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@ Solvent-Dependent Stabilization of a Charge Transfer State

is the Key to Ultrafast Triplet State Formation in an

Epigenetic DNA Nucleoside

Xueli Wang*™ Lara Martinez-Fernandez*,” Yuyuan Zhang*,” Kun Zhang,”
Roberto Improta,* Bern Kohler,*™ Jianhua Xu,”® and Jinquan Chen*® ¢

Abstract: 2'-Deoxy-5-formylcytidine (5fdCyd), a naturally
occurring nucleoside found in mammalian DNA and mito-
chondrial RNA, exhibits important epigenetic functionality in
biological processes. Because it efficiently generates triplet
excited states, it is an endogenous photosensitizer capable of
damaging DNA, but the intersystem crossing (ISC) mechanism
responsible for ultrafast triplet state generation is poorly
understood. In this study, time-resolved mid-IR spectroscopy
and quantum mechanical calculations reveal the distinct
ultrafast ISC  mechanisms of 5fdCyd in water versus
acetonitrile. Our experiment indicates that in water, ISC to
triplet states occurs within 1 ps after 285 nm excitation. PCM-
TD-DFT computations suggest that this ultrafast ISC is
mediated by a singlet state with significant cytosine-to-formyl

\

charge-transfer (CT) character. In contrast, ISC in acetonitrile
proceeds via a dark 'nmt* state with a lifetime of ~3 ps. CT-
induced ISC is not favored in acetonitrile because reaching
the minimum of the gateway CT state is hampered by
intramolecular hydrogen bonding, which enforces planarity
between the aldehyde group and the aromatic group. Our
study provides a comprehensive picture of the non-radiative
decay of 5fdCyd in solution and new insights into the factors
governing ISC in biomolecules. We propose that the intra-
molecular CT state observed here is a key to the excited-state
dynamics of epigenetic nucleosides with modified exocyclic
functional groups, paving the way to study their effects in
DNA strands.

J

Introduction

2'-Deoxy-5-formylcytidine (5fdCyd, Figure 1a), a well-known
oxidation product of 5-methylcytidine has been identified as a
naturally occurring nucleoside.” Recent studies show that
5fdCyd is generated by epigenetic modifications that can alter
the DNA duplex structure, cell differentiation, and protein
identification.” The formyl group introduces new chemical
properties, which are absent in other cytosine derivatives, such
as the formation of a Schiff base with histones®? and the high
reactivity toward nucleophilic primary amines.” Moreover,

5fdCyd may mediate DNA-protein cross-link when it is in
genomic DNA strands.*”

For the canonical DNA nucleosides, electronic energy is
dissipated as heat on a time scale of several ps, following
ultrafast internal conversion to the ground state.” However,
chemical modifications at the C5 position of pyrimidines can
significantly alter the excited state dynamics.”’ Prior transient
absorption experiments on 5fdCyd revealed that the bright
'nm* state decays to a dark 'nm* state (located on the formyl
group) on an ultrafast time scale in acetonitrile (ACN). The latter
is a gateway state to a triplet state formed with an
approximately 70% quantum yield.®” Effective triplet-triplet
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Figure 1. (@) Chemical Structures and computational model of 5fdCyd-4H,0.
(b) UV/Vis and (c) fluorescence spectra for 5fdCyd in D,O/ACN.

energy transfer® has also been documented for 5fdCyd. There-
fore, 5fdCyd has the potential to be an internal triplet photo-
sensitizer which can initiate DNA photolesions. Although it has
been reported that ISC in DNA nucleosides usually takes place
from the singlet nm* state to the lowest triplet mm* state,” it
was recently argued that ultrafast ISC can also occur from the
initially populated bright 'm* state to a higher energy triplet
nr* state,l'” and this mechanism may also exist in 5fdCyd. Yet,
a full understanding of the ISC mechanism of 5fdCyd in solution
is still missing.

In order to understand the mechanism responsible for the
high triplet state quantum yield observed in 5fdCyd, excited
state dynamics of 5fdCyd were investigated in aqueous
phosphate buffered solution (PBS) and in ACN using time-
resolved mid-infrared spectroscopy (TRIR) and quantum me-
chanical (QM) calculations. We show that several excited decay
pathways coexist and that their interplay depends on the
solvent. In PBS buffer, the excited-state population on the
optically bright 'mn* state bifurcates to a charge-transfer (CT)
state and a dark 'nzt* state on an ultrafast time scale. ISC occurs
from the CT state to a higher-energy triplet nmt* state. This
pathway is not operative in ACN. Instead, the triplet state
formation follows the ‘traditional’ mechanism where the singlet
n* decays to the triplet mm* state. Our results provide a
comprehensive picture of the non-radiative excited state
deactivation mechanism of 5fdCyd in solutions and show that
an intramolecular CT state can regulate the excited state
dynamics of DNA. It also suggests that 5fdCyd may be a
versatile intermediate in DNA photo-dimerization reactions.”""!

Results

Steady-state absorption and emission spectra

Steady-state absorption spectra of 5fdCyd in D,O buffered
solution and ACN are shown in Figure 1b. In both solvents, the
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labile protons are replaced by deuterons (see details in the
Experimental Section). In D,0O, two absorption peaks with similar
intensity appear at 283 nm (hereafter band I) and 248 nm (band
I). In ACN, band Il is only slightly more intense than band I.
Compared with absorption spectra of dCyd in the same
solvents, the formyl substituent induces a red shift of ~0.2 eV
for band | both in D,0 and ACN, whereas the shift is ~0.4 eV for
band I1.°*® The fluorescence spectra of 5fCyd in water and in
ACN following 285 nm excitation are shown in Figure 1c.
Despite 5fdCyd has similar absorbance at 285 nm in both
solvents, the shape and intensities of the corresponding
fluorescence spectra are dramatically different. The emission
spectrum of 5fdCyd in ACN exhibits a band centered below
320 nm and a tail that extends beyond 450 nm, and resembles
that of dCyd.”“® The D,0O emission spectrum shows instead a
broader and weaker band with a peak centered at 350 nm. The
fluorescence quantum yield of 5fCyd in ACN is similarly low as
Cyd in ACN (on the order of 107%), but the quantum yield in
D,0 is significantly lower than in ACN (Figure S1a).

Time-resolved IR spectroscopic data

Figure 2 displays the TRIR spectra for 5fdCyd in D,O and ACN
with 285 nm excitation. The difference spectra consist of
negative bleach signals, which occur due to the depletion of
the ground state population, and positive signals, which
originate from vibrational modes of the excited states. For
5fdCyd in D,O (Figure 2a-b), four bleaches are observed at
frequencies that are in excellent agreement with band positions
in the FTIR spectra. Meanwhile, five positive bands are seen at
1460, 1540, 1550, 1600 and 1710 cm™'. As the positive band
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Figure 2. TRIR spectra at indicated delay times for deuterium exchanged
5fdCyd in D,O buffer (a and b) and ACN (c and d) under 285 nm excitation.
The inverted dot-dashed line shows the corresponding FTIR spectrum.
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centered at 1600 cm™' decays, the 1550 cm™' band continues to
increase in amplitude and blue shift to 1560 cm™' in the first
3.5 ps (indicated by arrows in Figure 2a), resulting an isosbestic
point at 1567 cm™". This suggests that a state-to-state transition
occurs within the first ~4 ps after excitation. Over the next
10 ps, the 1600 cm™' band continues to decay, while the
1550 cm™' decays and slightly blue-shifts. After that, all bands
decay slightly, yielding a long-lived spectrum that persists to
500 ps. In ACN, the TRIR spectra evolve very differently,
especially at early times. As shown in Figure 2c, the initial TRIR
signal shows two strong positive bands at 1540 and 1550 cm™'
along with a very weak band at 1610 cm™'. Neither spectral
shifting nor isosbestic points are observed in the first 3 ps.
However, between 3 ps and 20 ps the 1540 cm™' band decays
while the 1550 cm™' band increases with a discernable
isosbestic point at 1545 cm™' (Figure 2d).

Global analysis of the TRIR spectra in D,0O yielded three
lifetimes (1.6 0.1 ps, 2.9+0.2 ps and 79 4 ps) together with a
constant component. The lifetimes in ACN obtained from global
fitting are 3.9+05ps and 24.0+3 ps plus a constant
component. The evolution-associated difference decay spectra
(EADS) corresponding to a sequential kinetic model are shown

0.2 3
o5l a b L |
0.0 [/ o
& 0o a
8 O -0.2F
= £ e
i’ 0.5} Lifetime'(ps) 3’ 0.4k Litetime (g3}
— 16:01ps ' 39:05ps
29202ps | — 24x3ps
L] ! 08F — jong-lived
— long-lived ¥
PR ST BT S S NAPU T | -0.8 L 1 1
1400 1500 1600 1700 1400 1500 1600 1700
Ey 1
Frequency(cm } Frequency(cm )
I
= L S Ser d  iseoen’ —Triplet state
1 0.5F *nn+& Fns
—nax
3 — #
— /\ (=) 1540 om™'-"ng* state
3 ; O e N N
3 oo £
5 0.0
—inverted S, 1
1650 cm —-Ground state
: . . o o I SN
1400 1500 1600 1700 0 10 20 30 40 50

Frequency(cmfﬂ) Time Delay (ps)

Figure 3. EADS of 5fdCyd in (a) D,O and (b) CD;CN. (c) Calculated DIR spectra
of Sg-min, S; 'nar*min, T, *nat*-min and T, *mst*-min in D,0. The inverted
FTIR spectrum is shown for comparison. (d) Representative kinetics of 5fdCyd
in D,0.

Table 1. Vertical excitation energies computed in water for 5fCyt-4H,0
and in ACN for 5fCyt at the PCM/TD-CAMB3LYP/6-311 -+ G(2d,2p)//CAM-
B3LYP/6-31G(d) level of theory. Oscillation strengths are shown in
parentheses.

s, S, S, S, S,

(nm*)  (ma*)  (anr)  (aot)  (naty)

5fCyt-4H,0 442 487 546 5.53 5.85
water (0.00) (0.29) (0.17) 0.11) (0.06)
5fCyt in ACN 4.42 4388 543 548 569
(0.00) (0.31) 0.11) (0.17) (0.00)
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in Figure 3a-b. Decay traces at representative frequencies are
shown in Figures 3d and S1b.

The excited states in the Franck-Condon (FC) region

The steady-state absorption spectra are assigned based on QM
calculations (Table 1 and Table S1-2). The lowest energy excited
state involves excitation from the lone pair of the formyl
substituent to a * orbital also mainly localized on the formyl
moiety with some involvement of MOs of the Cyt ring. This
state (labelled hereafter as 'nzt*) has an extremely low oscillator
strength and thus is optically dark. The first bright state is S,
('mm*,), which has a predominant HOMO—LUMO character (the
associated natural transition orbitals (NTO) are depicted in
Figure S2 in the Supporting Information). The 'mm*, state is
reminiscent of the lowest energy bright state in cytosine,®
which has a strong bonding/antibonding character with respect
to the C5-C6 double bond (see Figure 1a for atom labelling),
and a significant contribution from the formyl group. It is
responsible for band | in the absorption spectrum. The second
bright state (S;, 'mt*,) has mainly HOMO-1—LUMO character.
NTO analysis (Figure S2) reveals a very small contribution from
the formyl group, indicating that this excited state has a small
Cyt—formyl CT character. On the other hand, S, (‘mm*;), which
involves electron promotion from the HOMO to the LUMO+1,
is antibonding with respect to the C2=07, C4-N8 and C=0
bonds. The close-lying 'nit*, and 'nrt*; states (placed at 5.5 eV)
are associated with band Il, which is separated by ~0.6 eV with
respect to band | (4.9 eV), in agreement with the experimental
spectrum. The state order and energies are similar in ACN
(Table 1).

Characterizing the excited state potential energy surfaces

We mapped the potential energy surface (PES) of the lowest
energy excited states (both singlet and triplet), identified the
singlet/singlet and singlet/triplet crossing regions and charac-
terized their IR spectra both in water and ACN. A schematic
description of the crossing regions is sketched in Figure 4. The
optimized structures of the relevant minima are shown in
Figure 5, and their main features are summarized in Tables S3-
S4 and Figures S4-S7. For comparison, we mapped the PES
using also the M052X functional in both solvents and in the gas
phase at the MS-CASPT2 level (see Supporting Information). The
latter is expected to provide a more accurate characterization of
the intersystem crossing and internal conversion to the ground
state mechanisms.

For water, 5fCyd is excited to the optically bright S, 'm*,
state by a 285 nm photon. CAM-B3LYP excited state geometry
optimization reaches a point where the excitation is mainly
localized on the ring, and the molecule does not deviate
significantly from planarity. This pseudo-minimum (‘sT*,-min-
pla) is slightly less stable than the ‘real’ minimum (‘stot*,-min),
which adopts a slightly bent conformation (Figure S4) and is
very similar to the minimum of the lowest energy 'mr* state in
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Figure 4. Schematic description of the main crossing and minima as
computed by PCM/TD-CAM-B3LYP in water (adiabatic energies in parenthe-
ses) and in ACN. The * denotes the presence of an energy barrier on the
path to S-min, present only in ACN. Inset: Minima and NTO for the lowest
energy singlet excited states of Sc-min.
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Figure 5. Schematic description of some minima computed in water at the
PCM/TD-CAM-B3LYP/6-31G(d). (a) *mzt*,-min (b) 'nar*-min (c) Sc-min.

dCyd.®® The energy gap between 'mw*;-min and the 'nm* (S,)
state is only 0.10 eV at the same geometry. At 'mz*;-min, a
triplet state (T,) is also not far from S, (—0.8 eV), and the
computed spin orbit coupling term (SOC) is not small (13 cm™)
considering that, as discussed in the Supporting Information,
TD-DFT appears to underestimate the SOC. T, has a predom-
inant >nt* character, though for a non-planar structure all of
the lowest energy triplets (T,, T, and T;) are strongly mixed.
Indeed, geometry optimization of T, leads to a T, *xm*,-min, i.e.
a minimum localized mainly on the ring, which is the triplet
counterpart of the 'mat*;-min with a very distorted pyrimidine
ring (see Figure 5).

Further geometry optimization from 'mm*,-min shows that
another decay route exists for 'mm*, leading to another
minimum (now on the S, adiabatic surface), characterized by a
‘perpendicular’ arrangement of the formyl group with respect
to the ring (Figure 5). In this region, S, can be described as an
excitation from the Cyt HOMO, which interacts with the formyl
lone pair, to the formyl x* MO (Figure 5). Due to its non-
negligible Cyt-Formyl CT character (0.2 a.u.), this minimum is
labeled as Sc-min. Sq-min is flanked by two relatively close
triplet states, i.e. T,, (0.5 eV more stable) and T, (0.7 eV less
stable). While the S/T, SOC (2 cm™) is small, the SOC with T, is
higher (13 cm™). These results, confirmed also by MO052X,
suggest that S could act as a doorway state to the triplet
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manifold (see below). DFT geometry optimizations of T,, when
starting from So-min leads to a minimum (labeled as *nst*-min)
that can be described as an nz* excitation mainly localized on
the formyl moiety and involving its lone pair ion (nz*). The
*nrt*-min is slightly less stable than 3mst*,-min.

The S, 'mm*, state can also decay to the S, 'nm* state.
Geometry optimization of the 'nmt* state leads to a minimum
('nmt*-min), where the C=O bond length increases to 1.30 A
from 1.22 A at the FC geometry, and the formyl moiety is
strongly pyramidalized. The NTO of 'nm*-min involves the
transfer from the lone pair of the formyl O atom to the m*
formyl MO (Figure S5) with a small contribution from the ring. It
is rather close to the T, (energy gap 0.5eV) and T, states
(energy gap 0.4 eV). The SOC with T, is rather high (15cm™)
and that with T, is even larger (22cm™'), suggesting that
population transfer to T, is possible, with final transfer to the T,
ST -min.

An extensive exploration of the PES in ACN provides a
picture similar to that obtained in water, but with one crucial
difference (Figure 4). In ACN the formyl group and the aromatic
ring are locked in a nearly planar conformation to maintain the
intramolecular hydrogen bond between the formyl and the
amino groups. Consequently, access to the So-min is more
difficult because it requires out-of-plane motion by the formyl
group, as mirrored by the presence of an energy barrier of
~0.10 eV in the path leading to Sc-min. Moreover, the relative
stability of this latter minimum with respect to 'nm*-min is
0.1 eV lower than in water (0.13 vs 0.03 eV). In ACN, the most
effective decay path for the 'mm*, population involves transfer
to 'nmt*-min or to T, and ultimately to T,. As discussed in detail
in the Supporting Information, the picture obtained in the gas
phase at the MS-CASPT2 level (see Figure S7) is consistent with
that just described, considering the role of environmental
effects. In the gas phase, both CAM-B3LYP and M052X provide
a description of the PES similar to that of MS-CASPT2 except for
a general underestimation of the SOCs, further supporting the
reliability of the picture obtained in solution.

Finally, we have characterized the crossing region with the
ground electronic state and both 'mm*, and 'nm* states. In
solution we have verified (see Supporting Information for
details) that both in water and in ACN a sizeable energy barrier
(0.15~0.20 V) separates 'mm*,-min from the lowest energy
ethylenic-like crossing region, i.e. the region ruling the ultrafast
excited state deactivation in cytosine and its derivatives.**'? On
this ground, we predict that decay to the lower lying singlet
and triplet excited states is particularly effective and that the
'nm* state should be the singlet state most involved in non-
radiative deactivation to S,. The lowest energy crossing region
between 'nmt* and S, is characterized by a significant puckering
of the ring and it is more than 0.5 eV less stable than 'ns*-min
both in water and in ACN. This conclusion is supported by MS-
CASPT2 calculations in the gas phase, which we performed to
locate the lowest energy Sy/'mm*; and Sy/'nm* Conical Inter-
sections (Cl). They are significantly less stable than 'm*,-min
(by 0.90eV) and 'nm*-min (by 0.56 eV) (see also Supporting
Information).
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Computed IR spectra at the different minima

The harmonic IR spectra associated with the different minima
were computed at the PCM/TD-CAM-B3LYP/6-31G(d) and PCM/
TD-M052X/6-31G(d) (reported in the Supporting Information)
level of theory in ACN and D,O (see Experimental Methods
Section for details). Difference IR (DIR) spectra were computed
by subtracting the IR spectrum of S, calculated at the same
level of theory. The results are shown in Figure 3¢ (D,0/CAM-
B3LYP) and Figures S8-S11 (ACN and M052X).

Starting our analysis with the case of D,0O, the DIR spectrum
computed for S (yellow trace, Figure 3c) shows a strong
positive band centered at 1580 cm™', which is assigned to a
collective ring stretching. A less intense positive peak at
1670 cm ™' due to stretching of the CO group on the pyrimidine
ring is also observed. The aromatic ring is partially positively
charged in Sc-min and blue-shifting of the CO stretch
frequency in positively charged nucleobases has been reported
previously."™ The calculated DIR spectrum for S; 'na*-min (blue
trace) shows just two weak positive bands at 1590 cm™' and
1500 cm ™. Both modes are assigned to collective ring stretch-
ing, while the 1500 cm™' mode has a contribution from amino
group stretching. DIR spectra of the two lowest-energy triplet
minima were calculated. The DIR of the lowest energy T, *mm*;-
min (red trace) exhibits a strong positive peak at 1560 cm™,
which is assigned to ring stretching with a strong contribution
from the amino group. For T, *nm*-min (pink trace), the
calculation predicts a peak at 1560 cm™' and another one at
1500 cm™' due to ring stretching modes.

Discussion
Distinct ISC channels for 5fdCyd in water versus ACN

To understand ISC for 5fdCyd in water and ACN, the
experimental and calculated results are compared in Figure 3
with the colored areas indicating matching absorption features.
In water, the vibrational marker bands diagnostic of the S-min
(1585 and 1670 cm™") are visible in the initial TRIR spectra
(Figure 3). These bands directly evolve into the marker band at
1550 cm™', which belongs to the triplet state. Kinetics shown in
Figure 3d clearly demonstrate that the decay of S (yellow
trace) is correlated with the build-up of triplet states (red trace).
Considering the larger SOC strength, we assign the ultrafast ISC
to the transition from Sg-min to the T, (nm*) state. As
mentioned above, a clear blue-shift of the triplet marker band
(~1560 cm™) is seen when the second EADS evolves to the
third one. Combined with calculations, this spectral evolution
suggests that the T, (mm*-min) state is also populated on a
later timescale (second EADS evolves to the third). The
combination of experiment and theory offers evidence of CT
induced triplet state generation in 5fdCyd. This assignment is
also supported by the PES calculations. As shown in Figure 4, a
dark state (So) with Cyt to formyl group charge transfer
character is present in 5fCyt e 4H,0 that can only be accessed
when the formyl group is significantly displaced from the
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pyrimidine ring (in the minimum it is perpendicular to the ring).
The adiabatic energy minimum of S is almost as low as that of
the S, ('nm*) state, suggesting that it is possible to populate
these two dark states after 5fdCyd is excited to the bright S,
(‘'mm*,) state. Considering the SOC and energy difference, the
transition from S to T, (nzt*) is the most probable channel for
the observed ultrafast ISC when 5fdCyd is in D,0.

For ACN, it is obvious that the marker bands for So-min
(1585 and 1670 cm™') are missing even in the first EADS.
Comparison with the calculated spectrum of the 'nm* state
suggests that this component is mainly due to the S; 'nzt* state.
The positive features in this EADS could be assigned to the
'ma*-min and 'mw*-min-pla according to the DIR spectra, but
internal conversion from the S, ('mwt*) state to the S, ('nm*) state
is expected to be very fast. Moreover, this 3.9 ps lifetime also
contains information of vibrational cooling of the hot 'nm*
state. Because of the strong positive band centered at
1550 cm ™', the second (24 ps) and the long-lived components
are assigned to the triplet T, *rt*. The isosbestic point between
the first and second EADS indicates that in ACN the 'nzt* acts as
gateway state for the population of the T, *mw* triplet state in
line with conclusions from the literature.*” However, the
ground state bleach kinetics suggests that the 24 ps compo-
nent should also contain signal from a minor decay channel to
the ground state (see below).

Our calculations also predict that both in water and ACN
'7r*,-min has a significant SOC (13 cm™') with a triplet state (T,)
that is somewhat lower in energy (—0.8 eV). This channel may
also exist because the positive band for the triplet state at
~1550 cm™' can be detected both in water and ACN at very
early time delays. However, we cannot definitively confirm this
at the present time because our limited time resolution
prevents us from obtaining TRIR and DIR spectra of 'mm*,-min.

Our study also provides new insights on the nonradiative
decay pathways not involving triplet states. In detail, we show
that in both solvents decay components of a few dozens of ps
are present. We propose that, besides ISC to triplets, an
additional decay channel is available for the excited state
population from the bottom of the dark 'nz* state according to
the ground state bleaching kinetics (Figure 3d and S1). It is
worth pointing out that similar lifetime was observed for the
dark state in dCyd. However, in dCyd, this dark state, which has
been proposed to also be active in DNA duplexes,"™ involves
the lone Pair of the O7 atom in the pyrimidine ring and not the
formyl substituent.™™

Our prediction that an additional decay channel is available
for the decay of the 'mzt* minimum in water is consistent with
the strong solvent-dependence of the fluorescence spectrum.
In water, the larger conformational flexibility of the formyl
group, which modulates the coupling of the bright emissive
'na* with the dark S state, enables emission from a wider
region of the PES. This explains the weaker, broader, and red-
shifted fluorescence spectrum observed in water. As discussed
in the Supporting Information, the energy difference between
the anti-conformer (where the formyl and amino groups are in
anti-arrangement) and the most stable syn one (shown in
Figure 1) is smaller in water than in ACN. This minor conformer,
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whose population should be larger in water, is characterized by
red-shifted emission with respect to the anti-conformer (see
Supporting Information). Finally, a state with partial CT
character is expected to be more sensitive to the solvent
arrangement and, therefore characterized by enhanced solvent
inhomogeneous broadening."®

Charge transfer-induced intersystem crossing

The photophysics and photochemistry of aromatic ketones and
aldehydes such as benzophenone and benzaldehyde have been
extensively studied for decades.” It is commonly accepted that
ISC in these molecules is facilitated by a large spin-orbit matrix
element together with a small energy barrier between the 'nm*
and *nm* states. For the simplest aromatic carbonyl molecules,
such as benzaldehyde and acetophenone, the S, ('nt*) state is
almost degenerate with the two lowest-lying triplet states, and
this could lead to efficient ISC after photo-excitation.'”™ More-
over, high level calculations have predicted that for a wide
variety of aromatic carbonyl compounds the S,/T,/T, crossing
region is only 4-6 kcalmol™' above the minimum of the S,
state."’® This region can be easily accessed by breaking the
conjugation between the carbonyl substituent and the ring.
Thus, ISC in these molecules takes place easily and rapidly (kisc ~
10" s7")."7 We propose that ISC for 5fdCyd in ACN occurs
similarly.

For 5fdCyd in water, the fluorescence spectrum, which is
broader and red-shifted compared to in ACN, and the blue-shift
of the C=0 band in the TRIR data signal the involvement of a
CT state. This conclusion is further confirmed by our QM
calculations, showing that an energy minimum (Sc-min) with
Cyt to formyl CT character is reached when the formyl group
and the cytosine ring are nearly orthogonal (Figure 4). Follow-
ing 285 nm excitation, a significant part of the population on
the 'mw* surface decays to this minimum (Figure 3), which is
nearly isoenergetic with the lowest minimum in the singlet
manifold ('nmt*-min). There are three possible decay pathways
for the excited state population in S-min. The first two lead to
the ground state by fluorescence or internal conversion, while
the third is ISC to the triplet state. The ground state bleaching
signal at 1650 cm™" (Figure 3d) shows little decay in the first
several picoseconds, suggesting that there is minimal decay to
the ground state during the time interval when ISC from the S
state takes place. The triplet quantum yield of 5fdCyd in
aqueous solution is therefore expected to be high, possibly
even higher than the reported value of 70% in ACN.

Triplet formation from a CT state, which has not been
described previously in nucleobases to the best of our knowl-
edge, may proceed via either of two mechanisms. In the spin-
orbit CT ISC (SOCT-ISC) mechanism,"® changes in orbital
angular momentum must be compensated by changes in spin
angular momentum due to the conservation of total angular
momentum. The orthogonal structure of the C=0 group and
the cytosine ring can fulfill the requirement for a change in
orbital angular momentum when charge recombination is
involved." Recently, there have been several reports of fast
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SOCT-ISC and high triplet quantum yields in molecular dyads
with orthogonal donor and acceptor structures.”” As discussed
above, the orthogonal conformation between the C=0 group
and the cytosine ring is only reachable when 5fdCyd is in water.
The SOC strength is found to be 10-20 cm™' between the CT
state and the triplet state. It is worth noting that the SOC is at
least 1-2 order of magnitude larger than values reported for
BODIPY dyads, consistent with the ultrafast ISC observed
here.”®@ All these pieces of evidence make a strong case for
SOCT-ISC as a possible explanation of ultrafast ISC in 5fdCyd.

Another possible mechanism for CT-induced ultrafast ISC in
5fdCyd is spin-vibronic coupling. It is shown that the energy of
Scr-min is ~0.5 eV lower than 'mr*-min, which could enhance
the coupling between this region of the PES and the low-lying
triplet states. The almost perpendicular geometry between the
formyl group of 5fdCyd and the pyrimidine ring in Sq-min that
facilitates a spin flip during charge recombination as described
above is also expected to enhance coupling of this singlet state
to a nearby triplet state. It has been reported that out-of-the-
plane motions can promote the spin-vibronic coupling between
the bright 'mm* state and triplet states (both *mm* and *nm¥),
leading to ultrafast ISC in thio-bases.*"*? Therefore, it is also
plausible that the key to the ultrafast ISC in 5fdCyd is the
matched energy level between So minimum and T, (nm*)
together with the orthogonal structure of the carbonyl group
which enhances vibronic coupling between these two states.

According to our analysis, the solvent has a dramatic
influence on the photoexcited state behavior of 5fdCyd. As
discussed in the previous section, its fluorescence properties
are very different in D,O and in the polar, yet non-hydrogen-
bonding solvent ACN. Although triplet yields are high in both
solvents, our results show that ISC happens even more rapidly
in aqueous solution where it is mediated by a gateway CT state
that is hardly observed in ACN.

Solute-solvent hydrogen bonds play a key role in these
differences. As shown in Figure 4 and Figure 5, the minimum
with CT character in water is stabilized by an orthogonal
geometry. In ACN, this geometry is difficult to access because of
the stable intramolecular hydrogen bond between the carbonyl
and the —NH, group, which leads to the presence of an energy
barrier in the path leading to Sc-min. This strongly reduces its
involvement in the decay of 5fdCyd in ACN, and ISC follows
expectations for the gas phase. Solvent effects on fluorescence
lifetimes of nucleobases are well known,” but this is the first
example to our knowledge where solvent-dependent stabiliza-
tion of a CT state facilitates ultrafast ISC. Understanding the
reactivity of 5fdCyd in duplex DNA, where a large variety of
intra- and intermolecular hydrogen bond interactions are
present, is a worthy challenge for the future.

Conclusion

In the present study, we investigated the excited state dynamics
of 5fdCyd in water and ACN by TRIR and QM calculations. The
different rates of ISC measured in buffer versus ACN solution

are attributed to different decay pathways. In buffer, a CT state

© 2021 Wiley-VCH GmbH


https://doi.org/10.1002/chem.202100787

Chemistry
Europe

European Chemical
Societies Publishing

Full Paper

Chemistry—A European Journal doi.org/10.1002/chem.202100787

with an orthogonal geometry between the formyl group and
the cytosine ring is formed initially, which can promote effective
ISC *nmt* state with a <1 ps lifetime. This ISC channel do not
work in ACN due to the limitation of intramolecular hydrogen
bond, which leads to the presence of an energy barrier to
access the Sq-min. Our results set the stage for investigating
excited states of 5fdCyd incorporated into DNA strands. It
remains to be seen what effects the restricted access to water
molecules and other intramolecular interactions (such as proton
coupled electron transfer) in the different DNA double strands
will have on excited state dynamics by this epigenetically
significant cytosine derivative. Finally, we note that a full
understanding of ISC mechanisms by small molecules in a DNA
environment is a necessary step on the path to designing useful
photosensitizers for biological applications.

Experimental Section

Experimental methods

Chemicals: 2'-Deoxy-5-formylcytidine (>97 %) was purchased from
Berry and Associates, Inc. Phosphate buffer solution (25 mM
NaH,PO, and 25 mM Na,HPO,) was prepared in D,O (Sigma-Aldrich,
99.9% D). CD;CN was purchased from Sigma-Aldrich (>99.9%
atom D).

For the TRIR experiments in D,0, 4.6 mg of 2'-deoxy-5-formylcyti-
dine (5fCyd) was dissolved in 3mL 50 mM phosphate buffer
solution (PBS) prepared in D,O. The concentration was 6 mM. For
the TRIR experiments in CD;CN, approximately 5.0 mg of 5fCyd was
first dissolved in D,0O for deuterium exchange of the labile protons.
The solution was subject to freeze-drying for 24 hrs. 3 mL CD;CN
was added to the resulting dry solid. Due to the limited solubility of
5fCyd in CD,CN, the mixture was allowed to settle and the
supernatant, which contained the saturated 5fCyd solution, was
taken for experiments.

Steady-state absorption spectroscopy: Steady-state UV-visible
absorption spectra were measured at room temperature using a
JASCO J-815 CD spectrometer. The D,O and CD;CN solutions were
held in fused silica cells with 100 um and 1 mm optical path length,
respectively.

Fourier-transformed IR (FTIR) spectra were measured using a JASCO
FTIR 4200 spectrometer. The D,0 and CD,CN solutions were held in
CaF, cells with 100 pm and 500 um optical path length, respec-
tively.

The concentrations used in the steady-state absorption experi-
ments were identical to those used in the time-resolved experi-
ments (see below). All steady-state absorption spectra shown in the
main text have been corrected for solvent background.

Fluorescence: The steady-state fluorescence spectra were recorded
using a Horiba PTI-QM-8075-22-C spectrofluorometer. The fresh,
concentrated solutions in D,O and CD;CN (described above) were
diluted to give absorbance at 285 nm (A285) of 0.23 and 0.19,
respectively, measured in a 1 cm fused silica cell. The samples were
excited at 285 nm and the fluorescence signal was recorded from
300 nm to 450 nm. All slits in the excitation and detection
monochromators were adjusted to give a 5nm bandwidth. The
intense Raman signals at 304 nm (CD;CN) and 307 nm (D,0) have
been removed for clarity. All spectra have been corrected for
instrument sensitivity and background signals from the solvent.
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Time-resolved IR spectroscopy (TRIR): The TRIR spectrometer has
been described in detail before.*” Briefly, the 285 nm pump was
generated by an optical parametric amplifier (OPerA Solo, Coherent
Inc). The prerequisite 570 nm was generated by sum-frequency
mixing of the idler and the fundamental 800 nm (3.5W, 90 fs,
1 kHz; Libra-HE, Coherent Inc). The visible pulses were subsequently
frequency-doubled in a BBO crystal. Every other pump pulse was
blocked by an optical chopper operating at 500 Hz. The pump
pulse was attenuated to 1.2 uJ/pulse using a fused silica neutral
density filter, and focused to a spot size of 430 um (fwhm) at the
sample position using a fused silica lens.

The broadband mid-IR probe pulses centered at 6150 nm
(1626 cm™") and 6800 nm (1470 cm ') were generated by difference
frequency mixing of the signal and idler pulses from a second
optical parametric amplifier (OPerA Solo+ nDFG, Coherent Inc). The
probe beam was split into two portions, signal and reference, for
multichannel referencing to improve the signal-to-noise ratio. Both
portions were focused onto the sample, but only the signal beam
overlapped with the pump beam. Both portions were subsequently
recollimated and refocused into a spectrograph (Triax, Horiba),
dispersed by a 100 lines/mm grating blazed at 6000 nm, and
projected onto a liquid N,-cooled, dual-row, 64-element/row
HgCdTe detector (Infrared Systems Development).

The relative polarization of the UV pump and the mid-IR probe
pulses was set to magic angle (54.7°). The pump-probe delay was
varied using a 60 cm optical delay stage, which gave a total of 4 ns
delay. The sample was recirculated in a flow cell (Harricks). For the
D,O experiments, a 100 um-thick Teflon spacer, which defined the
optical path length of the sample, was placed between two CaF,
windows. The optical path length was 500 um for the CD;CN
experiments. The sample concentration for D,0 experiments was
6 mM. The concentration of the saturated 5fCyd solution in CD;CN
was estimated to be 0.7mM, assuming that the extinction
coefficient at 285 nm (€285) is identical to that in D,0.

To analyze the TRIR date, experimental spectra from 0.3 ps to 3.6 ns
were subject to global analysis using the Glotaran software
package.” The EADS obtained from target analysis by sequential
model are displayed in Figure 3 A and B. The representative kinetics
are shown in Figure 3B and Figure S1. The lifetime uncertainties
reported in the main text are twice the standard deviation.

Computational methods: Our calculations were performed on the
model depicted in Figure 1, where the sugar is mimicked by a
methyl group and the formyl group is syn with respect to the
amino group. Excited state potential energy surfaces were
computed by Time Dependent Density Functional Theory (TD-DFT)
using two different functionals: CAM-B3LYP®® and M052X.”*” Unless
specified in the main text, the CAM-B3LYP results are discussed.
Optimizations were done by using the 6-31G(d) basis set, checking
for the effect of the basis set by single point calculations with a
larger basis set. Bulk, solvent effects, both in water and in ACN, are
included using the polarizable continuum (PCM) model,”® whereas
the effect of hydrogen bond interactions were considered by
explicitly including four D,0 molecules with the arrangement
shown in Figure 1. This procedure has been profitably used to
study the photoactivated behavior of nucleobases in solution,?*%?
including Cyt derivatives.**™% SOC terms were computed using the
pysoc program.B” See Supporting Information for further details
about DFT and CASPT2 calculations.

The IR spectrum for the relevant ground and excited state minima
were computed at the harmonic level. To account for the lack of
modelling of anharmonic effects and to facilitate comparison with
experiments, all frequencies were uniformly scaled by 0.955, using
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a procedure commonly used in the literature,"***? and the labile
protons were substituted with deuterons.
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