
Réac%vité	  en	  phase	  gazeuse	  de	  bio-‐
molécules	  par	  dynamique	  moléculaire	  	  

Riccardo Spezia
Laboratoire Analyse et Modélisation pour la Biologie et l’Environnement

UMR 8587 CNRS
Université d’Evry Val d’Essonne

IIIeme	  Journée	  de	  Simula%ons	  Numériques	  en	  Chimie	  à	  Paris	  Sud	  
Orsay,	  12/11/2014	  



ESI-‐MS/MS	  
✓  Electrospray	  (ESI):	  soN	  ioniza%on	  technique	  (John	  

Fenn	  Nobel	  Prize	  2002)	  
✓ Mass	  Spectrometry:	  from	  m/z	  exact	  knowledge	  of	  

composi%on,	  but	  nothing	  about	  structure	  
✓ MS/MS:	   collision	   induced	   dissocia%on	   (CID)	   to	  

have	   informa%on	   on	   chemical	   reac%vity	   of	  
fragments	  

✓  Used	   ini%ally	   in	   fundamental	   studies,	   now	  
extended	   to	   analysis	   in	   many	   fields:	   doping	  
detec%on,	  proteomics,	  metallomics	  ...	  

✓  ...	   but	   fundamental	   ques%ons	   (especially	   for	  
complex	  structures)	  are	  oNen	  s%ll	  unanswered	  



Collision	  Induced	  Dissocia%on	  



ESI-‐MS/MS	  

ü  what	  is	  the	  evapora%on	  mechanism?	  
ü  what	  is	  (are)	  the	  structure(s)	  in	  gas	  phase?	  
ü  what	  are	  the	  CID	  structures	  and	  mechanisms?	  
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ü  Ions	  obtained	  by	  MS,	  we	  select	  a	  given	  m/z	  ra%o,	  then	  we	  have	  a	  given	  species	  
ü  Ions	  can	  be	  accelerated	  by	  electric	  fields	  (low	  energy)	  and	  this	  transla%onal	  

energy	  can	  be	  tuned	  

ü  Ions	  enter	  in	  the	  collision	  room	  where	  they	  find	  an	  inert	  gas	  such	  that	  
transla%onal	  to	  rovibra%onal	  energy	  transfer	  is	  induced	  (single	  collision	  limit)	  

ü  Ions	  are	  vibra%onally	  ac%vated	  and	  they	  can	  dissociate	  
t	  !	  

Collision-‐Induced	  Dissocia%on	  	  
(CID)	  



Molecular	  “Crash	  Test”	  

ü  Fragments	  are	  the	  fingerprint	  of	  molecules	  (analy%cal	  applica%on)	  

ü  Informa%on	  on	  weak/strong	  points	  of	  the	  molecules:	  informa%on	  on	  chemical	  bonds	  and	  
interac%ons	  (e.g.	  metal-‐molecule	  complexes)	  

ü  Appearance	  of	  fragments	  as	  a	  func%on	  of	  collision	  energy:	  informa%on	  on	  mechanisms	  



Fundamental	  Ques%ons	  

What	  are	  the	  mechanisms	  of	  these	  reac%ons?	  

Do	  dynamics	  follow	  the	  minimum	  energy	  path	  on	  
poten%al	  energy	  surface?	  

RRKM,	  non-‐RRKM,	  rota%onal	  ac%va%on,	  IVR,	  sha`ering	  

is	   it	  possible	  to	  have	  different	  dissocia%on	  pathways	  and	  different	  
ac%va%ons	  of	  them?	  

Can	  we	  obtain	  MS/MS	  spectra	  only	  from	  calcula%ons?	  
Fragmenta%on	  products	  independently	  on	  experiments	  
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EXAFS	  

Compu%ng	  spectra	  
vibra%onal	   UV-‐VIS	  

IR,	  Raman,	  NMR,	  EPR	  ...	  calcula%ons	  are	  able	  to	  provide	  a	  
theore%cal	  spectrum	  



and	  for	  MS/MS?	  

Quantum	  chemistry	  calcula%ons	  are	  oNen	  used	  to	  understand	  peaks	  
observed	  (PES	  analysis	  +	  RRKM)	  	  

But	  how	  obtain	  them	  before/without	  experiments?	  

FIGURE 1. CID mass spectra of protonated cyclo(-P-V), cyclo(-P-L) and cyclo(-P-F). Sixteen electron
volts collision energy on QqToF instrument.
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wishing to use tandem mass spectrometry for nontarget
identification. Our integrated approach to describing charge-
directed reaction mechanisms is widely applicable and could
equally be applied to other classes of molecules of interest.

Experimental
Ammonium acetate, uridine (99%), HPLC grade water,
and methanol were purchased from Fisher Scientific
(Nepean, ON, Canada). Uracil (!99%) was purchased
from Sigma Aldrich (Oakville, ON, Canada). Standard
compounds were dissolved in a solution of 90:10
methanol:water with 0.1 mM ammonium acetate at an
approximately 5 μM concentration.

The sequential dissociation study was carried out on a
Thermo LCQ Deca ion trap mass spectrometer where
standard was infused through the built in syringe pump at
a rate of 5 μL/min. Spray voltage was 5 kV, capillary and
tube lens offset voltages were both set to –10 V, and helium
was used as a collision gas (Linde, Guelph, ON, Canada).
For MS2 and MS3 experiments, the qz value was set to 0.25,
and MS4 experiments were carried out with qz=0.35. For
MS3 and MS4 experiments, the instrument’s “low mass”
setting was used along with automatic gain control. All
collision energy (CE) values are presented in figure captions.
In order to carry out the dissociation of protonated uracil at
m/z 113, protonated uridine (m/z 245), which is known to
produce abundant protonated uracil as its primary MS2

dissociation product [12, 16], was infused and selected in
MS2. Protonated uracil at m/z 113 was then selected as the
MS3 precursor and its dissociation product selected as
precursors in MS4.

Accurate mass of product-ions was acquired using a
QTOF Micro quadrupole time of flight mass spectrometer
(Waters, Milford, MA) equipped with a nano-spray ESI ion
source (Micromass, Manchester, UK). A Selectra (Ionalytics
Corp., Ottawa, ON, Canada) high field asymmetric waveform
ion mobility spectrometer (FAIMS), which was recently shown
to separate protonated nucleosides and NA bases [1], was used
with conditions identical to this previous report to separate
protonated uridine from a background ion detected at m/z 113.
By this method, an abundant source fragment corresponding to
pure protonated uracil at m/z 113 could be continuously
transmitted to the MS detector for single stage quadrupole
dissociation in MS2. Injections were made into a 400 nL/min
flow of 0.1 mM ammonium acetate using the pump and
autosampler of a nanoAcquity nano-flow LC system (Waters).
Ionization was carried out in positive mode with a capillary
voltage of 4500 V, a cone voltage of 25 V, and an extraction
cone voltage of 1 V and Argon (Linde) was used as the
collision gas. External mass calibration was carried out using
glufibrinopeptide, and internal mass calibration was carried out
using the known composition of the uracil precursor. This
calibration gave a mass accuracy of 0.5 ppm in MS mode and
of 1–35 ppm in MS/MS mode depending on m/z and
abundance. These represent realistic mass accuracies for this

instrument and were sufficient to establish elemental compo-
sition of all product-ions detected.

Results and Discussion
Our first attempt to analyze a uracil standard by quadrupole
time of flight (QTOF) and the quadrupole ion trap (QIT)
showed a number of CID product-ions that had not been
previously reported for uracil [16]. This was the result of an
interfering isobaric m/z 113 ion contaminant present in the
analyzed samples. To overcome this, we chose to use uridine
(UR), which produces protonated U by elimination of a ribose
moiety [12, 16]. For QIT, we were able to simply select [UR +
H]+ atm/z 245 in MS2 in order to obtain [U + H]+ atm/z 113 as
a precursor in MS3. The product-ion spectrum in MS3 of
protonated uracil by QIT-MS is shown in Figure 1A and shows
abundant products of the loss of ammonia (–17), water (–18)
and isocyanic acid (–HNCO, –43) as well as an ion-neutral
reaction with residual water (+18) present as an impurity in the
collision gas of our QIT [29].

For a QTOF, which is only capable of single stage MS/
MS, source fragmentation was used to produce an abundant
[U + H]+ ion at m/z 113.0346. However, the isobaric
background ion, which could be resolved at m/z 113.0952 in
MS mode by the TOF detector was still selected for

Figure 1. Product-ion spectra of protonated uracil at m/z
113 obtained by quadrupole ion trap MS at normalized
collision energy=32 V (A) and the product-ion spectrum of
protonated uracil obtained by quadrupole-time-of-flight MS
at collision energy=24 V (B)

860 D.G. Beach and W. Gabryelski: Revisiting the Reactivity of Uracil in CID

Beach and Gabryelski. J.Am.Soc.Mass Spectrom 2012, 23:858!



Chemical	  Dynamics	  Simula%ons	  
F (X) = �rU(X) = MV̇ (t)

Born-Oppenheimer dynamics : each step solving TISE H = E 
or	  more	  in	  general	  geeng	  U	  as	  a	  func%on	  of	  the	  atomic	  posi%on.	  

Velocity	  Verlet	  to	  integrate	  numerically	  the	  equa%ons	  of	  mo%on	  

r(t + �t) = r(t) + �tv(t) +
1
2
�t2a(t)

v(t + �t) = v(t) +
1
2
�t[a(t) + a(t + �t)]

Figure 1

energies are referred at the zero point energy. Hence, E0 is defined as the
dissociation energy at 0 K(see figure 1).

The fundamental assumption of the statistical theory is that the molecule
populates the phase space uniformly throughout its dissociation. A micro-
canonical ensemble is maintained. This is only true when the intramolecular
vibrational energy redistribution (IVR) is very fast compared to the rate of
reaction. That is known as intrinsic RRKM behaviour.

N(t) = N(0)exp[�k(E)t]⇥ Intrinsic RRKM behaviour (21)

The second assumption is that all the molecules within the region of phase
space bounded by q‡ and q‡ +dq‡ and p‡ and p‡ +dp‡ lead to products. That
is, all the molecules that cross the critical surface lead to products. There
is no recrossings. These recrossings would reduce the rate so that RRKM
theory would overestimate the rate constant. The TS is located in the region
where the recrossings are minimized.

The third assumption is that the coordinates, dq‡ and dp‡, are perpendic-
ular to all other coordinates and therefore, separable from the other coordi-
nates. This assumption becomes less valid when the energy increases and the
coupling between the reaction coordinate and the rest of the modes becomes
more important.

7

reac%ve	  trajectory	  



Simula%on	  of	  CID	  process:	  
fast	  %me	  scale	  

VENUS	   for	   ini%al	   condi%ons	   and	   MD,	  	  
coupled	  with	  Gaussian	  and	  Mopac	  
Hase	  et	  al.	  QCPE	  1996,	  16,	  671	  

Interac%on	  poten%al	  

DFT,	  MP2,	  	  
AM1,	  PM3	  

Simula%on	  details	  
200-‐300	  trajectories	  (DFT	  or	  MP2)	  
5000-‐10000	  trajectories	  (AM1	  or	  PM3)	  
Tuning	  collision	  energy	  

Normal	  modes	  Boltzmann	  sampling	   for	  
vibra%onal	  degrees	  of	  freedom	  +	  3/2	  RT	  
on	  rota%onal	  modes.	  
Ion-‐projec%le	  rela%ve	  energy	  



Systems	  	  

RS,	  J.-‐.YSalpin,	  M.-‐P.Gaigeot,	  W.L.Hase	  and	  K.Song,	  J.Phys.Chem.A,	  113,	  
13853	  (2009)	  

Y.Jeanvoine,	  M.-‐P.Gaigeot,	  W.L.Hase,	  K.Song	  and	  RS,	  Int.J.Mass	  Spectrom,	  308,	  
289-‐298	  (2011)	  

HUrea+	  

Doubly	  charged:	  Ca2+-‐Urea,	  Ca2+-‐formamide;	  Sr2+-‐formamide	  

R.Spezia,	  A.Cimas,	  M.-‐P.Gaigeot,	  J.-‐Y.Salpin,	  K.Song	  and	  W.L.Hase.	  Phys.	  Chem.	  Chem.	  Phys.	  14,	  11724	  –	  11736	  (2012).	  
A.Mar%n-‐Somer,	  M.-‐P.Gaigeot,	  M.Yanez	  and	  R.Spezia.	  Phys.	  Chem.	  Chem.	  Phys.	  16,	  14813-‐14825	  (2014).	  	  

(pep%desH)+	  

D.Or%z,	  P.Mar%n-‐Gago,	  A.Riera,	  K.Song,	  J.-‐Y.Salpin	  and	  RS.	  Int.	  J.	  Mass	  Spectrom.	  335,	  33-‐44	  (2013).	  

Carbohydrates,	  uracil	  ...	  	  

D.Or%z,	  J.-‐Y.Salpin,	  K.Song	  and	  R.Spezia.	  Int.	  J.	  Mass	  Spectrom.	  358,	  25-‐35	  (2014).	  	  



UreaH+	  PES	  

calculated	  at	  MP2/6-‐31g*	  and	  MP2/aug-‐cc-‐pVTZ	  level,	  energies	  in	  kcal/mol	  

How	  can	  we	  obtain	  both	  low	  and	  high	  energy	  structures?	  

m/z	  18	  

m/z	  44	  

m/z	  18	  

CONH + NH4+ �

CONH2+ + NH3�

m/z	  44	  



UreaH+	  PES	  

m/z	  44	  

m/z	  18	  

sha`ering	  

energy	  flow	  
MP2	  chemical	  dynamics	  



Dynamics	  from	  ac%vated	  TS	  

Rota%onal	  ac%va%on	  guides	  the	  fragmenta%on	  pathway	  
towards	  high	  energy	  products	  	  

CONH + NH4+ �

NH2CO+ + NH3�

296 Y. Jeanvoine et al. / International Journal of Mass Spectrometry 308 (2011) 289– 298

Fig. 6. Scatter plot of rotational versus vibrational energy of OPr obtained from
nonreactive N2 + OPr trajectories for the three initial rotational quantum number of
the projectile. The collision energy is 145.1 kcal/mol.

refer to NH3 for path 1 and NH4
+ for path 2 (it is implied that we

have both products for the reactions forming NH3 and NH4
+).

When the CID chemical dynamics simulations are performed
using the NPr isomer as the initial structure (here we consider
long trajectories corresponding to the most probable J = 7 rotational
quantum number of N2), 31% of the trajectories are able to react in
the investigated time-length. Inspecting the reactive trajectories,
we obtain the percentage of the two possible reaction paths and the
mechanisms that lead to each product. In particular, we  distinguish
two possible mechanisms: a “shattering” mechanism, where fol-
lowing NPr collisional activation the C–N bond is broken just after
one vibrational period and an internal energy transfer mechanism
(ET), where this happens in more than one vibrational period (this
does not necessarily entail full IVR). The same distinction between
these two mechanisms was  done in our previous study with the Ar
projectile [16], such that we can compare results, as summarised
in Table 2. As expected from the lower energy transfer obtained
by using N2, the NPr reactivity is also lowered for N2 as compared
to Ar. The NH3/NH4

+ product ratio of 0.63 for N2 is higher than
the value of 0.18 for Ar at the same relative energy, mainly due
to the lower probability of obtaining NH4

+ (19% with N2 and 37%
with Ar). The probability of forming NH3 has a smaller decrease; i.e.,
12% for N2 vs 19% for Ar. Looking at details of the reaction dynamics
shows that the shattering mechanism is much less probable for N2,
as expected [16], since the shattering/ET ratio increases as energy
transfer increases.

The initial rotational quantum number of N2 seems to play a
role in determining the total reactivity, since for J = 2 there are 10%
more reactive trajectories than for J = 7 and J = 14. This is in agree-
ment with the finding of a higher energy transfer for the J = 2 initial
conditions. Collisions obtained from simulations where N2 is ini-
tially in the J = 2 rotational state are able to transfer more energy

Table 2
Reactivity (in percentage) after collision of the NPr isomer from chemical dynamics
simulations.

N2
a Arb

No reaction 69 44
NH3/shattering 4 17
NH3/ETc 8 2
NH4

+/shattering 10 24
NH4

+/ETc 9 13

a This study for J = 7.
b From Ref. [1].
c ET is for energy transfer mechanism.

Fig. 7. Products probability distributions (in %) for trajectories initiated at the
OPr  ! NPr TS at two different rotational energies (upper panel 20 kcal/mol, lower
panel 50 kcal/mol). In each case the three vibrational activation energies are 55
(green), 65 (yellow), and 75 (red) kcal/mol. The green column is on the left, the yel-
low  column in the middle, and the red column is on the right. (For interpretation
of  the references to colour in this figure legend, the reader is referred to the web
version of the article.)

(vibrational and in particular rotational) and then break the C–N
bond more easily, obtaining more NH3 and NH4

+ products than
for J = 7 and J = 14. This supports the conclusion that that rotational
activation of UreaH+ is important to drive the systems towards
fragmentation pathways.

The reactivity obtained directly from the CID chemical dynamics
simulations of the NPr isomer corresponds to the situation where
the NPr isomer is formed and thermalised during the electrospray
ionization process and then collides with neutral N2 in the colli-
sion cell. From the UreaH+ PES we know that this is not the most
stable isomer. We  have thus investigated another dynamical limit
for UreaH+ reactivity for which the system in its more stable iso-
mer  (OPr) acquires rotational and vibrational energy from collisions
and reaches the transition state between OPr and NPr. From this TS
the system dynamically evolves either towards the products (frag-
ments or NPr) or it goes back to reactant (OPr). Thus, we follow this
evolution by means of chemical dynamics simulations. We  have
investigated two rotational energies (20 and 50 kcal/mol) and three
vibrational energies (55, 65 and 75 kcal/mol) in order to see the
effect of the internal energy distribution at the TS on the reactiv-
ity. In Fig. 7 we report the percentage of products obtained from
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(vibrational and in particular rotational) and then break the C–N
bond more easily, obtaining more NH3 and NH4

+ products than
for J = 7 and J = 14. This supports the conclusion that that rotational
activation of UreaH+ is important to drive the systems towards
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sion cell. From the UreaH+ PES we know that this is not the most
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for UreaH+ reactivity for which the system in its more stable iso-
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Ca2+/Urea	  

Experiments	  

Corral	  et	  al.	  J.	  Phys.	  Chem.	  A	  2004,	  108,	  10080-‐10088	  

Theore%cal	  MS/MS	  

Erel=9.1	  eV	  

Erel=13	  eV	  

Ca2+	  +	  U	  

CaNH2+	  +	  H2NCO+	  

MP2	  chemical	  dynamics	  



Neutral	  loss	  

~300	  fs	  

Fragmenta%on	  mechanisms	  
Coulomb	  explosion	  

~1000	  fs	  

golf-‐like	  

side	  

roundabout	  

moving	  
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picture, as it is for instance the case for iminoboranes51 or
selenocyanates.52 ELF calculations were carried out with the
TopMod suite of programs.53

Results and discussion

Experimental results

Fig. 1a shows the nanoelectrospray spectrum obtained with an
equimolar aqueous mixture of calcium chloride and formamide
(10!3 mol L!1). First, no ions were detected above m/z 100.
Chlorine-containing species were not detected, regardless of the
interface conditions used.

Careful examination of this spectrum reveals the formation of
both singly- and doubly-charged ions. As already observed for
other ligands such as urea,54 glycine55 or uracil,56 setting the DP
parameter to a low voltage results in the abundant production of
doubly-charged species. At DP = 0 V, the mass spectrum is
characterized by prominent hydrated calcium ions ([Ca-
(H2O)m]

2+; m = 1–3) detected at m/z 28.99, 37.99 (base peak)
and 47.00. Calcium hydroxide [CaOH]+ (m/z 56.96) is also
highly abundant. Bare Ca2+ (m/z 19.98) and [Ca(formamide)]2+

(m/z 42.49) are already observed at this DP value. The latter
becomes the base peak at DP = 20 V (Fig. 1a) while the
abundance of hydrated calcium ions quickly drops as DP
increases. Two other dications, namely [Ca(formamide)·H2O]

2+

Fig. 1 (a) Positive nanoelectrospray spectrum of an aqueous CaCl2/formamide (10!3 mol L!1/10!3 mol L!1) mixture, recorded with a declustering
potential of 20 V. (b) Low-energy CID spectra of the [Ca(formamide)]2+ complex recorded with a collision energy of 11 eV (laboratory frame), except
the insert. See text for details.
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in one direction, whereas the bond paths correspond to the lines
that, containing the BCP, connect two neighbor maxima of the
density. In general, the electron density, as well as the energy
density calculated at BCPs, gives useful information on the
strength and nature of the bond. These molecular graphs were
obtained by means of the AIMPAC series of programs.54

The bonding AIM analysis was complemented with the one
obtained by using the Becke and Edgecombe electron localiza-
tion function (ELF).55 This theory provides useful information
about the nature of the bonding, even in challenging cases in
which other approaches fail to give an unambiguous bonding
picture.56 ELF has been originally conceived as a local measure
of the Fermi hole curvature around a reference point. A
Lorentz transform allows ELF to be confined in the [0,1]
interval, where 1 corresponds to regions dominated by an
opposite spin pair or by a single electron. In this way, the
valence shell of a molecule can be described in terms of two
types of basins: polysynaptic basins (generally disynaptic), with
the participation of several (generally two) atomic valence shells
and monosynaptic ones, which correspond to electron lone-
pairs or core-electron pairs. ELF calculations were carried out
with the TopMod suite of programs.57 These analyses were
completed with natural bond orbital (NBO) and natural reso-
nance theory (NRT) calculations.58 The former permits describing
the bonding in terms of localized hybrids and lone-pairs, and the
second provides the weight of the di!erent resonant structures
that contribute to the stability of a given system. For all bonding
analyses, the Sadlej basis set expansion59–62 was used due to the
reliability of all electron basis sets when dealing with electron
density topological analysis. These calculations have been carried
out with the NBO-5G series of programs.63

Results and discussion

Experimental results

The positive-ion nanospray spectrum obtained with a 1 : 1
aqueous mixture of strontium chloride and formamide

(10!4 mol L!1) is remarkably simple (not shown). Strontium-
containing ions can be easily identified because of the
specific isotopic distribution of this metal, resulting in
characteristic triplets. Several types of ions are observed. Like
for Ca2+ ions,6–8,64 adopting a low cone voltage (DP = 0 V)
results in the abundant production of doubly-charged species.
At DP = 0 V, the mass spectrum is characterized by promi-
nent hydrated strontium ions ([Sr(H2O)m]

2+; m = 1–3)
detected at m/z 52.92, 61.96 and 70.97, respectively, while
strontium hydroxide [SrOH]+ (m/z 104.90) is a minor species.
The situation is reversed when increasing the declustering
potential and at high DP the spectrum is dominated by
[SrOH]+ and [SrOH(H2O)]+ ions. Interaction between forma-
mide and strontium ions gives rise almost exclusively to doubly-
charged complexes of the type ([Sr(formamide)n]

2+"(n = 1, 2)
observed at m/z 66.47 and 88.97. Singly charged complexes
of general formula [Sr(formamide)n–H]+ are practically not
detected, regardless of the electrospray interface conditions.
We will now focus on the MS/MS spectra of the

[Sr(formamide)]2+ complex. These spectra have been recorded
at various DP values and were found not to depend on this
parameter. A typical CID spectrum recorded at DP = 30 V
for the [Sr(formamide)]2+ species is given in Fig. 1. Note that
on our instrument and for this particular system, the smallest
collision energy in the laboratory frame (Elab) for which
su"cient amount of fragment ions can reach the detector
was 7 eV, and at this value dissociation of the precursor ions
already occurs. Elab was scanned from 7 to 22 eV. This
corresponds to a center-of-mass collision energies (ECM)
ranging from 2.43 to 7.65 eV, with N2 being used as target
gas. The [Sr(formamide)]2+ complex dissociates according to
either neutral losses generating new dications or through a
charge separation process leading to singly charged species. At
a low collision energy (below 10 eV), the most intense doubly
charged fragment species (m/z 52.96) is the [Sr(H2O)]2+ ion.
A bare Sr2+ ion (m/z 43.95) is also detected but to a lesser
extent. However, the abundance ratio of these two particular

Fig. 1 Low-energy MS/MS spectrum of the [88Sr(formamide)]2+ recorded at a collision energy of 14 eV (laboratory frame), the declustering

potential being set at 30 V. See the text for details.
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Figure 9: is present in the CID experimental spectra Low energy CID spectrum
of the formamide-Ca2+complex[27] (left) and [88Sr(formamide)]2+ complex[28]
(right), recorded with a collision energy of 11 eV and 14 eV, respectively (labora-
tory frame). These energies correspond to 126 and 112 kcal/mol center of mass
collision energies for formamide-Ca2+and formamide-Sr2+respectively.

(the latter only as traces), as well as the two peaks corresponding to the
[M(OH)]+ + [HCNHH]+ coulomb explosion. Nonetheless, there are also cer-
tain di�erences worth to be pointed out, like the coulomb explosion yielding
[M(NH2]+ and [HCO]+ fragments that only appears when M=Ca. However,
the [Sr(NH2]+ fragment have been detected in CID experiments of similar
complexes as [Urea-Sr]2+. [19] In addition, there are some peaks whose origin
is unclear in some cases. [M(NH3)]2+ appears on formamide-Ca2+spectrum
whereas in formamide-Sr2+system is a very weak peak that could be also
attributed to the complex formed between the strontium isotope 87Sr and
water: [87Sr(H2O]2+ which has the same m/z ratio than [Sr(NH3)]2+; and
while [M(H2O)]2+] with M=Sr clearly appears in the specra when M=Ca is a
trace peak that gives rise to some questions about its assignement, as it could
come from combination of Ca2+ cations with enviromental water. Starting
from this experimental results we propose to use direct chemical dynam-
ics simulations together with RRKM statistical theory to clarify and explain
these similitudes and dissimilarities between CID processes for both systems.

Schematic representation of the potential energy surfaces associated with
the unimolecular reactions of tformamide-Ca2+and formamide-Sr2+complexes
with origin in the most stable adduct minimum1 are depicted in figures 10
and 11. These surfaces are computed at the high level of theory and the
geometries and energies obtained are used as benchmark for the functional
assessment.

Geometries All approaches provide rather similar geometries for the sta-
tionary points of the PES for both formamide-Ca2+and formamide-Sr2+. We
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picture, as it is for instance the case for iminoboranes51 or
selenocyanates.52 ELF calculations were carried out with the
TopMod suite of programs.53

Results and discussion

Experimental results

Fig. 1a shows the nanoelectrospray spectrum obtained with an
equimolar aqueous mixture of calcium chloride and formamide
(10!3 mol L!1). First, no ions were detected above m/z 100.
Chlorine-containing species were not detected, regardless of the
interface conditions used.

Careful examination of this spectrum reveals the formation of
both singly- and doubly-charged ions. As already observed for
other ligands such as urea,54 glycine55 or uracil,56 setting the DP
parameter to a low voltage results in the abundant production of
doubly-charged species. At DP = 0 V, the mass spectrum is
characterized by prominent hydrated calcium ions ([Ca-
(H2O)m]

2+; m = 1–3) detected at m/z 28.99, 37.99 (base peak)
and 47.00. Calcium hydroxide [CaOH]+ (m/z 56.96) is also
highly abundant. Bare Ca2+ (m/z 19.98) and [Ca(formamide)]2+

(m/z 42.49) are already observed at this DP value. The latter
becomes the base peak at DP = 20 V (Fig. 1a) while the
abundance of hydrated calcium ions quickly drops as DP
increases. Two other dications, namely [Ca(formamide)·H2O]

2+

Fig. 1 (a) Positive nanoelectrospray spectrum of an aqueous CaCl2/formamide (10!3 mol L!1/10!3 mol L!1) mixture, recorded with a declustering
potential of 20 V. (b) Low-energy CID spectra of the [Ca(formamide)]2+ complex recorded with a collision energy of 11 eV (laboratory frame), except
the insert. See text for details.
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in one direction, whereas the bond paths correspond to the lines
that, containing the BCP, connect two neighbor maxima of the
density. In general, the electron density, as well as the energy
density calculated at BCPs, gives useful information on the
strength and nature of the bond. These molecular graphs were
obtained by means of the AIMPAC series of programs.54

The bonding AIM analysis was complemented with the one
obtained by using the Becke and Edgecombe electron localiza-
tion function (ELF).55 This theory provides useful information
about the nature of the bonding, even in challenging cases in
which other approaches fail to give an unambiguous bonding
picture.56 ELF has been originally conceived as a local measure
of the Fermi hole curvature around a reference point. A
Lorentz transform allows ELF to be confined in the [0,1]
interval, where 1 corresponds to regions dominated by an
opposite spin pair or by a single electron. In this way, the
valence shell of a molecule can be described in terms of two
types of basins: polysynaptic basins (generally disynaptic), with
the participation of several (generally two) atomic valence shells
and monosynaptic ones, which correspond to electron lone-
pairs or core-electron pairs. ELF calculations were carried out
with the TopMod suite of programs.57 These analyses were
completed with natural bond orbital (NBO) and natural reso-
nance theory (NRT) calculations.58 The former permits describing
the bonding in terms of localized hybrids and lone-pairs, and the
second provides the weight of the di!erent resonant structures
that contribute to the stability of a given system. For all bonding
analyses, the Sadlej basis set expansion59–62 was used due to the
reliability of all electron basis sets when dealing with electron
density topological analysis. These calculations have been carried
out with the NBO-5G series of programs.63

Results and discussion

Experimental results

The positive-ion nanospray spectrum obtained with a 1 : 1
aqueous mixture of strontium chloride and formamide

(10!4 mol L!1) is remarkably simple (not shown). Strontium-
containing ions can be easily identified because of the
specific isotopic distribution of this metal, resulting in
characteristic triplets. Several types of ions are observed. Like
for Ca2+ ions,6–8,64 adopting a low cone voltage (DP = 0 V)
results in the abundant production of doubly-charged species.
At DP = 0 V, the mass spectrum is characterized by promi-
nent hydrated strontium ions ([Sr(H2O)m]

2+; m = 1–3)
detected at m/z 52.92, 61.96 and 70.97, respectively, while
strontium hydroxide [SrOH]+ (m/z 104.90) is a minor species.
The situation is reversed when increasing the declustering
potential and at high DP the spectrum is dominated by
[SrOH]+ and [SrOH(H2O)]+ ions. Interaction between forma-
mide and strontium ions gives rise almost exclusively to doubly-
charged complexes of the type ([Sr(formamide)n]

2+"(n = 1, 2)
observed at m/z 66.47 and 88.97. Singly charged complexes
of general formula [Sr(formamide)n–H]+ are practically not
detected, regardless of the electrospray interface conditions.
We will now focus on the MS/MS spectra of the

[Sr(formamide)]2+ complex. These spectra have been recorded
at various DP values and were found not to depend on this
parameter. A typical CID spectrum recorded at DP = 30 V
for the [Sr(formamide)]2+ species is given in Fig. 1. Note that
on our instrument and for this particular system, the smallest
collision energy in the laboratory frame (Elab) for which
su"cient amount of fragment ions can reach the detector
was 7 eV, and at this value dissociation of the precursor ions
already occurs. Elab was scanned from 7 to 22 eV. This
corresponds to a center-of-mass collision energies (ECM)
ranging from 2.43 to 7.65 eV, with N2 being used as target
gas. The [Sr(formamide)]2+ complex dissociates according to
either neutral losses generating new dications or through a
charge separation process leading to singly charged species. At
a low collision energy (below 10 eV), the most intense doubly
charged fragment species (m/z 52.96) is the [Sr(H2O)]2+ ion.
A bare Sr2+ ion (m/z 43.95) is also detected but to a lesser
extent. However, the abundance ratio of these two particular

Fig. 1 Low-energy MS/MS spectrum of the [88Sr(formamide)]2+ recorded at a collision energy of 14 eV (laboratory frame), the declustering

potential being set at 30 V. See the text for details.
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Figure 9: is present in the CID experimental spectra Low energy CID spectrum
of the formamide-Ca2+complex[27] (left) and [88Sr(formamide)]2+ complex[28]
(right), recorded with a collision energy of 11 eV and 14 eV, respectively (labora-
tory frame). These energies correspond to 126 and 112 kcal/mol center of mass
collision energies for formamide-Ca2+and formamide-Sr2+respectively.

(the latter only as traces), as well as the two peaks corresponding to the
[M(OH)]+ + [HCNHH]+ coulomb explosion. Nonetheless, there are also cer-
tain di�erences worth to be pointed out, like the coulomb explosion yielding
[M(NH2]+ and [HCO]+ fragments that only appears when M=Ca. However,
the [Sr(NH2]+ fragment have been detected in CID experiments of similar
complexes as [Urea-Sr]2+. [19] In addition, there are some peaks whose origin
is unclear in some cases. [M(NH3)]2+ appears on formamide-Ca2+spectrum
whereas in formamide-Sr2+system is a very weak peak that could be also
attributed to the complex formed between the strontium isotope 87Sr and
water: [87Sr(H2O]2+ which has the same m/z ratio than [Sr(NH3)]2+; and
while [M(H2O)]2+] with M=Sr clearly appears in the specra when M=Ca is a
trace peak that gives rise to some questions about its assignement, as it could
come from combination of Ca2+ cations with enviromental water. Starting
from this experimental results we propose to use direct chemical dynam-
ics simulations together with RRKM statistical theory to clarify and explain
these similitudes and dissimilarities between CID processes for both systems.

Schematic representation of the potential energy surfaces associated with
the unimolecular reactions of tformamide-Ca2+and formamide-Sr2+complexes
with origin in the most stable adduct minimum1 are depicted in figures 10
and 11. These surfaces are computed at the high level of theory and the
geometries and energies obtained are used as benchmark for the functional
assessment.

Geometries All approaches provide rather similar geometries for the sta-
tionary points of the PES for both formamide-Ca2+and formamide-Sr2+. We
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appropriate hydrogen shifts and coulomb explosions in which
the molecular dication splits into two lighter monocations.
Among the latter the only possible mechanism is the one leading
to [Ca(NH2)]

+ + HCO+ through the transition state TS1G (see
Fig. 4).

It is worth noting that complex 1 is thermodynamically stable
with respect to this coulomb explosion since the [Ca(NH2)]

+ +
HCO+ exit channel lies 139 kJ mol!1 higher in energy. However,
these two ions are actually observed in the MS/MS spectra corre-
sponding to m/z values of 29.01 and 55.98, respectively
(Fig. 1b). This is in agreement with the fact that the transition
state involved in this process is 65 kJ mol!1 lower than the
entrance channel. Interestingly, the same process is not observed
in similar reactions between formamide and Sr2+, even if the top-
ology of the formamide–Sr2+ PES is rather similar to that of for-
mamide–Ca2+. The difference here is only quantitative, since
Sr2+ is a much larger ion than Ca2+ the corresponding binding
energy is lower, the global minimum 1 being only 332 kJ mol!1

below the entrance channel. Accordingly, while in formamide–
Ca2+ the TS1G is significantly lower in energy than the entrance
channel in formamide–Sr2+ this is no longer true and this tran-
sition state is almost isoenergetic with the entrance channel.

The global minimum can undergo one 1,3-H shift in which
one of the amino hydrogens moves towards the carbonyl oxygen
through the TS12 transition state to yield the local minimum 2,
and one 1,2-H shift in which the amino hydrogen is transferred
to the neighbor carbon atom through the TS15 transition state to
yield complex 5 (see Fig. 4). As is usually the case, this 1,2-H
transfer involves a much higher barrier than the 1,3-H shift and
therefore the formation of 2 should dominate over the formation
of 5. The formation of minimum 2 should be very easily fol-
lowed by a coulomb explosion into [CaOH]+ + [HNCH]+, which

besides being a rather exothermic process involves a very low
energy barrier only 9 kJ mol!1 above structure 2 (see Fig. 4).
This is in agreement with the high amounts of calcium hydrox-
ide detected under MS/MS conditions, while the [Ca(CO)]2+

ion, if actually generated (vide supra), is detected in very weak
abundance.

Although the formation of structure 5 should be minority due
to the high isomerization barrier needed to reach this local
minimum (see Fig. 4), its fragmentation would produce a new
doubly-charged species, namely [Ca(CO)]2+ by the loss of a
molecule of ammonia. The lower exit channel would correspond
to the one in which Ca2+ is attached to the carbon atom of
carbon monoxide. However, a more favorable process would be
the one in which the doubly charged species formed is [Ca-
(NH3)]

2+. The mechanism starts with the bond cleavage of the
C–N bond of the global minimum with simultaneous displace-
ment of the metal towards the N atom. The corresponding tran-
sition state, TS1–10, could apparently lead to a fragmentation
into [Ca(NH2)]

+ and HCO+, but the corresponding IRC calcu-
lation shows that, instead, the proton attached to the HCO frag-
ment is transferred to the N atom of the other fragment to finally
yield complex 10. Once the local minimum 10 is formed, its
evolution towards a rather stable complex 11 is almost barrier-
less. Minimum 11 in which Ca2+ is bridging between NH3 and
CO leads to the loss of the latter, since the Ca–C linkage (bond
length 2.722 Å) is significantly weaker than the Ca–N bond
(bond length 2.491 Å). Hence the observed loss of NH3 can
only come from the fragmentation of minimum 5 discussed
above.

We indicated above that minimum 2 may undergo a Coulomb
explosion yielding [CaOH]+ + [HNCH]+. However, as illustrated
in Fig. 5, competing with this coulomb explosion there is an

Fig. 4 Energy profile of the different reaction mechanisms with origin in the global minimum 1 of the formamide–Ca2+ PES. All values in kJ mol!1.
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internal rotation of the HOCa group around the C–O bond which
leads to a much more stable isomer 3, in which the Ca bridges
between the carbonyl oxygen and the imino group and whose
characteristics have been discussed above.

This new local minimum is the origin of a multistep mechan-
ism which ends in the formation of another very stable local
minimum 8, in which the metal is simultaneously bound to
HCN and to water. The cleavage of the Ca–water bond is more
favorable by 16 kJ mol!1 than the cleavage of the bond between
Ca and HCN, but since both exit channels are well below the
entrance channel, two doubly-charged species [Ca(HCN)]2+ and
[Ca(H2O)]

2+ should be formed in coincidence with the MS/MS
experiments that present two peaks at m/z 33.49 and 28.99,
respectively. Note that the loss of water and the subsequent for-
mation of [Ca(HCN)]2+ can also occur through the direct dis-
sociation of local minimum 7 prior to its isomerization to yield
8. In fact, it is worth mentioning that the [Ca(H2O)]

2+ ion,
although experimentally observed at low collision energy
(Fig. 1b), might also originate from the interaction of abundant
Ca2+ ions produced by CID with water present in trace
amounts within the collision chamber. In addition, no [Ca-
(HCN)]2+ ions were detected during the MS/MS experiments.
Consequently, it seems reasonable to suggest that these dis-
sociation processes, although globally exothermic, might not
occur. This is consistent with the fact that they appear both
kinetically and thermodynamically disfavored with respect to the
formation of calcium hydroxide and protonated acetonitrile
through TS2A (Fig. 4).

In the process of losing HCN from 8, the intermediate
complex 9, in which the HCN moiety is hydrogen bonded to the

H2OCa fragment, can be formed. This opens the possibility of
having a proton transfer from the latter to the former, through the
TS9A transition state, in a charge separation process yielding
HCNH+ + CaOH+, which are the same products found in the
coulomb explosion of structure 2.

Concluding remarks

Nanoelectrospray ionization/mass spectrometry experimental
techniques show that the main products observed during col-
lision induced dissociation of the formamide–Ca2+ complex are
[CaOH]+, [HCNH]+, [Ca(NH2)]

+, HCO+ and [Ca(NH3)]
2+ and

possibly [Ca(H2O)]
2+ and [C,O,Ca]2+, the latter being rather

minor. The formation of these products can be rationalized by
analyzing the topology of the PES, in which formamide itself
and formimidic acid play a fundamental role. The former yields
upon Ca2+ attachment the global minimum 1 of the PES, which
is responsible for one of the observed coulomb explosions yield-
ing [Ca(NH2)]

+ and HCO+. Formimidic acid yields the local
minimum 2 in which the metal cation is attached to its OH
group and is produced through a 1,3-H shift from the global
minimum. This structure plays a fundamental role, because it
undergoes the most favorable coulomb explosion yielding
[CaOH]+ + [HCNH]+.

The other isomer of formamide, amino(hydroxyl)carbene,
does not play any significant role in the unimolecular reactivity
of the doubly-charged molecular cation because its Ca2+ com-
plexes lie very high in energy and the barriers involved in its for-
mation are also very high.

Fig. 5 Energy profile of the different reaction mechanisms with origin in the local minimum 2 of the formamide–Ca2+ PES. All values in kJ mol!1.

This journal is © The Royal Society of Chemistry 2012 Org. Biomol. Chem., 2012, 10, 7552–7561 | 7559
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Figure 7: Minimum energy structure of formamide-Ca2+(left) and formamide-
Sr2+(right) used as the intial structure for direct dynamics simulations.

Gaussian09[70]. The latter was used to calculate the potential energy and
gradient for the formamide-Ca2+and formamide-Sr2+intramolecular poten-
tials. The classical equations of motion were integrated using the velocity
Verlet algorithm[97] with a time-step of 0.2 fs that gives energy conserva-
tion for both reactive and non-reactive trajectories. The trajectories were
initiated at an ion–Ar distance of 8.0Å, large enough to guarantee no inter-
action between the ion and the colliding atom, and stopped at a distance of
100.0Åto allow substantial intramolecular motion of the formamide-Ca2+or
formamide-Sr2+ion. This corresponds to a total integration time of about
1.2–1.9 ps per trajectory. A trajectory was also halted if a reaction channel
was identified. In that case a criterion distance of 7.0Åwas used to guarantee
no interactions between fragments. For each simulation approximately 300
trajectories were calculated but for formamide-Sr2+system at the G96LYP/6-
31G(d) level of theory were about 200 trajectories were calculated for each
simulation.

2.4 Saddle point trajectories

Starting from the global minimum1, there are several transition states that
connect this minimum to the di�erent exit channels (figure 8). These TS
are reachable after CID activation of the starting structure (energy barriers
at G96LYP/6-31G(d) level of theory are marked in the figure), but not in
the time-scale accessible by the QM/MM chemical dynamics simulations, as
shown by RRKM microcanonical rate constants (vide infra). However, the
CID reactivity may be studied by investigating the reaction paths obtained
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picture, as it is for instance the case for iminoboranes51 or
selenocyanates.52 ELF calculations were carried out with the
TopMod suite of programs.53

Results and discussion

Experimental results

Fig. 1a shows the nanoelectrospray spectrum obtained with an
equimolar aqueous mixture of calcium chloride and formamide
(10!3 mol L!1). First, no ions were detected above m/z 100.
Chlorine-containing species were not detected, regardless of the
interface conditions used.

Careful examination of this spectrum reveals the formation of
both singly- and doubly-charged ions. As already observed for
other ligands such as urea,54 glycine55 or uracil,56 setting the DP
parameter to a low voltage results in the abundant production of
doubly-charged species. At DP = 0 V, the mass spectrum is
characterized by prominent hydrated calcium ions ([Ca-
(H2O)m]

2+; m = 1–3) detected at m/z 28.99, 37.99 (base peak)
and 47.00. Calcium hydroxide [CaOH]+ (m/z 56.96) is also
highly abundant. Bare Ca2+ (m/z 19.98) and [Ca(formamide)]2+

(m/z 42.49) are already observed at this DP value. The latter
becomes the base peak at DP = 20 V (Fig. 1a) while the
abundance of hydrated calcium ions quickly drops as DP
increases. Two other dications, namely [Ca(formamide)·H2O]

2+

Fig. 1 (a) Positive nanoelectrospray spectrum of an aqueous CaCl2/formamide (10!3 mol L!1/10!3 mol L!1) mixture, recorded with a declustering
potential of 20 V. (b) Low-energy CID spectra of the [Ca(formamide)]2+ complex recorded with a collision energy of 11 eV (laboratory frame), except
the insert. See text for details.
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in one direction, whereas the bond paths correspond to the lines
that, containing the BCP, connect two neighbor maxima of the
density. In general, the electron density, as well as the energy
density calculated at BCPs, gives useful information on the
strength and nature of the bond. These molecular graphs were
obtained by means of the AIMPAC series of programs.54

The bonding AIM analysis was complemented with the one
obtained by using the Becke and Edgecombe electron localiza-
tion function (ELF).55 This theory provides useful information
about the nature of the bonding, even in challenging cases in
which other approaches fail to give an unambiguous bonding
picture.56 ELF has been originally conceived as a local measure
of the Fermi hole curvature around a reference point. A
Lorentz transform allows ELF to be confined in the [0,1]
interval, where 1 corresponds to regions dominated by an
opposite spin pair or by a single electron. In this way, the
valence shell of a molecule can be described in terms of two
types of basins: polysynaptic basins (generally disynaptic), with
the participation of several (generally two) atomic valence shells
and monosynaptic ones, which correspond to electron lone-
pairs or core-electron pairs. ELF calculations were carried out
with the TopMod suite of programs.57 These analyses were
completed with natural bond orbital (NBO) and natural reso-
nance theory (NRT) calculations.58 The former permits describing
the bonding in terms of localized hybrids and lone-pairs, and the
second provides the weight of the di!erent resonant structures
that contribute to the stability of a given system. For all bonding
analyses, the Sadlej basis set expansion59–62 was used due to the
reliability of all electron basis sets when dealing with electron
density topological analysis. These calculations have been carried
out with the NBO-5G series of programs.63

Results and discussion

Experimental results

The positive-ion nanospray spectrum obtained with a 1 : 1
aqueous mixture of strontium chloride and formamide

(10!4 mol L!1) is remarkably simple (not shown). Strontium-
containing ions can be easily identified because of the
specific isotopic distribution of this metal, resulting in
characteristic triplets. Several types of ions are observed. Like
for Ca2+ ions,6–8,64 adopting a low cone voltage (DP = 0 V)
results in the abundant production of doubly-charged species.
At DP = 0 V, the mass spectrum is characterized by promi-
nent hydrated strontium ions ([Sr(H2O)m]

2+; m = 1–3)
detected at m/z 52.92, 61.96 and 70.97, respectively, while
strontium hydroxide [SrOH]+ (m/z 104.90) is a minor species.
The situation is reversed when increasing the declustering
potential and at high DP the spectrum is dominated by
[SrOH]+ and [SrOH(H2O)]+ ions. Interaction between forma-
mide and strontium ions gives rise almost exclusively to doubly-
charged complexes of the type ([Sr(formamide)n]

2+"(n = 1, 2)
observed at m/z 66.47 and 88.97. Singly charged complexes
of general formula [Sr(formamide)n–H]+ are practically not
detected, regardless of the electrospray interface conditions.
We will now focus on the MS/MS spectra of the

[Sr(formamide)]2+ complex. These spectra have been recorded
at various DP values and were found not to depend on this
parameter. A typical CID spectrum recorded at DP = 30 V
for the [Sr(formamide)]2+ species is given in Fig. 1. Note that
on our instrument and for this particular system, the smallest
collision energy in the laboratory frame (Elab) for which
su"cient amount of fragment ions can reach the detector
was 7 eV, and at this value dissociation of the precursor ions
already occurs. Elab was scanned from 7 to 22 eV. This
corresponds to a center-of-mass collision energies (ECM)
ranging from 2.43 to 7.65 eV, with N2 being used as target
gas. The [Sr(formamide)]2+ complex dissociates according to
either neutral losses generating new dications or through a
charge separation process leading to singly charged species. At
a low collision energy (below 10 eV), the most intense doubly
charged fragment species (m/z 52.96) is the [Sr(H2O)]2+ ion.
A bare Sr2+ ion (m/z 43.95) is also detected but to a lesser
extent. However, the abundance ratio of these two particular

Fig. 1 Low-energy MS/MS spectrum of the [88Sr(formamide)]2+ recorded at a collision energy of 14 eV (laboratory frame), the declustering

potential being set at 30 V. See the text for details.
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Figure 9: is present in the CID experimental spectra Low energy CID spectrum
of the formamide-Ca2+complex[27] (left) and [88Sr(formamide)]2+ complex[28]
(right), recorded with a collision energy of 11 eV and 14 eV, respectively (labora-
tory frame). These energies correspond to 126 and 112 kcal/mol center of mass
collision energies for formamide-Ca2+and formamide-Sr2+respectively.

(the latter only as traces), as well as the two peaks corresponding to the
[M(OH)]+ + [HCNHH]+ coulomb explosion. Nonetheless, there are also cer-
tain di�erences worth to be pointed out, like the coulomb explosion yielding
[M(NH2]+ and [HCO]+ fragments that only appears when M=Ca. However,
the [Sr(NH2]+ fragment have been detected in CID experiments of similar
complexes as [Urea-Sr]2+. [19] In addition, there are some peaks whose origin
is unclear in some cases. [M(NH3)]2+ appears on formamide-Ca2+spectrum
whereas in formamide-Sr2+system is a very weak peak that could be also
attributed to the complex formed between the strontium isotope 87Sr and
water: [87Sr(H2O]2+ which has the same m/z ratio than [Sr(NH3)]2+; and
while [M(H2O)]2+] with M=Sr clearly appears in the specra when M=Ca is a
trace peak that gives rise to some questions about its assignement, as it could
come from combination of Ca2+ cations with enviromental water. Starting
from this experimental results we propose to use direct chemical dynam-
ics simulations together with RRKM statistical theory to clarify and explain
these similitudes and dissimilarities between CID processes for both systems.

Schematic representation of the potential energy surfaces associated with
the unimolecular reactions of tformamide-Ca2+and formamide-Sr2+complexes
with origin in the most stable adduct minimum1 are depicted in figures 10
and 11. These surfaces are computed at the high level of theory and the
geometries and energies obtained are used as benchmark for the functional
assessment.

Geometries All approaches provide rather similar geometries for the sta-
tionary points of the PES for both formamide-Ca2+and formamide-Sr2+. We
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picture, as it is for instance the case for iminoboranes51 or
selenocyanates.52 ELF calculations were carried out with the
TopMod suite of programs.53

Results and discussion

Experimental results

Fig. 1a shows the nanoelectrospray spectrum obtained with an
equimolar aqueous mixture of calcium chloride and formamide
(10!3 mol L!1). First, no ions were detected above m/z 100.
Chlorine-containing species were not detected, regardless of the
interface conditions used.

Careful examination of this spectrum reveals the formation of
both singly- and doubly-charged ions. As already observed for
other ligands such as urea,54 glycine55 or uracil,56 setting the DP
parameter to a low voltage results in the abundant production of
doubly-charged species. At DP = 0 V, the mass spectrum is
characterized by prominent hydrated calcium ions ([Ca-
(H2O)m]

2+; m = 1–3) detected at m/z 28.99, 37.99 (base peak)
and 47.00. Calcium hydroxide [CaOH]+ (m/z 56.96) is also
highly abundant. Bare Ca2+ (m/z 19.98) and [Ca(formamide)]2+

(m/z 42.49) are already observed at this DP value. The latter
becomes the base peak at DP = 20 V (Fig. 1a) while the
abundance of hydrated calcium ions quickly drops as DP
increases. Two other dications, namely [Ca(formamide)·H2O]

2+

Fig. 1 (a) Positive nanoelectrospray spectrum of an aqueous CaCl2/formamide (10!3 mol L!1/10!3 mol L!1) mixture, recorded with a declustering
potential of 20 V. (b) Low-energy CID spectra of the [Ca(formamide)]2+ complex recorded with a collision energy of 11 eV (laboratory frame), except
the insert. See text for details.
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in one direction, whereas the bond paths correspond to the lines
that, containing the BCP, connect two neighbor maxima of the
density. In general, the electron density, as well as the energy
density calculated at BCPs, gives useful information on the
strength and nature of the bond. These molecular graphs were
obtained by means of the AIMPAC series of programs.54

The bonding AIM analysis was complemented with the one
obtained by using the Becke and Edgecombe electron localiza-
tion function (ELF).55 This theory provides useful information
about the nature of the bonding, even in challenging cases in
which other approaches fail to give an unambiguous bonding
picture.56 ELF has been originally conceived as a local measure
of the Fermi hole curvature around a reference point. A
Lorentz transform allows ELF to be confined in the [0,1]
interval, where 1 corresponds to regions dominated by an
opposite spin pair or by a single electron. In this way, the
valence shell of a molecule can be described in terms of two
types of basins: polysynaptic basins (generally disynaptic), with
the participation of several (generally two) atomic valence shells
and monosynaptic ones, which correspond to electron lone-
pairs or core-electron pairs. ELF calculations were carried out
with the TopMod suite of programs.57 These analyses were
completed with natural bond orbital (NBO) and natural reso-
nance theory (NRT) calculations.58 The former permits describing
the bonding in terms of localized hybrids and lone-pairs, and the
second provides the weight of the di!erent resonant structures
that contribute to the stability of a given system. For all bonding
analyses, the Sadlej basis set expansion59–62 was used due to the
reliability of all electron basis sets when dealing with electron
density topological analysis. These calculations have been carried
out with the NBO-5G series of programs.63

Results and discussion

Experimental results

The positive-ion nanospray spectrum obtained with a 1 : 1
aqueous mixture of strontium chloride and formamide

(10!4 mol L!1) is remarkably simple (not shown). Strontium-
containing ions can be easily identified because of the
specific isotopic distribution of this metal, resulting in
characteristic triplets. Several types of ions are observed. Like
for Ca2+ ions,6–8,64 adopting a low cone voltage (DP = 0 V)
results in the abundant production of doubly-charged species.
At DP = 0 V, the mass spectrum is characterized by promi-
nent hydrated strontium ions ([Sr(H2O)m]

2+; m = 1–3)
detected at m/z 52.92, 61.96 and 70.97, respectively, while
strontium hydroxide [SrOH]+ (m/z 104.90) is a minor species.
The situation is reversed when increasing the declustering
potential and at high DP the spectrum is dominated by
[SrOH]+ and [SrOH(H2O)]+ ions. Interaction between forma-
mide and strontium ions gives rise almost exclusively to doubly-
charged complexes of the type ([Sr(formamide)n]

2+"(n = 1, 2)
observed at m/z 66.47 and 88.97. Singly charged complexes
of general formula [Sr(formamide)n–H]+ are practically not
detected, regardless of the electrospray interface conditions.
We will now focus on the MS/MS spectra of the

[Sr(formamide)]2+ complex. These spectra have been recorded
at various DP values and were found not to depend on this
parameter. A typical CID spectrum recorded at DP = 30 V
for the [Sr(formamide)]2+ species is given in Fig. 1. Note that
on our instrument and for this particular system, the smallest
collision energy in the laboratory frame (Elab) for which
su"cient amount of fragment ions can reach the detector
was 7 eV, and at this value dissociation of the precursor ions
already occurs. Elab was scanned from 7 to 22 eV. This
corresponds to a center-of-mass collision energies (ECM)
ranging from 2.43 to 7.65 eV, with N2 being used as target
gas. The [Sr(formamide)]2+ complex dissociates according to
either neutral losses generating new dications or through a
charge separation process leading to singly charged species. At
a low collision energy (below 10 eV), the most intense doubly
charged fragment species (m/z 52.96) is the [Sr(H2O)]2+ ion.
A bare Sr2+ ion (m/z 43.95) is also detected but to a lesser
extent. However, the abundance ratio of these two particular

Fig. 1 Low-energy MS/MS spectrum of the [88Sr(formamide)]2+ recorded at a collision energy of 14 eV (laboratory frame), the declustering

potential being set at 30 V. See the text for details.
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Figure 9: is present in the CID experimental spectra Low energy CID spectrum
of the formamide-Ca2+complex[27] (left) and [88Sr(formamide)]2+ complex[28]
(right), recorded with a collision energy of 11 eV and 14 eV, respectively (labora-
tory frame). These energies correspond to 126 and 112 kcal/mol center of mass
collision energies for formamide-Ca2+and formamide-Sr2+respectively.

(the latter only as traces), as well as the two peaks corresponding to the
[M(OH)]+ + [HCNHH]+ coulomb explosion. Nonetheless, there are also cer-
tain di�erences worth to be pointed out, like the coulomb explosion yielding
[M(NH2]+ and [HCO]+ fragments that only appears when M=Ca. However,
the [Sr(NH2]+ fragment have been detected in CID experiments of similar
complexes as [Urea-Sr]2+. [19] In addition, there are some peaks whose origin
is unclear in some cases. [M(NH3)]2+ appears on formamide-Ca2+spectrum
whereas in formamide-Sr2+system is a very weak peak that could be also
attributed to the complex formed between the strontium isotope 87Sr and
water: [87Sr(H2O]2+ which has the same m/z ratio than [Sr(NH3)]2+; and
while [M(H2O)]2+] with M=Sr clearly appears in the specra when M=Ca is a
trace peak that gives rise to some questions about its assignement, as it could
come from combination of Ca2+ cations with enviromental water. Starting
from this experimental results we propose to use direct chemical dynam-
ics simulations together with RRKM statistical theory to clarify and explain
these similitudes and dissimilarities between CID processes for both systems.

Schematic representation of the potential energy surfaces associated with
the unimolecular reactions of tformamide-Ca2+and formamide-Sr2+complexes
with origin in the most stable adduct minimum1 are depicted in figures 10
and 11. These surfaces are computed at the high level of theory and the
geometries and energies obtained are used as benchmark for the functional
assessment.

Geometries All approaches provide rather similar geometries for the sta-
tionary points of the PES for both formamide-Ca2+and formamide-Sr2+. We
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analogous to Scheme 12 than by a pathway analogous to Scheme
13. Further, the calculated barrier for formation of the b2 ion from
protonated triglycine by the pathway of Scheme 12 is in
agreement with barrier derived experimentally from threshold
CID measurements (El Aribi et al., 2003).

The bn! ym pathway of Scheme 12 proposes the interme-
diacy of a proton-bound complex of an oxazolone and a truncated

peptide/amino acid. On dissociation of this complex the proton
should preferentially reside with the species of higher proton
affinity. In an early study (Morgan & Bursey, 1994) it was found
that log(y1/b2) in fragmentation of a series of protonated
tripeptides Gly-Gly-Xxx increased linearly with increasing
proton affinity of H-Xxx-OH. Here b2 remains constant and the
increase in the log ratio with PA(H-Xxx-OH) is an example of a
linear free energy correlation (Harrison, 1999a). The products of
amide bond cleavage in protonated oligoalanines, that is, the
relative signals for complementary b and y ions, can be readily
rationalized in terms of the relative proton affinities of the N-
terminal and C-terminal fragments (Paizs & Suhai, 2004;
Harrison & Young, 2004). These observations lend support for
the pathway outlined in Scheme 12.

A common fragmentation reaction of bn ions with an
oxazolone structure is elimination of CO to form the correspond-
ing an ion (Yalcin et al., 1995, 1996; Ambihapathy et al., 1997).
This reaction occurs with substantial release of kinetic energy, as
discussed above, indicating that the reacting configuration or
transition state is higher in energy than the final products. Initial
computations (Yalcin et al., 1995) proposed that the reacting
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Computations to date (Fang et al., 1999; Tang et al., 2004) have
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Modern soft ionization techniques readily produce protonated
or multiply protonated peptides. Collision-induced dissociation
(CID) of these protonated species is often used as a method to
obtain sequence information. In many cases fragmentation
occurs at amide bonds. When the charge resides on the
C-terminal fragment so-called y ions are produced which are
known to be protonated amino acids or truncated peptides.
When the charge resides on the N-terminal fragment so-called
b ions are produced. Often the sequence of y and b ions are
essential for peptide sequencing. The b ions have many possible
structures, a knowledge of which is useful in this sequencing.
The structures of b ions are reviewed in the following
with particular emphasis on the variation of structure
with the number of amino acid residues in the b ion and the
effect of peptide side chain on b ion structure. The recent
discovery of full cyclization of larger b ions results in
challenges in peptide sequencing. This aspect is discussed in
detail. # 2009 Wiley Periodicals, Inc., Mass Spec Rev
28:640–654, 2009
Keywords: b ions; oxazolones; b ion cyclization; fragmenta-
tion mechanisms; formation mechanisms

I. INTRODUCTION

The development of soft ionization techniques such as fast-atom
bombardment (FAB, Barber et al., 1981), electrospray ionization
(ESI, Fenn et al., 1989) and matrix-assisted laser-desorption
ionization (MALDI, Karas & Hillenkamp, 1988) has made
almost routine the determination of the molecular masses of
peptides and proteins by mass spectrometry. In the positive ion
mode these ionization techniques produce primarily protonated
or multiply protonated species and, thus, provide little informa-
tion as to the amino acid residues present or their sequence. For
these purposes tandem mass spectrometry (Busch, Glish, &
McLuckey, 1988) has proven to be particularly useful (Aebersold
& Goodlett, 2001; Medzihradszky, 2005). The most common
tandemmass spectrometric approach for sequencing peptides has
involved collision-induced dissociation (CID) of the protonated
(or multiply protonated) gas-phase peptide ions. In these MS2

experiments the first mass analysis selects the precursor ions of
interest which undergo energetic collisions with a non-reactive
collision gas leading to excitation and fragmentation of the
peptide ions. A second mass analysis step is used to identify the
ionic fragmentation products. These two steps of mass selection

and analysis may occur consecutively in space or in time
depending on the analyzers used.

As a result of many studies the fragmentation of protonated
peptides is known, at least in a phenomenological sense, as
illustrated in Scheme 1 (Roepstorff&Fohlmann, 1984;Biemann,
1988). Protonated peptide precursor ions activated under the
frequently used low-energy collision conditions fragment
primarily at amide bonds along the peptide backbone. In the
ideal case this leads to a series of b and y ions which contain,
respectively, theN-terminus andC-terminus amino acid residues.
Indeed, it is these series of b and/or y ions which provide
the sequence information since, clearly, the mass difference
between, for example, bn and bn!1 ions provides the mass of the
intervening amino acid residue. The success of this ‘‘bottom-up’’
approach to peptide sequencing depends strongly on an
appropriate sequence of b and/or y ions. If some are missing or
are of very low abundance sequencing may be difficult.
Consequently, the more we understand the factors which control
the probability of cleavage at a particular amide bond, the easier it
becomes to interpret a CIDmass spectrum. As a result there have
beenmanymechanistic studies of peptide fragmentation over the
past 15 years which are summarized in a recent excellent review
(Paizs & Suhai, 2005). One important aspect is the structures of
the fragment ions produced. It has been clearly established that
the y ions are protonated amino acids (y1) or protonated truncated
peptides (yn) (Mueller, Eckersley, & Richter, 1988; Cordero,
Houser, & Wesdemiotis, 1993). However, the structures of the b
ions are much more complex and variable. The present review
attempts to summarize our present knowledge concerning the
structures,mechanisms of formation andmodes of fragmentation
of peptide b ions. These topics not only are of interestwith respect
to peptide sequencing but also provide an interesting example of
the application of the mass spectrometric techniques developed
overmany years for the study of the structures and fragmentation
reactions of gas-phase ions (Holmes, Aubry, & Mayer, 2007).

II. b1 IONS

Early Brønsted acid chemical ionization studies showed that
protonated carboxylic acids eliminated H2O to form stable
acylium ions (Harrison, 1992). By contrast, protonated amino
acids, in general, did not form stable a-aminoacylium ions,
the primary fragmentation product being the iminium ion
RCH " NH#

2 . This led to the suggestion (Milne, Axenrod, &
Fales, 1970) that fragmentation of theMH# ions involved loss of
CO2H2 (structure not defined) while Meot-Ner and Field (1973)
proposed that the neutral lost was formic acid, HCOOH. Later
work (Tsang & Harrison, 1976) proposed that the fragmentation
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of protonated amino acids involved sequential loss of H2O!CO;
crude thermochemical estimates suggested that the a-amino-
acylium ion formed by loss of H2O was unstable with respect to
loss of CO to form the stable iminium ion, RCH"NH!

2 . A more
recent study (Bouchoux et al., 1993) provided more reliable
estimates of the energies of a, b, c, and d of Scheme 2 (R = i-Bu).
It was found that the intermediates were higher in energy than
either the starting species or the final species. Experimentally it is
known (Bouchoux et al., 1993; Yalcin et al., 1995) that, on the
metastable ion time scale, the fragmentation reaction

RCH#NH2$COOH:H! ! RCH"NH!
2 ! CO! H2O #1$

occurs with substantial release of kinetic energy, consistent with
the intermediates being higher in energy than the final products
with some of the exothermicity of fragmentation being channeled
into kinetic energy of the separating fragments (Holmes, Aubry,
&Mayer, 2007).Computational studies (vanDongen et al., 1996)
concluded that the aminoacetyl ion derived from glycine is an
electrostatically bound complex of CH2"NH!

2 ! CO (binding
energy ca. 4.0 kJmol%1) which exothermically fragments to form
the iminium ion plus CO. A more recent computational study
(Rodriquez et al., 1997) derived a binding energy of 4.7
kcalmol%1 (19.7 kJmol%1) for the complex and an exothermicity
of 12.1 kcalmol%1 (50.6 kJmol%1) for fragmentation of the
aminoacetyl ion by loss of CO.

While b1 ions are not formed by fragmentation of simple
protonated amino acids and derivatives, recent studies (Harrison,
unpublished work) have shown that stable b1 ions of simple
amino acids are formed in fragmentation of protonated
diketopiperazines (cyclodipeptides). Figure 1 shows the CID
spectra of protonated cyclo(-Pro-Val), cyclo(-Pro-Leu) and
cyclo(-Pro-Phe). All show a signal at m/z 98 which has an
elemental composition consistent with the proline b1 ion. The
spectrum for cyclo(-Pro-Val) also shows a signal atm/z 100with a

composition consistent with the valine b1 ion, while the spectrum
of cyclo(-Pro-Leu) shows a signal atm/z 114 corresponding to the
leucine b1 ion. Averyminor signal atm/z 148 for cyclo(-Pro-Phe)
probably corresponds to the phenylalanine b1 ion. The ration-
alization of these observations is presented in Scheme 3 and
involves formation of O-protonated aziridinones from the
carbonyl-protonated cyclic peptides. Aziridinones protonated
at oxygen are known to be stablewhileN-protonated aziridinones
fragment exothermically to form the iminium ion plus CO
(Greenberg, Hsing, & Liebman, 1995; Harrison et al., 2000). In
principle, such O-protonated aziridinones could be formed from
any O-protonated amino acid or derivative. The fact that they are
not observed reflects the fact that the carbonyl oxygen is not the
favored site of protonation for amino acids and derivatives but is
the favored site of protonation for cyclic dipeptides.

When there is a strong nucleophile in the amino acid side
chain stable b1 ions can be formed by attack of this nucleophile on
the amino acid carbonyl function to form a stable cyclic structure
(Scheme 4). Early studies (Yalcin & Harrison, 1996) showed
that the nominal b1 ion at m/z 129, prominent in the spectra of
lysine derivatives, had a fragmentation behavior identical to that
of protonated a-amino-e-caprolactam, shown in Scheme 5.
Although the species formed initially is likely protonated at the
lactam nitrogen, computations have shown that the amine-
protonated lactam is the most stable form (Csonka et al., 2001).
Histidine derivatives also form stable b1 ions and computations
indicate the bicyclic structure shown in Scheme 5, formed by
attack of the side-chain imidazole (Farrugia, Taverner, &O’Hair,
2001b). Some methionine derivatives form a marginally stable
methionine b1 ion, which has been suggested (Tu & Harrison,
1998) to be a methyl-cationated a-amino-g-thiobutyrolactone
shown in Scheme 5. Arginine derivatives frequently form the
arginine b1 ion at m/z 157. Although an eight-membered cyclic
structurewas originally proposed (Paizs et al., 2002),more recent
calculations (Bythell, personal communication) indicate that
the most stable structure is the six-membered cyclic structure
shown in Scheme 5. Recently, it has been shown that stable b1
ions of Arg, Lys, and His are formed directly from protonated
dipeptides with the basic residue in the N-terminal position
(Hiserodt et al., 2007).

III. b2 AND b3 IONS

In contrast to the general instability of b1 ions, larger b ions often
are abundant in the CID mass spectra of peptides. In the earlier
literature these ions were assigned an acylium ion structure
(Roepstorff & Fohlmann, 1984; Biemann, 1988) although it was
never clear why the addition of one or more amino acid residues
should make an acylium ion stable in the absence of rearrange-
ment. Thus, it was a logical step to consider possible cyclization
or rearrangement reactions leading to stable structures. Three
possibilities are shown in Scheme 6 for b2 ions. Pathway A
involves nucleophilic attack of the N-terminal amine function as
the C-terminal bond is cleaved; this forms a protonated cyclic
dipeptide or diketopiperazine. Wesdemiotis and co-workers
(Cordero, Houser, & Wesdemiotis, 1993) showed that the b2 ion
derived fromprotonated trialanine gave a distinctly different CID
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derivatives (Vaisar & Urban, 1998). An oxazolone structure has
been proposed for the odd-electron b1! 1 ion observed in the
CID spectra of radical cations of N-(para-ferrocenyl-benzoyl)-
dipeptide ethyl esters (Goel & Kenny, 2008).

Eckart et al. (1998) have studied the CID mass spectra of
the b2 ions H-Gly-Ala" and H-Ala-Gly". They observed
both possible immonium ions CH2#NH"

2 (m/z 30) and
CH3CH#NH"

2 (m/z 44) in the CID spectrum of H-Gly-Ala"

but only the a1 immonium ion (m/z 44) in the fragmentation of H-
Ala-Gly". They suggested that this difference in fragmentation
behavior could not be explained on the basis of a protonated
oxazolone structure for both b2 ions. Theoretical calculations led
to the conclusion that the immonium ion structure (pathway C,
Scheme 6, R1 =CH3, R2 =H)was themost stable structure for the
H-Ala-Gly" b2 ion whereas the protonated oxazolone structure
(pathway B, Scheme 6) was the most stable structure for the H-
Gly-Ala" b2 ion. Essentially, they proposed that whenever one

observes the b2! a1 fragmentation reaction the b2 ion has the
immonium ion structure. The b2! a1 fragmentation reaction is
frequently observed (Ambihapathy et al., 1997) and it has been
shown (Harrison, Csizmadia, & Tang, 2000) that this fragmenta-
tion reaction occurs for the b2 ion H-Aib-Ala" (Aib = a-
aminoisobutyryl) where the hydride shift implicit in pathway C
cannot occur. Presumably the fragmentation reaction occurs
from the protonated oxazolone although the detailed mechanism
proposed (Harrison, Csizmadia, & Tang, 2000) probably is not
correct (El Aribi et al., 2003). Certainly it does not appear to be
necessary to postulate pathway C to rationalize the experimental
observations.

Not all b2 ions or acyl-b1 ions have an oxazolone structure.
O’Hair and co-workers (Farrugia, O’Hair, & Reid, 2001) have
studied, both experimentally and by ab initio calculations, the
fragmentation behavior of protonated N-acetyl amino acid
methyl esters with particular emphasis on the fragmentation
behavior of the acetyl-b1 ions ([MH–CH3OH]

"). For many
compounds the results were consistent with oxazolone structures
for the acetyl-b1 ions, however, several showed unique behavior
indicating alternative structures. Not surprisingly, ab initio
calculations indicated the most stable structures for the His and
Arg derivatives showed involvement of the side-chain nucleo-
phile to give the structures indicated in Scheme 8. For the lysine
derivative the cyclic structure shown in Scheme 8 was calculated
to be the most stable although the oxazolone structure was only
2.4 kcalmol!1 higher in energy. The oxazolone structure was the
most stable form for the Ac-Gln" ion, although the cyclic
structure shown in Scheme 8 was only 1.6 kcalmol!1 higher in
energy. It is likely in the last two cases that the actual structure
formed may depend on the amino acid residues present. Larger b
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mass spectrum than that of protonated cyclo(-Ala-Ala) indicating
that pathway A was not active. Later work (Yalcin et al., 1995)
also showed that the b2 ions derived from Leu-Gly-X and Gly-
Leu-X gave metastable ion spectra which were different from
that recorded for protonated cyclo(-Gly-Leu), in support of the
conclusions of Wesdemiotis and co-workers.

Wesdemiotis and co-workers suggested that a cyclic
protonated oxazolone (Pathway B) might be formed, as did Hunt
and co-workers (Arnott et al., 1994) for larger b ions. In 1995,
Harrison and co-workers (Yalcin et al., 1995) reported that the
unimolecular loss of CO from b2 ions, formed by FAB ionization
of appropriate peptides, occurred with a substantial release of
kinetic energy. This is indicative (Holmes, Aubry, & Mayer,
2007) of a fragmentation reaction in which a stable structure

fragments by way of an intermediate or transition state which is
higher in energy than the fragmentation products, with a portion
of the fragmentation exothermicity being channeled into kinetic
energy of the separating fragments. The question becomes that of
identifying the stable structure and the high-energy transition
state or intermediate. To this end, it was shown (Yalcin et al.,
1995) that N-acetylation of peptides resulted in substantial
cleavage of the first peptide amide bond to formab ion, consistent
with Pathway B but with a 2-methyl substituent rather than the
H2NCH(R1) substituent shown in Scheme 6. In support of this
postulate it was shown that the unimolecular and low-energyCID
fragmentation of the b ion derived from N-benzoylglycylglycine
were the same as the fragmentation reactions of protonated
2-phenyl-5-oxazolone (Scheme 7, XH=glycine). Later work
showed that the high-energy CID mass spectra of the two ions
were essentially identical (Nold et al., 1997). Theoretical
calculations (Paizs et al., 1999; Rodriquez et al., 2000) also
support an oxazolone structure for b2 ions. In particular, the
calculations of Rodriquez et al. for the H-Gly-Gly b2 ion indicate
that the oxazolone structure is ca. 12.7 kcalmol!1 more stable
than the N-protonated diketopiperazine which would be the
initial product formed by pathway A. (The O-protonated
diketopiperazine is slightly more stable than the protonated
oxazolone.) A theoretical comparison of the diketopiperazine
and oxazolone pathways found the activation barrier for the
former to be considerably higher; in addition the diketopiper-
azine pathway may be kinetically controlled because of the
necessary trans-cis isomerization (Paizs& Suhai, 2001). It seems
clear that, inmany cases at least, the stable species is a protonated
oxazolone. The fragmentation reactions of protonated oxazo-
lones will be discussed below. The formation of oxazolone type
ions has been used to rationalize the substantial b1 ion formed
in the fragmentation of N-terminal phenylthiocarbamoyl
peptide derivatives (protonated thiazolone formed) (Summer-
field, Bolgar, & Gaskell, 1997; Yalcin, Gabryelski, & Li, 1998)
and the particular stability of b ions from N-methylated peptides
as well as the strong formation of b1 ions from N-thioacetyl
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breaking at b/y bond and then
a nucleophilic attack
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Figure 5. Theoretical (a) and experimental (b) CID spectra of Gly3H+. The parent ion, m/z 
189, is not shown in theoretical spectra for simplicity. 
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CID	  of	  carbohydrates	  
cellobiose	  galactose-‐6-‐sulfate	  
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PM3	  chemical	  dynamics	  

Experiments	
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Th	  MS/MS:	  flow	  chart	  

1) Find	  the	  most	  reliable	  ini%al	  structures	  
2) Do	  chemical	  dynamics	  of	  CID	  to	  obtain	  reac%on	  
pathways	  and	  energy	  transfer	  

3) Use	  chemical	  dynamics	  to	  improve	  the	  
knowledge	  of	  PES	  and	  eventually	  re-‐evaluate	  the	  
reac%on	  products	  

4) Use	  energy	  transfer	  and	  RRKM	  to	  obtain	  
informa%on	  on	  reac%vity	  at	  longer	  %me	  scales	  



Conclusions	  

✓  Direct	   Dynamics	   can	   provide	   detailed	   informa%on	   on	   CID	  
processes	  

✓  Energy	   transfer,	   isomer	   reac%vity,	   fragmenta%on	  
mechanisms	  

✓  Direct	  rela%onship	  with	  experimental	  observa%ons	  
✓  Rota%onal	  energy	  can	  play	  an	  important	  role	  
✓  Dynamics:	   reac%on	   pathways	   regulated	   by	   dynamical	  

proper%es	  
✓  High	  energy	  structures	  can	  be	  dynamically	  accessible	  
✓  Theore%cal	  MS/MS	  …	  not	  far	  from	  it!!	  



Perspec%ves	  
✓ Systema%c	   study	   of	   poly-‐pep%des	   (func%on	   of	   length,	  
residues	  etc	  ...)	  

✓ Extent	   to	   other	   systems	   (e.g.	   carbohydrates,	   steroids,	  
DNA	  bases	  etc	  ...)	  

✓ Other	  methods	  besides	  AM1/PM3	  for	  bigger	  systems	  
✓ Go	  beyond	  Newton’s	  dynamics	  
✓ ...	  
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Unimolecular	  reac%on	  

Figure 1

energies are referred at the zero point energy. Hence, E0 is defined as the
dissociation energy at 0 K(see figure 1).

The fundamental assumption of the statistical theory is that the molecule
populates the phase space uniformly throughout its dissociation. A micro-
canonical ensemble is maintained. This is only true when the intramolecular
vibrational energy redistribution (IVR) is very fast compared to the rate of
reaction. That is known as intrinsic RRKM behaviour.

N(t) = N(0)exp[�k(E)t]⇥ Intrinsic RRKM behaviour (21)

The second assumption is that all the molecules within the region of phase
space bounded by q‡ and q‡ +dq‡ and p‡ and p‡ +dp‡ lead to products. That
is, all the molecules that cross the critical surface lead to products. There
is no recrossings. These recrossings would reduce the rate so that RRKM
theory would overestimate the rate constant. The TS is located in the region
where the recrossings are minimized.

The third assumption is that the coordinates, dq‡ and dp‡, are perpendic-
ular to all other coordinates and therefore, separable from the other coordi-
nates. This assumption becomes less valid when the energy increases and the
coupling between the reaction coordinate and the rest of the modes becomes
more important.

7

Energy	  given	  to	  a	  molecule	  in	  the	  gas	  phase	  (isolated)	  in	  order	  to	  react.	  	  
Different	  way	  to	  provide	  energy	  :	  collision,	  laser,	  electron	  ...	  
Energy	  is	  conserved	  (no	  coupling	  with	  a	  bath)	  
To	  react	  the	  system	  has	  to	  pass	  the	  transi%on	  state	  
Reac%on	   can	   be	   sta%s%cal	   (slow,	   microcanonical	   equilibrium)	   or	   non-‐	  
sta%s%cal	  (fast)	  
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