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Publishing Abstract

We measure the Sp — 57 spectrum and time-resolved S; state nonradiative dynamics of the “clamped” cytosine
derivative 5,6-trimethylenecytosine (TMCyt) in a supersonic jet, using two-color resonant two-photon ionization
(R2PI), UV/UV holeburning and ns time-resolved pump/delayed ionization. The experiments are complemented
with SCS-CC2, TD-CAMB3LYP, and MS-CASPT?2 ab initio calculations. Wh?! the R2PI spectrum of cytosine

breaks off ~ 500 cm ™! above its 0 band, that of TMCyt extends up to +44 —! higher, with over a hundred

1

1. 5 and v lie below 420 cm ™ -,

resolved vibronic bands. Thus, clamping the cytosine C°-C% bond allow$ to explore the S; state vibrations and
So — S1 geometry changes in detail. The TMCyt S| state out-of-plan tion

iB?)
the in-plane v}, , {,, and v/ vibrational fundamentals appear at.450 m 944 cm~!. Sy — S; vibronic

simulations based on SCS-CC?2 calculations agree well with experiment it&jhe calculated v/}, /4 and v}, frequencies

are reduced by a factor of 2 — 3. MS-CASPT2 calculati&pre ict that the ethylene-type S; ~» Sy conical

1

intersection (CI) increases from +366 cm™! in cytosine to % _6000:¢m ! in TMCyt, explaining the long lifetime

and extended Sg — S7 spectrum. The lowest—energ‘yS\l So/CI of TMCyt is the “amino out-of-plane” (O Px)
intersection, calculated at +4190 cm~'. The e\w S1 ~» Sy internal conversion rate constant at the

S1(v' = 0) level is kjc = 0.98 — 2.2 - 108 s¥'swhich'is ~ 10 times smaller than in 1-MCyt and cytosine. The
.
S1(v" = 0) level relaxes into the Ty (3r7r ﬁwgl?\intersystem crossing (ISC) with kysc = 0.41 — 1.6 - 108 s~1.

The T3 state energy is measured to lie 60%cm™! above the S state. The S1(v" = 0) lifetime is 7 = 2.9 ns,
quant

resulting in an estimated fluorescence yield of @7y = 24 %. Intense two-color R2PI spectra of the TMCyt

1

amino-enol tautomers appea ve 36000 cm™". A sharp S; ionization threshold is observed for amino-keto

TMCiyt, yielding an adiabatic iofiization energy of 8.114 4 0.002 eV.
/
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PublighiA¥TRODUCTION

A number of femtosecond (fs) pump-probe studies of cytosine (Cyt), 1-methylcytosine (1-MCyt) and
S-fluorocytosine (5-FCyt) in the gas-phase have yielded ultrashort excited-state S state lifetimes that
range from 7 = 0.2 to 3.2 ps.'”> However, more recent measurements of supérsonically jet-cooled amino-
keto Cyt, 5-methylcytosine (5-MCyt) and 5-FCyt based on Lorentzian lifétime brgadening measurements
at their respective Sy — S electronic origins yielded lower limits on the/5; lifetimes of 45 ps for Cyt
and 75 ps for 5-FCyt.5® More recent direct lifetime measurements.of Gyt, [*MCyt and 1-ethylcytosine
(1-ECyt) using the picosecond (ps) excitation/ionization delay technique revealed even longer values

between 7 = 450 — 900 ps, which decrease rapidly with increasinggvibrational excess energy (E.,.).”

Computational studies of the excited-state dynamids and-nonradiative decay of amino-keto Cyt'%2°
have located three different conical intersections (Cls) between the ground and lowest excited 7r7* states.
The lowest of these, which dominates the S; ~~4S, nenradiative decay, is called (Eth)x, since the inter-
section structure is similar to the CI structurefofiethylene. This CI is characterized by a puckering of the
CS atom and a twist around the C-C% borid,ayith ad-C>-CC-H torsional angle of ~ 120°.10-13.15.16.19.21.22
The next higher CI involves an N? outéof-plané bending and a large out-of-plane amino deformation and
is called (OP)x.'%161922 The third(CL, calledy(no, ™) x, has a semi-planar structure with sp* hybridiza-
tion of the C% atom, shortening of the C%:N?"bond and stretching of the C*>-C° bond relative to the ground

state minimum.!0-16-19-21.22

Zgierski et al. have{shown thaf covalently clamping the C°-C° bond of Cyt with a trimethylene
bridge in 5,6-trimethylenecytesine (TMCyt) increases the S; state fluorescence lifetime and quantum
yield in room-tepdpérature ‘agueous solution by ~ 1000 times relative to Cyt,>>° to 7 = 1.2 ns and
® 4y ~ 10 %.*%Theirconfiguration interaction singles (CIS) and second-order approximate coupled clus-
ter (CC2) excited-state calculations predicted that this clamping shifts the (Eth)x conical intersection
of cytosifie to ~41500 cm~! above the S; minimum, making this CI energetically less accessible.?® The
trimgthylene bridge in TMCyt hardly affects the m-electron framework of Cyt, so the Sy — S; absorp-
tion band shifts from \,,,, = 267 nm for Cyt to 280 nm in TMCyt.2% In the clamped cytosine derivative
pyrolocyiosine (PC), the C*-amino group (see Figure 1) and the C® atom are covalently connected, re-
sulting in a pyrrole ring fused to the Cyt chromophore.?’ This extension of the w-electron framework
significantly shifts the Sy — S; excitation maximum to \,,,, = 330 — 345 nm, or about 70 — 80 nm to

the red, compared to Cyt.?®?° For PC, Thompson and co-workers have measured a lifetime of 7 = 2.9 ns
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Publighdraecuantum yield ®f; ~ 0.038 in pH 7 phosphate buffer.*”

Intrigued by these observations, we have measured and analyzed the S, — S; vibronic spectrum of
supersonic jet-cooled TMCyt using two-color resonant two-photon ionization (2C-R2PI), UV/UV hole-
burning and depletion spectroscopies. We also measured the S state lifetime and triplet-state formation
kinetics as a function of FE.,., using the nanosecond excitation/ionization’ delay technique, and report
S, state nonradiative rate constants for internal conversion and intersystem crossing. In addition to the
amino-keto tautomer 1 of TMCyt we have also observed an intense R2PJ spectrum that we assign to the
Sp — 51 transitions of the hydroxy-enol tautomers 2a/2b, see Figute ['for the tautomer structures. The
measurements are accompanied by calculations of the lowest exeited*singlet (!7r7*) and triplet (C77*)
states of TMCyt using time-dependent density functional {theory ( TD-CAMB3LYP), spin-component
scaled CC2 (SCS-CC2) , complete-active-state self-cofisistent field (CASSCF) and multi-state second-
order perturbation-theory (MS-CASPT2) methods.

II. METHODS

A. Experimental Methods

TMCyt was synthesized in thre&steps from*adiponitrile according to ref. 30 and characterized by 'H-
NMR-, 3C-NMR spectroscopy-and EST4mass spectrometry as described in the supplementary material.
The experimental setup for, two-colog resonant two-photon ionization (2C-R2PI) measurements has been
previously described.’"# Neen casfier gas at ~1.8 bar backing pressure was passed through a 20 Hz
pulsed nozzle (0.4 mmdiameter)heated to 230 °C that contains the TMCyt sample. 2C-R2PI spectra were
measured by cros§ingithe skitnmed supersonic jet with the unfocused UV excitation and ionization laser
beams in the gourcewf a linear time-of-flight mass spectrometer (TOF-MS). Excitation was performed
with 0.4 — 0.6'mJ) UVspulses from a frequency-doubled Radiant Dyes NarrowScan DR dye laser with a
bandwidth of 0.05 cm™! (1500 MHz) or with an Ekspla NT342B optical parametric oscillator (UV-OPO)
withfa bandwidth of 4 — 6 cm~!. The frequency scale was calibrated by measuring the fundamental
frequency with the WS6 wavemeter.

lonization light of ~ 100 wJ/pulse at 225 or 245 nm was produced by an Ekspla NT342B (UV-
OPO)\The measurements were typically done with 10 — 30 mV ion signal at the most intense vibronic
band. A second frequency-doubled dye laser (~ 400 pJ/pulse) was used as the UV-depletion laser for

UV/UV holeburning and depletion experiments. Excitation and ionization were performed as for the
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Publi&2ile <periments. The depletion laser was fired 300 ns before the excitation/ ionization laser pulses.

B. Computational Methods

A uniform theoretical treatment of the ground- and excited-state potential energy surfaces of TMCyt
is difficult, and we have combined several methods following a similat approach“o our recent work on
1-MCyt.>® The electronic ground state of all 14 tautomers and rotdmers ‘of TMCyt was first optimized
using density functional theory (B3LYP) with the TZVP basisfset.|y The“ground state structures of the
six most stable tautomers are shown in Figure 1; these werg re-optumized at the correlated level, using
the Mgller-Plesset (MP2) method in the resolution-of-identity(RI) approximation, the SCS-MP2 method
and the CC2 method in the RI approximation, using the aug<ce-pV'TZ basis set.

The adiabatic and vertical transition energies were Calculated at the SCS-CC2 level of theory with the
aug-cc-pVDZ basis set. Normal-mode calculations wete performed for all geometry-optimized structures
to assure that they correspond to true potential eneigy surface minima. These data were also calculated
at the MS-CASPT?2 level of theory. For the mg* and,'nom* states we used TD-CAM-B3LYP/6-311G**
optimized geometries, whose MS-CASRI?2 energy is lower than that of their CASSCF and SCS-CC2
analogues. For the optimization of{(@.02) jy;, we used the CASSCF(12,12)/6-311G** geometry because
the other methods failed to converge a minimum for that state.

For the calculation of the‘decay paths and conical intersections, we follow the MS-CASPT2//CASSCF
approach, where the paths and structures are optimized at the CASSCEF level of theory and the energy
profiles along the paths are recalculated at the MS-CASPT? level to include dynamic correlation energy
(see our previousStudy of <MCyt*®). For the CASSCF and MS-CASPT? calculations we used, respec-
tively, the 6-3 1 G*%pasis and the ANO-L basis set contracted to 4s3p2d for C, N and O and 3s2p1d for
H. For the CASPT?2 calculations we used an imaginary level shift** of 0.1 a.u. and the standard ionization
potential & electren affinity correction®® of 0.25 a.u..

T calculate-the reaction path to (O P) x we optimized the transition structure (TS) on Sy, and obtained
the path by €ombining the intrinsic reaction coordinate®® and initial relaxation direction®” techniques.
The caleulated barrier includes the vibrational zero-point energy (ZPE) correction, which amounts to
—475%m™!, based on CASSCF frequencies at ({77*)asin (With 3N — 6 vibrational modes) and at the
corresponding TS (including 3N — 7 modes). The CI were optimized using the recently developed
double Newton-Raphson algorithm.?® The active space of the CASSCF and MS-CASPT?2 calculations
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Publigtangpecifically tailored for each path. for details see the supplementary material. We use (10,10) and
(12,12) active spaces for the ethylene- and OP-type paths, respectively. With this approach, the MS-
CASPT?2 S, /Sy energy gaps at the CI structures were 1973 and 2265 cm™! (0.24 and 0.28 V) at (Eth) x
and (OP)x, respectively. The path to (Fth)x, which has a sloped topology and does not involve a TS,
was approximated with a linear interpolation in internal coordinates.

The DFT and CC2 calculations were performed using Turbomole 6:4.2°**¢he CASSCF optimiza-
tions were performed with a modified version of Gaussian09,*' and thedViS-CASPT?2 calculations with
Molcas 7.8.4>* Vibronic band simulations were done with the PGORHER program.* As inputs, we used
the SCS-CC?2 calculated Sy ground and S, excited state geometries and-the corresponding normal-mode
[ matrices, employing conformer 1a. Additional diagonal anharmenicity constants** were included for
some modes. The vibronic band intensities are based @n full multidimensional Franck-Condon factors,

).44

including both mode displacements and mixing betwgen modes (Dushinsky effect).** The vibronic sim-

ulations for conformer 1b are very similar to thosefor 1a.

III. RESULTS AND DISCUSSION
A. Computational Results

Tautomers and Relative Energies: Figured shows the six most stable calculated tautomers and rotamers
of TMCyt, and Table I sunimarizesitheir relative energies calculated at different levels of theory. All
the correlated wave fun€tionsmetheds predict the trans-amino-enol 2b tautomer to be the most stable
one, with the corresponding ¢cig-fotamer 2a ~ (0.6 kcal/mol higher. The amino-keto N1H tautomer 1 that
is experimentally/investigated below, exists in conformer 1a, where the amino group and trimethylene
ring are out-oféplaneédn the same direction, denoted Up-up (or Down-down), where the first (capitalized)
orientation refess to the NH, group. In conformer 1b, the NH; group and trimethylene ring are arranged in
opposite directions (Up-down or Down-up). The 1a and 1b forms are close in energy with 1b calculated
to lig'3 — 4 cm=! above 1a. In the gas phase, both 1a and 1b are less stable than amino-enol conformers
by 1.08kcal/mol (CC2) or 1.54 kcal/mol (SCS-MP2). The B3LYP density functional method predicts the
amino-keto N1H tautomer to be the most stable tautomer; however, it is known that this method predicts
the order of the cytosine tautomers incorrectly.®*

The other TMCyt tautomers 2b, 2a and 4 also exist as pairs of conformers analogous to 1a/1b, but

only one form was calculated since the energy difference is expected to be very small. All the imino-enol
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Pub|i§<hq'1ng ie > 13 kcal/mol above the most stable tautomer 2b at the B3LYP/TZVP level, hence we do not

consider them any further.

Electronic Transition Energies:

Table II summarizes the calculated adiabatic and vertical transition ehergies of the 1a, 1b, 2a, 2b
and 3a conformers predicted by the SCS-CC2 method, together with the MS-CASPT?2 transitions for 1a.
Both methods are in good agreement, which validates our computatienal approach. They predict that the
S, state minimum has '77* character. The calculated adiabatic tzdnsition 0fda is 31534 cm~! (SCS-CC2)
and 31831 cm~! (MS-CASPT?), in excellent agreement with«the experimental value of 31510 cm~!. The
vertical excitation energy of the 'w7* state with the SCS-CG2 and MIS-CASPT2 methods is 36610 and
36500 cm™!, respectively. There are two low-lying 'ngr* states which arise from excitations out of the
oxygen and nitrogen lone pairs, whose vertical excitation energies are 7000 - 10000 cm~! higher. The
structure of the 'no7* state was optimized at the TR-CAMB3LYP level. It is a minimum on S, with
adiabatic energy of 37597 cm~! (MS-CASPI2single point). The structure optimization of the 'nom*
state did not converge with SCS-CC2 because,it reaehed a region of S5/.S; degeneracy, which is consistent
with the small S5/S; energy gap found at the,'no7* minimum at the MS-CASPT?2 level. Optimization
of the 'ny7* state at the CASSCF Jevel leads«o (OP)nrin, with an adiabatic energy of 33017 cm~!. The

electronic configuration at this structuréds analogous to that described in our previous work on 1-MCyt.*

The adiabatic transition eiergy of conformer 1a is calculated to lie slightly above that of 1b, differing
by 51 cm™! at the SCSL€C2 Jevel, ‘With this method, the Sy — S; transitions of the major tautomers
2b and 2a are calculdted to'e ¥r7* and to lie at ~ 35000 and ~ 34500 cm™!, respectively, or about
3500 cm ™! furthepfothe blug than the transitions of the 1a/1b conformers. The lowest-energy electronic
transition of thé intind-keto tautomers 3a and 3b are predicted at 41400 cm~! and 40970 cm ™!, respec-
tively. This isabdve the experimental spectral range covered in this work. On the other hand, the lowest
Lrr* transition of the 4 (N3H) tautomer is predicted to lie very close to that of the 1 (N1H) tautomer.
Howgver, tautomier 4 is calculated to be 5.5 — 5.8 kcal/mol less stable than tautomer 1, hence we do not

expectithis tautomer to be observable in the supersonic jet.

Ground- and Excited-State Structures: In the SCS-CC2 S, optimized structure of 1a the pyrimidinone
framework is Cs symmetric, and the amino group and the trimethylene ring are bent slightly out of the

ring plane. In the '77* excited state, the SCS-CC2 and TD-CAMB3LYP methods predict (i) a stronger
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Publighiagdalization of the amino group, (ii) an in-plane deformation of the pyrimidinone framework and
(iii) an out-of-plane bend at the C°® atom (see Figure 1 for the atom numbering). Figure 2 shows the
SCS-CC2/aug-cc-pVDZ calculated geometries and geometry changes of TMCyt for both amino-keto
N1H conformers. The TD-CAM-B3LYP optimized structure has similar out-of-plane deformations, see
Figure S1 in the supplementary material. This is in line with previous redults for 1-MCyt** for which

both methods predict a substantial deplanarization at the 77 state minifagm.

Interconversion between the 1a and 1b isomers: As shown in{Table I, three correlated quantum-
chemical methods (MP2, CC2 and SCS-MP2) predict the energy differenee between conformers 1a and
1b to be very small (1 — 10 cm™1!). At the typical T,;;, = 5 ~.7 K&in our“supersonic jet expansions, the
relative population of 1a and 1b should thus be within a fadtor of 2, — 3. Given the computed adiabatic
transition frequencies of 31534 cm™* for 1a and 31483 ¢m™ L for 1b°(see Table II), we should observe two
spectra that are mutually shifted by about 50 cm ™. Hewever, the R2PI and UV/UV holeburning spectra
discussed below show only a single ground-state ‘speciesy The reason for this is the large-amplitude

amino-inversion of TMCyt, which interconvefts.the eonformers 1a and 1b.

In the S, state, the SCS-CC2/aug-cc-pViDZ calculated barrier height between 1a and 1bis ~ 30 cm™*.
We calculated the one-dimensional (1D).invegsion potential at the same level by incrementing the H-N-
C*-N? and H-N-C*-C? angles 6;,, ffom 0% =0° by 5° in the positive and negative directions, relaxing all
other internal coordinates at every points, The resulting 1D potential is shown in Figure 3. The inversion
eigenfunctions in this potenfial were calculated by numerically solving the 1D vibrational Schrodinger
equation. The reduced mass Ji,.q9 Was determined by calculating the SCS-CC2/aug-cc-pVDZ amino-
inversion imaginary normal*modé frequency at 6;,, = 0°; the central five points of the inversion potential
were taken to reppésent thedharmonic potential at this angle, and fi,.q ¢ for the 1D calculation was fixed
such that the egalctlated normal-mode and 1D frequencies in this harmonic potential were the same.
Figure 3 shows_tHat lowest-energy v;,,, = 0 level lies ~ 130 cm™! above the barrier. Its wave function
is delocalized over*both the 1a and 1b geometries with its maximum near planarity (6;,, = 0°). That
the vibrational ground state of TMCyt is quasiplanar (delocalized over both 1a and 1b) explains why the
UV/UY holeburning spectra, discussed in the next section, reflect the presence of a single ground-state
species only. The second amino-inversion level v;,, = 1 lies 380 cm™! higher. It will be collisionally

cooled out in the supersonic expansion and will not be considered further.

In the S state, the planar (C's symmetric) structure of TMCyt is an index-2 stationary point. Normal-

mode analysis at this point yields imaginary frequencies for both the NH» inversion and trimethylene-ring
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Publighiipd-plane vibrations. The So-state barrier to planarity is 307 cm™! at the SCS-CC2 level. In the '77*
excited state the barrier to planarity is much higher, 1297 cm~!. Four imaginary frequencies are obtained

at the C stationary point.

B. Experimental Results: Two-Color Resonant Two-Photon Ionization; UV/UV Holeburning and De-

pletion Spectra

Figure 4(a) shows a two-color R2PI overview spectrum of jetz£ooléd TMCyt in the 31300—38500 cm ™+

range, recorded with the UV-OPO. The 08 transition of the®amino=keto 1a/1b tautomer is observed at
31510 cm™!. At the ~ 5 cm™! resolution of the UV-OPO, vibgonic bands are resolved up to +2100 cm ™!
above the 0) band. The R2PI signal extends up 4000 cm_'.aboye, but due to the high density of vibronic
excitations and the moderate ~ 5 cm™! resolution, the bardStructure is washed out in this range. In
Figure 4(b) we show a PGOPHER vibronic bafd simulation based on SCS-CC2 structures and normal
modes of TMCyt. They are seen to be in qualitative agreement with the R2PI spectrum, and will be
discussed in more detail in section IITF.

Starting at 35930 cm™! or 4420 cm ¥ aboye the amino-keto 0) band in Figure 4(a), further intense
narrow-band absorption features are«observed. Based on the SCS-CC2 calculations of the previous
section we assign these to the amino-engl tautomers 2b predicted at 34508 cm™! and 2a predicted at
35008 cm ™!, see also Table 1L,

Figure 5(a) shows a highepresolution 2C-R2PI spectrum of the amino-keto tautomers over the lowest
1500 cm™! range (33400 — 32900 cm™1!) using a narrow-band frequency-doubled dye laser for excita-
tion. Because of ifs 0:05 cm<.! bandwidth, the vibronic bands are much better resolved in this spectrum.
Detailed vibrofiic assignments are given in the next section. A high-resolution UV/UV holeburning spec-
trum is shown'ia Figure 5(b) and was recorded with the burn laser at the intense band at 08 +59cm™,
marked by with an asterisk in Figure 5(a). It reproduces the 2C-R2PI spectrum in Figure 5(a) in great de-
tail. From thisswe conclude that all the observed vibronic bands originate from the ground-state level that
gives risg to the transition at 03 + 59 cm™'. Figure 5(c) shows the corresponding UV/UV depletion spec-
trum in which the holeburning laser is scanned with the detection laser fixed at the intense 0) + 59 cm™*
band. The UV/UV depletion spectrum also reproduces the R2PI spectrum, although the signal/noise ra-

tio is lower than in the UV holeburning spectrum. At 900 cm~! above the electronic origin the widths

of the vibronic bands begin to increase, which indicates the onset of rapid non-radiative processes, see
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Publisbdtigr IITF. Although no further bands can be observed in the depletion spectrum above +1000 cm™!,

the signal remains slightly below the baseline, indicating a constant depletion of the ion signal.

C. Vibronic Band Assignments

We first attempted to assign the vibronic bands in the R2PI spectruin ofyTMCwt in Figure 5(a) based
on the SCS-CC2, CC2 and TD-B3LYP harmonic frequencies of the< rm*state given in Table III. The
lowest-frequency in-plane vibration is predicted to be /| = 254 m™ §(SCS<CC2), v| = 248 cm~! (CC2)
or v = 262 cm~! (TD-B3LYP), hence the vibronic bands belowssw 250 cm™! must arise from out-
of-plane vibrations. Experimentally, the two lowest-frequengy bands at 38 cm™* and 59 cm™! cannot
belong to the same progression, so we assign these as fundamentals of the lowest-frequency out-of-plane
vibrations v/| and v} (that is, as 1} and 2}). Table III 'Shows.that the lowest two frequencies calculated
with the SCS-CC2, CC2 and TD-B3LYP methods aré«wo to three times larger. Previous experience with
SCS-CC2, CC2 and TD-B3LYP excited-statécateulations of cytosine derivatives and pyrimidinones has
shown that while the in-plane S state vibratienal frequencies are well reproduced, the calculated out-of-

plane vibrational frequencies are ofterfi2<3 timges higher than observed experimentally.®3-31-33

For the PGOPHER* vibronic Band.sirhulations (see section II B), we therefore decreased the out-of-
plane frequencies to the experimental valyes. Figure 6(a)-(c) shows the simulated vibronic bands in red
for the 0 — 420, 420 — 870%nd 870, — 1320 cm™* sections of the spectrum and compares these to the
high-resolution 2C-R2PJ spectrumiift black. We first fitted the S state in-plane vibrational frequencies.
The SCS-CC2 calculdtion prediefs the lowest four in-plane fundamentals v, v1,, 14, and vj; at 254, 461,
472 and 618 cm 4 regpectivgly, see Table IIl. These normal-mode eigenvectors are shown in Figure 7.
The v}, and v normal- modes correspond to the v, and 1, in-plane vibrations that are characteristic

I and

of the Sy — Swspectra of benzene and its derivatives. We therefore assigned the bands at 449 cm™
471 cm~ Y as 12} and'11}, respectively, see Figure 6(b); the order of these two vibrations was interchanged
to obfaif a betief fit with the experimental R2PI spectrum. The 6] transition was fitted to the band at
257 cm_!; ifs intensity is rather small and it does not contribute further to the spectrum. The band
at\¢1yem ' was assigned to the 15} fundamental. The band at 944 cm™! is assigned as the in-plane

fundamental v/},, as the overtone 113 had no intensity, see Figure 6(c).

We then fitted the out-of-plane vibrations, see Figure 6(a). The weak band at 38 cm~! is assigned as

the /| fundamental. Since the v/, and v/} vibrations involve structural changes of the trimethylene ring, see
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Publighbiggl I and hardly appear in the simulation, the intense 59 cm™! band is assigned as the 3} “butterfly”
vibrational fundamental. The 32 overtone was fitted to the band at 126 cm™!. The fundamentals of v/ and
v, were fitted to the bands at 93 cm~! and 221 cm~'. The out-of-plane normal-mode eigenvectors v/,
vy, v and V4 are shown in Figure 8. Note that the SCS-CC2, CC2 and TD-B3LYP harmonic frequencies
in Table III differ from the fitted frequencies (Table IV) by a factor of 2 —43, indicating that the .S state
potential-energy surface is much flatter and more anharmonic along these.coordinates than predicted by

the excited-state calculations.

D. Photoionization Efficiency Curves

Figure 9 shows the photoionization efficiency (PIE) ¢urveSof the S, (}77*) state, which were recorded
at 0 ns delay of the ionization laser, and of a long-lived'state Awhich was recorded at 50 ns delay. The PIE
curve of the long-lived state shown in Figure 9 1$caled acgording to the relative signal heights discussed

in the next section, where the 7} ion signal réaches.25 % of the S; signal when ionizing at 225 nm.

The PIE curve of the S;(!77*) state inFigure 9exhibits a steplike ionization threshold at 33930 +
20 cm™!, indicating that the geometriichange between the v’ = 0 level of the S;(*77*) state and the
TMCyt" ion ground state Dy is smah., The Franck-Condon factor for adiabatic ionization from the S}
state is sufficiently large so the adiabatiCdpnization energy (AIE) threshold can be observed. The sum of
the Sy — ) 0) excitation efiergy ofi31510 cm™! and the PIE threshold in Figure 9 is 65440 + 20 cm ™,
giving an AIE= 8.114 # 0.002 eV, The SCS-CC2 calculated AIE= 8.18 eV of tautomer 1a is in good
agreement with this yalue (see Table II).

The delayed-idnization PIE curve of the long-lived state shown in Figure 9(b) is relatively noisy;
since the UV spectrm of the TMCyt amino-enol forms begins around ~ 36000 cm™?, this contribution
to the signal had {o besubtracted. The PIE curve exhibits a gradual signal onset at 40320 cm~! followed
by a slow rise. dVe interpret the long-lived state as the lowest triplet state 77, and this slow onset as
photoionization-of the hot vibrational levels of 77 that are formed by S; ~~ 77 intersystem crossing
(ISC);the Si < T3 energy difference is converted to vibrational energy of the 7} state during the ISC

progess.«The signal onset at 40320 cm ™!

is thus interpreted as the lower limit to the AIE of the T}
state. ‘The upper limit to the AIE is estimated by back-extrapolation of the linear part of the PIE curve
to the zero-signal line at 41400 cm~!. Subtracting these two values from the AIE of the S;(‘77*) state

(65440 + 20 cm™!) places the T} state between 24020 cm ™! and 25140 cm ™! above the Sy ground state.
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Publi€hingalculation supports the assignment of the 7} state. The calculated adiabatic energy of this state
is ~ 27800 cm~!, whereas the alternative of a dark 'no7* state can be discarded because its estimated

energy is much higher, 37597 cm™, see Table IL.

E. Ns Pump/ Ionization Delay Scan Measurements and Nonradiative KK&K

We measured the excited-state lifetime and nonradiative kinetics of T t using ns laser pump/delayed
ionization measurements by ionizing at 225 nm. The convolutigh-ef thewpulse widths of the pump and
1onization laser yields a Gaussian instrument response functior}__s with a full width at half-maximum

(FWHM) of 4.2 ns. We modeled the S; (*77*) state kinetics,as 5
kf%k@) (84 (1)

where k,.q is the S7 — S, radiative decay rate.\BExS—CCZ calculated oscillator strength of TMCyt
is fo = 0.0918, giving T,qq ~ 12 ns or k adg@fw s~1. This value is in good agreement with the

Trad = 13 ns that Zgierski et al. estimated m the integrated Sy — S absorption spectrum of TMCyt

diS] s
dt (krad

in aqueous solution.?®. The S, state is a ed\to decay nonradiatively to .S; by internal conversion (IC)

with the rate constant k7% and by i Mm crossing (ISC) to the T} state with the rate constant k7%

T} is assumed to relax to Sy verse ISC and also by phosphorescence; these two pathways
%ﬂt kp:

are combined into a singlesra
= kise - [$1] = kr - [T1] )

However, k7 i Ver (< 5-10° s) and we cannot determine it by delay measurements on the ~ 50 ns

time scale, so 's/set t/) zero. The simulated time-dependent concentrations [S;] and [7}] were convoluted
with the ‘Klﬁia;w e least-square fitted to the experimental pump/ionization signal traces.

te that use of the 4.2 ns width of the IRF, which is similar to the inverse of the k;~ and k;gc rate

nstants, th) ratio of the ionization efficiencies of molecules in the S; and 77 states, 7;,,(51):00n(11),

cahly\be estimated within certain limits discussed below. If the width of the two laser pulses were

signifieantly shorter than the inverse of the k;- and kjg¢ rates, then the experimental pump/ionization
transient would exhibit a much more intense .S; signal that would peak close to 100 % on the scale of

Figure 10, and the observed .Sy : T} signal ratio would be correspondingly larger.
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Publishilmgtigure 10(a-c) we show the experimental pump/ionization transient with excitation at the 0p band
and ionization at 225 nm, marked by a dashed vertical line in Figure 9. This transient is fitted for three
different assumptions for the ionization efficiency ratio ¢;,,(51):0;,,(11). In Figure 10(a) we assume
Tion(S1):0i0n(T1)= 1, giving the nonradiative rate constants k;c = 2.2- 108 s7% and k;go = 4.1-107 s 1,
Note, however, that this ratio is unrealistically low, since ionization at 225m is 10000 cm~! above the
S ionization threshold but only 2700 cm™! above the T} ionization threshgld. Fer the fit in Figure 10(b)
we assume that the ionization efficiency ratio 0;,,(51):0:0n,(11)= 4,whieh(is the apparent experimental
ratio between the S; and 7} ion signals at 225 nm shown in Figupe 9, and between the ion signals at 0 ns
delay and 40 ns delay shown in Figure 10. This fit gives the nonradiativerate constants k;c = 9.8-107 s~
and kygc = 1.6 - 108 s~L. If — as the other limiting case — we assume Ay¢ to be zero and fit k;gc and the
Tion(51):040n (1) ratio, we obtain the fit curves shown il Figure40(c). The resulting 0;,,,(S1):0:0n(T1) =

6.4 is the maximum possible ratio, and the fitted k;s&= 2.6 - 10° s~ is an upper limit for the ISC rate.

These IC and ISC rate constants of TMCyt gan“be compared to those of 1-MCyt, which are k;c =
2-10° s7! and k;sc = 2 - 108 s7! near the §; (@’ =0) level.*®> The main difference lies in the decrease
of k;c by a factor of 10 — 20. The ISCgate constant probably changes little upon rigidization of the
pyrimidinone, but the uncertainty is large. Thué the increase in excited-state lifetime at the 0) band upon

clamping the C*-C® bond originates mainly ftom the decrease of the IC rate.

The pump/ionization transients weré«also measured at an ionization wavelength of 245 nm, which is
the same wavelength as used to recerd the 2C-R2PI spectra. The measured 0) band transient was well
fitted with the three sets 0f k;¢ and £;sc constants that correspond to Figure 10(a-c). However, Figure 9
shows that ionizationfof the<; sfate at 245 nm is very inefficient; thus, the 7;,,(S1):0;0,(17) ratio was
re-fitted and is 15,5 ¢umnes tagger that for ionization at 225 nm. These fits are shown in the supplementary
Figure S3(a-c)#Ns'puinp/ionization transients were also measured for the bands at 054530, 05+ 1174 and
0 + 1646 cmi<, dut only with ionization at 245 nm, see supplementary Figure S3(d-f). These transients
were fitted with a fixed 00,(51):0;0n(T1)= 15.5, which corresponds to assuming ;,,(S1):00,(11) = 1
and Tistatesiat 225 nm. All fitted kjc and krge values assuming 00, (S1):040,(T1) = 1 at 225 nm are

collected in Table V.

Swmmarizing, one sees that although the ns time resolution of the pump/ionization transient measure-
ment and the unknown ratio ¢;,,,(S1):0;,,(11) lead to considerable uncertainty, k¢ is determined within
a factor of 2.5 between krc = 9.8 - 107 and 2.2 - 10® s—!. Similarly, the limits of the ISC rate constant

are determined within a factor of four as k;gc = 4.1 - 10”7 to 1.6 - 10% s~!. For all three fits, the lifetime
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Publi ghihég1 9 band is T = 2.9 ns. Given the calculated radiative rate constant k,,q = 8.3 - 10" s~! and that
7 = 1/(kraa + krsc + kic), one finds that the fluorescence quantum yield of TMCyt is @4 = 24 %.
This value does not depend on the exact k;- and kg rate constants. For TMCyt in room-temperature
aqueous solution, Zgierski et al. determined @, ~ 10 % from the lifetime of 7 = 1.2 ns.?® That the
fluorescence quantum yield at room temperature is lower than at the low g€mperature in the supersonic
jet is very reasonable and to be expected from the increase of k;o withdnereasing vibrational energy, as

is documented in Table V.

F. The S; < Sy Conical Intersections

In contrast to the Sy — S; vibronic spectra of Cyt.and,its derivatives 1-MCyt, 5-MCyt and 5-
FCyt,%333 which exhibit sharp break-offs at 450 — 1208¢m2.dbove the 09 bands, indicating the onset of
an ultrafast process, the Sy — S; 2C-R2PI speéirurmvof TMCyt 1a/ 1b extends up to 4400 cm™! above
the 0) band and does not show a spectral breaks0ffiThe vibronic bands either merge or become diffuse at
~ 2100 cm ™! above the 0) band of the amino<keto taytomer. To investigate the reason for the broadening,
we modeled the complete vibronic spé¢tzum for TMCyt using PGOPHER 8.0;* the simulated spectrum
is shown in Figure 4(b). In additiof) to_the nine optically active vibrational modes v, v, Vs, Vs, Vg, V1,
V14, V15 and v, that were employed for the simulation in Figure 6 in section IIT C, we included the funda-
mental excitations of all vibfations with calculated Franck-Condon factors > 15% of the 0) band. These
are the in-plane vibratiof§ 44, V55325, V4, and vj; and the v/} out-of-plane vibration. These frequencies
were not fitted to experimental transitions but were taken from the SCS-CC2 calculations. The overtones
and combination téneg of these six vibrations could not be included because of the limited array sizes of

PGOPHER.

A Gaussiandific shape with a FWHM of 5 cm~! was employed, reflecting the bandwidth of the UV-
OPO. When setting the Lorentzian linewidth contribution Ay, to zero, the simulated spectrum exhibits
resolfed*vibreni¢ bands up to +4400 cm~!. If we include a Lorentzian linewidth contribution A, =
5 cm “in the simulation, which corresponds to a lifetime of 1 ps, we see in Figure 4(b) that the bands
broaden-<and merge into a semi-continuous background that is similar to the experimental spectrum in
1

Figure,4(a). This suggests that the broadening of the spectrum at excess energies above +2100 cm™

does not reflect just spectral congestion, but arises from a decrease in the excited-state lifetime.

To account for the additional broadening observed in the experimental spectrum, we have calculated
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Publiglkdigo most energetically favorable excited-state decay paths that are analogous to those for cytosine
and 1-MCyt.'0-16:18.1946-49 According to expectations and in line with the calculations of Zgierski et al.,?
the access to the ethylene-type intersection is hindered by the trimethylene modification. The calculated
energy of the (E'th)x CI is approximately 6800 cm™! relative to the 0 transition. The path from ‘773,
to that CI has a sloped topology, and the barrier for the decay is given by the energy of the CI itself, see
Figure S2 in the supplementary material.

The energetically favored decay path involves out-of-plane deformatief of N and the amino group.
The calculated energy profile along this path is shown in Figure }«The'path leads from the S;(177,;,)
structure through a transition state (TS) to a second minimum, (O&) ;5 which is similar to that previ-
ously characterized for Cyt and 1-MCyt.!%:16:18.19.46-49 The M§ CASRT2 barrier over the TS is 1935 cm™1,
and the energy of (OP),, relative to ', is 1056 ¢m ', The-decay path leads further to the (OP)x
CI, which has a relative energy of approximately 4300 cm™'. The (OP)s, and (OP)x structures are
characterized by a large out-of-plane bending of N3, with a C? — N3 — C* — C® angle of 60.1° and
58.2°, respectively. The ring puckering and Qut-of-plane bending of the amino group also increase from
(OP)sin to (OP)x (see the O — C? — N! — C8%and N7 — C* — C5 — (S angles in Figure 12), which
is consistent with the decay path wherg (O /i, Ties before the (OP) x CL

The fact that broadening of the yibrohic ‘bands in the R2PI spectrum sets in at around ~ 2100 cm™!,

but a semi-continuous spectrum contifges tp to 4400 cm~! above the electronic origin is in qualitative
agreement with the calculated deeay path topology. We interpret the additional broadening beyond ~
2100 cm™! as due to thefcoupling between the vibrations belonging to the S;(77*)- and the O Pyy;,-
minima below the bagfier.«The density of vibronic states belonging to both minima rises enormously
when the energy exceeds'this barrier (MS-CASPT2 barrier 1935 cm™!). The semi-continuous spectrum

that reaches up t0-at least 4400 cm~! is also in good agreement with the calculated CI at 4300 cm™*.

IV. CONCLUSIONS

Wethave measured the UV vibronic spectra of jet-cooled amino-keto 5,6-trimethylenecytosine (TM-
Cyt) using two-color resonant two-photon ionization, UV/UV holeburning and depletion spectroscopies.
The 0 band is identified at 31510 cm™!. The lowest 400 cm™" of the Sy — S; spectrum is dominated
by fundamentals, overtone excitations and combination bands of four out-of-plane vibrations. Based on

the energetic sequence of the SCS-CC2 calculated vibrational frequencies and on their predicted Franck-
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Publiélpdon factors, we assign these as v, v;, v and v, Similar to the spectra of cytosine, 5-methyl- and
5-fluorocytosine,®® the longest vibronic progression is observed for the butterfly vibration 4. Combi-
nation progressions in /4 are also built on the in-plane vibrational fundamentals v/|,, 1/|,, V{5 and v4;. In
contrast to unsubstituted cytosine, whose Sy — S; spectrum breaks off above ~ 500 cm™*, the R2PI
spectrum of TMCyt extends to ~ 4400 cm~' above, with more than 100 regblved vibronic bands. This is
the most extended Sy — .57 spectrum of any cytosine derivative measuged.so far, We have also observed
the R2PI spectra of the amino-enol tautomers 2a and 2b starting at ~+«36000 cm™?, but these will be

discussed elsewhere.

Sharp vibronic bands can be observed up to +2100 cm™Labove the 0f band. Hence, bridging of the
C°-C" bond with the trimethylene ring strongly raises the batrier to the ethylene-type (Eth) x conical in-
tersection. Above +2100 cm™! a semi-continuous R2PI spectrum'is observed up to at least +4400 cm™?.
The vibronic band simulation performed with the PGQPHER program** nicely reproduces the vibronic
band structure and intensities of the R2PI spectrumtup to 41320 cm~!. Towards higher frequencies the

simulations predict resolved vibronic transitions, whereas in the R2PI spectrum an increased density of

bands leads to an intense continuous signdl.

From a mechanistic perspective, odr ¢omputational work shows that by blocking the twist of the C?-
C% bond we not only change the €nergetically favored decay path, but also the topology. In Cyt and
1-MCyt, the decay path leads from thé« 77 minimum via a TS to the ethylene-type (Eth)x CL The
CI can be reached as soon 4s enough energy is available to go over the TS, and this is observed as a

sharp break-off of the RZPI specttufn above ~ 500 cm™*

in these systems. In contrast, in TMCyt the
lowest CI is the aming out-Ofsplafie bend (OP) x and the (Eth)x Clis raised ~ 6800 cm™! above the S}
vibrationless level¢™Fhe path to (OP)x involves an additional minimum that lies before the intersection.
As a consequerice, thé R2PI spectrum does not completely break off when enough energy is available to
by

go over the TS, This suggests that the broad, shapeless spectral region between 2100 and 4300 cm™" is a

signaturelof the calculated topology.

The excited=state lifetime of amino-keto TMCyt at the 0) band is 7 = 2.9 ns, which is a fourfold
increaSe_relative to that of cytosine at its 03 band. Additionally, the lifetime 7 drops off much more
slowly with increasing vibrational excess energy, being 7 = 1.6 ns even at a vibrational excess energy
Eepe % 1174 cm™!. From the calculated S; state radiative lifetime and experimental lifetime 7, we
infer that the fluorescence quantum yield at the v’=0 level is ®4 = 24 %, which makes TMCyt the

strongest fluorescing cytosine derivative in the gas phase known to date. ®; drops to ~ 6 % at E.,. =
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Publishifg n~!. These fluorescence lifetimes and quantum yields are in qualitative agreement with the 7 =
1.2 ns and @4 ~ 10 % values that Zgierski et al. determined for TMCyt in room-temperature aqueous
solution.?® The availability of a strongly fluorescent gas-phase cytosine derivative opens exciting new

research opportunities based on fluorescence measurements.

SUPPLEMENTARY MATERIAL Q\
See supplementary material for the synthesis of 5,6trimet®e, additional computational
iomza

T—
details on the MS-CASPT?2 calculations and additional ns pQ tion transients.
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TABLE L. Calculated relative energies (in kcal/mol) of 5,6-trimethylenecytosine tautomers and rotamers (see Fig-
ure 1 for definitions).

B3LYP MP2 CC2  SCS-MP2
TZVP aVTZ aVTZ aug-cc-pVTZ

amino-keto N1H (1a) 0.00 269 1.08
amino-keto N1H (1b) 0.02 2.69 1.09
amino-enol-trans (2b) 042 0.00 0.00

amino-enol-cis (2a) 1.01 0.56
imino-keto-trans (3a) 0.58 2.87
imino-keto-cis (3b) 220 4.55
amino-keto N3H (4) 5.52 8.46
imino-enol-cis-trans N1H 27.8
imino-enol-cis-cis N1H 18.2

imino-enol-trans-trans N1H ~ 32.5 - P
imino-enol-trans-cis N1H 21.
imino-enol-cis-trans N3H 4
imino-enol-cis-cis N3H 24&
imino-enol-trans-trans N3 N

imino-enol-trans-cis N3H%UTG\.

S
N

N
&
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PUD“S[QIIQL&; II. SCS-CC2 and MS-CASPT?2 calculated adiabatic and vertical transition energies (in cm~ 1) and elec-
tronic oscillator strengths f.; for five tautomers of 5,6-trimethylenecytosine (see Figure 1).

SCS-CC2/aug-cc-pVDZ MS-CASPT2/ANO-L
Tautomer Transition adiab. vert. fea® adiab. vert.®  f.° Expt.
la Lea® 31534 36610 0.0918 31831 36500 0.1174 31510
Ly 42349 0.00152 37597¢ 43580
46288¢
(OP) 33017/
Srrk 27978 30671 277749 3421 24020-25140
ion 65975 65440 /j\
1b Lok 31483 36580 0.0918 31510 ) N
Ly 42352 0.00191 - -
Sk 30654 24020-25140
ion 65440 . 5
2a Ipm* 386317 43035 0.00608 K_/ o

Lrr® 34508 38589 0.102 /)
S 35415 & -

2b Inr* 39319 43631 0.00658 \3;;3\)
1

¥ 35008 38871 0.10

S J 35446 ]4\~\\

4

3a Ly 43312 0. N
Lot 41401 418620 02504
Sk 29432 5
. o o AW
2 Vertical excitation from Sy equilibrium length.

b At SCS-CC2 optimized geometry.
¢ no7* minimum optimized at T -GR&%S»NLYP evel, Sy energy 35282 cm 1.

inant ngr* character.
¢ Mixed nom*/ny7* with prgdominant nom™ character.
f Optimized at CASSCF le
£ Optimized at TD-CA]?K%L

" Not fully converged. \
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TABLE III. CC2, TD-B3LYP and SCS-CC2 calculated normal-mode and wavenumbers (in cm™1) for the lowest
Lrm* excited state of 5,6-trimethylenecytosine.
Conformer 1a Conformer 1b Exptl.
Irrep.® Description? CC2 B3LYP SCS-CC2 CC2 B3LYP SCS-CC2
aVDZ TZVP aVDZ avDZ , TZVP aVDZ
121 a’”  boat 90.9 95.7 76.6 91.7 108.3 67.3 37.6
vo  a’  pyrimidine/five-ring twist 120.1 1227 119.8 1 19{ 136.6 120.9
V3 a”  butterfly 157.8 170.5 146.6 156.2 .8 1459 59.2
V4 a' yNy/five-ring planarization 212.1 2032 191.1 fU) 221 186.2
Vs a”  ~vasNH2/6C20 3194 3732 2326 3.6 4714 224.1 92.4
123 a’  BasNHa/Bgsfive-ring 2477  261.5 270.1 2489  256.7
124 a'’ ~vasNH2/7Cg 326.5 403.6 448.6 2749 221.0
vs @' ~sNHa/yCs/yCs 367.5  343.1 372.0 345.1
12 a”  yN1H/yCy/vsNH2 528.6  625.5 722.3 357.7
vip a”  Ni/yesNHa 269.2  301.8 287.6 425.2
vi1 d  6a 4553 473 471.4 466.4 4705
via a’  6b/6N1H/6C20 469.1 497 536.7 4539 4493
vis  a’ ANiH 4955 538. . 645.2/600.7 500.2  501.8
via  a’  6b2ysNHa/yN1H/Ca/yCs 559.1 4 599.5 . . 579.9 552.0
vis a  3/6NiH 603.2‘ 6402  617. 603.0 640.9 618.0 615.1
vig a”’  ~Cr7Ha/yCsHa/yCoHa/vsNHa 628.5 0:1 36.5 633.2 680.6 639.9
viz a’ 5 744. 668.2 673.8 769.8 665.7
vig a’” NHs inversion . 691.3 647.6 532.7 700.5
vi9 a’  SN1H/6N;CaN3/vCe0 . TH.0  736.6 743.2 781.1 740.3
voo a’  SN1H/wN;Ca/uN3Cy/BqsNHa 10 9 7711 1055.6 770.6
vo1 a’  five-ring stretch/yC7Ha/yCsHa 6.7 7.5 847.9 845.6 848.0 847.7
vos a’  ~yCr7Ha/yCoH2/5CsHa shear/BqsNHa/UN3 8 8834 868.0 882.5 905.1 866.6
vo3 @' BasNH2/6N1C2N3/6N1H 858. 926.1 901.8 858.1 888.7 900.2 9444
voq a’  five-ring stretch/vCoO 3.1 901.2 912.9 912.5 925.0 912.4
vos a  6Cg/dCgH/five-ring deformation (as) \ 1006.1 997.1 999.6 1006.2  1000.8 999.2
vae @’  five-ring planar./yC7Ha/yCsHa/y€9Ho/5 1C2 1033.7 1058.6 1025.0 1032.6 1073.0 1027.3
vo7 a’’  five-ring planar./yC7Ha/yCgHa/y 1030.1 1052.1 1034.0 10319 1065.4 1033.9
vag o' vC20/B,sNH2/6C7CgCy 919.4 11059 1058.5 918.4 1092.4 1056.6
vog a’  6C7Hg shear/6CgHo shear/ al 1113.8 11356 1119.2 11142 1171.6 1119.3
vso0 a  6N1H/6C7H2/65sCoH2/845sCsHa 1176.8 12109 1184.0 1176.5 12135 1183.2
v31  a’  BasNHa/6N1H/§C7H2/6CoH2 11854 1196.8 1194.1 1183.8 1193.3 1192.0
vss a  0asCrH2/8qsCsHal/dh 1216.8 1230.0 1223.8 1218.5  1234.6 1224.9
vss a’  vN;Cg/6CgHg/6C 1231.8 1268.4 12333 12324 11557 1237.7
vsa a  6sCrHa/0sCsHal 0N 1325.8 1362.7 1273.1 13259 1360.4 1274.6
v3s a’  8sCoHa/84sC 1284.5 13134 1291.6  1284.5 1291.5
vse a  §sCrHz/Bq / 1273.0 1299.8 13154 12722 12959 1313.8
vs7 a  6sCsHg / 1311.6 1335.7 1328.0 1311.9 1326.7
vsg a’  vNiCaf CsC6/0N1 9H2/6C7Ha 1393.8 1465.7 1392.1 1395.2  1180.8 1401.2

 Irreducible repres

tation in the,C, point group.

aug-cc-pVDZ eigenvectors; v = stretching vibration; § = in-plane bending vibration; vy = out-of-plane
bending vibr: 1on;fs =
torsion vibrati /

o
o
ol
@»
[¢]
[=N
=]
=
|9%]
0
¥

issoring vibration; /3,5 = in-plane rocking vibration; s = out-of-plane wagging vibration; v,s =
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ILEIL% IV. Experimental !77* state vibrational wavenumbers of 5,6-trimethylenecytosine (in cm~!) measured by
2C-R2PI spectroscopy.

Assignment Frequency Frequency Frequency
Region I Region II Region III

09 (31510.2) vy, 4493 vy +v, 919.8
v 377 vy 470.6 vy 944.4
vy 59.3 vty 4882 v+t 76.5
vy 92.5 Vg +Vs E) 1002.5
Vs 97.7  vyytug 508.0

20, 125.7 v+, 514.1 Vi, ®us «1049.7
Vi+1/; 128.7 vy +vy 529.6 f)a\ 1067.1
Vgt 142.4 LY 1085.1
y;+2;//; / 165.4 y52+2y:; 575'%? o 11645
Vi +Vg+1s 1903 v +2u04 596.0 o+t Vs+1; 1225.6
? 2127 v {5_.1//.)%#@3 1392.5

24+ 2184 11HVa3 1415.8

’ ’ ’ L_, 7 7 ’

v 221.0 Vi5ts 6787  vigtvystry  1436.0

Vyt/y 274.1 1/11+V7/\ 93 1447.0
7

V;S,@_ug 4 1473.8

N
S
&
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PUbll%ﬁ%z V. Internal conversion (IC) and intersystem crossing (ISC) rate constants, decay lifetimes, fluorescence
quantum yields ®s; and ISC quantum yields ®;5¢, from fits to the ns excitation/ionization transients in Figure 10
and Figure S3 (supporting information), assuming the relative ionization efficiencies of the S; and 77 state at

225 nm to be equal.

Band/cm ™" k;c/10° s™! krgc/10" s™! Lifetime 7/ns @p; $rs¢

09 22 4.1 29402 024 0.12
+530 3.4 6.6 2.040.3 .m
+1174 4.6 9.4 1.64:0.24 043 O

+1646 12 12 0.7+0,4 006 0.09

25
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y. 3a 3b

FIG. 1. The six mosé tautomers of gas-phase 5,6-trimethylenecytosine. The cytosine tautomer labels are
analogous to that ‘1'13 in re

ence 45.
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Publishing O = 186

C*-N’-C*-C° = +17.3°

(b) Conformer 1b

FIG. 2. SCS- CC2/aug cc-pVD ted geometries and geometry changes of amino-keto 5,6-
trimethylenecytosine upon !77* excitation ound state is light-colored and the !77* state is darker). Bond length

changes >0.05 A and bond an !Haqses >3° are indicated.
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SCS-CC2/aug-cc-pVDZ calculated Sy state

1000 - TMCyt Amino Inversion

800 —

600 —

400 —

Rel. energy / cm™

200 —

N

0 S, State 1a 1b

Amino inversion anglef®..«[ deg

1 T ] 1 1 1 17 l3|J\ T gl
-50 -40 -30 -20 10 O 10 2 40, S0

ino 'nvebion potential energy curve of 5,6-

trimethylenecytosine plotted along the inversion coordinaté 6, see the text. The minima correspond to the 1a

Ty
and 1b conformers, which are inequivalent; thus their enérgies differ by ~ 6 cm

~L. The 1a — 1b barrier height is

30 cm~!. The wave functions of the v’/ = 0 and v/ = %ﬂ ﬁels are shown in blue and red.

\

\I<

\
N
&
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Pu b I |Sh I ng (a) 5,6-Trimethylenecytosine

Resonant Two-Photon lonization Spectrum
Amino-Enol
Tautomers 2a/2b

Amino-Keto
Tautomer 1

) Hlm.n
o

&<

(b) P OPHER Vibronic Band Simulation
SES-CC2, A4 =5cm")

=
I T T I T I
32000 33000 34000 35000 0 37000 38000
Wavenumber/ cm’
m

] -

FIG. 4. (a) Two-color resonant two-photon ionizatiofi,sp jet-cooled TMCyt recorded with an UV-OPO as
excitation laser and (b) simulated vibronic spectras(with" RGOPHER, plotted in the negative direction) based on the
SCS-CC2/aug-cc-pVDZ Sy and Sy (177*) state ca m

\I<
\

N
&
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5,6-Trimethylenecytosine

(@)
oo

(a) 2C-R2PI spectrum

§ { 31510 cm’
E
=

(b) UV/UV It;b)ﬂing spectrum

Intensity / arb. units

] ﬁ

L f N T I e T 'R TR
y N i
[
\ c) UV/UV depletion spectrum
T I T T T I T T T I T T T I T T T T ‘H, I T T T I T T T I T T T
0 200 400 600 800 1000 1200 1400
Rel. wayenumper /cm’

FIG. 5. (a) So — S1 two-color resonant two-photo m?a'dem spectrum of supersonic-jet cooled amino-keto 5,6-
V/UV, holeburning spectrum with the holeburning laser at the

trimethylenecytosine (ionization at 245 nm).
08 + 59 cm™! band (marked with an asterisk). VUV depletion spectrum with the detection laser fixed at the
09+59 cm~! band. The wavenumber scaleﬁiﬂi&i to the 0f band at 31’510 cm L.

N

N
&
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(a) Region -30 - 420 cm”

/ 3'5'7° /
o uw 07050 11315,7,
K \

ey 4

T
31500

T
31550

31600

31650

j I
31700

31750

[z
35075

N

870 cm™

5,
I T r 4 I
31800 W 31900

31950

'st'al\e.. 32200

rT 1T T 17
32250 32300 32350

(c) Region 870 - 1320 cm™

|

/1112 ( \ 1 otk

L N 237, 2317, | 23!517)
1537, 01675 15.7!

o200 2%, 12;15ﬂ 2335 | | 4111513 23317

23133, 1115}
23, 2333) 23113
< 2313 231115, 23;1:3:5;
13

T T T T T T T T T T T T T
32550 32600 32650 32700 32750 32800

Wavenumber / cm”

A
I I ( ! I
400 450 32500

FIG. 6. 2C-R2PI ‘}rum of jet-cooled TMCyt (upper traces, in black) and PGOPHER simulated vibronic
spectrum (lower re}l traces, plotted in negative direction) for (a) the region —30 — 420 cm™!, (b) the region

420 — 870<enh;ﬁced by factor 2) and (c) the region 870 — 1320 cm~! (enhanced by factor 1.5). For

details of the PGO§ R simulation see Figure 4.

—

)
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Publishi ng SCS-CC2/aug-cc-pVDZ

P

Q (c) v',, = 471.5 cm’
AN

o ’
Q

(d)v',, =617.7 cm”

S-)CZ/aug-cc-pVDZ normal-mode eigenvectors of the four lowest-frequency S; (7r7*) in-plane vibra-
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Publishing SCS-CC2/aug-cc-pVDZ
t

a

(@)v',=76.6.cm’ /\

N
S

(d) v, = 288.0 cm”

A

FIG. 8. SCS—CCQ%p 7 normal-mode eigenvectors of the S;(!77*) state out-of-plane modes of 5,6-

trimethylenecytosi
V.
U
G
\J~
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Keto-amino

5,6-trimethylenecytosine

(a) prompt ionization

Yb) delayed :

\ | " " ionization

| :
“‘M“u . : M
‘ mM 41400 cm”
[

|U‘ T (P

I T
32000 34000 *86000 38000 40000 42000 44000 46000

lonization energy / cm’”

FIG. 9. Photoionization e cienc;-\s of 5,6-trimethylenecytosine following excitation at the S; 0f) band (a)
with prompt ionization lay),sthe steplike adiabatic photoionization threshold is shown in the insert (5X).
(b) PIE curve with tkf ser delayed by 50 ns, relative to the excitation. The uncertainty of the 77
photoionization thr

izatl a
cllw;s\\\Qcated with a blue bar.
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ohi Oien(S1):6in(T1) = 1 Gin(S1):0n(T:) = 4 Gen(S1):0(T1) = 6.4
PUbllShlng soi(a) 80,(b) 80,(c)
70 70| 70

60; 60— 60;
50; 50— 50;
40- 40 40-
30; 30—+ 30;
2] ] 2] \

10— 10— 10—

Fraction of pumped molecules / %

0t N 0
-10 0 10 20 30 40

R ESURBUNUN
-10 0 10 20 30 40
lonization delay time / ns

FIG. 10. Ns laser excitation/delayed ionization lifetime measure é-n?s 0 Cyt (in black). Excitation at the 0)

band, ionization at 225 nm. The kinetic fits assume that the _ratiosof Sland T} ionization cross-sections are (a)
]
1:1,(b)4:1and(c) 6.4 : 1, for details see the text. The S state.sign
T7 state in yellow, the fit of the total ion signal is in red.
\\;_
i\
\I<

N\

N
&

ontribution is plotted in blue, that of the
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I T
10 - 20
Displac en‘t,/a.u.

FIG. 11. MS-CASPT2 energy profile of the Sy and S letistates along the CASSCF optimized paths for
radiationless decay on S from (}717*)pz4, to (OP)x thrQugh (QP) zin. Blue squares:Sy; blue dots:S.
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N’-C*-C*-C°® = 107.7°
Cz_Na_C4_Cs - 60.1°

O-C*-N'-C°* =-167.1°

(b) (OP), \ )
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