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ABSTRACT

2,6-diaminopurine (2,6-dAP) is an alternative nucleobase that potentially played a role in
prebiotic chemistry. We studied its excited state dynamics in the gas phase by REMPI,
IR-UV hole burning, and ps pump-probe spectroscopy and performed quantum chemical
calculations at the SCS-ADC(2) level of theory to interpret the experimental results. We
found the 9H tautomer to have a small barrier to ultrafast relaxation via puckering of its
6-membered ring. The 7H tautomer has a larger barrier to reach a conical intersection and
also has a sizable triplet yield. These results are discussed relative to other purines, for
which 9H tautomerization appears to be more photostable than 7H and homosubstituted
purines appear to be less photostable than heterosubstituted or singly substituted purines.
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INTRODUCTION

The current understanding of the photochemistry of isolated canonical nucleobases is that
they are very photostable thanks to rapid internal conversion from the excited state to the
electronic ground state. This deactivation mechanism protects the building blocks of the
genetic code from possible photochemical damage by efficiently converting electronic
excitation to heat that can be safely dissipated to the environment. (1-10) This process
corresponds to excited state lifetimes of the order of single picoseconds or less. By
contrast, many derivatives, isomers, and analogues of the canonical nucleobases have much
longer excited state lifetimes, with competing and potentially hazardous photochemical
pathways. (11, 12) These excited state dynamics are a subtle function of molecular
structure. Although the picture is far from complete, there are some indications that
heterosubstituted purines (e.g. guanine(13) and isoguanine(14)) may be more photostable
than the homosubstituted purines (2,6-diaminopurine and xanthine(15, 16)), while purines
with a single ligand (adenine,(17) 2AP,(18) 2-oxopurine,(19) and hypoxanthine(20)) appear
to be more photostable than most purines with two ligands.(13) Martinez-Fernandez et al.
in a thorough computational study on the photostability effects of position and oxo/amino
substitution for purines with a single ligand,(19) found that amino or oxo substitution at C2
has little effect on the photodynamics, while C6 functionalization leads to photostability.
However, these general trends do not include details, such as the role of the solvent.

A well-known example of this structure dependence is the difference between
adenine (6-aminopurine), and its isomer 2-aminopurine (2AP). 2AP has a strong
fluorescence signature in aqueous solution, while adenine does not. Adenine in the gas
phase has an excited-state lifetime of the order of single picoseconds or less depending on
the exact measurement technique,(4, 21-25) with similar lifetimes reported in solution.(26)
The lowest excited singlet state of adenine exhibits nπ* character and significant 1nπ*/1ππ*
mixing after initial excitation.(26-31) Adenine undergoes aromatic ring puckering
associated with C2-H tilting and out-of-plane deformation at the C2N3 position to reach an
S1/S0 conical intersection (CI) with a barrier of about 0.1 eV, enabling relaxation to the
electronic ground state. In contrast, Lobsiger et al. found isolated 2AP to have an
excited-state lifetime of 150 ps when excited near the excitation threshold, which is
significantly longer than in the case of isolated adenine.(18) Furthermore, these authors
observed another decay component with a lifetime of more than 2 μs, attributed to a triplet
state populated by intersystem crossing. The lifetime increases significantly upon
microhydration near the amino group in the C2 position, i.e., up to a hundredfold compared
to the isolated molecule. This increase presumably corresponds to the fluorescence decay
noted for solvated 2AP.(32-35)

The excited-state dynamics also depends on the irradiation wavelength, especially
near excitation threshold (origin transition) where dynamics can be slow. In that case the
dynamics can be hypersensitive to any barriers, which can modulate competing relaxation
pathways. For instance, at higher excitation energies, adenine can also relax via N-H bond
breaking, which occurs in the 1πσ* state.(27-30, 36, 37) For isolated 2AP, the lifetime of
150 ps decreases by about half after exciting with ~1500 cm-1 excess energy, relative to the
origin.(18)
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Structural motifs do not always predict trends in potential energy surfaces and
effects of substitutions do not necessarily add up.(38) Potential energy surfaces are subtly
influenced by molecular structure, and the photochemistry of 2,6DAP (see Scheme 1)
cannot be simply understood as a combination of the pathways available for 2AP and 6AP.
Therefore, to shed more light on the photodynamics of amino substituted purines, we have
investigated the excited-state properties of isolated 2,6-dAP which has common structural
features with both 2AP and adenine. The photochemistry of 2,6-dAP is also of interest
since it has been suggested as a prebiotically relevant nucleobase; it was discovered in
meteorite samples,(39) and it could be synthesized from the same starting materials and
under the same conditions as the canonical nucleobases.(40) More recently, 2,6-dAP was
shown to entirely replace adenine in the genomes of numerous bacterial viruses
(bacteriophages).(41-43) In addition, its remarkable electron-donating properties were
suggested to enable a potentially prebiotic version of DNA repair in UV-rich
environments.(44) Because of these prebiotic and biological implications, thorough
characterization of the photodynamics of 2,6-dAP is warranted. Here, we focus on studying
both the biologically relevant 9H tautomer, and the 7H tautomer. In previous work(45), we
found 6.3 and 8.7 ns lifetimes for the isolated 9H and 7H tautomers at their respective
origins. These lifetimes stand out from those in both adenine (< 1 ps) and 2AP (150 ps and
2 μs). Now, to gain further insight, we investigated the dynamics of isolated 2,6-dAP in the
picosecond time regime and found an additional fast decay pathway with different barriers
for each tautomer. We discuss potential mechanisms that could explain the observed
lifetimes based on quantum chemical calculations. By comparing our experimental and
theoretical results with data previously acquired for adenine and 2AP, we attempt to
reconcile the excited state dynamics with properties of the molecular structure.

METHODS

Experimental
The experimental setup has been described in detail elsewhere (46), and only a short
description follows. 2,6-dAP (Aldrich, 98% purity) was placed on a translating graphite bar
and desorbed by a focused Nd:YAG laser pulse (1064 nm, ~1 mJ/pulse at 10 Hz). A pulsed
argon molecular beam (8 atm backing pressure, 30 μs pulse width) entrained the gaseous
molecules in a supersonic jet expansion, quickly cooling them. Downstream, resonance
enhanced multiphoton ionization (REMPI) ionized the cold, gaseous molecules and the
ions entered into a reflectron time-of-flight mass spectrometer for detection.

Scheme 1. 9H (left) and 7H (right) tautomers of 2,6-diaminopurine
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We performed two-color resonant two-photon ionization (2C-R2PI) using an
EKSPLA PL2251 Nd:YAG laser system producing ~30 ps pulses. The 355 nm output
pumped a tunable optical parametric generator (OPG) (UV output of ~100 μJ). Leftover
1064 nm and 532 nm light from the pump were combined to generate the 5th harmonic at
213 nm (0.3 mJ), to be used as the ionization pulse. We also used the 193 nm output from a
GAM excimer laser to ionize (2 mJ per pulse, 8 ns pulse width).

A Laser Vision tunable optical parametric oscillator/optical parametric amplifier
(OPO/OPA) (mid-IR output 3200-3800 cm-1, ~2 mJ/pulse, 3 cm-1 spectral line width)
generated IR light. The IR pulse preceded the excitation/ionization pulses by ~200 ns. We
used two variations of IR double resonant spectroscopy. In mode I, the IR laser scanned
across IR wavelengths, while the ionization pulse was held constant at a resonant R2PI
transition for a given tautomer. When the IR pulse was resonant with a vibrational mode, it
modified the ground state vibrational population, taking the excitation pulse out of
resonance and causing a decrease in signal. This produced the IR spectrum for the specific
tautomer that was being ionized. In mode II, the IR pulse was held constant at a resonant
vibrational transition, while the excitation pulse scanned the R2PI spectrum. In this
method, a tautomer was labeled by a vibrational stretch and signal decreased wherever the
vibrational transition was shared. Digital chopping created control pulses by firing the IR
pulse (pump pulse) 200 ns after the excitation/ionization pulses (probe pulses), generating
ions that have not interacted with the IR light.

Pump-probe experiments measured lifetimes. The pump pulse from the OPG laser
system was tuned to a resonant transition. The probe pulse, at 213 nm, was mechanically
delayed up to 1.8 ns in time, relative to the OPG pulse. With ~30 ps pulse widths for both
the pump and probe pulses, this allowed probing of dynamics in the ps regime.
Alternatively, we conducted pump-probe mesurements using the OPG laser system for the
pump and the excimer laser at 193 nm as the probe pulse, which was delayed
electronically, allowing for much longer delays. Due to the 8 ns pulse width of the 193 nm
pulses, this arrangement was blind to < 1 ns dynamics. Probing with 213 or 193 nm served
as complementary techniques allowing us to observe both fast and slow dynamics.

The method for deriving lifetimes is based on previous work, and explained in more
detail there.(47) Briefly, lifetimes are derived from kinetic equations, solving a system of
ordinary differential equations. This approach involves convolving the instrument response
function (IRF) with exponential decay functions. The IRF is represented by a Gaussian
function centered around t0, corresponding to the pump and probe pulses overlapping in
time.

Quantum chemical calculations
We performed static explorations of excited-state potential energy surfaces using

the spin-component scaling variant of the algebraic diagrammatic construction to the
second order method (SCS-ADC(2)).(48, 49) The SCS-ADC(2) variant was recently
shown to provide a more accurate description of excited-state energies and potential energy
surfaces of heteroaromatic systems (e.g. nucleobases) when compared with the more
standard ADC(2)-s approach.(50) Consequently, we performed all excited-state energy
calculations and geometry optimizations at the SCS-ADC(2) level of theory, whereas
ground-state energies and geometries were obtained with the equivalent SCS-MP2
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approach. For all these calculations we also used the cc-pVDZ-F12 basis set, which
although dedicated to explicitly correlated methods, was recently demonstrated to provide
excited-state energies and properties with the accuracy of the aug-cc-pVTZ basis set or
larger at a lower computational cost.(51) Notably, the cc-pVNZ-F12 basis sets contain
more valence functions than included in the conventional cc-pVNZ series in addition to a
minimal subset of diffuse functions, which ensure better convergence of Hartree-Fock
energy as well as correlation energy, and better overall description of molecular
properties.(51) The minimum-energy crossing points between different electronic states
were optimized using the approach of Levine and coworkers and the SCS-ADC(2) and
SCS-MP2 methods were used to calculate excited-state energies and gradients of the
electronic excited states and the ground state, respectively.(52) In particular, previous work
demonstrated that the optimizations of state crossings at the ADC(2)/MP2 level offered
accurate geometries of S1(ππ*)/S0 minimum-energy crossing points in bioorganic
chromophores, which are the primary state crossings considered in this work.(53, 54) Our
target compound also does not contain any carbonyl groups, which were recently shown to
hinder the correct description of the topography of S1/S0 state crossings with ADC(2) and
related methods.(55) The excited-state potential energy (PE) profiles were constructed with
linear interpolation in internal coordinates between the key stationary points on the
potential energy surface, that is, the Franck-Condon regions, S1 minima and S1/S0 minimum
energy crossing points (MECPs). Only in the case of the C6-puckering mechanism of 9H
2,6-dAP, we performed a minimum-energy path calculation on the S1 PE surface between
the C2-puckered and C6-puckered S1 minima, using the woelfling module of the
Turbomole program (56) and the SCS-ADC(2)/cc-pVDZ-F12 level of theory. To further
validate the accuracy of our SCS-ADC(2) calculations we performed single point energy
calculations for five primary photorelaxation pathways and the associated potential energy
surfaces using the NEVPT2/SA-CASSCF method and the def2-TZVP basis set. These
results are presented in Fig. S9 in the ESI and the orbitals included in the active spaces are
presented therein. Overall, the active space for all calculations of singlet photorelaxation
mechanisms included 8 electrons correlated in 8 orbitals (4 occupied π and 4 virtual π*
orbitals), while for the triplet photorelaxation mechanism of the 7H tautomer of 2,6-dAP
we applied a somewhat smaller active space including 8 electrons correlated in 6 orbitals (4
occupied π and 2 virtual π* orbitals). These active spaces allowed us to maintain orbital
populations between 0.02 and 1.98 and avoid orbital rotation for all studied photorelaxation
pathways. Finally, the spin–orbit coupling (SOC) matrix elements between the S1 and T2
electronic states of 7H 2,6-dAP was computed with the CASPT2/SA-CASSCF method
with 6 electrons correlated in 5 orbitals and the state-averaging procedure for
lowest-energy singlet states and 3 lowest-energy triplet states. In order to account for scalar
relativistic effects in our SOC calculations we applied the cc-pVTZ-DK basis set and the
the 2nd order Douglas–Kroll–Hess Hamiltonian.(57, 58) All the SCS-ADC(2) and
SCS-MP2 calculations were performed using the Turbomole 7.3 program(56), whereas we
used the Molcas 8.4 program (59) for the CASPT2/SA-CASSCF calculations of SOC
matrix elements.
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Results

Experimental.
Distinguishing the 7H and 9H tautomers of 2,6-dAP, An initial R2PI scan of 2,6-dAP
served to identify resonant vibronic transitions. We observed two distinct regions of the
spectrum, offset by ~2500 cm-1 (see below). Using IR-UV mode I and mode II (see Figures
S1-S3) we confirmed the presence of both the 7H and 9H tautomers, in accordance with
earlier work by Gengeliczki et al.(45)

Figure 1. 2C-R2PI spectrum of the 7H tautomer, obtained with ionization at 193 nm.
Lifetimes are displayed above each peak. All lifetimes are from pump-probe measurements
using the 193 nm probe with 8 ns pulses. The only exception is the 1429 ps lifetime,
obtained using the 213 nm ps probe. Lifetimes were measured at the origin, 32216 cm-1,
and at +214, +511, +984, and +1307 cm-1, relative to the origin. The letters correspond to
peaks with similar pump-probe traces, shown in Figure 2.

2,6-dAP (7H) dynamics, Figure 1 shows the 2C-R2PI spectrum of 2,6-dAP (7H). The
origin transition is at 32216 cm-1, which matches well with the origin found by Gengeliczki
et al. (32215 cm-1).(45) The R2PI spectrum was acquired using 193 nm as the second color.
In addition, we acquired the R2PI spectrum for 7H 2,6-dAP using a picosecond ionization
at 213 nm, which had similar features, but at worse signal to noise ratio (Fig. S1). This
latter spectrum is generally more diffuse with no signal beyond 33600 cm-1.
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Figure 2. Sample pump-probe spectra of 2,6-dAP (7H). (a-c) were pumped with ps pulses
and probed with ns 193 nm pulses. (d) was pumped with a ps pulse and probed with ps 213
nm. The origin and +214 cm-1 (a) were fit with two exponentials while +511 and +984 cm-1

(b) were fit with a monoexponential. +1307 cm-1 (c,d) was fit with monoexponentials in the
ns and ps regime. Note the change in x-axis units. Solid lines are calculated traces as
follow: red and green traces represent different decay channels, black is the IRF, and blue
is the total combined trace.

Figs. S4 – S6 show pump-probe spectra; figure 2 shows samples of excited-state
decays. The nanosecond decay traces for the origin and +214 cm-1 peaks (denoted with
letter a, Fig. 1) are similar and both were fit using biexponential functions (Fig. 2a). To fit
these two peaks, we assigned 25 ns and 15000 ns time constants to exponential decay
functions. While these fits are not unique, they represent a range of approximately
±25%.(60) The ps pump-probe traces for the +0 and +214 cm-1 peaks show no indication of
sub ns decay (Fig. S4). The origin decay differs from that measured by Gengeliczki et
al.(45), in which we reported a single 8.7 ns lifetime. In that earlier work we used 266 nm
for ionization. Using 193 nm in the current work allows ionization out of lower energy
excited states, suggesting that the slow excited-state decay component that was not
observed before, corresponds to a lower energy and much longer-lived triplet excited state.

Figure 2b shows a representative pump-probe spectrum for the two higher-energy
peaks, at +511 and +984 cm-1 denoted with letter b in Fig 1, using the 193 nm ns probe.
We could not perform pump-probe measurements for these peaks using the picosecond
probe pulses at 213 nm, due to low signal-to-noise. The spectrum in Fig. 2b, with its spike
in the first 10 ns, corresponds to a combination of a very fast and a very slow decay. The
fast decay has a lifetime equal to or smaller than the instrument response function (IRF) of
approximately 10 ns. The slow channel can be fit with a single exponential decay with a
lifetime of the order of 10 µs. Figures 2c and 2d show pump-probe spectra for the peak at
+1307 cm-1 (denoted with letter c in Fig. 1) with ns 193 nm and ps 213 nm probe pulses,
respectively. The slow part of the nanosecond trace was fit with a monoexponential
function just as in the case of the peaks denoted with letter b with a lifetime of the order of
10 µs. The picosecond probe pulse at 213 nm also allowed us to estimate the shorter-lived
component with a lifetime of 1429 ps (Fig. 2d).

In summary, we observed two decay components for the 7H tautomer of 2,6-dAP.
We recorded an ultraslow component for all peaks. In addition, we recorded a faster
component with the time constants equal to 25 ns for the origin and +214 cm-1 peaks. That
component then becomes shorter with increasing pump energy, of the order of 1 – 10 ns for
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the peaks at +511 and +984 cm-1 and 1429 ps at +1307 cm-1 with respect to the origin
transition.

2,6-dAP (9H) dynamics, Figure 3 shows the 2C-R2PI spectrum of the 9H tautomer from
34800 to 35650 cm-1 acquired with ionization at 213 nm. We assign the band at 34885 cm-1

to the origin transition of the 9H tautomer in agreement with our previous work.(45)This
origin transition is higher in energy by ~ 2500 cm-1 than the origin transition of the 7H
tautomer. With increasing energy lifetimes shorten. Beyond ~500 cm-1 excess energy lines
broaden, and decrease in intensity, suggesting a further decrease of the excited state
lifetime. The lifetime in the picosecond regime quickly decreases by an order of magnitude
beyond +180 cm-1, and then by another order of magnitude beyond +700 cm-1, relative to
the origin transition. Fig. 4 shows pump-probe traces for the origin and and for the +790
cm-1 peak. All pump-probe traces and their fits are presented in Fig. S7.

Figure 3. 2C-R2PI spectrum of the 9H tautomer of 2,6-diaminopurine in the gas phase
using the ps 213 nm as probe. The origin transition is assigned to 34885 cm-1. Lifetimes are
displayed above the corresponding peaks, in ps. The lifetime of 6300 ps was measured in
the ns regime using the 193 nm probe and matches previously published measurements.
Lifetimes were measured at the origin, 34885 cm-1, and +73, +110, +183, +239, +790
cm-1, relative to the origin.

The 2C-R2PI spectrum, presented in Fig. 3, is in good agreement with the spectrum
acquired by Gengeliczki et al(45) using ns 266 nm ionization. That previous 2C-R2PI
spectrum for 9H 2,6-dAP becomes very diffuse with no clear peaks at excess energies
higher than ~250 cm-1. This cut-off value is in line with the faster dynamics that we
observed in our measurements since the ionization efficiency decreases when the excited
state lifetime becomes shorter than the pulse width of the ionization laser. We also
performed a nanosecond pump-probe measurement at the origin peak, deriving a lifetime
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of 6.3 ns. We assume that this nanosecond decay pathway exists for the first three peaks
(+0, +73, +110 cm-1), where the spectrum is still sharp. Broadening of higher energy peaks
in the spectrum indicates that the photorelaxation of 9H 2,6-dAP occurs on a much faster
timescale with excess energy above 180 cm-1. This conclusion is also supported by much
shorter picosecond time constants derived by fitting the pump-probe data for the three
rightmost peaks presented in Fig. 3, namely 33.4 ps, 33.6 ps and 12.0 ps.

Figure 4. Pump-probe traces using ps 213 nm as probe for 2,6-dAP (9H). The left trace
was obtained at the origin (34885 cm-1) while the right trace was obtained at 35675 cm-1.

As we move to higher energies above the origin transition in the 2C-R2PI spectrum
for 9H 2,6-dAP, the lifetime becomes progressively shorter. Starting at the origin, the first
few peaks have lifetimes on the order of 750 ps, in addition to the ns component found
earlier. These photodeactivation time constants are significantly larger than for adenine and
2AP. We found that the lifetime quickly drops to ~35 ps beyond about 180 cm-1 excess
energy for 9H 2,6-dAP. The last notably large and discrete peak, at +790 cm-1 has a lifetime
no longer than 12 ps. The picosecond excited-state decays are most likely associated with
radiationless deactivation pathways. Meanwhile, the nanosecond decay might originate
from a fluorescence pathway.

Computational
Vertical excitation energies. Table 1 lists vertical excitation energies calculated for both
7H and 9H tautomers of 2,6-dAP at the SCS-ADC(2) level of theory. In the case of these
tautomers, the lowest energy excitation is dominated by the ππ* molecular orbital character
and characterized by a relatively high oscillator strength. It is also worth adding that these
optically bright ππ* excitations are energetically well separated from higher-energy excited
states. This indicates that excitation of 2,6-dAP with low energy photons, e.g. near the 0-0
transition or lowest energy absorption maxima will likely entail photodeactivation
mechanisms characteristic of ππ* excited states, e.g. ring puckering. Therefore, we
anticipate that the photorelaxation of 2,6-dAP observed in our experimental setup is
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primarily associated with these excitations. According to our SCS-ADC(2) results, the
S1(ππ*) state of 7H 2,6-dAP is lower in energy than the analogous excitation in the 9H
tautomer by 0.35 eV, i.e. 4.47 eV vs. 4.83 eV respectively.

Table 1. Vertical excitation energies of the 7H and 9H tautomers of 2,6-dAP calculated at
the SCS-ADC(2)/cc-pVDZ-F12 level of theory, using ground-state geometries optimized
with the MP2 method and the same basis set.

11

7H tautomer of 2,6-dAP
State Character Eexc [eV] fosc λ [nm]

S1 ππ* 4.47 0.121 277.5
S2 πσ*NH 5.03 3.70 x 10-3 246.7
S3 nπ* 5.19 2.66 x 10-3 238.8
S4 ππ*/πσ*NH 5.59 0.012 221.9
S5 πσ*NH 5.69 0.024 217.9
S6 πσ*NH 5.98 0.032 207.4

9H tautomer of 2,6-dAP
S1 ππ* 4.83 0.140 256.8
S2 πσ*NH 5.35 0.015 231.8
S3 ππ* 5.39 0.185 229.8
S4 nπ* 5.61 2.44 x 10-3 220.8
S5 πσ*NH 5.71 7.19 x 10-3 217.3
S6 πσ*NH 5.90 0.019 210.2
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Figure 5. Potential energy profiles presenting different photorelaxation pathways
(mechanisms) of the 7H (a and b) and 9H (c and d) tautomers of 2,6-dAP with the
excited-state energies calculated at the SCS-ADC(2)/cc-pVDZ-F12 level of theory and
energies of the ground state calculated at the SCS-MP2/cc-pVDZ-F12 level of theory. The
profiles were constructed by linear interpolation in internal coordinates (LIIC) between the
Franck-Condon region and respective excited-state minima and state crossings. Only in the
case of panel d), part of the PES was computed as a minimum energy path between the
C2-puckered and C6-puckered S1 minima of the 9H tautomer. The inserted structures
correspond to the T1 minimum (panel a), S1/S0 minimum-energy crossing points (panels b, c
and d on the right). The inserted structure on the left-hand side of panel d corresponds to
the S1 minimum.

Both 7H and 9H tautomers are also characterized by low-lying S2(πσ*NH) states for
which the repulsive σ* orbital is centered around the N7-H or N9-H bond in the
five-membered ring of 2,6-dAP. While these states could directly contribute to the
photorelaxation of 2,6-dAP even at low excitation energies, photodissociation of N-H
bonds is an ultrafast process occurring on the timescale of tens to hundreds of fs (61, 62)

12

https://doi.org/10.26434/chemrxiv-2023-l4t9j-v2 ORCID: https://orcid.org/0000-0002-1668-8044 Content not peer-reviewed by ChemRxiv. License: CC BY 4.0

https://doi.org/10.26434/chemrxiv-2023-l4t9j-v2
https://orcid.org/0000-0002-1668-8044
https://creativecommons.org/licenses/by/4.0/


and, thus, is below the probe resolution of our experiments. Furthermore, in our experiment
we only observed parent masses. The S3 state of 7H 2,6-dAP is dominated by the nπ*
electronic configuration, which is analogous to the nπ* state of 9H adenine. However, we
expect this state to play a minor role in the photodynamics of 2,6-dAP excited near the 0-0
transition, owing to the excitation energy of this nπ* state being 5.19 eV. Similarly, the
corresponding nπ* of the 9H tautomer of 2,6-dAP is even higher in energy (5.61 eV) and
assigned to the S4 state according to our calculations. Nevertheless, the nπ* states might
play a role in the photodeactivation of 2,6-dAP at higher absorption energies, which were
not considered in this work.

Excited-state geometry optimizations. Excited-state geometry optimizations and
SCS-ADC(2) calculations of potential energy profiles connecting the key stationary points
and state crossings provide further insights into the photodeactivation mechanisms that can
be attributed to the measured excited-state lifetimes of 2,6-dAP. In particular, the adiabatic
excitation energies of the S1 states (energy difference between the S1 and S0 minimum
energy geometries) of the 7H and 9H tautomers are in good agreement with the measured
origins of absorption. The calculated adiabatic excitation energy of the S1 state of 7H
2,6-dAP amounts to 4.04 eV, which is in semi-quantitative agreement with the measured
origin of absorption of 3.99 eV. In the case of the 9H tautomer the corresponding
theoretical and experimental values amount to 4.62 eV and 4.33 eV, respectively. Though
the energy difference is larger, the theoretical result is well within the error bars of the
ADC(2) method (63) and the qualitative trend is retained, in the sense that 9H 2,6-dAP has
clearly higher adiabatic excitation energy of the S1 state. Using the S1 minimum energy
geometries and different minimum-energy crossing points found at the
SCS-ADC(2)/SCS-MP2 level of theory, we constructed several potential energy profiles
which can be assigned to different excited-state lifetimes derived from our pump-probe
measurements, discussed below.

Photorelaxation of the 7H tautomer, As presented in Fig. 5, both tautomers of 2,6-dAP
undergo structural changes after population of the S1 state, with aromatic ring-puckering
mechanisms being the most apparent structural changes that can be observed for both S1
minima. The S1 minimum-energy geometry of the 7H tautomer has a strongly puckered
5-membered subunit of the aromatic purine ring, which is the result of C8=N7 bond
twisting. Population of this minimum may be followed either by intersystem crossing to the
triplet manifold of electronic states or by direct internal conversion to the electronic ground
state via the S1(ππ*)/S0 conical intersection (see Fig. 5 a and b). Direct photorelaxation via
the S1(ππ*)/S0 conical intersection involves stronger puckering of the 5-membered
heteroaromatic subunit and is associated with an energy barrier of over 0.4 eV. The
presence of this energy barrier is consistent with the experimentally determined lifetime of
25 ns at excitation energies near the origin of absorption. This time constant is substantially
shortened when the excess energy of the laser pulse reaches 1300 cm-1, which is also in
good qualitative agreement with the magnitude of computationally predicted barrier height.
These considerations clearly indicate that the nanosecond time constant can be associated
with a radiationless deactivation pathway. We cannot exclude the contribution from
fluorescence though which occurs on a similar time-scale and could operate from the
S1(ππ*) minimum of 7H 2,6-dAP, owing to the relatively high oscillator strength (0.117) of
the radiative S1-S0 transition.
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Due to the relatively long timescale of direct internal conversion through the
S1(ππ*)/S0 conical intersection, UV-excited 7H 2,6-dAP may also undergo intersystem
crossing to the triplet manifold of electronic states. Notably, the energy difference between
the S1/T2 state crossing and the S1(ππ*) minimum amounts to merely 0.23 eV. Crossing to
the triplet state from the S1 minimum is only slowed down by the very low value of
spin-orbit coupling (SOC) between these two electronic states of 1.92 cm-1. This very low
degree of SOC is caused by the fact that the S1 and T2 states possess a very similar ππ*
molecular orbital character, albeit with different molecular orbitals defining these
excitations. However, we argue that this intersystem crossing could still enable
non-negligible population of triplet states. It is worth noting that based on
MS-CASPT2/SA-CASSCF calculations, Oliveira et al. identified a likely more efficient
intersystem crossing channel involving the T2(nπ*) which is also associated with a higher
S1/T2 SOC of ~10 cm-1. As can be seen from Fig. 5a, the minimum of the T1 state can be
reached in a practically barrierless manner after the intersystem crossing, via the peaked
T2/T1 conical intersection. Overall, these two intersystem crossing channels, confirmed
computationally, allow us to tentatively assign the ultralong microsecond time constant to
the population of the T1 state. Even though the T1 minimum of 7H 2,6-dAP exhibits an
analogous molecular orbital character to the above-discussed S1 minimum, it is also
characterized by a somewhat lower degree of puckering of the 5-membered heteroaromatic
subunit and lower degree of C8=N7 bond twisting.

Photorelaxation of the 9H tautomer. In contrast to the 7H tautomer, the photodeactivation
of 9H 2,6-dAP from its lowest energy singlet excited state is governed by puckering of the
6-membered subunit of the aromatic purine ring. In particular, the S1(ππ*) minimum of 9H
2,6-dAP is characterized by pyramidalization of the C2 atom. From the S1 minimum, the
experimental results indicate the existence of two possible relaxation pathways with a
faster internal conversion through a S1/S0 CI corresponding to the ps decay component
competing with a slower pathway corresponding to the ns decay component. The extent of
this pyramidalization and aromatic ring puckering is increased when the molecule
approaches the S1(ππ*)/S0 conical intersection (see Fig. 5c). This state crossing lies nearly
0.4 eV higher in energy than the corresponding S1(ππ*) minimum and explains the long
photodeactivation time constant, which amounts to 6.3 ns. We emphasize that owing to a
relatively high oscillator strength of the S1-S0 transition from the S1(ππ*) minimum, this
time constant could indeed be associated with fluorescence when the 9H tautomer is
excited at the absorption origin. Alternatively, UV-excited 9H 2,6-dAP could undergo a
change in the puckering mode associated with substantial rotation of the C6-NH2 amino
group out of the plane of the aromatic purine ring and reach another ring-puckered
S1(ππ*)/S0 conical intersection (see Fig. 5d). While this latter process is associated with an
energy barrier of merely 0.1 eV, it also requires fitting of a picosecond excited-state decay
component for the 9H tautomer.

Possible photorelaxation mechanisms outside of our experimental window. In addition to
the photorelaxation pathways which match our experimental observations, we have
identified two other radiationless deactivation mechanisms of 2,6-dAP, that fall outside of
our experimentally observable parameters. Similarly to the 9H tautomer, UV-excited 7H
2,6-dAP could undergo ring-puckering of the six-membered subunit of the aromatic purine
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ring, involving pyramidalization of the C2 carbon atom (see Fig. 6a). According to our
calculations, the associated S1 minimum lies approximately 0.6 eV higher in energy than
the origin transition (and the energy of our pump pulse) and is very unlikely to be
populated in our experiments. Note that the geometry of this S1(ππ*) minimum is mainly
associated with the puckering of the 6-membered aromatic subunit on the C2 atom, in
contrast to the puckering of the 5-membered aromatic subunit in the case of the primary S1
minimum of 7H 2,6-dAP discussed in the previous section. In addition, the corresponding
S1(ππ*)/S0 conical intersection is also higher in energy than the C2-puckered S1 minimum
and has a clearly sloped topography. Nevertheless, this alternative photorelaxation channel
of the 7H tautomer could be triggered at higher excitation energies than those in our
experiments.

Figure 6. Potential energy profiles for the photorelaxation pathways of the 7H (panel a)
and 9H (panel b) tautomers of 2,6-dAP calculated with the excited-state energies
calculated at the SCS-ADC(2)/cc-pVDZ-F12 level of theory and energies of the ground
state calculated at the SCS-MP2/cc-pVDZ-F12 level of theory. The inserted structures
correspond to S1/S0 minimum-energy crossing points (MECPs).

The 9H tautomer may also undergo a direct and entirely barrierless radiationless
photodeactivation leading directly from the Franck-Condon region to a peaked S1(ππ*)/S0
conical intersection (see Fig. 6b). This process is driven by the aromatic purine ring
puckering at the C6 carbon atom alongside substantial twisting of the C6-NH2 amino group
and is a more direct way of accessing this conical intersection. Since such barrierless
excited-state ring-puckering processes were shown to occur in nucleobases on a
sub-picosecond timescale,(64) this mechanism is most likely much faster than the
resolution of our probe pulse and we would not be able to record it with our experimental
setup. Nevertheless, we expect this mechanism to be an important contributor to the overall
photorelaxation of 9H 2,6-dAP, even when excited near its absorption origin.
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Comparison of the SCS-ADC(2) results with previous computational studies of the
photorelaxation mechanisms of 2,6-dAP Oliveira et al. recently published a
comprehensive description of the photorelaxation mechanisms of 7H and 9H
2,6-diaminopurine based on MS-CASPT2/SA-CASSCF geometry optimizations and
calculations of excited-state potential energy profiles. In particular, the authors located
C2-puckered and C6-puckered S1/S0 state crossings for both tautomers, which are
analogous to the C2- and C6-puckered S1/S0 state crossings discussed in this work. (65)

The MS-CASPT2/SA-CASSCF approach should generally offer a more accurate
description of excited-state potential energy surfaces and S1/S0 state crossings, particularly
in the regions where the ground-state wave-function gains a highly multi-configurational
character. Therefore, we performed single point calculations at the
NEVPT2/SA-CASSCF/def2-TZVP level to validate the potential energy profiles obtained
with the SCS-ADC(2) method. As presented in Fig. S9, the SCS-ADC(2) results are in
excellent qualitative agreement with the NEVPT2 energies and the primary quantitative
difference between the two datasets is associated with a systematic shift of the PE profile
obtained with the NEVPT2 approach to higher energies. Furthermore, the positions and
geometries of the S1/S0 conical intersections were correctly identified with the
SCS-ADC(2)/SCS-MP2 approach. Consequently, the S1/S0 conical intersection associated
with the puckering of the 5-membered subunit of the purine aromatic ring of 7H 2,6-dAP is
a possible photorelaxation mechanism, which was not identified in the previous study by
Oliveira et al. Further, we have corroborated their finding of the C6-puckering mechanism
for 7H 2,6-dAP. We located a virtually identical geometry of the C6-puckered S1/S0 MECP
of 7H 2,6-dAP at the SCS-ADC(2)/SCS-MP2 level, and the associated potential energy
profile exhibits an analogous high energy barrier (of 0.8 eV above the S1 minimum)
exceeding the vertical excitation energy of the S1 state. It is worth noting though that we
were not able to identify the S1 minimum of 9H 2,6-dAP having the mostly planar
geometry of the purine ring and the C6-NH2 group tilted by merely 28° with the
SCS-ADC(2) method. We argue that SCS-ADC(2) likely overestimates the steepness of the
S1 PE surface of 9H 2,6-dAP along the C6-puckering coordinate. Indeed, the
corresponding NEVPT2 energies suggest a much flatter topography of this S1 PE surface in
the vicinity of the Frank-Condon region, which is indicative of the presence of another S1
minimum which cannot be reproduced at the SCS-ADC(2) level. At the same time, the
NEVPT2 results corroborate the feasibility of the ballistic C6-puckering mechanism of 9H
2,6-dAP, which can bypass this minimum and result in ultrafast photodeactivation as
presented in Fig. 6b. In other words, the C6-puckered S1/S0 conical intersection of 9H
2,6-dAP can be reached in a barrierless manner from the Franck Condon region.

Our finding of the barrierless ballistic C6-puckering mechanism of photoexcited 9H
2,6-dAP is inconsistent with the calculations performed by Oliveira et al., who found a
high barrier with a peak exceeding the vertical excitation energy of the ππ* La state by 0.08
eV. However, similar to our results, the C6-puckered S1/S0 conical intersection of 9H
2,6-dAP obtained at the MS-CASPT2/SA-CASSCF level is also lower in energy than the
vertical excitation energy ot the ππ* La state. It is also important to emphasize that Oliveira
et al. incorrectly associated this energy barrier with the barrier of 400 cm-1 (0.05 eV)
observed in our experiments. Specifically, our measurements allowed us to estimate the
barrier above the 0-0 transition of 9H 2,6-dAP, which can be associated with the adiabatic
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excitation energy of the S1 state of the molecule and not with the vertical excitation energy
as interpreted by Oliveira et al. The actual barrier height computed by Oliveira et al.
amounts to 0.57 eV above the energy of the 0-0 transition, which substantially exceeds the
measured value. Finally, to reiterate, since we were able to demonstrate this barrierless
C6-puckering mechanism at the NEVPT2/SA-CASSCF level, we anticipate that the
presence of this high energy barrier in the calculations performed at the
MS-CASPT2/SA-CASSCF level might be an artifact of the geodesic interpolation
procedure, which should be validated in the future.

As noted above, the MS-CASPT2/SA-CASSCF method also allowed Oliveira et al.
to identify a more efficient intersystem crossing channel with higher SOC between the S1
and T2 states. Overall, the PE profiles presented in this work are complementary to the
photorelaxation mechanisms proposed by Oliveira et al. In particular, we were not able to
locate the planar C6-puckered minimum of 9H 2,6-dAP and the more efficient S1/T2
intersystem crossing of 7H 2,6-dAP. However, we identified C2-puckered S1 minima and
the associated photorelaxation mechanisms for both tautomers, located the S1/S0 state
crossing associated with the puckering of the 5-membered subunit of the purine aromatic
ring of 7H 2,6-dAP and demonstrated the feasibility of the ballistic C6-puckering
photorelaxation mechanism of 9H 2,6-dAP.

Table 2. Spectral and lifetime data on purine and amino substituted purines.

* at 37500 cm-1

Discussion
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Tautomer Origin
[cm-1]

τ0-0 [ps] Range [cm-1]
sharp
broad

References

Purine 9H 31,309 long 2000 - (86, 66)
Adenine
6AP

9H
7H

36,101
35,824

9; 1 *
Unmeasured

500 - (17);(26, 87)
(88)

2AP 9H
7H

32,371
30,723

150
Unmeasured

700
600

2000
200

(18, 89)
(69)

Guanine 9H Unmeasu
red

Unmeasured - - -

2,6-dAP 9H
7H

34,881
32,215

655 / 6,300
25000/ultralo
ng

400
1000

800
800

this work
this work

2,4-dAPy 34459 766 350 300 (45, 67)
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7H tautomer:
We propose two distinct parallel relaxation mechanisms for the 2,6-dAP (7H) tautomer. (i)
The initially bright 1ππ* state of the 7H tautomer can decay directly to the ground state via
puckering of the 5-membered subunit or by fluorescence, on the order of 25 ns. (ii)
Alternatively, 7H 2,6-dAP can undergo intersystem crossing (ISC) to T2(3ππ*). The relative
yields do not appear to depend on excitation wavelength, based on the relative amplitudes
of the decay traces (Fig. 2).

9H tautomer:
The relaxation model for 2,6-dAP (9H) also begins with population of a bright 1ππ* state.
A barrier on the order of 400 cm-1 prevents the system from undergoing ultrafast
nonradiative decay through a 1ππ*/S0 CI. Therefore, some amount of the wavepacket will
relax possibly via fluorescence at the S1 minimum while the remainder eventually finds its
way to a nonradiative decay channel by puckering at the C6-NH2 group (Fig. 5d). With
increased excitation energy, no amount of fluorescence is observed, presumably
outcompeted by the more efficient nonradiative decay.

Table 2 summarizes the spectral and lifetime data of the amino substituted purines
in the gas phase, including the ranges of the 2C-R2PI spectra of each molecule within
which one can observe sharp features and broad features. The lifetime of unsubstituted
purine has not been reported in the gas phase. Previous pump-probe experiments performed
for purine in acetonitrile and in aqueous solution reported lifetimes of singlet excited states
which amount to 360 and 645 ps, respectively.(11) This singlet photorelaxation of
unsubstituted purine is then followed by population of the lowest-energy triplet state with a
quantum yield of approximately 0.9 with a much longer excited-state lifetime.(11)
However, these measurements were performed in solution at significant excess energy
relative to the origin transition. Meanwhile in the gas-phase, Schneider et al. reported a
narrow rotational envelope of the origin peak, indicating a long lifetime(66) Thus, we can
safely assume that purine has a relatively long lifetime in the gas phase. Therefore, the
primary chromophore, the purine substructure, is not the reason for adenine’s and guanine’s
photostability, which instead is due to their ligand substructures, a conclusion shared by ref
(11). However, the effects of amino and oxo C2 and C6 substitutions are not additive and
the mechanisms for each combination need to be individually described(38). This
conclusion is in line with the work of Martinez-Fernandez et al. who examined how
addition of a single amino or oxo group affects photostability and derived a mechanistic
understanding of this effect(19). Their study is limited to purines with a single substituent,
as doubly-substituted purines further complicate their mechanism. The current study builds
on those findings with the diamino substitution adding another datapoint to the palette of
substituent combinations.

2,4-diaminopyrimidine (2,4-dAPy) is the pyrimidine analogue of 2,6-dAP. From
rotational contour fitting, we previously found it to have a lifetime between 10-1000 ps
(45). Nachtigallova et al.(67) and Kancheva et al.(68) calculated the relaxation of 2,4-dAPy
to be hindered due to a barrier while 4-aminopyrimidine (4-APy), the pyrimidine analog of
adenine, is expected to exhibit ultrafast decay. We experimentally corroborated this finding
for 2,4-dAPy, measuring a 766 ps lifetime near the origin (Fig. S7). Singly-substituted
4-APy can access ring-puckering CIs at C2 at low excess energy and has a short lifetime,
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like adenine. Meanwhile, the doubly-substituted 2,4-dAPy has some of these CIs hindered
due to the second amino group, similar to dynamics in 2,6-dAP.

From this exploration of the photorelaxation mechanisms of 2,6-dAP, a few
conclusions can be drawn about the relationship between purine structure and excited state
dynamics. The increased photostability of the 2,6-dAP 9H tautomer compared to the 7H
tautomer is in line with the photostability of the adenine tautomers both in the gas phase
and in solution.(21, 25) The 9H tautomer origin transition (1ππ*) in the gas phase tends to
be to the blue of the 7H tautomer, for the handful of examples that are available (see table
1). The origin position is a direct measurement of the adiabatic energy of the ππ* state. The
relative energy levels of the ππ* state versus the nearest nπ* states affect the excited state
dynamics, as shown with 2AP.(18, 69) With a few exceptions (guanine(13),
isoguanine(14), and hypoxanthine(20)), it appears most purines (adenine, (26-31) 2AP(18),
2-oxopurine(19), xanthine(15, 16), purine(11)) and pyrimidines (cytosine(70), thymine(71,
72), and uracil(73)) relax from their initially excited ππ* to an nπ* to the ground state.
Instead, 2,6-dAP follows the 1ππ*/S0 CI path exclusively for 9H and both 1ππ*/S0 internal
conversion and 1ππ*/3ππ* ISC for 7H. The only difference between the two forms is the
placement of the hydrogen on N7 vs N9 and this minor difference in structure has a
significant effect on the excited state dynamics.

Caldero-Rodriguez et al. reported on the excited state dynamics of 2,6-dAP in
solution, complemented with quantum calculations using implicit solvent.(10)
Qualitatively, their experimental results for the 9H tautomer agree with ours, observing a
fluorescent signature, and a nonradiative internal conversion pathway on the picosecond
timescale. The authors assign the longer (1.8 ns) decay to fluorescence of the 7H tautomer,
in line with previous fluorescence studies(74, 75), while we assign the much longer-lived
excited state of the 7H tautomer to a triplet state. That work also observes a decay on the
order of 0.7 ps, which is outside our experimental window. Similarly to the present study,
Caldero-Rodriguez et al. calculate intersystem crossing to two lower-lying 3ππ* states to be
inefficient. Their calculations predict a barrierless internal conversion pathway along a C6
conical intersection and another conical intersection via C2 puckering with a less than 1 eV
barrier for both tautomers. Our results agree with these findings, but we additionally found
a conical intersection from puckering of the 5-membered ring (7H tautomer). Bearing in
mind that those experiments were done in solution and at different wavelengths and that
those calculations were done using implicit solvent, those findings correlate well with our
gas-phase study.

Comparison of the dynamics of 2,6-dAP, purine, adenine, 2AP, and guanine shows
a complex dependence on structure. Purine, the base structure, has a long excited state
lifetime due to significant ISC(11, 66, 76, 77). Addition of a single amino group to C6
forms adenine (6-aminopurine) with ultrafast nonradiative decay via 1ππ* → 1nπ* → S0
and without any measurable triplet yield(17, 27, 29, 78-80). Adding an amino group to
purine at C2 forms 2AP with slower relaxation than adenine(18). 2AP also yields a sizable
triplet population in the gas phase and in nonpolar solvent.(18, 33) This juxtaposition has
suggested that the substitution of C2 determines photostability(34, 78, 81). However, in
2AP, adding an oxo group to C6 forms guanine, which leads to ultrafast nonradiative decay
via a 1ππ*/S0 conical intersection.(13, 82-85). Switching the oxo group on C6 of guanine
with an amino group leads to 2,6-dAP, which in the 9H form we found to follow the same
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path as guanine (13). In the 7H form 2,6-dAP further has a triplet yield, in similar fashion
as 2-oxopurine.(19) Even though 2,6-dAP shares structural elements with both 2AP and
adenine, it does not have the same dynamics as either. 2,6-dAP is also the least photostable
of these purines with the possible exception of purine itself. Photodynamics is intricately
tied to structure, not only for ligand substitution, but also for tautomerization(1, 7, 12).
With some data points in the purine structural family still missing, these results help shed
light on the almost unique photostability of the canonical nucleobases and will hopefully
lead to a more mechanistic understanding of the subtle interplay between structure and
excited state dynamics.
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