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Abstract 

 

 

Transient electronic and vibrational absorption spectroscopies have been used to 

investigate whether UV-induced electron-driven proton transfer (EDPT) mechanisms 

are active in a chemically modified adenine-thymine (A•T) DNA base pair. To enhance 

the fraction of biologically relevant Watson-Crick (WC) hydrogen-bonding motifs, and 

eliminate undesired Hoogsteen structures, a chemically modified derivative of A was 

synthesized, 8-(t-butyl)-9-ethyl-adenine (8tBA). Equimolar solutions of 8tBA and 

silyl-protected T nucleosides in chloroform yield a mixture of WC pairs, reverse WC 

pairs and residual monomers. Unlike previous transient absorption studies of WC 

guanine-cytosine (G•C) pairs, no clear spectroscopic or kinetic evidence was identified 

for the participation of EDPT in the excited state relaxation dynamics of 8tBA•T pairs, 

although ultrafast (sub-100 fs) EDPT cannot be discounted. Monomer-like dynamics 

are proposed to dominate in 8tBA•T. 
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1. Introduction 

 

Over five decades ago, Löwdin recognized that Watson-Crick (WC) base pairing opens 

the possibility for proton or hydrogen (H) atom transfer across the intermolecular H-

bonds of DNA.1 This seminal work proposed that such behavior could offer a route to 

mutation by generating so-called ‘rare’ nucleobase tautomers within the double helix. 

In its most recent guise, the debate surrounding H-atom transfer in DNA has 

predominately stemmed from theoretical studies, which instead postulated that ultrafast 

interstrand electron-driven proton transfer (EDPT) – inter-base electron-transfer 

followed by proton transfer,2 resulting in the net exchange of a H-atom – contributes to 

the prevention of mutagenic photolesions in DNA excited by absorption of UV 

radiation.3-6 Despite extensive prior study of DNA photodynamics,6-9 the question of 

whether UV-induced EDPT is active in WC base pairs has until very recently remained 

contentious from an experimental perspective.10-16 

 

Experimentally, guanine-cytosine (G•C) WC pairs have received the most attention 

with respect to EDPT dynamics.10, 11, 14, 16-18 Recent ultrafast transient electronic 

absorption spectroscopy (TEAS) and transient vibrational absorption spectroscopy 

(TVAS) results from our research group revealed that, following 260 nm excitation, 

G•C WC pairs in chloroform undergo a sequence of EDPT processes within 2.9 ps, 

forming a double H-atom transferred photoproduct with a quantum yield of ≤10%.14 

These findings verified predictions from a number of prior computations.3, 19-21 TVAS 

measurements by both Bucher et al.12 and Zhang et al.13, 15 investigated the role of 

EDPT pathways in DNA duplexes in aqueous solution. The latter study concluded that, 

for duplexes containing only G•C pairs, a ‘hybrid’ EDPT process occurs, involving 

interstrand proton transfer after initial UV-induced intrastrand, inter-base charge-

transfer (CT).13, 15 Very recently, Zhang et al. also postulated that purely interstrand 

EDPT could be active in chemically modified, cyclic DNA mini-duplexes containing 

G•C.16 This purely interstrand process is akin to the first ultrafast EDPT step observed 

in individual G•C WC pairs,14 and the results highlight that both base pair sequence and 

local structure within the duplex play a critical role in determining the nature of UV-

induced EDPT processes for natural DNA.   
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Analogous to G•C, theoretical studies have also predicted that both single and/or 

sequential double EDPT pathways may be active in individual adenine-thymine (A•T) 

WC pairs after UV excitation.5, 22-27 However, unlike G•C, there is some debate 

regarding the stability of the imino-enol tautomer pair of A•T resulting from double H-

atom transfer23, 28 and whether EDPT is enhanced when A•T is placed in polar solvents.6 

Zhang et al. invoked hybrid EDPT pathways to be active in DNA duplexes containing 

only A•T,13 but the role and dynamics of EDPT across H-bonds in individual, solvated 

A•T WC base pairs remain experimentally unexplored. The origins of this apparent 

oversight predominantly lie in the fact that, upon solvation in aprotic solvents (which 

encourages inter-base H-bonding10), an equimolar mixture of A and T nucleosides 

associate to form a selection of base pairing motifs (cf. Figure 1): WC (1), reverse WC 

(2), Hoogsteen (3) and reverse Hoogsteen (4).29 For solution-phase transient absorption 

methods, this behavior prevents extraction of information purely related to the 

biologically relevant WC structure, instead returning an ensemble observation of the 

dynamics from all four species. 

 

Herein, we report the first TEAS and TVAS measurements on a chemically modified 

A•T WC base pair, solvated in chloroform solution, which eliminates formation of 

undesired Hoogsteen-type structures. Using this model A•T pair system, we gain the 

first experimental insights into whether EDPT is active in UV-excited A•T, and directly 

compare and contrast the findings from these results with our previous studies on G•C 

WC pairs in chloroform14 and published theoretical work on A•T.5, 22-28  

 

2. Methods 

 

A. Synthesis 

 

The investigated T and 2’-deoxy-adenosine (dA) nucleosides were protected by bulky, 

apolar t-butyldimethylsilyl (TBDMS) groups to ensure a sufficient solubility in 

chloroform, henceforth simply termed T and dA. The synthesis has previously been 

described in detail.14, 30 Synthesis and characterization of a chemically modified 

adenine derivative, 8-(t-butyl)-9-ethyl-adenine (8tBA – Figure 1), is described in detail 

in the online Supporting Information (SI).  
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B. Transient Absorption Spectroscopy 

 

TEAS and TVAS experiments were performed using an apparatus that has been 

described previously.31 The system consists of a regenerative amplifier (Coherent 

Legend Elite HE+), operating at 1 kHz and producing 40 fs pulses at 800 nm (5 W). 

This fundamental beam is split into three parts using a series of beam splitters: two 

parts have energies of 2.45 mJ/pulse, with one much lower energy beam of 100 

µJ/pulse. The two 2.45 mJ/pulse beams seed two Coherent OPerA Solo optical 

parametric amplifiers (OPAs). One of these OPAs produces spectrally tunable light 

spanning the UV to infrared (IR) range and is used to generate the 260 nm (~100 fs, 

~0.6 – 1 J/pulse) pump pulses for all our transient absorption experiments. The 

remaining OPA was used to generate broadband (~300 cm–1) IR pulses, centered at 

~1680 cm-1, for use as our probe in TVAS experiments, with energies of ~1 µJ/pulse at 

the sample. Finally, the remaining 100 µJ/pulse 800-nm seed is used to generate a 

broadband white-light continuum (WLC), which spans wavelengths from ~330 nm to 

>800 nm, for use as the probe in TEAS experiments. 

 

For TEAS, polarization of the WLC probe pulse was maintained at the magic angle 

(54.7°), relative to the UV pump pulse polarization by using a λ/2 waveplate in the 800 

nm WLC seed beam line. After transmission through the sample, the WLC probe and 

signal was collimated and focused into a spectrograph (Andor, Shamrock 163) coupled 

to a 1024 element photodiode array (Entwicklungsbüro Stresing). The spectrometer can 

disperse 750 – 260 nm probe wavelengths on the detector attaining a spectral resolution 

of ~0.5 nm. Prior to interaction with the sample, the UV pump beam was modulated at 

500 Hz (blocking every other pulse) with an optical chopper wheel (Thorlabs, MC2000) 

to obtain sequential pump on/off spectra pairs at each pump-probe time delay (t), which 

are required to generate the individual transient absorption spectra. Data acquisition 

and calculation of the transient absorption spectra at each t was carried out using a 

custom built LabVIEW program. t was controlled by changing the path length of the 

pump beam with an aluminum retro-reflector (PLX) mounted on a motorized 220 mm 

delay stage (Thorlabs, DDS220/M), providing a maximum possible delay of t = 1.3 ns. 

Non-resonant two-color two-photon absorption measurements in D2O reveal an 

instrument response function (IRF) of ~110-120 fs in our TEAS measurements.31  
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For TVAS, the IR probe was reflectively focused into the sample, so that the probed 

region of the sample was uniformly excited by the more loosely focused UV pump 

beam. After passing through the sample, the transmitted IR probe light was detected by 

a 128 pixel, liquid N2 cooled Mercury Cadmium Telluride array (Infrared Associates 

Inc., MCT-10-128) coupled to a spectrometer (HORIBA Scientific, iHR320), providing 

a spectral resolution of ~2 cm–1. 

 

Sample solutions of 8tBA (c0 = 50 mM), dA (c0 = 50 mM), T (c0 = 50 mM) and 

equimolar mixtures of 8tBA and T (c0 = 50 mM) were prepared in anhydrous CHCl3 

(Sigma-Aldrich, 99.99%). These sample solutions were then delivered through a 

stainless steel flow cell, containing two 1.5 mm thick CaF2 windows separated by a 380 

µm thick Teflon spacer, which defined the absorption path length. The sample solution 

was flowed continuously through the cell by a peristaltic pump (Cole Parmer, 

Masterflex) with PTFE tubing throughout. All measurements were repeated at least two 

times on a single day and at least two times on different days with fresh sample solution 

to ensure reproducibility. 

 

C. Computational Calculations 

 

Ground state density functional theory (DFT) calculations were performed to determine 

the relative energies (E) and Boltzmann populations (PB) at 298K for 8tBA•T and 

A•T base pairs in their Watson-Crick, reverse Watson-Crick, Hoogsteen and reverse 

Hoogsteen configurations. Methyl groups were used in place of the 2’-deoxy-ribose 

groups for computational expediency (Figure 1, R = CH3). The structures for these 

species, calculated at the B3LYP/6-311++G** level of theory in Gaussian 09,32 are 

shown in Figure S1. A polarizable continuum model (PCM) was used to capture the 

dielectric effects of the chloroform solvent. Harmonic frequencies were calculated and 

all simulated FTIR spectra were scaled by a factor of 0.983. Simulated vibrational 

spectra were constructed by convolution of the vibrational ‘stick’ spectra with Gaussian 

functions with 25 cm-1 full-width at half maximum in the carbonyl stretching region. 

Our chosen method is benchmarked by comparing simulated FTIR spectra for the 

8tBA•T pairs with the experimentally extracted FTIR spectrum (see Figure 4c), which 

demonstrated good agreement between experiment and theory. Analogous theoretical 
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methods were also used previously to model the photochemistry of G•C base pairs in 

chloroform.14 

 

3. Results & Analysis 

 

In order to remove contributions from Hoogsteen-type motifs, we synthesized a 

chemically modified derivative of adenine, 8-(t-butyl)-9-ethyl-adenine (8tBA). The 

presence of the bulky t-butyl group in the C8-position of 8tBA eliminates formation of 

Hoogsteen H-bonding configurations (3, 4) upon association with silyl-protected T 

nucleosides (Figure 1).33 Similar approaches to eliminating Hoogsteen structures in 

related A•U pairs were demonstrated previously, albeit with a more-perturbing, UV-

absorbing phenyl ring in the C8-position.34 The dominance of structures 1 and 2 for 

8tBA•T pairs in chloroform is supported by DFT calculations, which we have used 

together with NMR and two-dimensional infrared spectroscopy to characterize our 

samples (see SI). This conclusion is highlighted in Table 1, which shows the calculated 

(B3LYP/6-311++G**) Boltzmann populations at 298 K (PB) and relative energies (E) 

for H-bonding configurations 1-4 of 8tBA•T, relative to A•T, in chloroform. 

 

As shown for related systems in chloroform,10, 35, 36 the propensity for 8tBA and T to 

associate can be described by a solvent-dependent equilibrium constant, K8tBA•T = 

[8tBA•T]/[8tBA][T]. The degree of association, 8tBA•T, at a given concentration, c0, is 

subsequently obtained via the relationship K8tBA•T = 8tBA•T/c0(1–8tBA•T)2, where c0 = 

[8tBA] + [T] + [8tBA•T]. K8tBA•T can be obtained through an analysis of concentration 

dependent steady state FTIR spectra recorded in the N-H stretching region (3150 – 3600 

cm–1),10 a selection of which are shown in Figure 2a for different c0 mixtures of 8tBA 

and T in chloroform. The spectra in Figure 2a contain bands that decrease with 

increasing c0, which we assign to N-H and NH2 stretching modes of monomeric 8tBA 

(3412, 3525 cm–1) and T (3395 cm–1),29, 30 whereas features that grow with increasing 

c0 are attributed to vibrations of 8tBA•T (3185, 3215, 3315, 3492 cm–1),29 in either 

configuration 1 or 2. Following methods outlined previously,10, 36 analysis of the spectra 

in Figure 2a returns the 8tBA•T vs log(c0) curve in Figure 2b (black data) and K8tBA•T = 

45 ± 3 M–1 (cf. KA•T = 130 ± 13 M–1 35). Self-association constants for 8tBA•8tBA and 

T•T homodimers are both ≤ 3 M–1.30, 35  
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Figure 3a displays TEA spectra for a c0 = 50 mM mixture of 8tBA and T in chloroform, 

excited at  = 260 nm. Chloroform solvent was selected as it both encourages H-

bonding between 8tBA and T and offers a dielectric medium comparable to that 

experienced in the core of DNA helices.37 Half of the mixture is present as 8tBA•T 

pairs in forms 1 and 2 (8tBA•T = 0.52), with the remainder present as monomers (N.B. 

homodimers make a minimal contribution to the mixture). Values of c0 ≤ 50 mM were 

used to avoid formation of higher order H-bonding structures (e.g. trimers and 

ribbons).38, 39 After excitation, the spectra are dominated by a structured excited state 

absorption (ESA) signal, arising from a combination of photo-excited 8tBA•T, 8tBA 

and T species. No obvious changes to the structure of the ESA profile are observed as 

it decays uniformly over time. The spectral profile is reminiscent of those observed for 

TEAS of 8tBA and T monomers in chloroform at 260 nm (c0 = 50 mM), which are 

shown in panels b and c of Figure 3 for comparison. In the case of the monomers, the 

absorption profiles are similar to those reported previously for aqueous A and T,40, 41 

where the signal is assigned to ESA from an initially populated 1* state to higher 

lying singlet states (Sn). Unlike H-bonded aggregates of simpler heteroaromatic 

systems,42 no new discernable features associated with residual 8tBA•8tBA (8tBA•8tBA 

≤ 0.20) and T•T (•= 0.15) homodimers are observed in chloroform. 

 

Overlaid in Figure 3a are the absorption profiles of the A[–H] (red circles) and T[+H] 

(blue circles) radicals,43, 44 both of which are key intermediates in the first suggested 

EDPT process along the N6,8tBA–H···OT coordinate23 – see step i and 8tBA[–H]•T[+H] 

biradical structure (5) in Figure 1. Unlike the TEA spectra in Figure 3a, neither radical 

absorbs strongly at ~410 nm, nor steadily increases in absorbance at >600 nm. This 

observation leads us to conclude that, if EDPT is active in 8tBA•T pairs at 260 nm with 

a significant quantum yield, no local minimum exists along the driving 1*CT state; 

this behavior differs from the analogous G[–H]•C[+H] biradical, which is transiently 

trapped on a 1*CT surface for 2.9 ps.14 Moreover, it implies that monomer-like 

relaxation pathways dominate in 8tBA•T pairs, consistent with the similar Sn ← 1* 

ESA profiles observed for the 8tBA + T mixture and the 8tBA and T monomers. 

 

Figure 3d displays an ESA decay trace at probe = 400 nm (circles). The majority of 

signal decays within ~1 ps, with a small fraction decaying over a several picosecond 
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timeframe. A minor amount of residual signal persists up to 1 ns. The ESA decay can 

be well modeled (black line) by a scaled linear sum of the monomer decay kinetics, 

extracted from independent TEAS on T (dashed blue) and 8tBA (dashed red), further 

hinting that relaxation dynamics of 8tBA•T pairs (ca. 50% of the mixture) are simply 

akin to those of the monomers. Although it is only a minor component (3%) of the fit 

in Figure 3d, T relaxation (Figure 3f) is found to occur with three time-constants: T1 < 

40 fs, T2 = 890 ± 40 fs and T3 ≥ 1.2 ns. Based on prior theoretical calculations, we 

propose that T1 may arise from evolution of the excited wavepacket out of the vertical 

Franck-Condon (vFC) region,30 although undesired contributions from a multi-photon 

solvent-only response cannot be ruled out.45 Analogous to earlier studies of aqueous T, 

T2 reflects the lifetime of the initially excited 1*T state.41 After 260 nm excitation, 

population on 1*T can either decay directly back to a vibrationally hot S0 state (83%), 

via an ethylenic-twist type conical intersection,6, 46 or undergo ultrafast internal 

conversion onto a near-isoenergetic 1nO*T state (17%) in the vFC region.30 Formation 

and decay of the dark 1nO*T state in T is not detected in TEAS,30, 47 although previous 

TVAS studies have revealed the 1nO*T state lifetime to be ~114 ps in chloroform.30 

The 1nO*T state also acts as a doorway to populating a long-lived 3*T (T1) state ( > 

1 ns), leading us to assign T3 to triplet state decay,30, 48 with possible undesired 

contributions from CHCl3 solvent only dynamics45 (Figure S10). 

 

The majority of ESA decay for the 8tBA + T mixture in Figure 3d is captured by 8tBA 

dynamics (97%). Although a greater fraction of 8tBA•T pairs is initially promoted into 

a locally excited 1*8tBA state (~60%, Figure S9) than to the corresponding 1*T state 

localized on T, this alone cannot account for the dominance of 8tBA dynamics in Figure 

3d. We suggest that ultrafast 1*T → 1*8tBA coupling in 8tBA•T is unlikely, as this 

state transition requires two electrons. Alternatively, if complexation of T with 8tBA 

dramatically enhances ultrafast population transfer from 1*T to 1nO*T (cf. 17% in T 

monomers30), the measured TEA spectra will be dominated by signal from 8tBA, given 

that 1nO*T is optically dark to ESA.30, 47 However, further verification of this 

hypothesis requires detailed computational studies, which are beyond the scope of this 

current study. Exponential kinetic fits in Figure 3e show that 8tBA monomers relax 

with time-constants of A1 = 337 ± 14 fs, A2 = 4.4 ± 0.8 ps and A3 ≥ 1.2 ns. In accord 
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with earlier work on A,31, 40, 41 A1 is attributed to the lifetime of the 1*8tBA state, 

which is predicted to decay to S0 via a conical intersection involving out-of-plane ring 

distortion at the C2 site (Figure 1).6 Unlike 8tBA in chloroform though, time-constants 

on the order of picoseconds and nanoseconds were not reported previously for aqueous 

A.40, 41 There are a number of possible origins for these additional time-constants, which 

we briefly discuss. First, given that similar dynamics were observed for silyl-protected 

dA and 8tBA in chloroform (Figure S11), we discount any significant impact of the 

additional t-butyl group on 8tBA’s relaxation dynamics. However, different solute-

solvent interactions in chloroform vs water could modify the excited state potential 

energy landscape and open new relaxation channels. A notable candidate would be the 

assignment of A2 to relaxation via a 1nN*8tBA state,6, 49 given our previous findings 

that chloroform can stabilize states of n* character in pyrimidine nucleosides, relative 

to more polar, protic solvents.30 There is also evidence that the imino tautomer of 8tBA 

is present in chloroform (8tBA*, Figure S12), which may alternatively be associated 

with A2; extended excited state lifetimes in minority nucleobase tautomers have been 

identified previously for 7H-adenine31, 50, 51 and the imino tautomer of C.30 Finally, 

likely candidates for A3 are either minor contributions from 8tBA•8tBA homodimers 

(cf. C•C homodimers30) or population of triplet states. In order to assign more 

definitively A2 and A3, further complementary ab initio and dynamical simulations are 

required.   

 

TVAS was used to probe for signatures of long-lived photoproducts and/or biradical 

intermediates arising from EDPT,14 such as the imino-enol 8tBA*•T* tautomer pair (6) 

and 8tBA[–H]•T[+H] biradical (5). Figure 4a displays TVA spectra, recorded in the 

carbonyl stretching region, after  = 260 nm excitation. Negative bleach signals that 

partially recover with time (~80%) are observed at 1638 (scis, 8tBA and 8tBA•T), 1687 

and 1705 cm–1 (CO, T and 8tBA•T), reflecting 1* ← S0 population transfer. The 

locations of these bleaches match the inverted FTIR spectrum, which is composed of a 

linear sum of FTIR spectra for individual 8tBA (red), T (blue) and 8tBA•T (black) 

species (Figure 4b), given 8tBA•T = 0.52. Comparison of experimental and simulated 

(B3LYP/6-311++G**) FTIR spectra for 8tBA•T pairs show good agreement (Figure 

4c), further supporting that 8tBA•T exists in forms 1 (67%) and 2 (33%). In addition to 

bleaches, Figure 4a contains positive features at 1600, 1612 and 1670 cm–1 that decay 
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and blue-shift with increasing time, indicative of nascent vibrationally hot S0 species 

(*) that undergo cooling after ultrafast internal conversion back to their electronic 

ground states31, 52 (cf. TEAS). A global fit analysis (see SI) of the data in Figure 4a 

returns the representative kinetic profiles in panel d. Exponential kinetic fits to the 

vibrational hot band decay (1612 cm–1) and bleach recovery (1687 cm–1) return a time 

constant of VC = 10.1 ± 0.6 ps, which we interpret as an average, non-mode specific 

vibrational cooling timescale for 8tBA, T and 8tBA•T, due to the mixed nature of the 

sample. 

 

Positive bands, which do not decay after their initial growth, are also observed at 1620 

and 1720 cm–1 in the TVA spectra. These features arise from either photoproduct 

formation or population of long-lived intermediate states (e.g. triplets), in-line with 

incomplete bleach recovery up to t = 1.2 ns. DFT calculations predict that an imino-

enol 8tBA*•T* photoproduct (6) should absorb strongly at ~1680 cm–1, but does not 

possess a marker band at ~1720 cm–1 (Figure S6). This hints that, unlike WC G•C 

pairs,14 an analogous stepwise double EDPT process (Figure 1, i-iii) may not be active 

in 8tBA•T pairs, although we acknowledge that overlap with bleach signals in this 

spectral region may obfuscate signatures for 8tBA*•T*. Additionally, calculated 

8tBA•T triplet state vibrations do not match the observed product bands in TVAS 

(Figure S7). Instead, the most convincing assignment for the 1620 and 1720 cm–1 bands 

is simply to dynamics occurring in the residual 8tBA and T monomers. Figure 4e 

compares a t = 1.2 ns TVA spectrum of the equimolar mix (black), to those recorded in 

TVAS on 8tBA (red) and T (blue) monomers – see SI.30 Within error, the sum of the 

8tBA and T only spectra (dashed line) reproduces the observed 1.2 ns spectrum for the 

8tBA + T mixture; residual differences may be due to incomplete recovery of 8tBA•T 

pairs, although a more detailed assignment would be unduly speculative. For T, we 

have recently assigned delayed appearance and build-up of features at 1720 and 1600–

1650 cm–1 to 3*T (T1) formation,30 in-line with the kinetics ( = 16 ± 4 ps) of the 1720 

cm–1 band here (Figure 4d). For 8tBA, DFT calculations (Figure S8) predict that 

product bands at 1620 and 1690 cm–1 likely arise from photo-induced 8tBA → 8tBA* 

tautomerization,53 with the 1620 cm–1 feature giving rise to the observed long-time 

signal offset in the kinetic trace of the overlapping hot band at 1612 cm–1 (Figure 4d).      
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4. Discussion 

 

Previous TEAS and TVAS studies of WC G•C pairs provided compelling evidence for 

sequential EDPT dynamics.14 However, analogous measurements here do not yield 

similarly clear signatures of EDPT in a chemically modified A•T base pair. Despite 

successful elimination of Hoogsteen motifs (3,4) through a t-butyl group at C8 of A, the 

lower association constant for 8tBA•T (K8tBA•T = 45 M–1), relative to G•C (KG•C = 3.4 × 

104 M–1),10 still leads to a complex sample mixture at c0 values appropriate for TEAS 

and TVAS. Nonetheless, a number of conclusions can still be drawn from these 

measurements, which we herein discuss with relation to: (i) theoretically proposed 

EDPT pathways for A•T,5, 22-27 summarized in Figure 1; and (ii) previously observed 

EDPT in G•C.14 

 

No clear spectroscopic evidence for a double H-atom transferred 8tBA*•T* 

photoproduct (6) was observed in TVAS, leading us to suggest that EDPT processes ii-

iv are unlikely to be active with any significant quantum yield in UV-excited 8tBA•T; 

all TVAS photoproduct bands can be rationalized in terms of residual monomer 

dynamics. The non-observation of 8tBA*•T* is also in accord with computations by 

Gorb et al. on A•T,28 which predict that, although bound with respect to potential 

energy,22, 23, 28 A*•T* tautomers are not stable in Gibbs free energy space. This behavior 

contrasts both theoretical predictions and experimental findings for G•C, which 

together show that the corresponding G*•C* tautomer can be generated through a two-

step EDPT mechanism and is subsequently stable on a timeframe of ≥ 1 ns.14, 21, 28 

 

In TEAS on G•C, clear spectroscopic signatures were observed for a G[–H]•C[+H] 

biradical, formed via EDPT.14 No analogous signatures for 8tBA[–H]•T[+H] are 

captured in TEAS on 8tBA•T. To rationalize this observation, we draw upon previous 

theoretical studies of EDPT in A•T, in both the gas-phase5, 22-27 and aqueous solution.26 

A number of prior computations collectively suggest that, for isolated A•T WC pairs, 

the 1*CT state responsible for EDPT is significantly less stable in the vFC region, 

compared to G•C.5, 6, 22, 23, 26 This behavior creates a ≤0.8 eV barrier to coupling from 

the adiabatic minimum of the lowest energy, locally excited 1* state onto the 1*CT 

surface,5, 22, 23 hindering population of 1*CT, and favoring ultrafast monomer-like 
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relaxation pathways.6, 27 Additionally, the calculated potential energy profile of 1*CT 

along the EDPT coordinate of isolated A•T (cf. steps i and v, Figure 1) is purely 

repulsive, preventing any biradical species from being temporarily trapped en route to 

the 1*CT/S0 conical intersection.5, 22, 23, 27 Gas-phase spectroscopy measurements on 

A•T WC pairs are still required to confirm these predictions.6 In contrast, computational 

modelling of A•T WC pairs in aqueous solution predicts significant stabilization of 

1*CT, becoming the lowest energy singlet excited state, and the formation of a local 

minimum in the vicinity of the biradical structure, prior to the 1*CT/S0 conical 

intersection.6, 26 When combined, these factors enhance the probability for UV-induced 

EDPT and spectroscopic detection of a biradical intermediate in aqueous A•T WC 

pairs, relative to the gas-phase.6  

 

It is unlikely that the excited state relaxation dynamics of our model 8tBA•T WC pairs 

in chloroform rigorously conform to the scenarios predicted for aqueous or isolated 

A•T WC pairs. Nonetheless, based on the absence of any signatures for 8tBA[–

H]•T[+H] and EDPT in TEAS, we propose that the UV-induced dynamics of 8tBA•T 

in chloroform are more akin to those predicted for A•T in the gas-phase, suggesting 

that: (i) monomer-like dynamics dominate in 8tBA•T; and (ii) relative to water, 

chloroform is not as effective at stabilizing the 1*CT state. However, a caveat is 

required; if EDPT processes i and v are both active and complete on a sub-100 fs 

timeframe, akin to the hypothesized photoprotection mechanism of Perun et al.,5 then 

our TEAS measurements will be unable to resolve kinetically these dynamics in 

8tBA•T (cf. IRF ~ 110 fs). It is therefore not possible for us to rule out completely the 

participation of ultrafast EDPT via pathways i and v. 

 

5. Conclusions 

 

Our present TEAS and TVAS measurements offer the first experimental insights into 

the UV-induced dynamics of a solvated A•T base pair, through the use of a chemically 

modified adenine derivative, 8tBA. With the potential caveat of a possible, but 

unobservable, ultrafast (sub-100 fs) EDPT mechanism, we propose that, unlike G•C 

WC pairs,14 monomer-like dynamics27 dominate in the relaxation of 8tBA•T pairs (and 

by heuristic extension, A•T pairs). Prior theoretical calculations predict these 
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monomer-like pathways to involve conical intersections along ethylenic C=C twisting 

(T) and out-of-plane ring distortion (8tBA) coordinates.6, 27 Despite elimination of 

Hoogsteen motifs, the low association constant for 8tBA•T prohibits exclusive probing 

of the dynamics in WC pairs, and some interference from monomer photochemistry 

contributes to our measurements. In order to alleviate this issue, future work could 

conceivably utilize alternative synthetic and spectroscopic techniques, such as 

covalently tethering 8tBA and T together with a flexible aliphatic linker54, 55 or transient 

two-dimensional infrared spectroscopy56 of 8tBA•T to disentangle monomer and base 

pair dynamics.        
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Table 1. Calculated relative energies (E) and Boltzmann populations at 298 K (PB) 

for configurations 1-4 of 8tBA•T, and comparison to A•T, in CHCl3. Calculations were 

performed at the B3LYP/6-311++G** level of theory using a chloroform PCM. 

Structure 

8tBA•T A•T 

E / cm-1 PB (298 K) E / cm-1 PB (298 K) 

WC (1) 0 62.1 % 161 19.4 % 

reverse WC (2) 107 37.0 % 277 11.1 % 

Hoogsteen (3) 889 0.9 % 0 42.3 % 

reverse Hoogsteen (4) 1366 0.1 % 92 27.2 % 
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Figure 1. Upper panel: Possible H-bonding configurations for 8tBA•T pairs in 

chloroform (1-4), R = 3’,5’-di-O-(t-butyldimethylsilyl)-2’-deoxy-ribose. Lower panel: 

Five theoretically proposed UV-induced EDPT pathways (i-v) for structure 1 of 

8tBA•T, after excitation to the 1*8tBA state, proceeding via the 8tBA[–H]•T[+H] 

biradical (5) and/or the 8tBA*•T* imino-enol tautomer (6). Monomer-like relaxation 

dynamics from 1* are indicated by the dashed grey arrow. 
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Figure 2. (a) Concentration (c0) dependent steady-state FTIR spectra for equimolar 

mixtures of 8tBA and T in chloroform, recorded in the N-H stretching spectral region 

(3150 – 3600 cm–1). (b)  vs log(c0) curves (solid lines) for association into 8tBA•T 

(black), 8tBA•8tBA (red), T•T (blue) and A•T (grey), based on association equilibrium 

constants of K8tBA•T = 45 M–1, K8tBA•8tBA ≤ 3.1 M–1, KT•T = 2 M–1 and KA•T = 130 M–1. 

Open circles indicate experimentally extracted 8tBA•T values obtained from analysis of 

FTIR spectra in (a). Vertical dashed line indicates M•N for a value of c0 = 50 mM. 
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Figure 3. TEA spectra recorded in chloroform, after 260 nm excitation of (a) an 

equimolar mixture of 8tBA + T, (b) 8tBA and (c) T, where c0 = 50 mM. (a) includes 

the absorption profiles for A[–H] (red circles) and T[+H] (blue circles) radicals.43, 44 

ESA decay profiles at probe = 400 nm (circles) and kinetic fits (solid line) for (d) 8tBA 

+ T, (e) 8tBA and (f) T. Data in (d) is fitted using a scaled linear sum of the independent 

kinetic fits to the T (dashed blue) and 8tBA (dashed red) monomer decay traces in (e) 

and (f). Grey lines in (e) and (f) show individual components of the tri-exponential fits 

to T ESA decay (T1 < 40 fs, T2 = 890 ± 40 fs, T3 ≥ 1.2 ns) and 8tBA ESA decay (A1 

= 337 ± 14 fs, A2 = 4.4 ± 0.8 ps, A3 ≥ 1.2 ns).      
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Figure 4. (a) TVA spectra recorded in the carbonyl stretching region, after 260-nm 

excitation of an equimolar mixture of 8tBA and T in chloroform (c0 = 50 mM, 8tBA•T 

= 0.52). See Table S2 in SI for vibrational mode labels. (b) Steady-state FTIR spectra 

for an equimolar mixture of 8tBA + T in chloroform (green), decomposed into 

contributions from 8tBA (red) and T (blue) monomers and 8tBA•T pairs (black), based 

on 8tBA•T = 0.52. (c) Experimentally extracted FTIR spectrum for 8tBA•T pairs (dashed 

black) and calculated IR spectrum (black) composed of a 67:33 mixture of 

configurations 1 (dark grey) and 2 (light grey), respectively. (d) Kinetic traces (circles) 

and fits (lines) for representative bleach (black), * hot band (grey) and product features 

(blue). (e) Comparison of TVA spectra recorded at t = 1.2 ns for an equimolar mixture 

of 8tBA + T (black) and T (blue) and 8tBA (red) monomers. 
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