whereas the values of BmimPF¢ are prominently
dependent on the frequency. For example, the shear viscosity at 0.2 GHz becomes about
one third of the zero-frequency value. They roughly estimated Debye relaxation time of
1.1 ns at 298K in BmimPFs. This relaxation time is close to the present =% value of
0.6ns for PADS in BmimPF¢. These experimental observations suggest that the subslip
rotation in BmimPF¢ found in this study may originate from lowering of shear viscosity
for the PADS rotational diffusion at high frequency. Unfortunately, no experimental data

on the frequency dependent # is available for BmimBF,, but similar “subslip” nature
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due to lowing of macroscopic shear viscosity at high rotational frequencies would also

be expected in BmimBF, as well as in BmimPF.

(4.3.5) Fractional /T dependence of rotational correlation time in BmimPF¢
Finally, another experimental finding recognized in Figure 4.7 is discussed. It is

interesting to note that the slopes in Figure 4.7, log (7g°™

)/ log (»/T), are not unity,
though they are nearly unity in Figure 4.6 and in the similar plots for most of RTILs

used here. It is assumed that the experimental data points follow the equation,

7o o [%j (4.19)

where a fractional parameter of 7 is introduced to correct #/T dependence as explained in
Chapter 3. The ¢ values determined are listed in Table 4.4. If rotational motion follows
hydrodynamic theory with equation (4.16), the ¢ values are unity. It is noteworthy that ¢
values are actually unity in RTILs having relatively large anions of Tf,N or C;HsOSO:s.
On the other hand, ¢ values are clearly less than unity in the solvents of BmimBF,,
BmimPF, and DemeBF,. This means the dependence of z°™ on #/T is different from
the hydrodynamic estimation in the latter three solvents. In Chapter 3, the similar ¢ < 1
relation for rotation of proxyl radicals in BmimPF¢ and in BmimBF, was indicated. As
discussed in the above section for subslip nature of rotation in BmimPF¢ and BmimBF,,
it was assumed that the shear viscosity, 7z of these solvents at the high frequencies of

PADS rotation deviates from the shear viscosity of # at zero-frequency, which roughly
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follows Debye relaxation function. Then, it was expected that the #g/n ratio around
Debye relaxation frequency will decrease as temperature increases. This description
accords with the experimental relation that # < 1 for these three RTILs. In contrast to the
result in BmimPF, 7z is close to # at zero-frequency for BmimTHN? at 298K and the
nr/n ratio is thus expected to be around unity for BmimTf,N at higher temperatures
employed in the present study. This gives parameter ¢ of unity as shown in the present
experiment. There are several literatures reporting parameter ¢ of unity for rotation of

bs

large and fluorescent dye molecules in BmimPF¢.>?** The ;z°® values of these

molecules at 298K are around 10ns which is much longer than relaxation time for shear

* values for these dye molecules follow

viscosity. This may be why the z°
hydrodynamic equation with ¢ = 1. On the contrary, Wakai et al. reported ¢ = 0.63 and
0.82 for D,O and C¢Dg in BmimPF¢ with rRObS values of 0.2ns and 0.7ns, respectively,
by means of NMR measurements.”® Their results showing the sub-nanosecond w0
value with a relation that # < 1 rather accord with ours in BmimPFs. Similarly, proxyl
radicals show the 7°™ value of about 2ns giving the ¢ = 0.7 relation in BmimPF, and
BmimBF, in Chapter 3. These small solutes of PADS, proxyl radicals, DO and C¢Dg
exhibit relatively fast rotation and thus, rotation dynamics presumably relates to
relaxation of shear viscosity. Although evaluation of this mechanism requires further

detailed analysis on 7z°™ values, the frequency dependent shear viscosity is considered

to be quite important for understanding solute rotation in RTILs.
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(4.4) Conclusion

This chapter focuses on the rotation motion and solvation of PADS nitroxide radical
dissolved in various RTILs. By analyzing the EPR spectra, the hyperfine coupling
constant (4), the temperature-dependent anisotropic rotational correlation times (7, and
7, ), and the rotational anisotropy(XN) defined as 7, /7, were determined. The 4 values are
constant for almost all RTILs (Table 4.1), which indicates negligible interaction
between the N-O group and the cation of RTILs. Secondly, the N values determined in
RTILs and N-methylimidazole solvents are compared with the N value of 1.4 calculated
by hydrodynamic theory (Table 4.2). The N value of 2.4 for N-methylimidazole solvent
is slightly larger than 1.4 but still close to the value calculated by hydrodynamic theory.
On the other hand, the N values determined in RTIL solvents are 3 ~ 5 and apparently
larger than 1.4. The interaction between the sulfonyl groups of PADS and the cation of
RTILs seems to prolong the 7z, lifetimes in RTILs, which leads to larger N values in
RTILs. Thirdly, experimental values of 7, and 7, are compared with those calculated by
hydrodynamic theory. Almost all the experimental values are shorter than the calculated
" values but longer than the calculate ™" values (Figure 4.6). The hydrodynamic
theory with the slip boundary condition seems to give better agreement with the
experimental =% values. In some RTILs, experimental 7z values are still shorter than
the calculated z*'™" values. F inally, the #/T dependence of rotational correlation times is

evaluated by equation (4.19) using a parameter of ¢. The ¢ values are normally close to

unity but the values below unity are derived from the experiments obtained in
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BmimBF4, BmimPF¢s and DemeBF, solvents (Table 4.4). On the basis of Debye
relaxation of shear viscosity in BmimPFs reported recently, one plausible mechanism

responsible for the # < 1 relation observed in these RTILs was discussed.
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(@)

(b)

Figure 4.1: EPR spectra of PADS in BmimPF¢ measured at (a) 295 K and (b) 320 K.

The parameters used for equations (2) and (3) are given in (a).
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Figure 4.2: Plots of 4 vs. Ep(30) values for ATEMPO (@) and PADS (M) radicals

dissolved in various RTILs and conventional solvents.
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(a)

(b)

Figure 4.3: EPR spectra of PADS radicals dissolved in BmimPFg recorded at (a) 295 K
and (b) 320 K. The spectra are simulated by Lorentzian (gray lines) and Gaussian

(dashed lines) lineshapes.
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Figure 4.4: Relation plots of 7, vs. 7, values of PADS radical measured in three
solvents. The solvents were BmimCH;OSO; ( B ), DemeTf,N ( @ ) and
N-methylimidazole (A). Solid, dotted and dashed lines were obtained by least-squares

fittings with N values 0f 4.9, 2.9 and 2.4, respectively.
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Figure 4.5: Plots of rotational correlation times of 7, and 7, vs. T measured in three

solvents: (a) BmimTf,N, (b) N-methylimidazole and (c) BmimBF4. The
experimental data are presented by filled squares (). The simulations based on
hydrodynamic diffusion theory are shown by solid and dotted lines, which are

calculated under stick and slip boundary conditions, respectively.
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Figure 4.6: Logarithmic plots of measured 7z values (H) of PADS vs. T 1 in (a)
BmimTf,;N, (b) N-methylimidazole, (¢c) DemeTf,N and (d) Ns;;; Tf,N. Theoretical x

values calculated under the stick and slip conditions are shown by solid and dotted lines,

respectively (see text for the details).
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Figure 4.7: Logarithmic plots of measured 7z values (M) of PADS vs. 5 T "' in (a)

BmimBF, and (b) BmimPF¢. Theoretical =™ and 7z*™ values are shown by solid and

dotted lines, respectively.
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Table 4.1: A summary of g and A4 values of PADS in various solvents

solvents g value Avalue/ G E1(30) / keal mol!
Py14THN 2.0054 13.12 48.2°
N3 THN 2.0055 13.06
BmimT£H;N 2.0055 13.19 51.5°
EmimBF, 2.0055 13.13 53.7°¢
BmimBF, 2.0054 13.18 522539
DemeTf;N 2.0057 13.13 48.4¢
EmimC,Hs0S0; 2.0054 13.16
BmimPFj 2.0054 13.19 52.3-53.90%¢
DemeBF, 2.0056 13.13 48.4°
BmimCH;0S05 2.0056 13.21
PP;THN 2.0054 13.09
Py;3THN 2.0054 13.11
N-methylimidazole 2.0053 13.07 44.6°
H,0 2.0055 13.09/ 63.1%

“From ref 13. “From ref 11. “From ref 12. “From ref 8. “From ref 10./From ref 4. From

ref 7.
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Table 4.2: Rotational anisotropy of PADS.

Solvent rotational anisotropy (V)
RTILs
BmimCH;0S0; 49+0.1°
BmimPF¢ 46+0.1¢
DemeBF, 43+0.1¢
EmimC,Hs0S0; 41+0.1¢
PP;THhN 4.0+02°
BmimTfHHN 40+0.1¢
Experiment EmimBF, 40+0.1¢
BmimBF, 3.6+0.1¢
Py TEN 3.5+0.1°
Nz THN 3.2+02°
Py THN 32+0.1°
DemeTf,N 29+0.1¢
Organic solvent
N-methylimidazole 24+0.1°
Calculation | - 1.4°

“Determined by equation (4.14) using experimental data (z, and 7)) for various solvents.

®Calculated by equations (4.10-14) and the values of 7, (3.9 A)andr (2.6 A).
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Table 4.3: Activation energy for the rotational motion of PADS.

perpendicular rotation “ parallel rotation”

solvents E, (L) /kJ* mol” E,(/)) /XkJ * mol”
EmimBF, 23.7+1.1 31.0+2.0
BmimBF, 25.0+1.0 30.8+1.3
BmimTH,N 29.9+2.9 28.7+1.9
Py;;THN 324+1.5 323+1.6
EmimC,H;0S50; 340+ 1.0 40.2=+1.1
N3 THN 352+ 1.7 333+1.4
Py THN 37.7+3.1 37.7+1.8
DemeTf,N 38.0+2.0 355+ 1.6
BmimCH;0S0; 40.7£0.6 42.4+09
PP;TEN 435+1.8 32.7+23
BmimPF, 46.1 £2.1 42.8+3.2
DemeBF, 50.1+1.4 44.1+0.8
N-methylimidazole 123+1.1 142+ 1.1

“Rotational motion around an axis on the xz plane perpendicular to the y-axis (Chart 1).

PRotational motion around the y-axis.
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Table 4.4: Comparison of experimental and theoretical 7z as a function of temperature

or viscosity.

solvent t-parameter “ % / PP
BmimBF, 0.70 £0.02 035~0.65°
BmimPF¢ 0.82 £0.05 041~0.67°
DemeBF, 0.84 £0.02 1.57~197°¢
PP ;3TN 0.90+0.03 1.12
BmimCH;0S0; 0.91+£0.01 1.53
Py;3TEHN 0.94+0.03 1.16
Pyi4THN 0.96 +0.05 1.63
BmimTf;N 0.96 £ 0.04 1.45
N3 THN 0.97+0.02 2.17
DemeTf,N 0.99+0.03 1.98
EmimC,Hs0OS0; 1.06 +=0.03 1.35
EmimBF, 1.09 +0.05 1.19
N-methylimidazole 0.96 £ 0.07 2.53

“Parameters were determined by fitting the data to equation (4.19). The 7z°™ values

are derived by equation (4.18) and experimental data on 7, and z,. The rRs“p values are

estimated by equation (4.16) under the slip condition (Cyip=0.075). “The values depend

on the temperature.
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Chart 4.1: Structure of PADS and molecular axes employed.
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Chart 4.2: Structures of cations and anions in RTILs and their abbreviates.
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Chart 4.3: Two canonical structures of nitroxide.
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Chapter 5. Solute size and shape dependent rotational

diffusion in RTILs

(5.1) Introduction

In Chapter 4, rotational correlation times, rRObS, of PADS nitroxide radical dissolved
in various RTILs were measured by EPR spectroscopy. Important experimental
findings are the summarized as the following two points: (1) the 7z°* values are longer
than those calculated by hydrodynamic theory with slip boundary condition, namely
"™, and, (2) the 7°™ values are exceptionally shorter than z*"® values in BmimPF
and in BmimBF4 which are composed of relatively small anions. These results indicate
that rotation motion of PADS solutes depends on ion components of RTILs. Contrary to
the EPR experiments described in Chapter 4 where chemical characters of RTILs were
examined for PADS rotation, this chapter focused on the effect of solute character on
rotation motion.

It is worthwhile to address that solute size effect on rotational diffusion has been
examined widely in molecular solvents.'” Ben-Amotz et al. reported the solute size
effect on rotational diffusion. They indicated that rotational correlation times of
larger-sized solute gives nearly perfect agreement with hydrodynamic predictions with
stick boundary condition in both alkane and alcohol solvents, while the experimental
results showed an increasingly large deviation from the hydrodynamic predictions as the

solute size decreased.' In this chapter, proxyl radicals which is larger in size than PADS,
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. li
was selected as solvent and the ratios of 7g°% to 7z

measured in BmimBF,4, BmimPF
and BmimTf,N were determined to understand the solute size effect on hydrodynamic
behavior of solute rotation in RTIL solvents. Another important investigation on solute
rotation lies in solute shape dependence. In this chapter, nitroxide radicals, whose
shapes are non-sphere or ellipse were employed as solute and the 7°*/z"F values were
examined. The effect of solute size and shape on the rotation motion in RTILs is

discussed by comparing the results of nitorxides including PADS in the previous

chapter.

5.2 Experimental

Sample preparation, DFT calculation, measurements of EPR spectra, water content,
and viscosity are described in Chapter 2. Samples used in this chapter were as follows. 3
B -DOXYL-5 « -chorestane, free radical (DOXYL) was purchased from Aldorich.
2,2,6,6-tetramethylpiperidine-1-oxyl (TEMPO) was purchased from Tokyo Kasei. The
other samples are the same ones as described in Chapter 3 and Chapter 4. Structures of
DOXYL and TEMPO as well as other nitroxide free radicals used in this chapter are

summarized in Chart 5.1.

5.3 Results and Discussion
(5.3.1) Structure and size of nitroxide radicals

In the beginning, the size and shape of five nitroxide radicals, namely, PADS,
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TEMPO, CProxylH, CProxyl" and DOXYL are discussed on the basis of quantum
chemical calculation to clarify individual solute characters. The chemical structures of
these radicals are shown in Chart 5.1. Volumes of these solute molecules were
calculated by the DFT method as mentioned in Chapter 2. Molecular volumes of
TEMPO, CProxylH and CProxyl are 167, 204 and 219 A°, respectively. The literature
value of 349 A was adopted for DOXYL.. It should be noted that these nitroxides are
larger in volume than PADS, whose molecular volume is 110 A* as already calculated
in Chapter 4. These volume values are listed in Table 5.1.

The hydrodynamic radii, 7, and »,, are calculated for these nitorxide radicals to
examine the shape of these molecules. The 7,/r, values of PADS, TEMPO, CProxylH
and CProxyl are in a range of 1.27 ~ 1.50, nearby unity. Therefore, the shape of
TEMPO, CProxylH and CProxyl are recognized as pseudo-sphere. On the other hand,
the r,/r, value of DOXYL is 3.4 and is classified into non-spheric and ellipse shape.
The shape of PADS is approximated by prolate-top as explained in Chapter 4 but is
close to sphere. In this view point, a group of PADS, TEMPO, CProxylH and CProxyl
belong to pseudo-sphere, while another group of PADS and DOXYL are approximated
as prolate top molecules. In the former group, the radius of pseudo-sphere changes
depending on the selection of solute. In the latter group, f-values of solute changes
largely by a choice of solute whose ratio of hydrodynamic radii, r, and r, are
remarkably different for PADS or DOXYL. The f-values of these nitroxides are

calculated by the procedure introduced in Chapter 4, together with the r, and |, values.
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These results were also listed in Table 5.1. According to this investigation on the shape
and volume of five nitroxide radicals appearing in this chapter, the dependence of

rotation dynamics on solutes character is argued as described below.

(5.3.2) EPR spectra measured for TEMPO and DOXYL nitroxide radicals
dissolved in RTILs

Figure 5.1 (a) shows the EPR spectrum of TEMPO nitroxide radical in BmimTf,N
at 270 K. The spectra show triplet hyperfine structure due to nuclear spin of N as
being similar to the spectra of PADS, CProxylH and CProxyl". To determine rotational
correlation times on the basis of theory by Freed et al., the EPR spectral lineshape
should be Lorentzian as noticed in Chapter 4. This requirement is satisfied in the EPR
spectrum of TEMPO at 270 K in BmimTf,N. This temperature is low, but is still above
the melting point, 269K of BmimT£;N.* F igure 5.1 (b) shows EPR spectrum of DOXYL
nitroxide radical in BmimPF¢ at 350 K. The spectrum is also characterized by triplet
peaks of Lorentzian lineshape. For simple analysis of EPR spectra to determine
rotational correlation time, the radical rotation should be in “fast motion region”.
Unfortunately, DOXYL is so large that rotation correlation time is slower than other
nitroxide in this study and the spectrum at 298 K is not in “fast motion region”.
Therefore, the temperature of solution was raised to 350 K to reduce viscosity so as to
obtain the spectrum characterized by “fast motion region”. At this temperature, the

rotation of DOXYL in BmPFs became faster and the lineshape was found to be
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Lorentzian. For the other samples, the experimental temperatures were appropriately

controlled to satisfy the conditions in which the theory can be used.

(5.3.3) Volume dependent rotational correlation time of pseudo-sphere solutes in
RTILs

First, the solute volume dependence on the rotational correlation time was examined
in this section by using four pseudo-sphere nitroxide radicals with different volumes.
Rotational correlation times, 7z°*, of TEMPO, CProxylH, CProxyl” and DOXYL were

obtained by analyzing the EPR spectra and the resultant values are summarized in Table

5.1. The R° values are compared with = and ™ values calculated by
hydrodynamic theory with stick and slip boundary conditions according to Hu and
Zwanzig theory as described in Chapter 4. For all the samples, the 7z°* values were

found to be longer than the gk

values. This is essentially the same condition with
those of PADS rotation in various RTILs. This means that the rotational diffusion of
nitroxide radicals in RTILs cannot be explained by hydrodynamic theory with stick
boundary condition.

To examine solute character dependence on rotational diffusion of solute in RTILs,
the ratios of 7" to """ were evaluated for PADS, TEMPO, CProxylH, CProxyl in
BmimPF¢, BmimBF,; and BmimTf,N. The results are summarized in Table 5.1. To

examine the solute dependence of the rotation diffusion, the =%/ values are plotted

against volumes of the solutes, ¥}, as shown in Figure 5.2. For PADS samples, R/ P
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values for BmimBF, and BmimPF¢ solvents are lower than unity, but are larger than
unity for the other RTIL solvents as described in Chapter 4. On the other hand, the
= /"'P values of TEMPO, CProxylH, and CProxyl™ are larger than unity. Therefore,
rotation diffusion of pseudo-sphere solutes being larger than PADS can be explained by
hydrodynamic theory with slip boundary condition.

Figure 5.2 shows the =% /7:"? values for three RTILs as a function of the V, values
increase. The /™ value seems to increase as V, value decreases. The
hydrodynamic theory with stick boundary condition holds for larger-sized solute/
smaller-sized solvent systems. The system in which ¥}, is large is close to the condition

S

that hydrodynamic theory with stick boundary condition holds, and zz°™ values are

stick yalues.

close to g
(5.3.4) Volume and shape dependence of solute rotational correlation time in
RTILs
The solute volume dependence was examined for rotational diffusion of
pseudo-sphere solutes in RTILs in the above section. Here, solute shape dependence of
/™ values in RTILs is examined by using two prolate top solutes, PADS and
DOXYL whose f values are different. Figure 5.3 (a) shows plots of 7z°"/z"" values
against f values for PADS samples and DOXYL in BmimPFg. It is noteworthy that the
=%/ value for DOXYL is lower than unity as well as PADS in BmimPFs, which

means neither PADS nor DOXYL in BmimPFs follow the present hydrodynamic theory
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for rotational diffusion. This might suggest solvent shape as represented by f value is
not important measure for understanding of the mechanism for rotational diffusion.

To evaluate rotation diffusion for DOXYL, Gierer and Wirtz (GW) theory5 known as
one of modified hydrodynamic theory for rotational diffusion is introduced. GW theory
takes account of the discontinuous nature of the surrounding fluid for a dilute solution
of spherical probe molecules in spherical solvent molecules and takes into consideration
the relative sizes of the solute and solvent. Hence, rotational diffusion of solutes in
RTILs are discussed on the basis of GW theory below.

According to GW theory, rotational correlation time is calculated by the following

equation,
Vo
TgW :k;;TfCGW (5.1)

where a coefficient Cgw for correction of viscosity around solute is given by

-1

o (vv,)"?
C.p = 6 =7 (5.2)
o = or| 02 i+ 2mly, 17, )

with ogw calculated the following equation.
S 2m(y, v,

Ty =" - (5.3)
S 2m(v, v, )"
m=0

Vs 1s the volume of solvent. The Vs values of BmimBF,4, BmimPFs and BmimTf,N are

213.2, 247.5 and 326.5 A’ which are quoted from ref 6, 7. According to eqs (5.1) -
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(5.3), the =Y values were calculated for PADS and DOXYL in BmimPFs. The z°%
/‘L’RGW values were calculated to compare the TRObS and ‘L'RGW values. Figure 5.3 (b) shows
the tRObS /rRGW values plotted against Ve values for PADS and DOXYL samples. The
%% /irSY value for DOXYL in BmimPFg is calculated to be 0.94, and the z° value is
almost the same as the rRGW value. This means rotational diffusion for DOXYL in
BmimPFs would be explained by GW hydrodynamic theory. Conclusively, the GW
hydrodynamic theory may be adapted to evaluate the rotation motion of solutes with
larger f'values.

For PADS in BmimTfHN, the /7" is 1.2 and the z°™ value is longer than the
Y value. Therefore, the rotation motion for PADS in BmimTf{,N can be also
explained by GW theory. On the other hand, for PADS in BmimBF,4 and BmimPFg, the
rRObS/tRGW values are 0.25 and 0.34, respectively, and these are lower than unity. For
PADS in BmimBF, and BmimPF, the tz°* values are shorter than both zz*™® and 7"
values. This may be caused by lowering of shear viscosity for the PADS rotational

diffusion at high frequency as described in Chapter4, and because the other solutes are

large and rotation diffusion is at low frequency, it may be not caused.

5.4 Conclusion
This chapter focuses on the effect of solute size and shape on rotational diffusion in
RTILs. The solute size is represented by solute volume, ¥}, and the solute shape is

represented by f value which reflects the difference between hydrodynamic radii, , and
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r, for prolate top shape molecule as defined in Chapter 4. First, to discuss solute size
dependence of rotational diffusion, the ratio of rotational correlation times determined

experimentally (zz°™

) to those calculated by hydrodynamic theory with slip boundary
conditions (rRShp) were evaluated for solutes which indicate different V}, values and
pseudo-sphere shape because f values is near unity. The 7z°>/zz""? values are found to be
larger than unity for the solutes whose ¥, is larger than that of PADS in RTILs. Next, to

P values were

discuss solute shape dependence of rotational diffusion, the /g™
examined for two prolate top solutes, PADS and DOXYL whose f values are
remarkably different. Both PADS and DOXYL show /P values of being lower

S

than unity. To evaluate 7z°™ value of DOXYL in BmimPFe, another hydrodynamic
theory proposed by Gierer and Wirtz (GW) was introduced instead of the hydrodynamic
theory with slip boundary condition. The ratio of 7z value to rotational correlation
time calculated by GW theory (zz“") equals to unity for DOXYL. On the other hand,

0bs/rRGW values for PADS in BmimPFs and BmimBF, are lower than unity. These

the )
results indicate there are clear solute size and shape dependence for rotational diffusion
of solutes in RTILs, and suggest the hydrodynamic theory with slip boundary condition
is adapted to evaluate rz values for solutes which have larger V, and pseudo-sphere

shape, and the GW hydrodynamic theory is applicable to evaluate 7z values for solute

which has larger fvalue.
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(a)

(b)

Figure 5.1: EPR spectra of nitroxide radicals in RTILs. (a) TEMPO in BmimTf,N at

270 K, (b) DOXYL in BmimPFs at 350 K
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Figure 5.2: Plots of "/ zz*" in log scale vs V. The solvents are BmimBF, (H),

BmimPF¢ (@) and BmimTH;N (A).
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Figure 5.3: 7z° / 7" vs f plots. The 7z values were calculated by (a) hydrodynamic
theory with slip boundary condition and (b) Gierer and Wirtz hydrodynamic theory. The

solvents were BmimBF, (), BmimPFs (@) and BmimTHN (A).
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Table 5.1: Comparison of ‘L'RObs/TR values for solutes with different size of volume in

RTILs
solute V! A®  f Solvent T/K m™®™ms  wM%ms ™Pns  z"P

PADS 110 1.18 BmimBF, 298 0.089 2.74 0.21 0.43
BmimPF¢ 298 0.47 9.4 0.70 0.68

BmimTf,N 298 0.18 1.3 0.098 1.9

TEMPO 167 1.08 BmimTHLN 270 0.66 6.1 0.19 3.5
CProxylH 204 1.11 BmimBF, 299 0.64 4.8 0.24 2.7
BmimPF¢ 298 1.5 16.4 0.82 1.8

BmimTHh N 294 0.46 2.6 1.3 3.5

CProxyl 219 1.09 BmimBF, 298 1.2 5.0 0.15 8.0
BmimPF¢ 298 2.1 17.1 0.53 4.0

BmimTfN 294 0.62 2.8 0.087 7.1
Doxyl 3499 2.75 BmimPFg 350 1.2 6.9 3.5 0.34

a) Taken from ref 8.
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Chart 5.1: Structure of nitroxide radicals. (a) PADS, (b) TEMPO, (c) CProxylH, (d)

CProxyl” and (e) DOXYL.
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Chapter 6. Summary and concluding remarks

Rotational diffusion of relatively larger-sized solutes dissolved in RTILs has been
evaluated experimentally and can be understood in terms of hydrodynamic theory. The
hydrodynamic theory is built under the conditions that the geometric size of solute is
larger than that of solvent, and it is not obvious whether the rotational diffusion for
smaller-sized solute obeys the hydrodynamic theory. In the present thesis the author
focuses on the rotational diffusion of smaller-sized solute in RTILs. Rotational

obss

correlation times (zg~’s) of smaller-sized solutes dissolved in RTILs are derived by the

aids of EPR spectroscopy and the resultant values are compared with those calculated
by hydrodynamic theory (zg"“’s).

In Chapter 3, the rotational dynamics of solutes in RTILs is examined by using

bs

proxyl radicals as an EPR spectroscopy probe. The z°” values of CProxylH in

BmimPFs and CProxyl” in BmimBF, are successfully derived and compared with the

calc

R values calculated by a Stokes-Einstein-Debye (SED) hydrodynamic equation.

calc

Activation energies for TRObS values are lower than those for the x™" values, which

means that CProxylH in BmimPFs and CProxyl” in BmimBF, rotate more easily than

the estimations by the SED equation. The dependence of 7z°™

values on (#/T) is
evaluated by a t—parameter defined as ¢ o (#/T)". The t-values are found to be about
0.7 in RTILs, while they remain constant at unity in traditional organic solvents. This

lower ¢ value indicates that solutes rotate more easily than expected by the SED

equation based on shear viscosity of solvent in BmimPFg, and in BmimBF,.

90



In Chapter 4, the rotation motion and solvation of PADS nitroxide radical
dissolved in various RTILs are examined. The hyperfine coupling constant (4), the
temperature-dependent anisotropic rotational correlation times (z; and 7,), and the
rotational anisotropy (/) defined as 7, /7, are derived by analyzing the EPR spectra. The
A values are constant for almost all RTILs, which indicates negligible interaction
between the N-O group and the cation of RTILs. Next, the N values determined in
RTILs and N-methylimidazole solvents are compared with the N value of 1.4 calculated
by hydrodynamic theory. The N value of 2.4 for N-methylimidazole solvent is slightly
larger than 1.4 but still close to the value calculated by hydrodynamic theory. On the
other hand, the N values determined in RTIL solvents are 3 ~ 5 and apparently larger
than 1.4. The interaction between the sulfonyl groups of PADS and the cation of RTILs
seems to prolong the 7, lifetimes in RTILs, which leads to larger N values in RTILs.
Thirdly, experimental values of 7, and 7, are compared with those calculated by
hydrodynamic theory. Almost all the experimental values are shorter than the calculated

""" values but longer than the calculate 7z*™ values. The hydrodynamic theory with

the slip boundary condition seems to give better agreement with the experimental 7z°™

values. In some RTILs, experimental tg values are still shorter than the calculated P
values. Finally, the ¢ values are derived for all the samples. The ¢ values are normally
close to unity but the values below unity are derived from the experiments obtained in

BmimBF,, BmimPFs and DemeBF, solvents. On the basis of Debye relaxation of

shear viscosity in BmimPFg reported recently, one plausible mechanism responsible for
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the # < 1 relation observed in these RTILs is discussed.

In Chapter 5, the effect of solute size and shape on rotation diffusion in RTILs is
examined. The solute size is represented by the volume ased on its geometric structure,
Vo. The solute shape is represented by the anisotropic parameter (f-value), which
reflects the difference between hydrodynamic radii, r, and », for prolate top molecule.
For the purpose to discuss solute size dependence of rotational diffusion, the ratios of

b li
w° to PP

are evaluated for various solutes of different V}, values and pseudo-sphere
shape (f ~1). It turns out that the z°/zz""" values in RTILs are larger than unity for the
solutes whose volumes are larger than that of PADS. In order to discuss solute shape
dependence of rotational diffusion, the /P values are evaluated for two prolate
top solutes, PADS and DOXYL whose f values are remarkably different. Both the
%%/ values for PADS and DOXYL are found to be lower than unity. Gierer and
Wirtz (GW) hydrodynamic theory is introduced instead of hydrodynamic theory with

s yalue to rotational correlation time

slip boundary condition. The ratios of the
calculated by GW theory (;z%") are evaluated. The t:°"/zz"" ratios equal to be unity in
the case of DOXYL, but the x®/w"Y values are lower than unity for PADS in
BmimPF¢ and BmimBF,4. These results indicate solute size and shape dependence for
the rotational diffusion in RTILs, and suggest the hydrodynamic theory with slip
boundary condition is adapted to evaluate the 7 values for the solutes of larger V}, and

pseudo-sphere shape, while the GW hydrodynamic theory is adapted to evaluate the g

values for the solutes of larger f value.
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In summary, it is concluded that rotational diffusion for smaller-sized solute in
various RTILs can be understood by hydrodynamic theory with slip boundary condition
in the same manner as the rotational dynamics for larger-sized solutes in traditional
organic solvents. Nevertheless, the rotational diffusion for smaller solute in BmimPFg
and BmimBF, and DemeBF, does not obey hydrodynamic theory. The author suggests
that it can be explained by the relation between viscosity of the RTILs with small size
anion such as PF¢ or BF, and the relatively fast rotational diffusion for proxyl radicals

and PADS.
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Appendix

=% values of nitroxide radicals in RTILs

solute solvent T/K w=* / ns
CProxyH BmimPFg 295 1.7
298 1.5
303 1.3
307 1.0
308 0.92
312 0.82
313 0.74
CProxyl’ BmimBF, 293 1.6
294 1.5
298 1.2
303 1.0
308 0.90
TEMPO BmimTf,N 270 0.66
DOXYL BmimPFg 350 1.2
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7,°% 7,°% and 7z°" values for PADS nitoxide radical in RTILs and a molecular solvent

solvent T/K 7,.°% /ns 7,°% / ns =" / ns

BmimCH;0S0; 298 1.3 0.27 0.58
300 1.1 0.22 0.50

305 0.82 0.17 0.37

310 0.66 0.12 0.28

315 0.49 0.099 0.22

320 0.38 0.081 0.18

325 0.31 0.061 0.14

330 0.26 0.049 0.11

BmimPF¢ 290 1.3 0.24 0.55
295 1.0 0.22 0.47

298 0.95 0.24 0.47

300 0.71 0.15 0.33

305 0.47 0.11 0.23

310 0.38 0.093 0.19

315 0.30 0.065 0.14

320 0.23 0.054 0.11

DemeBF, 305 1.8 0.39 0.82
310 1.3 0.29 0.61

315 0.86 0.22 0.44
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solvent T/K 7,.°% /ns 7,°% / ns =% / ns

DemeBF, 320 0.67 0.17 0.34
325 0.53 0.13 0.26

EmimC,Hs0OS0; 290 0.54 0.14 0.27
295 0.41 0.095 0.20

298 0.38 0.094 0.19

300 0.31 0.075 0.15

305 0.26 0.060 0.12

310 0.20 0.043 0.092

315 0.18 0.035 0.079

320 0.14 0.029 0.064

PP;TEHN 290 1.1 0.23 0.51
295 0.77 0.19 0.39

298 0.67 0.16 0.33

300 0.60 0.17 0.32

305 0.46 0.14 0.25

310 0.34 0.10 0.18

315 0.26 0.078 0.14

BmimTf;N 290 0.38 0.10 0.19
295 0.35 0.079 0.17
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solvent T/K 7,.°% /ns 7,°% / ns =" / ns

BmimTf,N 298 0.28 0.069 0.14
300 0.26 0.062 0.13
305 0.22 0.056 0.11
310 0.17 0.050 0.092
315 0.16 0.033 0.072

EmimBF,4 290 0.21 0.056 0.11
295 0.17 0.043 0.084
298 0.18 0.045 0.089
300 0.15 0.038 0.075
305 0.14 0.035 0.069
310 0.12 0.025 0.054
315 0.094 0.023 0.047
320 0.081 0.015 0.035

BmimBF, 280 0.36 0.11 0.20
285 0.29 0.075 0.15
290 0.24 0.056 0.12
295 0.19 0.052 0.099
298 0.17 0.048 0.089
300 0.15 0.047 0.084
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solvent T/K 7,.°% /ns 7,°% / ns =% / ns

BmimBF, 305 0.14 0.029 0.064
310 0.11 0.028 0.055
315 0.11 0.024 0.051
320 0.098 0.019 0.043

Py 14 THN 285 1.2 0.34 0.65
290 0.89 0.27 0.49
295 0.47 0.18 0.29
298 0.62 0.15 0.31
300 0.61 0.14 0.29
305 0.38 0.11 0.21
310 0.28 0.076 0.15
315 0.30 0.075 0.15
320 0.19 0.065 0.11

N3 TN 295 0.58 0.15 0.30
298 0.42 0.15 0.26
300 0.42 0.14 0.24
305 0.34 0.10 0.19
310 0.30 0.088 0.16
315 0.22 0.069 0.12
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solvent T/K 7,.°% /ns 7,°% / ns =% / ns

N3 THN 320 0.19 0.055 0.10
325 0.13 0.049 0.081

Py;3TEHN 290 0.44 0.14 0.25
295 0.32 0.097 0.18

298 0.28 0.082 0.15

300 0.25 0.083 0.14

305 0.21 0.068 0.12

310 0.19 0.052 0.10

315 0.14 0.048 0082

320 0.12 0.035 0.065

DemeTf,N 290 0.79 0.27 0.46
295 0.61 0.22 0.37

298 0.62 0.21 0.36

300 0.50 0.16 0.28

305 0.36 0.13 0.21

310 0.29 0.10 0.17

315 0.22 0.093 0.14

320 0.21 0.068 0.12
N-methylimidazole 240 0.064 0.027 0.042
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solvent T/K 7,.°% /ns 7,°% / ns =" / ns

N-methylimidazole 245 0.052 0.021 0.033
250 0.045 0.018 0.029
255 0.039 0.017 0.026
260 0.038 0.015 0.024
265 0.035 0.013 0.022
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