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ABSTRACT 

The fluorescent analogue 2-aminopurine (2AP) of the canonical nucleobase adenine 

(6-aminopurine) base-pairs with thymine (T) without disrupting the helical structure of the DNA. 

It therefore finds frequent use in molecular biology for probing DNA and RNA structure and 

conformational dynamics. However, detailed understanding of the processes responsible for 

fluorescence quenching remains largely elusive on a fundamental level. While attempts have been 

made to ascribe decreased excited-state lifetimes to intra-strand charge transfer and stacking 

interactions, possible influences from dynamic inter-strand H-bonding have been widely ignored. 

Here, we investigate the electronic relaxation of UV-excited 2APT in Watson−Crick (WC) and 

Hoogsteen (HS) conformations. While the WC conformation features slowed-down, monomer-

like electronic relaxation in  ~ 1.6 ns towards ground-state recovery and triplet formation, the 

dynamics associated with 2APT in the HS motif exhibit faster deactivation in  ~ 70 ps. As recent 

research has revealed abundant transient inter-strand H-bonding in the Hoogsteen motif for duplex 

DNA, the established model for dynamic fluorescence quenching may need to be revised in the 

light of our results. The underlying supramolecular photophysical mechanisms are discussed in 

terms of a proposed excited-state double proton transfer as an efficient deactivation channel for 

recovery of the HS species in the electronic ground state.  
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INTRODUCTION 

 

2-Aminopurine (2AP) is a fluorescent analogue of the canonical nucleobase adenine that base-

pairs with thymine (T) with little perturbation of the helical structure when incorporated into 

DNA.1-7 Since its fluorescence lifetime is highly sensitive to the molecular microenvironment,8-15 

it is widely used in DNA and RNA studies as a weakly perturbing probe for monitoring solvation9 

and conformational dynamics,12,13,16,17 base stacking/unstacking interactions,11,12,18-20 nucleotide 

binding and exchange,21 and charge transfer processes.22-24 Photoexcitation at  = 310 nm 

selectively addresses the 2AP chromophore owing to the red-shift of its first 1* electronic 

absorption band in the ultraviolet (UV) compared to the spectra of the canonical nucleobases. 

However, understanding the complex electronic relaxation mechanisms in photoexcited 

oligonucleotides continues to present challenges due to competing intra-strand deactivation 

dynamics induced via charge-transfer and stacking interactions, including exciton and excimer 

formation, and inter-strand de-excitation via H-bonded base pairs.25-30 Moreover, as recently 

discovered, duplex DNA also contains transient Hoogsteen base pairs as additional structural 

motifs to enhance functional versatility beyond the Watson-Crick limitations,31,32 further 

complicating the dynamics of photoexcited DNA, especially when containing 2AP. 

Here, we report on the electronic deactivation pathways in purely H-bonded 2APT base pairs 

in Watson−Crick (WC) and Hoogsteen (HS) conformations after selective UV photoexcitation of 

the 2AP chromophore. Our investigations used femtosecond transient vibrational absorption 

spectroscopy (TVAS), a method sensitive not only to molecular structure but also to the characters 

of the excited electronic states. To assure sufficient concentrations of 2APT, we studied the tert-

butyldimethylsilyl (TBDMS) protected nucleoside of 2AP and the respective protected 2’-deoxy-
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nucleoside of T in chloroform (CHCl3) solution. For simplicity, the free 2AP riboside, the free T 

2’-deoxyriboside and their H-bonded pairs are henceforth referred to as 2AP, T, TT and 2APT.    

 

METHODS 

 

Time-resolved spectroscopy 

Time-resolved measurements upon UV excitation were performed using 25 mM equimolar sample 

concentrations of 2AP and T at an optical pathlength of 100 µm. CHCl3 was chosen as solvent as 

it features a dielectric environment similar to that in the DNA double helix33 and ensures a high 

optical transmission in the mid-infrared (mIR) spectrum. To enable sufficient solubility of 2AP 

and T in such an apolar solvent, the riboside OH groups of the nucleoside and 2’-deoxy-nucleoside, 

respectively, were protected by bulky, apolar tert-butyldimethylsilyl (TBDMS) groups. 

Association constants for hetero-dimer formation (K2APT) and homo-dimer formation (KTT) were 

determined by concentration-dependent static ground-state vibrational spectroscopy (cf. Fig. 1) 

using a Bruker IFS 66v Fourier-transform infrared (FTIR) spectrometer. 

Time-resolved transient vibrational absorption measurements of UV-photoexcited molecules 

were performed at the University of Bristol.34 Excitation pulses at pump = 310 nm with duration of 

~ 100 fs (full width at half maximum) were generated by a Coherent OPerA Solo optical 

parametric amplifier (OPA) pumped by 2.45 mJ per pulse from a Coherent Legend Elite HE+ 

regenerative amplifier running at 1 kHz and 800 nm with 40 fs duration. The pump pulses were 

attenuated to 100 nJ per pulse (2AP) and 200 nJ per pulse (2AP + T) by a combination of a /2 

waveplate and a wire-grid polarizer and set to the magic angle condition (54.7°) with respect to 

the probe pulses. The doubled excitation energy for the measurements of the 2AP + T mixture 
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relative to the measurements of the free monomer accounts for the lower effective excited-state 

concentration of free 2AP in the mixture (~50 %). Thus, no further weighting was necessary in the 

subtraction of the TVA spectra of 2AP from the spectra of the 2AP + T mixture (see later). 

Broadband mIR probe pulses were supplied by difference frequency generation of the signal and 

idler from a second OPA, giving tunable pulses with  300 cm-1 bandwidth in the 1250–4000 cm−1 

range. After passing through the sample, the mIR probe pulses were spectrally dispersed in a 

grating spectrograph (HORIBA Scientific, iHR320) and detected on a 128 pixel, liquid N2-cooled 

mercury cadmium telluride array (Infrared Associates). For transient measurements, the UV pump 

pulses were delayed using an aluminium retro-reflector mounted on a motorized delay stage and 

modulated at 0.5 kHz with an optical chopper wheel for pump-on/pump-off pairs of spectra.  

The supplementary time-resolved fluorescence measurements to determine the excited-state 

lifetimes of 2APT in CHCl3 were performed using the up-conversion setup in Kiel.35 

 

Computational methods 

Quantum chemical calculations were carried out to derive the energetic order of the excited 

electronic states above the FC geometry of the GS and to assign the characteristic vibrational 

marker bands observed in the FTIR and time-resolved TVA spectra. To save computer time, the 

protected riboside residue was substituted by a methyl group in all calculations. Relaxed GS 

structures and vibrational frequencies were determined by DFT calculations with the M062X 

functional36 in combination with the 6-311+G** basis set37-40 using the Gaussian09 suite of 

programs41 for free 2AP, free T, TT homo-dimers and 2APT hetero-dimers. The calculated 

wavenumbers were scaled42,43 to obtain best agreement with the experimental data using factors 

of 0.955 and 0.94 below and above 2000 cm−1, respectively, as done before for the 2AP monomer. 
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The relative energies of the different species were obtained by DFT calculations at the B2PLYP-

D3(BJ)44/def2-QZVP45 level of theory employing the Turbomole 7.0 program.46 The B2PLYP-

D3(BJ) double hybrid method was chosen because it has recently been shown in a series of 

benchmark calculations44,47,48 to provide more accurate results than the common B3LYP 

functional. 

Complementary calculations were run using second-order Møller–Plesset perturbation theory 

(MP2) under the resolution of the identity (RI) approximation49-52 with the def2-TZVPPD basis 

set53-55 to obtain starting points for the excited states. Vertical excitation energies (VEEs) were 

then computed using the second-order approximation coupled-cluster (CC2) method in Turbomole 

7.0 in the form of the RI-CC256-61 variant with the def2-TZVPPD basis set. Excited-state properties 

such as equilibrium structures and associated vibrational mode frequencies for the 1* and 3* 

state minima were computed for free 2AP.62 The obtained vibrational wavenumbers in the excited 

states were scaled with factors of 0.99 and 0.94 below and above 2000 cm−1, respectively,63 to 

obtain best agreement between the calculated and measured transient vibrational spectra. To mimic 

the vibrational spectra in the region of ring vibrations in the electronically excited states of 2APT, 

the calculated spectra for free 2AP were scaled to match the observed transient features with a 

factor of 0.975. Geometry relaxations and VEEs at frozen N-H distances in the 2APT dimers in 

the WC and HS conformations were carried out under the resolution of the identity approximation 

at the MP2 (GS) and ADC(2)64 (1*) levels of theory employing the def2-SVP basis set.53 
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RESULTS  

Association equilibria between 2AP, T, TT and 2APT 

H-bonded 2APT co-exists in concentration-dependent equilibria with free 2AP, free T and TT 

dimers in CHCl3 solution. As illustrated in Fig. 1, characteristic vibrational marker bands of 2AP, 

T, TT and 2APT were identified in measured Fourier-transform infrared (FTIR) spectra and 

assigned aided by quantum chemical calculations. Investigation of the spectral region from 3600 

– 3150 cm−1 in Fig. 1 reveals vibrational bands at 3532 (3544) cm−1 and 3424 (3423) cm−1 

associated with the antisymmetric and symmetric NH2 stretching modes of 2AP (calculated values 

in parentheses) both in the spectra of 2AP and the 2AP+T mixture. Also, the 2AP+T mixture shows 

vibrational modes of T at 3398 (3397) cm−1 and 3201 (3181) cm−1 associated with the NH 

stretching mode of free T and homo-dimeric TT, respectively. By following these vibrational 

marker bands in concentration-dependent studies, we determined the specific association constants 

KTT = 2.1 ± 0.7 M−1 for the equilibrium between T and TT,65 and K2APT = 60 ± 17 M−1 for the 

equilibrium between 2AP, T and 2APT. No evidence was found for significant self-association of 

2AP in the investigated concentration range. Also, justified by the choice of CHCl3 as solvent, no 

indications of stacked chromophores were obtained in the FTIR and UV/vis spectra (Figs. 1 and 

3). With these premises, taking the association constants KTT and K2APT, the percentage amount 

of H-bonded 2APT in a mixture of 2AP and T can readily be calculated. In a mixture of 2AP + T 

at initial concentrations of c0(2AP) = c0(T) = 25 mM as used in all time-resolved dynamics 

measurements in this work, the molar fractions of the constituents are calculated as x2APT = 0.29, 

x2AP = 0.36, xT = 0.34, and xTT = 0.01. Thus, we calculate the free bases 2AP and T, and hetero-

dimeric 2APT to be the dominating species in our sample solutions, while homo-dimeric TT 
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contributes only insignificantly to the FTIR spectra owing to the low association constant for self-

association of T. 

 

 

Figure 1. FTIR spectra of 2AP, T and the 2AP+T mixture, computed vibrational modes and 

association constants. (a) FTIR spectra of 2AP (grey), T (cyan) and a mixture of 2AP and T 

(2AP + T, black) in CHCl3 solution. (b) Calculated (M062X/6-311+G**) vibrational spectra of 

2AP (grey), T (cyan), homo-dimeric TT (yellow) and hetero-dimeric 2APT in the Watson−Crick 

(WC, orange) and in the Hoogsteen (HS, green) conformation. For clarity, only the most stable 

TT dimer (-55.4 kJ/mol) is shown and the spectra for rWC and rHS are omitted. (c) FTIR spectra 

of free 2AP, free T and the 2AP + T mixture to highlight the characteristic 2APT dimer marker 

bands in the NH2 stretching region. (d) Normalized FTIR spectra of free 2AP at different 

concentrations to exclude self-association. (e) FTIR spectra of equimolar mixtures of 2AP and T 

at different concentrations to obtain the association constant of H-bonded 2APT dimers. 



9 

 

In order to gain further insight into the structural diversity of the subset of hetero-dimeric 2APT, 

we employed quantum chemical calculations at the B2PLYP-D3(BJ)/def2-QZVP level of theory 

(corresponding to 0 K dissociation energies without zero-point energy or solvent correction). As 

depicted in Fig. 2, our calculations revealed very similar binding energies for the 2APT dimer in 

the Watson−Crick (WC), reverse-Watson−Crick (rWC), Hoogsteen (HS) and reverse-Hoogsteen 

(rHS) conformations, thus hinting at a rather diverse distribution of H-bonded 2APT dimers in 

WC and HS conformations. As has been shown elsewhere,66 the Wobble conformation of 2APT 

is energetically less favoured and therefore neglected here. Note that rather crude gas-phase 

computations neglecting solvent effects, zero-point energies and steric effects of the TBDMS 

residue can provide only limited information on the actual distribution of H-bonded species. 

However, the characterization of exact thermodynamic distributions within the 2AP+T mixture is 

beyond the scope of this work. Still, justified by the emergence of distinct time constants for 

electronic deactivation in our time-resolved measurements below, our calculations tentatively hint 

at a rather heterogeneous distribution of WC and HS conformations at room temperature in CHCl3 

solution. Because they were indistinguishable in our experiments due to their structural 

similarities, the WC and rWC conformations on the one hand and the HS and rHS conformations 

on the other will be referred to simply as WC and HS conformations, respectively. 

Fortunately, the rather complex distribution of free 2AP, free T and dimeric 2APT species gets 

significantly reduced for time-resolved experiments by selective photoexcitation of the 2AP 

chromophore both in free 2AP and within the 2APT framework. As can be seen from the UV 

absorption spectra of 2AP, T and the 2AP + T mixture in Fig. 3a, only the 2AP chromophore is 

excited at pump = 310 nm. Accordingly, calculated vertical excitation energies revealed no 

significant red-shift of the optically bright electronic transitions of the T moiety upon H-bonding 
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with 2AP (cf. Fig. 3b and Supplementary Table S1). As elaborated above, the 2AP+T mixture 

consists of 2AP (36 %), T (34 %), T·T (1 %) and 2AP·T (29 %) in the electronic ground state. 

Assuming unchanged electronic transitions of 2AP upon H-bonding with T, this would translate 

to ~ 55 % photoexcited 2AP and ~ 45 % photoexcited 2AP·T. However, the first excited 1* state 

of the 2AP moiety within the 2APT framework is computed to exhibit a red-shift for both WC 

and HS conformations at comparable oscillator strengths (cf. Table S1). Thus, excitation at 310 nm 

leads to ~ 50 % photoexcited free 2AP and ~ 50 % photoexcited base-paired 2APT (WC and HS). 

Hence, contributions by free T and dimeric TT65 to the dynamics signals in the time-resolved 

measurements are safely negligible. 

 

 

Figure 2. Molecular species present in the 2AP + T mixture. Monomeric, homo-dimeric and 

hetero-dimeric molecular species in the mixture of 2AP and T in CHCl3 solution with calculated 

(0 K, isolated dimer) binding energies at the B2PLYP-D3(BJ)/def2-QZVP level of theory for the 

minimum energy structures obtained at the M062X/6-311+G** level of theory. The riboside 

residue (-R) was substituted by a methyl group in all calculations. 
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Time-resolved measurements 

As a first test for dimer-specific electronic relaxation pathways in H-bonded 2APT, Fig. 3 shows 

time-resolved experimental fluorescence decay curves after 310 nm photoexcitation of solutions 

of free 2AP (Fig. 3c) and 2AP + T (Fig. 3d). For free 2AP, the measurement reveals minor initial 

Franck-Condon (FC) and solvational relaxation dynamics on a timescale of  

solv = 3.0 ± 1.0 ps 

followed by depopulation of the prepared optically bright 1* state with a time constant of 

2AP = 740 ± 15 ps. 

Since the 2AP + T solution consists of effectively ~ 50 % photo-excited free 2AP, the time-

resolved fluorescence data consequentially exhibit a sizable signature of 2AP as well. However, 

the observed temporal evolution of the fluorescence clearly features two additional time constants,  

1,2APT = 44 ± 10 ps 

and 

2,2APT = 1.9 −1.9
+6  ns, 

in addition to the contribution by free 2AP. Thus, despite the moderate (~ 50 %) excited-state 

fraction of dimeric 2APT species in the 2AP + T mixture, the observed temporal fluorescence 

profiles clearly reveal new dynamics that can arise only from H-bonded 2APT in either the WC 

or HS conformations or both. 
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Figure 3. Electronic absorptions and time-resolved fluorescence of 2AP, T and 2APT. (a) UV 

absorption spectra of 2AP (grey), T (cyan) and a mixture of 2AP and T (2AP + T, black) in CHCl3 

solution. (b) Calculated vertical excitation energies (VEEs) at the RI-CC2/def2-TZVPPD level of 

theory for free 2AP and H-bonded Watson−Crick (WC) and Hoogsteen (HS) 2APT dimers, 

respectively, at the RI-MP2/def2-TZVPPD optimized ground-state structures. (c) Transient 

fluorescence–time profile of free 2AP measured at FL = 410 nm after photoexcitation at 

pump = 310 nm. Open circles are data points, the solid line is the least-squares best fit curve with 

 = 740 ps. (d) Transient fluorescence–time profile of the 2AP+T mixture measured at 

FL = 410 nm after excitation at pump = 310 nm. The solid black line is the least-squares best fit 

curve with components of 1,2APT = 44 ps (green), 2AP = 740 ps (grey) and 2,2APT = 1.9 ns 

(orange).   
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As neither transient fluorescence nor transient electronic absorption spectroscopy provide 

sufficient chemical structure specificity, we use transient vibrational absorption spectroscopy 

(TVAS) in combination with quantum chemical vibrational mode calculations as methods of 

choice for identifying the 2APT species and electronic states involved in the dynamics. The results 

are displayed in Figs. 4 and 5.  

We first isolate the features related to the free chromophore in the 2AP + T mixture after UV 

excitation. Towards these ends, we turn to our recent work on the electronic deactivation of 2AP 

in CHCl3
62 and a preceding study by Reichardt et al.67 In short, the relaxation pathways of free 

2AP were identified from the temporal evolutions of a number of characteristic vibrational marker 

bands in the electronic ground and excited states. The spectral region of the NH2 stretching 

vibrations proved to be especially valuable (cf. Fig. 4a). At early times after excitation, the TVA 

spectra feature two negative bands at 3532 and 3424 cm−1 associated with the bleached 

antisymmetric (as) and symmetric (s) NH2 stretching modes in the electronic ground state (GS; 

see Fig. 5). Positive transients showing up at 3479 and 3356 cm−1 are indicative for the NH2(as) 

and NH2(s) stretching modes in the photoexcited 1* state. Concurrent with the 1* state 

depopulation and GS recovery, a transfer to the 3* state is witnessed by the rise of transient 

vibrational bands at 3500 and 3395 cm−1 at later times. Summarizing the conclusions for free 2AP, 

depopulation of the photoexcited 1* state is initiated by a fast population transfer to the lower-

lying, short-lived, 1n* state, for which an upper limit for its lifetime of  ≤ 100 ps was estimated. 

From there, the excited molecules evolve partly to recover the GS (58 % in CHCl3) and partly via 

intersystem crossing (ISC) to the 3* state (42 %). The rate-limiting step in the mechanism that 

gives rise to the observed 740 ps time constant 2AP is the 1*/1n* internal conversion.62  
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TVA data were analyzed by fitting the experimental marker bands in different electronic states 

to a sum of Gaussian functions in a global fashion. Showcasing data analysis of TVA spectra for 

free 2AP in the spectral region of NH2 stretching vibrations in Fig. 4a, a sum of six Gaussians – 

indicated by coloured arrows – was used to model the experimentally observed features. In the 

region from 3600 – 3200 cm-1, the transient spectra are described by two negative, yet recovering 

Gaussians at 3532 (3544) cm-1 and 3424 (3423) cm-1 associated with initial ground-state bleaching 

and subsequent incomplete recovery (calculated values in parentheses). Additionally, the transient 

TVA spectra were described by a pair of Gaussians at 3479 (3493) cm-1 and 3356 (3342) cm-1 

corresponding to the initially excited 1* state. Finally, the transient spectra were modelled by 

an additional pair of Gaussians at 3500 (3530) cm-1 and 3395 (3382) cm-1 to account for the rise 

of transient features towards late delay-times associated with 3* formation. In order to gain 

insight into the temporal evolution of the fitted transient marker bands, the associated Gaussian 

amplitudes at various delay times can be plotted as individual time profiles. Aided by quantum 

chemical calculations, however, Gaussian amplitudes of related vibrational marker bands have 

been coupled by a time-independent factor throughout description of the temporal evolution of the 

TVA spectra. Thus, the overall spectral shape of distinct spectroscopic species is described by 

subsets of coupled Gaussian functions. As a result, data analysis shifts from temporal description 

of individual bands towards the time-resolved description of the dynamics of underlying electronic 

states, effectively reducing the number of time-profiles and stabilizing the fitting procedure 

significantly in the process. Hence, Fig. 4a features three effective time profiles (ground-state 

recovery (grey), 1* decay (blue) and 3* formation (red)) for the description of the spectral 

region from 3600 – 3200 cm-1. Further, the spectral region from 1650 – 1475 cm-1 has been 

modelled accordingly. In a final step, accounting for all time profiles in all spectral regions, the 
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temporal evolutions of all (coupled) Gaussian amplitudes were fitted bi-exponentially in a global, 

least-squares fashion to yield the time constants solv = 8.0 ± 5.0 ps and 2AP = 710 ± 120 ps in good 

agreement with our time-resolved emission measurements (3.0 ± 1.0 ps and 740 ± 15 ps). 
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Figure 4. Transient vibrational absorption spectroscopic results. Comparison of the TVA spectra 

for free 2AP (2AP, a), a mixture of 2AP and T (2AP + T, b) and the difference of 2AP + T and 

2AP to highlight pure dimer dynamics (2APT, c). Calculated: Computed ground-state vibrational 

spectra of free 2AP (grey), free T (cyan) and H-bonded 2APT in the Watson−Crick (WC, orange) 

and the Hoogsteen (HS, green) conformations as well as excited-state vibrational spectra in the 

1* (2AP: blue, 2APT: purple) and 3* (2AP: red, 2APT: pink) states. Experimental: Time-

resolved TVA spectra after 310 nm photoexcitation at selected pump–probe delay times 

(grey/black lines = inverse FTIR traces for reference). Band fits: Global Gaussian band fits to the 

experimental TVA spectra, with arrows indicating decaying and rising transient vibrational bands. 

2D maps: Spectro-temporal representations of the fitted data. Negative signals are shown in blue, 

red colours refer to positive TVA signals. Time profiles: Corresponding temporal evolutions of 
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Gaussian amplitudes of the global fit results to the TVA data and the associated result of an 

exponential global fit to the Gaussian amplitudes with up to four time constants (see text). 

 

 

Figure 5. Computed vibrational ground-state modes of free 2AP and the 2APT dimers in the 

Watson−Crick and Hoogsteen conformations. Calculated ground-state vibrational marker bands 

of free 2AP (a) and the 2APT dimer in the Watson−Crick (WC, b) and Hoogsteen (HS, c) 

conformations. The experimental vibrational wavenumbers are from FTIR spectra and ground-

state bleaching signals in the TVA spectra; the calculated wavenumbers are given in parentheses. 

The riboside residue in both chromophores was substituted by a methyl group in all calculations. 
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With these premises, we turn to the spectro-temporal evaluation of the 2AP+T mixture. 

Although many of the additional vibrational signatures in the TVA spectra after photoexcitation 

of the 2AP + T mixture (shown in Fig. 4b) are superimposed by transients of free 2AP, close 

inspection of the data readily reveals substantial contributions that have to be attributed to 2APT 

dimer species. Particular attention is directed at the features at 3309 cm–1, 1620 – 1580 cm–1 and 

1520 cm–1. Here, the bleach at 3309 cm–1 observed after excitation of 2AP + T is absent in the 

TVA spectra of free 2AP (Fig. 4a). Also, the complex pattern around 1620 – 1580 cm–1 in the 

2AP + T spectra is of very different shape and intensity than for 2AP. Additionally, the pronounced 

positive peak at 1520 cm–1 in the TVA spectra of 2AP + T is virtually absent in the spectra of free 

2AP.  

In order to highlight the identification of specific marker bands of 2APT species, Fig. 6 shows 

the global fit result of a sum of Gaussian functions to the TVA spectra of the 2AP+T mixture. 

Similar to data evaluation of free 2AP, the transient spectra in the region from 3600 – 3200 cm-1 

are described by pairs for bleached ground-state recovery (grey), 1* decay (blue) and 3* 

formation (red) as marker bands for the antisymmetric and symmetric NH2 stretching vibration in 

different electronic states of free 2AP. Notably, however, the TVA spectra feature an additional 

bleaching signal at 3309 cm-1, in strikingly good agreement with our calculated bound NH2 

stretching vibration of 2APT species both in the WC (3303 cm-1, orange) and HS (3305 cm-1, 

green) conformation. Due to the strong overlap of these marker bands, the bleaching signal in the 

TVA data was modelled with a single Gaussian function. However, as further illustrated in Fig. 6, 

temporal evolution of this band proceeds in a bi-exponential manner within 1,2APT  70 ps and 

2,2APT  1.6 ns. The same time constants, exclusive to 2APT species within the 2AP+T mixture, 
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have also been identified in the region of ring vibrations from 1650 – 1475 cm-1. Due to strongly 

overlapping vibrational marker bands (cf. calculated vibrational spectra in Figs. 1, 4 and 5) in this 

spectral region, however, the transient spectra were modelled by a sum of eight Gaussian functions 

– four bleached signals at 1618 cm-1, 1594 cm-1, 1580 cm-1 and 1509 cm-1, one Gaussian for 1* 

decay at 1519 cm-1 and three Gaussians for 3* formation at 1600 cm-1, 1545 cm-1 and                

1495 cm-1. Evaluation of the temporal evolution of these bands (cf. Figs. 4 and 6) revealed kinetic 

contributions from both free 2AP and 2APT dimers. For instance, bleach-recovery of the TVA 

bands at 1618 (1627/1616/1622) cm-1, 1594 (1583/1594/1592) cm-1 and 1509 (1512/1504/ 

1516) cm-1 proceeds in a tri-exponential fashion within 2AP, 1,2APT and 2,2APT (calculated 

vibrations of free 2AP/WC/HS in parentheses, cf. Fig. 5). However, the bleached band at            

1580 cm-1 is described by only bi-exponential recovery within 2AP and 1,2APT. Furthermore, in 

line with our time-resolved emission measurements, the marker band for the 2APT excited 1* 

state (purple) at 1519 cm-1 decays bi-exponentially within 1,2APT and 2,2APT. Triplet formation 

(pink) at 1600 cm-1, 1545 cm-1 and 1495 cm-1 proceeds mono-exponentially within 2,2APT, and is 

overlapped with contributions for 3* formation of free 2AP (red) only at 1495 cm-1 in agreement 

with our TVA measurements of free 2AP alone. 
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Figure 6. Two-dimensional spectro-temporal plot of TVA data. Vibrational marker bands for the 

2AP + T mixture (cf. Fig 4b) are represented according to their associated wavenumbers and time 

constants. Free 2AP: Grey triangles represent ground-state recovery (GSR), 1* dynamics are 

shown in blue, red triangles indicate 3* formation. Dimeric 2APT: GSR is colour-coded as 

orange (Watson-Crick, WC) and green (Hoogsteen). Purple triangles refer to 1* dynamics of 

dimeric 2APT, pink triangles assign 3* formation of the WC pair.  

 

In order to extract even minor contributions of 2APT dynamics superimposed by transient 

signals of free 2AP, the TVA spectra of free 2AP (Fig. 4a) were subtracted from the spectra 

recorded for the 2AP + T mixture (Fig. 4b). The isolated transient marker bands of 2APT dimers 

are displayed in Fig. 4c. As elaborated above, the excited state population of 2AP within the 

2AP+T mixture is estimated to be ~ 50 %. As data acquisition was accomplished using doubled 

excitation energies for the 2AP+T mixture with respect to the monomer measurements (cf. 

Methods), no further scaling in the generation of 2APT spectra was applied. The resulting “pure” 
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transient vibrational 2APT spectra were subsequently modelled by a sum of two Gaussian 

functions in the NH2 stretching region and a sum of eight Gaussians in the region of ring vibrations. 

Ground-state recovery of overlapping 2APT (WC/HS, orange/green) bleach signals at 

3320 (3303/3305) cm−1, 1618 (1616/1622) cm−1, 1594 (1594/1592) cm−1 and 1509 (1504/ 

1516) cm−1 unwinds bi-exponentially within 1,2APT  and 2,2APT. Notably, recovery of the bleached 

band at 1580 (1577) cm−1 is determined exclusively by the fast constant 1,2APT. Furthermore, 

excited 1* state (purple) vibrations at 3411 cm−1 and 1519 cm−1 decay in a bi-exponential 

manner within 1,2APT and 2,2APT. Finally, 2,2APT is found as the mono-exponential rising 

component in the marker bands of the 3* state (pink) at 1599 cm−1, 1544 cm−1 and 1487 cm−1. 

 

Taking all spectral regions and time-resolved measurements into account, the encoded temporal 

information in our TVA data was extracted by a global least-squares fitting analysis of all time 

profiles (2AP, 2AP+T and 2APT) given in Fig. 4 in the bottom row using up to four exponentials 

to yield the time constants 

solv = 3 ps (fixed), 

2AP = 740 ps (fixed), 

1,2APT = 68 ± 15 ps, 

2,2APT = 1.6 ± 0.4 ns, 

in satisfactory agreement with the time constants from the time-resolved fluorescence measure-

ments above. The values for solv and 2AP were fixed in this analysis at the above results for free 

2AP, while 1,2APT and 2,2APT were taken as free-floating parameters. As opposed to the model-

free analysis of our time-resolved fluorescence data, even the longest time constant 2,2APT comes 
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out to be rather well determined by the coupling of related transient vibrational marker bands on 

the grounds of quantum chemical calculations, significantly stabilizing the fitting routine. 

Description of all time profiles in a global fit analysis further supports the reliability of time 

constants when compared to single individual time trace analyses. In the following, the distinct 

values of 1,2APT ~ 70 ps and 2,2APT ~ 1.6 ns will be attributed to the HS and WC conformations 

of 2APT.  

 

DISCUSSION 

 

The combined kinetic results from our time-resolved measurements are corroborated by the 

computed normal mode vibrations (cf. Fig. 5) that enable us to assign all observed vibrational 

bands and to interpret the entire spectro-temporal evolution encoded in our TVA spectra. In 

contrast to the antisymmetric and symmetric NH2 modes of free 2AP, which are observed as 

distinct features in the electronic ground state at 3532 (3544) cm−1 and 3424 (3423) cm−1 

(calculated values in parentheses), the corresponding vibrational modes associated with the 2APT 

dimers, observed at 3511 and 3320 cm−1, are subject to spectral broadening caused by H-bonding 

and overlapping bands of both the WC (calculated at 3510 and 3303 cm−1) and HS (3506 and 

3305 cm−1) conformations. While the bleach signals of the free (f) NH2 stretching modes of 2APT 

(WC and HS) at 3511 cm−1 are too weak to be detected in the transient spectra, the corresponding 

vibrations in the 1* excited state show up as positive absorptions at 3411 cm−1 directly after 

excitation and decay in a bi-exponential manner with 1,2APT and 2,2APT. Accordingly, this band is 

assumed to be a superposition of the WC and HS conformations. It follows the trend for a red-shift 

of the absorption in the 1* state relative to the GS as also found for free 2AP. Likewise, the 
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bleached 2APT band at 3320 cm−1 arises from the superimposed bound (b) NH2 stretching 

vibrations of 2APT in the WC (3303 cm−1) and HS (3305 cm−1) conformations. Recovery to the 

GS of this superimposed band proceeds bi-exponentially with 1,2APT and 2,2APT. The associated 

1* excited-state vibration is expected to be red-shifted in absorption and to have moved out of 

the detection window in Fig. 4. Another characteristic absorption associated with the 1* state is 

present at 1519 cm−1 in the region of the ring vibrations directly after excitation, which also decays 

in a bi-exponential manner with 1,2APT and 2,2APT. The bi-exponential decay of the 1* state 

with 1,2APT and 2,2APT is in good agreement with the results of the time-resolved fluorescence 

experiments, thus the fast picosecond time constant components obtained in the fluorescence (44 

± 10 ps) and vibrational absorption (68 ± 15 ps) experiments are considered to arise from the same 

species within the error limits. Further, the overlapping 2APT(WC/HS) bleach signals at 1618 

(1616/1622) cm−1, 1594 (1594/1592) cm−1 and 1509 (1504/1516) cm−1 recover bi-exponentially 

with 1,2APT and 2,2APT as well. Most importantly, however, the recovery of the characteristic 

bleached band at 1580 (1577) cm−1 is determined by the fast 1,2APT = 68 ps time constant only. 

Based on the specifics of the electronic relaxation pathways (see below), we attribute this band to 

H-bonded 2APT in the HS conformation. In fact, the association with a specific 2APT 

conformation of this rather well-separated vibrational marker band at 1580 (1577) cm−1 along with 

its domination by 1,2APT led us to attribute the fast time constant 1,2APT to the electronic 

deactivation of the 1* state of the HS conformation of 2APT, and, vice versa, the slow time 

constant 2,2APT to the deactivation of the 1* state of 2APT in the WC conformation.  

Combining the information from our time-resolved fluorescence and vibrational absorption 

measurements, we propose the overall scheme for the electronic relaxation dynamics of 2APT in 
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the WC and HS conformations sketched in Fig. 7: After UV excitation of the 2AP moiety in the 

2APT(WC) base pair, the molecule rapidly relaxes from the initial FC geometry to the 1* 

potential energy minimum. According to our excited-state calculations, the structure of the 2AP 

moiety in the WC dimer resembles the 1* minimum energy structure of free 2AP to a high 

extent. The rather flat structure of the WC dimer is slightly broken by the six-membered ring 

puckering at the C6 position of the 2AP chromophore similar to free 2AP.62 Thus, H-bonding of 

the 2AP moiety with T in the WC conformation exerts little effect on the structure of the 2AP 

chromophore in the 1* excited state. The energies of the different electronic states, on the other 

hand, and their crossings are more strongly affected. As has recently been shown,14 the 1* 

lifetime of 2AP is significantly increased upon H-bonding due to an increased energy of the 1n* 

state and the associated 1*/1n* conical intersection. Congruently, we observe the increased 

fluorescence lifetime of the 2AP moiety by H-bonding with T in the WC motif to 

2APT(WC) = 1.6 ns, substantially longer than the lifetime of free 2AP (2AP = 740 ps). Due to the 

structural similarity, however, the ensuing dynamics of 2APT(WC) are expected to follow similar 

pathways as in free 2AP. Hence, we expect transient population of a short-lived 1n* state that 

acts as an intermediate state for both efficient GS recovery and 3* formation. In line with these 

considerations, we observe the 1.6 ns time constant in the ground-state recovery time profiles of 

the bleaching signals at 3320 cm−1, 1618 cm−1, 1594 cm−1, 1509 cm−1, and as the rising component 

in the marker bands of the 3* state at 1599 cm−1, 1544 cm−1 and 1487 cm−1. The experimentally 

observed vibrational bands associated with 2APT(WC) in the 3* state coincide strikingly well 

with the frequency-shifted calculated spectrum for the triplet vibrations of free 2AP in the region 

of the ring vibrations, again highlighting the similarity between free 2AP and the 2AP moiety in 

the 2APT(WC) base pair. 
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In contrast to 2APT(WC), the structure of the 2AP moiety in the HS network in the excited 1* 

state gets more strongly distorted by H-bonding with T. According to our excited-state calculations 

as shown in Fig. 7, partial planarity of the 2AP moiety in the 2APT(HS) conformation is 

maintained due to the effect of inter-base H-bonding. At the same time, however, the steric 

influence of the bulky residue at the 9-position in 2AP pushes the chromophore away from 

planarity. As a result, the 2AP moiety in the HS 2APT conformation appears to be bent along the 

C6/N3 axis in the 1* state. According to our time-resolved experiments, this distorted species 

finds an efficient route for electronic de-excitation to the GS in ~ 68 ps (2APT(HS)). Interestingly, 

this time constant contributes to the decay of the bright 1* and to the recovery of the GS 

vibrations of 2APT(HS), but not as a rising component in triplet formation. Hence, we attribute 

2APT(HS) to direct repopulation of the electronic ground state from the initially excited 1* state.  

 

Figure 7. Schematic depiction of the proposed electronic deactivation pathways after UV 

excitation for free 2AP, 2APT in the Watson−Crick (WC) and 2APT in the Hoogsteen (HS) 
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conformations. The excited-state S1(
1*) minimum structures of 2APT in the WC (right) and HS 

(left) conformations were calculated at the RI-CC2/def2-SVP level of theory. 

Exploring deactivation pathways of 2APT in the Hoogsteen conformation 

Since our chemical structure and electronic state-sensitive time-resolved results enabled us to 

distinguish between the distinct deactivation dynamics of 2APT in the WC and HS forms, the 

focus moves to the reason for the much faster electronic deactivation in the HS configuration. 

Here, the possibility of excited-state proton transfer has lately gained much attention as an efficient 

way for electronic deactivation in H-bonded nucleobases. For example, excited-state proton 

transfer accounts for highly efficient electronic deactivation in the GC Watson−Crick base 

pair,35,68 while no comparable evidence for such a process was found for the AT pair in the 

Watson−Crick conformation.69 To explore the possibility of excited-state proton transfer in the 

2APT base pair forms, Fig. 8 maps the energies of various electronic states along an extended N–

H distance in the 2AP moiety of 2APT. Starting from the ground-state minimum structure, Fig. 8 

maps the electronic energy of the GS (RI-MP2/def2-SVP) at extended, frozen N−H distances. For 

all calculations, only the N−H bond distance of 2AP was frozen at discrete values, while all other 

degrees of freedom were allowed to relax unrestrictedly. As illustrated by insets in Fig. 8, 

elongation of the N−H distance results in single proton transfer (SPT) from 2AP to T followed by 

spontaneous transfer of the central inter-molecularly bonded proton from T to 2AP (double proton 

transfer, DPT) both in the electronic GS and excited 1* state of 2APT in both the WC and HS 

conformation. In the electronic ground state (black solid circles), however, this process is 

associated with a sizable energy barrier. Also, as the DPT species is rendered unstable, DPT is not 

expected in the GS on the grounds of our calculations. For every optimized ground-state structure, 
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the energies of higher excited states upon vertical excitation are plotted in coloured open circles. 

No crossing of excited states, nor the occasion of charge transfer states could be observed along 

the N−H bond distance coordinate for 2APT in the WC and HS forms. 

Analogous restricted excited-state geometry optimizations in the first excited 1* state at 

extended N−H distances have been performed at the RI-ADC(2)/def2-SVP level of theory as 

shown as solid blue squares in Fig. 8. Accordingly, spawning from the Franck-Condon region on 

the excited 1* potential surface, excited-state PT is associated with a moderate energy barrier. 

As opposed to the GS, however, the DP-transferred species is expected to be stable in the excited 

1* state according to our calculations. Hence, excited-state DPT is possible for 2APT in both 

the WC and HS motifs. Yet, the rather flat potential energy surface would probably impede the 

occurrence of distinct vibrational marker bands in our TVA spectra. Most importantly, however, 

Fig. 8 additionally maps the potential energy of the GS (open squares) corresponding to relaxed 

excited-state structures. Accordingly, the potential energy of the GS is dramatically affected by 

excited-state DPT in the HS form. 

Hence, in line with recent findings on the grounds of quantum chemical calculations,70 excited-

state proton transfer is not expected as an efficient way for electronic deactivation within the WC 

conformation of 2APT. Surprisingly, however, our calculations predict a conical intersection as 

an efficient electronic de-excitation pathway in the HS conformation that connects the 1* state 

with the electronic GS at a double proton-transferred species after overcoming a small potential 

energy barrier induced by single proton transfer. Following the scenario sketched in Fig. 8, the 

excited-state HS population is expected to evolve to the GS, once the excited-state barrier is 

overcome, while the WC form features no such deactivation pathways. Back in the GS, the original 

HS conformation likely recovers, as the proton-transferred species is unstable in the GS. At this 
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point, we emphasize that efficient electronic deactivation along a double proton transfer coordinate 

followed by recovery of the original HS species in the GS is consistent with our time-resolved 

measurements. Still, highly efficient electronic deactivation to the GS within HS ~ 68 ps may be 

possible, in principle, along other coordinates. In fact, given the highly bent structure of the HS 

form in the excited 1* state, chemical intuition suggests a conical intersection along a ring-

puckered mode in close vicinity to the excited-state minimum structure. Thus, more elaborate 

quantum chemical calculations are desirable to elucidate the pathways for electronic deactivation 

in the 2APT(HS) dimer.  
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Figure 8. Potential energy curves along the proton-transfer coordinate for 2APT in the 

Watson−Crick (WC, left) and Hoogsteen (HS, right) conformations. Open circles represent 

vertical RI-ADC(2)/def2-SVP energies relative to restricted RI-MP2/def2-SVP ground-state 

optimizations (solid black circles). Squares indicate the respective energies relative to restricted 

S1 excited-state RI-ADC(2)/def2-SVP optimizations. Virtually the same results were found for 

rWC and rHS conformations. 
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CONCLUSIONS 

We have investigated distinct electronic relaxation pathways in H-bonded 2APT dimers in the 

Watson−Crick (WC) and Hoogsteen (HS) conformations after UV photoexcitation, by time-

resolved fluorescence and transient vibrational absorption spectroscopy methods aided by 

quantum chemical calculations. When compared to free 2AP, H-bonding with T exerts little effect 

on the structure of the 2AP chromophore in the WC form. Hence, similar to free 2AP, electronic 

deactivation of the initially excited 1* state proceeds to a short-lived intermediate state of 1n* 

character, followed partially by recovery of the electronic ground state and partially by crossing to 

the 3* state. However, the energetic barrier for the internal conversion to the 1n* state is raised 

by the H-bonding in 2APT(WC). Thus, the 1* lifetime is increased from 2AP = 740 ps to 

2APT(WC) ~ 1.6 ns. In contrast, the structure of the 2AP moiety in the HS base pair is distorted in 

the 1* excited state. The distorted structure opens up new pathways for electronic deactivation. 

In particular, direct recovery is observed from the initially excited 1* state to the electronic 

ground state in 2APT(HS) ~ 68 ps. Although other electronic de-excitation coordinates cannot be 

ruled out, the observed dynamics are in accordance with a calculated double-proton transfer 

process in the photoexcited 1* state of the 2APT(HS) base pair. As most of the vibrational 

marker bands for 2APT in the Watson−Crick and Hoogsteen conformations overlap and the 

relative ratio of both conformations can only be estimated to be roughly the same, statements about 

quantum yields remain tentative. Still, as the fast time constant HS ~ 68 ps is not found as a rising 

component in the marker bands associated with the 3* state, we conclude that the significant 

contribution to triplet formation stems from 2APT in the Watson-Crick conformation with a 

quantum yield similar to that in free 2AP (i.e., ~ 42%). 
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Commonly, 2AP is used as an intrinsic fluorescent probe to report on conformational motifs in 

duplex DNA. Typically, 2AP-containing DNA duplexes feature fluorescence decay times of 

1 < 100 ps, 2 ~ 0.5 ns, 3 ~ 2 ns and 4 ~ 10 ns. Quenching of excited-state lifetimes is widely 

attributed to charge transfer and intra-strand stacking interactions. However, we note that 1 and 

3 coincide strikingly well with our 2APT(HS) and 2APT(WC) values, respectively, obtained from 

study of the dynamics of purely H-bonded 2APT dimers. As recent research highlights the 

abundance of transient HS motifs in duplex DNA, our results suggest extending the established 

picture for dynamic fluorescence quenching of 2AP by also incorporating dynamic inter-strand H-

bonding effects. 
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