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The determination of the structure of transient molecules, such as photoexcited 
states, in disordered media (such as in solution) usually requires methods with high 
temporal resolution. The transient molecular structure of a reaction intermediate 
produced by photoexcitation of NiTPP-L, (NiTPP, nickeltetraphenylporphyrin; L, 
piperidine) in solution was determined by x-ray absorption fine structure (XAFS) 
data obtained on a 14-nanosecond time scale from a third-generation synchrotron 
source. The XAFS measurements confirm that photoexcitation leads to the rapid 
removal of both axial ligands to produce a transient square-planar intermediate, 
NiTPP, with a lifetime of 28 nanoseconds. The transient structure of the photo- 
dissociated intermediate is nearly identical to that of the ground state -N~TPP, 
suggesting that the intermediate adopts the same structure as the ground state in 
a noncoordinating solvent before it recombines with two ligands to form the more 
stable octahedrally coordinated NiTPP-L,. 

Photoexcited states of molecules are often stud- Here we present time-domain laser pump/ 
ied with "pump-probe" methods, in which a x-ray probe XAFS studies using x-ray pulses 
short optical pulse excites the ground state, and from a third-generation synchrotron source. 
a second probe pulse interrogates the excited (The experiments were conducted at a wig- 
state. For structural studies, substantial progress gler beamline at the Basic Energy Sciences 
has been made in generating ultrashort x-ray Synchrotron Research Center at Argonne Na- 
pulses ( 1 4 )  that have been used to obtain tional Laboratory's Advanced Photon 
time-resolved x-ray diffraction information Source.) Although the duration of the x-ray 
with picosecond resolution (5-7). Because pulses (100 ps at full width at half-maximum) 
many light-dnven processes occur in disordered is too long to follow atomic displacements 
media, techniques that do not rely on the long- due to the photoexcitation, it is suitable for 
range order of a system must be developed. The capturing intermediate structures with sub- 
approach of laser pumplx-ray probe x-ray ab- nanosecond resolution. We are able to take 
sorption fine structure (XAFS) was proposed "snapshots" of molecules when the popula- 
earlier (8-lo), and transient molecular struc- tion of the laser-generated transient species 
tures, generated in light-induced processes, reaches a maximum; in this case, the species 
were captured without using the temporal res- is a reaction intermediate with a 28-ns life- 
olution of the source (11-19). time that results from the photodissociation 

of NiTPP-L, (NiTPP, nickeltetraphenylpor- 
phyrin; L, piperidine) in solution (Fig. 1A). 
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calculated in the same way as for particle positions 
from a measurement. The liquid histogram was taken 
from observations shortly after shear melting, when 
the sample was in the liquid state. 
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catalysis, and the photoinduced redox reactions. 
According to previous studies (2&22) in a 
weakly coordinating or noncoordinating sol- 
vent, the 3d8 electrons of the Ni(I1) ion in the 
square planar geometry of NiTPP adopt a sin- 
glet spin state 1(3dz,)2, So, whereas these elec- 
trons in the octahedral geometry of NiTPP-L, 
prefer the triplet spin state '(3d 3dZ.,),TI,. 
This difference reflects the response of the 
3dx,,, and 3dz, orbitals in the square planar and 
octahedral ligand fields. Starting with NiTPP- 
L,, a laser pump pulse induces an electronic 
transition from the triplet ground state, TI,,to an 
excited triplet state, T *  (Fig. 1B). This state 
decays and undergoes intersystem crossing to an 
excited singlet state, S*.  This excited state ejects 
two ligands L to produce the square planar 
geometry (20-22). If the solvent were noncoor- 
dinating or weakly coordinating, this reaction 
sequence would be completed. However, in a 
strongly coordinating solvent, S,, is unstable and 
the system will return to To, by recombining 
with two piperidine ligands to form an octahe- 
drally coordinated NiTPP-L, (Fig. 1 ). The tran- 
sient structures involved in this recombination 
are not known. A penta-coordinated NiTPP-L 
molecule could be involved in the recombina- 
tion, the square planar NiTPP could return to T,, 
via a concerted axial chelation with two piperi- 
dine molecules, or an intermediate square pjra- 
mid NiTPP-L structure could be important. Be- 
cause it is difficult to identify a unique optical 
absorption spectrum for each possible interme- 
diate involved in photodissociation, transient 
optical absorption spectra of NiTPP in coordi- 
nating solvent alone are not sufficient to identifi: 
the intermediates. 

The excited-state dynamics of NiTPP-LI 
have been studied by ultrafast optical transient 
absorption and Raman spectroscopy (20-25). 
The intersystem crossing fiom T *  to S * and the 
subsequent dissociation to So occur in less than 
a few hundred picoseconds (22). In a strongly 
coordinating solvent at room temperature, this 
state of NiTPP has a lifetime of 28 ns, because 
it must react with two pipendine molecules to 
reform NiTPP-L,. We can therefore use x-ray 
pulses from a synchrotron source to determine 
the local structure of these intermediates and 
compare them with the structure of ground state 
NiTPP. In addition, it is possible to detennine 
whether an intermediate species with only one 
axial ligand is present (22). The experiment was 
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carried out with a pseudo-asymmetric fill mode 
of the electron bunches in the storage ring (26), 
which generates an isolated x-ray pulse cluster 
containing six pulses within 14.2 ns (with 2.84 
ns separation between adjacent pulses) centered 
in a window of 3 160 ns, well separated in time 
from other x-ray pulses. A picosecond laser 
pulse with a 5-ps duration at 35 1 nrn coincident 
with the first x-ray pulse in the pulse cluster 
induces a T-T* transition in the porphyrin mac- 
rocycle. This excitation leads to dissociation of 
the axial piperidine ligands in NiTPP-L, within 
a few hundred picoseconds. 

The XAFS spectra (Fig. 2) for the laser- 
pumped NiTPP-L,, along with those of the 
ground states NiTPP-L, and NiTPP, show the 
following features. A distinct shoulder at 8.340 
keV appears in the x-ray absorption near-edge 
structure (XANES) (Fig. 2A) of the ground state 
NiTPP, which is attributed to the 1s-to-4pz tran- 
sition in a square planar transition metal com- 
plex (27) that would not be seen in an octahe- 
dral or a square pyramid complex. This shoulder 
feature also appeared in the XANES region of 
the laser-pumped sample, but with a lower am- 
plitude, and disappeared when the pump laser 
beam was blocked or when the detector was 
gated long after the ground state recovery. 
Therefore, the appearance of this feature in the 
XANES spectrum of the laser-pumped sample 
indicates that a transient square planar NiTPP- 
like structure has been created by the laser. The 
XANES spectrum of the laser-pumped solution 
sample can be reconstructed by mixing the 
ground state NiTPP-L, and NiTPP-like spectra 
with a ratio of approximately 7:3. The XAFS 
spectrum of the laser-pumped sample also ex- 
hibits differences from the spectra of the starting 
octahedral NiTPP-L, and the ground state 
NiTPP (Fig. 2B). Fourier-transformed XAFS 
spectra (Fig. 2C) clearly show that the average 
distance from the Ni ion to the nearest neighbor 

N atoms for the laser-pumped sample falls be- 
tween those of NiTPP and NiTPP-L, at their 
respective ground states. The XAFS spectra for 
the Ni-N peak (Fig. 2C) were fit to obtain 
coordination number and bond length informa- 
tion (28,29). Table I displays the fitting results. 
Each spectrum of the ground state NiTPP or 
NiTPP-L, can be fit with a single Ni-N distance. 
The average Ni-N distance of 1.91 A for NiTPP 
agrees with its crystal structure (30), whereas 
that of 2.09 A for NiTPP-L, is slightly shorter 
than an average distance of 2.1 1 A from the 
crystal structure (31) The discrepancy between 
the solution and the crystal structures may arise 
from the effect of crystal packing and the dy- 
namic nature of the molecular structure in solu- 
tion at room temperature (31). 

The nearest neighbors for the laser-pumped 
sample could be best described by two distances 
of 2.10 -t 0.02 A and 1.92 ? 0.02 A, with a 
relative ratio of 3.2: 1. This ratio is only slightly 
less than an expected value of 3.5: 1 and is 
within the experimental errors for a 30% yield 
of the square planar intermediate as estimated 
from the XANES spectrum, which is in agree- 
ment with the transient optical absorption mea- 
surement, where the pump pulse with the same 
photon flux depleted 28% of the peak absorp- 
tion by the ground state NiTPP-L,. Based on 
the structures of a previously studied penta- 

coordinated Ni bacterial chlorophyll that have 
a similar coordination environment as NiTPP, 
the Ni-N bond length increases from 1.95 to 
2.04 A when the coordination of Ni changes 
from a square planar to a square pyramid 
geometry (32). Thus, if there were a substan- 
tial amount of NiTPP-L present, the nearest 
neighbor distances would not resemble so 
closely those for NiTPP and NiTPP-L,, and 
the fraction of the NiTPP intermediate ob- 
tained from fitting the XANES would not 
agree so well with the two-distance fitting of 
the nearest neighbors from the XAFS spectra. 
In addition, the pre-edge peak of 1s-to-3d 
transition is not enhanced, as it would be in 
the noncentral symmetric geometry of a 
square pyramid NiTPP-L. Therefore, the pho- 
toinduced intermediate formed during the first 
14 ns after the laser pulse is primarily the 
square planar NiTPP, with an average nearest 
neighbor distance that is almost identical to 
the ground state NiTPP. This result rules out 
the presence of a substantial amount of tran- 
sient NiTPP-L. However, if the yield of 
NiTPP-L were less than 10% (22), only 3% of 
the total number of molecules, it would not 
have been detected. Moreover, if the lifetime 
of NiTPP-L were much shorter than the 14-ns 
duration of the superbunch, it would not have 
been observed. These results agree with the 

Table 1. The nearest neighbor distances. For details of data analysis, see the supplementary materials 
(33). 

Compound Coordination 
number 

Bond Length 
(A) 

Debye-Weller* 
factor (AZ) 

NiTPP 4.0 + 0.5 1.91 + 0.02 0.003 
NiTPP-4 6.0 + 0.5 2.09 + 0.02 -0.003 
Laser-pumped NiTPP-L, 5.7 + 0.5 2.10 + 0.02 0.004 

1.8 + 0.5 1.92 + 0.02 0.005 

*Relative to the nearest neighbor distance distribution in the crystal structure. 

Fig. 1. (A). A laser pump pulse 6 
induces an electronic transition 
from the ground state NiTPP-L, to 
its excited state that triggers the 
photodissociation of the axial li- 
gands. The structure of the photo- 
dissociated intermediate with a J 28-ns lifetime is probed by x-ray 
pulses before the recombination 
reaction occurs. The details of the 
experiments are described in the 
supplementary materials (33). (B) - 
Reaction path of photodissocia- 
tion of NiTPP-L, (only the nearest 
neighboring atoms that are che- To 
lated with N i  are shown), where 

L 

the ground triplet state To is pho- 
toexcited to upper triplet states 
T *  (representing a group of possi- 
ble triplet states). T *  then under- 
goes intersystem crossing to S*, 
which could occur very quickly, P$nddd @b= 
and, finally, ejection of two ligands 
to form S . This transient species was captured by the laser pumplx-ray probe XAFS experiment before i t  returned to th t  l o r e  stable To state of 
NiTTP-L, gsee text for a detailed description of the reaction path). 
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Fig. 2. (A) XANES spectra near the N i  K-edge region, with nor- 
malized x-ray absorption p(E) as a function of x-ray photon 
energy E. The shoulder feature at 8.340 keV that is present in the 0.08 
ground state NiTPP and in the laser-pumped sample is indicated 
by the arrow. The XANES spectrum for the laser-pumped sample 
can be approximated by mixing the ground state spectra of m- 0.06 
NiTPP-L, and NiTPP with a ratio of 7:3. (8) The entire XAFS $spectra ~ ( k )  has a function of the wave vector k, weighted by k2. 
k = [2m(E- Eo)/fi2]1'2 (m,the mass of the electron; Eo, the energy -
origin, that is, Eo = 8.333 keV for N i  K-edge; fi, Planck constant/ A 0.04 
27). (C) Fourier-transformed XAFS spectra weighted by k3. Each 
peak represents one distance of neighboring atoms from the 
central Ni  atom as labeled. The spectra are not corrected for 0.02 
the phases, so the Ni-atom distances shown are shorter than the 
actual distances. The corrected distances for the nearest neighbors 
are listed in Table 1. The details of the data analysis are included 
in the supplementary materials (33). 

previously proposed reaction path for the pho- 
todissociation of NiTPP-L, with a triplet 
ground state (22). 

Our results demonstrate that laser pump/ 
x-ray probe XAFS using x-rays from a third- 
generation synchrotron source provides a 
new and powerful approach to monitor tran- 
sient molecular structures in disordered me- 
dia. For many metal-containing photoactive 
molecules, the electronic transition that gov- 
erns reactivity is the metal-to-ligand charge 
transfer transition, which moves electrons 
from the metal ion to the ligands and produc- 
es a transient change in the oxidation state of 
the metal. This change may be detected by 
XAFS spectroscopy if the laser pumplx-ray 
probe technique can be applied. Inevitably, 
such transient oxidation changes could cause 
atomic displacements as well, which could 
also be detected by XAFS. Although the su- 
perbunch used in this experiment had six 
consecutive pulses within a 14-ns time span, 
which limited the time resolution of this ex- 
periment, a single-pulse superbunch is sched- 
uled for future operation at the Advanced 
Photon Source and will allow us to capture 

0.00 
0 1 

intermediate structures on even shorter time 
scales. 
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