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Abstract: Collision-induced and surface-induced dissociation of protonated dialanine (Ala-pVeds$ studied

using a 7 TFourier Transform lon Cyclotron Resonance Mass Spectrometer (FT-ICR MS). Energy-resolved
fragmentation efficiency curves were obtained using both techniques. The results were modeled using RRKM/
QET formalism. The energetics and dynamics of the four primary and some secondary fragmentation pathways
were determined from the RRKM modeling. Both multiple-collision CID and SID results could be reproduced
within the same model. The strong correspondence of fragmentation efficiency curves obtained in the high-
pressure CID and SID experiments indicates that the internal energy distributions of Ala-AttiMated by
multiple collisions and by surface impact are remarkably similar.

Introduction CA was extensively used to study fragmentation of small and

Tandem mass spectrometry (MS/MS) continues to play an medium-size molecules. However, with increasing size of the
important role in basic research of gas-phase ion chemistry and©" |ts'd|ss'OC|at|on rate decreases dramat|eally., |mp|y|ng that
ion structure determination. With the advent of soft ionization yedry h'gfh mternel tenergy ?ﬁs E.O be depl)osnfe(tihlnto the lon t?
techniques such as electrospray (E8&Hd matrix-assisted laser ;CI uce ragmetn a|?n on §M|me"_seae of the exgerlmen.
desorption ionization (MALDIY, tandem mass spectrometry o' OVer, Center-ol-mass (CM) collision energy and, conse-
became a very useful tool for peptide sequencing structure.quemly' t_he_ maximum energy ava_|IabIe for CA_d_ecreases with
determination, and investigation of the fragmentatien mecha- INcrease in ion mass. As a result, it becomes difficult to induce

nisms of biomolecules. MS/MS experiments involve mass dlstis\eiliatrl]o[lrr?f laﬁ?rﬁit'ot?snusmg gorrlvegﬂona\lll f'n?:]e'?”'s'?nn
selection of the ion of interest in the first MS stage, excitation activation. These ations can be readily Overcome by using

of the ion followed by its dissociation, and mass analysis of !ow-energy mlult|plle-co_ltlt|15|on factwagonfor, eltejrnatlt\j/e(;y, rep_la;:_-
the resulting fragments in the second MS stage. A wide variety INg & gas molecule with surlace. surtace-induced dissociation

of mass filters and ion excitation methods can be employed in (SIDy***and mulltiple-collision activatiqn (I\_/ICA-CIE?)have .
these experiments, making tandem mass spectrometry arfProven to be effective methods for the activation and dissociation

extremely flexible analytical technique that can be implemented of large molecules. However, little quantitative information on

on almost any type of mass spectrometer. The progress in_S|m|Iar|t|es and differences between these activation techniques

application of MSIMS to large molecules is summarized in is available thus far. Fragmentation patterns of ions activated
several recent reviews? using either of these methods will depend on the internal energy

Collisional activation (CA) is one of the most commonly used distribution of excited ions (energy deposition function, EDF)

excitation methods in MS/MS experiments. Both basic principles and t_he reaction time sa_mpled_ in the experiment. Wh'!e. the
of CA and various aspects of its application to polyatomic ions reactlen time can be easily estlmated based on the |nd|V|.d.uaI
have been extensively discussed in several recent redigws. expe_rlmental setup, dete_rmlnat|on of the energy deposition
Traditionally excitation of the precursor ion was achieved by function r:er_nzl_ns challekr]lgéng% d ining EDF h b
high-energy collisions with neutral gas where the probability prfsgség Eg:gg;l;ﬂﬁ; %esor;-rbag:jrrrwgtlﬂg d has bg;/ﬁ dee\(/a:I-
for multiple collisions to occur is relatively low. Single-collision oped by Kint for high-energy tandem mass spectrometry CID
* Address correspondence to this author. E-mail: Julia.Laskin@pnl.gov. to account for the effects of sequential collisional excitation in

FAé:) (lfgr?% 3J76§§5,\25nn M.: Meng, C. K.: Wong, S. F.: Whitehouse, C. & small number of collisions. An analytical expression for the

M. Sciencel989 246, 64. collisional EDF for high-energy collisions was derived based
(2) Hillenkamp, F.; Karas, M.; Beavis, R. C.; Chait, B. Anal. Chem. on the analysis of pressure dependence of the CID of meffane.
1991, 63, 1193A. R “ ”

(3) Senko. M. W.: Speir, J. P.: McLafferty, F. Wcc. Chem. Red.994 Cooks and co werkers developed a thermometer ion methed
66, 2801. that can be applied to a system of consecutive reactions with
(4) Marzluff, E. M.; Beauchamp, J. L. Ibarge lons: Their Vaporization, (11) Cooks, R. G.; Ast, T.; Mabud, Aint. J. Mass Spectrom. lon

Detection and Structural Analysi®aer, T., Ng, C. Y., Powis, I.; Eds.; Processed99Q 100, 209.

John Wiley & Sons Ltd.: New York, 1996. (12) Cooks, R. G.; Ast T.; Pradeep T.; Wysocki Xcc. Chem. Res.
(5) McLuckey, S. A.; Goeringer, D. B. Mass Spectromi997, 32, 461. 1994 27, 316. )
(6) Williams, E. R.Anal. Chem1998 70, 179A. (13) Dongfe A. R.; Somogyi, A; Wysocki,V. H.J. Mass Spectroni996
(7) Yates, J. R., [IJ. Mass Spectronil998 33, 1. 31, 339.
(8) Shukla, A. K.; Futrell, J. HMass Spectrom. Re1993 12, 211. (14) Kim, M. S.Int. J. Mass Spectrom. lon Ph$883 50, 189.
(9) McLuckey, S. A.J. Am. Soc. Mass Spectrod992 3, 599. (15) Lee, S. H.; Kim, M. S.; Beynon, J. Hint. J. Mass Spectrom. lon
(10) Hayes, R. N.; Gross, M. IMethods Enzymoll99Q 193 237. Processed987, 75, 83.
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known endothermicities and similar entropy requireméhthe regime is reached where the size of the peptide has no effect
relative abundance of each fragment ion is taken as a measuren the energy-transfer efficiency. This study showed that as
of the number of ions produced with internal energies lying in much as 80% of relative kinetic energy can be transferred upon
the energy range where that particular fragment ion is dominant collisions of polyglycines with Ar. Hase et al. also carried out
(the underlying assumption is that only one fragment is present classical trajectory simulations to study collisions of Cr(gO)

in each energy range). This method has been used to comparevith self-assembled monolayers ofhexyl thiolate?? The
internal energy distributions of molecular ions of transition metal efficiency of T— V transfer slightly increased from 14 to 16%
carbonyls activated using different excitation approaches. Theas the incident collision energy increased from 10 to 30 eV.
thermometer ion method gives only a relatively crude estimate The predicted amount of energy transfer is in good agreement
for the EDF and is limited to ions that undergo consecutive with experimental findings. It should be noted that these
fragmentation. An improved method (usually called “deconvo- estimates are referenced to the LAB kinetic energy for SID and
lution” method) was introduced by ey et al. to determine  to CM collision energy for CA.

the internal energy content of fragment ions produced by We recently carried out energy-resolved studies of multiple-
electron capture collisions and overcome certain limitations of collision CID of GHsBr™ and GeH/Br™ in FT-ICR2324

the thermometer ion methddIn the deconvolution method the ~ Breakdown curves for individual fragmentation pathways were
relative abundance of fragment ions is adopted from the calculated using RRKM/QET formalism. Collision energy-
experimentally measured fragmentation probabilities (breakdown resolved fragmentation efficiency curves obtained at different
curves). This method was used to determine the EDF of benzenepressures were reconstructed based on the calculated breakdown
ions excited by collisions with self-assembled monolayer (SAM) graph and a proposed analytical form for the energy deposition
surfaces® However, the requirement of the accurate knowledge function. The proposed collisional energy deposition function
of breakdown curves of an ion is a severe limitation of this (CEDF) was shown to be flexible enough to reproduce experi-
approach. mental results obtained over a wide range of experimental

Internal energy distributions obtained using these methods Parameters, e.g. collision energies and pressures. An exponential
revealed that a relatively high percentage of kinetic energy (T) CEDF was deduced to fit the single-collision experiment, while
is converted to internal energy (E) upon SID and that SID the high-pressure collision limit for multiple-collision activation
produces ions with a much narrower spread of internal energieswas described by a Boltzmann-like distribution of internal
than does CID. The Recursive Internal Energy Distribution energies® Thus the single-collision and high-pressure multiple
Search (REIDS) method was introduced by us and has beencollision limits correspond to both measured and expected
used to determine EDF of Cr (Cg) upon collisions with physical limits for CA. We demonstrated that Iarge amounts of
fluorinated SAM surface in FT-ICR This approach requires  internal energy could be deposited into the ion upon multiple-
the knowledge of breakdown curves F(E) and an initial guess collision excitation, such that the energetics of fragmentation
of the internal energy distribution, P(E). The intensity of a partic- Of both low- and high-energy channels can be investigated.
ular ion, i, in the mass spectrum is calculated as an integratedFurthermore, the energetics of fragmentation of both a relatively
product of P(E) and fE). The whole mass spectrum is Simple ion (GHsBr™) and a much more complex system
reconstructed by minimizing the squared residuals between the(C1H7Br'*) were successfully established using the described
calculated and experimental mass spectra. The kinetic-to-internal@pproach. This was achieved through RRKM-based modeling
energy conversion (¥~ V) was shown to rise with SID collision  in which the amount of fragmentation observed is related to
energy and reach a maximum of ca. 19% at 23 eV collision internal energy content rather than to the initial kinetic energy
energy for Cr (CQ)™* collisions with fluorinated SAM surface. ~ of the m_olecular ion, which is poorly defined in these classes

Several theoretical studies addressed the efficiency of energy®f €xperiments.
transfer upon CA and surface impact. Marzluff et al. used In the past depade tandem mass s.pectrometlrywas successfully
classical trajectory simulations to study collisional energy used to d_etermlne structures of various peptides and proteins.
transfer for collisions of deprotonated Gly-Gly-lle with nitro-  1h€ Peptide sequence can be reconstructed from the MS/MS
gen? They have shown that on average 41% of the relative MaSS spectrum based on the fragments that are formed from
kinetic energy is transferred into internal modes of the peptide. tN€ molecular ion. The majority of fragments produced by low-
Energy conversion of greater than 90% at a relative collision €M€"9Y C_ZID and_SID_of protonated pept_ldes correspond to
energy of 100 eV was predicted for collisions of protonated pharge-dlrected dissociation along the peptide backbone produc-

bradykinin with nitrogen. The high efficiency of energy transfer N9 Sequence-specifio, a, andy ions?”2% However, MS/MS
was attributed to multiple interactions between the ion and the SPectra are frequently complicated by the presence of fragments

neutral encountérMeroueh and Hagéconducted a thorough corresponding to the Iqss of small neutral molecules from the
investigation of collisional activation of polyglycines as a Protonated peptide or its subsequent fragments. Furthermore,
function of impact parameter, peptide size, and structure. SOMe rearrangement products are also observed, especially on
According to these simulations in the low collision energy the long time scale characteristic of ion traps. The internal
regime, the percent of energy transfer increases with the size€M€rgy d|str|b_ut|on of exc¢ed ions, the energetics and dynamics
of peptide. At higher energies an impulsive energy-transfer of fragmentation, and the instrumental time-window govern the

(22) Bosio, S. B. M.; HaséW. L. Int. J. Mass Spectrom. lon Processes
(16) Wysocki, V. H.; Kenttemaa, H. I.; Cooks, R. GInt. J. Mass 1998 174 1.

Spectrom. lon Processd987, 75, 181. (23) Laskin, J.; Byrd, M.; Futrell, J. HInt. J. Mass Spectron200Q
(17) Vekey, K.; Brenton, A. G.; Beynon, J. H. Phys. Chenml986 90, 195/196 285.

3569. ) (24) Laskin, J.; Futrell, 3. HJ. Phys. Chem. £00Q 104, 5484.
(18) Vekey K.; Somogyi A; Wysocki, V. H.J. Mass Spectroml995 (25) Biemann, KMethods Enzymoll99Q 193 351, 455.

30, 212. (26) Ballard, K. D.; Gaskell, S. Jnt. J. Mass Spectrom. lon Processes
(19) Rakov, V. S.; Denisov, E. V.; Futrell, J. H.; Ridge, D.IRt. J. 1991, 111, 173.

Mass SpectromSubmitted for publication. (27) Alexander, A. J.; Thibault, P.; Boyd, R. IRapid Commun. Mass
(20) Marzluff, E. M.; Campbell, S.; Rodgers, M. T.; Beauchamp, J. L. Spectrom1989 3, 30. ;

J. Am. Chem. So0d.994 116, 7787. (28) McCormack, A. L.; Somogyi, A Dongre A. R.; Wysocki,V. H.

(21) Meroueh, O.; Hase, W. L. Phys. Chem. A999 103 3981. Anal. Chem1993 65, 2859.
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type and amount of fragments observed in the mass spectrumleucine enkephalin arginine were obtained using this method.
It follows that knowledge of peptide fragmentation energetics The proposed modeling requires knowledge of the kinetic-to-
and mechanisms is essential for understanding and predictinginternal energy conversion (¥ V) and the energy dissipated
the appearance of MS/MS mass spectra of peptides and proteinsnto the surface that are usually ill defined. Cancilla et al. studied
Studying dissociation energetics of peptides and proteins is collision energy-resolved dissociation of a series of oligosac-
challenging because most of the well-developed experimental charides under multiple collision conditions using FT-IER.
approaches that have been successfully employed in the studies/ulticollision dissociation threshold (MCDT) values, which
of small and medium-size ions are simply not applicable to the provide relative reaction thresholds for different fragmentation
fragmentation of large molecules, for which quantitative ap- channels, were determined from the kinetic energy dependence
proaches are at an early stage of development. of the CID products. Unfortunately, application of FT-ICR for
Blackbody infrared dissociation (BIRE)3? has been suc-  threshold measurements is severely constrained by the limited
cessfully used to study the energetics of fragmentation of large dynamic range of this instrument. Thus the above approach will
molecules. In this technique molecular ions are heated via require very high signal intensities to obtain accurate threshold
blackbody infrared radiation inside the ICR cell. It has been values using FTMS.
shown that large ions can equilibrate with the blackbody  The present work is a continuation of our group’s effort to
radiation field and have internal energies given by a Boltzmann develop a methodology that will allow exploring fragmentation
distribution. Arrhenius parameters for the dissociation of a of large molecules using multiple-collision activation (MCA-
variety of peptides and proteins have been repdfed Klassen CID) and SID techniques. Our study on the energetics of
and Kebarle studied the threshold energies for the formation of fragmentation of bromobenzene and bromonaphthalene radical
various fragment ions from protonated glycine, diglycine, cations revealed that modeling of the collision energy-resolved
triglycine, and their derivative¥. The procedure originally  fragmentation efficiency curves over a wide range of collision
developed by Armentrout and co-work&%was used to extract  energies had the singular advantage that it was insensitive to
activation energies from the observed fragmentation thresholds.experimental uncertaintié32* We anticipate using the same
Accurate activation energies could be obtained for the frag- approach to understand the mechanistic details of peptide
mentation of glycine, glycinamide, and the formation of fragmentation. We present here a detailed investigation of the
immonium ion @;) from (Gly-Gly)H*. However, dissociation  fragmentation of protonated dialanine (Ala-Al&Hising MCA-
thresholds for larger precursor ions were affected by substantialCID and SID in a Fourier Transform lon Cyclotron Resonance
kinetic shifts and accurate activation energies for these reactionsMass Spectrometer (FT-ICR MS). For the first time a direct
could not be obtained. Vachet and Glish determined relative comparison between the energy-resolved fragmentation ef-
dissociation energies of a series of small protonated peptidesficiency curves obtained using both methods was possible. This
using a boundary-activated dissociation (BAD) technique in a study is unique in the sense that both methods were implemented

quadrupole ion trap?

Wysocki and co-workers estimated average activation ener-
gies of a series of protonated peptides based on the collision

energy-resolved SID dafd.They found that the activation

energies of nonbasic peptides were smaller than the activation

on the same instrument enabling a quantitative comparison of
the experimental results.

Experimental Section

Experiments were performed on the University of Delaware 7T

energies of basic peptides of similar size. These results are ingyyer BioApex FT-ICR mass spectrometer equipped with a com-

agreement with the mobile proton model of peptide frag-
mentatior?®2841.42However, the absolute value of the activation

energy of leucine enkephalin obtained in this study (1.56%V)

was significantly higher than the value obtained using BIRD
(1.09 eV)% Hanley and co-workers developed a method for
determination of relative dissociation energies from SID thresh-
olds#344 Relative dissociation energies (RDEs) for the major
fragment ions of triglycine, tetraglycine, leucine enkephalin, and

(29) Dunbar, R. CJ. Phys. Chem1994 98, 8705.

(30) Price, W. D.; Schnier, P. D.; Williams, E. Rnal. Chem.1996
68, 859.

(31) Price, W. D.; Schnier, P. D.; Jockusch, R. A.; Strittmatter, E. F.;
Williams, E. R.J. Am. Chem. S0d.996 118 10640.

(32) Dunbar, R. C.; McMahon, T. BSciencel998 279 194 and
references therein.

(33) Price, W. D.; Schnier, P. D.; Williams, E. R.Phys. Chem. B997,
101, 664.

(34) Schnier, P. D.; Price, W. D.; Jockusch, R. A.; Williams, EJR.
Am. Chem. Sod 996 118 7178.

(35) Schnier, P. D.; Price, W. D.; Strittmatter, E. F.; Williams, EJR.
Am. Soc. Mass Spectroh997, 8, 771.

(36) Klassen, J. S.; Kebarle, P. Am. Chem. So0d.997, 119, 6552.

(37) Rodgers, M. T.; Ervin, K. M.; Armentrout, P. B. Chem. Phys.
1997 106, 4499.

(38) Rodgers, M. T.; Armentrout, P. B. Chem. Physl998 109, 1787.

(39) Vachet, R. W.; Glish, G. LJ. Am. Soc. Mass Spectro998§ 9,
175.

(40) Vékey, K.; Somogyi, A, Wysocki,V. H. Rapid Commun. Mass
Spectrom1996 10, 911. )

(41) Dongfe A. R.; Jones, J. L.; Somogyi, AWysocki,V. H.J. Am.
Chem. Soc1996 118 8365.

(42) Nair, H.; Wysocki,V. Hint. J. Mass Spectrom. lon Proces4€98
174, 95.

mercial electrospray source (Analytica of Branford, Branford, CT). The
system is operated at an indicated base pressure>ofi81° Torr.
Dialanine was purchased from Sigma (St. Louis, MO) and used without
further purification. The sample was dissolved in 50:50 (v/v) water
methanol solution containing a small amount of acetic acid%).
Sample solutions were infused into the ESI source using a Harvard
Apparatus (Natick, MA) syringe pump at a flow rate of-180 uL/h.

SID Experiments. Detailed description of the experimental setup
for SID experiments was given elsewhéfeBriefly, the surface was
introduced into the ICR cell through the aperture in the rear ICR
trapping plate at 90to the magnetic field. The surface holder was in
electrical contact with the back trapping plate. lons produced in the
ESI source were accumulated in the hexapole and extracted after a
delay of 0.4 s by a 10@s extraction pulse. The ions were transferred
into the ICR cell by a series of lenses. The ion’s kinetic energy was
varied by floating the hexapole rods, skimmer, and hexapole extraction
plate using an external power supply. The SID collision energy was
determined as a difference between the source offset and the target
potentials. Slightly asymmetric potential was created in the ICR cell
by applyirg 5 V to thefront trapping plate ah 2 V to therear plate
and the surface. It has been shown previously that the kinetic energy

(43) Wainhaus, S. B.; Gislason, E. A.; Hanley, L Am. Chem. Soc.
1997 119, 4001.

(44) Lim, H.; Schultz, D. G.; Gislason, E. A.; Hanley, L.Phys. Chem.
B 1998 102 4573.

(45) Lim, H.; Schultz, D. G.; Yu, C.; Hanley, lAnal. Chem1999 71,
2307.

(46) Cancilla, M. T.; Wong, A. W.; Voss, L. R.; Lebrilla, C. B\nal.
Chem.1999 71, 3206.

(47) Rakov, V. S.; Futrell, J. H.; Denisov, E. V.; Ridge, D Hr. Mass
Spectromln press.
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of the ions after collision with the surface is about 1 eV under the MH
experimental conditions described hét&econdary ions produced by

surface impact are slightly accelerated toward the center of the cell MH’-CO

and turned around by éh5 V potential applied to the front trapping CID
plate. At this time the dynamic voltage trapping (DVT) is activated by a y a b low
applying a 7 V potential to both trapping plates. Delay time between 1 Ll 2 2 pressure
the hexapole extraction and the activation of the DVT was chosen based T

on SIMION simulation of the ion’s trajectories. The delay varied from ; ; ‘ / CID

200 to 65us when the collision energy changed from 5 to 23 eV. After 7 . S .r" high

an additional delay fol s the ions were excited for detection by / ’ ;o /  pressure
broadband chirp excitation (SID mass spectra acquired using a longer T

delay time ¢ 5 s were identical with the spectra obtained using 1 s / A4

delay). "

SAMs were prepared on a solid gold disk soldered onto the surface g ; ,-"' /|

holder. Prior to depositing the self-assembled monolayers onto the gold / / LA / SID
surface, the holder was irradiated using a Boekel Industries Inc. (model ; - E—— N N " .
135500) UV cleaner for 10 min. The whole coppepold assembly 40 60 80 100 120 140 160 180 200

was then immersed for at least 24rha 1 mMethanol solution of the Wz

FC., alkanethiol (CR(CF,)sC,HaSH). Extra layers of the SAMs were  Figure 1. Representative MCA-CID mass spectra corresponding to
removed by four-stage rinsing (10 min ultrasonic cleaning) of the the CM energy of 3 eV (top panel) and SID spectrum at 11.5 eV
assembly in ethanol. incident collision energy (bottom panel).

SORI-CID Experiments. We recently described the experimental
conditions for well-defined collision energy-resolved SORI-CID mea-
surement$? lons generated in an electrospray source are accumulated
in a hexapole for a predefined trapping time that was approximately
1 s in these experiments. The ions are extracted from the hexapole
transferred into the ICR cell by a series of ion transfer lenses, and
captured in the cell using the Sidekick mechanism for ion accumulation.
lons were trapped in the cell by applgia 2 Vpotential to the trapping
plates. Excess kinetic energy was removed from the ions by pulsing
Ar into the cell for a duration of about 300 ms at a maximum pressure ~ MCA-CID and SID Fragmentation Efficiency Curves.
of 2 x 107 Torr. lons were allowed to cool to thermal equilibrium by Energy-resolved MCA-CID mass spectra were collected at two
radiative and collisional cooling during the pumping delay of 5s. The (different pressures, corresponding to collision numbers of 5 and
precursor ion was |sc_)lated using a correlated sweep proceqlure_. A second 5 and maximum center-of-mass energies from 0 to 5 eV. SID
A;ir?;lisi Wt"’r‘; trr:]eorl‘el:njlrg:jf;nesd (jtgrirr’lemt?l\;ei:c?lgti‘i));ceeiz nkt'nit'tchifgi?y mass spectra were obtained for collision energies between 3
g Y 9 ‘ and 23 eV. Representative MCA-CID mass spectra correspond-

pulse was introduced into the cell for collisional activation. We have .
measured the time-dependent pressure of Ar in the cell previdusly. N9 o the CM energy of 3 eV and SID spectrum at 11.5 eV

The pressure profile shows a peak in pressure at ca-190 ms delay incident collision energy are shown in Figure 1. Fragmentation
time between the pulse valve opening and detection event and fwhm Of protonated dialanine leads mainly to a formation of immo-
of about 170 ms. lon activation was performed during the time when nium ion (a). Other ions observed in the mass spectra are b
the pressure was close to its maximum. Protonated molecular ions were(m/z 143), & (m/z 115), y (mVz 90), andm/z 133 corresponding
radially excited slightly off-resonancé{ = —700 Hz) for 100 ms at  to the loss of CO from the parent idhThe same fragments
nearly fixed Ar pressure. Pressure calibration described by us previ- were observed in both CID and SID experiments. Fragmentation
oushy?® was used throughout this work. The kinetic energy of the ions efficiency of MCA-CID increases dramatically with a 3-fold
was incremented by changing the peak-to-peak voltage applied to the jsq iy Ar pressure. It is interesting to note that the high-pressure
excitat_ion plates. Aftea 5 spumpin_g d_elay the ions were excited for CID and SID masé spectra shown in Figure 1 are very similar
detection by broadband chirp excitation. SID and MCA-CID fragmentation efficiency curves are

From the set of spectra obtained at different collision energies, a A
plot of the relative precursor and fragment ion abundance as a function compared in Figures 2&. MCA-CID curves are plotted as a

of the center-of-mass energy of the precursor ion for CID experiments function of maximum center-of-mass (CM) collision energy,
and laboratory energy for SID experiments was constructed. We refer While the energy scale of SID curveBg(p) was converted to
to these curves as fragmentation efficiency curves (FECs). CID an “effective” CM energy &2',3) with an arbitrary neutral
experiments presented in this study were conducted at two pressuresencounter of mashly using the following relationship:
corresponding to collision numbers of 5 and 15 (collision cross section
of 95 A2 for Ala-AlaH™ collisions with Ar was estimated based on the M
ion mobility dat#®). We have demonstrat&* that fragmentation S'la’:—NESID (@))]
efficiency upon multiple-collision activation is substantially enhanced My + Mig,
when collision number increases from 3 to 15. However, at higher
pressures no further enhancement of the fragmentation efficiency wasThe best overlap between the SID and MCA-CID fragmentation
observed. This “saturation” effect is probably a result of essential efficiency curves (FECs) shown in Figure 2 was obtained for
thermalization of the system at a collision number of 15 and above. In My = 46. It is interesting to note that an average value 043
this case further increase in pressure will not affect the fragmentation 3 for My was obtained by us from the comparison of MCA-
efficiency but will result in a more pronounced ion loss. CID and SID of a series of alanine-containing peptides
Double resonance experiments combined with SORI excitation were (manuscript in preparation). It would be interesting to explore

performed by applying an additional radio frequency wave simulta- . .
neously with the SORI excitation pulse with a frequency corresponding th€ dependence &fly on different parameters, such as peptide

to the cyclotron frequency of the ion to be ejected and an amplitude of  (49) In the case of dialanine the loss of 28 mass units can be due to the
loss of either CO or gH, from the parent ion. We performed the accurate

(48) Hudgins, R. R.; Mao, Y.; Ratner, M. A.; Jarrold, M. Biophys. J. mass measurement that confirmed that a fragmental33 corresponds
1999 76, 1591. to the loss of CO rather than8..

-

50 V. Duration of the ejecting pulse (typically 3 s) was chosen to be
long enough to allow ejection of the ions formed both during the SORI
excitation pulse and after the excitation wave has been switched off.
'Basic considerations for a choice of RF amplitude of the ejection wave
and possible reasons for incomplete ejection were discussed elséivhere.

Results and Discussion
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Figure 2. Comparison of the fragmentation efficiency curves obtained
in SID (a) and low- (+) and high-pressureX) MCA-CID experiments
for (@) MH*, (b) by, (c) MH"—CO, (d) a, (e) w1, and (f) a ions.

mass, size and sequence, surface characteristics, collision energ
etc. However, these questions are beyond the scope of th
present work.

Surprisingly, the SID and MCA-CID curves are very alike.
Since the time scales of the SID and CID experiments reported

ability). Since FEC is a product of the energy-dependent
fragmentation probability and the energy deposition function,
the similarity between SID and CID results indicates that the
internal energy distributions of dialanine activated by multiple
collisions and by surface impact are very similar. This finding
disagrees with the generally accepted assertion that SID
produces much narrower internal energy distributions than CID.
However, to the best of our knowledge, no direct comparison
between the two activation techniques, utilizing the same
apparatus, has been reported thus far. It will be instructive to
compare these two techniques using peptides of different size
and sequence prior to drawing general conclusions on the
similarities and differences between MCA-CID and SID. These
questions will be addressed in a forthcoming publication.

J. Am. Chem. Soc., Vol. 122, No. 40,2@J0

fragments. In these experiments a selected fragment is continu-
ously ejected from the ICR cell during the SORI excitation.
The ejecting radio frequency wave is continued for 3 additional
seconds after the SORI excitation pulse is turned off to ensure
a complete ejection of all the ions of the selected mass-to-charge
ratio. As a result of ejection of a particular fragment ion,
intensities of all the ions for which it is a precursor are strongly
reduced. These experiments were performed with a SORI
excitation voltage that corresponds to the maximum center-of-
mass collision energy of 5 eV and Ar pressure corresponding
to a collision number of 15. Under these CID conditions all
fragment ions of interest are present in a normal SORI-CID
spectrum. The intensity of the éon (m/z 115) drops to less
than 10% of its original intensity upon ejection of thgibn

(m/z 143), indicating that @ ions are mainly formed by
sequential fragmentation of lions>° This agrees with results
obtained by Harrison and co-workétsrom kinetic energy
release measurements for the fragmentation of protonated
dipeptides. Since the intensities of, ly;, P-CO, and aions
were not affected by ejection of any other ions from the system,
we concluded that these fragments are formed directly from the
parent ion. However, the high-pressure SORI-CID fragmentation
efficiency curves for g y;, and P-CO are strongly depleted at
high collision energies because of sequential fragmentation of
these species. The only product that can be formed fromma

y1 is the immonium ion (g m/z 44). P-CO can dissociate via a
loss of water to yield thezg@on. However, the intensity afvz

115 (a) was not affected by ejection of the P-CO ion. This
suggests that in our experimentsians are not formed from

¥_-CO. We infer that the most probable fragmentation pathway
Sor P-CO leads to formation of thg &n. Thus although most

a ions are formed directly from the parent ion, there is some
contribution from secondary fragmentation to the intensity of

here are very close to each other, both experiments can bethe immonium ion. The observed fragmentation pathways are

described by the same breakdown graph (fragmentation prob_summarized in Scheme 1.

Scheme 1
[AAJHY
m/z 161

o

P-CO a; N b,

kg
m/z 133 miz 44 m/z 90 m/z 143
|
ks
ay

m/z 115

For protonated dialanine we conclude that the excitation
mechanism upon ioRsurface impact is very similar to the high-
pressure multiple-collision activation. Since we have shown
previously that high-pressure multiple collision activation
produces an ensemble of ions with an internal energy distribution
close to a thermal distributioff,we may also conclude that ions

(50) The remaining 10% of,dons could be formed directly from the

parent ion. However, most likely these ions are observed due to the
unimolecular or CID decay ofzions during ejection.

(51) Lifshitz, C.Adv. Mass Spectroml989 11, 113.
(52) Vestal, M. L.J. Chem. Phys1965 43, 1356.
(53) Bente, P. F., lll; McLafferty, F. W.; McAdoo, D. J.; Lifshitz, G.

Phys. Chem1975 79, 713.

activated by surface impact approach a thermal distribution of 65(54) Cordero, M. M.; Houser, J. J.; Wesdemiotis /@al. Chem1993

internal energies. The simplest rationalization of these observa-

1594.
(55) Reid, G. A.; Simpson, R. J.; O’'Hair, R. A.lat. J. Mass Spectrom.

tions is that ions undergo multiple interactions with the surface 1999 190/191 209.

prior to expulsion. This may involve penetration of projectile
ions into the self-assembled monolayer and almost certainly

(56) Schnier, P. D.; Jurchen, J. C.; Williams, E. R.Phys. Chem. B

1999 103 737.

(57) Nold, M. J.; Wesdemiotis, C.; Yalcin, T.; Harrison, A. (t. J.

involves interaction of many of the constituent atoms of the Mass Spectrom. lon ProcessE397 164, 137.

complex ion with the surface.
Dissociation PathwaysDouble-resonance experiments were

(58) Yalcin, T.; Khouw, C.; Csizmadia, |. G.; Peterson, M. R.; Harrison,

A. G.J. Am. Soc. Mass Spectrof95 6, 1165.

(59) Yalcin, T.; Csizmadia, I. G.; Peterson, M. R.; Harrison, A.JG.

performed to verify dissociation pathways of dialanine and its Am. Soc. Mass Spectrot996 7, 233.
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Theoretical Modeling. Modeling of energy-resolved frag-
mentation efficiency curves was described by us previotisty.
Briefly, energy-dependent microcanonical rate constants for all
reaction channels were calculated using RRKM/QET. Frag-
mentation probability as a function of the internal energy of
the parent ion and the experimental observation tiheH(E,tr),
was calculated from the rate-energyek(dependencies. The
energy deposition function was described by the following
analytical expression:

PE.Eq) = (E— A) exp[-(E — A)Yf(E)IIC  (2)
wherel and A are parameterC = I'(I + 1)[f(Econ)]'*! is a
normalization factor, and Hoy) has the form:

f(Eco)=AEcn” + AEcn T Ao ®)
whereAo, A1, andA; are parameters. For MCA-CID resulg
was replaced withe/(I + 1), whereEy, is the average thermal
energy of protonated dialanine at 2982%* E., equals the
collision energy for SID experiments and the maximum center-
of-mass collision energy for MCA-CID experiments.

Since the contribution of ions having internal enerByto
the observed signal intensity for a particular reaction channel,
i, equals KE,t;) P(E,Ecm), the normalized signal intensity for
a particular reaction channel is given by the equation:

Li(Econ) = j(‘)mFi(E,t) PE.E.) dE (4)

Calculated fragmentation efficiency curves were constructed

from the energy-dependent signal intensities for the precursor g
ion and its fragments. The results were compared to the .

experimental FECs and the fitting parameters varied until the
best fit to experimental fragmentation efficiency curves was
obtained. The fitting parameters included critical energies of
all reactions (Scheme 1), activation entropies of reactiorg, 1

parameters characterizing the energy deposition function (eqns,\ver thanE — E
2 and 3), and the rate of radiative decay of the protonated 0

dialanine. We found that calculated FECs were insensitive to
the activation entropies of reactions-8.

In the present study we used the same approach to mode

the fragmentation efficiency curves obtained in MCA-CID and
SID experiments. The reaction timé®s was used to calculate
the breakdown graph appropriate for MCA-CID experiments

and 1 s was used for SID experiments. Calculated breakdown

graphs for 1 ad 5 s were identical, indicating that= 1 s can

be considered as infinite time for the reaction system presented

by Scheme 1.
RRKM Parameters. AM1 calculations were used to estimate

vibrational frequencies of protonated dialanine and its fragments.

It is well accepted that RRKM calculations are not sensitive to
the details of vibrational frequencies of the molecular ion and

Laskin et al.

Energy Partitioning. The internal energy of an ionic
fragment formed from a precursor ion with internal enekgyy
will be equal toE — Ey (whereE, is the critical energy for the
reaction) only in the case when a neutral fragment does not
contain any internal energy. This happens only when the neutral
fragment does not have any vibrational degrees of freedom.
However, the above relationship will fail if the neutral fragment
is polyatomic. In this case the internal energy of the ionic
fragment is less thak — Ep and the fraction of the internal
energy carried off by the neutral increases with increasing
complexity of the neutral fragment. In our study of the
fragmentation of bromonaphthalene radical cation we have
shown that partitioning of energy between the ionic and neutral
products must be included in the modeling of the fragmentation
kinetics of complex systen?.This can be done (assuming that
the excess energy is partitioned statistically among the frag-
ments) by calculating all permutations of the energy partitioning
from densities of states of the ionic and neutral fragments. Given
the total internal energy in the precursor id),(the probability
that an energy betweenande + de remains internal energy
of ionic fragment is given by:52:53

p1(€)pE — By — €) de
Jo 7 0u(poE — By — €) de

wherep; andp, are the densities of states of ionic and neutral
fragments, respectively, aiid is the critical energy for reaction.
The internal energy content bf, P-CO, a,, andy; ions was
estimated based on the probability distributions given by eq 5.
This information was used to calculate the rates of subsequent
fragmentation of these ions. The most probable internal energy
p as a function ok — Ep was extracted from the calculated
probability distributions. These calculations revealed that the
internal energy content db,, P-CO, and a, could be well
approximated by — Eg because their formation is accompanied
by formation of relatively small neutral fragments,® and
CO). However, the internal energy of tiigion is substantially
because the neutral fragmentstGENO)
formed by reaction 3 can carry off a significant amount of
internal energy. Neutralizatiefreionization experiments have
shown that GHsNO that accompanies formation of tlygion
has the structure of a cyclic aziridinone as shown in Scheme
2.54 Vibrational frequencies of §1sNO were estimated using

PE€) = ®)

Scheme 2
[¢] CHs CH;
H}C + O + H}C
j)\NHsz AW o
NEL OH % NH;

[Ala-Ala]H* 3-methylaziridinone A

AML1 calculations. The most probable internal energy extracted
from the probability distributions was plotted as a function of

transition states but rather to the relative change in frequenciesg — E,. The dependence &fmp On E — Eo was approximated
along the reaction coordinate characterized by activation entropyby the second-order polynomial, and the analytical expression

(AS).5! Thus we feel that a more elaborate modeling of

for Emp Obtained in this way was used to calculate the rate-

vibrational frequencies is unnecessary in the context of the energy dependence of the unimolecular rate constant for reaction
present investigation. Vibrational frequencies of transition states 8. A small correction was introduced to the internal energies of

were estimated in the following way: one frequency in the range
of 1000-1500 cnt?, corresponding to €N, C—-0, or C-C

b,, P-CO, anda, using the same procedure. These results are
summarized in Figure 3. The line correspondindetg= E —

stretch (depending on the reaction), was chosen as a reactiorg, is shown for comparison.

coordinate and other 8 frequencies in the range-3(DO cnt?!
were varied to obtain the best fit with experimental data.

(60) Ambihapathy, K.; Yalcin, T.; Leung, H.-W.; Harrison, A. &.Mass
Spectrom1997 32, 1997.

Results of RRKM Modeling

1. Rate Constants, Breakdown Graph, and Fragmentation
Efficiency Curves. The results of theoretical modeling are
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Table 1. RRKM/QET Parameters

1 2 3 4 5 6 7 8
experiment reaction P— b, P— (P—CO) P—y P—a b,— & a—a (P-CO)— & yi— &
MCA-CID Eo, eV 1.92 1.84 1.98 2.00 0.95 1.01 0.94 152
n=>5 AS, el 0.94 0.06 5.36 10.36 - - - —
MCA-CID Eo, eV 1.95 1.96 2.08 2.18 1.00 0.95 0.89 1.66
n=15 AS, e.u? -1.70 1.93 3.88 10.36 - - - -

SID Eo, eV 1.95 1.96 2.13 2.16 0.98 0.94 0.92 1.68
AS, el —4.5 11 3.8 9.1 - - - —
Average Eo, eV 1.94 1.92 2.06 2.11 0.98 0.97 0.92 1.67
(0.10) (0.12) (0.11) (0.15) (0.07) (0.07) (0.06) (0.35)
AS, el? —-1.8 1.0 4.3 9.9 - - - -
(2.1) (1.0) (1.0) (1.0)

a Activation entropies for reactions-8B could not be determined because the results of theoretical modeling were not sensitive to these parameters.
b Uncertainties shown in parentheses were determined from the sensitivity analysis.

304
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Figure 3. The most probable internal energy deposited iqipthe a
ion, (M) by, and @) the y ion as a function ofE — E,. The line Figure 4. RRKM rate—energy dependencies for the four primary
corresponding t&m, = E — Ep is shown for comparison. The dashed fragmentation pathways of Ala-AlaH (—) reaction 1; {-+) reaction
line represents the polynomial fit fd&m, of the y ion. 2; (- - -) reaction 3; and+ - —) reaction 4.

summarized in Table 1. Sensitivity analysis was performed for mass spectrometer, the activation entropy is an important
all three experiments (low- and high-pressure CID and SID) parameter. Therefore the results obtained on any mass spec-
by systematically changing the critical energy of reaction 1 in trometer characterized by a short time scale will depend on both
increments of 0.02 eV and adjusting the rest of the fitting the critical energies and activation entropies. In contrast, the
parameters to give the best fit. The error bars for each results obtained on a long time scale depend only on the critical
experiment (not shown in the table) were obtained in this way. energies. However, for competing reactions both the critical
The radiative decay rate which gave the best agreement withenergies and the activation entropies of the reactions determine
the experimental FECs is 4@ 15 s 1. Microcanonical rate the branching ratio between the products even at very low
constants for reactions-4 are shown in Figure 4. Rate-energy internal excitations. Therefore, the results of the present model-
dependencies for reactions—8 are not presented because ing of the competing reactions—¥ are sensitive to both
modeling was not sensitive to the activation entropies of these energetics and dynamics.
reactions. Basically, reactions—8 could be treated in the Breakdown curves for the fragmentation of protonated
“sudden death” approximation, meaning that even at very low dialanine presented in Figure 5 were calculated from the rate-
excess internal energy the reaction rate is much faster than theenergy dependencies for reaction tinfe5os sampled in our
rate constant sampled experimentally and the reaction takesMCA-CID experiments. Very similar breakdown curves cor-
place immediately provided the internal energy is above the responding to a reaction time of 0.2 s were obtained for SID
dissociation threshold. experiments (not shown). The stepwise formation of the
The lack of sensitivity of the modeling to some of the immonium ion @;) above 3 eV is due to a consecutive
parameters can be rationalized based on the following consid-fragmentation of, andy; ions. It is clear that the immonium
erations: Rate constants sampled in our experiments are veryion (a;) should be observed as a dominant fragment over a wide
small because of the relatively long reaction times (5 s for MCA- range of energies. Although the critical energy for the formation
CID and 0.2 s for SID). Small rate constants correspond to a of theb, ion is relatively low this fragment is produced in small
relatively low internal excitation, at which the rate-energy amount because of the low activation entropy associated with
dependencies of microcanonical rate constants are determinedts formation. Both P-CO) andb; ions are relatively unstable
primarily by the critical energy for dissociation. At higher and readily fragment to yield; anda;, ions, respectively. The
excitation, sampled by a shorter time-window of a conventional breakdown curve for the/; ion is broad because (a) this
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fragment is relatively stable (it requires ca. 1.7 eV to dissociate)
and (b) formation ofy; by reaction 4 is accompanied by S o) mu'co | f)
formation of a large neutral fragment that can carry off a z 80 a
substantial amount of internal energy as discussed earlier. Thus 5 4 60 !
additional excitation is required to induce fragmentation of the ..E 10
y1 ion. The interplay between these two factors leads to a broad g 2 20
breakdown curve and, consequently, a relatively large amount = .
of they; ion present in the mass spectrum. O T s 30 v ™ w65 20 35
Klassen and Kebarle studied the CID of protonated diglycine SID Collision Energy, eV SID Collsion Energy, eV

(Gly-GlyH") in a triple quadrupole mass spectroméfefhey Figure 8. Collision energy-resolved SID fragmentation efficiency
found that single-collision activation of Gly-GlyH results curves and the results of theoretical modeling for (a) M) by, (c)
exclusively in the formation of/; and a; ions. The reaction MH*—CO, (d) a, (e) y;, and (f) a ions.

time of 23us was sampled in these experiments. However, Reid

et al. observed losses of water and CO from protonated diglycine Thus these ions cannot be detected on a microsecond time scale.
following collisional activation in a quadrupole ion tr&pTo Furthermore, a substantial kinetic shift of 0.78 eV (18 kcal/
gain a better understanding on the influence of the reaction time mol) is obtained from the comparison of the breakdown curves
on the appearance of CID mass spectra we calculated thecalculated for 2Qus and 5 s. This value is in close agreement
breakdown graph for Ala-AlaH for the short reaction time.  with the value of 20 kcal/mol found by Klassen and Keb#rle
The results are presented in Figure 6. It is clear that on a shortfor protonated diglycine.

time scale of the triple quadrupole mass spectrometer the Figures 7 and 8 show the comparison between the experi-
intensities of bothb, and (P-CO) ions are strongly depleted. mental and calculated fragmentation efficiency curves for MCA-
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Figure 9. Internal energy distributions upon multiple-collision (solid . .
lines) and ior-surface impact (dashed lines). MCA-CID distributions CM Collision Energy, eV

corresponding to the maximum center-of-mass (CM) energy of 1, 2 Figure 10. Average internal energy transferred upon collisions with
3, and 5 eV. The SID collision energy was converted to an "effective” a5 5 function of the maximum center-of-mass energy of the parent
CM energy assuming the mass of neutral encounter on the surface ofjyp, for the low-pressure (dashed line) and the high-pressure (solid line)
46 amu. experiments.

CID and SID experiments, respectively. The agreement between Another interesting observation is that while the SID and CID
the experiment and the model is fairly good. It is remarkable internal energy distributions overlap reasonably well at low
that both CID and SID experiments could be fitted within the Ccollision energies they diverge significantly at higher energies.
same model confirming that these two activation techniques are The differences between the distributions may result from
very similar in nature. several faqtors: N .

2. Energy Deposition Function. The proposed analytical (1) At high collision energies the fragments produced by

form for the energy deposition function given by egs 2 and 3 m_ultiple-collision activ_atio_n can be d_eactivated by Co'."SiOnS
can be used to model the energy transfer in both MCA-CID with neutral gas that_|s still present in the ICR ce_II. Slnce_ln
and SID experiments. We have shown previously that this the present study thg '”‘er.”"?" energy content ofthe.|on 1S der.|ved
function transforms to a simple exponential EDF for a single- from |t.s fragmentaﬂon efficiency, collisional deactivation WI|.|
collision experiment and a Boltzmann-like bell-shaped EDF for resultin t_h_e observation of the lower average energy de_pos_lted
multiple-collision experiment® The comparison between the upon collisions and somewhat narrower internal energy distribu-

tion.
internal energy distributions that gave the best fit to the SID .
- - . . 2) The mass of neutral encounter for the surface im
and high-pressure (collision number 15) CID experiments is @) Bg) (

S T . used to convert the SID collision energy from the laboratory
presented in Figure 9. Internal energy distributions for multiple-

llisi L h i Fi 9 q . frame to the “effective” CM frame can vary with collision
collision activation shown In Figure 9 correspond to maximum energy. Thus it is hard to conclude on the basis of the present
center-of-mass collision energies of 2, 3, and 5 eV, while the

. . Lo results whether the use of 46 amu for the mass of neutral
SID collision energy was scaled to an "effective” CM energy  encounter on the surface is applicable to the whole energy range
using eq 1 and a neutral maddy) of 46 amu. As pointed out sampled experimentally.
earlier (see section MCA-CID and SID Fragmentation Eﬁiciency The average internal energy deposited into the precursor ion
Curves), the best overlap of MCA-CID and SID fragmentation ,,on mutiple-collision activation is shown in Figure 10 as a
efficiency curves was obtained with this valueMf,. The SID

it ) ) function of the maximum CM collision energy. Obviously, the
distributions are slightly more asymmetric than the correspond- gnpanced energy transfer is observed in the high-pressure

ing CID distributions. Interestingly, the internal energy distribu- - gxperiment § = 15) as compared to the low-pressune 5)

tions obtained upon SID are only slightly narrower than the resyits. The average energy was converted into the “effective”
distributions for multiple-collision activation. This result is in  temperature of the precursor ion using the known vibrational
disagreement with the generally accepted opinion that “SID frequencies of the precursor ion and the standard relationship
offers deposition of a narrow distribution of internal energi/*? between average energy and temperature from statistical ther-
However, this conclusion was drawn out from the comparison modynamics. The results are summarized in Table 2. The 3-fold
of high-energy single-collision activation with SID and no rise in pressure results in about a 60% increase in the average
detailed comparison of multiple-collision activation and SID internal energy and about a 35% increase in the “effective”
has been performed so far. We have recently compared internakemperature_

energy distributions of ions activated by single and multiple  We have recently shown that the “effective” temperatures of
collisions? The results clearly indicated that the single-collision CqHsBr** and G¢H-Br** were the same for both ions for the
EDF is substantially narrower than the EDF corresponding to same bath gas pressure and the maximum value of center-of-
multiple-collision activation provided the center-of-mass col- mass collision energy. Recently, Schnier et al. demonstrated
lision energy is the same. The distribution broadens, as expectedthat the “effective temperatures” of protonated leucine enkepha-
with increase in the CM collision energy. It is important to note lin and doubly protonated bradykinin were similar when they
that only the high-pressure MCA-CID results are comparable were dissociated under the same SORI-CID conditfdi$iese

to the SID fragmentation efficiency curves. Thus care should experiments sampled a narrow range of “effective” temperatures
be taken in choosing the experimental conditions for multiple- between 200 and 358C. However, in the present study we
collision activation to obtain accurate comparison between thesefound that the maximum temperature reached in the high-
two techniques. pressure experiment for protonated dialanine is 1390 K, whereas
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Table 2. Average Internal Energies and “Effective” Temperatures  Table 3. Comparison of the Present Results with Available

Derived from MCA-CID Results Literature Data
[ED eV - TK precursor ion fragment ion Eo, eV AS eu
collision number collision number (Gly-Gly)H" _ a (H,;NCH,") 189+ 026 -3.2
Ecwm, eV 5 15 5 15 (Ala-Ala)H" & (H.NCHCHs+)  2.11+0.18 9.8+ 1.0
GlyH* a (HoNCHz+) 1.90+0.0# 10.4

0.6 0.63£0.02 0.89+0.03 472+ 9 557+ 11

08  0.75+002 109+003 51010 620+ 12 AlaH™(y))  a(HNCHCHs+)  1.67+£03% -

1.0 0.86+0.03 1.28+0.04 550+ 11 680+ 14 a CID threshold energies obtained by Klassen and KeBérle.
1.4 1.09+0.03 1.65+£0.05 620+12 790+ 16 b Present work.
2.0 1.41+0.04 2.18+0.07 71514 930+ 19
2.4 1.61£0.05 2.50+0.08 775:16 10154 20 Scheme 3
3.0 1.90+0.06 2.95+ 0.09 855+ 17 1125+ 22 o cH
3.4 2.07£0.06 3.23+0.10 905+ 18 1190+ 24 Q@  CHs 3
4.0 2.33+£0.07 3.61+£0.11 970+ 19 1270+ 25 H,C 0 —— H;C A 0
4.4 2.48+0.07 3.83t0.11 1010+20 1320+ 26 NH Q@“z
50  2.70+0.08 4.14+0.12 1060+21 1390+ 28 NH! o NH, OH
[Ala-Ala]H"
o
4 .,l/
- CH,
> w . o
) {{ H,CCHNH," + CO + H,N
& OH
o 2 4 a,
{{ AlaH"
/ . .
N energy channel for the primary fragmentation of Ala-AfaH
0 . . . . . leading to the formation of the; ion has a critical energy of
0 5 10 15 20 25 2.11 eV and proceeds via a very loose TS with the activation
SID Collision Energy, eV entropy of about 10 eu. These results are in agreement with the

results obtained by Klassen and Kebarle for single-collision CID
Figure 11. Most probable internal energy deposited by-i@urface of (3|y-G|yH+_36 These authors have shown that theon has
impact. lower threshold energy, but that tagion dominates at higher
energies. This indicates that while the formatioryofequires

the “effective” temperature of {gH-Br** obtained under the  |ower critical energy, it is characterized by a more tight transition
same experimental conditions was around 2000 K. The differ- state. Table 3 shows a comparison of the critical energies and
ence between the “effective” temperatures of bromonaphthaleneactivation entropies for the formation of immonium ion from
and dialanine might be due to the difference in the fragmentation GlyH+ and Gly-GlyH" reported by Klassen and Kebarle, and
energetics. Obviously, the tightly bound ionic systems that AlaH* and Ala-AlaH" obtained in the present study. Although
require high internal excitation to dissociate can be heated tothe critical energy for reaction 8 {y— a;) derived from our
much higher temperatures than the ions that easily fragment atmodeling is characterized by a large uncertainty, it compares
low internal excitation. favorably with the critical energy for the fragmentation of

In accord with results obtained by us recefitffthe average  GlyH*. However, both the critical energies and activation
energy for MCA-CID is not a linear function of the CM collision  entropies for the formation of immonium ion from Gly-GIyH
energy. In contrast, the most probable energy deposited uponand Ala-AlaH" are significantly different.
SID rises almost linearly with the SID collision energy as shown  Formation of the a; lon from Ala-AlaH *. Theoretical
in Figure 11. The observed difference between two excitation modeling involved in the interpretation of threshold experiments
techniques was outlined earlier in this section and is probably requires the knowledge of the mechanism of fragmentation to
due to deactivation of CID products by collisions with Ar. model the transition state structure. Klassen and Kebarle

The efficiency of kinetic-to-internal energy transfer can be mentioned that the modeling of the transition state is one of
derived from the slope of the plot presented in Figure 11. the major sources of uncertainty in the threshold energies derived
According to our results on average 21% of SID collision energy from their experiments. The relatively tight TS was obtained
of protonated dialanine was converted into internal excitation. by these authors assuming that the immonium ion is formed
This value is consistent with previously reported conversion from the unstable acyliunb; ion. Harrison and co-workers
efficiencies on fluorinated SAM surfaces (288%) and lies proposed thath ions have stable structures of protonated
above the range expected for alkanethiolate surfaces (12 oxazolones?°8Kinetic energy release measurements performed
17%)4 by this group indicated that the loss of CO frdmions proceeds

3. Dissociation Energetics and MechanismsThe results in a stepwise fashion through the ring opening followed by the
summarized in Table 1 indicate that the lowest energy channelsloss of CO from the unstable acylium configuratf§i¥® The
for the fragmentation of protonated dialanine correspond to the resulting fragments are lower in energy than the reacting
loss of CO Ey = 1.94 eV) and HO (Eo = 1.92 eV). These configuration that leads to a large kinetic energy reledsg (
reactions involve some structural rearrangements and therefore~ 0.5 eV) associated with this reaction. However, small kinetic
are characterized by relatively tight transition states. The energy releases are associated with the formatien iohs from
formation of they; ion requires somewhat higher critical energy di- and tripeptides T2 ~ 0.05 eV)% A simple mechanism
(Eo = 2.06 eV) but is entropically more favored. The highest- shown in Scheme 3 accounts for these observations. This
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mechanism assumes proton transfer from the energeticallyScheme 4

favored protonation site at the amine gréupo the amide CH,
nitrogen in the first step followed by rupture of the amide and CH, o HC
carbon-carbon bonds in the second step. A similar mechanism )\[(N}H)‘\ - 0
was proposed by Ambihapathy et®8and Bouchoux et #We H,N ow — )\|

believe that the formation @, ions from both Gly-GlyH and on CH, N

Ala-AlaH™ proceeds via a loose transition state and the lower HO
value for the critical energy obtained by Klassen and Kebarle

is due to the energyentropy tradeoff.

Loss of HO. Several groups studied dehydration of proto- .
nated peptides. Ballard and Gaskell studied the loss of water % HzN:\
from protonated peptides usin®] labeling of the C-terminal Ala + a, ~—
carboxyl groug?2 They have shown that oxygen atoms from H,N c=0
the C-terminal carboxylic acid group, side-chain hydroxyls, or (LH
peptide backbone can be involved in the dehydration process.

Comparison of the fragmentation pathways of glycylglycine and | camol. The overall dissociation energy is around 20 kcal/
its methyl ester derivative revealed that in the case of diglycine 0| and there is no reverse activation barrier for this reaction.
dehydration predominantly occurs from the C-termifSas- Indeed, kinetic energy release measurements revealetthat
phase H/D exchange and CID studies provided evidence thatigns are formed via a loose transition state (not for dehydration
the b, ion formed by the loss of water from diglycine has the productsp® However, we have shown earlier that the formation
structure of proto_nated oxazolofreFragmentation of thd, of the b, ion from Ala-AlaH* by the loss of HO proceeds via
ion was characterized by the loss of CO, whereas the fragmen-j tjght transition state. These observations show the influence
tation ofb ions formed by dehydration of larger polyglycines  qf the site of protonation of peptide and the nature of the leaving
led to formation of nonsequence fragments. According to our groyp on the fragmentation mechanism. Similar to the formation
observations theb, ion formed from dialanine fragments  of thep, ion by the loss of C-terminal amino acid, its formation
predominantly by the loss of CO. Moreover, since only minor py \vater loss from dipeptide can proceed by the formation and
differences in the behavior of diglycine and dialanine can be decomposition of an iormolecule complex. However, this
expected, we believe that the ion is formed from dialanine  complex is higher in energy than the dissociation products.
protonated at the hydroxyl oxygen and has the structure of | os5 of CO. Uggerud carried out ab initio calculations of
protonated oxazolone. _ the potential energy surface for protonated glycine and showed
Hoppilliard and co-workers have shown that protonation of that loss of CO requires proton transfer to the carboxylic acid
the hydroxyl group of glycine requires 43 kcal/mol more energy site followed by rearrangmeft.This rearrangement proceeds
than protonation of the amino grofipKlassen and Kebarle used g formation of a common intermediate structure by interaction
low-level ab initio calculations to model the loss of water from o OH, with the nitrogen atom prior to fragmentation. A
glycine protonated at hydroxyl oxygéh.They found that  gypstantial reverse activation barrier is associated with the
lengthening the €OH; bond led to a slight increase in energy  gescribed rearrangement proc&s3he fragment ion formed
with a maximum value of 1.4 kcal/mol at 2.4 A. Further increase by this mechanism is a weakly bound complex that readily
in bond length led to a drop in energy of 14 kcal/mol. The gjssociates to produce the immonium ion and water molecule.
overall critical energy of 44.4 kcal/mol for the loss of water Assuming that CO loss from protonated dialanine occurs via a
from glycine protonated at the N-terminus was estimated basedsjmjlar pathway, one would expect to observe subsequent loss
on these calculations and confirmed by the threshold measure-of H,0 fromm/z 133 to yield the gion. However, as mentioned
ments®® This value is very close to the critical energy for the  egarlier, double resonance experiments have shown no evidence

loss of water from Ala-AlaH obtained in the present study  for water loss fronmz 133. Thus a different pathway should
(44.9 kcal/mol). Furthermore, the tight transition state associatedpe considered for the loss of CO from Ala-AlaH

with the formation of theb, ion from dialanine confirms that Scheme 4 shows a plausible pathway for CO loss from
the loss of water from Ala-AlaF is characterized by a very  protonated dialanine. Ab initio calculations performed by
similar mechanism. Cassady and co-workéfsindicated that the most favorable

Paizs et al. carried out ab initio calculations on the formation protonation site of diglycine is the amino nitrogen. However,
of by ions from peptides protonated at amide nitro§en. protonation at the amide carbonyl oxygen requires only 1.69
According to these calculations tite ion is formed from the  kcal/mol more energy. Since the relative protonation energetics
protonated peptide ion via a two-step process. In the first stepfor diglycine and dialanine are expected to be similar, we
the C-N bond rupture is followed by a closure of the oxazolone- assumed that proton transfer to the amide carbonyl oxygen is
type ring. The product of this step is an iemolecule complex  very fast and used the latter structure as a starting point in
of protonated oxazolone and C-terminal amino acid or small Scheme 4. The mechanism is based on nucleophilic attack of
neutral peptide molecule. The barrier for the formation of the acyl carbon by hydroxyl that results in a loss of CO from the
ion—molecule complex is about 10 kcal/mol. Decomposition protonated parent ion in a first step. It is clearly seen that
of this complex in the second step requires an additional 14 stabilization of the fragment ion formed in this step cannot occur
via loss of water. Rather it requires proton transfer to the amide

(61) Bouchoux, G.; Bourcier, S.; Hoppilliard, Y.; Mauriac, @rg. Mass

Spectrom1993 28, 1064. nitrogen followed by a cleavage of amide bond and formation
47§62) Ballard, K. D.; Gaskell, S. 3. Am. Soc. Mass Spectroff93 4, of neutral alanine and internal immonium ion.
(63) Reid, G. A.; Simpson, R. J.; O'Hair, R. A. J. Am. Soc. Mass (66) Uggerud, ETheor. Chim. Actdl997, 97, 313.
Spectrom1998 9, 945. (67) Fang, D.-C.; Yalcin, T.; Tang, T.-H.; Fu, X.-Y.; Harrison, A. G.;
(64) Bouchonnet, S.; Hoppilliard, YOrg. Mass Spectron1992 27, 71. Csizmadia, |. GJ. Mol. Structure (THEOCHEM)999 468 135.
(65) Paizs, B.; Lendway, G.; \key, K.; Suhai, SRapid Commun. Mass (68) Zhang, K.; Zimmerman, D. M.; Chung-Phillips, A.; Cassady,.C. J

Spectrom1999 13, 525. J. Am. Chem. S0d.993 115 10812.
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Dissociation of the b lon. The critical energy for the and high-pressure multiple-collision CID. However, in the
dissociation of thé, ion (b, — a; + CO) obtained from our present study we have demonstrated a remarkable similarity
modeling is 0.98 eV. Yalcin et al. reported a somewhat higher between these techniques. We have shown that the ion excitation
critical energy of 1.49 eV for this reaction based on ab initio upon ion-surface collisions proceeds via multiple interactions
calculation® However, the critical energy for the formation of the projectile ion with chemical groups on the surface that
of the a ion from theb; ion of 25.6 kcal/mol (1.11 eV) was  essentially lead to thermalization of the ion’s internal degrees
obtained in a more recent ab initio study by Fang &t dlhe of freedom. The mean internal energy deposited by SID rises
critical energy for reaction 5 obtained from our modeling is in almost linearly with the collision energy at least in the range of
close agreement with the predictions from the ab initio calcula- collision energies sampled in the present study. We found that

tions. about 21% of the initial collision energy was transferred into
_ the internal modes of the projectile ion.
Conclusions The lowest energy dissociation channels correspond to the

We have performed a detailed investigation of the dissociation /0SS of HO and CO from the precursor ion. These reactions
of protonated dialanine using multiple-collision CID and SID are associated with relatively tight transition states indicating
techniques. The energetics and dynamics of the four primary that they |nvol\+/e some rearrangement steps. The loss of water
and some secondary fragmentation pathways were determined’m Ala-AlaH™ has very similar energy and entropy require-
from the RRKM modeling of the collision energy-resolved Ments as the water Ioss'from protona_t(_ed glycme_. The formation
fragmentation efficiency curves. The results obtained from both Of they anda, ions requires higher critical energies. However,
experiments could be modeled using very similar RRKM these reactions are more entropically favored than the loss of
parameters. Moreover, the same analytical form for the energyWater and CO. The, ion dominates in the mass spectrum
deposition function was used to model SID and MCA-CID because of the very loose transition state associated with its
results. We have previously shown that the proposed form for formation. The loose transition state for the formation of the
the EDF can be used to reproduce both the single-collision andimmonium ion confirms that this reaction does not proceed via
multiple-collision CID results. In the present study for the first @ Stepwise mechanism where the immonium ion is formed by
time we apply the same ideas to reproduce the results of SIDthe loss of CO from the unstable acyliumion. The concerted
experiments. mechanism proposed by Ambihapathy efC%ill, probably,

Implementation of both multiple-collision activation (MCA- lead to higher activation entropy for this reaction. Conjp_aris_on
CID) and SID on the same instrument allowed us to perform a of the breakdown curves calculated for the_ characteristic time
direct comparison between these excitation techniques. The©f the FT-ICR experiment (S s) and a short time scale of a triple
comparison was performed by converting the SID energy scale duadrupole mass spectrometer (&0 revealed that the intensi-
into the center-of-mass frame. The best overlap between theti€S Of the ions corresponding to the loss a{H(b ion) and
SID and MCA-CID results was obtained with the assumed mass CO from the precursor ion are strongly depleted on a micro-
of the neutral encounter of 46 amu. We demonstrated that theSe€cond time scale. Thus it is not sgrprising thqt these fragments
energy-resolved fragmentation efficiency curves obtained for @€ not commonly observed using short time scale mass
the high-pressure MCA-CID and SID were very alike. The SPectrometers. _
correspondence between the fragmentation efficiencies clearly !N the present study we have demonstrated that the modeling
demonstrates that the internal energy distributions of dialanine @PProach proposed by us previously can be successfully applied
activated by multiple collisions and by surface impact are very t0 study fragmentation energetics of small peptides. Further
similar. Indeed, our modeling results showed that the internal Studies are necessary to perform a more thorough comparison
energy distributions of the precursor ion activated by multiple ©f SID and MCA-CID and obtain a more detailed understanding
collisions and by iorsurface impact were very comparable. ©Of the energetics and dynamics of peptide fragmentation.

The differences between the SID and MCA-CID energy
deposition function probably arise from collisional deactivation
of ions in MCA-CID experiments that do not occur in the SID gDrén;Sc’;ngg7_2%164781113 and CHE-9634238 and by DOE grant
experiments. Further studies are required to gain a detailed” ) ’

understanding of the similarities and differences between SID JA001384W
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