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Abstract

Wavelength-dependent measurements of the RNAbase uracil, undertaken with nanosecond
ultraviolet laser pulses, have previously identified a«ragment at m/z = 84 (corresponding to the
C3H4N20" ion) at excitation wavelengths €232%um. /This has been interpreted as a possible
signature of a theoretically predicted ultfafastaing-opening occurring on a neutral excited state
potential energy surface. To further inviestigate'the dynamics of this mechanism, and also the non-
adiabatic dynamics operating moré generally in uracil, we have used a newly-built ultra-high
vacuum spectrometer incorporating‘a lager-based thermal desorption source to perform time-
resolved ion-yield measurementsat pump wavelengths of 267 nm, 220 nm and 200 nm. We also
report complementary data.gbtained“for the related species 2-thiouracil following 267 nm
excitation. Where direct CempariSons can be made (267 nm), our findings are in good agreement
with previously repotted meastsements conducted on these systems using cold molecular beams,
demonstrating thaf the role of initial internal energy on the excited state dynamics is negligible.
Our 220 nm apd-200 nm data also represent the first reported ultrafast study of uracil at pump
wavelengths <250/mm, revealing extremely rapid (<200 fs) relaxation of the bright Ss('nn*) state.
These méagurgiments-do not, however, provide any evidence for the appearance of the m/z = 84
fragméntwithinthe first few hundred picoseconds following excitation. This key finding indicates
that théidetection of this specific species in previous nanosecond work is not directly related to an
ultrafast zing opening process. An alternative excited state process, operating on a more extended

timeseale, remains an open possibility.

* Corresponding authors: E-mail d.townsend@hw.ac.uk, s.p.eden@open.ac.uk

 These authors contributed equally to this work.
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. iNTRODUCTION

Over the past two decades the relaxation dynamics of electronically excited DNA and RNA

nucleobases following ultraviolet (UV) irradiation have attracted considerable attention.!™ This

has largely been motivated by a desire to better understand various Péwmal/photophysical
pathways that potentially damage living organisms (through th é)&tion of lesions in critical
macromolecules) or, alternatively, provide rapid and efﬁcieQ}s( the harmless dissipation

of excess energy (so-called “photo-protection” mechaﬁn':s;‘u \;experimental studies have
focused on isolated species in the gas phase, provitfg an 5ctive “bottom up” starting point
for developing detailed insight into such pathways,fiee ftoh perturbations due to the surrounding
environment (e.g. solvation and/or clustering%i@ 1s approach also provides benchmarks for
complimentary ab initio theoretical studies m@n with high-level computational chemistry

methodologies able to capture the 4@ of\decay pathways.

Based on the above ra ‘a-}g\he pyrimidine RNA base uracil has been the subject of

numerous gas-phase spe y and dynamics studies across the ~220-270 nm UV absorption
region.®!® This sizab@ork, supported by extensive theoretical input,'®3? has started to
reveal a complex{ ure o o/mpeting non-radiative decay pathways occurring on femtosecond to

nanosecond,, f1 Q hese include internal conversion (IC) from the optically prepared

Sa('mm*)
—

state, which é?n hen subsequently relax to So or, alternatively, undergo intersystem crossing to

te/dir?t o the So ground state and also IC from Sz(!nr*) to the lower-lying Si(‘nrt")

t%manifold. A more detailed overview of the substantial literature describing these various
\rgcegses is omitted here in the interests of brevity. The reader is, however, directed to the work
of Richter et al. for a more expanded perspective, which includes instructive graphical summaries
of the various relaxation schemes proposed to date.!” At this point, we limit our outline to briefly

2
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nighlighting theoretically predicted ultrafast (i.e. sub-picosecond) excited-state ring-opening
mechanisms which served as the initial motivation behind this present study. Ring-opening
channels would potentially have destabilizing effects, acting in competition with photo-protective
decay routes leading ultimately back to the ground electronic state. Na tWé etal.!® described
an S2/S1 ring-opening conical intersection (CI) and predicted this wo )ead to new photochemical
products. Richter et al.,!” also carried out dynamical calculatj n‘s)(ith -adiabatic and spin-orbit

T—
couplings and reported an Si/So ring-opening CI. Simila@::

igallova et al. reported an S1/So
ring-opening CI but discussed it in much less detail t@the pathway. All of these Cls involve

ring-opening via cleavage of the N3-Cs bond (see Fig. 1)4Some supporting experimental evidence
for a ring opening pathway (as a minor decw el) has been previously suggested in studies

by Barc et al., ° where multiphoton ignization of uracil was investigated over the 220-270 nm

region using a nanosecond laser. tlﬁb;?rvation of m/z = 84 fragment ions at wavelengths
<232 nm was proposed to arisegg&%qmnce of the S2/S1 ring-opening CI. This fragment was
identified as C3H4N20™ i equent measurements using deuterated uracil’! and, critically, is
absent in singlephot@ or collision experiments involving direct access to excited ionic
states.>? Dependi{/g% éulation method, the energies of all three predicted ring-opening Cls
are energetic ansistent with the experimental onset of C3H4N20" production.'” ¥ Moreover,
N3-C4 rin nir}g aves a CO group exposed at one end of the molecule and the loss of this
~
moiet‘@v‘jng photoionization would yield the observed C3HaN2O" fragment. In view of this
n@% result, we have conducted a series of exploratory time-resolved ion-yield (TRIY)
Es&gements on uracil in an attempt to further characterize the origin of this specific
fragmentation pathway. Although TRIY measurements often lack mechanistic sensitivity when

compared to more differential time-resolved photoelectron spectroscopy/imaging methodologies,

3


http://dx.doi.org/10.1063/1.5034419

! I P | This manuscript was accepted by J. Chem. Phys. Click here to see the version of record. |

Publishing

thicy are ideally suited to this specific propose. Pump excitation wavelengths of 267 nm, 220 nm
and 200 nm were employed in conjunction with an intense 400 nm probe. The pump at 220 nm
and 200 nm increases the range of radiationless deactivation pathways when compared with
previous ultrafast experiments (250-267 nm),% & 1% 1315 including poszwss to theoretically-
predicted ring-opening processes. It also provides the first time-re )ed experimental study of

relaxation in the S3('nn*) state, which is at least as bright as 2(‘3 t has been investigated in

T—
far less depth. Our work also makes use of a laser-based thermal desorption strategy to introduce

a gas-phase plume of uracil directly into the pump-pfobe interaction region. In order to provide an

additional benchmark for this approach — the res fram’which may be compared to previous

studies using more conventional molecular\seQ thods — we also investigated the related

~u

species 2-thiouracil using a 267 nm pump.“This provides insight into the influence of initial

\ S

temperature on key electronic exci&s‘[a dynamics.

Il. EXPERIMENTAL 1\
Time-resolve e)gpgx\e ts were conducted using a newly-built ultra-high vacuum
{cated to

spectrometer dedzea\ ¢ study of non-volatile species. As illustrated schematically in Fig. 2,
the instmme(%zts of a standard CF160 6-way cross (evacuated by a 300 1/s turbomolecular
fl’fgh‘?u

pump) an e extension arm consisting of a CF63 cube and CF63 4-way cross (connected
=

to a 1/s tfarbomolecular pump). This is terminated by a 40 mm dual micro-channel plate
( ;)/%7 phosphor screen detector assembly. A support flange with a 22 mm diameter hole
\rQViQes moderate differential pumping between the detector and interaction chambers, and also
supports a set of ion accelerating electrodes. These electrodes incorporate a laser-based thermal

desorption source for producing gas-phase samples of neutral non-volatile molecules, based on the

4
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design of Greenwood and co-workers.>® 3 The source consists of a piece of 10 um thick 316
stainless steel foil (@ = 16 mm) on which uracil or 2-thiouracil powder (Sigma-Aldrich, >99%
purity) was deposited using application of methanol to ensure a uniform coating 300-500 pm thick.
The loaded foil was then clamped within the repeller electrode, posit Me sample ~2.5 mm
from the pump-probe interaction region. Production of gas-phase )ies was accomplished by
irradiating the rear (i.e. uncoated) side of the foil with the oéﬁ)ed ut of a CW laser diode
(Kale CNC), producing a maximum of ~1 W at 445 an.'h?c;;e :;Iy low thermal conductivity
of stainless steel, together with the thinness of the @ ens that laser light absorption results
in a localized hot-spot from which molecules undetgo thefmal desorption. The temperature and
area of this spot was controlled by adjusting*me{ supplied to the diode and/or by adjusting
the focusing conditions. These parameters were typically set to produce a laser power of ~330 mW

and a spot on the foil ~1 mm in diaingter.‘This produced a localized estimated foil temperature of

~420 + 30 K (see Appendix A is not sufficient to induce thermal decomposition of the
uracil/2-thiouracil sampxyields only the lowest energy diketo and oxo-thione tautomers

illustrated in Fig. 1. @Qur 3pp , based on low-cost, readily available diode lasers that can be

easily coupled i(/mV\ai /through a window, is straightforward, economical and easily

controllable, &ntial rawback, however, is that the analyte deposited on the foil is depleted

during th eésur;m nt, at the point where the CW laser induces thermal desorption. In order to
~

greatl‘e&teng periods of uninterrupted data acquisition, the center of the circular foil on which

S%s)deposited is displaced from the central time-of-flight axis running along the instrument

%ﬁi&set within Fig. 2). Rotation of this foil within the repeller electrode assembly therefore
pe

its the sample to be periodically replenished. Typically this was performed every 45-60
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munutes, when data acquisition was temporarily suspended following completion of a full pump-

probe delay scan.

Charged species produced at the region of interaction between the desorbed sample

molecules and the pump/probe laser pulses are accelerated along th

ﬂ.j%ht e towards the MCP

by the electrode assembly. The resulting light emitted from the pkKscreen was then detected

by a fast silicon photomultiplier (SensL, MicroFm-100 0)38_{.\1\/[1 oEVB-1mm) positioned
—

external to the vacuum. Simulations of the overall electrode con‘%g ation design (conducted using

SIMION 8.0) were optimized to permit full veloci y-?na imaging®>> and DC slice imaging®® of

charged species. The instrument therefore ha@:ﬁ?aﬁapability beyond that employed in the
eri

present TRIY measurements and data fm& nts utilizing this will be reported in due
\

course.
\
R

The laser employed for t&i‘\ experiments was a 3.8 W, 1 kHz, regeneratively
amplified Ti:Sapphire system éb%{hysics, Spitfire Pro/Empower) seeded by a Ti:Sapphire
oscillator (Spectra-Physi¢s, Tstmami/Millennia). Pump-probe measurements were performed by
dividing the 800 nm €entrdl wavelength output with multiple beamsplitters and passing one of the
resulting beams o\be{se for generation of the probe) off a gold retroreflector mounted on a
computer-cont Dd linear translation stage (Physik Instrumente, M-403.12S). UV light at 267,
220 an _2-9 {n was employed to photoexcite the desorbed uracil molecules and 400 nm light was
useclf he pr}be. The 267 nm (~1.6 pJ/pulse) and 200 nm (~0.2 pJ/pulse) pump beams were the
th andyourth harmonics of the starting 800 nm beam, respectively, generated in a multi-stage
hayﬁine set-up using thin B-barium borate (BBO) crystals. To obtain 220 nm pulses, the 1258

nm signal beam output of an optical parametric amplifier (Spectra Physics, OPA-800C) was mixed
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nm pulse to generate ~0.3 pJ/pulse of 220 nm by sum-frequency generation. Once again, BBO
provided the non-linear medium in the various stages of this process. Flnally, the intense 400 nm

probe used in all measurements (~20 pJ/pulse, ~2 x 10> W/cm? whe fo d) was produced by

frequency doubling a separate portion of 800 nm output from t mphﬁer The pump and
probe beams had parallel polarizations directed perpendic ectrometer time-of-flight
axis and were collinearly combined using a thin dichroi ore enterlng the spectrometer
viaa I mm thick CaF2 window. For 220/200 nm exct and probe focusing was achieved

independently (i.e. pre-combination) via fused silica(f =£50 cm) and calcium fluoride (f = 63 cm)

plano-convex lenses, respectively. When per*bcq 267 nm excitation, the pump and probe were

focused post-combination using a 50 em focaklength UV enhanced concave aluminium mirror.

"
At each pump-probe delaSQK utput of the photomultiplier was recorded by an

oscilloscope interfaced to a PC ustom data acquisition code written in MATLAB. This
code also controlled hondema hutters that were used for automated recording of pump-alone
and probe-alone bac o d 51 als at each pump-probe time-step. Data collection runs scanned
the translation st eate ly over a series of small linear increments at short pump-probe delay
times and lar exponentlally increasing steps to sample more extended system dynamics.
Specific _de s areprovided within the various figure captions. Temporal experimental resolution
was _d rminbd by backfilling the interaction chamber with diethlyether using a leak valve and
re rding§non—resonant multiphoton ionization cross-correlation measurements of its parent ion.
}rfaiical cross-correlation values obtained were 140 + 10 fs, 175+ 15 fs and 170 + 15 fs when

using the 267 nm, 220 nm and 200 nm pump wavelengths, respectively. Given the similar
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ioiization potentials of diethylether (vertical ~9.5 eV)?”-3® and uracil (vertical ~9.6 eV, adiabatic
9.34 eV)** % the parent ion signals from both molecules originate predominantly from the same
photon order process at all pump wavelengths investigated. Although the ionization potential of 2-

thiouracil is considerably lower (vertical 8.80 eV),*! the ionization gé\‘o{qder is the same as

diethylether for the case of a 267 nm pump wavelength, which w%nly one used with this
system. \
Q‘\
Q

A. 267 nm Excitation: Uracil and 2-Thiouracil Parent lon Transients

lll. RESULTS & DISCUSSION

Benchmarking TRIY measurements N ertaken on both uracil and 2-thiouracil, at an

excitation wavelength of 267 nm. Here 1n1t§NQtat10n is almost exclusively to the So(!nn*) state.

N

Energetically, this is below the pr g;ef)\o‘rted threshold for potentially observing the m/z =
ieet ¢

84 fragment in uracil, but provi mparisons with previous studies conducted at or near

this excitation energy usi rnB%conventional molecular beam methods.® 3 10- 1. 13-15.42 Trapgient

mass-spectra are shown ir} F1g+34Cuts though this data at pump-probe delay times of At=0 and 5

ps, along with thefime-invagiant pump-alone and probe-alone fragment distributions, are presented

in Fig. 4. Fo ral, we obtained a fragmentation pattern with 4 main peaks at m/z = 112 (the

parent ion 69/(C3}13 0"), 42/41 (C2H20" plus others) and 28 (CH2N"). This is in good agreement

=

with eviouﬂy reported data acquired using range of different techniques including electron
-

impact i%nization‘m’ 4346 proton impact ionization** 47 48

, one-color single- and multi-photon

\oqizgtiong’ 31.32 and a series of time-resolved studies by Weinacht and co-workers employing an

inténse 780 nm ionizing probe in conjunction with resonant 260 nm excitation.® 10 1149 A

somewhat less intense peak at m/z = 14 (predominantly CH2") was also observed, as were

8


http://dx.doi.org/10.1063/1.5034419

! I P | This manuscript was accepted by J. Chem. Phys. Click here to see the version of record. |

Publishing

cxiremely weak features at m/z = 53/54, 26, and 1. These observations indicate our present
measurements exhibit good overall detection sensitivity (for example, the weak m/z = 26 ion
channel was not discernable above the background noise in a number of previous mass

spectrometry studies?’). The assignment of specific fragment maés is discussed in detail

elsewhere.” 3! In 2-thiouracil, a larger number of ion peaks wer m% (see Fig. 4), including
strong features at m/z = 128 (parent ion), 69, 42/41 and 28. ‘5\
T~
In order to undertake quantitative analysis of thefexcited state dynamics, we first consider
the parent ion transients obtained as a function o@e pump=probe delay At. We employed a

sequential Levenberg-Marquardt data fitting routhbw\he[g_in the transient ionization signals S(At)

are described as: \\

S(At Nt ® g(At) (1)
\7

~
Here g(At) denotes the experiment determined Gaussian cross-correlation and the series of n

exponentially decaying functiofl}%(%. each with an associated fit amplitude ai, are defined as

follows: }
Pt =a1-exp[—At/ri] i=1)
/ V.

f,(ﬁg\z a, exp[-At/7,](1-exp[-At/z_,]) (i>1

Three exp ner}tia decaying functions evolving in the positive (pump-probe) time direction were
sati

requirgéd to
represen

,pg din the initial optical excitation while B - D are populations prepared subsequently via
~

2)

étorily fit the parent ion data for both uracil and 2-thiouracil. This effectively

equential A > B — C — D model for the dynamics where A denotes the state

w2

nen-radiative processes. Additionally, a single exponential function evolving extremely rapidly in

the negative time direction was also included. The requirement for such a “probe-pump”


http://dx.doi.org/10.1063/1.5034419

E I P | This manuscript was accepted by J. Chem. Phys. Click here to see the version of record. |

Publishing

comiponent is not surprising as both uracil and 2-thiouracil absorb very strongly at 200 nm
(equivalent to 2-photon absorption of the intense 400 nm probe). We label the various exponential
fit functions using their respective time constants t-1 (probe-pump) and 1:1 3 (pump-probe).

Fig. 5 presents the application of the overall fitting analysis d cr d above to the parent
ion data shown in Fig. 3. In uracil, the longest time constant T ps agrees well with
temporal signatures seen in several previous TRIY st d1 ylng similar excitation

801'5.

wavelengths in conjunction with multi-photon probes. studles generally agree on an

initial <100 fs ultrafast decay, followed by a longe Ifetlm between 2.2-3.2 ps. An outlier is

the study of Canuel et al.,'* which observed decays«f IL s and 1.1 ps. Overall, the longer time

constant has been also confirmed by a recent o ved photoelectron spectroscopy (TRPES)
study from Ullrich and co-workers,® w 10Md a dynamical signature exhibiting a 2.35 + 0.47
ps 1/e lifetime. This more dlfferen me urement (relative to TRIY) employed pump excitation
at 260 nm in conjunction with oton 290 nm probe and, based upon observed changes in
photoelectron binding enefgies,also reported a value of ~170 fs for the shorter time-constant. This
is longer than that seefi in h:’se)ious TRIY studies, which may be rationalized by the possibility

of coherent proq/ s occusting at time-zero when employing intense multi-photon probes.'

Analysis of Qsent data requires two rapidly decaying functions to fit the short-time pump-

probe dyn ids ayu ately, t1 ~ Gaussian and 12 = 200 + 20 fs, perhaps reflecting elements of two
=
distin%e‘ss that have not always been fully distinguishable in some previous measurements.
e:xceglent signal-to-noise in this data means we can be confident that two short time constants
%reg‘uired in the fitting procedure.
Although we note that other mechanistic schemes have also been proposed,'” in keeping

broadly with the interpretation presented by Ullrich and co-workers® we assign the physical origin

10
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oiour Gaussian 11 feature to extremely rapid relaxation of the initially prepared Sa('nn*) state
towards its minimum energy geometry (with some fraction of population also possibly decaying
directly to So). The slightly longer dynamical feature T2 =200 + 30 fs then describes the subsequent
internal conversion of (geometry relaxed) Sz('nn*) to the lower-lying 1NQstate, the decay of
which is modelled by t3 = 3.0 £ 0.5 ps. A critical additional result he Dthat the overall dynamics
and associated time constants we observe using our laser a§§l deserption approach are very
similar to those reported using molecular beam methods{ This su :;s thermal excitation in low-
frequency (<500 cm™) out-of-plane bending Vibrat@ of the.aromatic ring system>”>! does not
exert significant influence on the dynamical timescales andimechanisms operating in uracil at this
excitation energy. Although out-of-plane m*b% veé been implicated as critical in accessing

~

conical intersections mediating the elegtronically excited state dynamics, our observations confirm

/

. . ~ | . . .
that access to conical mtersecth:o ecting Sa(‘mr*) to lower lying electronic states is

essentially barrierless. 7> 120 2\

The aforementioned il TRPES study by Ullrich and co-workers also reported a long-

lived component ex iti}lg ifetime >1 ns — assigned to the triplet manifold populated via
from'thé

intersystem cross‘gg\1 Si('nm*) state. The absence of such a feature in our parent ion data
is attributed OD two photon probe energy (6.2 eV) being somewhat less than in this earlier
investigat (8.4 /e ). We therefore do not project sufficiently deeply into the ionization

-

contingum toSfﬁciently pick up this additional, long-lived feature — as confirmed by the previously
-
réported Slectron binding energy spectrum.® Helpfully, this observation leads us to conclude that

BT\ionization using our 400 nm probe is either (i) not a significant factor in our present parent

ion'measurements or (ii) leaves the parent ion so internally excited that it rapidly fragments with

11
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a probability close to unity. In either case, the parent ion signals we detect here must therefore
originate predominantly from 142’ ionization.

In 2-thiouracil, we note that our parent ion time constants of 11 = 50 =20 fs, 2 =310 = 30
fs, and 13 = 90 + 20 ps are, as was the case in uracil, in excellent agr With a very recently
reported TRPES study that investigated a range of pump wayel s spanning 292-249 nm
(notably t1 <50 fs, 12 =333 fs, and t3 = 109 ps at 271 nm e ciﬁ)ion). nce again, this work was

~
undertaken by Ullrich and co-workers,*? and we follow these authers in assigning 11 to the decay
of the initially excited Sa('nn*) state to Si('nn*), t2ff0 modeMing ultrafast intersystem crossing to
the triplet manifold and 13 then capturing the decay'ef thellowest energy triplet state back to the So
electronic ground state. This overall patth obroadly consistent with recent theoretical
predictions.> In contrast to uracil, our two pheton probe scheme (total 6.2 eV) is now able to pick

up the longer-lived triplet state dyK\mwpeaing in 2-thiouracil due its significantly (~0.8 eV)
lower ionization potential. We&‘Q& able to project sufficiently deeply into the ionization
continuum to efficiently the triplet state manifold. As with uracil, the similarity of our
numerical time const@ obtained under colder target conditions suggests that the internal
energy imparted 4nQur la -{ased thermal desorption approach is not sufficient to significantly

modify the r xaon dynamics probed here. This is a potentially important finding as it helps

strengthe%i}s ith biological environments drawn from cold molecular beam experiments
=

on uragil andSts analogues.
-
MQ? nm Excitation: Uracil and 2-Thiouracil Fragment lon Transients
Individual fragment ion transients obtained from uracil following 267 nm excitation are
presented in Fig. 6 for m/z = 69, 42/41, 28 and 14. All fragments display broadly similar temporal

12
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cvolution, but Fig. 3 and Fig. 5 clearly reveal this is distinctly different from the parent ion. In
particular, much longer-lived dynamical processes are seen, extending well beyond the 25 ps
pump-probe delay range sampled. This even includes a slight rise in signal level beyond ~8 ps. A
similar situation is also observed in 2-thiouracil (see Fig. 3). It is initia yan to assume these
observations provide additional information relating to the dyna ? operating in the neutral
excited states of these systems. This could be in the form of ig‘%r—or (i.e. 1 + 3") multiphoton

T—

ionization efficiently probing low-lying, but vibrationally excited states in the parent (thereby

producing highly internally excited cations which r@ly fr nt) or, alternatively, multiphoton
ionization of photofragments formed following dissociation of the neutral parent species. The
caveat here, however, is that the temporal ev%ht&’o f{ragment ions seen in our data may also be

induced via independent dynamical processes‘eperating solely in the parent cation. This may occur

/

. K 4 the 267 nm pump beam and prepares excited ionic

when ionization is achieved exclu
states that evolve dynamically‘x\' rent timescales to those populated in the neutral species.
Subsequent photoabsorpti 400 nm then probes these cation dynamics by inducing additional,
prompt fragmentation’ T}y“:‘)l temporal evolution of the fragment ion pump-probe transients
we observe in 0(/ ata therefore be a superposition of multiple unconnected processes

involving bo r@tral and cation dynamics. Reliable deconvolution and analysis of such data

therefore bec mes/i possible within the one-dimensional measurement framework of a TRIY

-

=
experwis appears to be confirmed by several pieces of supporting evidence, as discussed

i ppert?ix B. As such, we are not able to consider the transient behavior of the fragments further.

W‘p note that non-adiabatic relaxation dynamics have recently been investigated theoretically in
the“uracil cation and these studies predict extremely rapid internal conversion to the Do ground
53,54

state occurs before significant fragmentation takes place.

13


http://dx.doi.org/10.1063/1.5034419

! I P | This manuscript was accepted by J. Chem. Phys. Click here to see the version of record.

Publishing

D. 220 nm and 200 nm Excitation: Uracil Parent lon Transients

We now consider uracil excitation at shorter wavelengths. As discussed in the Introduction,
observing the time-resolved appearance of a fragment ion at m/z = 84 vél\&%vide corroborating
evidence for the existence of an ultrafast ring-opening pathway. n%estigations employed a
220/400 nm pump-probe combination — a choice guided by the ?91(1}7 arc et al.,” who reported
the greatest abundance of this specific fragment at QIB -

ionization (the shortest excitation wavelength err@yed im.that work). As evident from the

ing nanosecond multiphoton

transient data presented in Figs 7 and 8, however, meastirements did not provide evidence for
the appearance of any new fragments (when c ared t0 267 nm excitation) on the <1 ps timescale

predicted by dynamical simulations.'” [8 As\lmitrated in previous measurements with higher mass

\ 7S

resolution,” 3! the peaks we do obsérve ha¥¢ a finer substructure that we cannot discern (due to the

>100 ns decay time of the phoséb%aqn, which obscures closely spaced features). Nonetheless,

the absence of any stron ignals in the m/z =80-90 region means we should easily be able to

observe a new peak a ea;in /z= 84, if it was present at these excitation energies. Our contrast

should also be sq‘(x{mt\o épecially since the m/z = 84 fragment is produced by two photon

absorption at am9 (i.c. it should also be observable via 1 + 2’ ionization in our 220/400 nm

pump/pro n'{easyre ent and not require a 1 + 3’ process). Even at much more extended pump-
-

probe(@?ut to 100 ps (the limit of our translation stage) and at ~330 ps in a fixed-delay

-
"‘@n}em, we failed to observe evidence of any fragments other than those seen following 267

weﬁ:itaﬁon.
As the measurements of Barc et al. reported an onset for m/z = 84 production at close to

232 nm, with a steadily increasing contribution up to 220 nm, it was deemed plausible that the

14
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rciadive size of this fragment signal may continue to increase as the excitation wavelength is further
shortened. Moreover, based upon the vapor-phase absorption spectrum of uracil,> the appearance
of the m/z = 84 fragment may, in fact, be associated in some way with the second strong mr*
absorption band of uracil — denoted here as S3('nn*) — which starts to Kpﬁre\de the S2(‘mn*) band

at ~220 nm and peaks at 190 nm. We therefore also performe l%asurements at a pump

wavelength of 200 nm (Fig. 7 and 8), but again our scans faKFf’ﬁn ny evidence for a peak at
T~

m/z = 84 up to a pump-probe delay of 10 ps. o 5
Despite seeing no evidence of an ultrafagt ting- ing pathway, the time-resolved

behavior of the m/z =112 parent ion is still of intercs{ as aurdata are the first reported pump-probe

measurements in uracil at excitation wavelengths“<250 nm. Temporal analysis was conducted

\
using the same procedure as described a{e\r,b{tnow only three exponential functions (including
1&{

ump signals) were required to produce a satisfactory

one going backwards to account f&p\\

fit. A very small constant base‘h@\r\ﬁﬂs\twas also included in the model to account for imperfect
subtraction of pump-alo robe-alone signals in this data. The outcome is shown in Fig. 9.
For the case of both 220 }1:&3 200 nm excitation, the observable dynamics only persist for a
fraction of a pic( ond, digplaying an effectively Gaussian 11 component and a much smaller
amplitude fe raxhibitmg 12 of 190-200 fs. This is in marked contrast to the more extended
lifetimes n’()vit}t e 267 nm pump. The excellent agreement between the fitted time constants

-

extracted frd,n our 267 nm benchmarking data and previously reported experimental
—
N@ents does, however, reinforce confidence in the shorter pump wavelength analysis.
< Theoretical work has suggested that direct excitation to the S3("'nn*) state proceeds via
extremely rapid internal conversion to Sz('nr*).!” From this point the relaxation then proceeds in
a similar manner to longer excitation wavelengths, with S2('nr*) population passing through the

15
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5i{'nn*) state en route to So or the triplet manifold. At 220 nm, excitation is expected to populate
both the Sz('nr*) and S3('nn*) states to some extent, whereas population will almost exclusively
be prepared in S3(‘mm*) at 200 nm.>> The very similar dynamics we observe at both pump
wavelengths therefore suggests that decay of the S3(‘mnm*) state i (%\emely rapid (i.e. not
resolvable within our current measurement) and that the Sa('ny*) Q is also extremely short-
lived. Our parent ion measurements alone, however, are not 679 reveal if the observed transients
also reflect an extremely rapid decay of the subsequently popula “;(1nn*) state as well. This is
expected to be significantly faster than the 3.0 ps sﬁfollo ing 267 nm excitation. On the other
hand, poor Franck-Condon factors for efficient iohxﬁm_g_) highly vibrationally excited S1('nn*)

may mean we are now effectively blind to this e‘at the total pump + probe energies used.

\
Alternatively, following ionization fr m}ghkvibrationally excited Si('nm*), the parent ion is

likely to dissociate extremely rel& ear?i;lg it will not be detected in our time-of-flight

measurement. The ~200 fs dec@\e parent transient data may therefore only reflect the

Sa("nm*) lifetime. The es in fitting fragment ion decay curves due to the potential

contributions of ion&mms (see Section III C) mean that the time-dependence of
tion

fragment ion prqéw\ E{ese shorter wavelengths does not provide any reliable additional

/

insight here, ia especially true since, as seen in Fig 7, the dynamics operating in the m/z = 69

channel afe.ndt consistent with m/z = 42/41 and 28, with the former exhibiting somewhat more

=
rapid @‘Slecay. As such, our data only permit us to place an upper bound on the Sa('nm*)

-

lifetime o)f ~200 fs here.

\\
E. Nanosecond Studies Revisited
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The dynamical timescales seen in our present laser-based thermal desorption work
following 267 nm excitation in uracil and 2-thiouracil are in good agreement with previously
reported cold molecular beam studies. Even so, since the original nanosecond studies reporting the
m/z =84 ion were conducted under molecular beam conditions, therma< ts may still potentially

be a factor in the failure to observe this fragment in our TRIY d taf%estigate this possibility
\mm

further, the nanosecond measurements were repeated at the péPDU sity (OU) using the same
instrument employed in the original report’ but withfthe" su ::ic molecular beam nozzle
replaced by a laser-based thermal desorption sourcc‘fmila that used in the TRIY study. The
only difference of note was that the OU sourcéwdoesinodt enable foil rotation, reducing the

experimental time available for each preparaw ediracil sample. A more detailed description

will be provided in a forthcoming publication:

<

Results for 220 nm multipw ization with nanosecond pulses are shown in Fig. 10.

The m/z = 84 fragment is clear%%amnt, providing conclusive evidence that elevated sample

temperature is not respo ibleﬁbsthe lack of observed m/z = 84 signal in the TRIY measurements.
It is interesting to note, however, that the overall fragmentation pattern in Fig. 10 is quite different
to that seen in Fi .Wa '{ular, the nanosecond data exhibits a significantly smaller feature at
m/z =69 when }pared to the TRIY case. This could potentially be explained by the higher (0.56
-1.13 e}Q | phéton energy leading to increased fragmentation in the TRIY measurements (see
Tab}_s alth&gh similar discrepancies also arise when the total photon energy is identical. This
is ‘elear, ?)>r example, when comparing our uracil 267 nm pump only data in Fig. 4 with the 266

wﬂnﬂtiphoton ionization mass spectrum reported previously.” Making meaningful comparisons

in terms of total absorbed energy is challenging, however, as both sets of measurements contain

17
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diiicrent combinations of ionization schemes associated with the various product ions. Previous

studies making direct comparisons between (pump-only) femtosecond and nanosecond ionization

have also reported significant differences in ion production patterns, with femtosecond pulses

typically inducing less overall fragmentation. This has been rationalizéwnsidering differing

propensities for “ladder-climbing” vs “ladder-switching” ionizatio ?()cesses as the laser pulse
%‘W

duration changes.’**° In the former, photon absorption oc rs‘§4 ely in the parent species

[

from which all smaller fragments originate (either diréctly or indirectly). In the latter, photon
absorption may also occur in the fragment ions, in@ing r dissociation. Ladder-switching
behaviour is expected to become more likely with Tengenpulses since fragmentation of the parent

occurs within the laser pulse duration. Whenhtu@ d{o pump-alone femtosecond ionization, the

pump-probe nature of a TRIY measupement effectively enhances the ladder-switching pathway

(i.e. delay of the probe with respe&& ur?lf) increases the likelihood of any probe absorption
la

by fragments). Even so, the rané%\ﬂd\y sampled in our present measurements (100 ps) is still

extremely small relative K{ns pulses used in the original multiphoton ionization experiments

-switching ionization process as a possible source of m/z = 84

of Barc et al..? Invo ng a la
fragments in th nm% measurements is unsatisfactory here however, as this requires a

minimum of’ Q 220 nm photons to be absorbed. As mentioned earlier, previous power

s{{udi?s; ave shown this fragment only needs two such photons to facilitate its
produétion.’ ’Shis suggests that dynamics operating in neutral uracil on a longer timescale than that
-

] pleds'j] the present TRIY measurements may be responsible for the formation of the m/z = 84

\pchQs Obvious candidates for this are long-lived triplet states.
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V. CONCLUSION

We have presented the first results from a newly constructed spectrometer that employs a
laser-based thermal desorption source for the gas-phase study of low-vapor pressure molecular
samples. Time-resolved ion-yield measurements have been conducte(/o}%solated RNA base
uracil at pump wavelengths of 267 nm, 220 nm and 200 nmy in o)junction with a 400 nm
multiphoton probe. Complementary data are also reported 0r‘3§7 nm, excitation of the related
species 2-thiouracil. The 267 nm findings are in good agreemen “;fl previously reported time-
resolved measurements conducted at similar excitat@vave ths on these molecules, providing
useful benchmarking for the new instrument. The'data g@btained following 220 nm and 200 nm
excitation represent the first reported ultraw f uracil at pump wavelengths <250 nm.
Extremely rapid relaxation to the S3(! *) stmﬁserved in <200 fs. The key finding, however,
is that our measurements do not p(\de y eV1dence for the appearance of m/z = 84 fragment
ions within the first few hundre@s of pump-probe delay. This suggests detection of this
specific species in previ osecond work cannot be directly linked to ultrafast ring opening
processes predicted eor;tlc at S2/S1 or S1/So conical intersections. On the other hand, an
alternative exmt{ te p ess operating on a much more extended timescale remains an open

possibility an )ﬁerestmg avenue for future investigation.
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APPENDIX A. Characterization of Desorption Sour

decomposition takes place prior to photoionization @‘(ii) consider the internal temperature of the
samples prepared by our laser-based desorption p essg_Re former was achieved by observing
the ratio of fragment to parent ions produced&q nge of desorption laser power settings using
one-color multi-photon ionization at 267 nm (sge Section III C for a more expanded discussion of
the fragments observed). As seev&jl Al, this ratio remains unchanged for all major ion
fragments produced from uraci Wg indicator that no significant thermal decomposition is

induced by the desorptiondaser.itself over the range of settings sampled. To estimate the localized

temperature to whic th?/ stailéss steel substrate foil is heated by the desorption laser under
ocus /

specific power a(és\ conditions, a K-type (chromel-alumel) thermocouple contact was

placed at the na of the ~1 mm beam focus. The thermal conductivities of both chromel (~18

W m ™ K afid 9u el (~30 Wm'K™") are very low®! and similar to stainless steel (~16
-

w mQSFurthermore, the reflectivities of chromel and alumel (both >90% nickel) are also

e ‘e:tedﬁo be comparable to that of steel at the 445 nm desorption laser wavelength (for a similar

\ug’age finish quality, which we assume to be reasonable here).%® This approach therefore permits

a rudimentary estimation of the foil substrate temperature and, as seen in Fig. A1, this is predicted

to be ~420 + 30 K in our present time-resolved measurements. This also places an upper limit on
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tic temperature of the desorbed molecular sample. Corroborating the information from our
fragment ratio data, such a temperature would seem insufficient to induce significant thermal
decomposition in chemically stable species such as uracil and 2-thiouracil. Furthermore, we
highlight that the same thermal desorption approach has been used rWy to introduce the
addition to the di-keto

1C

much more thermally unstable DNA nucleosides into the gas-phas ')act.64 An additional point
to consider is that both molecules exhibit various tautom:

N
T—

(uracil) and oxo-thione (2-thiouracil) structures shown infFig. 1. ulations on both systems have

)

species.®"%7 At temperatures in the region of 420 nd ey€n some way above this), these various

shown, however, that all such additional tautomers 1i€ >150 above the diketo and oxo-thione

tautomers will not therefore be present in ouN@ d‘sample plume to any significant extent.
\\
_ e NS |
APPENDIX B. Cation Dynamics { ent lon Transients

Three independent piecéb\HxKiaI evidence lead us to suggest that cation dynamics may

play a non-negligible rols&(obsewed uracil fragment ion transients; (i) None of the fragment

féet in appearance time relative to the parent. This observation

peaks show any dis maﬁ;le
would seem to n(/ ut 10ni éion of neutral photofragments since two uracil ring bonds need to

v N\

be broken to all of the species we observe and our experimental time resolution should

therefore 'ﬁble/t discern their nascent formation. Furthermore, it has been previously
=

suggested™ 4349 hat formation of m/z = 42/41 and 28 fragments occurs sequentially via m/z = 69;
(1 Ztten}pts to fit the data using a number of different models (sequential and/or parallel) with
%gim{s numbers of exponential functions were unable to extract numerical time constants similar
to those seen in the parent. This is an important consideration as, if the fragment transients only

provide signatures of neutral dynamics, they should accurately reflect the time constants seen in
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{lic parent ion in addition to other, longer lived processes; (iii) Data from several experimental

32,40.44 and also a theoretical study specifically considering photoionization via the Sz(nm*)

reports
state*” reveal that the energetic appearance thresholds for various uracil fragments require (at least)

a 1 + 3’ ionization process in our present experiment (see Table I). %elative magnitude

of the fragment peaks (especially near At = 0) compared to th@;parent — which we have

already established arises predominantly from a 1+2' proce i)/ou herefore seem to suggest
—
ts 5

1 + 3’ ionization is not exclusively producing these fragments. additional contribution from

lower probe photon order processes is likely to als@occ ing (e.g., one-photon 400 nm probe

absorption by the uracil parent cation followinﬁth@g-photon ionization by the pump).

To further investigate the role of CW' eutral vs. cation dynamics in our uracil
fragment ion transients, a series of power dependence measurements were conducted to determine

the ionizing photon order of the pr&\g Wq?S performed for the fragments m/z = 69, 42/41, 28
nd

and 14 at pump-probe delays o&%
measurement was possib a\%s due to lack of signal). The 400 nm probe power was varied
between 4 and 10 uQ‘« avoid the saturation regime) and background signals originating

ps, and also for the parent ion m/z= 112 at At=0 (no

pulse
from 267 nm purq{%% 4)0 nm probe-only ionization were subtracted from the total recorded
ion signal. Q{imate the number of probe photons absorbed (oprobe) using the equation

| =cP vfhel? 1s ion intensity, C is a constant, and P is the 400 nm photon fluence. Plotting
=

the prabe laséj power VS. pump-probe ion signal on logarithmic scales then yields a straight line
-
v\ﬂ@s gradient gives the probe photon order (see Fig. B2). For the parent ion, oprobe is 1.7,

&ch\is close to the expected integer value of 2. At At = 0 the power dependence of the various

fragments varies between 1.4 (m/z = 69) and 2.1 (m/z = 14). On the basis of the threshold
appearance energy data summarized in Table I, these values for aprobe are much smaller than would
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ue anticipated if the fragments originate from dynamical processes associated with neutral species
— especially for m/z = 42/41 and 28, where values > 3 would clearly be predicted. This provides a
strong indication that cation dynamics (probed with a low 400 nm photon order) are also

contributing strongly to the observed fragment signals close to At=0. 54 namics appear short-

lived, however, as suggested at the more extended pump-probe d. las\%— 5 ps. Here the photon
‘gé%‘i@.

order is clearly seen to increase significantly, spanning the Qo( -3.2. As evident from Table
—

I, a value of aprobe ~3 is more in keeping with fragments being produced following predominantly
(14 3") ionization direct from neutral excited states rﬂ@r thanpost-ionization via optically induced
electronic transitions within the cation. Furthermorey ps-ordér dynamics exhibited by the fragment

transients would be consistent with the time?% efl for the uracil triplet manifold by Ullrich

\
and co-workers in their TRPES data®, as %x{d in the main text. This present analysis supports
g\

the overall fragment transients obta(e\d\:wmg 267 nm excitation exhibiting a mixture of cation

and neutral excited state dynam "I.'ha,t\an ot be reliably analyzed quantitatively — particularly at

short At. Note that the sa fbﬁs are also expected to exist in our measurements for fragments

produced using 220 Am ap nm. Although the pump intensity employed here is almost an
. V.

order of magnit eixer

n at 267 nm, only two pump photons (rather than three) are required
I D this instance (see Table I). More generally, however, recording fragment

to ionize urd

transients 'tl(gre?t reduced pump power (where all pump-alone ionization is fully suppressed)

-

may offer a rd’lte to additional quantitative insight into the neutral excited state dynamics operating
-
ingthe uralsil system. This does, of course, come at the price of dramatically reduced signal-to-noise

Sl
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Publishimgple I
Fragment (m/z)  App. energy (eV) Ionization process Total photon energy
(eV)
V.

112 9.34° 1 x 267 nm + 2 x 400 nm 10.85

69 10.85-10.87° 1 x 267 nm + 3 x 400 3\ 13.95

42/41 12.95-13.41° 2 x 267 nm 9.30

28 13.75-13.83° 3 %267 ‘) 13.95

14 - 1 %220 nm 52 x #Q0 ni 11.83

Table I: Summary of uracil fragment 1 %220 nm§3 x 469 nm 14.93
appearance energies and total available x 220 11.27
energies for various combinations of ‘} 16.91
pump (267/220/200 nm) and probe (400 220pm 6.9
nm) photons. 200 i + 2 x 400 nm 12.40
*Ref 39 \\2 +3 x 400 nm 15.5
W Jel " 3400 nm 9.30

\\‘ 4 x 400 nm 12.40
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Publishirgure Captions

Figure 1. Schematic structures of the lowest energy tautomers of uracil (diketo form, with ring
atom numbering) and 2-thiouracil (oxo-thione form).

Figure 2. TRIY spectrometer overview. The rear repeller electrodef(A) incorporates a clamp
holding a 10 um stainless steel foil on which sample is deposited ae being desorbed using a
445 nm CW diode laser. The foil clamp is located at one d~3f adarger cylindrical mount, to
facilitate easy installation and removal. Circular motion®fithe t:i.an coupler is achieved via a
mechanical air-to-vacuum feedthrough (not shown),gene 'ngscounter-rotation of the foil-plus-
cylinder arrangement via a simple gear system? (gﬁl@ush contact maintains the electrical
connection to the repeller electrode at all times«(required as the foil holder rotates on Teflon
bearings). The ion optics are 80 mm in diéh‘t\%ounted on 4 x 10 mm diameter PEEK support
rods. Spacing between the outer edges celectrodes is 8 mm (A-B) or 12 mm (B-E). The

3

extractor electrode (B) consists@&e (1.5 mm thick) with an 8 mm diameter through hole

plus an 8 mm thick apertusggwith a cenical taper (26 to 36 mm diameter). Electrodes C-E are 8

ickhess of 3 mm and 26 mm diameter clear apertures. The overall

distance from thegfum ‘obé laser interaction region to the detector is 97 cm. Additional mu-
metal shieldi ‘(?’)t shown), extending from the bulkhead holding the ion optics to the MCP

detector, shay )lso installed for photoelectron detection measurements (with the CF63 4-way

“‘d./

CrosSs fremove

)

gure 3.3 Y plots for uracil and 2-thiouracil excited at 267 nm and probed by an intense 400

-n%p Data collection runs scanned the translation stage repeatedly between -300 fs to +600 fs
N
1130 fs steps and +600 fs to +25 ps over 9 exponentially increasing increments.
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PublishiR@ure 4. Mass spectra obtained for uracil and 2-thiouracil under 267 nm pump-alone, 400 nm
probe-alone and two different pump-probe delay time conditions.
Figure 5. Parent ion transients obtained from uracil (top) and 2-thiouracil (bottom) following
267/400 nm pump/probe ionization. Also shown are the overall resu)é of the sequential fitting
procedure described in the main text, the individual fit components and the associated residuals
(i.e., the overall fit subtracted from the raw data). \
Figure 6. Transients obtained from various uracil frgg ?["hms following 267/400 nm
pump/probe ionization. Each plot is normalized to the aximlyn intensity seen in that specific
fragment channel. L ‘)

-

Figure 7. TRIY plots for uracil excited at 22@{ ) or 200 nm (bottom) and probed by an
intense 400 nm pulse. Data collection ru d the translation stage between -330 fs to +1.2
ps in 30 fs steps and +1.2 ps to +100 ps %552\ ponentially increasing increments (220 nm) and

between -400 fs to +2450 fs in 30 fs steps and +2450 fs to +10 ps over 59 exponentially increasing

increments (200 nm). Following mexcitation there is significantly more fragmentation than

at 220 nm. Q
Figure 8. Expand/el iew of ﬁ) mass spectra obtained for uracil close to the m/z = 84 region at

two selected p -p%b{de ay times (At =0 and At = 1 ps) following excitation at 220 nm (top)

and 200 nod (bo
£

Figure9..Parent ién transients obtained from uracil following 220/400 nm (top) and 200/400 nm
&Q

).

/probe ionization. Also shown are the overall results of the sequential fitting

(botie

proegdure described in the main text, the individual fit components and the associated residuals

?,\tﬁe overall fit subtracted from the raw data).
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PublishiRgure 10. Resonance-enhanced multiphoton ionization mass spectrum obtained from uracil using
nanosecond 220 nm laser pulses following gas phase generation using laser-based thermal
desorption. A peak at m/z = 84 is clearly visible, as observed in previous molecular beam
experiments (e.g., see Fig. 3 of Ref. 9). As an aside, we note that the 2%1 feature observed on the
m/z = 69 peak and the broad peak centred at m/z =87.6 are due n%astab HNCO loss from
excited uracil ions, as expanded upon in Ref. 9. \

Figure Al. Ratio of fragment-to-parent ion signals Obtfi ‘)ﬁ’om uracil following 267 nm
irradiation when using different desorption laser powers (for fraénents m/z=69,42/41 & 28). The
desorption laser was focused to a spot of ~1 mm digmteﬂy the rear side of a stainless steel foil
on which the uracil sample was deposited. AﬁsQin\c eL(T is the estimated foil temperature (see
supporting text for more details). The shad: ion indicates operating conditions used in the

TRIY measurements. Error bars den e\ys uncertainties. Horizontal bars represent error in

o
desorption laser power. Corres onﬁ% rtainties in foil temperature are significantly (~3x)
larger. \

Figure B1. Power de ngw ots showing the 400 nm ionizing photon order (otprobe) for the

uracil parent ion ?f/z =112) 9ﬂd various fragment ions at 0 ps and 5 ps pump-probe delay.
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