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The structures of three ion molecule complexes of [Pb(Ura-H)]* have been explored by infrared multi-
ple photon dissociation (IRMPD) spectroscopy in the gas phase. A complex of [Pb(Ura-H)]* with uracil,
[Pb(Ura-H)(Ura)]*, or the singly or doubly water solvated complexes, [Pb(Ura-H)(H,O)]* and [Pb(Ura-
H)(H20),]*, have been irradiated with tunable infrared radiation in the N-H/O-H stretching region
(3200-4000cm~") to produce IRMPD spectra which were compared with IR spectra computed using
B3LYP/6-31+G(d,p) for various isomers. In all cases, the computed spectra for the lowest energy struc-

ﬁ{elj\;lwptl))rg;:ectroscopy tures agree very well with the experimental IRMPD spectrum. Results show that all complexes involved
Pb-Uracil a [Pb(Ura-H)[* core which is deprotonated at N3 and has lead bound to either N3 and 04 or N3 and 02.
Hydrated complexes Our results suggest that the [Pb(Ura-H)]* structure that is deprotonated at N1 and lead is bound to N1
Calculations and 02 is not an significant contributor to the electrosprayed complexes. [Pb(Ura-H)(Ura)]* was found
Infrared to have a four-coordinate lead. The water molecules in [Pb(Ura-H)(H,0)]* and [Pb(Ura-H)(H,0),]* were

Gas-phase ion structures determined to be directly coordinated to lead, the first also hydrogen bonded to one carbonyl oxygen.

© 2011 Published by Elsevier B.V.

1. Introduction

The DNA molecule is responsible for a number of crucial roles
in biology including the storage and transfer of genetic informa-
tion. Noncovalent interactions play a fundamental role in many
scientific fields and these interactions allow metal ions to influ-
ence essential biological processes such as those involving DNA
[1]. Like many biological molecules, the structure and regular func-
tion of DNA can be impacted, positively or negatively, by the
presence of other molecules and ions. A significant amount of
research has been devoted to studying the impact that metal ions
have on biological systems such as RNA folding, stabilization, and
activity [2-5] and have also shown the influential impact that
metal ions have on biological molecules including their role in the
nature and function of proteins, nucleic acids, and peptide hor-
mones. Various metal ions interact with DNA and consequently,
can manipulate its structure [6-11]. The effect that these ions have
on DNA depends largely on their binding location [12] and can lead
to, for example, stabilization or competition for hydrogen bond-
ing. When metal ions bind with nucleic acid bases they interfere
with hydrogen bond interactions between base pairs and provoke
a subsequent disruption in the double helix [12-14]. Depending
on their nature, structural changes in DNA induced by the metal
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ion can have profound effects on the transfer of genetic informa-
tion.

Lead is a common metal ion known to invoke a damaging
effect on biological homeostasis [15]. Therefore much literature has
focused on its toxic effects on human health [15,16]. These harm-
ful effects impact many major organs including the liver, heart and
kidneys.

Sigel and co-workers have published many interesting papers
focusing on the interactions of Pb2* ions in aqueous solution with
phosphate, phosphonates [17], and nucleotides [18,19]. On the
other hand, other papers deal with the reactivity of Pb2* with nucle-
obases in the gas phase [20,21]. The reactivity of lead (II) ions with
uracil and thymine has been investigated by mass spectrometry
in gas phase [20]. Positive-ion electrospray spectra showed that
the doubly charged complexes dissociate to give a singly charged
[Pb(nucleobase)-H]* when the nucleobase was uracil or thymine.
This singly charged ion is the most abundant complex observed in
the electrospray mass spectra and was studied by MS/MS. [Pb(Ura-
H)]* and [Pb(Thy-H)]* both dissociate by elimination of isocyanic
acid (HNCO), and the formation of [PbNCO]* ion. Salpin et al. [21]
have also studied the interactions between lead (II) and thiouracil
derivatives (2-thiouracil, 4-thiouracil, and 2,4-dithiouracil) which
also form [Pb(nucleobase)-H]* ions (for numbering scheme for
uracil see Scheme 1). MS/MS spectra were recorded at different
collision energies revealing that the fragmentation of 2-thiouracil
is different than 4-thiouracil. The 2-thiouracil complex loses pre-
dominantly PbS while both 4-thiouracil and 2,4-dithiouracil lose
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Scheme 1. Numbering scheme for uracil.

completely reduced Pb as the primary fragmentation route. The 2-
thiouracil complex also loses HNCS while the 4-thiouracil complex
loses HNCO. Even though the lowest energy structure in both has
lead bound in a bidentate fashion to S and deprotonated N, a major
fragmentation path, like in [Pb(Ura-H)]* and [Pb(Thy-H)]*, involves
breaking the N1-C2 bond and the N3-C4 bond.

Itis important to determine ion structures in the gas phase with-
out the complication from bulk solvent. One of the most common
techniques to study structures of gaseous ions is infrared multiple
photon dissociation (IRMPD) spectroscopy which has been reveal-
ing a number of surprises [22-24].

For instance, Atkins et al. [25] have studied the interactions of
lead (II) ions with the glycine in the gas phase by using IRMPD spec-
troscopy in the N-H/O-H stretching region. Their results showed
that the amino acid deprotonates at the amino group rather than
the expected carboxylic acid group and lead coordinates to the
deprotonated amino group and the carbonyl oxygen.

The present work has been conducted to determine the struc-
ture of gaseous complexes composed of a [Pb(Ura-H)]* core. It was
not possible to investigate directly the [Pb(Ura-H)]* core due to a
combination of its high dissociation energy and the low power of
the laser used in these experiments. Three complexes involving the
[Pb(Ura-H)]* core were investigated, [Pb(Ura-H)(Ura)]* composed
of two uracils as well as the singly and doubly hydrated [Pb(Ura-
H)]* complexes, [Pb(Ura-H)(H,0)]* and [Pb(Ura-H)(H,0),]*.

2. Methods
2.1. Experimental

An ApexQe 70 Bruker Fourier Transform Ion Cyclotron Res-
onance (FT-ICR) coupled to a 10Hz Nd:YAG pumped OPO (KTP,
Euroscan) was used for this study. Details of the coupling of these
two instruments will be presented in a forthcoming article. Uracil
and lead nitrate were purchased from Sigma-Aldrich and used
without any purification. Solutions of 1 mM uracil and 1 mM lead
nitrate were prepared in 18 M2 Millipore water. The solutions
were introduced in the source using a syringe pump at flow rate
of 100 p.L/h. Electrosprayed ions were stored in the hexapole accu-
mulation cell for 1-2s prior to being transferred to the ICR cell.
To solvate ions [26], the Ar flow to the hexapole cell was stopped
and water vapour was allowed to flow into the hexapole cell. The
ions are expected to have an ambient internal energy since they
are stored in the hexapole for accumulation and/or solvation at
~10~2 mbar.

Ions were irradiated by using the tunable infrared laser for 1-4s.
The more weakly bound and faster dissociating ions, i.e., the dou-
bly hydrated, were irradiated for the shortest time, 1s. Typically,
the laser was scanned at 2cm~! intervals to produce the IRMPD
spectra. The IRMPD efficiency is defined as the negative of the nat-
ural logarithm of the parent ion intensity divided by the sum of the
fragment and parent ion signals.

2.2. Computational

Calculations were carried out by using Gaussian 09 suite of pro-
grams [27]. Structures were optimized and infrared spectra were
calculated with the 6-31+G(d,p) basis set for C, H, N, and O atoms
while the LANL2DZ basis set and relativistic core potential were
used for the Pb atom. Single point MP2 calculations were per-
formed on all the optimized structures using the same basis set and
core potential for Pb and the 6-311++G(2d,p) basis sets on C, H, N,
and O. This method is abbreviated MP2/6-311++G(2d,p)//B3LYP/6-
31+G(d,p) in the rest of the paper and these calculations are used
to compare the 298 K enthalpies and Gibbs energies of the isomeric
species. The vibrational frequencies used to compute the zero-
point energies and thermochemistries were unscaled. The infrared
spectra were all scaled by a factor of 0.967 to compare with the
experimental spectra. The predicted IR absorption bands are fur-
ther convoluted by a Lorentzian function with a width (FWHM) of
10cm~! to compare with the experimental spectra.

3. Results and discussion

3.1. Comparison of IRMPD spectra of [Pb(Ura-H)(Ura)]*,
[Pb(Ura-H)(H,0)]*, and [Pb(Ura-H)(H,0),]*

The IRMPD dissociation pathways observed for the ions under
study were as follows:

IRMPD
"=

[Pb(Ura-H)(Ura) [Pb(Ura-H)]" + Ura

[Pb(Ura-H)(H,0)] " P Pb(Ura-H)] " + H,0

IRMPD
R

[Pb(Ura-H)(H,0),] [Pb(Ura-H)(H,0)]" + H,0

In the case of the latter, doubly hydrated [Pb(Ura-H)|*, a second
loss of water was also observed due to the absorption of the laser
by the primary fragment ion.

The experimental IR spectra for [Pb(Ura-H)(Ura)]*, [Pb(Ura-
H)(H,0)]*, and [Pb(Ura-H)(H,0),]* in the 3200-3900 cm~! region
are presented in Fig. 1. The spectrum of [Pb(Ura-H)(Ura)]* shows
only a single sharp feature centred at 3485cm~! which can be
assigned to N-H stretching vibrations. As there are expected to be at
most three N-H bonds, such a simple spectrum might be indicative
of a somewhat “symmetric” structure for this complex containing
lead, uracil and a deprotonated uracil.

The spectrum for [Pb(Ura-H)(H,0)]* is composed of only two
sharp bands. One is centred at 3484 cm™!, very similar to the band
observed in the [Pb(Ura-H)(Ura)]* spectrum. The second band at
3701 cm~! is most likely due to the water. Since there is only
one absorption for the water molecule, it is quite likely that this
is a free O-H stretch and the other O-H bond is involved in
hydrogen bonding with the deprotonate uracil. The spectrum for
[Pb(Ura-H)(H,0),]* has the same two features as those observed
for [Pb(Ura-H)(H,0)]*, centred at 3491 and 3718cm~!. A third
sharp feature appears centred at 3637 cm~!. A fourth, less promi-
nent, but broad absorption is observed to occur at slightly higher
energy, to the blue of the 3718 cm™! feature.



0.Y. Ali, T.D. Fridgen / International Journal of Mass Spectrometry 308 (2011) 167-174 169

3.0 R
2.5+ E

2.0+ R

Pb(Ura-H)(H,0),]*
1.5_[ (Ura-H)(H,0)]" |

1.0 i
[Pb(Ura-H)(H,0)]*

0.5+ R

IRMPD efficiency

[Pb(Ura-H)(Ura)]* J

0.0 E

32IOO 3400 3é00 38IOO 40IOO
wavenumbers / cm™

Fig. 1. Comparison of the IRMPD spectra of [Pb(Ura-H)(Ura)]*, [Pb(Ura-H)(H,0)[*,
and [Pb(Ura-H)(H,0),]*.

The C-H stretching vibrations are predicted to be weak and out
of the range of the present experiment (<3200cm—1).

Each of these species and their structures will be discussed in
turn, in the following sections.

N304/N304
2.5(3.2)

N304/N302
0.0 (0.0)

J
N304/04c N304/04t
27.6 (21.8) 37.6 (28.5)

3.2. [Pb(Ura-H)(Ura)]*

In Fig. 2, eight of the lowest energy structures for [Pb(Ura-
H)(Ura)]* are presented. The first four structures are similar in that
lead is four-coordinate between two carbonyl oxygens and two
deprotonated nitrogens. These first four lowest energy structures
are all deprotonated at the most acidic nitrogen, N3 [28-33], of the
left uracil. The right uracil of N304/N302 has seen a shift of the
hydrogen from the N3 to 04 and there is a hydrogen bond between
O4H of the right uracil and 02 of the left. Also, lead in N304/N302
is bound to deprotonated N3 and O4 of the left uracil and deproto-
nated N3 and O2 on the right ring. N304/N304 is almost identical
except the hydrogen from N3 of the right uracil has been trans-
ferred to O2 which results in a hydrogen bond to 02 of the left
ring and lead is, again, bound to deprotonated N3 and O4 of both
uracils. N304/N302 is lower in Gibbs energy than the N304/N304
isomer, but only by 3.2k]mol~! making them virtually isoener-
getic. The next two structures, N302/N302 and N302/N304, are
7.7 and 8.0 k] mol~! higher in Gibbs energy, respectively, than the
lowest energy structure. The right uracil in N302/N302 has seen
the hydrogen from N3 shifted to 04, and a hydrogen bond between
O4H of the right uracil and O4 of the left. In N302/N304, hydrogen
has been shifted from N3 to O2 of the right hydrogen and the result-
ing O2H is hydrogen bound to 04 of the left uracil. Lead is bound
to N3 and 02 of the right uracil in N302/N302 and to N3 and 04 of
the right uracil in N302/N302.

As can be seen in Fig. 3, the predicted spectra for the low-
est energy structures are almost identical in the 3200-3900 cm™!
region and both are in agreement with the experimental IRMPD
spectrum. The observed and predicted bands are actually composed
of two N-H stretching vibrations, but they are predicted to be only
~8cm~! separate from one another accounting for the observa-
tion and prediction of only one feature. The predicted spectra for
N302/N302 and N302/N304 are identical to one another and that
for the latter has been left out of Fig. 3 for clarity. The two N-H
stretching vibrations for structure N302/N302 are predicted to be
~16 cm~1! apart, resulting in two slightly resolved bands. It is really

<9
N302/N302
7700

N302/N304
7.7 (8.0)

N102/04c
49.1 (42.8)

N304/02¢
38.1 (31.4)

Fig. 2. Eight of the lowest-energy structures of [Pb(Ura-H)(Ura)]*. 298 K relative enthalpies and Gibbs energies (in parentheses) reported in k] mol~! were calculated at the
MP2/6-311++G(2d,p)//B3LYP/6-31+G(d,p) level of theory. All species have a single positive charge.
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Fig. 3. Experimental IRMPD spectra of [Pb(Ura-H)(Ura)]* compared with B3LYP/6-
31+G(d,p) spectra for [Pb(Ura)(Ura-H)]* structures shown in Fig. 2.

uncertain whether our laser could resolve these two bands, but
we do note that the observed feature is quite sharp. For all three
structures the hydrogen bond is strong resulting in shifts of the
O-H stretch to below 2800cm™! in all cases, below the limit of
the current laser in use. Spectroscopically the two lowest energy
structures cannot be differentiated, and perhaps N302/N302 and
N302/N304 cannot be differentiated either. However, N302/N302
and N302/N304 are unlikely candidates as a major contributors to
the IRMPD spectrum based on their higher relative energies—they
are predicted to be present in less than 1 part in 20 each compared
to the lowest energy isomer.

The N304/04c, N304/04t and N304/02c isomers (c and t refer
to cis and trans—depending on whether uracil has an N-H bond or
a C-H bond, respectively, pointing toward the [Pb(Ura-H)]* core),
in Fig. 2, see lead binding in a three-coordinate fashion. In each lead
binds to the N3 deprotonated nitrogen and 04 of the deprotonated
uracil, and to one of the carbonyl oxygens on the second uracil.
They are all higher in Gibbs energy by between 22 and 31 k] mol~!
compared to the lowest energy structure which, on thermody-
namic grounds, make them unlikely contributors to the observed
spectrum. Isomers N304/04c and N304/04t have lead bound to
04 of the second uracil while in N304/02c, it is bound to 02.
Structures N304/04c and N304/02c have intramolecular hydro-
gen bonds between the two uracils. As seen in Fig. 3, these weak
intramolecular hydrogen bonds result in a red-shift of the N-H
stretch that is not observed experimentally. Similarly, the calcula-
tions predict different positions for the N-H stretches for N304/04t
and N304/02c, but that is not observed experimentally. The low-
est energy structure where uracil has been deprotonated at N1,
N102/04cis 42.8 k] mol~! higher in Gibbs energy than N304/N302.
Based on energy it is unlikely to be a contributor to the spectrum,
and spectroscopically it can be ruled out as well since the hydro-

gen bonded N-H stretch is not observed, nor are the multiple N-H
stretches which are predicted by the calculations. There are many
other structures as seen in Supplementary Fig. S1. All of them can
be ruled out spectroscopically, and due to their thermochemistry
relative to the lowest energy isomer.

3.3. [Pb(Ura-H)(H20)[*

Based on the experimental IRMPD spectrum, containing a fea-
ture in the N-H stretch region (3484 cm~1) and one in the O-H
stretch region (3701 cm™1), the structure of [Pb(Ura-H)(H,0)]*
is most likely one in which we have the same lowest-energy
[Pb(Ura-H)]* core as for [Pb(Ura-H)(Ura)]*, discussed in the pre-
vious section, where uracil is deprotonated at the most acidic site
[28-33],N3, so that the band at 3484 cm~! is the N1-H stretch. Also,
the position of the O-H stretch,3701 cm~!, isintermediate between
where the free water symmetric and antisymmetric stretching
vibrations (3657 and 3756 cm~!, respectively) [34] might occur.
The water is most likely participating in a hydrogen bond acting as
a hydrogen bond donor. In Fig. 4, N304/wbO2 (wb means water is
“bridged”, or hydrogen bonded, in this case to 02) has lead bound
to N3 and 04 and water bound to lead and acting as a hydrogen
bond donor to 02. Slightly higher in energy, N302/wbO04 differs
only in that lead is bound to 02 and water is hydrogen bonded to
04. As can be seen in Fig. 5, the computed IR spectra for both of
these structures agree well with the experimental spectrum and it
is impossible to distinguish between the two spectroscopically in
the 3200-4000 cm™! region. The band at 3701, is assigned to the
free O-H stretch of water. Based on the relative thermochemistry,
it is not expected that N302/wb04 contributes to the experimen-
tal spectrum by more than 10% compared to N302/wb02. The main
difference which would allow spectroscopic differentiation might
be the hydrogen bonded O-H stretch which is predicted to occur
at 2825 and 2230cm~! for N302/wb02 and N302/wb04, respec-
tively (Fig. S2). The huge difference is due to the hydrogen bond for
structure N302/wb04 being stronger since 04 is more basic than
02. The water bend is predicted to occur at 1572 and 1622 cm™!
for N302/wb02 and N302/wb04, respectively, and the out of phase
C=O0stretchis expected at 1534 and 1464 cm~!, respectively, which
could also be used to aid in distinguishing these two isomers (see
Fig. S2).

N304/w is 7.1 k] mol~! higher in Gibbs energy than N304/wb02
and also has water bound to lead but it is not participating in any
hydrogen bonding. It is obvious from Fig. 5 that the predicted spec-
trum for this structure is not in agreement with the experimental
IRMPD spectrum. Similarly, the tautomeric structures N102/w-
0O4H and N102/w, which are much higher in energy due to being
deprotonated at N1, can be ruled out spectroscopically. N304/w-
0O2H is a tautomer of N304/w where hydrogen transferred from N1
to 02 and can be ruled out spectroscopically. Structure N304/wN1
is some 46kJmol-! higher in Gibbs energy is the only structure
considered where water is not bound to lead but is bound by a
hydrogen bond to N1H. This results in the N1H stretch being red-
shifted to 3115 cm~! which is just beyond the useful output of our
laser. The water symmetric and antisymmetric stretching vibra-
tions, predicted to be at 3674 and 3791 cm™!, respectively, are not
observed. All but the two lowest energy isomers, N304/wb0O2 and
N302/wb04, can be ruled out on spectroscopic and thermochemi-
cal grounds from being present in any significant amount.

3.4. [Pb(Ura-H)(H,0),]*

Like [Pb(Ura-H)H,O0]*, the two lowest energy structures of
[Pb(Ura-H)(H,0),]* are based onlead bound either to deprotonated
N3 and 04 or to deprotonated N3 and 02 (Fig. 6). Furthermore,
N304/wb0O2/w and N302/wb04/w can be considered formed from
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N304/wb02
0.0 (0.0)

N102/w-O4H
35.5(31.7)

Fig. 4. Seven computed structures for [Pb(Ura-H)(H,0)]*. The 298 K MP2/6-311+G(2d,p)//B3LYP/6-31++G(d,p) relative enthalpies, and Gibbs energies (in parentheses) in

N102/w
37.4 (31.7)

k] mol-! are provided for each structure. All species have a single positive charge.

a water molecule adding to N304/wbO2 and N302/wb04 in Fig. 4,
respectively. The predicted infrared spectra of these two lowest
energy complexes are identical in the 3200-3900 cm~! region, and
so cannot be differentiated spectroscopically in this region (see
Fig. 7).

Do the calculated infrared spectra compare favourably with
the experimental IRMPD spectrum? The resolved bands in the
experimental IRMPD spectrum of [Pb(Ura-H)(H,0),]* at 3491 and
3718cm~! can be assigned to the N-H stretch and the free O-H
stretch of the water molecule that is bound to lead and hydrogen
bonded to either 04 or 02. These assignments are the same as those
made for [Pb(Ura-H)(H,0)]*. The band at 3637 cm~! agrees quite
well with the symmetric stretch of the out of plane water bound
to lead in both N304/wb02/w and N302/wb0O4/w. The 3637 cm™!
band is also in a similar position to the symmetric O-H stretch
of water bound to Li(Ura)* at 3635cm~! [35], to Li(Thy)(Ade)*
at 3658cm~! [36], and to M(Ade)*, where M is Li, Na, K (all
~3640cm~1) [37].

In the IRMPD spectrum there is also a broad absorption that
grows more intense proceeding to the red of 3900 cm~! and which
can also be seen to contribute to IRMPD intensity between the 3718
and 3637 cm~! bands. It has been observed in the past that the anti-
symmetric O-H stretch of water bound to metal ions observed by
consequence spectroscopy is broadened and not nearly as intense
as would be expected by an absorption spectroscopy measure-
ment [35,38,39]. This phenomenon has been explained [39]. Briefly,
consequence spectroscopies such as IRMPD spectroscopy rely on
intramolecular vibrational-energy redistribution (IVR) following
each photon absorption in order to be able to absorb multiple pho-
tons and cause dissociation. If there is not good IVR, then the mode
is not available to absorb further photons. Anharmonic calculations
for Li(Ura)(H,0)* and Li(Ura)(H,0),* predicted cubic coupling con-
stants for the antisymmetric stretch can be as much as 3-4 orders
of magnitude smaller than those for the symmetric stretch [35].
It is our premise that the antisymmetric O-H stretch predicted to
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|

o9,
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°.2
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Fig.5. Comparison of the experimental IRMPD spectrum for [Pb(Ura-H)(H,O)]* and
the predicted IR spectra for the computed structures in Fig. 4.
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parentheses) in k] mol~! are provided. All species have a single positive charge.

be at 3753 cm~! is observed as IRMPD intensity between 3600 and
3900 cm~! but is masked by the very intense free O-H stretch of
the hydrogen bonded water. Furthermore, while we cannot rule
out N302/wb04/w spectroscopically, based on the calculated ther-
mochemistry its presence is expected to be less than 8% than that
of N304/wb02/w at 298 K.

In N304/wbO2/ww and N304/wb0O2/wN1, the second water is
hydrogen bound as a hydrogen bond acceptor to either the first
water or to N1H, respectively. These structures are considerably
higher in energy than the two lower energy ones and are not
expected to be present in any quantity measureable spectroscopy.
N102/w/w is deprotonated at N1, lead is bound to N1 and 02, and
both water molecules are bound to lead; it is a much higher energy
structure. The computed infrared spectra for these three species are
clearly not in agreement with the experimental IRMPD spectrum
and can be ruled out as contributors.

A slight blue shift in the position of the free O-H stretch of
the hydrogen bonded water molecule is observed between the
singly and doubly solvated species, 3701 cm~! [Pb(Ura-H)(H,0)]*
and 3718 for [Pb(Ura-H)(H,0),]" and deserves discussion. This
blue shift can be explained as the positive charge is shared not
only by one water molecule as in [Pb(Ura-H)(H,0)]*, but also by
two water molecules in [Pb(Ura-H)(H,0),|*. The simple Mulliken
charge distribution shows that the water molecule in [Pb(Ura-
H)(H,0)]" has a charge of 0.126. Adding a second water molecule
reduces the overall charge on the first to 0.071. This also results
in a weaker and therefore elongated hydrogen bond, 1.597 A vs.
1.642 A, respectively, for the singly and doubly hydrated species.
The extra electron density provided by the second water molecule
in [Pb(Ura-H)(H,0),]* results in a slightly stronger O-H bond of
the first water molecule and a slight blue shift in the position of the
vibrational mode.

3.5. Structure of [Pb(Ura-H)]*

We were unable to obtain spectra for [Pb(Ura-H)]*, likely due
to the high energies required for dissociation. This is a limita-

N304/wb0O2/wN1
42.1(33.1)

Fig. 6. B3LYP/6-31+G(d,p) structures of five [Pb(Ura-H)(H,0),]* structures. The 298 K MP2/6-311++G(2d,p)//B3LYP/6-31+G(d,p) relative enthalpies and Gibbs energies (in
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Fig. 7. The IRMPD spectrum for [Pb(Ura-H)(H,0),]* in the 3200-3900 cm~' range
compared to the computed spectra for the five complexes shown in Fig. 6.
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Fig. 8. Three lowest energy B3LYP/6-31+G(d,p) structures for [Pb(Ura-H)]*. The 298 K MP2/6-311++G(2d,p)//B3LYP/6-31+G(d,p) relative enthalpies and Gibbs energies (in
parentheses) as well as the B3LYP/6-31+G(d,p) energies (in italics top), all in k] mol~! are provided. All species have a single positive charge.

tioin of IRMPD spectroscopy, especially using a table-top OPO
laser. However, our results, especially on [Pb(Ura-H)(H,0)]* and
[Pb(Ura-H)(H0),]* clearly show that there is no spectroscopic
evidence for structures of these ions which contain the N1 depro-
tonated isomer with lead attached to N1 and 02 like N102 in
Fig. 8. Remember that the hydrated ions are formed by stor-
ing electrosprayed [Pb(Ura-H)]* in the hexapole accumulation cell
with a high pressure (~10~2 mbar of water vapour), which should
be a fairly soft association process with many thermalizing col-
lisions to soak up the energy of association. The three lowest
energy structures of [Pb(Ura-H)]* are shown in Fig. 8. Based on
the thermodynamics it is clear that N304 is by far the lowest
energy complex being 15.3kJmol~! lower in Gibbs energy than
N302 at the MP2/6-311++G(2d,p)//B3LYP/6-31+G(d,p). The rela-
tive thermochemistries for these structures agree well with the
previously reported B3LYP/6-311+G(3df,2p) calculations [20]. It is
true that association of water tends to equalize the energies of the
N304 and N302 “cores” as seen by the relative energies of struc-
tures N304/wb02 and N302/wb0O4 as well as N304/wbO2/w and
N302/wbO4/w in Figs. 4 and 6, respectively. This is not true for
the N102 core as seen by structures N102/w and N102/w/w in
Figs. 4 and 6, respectively. Our experiments especially, as well as
our calculations, suggest that the structure of [Pb(Ura-H)]* which
is electrosprayed is that of N304.

Guillaumont et al. [20] studied the CID fragmentation of elec-
trosprayed [Pb(Ura-H)]*. The major dissociation routes observed
were loss of isocyanic acid and the formation of PbNCO™. Isotopic
labeling studies also showed that isocyanic acid loss was exclu-
sively loss of N3 and C2. The other major CID product ion, PbNCO*,
also exclusively includes N3 and C2. In order to explain these major
CID products, isomers N302 and N102 (Fig. 8) were assumed to be
present in the mixture of ions electrosprayed, even though their
energies are substantially higher than N304.

Their calculations [20] of the potential energy surface showed
that PbNCO* can be easily explained as arising from N302. Although
the N302 isomer is significantly higher in energy than N304, under
CID conditions, it is quite plausible that N302 can be formed as an
intermediate from N304 en route to PbNCO™. Isocyanic acid loss was
only considered to be accessible through the N102 isomer which
was said to be present in the mixture of electrosprayed ions. Our
experiments do not support this conclusion in that we see no evi-
dence for the N102 isomer, certainly not in enough abundance that
the major dissociation route stems from it. It is not the intent of this
work to explore the potential energy surface for [Pb(Ura-H)]* dis-
sociation, but we suggest that there is probably an accessible route

for N304 to lose HNCO under energetic CID conditions and would
be consistent with the HNCO fragment coming from N3 and C2 of
[Pb(Ura-H)]*.

4. Summary

The structures of [Pb(Ura-H)(Ura)]*, [Pb(Ura-H)(H,0)]*, and
[Pb(Ura-H)(H,0),]* have been explored using IRMPD spectroscopy
in the N-H/O-H stretching region and by computational methods.
In all cases, the computed spectra for the lowest energy structures
agree very well with the experimental IRMPD spectrum. All these
structures involved a [Pb(Ura-H)]* core which is deprotonated at
N3 and has lead bound to either N3 and 04 or N3 and O2. Our results
suggest that the [Pb(Ura-H)]* structure that is deprotonated at N1
and lead is bound to N1 and 02 is not an observable contributor to
the electrosprayed complexes.
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