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Ultrafast solvent response in ionic liquids observed by three-pulse photon echo peak shift
(3PEPS) measurement

Ionic liquid (IL) is a molten organic salt at room temperature with peculiar properties such
as high ionic conductivity, near-zero vapor pressure, and inflammability, which make it an
attractive new type of clean and sustainable solvent with recycling capability.[1-4] For its
practical application, thorough elucidation of its physical characteristics is necessary.

In general, solvation in polar solvent is considered to play a major role in determining the
rate of chemical reactions accompanying charge redistribution, i.e., adiabatic electron
transfer reaction. Therefore, solvation dynamics in ILs have been also studied extensively. In
the present work, we have investigated the ultrafast solvation process (<10 ps) of
imidazolium ILs by means of SPEPS experiment with time-resolution as high as 30 fs.[5] A
cationic organic dye, oxazine 4 (Ox4) perchlorate with Stokes shift as small as <500 cm™ was
utilized as a probe.

3PEPS signal of Ox4 in 1-butyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide
(BmimTFSI) is shown in Fig. 1 (red dotts). The signal decays rapidly in the range of <1.0 ps
and continues to decay in the picosecond range indicating multiple solvation process due to
the IL's inhomogeneous liquid structure. Cations of IL usually possess relatively long alkyl
(ethyl-hexyl) chain to suffocate crystallization, which can aggregate and form weakly
bounded reverse micelle-like nonpolar region surrounded by ion-rich polar domains. Such
liquid structure can be confirmed by X-ray diffraction experiment.[6] From the view point of
liquid dynamics, it was suggested that ions inside local structure can rattle very rapidly

while reorganization of larger scale liquid

“ structure occurs in a longer time scale.

12 | The 3PEPS signal 1is also oscillating
£ significantly in the range of <1.0 ps due to the
% 10 - coherent intramolecular nuclear wavepacket
E motion of Ox4 (molecular vibration). To extract
= e only the decay component, the signal was fitted

6 . by multiple cosine and exponential functions.

| : : | —!  The time constants obtained for the multiple
0 g te fps 10 100 exponential decay of several ILs with different

Fig. 1. 3PEPS signal (dots) and its fiting CAtions and anions were compared.

function (solid curve) of Ox4 / BmimBFa.
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Tig. 2. The time constants (a) 71 and (b) » for the initial ultrafast and the second decay components,
respectively, plotted against the square root of the anion mass and the inertial factor, 4. "/*(R,+R.)3/2 (filled
circles), respectively. The solid line is the least-squares fit to the plots.

The time constant, 71, for the ultrafast initial solvent response in the range of <300 fs
exhibited linear dependence on the square root of the anion mass, indicating its relation with
the inertial motion of anions (Fig. 2a). The inertial response of ILs with chloride anion was
the fastest among other ILs with heavier and larger anions. Because Ox4 is a cationic dye, it
may have a stronger interaction with the anion of IL. Interestingly, the second time constant,
7, in the range of <3.5 ps had a better correlation with the "inertial factor", sx12(Ri+R_)372,
where s is the reduced mass of an ion pair and (Z+£ ) is the sum of their van der Waals
radii (Fig. 2b).[7]

As a conclusion, microscopic short-range translational motion of anions contributes
strongly to the initial solvation process of IL immediately after the photo-excitation (<300 fs).
In such an ultrashort time-range, molecules can move quite freely in an ultrashort distance
without much collision with each other even in the liquid phase. Subsequently as the number
of molecular collision increases, the relaxation process starts to depend on parameters
related not only to the mass of anion but also to others including both ions (<3.5 ps),
suggesting the beginning of a more global solvation process. Afterward, the solvation

becomes completely statistical diffusive dynamics in the range of >10 ps.
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