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Almost all biological reactions occur in water and thermally at
room temperature. To monitor the evolution of conformational
change and reactivity in such a matrix, a triggering “heat jump”,
which is faster than the change itself, is required. On the
microsecond time scale, this T-jump can be achieved using the
relaxation method.1 With lasers, the nanosecond time scale can be
achieved and has been used with great success in the studies of
fast kinetics of, for example, protein folding.2,3 Typically, a Raman
shifted Nd:YAG laser is used to heat the solution (H2O or D2O),
and the pulse duration is∼10 ns. Although, in some cases, a 50 ps
pulse was used, the kinetics resolved is on the nanosecond time
scale.4 To achieve shorter time resolution than nanoseconds, dye
molecules have been invoked as a heating media between solvent
and solute molecules (e.g., proteins), and∼70 ps or longer
resolution was reported; see, for example, refs 5-7. Because of
the possible dye-solute interaction, care has to be taken to
deconvolute any contribution to the dynamics from that of the dye
itself. More importantly, the energy transfer process from the dye
molecules, via the solvent, to the solute molecules limits the time
resolution.

Here, we report the development of ultrafast T-jump, directly in
water and with time resolution reaching the fundamental time scale
of water thermalization,8 through hydrogen bonding, namely,∼5
ps. The T-jump heats the water via the overtone absorption of the
OH- stretch at 1.5µm. Using a new design for overlap geometry
and focusing, and pulse stretching techniques, we are able to
routinely increase the temperature of bulk water by up to 20°C,
but maintain the ultrafast time resolution, as described below. This
achievement is nontrivial in view of the fact that pulses of
femtosecond duration have large peak power and can induce
white-light continuum generation. We demonstrate the method-
ology reported here first for the studies of large molecules bind-
ing (recognition) in water and for conformational changes. The
results indicate the ability to resolve the distinct time scales of
solvation (a few picoseconds), conformational changes (hundreds
of picoseconds), and binding (nanoseconds). We also studied
water exchange reactions involving metal coordination and the
initial steps of “melting” of DNA. For reactions, the stepwise
hydration was resolved, and for DNA, the dynamics of premelting
was observed.

The experimental setup is schematically illustrated in Figure 1.
The pulses were generated by two OPA systems pumped by a Ti:
sapphire amplifier with a repetition rate of 200 Hz. The T-jump
pulse was set to 1.45µm with a typical energy of 15µJ, stretched
to 5-20 ps. The time-delayed probe pulse (∼100 fs) has much
less energy (<1 nJ) and was tuned to different wavelengths to
monitor changes of interest. The sample was held in a 100 or 300
µm thick flat capillary cell and was placed in a temperature-
controlled cell holder with minimal disturbance of alignment.

Numerous control experiments were performed to ensure reproduc-
ibility and generality of the approach.

We monitored the temperature jump in pure water with the probe
wavelength being at 1.55µm. By knowing the change of absorbance
as a function of temperature (both transient and steady state), we
determine the temperature increase,∆T. Water absorption is very
sensitive to temperature changes, and the observed negative
absorbance in Figure 2 (left) gives a∼7 °C T-jump in the 300µm
thick cell; higher temperatures were achieved in the 100µm thick
cell. Following the T-jump, thermal equilibration in bulk water is
reached in∼5 ps,8 and this limit of ultrafast relaxation is due to
the high density of the low-frequency modes provided by the
hydrogen bond network.9 It should be noted that the heating pulse
jumps the temperature of water molecules in the heated volume
and water remains hot for the longest delay time used (4.8 ns) since
diffusion of heat from this microns size volume to cold bulk water
occurs on tens of microseconds. With millisecond pulse reparation,
every heating pulse repeats the experiment on water at the initial
temperature.

We applied the methodology to various molecular systems,
chemical and biological. First, here we detail the case for probing
thermal association and conformational changes of xanthene
derivative, rhodamine 6G (R6G). In aqueous solution, it aggregates
to form dimers10,11and the absorption peak of the monomer at 527
nm shifts to 500 nm upon dimerization. The blue shift, in an
excitonic description, indicates that the dimer molecules acquire
an “H” geometry, where the two molecules lie in nearly parallel
planes with a calculated interplanar distance of 3.5 Å.12 The increase
in the intensity of the monomer band with increasing temperature,
accompanied by the decrease in the intensity of the dimer band, is
a signature of dissociation: the equilibrium shifts toward the
monomer state when the temperature increases.

Figure 1. Schematic diagram of the ultrafast laser T-jump.
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Figure 2 presents the time-resolved transient absorption change
of R6G solution pre-equilibrated at 20 and 60°C at wavelengths
of 480, 497, 527, and 550 nm. The transients were taken at the
magic angle (54.7°) in order to avoid the influence of rotational
motion. Global fitting of all the transients with different wavelengths
at a fixed temperature shows that three distinctive time scales are
involved: at 20°C, 11 ps (τ1); 150 ps (τ2); and 30 ns (τ3). The
lifetime τ3 is a rough estimation because of the short time window
(1.6 ns) used in this case. At a higher temperature (60°C), τ1 and
τ2 decrease to 6 and 100 ps, respectively, whileτ3 reduces
significantly to 2 ns. Because of limits on thermalization and
resolution times,τ1 could even be shorter. We also studied the
transient behavior when the polarization of the T-jump and probe
pulses was either parallel or perpendicular. We clearly see the
transient anisotropy. In this case, the anisotropy is due to the induced
orientation by the electric field. We note the contrast with
conventional dipole anisotropy,13 as here the initial orientation must
be carried through the solvent, water.

The ultrafast component (τ1) is robust for both monomer and
dimer, and in our analysis (Figure 2), it is a “desolvation” process
as hydrogen bonding with the positively charged R6G must change
with temperature. This is supported by the observed spectral change
of the monomer steady state absorption.14 For the dimer, this
ultrafast process is followed by conformational change into an
intermediate structure, prior to dissociation. Thusτ2 reflects this
change, and it is not surprising that such a large pair will have to
first adjust to a modified structure when the temperature increases
prior to final departure of monomers. MD simulations predict two
conformations, but NMR, on its time scale, suggests one.12

Temperature-induced partial unfolding was deduced for similar
systems from steady state measurements.15 The fact that the rotation
time constant of R6G is on the time scale ofτ2

16 further support
the change in conformation.

In water, the aggregation of two monomers to form a dimer must
be a bimolecular reaction (Scheme 1), withkd andka determining
the equilibrium constant. The observed rate constant, which iskobs

= 4kac + kd, can be estimated from knowledge ofka (using the
Smolochowski theory) andkd (from the equilibrium constant). We
obtained for a total concentration of 5 mM an equilibrium constant
of 1000 M-1 and a relaxation time of 20 ns at 20°C in water,
which reproduces the observed range ofτ3 at room temperature.
All essential features of the experimental results,τ1, τ2, andτ3 and
their components, are reproduced with the kinetics model describing
desolvation, conformational change, and dimerization.

For ligand-water exchange reactions (Scheme 2), we focused
our attention on the classic case of ligand (X) Cl- or Br-)
substitution reactions of hydrated cobalt complexes [CoXi(H2O)j]2-i.
We resolved the elementary steps, which occur on different time
scales, and for different temperatures (Figure 3). As the complex
structure changes from being octahedral to being tetrahedral,17 the
absorption spectra change. For a given T-jump, we observed the
ligand exchange on the time scale in the range of a few picoseconds,
20 and 300 ps, and several nanoseconds. As noted in Figure 3, the
experiments with D2O give the predicted scaling of signal, based

Figure 2. Transient absorption of R6G induced by T-jump: (O) experimental data; (s) theoretical fits with a global multiexponential model convoluted
with a Gaussian response function, including another component for the nonlinear response (peak at 497 nm). (Left) Relaxation initiated at 20°C. Inset:
T-jump monitored by absorption change of water. (Right) Relaxation initiated at 60°C. Inset: long time dynamics.

Scheme 1. Bimolecular Association at Equilibrium, with ka and kd Noted

Scheme 2. The Two Structures Involved in Ligand Substitution
Reactions in Water
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on the D2O/H2O ratio. Thus such studies separate the heating
through water from that of direct complex absorption at∼1.45µm.

Our interests in biological studies have so far been on protein
folding and DNA melting. For the latter, we studied a hairpin DNA,
but synthesized to have a dye probe at the end (Scheme 3).18 We

examined the effect of T-jump (Figure 4) and in two regimes: high
and low ionic strength. We can clearly observe the∼20 ps dynamics
at temperatures below the melting of DNA (∼60 °C, high salt
solution;∼30 °C, low salt solution). This reflects the initial step
of “local melting” prior to the full separation,19 normally character-
ized at steady state temperatures. The results imply significant
dynamic mobility, which is faster than that inferred from NMR
studies, in the melting process. Clearly, characterization of the
dynamics along the path of melting and at different times is of
interest to us.20

In conclusion, we have developed an ultrafast T-jump method,
which heats the water by up to 20°C and at the limit of water

thermalization time (picosecond). The example given here shows
the importance of separating events on the ultrashort time scale
for solvation, conformation changes, and reactions. We demonstrate
the application for molecular association, water exchange reactions,
and DNA premelting dynamics. Many more systems are amenable
for such ultrashort T-jump studies, including protein folding.
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Figure 3. Transient absorption of ligand substitution reactions of the
[CoXi(H2O)j]2-i system (X) Cl- or Br-), induced by the T-jump: (O)
experimental data, 660 nm; (s) theoretical fits with a multiexponential
model convoluted with a Gaussian response function. Inset: long time
dynamics of the cobalt complex in (O) pure H2O and (2) D2O:H2O = 70:30.

Scheme 3. The Dye-Labeled DNA Hairpin

Figure 4. Transient absorption of DNA hairpin “local melting”: (O)
experimental data; (s) theoretical fits with a multiexponential model
convoluted with a Gaussian response function.
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