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ABSTRACT 

 

Intrinsic Photodynamics of Organic Dyes and Alternative Nucleobases 

 

by 

 

Michael Ryan Haggmark 

 

What does a molecule do after it absorbs a photon? This dissertation contains a 

compilation of my published work on this very question on dye molecules and alternative 

nucleobases, as well as notes on laboratory operation. All experimental work presented is 

done with some variation of Resonance Enhanced Multi-Photon Ionization (REMPI) on 

neutral gas phase molecules around 10 K prepared by laser desorption and entrained into a 

supersonic molecular beam. Detection is achieved with a time of flight mass spectrometer.  

When a molecule absorbs a photon, it must find a way to deal with that energy. 

Pigments in paintings must absorb light as part of their function, otherwise they would have 

no color. DNA bases absorb in the UV region because they are aromatic, which provides 

them the rigidity needed for a pairing structure. In both cases, some of these compounds deal 

with radiation better than others, displaying superior photostability. The ones that do well 

use some pathway that safely and rapidly converts the energy to heat, which can then be 

safely dissipated to the environment. Those pathways are a function of the potential energy 

surface, which is acutely dependent on the molecular structure. As a result, isomers, and 

even tautomers of a molecule can display very different dynamics. The experiment 

performed allows for a separation of tautomers and isomers, and as such can provide a 
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benchmark to state-of-the-art calculations. In the first two chapters, examples of visible 

absorbing pigments and alternative DNA bases will be presented.  

In the first chapter, two papers on visible absorbing dyes are presented, with 

examination of the excited state intramolecular proton transfer mechanism in each system. 

In the first paper, we find that the indigo dye molecule is quite extraordinary in that both a 

hydrogen transfer and proton transfer geometry are populated following excitation. The 

dominant geometry varies depending on the vibronic mode excited, with each geometry 

displaying different characteristic lifetimes. The different lifetimes for each of these 

geometries allows some estimates of their yields as a function of vibronic band excitation. 

At high enough energy excitation, there is an interconversion between the two geometries, 

allowing indigo to use the fastest path available and safely dissipate the energy following 

excitation. 

The second paper analyzes a series of hydroxyanthraquinone molecules, which are 

red dyes or pigments. By studying a series of these dyes and comparing with high levels of 

calculations, the reason for the lack of photostability for hydroxyanthraquinones substituted 

with a 1,4- motif becomes clear; the proton transfer geometry is destabilized relative to the 

Frank-Condon region for molecules bearing this motif, and as such they cannot use this 

efficient relaxation pathway. 

The next chapter contains a pair of articles on a pair of alternative nucleobases, 

isocytosine and isoguanine. These articles seek to identify if there was a photochemical 

reason for cytosine and guanine to be chosen over isocytosine and isoguanine. Interestingly, 

we find that isocytosine bears some similarity in dynamics to guanine, while isoguanine 

bears some similarities to cytosine. The lower photostability of the biologically relevant 
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tautomeric form of isoguanine is suggested to be a reason for the exclusion of isocytosine 

and isoguanine from biology.  

In the last chapter, the focus shifts from studying photophysics to analyzing mass 

spectra of Poly-Aromatic Hydrocarbons (PAHs) prepared in a plasma jet. These molecules 

are found in a wide variety of settings, from soots and combustion products to the 

interstellar media. In this paper, the early stages and mechanism of carbon growth are 

explored in a simulation of space conditions. 
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I. Photodynamics of dyes 

This is a two-part chapter on dyes, covering indigo and a series of 

hydroxyanthraquinones and their photostability. In both chapters, the Excited State 

Intramolecular Proton Transfer (ESIPT) mechanism will be observed. These systems are 

both widely used in settings ranging from antiquity to modern. For instance, jeans are dyed 

with indigo, giving them their familiar blue coloration. The various hydroxyanthraquinones 

provide a range of red pigments used in works, including by famous artists such as Vincent 

van Gogh. In order for these visible absorbing dyes to provide their useful function of 

providing a pleasing color to the eye, it is necessary for them to absorb light. Therefore, the 

photostability of these systems and the pathways that they utilize is interesting, as well as 

understanding the molecular structure that enables efficient dissipation of a photon. 

In the case of indigo, careful analysis of the lifetimes and structure will reveal that 

sometimes the electron comes with the proton upon excitation, effectively making a 

hydrogen transfer. This was a previously unknown mechanism with indigo, potentially due 

to the difficulties with studying it in the condensed phase due to poor solubility and solvent 

effects. As far as we are aware, it is the only system with both hydrogen and proton transfer 

competing for the relaxation pathway.  

With the hydroxyanthraquinones, experimental evidence for a series of 

hydroxyanthraquinones demonstrates that the 1,4-motif is the key factor for determining 

whether or not the molecule will be photostable.  So long as a 1,4-motif is not present, the 

molecules are able to use an efficient ESIPT mechanism. 
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I. Evidence for competing proton-transfer and hydrogen-transfer reactions in the 
S1 state of Indigo 

Michael R.Haggmark a, Gregory Gate a, Samuel Boldissar a, Jacob Berenbeim a, Andrzej L. 
Sobolewski b, Mattanjah S. de Vries a* 

a Department of Chemistry and Biochemistry, University of California, Santa Barbara, 
CA 93016-9510, United States 

b Institute of Physics, Polish Academy of Sciences, Al. Lotnikow 32/46, PL-02668 
Warsaw, Poland 

* E-mail: devries@chem.ucsb.edu 

Reprinted with permission from Haggmark, M. R.; Gate, G.; Boldissar, S.; Berenbeim, J.; 
Sobolewski, A. L.; de Vries, M. S., Evidence for competing proton-transfer and hydrogen-
transfer reactions in the S1 state of indigo. Chemical Physics 2018, 515, 535-542. 
 
https://doi.org/10.1016/j.chemphys.2018.09.027 

Copyright 2018 Elsevier 

 

Abstract 

Indigo is a blue dye molecule that has been used since antiquity, although it is better 

known today for its use in blue jeans. Indigo has previously been shown to exhibit 

remarkable photostability due to fast excited state dynamics mediated by an excited state 

intramolecular proton transfer. Study of this process is complicated by the fact that the 

photophysics of indigo is very sensitive to the environment. In order to disentangle the 

intrinsic photodynamics of indigo from the effects contributed by the environment, we 

studied indigo in a molecular beam using resonance enhanced multiphoton ionization. We 

obtained excited state lifetimes of individual vibronic bands with pump-probe spectroscopy 

ranging from 60 ps to 24 ns. We have mapped a barrier to relaxation at about 700 cm-1, 

beyond which fast excited state dynamics dominate. Below this barrier two decay processes 

compete and mode-specific relaxation occurs with certain vibronic bands near the origin 

relaxing faster than others, or exhibiting different partitioning between the two relaxation 

channels. Computational studies at the ADC(2)/MP2/cc-pVDZ level indicate that two low-

https://doi.org/10.1016/j.chemphys.2018.09.027
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barrier reaction paths exist in the S1 state of indigo, one corresponding to proton transfer, the 

other to hydrogen transfer. In both cases the charge distribution changes drastically upon de-

excitation. These data provide a sensitive probe of the potential energy landscape, 

responsible for the response to absorption of light. The results may help in understanding the 

photostability that preserves the blue color of indigo dyes. 
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1. Introduction 

The blue dye, indigo, is one of the oldest, and still one of the most widely used dyes. It 

was used by many ancient cultures from the Egyptians, to the Romans, to the Mayans, and 

remarkably, artifacts from those societies still retain their blue color to this day [1,2]. This 

lack of fading is due to indigo’s high photostability [3].  

Generally speaking, photostability is granted by a process that returns a molecule to the 

ground state at a faster timescale than formation of reactive species [4]. For Indigo, the 

mechanism providing fast return to the ground state is thought to be due to an excited-stated 

intramolecular proton transfer (ESIPT), first studied computationally in-depth by Yamakazi 

et al, [5] who found a very short excited state lifetime due to ESIPT from a diketo to a keto-

enol tautomer. Moreno et al further examined the relaxation pathway through conical 

intersections (CI) [6], finding agreement with experimental work. Another possible 

relaxation process is photoisomerization, which has been shown to only occur when the 

proton transfer coordinate is blocked [7–9]. A number of studies have attempted to 

unambiguously observe proton transfer for indigo. Photoelectron spectroscopy of an indigo 

derivative, indigo carmine, found that the excited-stated lifetime in the gas-phase was 

around 1 ps [10]. Time resolved spectroscopy of an indigo analogue that only allowed a 

single proton transfer revealed a fluorescence spectrum with a biexponential decay, hinting 

at fluorescence from two different states, possibly the diketo (KK) and keto-enol (KE) states 

[11]. Transient absorption spectroscopy of indigo in DMSO revealed a lifetime on the order 

of 120 ps, but showed no evidence of proton transfer (PT) [12]. Iwakura et al used sub-5 fs 

resolution coherence experiments to directly observe the new vibrational modes that arise 

from PT in indigo-carmine [13,14]. Seixas et al. reported a significant blue-shift in the 

absorption spectrum and an increase in fluorescence quantum yield was seen between indigo 
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and its leuco (reduced) form, due to a slowing down of the relaxation process and increasing 

competitiveness of the radiative pathway [15]. The fluorescence spectrum of leuco indigo 

increased and slightly shifted with prolonged light exposure, thought to be due to 

photoisomerization [16]. Studies with deuterated indigo and analogues to observe and 

measure the tunneling mechanism in PT showed an increase in the lifetime with deuteration, 

consistent with a tunneling assisted proton transfer mechanism [10,14].  

PT is the process of transferring a proton from one molecular moiety to another along an 

intra- molecular hydrogen bridge. A commonly accepted paradigm presumes this situation 

pertains to the process that occurs in the ground state of a molecular system and often the 

acronym GSIPT (ground-state intramolecular PT) is assigned to this phenomenon. On the 

other hand, in the excited electronic state transfer of a proton between molecular moieties is 

accompanied by transfer of an electron, and often this phenomenon is called ESIHT 

(excited-state intramolecular hydrogen transfer). The tautomers generated by these processes 

are illustrated in Scheme 1.  

 

Scheme 1. Tautomeric structures of indigo pertaining to this work. 

 

Yamazaki et al. and Moreno et al. proposed that the single proton transfer from the 

diketo to the mono-enol tautomer affects the potential energy surfaces (PES), allowing the 

excited state and ground state energies to intersect and form a CI [5,6]. After ultrafast 
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internal conversion through the CI, the ground state keto-enol will transfer the proton back, 

reforming the diketo tautomer and ground state equilibrium geometry. If there is a barrier in 

the excited state, the proton will have to tunnel through to successfully transfer. The 

occurrence of a barrier and tunneling implies that the PES has a double-well potential. 

Tunneling describes the behavior of the proton quantum mechanically, while classically, the 

proton has to go over the barrier. Therefore, the probability of proton transfer is dependent 

on the barrier height and width. The barrier height and width are dependent on the distance 

between the proton donor N and the acceptor O atoms [17]. This is one of the most relevant 

reaction coordinates [18]. The other significant reaction coordinate is the N–H distance. 

Dynamical effects, such as vibrational motions, can modulate barrier width and height and 

significantly affect tunneling probability. Therefore, the tunneling rate is dependent on three 

factors: (1) total amount of excess energy imparted, (2) specific mode excitation, and (3) 

internal vibrational redistribution (IVR) of energy to occupy relevant modes [18].  

In this study, we confirm the presence of the diketo tautomer of indigo in the gas phase 

and measure the lifetime of the excited state at various excess energies to generate a picture 

of the height of the barrier. This work aims to further explore the photostability of indigo 

and elucidate the main relaxation pathways in the gas phase. 

2. Methods 

2.1 Experimental 

The experimental setup has been described in detail elsewhere [19], and only a short 

description follows. Indigo (Sigma, 95%) is placed on a translating graphite bar and 

desorbed via a focused Nd:YAG pulse (1064 nm, ∼1 mJ/pulse) operating at 10 Hz. 

Supersonic jet cooling from an argon molecular beam (8 atm backing pressure, 30 μs pulse 
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width) entrains the gaseous molecules, quickly cooling them. These cold, gaseous molecules 

are then ionized using resonant two photon ionization (R2PI) and directed into a reflectron 

time-of-flight mass spectrometer. Two-color resonant two-photon ionization (2C-R2PI) is 

performed using an EKSPLA PL2251 Nd:YAG laser system producing ∼30 ps pulses. The 

355 nm output pumps the EKSPLA PG-401 tunable optical parametric generator (OPG) 

visible output of ∼0.5mJ). Residual 1064 nm and 532 nm light from the pump are mixed to 

harmonically generate 213 nm (0.3 mJ), which is used as the ionization pulse.  

IR light is generated using a Laser Vision tunable optical parametric 

oscillator/optical parametric amplifier (OPO/OPA) (mid-IR output over the range 3000–

3800 cm−1 of ∼1–2 mJ/pulse, 3 cm−1 spectral line width). IR light precedes the 

excitation/ionization pulses by ∼200 ns. Two variations of IR double resonant spectroscopy 

are used. In mode I, the IR laser scans across IR wavelengths, while the ionization pulse is 

held constant at a resonant R2PI transition for a given tautomer. The IR pulse burns out the 

cold, ground state molecules whenever it hits a vibrational resonance, taking the excitation 

pulse out of resonance and causing a decrease in signal. This will produce the IR spectrum 

for the specific tautomer that is being ionized. In mode II, the IR pulse is held constant at a 

resonant vibrational transition, while the ionization pulse scans the R2PI spectrum. In this 

way, a tautomer is labeled by a vibrational stretch and signal decreases whenever the 

transition is shared. All double resonance spectroscopic experiments are chopped to 

compare the experimental “burn” signal to control signal in situ, with alternating shots 

collecting burn and control signals. 

Pump-probe experiments are performed in both the picosecond and nanosecond 

regimes. In the picosecond regime, the 30 ps pump pulse from the OPG laser system is 

tuned to a resonant transition, while the probe is the 5th harmonic (213 nm) from the pump 
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laser for the OPG. The 5th harmonic can be mechanically delayed up to ∼1.5 ns in time, 

relative to the OPG pulse, for picosecond pump-probe measurements. In the nanosecond 

regime, pump pulse is again from the OPG and tuned to a resonant transition, but the probe 

pulse is from an excimer laser (193 nm, 1.5–2 mJ/pulse, 6 ns pulsewidth). To account for 

ionization laser difference, several nanosecond pump probes were also measured by tuning a 

dye laser (Lumonics HD300 ∼0.5mJ) to a resonant transition and probing with the 213 nm 

light from the ps pump laser. No difference was observed in the ns pump-probe results 

between 213 nm and 193 nm probe laser wavelengths. Visible-visible hole burning was also 

performed in an analogous manner to mode II IR by tuning the dye laser to the origin 

transition ∼200 ns prior in time and scanning the OPG across the region of interest to verify 

only a single tautomer was present.  

Pump-probe measurements are taken in two time regimes to help determine what 

processes are occurring in the excited state. By combining information from both time 

regimes and observing the changes in lifetime with varying excess energy, conclusions can 

be drawn about the excited state dynamics. The method for deriving lifetimes is based on 

previous work, and explained in more detail there [20]. Briefly, lifetimes are derived from 

kinetic equations and solving the system of ordinary differential equations. This procedure 

involves convolving the instrument response function (IRF) with a mono- or bi-exponential 

decay function. The IRF is represented by a Gaussian function centered around t0. 

2.2 Computational 

The ground-state tautomers of indigo were optimized and harmonic frequencies 

calculated using second order Moller-Plesset perturbation theory (MP2) with the cc-pVDZ 

basis set in Gaussian 09 [21]. A scaling factor of 0.95 and a 2 cm−1 Lorentzian width were 

applied for the simulated IR spectra. Ground state energies of isomers/tautomers have 
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been zero-point energy (ZPE) corrected.  

Excitation energies, excited-state reaction paths and energy profiles were calculated 

with the second-order algebraic-diagrammatic-construction (ADC(2)) method [22,23]. The 

reaction path for the ESIPT reaction was constructed as a so-called relaxed scan, that is, for 

a fixed value of the driving coordinate (the NH distance for PT reaction and CCCC dihedral 

angle for inter-ring twist) all other internal coordinates of the molecule were relaxed in the 

S1 state. The approximate reaction path between the two (X and Y) excited-state conformers 

of the mono-enol form of indigo was constructed as a linear interpolation in internal nuclear 

coordinates between equilibrium geometries of both structures. The energy profiles of this 

reaction path were obtained as single-point energy calculations along the interpolated path.  

The MP2 and ADC(2) calculations were carried out with the TURBOMOLE program 

package, [24] making use of the resolution-of-the-identity (RI) approximation[25] for the 

evaluation of the electron-repulsion integrals. The cc-pVDZ basis set was used for all 

calculations. 

 

3. Results 

3.1 Experimental 

Fig. 1 shows the 2C-R2PI spectrum of indigo (black trace). The excitation laser is the 

same in both panels but the ionization laser is 193 nm/6 ns in the top panel and 213 nm/30 

ps in the bottom panel. R2PI was collected with different pulse widths to show the probing 

ability of the laser systems in different time domains. The top trace truncates at 700 cm–1 to 

a lack of signal beyond that point while peaks continue to appear toward the blue in the 

bottom trace. The origin transition appears at 18129 cm−1 (551.6 nm), and all excitation 

spectra are presented relative to it. Squares denote lifetimes obtained by pump probe 
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spectroscopy for both the ns (green) and ps (blue) time domains. Fig. 2 shows individual 

pump probe transients of the first two peaks. Figs. S1–S4 show additional transients. 

 

Figure 1. 2C-R2PI spectra (black) collected using ps excitation followed by ionization with 193 nm ns pulses 
(top panel) and 213 nm ps pulses (bottom panel). Squares denote the lifetimes as recorded from pump-probe 
measurements in the ns range (green) and ps range (blue). Below 700 cm−1 (spectral range A), the lifetimes 
show the presence of multiple components and only upper limits are reported for the ps pump probe 
experiments (see discussion). Above 700 cm−1 (spectral range B) we observed a single timescale component. 
For the ns spectra, the lasers are separated in time by a few ns. (For interpretation of the references to color in 
this figure legend, the reader is referred to the web version of this article.) 
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Figure 2. Pump-probe performed in the ns (top two traces) and ps (middle two traces) time domains for the 
origin transition and the +79 cm−1 peak. The bottom two traces show the biexponential fitting method used as 
an estimate for the relative quantum yields (see text). The dominant IRF feature seen in the 79 cm−1 ns pump 
probe spectrum is indicative that a faster process is the major contributor to the signal. The lack of this 
behavior in other peaks supports the idea of mode specific relaxation (see discussion). 

 

Fig. 3 shows the IR spectrum obtained by IR-Vis double resonance spectroscopy mode I. 

Peaks at 3084 and 3444 cm−1, correspond to overlapping C–H modes and the N–H stretch, 

respectively. We did not observe any additional peaks further to the blue, up to 3800 cm−1. 
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These results agree with the computations, matching the calculated trans-diketo tautomer. 

To confirm that only the trans-diketo was present in the beam, we carried out visible-visible 

double resonance spectroscopy (Fig. 4) and mode II IR hole-burning (Fig. S5). From these 

data, we can confidently conclude that we observe only the trans-diketo tautomer in our 

beam.  

 
Figure 3. IR-Vis double resonance spectroscopy mode I experimental data (top panel) of indigo from 3040 to 
3700 cm−1. Probe was taken at the origin, 18,129 cm−1. For comparison, the vibrational frequencies of the 
lowest energy tautomers are plotted with a 0.95 scaling factor applied. The abbreviations on the axes 
correspond to (from top to bottom) the trans diketo, cis keto-enol, trans keto-enol, trans keto-enol 2, and cis 
diketo tautomers. 
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Figure 4. Visible-visible double resonance spectroscopy of indigo. The burn laser was set on the origin while 
the probe laser (ps OPG + 213 nm) was scanned and fired 200 ns later. Excited molecules were ionized with 
213 nm. 

 

Table 1 lists the lifetime values derived by fitting the results of pump probe 

spectroscopy. For the ns pump probe results, we fit a mono-exponential decay function to 

the trace. For the ps measurements we can fit with a mono-exponential function and the 

results appear in Table 1. However, this approach provides an upper limit for the lifetime 

only. The reason is that we know from the ns measurements that there is also a slower 

component to the decay so at least one additional exponential needs to be included and the 

total decay is of the form: 

I(t) = a1 e(-t/τ1) + a2 e(-t/τ2) 
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Table 1. Observed ps and ns lifetimes fit with mono-exponential functions for both processes in spectral range 
A. 542.2 nm is a small peak in both ps and ns and we were unable to record a pump probe trace with sufficient 
signal to noise with the ns system. The QYs for process 1 are shown, calculated for different values of τ1, as 
formulated in the text. The highlighted column is discussed in the text. 

 

Here the coefficients a1 and a2 are the relative intensities for each of the two processes 

and τ1 and τ2 are the corresponding lifetimes. Including the second term leads to fits with 

smaller values of τ1. Assuming only two processes occur, the quantum yield for process 1 is 

QY = a1/(a1 + a2). In this analysis we assume that the ionization efficiency for the two 

processes is the same. If that is not the case the values of a1 and a2 will differ. Table 2 lists 

the mono-exponential lifetime fits in spectral region B. 

Table 2. Observed lifetime fits with mono-exponential functions in spectral range B. 

 

 

 

 

 

 

 

 

nm 

excess 

energy/cm-1 

ps lifetime 

monoexponetial fit 

530.4 725 710 

528.6 789 736 

526.8 853 410 

522.2 1021 257 

521 1065 286 

518.3 1165 168 

510.6 1456 105 

506.5 1614 79 

500.3 1859 60 
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Fig. 1 and Table 1 show the mono-exponential fits for τ1, corresponding to a2=0 and thus 

representing an upper limit of τ1 for spectral range A. τ1 are the lifetimes derived from the 

ps pump probes and τ2 are the lifetimes derived from the ns pump probes. We know, in fact, 

based on the ns pump-probe results, that a2 > 0 in spectral range A, with particular notice of 

the 79 cm−1 excess energy peak having a2 very close to zero. We can fit the ps pump-probe 

data satisfactorily with a range of combinations of τ1 and τ2 to give different values of QY 

for process 1 (the faster decay). Table 1 lists a number of these combinations and Fig. 6 

gives a graphic representation of these data. We will discuss the implications of this analysis 

in the next section. The values of τ2 as obtained with the 193 nm/ns ionization and 213 

nm/ps ionization are identical within 0.3 ns or better, as listed in Table 1, suggesting that 

both wavelengths probe the same excited state populations. 

3.2 Computational 

We optimized two stable structures of indigo on the ground-state potential-energy (PE) 

surface: a diketo and a keto-enol tautomeric form. The latter, identified below as the X form, 

is 0.13 eV higher in energy than the former at this (MP2/cc-pVDZ) theoretical level. The 

diketo form is non-polar by symmetry with a central CC bondlength of 1.378 Å (Table S1a) 

which is typical for a double bond in an aromatic system. The keto-enol tautomer has a 

dipole moment, μ0, of 1.40 Debye and a central CC bondlength of 1.421 Å (Table S2a). 

Such a relatively small change of polarity and the reversion of the single/double bond -

leading in effect to GSIHT as discussed hereafter.  

The calculated electronic absorption spectra of both tautomeric forms (see Tables S1a 

and S2a of the ESI) are dominated by the transition to the lowest singlet state (S1) of the ππ* 

orbital nature. The adiabatic energy of the S1 state of the diketo tautomer is estimated as 

2.09 eV at this theoretical level and the energy of fluorescence is estimated as 1.98 eV 
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(Table S3a). Notably, electronic excitation of the keto-enol tautomeric form shifts electron 

density from the proton accepting molecular moiety back to the proton donating moiety 

resulting in a highly polar species (μ1 = 6.45 Debye, Tables S2a and S2b) which can now be 

classified as a proton transfer (PT) species. This observation implies that this keto-enol form 

has HT character in the S0 ground state and PT character in the S1 excited state. We are not 

aware of such a phenomenon having been described before in the existing very rich ESIPT 

related literature.  

To our surprise, we found two almost isoenergetic stable forms of the keto-enol tautomer 

in the S1 state by excited-state geometry optimization. These forms (denoted as X and Y) are 

illustrated in Scheme 1, with additional details provided in Tables S4 and S5. Both keto-enol 

forms exhibit well defined minima on the S1 PE surface and are more stable than the diketo 

form by about 0.09 eV. The vertical energy of the ground state computed at these geometries 

are very different (0.436 eV for X and 1.035 eV for Y, respectively). This suggests a large 

difference between their equilibrium geometries.  

Inspection of the most crucial geometrical parameters (bond lengths and dipole 

moments) shows that the X form corresponds to the keto-enol form optimized in the ground 

state with a similar single/double bond pattern within the central molecular unit. The X form 

has a central bond length of 1.454 Å compared to 1.383 Å of the Y form, or 1.397 Å of the 

diketo. At its S1-optimized equilibrium geometry (Table S4) the X form is highly polar (μ1 = 

6.77 Debye) and its de-excitation to the ground state reduces the dipole moment to μ0 = 1.27 

Debye. As discussed above, this behavior strongly suggests an HT type process in the S0 

state and PT type process in the S1 state. By contrast, the electronic structure of the Y form 

is practically the opposite. For the Y form the ground state is more polar (μ0=4.14 Debye) 

than the S1 state (μ1=3.39 Debye), cf. Table S5a. The angle between dipole moments in the 
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S1 state of both forms is about 125 degrees, indicating that they are polarized in different 

directions. These differences in the electronic structures of the X and Y forms are 

accompanied by differences in the nuclear geometry. In particular, the forms show different 

single/double bond-length patterns of the central molecular moiety, with the X form 

resembling the ground state keto-enol and the Y form resembling the diketo (Scheme 1 and 

Tables S4a and S5a). The electronic excitation of the X and Y forms only partially shifts the 

charge from one molecular unit to the other, as can be seen from inspection of the relevant 

MOs in Tables S4b and S5b, respectively, and this has almost no impact on nuclear 

geometry. 

To estimate the barrier that separates the X and Y forms of the keto-enol tautomer in the 

S1 state, we computed the PE profile along the linearly interpolated reaction path that 

connects their equilibrium geometries, optimized in the S1 state. The inset of Fig. 5 shows 

the resulting PE profile and one can notice that estimated barrier separating the X form from 

the Y form on the S1 PE surface is rather small (about 0.013 eV). This indicates that in the 

excited state the two forms of the keto-enol tautomer represent rather two minima of a 

double-well potential than two separate chemical species. The Y form is unstable in the 

ground state and converges to the X form upon geometry optimization.  
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Figure 5. Potential-energy (PE) profiles of the S0 and S1 states of indigo computed at the 
ADC(2)/cc-pVDZ level of theory along the minimum-energy paths optimized in the S1 state 
for the PT coordinate (NH distance)-central panel, and the inter-ring twist coordinate 
(CCCC dihedral angle) of the di-keto (left panel) and the keto-enol (right panel) tautomers. 
Solid lines denote minimum-energy profiles of the S1 state. Dashed lines denote vertical-
energy profiles of the ground state computed at the geometry of the S1 state. PE profiles of 
the X and Y forms are represented by squares and triangles, respectively. The red color 
indicates proton transfer and the green color indicates H-atom transfer. Inset illustrates the 
barrier which separates the two tautomeric forms computed along the Linear Synchronous 
Transit (LST) reaction path connecting the S1-state optimized geometries of the X (left) and 
Y (right) conformers. 

 

Fig. 5 shows potential energy (PE) profiles optimized in the S1 state along the PT 

coordinate (NH bond-length) and along the inter-ring twist coordinate (CCCC dihedral 

angle) together with PE profiles of the ground state computed along these coordinates. 

Inspection of the results that are summarized in Fig. 5 leads to the following 

conclusions: 

(i) The PE profile for proton transfer in the S1 state shows a barrier of the order of 0.11 

eV and the reaction is exothermic by about 0.21 eV. (ii) There are two minimum-energy PE 
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valleys that connect the diketo tautomer with the two forms of the keto-enol tautomer on the 

PE surface of the S1 state. (iii) The reaction paths associated with these profiles are different 

as they result in different ‘vertical’ PE profiles of the ground state computed along these 

paths. (iv) A significant reduction of the S1–S0 vertical energy gap for the Y form of the 

keto-enol tautomer (0.84 eV) as compared to the X form (1.47 eV) provides the source of 

more efficient radiationless decay of electronic excitation of the former. The process may 

involve tunneling through the barrier, which is apparently smaller or thinner for the Y form. 

Work by Yamazaki et al. [5] points to a possible CI with the ground state but the observed 

decays on the ps-ns timescale suggest tunneling as the more likely pathway. This conclusion 

is consistent with the CI at energies higher than the stable equilibria determined at the S1 PE 

surface [5,6]. (v) The inter-ring twist of the diketo as well as keto-enol tautomeric forms 

does not lead to the intersection with the ground state as it is usually found for typical ESIPT 

systems (cf. [26] for instance). 

4. Discussion 

The visible-visible double resonance spectrum (Fig. 4) and mode II IR-vis spectrum 

(Fig. S5), confirm that all peaks observed belong to a single tautomer. Based on the mode I 

spectrum (Fig. 3), coupled with calculations, we can assign the single tautomer observed in 

our beam as the trans-diketo. 

To describe the excited state dynamics we distinguish two ranges of the R2PI spectrum: 

spectral range A below 700 cm−1 excess energy and spectral range B with more than 700 

cm−1 excess energy. The pump-probe data in range A are characterized by two excited state 

lifetimes that strongly depend on the vibrational mode of excitation and that differ by an 

order of magnitude. The shorter lifetime, τ1, is of the order of 1 ns while the longer lifetime, 

τ2, is of the order of 10 ns. For range B we find a single lifetime of less than one ns which 
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gradually decreases with increasing energy. We note that proton transfer is one of the fastest 

reactions possible. It has been found to occur in less than 1 ps [13,14,18]. Therefore, if 

proton or hydrogen transfer is involved, these lifetimes likely describe the dynamics of the 

keto-enol excited state or states once they are formed, rather than the dynamics of the 

initially excited diketo state. 

The two lifetimes in range A likely correspond to two deactivation processes from two 

different excited states. If both channels originated from a single excited state, the slower 

decay would correspond to a lower rate and would probably be hard to observe in our 

experiment. According to the calculations as depicted in Fig. 5, there are two reaction 

pathways leading from the di-keto tautomer to the keto-enol ones on the PE surface of the S1 

state. They differ in the amount of electric charge that accompanies the proton transfer 

reaction. Since the S1 PE profiles of both forms behave in a similar fashion with respect to 

the inter-ring torsion that does not modulate significantly the S1–S0 energy gap, we can 

postulate that according to the energy-gap law [27,28] the Y form will undergo a faster 

decay to the ground state, but we do not have further hard evidence to confidently correlate 

the faster and slower process with the Y and X form, respectively. Geometrical rigidity of 

the indole moiety results in a relatively low density of vibrational states at low excess energy 

above the electronic origin of the S1 state. Thus the low vibrational levels of indole conserve 

their quantum identity to a large extent and this makes their coupling to the particular 

channels along the PT reaction path mode sensitive.  

The absence of the slow process beyond 700 cm−1 indicates that these excess energies 

are higher than the relevant barrier separating the Franck-Condon region from a keto-enol 

minimum. Below that energy, in range A, we observe two processes and beyond that energy, 

in range B, just one. There could be several causes for the absence of the slow process at 
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higher excitation energies. It is possible that the slow process becomes fast or that beyond 

700 cm−1 only the form responsible for the fast process is populated. Perhaps more likely is 

that the X and Y forms are able to interconvert, as IVR provides the energy to overcome the 

small barrier (∼100 cm−1) between the two geometries. The decrease of lifetime with 

increasing energy in range B could be due to increasing deactivation rates, for example 

because of increasing internal conversion probability at higher excess energy [28].  

In range A we notice mode specificity evidenced by different lifetimes for different 

vibronic transitions. Fig. 6 shows a graphic representation of the calculated QY data for the 

faster process from Table 1. If we assume that the fast process is the same for all modes, 

then a good estimate would be for it to be around 900 ps, as is the case for the +79 cm−1 

peak for which there is only a fast component. The values based on these assumptions are 

listed in the highlighted column of Table 1. The QY for the faster process is between 40% 

and 100% under all explored parameter values. Even though this is a wide range, there is no 

single combination of lifetime and QY that fits the data for all modes. Either the initial 

partitioning amongst X and Y depends strongly on the vibronic mode or so do the lifetimes 

of the X and Y states once they are formed. The latter would imply that the molecule in the 

X or Y states remember the original vibrational mode in the diketo state which would 

suggest slow or inefficient IVR [29,30]. Such slow IVR would also be consistent with 

limited intermixing between the X and Y forms below 700 cm−1, thus maintaining separate 

lifetimes. 
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Figure 6. Graphic representation of the data in Table 1, showing QY (percent proton transfer) for specific 
vibronic peaks and for different values of τ1: red-750 ps, green-900 ps, blue-1050 ps, light blue-1200 ps, 
purple-1500 ps. (For interpretation of the references to color in this figure legend, the reader is referred to the 
web version of this article.) 

 

Our results lead to the conclusion that indigo represents an exception among molecular 

systems subject to the ESIPT phenomenon, which generally is accompanied by GSIPT. In 

the case of indigo GSIPT leads to a structure (Y) which is unstable in S0 while GSIHT leads 

to a form (X) that is stable in S0. In the S1 state these processes are accompanied by a shift of 

electron density (rather than charge transfer) which goes in an opposite direction along the 

two reaction paths. As illustrated in Fig. 7, optical excitation of the X keto-enol form S0 to 

the S1 state results in a partial back charge transfer from the proton-accepting to the proton-

donating moiety and this both raises the dipole moment of the state and changes its 

direction. A reverse situation occurs for the Y form. The significant polarity of the ground 

state at its S1 equilibrium geometry indicates a ‘standard’ proton transfer process in this state 

and electronic excitation partially neutralizes the polarity of the system. Electronic 

excitation qualitatively reverses the dipole moment of a given conformer and the dipole 

moments in the S1 state are polarized approximately in the opposite directions to those of the 

ground states. The estimated angle between dipole moments of the X and Y forms in the S1 
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state is about 125 degrees. This observation may have consequences regarding stabilization 

of these forms by different polar solvents or by specific chemical modifications of the indigo 

core. 

 

Figure 7. Diagram depicting transitions between the relevant tautomeric forms in ground state and excited 
state with electron orbitals involved in transitions and dipole moments (red arrows). Double arrows for 
electronic transitions, dotted arrows for ground state transitions, and solid arrows for transitions between forms 
in the excited state. (For interpretation of the references to color in this figure legend, the reader is referred to 
the web version of this article.) 

 

Summarizing, we make the following observations. Unlike in common ESIPT systems, 

indigo also exhibits hydrogen transfer as part of its photochemistry. Experimentally we 

observe two deactivation processes. Our calculations predict two pathways as well, 

involving PT and HT, respectively, in the excited state and the opposite character (HT and 

PT) in the ground state trajectories. There is a narrow spectral range (up to 700 cm−1 above 

the origin) in which the partitioning among the two pathways depends strongly on 

vibrational modes. Above 700 cm−1 the excited state lifetime shortens considerably, 

providing a mechanism for indigo’s stability against radiative damage. We are undertaking 

follow-up studies with deuterated indigo to further elucidate the excited state dynamics 
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Abstract 

Compositionally similar organic red colorants in the anthraquinone family, whose 

photodegradation can cause irreversible color and stability changes, have long been used in 

works of art. Different organic reds, and their multiple chromophores, suffer degradation 

disparately. Understanding the details of these molecules’ degradation therefore provides a 

window into their behavior in works of art and may assist the development of improved 

conservation methods. According to one proposed model of photodegradation dynamics, 

intramolecular proton transfer provides a kinetically favored decay pathway in some 

photoexcited chromophores, preventing degradation-promoting electron transfer (ET). To 
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further test this model, we measured excited state lifetimes of substituted gas-phase 

anthraquinones using high-level theory to explain the experimental results. The data show a 

general structural trend: Anthraquinones with 1,4-OH substitution are long-lived and prone 

to damaging ET, while excited state intramolecular proton transfers promote efficient 

quenching for hydroxyanthraquinones that lack this motif. 
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Introduction 

Exposure to light degrades many molecules when absorption of ultraviolet (UV) and 

visible wavelength photons places them in an energetically excited state prone to chemical 

and physical changes. Molecules susceptible to photodegradation are ubiquitous in both 

natural and synthetic systems, and undesired effects of this degradation can include a wide 

range of phenomena, such as the appearance of abnormal skin cells marking melanoma and 

the drop of efficiency in polymer solar cells via photobleaching. One notable form of 

organic photodegradation with relevance to the broad field of cultural heritage research is 

the fading of certain chromophores in works of art, which leads to visual change in a 

medium where meaning and value are often predicated on color. 

Natural organic red colorants of either plant or scale insect origin are important 

traditional sources of red hues (1). These colorants have high tinting strength and are 

therefore present on artifacts in low concentration; as little as subnanogram concentrations 

of these colorants may be required to achieve the desired color saturation (2). Many 

traditional organic red colorants (including madder, alizarin, cochineal, lac dye, brazilwood, 

and dragon’s blood) are compositionally similar: These anthraquinones (AQs) and 

hydroxyanthraquinones (HAQs) have long been used as lake pigments and contain primarily 

hydroxyl, carboxylic acid, and carbonyl moieties on a conjugated aromatic backbone. While 

commercial interest in AQs and HAQs has recently expanded to include pharmaceutical 

applications (3, 4), the use of natural AQ derivatives (see Fig. 1) as lake dyes (insoluble dye-

mordant complexes, typically precipitated with Al or Ca cations) has long attracted the 

attention of fine artists and craftsmen, and these pigments continue to be used today. The 

irreversible fading of organic red colorants in art is well documented and greatly affects the 

perception of masterpieces from antiquity to the present day. For example, recent 
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publications have highlighted alteration of organic red colorants in objects as disparate as 

medieval manuscript illuminations to paintings by Vincent van Gogh (5–7). 

 

Fig. 1 The molecules of this study. 
 
Molecules having a 1,4-OH motif are above the images, and those without 1,4-OH motif are below them. 
Isomers within the LE ZPE corrected structure (labeled I) (~25 kJ/mol) are also shown with their relative 
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energy values (kJ/mol) with respect to the LE form. Central to this figure is the common madder root and its 
primary chromophores alizarin and purpurin. Photo credit: Jacob Berenbeim, UCSB 

 

One of the simplest HAQ molecules to be used as a lake pigment is 1,2-

dihydroxyanthraquinone (1,2-HAQ), also known as alizarin. Alizarin is produced naturally 

by multiple species related to Rubia tinctorum (common madder) where it is a primary 

chromophore along with 1,2,4-trihydroxyanthraquinone (1,2,4-HAQ), also known as 

purpurin (1). It is well documented in the cultural heritage and condensed phase scientific 

communities that alizarin is more photostable than purpurin (8–11). Condensed phase 

photodynamics studies of these AQs suggest that the difference in photostability may stem 

from an excited state pathway, specifically an excited state intramolecular proton transfer 

(ESIPT), in alizarin that dissipates photonic energy to regain a stable ground-state structure 

on a time scale much faster than the reaction rates of degradation (11, 12). 

ESIPT constitutes one of the fastest reactions known (13, 14), and planar organic 

molecules containing acidic and basic functional groups connected by an intramolecular 

hydrogen bond often have photophysics driven by this proton transfer. In these molecules, 

excited state tautomerization occurs through the excitation of the ground-state enol form to 

an electronically excited intermediate where a rapid (subpicosecond time scale), often 

energetically barrierless, enol to keto proton transfer takes place. Radiationless decay 

follows this transfer, bringing the excited keto form back to the ground state, and the stable 

ground-state enol reforms through a barrierless back proton transfer (15). Molecules that 

undergo ESIPT are typically identified by dual band fluorescence with a large degree of 

Stokes shift from the ESIPT lower well equilibrium geometry. 

Formative work examining this mechanism in AQs/HAQs was done in the 1980s (16); 

laser-induced fluorescent spectroscopy studies (17), including that of Flom and Barbara 

(15), determined that the presence of a dual 1,4-electron donating group (e.g., -OH) 
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precludes dual fluorescence, likely indicating a high barrier toward ESIPT. This qualitative 

result was later supported by the nodal plane model by Nagaoka and Nagashima (18). More 

recent transient spectroscopic work has measured the rate of ESIPT (19–21) as a 

femtosecond process and correlated this with pigment fading (11, 22). However, these are 

all condensed phase experiments where the effects of secondary molecules, such as solvent 

molecules or other pigment components, cannot be completely excluded, which is 

particularly important since intermolecular effects are widely known to affect relaxation (20, 

23). To measure the unimolecular dynamics of the AQ and HAQ molecules require gas-

phase experiments. Note that in the context of art materials, much of the available literature 

deals only with alizarin and purpurin as exemplars of the HAQ system (24). Therefore, there 

remains a need to examine a broader range of these important molecules in the gas phase to 

fully explicate the observed differences in the relative photostabilities of the basic 

chromophores themselves. By studying a larger set of isolated HAQs, it is possible to 

identify the key structural motifs that determine the photodynamics of this class of 

compounds and further explicate the observed photochemical behavior of alizarin and 

purpurin. Such a fundamental study can then inform a fuller understanding of the more 

complex systems found in works of art, which will include binding media, the support, and 

other pigments in addition to the organic red colorant in question. 

Here, we address this need and report an experimental and computational case study on 

the effects of proton transfer on the excited state lifetimes of seven related HAQs as isolated 

chromophores. We measured intrinsic lifetimes of a series of neutral HAQ molecules in a 

jet-cooled molecular beam by time-resolved, pump-probe, two-color resonant two-photon 

ionization (2C-R2PI) spectroscopy to elucidate the relaxation dynamics occurring at the 

lower limit of the excited state potential energy surface (PES). For each molecule studied, 
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these data provide the first 2C-R2PI action spectra, building a library to allow their 

identification in works of art. We also obtained the excited state lifetimes from both the 

lowest energy (LE) vibronic transition and at higher internal energy (~500 to 1000 cm−1) and 

partial mid-infrared (IR) characterization of the ground-state hydrogen bond vibrations with 

IR hole burning of the R2PI probe signal for selected compounds. These measurements 

allow us to study these chromophores in selected unique tautomeric forms. The resulting 

detailed vibrationally and tautomerically resolved excited state lifetime data reveal the 

intrinsic properties of the chromophores and serve as the basis for high-level quantum 

computational modeling of the excited state dynamics. We explore the implications of the 

resulting data for the photodegradation of these compounds. Our results show a trend of 

shorter excited state lifetimes for the structures for which there is evidence for ESIPT, as 

derived from dual fluorescence by Flom and Barbara (15) and others. We find that both 

phenomena correlate with structural motifs with a specific double hydrogen bonding pattern, 

and this observation provides experimental evidence to support predictions for the expected 

stability of HAQs beyond alizarin and purpurin in works of art. 

 

Results 

Analytes studied and R2PI spectroscopy 

Figure 1 shows the series of substituted HAQs analyzed. The analytes represent 

structures with and without the 1,4-OH substitution motif postulated to be determinative of 

ESIPT properties (11, 15). Several of these molecules are also found in artists’ red lake 

pigments. The molecular structures shown in Fig. 1 are planar in all cases. In each molecule, 

the LE structure (indicated by the Roman numeral I) is that of the 9,10-AQ with carbonyl 

groups rather than hydroxyl moieties on the central ring of the backbone. The interpretation 
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of R2PI and pump-probe spectra requires an understanding of the possible structures, which 

are most likely the LE isomers, present in the molecular beam. Figure 1 shows all isomers 

with energies calculated to be within 25 kJ/mol of the LE structure; isomeric forms with 

higher energies appear in the Supplementary Materials. The center of Fig. 1 shows the two 

primary common madder chromophores alizarin (1,2-HAQ) and purpurin (1,2,4-HAQ). 

Both have multiple low-energy isomers, as do 1,2,5,8-HAQ and 1,4-HAQ. Three of the 

molecules examined—1-HAQ, 1,5-HAQ, and 1,8-HAQ—have only a single LE structure 

(the rotamers for each of these molecules are 52.3, 53.2, and 47.4 kJ/mol higher in energy 

than the forms shown, respectively). In the figure and throughout, we use the nomenclature 

of HAQ for all compounds, ignoring the more formal designations of DHAQ and THAQ for 

the di- and trihydroxy forms, respectively, as the numbered prefixes already indicate the 

number of hydroxyl substituents. 

Figure 2 presents the R2PI spectra of the HAQs from Fig. 1. The origins, corresponding 

to S0-0 transitions, of molecules with a 1,4 motif are about 2000 cm−1 lower in energy than 

those without the 1,4 motif. The origins of 1,2,5,8-HAQ (19,661 cm−1), 1,2,4-HAQ (19,845 

cm−1), and 1,4-HAQ (19,920 cm−1) all lie within 300 cm−1 of each other, and each is 

characterized by sharp, laser linewidth limited bands more than a ~1000 cm−1 range. In 

contrast to this, the spectra for HAQs without the 1,4 motif are broader, suggesting shorter 

excited state lifetimes. Their origins—1-HAQ (21,645 cm−1), 1,2-HAQ (21,748 cm−1), 1,5-

HAQ (21,321 cm−1), and 1,8-HAQ (22,031 cm−1)—are located over a larger energy spread, 

although still within ~700 cm−1 of each other. The difference between these two groups of 

spectra suggests that the excited state properties strongly depend on the presence or absence 

of the 1,4-OH structural motif. 
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Figure 2. Picosecond 2C-R2PI spectra of each HAQ in this study (OPG + 213 nm). 
 

Intensities have been normalized. 

 

Pump-probe spectroscopy 

We performed picosecond pump-probe measurements for each HAQ from Fig. 1 on both the 

origin transition and on one additional higher energy transition determined from the R2PI 

spectra. The measurement using the higher energy transition probed whether additional 

relaxation pathways become available at higher energies, which would likely be evidenced 

by a change in excited state lifetime. Figure 3 shows the effect of structure on excited state 

lifetime. The molecules with the 1,4-OH motif, shown at the top in Fig. 3A in a red box, 
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have nanosecond lifetimes at their LE transitions. In contrast, those molecules without the 

1,4-OH motif, shown at the bottom of Fig. 3A in a blue box, have subnanosecond lifetimes. 

 

Figure 3. Results of picosecond pump-probe spectroscopy. 

(A) Pump-probe lifetime as measured at the origin transition (red bars) and at excess energy (black bars) 
arranged in order of decreasing measured lifetimes. The excess energy transition used is noted next to the black 
bars. (B) Pump-probe traces of the molecules with the longest and shortest measured excited state lifetime, 
1,2,4-HAQ and 1,2-HAQ, respectively, plotted over 500 ps. The pump-probe data are fit to a curve (blue 
trace), which is the sum of a single exponential decay (green trace) convolved with a Gaussian component (red 
trace) representative of our instrument response function. 

 

Coincidently, the primary madder chromophores (1,2,4-HAQ and 1,2-HAQ) have 

the longest and the shortest excited state lifetimes, respectively, of all molecules measured. 

Figure 3B shows the pump-probe traces of these two end-members (picosecond pump-probe 

data for the other molecules are shown in fig. S1). Each of these traces can be adequately fit 

using a single exponential, providing the excited state lifetime of each molecule. When 

probed at the origin, 1,2,4-HAQ (purpurin) has an excited state lifetime of 5.4 ns, while 1,2-

HAQ (alizarin) has an excited state lifetime of only 120 ps. Other HAQ series have lifetimes 

intermediate between these two; e.g., 1-HAQ has a measured lifetime of 290 ps, while 1,4-

HAQ has a measured lifetime of 1.7 ns. In general, excitation at higher energies shortens the 

lifetime, as shown in Fig. 3A (black bars). 1,4-HAQ provides an exception to this trend, 

with a slight increase in excited state lifetime when measured at a transition +655 cm−1 from 



 

 
36 

the origin (from 1.7 to 1.9 ns). This slight increase is likely an artifact due to the short 

observation period relative to the excitation lifetime. For completeness, we also carried out 

nanosecond pump-probe measurements on the two end-members (1,2,4-HAQ and 1,2-HAQ; 

data shown in fig. S2). These measurements show no component at longer time scale than 

those found in the picosecond measurements. 

Intramolecular hydrogen bonding characterization and structural confirmation 

To understand the hydrogen-bonding environment of the isomer of species in the 

molecular beam with and without the 1,4-OH motif, we performed IR hole burning. IR-UV 

results in mode II indicate that for 1,2,4-HAQ and 1,4-HAQ, the R2PI results are from a 

single conformation (see fig. S3). 

We also performed hole burning in mode I on 1,2,4-HAQ, 1,4-HAQ, and 1,8-HAQ 

while probing the origin of each, as shown in Fig. 4. In all three spectra, the peak at ~3100 

cm−1 represents stretching modes associated with the -OH hydrogen bound to a carbonyl 

group. In the case of 1,8-HAQ, this peak is broadened by the competitive sharing of the 

carbonyl with intramolecular hydrogen bonds, 180° about the oxygen atom (9 position). In 

the case of 1,2,4-HAQ, the peak at 3570 cm−1 results from the in-plane hydroxyl (2 

position), which is hydrogen bound to the neighboring hydroxyl (1 position). The 470-cm−1 

separation is a direct measurement of different hydrogen bond environments: between 

carbonyl and hydroxy intramolecular bonded -OH stretches. 
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Fig. 4 IR hole burning spectra. 
 

Spectra were taken in mode I of 1,2,4-HAQ, 1,4-HAQ, and 1,8-HAQ probed at their origin R2PI transition. 
a.u., arbitrary units. 

 

Figure S4 also shows calculated LE spectra convoluted with a Lorentzian linewidth of 3 

cm−1. These calculations reproduce the experimental patterns but not the exact frequencies, 

reflecting the fact that these are unscaled harmonic calculations. Future work with 

anharmonic calculations at a higher level may provide further details on structures. 

Theoretical calculations: 1-HAQ and 1,4-HAQ 

To computationally model the difference in excited state dynamics in the two structural 

motifs, with and without the 1,4 substitution, we performed detailed calculations on the most 

basic representatives of the two structural families, namely, 1-HAQ and 1,4-HAQ. 

1-HAQ: Ground and excited state.  
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Figure 5 shows the calculated energetic landscapes of 1-HAQ. The ground-state global 

minimum of the keto form [I in Fig 5, hereafter referred to as K(I)] with the proton attached 

to the O1 oxygen atom is planar and stabilized by a single intramolecular hydrogen bond 

between two oxygen atoms as proton acceptor: O1─H…O9. The proton-transferred form 

[enol form, II in Fig. 5, hereafter referred to as E(II)] with the proton attached to the O9 

oxygen atom is not stable in the S0 state, and its geometry optimization transfers the proton 

back to the O1 oxygen atom to reform the global minimum form K(I). Possible rotation of 

the O1H group could generate the second lowest S0-state minimum, the keto rotamer (III in 

Fig. 5) structure. However, the O1H rotation breaks the intramolecular hydrogen bond in the 

1-HAQ structure, which destabilizes the rotated form compared to the global minimum K(I) 

by 0.52 eV (50 kJ/mol). Furthermore, the rotamer (III) minimum is separated from the 

global minimum by a S0-state energy barrier of 0.16 eV (15 kJ/mol). The fourth form, IV 

with the proton attached to the O9 atom, has much higher energy and can be excluded from 

this study. This energetic profile indicates that the 1-HAQ molecule should exist in the K(I) 

form in the ground state. 
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Fig. 5 Potential-energy energy profiles of 1-HAQ. 
 
Profiles shown are of the S0 state (black circles), the S1(ππ*) state (blue squares), and the S1(nπ*) state (red 
diamonds) of the 1-HAQ molecule as a function of the torsional reaction path (A and C) and the hydrogen 
transfer reaction path (B). Full lines (full symbols): Energy profiles of reaction paths determined in the same 
electronic state. Dashed lines (empty symbols) represent ground-state energy calculated for the geometry 
optimized in the given excited state nπ*(red) or ππ* (blue). Purple rectangles highlight the nπ* and ππ* 
intersections. 

 

When 1-HAQ is irradiated, the ground-state K(I) form is photoexcited to the lowest ππ* 

excited state, S2(ππ*) with vertical energy ΔEVE = 3.38 eV at the S0-state minimum 

geometry. At this optimized ground-state geometry of K(I), S1 is a dark nπ* state below the 

S2(ππ*). The lowest ππ* excited state does not have a stable minimum in the K(I) form. 

Therefore, as long as the system remains in the excited ππ* state, the proton will transfer 

between the two oxygen atoms (from O1 to O9) along a barrierless path to form the proton-
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transferred ππ* excited state form, E(II), as indicated by the minimum of the blue curve (full 

squares) in the central panel of Fig. 5. 

As depicted in Fig. 5 (highlighted with purple rectangles), the nπ* and ππ* excited states 

intersect in the vicinity of the S1(ππ*)-state minimum, E(II). Consequently, the nπ* state can 

be populated directly from the ππ* excited state. The nπ* state has two minima, at the K(I) 

and E(II) forms, and the adiabatic energies of both minima are lower than that of the S1(ππ*) 

E(II) minimum. Once in the nonfluorescent nπ* state, the system seeks another decay 

channel. The S1-S0 energy gap lowers for the nπ* state to 1.38 eV for the E(II) excited state 

form, as depicted by the vertical purple line in Fig 5. As shown in Fig. 5, if the system is in 

nπ*-E(II) minimum, rotation of the O9H group may lead to further notable decrease of the 

S1-S0 energy gap (see red traces) until S1 and S0 meet at a C-C-O2-H dihedral angle of about 

100°. This pathway provides an additional channel for excited state deactivation. However, 

the large barrier in the nπ* excited state may make this process less efficient. 

1,4-HAQ: Ground and excited state 

The addition of the OH group to position 4 of the 1-HAQ molecule (i.e., the introduction 

of the 1,4-OH motif) results in substantial changes, both structurally by forming a second 

intramolecular hydrogen bond and photophysically by changing the ordering of the excited 

states. 

In contrast to 1-HAQ, 1,4-HAQ has two intramolecular hydrogen bonds: O1─H…O9 and 

O4-H…O10, which bridge the molecule on opposite sides and ensure planarity of the system. 

Figure 6 displays the two-dimensional PES of 1,4-HAQ, with panels (A), (B), and (C) 

showing the S0, S1, and S2 states, respectively; panel (D) illustrates the possible tautomers of 

1,4-HAQ, both single hydrogen transfers (KE and EK), and double hydrogen transfer (EE). 

The x axes of Fig. 6 (A to C) are the reaction coordinate for the hydrogen displacement from 
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O1, while the y axes are the reaction coordinate for the hydrogen displacement from O4. 

Moving along the x axis moves the hydrogen from O1 to O9, while the y axis moves the 

hydrogen from O4 to O10. Thus, the top right corner of each energy surface is the EE 

tautomer, the product of both hydrogen transfers. There exists a tautomer in each corner of 

each PES, labeled accordingly. In addition to the global minimum form—the KK form with 

protons attached to O1 and O4—the EE form, with the protons attached to O9 and O10, 

provides an additional local minimum, 0.36 eV higher in energy. As shown in Fig. 6A, the 

EE minimum is separated from the KK form by a relatively small S0-state energy barrier of 

~+0.15 eV. The presence of this additional stable tautomer and the energy barrier (in 

contrast to the 1-HAQ system, which lacks an energy barrier) might be explained by the fact 

that any proton transfer usually requires shortening of the interatomic distance between two 

proton accepting centers (here, two oxygen atoms). While one interatomic distance, e.g., 

O1…O9, contracts, the other, i.e., O4…O10, must simultaneously lengthen. This effect is not 

energetically favorable, creating the barrier in S0. 
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Figure 6. PESs of 1,4-HAQ. 

(A) Minimum PES of the S0 state, (B) the S1(ππ*) singlet excited state, and (C) the S1(nπ*) singlet excited state 
of the 1,4-HAQ molecule as a function of the hydrogen transfer reaction path as a function of two coordinates: 
R(O1….H) and R(O4…H). (D) Schematic indication of the structures at the four combinations of minimum and 
maximum R values. The location of each tautomer on the PES is also labeled. 

 

In these coordinates for the ππ* (Fig. 6B), the KK tautomer is the minimum by ~0.15 

eV. A single or double proton transfer to generate any other tautomer would be uphill and 

unfavorable. The vertical excitation energies, ΔEVE, to the lowest excited ππ* state of the 

KK and EE forms of the 1,4-HAQ molecule are 2.80 and 2.58 eV, respectively (for a 

complete tabulation of results, see tables S1 and S2). Both ΔEVE values for 1,4-HAQ are 

lower than the respective value of 3.38 eV for 1-HAQ, which is consistent with the 

experimental pattern of the origin shifts. This effect is consistent with the π-electron–
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donating character of the OH group (25), which should result in stabilization of the ππ* 

excited state versus the nπ* state for a given structure. The lowest nπ* states (Fig. 6C) in the 

absorption ladder of both tautomeric forms of 1,4-HAQ are at least 0.5 eV above the lowest 

ππ* states and therefore inaccessible. 

The properties of the optimized excited state forms of the molecules are gathered in table 

S1. KK and EE, respectively, each have the same ground state and ππ* excited state 

geometries. Both excited state forms are almost isoenergetic. Moreover, a barrier of only 

0.15 eV separates the S1 states of these two forms. At the same time, the nπ* state PES lies 

almost entirely above the fluorescent ππ* state. Such a situation greatly reduces the 

probability for nonradiative decay for the 1,4-HAQ in comparison to the 1-HAQ system. 

Discussion 

The experimental and computational results from this series of molecules demonstrate 

that the presence or absence of a hydroxyl substitution at the 4 position has profound effects 

on the spectroscopy and dynamics of substituted AQs. When interpreting spectral and pump-

probe results, it is important to keep in mind that multiple tautomeric forms are possible (as 

shown in Fig. 1). In general, in jet cooling conditions, only the LE forms exist, and the mode 

II IR-UV data for 1,2,4-HAQ and 1,4-HAQ suggest those data to be exclusively from a 

single tautomer (although it is possible that signal arises from complimentary rotamers in 

Fig. 1). We assume that the other compounds also to be exclusively or at least 

predominantly in the LE tautomeric form, but the possible existence of other tautomers in 

the beam cannot be definitively excluded. 

With this limitation in mind, the experimental and computational evidence can be 

summarized as follows: (i) The origin transition for HAQs with the 1,4 motif is about 2000 

cm−1 to the red of those without the 1,4 motif, as shown in Fig. 2. (ii) The excited state 
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lifetime is approximately an order of magnitude shorter for those without the 1,4 motif, 

going from a few nanoseconds to a few hundred picoseconds at the origin transition, as 

shown in Fig. 3. Relative to the 1-OH motif, there is a 15× average longer lifetime for the 

molecular species with the 1,4-OH motif. (iii) In systems without the 1,4 motif (and 

therefore with short excited state lifetimes), proton transfer between the two oxygen atoms 

to form the proton-transferred ππ* excited state form is likely, while in systems with the 1,4 

motif, more energetically favorable forms are likely to be present, limiting the probability 

for nonradiative decay pathways. 

The photobleaching effects of common madder chromophores, 1,2,4-HAQ and 1,2-

HAQ, were recently investigated by Tan et al. (11) by counting emissive events in time 

(photoblinking) of these dyes under inert (N2) irradiant conditions on glass. They measured 

that alizarin is able to absorb and emit four times longer (and over many more events) than 

purpurin, which they argue to be due to a long-lived excited state of purpurin that degrades 

through electron injection to the glass slide. This decay pathway is consistent with the 

literature (19, 21, 26, 27). One cannot compare absolute lifetime values between gas-phase 

and condensed phase states, but the trend in the condensed phase correlates with the inherent 

lifetime trends presented here that 1,2-HAQ is ~45 times shorter lived at its vibrationless 

transition than 1,2,4-HAQ. The experimental data presented here seem to suggest that this 

pathway may be common to other substituted HAQs, with variations in the excited state 

lifetimes determined by the exact substitution arrangement. 

Our theoretical investigation focused on the excited state potentials of 1-HAQ and 1,4-

HAQ, since the experimental work showed that these motifs represent two distinct families 

of molecules. For 1-HAQ, the computations explain the experimentally observed short 

lifetimes by an energetically downhill process from the initially populated ππ* state. Along 
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the proton transfer coordinate, the nπ* state is crossed twice, leading to the minimum of 

E(II). Following this pathway, the energy gap to the ground state is 1.38 eV, allowing for 

nonradiative decay, although there may be additional involvement of an out of plane torsion 

leading to a conical intersection. These dynamics are consistent with the relatively short 

lifetimes observed for the HAQs without a 1,4 motif. After reaching the ground state, it is a 

downhill path to transfer the proton back and complete the photocycle, recovering the K(I) 

tautomer. 

The addition of the OH group to the 4 position of the HAQ skeleton results in several 

critical changes to ground and excited state profiles. First, in the 1,4-HAQ molecule, there is 

a second S0-state minimum, the EE characterized by the two protons being transferred to the 

oxygens on carbons 9 and 10. In addition, the shape of the ππ* excited state in 1,4-HAQ is 

much shallower than in 1-HAQ, and the photoexcitation of the KK form does not result in a 

barrierless proton transfer to the EE form as in 1-HAQ. The most prominent effect is that the 

ππ* excited state PES lies below the nπ* excited state PES, an effect of electron-donating 

property of the OH group, which tends to stabilize the ππ* excited state versus the nπ*state. 

This explains the red shift of 1,4 motif versus those molecules that lack it (25, 28). Because 

of the stabilization of the ππ*, the nπ* is not accessible at the excitation energies used. This 

effect inhibits nonradiative decay from the excited ππ* to S0 via crossing to the nπ*, as is the 

case for 1-HAQ. A major effect of 4-OH substitution is related to the unique stabilization of 

the KK(ππ*), lacking the downhill proton transferred minimum of the ππ* excited state in 1-

HAQ. The analogous initial ππ* state in 1-HAQ undergoes proton transfer in a barrierless 

manner, leading to picosecond excited state lifetimes. However, this proton transfer shortens 

the interatomic distance between the two proton accepting oxygen atoms. With the 1,4 

motif, while one interatomic distance, e.g., O1…O9, contracts, the other, i.e., O4…O10, 
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simultaneously lengthens, creating a barrier in the excited state potential. As a result, we 

find a single nanosecond time scale lifetime for the molecules with a 1,4 motif, implying 

that instead of undergoing ESIPT, they relax from the initially populated ππ* state. This 

model also explains why 1,5-HAQ and 1,8-HAQ—both doubly hydrogen bound—behave 

photodynamically like 1-HAQ. 

We investigated the possibility of longer-lived states such as triplets with a nanosecond 

ionization source for 1,2-HAQ and 1,2,4-HAQ but have not observed these states 

experimentally. However, Mohammed et al. (20) reported the formation of a long-lived 

triplet state with high quantum yield in a study of 1,8-HAQ in a series of nonpolar, polar 

aprotic, and polar protic solvents. Furthermore, work in this area is therefore justified to 

clarify whether long-lived triplets may form in some systems. 

As seen by Flom and Barbara (15) and explained by Nagaoka and Nagashima (18), the 

1-HAQ motif exhibits dual fluorescence due to ESIPT. As the main excited state pathway, 

this explains the photostability of molecules lacking the 1,4-HAQ motif observed in works 

of art (by, e.g., alizarin). In contrast, molecules with the 1,4-HAQ motif lack dual 

fluorescence and the corresponding ESIPT properties. At the same time, molecules with the 

1,4-HAQ motif are noted for their photodegradation in works of art (e.g., purpurin). We 

have corroborated these phenomena both experimentally and theoretically in the gas phase, 

indicating that this is a fundamental characteristic of the AQ molecules used to create lake 

dyes and not due to other effects such as interactions with the substrate on which the dyes 

are precipitated, the binding media, or other pigments that may be present in the complex 

system of a work of art. Molecules with the 1-HAQ motif have ~15× shorter excited state 

lifetime than molecules with the 1,4-HAQ motif, explaining the former’s photostability. The 

energetically downhill process of ESIPT accounts for the shorter lifetime of the 1-HAQ 
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motif. Meanwhile, the geometries resulting from ESIPT of the 1,4 motif are all higher in 

energy than the initially excited, nonproton transfer state, making proton transfer highly 

unfavorable. Without this process available, the 1,4 motif has a much longer excited state 

lifetime and worse photostability. 

Taken with the body of work done on UV radiation on anthracene by Mallakin et al.(29, 

30) on the production of toxic species (i.e., reactive, typically 1O2) through the stepwise 

formation and further irradiation of AQs and HAQs and the work by Nagaoka and 

Nagashima (18) on the quenching of singlet oxygen (1O2) by ESIPT HAQs, as well as the 

previous experimental and theoretical work done on alizarin and purpurin (8–12, 27), the 

data presented here form a complex picture of the degradation of the madder colorants—and 

AQ dyes more generally—in cultural heritage materials. These pigments need a way to 

dissipate photoenergy that they inherently will absorb from the environment. But without a 

viable energetic channel for decay, such as proton transfer or quenching of singlet oxygen, 

AQ chromophores with a 1,4-substitutional motif will tend to degrade at a faster pace than 

their photostable counterparts that lack this motif. Knowledge of the structural trend that 

drives the photochemical response therefore allows those who care for culturally significant 

materials to better predict their photosensitivity: If the specific chemical composition of the 

organic red dyes in an object can be determined and a 1,4-substitutional motif is prevalent 

(either in the only chromophore present or in high concentration in a mixture of several 

AQs), then a higher photosensitivity can be presumed than if the structure were lacking, 

regardless of how many chromophore(s) are present. The data shown here suggest that 

conservators and curators may therefore use information about the chemical structure to 

predict general trends in the photosensitivity of the objects in their care if colored with AQ 

dyes and protect those objects accordingly. 
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Materials and Methods 

Experimental design 

Standards of seven HAQs were purchased from Sigma-Aldrich and used without further 

purification. Standards were directly applied to individual graphite sample bars as a thin 

solid layer and examined in isolation to ensure spectral purity for 2C-R2PI and pump-probe 

measurements. 

The instrument has been previously described in detail, and only a brief description of 

the experimental setup follows (31, 32). Samples were laser desorbed in vacuo directly in 

front of a pulsed molecular beam controlled by a piezo cantilever valve (33). The desorption 

laser was a tightly focused Nd:YAG laser (1064 nm, ~1 mJ/pulse), and the piezo cantilever 

valve operates at a 45-μs pulse duration with eight bars backing argon gas. The desorbed 

sample was adiabatically cooled by collisions with the argon jet expansion to between 10 

and 20 K, and the molecular beam was skimmed before being intersected by laser beams 

and photoionized by 2C-R2PI. The subsequent ions were detected by a reflectron time of 

flight mass spectrometer (analyzer pressure, 2 × 10−6 torr; mass resolution, m/Δm = 500). 

The 2C-R2PI spectroscopic and picosecond pump-probe delay measurements were 

performed with an Ekspla PL2251 Nd:YAG laser system producing ∼30-ps laser pulses. 

The 355-nm output pumps an Ekspla PG401 tunable optical parametric generator (OPG) 

(output of 450 to 600 μJ/pulse and spectral linewidth of ∼6 cm−1). The sample was excited 

by the OPG and ionized by 213-nm fifth harmonic of the Ekspla PL2251 laser, which was 

mechanically delayed up to 600 ps before collineation with the OPG beam. A variable 

electronic (SRS DG645) delay between OPG UV laser and an excimer laser (193 nm, 1.5 to 

2 mJ/pulse) was used for pump-probe measurements in the nanosecond time delay range. 
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For IR-UV double resonant spectroscopy (i.e., IR hole burning) a Laser Vision optical 

parametric oscillator/amplifier (mid-IR output over the range 3000 to 3600 cm−1 of ~3 to 5 

mJ/pulse and spectral linewidth of 3 cm−1) precedes the R2PI pulse by 200 ns. This study 

used double resonant spectroscopy with two different pulse sequences: In mode I, the IR 

pump was scanned at a fixed UV probe wavelength, while in mode II, the UV was scanned 

with a fixed IR burn wavelength. In mode I, the UV laser wavelength was selected to 

correspond to a single vibronic transition, and the resulting 2C-R2PI signal depletes when 

the IR laser becomes resonant with the ground-state population. The resulting ion-dip 

spectrum therefore represents the ground-state IR spectrum of a single tautomer selected by 

the UV probe wavelength. This IR spectrum can be compared with calculated IR 

frequencies to determine the specific tautomer of the selected vibronic transition. In mode II, 

the IR laser wavelength was selected to correspond to a tautomer-specific vibrational 

resonance, and spectra were collected both with IR laser on and off. The difference spectrum 

identifies peaks in the UV spectrum that arise from the same tautomer. 

Calculations for IR-UV double resonant spectroscopy 

Calculations were performed with the Gaussian 09 program package (34). Starting 

structures for hydroxy derivatized anthracene-9,10-dione (HAQ) structures, tautomer and 

rotamer isomers, were optimized using the B3LYP hybrid functional with cc-pTVZ basis 

set. Relative zero-point–corrected energy (ZPE) values were used to predict the number of 

isomers in our molecular beam based on the rule of thumb that for a given species, isomers 

up to 20 kJ/mol of the LE structure were typically kinetically trapped laser desorption jet 

expansion. Past work on the nucleobase adenine showed that only the LE isomer was 

present, where the next LE isomer was calculated to be at ~33 kJ/mol higher energy than the 

one observed (35). Ground -state minima were confirmed by the absence of imaginary 
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frequencies, and these geometries were later used to determine electronic transition state 

strengths for S1-4 by way of time-dependent density functional theory with the B3LYP 

hybrid functional with cc-pVTZ basis set. The simulated IR spectra arise from frequencies 

with harmonic intensities using a Lorentzian shape and a full width at half maximum of 3 

cm−1 and were presented without a spectral shift. 

Calculations for construction of energy profiles 

The ground-state minima forms of the 1-HAQ and 1,4-DHAQ were optimized by means 

of the MP2 method (36) using the cc-pVDZ (37) correlation-consistent atomic basis set. The 

excited state geometries were optimized with the use of the same basis set while using the 

CC2 (38, 39) method as implemented in TURBOMOLE software package (40). In the 

calculation of the vertical excitation energies, ΔEVE, mimicking the absorption spectra, 

performed on top of the MP2/cc-pVDZ–optimized S0-state geometries, the CC2 (38, 39) 

method was used to evaluate the response properties. 

To elucidate the photophysical mechanism on the molecular level, the important driving 

coordinates were appropriate for each system so that the ground- and excited-state minimum 

potential energy (MPE) profiles or surfaces could be constructed to estimate the ground- and 

excited-state energy barriers determining the photophysics of the both molecules. The 1-

HAQ molecule was bound by a single hydrogen bond. In this case, one coordinate, the 

R1(O1H) distance, is needed to be chosen as a driving coordinate to illustrate the 

photophysical mechanism of the photo-tautomerization process. The MPE profile for 1-

HAQ was constructed in a way that for fixed given value of the R1(O1H) distance, all the 

remaining nuclear degrees of freedom were optimized; once in the ground state and twice in 

the two excited states: S1(ππ*) and S1(nπ*). 



 

 
51 

The 1,4-DHAQ system has an additional intramolecular hydrogen bond binding the 

molecule, and more tautomeric forms were possible to be formed upon photoexcitation. A 

convenient method for illustrating the tautomerization process in this molecule was to 

construct the MPE surface spanning the two driving reaction coordinates describing the two 

intramolecular hydrogen bonds by the R2(O2H) and R3(O4H) distances. In that case, both the 

R2 and R3 coordinates were frozen for given values, while the rest of the parameters were 

optimized in the constructed MPE surface, separately for the ground (S0) and the two excited 

states: S1(ππ*) and S1(nπ*) with the Cs symmetry constrain. 

Supplementary Materials 

Supplementary material for this article is available at 

http://advances.sciencemag.org/cgi/content/full/5/9/eaaw5227/DC1 

Fig. S1. Picosecond pump-probe spectra. 

Fig. S2. Nanosecond pump-probe spectra. 

Fig. S3. IR hole burning spectra in mode II with the burn laser set to 3090 cm−1. 

Fig. S4. Hole burning spectra in mode I. 

Table S1. Calculated properties of 1-HAQ and 1,4-HAQ. 

Table S2. Emission properties of 1-HAQ. 

Table S3. Emission properties of 1,4-HAQ. 
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II. Alternative Nucleobases 

DNA bases absorb UV light because they are aromatic, which provides them the rigidity 

they need for a pairing structure. The environment in which life arose and the DNA bases 

were selected for life was quite different than the environment that we find ourselves in 

today. The ozone layer was created by life, and so life necessarily evolved under an 

environment with a much higher rate of UV absorption events. This makes for the 

hypothesis that the ingredients of life may have been selected in part due to their 

photostability. In these two chapters, the photostability of isocytosine and isoguanine will be 

explored. 
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Abstract:  

We present resonant two-photon ionization (R2PI) spectra of isocytosine (isoC) and pump–

probe results on two of its tautomers. IsoC is one of a handful of alternative bases that have 

been proposed in scenarios of prebiotic chemistry. It is structurally similar to both cytosine 

(C) and guanine (G). We compare the excited-state dynamics with the Watson–Crick (WC) 

C and G tautomeric forms. These results suggest that the excited-state dynamics of WC form 

of G may primarily depend on the heterocyclic substructure of the pyrimidine moiety, which 

is chemically identical to isoC. For WC isoC we find a single excited-state decay with a rate 

of ∼1010 s–1, while the enol form has multiple decay rates, the fastest of which is 7 times 

slower than for WC isoC. The excited-state dynamics of isoC exhibits striking similarities 

with that of G, more so than with the photodynamics of C. 

https://doi.org/10.1021/acs.jpclett.7b02032
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Without a fossil record of the prebiotic chemical world we are left to conjecture to 

understand the roadmap that led to RNA and DNA. One of the factors that may have played 

a role in the prebiotic chemistry on an early earth is the photochemistry that could have been 

important before modern enzymatic repair and before the formation of the ozone layer.(1-6) 

Nucleobases, when absorbing ultraviolet (UV) radiation, tend to eliminate the resulting 

electronic excitation by internal conversion (IC) in picoseconds (ps) or less.(4, 7-9) The 

availability of this rapid “safe” de-excitation pathway turns out to depend exquisitely on 

molecular structure. DNA and RNA bases are generally short-lived in the excited state, and 

thus UV-protected, while many closely related compounds are long-lived and thus more 

prone to UV damage. This structure dependence suggests a mechanism for the chemical 

selection of the building blocks of life, implying that photochemical properties may be 

molecular fossils of the earliest stages of prebiotic chemistry. 

It is therefore of great interest to study the photochemical properties of possible 

alternative bases in comparison to the canonical bases. Especially intriguing are structures 

that can form alternate base pairs with the same Watson–Crick (WC) motif as the canonical 

ones, such as the triple hydrogen bonded guanine/cytosine (G/C) pair.(10-13) The 

alternative bases isocytosine (isoC) and isoguanine (isoG) were predicted in 1962 as a 

plausible third WC base pair.(14) As pointed out by Saladino et al., isoC can form WC base 

pairs with cytosine (C) and isoguanine or a reversed WC base pair with guanine.(15) Here 

we focus on isoC, which is not only an isomer of C but also an analogue of guanine (G), see 

Figure 1. Theoretical and experimental study has established the thermodynamic stability of 

the isoC/isoG base pair which nominally has greater free energy than G/C as well as of other 

possible base pair combinations with isoC.(16, 17) This has piqued interest in the prebiotic 
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prevalence of these unnatural pairs in addition to their role in synthetic research and medical 

applications.(18, 19) Here we aim to understand the photostability of isoC. 

 

Figure 1. Structures of G/C and isoG/isoC arranged to emphasize heterocyclic substructure similarities, 
emphasized in red and blue. 

 

We have arranged the bases within Figure 1 to emphasize the functional rearrangement 

from the standard base to its iso- analog about the pyrimidine heterocyclic centers. Doing so 

likens isoC to the core moiety of G. The difference between G and isoC is the five-

membered ring in G (not present in isoC) which would have consequences for formation of 

a macromolecular structure. In this work, we find that the excited-state dynamics of isoC 

exhibits striking similarities with that of G and more so than with the photodynamics of C. 

IsoC has previously been identified in the gas phase,(20) and its photo dynamics have 

been studied theoretically(21, 22) and in the condensed phase.(23-25) However, no excited-

state lifetime has been experimentally determined of isolated isoC in individual tautomeric 

forms. The two lowest-energy forms are enol and keto which can isomerize via an excited-

state intramolecular proton transfer. This isomerization after UV excitation has been 

observed in solution(23) by time-dependent absorption spectroscopy and in a rare gas matrix 

by changes in the IR absorption.(24, 25)Chart 1 outlines the lowest-energy tautomers in the 

gas phase. KA2 corresponds to the WC structure in the pairing with isoG in Figure 1. KA1 
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can also form similar triple hydrogen bonded structures with other tautomeric forms of G, 

such as the enol form. 

Chart 1. Lowest Ground-State Energy Structures (ΔE < 50 kJ/mol)a 

 

aHeterocyclic atoms are numbered for EA1, but the convention is the same for all others. Arranged in order of 
relative energy given in parentheses (kJ/mol). Zero-point corrected energies were calculated by DFT analysis 
with the B3LYP hybrid functional and with a cc-pVTZ basis set. 

 

Recent work by Szabla et. al used state-of-the-art surface-hopping adiabatic molecular 

dynamic simulations to predict the excited-state lifetime of isoC to be the following: τEA1 = 

533 fs and τKA1 = 182 fs.(21) These lifetimes are from populating a continuum of mixed 

character electronic states S1–S6 at the 5.5 ± 0.2 eV spectral domain which proceed to relax 

through S1 IC. Three dominant conical intersection (CI) geometries are established in their 

work for the modeled EA1 and KA1 starting structures, whereby pyramidalization of the 

planar Franck–Condon (FC), i.e. excitation geometry, structure at the C2 position accounts 

for ΦEA1 = 0.60 and ΦKA1 = 0.93 nonradiative relaxation yields, while deformation about the 

C5═C6 bond accounts for a CI of negligible yield. Hu et al. also studied the KA1 form 

computationally, comparing different levels of theory. They assumed excitation at energies 

closer to the vibrationless level and identified three CIs, all leading to IC to the ground state, 

one involving the C═O stretching vibration and two involving out-of-plane structures of the 

NH2 group. They found the preferred pathway to depend on the computational method, as 
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did the IC rate, leading to excited-state lifetimes ranging from 100 fs to 1 ps.(26) 

Surprisingly, both computational studies are contrary to the bulk of theoretical work done on 

pyrimidine relaxation dynamics, where the CIC5═C6 is understood to be a major pathway 

toward nonradiative deactivation by twisting of the H–C5═C6–H torsional angle to near 

ethylene geometry.(27-29) Trachsel et al. most recently showed the importance of this 

particular bond deformation when they measured excited-state lifetimes of 5,6-

trimethylenecytosine, a sterically constrained C analogue, in the gas phase.(30) This 

modified version yielded lifetimes attributed to IC six times greater than that of C, likely due 

to the absence of a CIC5═C6. 

Figure 2 shows two-color (2C) resonant two-photon ionization (R2PI) spectra of 

isocytosine with nanosecond (ns) and ps pulse sources. The ns spectrum (Figure 2a) has a 

well-defined origin transition at 35 292 cm–1 (starred *) followed by a series of discrete 

peaks atop an elevated baseline over a range of 500 cm–1. This elevated baseline extends to 

the red but is relatively low in intensity and devoid of features. The ps trace (Figure 2b) 

exhibits the same defined vibronic transitions seen in the ns spectrum but presents another 

unique feature at 33 266 cm–1. Here, the elevated baseline features to the red of the starred 

origin are by contrast to the ns spectrum more intense. While this signal could result from 

other tautomers, we suspect that this feature is due to hot bands from the low-frequency 

breathing vibrational modes which are more efficiently excited with the 6 cm–1 spectral line 

width of ps laser and artificially intensified by elevated laser power in that region. The sharp 

feature at 35 000 cm–1 is a laser power artifact and highlights the nonresonant nature of the 

absorption in this range. Furthermore, we could not obtain an IR–UV double-resonant signal 

from this part of the spectrum, which is also consistent with hot bands. We simultaneously 

recorded wavelength and mass spectra, shown as a two-dimensional plot in the Supporting 
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Information (Figure S.1) to verify that there is no contribution to the isoC mass channel 

from potential higher-order clusters, including checking the M+1 mass channel. 

 

Figure 2. 2C R2PI spectra for isocytosine (a) ns excitation with 193 nm ionization and (b) ps excitation with 
213 nm ionization (5th Nd:YAG harmonic). Lifetimes are pump–probe data. See text for details. 

 

IR–UV double-resonance spectroscopy reveals the presence of the EA1 tautomer, 

with the origin at 35 292 cm–1 and the KA2 tautomer, with the feature at 33 266 cm–1, shown 

by Figure 3a. We matched IR–UV hole burning spectra (probed as annotated in Figure 3a) 

with anharmonic computations. The peaks observed in the ns 2C R2PI scan are all correlated 

with the EA1 tautomer by IR–UV double-resonance spectroscopy in which the IR resonance 
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at 3 470 cm–1 was held constant 200 ns prior to scanning the UV source (Figure 3b). We 

have attached UV–UV hole burning results at 35 428 cm–1 as Figure S.2 which further 

confirms that all the peaks shown in the ns spectrum belong to a single tautomer which we 

identify as EA1. After characterization, the KA2 and EA1 electronic origin transition 

energies correlated to within 10% of those predicted for KA1 and EA1 by Szabla et al. and 

KA1 by Hu et al.(21, 26) 

 

Figure 3. (a) IR UV hole burning results compared to anharmonic simulations for the six low-energy 
structures. Experimental spectra are from UV ns probe 35 428 (red) and ps probe 33 266 (blue) cm–1, 
respectively. (b) Nanosecond 2C R2PI spectrum (black) and the difference trace below (red) when burning at 
the EA1 experimental wavelength of 3 470 cm–1. Anharmonic DFT analysis calculated with the B3LYP hybrid 
functional and the cc-pVTZ basis set. 

 

Referring to Chart 1, KA2 is predicted to be the highest-energy structure indicating that 

if this tautomer is present all other forms may be present in our beam as well. Jet-cooling is 

not an equilibrium process; therefore, we cannot predict the tautomer distribution, but in our 

experience in our setup usually the lowest-energy tautomers up to typically about 50 kJ/mol 

are present. Furthermore, the KA1 tautomer was observed in matrix isolation 

experiments.(24, 25) Three possible reasons certain tautomers are not observed in our 

experiment are the following. (1) There can be tautomers that absorb in different ranges of 
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the UV spectrum, which we have not covered. (2) Our experiment measures action 

spectroscopy rather than direct absorption. It is possible that a molecule is excited by the 

first photon but not ionized by the second. One way this situation can occur is when the 

excited-state lifetime is significantly shorter than the ionizing laser pulse. A very similar 

situation exists for guanine: the lowest-energy keto tautomers, equivalent to KA1 in isoC, 

have not been observed so far by R2PI, although from direct absorption in microwave 

experiments and in He droplets they are known to exist.(31, 32) (3) A molecule may 

undergo fragmentation after excitation or ionization adding complexity to the action 

spectrum as we typically monitor only the parent ion mass. We did not observe any obvious 

nonstatistical fragmentation. 

Figure 4 shows a selection of the pump–probe results from the origin transitions of EA1 

and KA2; additional pump–probe fits are found in Figure S.3. The derived lifetimes are 

shown within Figure 2a,b. The 463–491 ps lifetime of the EA1 tautomer represents the 

decay rate of the excited state. All pump–probe curves were fit to a monoexponential decay. 

 

Figure 4. Pump–probe results from the origin bands of (a) the KA2 and (b) the EA1 tautomer in the ps and ns 
regimes. The data in panels a and b are fit to a curve (blue) which is the sum of a single exponential decay 
convolved with a Gaussian component (green) representative of our instrument response function (IRF) and 
the IRF itself (red). 

 

We probed the broad elevated baseline signal present to the red of the EA1 origin in 

Figure 2a in hopes of attributing it to a specific species from Chart 1. The lifetime of 491 ps 

agrees with the ps component measured for EA1. We were unable to support this pump–
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probe correlation to EA1 with conclusive IR–UV hole burning results, like those from 

Figure 3a. The inability to obtain a clear IR–UV spectrum would be consistent with hot 

bands. 

Table 1 lists vibrationless excited-state lifetimes, following 0–0 excitation unless 

otherwise noted, which we found here for isoC and compares those with the equivalent 

lifetimes for C and G. In terms of its photodynamics, isoC has elements of both G and C. 

The six-membered ring in G is an amino-pyrimidione, identical to isoC with a five-

membered ring that immobilizes the C5═C6 bond that is free in isoC. Szabla et al. identified 

major conical intersections involving ring puckering, C═O stretching, NH2 out-of-plane 

bending, and C═C rotation.(21) The former three are similar to the CIs that dominate G 

dynamics,(36) while the latter cannot occur in G but is characteristic for pyrimidines, 

including cytosine.(37) 

 keto KA1 keto KA2 enol 

Isocytosine N/O 69 ps 489 ps / 478 ns 

Cytosine N/O 730 ps33 / 290 ns34 *56 ps / *30.5 ns 

Guanine N/O N/O 13 ns35 / 40 ns35 

aN/O = not observed. bThese reported pump–probe results for enol-C were not obtained at the 0–0 transition 
but rather on the rising edge of its broad initial absorption region. 

 

We first compare isoC with G. Neither the 1H-9h-keto-amino (KA1 equiv) nor the 3H-

keto-amino (KA2 equiv) have been identified yet by ps or ns R2PI. So in both isoC and G 

we do not observe the KA1 form (because of the difference in numbering between 

pyrimidines and purines, this is N3H for isoC and N1H for G, see Figure 1). For G this is the 

WC form and is slightly less in energy than the imino forms, which are observed.(36, 38) As 

noted before, one likely reason for not observing a species with R2PI is an excited-state 

lifetime significantly shorter than the laser pulse length. In the G experiments pulse widths 
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were of the order of 5 ns, and in the current isoC experiments they are lower limited at 30 

ps. Excited states with lifetimes of the order of a few hundred femtoseconds could thus defy 

detection by R2PI in these experiments. Notably, the conical intersection that is most 

responsible for the ultrafast IC in the G keto case involves pyramidalization at the C2 

position and does not involve the 5-membered ring.(29, 36, 39, 40) Therefore, it is possible 

for the isoC KA1 form to undergo very similar ultrafast IC. For the KA2 form of isoC we 

find a lifetime of 69 ps, while the equivalent form for G was not observed with R2PI 

although it is lower in energy than the imino forms that are observed with R2PI.(31, 32, 41) 

For both compounds the enol form is significantly longer-lived, with two independent decay 

channels of almost 0.5 ns and 0.5 μs for isoC and 13 and 40 ns for G.(35) In both cases we 

consider that the long-lived dark state could be a triplet state and for G the 13 ns decay can 

be attributed to fluorescence.(42) In the case of enol isoC the observation of two decays with 

a 3 orders of magnitude difference implies that those two channels do not decay from the 

same excited state. If they did, the higher rate process would have 3 orders of magnitude 

larger quantum yield and dwarf the signal from the lower rate process. Instead we assume an 

ultrafast population of a doorway state, possibly a triplet, which in turn decays at the slow 

rate. 

In comparing isoC and C, we notice larger differences in excited-state dynamics. Again 

we do not see the KA1 equivalent form for C, which is about 30 kJ/mol higher in energy 

than the WC KA2 equivalent and enol forms. The KA2 form, which is the lowest-energy 

keto form for C, behaves very different from isoC. Leutwyler and co-workers have reported 

this case in great detail, finding a vibrationless decay time of 730 ps.(33, 43-45) Nir et al. 

reported on a long-lived state, presumably a triplet, with a 290 ns lifetime.(34, 46) These 

observations suggest different dynamics than for isoC where we found a single 69 ps decay. 
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For the enol form of C we find a 56 ps short component which populates a longer-lived state 

with a 30.5 ns lifetime (shown in Figure S.4). Because the ns R2PI spectra of enol C, also 

reported by Nir et al., is broad and without a clear 0–0 transition,(46) we performed these 

pump–probe measurements on the rising edge of the broad signal which appears along with 

the ps 2C R2PI in Figure S.4. So for C the vibrationless excited state for the enol form is 

shorter lived than for the keto form, contrary to the situation for both G and isoC. Szabla et 

al. find a CI for the isoC enol that involves the C5═C6 twist, which also plays a role in C; 

however, according their calculations, only 14% of the trajectories follow this path in 

isoC.(21) It should be noted that their trajectories start at 5.5 ± 0.2 eV, which is a full 

electronvolt more excited-state energy than what we impart in our experiments. This may 

suggest that the C5═C6 CI for EA1 has an energy barrier of up to 1 eV. 

The conclusion that isoC resembles G in its photochemistry is just one of the 

considerations in evaluating its potential role in prebiotic scenarios. For example, we are 

currently investigating the photostability of isoguanine as one of its possible alternative base 

pair partners. Furthermore, the response to radiation is wavelength-dependent, and its 

consideration should not be limited to a single wavelength or small parts of the spectrum. 

The study of the dynamics near the threshold for absorption provides opportunities to probe 

the potential energy landscape close to the most relevant CIs and barriers. It is hoped that 

these data will serve as support for further detailed theoretical treatments. 

Experimental Section 

Here we report results which identify the EA1 and KA2 tautomers of cold isocytosine 

prepared in a molecular beam. We have investigated the absorption spectrum with 2C R2PI, 

identified the tautomers with IR–UV hole burning, and performed pump–probe experiments 

to probe excited-state relaxation dynamics in the ns and ps time regimes. The instrument and 
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explanation of these specific techniques are detailed elsewhere and very briefly outlined 

here.(35, 47) IsoC standard (Sigma, ≥99%) is entrained into a pulsed molecular beam by 

laser desorption and ionized by tunable 2C R2PI. The ps spectroscopic and pump–probe 

delay measurements are performed with a Nd:YAG driven optical parametric oscillator 

(OPG) laser system which produces ∼30 ps laser pulses. The molecule is excited by the 

tunable light from the OPG and ionized by 213 nm, which is mechanically delayed up to 1.5 

ns before colineation with the OPG beam. A variable electronic delay between the OPG UV 

laser and an excimer laser (193 nm, 6 ns pulse width) is used for spectroscopic and pump–

probe measurements in the ns time delay range. 

For IR–UV double-resonant spectroscopy, an optical parametric oscillator/amplifier 

(OPO/OPA) precedes the 2C R2PI by 200 ns. IR resonant frequencies are compared to 

anharmonic DFT analysis calculated with the B3LYP hybrid functional with the cc-pVTZ 

basis set. 
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Supplemental information 

 

S.1 The two-dimensional time-of-flight data showing ion signal intensity (z axis 0-50 mv 
top, 0-5 mv bottom) with respect to flight time (y axis) and excitation wavelength (x axis). 
The only signal is the parent mass of isoC at 32.3 us across all wavelengths. Therefore, no 
signal is due to the fragmentation of higher order mass ions.  
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S.2 The UV-UV of the EA1 region (35,428 cm-1 probe) supporting the IR-UV in Figure 
3b that all signal in the ns scan within the shown range is from the EA1 tautomer only. The 
EA1 origin of 35,292 cm-1 is starred (*). 
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S.3 The pump-probe results (a) through (c) at excitations other than the 0-0 transition 
wavelengths. The data in (a-c) is fit to a curve (blue) which is the sum of a single 
exponential decay convolved with a Gaussian component (green) representative of our 
instrument response function (IRF) and the IRF itself (red). 
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S.4 The (a) ps 2C R2PI and (b) ps pump-probe results of enol C. 213 nm was the second 
color for both, and (c) ns pump-probe results of enol C with 193 nm as a second color. In the 
ps pump-probe two lifetimes were fit for, a short lifetime (purple) of 56 ps which populates 
a >5 ns secondary lifetime (green). The ns pump-probe fit to a single decay of 30.5 ns 
(green) In both the IRF is plotted in red. Our previous work on 6-TG showed the upper 
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fitting limit of our ps setup to be ~5 ns, longer lifetimes need additional fitting in the ns 
regime. 
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Abstract 

Isoguanine is an alternative nucleobase that has been proposed as a component of expanded 

genetic codes. It has also been considered as a molecule with potential relevance to 

primordial informational polymers. Here, we scrutinize the photodynamics of isoguanine, 

because photostability has been proposed as a critical criterion for the prebiotic selection of 

biomolecular building blocks on an early Earth. We discuss resonance-enhanced 

multiphoton ionization, IR-UV double resonance spectroscopy and pump–probe 

measurements performed for this molecule to track the excited-state behaviour of its 

different tautomeric forms in the gas phase. These experiments, when confronted with 

https://doi.org/10.1039/C9CP01622H
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highly accurate quantum chemical calculations and nonadiabatic dynamics simulations 

provide a complete mechanistic picture of the tautomer-specific photodynamics of 

isoguanine. Our results indicate that UV-excited enol tautomers of isoguanine are relatively 

short lived and therefore photostable. In contrast, the biologically more relevant keto forms 

are trapped in dark nπ* states which are sufficiently long lived to participate in destructive 

photochemistry. The resulting lower photostability compared to canonical nucleobases may 

have been one of the reasons why isoguanine was not incorporated into DNA and RNA. 
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1 Introduction  

Alternative nucleobases have long been considered as potential components of 

primordial informational polymers. Studies of their possible role on the Archean Earth were 

largely inspired by substantial difficulties in designing a prebiotically plausible synthesis of 

a complete set of canonical RNA nucleosides.1 This resulted in the consideration of 

nucleobase analogs which undergo efficient glycosidation, namely triaminopyrimidine and 

barbituric acid, as potential components of a hypothetical predecessor of RNA.2,3 Presence 

of extraterrestrial nucleobase analogs was also reported in carbon-rich meteorites including 

examples like 2,6-diaminopurine, 6,8-diaminopurine, hypoxanthine and xanthine.4 Other 

alternative nucleobases as 2-aminopurine and isocytosine (isoC) were found as the products 

of formamide condensation catalysed by meteoritic materials,5–7 which indicates that these 

compounds could have been delivered to the surface of our planet or otherwise formed 

locally from readily available prebiotic precursor molecules. The fact that biology has 

selected a very narrow alphabet of RNA and DNA building blocks raises the question why 

the remaining nucleobase analogs never constituted biologically relevant nucleosides and 

were eradicated during the course of abiogenesis.  

Recent estimates of plausible solar input and absorption properties of the terrestrial 

atmosphere in the prebiotic era indicate that UV light could have been a major (if not 

dominant) source of energy for primordial prebiotic reactions.8,9 In point of fact, canonical 

DNA and RNA bases and nucleosides are characterized by remarkable photostability which 

signifies that their analogs might have been eliminated owing to lower resistance to damage 

from UV light.10–12 In particular, photostability is manifested by ultrashort excited-state 

lifetimes and nearly barrierless photorelaxation pathways which have consistently been 

reported for all the crucial components of RNA and DNA.13–20 Recent experimental work by 
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Brister et al.,21 showed that two promising candidates for prebiotic ancestors of RNA bases, 

i.e. 2,4,6-triaminopyrimidine and barbituric acid, exhibit sub-picosecond excited-state 

lifetimes which could protect their chemical intergrity in UV-rich environments. In contrast, 

some alternative nucleobases like 2-aminopurine and 2,6-diaminopurine, exhibit longer 

excited-state lifetimes which could result in fluorescence and are often sufficient to trigger 

bimolecular destructive photochemical reactions leading to relatively quick depletion of the 

starting material.22,23 Nevertheless, the fates of electronically excited states in many non-

biological nucleobases were not examined so far.  

Experimental and theoretical efforts in understanding the photochemistry and 

photophysics of isocytosine (isoC) revealed the existence of relatively efficient radiationless 

deactivation mechanisms in the enol tautomer and a longer-lived S1(nπ*) state in the keto 

form.24–26 However, the photodynamics of its Watson–Crick (WC) partner isoguanine (isoG) 

has not been investigated yet. It is worth noting, that isoG, also denoted as 2-hydroxy-

adenine can be occasionally present in biological DNA as the product of oxidative damage 

of adenine.27 When incorporated into DNA, isoG could further pair with cytosine (C) in 

parallel strand orientation, form d(T4-isoG4-T4) tetraplexes, and form anti-parallel strands 

with isoC by WC base pairing.28 Such WC isoG–isoC base pair was demonstrated to be 

thermodynamically as stable as the biological G–C WC pair,29,30 and was also used for 

expanding the genetic code and incorporating non-biological amino acid l-iodotyrosine into 

polypeptides by means of ribosome-based translation.31–33 It is important to note that isoG 

exists in more than one stable tautomeric form, with evident preference for the enol form in 

apolar environments.34–36 This might result in infidelity and might have been one of the 

reasons why isoG was eventually not utilized by biology.37  
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In this work, we focused on studying the excited-state dynamics of four different 

tautomers of isoG in the gas phase from experimental and theoretical perspectives (see Fig. 

1). In particular, we investigated the excited-state dynamics of two jet-cooled tautomers of 

isoG, i.e. keto and enol forms. We identified the absorption spectrum with 2-color R2PI, 

analyzed these tautomers by means of IR-UV hole burning, and performed pump–probe 

spectroscopic experiments in the picosecond time regime. For the complete interpretation of 

the experimental results we further performed static explorations of excited-state (S1) 

potential energy (PE) surfaces using the algebraic diagrammatic construction to the second 

order [ADC(2)]38–40 method and the more accurate n-electron valence state perturbation 

theory (NEVPT2) approach for these two tautomers.41–43 In addition, we performed 

analogous electronic structure calculations for two keto and enol tautomers which we did not 

observe in our gas-phase experiments, but which are representative of isoG in nucleic acid 

polymers. We also performed surface-hopping nonadiabatic molecular dynamics 

simulations44 for two of the enol tautomers of isoG using the ADC(2) method for electronic 

structure calculations. Our results indicate that keto tautomers of isoG exhibit excited state 

properties similar to the keto form of cytosine, which are determined by a long lived nπ* 

excitation,45–50 while the enol tautomers are characterized by more efficient photorelaxation 

mechanisms dominated by the lowest-lying singlet ππ* states.  
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Fig. 1  Different tautomeric forms of isoG considered for the initial determination of the experimentally 
studied tautomers. The relative energies were calculated at the CCSD(T)/def2-TZVPP level of theory. The 
photodynamics of the underlined tautomers was investigated in this work. 

 

2 Methods  

Experimental section  

The experimental methods have been described extensively previously,51 and only a 

short description follows. In this study, we used laser desorption, jet-cooling coupled with 

resonance enhanced multi-photon ionization (REMPI). IsoG was placed on a translating 

graphite bar and desorbed with a focused Nd:YAG pulse (1064 nm, 1 mJ, 8 ns pulsewidth) 
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from a Continuum Minilite II. The desorbed material was entrained in a supersonic jet 

expansion of argon gas (8 atm backing pressure, 30 μs pulse width) to achieve jet cooling. 

The cold, gaseous molecules were resonantly ionized and detected in a reflectron time-of-

flight mass spectrometer.  

Two-color resonance two-photon ionization (2C-R2PI) is performed using an EKSPLA 

PL2251 Nd:YAG laser system producing 30 ps pulses. The 355 nm output pumps an optical 

parametric generator (OPG) (80–120 μJ per pulse) to produce tunable UV pulses, while the 

unused 1064 nm and 532 nm were combined to harmonically generate 213 nm light (0.3 

mJ). The 213 nm pulses were used as the second color for ionization.  

IR light was generated in a Laser Vision tunable optical parametric oscillator/optical 

parametric amplifier (OPO/OPA) (mid-IR output over the range 3200–3800 cm−1 of 1–2 mJ 

per pulse, 3 cm−1 spectral line width). For IR-UV double resonance spectroscopy, IR light 

preceded the ionization pulse by 200 ns. The IR laser was scanned across a target 

wavelength region, while the following ionization pulse was held at a constant R2PI 

transition for a given tautomer. Whenever the IR pulse excited a resonant vibrational 

transition, it burned out the cold ground state of the given tautomer, preventing the resonant 

transition needed for ionization. A resonant vibrational transition was thus detected as a loss 

in ion signal. All double resonance spectroscopic experiments were digitally chopped to 

compare the experimental (burn) signal to background (burn laser fired 800 ns after R2PI 

lasers) signal, with alternating shots collecting burn and background signal.  

Pump–probe experiments were conducted by holding the pump pulse on a resonant R2PI 

transition. The probe (ionization) pulse, was then walked back in time relative to the pump 

pulse. In this way, a growing delay occurs between excitation and ionization. This delay 

allows the excited molecule to decay to different states, and will produce less signal as the 
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delay grows. Pump–probe experiments were conducted in the picosecond (ps) and 

nanosecond (ns) regime. In the ps regime, the pump pulse was generated from the OPG and 

tuned to a resonant transition and the probe pulse was the harmonically generated 213 nm. 

The 213 nm pulse was mechanically delayed up to 1.8 ns. In the ns regime, the pump pulse 

was again generated from the OPG, whereas the probe pulse was generated from a GAM 

excimer laser (193 nm, 1.5–2 mJ per pulse, 8 ns pulsewidth). Pump–probe experiments were 

conducted in two different time regimes to account for possible faster and slower processes. 

The method for deriving lifetimes was based on previous work, and described in detail 

there.52 Briefly, lifetimes were derived from the kinetic equations and solving the system of 

ordinary differential equations. This involved convolving the instrument response function 

(IRF) with a monoexponential decay function. The IRF was represented by a Gaussian 

function centered around t0.  

Computational methods  

The minimum-energy ground-state geometries of the enol-N7, enol-N9, keto-N1,9, keto-

N3,7, keto-N3,9 and keto-N1,7 tautomers of isoG were optimized with the Kohn–Sham 

density functional theory (DFT). The two latter tautomers of isoG were not considered in the 

subsequent excited-state calculations. We applied the B3LYP hybrid functional and 

B2PLYP double hybrid functional53 for these geometry optimizations. We also performed 

additional comparative optimizations of the ground-state geometries at the MP2/cc-pVTZ 

level, which is methodologically consistent with the method [ADC(2)] used for excited-state 

calculations. The MP2 optimizations yielded virtually identical structures as the two DFT 

functionals. The geometries obtained with both of the DFT methods were virtually identical 

and we further performed anharmonic frequency calculations54,55 using the B2PLYP 

functional which was suggested to provide highly accurate vibrational frequencies for small 
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and medium sized organic molecules.56 The anharmonic vibrational frequencies computed at 

the B2PLYP/def2-TZVP level were used for the assignment of the tautomers recorded in our 

experimental setup. While the harmonic vibrational frequencies calculated at the B2PLYP 

and B3LYP levels were nearly quantitatively consistent, we used the latter set of results for 

the simulations of UV-vis absorption spectra with the ensemble method.57 The relative 

ground-state energies of all the six tautomers were calculated at the CCSD(T)/def2-TZVPP 

level of theory. Vertical excitation energies, excited-state geometries, UV absorption 

spectra, energies and gradients in the surface-hopping nonadiabatic dynamics simulations 

were all computed employing the algebraic diagrammatic construction to the second order 

[ADC(2)]38–40 method and the aug-cc-pVDZ correlation consistent basis set. Vertical 

excitation energies computed with a larger aug-cc-pVTZ basis set can be found in the ESI,† 

for comparison.  

The minimum-energy crossing points were optimized using our in-house implementation 

of the protocol proposed by Levine and co-workers,58 coupled with the ADC(2) and MP2 

methods for energy and gradient calculations and the Broyden–Fletcher–Goldfarb–Shanno 

quasi-Newton geometry optimization scheme implemented in the Turbomole 7.2 

package.59,60 This protocol was recently tested against multireference methods of quantum 

chemistry and protocols employing explicit calculation of nonadiabatic couplings, and was 

shown to provide very accurate geometries of ππ*/S0 conical intersections.24,61 We 

additionally optimized the nπ*/S0 conical intersections in the keto tautomers of isoG at the 

MRCIS(6,5)/cc-pVDZ level because of the highly multireference character of the ground-

state electronic wave function at these state crossings, which was also reported previously 

for keto isoC.24  
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The PE profiles were prepared by linear interpolation in internal coordinates between the 

crucial stationary points located for each tautomer, i.e. the ground-state geometry, S1 

minimum and the S1/S0 conical intersection. Energies of the ground and excited states 

necessary to construct the PE profiles were calculated at the MP2 and ADC(2) levels 

respectively. For these PE profiles, we additionally computed NEVPT241–43 energies on top 

of the SA-2-CASSCF(10,9)/cc-pVTZ wave function, in order to test the accuracy of our 

ADC(2) calculations. The active space used in simulations of all the considered tautomers of 

isoG comprised of 10 electrons correlated in 9 molecular orbitals, which were selected based 

on the rules proposed by Veryazov, Malmqvist and Roos.62 More precisely, the complete 

active space (CAS) included orbitals with occupations ranging between 0.02 and 1.98.  

We performed the surface-hopping nonadiabatic molecular dynamics simulations using 

the Tully fewest switches algorithm including the decoherence correction of Granucci and 

Persico (decoherence parameter was set to 0.1 Hartree). To select the initial conditions we 

first simulated UV absorption spectra using the nuclear ensemble method,57 and generating 

600 points for each tautomer based on the Wigner distribution for all vibrational normal 

modes of the ground-state minimum-energy structures. In the UV absorption spectra 

simulations we considered 8 lowest-lying excited singlet states, and 4 lowest-lying excited 

singlet states were considered in the subsequent nonadiabatic molecular dynamics 

simulations. We simulated 58, 64 and 53 trajectories for the enol-N7, enol-N9 and keto-N1,9 

tautomers. These trajectories were initiated in the 4.26 ± 0.05 eV and 4.70 ± 0.05 eV 

spectral windows in the case of the enol-N7 and enol-N9. The trajectories simulated for the 

keto-N1,9 form were initiated in the 3.83 ± 0.05 eV spectral window and only the initial 

stage of the excited-state dynamics of this tautomer was analyzed owing to the incorrect 

description of the nπ*/S0 crossing seam at the ADC(2)/MP2 level. In the case of the enol-N7 
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tautomer 45 and 13 trajectories were initiated in the S1 and S2 states, respectively. 55 and 9 

trajectories for the enol-N9 tautomer were simulated from the S1 and S2 states, respectively. 

All of the trajectories simulated for the keto-N1,9 form were initiated in the S1 state. All the 

trajectories were terminated when the energy gap between the S1 and S0 states dropped 

below 0.15 eV or otherwise propagated for the maximum time of 500 fs. Therefore, 

nonadiabatic transitions were enabled only between electronically excited states. The 

classical equations for nuclear motion were propagated with the time step of 0.5 fs, while the 

semi-classical approximation with the time step of 0.025 fs was applied for the propagation 

of the electronic time-dependent Schrödinger equation. A similar computational protocol 

was previously applied for the simulations of the photodynamics of adenine and its 

reliability was confirmed against surface hopping nonadiabatic molecular dynamics 

simulations.63  

The B3LYP geometries and harmonic vibrational frequencies and all the ADC(2) and 

MP2 calculations were performed with the Turbomole 7.2 program.59,60 The B2PLYP 

geometries, energies and anharmonic vibrational frequencies were computed using the 

Gaussian09 package.64 The NEVPT2 and CCSD(T) calculations were performed with the 

ORCA 4.0.1 program.65 Optimizations of conical intersections at the MRCIS level were 

carried out using the Columbus 7.0 software.66  

3 Results and discussion  

2C-R2PI spectra  

Fig. 2 shows 2C-R2PI spectra (focused) of isoG. We assign the peaks at 30 807 and 

34 340 cm−1 as the origin transitions of isoguanine amino-keto (a), and amino-enol (b), 

based on IR-UV burning as detailed below. The lifetimes of the probed peaks are displayed 

in ps. Crosses mark peaks for which pump–probe measurements were unsuccessful. The 
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origin peaks are separated by approximately 3500 cm−1 (0.43 eV). Despite thorough 

searching to the red and blue, no other features were identified. The spectrum between the 

30 800 and 34 300 cm−1 region consists of nonresonant signal and is devoid of any 

indicative features.  

 

Fig. 2  2C-R2PI spectrum (focused) of isoguanine amino-keto (a), and amino-enol (b). Only one repeatable 
peak was found for the amino-enol tautomer. The lifetimes of the probed peaks are displayed in ps. Pump–
probe was unsuccessfully attempted at peaks with crosses above them, owing to low signal-to-noise ratio. 

 

Structural determination  

To determine the number and types of tautomers observed experimentally, we conducted 

IR-UV double resonance spectroscopy measurements (Fig. 3). The experimental data are 

displayed as the negative log of the raw data, probed at 30 807 cm−1 (red trace) and 34 340 

cm−1 (blue trace). Spectra with probe wavelengths set to the other peaks within the 30 800 

cm−1 region were practically identical and matched the red trace, confirming that all the 

peaks within this energy region corresponded to the same tautomer. Comparison of these 

spectra with the anharmonic vibrational frequencies simulated at the B2PLYP/def2-TZVP 
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level, reveals that they could correspond to one of the keto tautomers with the best 

agreement for the keto-N3,7 tautomer (where the N3 and N7 heteroatoms of the purine ring 

are bonded to an H atom; see Fig. 1), with differences within 15–20 cm−1. In contrast, 

differences between the experimental (red trace) and theoretical vibrational frequencies 

obtained for the remaining keto tautomers are generally larger and exceed 30 cm−1 in 

extreme cases.  
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Fig. 3  IR-UV hole burning results compared to anharmonic vibrational frequency simulations performed using 
the B2PLYP/def2-TZVP approach. 

 

The double resonant spectrum recorded with the UV probe wavelength fixed at 34 340 

cm−1 (blue trace in Fig. 3) is in excellent agreement with the anharmonic vibrational 
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frequencies simulated for the enol-N7 tautomer (having the N7 heteroatom bonded to a 

hydrogen atom). The anharmonic frequencies calculated for the enol-N9 tautomer contain 

two groups of nearly overlapping peaks (two peaks in each group) at ∼3505 and ∼3638 

cm−1 which is very different from the experimentally determined spectral structure of four 

well-separated peaks. The peak at 3552 cm−1 of the blue trace is close to the S/N limit and 

we have carefully determined it to be real based on multiple IR scans and averaging of the 

results, as shown in Fig. S1 (ESI†). It is also worth noting, that this assignment is further 

supported by almost identical vibrational frequencies of the NH stretching modes of the 

N7H and NH2 groups in the keto-N3,7 and enol-N7 forms. These groups have very similar 

molecular environments in the assigned tautomers and such similarities in the IR spectra are 

thus expected.  

According to the tautomer energies computed at the CCSD(T)/def2-TZVPP level of 

theory (Fig. 1) the assigned keto-N3,7 and enol-N7 structures are among the higher energy 

tautomeric forms of isoG and we were unable to detect the lower energy tautomers in our 

experiments, i.e. enol-N9, keto-N3,9 and keto-N1,9. However, having detected the higher 

energy tautomers, we expect that all the lower energy forms should be present in our beam 

as well. In fact, we cannot predict the plausible distribution of these tautomers, since jet-

cooling is a nonequilibrium process. There may be several reasons why the lowest energy 

tautomers were not detected in our experiments. (1) Laser-desorbed isoG might have been 

trapped in local minima corresponding to higher energy tautomeric forms during the jet-

cooling process, and some of the lower-energy tautomers might not be accessible within the 

timescales of our measurements. (2) It is likely that some of the tautomers excited with the 

first photon might not be ionized with the second, for instance when the excited-state 

lifetime is substantially shorter than the ionizing laser pulse. This behavior is typical for 
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action spectroscopic measurements and was suggested as the reason why low-energy 

tautomers of guanine were not observed in analogous studies.25,67 (3) Some of these 

tautomers might undergo fragmentation upon photoexcitation which could increase the 

complexity of the action spectrum, particularly since we focused on monitoring the parent 

ion mass. However, we did not notice any apparent signs of nonstatistical fragmentation.  

It is worth noting that the keto-N1,9 form was observed experimentally to exist in 

neutral aqueous solution, while the lowest energy enol-N9 tautomer is prevalent in apolar 

solvents.34,35 In addition, these tautomers are expected as the dominant forms of isoG in a 

DNA strand,68 allowing for wobble base pairing. Therefore, in the subsequent excited-state 

electronic structure calculations we considered the keto-N3,7 and enol-N7 tautomers 

identified above, as well as the keto-N1,9 and enol-N9 tautomers more relevant for aqueous 

environments and modified DNA strands.  

Pump–probe measurements  

Fig. 4 shows the pump–probe measurements performed for the tautomers assigned 

above. The excited-state lifetimes are displayed above the probed peaks in Fig. 2. We were 

able to probe three peaks for the keto-N3,7 form shown in Fig. 2. Pump probe experiments 

on other peaks in the spectral region corresponding to this keto tautomer were unsuccessful 

owing to very low singal-to-noise ratio. Similarly none of the peaks of the enol-N7 tautomer 

could be probed owing to low signal and lack of two-color enhancement. In fact, low signal 

and the appearance of a single peak followed by spectral broadening indicates that the enol-

N7 tautomer exhibits ultrafast excited state dynamics below the probe resolution of 30 ps. 

Given that R2PI is action spectroscopy, the molecule may not be ionized efficiently, if the 

probe pulse is significantly longer than the excited-state lifetime. In contrast, the peaks 

probed for the keto-N3,7 tautomer exhibited a lifetimes of 941, 972 and 932 ps. Our pump–
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probe measurements of the keto-N3,7 tautomer in the nanosecond regime yielded a trace 

that matched the instrument response function (IRF = ∼8 ns). The IRF provides an upper 

limit for the lifetime of the probed transition and which signifies no long-lived state with any 

appreciable yield was populated in the keto-N3,7 form.  

 

Fig. 4  Pump–probe measurements performed on the three peaks assigned to the keto-N3,7 tautomer. The blue 
curve is a sum of a Gaussian and mono-exponential functions fitted to the data from the pump–probe 
measurements, where the Gaussian component represents the instrument response function. 

 

Vertical excitation energies and UV-vis spectra  

To characterize the photophysical and photochemical properties of isoG in different 

contexts we performed excited-state calculations for the biologically more relevant keto-

N1,9 and enol-N9 tautomers in addition to the keto-N3,7 and enol-N7 tautomers identified 

in our IR-UV hole burning experiments. The vertical excitation energies of the six lowest 

excited singlet states calculated using the ADC(2) method on top of the optimized S0 

geometries are shown in Table 1. In the Franck–Condon regions of all the studied tautomers 

of isoG, the lowest-lying singlet states can be classified as optically bright ππ* excitations. 

Similarly to cytosine and isocytosine, the keto-N1,9 and keto-N3,7 tautomers have rather 

low excitation energies for these ππ* transitions (3.91 and 4.23 eV) which indicates that they 

could absorb much longer UV wavelengths than the enol-N7 and enol-N9 forms (4.59 and 

4.97 eV). Each of these tautomers also displays higher-energy optically bright ππ* 

excitations which could give rise to additional, higher-energy absorption maxima. 
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Furthermore, both the keto tautomers have low-lying nOπ* states which were suggested as 

important contributors to the photochemistry of nucleobases containing carbonyl 

groups.45,48,69 This is particularly evident for the keto-N3,7 tautomer, for which the nOπ* is 

the S2 state in the Franck–Condon region and this state might participate in the 

photorelaxation of this tautomeric form upon UV-excitation. While photorelaxation of enol 

tautomers of nucleobases is usually dominated by ππ* states, both the enol-N7 and enol-N9 

forms are also characterized by low-lying nNπ* states, which might become important at 

higher excitation energies.  

 

Table 1  Vertical excitation energies (in eV) of the four considered tautomers of isoG, computed using the 
ADC(2)/aug-cc-pVDZ method, assuming the ground-state minimum energy structures optimized at the 
B3LYP/def2-TZVPP level 

State/transition Eexc/[eV] fosc λ/[nm] 

Keto-N1,9 

S1 ππ* 3.91 0.141 317.1 

S2 
 
 
 

4.49 2.40 × 10−3 276.1 

S3 nNπ* 4.96 2.57 × 10−4 250 

S4 
 
 
 

4.98 1.78 × 10−4 249 

S5 nOπ* 5.27 2.14 × 10−5 235.3 

S6 ππ* 5.36 0.171 231.3 

 

Keto-N3,7 

S1 ππ* 4.23 0.162 293.8 

S2 
 
 
 

4.62 1.28 × 10−3 259.9 

S3 nOπ* 4.78 1.52 × 10−3 256.2 

S4 nNπ* 5.15 2.80 × 10−3 242.6 

S5 
 
 
 

5.46 5.16 × 10−3 219.1 

S6 ππ* 5.52 0.1 225 

 

Enol-N7 

S1 ππ* 4.59 0.141 293.1 

S2  4.75 9.18 × 10−3 261 
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S3 nNπ* 4.89 3.02 × 10−3 253.5 

S4 
 
 
 

5.52 1.11 × 10−2 224.6 

S5  5.6 3.07 × 10−3 221.4 

S6 ππ* 5.66 6.46 × 10−2 219.1 

 

Enol-N9 

S1 ππ* 4.97 0.191 249.5 

S2 
 
 
 

5.19 5.09 × 10−3 238.9 

S3 nNπ* 5.4 1.39 × 10−3 229.6 

S4 ππ* 5.47 0.106 226.7 

S5 
 
 
 

5.52 3.17 × 10−3 224.6 

S6 nNπ* 5.88 7.09 × 10−3 210.9 

 

The UV-absorption spectra simulated using the molecular ensemble method essentially 

reflect the implications inferred from the analyses of vertical excitations energies (see Fig. 

5). Consequently, the onset of the absorption of the two keto tautomers can be observed at 

approximately 3.2 eV (387.4 nm), which is 0.7 eV lower than for the enol-N7 tautomer. This 

difference in absorption energies between the keto and enol-N7 is also consistent with the 

assigned origin transitions in the 2C-R2PI spectra. The enol-N9 tautomer, not observed in 

our beam absorbs at even higher UV energies, i.e. above 4.2 eV (295 nm). Therefore the 

keto tautomers of isoG absorb at much longer wavelengths than biologically relevant keto 

guanine (G), within the UV-A range which is much less efficiently shielded by various 

atmospheric components and was most likely highly abundant on the Archean Earth. 

Consequently, if present on the early Earth's surface, isoG would be a better UV absorber 

than the canonical nucleobases and more prone to deleterious photochemistry in the absence 

of efficient photodeactivation pathways. As indicated by the shaded areas in Fig. 5, the 

pump pulses sampled the lower energy bands of the UV-absorption spectra of both keto-
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N3,7 and enol-N7 forms. Such low-energy excitation predominantly populates the lowest-

lying singlet states in each of these tautomers (bright ππ* states). Consequently, we 

anticipate that the excited-state dynamics of isoG within the experimental setup will be 

dominated by the S1 state with a very limited and temporary contribution from higher 

excitations. 

 

Fig. 5  UV absorption spectra simulated at the ADC(2)/aug-cc-pVDZ method using the nuclear ensemble 
method.57 
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Minimum energy geometries located in the S1 state in each of the studied tautomers of 

isoG using the ADC(2)/aug-cc-pVDZ method  

The ADC(2)-optimized minimum-energy geometries of the keto and enol tautomers in 

their lowest excited singlet states reveal further interesting details of their photochemistry 

(see Fig. 6). In particular, the S1 minima of the keto-N1,9 and keto-N3,7 forms have both 

nOπ* character. Therefore, these geometries are characterized by slight pyramidalization of 

the C6 carbon atoms leading to an out-of-plane tilt of the amino groups and elongation of 

the C2 O bonds by ∼0.18 Å when compared to the ground-state geometries, i.e. up to 1.39 

and 1.40 Å for keto-N1,9 and keto-N3,7 respectively. Geometrically similar S1(nOπ*) 

minima were also reported for the keto tautomers of C, G and isoC.24,45–47,50,70 However, 

surface-hopping nonadiabatic molecular dynamics simulations executed for G showed that 

this local minimum is sampled by sparse trajectories and the prevalent photodeactivation 

channel drives keto-G towards the ππ*/S0 conical intersection.70 Our direct optimization of 

the S1 minimum of keto-G initiated from the S0 geometry also did not stabilize the nOπ* 

state, whereas the same optimization procedure returned the S1(nOπ*) minima for both of the 

studied keto tautomers of isoG. This result indicates that the dark nOπ* states might have a 

much more significant contribution to the photorelaxation of the keto-N1,9 and keto-N3,7 

tautomers of isoG as compared to canonical G.  
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Fig. 6  Minimum-energy geometries of the studied tautomers of isoG optimized at the ADC(2)/aug-cc-pVDZ 
level of theory. 

 

Previous investigations of the photochemistry of keto isoC and thiocytosine revealed 

potential pitfalls of the ADC(2) approach in describing the low-lying nOπ* state outside the 

Franck–Condon region.24,71 In particular, ADC(2) incorrectly predicted the topography of 

the nOπ* surface between S1 and the corresponding conical intersection with the ground-

state, owing to the multireference character of the electronic ground state for these 

geometries.24 Therefore, we reoptimized the S1(nOπ*) minima of the keto-N1,9 and keto-

N3,7 tautomers at the MRCIS(6,5) level and calculated NEVPT2/SA-CASSCF(10,9) 

energies to verify whether a similar behavior can be found in isoG. The MRCIS minimum 
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energy geometries optimized for the S1(nOπ*) state were qualitatively consistent with the 

outcome of ADC(2) calculations (including the extent of ring-puckering and out-of-plane 

tilting visible in Fig. 6). Nevertheless, we observed an essential difference in the C2 O bond 

lengths, which were shorter by approximately 0.11 and 0.08 Å in the case of the S1 

minimuma optimized for the keto-N1,9 and keto-N3,7 tautomers at the MRCIS level. 

Furthermore, the S1–S0 energy gap computed at the ADC(2) level for the respective 

S1(nOπ*) minimima amounts to 0.85 and 1.11 eV, whereas the same quantity calculated with 

NEVPT2 on top of MRCIS-optimized S1 minima amounts to 2.92 and 2.68 eV for the keto-

N1,9 and keto-N3,7 forms, respectively. These findings indicate that ADC(2) might be an 

inappropriate method for the description of nOπ* states of isoG already in the vicinity of the 

corresponding S1 minima.  

The excited-state geometry optimizations carried out for the enol-N7 and enol-N9 

tautomers returned S1 minima associated with the optically bright ππ* states. In the case of 

the enol-N7 tautomer the associated virtual π* molecular orbital has the highest contribution 

residing on the five-membered imidazole ring. This is reflected by the geometrical changes 

associated with N7–C8 bond elongation and out-of-plane tilting of the N7–H and C8–H 

bonds. The vertical S1–S0 energy gap at this geometry amounts to 3.12 eV, which indicates 

that this S1 minimum is separated from the nearby S1/S0 conical intersections by an energy 

barrier and the enol-N7 tautomer might not exhibit ultrafast excited-state photodeactivation.  

In contrast, the geometry in the S1 minimum of the enol-N9 tautomer is associated with 

substantial puckering of the pyrimidine ring, which originates from the associated virtual π* 

molecular orbital located in this part of the molecule. Significant elongation of the C5–C6 

bond from 1.41 to 1.51 Å demonstrates that this S1 should be situated close to a typical 

ethylenic conical intersection also observed in C and isoC.24,45 However, unlike the 
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analogous ring-puckered S1 geometries reported for enol tautomers of C and isoC, the S1 

minimum of enol-N9 practically coincides with the S1(ππ*)/S0 conical intersection (ΔES1–S0 

= 0.03 eV at the ADC(2) level of theory; consistent with NEVPT2 calculations). Good semi-

quantitative agreement between the NEVPT2 and ADC(2) results indicate that the ADC(2) 

method should provide a correct description of excited-state dynamics for the enol tautomers 

of isoG.  

Excited-state PE surfaces  

We further explored the PE profiles leading from the Franck–Condon region to the S1 

minima discussed above, and from there to the energetically accessible conical intersections 

optimized using the ADC(2) and MP2 methods for the S1 and S0 states (see Fig. 7). We 

expect that these pathways should have a substantial contribution to the overall 

photorelaxation observed in our experiments considering that the irradiation (pump) pulses 

were targeted near the 0–0 transitions. That is, irradiation near the onset of the absorption of 

the keto-N3,7 and enol-N7 tautomers likely populates only the lowest-lying excited-singlet 

states and the consecutive photodeactivation should be largely determined by the associated 

S1 minima. We also considered analogous photodeactivation pathways for the keto-N1,9 and 

enol-N9 tautomers, which would be of relevance to nucleic acid oligomers.  
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Fig. 7  Potential energy profiles for the predicted dominant photodeactivation pathways of keto and enol isoG 
NEVPT2/SA-2-CASSCF(10,9)/cc-pVTZ. The inserted structure corresponds to the S1/S0 minimum-energy 
crossing point (MECP) geometry (conical intersections). For an explanation of the difference between the 
shapes of the ADC(2) and NEVPT2 curves for the keto tautomers, please refer to the text. 

 

Both of the considered keto tautomers could repopulate the electronic ground state 

through the nOπ*/S0 conical intersections and only insignificant structural changes from the 

S1(nOπ*) minima lead to the degeneracy with the S0 state. However, our NEVPT2 

calculations show that the nOπ*/S0 minimum-energy crossing points (MECPs) have a clearly 

sloped topography and are higher in energy than the corresponding S1 minima. Since the 

steepness of the slope is not reproduced correctly by the ADC(2) method, we additionally 

reoptimized these crucial stationary points at the MRCIS level and calculated NEVPT2 

energies on top of the resulting structures. These results demonstrate that the nOπ*/S0 conical 

intersections lie 0.53 eV and 0.98 eV above the S1 minima in the keto-N1,9 and keto-N3,7 

tautomers, respectively. This energy barrier observed in the latter keto tautomer in fact 

explains the long excited state lifetime of over ∼900 ps. Although we could not determine 

the excited-state lifetime for the keto-N1,9 form with our pump–probe experiments, we 

expect a very similar behaviour for this tautomer.  

In contrast to the keto tautomers, the ADC(2) method much more accurately describes 

the photodeactivation mechanisms mediated by the low lying ππ* states of both of the enol 
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forms when compared to the NEVPT2 results. Although there is a systematic energy shift 

between the two datasets, the shapes of the excited and ground state PE surfaces obtained 

with both of the methods are in excellent agreement and more importantly, the topographies 

of the ππ*/S0 conical intersections are correctly reproduced at the ADC(2)/MP2 levels. This 

consistency also indicates that the ADC(2) method could be safely applied to nonadiabatic 

dynamics of the enol forms of isoG. In the case of the enol-N7 tautomer, the lowest energy 

S1/S0 conical intersection can be reached by puckering of the pyrimidine ring driven by 

ethylenic-like rotation about the C5–C6 bond, pyramidalization of the C6 carbon atom and 

significant out-of-plane tilting of the amino group. This also means that the ππ* involved in 

this S1/S0 conical intersection has a different orbital character than the S1(ππ*) minimum of 

the enol-N7 tautomer. Consequently, the photodeactivation mechanism presented in Fig. 7 

requires a molecular orbital change in photoexcited enol-N7 to reach the electronic ground 

state. This change from the orbital located on the imidazole ring to the with the 

largest contribution on the pyrimidine ring is also associated with a moderate energy barrier. 

Since we have not calculated the fully relaxed minimum-energy path between the S1 

minimum and the conical intersection and we only performed a linear interpolation 

in internal coordinates between these stationary points we expect the estimated 0.4 eV to be 

the upper bound to this barrier. The photorelaxation mechanism of the enol-N9 tautomer is 

an entirely barrierless process starting from the Franck–Condon region and no additional 

molecular orbital changes of are necessary to reach the conical intersection after the 

population of the S1(ππ*) state. This conical intersection is also structurally analogous to the 

minimum-energy crossing point reported for the enol-N7 tautomer.  
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In the case of the enol-N7 tautomer we also identified an alternative photodeactivation 

channel driven by puckering of the imidazole ring which does not entail any change in the 

molecular orbital character of the state. The associated conical intersection 

lies 0.33 eV above the S1 minimum and might be another channel enabling the 

photodeactivation of the enol-N7 form.  

Surface-hopping excited-state dynamics simulations  

We further performed surface-hopping nonadiabatic molecular dynamics (NAMD) 

simulations using the ADC(2) method for electronic structure calculations. We simulated 58 

and 64 trajectories for the enol-N7 and enol-N9 tautomers respectively. We also simulated 

53 trajectories for the keto-N1,9 tautomer.  

The NAMD simulations of the keto-N1,9 tautomer were initiated in the 3.83 ± 0.05 eV 

spectral window and nearly all of the trajectories initially populated the lowest-lying excited 

ππ* state. Practically 100% of excited-state population is transferred to the dark nOπ* state 

within the initial 50 fs of the dynamics. Furthermore, the nOπ*/S0 conical intersection is the 

only photodeactivation channel found in our nondiabatic dynamics simulations. However, as 

discussed above, the ADC(2) method does not reproduce well the sloped topography of the 

nOπ*/S0 conical intersection in this tautomer and might overestimate the contribution of this 

photorelaxation channel. We also expect that the energy difference between this conical 

intersection and the corresponding S1 minimum underestimated by the ADC(2) method 

leads to an artificially short excited-state lifetime of the keto-N1,9 form. Therefore, to keep 

our interpretation meaningful we limit our discussion of the excited-state dynamics of this 

tautomer to the initial 50 fs of the simulations. These results clearly demonstrate that the 

nOπ* state is readily populated at the early stages of the photodynamics. Additional 

information about the excited-state dynamics of the keto-N1,9 tautomer, e.g. the adiabatic 
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electronic state populations can be found in ESI.† Even though ADC(2) would not provide 

accurate description of the excited-state dynamics of the keto tautomers on longer picosecod 

timescales, a recent work by Plasser et al. demonstrated that similar photodynamical 

behavior of alternative nucleobases (e.g. 2-aminopurine) could be correctly described by the 

linear vibronic coupling model within the surface-hopping regime, parametrized against a 

higher level electronic structure method.72  

Owing to similar ordering of the excited states in the Franck–Condon region of the keto-

N3,7 tautomer and even lower vertical excitation energy of the nOπ* state, we expect that 

this dark state could also easily dominate the photodynamics of this form. Nevertheless, 

owing to the pitfalls of the ADC(2) method in simulating the nπ*/S0 conical intersections of 

the keto forms of isoG and substantial costs of surface-hopping nonadiabatic dynamics we 

did not perform these simulations for the keto-N3,7 tautomer. Instead we focused on 

simulating the photodynamics of the enol tautomers for which the ADC(2) method provided 

results consistent with the higher level NEVPT2 calculations.  

The trajectories for the enol-N7 and enol-N9 tautomers were propagated until the S1–S0 

energy gap dropped below 0.15 eV or the maximum simulation time (tmax reached 500 fs). 

We simulated 58 trajectories for the enol-N7 tautomer from the 4.26 ± 0.05 eV spectral 

window which corresponds to the energy of the pump pulse applied to this tautomer in our 

experiments. 14 of these trajectories reached the electronic ground state within the tmax 

which is ∼25% of all the trajectories (see also Fig. 8). This indicates that the excited-state 

lifetime of enol-N7 could indeed be significantly below the probe resolution of 30 ps as 

anticipated in the discussion of the experimental measurements. However, owing to the 

limited simulation time and statistics we did not estimate this quantity for the enol-N7 

tautomer. The most frequent photodeactivation channel observed for this molecule was 
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rupture of the N7–H bond which occurs on the surface of the state73 and was followed 

by 6 trajectories. In addition, 2 other trajectories associated with dissociation either of the 

O–H or Namino–H bonds reached analogous πσ*/S0 state crossings. Apart from this, 4 

trajectories were essentially destructive and resulted in opening of the imidazole ring by 

breaking the C8–N7 bond on the surface of the state. Finally, 2 trajectories reached the 

conical intersection by puckering of the pyrimidine ring. The remaining trajectories 

are transiently trapped in the minimum which is well reflected by the substantial 

population of the S1 state (>0.7) and near-zero population of higher singlet excitations after 

260 fs of the dynamics.  
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Fig. 8 Adiabatic populations of electronic states extracted from nonadiabatic molecular dynamics simulations 
of the enol tautomers of isoG. 

Since the enol-N9 tautomer absorbs at slightly higher energies than the enol-N7 form, 

we initiated the NAMD simulations for the enol-N9 tautomer in the 4.7 ± 0.05 eV spectral 

window. This higher energy spectral window was necessary to simulate over 50 trajectories 

(64 in total) to have a good qualitative overview of the photodynamics of this system. Over 

85% of these trajectories were initiated in the S1 state and the contribution of higher energy 

excitations was fractional and observed only during the initial 180 fs of the dynamics. 
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Notably, 53 of these trajectories reached the S1/S0 crossing seam within the tmax which is 

consistent with the prediction of the barrierless photodeactivation mechanism on the 

surface. In fact, puckering of the pyrimidine ring is the only photodeactivation channel that 

we found for the enol-N9 tautomer. This indicates that the electronic ground state of this 

molecule is most likely populated monoexponentially, and can be fitted with the one-

parameter exponential function: 

     (1) 

The estimated τexp constant amounts to 312 fs, although it should be treated with caution 

owing to the time frame and limited statistics for which the fitting was performed. However, 

this result clearly demonstrates that the enol-N9 tautomer has a subpicosecond lifetime and 

might be the most photostable from all of the studied tautomers of isoG. Such ultrafast 

photodeactivation of the enol-N9 tautomer could also explain why this molecule was not 

detected in our IR-UV hole burning experiments, i.e. its lifetime is considerably shorter than 

the duration’ of the ionizing laser pulse.  

4 Conclusions  

In summary, we investigated the excited-state dynamics of keto and enol tautomers of 

isoG in the gas phase, using quantum chemical simulations and pump–probe spectroscopic 

experiments. Our results show that the keto tautomers of isoG are characterized by long 

excited-state lifetimes owing to the prevailing population of dark nπ* states after the initial 

photodynamics in UV-absorbing ππ* states. The pump–probe measurements performed for 

the keto-N3,7 tautomer excited near its 0–0 transition returned a long lived excited-state 

decay with a time constant exceeding 900 ps. This can be attributed to the sloped 

https://pubs.rsc.org/image/article/2019/cp/c9cp01622h/c9cp01622h-t21_hi-res.gif
https://pubs.rsc.org/image/article/2019/cp/c9cp01622h/c9cp01622h-t21_hi-res.gif
https://pubs.rsc.org/image/article/2019/cp/c9cp01622h/c9cp01622h-t22_hi-res.gif
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topography of the nπ*/S0 conical intersection, which is much higher in energy that the 

respective S1 minimum (by 0.53 eV). Even though we were not able to detect the 

biologically more relevant keto-N1,9 tautomer in our experimental setup, our quantum-

chemical calculations suggest an even more sloped topography of the analogous nπ*/S0 

conical intersection. In contrast, the excited-state dynamics of the enol tautomers of isoG is 

controlled by the optically bright ππ* states, which are remarkably short-lived in this 

particular example. Both our excited state dynamics simulations and PE surface explorations 

demonstrate a barrierless photodeactivation mechanism in the enol-N9 tautomer. The 

resulting sub-picosecond excited-state lifetime is shorter than the ionizing laser pulse which 

explains why the enol-N9 form was so elusive and difficult to detect in our experiments. 

While a modest energy barrier separates the S1 minimum and the peaked ππ*/S0 conical 

intersection of the remaining enol-N7 tautomer, πσ*-mediated photorelaxation channels 

involving N–H bond rupture also result in rapid excited-state decay, below the resolution of 

the probe pulse (<30 ps).  

These results have fascinating implications both for the origins of DNA bases on Earth 

and more general photochemistry and photophysics of nucleobase analogs. In particular, the 

studied photoexcited keto tautomers of isoG are trapped in long-lived reactive excited states 

and we expect them to be significantly less photostable than canonical G. The higher 

photostability of G can be assigned to the radiationless deactivation occurring primarily on 

the ππ* PE surface, with very limited excited-state population being trapped in long-lived 

nπ* minima.70 In these terms, isoG exhibits very similar photochemistry to the canonical 

keto tautomer of C which also efficiently populates dark nπ* states.45 It is worth noting that 

dark nπ* states were suggested to promote the formation of nucleobase damage in bulk 

water, i.e. pyrimidine photohydrates.49 Similar excited-state dynamics and lifetimes of ∼1 ns 
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were also reported for jet-cooled 5,6-trimethylenecytosine, which resembles isoG 

structurally.74,75 The 5,6-trimethylene-substituent was suggested to lock the planarity of the 

aromatic pyrimidine ring and hinder ring-puckering motions74,75 which enable the formation 

of ππ*/S0 state crossings in canonical C.45 Most importantly, the resulting low photostability 

of keto isoG is consistent with the prebiotic scenario assuming that intense UV irradiation 

was one of the crucial selection factors for RNA constituents on an early Earth. This 

observation, together with the population of multiple tautomeric forms in bulk water and 

potential wobble base pairing make isoG a much less reliable component of primordial 

informational polymers than its biological counterpart.  
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III. Analytical Methods 

While the previous chapters focused on photodynamics, the instrument used for these 

studies is a capable mass spectrometer that can effectively study solid samples. In this case, 

the mass spectra of a mixture of PAHs is obtained by using a 193nm ArF excimer laser for 

ionization. This laser is an efficient ionizer of PAHs in general and permit the analysis of a 

mixture of species. In this paper, the PAH product mixture is analyzed to gain insights on 

the processes occurring in space.  
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Abstract 

Carbon is ubiquitous in space and plays a key role in prebiotic chemistry. Astronomical 

observations have found interstellar carbon in the form of polycyclic aromatic hydrocarbons 

(PAHs) as well as carbonaceous dust, confirming its presence in both gaseous and solid 

phases. The goal of this study is to experimentally investigate low-temperature chemical 

pathways between these two phases in order to better understand the evolution of cosmic 

carbon. Cosmic dust analogs are produced in the supersonic expansion of an argon jet 

seeded with aromatic molecules: benzene, naphthalene, anthracene, phenanthrene, and 

pyrene. These are prototype aromatic molecules of compact and noncompact structure, and 

are used to evaluate the effect of precursor structure on the molecular complexity of the 

resulting grains. The seeded jet is exposed to an electrical discharge and the carbonaceous 

grains are collected and probed ex situ via laser desorption mass spectrometry. Mass spectra 

reveal a rich molecular diversity within the grains, including fragments of the parent 

molecule but also growth into larger complex organic molecules (COMs). In all 

experiments, the largest number of products is found in the m/z range 200–250, and C16H10 

(attributed to pyrene and/or its isomers) is found to be a dominant product, pointing at the 

formation of this stable PAH as a preferential route in the growth to larger PAHs. 

https://doi.org/10.3847/1538-4357/ab62b7
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Comparison to mass spectra from the Murchison meteorite reveals a similar dominance of 

compounds related to C16H10 at m/z = 202. Evidence of the methyl-addition-cyclization 

mechanism in the anthracene experiment is reported. PAH structure is found to impact the 

dust production yield, as seen by the greater yield for the anthracene compared to the 

phenanthrene experiment. PAH growth at low temperatures via barrierless routes involving 

the addition of alkyl- and phenyl-type radicals is suggested as a viable pathway to COMs. 

These results suggest that PAH growth and dust formation from PAHs are feasible at low 

temperatures in photon-dominated regions and circumstellar envelopes. 
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1. Introduction 

Cosmic carbon is fundamental to the formation of complex organic molecules (COMs), 

the primordial building blocks in prebiotic chemistry. Tracing the origin and evolution of 

carbon in space is thus necessary to understand the origin of life on Earth. Carbon is first 

formed in the interiors of stars via the triple-alpha process and scattered into space as 

molecules and dust by massive stars such as red giants, casting away their carbon-enriched 

atmospheres into the interstellar medium (ISM) (Zuckerman 1980; Henning & Salama 

1998). Carbon then becomes a key ingredient in the formation of the next generation of stars 

with surrounding planets. Astronomical observations of carbon in space have driven past 

and current missions to push the limits of sensitivity, spatial and spectral resolution, leading 

to the detection of COMs surrounding protostars (Öberg et al. 2011), young stars (Lee et al. 

2019), and protoplanetary disks (Walsh et al. 2016; Favre et al. 2018). 

Cosmic carbon has been observed in both the gaseous and condensed phases. The 

infrared emission features between 3 and 20 μm were first observed with the Infrared Space 

Observatory and later with Spitzer toward diverse astronomical objects (H ii regions, 

reflection nebulae, post-AGB stars). The bands at 3.3, 6.2, 7.7, 8.6, and 11.3 μm were first 

attributed to polycyclic aromatic hydrocarbons (PAHs) (Léger & Puget 1984; Allamandola 

et al. 1985; see review by Tielens 2008). Although the structure and individual components 

of the carriers are still not precisely determined, they are conventionally attributed to a 

distribution of aromatic carriers (Peeters et al. 2002; Li & Draine 2012) including large 

PAHs with compact regular structures (Boersma et al. 2009), PAHs with aliphatic 

sidegroups (Yang et al. 2017), or mixed aromatic/aliphatic structures (Kwok & Zhang 

2013). The presence of both PAHs and very small grains has also been proposed to explain 

both the narrow and plateau features in the infrared emission (Peeters et al. 2017). 
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Infrared absorption bands at 3, 3.28, and 3.4 μm were first observed along a dozen lines 

of sight toward the Galactic center (Pendleton et al. 1994). The 3.4 μm band has been 

attributed to saturated aliphatic hydrocarbons in interstellar grains (Pendleton et al. 1994; 

Dartois et al. 2007), and is also considered the main component of dust in metal-poor carbon 

stars in the Magellanic Clouds (Sloan et al. 2007). Acke et al. (2010) proposed that grains 

with a high aliphatic/aromatic CH ratio surround cool Herbig Ae stars, and showed the 

significant effect of the stellar UV flux on this ratio. A large diversity of materials have been 

proposed as carriers to these bands, such as quenched-carbonaceous composites, 

hydrogenated amorphous carbons (HAC), and soots (e.g., Sakata & Wada 1989; Jones et al. 

1990; Duley 1994; Mennella et al. 2002; Dartois et al. 2004; Jäger et al. 2009a; Carpentier et 

al. 2012; Gavilan et al. 2017). 

In situ measurements of extraterrestrial materials, e.g., the macromolecular component 

of organic matter in meteorites (Hayes 1967), have shown that cosmic PAHs can be 

embedded in solid organic matter. Small PAHs (≤24 C atoms) have been identified in the 

insoluble organic matter (IOM) of the Murchison meteorite (carbonaceous chondrite of type 

CM2) linked by short aliphatic chains (Cronin et al. 1993; Derenne & Robert 2010). PAHs 

of high molecular weight (≥24 C atoms) were later identified in Allende (a carbonaceous 

chondrite of type CV3) (de Vries et al. 1993), Murchison (Sabbah et al. 2017) and in two 

stratospherically collected interplanetary dust particles (IDPs Aurelian and Florianus) 

(Clemett et al. 1993). Cody et al. (2011) proposed that chondritic IOM and cometary 

refractory organic solids are related chemically and likely were derived from the same 

precursor. Because the IOM in these materials is enriched in deuterium, an interstellar origin 

was proposed. 
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Several laboratory studies have been performed over recent decades to simulate cosmic 

grains produced via gas precursors in the interstellar and circumstellar medium (see Jäger et 

al. 2009c for a review). Such laboratory analogs to cosmic dust span a wide range of sp2/sp3 

hybridizations and thereby a large range of aliphatic to aromatic ratios. Among the 

techniques used to prepare grains are laser pyrolysis (Schnaiter et al. 1999; Jäger et al. 

2006), laser ablation (Mennella et al. 1999; Jäger et al. 2008), photolysis (Bernstein et al. 

1995; Dartois et al. 2004), plasma chemistry (Scott & Duley 1996; Salama et al. 2018), and 

combustion (Carpentier et al. 2012; Gavilan et al. 2017). Soots are well known for their high 

aromatic/aliphatic ratio and rich aromatic molecular composition. Gavilan et al. (2017) 

showed that soots can include polyaromatic units up to 90 rings (≤200 C atoms) while HAC 

materials can include polyaromatic units up to 10 rings. The formation route to 

carbonaceous particles is strongly dependent on the temperature in the nucleation zone. 

Jäger et al. (2009a) distinguished a low-temperature regime (LT < 1700 K) via laser 

pyrolysis of small hydrocarbon precursors (C2H4, C2H2, C6H6) from a high-temperature 

regime (HT > 3500 K) using laser ablation from graphite. While the LT products are small 

PAHs (3–5 rings), HT products result in fullerene-like carbonaceous grains (>100 rings). In 

this study we seek to identify reaction pathways at lower temperatures (<200 K). 

Kaiser et al. (2015) reviews theoretical and experimental studies that have addressed the 

formation of benzene and naphthalene, the smallest aromatic unit and PAH, respectively. 

Large carbonaceous species, such as fullerenes (600–800 g mol−1) are more commonly 

studied in the laboratory via combustion methods (Jäger et al. 2009b; Dunk et al. 2013). The 

formation of medium-sized PAHs (150–400 g mol−1) has been less explored and very few 

studies on the formation of grains at low temperatures have been reported (Contreras & 

Salama 2013; Fulvio et al. 2017; Salama et al. 2018). To the best of our knowledge, only 
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one study has been reported so far regarding the growth of carbon grain precursors in the gas 

phase at the low temperatures (150 K < T < 200 K) relevant to the outer regions of 

circumstellar outflows (Contreras & Salama 2013). Using the same laboratory facility, our 

current study now aims to reveal the chemical routes leading to the formation of grains from 

small PAH precursors (≤20 C atoms). In this paper, we will refer to the theoretical mass of a 

compound in units of g mol−1, and to peaks from mass spectra in units of m/z. 

2. Experiments 

2.1. Sample Preparation 

For the laboratory simulation of cosmic carbon grain formation we used the COSmIC 

facility at NASA Ames. This multicomponent system was built with the goal of 

understanding the properties of carbon-bearing molecules in circumstellar, interstellar, and 

planetary environments (Salama et al. 2018). Some key properties that are simulated in 

COSmIC are the low temperatures and densities of such environments, which directly 

influence the chemical reactivity of species. The COSmIC apparatus includes several 

components: a pulsed discharge nozzle (PDN), an orthogonal reflectron time-of-flight mass 

spectrometer (oReTOF-MS, Ricketts et al. 2011), and a cavity ring-down spectroscopy 

(CRDS) setup (Biennier et al. 2003). The CRDS and oReTOF-MS are used for diagnostics 

of in situ gas-phase reactivity and were not used in the current study. 

The PDN is used as a plasma reactor for the generation of grains. It produces a 

supersonic jet expansion to cool down a gas and then generates a plasma discharge in the 

stream of the jet-cooled planar gas expansion. The jet expansion is produced by the injection 

of a gas at a high flow rate (1500 sccm) at a back pressure of 600 Torr into the PDN copper 

reservoir, where it accumulates before being released in pulses into a vacuum chamber 

through a very thin 127 μm × 10 cm slit. Solenoid valves attached to a poppet that seals the 
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slit inside the copper reservoir drive the escape of the gas through the slit. The solenoids 

operate at a frequency of 10 Hz and the pulse length is 1280 μs. The resulting pulsed planar 

jet expansion increases the pressure in the chamber from 8 mTorr (base pressure) to around 

60 mTorr. The pressure differential between the back pressure (600 Torr) and the pressure in 

the vacuum chamber as the gas expands through the slit (60 mTorr) is four orders of 

magnitude, resulting in a supersonic expansion that adiabatically cools the gas. Two knife-

edge electrodes, made of elkonite (10/90 Cu–W alloy) and mostly heat- and ablation-

resistant, are mounted on the outside of the copper reservoir. They are insulated from the 

grounded copper reservoir of the PDN by an alumina (Al2O3) dielectric plate with a slightly 

wider slit, 400 μm × 10 cm. The elkonite electrodes are mounted on each side of the alumina 

plate's wider slit. The PDN body acts as the anode and the elkonite electrodes as the cathode, 

where −700 V is applied in 600 μs pulses, synchronized and time-centered within the 1280 

μs gas pulse. 

The plasma discharge hence generated in the stream of the supersonic expansion of the 

inert carrier gas (usually seeded with a reactive gas) results in the formation of neutrals, 

ions, free radicals, and electrons (Broks et al. 2005). These are frozen by the expansion 

(Biennier et al. 2006), providing very efficient rotational cooling over short distances (a few 

millimeters) from the slit and an ideal simulation tool for astrophysical regions below 300 K. 

Neutral molecules present in the plasma discharge and in the plasma expansion have been 

measured to be at astrophysically relevant temperatures. Tan & Salama (2005a) performed 

CRDS measurements in the visible and compared these to time-dependent density functional 

calculations, deriving a rotational temperature of 52 ± 5 K for perylene in the supersonic 

expansion, measured at a distance of 4 mm from the slit (Tan & Salama 2005a), and a 

rotational temperature of 70 K for benzo[ghi]perylene (Tan & Salama 2005b). Sciamma-
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O'Brien et al. (2017) measured a neutral temperature in the plasma cavity (within the 

alumina slit, between anode and cathode) ranging between 150 and 200 K by fitting optical 

emission spectroscopy of the 2–0 rovibrational band of the first positive system of nitrogen 

to modeled numerical spectra (Biloiu et al. 2007). 

In the study presented here, all experiments used argon (purity ≥ 99.999%, Matheson) as 

the carrier gas to seed molecular precursors in the supersonic expansion. Argon was chosen 

over helium because previous calculations showed that helium has a 10–20 K higher 

temperature than argon (Biennier et al. 2006). In the same reference, a study of naphthalene, 

phenanthrene, and pyrene seeded in argon gas showed that these three PAHs do not affect 

the temperature in the expansion because of their small concentrations relative to the carrier 

gas. Five different aromatic precursors purchased from Sigma-Aldrich were used: benzene 

(78.11 g mol−1, purity ≥99.7%), naphthalene (linear PAH, 128.17 g mol−1, purity ≥99.7%), 

anthracene and phenanthrene (linear and branched PAH isomers at 178.23 g mol−1, 

purity ≥99.7%), and pyrene (compact PAH, 202.26 g mol−1, purity ≥98%). Benzene was 

seeded in the carrier gas by flowing argon through an external cell containing liquid 

benzene. All other precursors were seeded by placing solid PAH crystals at the bottom of 

the PDN reservoir and heating the top and bottom of the reservoir (from 50 to 150 °C) to 

ensure an adequate vapor pressure. Heating of the reservoir has been shown not to alter the 

expansion temperature of the gas (Tan & Salama 2005a). 

To collect the plasma-generated molecular products and solid grains, a sample holder 

was placed about 7 cm away from the electrodes, as seen in Figure 1. Two graphite bars (3 

mm × 50 mm × 10 mm) were placed on the sample holder parallel to the slit, with the 

thinner surface facing the plasma expansion. One bar was aligned with the slit, and the other 

was placed 1 cm below. These bars are specially machined to be used as substrates for laser 
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desorption mass spectrometry. Each experiment was conducted twice in different sequential 

order to validate reproducibility. Although a single discharge pulse is 600 μs long, the 

deposition of species runs over 8 hr for each experiment, ensuring that enough solid 

materials are collected for ex situ diagnostics. We examined the sample produced in the 

benzene experiment with a scanning electron microscope (SEM, Hitachi S-4800). This SEM 

image (Figure 1, bottom right) shows that the resulting grains are mostly spherical and with 

sizes ranging from 5 to 300 nm. The smaller grains aggregate into larger grains, and these all 

stack and pile up on top of each other, making a macroscopic thin film. The effects of 

different aromatic molecules on the grain morphology and size distribution will be part of a 

future study and are beyond the scope of the present work. 

 

Figure 1. Top: side view of the graphite bars placed on a sample holder facing the supersonic expansion 
from the PDN within the COSmIC chamber. Bottom left: front view of the grain deposit on the graphite bars 
following an 8 hr experiment. Bottom right: SEM image of grains deposited during the benzene experiment. 

 

2.2. Laser Desorption Mass Spectrometry 

The graphite bars with solid deposits prepared at the NASA Ames COSmiC facility were 

analyzed ex situ with the laser desorption jet-cooled mass spectrometry (LDJCMS) setup, 

part of the de Vries lab at the University of California Santa Barbara (UCSB). This setup is 
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described in more detail in Meijer et al. (1990). Two-step laser desorption laser ionization 

mass spectrometry has been used extensively to probe the molecular composition of solid 

materials, including extraterrestrial materials such as chondritic meteorites (Clemett et al. 

1993; Callahan et al. 2008; Sabbah et al. 2010, 2017) and interplanetary dust particles from 

the Stardust Mission (Sandford et al. 2006; Spencer & Zare 2007). This technique is favored 

for its high sensitivity (10−18 mol; Deckert & George 1987), low fragmentation, and because, 

as a solvent-free probe, it minimizes sample contamination and processing. 

In our study, the graphite bars were placed in front of a 300 μm Amsterdam piezo valve 

(Irimia et al. 2009) and translated at ~0.7 mm minute−1 to steadily provide fresh desorption 

material. The solids were thermally desorbed from the graphite bar using the attenuated 

beam of a continuum Minilite I Nd:YAG laser (1064 nm, ~3 mJ/pulse, ~1 mm2, 6 ns pulse 

width). The desorbed material was entrained in the argon molecular beam (8 atm backing 

pressure, 35 μs FWHM pulse width) and skimmed before being ionized by an ArF excimer 

laser (193 nm, ~0.5 mJ/pulse, 8 ns pulse width, 2 ns jitter). The UV laser preferentially 

ionizes the desorbed species at 6.42 eV via (1 + 1) two-photon ionization. Some highly 

excited states make this a semi-resonant scheme as the laser energy approaches the 

molecular ionization energy. After photoionization, the resulting ion current was measured 

from the microchannel plates in the reflectron time-of-flight mass spectrometer. A data 

acquisition card (Signatec, 400 MHz, 14 bit) was triggered using a photodiode reading the 

excimer pulse, and the waveform collected for analysis. For each scan, 40 data points were 

collected, each consisting of an average of 20 shots. The first 20 data points were collected 

with the desorption laser shutter closed and the next 20 with the shutter open. 

The mass spectrum was calibrated before and after each series of measurements using 

argon (40.0 g mol−1), and a graphite bar prepared with coronene (300.0 g mol−1) and iron(II) 
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phthalocyanine (568.1 g mol−1). One of the main advantages of this technique is the low 

fragmentation of the parent species due to the fact that two lasers separated in space and 

time are used for desorption and ionization, respectively. The focused infrared photons used 

for desorption induce a heating ramp of 1011 K s−1 on the graphite substrate (Deckert & 

George 1987), leading to the efficient desorption of solids into the gas phase. The 

photoionization laser combined with jet cooling produces no (or very minimal) 

fragmentation in aromatic and aliphatic molecules (de Vries et al. 1992; de Vries & 

Hunziker 1996; Nir et al. 1999). Figure 2 shows an example mass spectrum of a pure 

coronene sample placed on a graphite bar, showing the parent isotope at 300 m/z and the 

once- and twice-substituted 13C coronene molecules at 301 and 302 m/z, whose relative 

intensities are consistent with the theoretically expected isotopic abundances.5  

 

Figure 2. The calibration LDJC mass spectrum of coronene shows minimal fragmentation of the parent 
molecule [M]+ at 300 m/z. The [M + 1]+ and [M + 2]+ peak abundances correspond to the expected isotopic 
abundances. The peak at 276 m/z is attributed to benzo[ghi]pyrene impurities. 

 

 
5 https://www.sisweb.com/mstools/isotope.htm 

https://www.sisweb.com/mstools/isotope.htm
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3. Results 

In the study presented here, five types of aromatic molecules—benzene, naphthalene, 

anthracene, phenanthrene, and pyrene—were used as gas-phase precursors in COSmIC to 

investigate the low-temperature formation of carbonaceous grains in astrophysically relevant 

environments. Each of these PAH precursors was seeded separately in an argon supersonic 

expansion and then exposed to a plasma discharge voltage (−700 V). The pool of organic 

fragments, parent molecules, and plasma-induced chemical products generated in the plasma 

was deposited for 8 hr on the two graphite bars placed 7 cm away from the slit. Each sample 

was then analyzed ex situ with LDJCMS using a photoionization laser at 193 nm. Although 

this technique is highly sensitive to aromatic molecules, due to the spread of ionization cross 

sections of low to medium weight PAHs to 193 nm photons, our LDJCMS analysis cannot 

provide absolute abundances of the molecular species produced in the COSmIC plasma 

experiments and captured in the grains. However, it is reasonable to consider that masses 

with the highest signal-to-noise ratio (S/N) correspond to the most abundant species within 

the samples. The low intensity of the benzene and naphthalene peaks in their respective 

experiments is due to their high volatility in the laser desorption analysis because their vapor 

pressure is higher than the base pressure in the vacuum chamber. The LDJCMS technique is 

optimized for low-volatility species, which for PAHs corresponds to species with three rings 

or more. 

As described above, for each experiment, grains were deposited onto two graphite bars 

placed at two different positions with respect to the plasma expansion: one aligned with the 

slit, one placed 1 cm below the slit. The two bars were analyzed separately with LDJCMS, 

and each bar was measured at different positions (at each end of the bar and at the center) to 

evaluate differences in their observed mass spectra. For each set of bars prepared in a single 
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experiment, no major differences in composition were detected in their mass spectra, neither 

from one bar to the other nor at different positions within a bar. However, an overall higher 

S/N ratio was detected at the center of the bars, due to a higher grain deposition rate at this 

location. The acquired desorption mass spectra were averages of 20 scans to increase the 

S/N and average out spurious peaks. A nonlinear baseline was removed from the average 

mass spectra using OriginLab, to correct for artifacts arising from high ion counts on the 

microchannel plate (e.g., the Ar+ peak at m/z = 40). The spectral analysis was conducted 

using the mMass mass spectrometry software (Strohalm et al. 2010). 

Only the peaks with S/N > 10 in the baseline-subtracted spectra were considered in our 

analysis. Using this selection criterion, we find that most peaks are detected in the 200–300 

m/z mass range for all experiments, which indicates chemical growth in the plasma 

discharge from the PAH precursors used in this study (78–202 g mol−1) to larger molecular 

species. The global statistics are given in Table 1. Figure 3 shows the mass spectra for all 

five experiments, normalized to the maximum peak for each spectrum. Table 1 shows a 

larger density of peaks between 50 and 150 m/z for the benzene and naphthalene 

experiments. We also note that the anthracene experiment resulted in the highest production 

yield (as measured by the average S/N over the whole mass range), followed by the pyrene 

experiment. The benzene experiment had the lowest production yield. 
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Figure 3. Laser desorption mass spectra normalized to the maximum peak (202 m/z for napthalene, anthracene, 
and pyrene, 203 m/z for benzene, and 178 m/z for anthracene) in the 100–300 m/z range. The mass spectra 
show that pyrene (202.2 g mol−1), methylpyrene (216.2 g mol−1), and/or their isomers are consistent products 
of grain formation. The molecular products generated in the anthracene and pyrene experiments share a similar 
molecular diversity at high mass. Benzene and naphthalene show the greatest abundance of peaks for masses 
less than 150 m/z. 

 

 

The mass spectra from m/z = 1 to 50 (Figure 4) show very similar peaks across the 

different experiments (including desorption from a blank graphite bar): Ar+ (40 g mol−1), 

Ar2+ (20 m/z), Ar3+ (13 m/z), Ar4+ (10 m/z), H+ (1 m/z), (28 m/z), (32 m/z), O+ (18 m/z), 

and the stable Ar isotope 36Ar+ (36 m/z). While the argon peaks are due to the carrier gas in 
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the setup, nitrogen and oxygen are due to residual gas. A peak at 27 m/z is absent from the 

anthracene experiment. This peak is tentatively attributed to , the vinyl radical. 

 

Figure 4. Mass spectra in the 0–50 m/z range, compared to the blank graphite bar. The argon cation peaks 

present are due to the argon jet cooling species after desorption in the LDJCMS setup while the , , and H+ 
peaks are due to residual pressure in the chamber. The spectra have been shifted vertically for clarity. 

 

For the different precursors, the mass spectra from m/z = 50 to 200 (Figure 5) exhibit 

common trends. In all cases, peaks are more abundant in the 200–250 m/z region. The 

number of peaks at the lower masses, between 50 and 150 m/z, is higher for the benzene and 

naphthalene experiments. This can be explained by the more favorable fragmentation of 

smaller aromatic molecules in the plasma, an effect of their lower average carbon binding 

energy, EC (Bauschlicher & Ricca 2009). The experimental configuration in COSmIC 

(supersonic expansion where the species are accelerated to high velocity in short pulses) can 

also partly explain this observation because the residence time of the seeded molecular 

precursors is less than 4 μs, allowing for only the first steps of the chemistry to occur 

(Sciamma-O'Brien et al. 2017; Raymond et al. 2018). Small hydrocarbons including C4H9 

(57 m/z), C5H3 (63 m/z), C5H5 (65 m/z), C5H9 (69 m/z), and C6H3 (75 m/z) are observed in 

the mass spectra for most experiments. These radical fragments were produced either during 

the plasma discharge or as photochemical products of the LDJCMS technique. 
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Figure 5. Mass spectra in the 50–200 m/z range, showing the varying molecular complexity for grains formed 
with aromatic precursors of increasing ring number. The benzene and naphthalene experiments produced more 
molecules of lower masses (<150 m/z), while all other experiments produced more molecules of higher 
molecular mass (>175 m/z). The spectra have been shifted vertically for clarity. 

 

For the anthracene experiment, high-S/N envelopes are observed around 178 m/z and 

190 m/z, corresponding to functional additions to the parent molecule. For the pyrene 

experiment, on the other hand, the envelope observed around 178 m/z is likely a result of 

plasma-induced fragmentation of the parent molecule. As grains are formed in the COSmIC 

setup, not all precursor molecules will fully react and some may be directly incorporated in 

the solid via physisorption or chemisorption processes. As a consequence, the mass spectra 

of the grain deposits can include the parent molecules without fragmentation. The parent 

molecule is not detected in the benzene experiments, but the cations at 75 m/z and 77 m/z 

could be photofragments of the original unreacted molecule stabilized within the grain. In all 

other experiments, the parent molecule is also found in the mass spectra. All peaks with 

S/N > 10 in the mass range up to 199 m/z are tabulated and tentatively identified in Table 2 

in the Appendix. Because of the mass resolution (m/Δm = 500) of the LDJCMS 

experimental setup at UCSB, we cannot discriminate between isomers. In all cases, we 

assume that peaks are due to hydrocarbon CxHy products from the parent molecule. We 
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propose possible identifications from the literature (experimental and theoretical studies on 

PAH-related chemical processes including combustion). In cases where no identification is 

possible we propose a stable aromatic molecule from a standard database such as NIST6 or 

commercially available PAHs from vendors such as Sigma-Aldrich. In cases where peaks at 

odd masses are observed, we attribute these to dehydrogenation (H loss) due to the UV 

photons used for photoionization (in which case the [M–H]+ cation is reported), mostly in 

the low mass range (<150 m/z). Dehydrogenation (1H, 2H, or 3H loss), or radical formation, 

is a potential result of the 193 nm photoionization laser. High dehydrogenation is expected 

for species of small molecular weight (Sabbah et al. 2017), which results in the peak 

intensity of [M–H]+ being greater than that of M+. Jochims et al. (1994) showed that for 

many PAH structures (from benzene to coronene) 1H loss is the dominant fragmentation 

channel for all PAHs with the lowest appearance energy (the minimum energy that must be 

supplied to a molecule to produce a detectable ion). For the larger masses (>150 m/z) we 

expect isotopic effects to contribute to the odd-mass peaks (13C substitution of PAHs), due 

to the increasing cumulative effect of 13C isotopic substitution as the number of carbon 

atoms in a PAH molecule grows. 

For the different precursors, the mass spectra from 200 to 450 m/z (Figure 6) exhibit a 

major similarity, the presence of very high-S/N envelopes at 202 m/z, 216 m/z, and 230 m/z. 

The envelope starting at 202 m/z is attributed to pyrene and/or pyrene isomers, while the 

next envelope is attributed to the methyl-addition series of pyrene. The anthracene 

experiment shows high-S/N envelopes at 242, 258, 360, 370, 380, and 402 m/z, while the 

pyrene experiment shows significant envelopes at 242, 258, 300, 402, 416, and 432 m/z. 

This is consistent with the expected growth of both anthracene and pyrene parent molecules, 

 
6 https://pah.nist.gov/ 

https://pah.nist.gov/
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which are expected to produce larger aromatic fragments than smaller parent molecules such 

as naphthalene in the COSmIC experimental setup. Peaks with S/N > 10 in the 200–450 m/z 

range are tabulated and tentatively identified in Tables 3–6. Beyond 300 m/z, identifications 

are less certain because many possible isomers could carry species of high molecular 

weight. 

 

Figure 6. Mass spectra in the 200–450 m/z range. Molecular peaks beyond 200 m/z include pyrene and 
methylpyrene for all experiments, and are tentatively attributed to hydrocarbons with up to 35 carbon atoms. 
Coronene and/or its isomers are formed efficiently in the pyrene experiment. The spectra have been shifted 
vertically for clarity. 

 

In Figure 7 the mass spectrum of solid deposits produced in the phenanthrene 

experiment is compared to that produced in the anthracene experiment. The goal of the 

phenanthrene experiment was to test whether the structure of two PAH isomers has an 

impact on the yield and molecular composition of solid grains in the COSmIC experiments. 

The major difference in the mass spectra of the solid deposits resulting from these two 

experiments is the fact that the largest peak for the phenanthrene experiment is at mass 

178 m/z (i.e., the mass of the seeded molecule) as opposed to 202 m/z (pyrene and/or its 

isomer) for the anthracene experiment. This indicates a much lower reactivity of the parent 

molecule for the phenanthrene experiment, because the anthracene experiment produces 
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much more pyrene and/or its isomer. This finding is further confirmed by the much larger 

solid yield obtained in the anthracene experiment. We note, however, that the position of the 

resulting peaks from 180 to 240 m/z is strikingly similar for both isomers, signaling similar 

molecular growth routes. 

 

Figure 7. Mass spectra in the 50–450 m/z range for the anthracene and phenanthrene experiments. The inset 
shows that molecular products with identical masses are generated in both experiments, signaling a very 
similar growth mechanism for the two isomers, irrespective of their dissociation (plasma) or photoionization 
(LDJCMS) cross sections. 

 

4. Analysis 

4.1. Aromatic/Aliphatic Structure 

In the following analysis, we only consider the tabulated peaks with S/N > 10 and even 

masses, and assume these molecules are hydrocarbons of unknown structure (CxHy). We can 

then calculate their double-bond equivalent (DBE) or level of unsaturation. DBE is widely 

used in the characterization of organic matter, and its calculation is a well-established tool in 

mass spectrometry (Marshall & Rodgers 2008; Sabbah et al. 2017; Schuler et al. 2017). 

DBE can be defined as the sum of the number of rings plus double bonds involving carbon; 

each ring or double bond results in the loss of two H atoms. In the case of simple 

hydrocarbons, this is defined as 
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where C is the number of carbons and H is the number of hydrogens. A benzene ring will 

have DBE = 4 while polycyclic aromatic molecules will have a nonlinearly increasing DBE 

number as the sum of rings and π-bonds increases. We remark that double bonds can also be 

present in hydrocarbons such as cumulenes (three or more cumulative double bonds). In this 

analysis, we assume that most compounds are made of aromatic rings because these are 

generally more stable. 

We first compare the DBE for all experiments presented in this study, shown in Figure 8. 

We notice that all precursors generally follow the same DBE trend: linear growth toward 

greater DBE numbers as a function of carbon number. These generally follow the DBE/C 

numbers of reference PAHs including benzene (C6H6; DBE = 4), naphthalene (C10H8; 

DBE = 7), pyrene (C16H10; DBE = 12), coronene (C24H12; DBE = 19), and ovalene (C32H14; 

DBE = 26) and indicate the formation of fused aromatic rings. Data points are sparse for 

molecules with carbon numbers below 10 and between 22 and 27 atoms. We also note that 

the pyrene experiment results in more data points for the largest carbon numbers. Both the 

pyrene and anthracene experiments result in similar DBE values, which cluster around 

DBE = 12 and 22. DBE points with differing numbers of carbon atoms are likely members 

of an alkylation series, and are attributed to methyl-substituted species. In the anthracene 

experiment, data points cluster at DBE = 8, 10, 12, 14 but also at 20, 22, and 24. All 

experiments (except phenanthrene) converge at DBE = 12, corresponding to pyrene and its 

isomers, which is the peak with the highest S/N seen in all mass spectra. Figure 8 also 

includes the DBE obtained for the phenanthrene experiment. Despite the much larger solid 

grain yield and number of peaks observed in the anthracene experiment compared to the 
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phenanthrene experiment, the masses detected and the DBE values show a similar tendency 

of molecular growth. 

 

Figure 8. Double-bond equivalent (DBE; defined in Section 4) vs. number of carbon atoms for all 
experiments. Molecules with a similar DBE present the same number of rings, but differ in alkyl group. DBE 
vs. C follows a linear trend comparable to reference PAHs, indicating the growth of the precursor molecules 
into more complex condensed polycyclic structures. The DBE comparison for the anthracene vs. phenanthrene 
experiments shows a significant overlap in their molecular diversity. 

 

We also compare the DBE values for the anthracene experiment (as the PAH experiment 

with largest S/N) to DBE values found in previous studies with two-step laser desorption 

laser ionization mass spectrometry (L2MS) on meteorites, i.e., Allende (Clemett et al. 1993) 

and Murchison (Sabbah et al. 2017), both carbonaceous chondrites. This comparison is 

shown in Figure 9. The data points from Murchison follow a higher DBE/C tendency than 

the anthracene experiment, which can be indicative of a larger number of condensed 

aromatic structures. Allende data points cluster at DBE = 10 and 12, corresponding to 

C14H10 (e.g., anthracene, phenanthrene, etc.) and C16H10 (e.g., pyrene) and their alkylated 

series members. In Figure 10 the mass spectrum of the Murchison meteorite obtained via 

L2DMS of a powder sample (Sabbah et al. 2017) is compared to the mass spectrum of the 

solid samples in the anthracene experiment. In both cases, pyrene is the most abundant peak, 

and envelopes around mass 178 (anthracene), 190, 216 m/z are found. On the other hand, 
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envelopes at 112, 126, 136, 150, and 260 m/z seen in Murchison are not as prominent in the 

laboratory sample. This can be partly explained by the design of our experimental setup, 

where the short residence time of species exposed to the plasma enables the study of 

chemical pathways associated with the first steps of growth of a specific molecular 

precursor. As a consequence, the lower and higher mass peaks observed in the Murchison 

sample are less likely to be generated in our anthracene experiments. The routes of complex 

molecular growth in meteorites seem consistent with the growth observed in our laboratory 

samples via stable PAHs such as anthracene and pyrene (or their isomers). Meteoritic 

organics may undergo additional processing (high temperature, non-thermal, etc.) that could 

account for the larger abundance of lower and higher mass spectra. 

 

Figure 9. DBE comparison for the anthracene vs. data from the Murchison meteorite (Sabbah et al. 2017) and 
the Allende meteorite (Clemett et al. 1993). Murchison overlaps the DBE growth pattern of anthracene for 
hydrocarbons with 15 to 20 carbon atoms. 
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Figure 10. Comparison of Murchison mass spectrum (Sabbah et al. 2017) to the mass spectrum of the 
anthracene experiment. The production of the major peak, pyrene, suggests a possible low-temperature PAH 
growth process in the formation history of organics in Murchison. 

 

We can use an additional method to evaluate the possible structure of hydrocarbons 

based on the C and H number of molecular compounds probed in soots (Cain et al. 2014). In 

their study, Cain et al. assigned empirical limits between different hydrocarbon classes 

going from peri-condensed to purely aliphatic. A plot of H versus C (number of hydrogen 

versus number of carbon atoms) for all even peaks seen in our mass spectra is shown in 

Figure 11. As described in Cain et al. (2014), empirical limits for different hydrocarbon 

classes are shown: aliphatic (H = 2C + 2), aliphatic/aromatic (H = 1.25C + 2.5), cata-

condensed (non-compact, no more than two rings have a single C atom in common) PAHs 

(H = 0.5C + 3), and peri-condensed (compact, three or more rings share common C atoms) 

PAHs (H = 6C0.5). Most species in our study are found within the cata-condensed and 

aliphatic/aromatic limits, indicating the presence of alkylated aromatics as shown by the 

DBE analysis. 
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Figure 11. Number of H vs. C atoms in compounds detected at even masses with S/N > 10. Empirical limits 
are also shown for aliphatic hydrocarbons (gray line), aliphatic/aromatic hydrocarbons (light blue line), cata-
condensed PAHs (blue line), and peri-condensed PAHs (green line) (Cain et al. 2014). 

 

5. Discussion 

5.1. Evidence for PAH Growth within Grains 

The laser desorption mass spectra of the solid grains for all precursors reveal a rich 

molecular complexity, where the precursor has been either fully or partially fragmented in 

favor of growth into larger molecules. Grains effectively trap COMs formed in the PDN 

because these are aggregated as a solid. The absence of major peaks beyond 400 m/z reveals 

that our grains are not a refractory type of organic matter made of macromolecules but rather 

an organic matrix likely composed of medium-sized aromatic molecules (150–400 g mol−1) 

held together via weaker (aliphatic) bonds. One of the most interesting results from this 

series of experiments is the large relative abundance of a peak at 202 m/z, likely 

corresponding to pyrene and/or its isomers. Pyrene isomers include stable PAHs resulting 

from the progressive addition of functional groups to smaller hydrocarbons. 

Several routes for the growth of PAHs have been proposed by the combustion and 

astrochemical communities (Reizer et al. 2019). One of the more cited pathways is the 

hydrogen abstraction–acetylene addition (HACA) mechanism (Frenklach & Wang 1991). 
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As its name indicates, the formation of a radical by hydrogen abstraction is the first step in 

the sequential addition of acetylene, usually occurring in combustion where gas 

temperatures exceed 1000 K. Parker et al. (2014) experimentally showed that HACA is key 

to the growth of small PAHs such as naphthalene in combustion-like conditions. However, 

limitations to HACA have been singled out, such as the underpredicted soot yields in 

flames. Calculations by Kislov et al. (2013) also showed that HACA led mostly to growth of 

five-membered rings. Finally, HACA has a limited application to a narrow high-temperature 

window, which is not suitable for interstellar environments where temperatures are lower 

than 1000 K. 

Alternative models of PAH growth via the addition of larger radicals have also been 

proposed. In the phenyl-addition-cyclization (PAC) mechanism, the addition of a phenyl 

radical followed by hydrogen abstraction and H2 loss leads the growth (Shukla et al. 2008; 

Shukla & Koshi 2010). Later on, these authors also proposed the methyl-addition-

cyclization (MAC) mechanism, which involves the addition of two or three methyl radicals 

on PAHs. The methyl radical is one major product in aromatic fuels, and plays a role in the 

formation of propargyl ( ) radicals, the basic building block of benzene. 

Experimental evidence for this was shown from a toluene pyrolysis experiment, where the 

mass spectra showed a mass difference of 14 m/z (Shukla et al. 2010). Calculations by 

Reizer et al. (2019) show that MAC is an efficient route for the formation of benzo(a)pyrene 

(252 g mol−1) from chrysene and benzo(a)anthracene (228 g mol−1). More recently, a new 

mechanism for low-temperature PAH growth, known as hydrogen abstraction–

vinylacetylene addition (HAVA) has also been explored for the formation of naphthalene 

(Parker et al. 2012; Zhao et al. 2018b). One of the major advantages of HAVA is that it is 

barrierless at low temperatures (Kaiser et al. 2015). 
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To investigate these possible PAH growth routes we use the mass spectra with highest 

S/N and largest number of peaks produced in the anthracene experiment. Additionally, we 

only consider even-mass peaks as isotopic peaks; dehydrogenated/radical fragments 

appearing at odd masses are a result of the L2DMS technique rather than a signature of the 

inherent molecular composition of the grains. Because of this, we cannot probe growth 

mechanisms where even masses would result in odd masses, i.e., we cannot discard if 

HACA, HAVA, or PAC growth occurred and led to the assembly of complex molecules 

within the grains. HACA would show up as a mass difference of (−H + C2H2) 25 m/z, 

HAVA would show up as a mass difference of ( ) 51 m/z, while PAC 

would show up as a mass difference of (C6H5 – H2) 75 m/z. However, we can probe for 

MAC, where the mass differential (−H + CH3) is 14 g mol−1, indicative of methyl addition 

on a radical. We find that several peaks in the anthracene mass spectrum fall within this 

growth pattern, as shown in Figure 12. This mechanism seems to be efficient for species of 

low mass (178–258 m/z) and high mass (366–420 m/z). 

 

Figure 12. Schematic showing the molecular growth within grains prepared in the anthracene experiment. The 
staircase pattern corresponds to the abstraction of one hydrogen and the addition of one methyl group, i.e., the 
methyl-addition-cyclization or MAC mechanism (Shukla et al. 2010). 

 

5.2. Effect of Structure on PAH Growth 
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We performed two separate experiments to explore the effect of PAH structure on the 

molecular growth within grains. These were performed using the C14H10 isomers, anthracene 

and phenanthrene, both found at mass 178.23 g mol−1. These are prototypes of linear and 

cata-condensed polycyclic benzenoids respectively. A comparison of their mass spectra is 

shown in Figure 7 and their DBE versus C content in Figure 8. These show that, while the 

grain formation yield is much greater for the anthracene experiment (~6 times greater mean 

number of counts), the molecular diversity within the grains is very similar for both 

experiments. Mass spectra show that more of the parent molecule remains in phenanthrene 

than in the anthracene experiment, indicating that dissociation is more efficient for 

anthracene in the plasma discharge. This could be explained by the fact that the first 

ionization potential of phenanthrene (IE = 7.903 eV) is 0.4 eV higher than that for 

anthracene (IE = 7.439 eV) (Boschi et al. 1974; Zakrzewski et al. 1996; Dabestani & Ivanov 

1999). In addition, the enhanced stability of cata-condensed PAHs compared to linear PAHs 

is well established (Clar 1964, 1972; Dabestani & Ivanov 1999; Randić 2003; Poater et al. 

2007; Solà 2013) and there is a general consensus that phenanthrene is kinetically more 

stable than its linear isomer. This could be a result of its higher thermochemical stability due 

to its larger π-bonding, i.e., higher aromaticity (Kato et al. 2002; Poater et al. 2007; Gutman 

& Stanković 2007). Indeed, according to Clar's rule, which defines aromaticity by aromatic 

π-sextets (six π-electrons localized in a single benzene-like ring separated from adjacent 

rings by formal CC single bonds), phenanthrene has two sextets and hence a higher 

aromaticity than anthracene (one sextet) (Clar 1972; Solà 2013). PAHs with a higher 

number of π-sextets have in general larger HOMO–LUMO gaps (>2.1 eV), which enhance 

their stability (Dias 2004; Solà 2013). 
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The higher yield for the formation of grains in the anthracene experiment could be due to 

the fact that it is more readily dissociated in the plasma than phenanthrene, and therefore the 

formation of larger PAHs and COMs in general is more efficient because it begins with 

more reactive fragments. The free valence indices of anthracene and phenanthrene are 

shown in Figure 13. We note that, because of the symmetry of anthracene, only the free 

valence indices of certain positions are given. The free valence indices are the same for 

positions 9 and 10 (0.52), positions 2, 3, and 7 (0.408), and positions 1, 4, 5, and 8 (0.459). 

The meso position (positions 9 and 10) is the most reactive in anthracene, where carbon 

atoms display the highest free valence indices (Gore 1956; Walker 1990). Hydrogen loss 

and free radical formation preferentially occur at these sites of highest reactivity. 

Additionally, the free valence indices of the central carbon atoms are higher than those in 

phenanthrene, which could lead to the higher reactivity of the linear PAH. It has been 

proposed that the meso position of anthracene undergoes hydrogen-abstraction reactions, 

forming intermediate species such as 9,9'-bianthracene (detected in our experiment, see 

Table 6), and then stabilizes on the bisanthene structure (eight aromatic rings) (Kinney et al. 

1957). These results are a first exploration of the effects of PAH structure on the formation 

of carbonaceous grains and the pathways to PAH growth within grains. 
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Figure 13. Free valence indices of anthracene and phenanthrene (Abrahamson 2017). These indices impact the 
carbonization reactivity. Position 9 in anthracene has the highest value of either PAH (Walker 1990). 

 

We compare the results of our study to those of Fulvio et al. (2017), the only reported 

experimental study on low-temperature carbonaceous dust formation. They studied the 

formation of carbon grains in solid cages on low-temperature substrates (T ~ 10 K). The 

precursor molecules were directed into a solid rare-gas argon matrix as opposed to the free-

flying cold molecular precursors in the gas phase used in the study reported here. To the best 

of our knowledge, the only study of the growth of carbon grain precursors in the gas phase 

at the low temperatures (150 K < T < 200 K) relevant to the outer regions of circumstellar 

outflows was reported in Contreras & Salama (2013). Although the precursors are cooled 

before reacting in both cases, the recombination processes and the resulting energy budgets 

involved can be quite different because of the strong perturbation induced by the solid Ar 

matrix (cage effect). In Fulvio et al. (2017), the solid rare-gas matrix is heated at 1–2 K 

minute−1 up to 40 K to promote the diffusion and reactivity of these precursors within the 

solid matrix cage. Unlike their method, the precursors in our PDN are rotationally cooled 

before and during the plasma chemistry, which occurs entirely in the gas phase, mimicking 
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more closely the conditions encountered by molecules and ions in a circumstellar envelope. 

Fulvio et al. (2017) identified the molecular species in the icy matrices via UV and mid-

infrared spectroscopy as carbon chains (C2–C13 atoms). They claim that the condensation 

process is governed by carbon chains that first condense into small carbon clusters and 

finally into more stable carbonaceous compounds. It cannot be excluded, however, that the 

formation of carbon chains is favored in the solid phase. In our study, the grains are formed 

in the gas phase and we use laser desorption mass spectrometry to identify higher-weight 

molecular compounds with an estimated C4–C35 atoms. Finally, in their study samples were 

warmed up to room temperature to analyze the residues ex situ. High-resolution 

transmission electron microscopy analysis showed fullerene-like carbon material 

characterized by curved graphene layers. The structural characteristics of their solids are 

comparable to high-temperature gas-phase condensation products (Jäger et al. 2009b). 

Similarly, our SEM images of grains from the benzene experiment show 3D spherical 

structures composed of clusters of smaller grains. Both studies reveal that soot-like and 

fullerenic-like grain morphologies are possible in a low-temperature formation process. 

5.3. Astrophysical Implications 

Our experimental results are presented in the context of astrophysical environments in 

Figure 14. The low-temperature (150–200 K) reactivity that is simulated in the supersonic 

expansion of the COSmIC chamber is applicable to the colder outer shells of circumstellar 

envelopes (CSEs) of AGB stars (Decin et al. 2010) but also to the ionized/molecular 

transitions in photon-dominated regions (PDRs) (Hollenbach & Tielens 1997). Dust is 

formed in the middle to outer CSEs, where temperature gradients from thousands to tens of 

kelvin lead to molecular freezout (Ziurys 2006). Allamandola et al. (1989) first suggested 

acetylene as a building block of aromatic hydrocarbons in CSEs. To explain the formation of 
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grains from molecular precursors, PAH growth mechanisms studied by the combustion 

community were initially suggested (Frenklach et al. 1985; Cherchneff et al. 1992). 

Frenklach & Feigelson (1989) suggested HACA as the major mechanism of PAH growth in 

CSEs and derived dust masses and PAH yields, finding that a narrow temperature window 

of 900–1100 K was necessary for grain formation. Cherchneff & Cau (1999) found that the 

conversion of single rings to PAHs begins at 1.7 R* at a temperature of ~1700 K. PAHs 

found in presolar grains extracted from meteorites present further evidence that PAHs can be 

synthesized in such outflows (Messenger et al. 1998; Bernatowicz et al. 2006). 

 

Figure 14. Laboratory simulation of carbonaceous dust formation in astrophysical environments (PDRs and 
CSEs) in the context of known PAH growth mechanisms. Left: the pulsed discharge nozzle (PDN) of the 
COSmIC setup where parent molecules are cooled in a supersonic expansion exposed to a plasma discharge, 
inducing the dissociation, formation, and growth of simple PAHs into more complex molecules and solids. The 
laboratory low-temperature (150–200 K) conditions are applicable to the colder or ionized/molecular 
transitions in photon-dominated regions (Hollenbach & Tielens 1997) and circumstellar envelopes (Decin et al. 
2010). Center: mechanisms of PAH growth, including HACA (Wang & Frenklach 1997; Frenklach 2002), 
HAVA (Shukla & Koshi 2012; Zhao et al. 2018a, 2018b; Kaiser et al. 2015), MAC (Shukla et al. 2010), and 
PAC (Shukla & Koshi 2010; Zhao et al. 2019b). Right: nucleation mechanisms from the aggregation of PAHs 
(Dobbins et al. 1998; Richter & Howard 2000; Mansurov 2005), the formation of clusters (Frenklach & Wang 
1991; Chen & Dobbins 2000; Schuetz & Frenklach 2002; Rapacioli et al. 2005), the formation of amorphous 
and fullerenic nanograins (Lafleur et al. 1996; Homann 1998; Minutolo et al. 1999; Grieco et al. 2000), and the 
growth into larger grains (D'Alessio et al. 2005; Bockhorn 2013). 
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The first observations of benzene toward the protoplanetary nebula CRL 618 pointed at 

possible non-HACA formation routes for the smallest aromatic unit (Cernicharo et al. 2001). 

Although PAHs have been mostly observed in emission near an exciting source, the recent 

detection of benzonitrile by McGuire et al. (2018) in TMC-1, a cold molecular cloud, has 

opened the door to observational searches for PAHs in the cold ISM. The inclusion of PAHs 

in models of TMC-1 has led to a better agreement between models and observations 

(Wakelam & Herbst 2008). Spitzer provided the first detections of the 6.2 μm PAH 

absorption feature toward stars that are not associated with circumstellar dust (Malsberger et 

al. 2009). This implies that PAHs are widespread components of cold ISM dust, similar to 

the well-studied aliphatic hydrocarbon band at 3.4 μm. 

Models have shown that PAHs can be destroyed more rapidly than they are supplied in 

the ISM due to electrons, photons, cosmic rays, and shocks (Tappe et al. 2006; Micelotta et 

al. 2010a, 2010b, 2011; Kaneda et al. 2011; Hervé et al. 2019). These authors proposed the 

need for a re-formation mechanism of carbonaceous grains taking place directly in the ISM. 

Alternatively, Tielens (2013) suggested that only the most stable PAHs, e.g., 

circumcoronene, are expected to survive the harsh conditions of the ISM. 

Low-temperature routes to PAH formation and growth could resupply the missing PAH 

reservoir. Recent experiments have shown that vinylacetylene-mediated formation of PAHs 

(i.e., the HAVA mechanism) is barrierless at low temperatures (Zhao et al. 2018a, 2018b). 

HAVA could be expanded to more complex PAHs in the ISM (Kaiser et al. 2015). 

Additional mechanisms including MAC (Shukla et al. 2010) and PAC (Shukla & Koshi 

2010; Zhao et al. 2019b) could provide further routes to PAH growth. 

We provide experimental evidence that PAHs and grains can grow at low temperatures 

and we propose this as a potential re-formation mechanism of interstellar grains. By growing 
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within solid grains, small and medium-sized PAHs (50–250 g mol−1) could be shielded 

against harsh energetic processing in the ISM. PAHs in solid grains could then be released 

into the gas phase via ablation or grain sputtering mechanisms. 

6. Conclusions 

We have produced dust grain analogs to interstellar carbonaceous dust by using a 

supersonic jet exposed to a plasma discharge, within the PDN of the COSmIC facility. The 

samples were prepared in separate experiments involving aromatic precursors of increasing 

ring number (one to four rings). Phenanthrene was also included to evaluate the impact of 

PAH structure in the formation of grains and was compared to its isomer, anthracene. These 

solid samples were characterized via laser desorption mass spectrometry. Mass spectra of 

these samples exhibited many differences, and the quantitative analysis of the peaks with 

S/N > 10 allowed us to draw the following conclusions. 

1. For all aromatic precursors, the formation of pyrene and/or its isomers and its 

methylated series is ubiquitous. The formation of pyrene (or isomers) signals a stable 

route in the growth of larger PAHs and COMs. 

2. The highest dust yield was obtained in the anthracene experiment, while the lowest yield 

was obtained in the benzene experiment. This could be partially due to the short 

residence time of parent molecules in the plasma discharge and could also be explained 

by the fact that anthracene is less dissociated in the PDN and therefore the formation and 

growth starts with larger building blocks that are already aromatic and highly reactive. 

3. For the anthracene experiment, we have shown that molecular growth is possible via the 

MAC mechanism at low temperature, but we cannot disregard the possibility of other 

growth processes such as PAC, HACA, and HAVA, a limitation of our probing 

technique. 
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4. Because of the rapid passage of molecules across the discharge (a few microseconds), 

the formation and molecular growth within grains is mostly representative of the first 

steps of PAH growth. The absence of high-mass compounds (>400 m/z) indicates that 

the organic solids produced consist of small aromatic units held together by aliphatic 

bridges. 

5. We explored the effect of PAH structure by studying anthracene and phenanthrene, 

isomers with linear and cata-condensed structures respectively. Our results show that the 

lower grain yield of phenanthrene matches the current understanding of its greater 

stability, explaining its lower dissociation and reactivity in the PDN compared to 

anthracene. Their mass spectra, however, show that their molecular diversity is very 

similar, suggesting that once fragmented they follow similar growth routes. 

6. Comparison to L2DMS measurements on the Allende and Murchison meteorites confirm 

the formation of stable PAHs including anthracene and pyrene in their organic reservoir. 

Mass spectra of the anthracene and Murchison meteorite show that the formation of 

pyrene isomers and methylated series is ubiquitous. Based on our experimental results, 

we propose low-temperature PAH growth as a possible mechanism in the formation and 

evolution of organic compounds found in meteorites. 

The authors acknowledge support from the NASA SMD APRA program and travel 

grants to IAU Symposium 350. L.G.M. is supported by a NASA postdoctoral program 

(NPP) fellowship. We thank all members from de Vries' team (UCSB), which acknowledges 

the Donors of the ACS–PRF for partial support. We thank Emmett Quigley and Alessandra 

Ricca (NASA ARC) for their technical and scientific support and useful discussions that 

enriched this paper. 

Appendix 



 

 
147 

Tables 2–6 show summaries of S/N > 10 peaks in various mass ranges from different 

aromatic hydrocarbon precursors: 1–199 amu (Table 2), 200–249 amu (Table 3), 250–299 

amu (Table 4), 300–369 amu (Table 5), and 370–450 amu (Table 6). 
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IV. Appendix 

 The following appendices include some practical advice on lab operation and optical 

layouts.  

I. General Optics Adjustment 

Since terms like small and large are relative, it is useful to first calibrate those terms. 

“very small” = Around the limit of my manual dexterity 

“small” = Adjustments made in increments around a 1/8th turn or smaller. 

I have found it useful to place a small pen mark on adjustment knobs so that initial 

positions are easily recovered and comparable to final positions. 

II. Picosecond System Overview 

The picosecond system consists of three lasers by Ekspla. The pump laser, PL2251, is a 

picosecond Nd:YAG that is used to pump two Optical Parametric Generation (OPG) units, 

the PG401s, as well as produce an ionization wavelength of either 213nm or 266nm through 

harmonic generation. Together, this provides two tunable wavelengths in the range of 210-

2300nm, with gaps between 340-370nm and 680-740nm, and a fixed wavelength pulse at 

one of the harmonics of an Nd:YAG, typically 213nm. 

The 3rd harmonic of the pump laser, 355nm, is used to pump each of the OPG units. 

They use 7-7.5mJ of vertically polarized 355nm light. Coming out of the pump laser, the 

355nm is directed into a Beam Splitter (BS). The BS consists of three components: a half 

wave plate, followed by a polarizing plate beamsplitter, followed by a second wave plate. 

The first waveplate tunes the polarization to consist of a 50:50 mix of horizontal and 

vertically polarized. The polarizing plate beamsplitter reflects vertical and transmits 
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horizontal. To correct the polarization of the transmitted beam, the second waveplate rotates 

it back to vertical. This has the benefit of being able to finely tune about a 50:50 mix of 

pump power to each OPG to individually give each PG unit the power it was designed. 

Please note, this is not the BS to adjust that is mentioned further in the troubleshooting 

section. 

The 5th harmonic of the pump laser, 213nm, is typically used as an ionization 

wavelength and is generated by mixing the fundamental (1064nm) and 4th harmonic 

(266nm) of the Nd:YAG. The second-to-last 1064nm dichroic mirror (M20) is removed 

from the pump laser so that the 532nm port consists of both 532nm and 1064nm light. This 

is steered into 532/1064nm dual-coated dichroic mirror, which directs the beam into a 4th 

harmonic crystal that doubles the 532nm light to 266nm followed by a 5th harmonic crystal 

that mixes the fundamental and 266nm to produce 213nm. A series of 213nm dichroic 

mirrors are used to remove the unconverted light and steer the beam. At the time of writing, 

we have found good performance of both OPGs and 213nm in experiments when around 

220 uJ of 213nm light is being produced, given around 7.3mJ of 355nm to each OPG. This 

value is measured after at least three 213nm dichroics to separate out the lower harmonics. 

III. Picosecond Troubleshooting Notes 

The picosecond system requires regular maintenance due to the demanding engineering 

requirements it has. The laser manuals, the Ultimate OPG Guide, and Jacob Berenbeim’s 

Dissertation contain additional information that should be consulted for troubleshooting and 

understanding the system. This document seeks to provide some updated information 

reflecting new optical layouts, several conversations with the technicians at Ekspla, and 

additional time of use. It is recommended to read the manual and contact Ekspla if you are 

unsure of what you are doing. Adjusting multiple optics may make it difficult to restore an 
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old alignment. Therefore, it is not recommended unless you know what you are doing. It is 

recommended to allow the laser to warm up for at least 5 minutes with the flashlamps firing 

before taking any measurements or pumping the OPGs. 

IV. Problem: Low power of OPG unit. 

 Observing low OPG output can be due to many different reasons. Generally, if 

enough energy is pumping the OPG then the issue comes down to either an alignment issue 

or the quality of the pump laser beam. Before making any adjustments, ensure that the 

appropriate amount of pump energy is being directed into the OPG unit, adjusting the pump 

laser amplifier value as needed to achieve around 7.3mJ of pump energy. Note the value on 

the amplifier and compare with the value that the OPG internal pump energy power meter to 

check the calibration. Instructions for adjusting the calibration may be found in Jacob 

Berenbeim’s thesis. Then, take a low resolution scan (5-10nm step size) in the UV and 

visible in order to have some baseline data on performance. It is useful to record the shot-to-

shot performance at 532.1nm for several hundred shots as well.  

V. Small Alignment Issues of OPG 

Remove the lid of the OPG, being sure that the curtain is drawn so that the beam that 

comes up at an angle in the direction of the laser output is blocked before exiting the table 

for the safety of everyone in the lab. Set the amplifier to a low value (~5) so that a full-sized 

355nm beam is produced and is visible without causing eye strain or producing dust 

particulate when striking the alignment target or business cards. Before making any 

adjustments, check the beam at two points. 
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Right before the LBO crystal, the two 355nm beams should be slightly horizontally 

displaced but at the same height. It can be helpful to use a second alignment target as an 

aperture immediately following the BS for this check. 

There is a back reflection that hits on the mount of BS (internal to the OPG). It should 

look like a full beam, circular and unclipped.  

If the two beams are of different vertical height, this can be fixed by adjusting BS, while 

#2 can be adjusting MM2 or MM3, which is the steering mirror for that OPG. After 

removing any alignment aids from the laser, turn the amplifier up to pump with 7.3mJ of 

355nm and monitor the OPG output at 532.1nm while making adjustments that are small or 

even very small. Collect a scan and shot-to-shot statistics when done. It is generally a good 

idea to iterate between both of these adjustments while the laser is open to be sure it is fully 

optimized. In all cases, small to very small adjustments are necessary to fully optimize.  

If it is not possible to achieve similar values to the previous maintenance day, it is 

possible that the pump laser needs optimization. We have observed that OPG output is very 

sensitive to the quality of the input beam, such as adjustments of a few degrees of the 

harmonic crystals. 

Please note: in the Ultimate Alignment Guide, it mentions that the beam height should 

be at 50mm at all times. This is no longer the case in OPG1, due to an extensive realignment 

that was performed during a service call. 

VI. Pump Laser Optimization 

This section covers some guidelines for a typical maintenance session done with lamp 

replacement. The reader is encouraged to refer to the manual for specific instructions 

regarding replacing the flashlamps and adjusting the harmonics. Flashlamps typically last 

15-25 million shots, and the shot counter is noted at each replacement of the lamps in our 
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maintenance notebook. Since the flashlamp flashes the lamps at maximum power with every 

shot, we increase the applied voltage to counteract some of the degradation from aging. 

After a time of operating at 1600V, if performance is not satisfactory it is time to replace the 

flashlamps. Usually new lamps are able to hit specification at around 1550V. Specification 

refers to about 53mJ of 1064nm at 80% amplifier with all harmonic crystals removed. Burn 

spots should be taken just outside of the laser as well as in the far field to ensure the beam is 

slightly divergent and that the pulse is well overlapped with the amplifier rod. Refer to 

Figure 1 for some information about overlapping the pulse with the amplifier rod. Cease 

operation immediately if the beam is convergent and contact Ekspla. 

 
Figure 1. This figure shows the effect of the overlap of the seed pulse with the amplifier rod as observed 

on burn paper in the far field. In spots 2 and 3, the beam is clearly bottom heavy, whereas it is quite 
homogenous for 18-21. M3 in the pump laser was adjusted in very small increments to produce these spots, 
and the burn spots were taken with a single shot at 80% amplifier at the wall 3-4 meters away from the laser. 
M20 was replaced and an external 1064nm dichroic mirror were used to steer the beam to the wall. Each spot 
was numbered and annotated as adjustments were made. 

 
Once the fundamental beam is homogenously distributed and producing adequate power, 

optimize the harmonic crystals according to the manual. It is a balancing act of optimizing 

crystals for 355nm (THG) to pump the OPG units as well as having adequate 1064+532nm 



 

 
161 

for fourth harmonic generation (FHG) followed by fifth harmonic generation (5HG). 

Depending on the starting condition, it is sometimes necessary to perform an iteration 

similar to the following: 

1. Check that 266nm and 213nm crystals are optimized. 

2. Check that 355nm output is optimized (best when 532nm slightly detuned). 

3. Measure OPG output, 213nm output 

4. If either is unsatisfactory: Adjust 532nm or 355nm crystals by a few degrees (very small 

adjustment) while reading 266 or 213nm.  

5. Measure 355nm output and adjust amplifier to reach appropriate OPG pumping power. 

6. Measure OPG output, 213nm output 

7. Repeat 4-6 until all outputs are good for your experiment, making very small 

adjustments to the crystals to balance the conversion levels.  

As mentioned previously, I have found good output of both OPG units and 213nm when 

about 220 microjoules of 213nm are generated, along with ~7.3mJ of 355nm to a single 

OPG. 

VII. Alignment of the mechanical delay stage 

Since the optical pulses used in picosecond experiments originate from the same pump 

laser, it is necessary to delay them by physically altering the path that the pulse must travel. 

This is accomplished by using a 300mm delay stage mounted with two mirrors or a 

retroreflector. The easiest alignment uses a retroreflector, which returns the beam at the 

same angle as the input, except displaced by several centimeters. In all cases, it is imperative 

to have the beam parallel with the table and hitting the retroreflective mirror at the same 

point across the entire length of the traveling stage. This procedure will teach you how to do 

that. 
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For an initial alignment with the retroreflector out use a small aperture to shrink the 

beam immediately after the last mirror before the proposed place to place the retroreflector. 

Correct the vertical component by checking the height at the aperture and the end of the 

table and correct the horizontal as far as you can tell. This achieves a rough alignment. The 

next step requires you to lock the doors and put up a walkway barrier. 

Place the retroreflector in and direct the output beam to a distant point in the lab, 

preferably about twice as far as the experimental length. On a card, mark where the beam 

hits when it is at 0 delay. After setting the stage to the longest point, the beam should be in 

the same place. If it is not, then the input beam is not parallel with the travel of the stage and 

the last optic before the retroreflector should be adjusted. Your iteration will be to adjust the 

optic when the stage is at maximum delay and moving the card to the new position 

whenever the stage is at 0 delay. If the beam does not move due to the delay stage moving 

when directed to a point twice the experimental length, you can be confident it is aligned. 

It is considerably more difficult, but perfectly possible to use two mirrors instead of a 

retroreflector. This is done in the 213nm setup for significantly higher power at the 

experiment. The initial alignment of the input beam is still performed with a retroreflector, 

then the mirrors are substituted in. This ensures that the input beam is parallel with the travel 

of the stage as a starting point. 

To align the two mirrors, the first mirror is added to the delay stage, and squared up so 

that it sends the beam with a nice 90o turn without horizontal or vertical deviation. Next, the 

second mirror is added, and squared up as much as possible. To fully align this setup, you 

will once again have to send the beam across the room and mark where it hits at 0 delay. 

This time, at maximum delay you will adjust a single mirror on the retroreflector to overlap 
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with the initial point. This is iterated over multiple times until the beam does not move as 

the stage is moved.  

VIII. Pump Probes 

This section will describe picosecond and nanosecond pump probe alignments. The 

picosecond pump probe relies on physically delaying one pulse relative to another with the 

delay stage that was detailed in the previous section. The nanosecond pump probe relies on 

stepping the trigger delay between two lasers. The nanosecond program works by stepping 

the DG635 by the amount set in the step size in LabVIEW. 

When doing any multi-laser experiment, the overlap of the two beams is one of the most 

important criteria for good signal. To do this, the lasers can either be collineated, where they 

overlap and travel in the same direction, or counter-propagated, where they propagate in the 

direction of each other’s sources. Either technique works, and the context determines which 

option makes the most sense. 

To collineate the beams must be combined. This is most easily done with a dichroic 

mirror. For this to work, the dichroic mirror must readily transmit one beam and reflect the 

other. In the case of a picosecond pump probe, this is achieved by using a 213nm dichroic 

mirror to combine the OPG beam with the 213nm. So long as the transmitted beam is not 

too close to the wavelength of the dichroic mirror, it is possible to collineate them. The 

transmitted beam is usually lined up with the experiment, and the beam reflected by the 

dichroic mirror is adjusted until it overlaps in the near and far field of the experiment. If 

choosing to counter-propagate the beams, it is recommended to check the overlap at points 

as far apart as possible on the instrument table, such as at TI1 and TI4 on Figure 2. Once the 

beams are well aligned, it is as simple as choosing the appropriate LabVIEW VI and timing 

scheme. 
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IX. Optical Layouts and Alignment 

This section provides layouts of the experimental setup in Figures 2 and 3, along with 

the numbering scheme used in the lab. Optics were numbered to improve efficiency of 

handoff between shifts during the Coronavirus pandemic.  

OPG1 is aligned to the instrument daily using adjusting optics A2 and A4 while using 

TI1 and TI2 as targets. TM1 and TM2 are adjusted occasionally to ensure that the beam 

travels straight through the source. 213nm is collineated with OPG1 at the optic labeled “far-

field 213”, which is adjusted to make the 213nm beam overlap with the OPG1 beam at all 

points. This is done after adjusting the optic labeled “near-field 213” and looking at the 

overlap immediately before the tree. 

OPG2 is aligned to the instrument in a similar manner, except using B4 and B6 to align 

to TI4 and TI3, respectively. TM3 and TM4 are similarly adjusted occasionally to ensure 

that the beam travels straight through the ion source. 
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Figure 2. This shows the optical layout of the instrument area, excluding the desorption laser path. EM4 is 
removable, allowing a variety of options for ps and ns experiments. TM3 is removed for IR experiments. PD 
stands for Photodiode, which is behind a 193nm dichroic mirror that leaks a small amount of 193nm through in 
order to trigger the oscilloscope. This counteracts the jitter of the excimer laser, which would normally broaden 
the mass peak. This is not drawn to scale. 
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Figure 3. This shows the layout of the picosecond table, demonstrating the two tunable outputs from the OPGs 
and the 213nm ionization laser. The 355nm output is split 50:50 using BS, and used to pump each laser. The 
532nm and 1064nm left over is reflected by a dual coated dichroic mirror into two crystals, which double 
532nm to 266nm (C-Y4), and mix 266nm and 1064 to generate 213nm (C-Y5). A series of 213nm dichroic 
mirrors remove the longer wavelength components from the beam, direct it onto a Long Travel Stage (LTS), 
and combine with the output of OPG1. The near and far field adjustments are labeled for 213nm. For OPG1, 
near and far field adjustments are made with A2 and A4, while for OPG2 the adjustments are made with B4 
and B6. The output of OPG2 is directed to a LTS using a retroreflector before it is sent to the instrument. This 
drawing is not to scale. 
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