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Fig. 4. (A) Plots of In T, versus 1/f; for the two TI(Ba) series with y = 1 and y = 2. (B) Master curve
showing all four families scaled versus 1/f;, where the “superconducting fraction” f; is defined in Eq. 5.
The symbols refer to different families: S, single B"" layer phase; D, double B layer phase.

that the TI double layers play a contributing
role in the superconductivity. On the other
hand, the single Tl layers in a y = 1 phase
and about 50% of the Tl double layer in a
y = 2 phase formally do not contribute to
T,. We also include data for (y = 1) Tl
compounds with Sr instead of Ba (¢ = 0)
and (y = 2) Bi compounds (cg; = 1.0 A). It
can be seen that all data except the (n = 1)
Bi compound fall on a common straight line
that extrapolates to T, = 180 K for the
“pure” fs = 1 phase.

This extrapolation must be used with

caution, since the Tl or Bi layer appears to
be necessary for producing holes in the
[CuO,]7? layers. Thus the material with
neither T1 nor Bi (or equivalent) layers is
nonsuperconducting, and indeed semicon-
ducting (13), even though formally f; =
fs = 1. Nevertheless, with an appropriate
mix of TI/Bi and Cu layers or by appropriate
doping in the Ca®* site, it may be possible
to approach the extrapolated limit.

In conclusion, we have shown that T,
continues to increase with the number of Cu
oxide layers for the single layer Tl cuprates at

least to n = 4 and that the T, data can be
fitted to a common curve.
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Femtosecond Clocking of the Chemical Bond

MARK J. ROSKER, MARCOS DANTUS, AHMED H. ZEWAIL*

When a chemical bond is broken in a direct dissociation reaction, the process is so rapid
that it has generally been considered instantaneous and thus unmeasurable. However,
the bond does persist for times on the order of 10~"* seconds after the photon has been
absorbed. Femtosecond (107!° second) laser techniques can be used to directly clock
this process, which describes the dynamics of the chemical bond. The time required to
break the chemical bond in an elementary reaction has been measured and the
characteristic repulsion length for the potential governing fragment separation has

been obtained.

HE STRUCTURE OF THE CHEMICAL

bond in molecules is now well char-

acterized in a variety of systems. Un-
til recently, however, the dynamics of the
chemical bond have not been directly ob-
served, because the relevant time scales in-
volved are too rapid. For example, one
might ask the question: how long does it
take to break a chemical bond in the elemen-
tary reaction ABC + hv— A + BC? Two
fundamental processes are involved in this
reaction. The first, which is virtually instan-

Arthur Amos Noyes Laboratory of Chemical Physics,
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taneous, is the transition of ABC from its
ground (bound) potential energy surface
(PES) to an excited (dissociative) PES. The
second process, the so-called half-collision,
involves the subsequent time evolution of
the molecule on this dissociative PES. This
evolution must lead to the spatial separa-
tion of the fragments; when the fragments
no longer interact, the chemical bond is
broken.

The terminal velocities of separation of
the fragments for such reactions are typically
~1 km s™' (=0.01 A fs™"). If the bond is
considered to be broken when the fragments
are a few times their equilibrium bond

length apart (typically several angstroms),
then the time required to break the bond
must be of the order of a few hundred
femtoseconds. Recent advances in ultrafast
laser spectroscopy of chemical reactions (1-
5) have allowed the observation of chemical
bond dynamics on this time scale. We report
the direct clocking measurement of bond-
breaking time in the elementary reaction
ICN + hv -1 + CN.

The dissociation reaction of ICN on the
repulsive surface passes through transition-
state configurations,

ICN* — [[-CN]#* -1+ CN

where the bond stretches from the initial
value at Ry to “infinite” separation, that is,
when the I and CN fragments are sufficient-
ly separated so as to no longer interact. Real-
time observations of these transition states
([I-+-CN]1*) have been made with femtose-
cond transition-state spectroscopy (FTS), a
technique for viewing the fragments en
route to products (2). However, the abso-
lute clocking of these transition states and
of the final states (free fragments) was not
established, since the exact zero-of-time was
not determined. To measure the actual time
for bond breaking and to obtain informa-
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t=0

Fig. 1. A cartoon illustrating the experiment. A
simple (slice through) one-dimensional picture,
with no angular dependence, is considered for the
sake of clarity. The actual surfaces are discussed in
the text. At time 7 = 0, the laser pulse promotes
the molecule to the upper potential energy sur-
face. For 0 <7 <1, the bond stretches. By
T = Ty, the bond is essentially broken.

tion on the PES governing the I and CN
fragments internuclear separation R, we
have now obtained the zero-of-time. We
find that for excitation with femtosecond
pulses, the bond between I and CN breaks
205 + 30 fs after photoexcitation at 306
nm. At the terminal velocity of recoil, this
corresponds to 5.3 A of increased separation
of the fragments. This value is essentially an
upper bound, since the velocity of recoil
begins at zero and changes with distance, as
discussed below.

The experiment is cartooned in Fig. 1. A
femtosecond optical pulse is used to initiate
the reaction by excitation of gas-phase ICN
at 306 nm. This corresponds to 6 x 10°
cm™! of translational energy (6) above the
bond dissociation energy (~74 keal mol '),
which leads to a terminal recoil velocity of v,
=26x 10°ecms™' (= 0.026 A 7). The
pump pulse (7-11) sets the exact zero-of-
time for the dissociation. The second optical
pulse (near 388 nm) probes the CN frag-
ment as a function of the delay time T
berween the two pulses. The duration of the
bond breaking is observed as a delay be-
tween the zero-of-time and the appearance
of absorption by the probe, as measured by
the associated laser-induced fluorescence
(LIF).

A Michelson interferometer arrangement
was used to delay the probe pulse relative to
the pump pulse, and the delay time was
determined by a precision actuator with
submicrometer resolution (a crucial consid-
eration, as 100 fs corresponds to a spatial
separation of only 30 wm). The pump and
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probe beams, with proper attenuation and
parallel or perpendicular polarization, were
collinearly recombined and focused into the
reaction chamber. The LIF of the CN was
collected perpendicular to the direction of
the pump-probe pulses. For every data set,
we characterized the transients by taking: (1)
the cross-correlation of the pulses, (ii) the
frequency spectrum of the pulses, and (iii)
the zero-of-time and the overall temporal
response function of our apparatus.

The zero-of-time was determined by us-
ing the following idea: in situ, the ICN was
evacuated from the chamber and replaced by
N, N-diethylaniline (DEA). The experiment
was repeated as before, except that the reso-
nance-enhanced multiphoton-ionization sig-
nal (pump photon + probe photon) was
measured rather than the LIF. This photo-
ionization experiment gave the integral of
the response function of the pump and
probe (1), as we verified by obtaining the
cross-correlation of the pump and probe
using nonlinear (infrared) difference fre-
quency generation. The zero-of-time was set
when the photoionization signal reached
one-half its limiting value (12, 13). Note that
these measurements were made in situ, with
no realignment of the optical beams or
repositioning of the cell, either of which
could have significantly shifted the 7 = 0.
Care was taken to insure that pulses were
chirp-free (transform limited, that is,
Av At = 0.3 to 0.5), but data with pulses of
larger Av At have also been obtained.

1.2
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08 ;
2 Y
;:«i; !
g 08
£
e 04
p=
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Fig. 2. Typical experimental results. The heavy
line is the measured ICN transient, and the thin
line is the reference 7 = 0 transient. The figure at
the bottom shows a magnified view near t = 0.
The observed delay for transform-limited pulses
(see text) is 205 * 30 fs. The error here is estimat-
ed from the scatter observed in several measure-
ments.

Viem™)
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t(fs)

Fig. 3. A potential energy surface as a function of
the parameter ¢ (time), with 25 fs per division,
and as a function of the parameter R (internuclear
distance), with 0.5 A per division. An exponential
shape is assumed, and the initial potential energy
at t=0 (and R = 0) is 6000 cm ™' (17.2 keal
mol~! above dissociation). Note that the differ-
ence between R(r) and R at the terminal velocity
(the straight line) approaches a constant at long
time; this difference represents the invariant 74
defined in the text.

The main experimental result is shown in
Fig. 2. The LIF signal was delayed from the
photoionization trace by 7y, = 205 *+ 30 fs.
This result was highly repeatable for the
transform-limited femtosecond pulses used.
We performed the experiments for different
pump polarizations, keeping the probe po-
larization parallel to the detection axis, and
obtained similar 7y, values (14-16). The
value of 1y, should be a fundamental prop-
erty of the chemical bond; it is determined
by the PES.

To relate 7y, to a dissociation time and to
the characteristics of the PES, we consider
for repulsion between the I and the CN
fragments in their ground states a potential
of the form given by Goldfield et al. (16):

V(R) = Vo exp(—R/Ly) f(6,R)

where L; is the repulsion length parameter,
Vo 1s a constant, and f(8, R) describes the
angular part, which we shall ignore for now.
The classical equation of motion for this
system can be integrated to give explicitly
the internuclear separation of the fragments
as a function of time, R(f), and the corre-
sponding potential as a function of time,
V(t).

We then ask, what defines a dissociation
time? If it were defined as the time for the
two fragments to reach a separation at
which their interaction energy is negligible,
the dissociation time would depend on the
sensitivity with which the energy can be
measured; an infinite time is required to
reach infinite separation. A more invariant
definition is obtained as follows. Consider
the difference between the time taken for the
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fragments to separate from Ry, the separa-
tion at the instant of photoexcitation, to R
(as they travel along the actual potential)
minus the time that would be required had
the fragments traveled at the terminal veloci-
ty. Then 74 1s defined as the limit of this
difference as R — . For the potential de-
scribed above (with no anisotropy), one
obtains (17) 74 = (Ly/vy) In 4. Although
well defined, this 74 is obtainable only from
a hypothetical experiment requiring the
measurement of minute differences in long
arrival times (see Fig. 3).

A more useful description of bond break-
ing has been recently developed by Bersohn
and Zewail (17), who considered the time
dependence of fragment separation and the
absorption by fragments during this separa-
tion. When the fragments develop to be
spectroscopically  free, the absorption
achieves a maximum. Dissociation can be
defined as the time delay when the midpoint
of the absorption is reached:

Tip = (Li/vy) In (4Ely)

Here, v is the half-width of the energy
distribution of the probe pulse, and E is the
energy available above dissociation (E > v).
An important observation is contained with-
in this analysis: the probe spectral width
determines a “window” for which the free
CN fluorescence is viewed, and so affects 7y,
(18). Since we have both vy (40 cm™') and
E, the above expression yields for the repul-
sion length parameter L; = 0.8 A for the
exponential potential discussed above. Simi-
lar procedures can be used to calculate
length parameters of other potential shapes,
for example, R™". In Fig. 3, the derived
V(R), V(f), and R(f) are all shown in a
construction that illustrates the “trajectory”
for dissociation through space-time, and
that provides the time and distance scales
involved. According to the above analysis,
the potential falls to 1/e of its initial value in
0.8 A, but the length required to break the
bond may be several times this value. For
the potential to drop to the value of v, the
bond is broken at 2.8 A, which is to be
contrasted with the value of 5.3 A obtained
carlier when the fragments were presumed
to be moving at their terminal velocity
throughout.

There are several points to be made re-
garding this reaction. First, the PES of ICN
dissociation is more complex than the one
illustrated here, because there are two chan-
nels [with possible crossing (16)] for disso-
ciation involving the production of iodine
either in its ground or its excited spin-orbit
states. However, our available energy is just
below the excited I* state channel, and it is
known experimentally that at our excitation
wavelength, the reaction is to the ground
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state channel, which correlates with a bent
state. The measurements reported here clock
the dynamics of I-CN recoil and the devel-
opment of free CN. As pointed out by Zare
and co-workers (16), the dynamics that pro-
duce rotational excitation (bending) could
be on a shorter time scale, and time-resolved
alignment experiments would aid us in re-
solving this bending dynamics. At our wave-
length of dissociation, the product rotation-
al-state distribution of the nascent CN was
explained (19) by nearest-neighbor repul-
sion effects exclusively. This explanation is
consistent with the picture here of repulsion
between the carbon and the iodine. Second,
the absorption measurement depends also
on the characteristic of the upper state (I +
CN¥) potential. However, in the asymptotic
limit (R— %), 71, is described for the
potential discussed by the formula given
above (20, 21). Finally, we assumed here the
repulsive potential of Goldfield et al. (16),
but there exists a method to invert the data
to give the shape of the PES and to account
for the attractive terms in the potential (22).
With femtosecond pulses it is now possi-
ble to clock chemical reactions as they occur.
Based on a classical mechanical model, we
can describe the important physics relevant
to these clocking experiments. This descrip-
tion is also consistent with recent quantum
mechanical simulations of the experiment by
Williams and Imre (23). In general, the
precision to which the time delay (clocking)
can be measured is determined by the ex-
perimental signal-to-noise ratio (eventually,
one will be limited by the accuracy by which
a molecule like DEA gives the r = 0 calibra-
tion), whereas the temporal pulse width
influences observations relating to the distri-
bution of molecules. Increasing the tempo-
ral resolution further may lead to additional
information on the dispersion of molecules
as they travel on the PES. Furthermore,
trapping phenomenon like the one observed
in the reaction of salt molecules may also be
observed (3, 4). These real-time femto-
chemistry (24) experiments promise to pro-
vide a new window on the dynamics of the
chemical bond, with sub-angstrom resolu-
tion, in many other chemical reactions.
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