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Ultrafast Electron Diffraction Reveals Dark Structures of the

Biological Chromophore Indole**

Sang Tae Park, Andreas Gahlmann, Yonggang He, Jonathan S. Feenstra, and Ahmed H. Zewail*

Ultraviolet (UV) photodamage of biological chromophores,
such as nucleic acid bases and amino acids, is critically
controlled by the relaxation pathways following the initial
excitation.'") Photostability as a concept involves “dark
structures”,™ which undergo photophysical and/or photo-
chemical pathways.'¥! Of major relevance is the time scale of
structural change, since long-lived species would not be
desirable for the photostability. Hence, it is important to
identify the photophysical (intersystem crossing (ISC) and
internal conversion (IC)) and photochemical (e.g. hydrogen
atom abstraction) processes involved, and the associated
structural transformations. These structures are not amenable
to detection by conventional optical probing methods.
Herein, we report our first ultrafast electron diffraction
(UED) study of the structural dynamics of indole, the UV
chromophore of the amino acid tryptophan.

Being an important fluorescence probe in protein stud-
ies,*! tryptophan has been the subject of many spectroscopic
investigations. The chromophore indole has complicated
excited-state interactions and the photophysics and photo-
chemistry vary depending on the excess energy. In the isolated
molecule, the fluorescence quantum yield and lifetime on the
nanosecond time scale were studied, when the molecule was
excited around the origin of the first excited state
(283.78 nm).[') When excited at shorter wavelengths (below
271 nm), broad and structureless features in the electronic
spectrum suggest the onset of an ultrafast nonradiative
process of unknown nature.l”??! Using time-resolved photo-
electron spectroscopy, this ultrafast process was not observed,
possibly due to cross-section consideration.””! However, at
higher energies the H-atom loss channel was observed at 193/
248 nm™! and below 260 nm.”! The calculations of conical
intersections between the singlet excited states and the 'mo*
repulsive state® 2 have in fact predicted such behavior.
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With UED, as detailed in the experimental section, we are
able to determine both ground- and excited-state structures
and obtain the temporal behavior for excitation of indole at
267 nm. For the ground-state structure (see Scheme SI1 in the
Supporting Information), the experimental and the theoret-
ical molecular scattering function, sM(s), together with the
radial distributions, f(r), are shown in Figure 1. The refined
structural parameters are listed in Table SI1 in the Supporting
Information, together with values obtained from density
functional theory (DFT) calculations. The satisfactory agree-
ment between experiment and theory gives the refined
structural parameters, which were found to have discrepan-
cies at most within 0.007 A and 0.1° for bond lengths and
angles, respectively.
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Figure 1. UED determined molecular structure of indole in the ground
state. Shown are a) the molecular scattering function, sM(s), and

b) the radial distribution, f{r), for the experimental (points) and
theoretical curves (line). The maximum discrepancies are 0.007 A and
0.1° for bond lengths and angles, respectively.
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The ground state of indole clearly exhibits some aromatic
character in both the six- and five-membered rings. The C—C
and the C—N bond lengths were determined with the values
given in Figure 1; they all are in the range of 1.376 to 1.438 A.
However, the six-membered ring shows a slight “quinoid”
character with elongated bond lengths of C3—C4 and C6—Cl.
The structure of the five-membered ring is very similar to that
of pyrrole, except for the shared bond C6—C1, which is
somewhat stretched. The aromaticity in the five-membered
ring is maintained via conjugated m orbitals with the six-
membered ring. This delocalization of & electrons results in
the slight quinoid character of the six-membered ring.

For studies of structural dynamics following UV excita-
tion, we recorded time-resolved diffraction patterns at differ-
ent times, from —100 ps to + 1 ns. The experimental frame-
referenced AsM(s) curves are compared to the theoretical
ones for the possible structures involved (see Figure SI1).
Theoretical structures of the Ly, L,, T, hot S, state and photo-
products (H-atom loss), are excluded on our time scale,
because of the relatively poorer fits. The best fit was obtained
using the structure of the T, state as the product (Figure
SI1d). We also performed multicomponent fits by floating the
fraction of several channels at once. In this way, the T,
structure was exclusively favored at all time points.

With the major reaction channel identified, the structure
was then refined (listed in Table SI2). Figure 2 a displays the
experimental product-only f(r) curve with the theory at the
+ 100 ps time delay (frame referenced at —100 ps). The mm*
character of the T, state is readily seen from the broken
aromaticity, which results in distinctly alternating single and
double bonds. From the temporal frame-referenced diffrac-
tion data, the population of this product structure as a
function of time was determined, and the result for the
temporal change of the fraction is shown in Figure 2b. A
nonlinear fit of an exponential function, for a single-step
process, gives a rise time of 6.3+ 1.1 ps.

The structural dynamics following 267 nm excitation thus
indicate that the triplet-state channel is significant in the
depopulation of the initial structure. The previous spectro-
scopic studies on indole and substituted indoles, which
reported a complete loss of vibronic structure above the S,
origin,'"? a feature reflective of a short-lived species at this
energy,”*?! can now be understood in relation to our findings.
Of particular interest to the present study are the reported
drop-off of the fluorescence yield at ca. 900 cm™' above the
origin of 3-methylindole, which has been attributed to an
accelerated rate of ISC,™™ and the broad band of the NH
stretching mode in the S, state,”! which suggests a longer than
3ps lifetime at an excess energy (3478 cm™' above S,)
comparable to ours (ca. 5000cm™' including thermal
energy; energy redistribution lowers this value for the
coordinate of interest).

The rise time of 6.3 ps for the triplet state, determined by
UED, may appear rather short given the fact that ISC, in this
case of 267 nm excitation, is between mz* singlet and triplet
states. However, this symmetry and parity rule® is normally
applicable for a planar geometry and, when nonplanar
distortions are involved, vibronic couplings must be
included.P"! It has been shown in the case of cytosine that
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Figure 2. UED determined excited-state structure, following UV excita-
tion. a) Product-only radial distribution curve, f(r; t=+100 ps), for
indole with T, as a product. Also shown in the lower trace is the
frame-referenced radial distribution curve, Af(r; t=-+100 ps,
ts=—100 ps). b) Temporal evolution of the fraction of the product.
The rise gives 1=6.3+1.1 ps.

significant spin—orbit coupling, and consequently efficient
ISC, can occur, provided the 'mm* and m* states cross at a
nonplanar geometry.*

In order to test such a conjecture for indole, we carried out
calculations at the CASSCF(12,11)/6-311G(d,p) level and
found that the T, (*mzr*) state of indole possesses a nonplanar
equilibrium geometry. Furthermore, T, (*nrt*) crosses S; at
near 828 cm™' above the S; origin with a quasi-nonplanar
geometry at the point of crossing. The proximity of the
crossing point to the S; energy minimum enhances the
Franck-Condon overlap,®*3! resulting in ultrafast ISC. Tt
should be noted that the L, and L, states are heavily mixed,
but at our wavelength the contribution of the L, (S,) state
seems to be larger than that of L, (S,).”! We observe the final
structure in the T state in 6.3 ps, which suggests that T, and T,
mixing/conversion is very efficient. Future experiments with
polarized photoselection”® would address such a state mixing
effect on UED.F7!

In Figure 3, we summarize the experimental and theoret-
ical findings on the indicated potential energy curves for
indole. In this picture, the S, and T, states cross right above
the S, origin, whereas singlet and triplet sz* states cross with
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Figure 3. Potential energy curves of the excited and ground states of
indole along the hydrogen-atom loss and bound effective coordinates.
For discussion of the excited states involved, see text.

the mo*,?*? which leads to H-atom loss at higher energies.
On our time scale, for the 267 nm excitation, it can thus be
concluded that the involvement of the repulsive 'mo* state is
minor. Above the S;/'mo* crossing, which has been observed
to be at ca. 260 nm,™ a competition between ISC to the
triplet manifold and IC to the 'mo* state would take place,
perhaps with the latter dominating at high energies. The long-
lived T, state can also lose an H-atom over a shallow reaction
barrier but on a longer timescale. The slow component of H-
atom loss, observed at 248 nm in the mass spectrometry
study,®! may accordingly originate from the T, state, because
the ground-state reaction would be too slow to be observed.

In conclusion, the structural dynamics reported herein for
the tryptophan chromophore (indole) using ultrafast electron
diffraction reveals the involvement of triplet state(s) in the
nonradiative pathway of excited states. The product, excited
triplet, has a broken aromatic structure, whereas the ground-
state structure was determined to have aromaticity both for
the six- and five-membered rings, with a slight “quinoid”
character; the C—C and the C—N bond distances were thus
determined and they are in the range from 1.376 to 1.438 A.
The rate of product formation is 1.6 x 10" s™!, which accounts
for the broad spectra observed in the excited state. This
perspective from the UED study on the photophysics and
photochemistry of indole emphasizes the direct role of
intermediate dark structures in the overall relaxation path-
ways. Partial population of these states has to be taken very
seriously in addressing photostability of biological chromo-
phores. Moreover, given the involvement of reactive triplets,
the solvent effect, especially water, will have to be integrated
into any picture of the dynamics and stability.

Experimental Section

A detailed description of the UED-3 apparatus and data analysis has
been given in previous publications.*” Briefly, ultrashort laser pulses
(120 fs) at 800 nm were frequency-tripled to generate the UV light
(450 w/pulse), which was then split into two beam paths. The pump
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beam (ca. 93% of the total energy) was time delayed using a
translation stage and was directed into the scattering chamber to
initiate the reaction. The weaker beam (ca. 7% of the total energy)
was attenuated, focused, and directed onto a back-illuminated silver-
coated cathode to generate the ultrashort electron pulses (2.5 x 10*
electrons/pulse at 30 keV) via the photoelectric effect. An effusive
beam of indole was introduced into the chamber via our newly
implemented, air-heated inlet system at 543 K. Indole (>99 %) was
purchased from Aldrich and used without further purification.

The starting geometries for structural analysis were obtained
from quantum chemical calculations using approximated singles and
doubles coupled-cluster (CC2) method with the aug-cc-pVTZ basis
set, and density functional theory calculations at the B3LYP/6-
311G(d,p) level using Gaussian 98 suite.*”! Structural analysis was
conducted using home-built software, following the methodology
described previously.® We have also implemented the redundant-
internal-coordinate**?l system and the correlation-elimination
method® by near-singularity removal in our UED analysis.
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