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-

A collision-induced dissociation study of hydrate ot&}ed uracil (H2O)n=1.1sUH" clusters is
g’
reported. The mass-selected clusters collide with water molegules and rare gases at a controlled center of

mass collision energy. From these measur

eu&\@olu ¢ fragmentation cross sections and branching

ratios are extracted as a function of the ag%y ion. For small clusters, up to n = 4, we observe that
T

only neutral water molecules are ev%‘te pon collisions, whereas for larger clusters neutral uracil is
also evaporated: this transition ;\ur&n“ the evaporation products is interpreted considering the
lowest-energy isomers of each speciesfat are obtained from a combination of density-functional based
tight-binding (DFTB) ,a %lculaﬁons. The simulations show that in (H,O);4UH" the proton is
located on the ura6il mdlecule%or on a water molecule strongly bound to uracil whereas, in larger

£

clusters, the pr@tonss boundyto water molecules far from uracil. This correlation between the structure of

the low—e@:mers nd the experimental fragmentation channel suggests that dissociation may
occurdfl a vgry s t time after collisions, so that energy has not enough time to be redistributed among

all degrees eedom and the ground-state geometry of the parent cluster partly determines the nature

aQf t fav«ld fragmentation channels. Of course, thermal dissociations originating from long lived, thus
thermalized, collision complexes cannot be ruled out but they are not expected to play the major role

S s,i&ce experimental results can be satisfactorily accounted for by assuming that the fragmentation

processes are mainly impulsive.
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. INTRODUCTION

Water is the natural medium of the biological molecul

M rocess of hydration is of
—

general interest to chemists and biologists. The study mixeos clusters composed of biological

molecules with water is therefore a good WorkbenoQ) observe how the properties of biological

molecules change when going from isolated ga% ﬁydrated species.

One challenging question of great medical“interest nowadays is the effect of radiation onto
DNA and RNA molecules. The dama bon.t ese molecules can be directly caused by the
radiations, or indirectly by sec daryN ns created by the radiation. Uracil C4aH4N20:2 (U) is
one of the four nucleobases of ;h\\qtrecewed attention concerning radiation damage. Charged
uracil UH" can be fo %tlon damages and has thus deserved some attention [1]. One of
the reasons for suc de dat ioft can, for example, be due to the interaction with slow electrons as
shown by the 'o of Boudaiffa et al.[2]. Although several studies have been devoted to
the effect hydr ion on the electron affinity of DNA bases [3,4,5,6], there is still much to be

done t uﬁ'ders the role of aqueous environment on DNA and RNA.

@ g fragmentatlon of biomolecules through collision induced dissociation (CID) is helpful
\ rstand reactivity and provide access to structural information [7]. Fragmentation of the bare
protonated uracil molecule has already been performed under CID with tandem mass spectrometry
[8,9,10,11,12], but there are only few studies available concerning the effect of hydration on such

2
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Publishirmgess. Infrared photodissociation spectroscopy of singly hydrated protonated uracil [13] shows
that the most stable tautomeric form of the neutral uracil (di-keto) differs from the most stable one
for bare protonated uracil (keto-enol). Some theoretical studies report the structures taken by
neutral microhydrated uracil, containing up to 15 water molecules ([/{4,15,16,17,18]. However
fragmentation studies of such species under CID conditions has not ee?)epo d so far.

We report in this paper both the results of CID experime ﬂ%ﬁqed on hydrated protonated
uracil species (H20)2UH" (n=1-15) and theoretical calcylation ﬁ(;;termine their lowest-energy
structures. In the latter case, we used a methodolo@&&mi g density-functional based tight-

binding (DFTB), for a rough exploration of the pokg%@gy surfaces, and MP2 calculations for

0

accurate characterization of low-lying isonkéik

selected hydrated protonated uracil clusters&t%ﬁed by collisions with rare gas atoms. After the

r experiments, the dissociation of mass

collisions, the remaining charged Kcijwvﬁtch have lost one or several neutral subunits, are
a

detected. The resulting inter-mc@mciaﬁon patterns of the (H20)sUH" clusters show that
le

below n = 5 only water m s are evaporated whereas for n > 5 a new fragmentation channel
sS

appears corresponding t0 the neutral uracil.
&/
The fragment(o\sqa tse from two distinct mechanisms depending on the life time of the

collision comp )H the one hand if fragmentation occurs in a very short time after collision, the
dissociatigil ; impylsive (or direct), which mean that molecules are ejected from a parent cluster
vvhos_emh uctur§ is essentially unchanged before evaporation takes place. In this case, the ground
sta strucylre of the parent cluster obviously plays a major role in determining the fragmentation
}nﬂs. On the other hand, in the case of long-lived collision complexes, the structure of the

cluster can undergo structural reorganizations before evaporation and the role of the initial structure

of the parent clusters is strongly reduced.
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Publishing?FTB/MP2 calculations demonstrate that there is a direct correlation between the location of
the excess proton in the lowest-energy isomer of a considered cluster and the fragmentation
channel it undergoes. This suggests that direct dissociation upon collision is responsible for the
appearance of neutral uracil from n = 5 as statistical dissociation WO?é favor protonation of the

uracil. However, an accurate measure of the relative contributj n}f%ﬁctical versus direct

dissociation cannot be determined. \

Section II of this paper describes the experimenfal“set- used to determine fragments
he co 21‘[

branching ratios and fragmentation cross sections ional method used to determine

the lowest-energy structures of hydrated protona uraL clusters is described in section III. In
section IV are reported the experimental crd&é{o@ and the fragmentation branching ratios of
hydrated protonated uracil clusters. Finally&\mmn V the calculated structures of mixed uracil-
water clusters are presented andﬁe rimental results are discussed in the light of these

structures. The main outcomes }&wes are summarized in the conclusion.

1. EXPERIME AL ‘}
Our expe @Jp enables collisions at a controlled kinetic energy between the

and mass-selected thermalized charged clusters. It has been described in

molecules©f asva - .
detail sewhe 9] Here we remind of the main stages. Charged clusters are produced in a gas

ag regatlosl rce [20]. A flow of helium carrier gas and water vapor enters the source in a cell

whsre il in solid form (Alpha Aesar, 99%) is heated at 378 K to get a vapor pressure of about
~

6. 1072 mbar [21]. A miniature electron gun located at the cell exit allows to ionize the clusters

in the source. The typical kinetic energy of the electrons is 100 eV. The clusters formed in the
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Publishsmgce at the temperature of liquid nitrogen are carried out of the source by the helium gas flow.
The produced clusters then enter the thermalization chamber where tens of thousands collisions
between the helium gas and the clusters cool them down to the helium gas temperature. A
thermalization temperature of 25 K is obtained by cooling the ther?élization chamber with a
closed cycle helium cryostat. This low temperature reduces the am nﬁ%mal energy prior to
collision compared to experiments usually performed at room ten}w For instance, using the

harmonic frequencies i calculated for the neutral uracil [22[sits‘intetnal energy Eint 1s estimated

by: ; QS

\
At 25 K, the internal energy of urac% he\"s about 8 peV, only the lowest-energy isomers are

thus expected to subsequently u@ion with the target species.
After the thermalizati%the clusters then enter the high vacuum part of the experiment
where an original timie of/flight device using electrostatic pulses applied to electrodes enables
\\4

4

mass-selection a w down to a controlled kinetic energy. Laboratory frame collision

energies, ranging, from 54 to 145 eV, are measured by time of flight measurements [19]. In the

present wor lﬁe 09(resp0nding center of mass (CM) collision energy is kept constant at 7.2 eV.
—

This energy is §hosen high enough so that a large number of fragmentation channels are explored.

—
&he\c}us‘[ers cross the collision cell in free flight where they can collide with the molecules or

\
atoms of a vapor at 300 K whose pressure is controlled. The pressure in the cell is measured with

a mechanical vacuum gauge (Leybold Ceravac CTR 91). The collision products are then mass
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Publishimglyzed by a reflectron time-of-flight mass spectrometer and detected using micro channel
plates. At that stage, it is worth pointing out that an accurate picture of the collision and
subsequent fragmentation mechanism cannot be obtained from the present experimental set-up

and we are not able to distinguish between direct dissociation and stati?dcal evaporation.

PN

Several target atoms or molecules M were introduced in the colli D\ cell. We have performed

experiments with M = H20, D20, Ne and Ar. We find ess tiﬁ'ﬂy the same results whatever the
'M\
nature of M, and in order to keep things clearer, we only© d discuss results obtained with

)

Ne in this paper. -
\[_)
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Figure l)l‘ime of flight of mass spectrum obtained by colliding (H,O);UH"* with Ne at 7.2 eV center of mass

-

llisfon energy (93.5 eV in the laboratory frame).
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Publishingrigure 1 shows a typical fragmentation mass spectrum obtained here by colliding (H20)»=7UH"
with Neon at a CM collision energy of 7.2 eV. The more intense peak on the right comes from the
parent cluster (H20)s—7UH", the next 7 peaks at the left of the parent peak correspond to the loss of
1 to 7 water molecules and the next 5 peaks to the left results from 1?4 evaporation of the uracil
molecule and several water molecules. This figure is obtained at tlie Whest essure explored in
the present experiments. For such a pressure multiple collisions“are longer negligible, thus

—-—

allowing the evaporation of all water molecules. This is stil ‘?‘fogthe largest size investigated
here, namely n = 15. 3

-

From the mass spectrum of the collision produgts, t@ranching ratios (BR) of the different
charged fragments can be determined. Thé«branghing ratio corresponds to the intensity of a

specific fragment over the total intensity o mts. It is important to notice that the fragments

considered here are the charged on@ .

The total fragmentation cross-s%'rcan be deduced from the mass spectrum as:

|

Q u)

V. T pleg )
/\ /
I : Th un}ber clusters that have crossed the cell without undergoing any fragmentation;

£
Iy @t:}a umber of clusters that have crossed the cell ;
- The density of the vapor in the collision cell ;

&
%c 'Z'he length of the collision cell, namely 5 cm here ;
o

with:
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Publishingn order to determine the fragmentation cross-sections, we record the mass spectra after the
collision cell as a function of the pressure in the collision cell. Figure 2 gives an example of the
evolution of -In(//lp) as a function of the product pLc. The linearity of the curve presented in

figure 2 ensures that a single collision is sufficient to induce the fragmentation of the parent cluster.
The fragmentation cross-section for a specific channel i is the&

0; = BR;0ror Q“-\ 3)
_-—
where BR; is the branching ratio for channel i. In our s(\dy\wb will be interested in two specific

channels. Channel 1 corresponds to the loss of qnl u@ water molecules whereas channel 2
-

corresponds to the loss of neutral uracil and oe\seve | water molecules:

Channel 1: (H20)sUH" > (H20)n. %;Eo“

Channel 2: (H20)sUH" = (H20)n'

S
W
A

N

>

20+U 4
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Figure 2: Extraction of the fragmenta%r ection from experimental data using relation (2) in the

case of (H,0);UH" colliding wi Neo\a\@ eV center of mass collision energy (93.5 eV in the
laboratory frame). \

V.
Branching ra?(s g&;tfetermined by varying the collision cell pressure. The branching
ratios for cha@are defined as follows:

6/

(J

SS&ce Y.il; = I, — I and using eq. (2), we have :

xili

BR; (5)
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I
I_l = BR;(1 — e PLcetoToT) (6)
0

From relation (6), the branching ratios BR; are obtained as the slope of a linear fit of 1i/ly

plotted as a function of (1 — exp(—pLe;0r07)), as exemplified i Flgure 3 in the case of

(H20)7UH" colliding with Ne atoms. Again the linearity of t Muggests that single
collision events are the predominant processes in our experlmen n if two or more collisions

were needed to induce fragmentations, this would lead to a ar e olutlon with pressure. We

—-—

do see such an effect for the largest sizes, n=10-15, for which vse ok only low pressure points to

determine the branching ratio. However, 7.2 eV is @ a low estimate of the energy deposited in

the clusters. ‘\\ —
\E\
0.40 ———— \\ N

0.1 0.2 0.3 04

1 e cel Sror

\1gure 3: Determination of the branching ratios BRi from the slope of linear fits (full lines) of the

experimental data (squares) using relation (6) in the case of (H,O);UH" colliding with Ne at 7.2 eV

center of mass collision energy (93.5 eV in the laboratory frame). The black curves correspond to the

10
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Publishin gevaporation of water molecules only (Channel 1 in relation (4)), and the red curves to the evaporation of

uracil and water molecules (Channel 2 in relation (4)).

\Q&
S
N
S
N
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. COMPUTATIONAL METHOD

u178 u138 /

\ T
Figure 4: Structure of the tw%ﬁd uracil isomers, ul78 (keto-

enol form) and ul38 (di-keto form)yused as initial conditions in the PTMD
simulations. See referiﬁ?r the isomer numbering.

-energy isomers of the U(H20)aH" clusters (n = 1-7), we applied a two-

To determine the lowe

step theoretical appréach 4Fir

4

olecular dynamics (PTMD) [23] simulations in combination with a

to roughly explore the potential energy surfaces (PES), we
conducted parallelé\cq{in
self-consistent- Qe density-functional based tight-binding (SCC-DFTB) [24] description of the
energies 3‘1‘1 {adi ts. In the PTMD algorithm, we used 40 replicas with temperatures going
linearlytrom §9 to 350 K. All the trajectories were 4 ns long, and the integration time step was 0.5
-
fs.(&foﬁ,ﬁd that a reasonable time interval for the PT exchanges was 2.5 ps. We used a Nosé-
megchain of five thermostats with frequencies of 800 cm™ to achieve an exploration in the

canonical ensemble [25]. The SCC-DFTB calculations were performed with the mio-set for Slater-

Koster tables of integrals and repulsive interactions [26]. To improve the description of

12
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Publishimemolecular interactions, we used the class IV/charge model 3 (CM3) [27] charges instead of the
original Mulliken charges as well as empirical terms to describe dispersion interactions [28]. For
the parametrization of the CM3 charges, we used the Don parametrization proposed by Simon and
co-workers (i.e. Don = 0.129) [29], while all other values were set equa}/(o 0, which corresponds to
a Mulliken evaluation of the charges. All SCC-DFTB calculati ns}vere rformed with the
deMonNano code [30]. To avoid any spurious influence of th%ﬁ% conditions on the PES

exploration, three distinct PTMD simulations were carried out:dn‘eaeh.one, a distinct initial proton

—
location was set: on the uracil in two cases and on the (atﬁﬁ)olecules in the other one. In the
former case, the ul78 and ul38 isomers of UH" werqused‘aa initial geometries (see reference [31]
for the isomer numbering and Figure 4 for epkv?&&ion of those isomers), corresponding
respectively to the keto-enol and the di-ke&fn\\%joo geometries per temperature were randomly
selected along each PTMD simulation ‘a&seq nt geometry optimization which leads to 72000
SCC-DFTB optimized structures fo&o% ster. The structures were sorted in ascending energy
order and identical isomers were ca ed 9, 23, 46, 31, 38, 45 and 63 structures were then
selected for U(H20)H", % H", UMH:0):H', UMH20):H*, UH20)sH', UH20)sH" and
U(H20)7H", respectx%pe form geometry optimizations at the MP2 level of theory in
combination w h an “all-electron Def2TZVP basis-set, [32,33] a tight criteria for geometry

convergencefan ultraﬁne grid for the numerical integration. MP2 calculations were performed

with the.Gau 09 package [34].

Ks

\ <


http://dx.doi.org/10.1063/1.5044481

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

Pub||sh|ng IV. FRAGMENTATION OF HYDRATED URACIL CLUSTERS: EXPERIMENTAL RESULTS

A. Fragmentation cross section

The total fragmentation cross sections of mixed clusters U(H20)n-1H", pure water clusters
(H20)n—2-6H"  [35] and deuterated water clusters (D20)a=s,10H" [36] até plotted in Figure 5 as a
function of the cluster size n (here n stands for the total numb QS}OKDHIGS in the cluster

including, when appropriate, the uracil molecule). Different targetunolceules or atoms were used in

these experiments: Water molecules or Neon atoms in our e r&% enon atoms in Dalleska’s

-
experiments. 3

-

These experimental data are compared to the geo tricﬁy (i.e. hard sphere) cross sections given

-
by: \\
Ogeo = ([ X 13 + nyrg 1/ + rt)z-\\ (6)
\

Where nw is the number of water m@%z] the number of uracil molecules (nv =0 or 1 in the
present study), 7w, v and rrare ﬁ'}n\sle&ular radii of water, uracil and of the target atom or

molecule, respectively. T m?k}ular radii are deduced from macroscopic densities that gives ru
he

11 of rare gas target atoms are taken as their Van der Waals radii

=32A[37], rv=198A.T

rve=1.54 A and @
The main‘di Q

nces between the curves in Figure 5 can be rationalized as follows: The larger

/

£
the siz of “the target atom (or molecule), the larger the fragmentation cross section. The
experimental ﬂagmentation cross sections of mixed clusters U(H20)a-1H" colliding with water
-
mcg&les&re larger than the values obtained for collisions with Ne atoms. In the same vein, for a

%number of molecules in the cluster the cross section is larger for clusters containing uracil.

The overall trend of all curves in Figure 5 is the same: The fragmentation cross sections

increase with the size and seem to tend towards the geometrical one. The cross sections measured
14
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Publishfiorgnixed clusters are of the same magnitude as the ones previously obtained for deuterated pure
water clusters at a similar collision energy [36]. For mixed clusters, fragmentation cross sections
are systematically larger than for pure water clusters by an amount of the same magnitude as the

one predicted by the geometrical cross sections. /

The fragmentation cross sections obtained by Dalleska and cow@rkers [35] for protonated water
clusters are within our error bars for n = 5, 6 and about a fac r)o ower for n = 3, 4. However
their cross-section is notably lower for (H20)2H" as compared our theasurement for U(H20)H".

This difference may be explained by the fact that Uz:io a Vbeaker bond with water than H3O"

does. Indeed the dissociation energy D[HsO*(-K QS eV [35,38] whereas the value for
{ -

D[UH"-H20] is estimated between 0.54 eV | W eV [13]. The same behavior is observed
for n = 3, the dissociation energies are D[(HeO)2H-I120] = 0.86 ¢V [35,38] > D[U(H20)"-H20] =

0.49 eV [1]. Hence the dissociation Q e\r,molecules 1s more favored in the mixed cluster than in

the pure water clusters. \
K
N

Y
w&

15
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2 3 \r89101112

Figure 5: Fragmentation cross sections o mws ers U(H,0),.H" at a collision energy of 7.2 eV

plotted as a function of the total numbeNn ecules in the clusters (including uracil). Experimental

results [and geometrical cross sectlm'rgshown for collision with H,O (black squares [black full

line]) and Ne (red squares ed'ﬂ:Sne]). The results of Dalleska et al. [35] (using Xe target atoms) on
(

pure protonated wat cluste O)n2-sH" (blue stars) and of Zamith et al. [36] (using water target

molecules) on terat Wajér clusters (D2O)n=s10H" (green full circles) are also shown. The

geometrical ¢

hss)hﬁxsections of water clusters (blue dashed line) in collision with Xe atoms (blue

dash-dottéd line)and water molecules (green dash-dotted line) are also plotted. Error bars represent one

B. b\ter-molecular fragmentation
<
The branching ratios for the different dissociation channels (see relation (4)) of hydrated uracil

are determined for clusters containing one uracil molecule and from 1 to 15 water molecules. The
16
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Publishiiipgice 6 shows the percentage of the fragments that have lost a uracil neutral molecule, ie

BR,
BR,+BR,

X 100, plotted as a function of the number of water molecules in the parent cluster. It

shows that in the mixed cluster with a small number of water molecules, almost no neutral uracil is

evaporated. From n = 5 and more clearly from n = 6, the loss of neut{ acil molecule increases

up to about 20% for U(H20)9H". \Q

20

Y,

Neutral uracil loss (%)

%

A - rI/ | | | | | | | | | | | | | _-
N 3 4 5 6 7 8 9 1011 12 13 14 15 16
3 Size n

4

Figlire™6: Pr r‘f{)n of neutral uracil molecule loss plotted as a function of the number n of water

moledules il)he parent cluster U(H,0),H". Results obtained for collisions with Ne atoms at 7.2 eV CM

ollisi% energy.

NI

17
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Publishings stated above, both statistical and direct fragmentation processes can occur upon collision. In
the former case collision energy is transferred to the parent cluster and is redistributed among all
degrees of freedom. This is a slow process and the structures involved during the fragmentation are
no longer the lowest-energy isomer. Furthermore, the excess proton can(eﬁso diffuse in the structure
and, for instance, re-combine with the uracil. In the latter case, di o'cytion fast upon collision
and the energy cannot be statistically redistributed among all degréeg of fgeedom. We thus assume
in that case that the nature of the collision products is partl _d‘%dby the nature of the lowest-
energy isomers of parent clusters and especially by t%on of the excess proton in the

_
structure. In figure 6, we focus on the loss of the e%il molecule in the detected fragments

;
since it indicates where the proton lies after coﬂiio& mely on the uracil or on a water cluster. A

transition in the nature of fragmentation Q&%learly seen from n = 5-6. To account for this
Bﬁgina

transition we consider that evaporatio from a direct fragmentation process. A short
discussion about the implications of iblg structural rearrangement prior to dissociation, which

occurs in a statistical process, will wded in section V.

The relative proto fﬁnm each component of the mixed clusters gives a first estimate of

/

which molecule - {{acil WZ{er - is more likely to carry the positive charge prior to collisions.

ExperimentallQ%as phase proton affinity of uracil is bracketed to 9 = 0.12 eV [39]. For the
an

water mol% perimental value for the proton affinity [40] is reported at 7.31 eV and a
Y
theoretical on ] at 7.5 eV. These last two works also show that the proton affinity of water

clusters 1nsr es with their size [41]. We report in Figure 7 the proton affinities extracted from the

re orks for the uracil molecule and for water clusters as a function of the number of water

-~
molecules.
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Figure 7: Proton affinities of the wate cluste} a function of the number of water molecules n. Proton
pS\

affinities are taken from [40] (bl@s and from [41] (blue squares). The value of the proton

affinity of uracil is also plotted (red dot«dashed line [39]).
/\
The proton aff}rﬁty ofwuracil PA[U] is hence larger than the one of water monomer PA[H20].

Thus, for the or@hydr d uracil, from the energetic point of view, the proton is on the uracil

molecule afid the omly observed fragments are indeed protonated uracil molecules. Moreover, an

),

experirental \go [13] confirms that there is no proton transfer from the uracil to the water

mdlecule in no-hydrated clusters. Proton affinity of the uracil molecule is also larger than that of

™

thgva imer, or even the trimer: PA[U] > PA[(H20)x], » = 2 or 3 depending on the considered
\
data,_for water. This is still consistent with our experimental observation of no neutral uracil

molecule loss for n = 2 and 3. However from the PA values one would predict that the appearance
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Publishifigeutral uracil should occur for » = 3 — 4 . For instance for n=4, assuming a statistical
fragmentation for which the end products energies are expected to be of relevance, the channel U +
(H20)4H" is energetically favorable. If one now assumes a direct dissociation, where the parent
protonation state remains unchanged, one also expects that neutral wdcil evaporates. However,

experimentally, for n=4 no neutral uracil evaporation is observed. T, e‘lB)s of Meutral uracil starts at

0

This analysis based on PA is however quite crude. lfid®ed, ssumes that the mixed cluster

n =5 and becomes significant only at n = 6.

would be composed of a uracil molecule attached to gm=inta; er cluster. However, one expects

that the hydration of uracil may be more complicated thar this simple picture. The uracil hydration
is explored theoretically in the next sectiomgin“@udes to determine the proton location more

realistically. s‘

~
Finally, we note that we ha ew um of only about 20% of neutral uracil loss upon

v
collisions with Neon atoms. For\lﬁses, the main fragmentation channel remains the loss of

neutral water molecules. As the“size increases, the proportion of neutral uracil evaporation even
ay be

decreases. This featu lained by a simple entropic effect : The dissociation energy of a

V.

water molecule is%e o the dissociation energy of uracil (about 0.5 eV in both cases), thus

their evaporati robability is expected to be comparable. Therefore the weak evaporation
%9'{1 is merely correlated to the larger number of water molecules likely to

probabil"m

evaporate as th§ cluster size increases.
-

<
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V. (CALCUCATED STRUCTURES OF HYDRATED PROTONATED URACIL CLUSTERS -
.. DISCUSSION

)

heoref)’cal works have already been devoted to mixed uracil-water clusters and intended to

-

@ibq the lowest-energy structures. However, only neutral species were considered
[14,15,16,17,18,42]. Those studies showed that for sizes up to n = 3, the water molecules arrange

in monomers or dimers in the plane of the uracil molecule [15,16,17,18,42] with no trimer
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Publishforghation. For n>3, very different structures were predicted depending on the considered study.
For instance, Gaigeot et al. [16] predicted that for » = 7 water molecules arrange in dimers and
trimers in the plane of the uracil molecule, whereas for n = 11 water molecules form locked chains
[14]. 3D configurations were also proposed. In that case, all water m(?écules lie above the uracil
plane as reported in [18] for n = 4, 5. Similarly, for n = 11, Danij O\W>ﬂ7] also obtained a

structure that consists of a water cluster above the uracil molecule. Suc ctures are predicted to

start with 4 water molecules according to [18] or with 6 wat }decules (though 5 has not been
_—
calculated) for [15]. Those studies may suggest that, with(gth\eﬁame of the present work, for few

water molecules (up to two) the proton should be 10(@Led 01) the uracil molecule, whereas when a

large number of water molecules surrounds th&@e charge is expected to be located on the

water molecules. Of course, the excess prﬂ\%(jmcted to strongly influence the structure of the

lowest-energy isomers of each species, for pure water clusters for instance, so the size
at which the proton is transferred frw to water cannot be deduced from the aforementioned
studies. Moreover, all those theorhNorks do not lead to the same low-energy structures as
highlighted in [17] and .%equently, although instructive from a qualitative point of view,

the analysis of our et‘lme/r;t | data cannot be based on those studies. We have therefore

undertaken a the retlc imulation of small hydrated protonated uracil clusters.

isomers determined theoretically for hydrated uracil protonated clusters

wn in Figure 8 to Figure 11. In the experiments, clusters are produced at a

about 25 K, so only a very few isomers are likely to be populated. Indeed, the

eh%te ¢ produced in the canonical ensemble at the temperature Tc = 25 K, so only isomers for
~

whigh the Boltzmann factor exp(-AE /ksTc) is larger than ~107 are considered here. In this

formula, AE represents the relative energy of a considered isomer with respect to the lowest-energy
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Publishing For each isomer, we thus only discuss the 3 (6 for U(H20)H") lowest-energy structures

obtained from the PES exploration. Additional isomers are reported in the Supplementary Material.

Figure 8 displays the six lowest-energy isomers obtained for U(H20)H". Two (la and 1b) of
them contain the ul38-like isomer of U (each one with a differentéﬁ%&tion of the hydroxyl
hydrogen), 3 of them (lc, 1d and le) the ul78 isomer and 1f co i)s the ul37 isomer with a
reverse orientation of the hydroxyl hydrogen. From those 3 1 n’['js, ifferent sites are possible for

~

the water molecule attachment which leads to variety offisomers‘even for such small size system.
To the best of our knowledge, UH20)H" is the mc&st&hd_grotonated uracil water cluster and
our results are consistent with previous publishe work@ndeed, Pedersen and coworkers [31]
conducted ultraviolet action spectroscopy onﬂ(\{}%l and discussed their measurements in the
light of theoretical calculations performed%omers: url38w8 (la in the present study) and
url78w7 (1c) [31]. Their energy onderin OK is the same whatever the computational method

%0\,1\/106-2X/6-31 1++G(3df,2p), MP2/6-311++G(3df,2p),

they used: B3LYP/6-311++X3&\
CCSD(T)/6-311++G(3df,2p)..and CCSD(T)/aug-cc-pVTZ and is similar to what we obtain.

Similarly, Bakker and ovg\Q 13] considered three isomers: UDK)H" W (1a), UKE)H"™ Wa
Y.

(1c) and U(KE)H*{W

b ( atdhe B3LYP/6-31 1++G(3df,2p) level of theory and obtained the same
energy orderi awOur methodology has thus allowed us to retrieve those isomers and to

locate twodiew Jow-energy structures (1b and 1d), 11 is too high in energy to be considered in low-

4

- . . .
temperature experiments, that are in the same range of relative energies but have never been

digcussed. nsure that they are not artificially favored in our computational method, calculations

=

\w{f’ alse-performed at the B3LYP/6-311++G(3df,2p) level of theory. The results are presented in
the\Supplementary Material and are consistent with the MP2/Def2TZVP ones. This makes us

confident in the ability of the present methodology to locate meaningful low energy structures.
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Publishimgortantly, no isomer with the proton on the water molecule was obtained, neither at the DFTB or

MP2 levels.

Erel 0.0
Ebind -38.2

Erel 0.3
Ebina -40.9

1716 /1.710
Erel 03 Erel 1 0
Ebind -51.2 Ebina -52.9

(Ebisa) are ’gfven in kcal.mol"!. Important hydrogen-bond distances are indicated in bold and
,ﬁ

are g enin A.

b

F‘gure 9 displays the three lowest-energy isomers obtained for U(H20)2H" and U(H20):H".
For U(H20)2H", the lowest energy structure contains the ul38 isomer of uracil while 2b and 2¢

contain ul78 and ul38 with reverse orientation of the hydroxyl hydrogen, respectively. This
24
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Publishd@gonstrates that, similarly to U(H20)H", a diversity of uracil isomers are present in the low-
energy structures of U(H20):H" which makes an exhaustive exploration of its PES all the more
difficult. The same behavior is observed for U(H20);sH". The configuration of ul38 does not allow
for the formation of a water dimer which leads to two unbound water molecules in 2a. In contrast, a
water-water hydrogen bond is observed for 2b and 2c. The exist; c%)hsater dimer was not
encountered in the low-energy isomers of the unprotonated U(H20%g spceies due to the absence of
hydroxyl group on U. It is worth pointing out that 2a, 2b _a-l;l }‘afe..very close in energy which
makes their exact energy ordering difficult to determiue. Héyvever, no isomer displaying an
unprotonated uracil (cf. Supplementary Material fc&ddiﬁjmal U(H20)2H" low-energy isomers)
was located. The lowest-energy structure of (H\w)jﬁr is characterized by two water-water
hydrogen bond that forms a linear water im@her energy isomers display only one (3b) or
zero (3c) water-water bond (cf. Supp ‘E\Ma‘[erial for additional U(H20)3sH" low-energy

isomers). Isomer 3b is similar tow n isolated water molecule linked to the protonated

nitrogen of U. Similarly to U(H20 , no isomer displaying an unprotonated uracil was located

for U(H20):H". \
£
Figure 10 dis;zh/ s thethée lowest-energy isomers obtained for U(H20)4H" and U(H20)sH"

which constit a@%@n in the behavior of the proton. Indeed, in U(H20)4H", two kind of low-

energy struCtures appear: (i) structures composed of UH', one water trimer and one isolated water

)

latQ; hydronium ion is always bounded to an uracil oxygen atom. This U-H3O" bond is
a

9%

oxygen-hydrogen distance. Furthermore, speaking of distances, the difference between the U-H;O"

molec eab) ; (1) structures composed of U and a protonated water tetramer (4a and 4c). In the
her strong as compared to U-H20 bonds as highlighted by the corresponding short

and UH'-H20 forms is rather fuzzy and might be sensitive to computational parameters and also to
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Publishinghtum fluctuations of the hydrogen. This suggests that collision with U(H20)4+H" is more likely
to induce evaporation of H2O rather than H3O" or a protonated water cluster. The picture is
significantly different in U(H20)sH" where the lowest-energy structure displays a hydronium ion
separated by one water molecule from U. Such structures do not appe?{ in U(H20)4H" due to the
limited number of water molecules available to separate H3O" fr U)Suc eparation suggests
that, if considering a direct dissociation process, evaporation of neutral*uracil can now occurs in
agreement with the experimental observations (see discussio Dow)\ One sees that 5b, which is

-

only 0.3 kcal.mol™! higher in energy than 5a, still displays a U-§30+ link. This is in line with the

low amount of neutral uracil that is evaporated in t eQ@erhjent (see Figure 6).
\ -
\\
\ S -
/&
A &/

N
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Ebing  -106.7 Ebind

Erel 0.0 Erel 0.3 .
Ebina  -122.7 \ nd  -122.5 Ebing  -120.7

Figure 10: The t\ehwest—energy structures of U(H,0)sH" (top) and

m)-“gbtained at the MP2/Def2TZVP level of theory. Relative (Er)
I pind) are given in kcal.mol!. Important hydrogen-bond

U(H0)sH' (b

o]
=3
[¢]
=
7]

v,
S

Finally, Figure J11 displays the three lowest-energy isomers obtained for U(H20)sH' and

U(H20)7H%:r to U(H20)sH", the lowest-energy structure we located for both species has
the exc@ n On a water molecule that is separated by one water molecule from the uracil. This
ap e;;s t%be common to the clusters with at least 5 water molecules. This is also observed for
ﬁ'g-lyr—\energy isomers (6¢, 7¢) although other characteristics of the proton are observed: proton in a
veryssymmetrical Zundel form bounded to the uracil (6b) or H3O" still bounded to uracil (7b). Of

course, for UH20)sH" and U(H20)7H" and also U(H20)sH" and U(H20)sH", the amount of low-
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Publishdmgyy isomers is expected to be very large and we do not intended to find them all. Furthermore,
due to the limited number of MP2 geometry optimization we performed there is few chances that
we located the global energy minima for U(H20)¢H" and U(H20)7H". However, the general picture
we are able to draw from the presently discussed structures fully supp% the experimental results:
from U(H20)sH", it exists low-energy structures populated at ve %tem ature in which the

excess proton is not directly bound to the uracil molecule. Upon«fragmentation, this allows the

proton to remain bounded to the water molecules. Qh‘
ﬁ

All the aforementioned low-energy structures fre re to describe the U(H20)n-17H"

-
species at low temperature and to understand the atioL tween the parent cluster size and the
amount of evaporated neutral uracil in the cds¢ ofdireot dissociation. However, as already stated,

one has to keep in mind that upon co 11%#@&%& dissociation can also occur. In that case

structural rearrangements are expecgwu}.\which are important to understand each individual
t

C
mass spectra of the (HzO)n115H\du\\sd the origin of each collision product.

For instance, the frag eﬁ;h‘lg is detected for all cluster sizes (see Figure 1 and time of flight
mass spectra presente@_in ghe plementary Material). This means that for the largest sizes, for
which we have showin{rom the calculation that the proton is located away from the uracil, proton

transfer doeg odguf prior to dissociation. One possible scenario is that after collision, water

proton

V» :
molecules. s entylly evaporates. When the number of water molecules is small enough the
-
[inity Yof uracil gets larger than the one of the remaining attached water cluster. Proton

ﬁ
tra@hen likely and we therefore end up with protonated uracil.
N\

f one now turns to the neutral uracil evaporation channel it appears that the smaller clusters

H30" and (H20)2H" are not present in the time of flight mass spectra. This absence might have two
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Publishirigins. First, the dissociation energies of the protonated water dimers and trimers are substantially
higher than larger sizes, and they are therefore less prone to evaporation. Second, as already
mentioned, for such small sizes, the proton affinity of uracil gets larger than the one of the water

dimer or trimer and proton transfer to the uracil is likely to occur.

In order to confirm the above scenario, simulations and/or ey, @rates calculation would

have to be conducted to describe the fragmentation channel f}etal Such molecular dynamics

—

simulations have already been performed by Spezia andfcoworkegs to understand the collisional

P

induced dissociation of various organic molecules [9:40,43% ) Ithough in the present case the
/

initial position of the excess proton appears as a k&%lt'r to explain the evaporation of neutral
t

uracil, such simulations could be additionall Ne' to provide a clearer picture on the various

evaporation pathways. t\

Q\\
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Figure 11: The three Wgy structures of U(H.O)¢H" (top) and U(H,O);H*
(bottom) obtained at t 2/Def2TZVP level of theory. Relative (Er) and binding energies
(Eving) are given inkcakmol™!. Important hydrogen-bond distances are indicated in bold and
are given in ;/ £ /

N

VL. COUCL ON
ﬁ /

Thi article&)resents the collision induced dissociation of hydrated protonated uracil U(H20)n=1-

-
15%35 and reports their experimental absolute fragmentation cross sections. We demonstrate
%hgevaporation channels evolve with size: Below n=5, the observed charged fragments always
contain the uracil molecule, whereas from n=5 the loss of a necutral uracil molecule becomes

significant. To understand this transition, we conducted an exploration of the potential energy
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Publishsurface of U(H20)w=1-7H" clusters combining a rough exploration at the DFTB level with fine
geometry optimizations at the MP2 level of theory. Those calculations show that below n = 5, the
excess proton is either on the uracil or on a water molecule directly bound to uracil, i.e. forming a
strongly bound U-H30" complex. From n =5 and above, clusters cont?A enough water molecules
to allow for a net separation between uracil and the excess proton: h?&%&often found bound
to a water molecule which is separated from uracil by at least one other water molecule. Upon

direct dissociation, the excess proton and the uracil can thus b ‘Dg‘t&different fragments.

_—

This study demonstrates that combination of c@i&med dissociation experiments and
theoretical calculation allow to probe the solvation‘and pr&tanation properties of organic molecules
such as nucleobases. This is a step toward M nderstanding of the role of water in the

chemistry of in vivo DNA and RNA bases. .~

<

SUPPLEMENTARY MATERIA&
Figure S1 of the{%\@w Material reports the U(H20)H+ lowest-energy structures
£

obtained at the BALYP/6-31 144#G(3df,2p) level of theory.

N

Additional v@t-energy structures of U(H20)n—2-7H" obtained at the MP2/Def2TZVP level of

theory are pres nte}l Figures S2 to S7.

ﬂ
El.g&%S to S20 present the experimental time of flight mass spectra such as the one

pres tedhl figure 1 for sizes (H20)n-1-12UH" and (H20)a=1sUH".
\ <

n xyz coordinates file is also provided with all the calculated structures. The structure of the

file is the following:
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<Isomer number, as in the figures of the paper> E=<energy in Hartree>

<Element 2> <x(2)> <y(2)> <z(2)> \Q\
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