




decay yet, it seems that we have captured the gross features of the bath dyna­
mics. (The discrepancy near zero delay time remains puzzling!) Of the three sol­
vent Brownian oscillators needed to describe the echo decay two are strongly 
overdamped, while the third one is an underdamped mode with a frequency of 
about 220 cm - I. We tentatively assign these oscillators to inertial, diffusive and 
librational solvent molecule motion, respectively. The librational and diffusive 
components in the dynamics may be due to hydrogen bonding because they are 
not significant in aprotic solvents. Further analysis of these echo decays, 
ho wever, is necessary to substantiate these conjectures. 

In Fig. 6 we show the absorption and emission spectra of pinacyanol chloride 
in ethylene glycol at room temperature. As can be seen, reasonabie agreement is 
obtained for the lineshapes in absorption and emission, as weil as for the Stokes 
shift. The noticable discrepancy between theory and experiment in case of the 
emission spectrum may be due to pinacyanol isomer emission. This is subject of 
further investigation. 

Discussion 

In the previous section it was shown that a number of different optical ex peri­
ments on resorufin in DMSO can all be explained consistently in terms of a 
rat her simple model, based on Brownian nuclear motion. The optical transition, 
which involves electron ic degrees of freedom, is dressed with nuclear motion in 
harmonic potential wells. It turned out to be sufficient to consider a single over­
damped mode for a quantitative explanation of all observed experimental 
features. Only two parameters are involved that are the same for all ca1culated 
(non-) linear optical responses, from the ultrafast photon echo and chirped four 
wave mixing results to the absorption and emission properties, including the 
magnitude of the solvation Stokes shift. The modulation strength of the elec­
tronic transition is L1 = 41 THz (in angular frequency units), while the inverse 
correlation time is A = 27 THz (r ( = 37 fs). This indicates that the solute and sol­
vent dynamics occur on similar time scales, and the optical dephasing therefore 
has a non-Markovian character. 

For pinacyanol the situation is more complex; here we need at least three dif­
ferent Brownian solvent oscillators and the fits obtained, especially to the stimul­
ated photon echo decay, are not very satisfactory. As stated, the reason for the 
different behaviour of the two solvents may be related to the occurrence of 
hydrogen bonding in ethylene glycol. Further coherent optical studies of dif­
ferent probe molecules in this and other similar solvents are called for. 

Wh at remains to be answered is the physical significance of the Brownian 
oscillator model; in what way should the overdamped mode be interpreted? One 
way to address this question is to relate the results presented here to recent 
molecular dynamics simulations of solvation dynamics [Maroncelli, 1991] and 
of two pulse photon echoes [Fried et al., 1992]. In these simulations it appears 
that the time dependence of solvation is mainly due to reorientational motions 
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of solvent molecules. However, the time scale for solvation-energy relaxation is 
much faster than the times normally associated with single-particle reorienta­
tions (typically in the order of pico- to subnanoseconds). The solvation relaxa­
tion process apparently is due to a collective effect of the solvent molecules sur­
rounding the solute. Molecular dynamics simulations therefore strongly suggest 
that the overdamped Brownian oscillator in the case of resorufin describes the 
collective effect of the inertial motions of individual OMSO molecules around 
the solute molecules. While the Brownian oscillator is strongly overdamped 
(which predicts an unphysical exponential behavior of the oscillator at very 
short times), the underlying single molecule rotational motions could weil be 
underdamped. 

Acknowledgment 

We thank F. de Haan for his help with formatting this paper and for his con­
tribution to the numerical calculations of the chirped four-wave mixing signais. 
The investigations we re supported by the Netherlands Foundation for Chemical 
Research (SON) and Physical Research (FOM) with financial aid from the 
Netherlands Organization for the Advancement of Science (NWO). 

References 

Becker, P .C, Fragnito, H.L., Bigot, J.-Y., Brito-Cruz, CH., Fork, R.L., and 
Shank, CV., Phys. Reu. Lelt. 63, 505, 1989. 

Berg, R. van den, and Völker, S., Chem. Phys. 128, 257, 1988. 
Bigot, J.-Y., Portella, M.T., Schoenlein, R.W., Cunningham, lE., and Shank, 

CV., Phys. Reu. Lelt. 67, 636, 1991. 
Brafman, 0., Chan, CK., Khodadoost, B., Page, lB., and Walker, CT., 

J. Chem. Phys. 80, 5406, 1984. 
Brito-Cruz, CH., Fork, R.L., Knox, W.H., and Shank, CV., Chem. Phys. Lelt. 

132, 341, 1986. 
Ouppen, K., Nibbering, E.T.J., Haan F. de, and Wiersma, O.A., Phys. Rev. A 47, 

5120, 1993. 
Fried, L.E., Bernstein, N., and Mukamel, S., Phys. Reu. Lelt. 68, 1842, 1992. 
Maroncelli, M., and Fleming, G .R., J. Chem. Phys. 89, 5044, 1989. 
Maroncelli, M., J. Chem. Phys. 94, 2084, 1991. 
McMorrow, 0 ., Lotshaw, W.T., and Kenney-Wallace, G.A., IEEE J. Qu. El. 

QE-24, 443, 1988. 
Mukamel, S., Annu. Reu. Phys. Chem. 41, 647, 1990. 
Nibbering, E.TJ., Ouppen, K., and Wiersma, O.A., J. Chem. Phys. 93, 5477, 

1990. 
Nibbering, E.TJ., Wiersma, O.A., and Ouppen, K ., Phys. Reu. Lelt. 66, 2464, 

1991. 

Koos Duppen, Erik T.J . Nibbering and Douwe A. Wiersma 207 



Rosenthal, SJ., Xie, X., Du, M., and Fleming, G.R., J. Chem. Phys. 95, 4715, 
1991. 

Song, JJ., Lee, J.H., and Levenson, M.D., Phys. Rev. A 17, 1439, 1978. 
Yajima, T., Souma H., and Ishida, Y. , Phys. Rev. A 17, 324, 1978. 
Van Y.J., and Mukamel, S., J. Chem. Phys. 89, 5160, 1988. 
Van YJ., and Mukamel, S., Phys. Rev. A 41, 6485, 1990. 

Authors' Address 

Ultrafast Laser and Spectroscopy 
Laboratory, Department of Chemistry, University of Groningen, 
Nijenborgh 4, 9747 AG, Groningen, 
The Netherlands 

208 Solvent Dynamics probed by Photon Echo 




