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Abstract

Ultrafast time-resolved ion yield spectroscopy using 286 nm excitation reveals more than an 

order of magnitude difference between the S1(*) excited state lifetimes of several 

monohydroxyindole (HI) species (4-HI < 6-HI < 5-HI). The observed trend is even more striking 

upon considering the degree of excitation relative to the S1(*) origin – something investigated 

further by supporting coupled-cluster quantum chemistry calculations. The work was facilitated 

by the use of a simple laser-based desorption method that offers an alternative strategy to 

molecular beam methods when conducting gas-phase experiments with low vapor pressure 

samples.
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I. INTRODUCTION

We recently reported the first gas-phase study of the electronically excited dynamics 

operating in 5,6-dihydroxyindole (5,6-DHI) following excitation over the 241-296 nm region [1]. 

This work employed a novel laser-based thermal desorption technique which offers an 

alternative to conventional molecular beam methods when working with non-volatile chemical 

samples. The 5,6-DHI molecule is a building block unit of the eumelanin pigment that is found 

throughout nature and protects many animal species from the potentially damaging effects of 

ultraviolet (UV) radiation. Gas-phase measurements on small chromophore sub-systems found 

within larger biological species are an important “bottom-up” starting point for understanding the 

fundamental structure-dynamics-function relationships underpinning key photophysical 

properties. In particular, they provide critical benchmarks for advanced theory under conditions 

free from solvent perturbations. This rationale served as an important motivation for our 5,6-DHI 

work and, continuing in this vein, here we report the findings from a short complementary study 

investigating the excited state dynamics of the monohydroxyindole species, 4-, 5- and 6-

hydroxyindole (4-HI, 5-HI and 6-HI). Structures of these molecules are presented in Fig. 1 and 

their UV absorption spectra, recorded in cyclohexane, are shown in Fig. 2. The non-polar 

cyclohexane solvent provides a good proxy to the gas-phase environment, as discussed in more 

detail elsewhere [1]. Time-resolved ion-yield (TRIY) measurements at a pump wavelength of 

286 nm (in conjunction with an intense 800 nm probe) were undertaken using the same 

experimental methodology as utilized previously for 5,6-DHI. Our investigation was also 

supported by excited state quantum chemistry calculations using the equation-of-motion 

coupled-cluster procedure. Although all relatively non-volatile species, 4-HI, 5-HI and 6-HI have 

previously been the subject of some gas-phase spectroscopic excited state lifetime studies using 
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molecular beams (expanded upon below). A subset of our present findings therefore provide a 

useful comparative evaluation of the laser-based thermal desorption approach with more 

conventionally used techniques – something of importance if it is to be adopted more widely. 

Moving forward, we believe this method has considerable potential to open up new avenues for 

gas-phase spectroscopy/dynamics studies on species exhibiting extremely low volatility – as 

evidenced, for example, by demonstrations on the amino acid phenylalanine [2,3]. 

The influence of OH substituent position on UV-induced dynamics operating in the 

monohydroxyindoles was first suggested in helium jet fluorescence studies undertaken by Sulkes 

and co-workers [4-6]. Following excitation close to their respective S1 (*) origins, 4-HI was 

observed to exhibit a far shorter lifetime (0.2 ns) than either 5-HI (11.1 ns) or 6-HI (2.8 ns). 

Furthermore, measurements made with these species following deuterium substitution at the N-H 

and O-H positions revealed a much larger kinetic isotope effect in 4-HI (>20) than in 5-HI or 6-

HI (<2.2), suggesting tunneling behavior plays a more significant role in the former instance. 

The S1 (*) state may also be denoted as 1Lb under the scheme first proposed by Platt [7], and 

this convention (where, additionally, the second singlet * state adopts the label 1La), will be 

used from this point onwards. 

More recently, H-atom photofragment translation energy distributions from 4-HI and 5-HI 

were reported by Ashfold and co-workers over a broad range of UV excitation wavelengths 

(303.9 – 193.3 nm) [8]. In 4-HI, this work concluded excited state O-H bond fission was the 

main contributor to observed distributions of high kinetic energy H atoms. Conversely, N-H 

bond fission was the dominant origin of high kinetic energy H atom production in 5-HI at 

excitation wavelengths >235 nm. A similar picture in 5-HI also emerged from time-resolved 

photoelectron spectroscopy studies making direct comparisons with indole [9]. Here both 
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molecules were seen to exhibit very similar dynamics, again suggesting that in 5-HI motion 

along the N-H coordinate (rather than O-H) is a key factor in mediating non-adiabatic excited 

state processes. Of particular relevance to both these studies was the role played in facilitating 

1Lb and/or 1La relaxation by low-lying singlet electronic states of mixed Rydberg/valence 

character. Such states are known to be important contributors to the excited state dynamics 

operating in many small hetero-atom containing systems following UV excitation [10,11]. The 

predominant electronic orbital description is typically 3s Rydberg in the Franck–Condon region, 

but this rapidly evolves to become strongly * valence in composition as N-H or O-H bonds 

extend (see Section III for more details). A shallow energy barrier is also often present along this 

coordinate, potentially leading to H atom tunneling effects that are highly sensitive to the nature 

and position of various substituent functional groups. Indeed, relative changes in barrier height 

along the O-H stretch were invoked to account for the different UV photodissociation dynamics 

and excited state lifetimes exhibited by 4-HI and 5-HI [8]. Finally, in addition to providing a 

potential route for H atom elimination, mixed Rydberg/valence states have also been implicated 

in providing dynamical “gateways” for non-adiabatic radiationless transitions back to the S0 

ground state [12]. Within biological species, this potentially imparts a degree of UV 

photoprotection as excess ground state vibrational energy may then be dissipated efficiently into 

the surrounding environment. 

II. EXPERIMENTAL 

Our TRIY experiments were undertaken using an ultra-high vacuum spectrometer equipped 

with a thermal laser-based desorption source. This instrument facilitates straightforward gas-

phase study of non-volatile species, as recently described in detail elsewhere [13]. The source 

comprises a circular piece of 10 µm thick stainless steel foil onto which powdered 
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monohydroxyindole sample was deposited using application of methanol (providing a uniform 

coating approx. 300-500 m thick). The foil was then retained within the repeller electrode 

forming part of an ion optics set-up used to accelerate charged species towards a detector 

following pump/probe laser ionization. Once the spectrometer was evacuated (removing the 

volatile methanol solvent), the output from a compact laser diode (445 nm) was used to irradiate 

the rear (i.e. uncoated) side of the foil. This induces sample desorption as the low heat 

conductivity of stainless steel generates a confined hotspot. The diode supply voltage and 

455 nm beam focusing were set to produce an estimated localized foil temperature of ~370 ± 30 

K (see ref. [13] for additional details). Under such conditions two distinct O-H conformers are 

expected to be present to a significant extent [8]. The overall dynamics are expected to be similar 

(although not necessarily identical) for both structures [4-6,14]. The foil center was displaced 

from the central time-of-flight axis running through the spectrometer and gear-driven rotation 

within the repeller electrode via an air-to-vacuum feedthrough allowed periodic replenishment of 

the sample. 

Our time-resolved measurements employed a regeneratively amplified Ti:Sapphire laser 

system, seeded by a Ti:Sapphire oscillator. Multiple beam-splitters divided the output (central 

wavelength 800 nm, repetition rate 1 kHz), with one part used directly as an intense multiphoton 

probe (70 fs FWHM, 130 J/pulse, ~2  1013 W/cm2 when focused). Based on previous 

measurements with 5,6-DHI, this level of flux does not actively perturb the observed dynamics. 

A second component of the 800 nm light was used as input for an optical parametric amplifier, 

the idler output of which (tuned to 2007 nm) was sum-frequency mixed with a third portion of 

the 800 nm fundamental inside a thin -barium borate (BBO) crystal. This produced visible light 

(572 nm), which was then frequency doubled to 286 nm (~0.2 J/pulse) using a second BBO 
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crystal. The (linear) polarizations of the pump and probe were perpendicular to the axis running 

between the sample interaction region and the detector. These beams were combined collinearly 

on a thin dichroic mirror before entering the spectrometer, and independent (i.e. pre-

combination) pump and probe focusing was controlled using fused silica (f = 50 cm) and calcium 

fluoride (f = 63 cm) plano-convex lenses, respectively. 

Interaction between the desorbed sample plume and the pump/probe laser pulses took place 

~2-3 mm above the surface of the stainless steel foil substrate. Ions produced were then 

accelerated along a short flight tube before impacting upon a micro-channel plate/phosphor 

screen detector, where emitted light was recorded by a photomultiplier positioned external to the 

vacuum. This output (i.e. ion time-of-flight data) was captured at each pump-probe delay 

position t by an oscilloscope interfaced to custom data acquisition software that controlled a 

high-precision translation stage fitted with a retro-reflector (placed in the probe beamline) and a 

pair of mechanical shutters for recording pump-alone and probe-alone background signals. Data 

collection repeatedly sampled a series of linear increments at short pump-probe delay times (up 

to 1 ps) and larger, exponentially increasing steps to 190 ps (the delay stage limit). Before 

commencing each experimental run, 1,3-butadiene was introduced into the laser interaction 

region to undertake non-resonant cross-correlation measurements and provide an accurate 

determination of the experimental time-zero position (i.e. t = 0).

Temporal evolution of our parent ion data was analyzed using a Levenberg-Marquardt fitting 

routine which modelled the transient ionization signal S(Δt) as follows:

(1)𝑆(∆𝑡) = ∑𝑛
𝑖 = 1𝑎𝑖exp [ ―

∆𝑡
𝜏𝑖 ] ⊗ 𝑔(∆𝑡)

Here g(Δt) denotes the experimentally determined Gaussian cross-correlation (110  10 fs). 

Satisfactory data fitting required either one (4-HI) or two (5-HI and 6-HI) exponentially 
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decaying functions, each with an associated time constant i and amplitude ai. Note that the form 

of parallel analysis described by Eq. 1 (where all fitting functions originate independently from 

zero pump-probe delay) differs from the sequential fitting model we used previously for 5,6-DHI 

(where the decay of one exponential function matched the rise of another). This will be expanded 

upon later, but we stress here that a two-exponential sequential model was also investigated for 

5-HI and 6-HI but failed to produce a fully satisfactory fit. Fragment ion production in the TRIY 

measurements was minimal and the temporal evolution of this data was not analyzed in detail. 

Although fragment ions can, in principle, provide additional information relating to the neutral 

excited state dynamics, this may be obscured by additional, independent processes operating 

solely in the parent cation – for example, when multiphoton pump ionization is followed by ion 

fragmentation induced by subsequent probe absorption. No ion time-of-flight signals were 

observed with mass-to-charge (m/z) ratios exceeding that of the parent monomer (m/z = 133).

III. THEORY

Using the GAUSSIAN software package [15], ground state geometries of 4-, 5- and 6-HI 

were optimized using density functional theory (B3LYP functional, aug-ccpVDZ basis set). 

Minima were confirmed via analytical Hessian computation. Vertical excitation energies and 

orbital-relaxed linear response oscillator strengths were calculated using the equation-of-motion 

coupled-cluster approach with single and double excitations (EOM-CCSD) [16]. The DALTON 

program [17] was also used to evaluate the effect of triple excitations using the CCR(3) method 

[18]. This is summarized for the four lowest lying singlet excited states in Table I. The aug-cc-

pVDZ basis was used for all coupled-cluster calculations shown, although the performance was 

calibrated against the jun-cc-pVTZ basis of Truhlar and co-workers [19]. A maximum difference 

in * excitation energies of 0.2 eV was found, while for the * states this was only 0.002 eV. 
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In all cases the role of triple excitations is small, typically representing a correction <0.1 eV. For 

4-HI and 5-HI, the relative state energies obtained are in good agreement with previous 

calculations [8,14]. To the best of our knowledge, our results are the first of this type to be 

reported for 6-HI. In addition to the * valence states 1La and 1Lb (with A symmetry), there are 

two further states (of A symmetry) exhibiting predominantly 3s Rydberg character in the 

vertical Frank-Condon region and with electron density localized separately on either the NH or 

OH groups. As highlighted in the Introduction, these become increasingly σ* valence in 

character as the N-H or O-H bonds are extended. We therefore adopt the state labels 13s/*NH 

and 13s/*OH to reflect this behavior. This evolution is clearly seen in Fig. 3, which shows 

orbital plots for these states in 4-HI at two different N-H and O-H distances. The states of mixed 

Rydberg/valence composition exhibit electronic oscillator strengths 1-2 orders of magnitude 

smaller than those of * character. States of this type are, however, known to gain transition 

intensity via vibronic coupling interactions and significant direct optical population cannot 

therefore be ruled out in any spectroscopy/dynamics analysis [20-22]. 

Comparing the 1Lb energies in Table I with accurately determined experimental values 

reported previously for the electronic state origins [4-6], our CCSDR(3) calculations represent an 

overestimate of 0.38-0.42 eV. This is not unexpected as no geometry relaxation or zero-point 

energy corrections were included. Investigating the approximate magnitude of these effects with 

time-dependent density functional theory (CAM-B3LYP functional, aug-cc-pVDZ basis set), we 

find that the average vertical – adiabatic excitation is overestimated by 0.47 eV, with a difference 

in ground and excited zero-point energies of 0.15 eV. This gives a 0.32 eV average increase in 

vertical excitation energy relative to the (0-0) transition. Relative energy gaps between members 

of the excited state singlet manifold are determined with greater accuracy and we note that the 
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predicted separation between the optically bright 1La and 1Lb states sits in the range 0.43-0.61 

eV. This comfortably exceeds the maximum energy above the 1Lb origin to which our 286 nm 

(4.33 eV) pump excites any of the systems being considered (0.28 eV in 5-HI). In subsequent 

data analysis we may therefore reasonably assume the 1La state is not populated to any 

significant extent in our pump-probe measurements. This also appears consistent with the 

(partially resolved) absorption bands seen in Fig. 2.

Rigid scans along the N-H and O-H stretching coordinates were performed using EOM-

CCSD for the ground state, and four lowest lying (vertical) singlet states, as described above. 

These are plotted in Fig. 4. Along the N-H stretch, the 13s/*NH state exhibits a small energy 

barrier in all three species investigated. A similar (although lower and narrower) barrier is also 

seen for the 13s/*OH state along the O-H bond. Differences in the relative energetic position of 

the 1Lb state relative to the mixed Rydberg/valence states are also readily apparent in Fig. 4, with 

the separation being appreciably smaller in 4-HI when compared to 5-HI and 6-HI. 

IV. RESULTS & DISCUSSION

A. Long-time (>100 ps) Dynamics

Parent ion transients from 4-, 5- and 6-HI are presented in Fig. 5. Data fits using the 

procedure described by Eq. 1 are also overlaid. Ultrafast (i.e. sub-picosecond) dynamics are 

described by the time-constant labelled 1, and longer-lived processes (here all well in excess of 

100 ps) are assigned the time-constant 2. Extracted 1/e decay lifetimes are summarized in Table 

II, which additionally incorporates data obtained previously in other gas-phase measurements at 

various UV excitation wavelengths [5,6,14]. It is immediately apparent that the OH substituent 

position on the indole ring system has a profound influence on the excited state dynamics. In 

5-HI the 2 value of 3630  400 ps we obtain is over an order of magnitude larger than that seen 
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in 4-HI (2 = 165  15 ps), with 6-HI siting between these two values at 2 = 870  120 ps. 

Importantly, our overall 4-HI lifetime is also in good agreement with that seen in jet-cooled 

molecular beam fluorescence studies conducted at similar pump wavelengths, confirming that 

the dynamics we observe are not influenced appreciably by the laser-based desorption approach.  

As discussed in Section III, we assume for all systems under study that our 286 nm pump 

lacks sufficient energy to populate the 1La state. Further evidence for this is also suggested by the 

fact that our data show no dynamical signatures operating on the sub-100 fs timescales 

previously assigned to 1La decay in indole and 5-HI [9,23-26]. Excitation to the lower-lying 1Lb 

state is, however, expected to be strong in all cases. We therefore assign 2 to the decay of this 

specific state and note that the overall trend in this lifetime (4-HI < 6-HI < 5-HI) is particularly 

striking when the extent of internal vibration excitation is taken into account. Excitation at 286 

nm prepares 4-HI close to the 1Lb electronic origin (see Fig. 2), whereas additional energy is 

deposited into the (low frequency) vibrational modes of 6-HI (0.15 eV) and 5-HI (0.28 eV). All 

other things being equivalent, it might therefore be expected that 5-HI would exhibit the shortest 

excited state lifetime and 4-HI the longest. As Fig. 4 shows, however, potential energy cuts along 

the O-H and N-H bonds reveal clear differences in the energetic position of the 1Lb state relative 

to those of mixed Rydberg/valence composition. Photofragment translational spectroscopy 

studies have previously concluded that O-H bond dissociation in 4-HI occurs via H atom 

tunneling under the relatively narrow and shallow barrier associated with the lower diabats of the 

conical intersection formed between the 1Lb and 13s/*OH states [8]. This assertion is further 

supported by the large kinetic isotope effect seen in fluorescence lifetime studies directly 

comparing 4-HI with its O-H/N-H deuterated analogue [5]. In 5-HI the more sizable barrier 

along the O-H stretch suppresses tunneling behavior along this coordinate, giving rise to a much 
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longer 1Lb lifetime – even when imparting a higher degree of internal excitation. As Fig. 4 also 

shows, the relative energy gap between the 1Lb state and those of mixed Rydberg/valence 

character in 6-HI sits between that of 4-HI and 5-HI, with the observed 2 lifetime of 870  120 

ps also appearing to directly reflect this. Similar to 5-HI, we suggest H atom tunneling is not a 

significant decay mechanism in 6-HI, as expanded upon below. Finally here, we note that 

preliminary EOM-CCSD/aug-cc-pVDZ calculations conducted on the related species 7-HI 

predict vertical excitation energies of 4.830 eV, 4.834 eV, 5.300 eV and 5.265 eV for the 1Lb, 

13s/*NH, 13s/*OH and 1La states, respectively. The relative energy gaps here are all very 

similar to those evaluated for 4-HI (see Table I) and we therefore predict any future lifetime 

studies conducted on 7-HI will reveal similar (tunneling) dynamics. 

The 286 nm 1Lb state lifetimes exhibited by both 5-HI and 6-HI are approximately one third 

of those observed following excitation at the origin (see Table II). Based on a “zero-order” 

assumption that fluorescence occurs predominantly back to the lowest vibrational level in S0 

with a radiative lifetime that scales with 1/3 (where  is the transition frequency), such a change 

in lifetime appears very large if this is the only active decay pathway. Furthermore, fluorescence 

decay would not lead to the low kinetic energy H atom photoproducts reported by Ashfold and 

co-workers that are attributable to statistical dissociation on a vibrationally hot ground state [8]. 

In both 5-HI and 6-HI, 286 nm excitation does not impart sufficient energy to excite either OH = 

1 or NH = 1 (if these levels are even supported by the shallow potential wells seen in Fig. 4) as 

such vibrational frequencies would typically be expected to exceed 3000 cm-1 (0.37 eV). This 

appears to rule out attributing the 2 lifetimes observed in 5-HI and 6-HI at 286 nm to 

acceleration of an O-H/N-H tunneling rate relative to that following excitation at the origin 

[27,28]. We therefore suggest that an alternative non-adiabatic pathway for 1Lb state decay 
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competes directly with fluorescence. In both 5,6-DHI and resorcinol (1,3-dihydroxyphenol), for 

example, recent theory has predicted a conical intersection connecting the lowest lying * state 

directly with the S0 ground state, mediated by low-frequency out-of-plane deformations of the 

aromatic ring system [29-31]. The existence of such a pathway in the monohydroxyindoles 

would therefore also seem entirely reasonable and this is our tentative interpretation, although we 

note that intersystem crossing may also be a possibility – as suggested previously for the decay 

of the 1La state in indole [32]. More generally, our findings highlight the clear need for additional 

theoretical exploration in this area – especially given the lifetime differences seen in 5-HI and 6-

HI.  

B. Short-time (<1 ps) Dynamics

Following 286 nm excitation, only 5-HI and 6-HI exhibit any sub-picosecond dynamics – as 

described by 1 lifetimes of 360  50 fs and 550  100 fs, respectively. Processes operating on 

similar (400-1200 fs) timescales have been previously reported at a range of pump wavelengths 

in time-resolved studies of indole and 5-HI [9,23-26]. Notably, these have interrogated both the 

disappearance of parent molecule photoreactants and the appearance of H atom photoproducts 

(i.e. both “ends” of the reaction coordinate). Our 1 signal might therefore be attributable to 

direct dissociation on the 13s/*NH and/or 13s/*OH potential energy surfaces, with the 

implication here being that the internal vibrational energy exceeds any small barrier along the O-

H/N-H coordinate (in contrast to 4-HI excited at the origin). Lifetimes of several hundred 

femtoseconds seem anomalously large for such direct H atom elimination, although this has been 

rationalized (in indole) by suggesting a mechanism involving H atom trapping on the upper cone 

of the 13s/*NH/S0 conical intersection at extended N-H distances prior to dissociation [23]. In 

much of this earlier work, however, it was assumed that population of mixed Rydberg/valence 
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states occurs via internal conversion from the 1La state. This is indicated particularly strongly by 

the absence of any distinct spectral signatures of Rydberg state ionization in time-resolved 

photoelectron imaging experiments [33], implying population at extended H atom displacements 

where valence character dominates [23]. This assumption is, on the other hand, inconsistent with 

this work as (i) the 1La state is not optically populated and (ii) the decaying signal modelled by 1 

clearly originates from zero pump-probe delay. This leads to the conclusion (highlighted earlier) 

that the 13s/*NH and/or 13s/*OH states are excited directly via vibronic intensity borrowing – 

although this idea is not fully reconciled with the absence of high kinetic energy H atoms 

(characteristic of excited state dissociation) from 5-HI at excitation wavelengths >255 nm [8]. 

We note, though, that the alternative decay pathway of non-adiabatically re-populating the S0 

ground state at highly extended N-H and/or O-H bond lengths may still be possible. Statistical 

dissociation on the vibrationally hot ground state generated would then account for the low 

kinetic energy H atoms seen in photofragment translational spectroscopy studies. Attributing 1 

to direct population of either the 13s/*NH or 13s/*OH states would also be incompatible with 

the N-H/O-H tunneling pathway (at least along the same coordinate) as a source of the longer-

time dynamics (as discussed earlier). The two processes cannot operate simultaneously as one 

requires excitation above the energetic threshold for H atom elimination and one requires this 

pathway to be (classically) forbidden. 

An alternative interpretation for 1 is that of ultrafast intramolecular vibrational redistribution 

(IVR) as the 286 nm pump excites 5-HI and 6-HI above their respective 1Lb origins by 0.28 eV 

(~2260 cm-1) and 0.15 eV (~1210 cm-1). This exceeds the IVR threshold reported in the 

electronically excited states of other aromatic systems of comparable size [34-36], and similar 

sub-picosecond effects have been suggested in other time-resolved measurements [37,38]. 
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Conversely, in 4-HI the 286 nm pump prepares the 1Lb state very close to its electronic origin 

(energetically below any IVR onset). Assigning the 1 component seen in 5-HI and 6-HI to IVR 

is also consistent with the parallel bi-exponential fitting required to accurately model the 

experimental data: IVR leads to changes in ionization Franck-Condon factors that manifest as 

decaying signals observed on timescales of a few hundred femtoseconds. This dynamical 

signature is effectively superimposed on top of the much longer decay of the overall 1Lb 

electronic state population (as described by 2). The two distinct processes are effectively 

modelled independently since both evolve simultaneously from zero pump-probe delay. This is 

in contrast to the case of 5,6-DHI, where our pump-probe studies unambiguously excited higher 

lying initial electronic states and tracked population evolving non-adiabatically (i.e. sequentially) 

across multiple potential energy surfaces [1]. 

Within the one-dimensional (i.e. total ion count vs time) measurement framework of TRIY 

we are unable to definitively conclude whether ultrafast IVR, direct Rydberg/valence excitation, 

or perhaps some combination of the two is the source of the sub-picosecond dynamics seen in 

our 5-HI and 6-HI data. Although more differential energy- and angle-resolved experiments 

should, in principle, offer more insight in this regard, we note that previous time-resolved 

photoelectron imaging studies on indole were not fully conclusive [23]. Recording comparative 

data at pump wavelengths that definitively scan across the threshold for 1La state excitation 

should, however, be particularly instructive.

V. SUMMARY

Time-resolved ion-yield measurements exploiting laser-based sample desorption show an 

order of magnitude difference in the overall excited state lifetimes of several 

monohydroxyindole species following 286 nm UV excitation (4-HI < 6-HI < 5-HI). The 
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observed trend is in good agreement with previous fluorescence lifetime studies undertaken 

using jet-cooled molecular beams. This behaviour may be rationalized, in part, by the relative 

energy separation between the lowest lying optically bright 1Lb state and states of mixed 

Rydberg/valence character – as reinforced by our supporting coupled-cluster quantum chemistry 

calculations. By working with pump energies below the threshold for population of the higher-

lying 1La state, our data also reveal that much shorter (sub-picosecond) dynamics observed in 5-

HI and 6-HI do not exclusively originate from internal conversion processes, as had been 

suggested in previous studies on related systems. The definitive origin of this short-time 

component is still unclear, however, and there are also some elements of the longer lifetime 1Lb 

state picture that remain unresolved. Given these unanswered questions, we anticipate that our 

preliminary findings will serve as motivation for future studies employing a range of different 

experimental observables. In particular, there is a clear need for comprehensive time-resolved 

studies that interrogate both the photoreactant and photoproduct aspects of the overall dynamics 

in a coordinated, wavelength-dependent manner.  
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Table Captions

Table I: Vertical excitation energies (in eV) for all three monohydroxyindole species under 

study obtained from coupled cluster response theory in conjunction with an aug-cc-pVDZ basis 

set. Results using EOM-CCSD, and CCR(3) – which includes non-iterative triple excitations – 

are shown. The oscillator strengths (f) are also given, obtained from linear response CCSD (LR-

CCSD).

Table II: Summary of gas-phase excited state lifetimes measured in 4-HI, 5-HI and 6-HI. For all 

three systems the ns component lifetimes obtained are also broadly consistent with those 

reported from fluorescence measurements in (non-polar) cyclohexane solutions [39]. 
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Table I

4-HI 5-HI 6-HI
State

CCSD CCSDR(3) f CCSD CCSDR(3) f CCSD CCSDR(3) f

1* 1Lb 
† 4.813 4.740 0.0164 4.533 4.451 0.0576 4.643 4.567 0.0594

13s/*NH 4.807 4.767 0.0035 4.955 4.937 0.0001 4.838 4.802 0.0028

13s/*OH 5.094 5.054 0.0001 5.075 5.056 0.0003 5.106 5.071 0.0003

1* 1La 5.272 5.165 0.0973 5.184 5.064 0.1170 5.177 5.062 0.0523

†Experimentally determined 1Lb origins sit close to 287 nm (4.32 eV), 306 nm (4.05 eV) and 296 nm 
(4.19 eV) in 4-HI, 5-HI and 6-HI, respectively – see Table II (and associated references) for more details. 
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Table II

Ex.  (nm) Lifetime Notes

4-HI (4-HD) 286.94 0.23  0.05 ns      (4.6  0.1 ns) Fluorescence (ref. [5]) 

284.83 0.18  0.05 ns      (4.4  0.1 ns) Fluorescence (ref. [5])

286 2 = 0.165  0.015 ns TRIY (this work)

5-HI (5-HD) 305.95 11.1  0.1 ns     (11.5  0.1 ns) Fluorescence (ref. [5])

303.82 11.1  0.1 ns     (11.5  0.1 ns) Fluorescence (ref. [5])

306.06 10  0.5 ns Spectral linewidth (ref. [14])

303.91 7.5  0.5 ns Spectral linewidth (ref. [14])

286
1 = 360  50 fs

2 = 3.63  0.40 ns
TRIY (this work)

6-HI (6-HD) 296.45 2.8  0.2 ns     (6.0  0.4 ns) Fluorescence (ref. [6])

292.81 2.7  0.1 ns Fluorescence (ref. [6])

292.65 2.9  0.1 ns Fluorescence (ref. [6])

290.23 1.5  0.1 ns Fluorescence (ref. [6])

286
2 = 550  100 fs 
2 = 0.87  0.12 ns

TRIY (this work)
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Figure Captions

Figure 1: Optimized B3LYP/aug-ccpVDZ ground state conformer structures of 4-, 5- and 6-

hydroxyindole. In 5-HI and 4-HI the lowest energy O-H conformational orientations shown are 

respectively labelled as gauche- and anti- by Ashfold and co-workers [8], although Oeltermann 

et al. [14] adopt alternative designations of anti- and syn- for the two distinct O-H conformers of 

5-HI (i.e. the two planar forms generated by 180 degree rotation of the OH group about the C-O 

bond). Confusingly here the anti- label is applied to the geometry previously denoted gauche-. 

This appears to be a coordinate system/notation convention issue, however, as in all cases the 

actual physical structure of the lowest energy conformer is consistent.

Figure 2: Room temperature UV absorption spectra of 4-, 5- and 6-HI, (0.2 nm scan 

interval/1 mm slit width). Samples were dissolved in cyclohexane providing spectra analogous to 

the gas phase. The position of the 286 nm pump used in the TRIY measurements is overlaid 

along with arrows denoting the various 1Lb origins, as quoted in jet-cooled molecular beam 

studies [5,6]. In all cases the room temperature spectra exhibit clear hot-band contributions 

appearing at lower energies than the origin positions. 

Figure 3: Largest orbital transition in the EOM-CCSD eigenvectors for the two lowest lying 

3s/* states of 4-HI along the O–H (top) and N–H (bottom) stretching coordinates at both the 

equilibrium geometry (approx. 1.0 Å) and extended (1.6 Å) bond distances. The evolution from 

Rydberg to valence character is clearly evident. All orbital surfaces are plotted using the same 

iso values (0.019 ). electrons
1

2 bohr
― 3

2

Figure 4: Potential energy cuts obtained along the N-H (top) and O-H (bottom) coordinates for 

4-HI (left), 5-HI (centre) and 6-H I (right) using EOM-CCSD/aug-cc-pVDZ. Diabatic labels 1La 
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and 1Lb are valid for the entire domain shown, as is also the case for the lowest mixed 

Rydberg/valence state, which evolves from 3s to *. The second (higher) * state label 

(13s/*OH state along N-H and vice versa) is technically only valid at relatively short bond 

extensions as towards the dissociation asymptote the adiabatic state undergoes an avoided 

crossing with a (vertically much higher lying) state of the same symmetry but opposite * 

character. 

Figure 5: Representative parent ion transients and associated fits for 4-HI (top), 5-HI (middle) 

and 6-HI (bottom). Note that the pump-probe time axis scaling is linear to +1 ps and then 

logarithmic beyond this point. Also shown are the associated residuals (i.e. the overall fit minus 

the raw data). Errors quoted in numerical time constants are 1 values.
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Highlights: 
New structure-dynamics-function insight in photo-protective biological chromophores
Simple, low-cost laser-based desorption source
First excited state quantum chemistry calculations for 6-hydroxyindole
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