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Ultrafast electron diffraction (UED) has been developed to study transient
structures in complex chemical reactions initiated with femtosecond laser
pulses. This direct imaging of reactions was achieved using our third-generation
apparatus equipped with an electron pulse (1.07 6 0.27 picoseconds) source,
a charge-coupled device camera, and a mass spectrometer. Two prototypical
gas-phase reactions were studied: the nonconcerted elimination reaction of a
haloethane, wherein the structure of the intermediate was determined, and the
ring opening of a cyclic hydrocarbon containing no heavy atoms. These results
demonstrate the vastly improved sensitivity, resolution, and versatility of UED
for studying ultrafast structural dynamics in complex molecular systems.

Molecular dynamics is now routinely studied
on femtosecond time scales using various
spectroscopies (1–3). However, direct struc-
tural information about all nuclear coordi-
nates involved in such dynamical processes
requires resolution in time by x-ray or elec-

tron diffraction (4). Recently, x-ray diffrac-
tion and absorption, including synchrotron
radiation, have been used to study nanosec-
ond changes in proteins and subpicosecond
melting of solids [see, e.g., (5, 6)]. In the past,
electron diffraction has been developed to
become a powerful tool in the studies of static
molecular structures, particularly in the gas
phase (7, 8). For studies of solid surfaces,
pulsed electron diffraction has been initially
demonstrated with a time resolution of ;0.1

ns (9, 10), and similar resolution has been
attained in the gas phase (5, 11).

In ultrafast electron diffraction (UED), a
femtosecond laser pulse is used to initiate a
reaction, but unlike other ultrafast spectros-
copies, the subsequent laser pulses normally
used to probe the progress of the reaction are
replaced with ultrashort pulses of electrons.
Diffraction patterns are then recorded with
the temporal overlap (zero-of-time) directly
measured (12). For these UED studies to be
successful, a number of experimental chal-
lenges must be overcome. These include (i)
the problem of independently determining the
zero-of-time of the pump and probe pulses in
situ for clocking the change, (ii) the problem
of low electron flux required to minimize
space-charge–induced temporal broadening
of electron pulses, and (iii) the problem of
low scattering and sensitivity caused by the
absence of long-range order present in solids
and the low density of molecules in gases.
Progress has been made (12–14), but the need
for greater sensitivity and resolution has re-
sulted in the development of our third-gener-
ation UED apparatus (15).

Here, we present the diffraction images of
complex chemical reactions with unprece-
dented system performance due to improve-
ments in pulsed electron flux, repetition rate,
detection sensitivity, and experimental stabil-
ity. The spatial and temporal resolution of
UED now approaches 0.01 Å and 1 ps, re-
spectively, and we can observe a change in
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Fig. 1. (A) A scale repre-
sentation of the third-
generation UED appara-
tus. The Caltech appara-
tus (15) principally com-
prises a femtosecond
laser system, an electron
gun, a high-vacuum scat-
tering chamber, a molec-
ular beam, a 2D imaging
system with a CCD cam-
era (Photometrics), and
a time-of-flight mass
spectrometer (MS-TOF)
with retractable accel-
erating grids and a mi-
crochannel plate (MCP)
detector. Beam splitters
are labeled BS. The time
delay arrangement is
also shown. (B) Results
of an in situ streaking
experiment showing
subpicosecond precision
for electron pulse mea-
surement. The streak-
ing images are shown
above the peaks of the
two electron pulses.
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the density of the reacting species as low as 1%.
We used this apparatus to study two types of
chemical reactions: the nonconcerted elimi-
nation reaction of 1,2-diiodotetrafluoroethane
(C2F4I2) to give tetrafluoroethene and iodine,
and the ring opening of 1,3-cyclohexadiene
(CHD) to form 1,3,5-hexatriene. For the
former reaction, we determined the molecular
structure of the transient intermediate
(C2F4I); it is a nonbridged species. These
results are directly relevant to the role of
dynamics in controlling stereochemistry, as
discussed below. For the latter reaction, we
observed the direct change in diffraction due
to ring opening; we also refined the molecu-
lar structure parameters of the ground state.

The newly designed apparatus incorpo-
rates major changes in the three elements
critical for obtaining UED: the pulsed elec-
tron source, the detection system, and the
femtosecond laser (Fig. 1A). Versatility
was also augmented by a time-of-flight
mass spectrometer for the identification of
species. Femtosecond laser pulses were
generated from an amplified Ti:sapphire
laser system (350 mJ, 120 fs, 267 nm). Part
of the output from the laser (;80 mJ) was
directed into the scattering chamber to ini-
tiate the reaction, while a smaller fraction
of the laser power was focused onto a
back-illuminated silver photocathode to
generate electron pulses via the photoelec-
tric effect. The sample was introduced into
the vacuum chamber via a jet expansion
source.

After the interaction between the elec-
tron pulses and the molecular beam, the
diffracted electrons were observed with a
low-noise two-dimensional charge-coupled
device (2D CCD) camera capable of single-
electron detection. The design achieved ef-
ficient collection of the scattered electrons
and allowed for optimum electronic data
processing and in situ measurement of the
temporal resolution. An electron pulse
width of 1.07 6 0.27 ps was measured
using streaking methods inside the appara-
tus (Fig. 1B). The number of electrons per
pulse was typically ;25,000 (at ;4 ps) and
could be varied (12); the electrons were
accelerated at 30 kV and were focused with
a magnetic lens assembly. This large num-
ber of electrons, combined with a high
repetition rate (1 kHz), gives a 200-fold
improvement in electron flux over previous
generations of UED apparatus. Finally, we
measured the zero-of-time by means of the
ion-induced lensing technique (16 –18).

The 2D diffraction images obtained
from the two systems studied (Fig. 2) clear-
ly show changes with time. In Figs. 3 and 4,
the full analysis (19, 20) of the diffraction
is shown, together with the ground-state
structure for C2F4I2 (21). Similarly, we
show the analysis for CHD in Fig. 5 for the

ground state and at longer times. To obtain
ground-state structures, we time the arrival
of the electron pulse to occur before that of
the initiation pulse (that is, at a negative
time); diffraction patterns obtained at pos-
itive times, minus the negative one, give
the images of transient structures involved
in the reaction. The two systems of interest
are shown in Scheme 1.

The ground-state diffraction signal for
C2F4I2, obtained from the blue image (Fig.
2A), was reproduced theoretically using the
structural parameters provided by Hedberg
and co-workers (22) for the anti and gauche
conformers of C2F4I2. The 2D image, I 2D,
was converted to a 1D total intensity curve,
I T, by calculating the average intensity as a
function of pixel radius (pix) from the elec-
tron beam center. An experimental molecular
scattering intensity curve, sM(s), was gener-
ated (7) and subsequently fit to a theoretical
sM(s) curve derived from the structural pa-
rameters. A corresponding radial distribution
curve, f (r), which reflects the relative density
of internuclear distances in a molecule, was
obtained via a Fourier (sine) transform of
sM(s):

f ~r! 5 E
0

smax

sM~s! sin (sr) exp~2 ks2!ds (1)

where s is the momentum transfer parame-
ter given by s 5 4p/l z sin(u/2), l is the de
Broglie wavelength of the electrons (0.067
Å at 30 keV ), and u is the scattering angle.
The damping constant k accounts for the
finite s range of the detector (;1.5 to 18.5
Å21). The high degree of agreement be-
tween the corresponding experimental and
theoretical f (r) curves for the ground state
of C2F4I2 is shown in Fig. 3A. Both
ground-state structures could be observed
with a 76:24 6 2 anti:gauche conformer
ratio, in excellent agreement with previous
results obtained at 120°C (22). (Bond dis-
tances are indicated at the bottom of the
panels in Fig. 3.)

To resolve structural changes during the
course of the reaction, we collected UED
data for C2F4I2 for a range of time delays
(t) from –95 ps to 1405 ps. We used the
temporal difference method (13, 23) to
monitor directly the net change in the dif-

Fig. 2. UED images of C2F4I2 (blue) and CHD (red). Ground-state molecular diffraction images were
obtained at 295 ps for C2F4I2 (A) and with the pump laser off for CHD (F). Selected diffraction
difference images are shown for C2F4I2, DI 2D(t ; 295 ps; pix) (B to E) and for CHD, DI 2D(t ; 2100
ps; pix) (G to J).
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fraction pattern resulting from the reaction.
For example, DI 2D(t ; t , 0; pix) 5 I 2D(t)
2 I 2D(t , 0) gives the difference image
that reflects only changes in molecular
structures involved in the formation and
decay of transient species. Indeed, transient
structural changes were observed in the 2D
diffraction difference images [DI 2D(t ; –95
ps; pix)] (Fig. 2, B to E). As expected, at
t 5 245 ps, no change was observed in the
diffraction image because the electron puls-
es probe the molecules before the reaction.
At t 5 0 ps, we observed the instantaneous

appearance (within our temporal resolu-
tion) of a periodic pattern— diffraction
rings—that resulted from structural chang-
es. The difference signal becomes more
pronounced in the images with increasing
time.

Close inspection of the corresponding time-
dependent difference curves, Df (t ; –95 ps; r)
(Fig. 3B), reveals that the peak intensity at ;5 Å
remains constant after 5 ps. However, the peak
intensities around 2 to 3 Å continue to increase
well after 5 ps. The ;5 Å peak corresponds to
the loss of the IzzI internuclear separation of the

anti conformer of C2F4I2, whereas those at 2 to
3 Å correspond primarily to the depletion of C-I,
FzzI, and CzzI distances. These results indicate
that the reaction is nonconcerted: The first step
(C2F4I2 3 C2F4I 1 I) is essentially complete
within 5 ps, which is consistent with the ;200-
fs time constant measured previously by mass
spectrometry (24). The second step (C2F4I 3
C2F4 1 I) takes place on the picosecond time
scale. A least-squares fit of the changing frac-
tions of the intermediate C2F4I and final product
C2F4 as a function of time yields an average
time constant of 26 6 7 ps for the depletion of
C2F4I transient structures (20 6 5 ps) and for-
mation of C2F4 molecules (31 6 4 ps). In the
range of the given available energy (25), this
picosecond change is entirely consistent with a
barrier-crossing process for the intermediate, as
is the percentage of radicals undergoing further
dissociation (55 6 5%).

We generated additional difference curves
using the 5 ps image (instead of –95 ps) as the
new reference signal [Df (t ; 5 ps; r), Fig. 3C]
to observe the structural change of the reac-
tion intermediate and product only, with no
contribution from any other species present.
The Df (t ; 5 ps; r) signals arise only from the
transient C2F4I and final product C2F4 spe-
cies, with the depletion of the C2F4I radical
being evident at C-I, CzzI, and FzzI separations.
Note that the populations of other internucle-
ar separations (such as C-F, C-C, and FzzF)
are essentially unchanged and make no con-
tribution to the Df (t ; 5 ps; r) or Df (t ; –95 ps;
r) signals. The absence of an IzzI component
(;5 Å) in the Df (t ; 5 ps; r) curves shows that
we are observing solely the population
change of the transient structure C2F4I going
to C2F4, and that the unreacted C2F4I2 popu-
lation is zero and remains constant after 5 ps.
The time-dependent fraction of C2F4 formed
after 5 ps showed a time constant of 25 6 7
ps, in agreement with the above analysis of
Df (t ; –95 ps; r) curves.

The structure of the intermediate in the
reaction was determined from the diffraction

Scheme 1. Molecular structure changes in the
two reactions studied.

Fig. 3. Time-resolved structural changes of C2F4I2 during the elimination of iodine to form
tetrafluoroethene. (A) Comparison of theoretical (red) and experimental (blue) f(r) curves for the
ground state of C2F4I2; the interatomic distances for the anti and gauche structures are indicated
for comparison. (B and C) Experimental Df(t ; –95 ps; r) curves (B) and Df(t ; 5 ps; r) curves (C) in
blue obtained at varying time delays with subsequent Fourier filtering (the Fourier cutoff was ;9
Å); theoretical curves are shown in red. Internuclear distances of the ground-state anti conformer
are indicated below in (B) and (C).
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curves DsM(t ; 5 ps; s). Two different model
structures for haloethyl radicals were consid-
ered for C2F4I: a “classical” structure, in
which the primary halide (I) resides predom-
inantly on one -CF2 moiety, and a “bridged”
structure, in which the primary halide is
shared equally between the two -CF2 moi-
eties (26). The bridged radical model has
been postulated to explain the stereoselectiv-
ity observed in many reactions involving ha-
loethyl radicals. To explore detailed structur-
al features of the C2F4I radical, far beyond
our previous sensitivity (23), we averaged
DI(t ; 5 ps; pix) difference curves from t 5
140 ps to 1405 ps. The averaged signal,
denoted DI(`; 5 ps; pix), was fit separately
with either the bridged radical structure or the
classical anti and gauche radical structures
(27) obtained using ab initio calculations (28)
(Fig. 4).

Theoretical curves for the classical
structures provide an excellent fit to the
experimental data, whereas the fit to the
bridged structure is extremely poor, thereby
elucidating the nature of the intermediate:
The structure of the C2F4I radical is clas-
sical. Experimental bond lengths and an-
gles of the classical C2F4I radicals were
subsequently obtained from DsM(`; 5 ps;
s) through least-squares refinement of the
structure (29, 30); the primary results are
given in Table 1. The r(C-I) and r(C-C)
distances of the radical are respectively
longer and shorter than those of the parent
molecule [for C2F4I2, r(C-I) 5 2.136 Å,
r(C-C) 5 1.534 Å (22)], whereas the r(C-
F9) distance in the radical site (-CF92) is
shorter than that of the -CF2I site. These
results are consistent with the increased
C-C bond order and were reproduced from
ab initio quantum calculations to within
0.03 Å (28). The retention of stereochem-
istry need not result purely from electronic
structural bridging; it may also result from
dynamical effects: If the time for bond
breakage is shorter than that of rotation
around the C-C bond, stereochemistry will
be retained even in classical structures.

To test our ability to study more complex
reactions and systems with no heavy atoms,

we examined a prototypical cyclic hydrocar-
bon known to undergo electrocyclic ring
opening (31): 1,3-cyclohexadiene (CHD). In
addition to the lack of heavy atoms, UED
studies of CHD are also challenging in that
potentially complicated structural dynamics

can result from multiple intermediate con-
formers, and because (unlike all other sys-
tems previously studied with UED) the reac-
tion involves structural rearrangement rather
than fragmentation. We were able to obtain
an exceptionally high signal-to-noise ratio in

Table 1. Structural parameters of the classical
C2F4I radical intermediate.

Distances Angles

r(C-I) 5
2.153 6 0.013 Å

/(CCI) 5
115.0° 6 3.1°

r(C-F) 5
1.340 6 0.037 Å

/(CCF) 5
108.6° 6 6.0°

r(C-C) 5
1.478 6 0.049 Å

/(CCF9) 5
117.9° 6 3.1°

r(C-F9) 5
1.277 6 0.027 Å

/(FCF/2) 5
54.0° 6 5.6°

/(F9CF9/2) 5
59.9° 6 3.9°

Fig. 4. Structural deter-
mination of the tran-
sient C2F4I radical. (A
and B) Comparison of
experimental DsM(`; 5
ps; s) and Df (`; 5 ps; r)
curves (blue) with cor-
responding theoretical
curves (red) obtained
using ab initio calcula-
tions of the bridged
structure for C2F4I. (C
and D) Comparison of
experimental DsM(`; 5
ps; s) and Df (`; 5 ps; r)
curves with theoretical
curves obtained using
the ab initio classical
(anti and gauche) C2F4I
structures. Refined
bond lengths and an-
gles of the anti con-
former of C2F4I from
least-squares fitting are
given in Table 1.

Fig. 5. UED results of
CHD. (A) Experimen-
tal f(r) curve for the
ground-state struc-
ture of CHD. The top
residual curve [ f(r)expt

2 f(r)theo] was ob-
tained from our struc-
tural refinement of
CHD. The bottom re-
sidual curve, obtained
using structural param-
eters from the litera-
ture (32), is shown for
comparison. (B) Sche-
matic of the interatom-
ic distances for CHD
(32) and tct (35). Tall
lines, C-C pairs; short
lines, C-H pairs. (C) Ex-
perimental Df (`;
2100 ps; r) curve for
CHD (blue). The red
curve was obtained by
including the effects of
internal rotation and
nonthermal distribu-
tion of bond distances;
see text.
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the ground-state image of CHD (Fig. 2F) and
could perform UED on CHD.

CCD images from CHD and the corre-
sponding change with time are shown in Fig.
2, G to J. Figure 5A gives the f (r) curve
obtained from Fig. 2F, consistent with previ-
ous conventional ED data (32). Least-squares
refinement of the ground-state structure of
CHD led to excellent agreement with the
experimental data, as shown in the residual
curve immediately below f (r) in Fig. 5A. The
refined covalent distances are r(C2-C3) 5
1.465 6 0.083 Å, r(C1-C2) 5 1.324 6 0.002
Å, r(C1-C6) 5 1.559 6 0.031 Å, r(C5-C6) 5
1.500 6 0.140 Å, r(C2-H2) 5 1.094 6 0.016
Å, and r(C6-H6) 5 1.099 6 0.016 Å (where
C5 and C6 are the sp3-hybridized carbons)
(33).

After femtosecond excitation, the differ-
ence curve Df (`; –100 ps; r) shown in Fig.
5C contains negative peaks at ;1.5 and ;2.5
Å that are consistent with the depletion of
covalent C-C pairs (;1.5 Å) and next-near-
est-neighbor C–C pairs (;2.5 Å) (see Fig. 5,
A and B). Moreover, positive contributions to
the signal were observed at distances greater
than ;3.5 Å, indicating the formation of new
internuclear pairs with correspondingly long-
er distances. These observations are consis-
tent with the ring opening of CHD and sub-
sequent formation of 1,3,5-hexatriene on the
picosecond time scale. Our preliminary anal-
ysis provides the theoretical fit shown in Fig.
5C.

An ab initio model for the trans-cis-trans
(tct) conformer of 1,3,5-hexatriene (34, 35),
with an assumed vibrational temperature of 0
K, gave a relatively poor fit to the experimen-
tal data. However, an improved agreement
was obtained simply by using a longer C-C
single bond distance for tct. Elevated vibra-
tional temperature may play a role: Unlike
C2F4I2, the structural rearrangement in CHD
leaves all of the internal energy available for
the vibrational and rotational degrees of free-
dom; we used known vibrational frequencies
(34) and the available energy to calculate a
vibrational temperature of ;2000 K. Better
fits were achieved when we took into consid-
eration the internal rotation about the dihedral
angles and a nonthermal distribution of C-C
single and double bonds. Independent of this
refinement, it should be noted that the two
peaks at ;1.5 and ;2.5 Å, corresponding to
covalent C-C pairs and next-nearest-neighbor
C–C pairs, are robust in both experimental
and theoretical Df (`; –100 ps; r) curves,
elucidating the primary process. A more re-
fined theoretical analysis should reveal the
intricate structural dynamics of this reaction,
including the time scales of formation of the
various conformers of 1,3,5-hexatriene.

Ultrafast electron diffraction now allows
the direct imaging of transient structural
changes in chemical reactions with a sensi-

tivity to chemical change of ;1% in the cases
we studied. For a molecule with heavy atoms,
intermediate and product structures could be
observed in real time, with spatial and tem-
poral resolutions of ;0.01 Å and ;1 ps. For
a complex cyclic hydrocarbon (with no heavy
atoms), electrocyclic ring opening could be
observed directly upon femtosecond excita-
tion. The results presented here demonstrate
the new limit achieved in detection sensitiv-
ity, versatility, and resolution of UED, as
well as the potential for its diverse applica-
tions. The extension to even more complex
systems, both theoretically and experimental-
ly, represents our future direction in UED.
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Rev. Sci. Instrum. 69, 2633 (1998), and references
therein.

21. Samples of C2F4I2 (Lancaster, 98%) and CHD (Al-
drich, 97%) were used without further purification,
but were degassed with several freeze-pump-thaw
cycles. High-purity xenon (Spectra Gases, 99.999%)
was used as the reference gas. The nozzle tempera-
ture was maintained at 120°C, and the background
pressure of the scattering chamber was typically ;2
3 1024 torr when gas was flowing.

22. H. Thomassen, S. Samdal, K. Hedberg, J. Am. Chem.
Soc. 114, 2810 (1992).

23. J. Cao, H. Ihee, A. H. Zewail, Proc. Natl. Acad. Sci.
U.S.A. 96, 338 (1999).

24. D. Zhong, S. Ahmad, A. H. Zewail, J. Am. Chem. Soc.
119, 5978 (1997).

25. After the parent molecule absorbs an ultraviolet pho-
ton (107 kcal/mol), 48 kcal/mol for the I channel (26
kcal/mol for I*, spin-excited iodine) is available for
the internal energy and translational motion; 59 kcal/
mol is the first C-I bond energy (22 kcal/mol is the
spin-orbit energy). Effectively, about 60% of the
energy is translational (24), and the remaining 40%
(16 kcal/mol for I) goes into the internal energy of
the (vibrationally hot) C2F4I radical.

26. P. S. Skell, J. G. Traynham, Acc. Chem. Res. 17, 160
(1984).

27. We chose a ratio of 81:19 for the anti and gauche
radical conformers, on the basis of values for the
barrier for isomerization, the energy difference be-
tween the conformers, and the temperature. The first
two of these values were obtained from ab initio
calculations (28); the temperature was estimated to
be ;800 K on the basis of the total energy and the
number of modes.

28. H. Ihee, J. Kua, W. A. Goddard III, A. H. Zewail, in
preparation.

29. The internal energy of C2F4I was accounted for in our
structural refinement of bond distances and angles
by including terms that correct for the increased
centrifugal distortion (dr) and vibrational motion (l,
the mean amplitude of vibration) with temperature.
The ASYM40 program (30) was used to obtain values
of l and dr at 800 K. These values were then used to
relate re (the geometrically consistent zero-kelvin
equilibrium internuclear distance) to ra (the internu-
clear distance as measured by electron diffraction)
using the equation ra 5 re 1 (3/2) z a z l2 1 dr – l2/r
(7), where a is the anharmonicity constant for the
bond.

30. L. Hedberg, I. M. Mills, J. Mol. Spectrosc. 160, 117
(1993).

31. W. Fub, T. Schikarski, W. E. Schmid, S. Trushin, K. L.
Kompa, Chem. Phys. Lett. 262, 675 (1996), and ref-
erences therein.

32. H. Oberhammer, S. H. Bauer, J. Am. Chem. Soc. 91,
10 (1969).

33. Further studies of this structure and its refinement
are continuing in this laboratory.

34. Y. N. Panchenko, S. V. Krasnoshchiokov, P. George,
C. W. Bock, Struct. Chem. 3, 15 (1992), and referenc-
es therein.

35. M. Trætteberg, Acta Chem. Scand. 22, 2294 (1968).
36. Supported by NSF and the U.S. Air Force Office of

Scientific Research. We thank H. E. Elsayed-Ali for
collaboration on the construction of the electron gun.

26 September 2000; accepted 28 November 2000

R E P O R T S

19 JANUARY 2001 VOL 291 SCIENCE www.sciencemag.org462


