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Abstract: The dissociation kinetics of proton-bound dimers of betaine with molecules of comparable gas-
phase basicity were investigated using blackbody infrared radiative dissociation (BIRD). Threshold dissociation
energies were obtained from these data using master equation modeling. For bases that have comparable or
higher gas-phase basicity, the binding energy of the protonateebetsiae complex is-1.4 eV. For molecules

that are~2 kcal/mol or more less basic, the dissociation energy of the complexes.&seV. The higher

binding energy of the former is attributed to an tezwitterion structure which has a much larger-eadipole
interaction. The lower binding energy for molecules that-agekcal/mol or more less basic indicates that an
ion—molecule structure is more favored. Semiempirical calculations at both the AM1 and PM3 levels indicate
the most stable ionmolecule structure is one in which the base interacts with the charged quaternary ammonium
end of betaine. These results indicate that the measurement of binding energies of neutral molecules to biological
ions could provide a useful probe for the presence of zwitterions and salt bridges in the gas phase. From the
BIRD data, the gas-phase basicity of betaine obtained from the kinetic method is found to bet2B9.2
kcal/mol. This value is in excellent agreement with the value of 239.3 kcal/mol (298 K) from ab initio
calculations at the MP2/6-34g** level. The measured value is slightly higher than those reported previously.
This difference is attributed to entropy effects. The lower ion internal energy and longer time frame of BIRD
experiments should provide values closer to those at standard temperature.

Introduction specific backbone cleavages at acidic residues in proteffs.
The singly protonated gas-phase bradykinin ion has been shown
to form a stable salt-bridge structure between the two protonated
terminal arginine side chain residues and the deprotonated
C-terminus carboxyl group. Modeling suggests that the polar
groups of this ion, primarily the carbonyl oxygens of the peptide
backbone, form an intramolecular solvent shell that stabilizes

Salt-bridge and zwitterion structures are known to play a
crucial role in the structure, function, and activity of proteins
and peptides in solution. The contribution of these strong
electrostatic interactions in the gas-phase chemistry of biomol-
ecule ions is less well established. Both experiméntand
theore;icaﬂ*8 evidence suggests that zwitterionic conformers separated chargs.
of glycine and small peptides consisting of glycine and alanine Gas-phase salt bridges in biomolecules may be favorable even
are not stable in the gas phase. However, recent investigations P 9 Y

N - - . without significant intramolecular solvation. Recent evidence
indicate that salt bridges are important factors in the conforma- ; : : L

. - . L - suggests that protonated dimers of the amino acid arginine are
tion, reactivity, and dissociation mechanisms of gas-phase

peptided®-14 and proteind51® Salt bridges have been proposed bound by a salt bridge, i.e., an ie@witterion interaction, but

- i . . dimers of glycine are bound by a simple iemolecule
to play a role in gas-phase H/D exchahged in producing interaction!® This conclusion was deduced on the basis of

* To whom correspondence should be addressed. differences in binding energies of these amino acid complexes
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(2) Locke, M. J.; Mciver, R. T., J. Am. Chem. S0d983 105 4226- an ion and a zwitterion with a very large permanent dipole
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complexes of protonated ions with betaine are excellent (E7). The threshold dissociation enerds) for these ions can
prototypes for quantifying salt-bridge interactions. The ther- be obtained by adding a correction factor to the measHged
mochemical properties of model betaine complexes can provideLarge ions can exchange photons with the blackbody field at
considerable insight into the ierzwitterion interactions ob- rates much faster than they dissociate. In this rapid energy
served in gas-phase biomolecules. Using the kinetic method,exchange (REX) limit, the internal energy of the reacting
Cooks and co-worket8have recently measured the gas-phase population of ions is given by a Boltzmann distribution at the
basicity (GB) of betaine as 2320 0.8 kcal/mol from whicha  temperature of the vacuum chambe?? True values of the
gas-phase proton affinity (PA) of 239.8 kcal/mol was estimated. Arrhenius activation energyE[) and preexponential factor
Beauchamp and co-workéfsbtained a PA of 242 kcal/mol  (A*) are measured and can be directly related to the threshold
using an FT-ICR mass spectrometer, consistent with a value ofdissociation energyl,) and the entropy of transition, respec-
241.3 kcal/mol calculated at the PM3 levelThese pioneering tively, via transition state theory. For intermediate-sized ions,
experiments provide the first measure of the GB of a zwitterion sych as the proton-bound dimers of amino acids, the internal
compound. The GB of the conjugate base of glycine is 335.1 energy distribution is Boltzmann-like but partially depleted at
kcal/mol?! The large difference in GB for these structurally higher energie3® Measured Arrhenius parameters are less than
similar compounds is consistent with the stabilization due to the REX limit values. Master equation modeling is necessary
Coulombic attraction between the trimethylammonium cation tg extractE, from the measureé,.
and the carboxylic aniot. Here, dissociation kinetics of protonated dimers of betaine
The potential energy surface for H/D exchange between with a series of reference compounds of known GB are
betaine and NEl has been reported by Beauchamp and co- measured using BIRD. Threshold dissociation energies are
workers? Calculations at the PM3 semiempirical level model obtained from these data by master equation modeling. Infor-
the energetic requirements of a proposed salt-bridge mechanismmation about the structure of these complexes is deduced from
applicable to H/D exchange between a deuterated reagent gashe correlation between the dissociation energy and the GB of
and the carboxyl hydrogen in protonated glycine oligomers. the reference compound.
These calculations show the complex formed between neutral
NH3 and protonated betaine is 12.6 kcal/mol more stable than Experimental Section

the separated reactants. However, the-ibwitterion complex . .
formed by transferring a proton from betaine to Neistabilized Mass Spectrometry. A Fourier transform mass spectrometer with
y, ) gap a 2.7 T superconducting magnet and an external electrospray ionization

by an additional 5.4 kcal/mol. source was used for all BIRD measureméRfd. lons generated in

A new thermal dissociation technique, blackbody infrared the external source are guided by a series of electrostatic lenses through
radiative dissociation (BIRD), has recently been applied to a five stages of differential pumping into the ion cell. The efficiency of
variety of gas-phase biomolecule i8A%162224 and proton- ion trapping and thermalization is enhgnced by introdueidg® Torr
bound dimerd825 |ons stored in a Fourier transform mass ofdry nltrogen_throgghgpuls_ed valve into the heated vacuum_ch_amber.
spectrometer can be activated by absorbing blackbody ph0t0n§9n accumulation t!me is varlec_i beth_een 1.5and 15 s to optimize t_he
from the heated vacuum chamber walls. At pressures below 2S|gnal. A mechanical shutter in the ion beam path is opened during

108 T the di iation Kineti C o d dent of th the ion accumulation event and subsequently closed to prevent both
x orr, the dissociation KInetics are in epen ent or tn€ o, and neutral molecules, originating in the electrospray source, from
vacuum chamber pressure (the zero-pressure limit). From theyeing introduced into the ion cell during the reaction delay. A 5 s
temperature dependence of the unimolecular dissociation con-pump-down delay follows the ion accumulation. The pressure in the
stants Kunj), Arrhenius activation parameters in the zero-pressure FTMS cell is between 5 and 8.5 10° Torr at all chamber
limit can be obtained. This was first demonstrated by McMahon temperatures, except for the heterodimers of betaine with TBA and
and co-worker®27 for small weakly bound cluster ions. DMPA where the pressure was 8.0 x 1078 Torr. Dimer ions are
Dunba?®2°showed that the internal energy distribution of these Subsequently isolated by using both stored waveform inverse Fourier
ions was similar to a Boltzmann distribution, but truncated at transform (SWIFT¥ and single radio frequency ejection. Isolated
the high-energy tail. Measured Arrhenius activation energies dimer ions are then allowed to dissociate for times up to 600 s. Data

llected with a Finnigan Odyssey data system at an acquisition

E.) for these small weakly bound complexes are smaller than &€ ©° .

S/a?)ues obtained from a t);ue Boltzmaﬁn distribution of ions rate of 2286 kHz Yz 36 cutoff), and 128K data points are stored. A
broad-band radio frequency sweep rate of 320QBl¢120 V p-p) is

used to excite ions for detection.
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homodimer of betaine and heterodimers of betaine with DBU, DBN, ijh” is the product of the probability of theth oscillator containingn
DMPA, TBA, and TMG are formed directly by electrospray from
~10"4 M 90:10 methanol/water solutions. Cross dimer solutions are 4)
formed by mixing the 10* M stock solution of betaine with the
respective bases in a ratio that optimizes the dimer signal. Heterodimersgquanta of energy and the enhanced probability of a radiative transition
of betaine with TMDP and TMDB could not be formed directly by  from an excited harmonic oscillator. The microcanonical dissociation
electrospray. To form these dimers;-40~* M 50:50 methanol/water rate constants are calculated from RRKM theory. Transition state
betaine solution was electrosprayed into a low flow countercurrent of frequency sets are assembled from the reactant frequencies by removing
dry N2 gas that was bubbled through the respective base. Presumablythe stretching mode between the monomer units (typically 22800
stabilized heterodimers are formed when protonated gas-phase betainem™), and systematically varying five additional frequencies to lower
collides with neutral base molecules either prior to entering or in the values. The sum and density of states are calculated using the efficient
heated capillary interface. and exact BeyerSwinehart algorithm. Angular momentum is not
Calculations of Vibrational Frequencies and Transition Dipole rigorously conserved, and internal rotations are treated as low-frequency
Moments. An ensemble of low-energy structures for each dimer was vibrations. These approximations are not expected to adversely affect
calculated by molecular modeling using the consistent valence force these calculation®:34
field (CVFF) provided in the Insight/Discover suite of programs The finite-difference solution to the master equation requires an
(Biosym Technologies, San Diego, CA) on a Silicon Graphics solid energy distribution of the initial ion population. A Boltzmann
impact 10000 computer. Because of their higher gas-phase basicity,distribution was used for all these calculations. However, the steady-
the proton is placed on DBN and DBU for dimers containing these state reactant population is independent of the initial distribution. The
constituents. The proton is placed on a carboxyl oxygen of betaine steady-state distribution is Boltzmann-like, but is depleted at the higher
for the DMPA, TBA, TMDP, and TMDB heterodimers and the betaine energy levels. Following the establishment of a steady-state population,
homodimer. The proton-bound dimers of TMG and betaine (FMG  the unimolecular dissociation rate constdat is evaluated from the
betaine) are separately modeled with the proton on either betaine orslope of I{unreacted populatignvs time. These rate constants are
TMG. For dimers containing zwitterionic betaine (homodimer and calculated at the two extremes of the experimental temperature range
heterodimers containing DBN, DBU, and TMG), molecular dynamics for each dimer complex, and d andA are determined.

A(hw) = 8zh(vic)*B(hw)

are run at 600 K for 6 ps followed by simulated annealing to 200 K
over 3 ps and then energy minimizemd 0 K structure. All classical
trajectories are integrated ave 1 fsstep size. Thd O K structure was

All master equation modeling was performed with software devel-
oped in this laboratory using double-precision Fortran 77 code on a
SUN Enterprise 5000 computer. The NAG Mark 17 library routine

then used to initiate a new dynamics cycle. This process was repeateddO2NCF, the backward differentiation formula for solving stiffly
120 times for each dimer. In the dynamics simulations, heterodimers coupled differential equations, is used to facilitdteatrix integration.

in which betaine is protonated (heterodimers containing DMPA, TBA, Molecular Orbital Calculations. Ab initio level calculations on
TMDP, TMDB, and TMG) were found to dissociate at temperatures betaine and protonated betaine monomers were done using GAUSSIAN
greater than 350 K. For these dimers, dynamics are run at 350 K for 92 (Gaussian, Inc., Pittsburgh, PA) to calculate the PA and GB of
4 ps. The lowest energy geometry found for each dimer is used as thebetaine. A low-energy ensemble of structures for each was found using
starting coordinates for AM1 semiempirical calculations using MOPAC the same molecular dynamics routine described for the betaine dimer.
6.0, also on an SGI solid impact 10000 computer. Full electronic Geometry optimization at the AM1 level was performed on the lowest
structure minimization using the eigenvector following routine was energy MD structure. These structures are then used as initial
performed. Vibrational frequencies)(and transition dipole moments  coordinates for full electronic structure optimization performed suc-
(u) are calculated from these minimized structures. cessively at the RHF/6-31g*, RHF/6-39**, and MP2/6-3H1-g**

The enthalpy of formation for several conformations of the TMG  levels. The lowest energy structure found for neutral betaine is the
betaine heterodimer are calculated at both the AM1 and PM3 semiem-same as that reported by Ratajc?akVibrational frequencies are
pirical levels. The lowest energy MD geometries are used as initial obtained from force calculations at the RHF/6-31g* level and are scaled
coordinates for both the ierzwitterion and ior-molecule complexes. by 0.91 prior to evaluation of zero-point energies and vibrational
Additional ion—molecule structures are constructed by coordinating partition functions®®
the TMG nitrogen lone pair electrons with methyl groups of the charged ~ The PA and GB of betaine were evaluated from these ab initio data
quaternary end of protonated betaine. These structures are energysing standard thermodynamic relationsHifpsFor the protonation
minimized with molecular mechanics (CVFF) prior to semiempirical reaction
electronic structure optimization.

Master Equation. A complete description of our implementation M+ H" < MH" 5)
of the master equation is given elsewh&reA discrete value finite-
difference formulation of the master equation was used to model the the PA is given by
dissociation of these dimers. The complete set of coupled differential
equations describing the time evolution of a dissociating population of PA= —AH = —[E(MH") — E(M) — E(H") + APV]  (6)

ions can be written in a matrix fornd (natrix). TheJ matrix contains

the detailed rate constants for all radiative energy transfer and
dissociation processes, and its solution simulates the BIRD experiment.
In the zero-pressure limit, applicable to these experiments, the energywhereE...is the self-consistent field electronic energy obtained from
transfer processes are described completely by the rates of absorptionhe Hartree-Fock model which also contains any energy correction
(kirad and emissionk- g of blackbody photons: due to electron correlations when the"lo—Plesset second-order
perturbation (MP2) treatment is use;peis the vibrational zero-point
energy Exgs — Ep is the energy contributions from translations, rotations,
and vibrations at 298 K, anB(H") is the translational energy of a

= —[AEge.+ AEzpe+ A(Eygs — Eg) — E(H+) +APV] (7)

ki d A = hw) = " p(tw) B(hw) P™ &

(33) Griffin, L. L.; McAdoo, D. J.J. Am. Soc. Mass Spectrot93 4,
11-15.

(34) Gilbert, R. C.; Smith, S. CTheory of Unimolecular and Recom-
bination ReactionsBlackwell Scientific Publications: London, 1990.

(35) Latajka, Z.; Ratajczak, HBull. Pol. Acad. Sci. Chenml995 43,
103-107.
(36) Hehre, W. J.; Radom, L.; Schleyer, P. R.; Pople, JAA.initio
olecular Orbital Theory Wiley: New York, 1986.
(37) McQuarrie, D. AStatistical MechanigHarper Collins: New York,
1976.

Kot radAE— =)= {A() + p(tw) B(W}P™  (2)

wherep(hv) is the energy density of the blackbody field given by the
Planck distribution. A(hv) andB(hv) are the Einstein coefficients for
stimulated and spontaneous radiative processes, respectively, given b%‘

B(hv) = u’/6e p° (3)
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Table 1. Measured Blackbody Infrared Radiative Dissociation Arrhenius Parameters and Product lon Abundance for the Protonated
Heterodimers of Betaine with Reference Bases

reference base structure gas-phase basicity (kcal/miol) proton retention sife  measured log\  measured, (eV)
DBU N 242.6 DBU (100%) 9.8 0.2 1.03+ 0.02
O
N
DBN N 240.3 DBN (78.6%) 10.60.2 1.13+0.02
O
N
betaine HsC, o 10.6+ 0.2 1.174+ 0.02
AP
3 / o
HsC
TMG (|2H3 (I:H3 238.4 betaine (81.7%) 850.3 0.91+ 0.03
NG NG
H3C ﬁ CH3
NH
TMDB CHs 237.3 betaine (89.7%) 104 0.3 0.95+ 0.02
HaC” N\/\/\,}l,CH3
CHs
TMDP CHa CHa 235.7 betaine (100%) 9503 0.86+ 0.02
Hae™ SNy
DMPA HsC, = 231.9 betaine (100%) 104 0.3 0.97+ 0.02
N N
He N4
TBA /H 231.1 betaine (100%) 9460.3 0.90+ 0.03
PN

a Reference compounds,N-dimethyl-4-pyridineamine (DMPA), tmi+butylamine (TBA),N,N,N',N'-tetramethyl-1,4-diaminopropane (TMDP),
N,N,N',N'-tetramethyl-1,4-diaminobutane (TMDB), 1,1,3,3-tetramethylguanidine (TMG), 1,5-diazobicyclo[4.3.0]non-5-ene (DBN), and 1,7-
diazobicyclo[5.4.0]Jundec-7-ene (DBUW) Gas-phase basicity taken from the revised Lias stafeThis is the product ion that predominantly retains
the proton following dissociation; the value in parentheses is the percentage of total product represented by! thisoiois. estimated from the
standard deviation of a linear least-squares fit.

proton at 298 K. The GB is calculated from eq 8 using the calculated  Dissociation of these proton-bound dimers results in the
PA: formation of protonated monomer ions exclusively over the
temperature range investigated. No subsequent or competing
GB=—AG=—[AH — TA§ = PA + TAS (8) dissociation processes were observed from either the dimer or
monomer ion. Within the signal-to-noise ratio of these experi-
and ments (S/N> 100), the only observed protonated dissociation
product of the heterodimers containing TMDP, DMPA, and
TAS=T[SMH") — SM) — SH")] ©) TBA is betaine. For the proton-bound dimer of DBU and
betaine (DBUbetaine), DBU retains the proton. For the other
Translational, rotational, and v_ibrationgl_ entropy gnd ene_rgyvalues are heterodimer ions, competition for retention of the proton
calculated from the respective partition functions using standard e een the dissociating molecules is observed. The relative
methods_of statistical mechanics after scaling harmonic vibrational abundance of these products averaged over all reaction delay
frequencies evaluated at the RHF/6-31g* level. . L -
times and temperatures is given in Table 1 for each base.

Results Unimolecular dissociation rate constants in the zero-pressure
limit are obtained from the slope of a plot of [D*])/([D*] +

d 2M *1)} vs reaction time where [0] and [M*] refer to dimer

and monomer ion abundances, respectively. Kinetic plots for

Blackbody Dissociation Kinetics. Rate constants for the
dissociation of proton-bound dimers of betaine with itself an
with a series of reference molecules were measured at cell

temperatures between 93.7 and 21807 The dissociation the unimolecular dissociation are shown in Figure 1 for three
kinetics of each dimer were measured over &88°C range dimer ions which include the betaine homodimer (Figure 1b)

between these temperatures. This range is ultimately limited @1d two bases that bracket the GB of betaine (Figure 1ac).
by the kinetic window of the BIRD experiment using the current EXCellent linear fits to the kinetics are obtained for all dimers.
experimental apparatd®. The reference molecules with gas- N addition, they-intercepts for these data are zero. These results
phase basicities (GB) between 231.1 kcal/mol (TBA) and 242.6 indicate that the internal energy distribution of the ion population
kcal/mol (DBU) (Table 1) were selected to bracket the GB of has reached a steady state both prior to the reaction delay as
betaine which has been previously measured by both Gdoks Well as over the entire reaction delay of these experiments.
and Beauchamg. The dissociation rate constants of the dimers ~ Zero-Pressure Limit Activation Parameters. The Arrhe-
were measured at cell pressures below 2078 Torr. At this nius activation energyE;) and preexponential factoA) for
pressure, collisions do not influence the dissociation kinétiégs.  the dissociation of each dimer ion are obtained from the slope
In this zero-pressure limit, ions are activated by absorption of andy-intercept, respectively, of a plot of k)(vs 1/T plot (Figure
blackbody photons generated by the vacuum chamber walls. 2). These values are given in Table 1. The error reported for
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Figure 2. Zero-pressure limit Arrhenius plot for the dissociation of
the protonated dimers ofaj betaine, ©) DBN-betaine, @) DBU:-
betaine, A) TMG-betaine, #) DMPA-betaine, ®) TMDB-betaine,

05.] (v) TMDP-betaine, and (*) TBAbetaine.

+

163.0°C temperature range required for the dissociation of these dimers.
When betaine retains the proton, dissociation occurs at tem-
peratures between 94 and 186. When the reference base
retains the proton, dissociation occurs at temperatuf3°C
higher for a similarkyn. Both TMDP and TMDB can cyclize
when protonated. TBA and DMPA, which have similar GB,
cannot. The similar rates observed with these four bases indicate
that the entropy of cyclization does not have a large effect on
the absolute values of the dissociation rate constants under these
g e e conditions.

Dimer Structures. Minimized structures optimized at both
the AM1 and PM3 levels for the ionzwitterion and ior-
molecule complexes of the TMBetaine dimer are shown in
Figure 3. Only one structure for the ieawitterion was found
(1). However, several possible structures of comparable energy
are possible for the ioamolecule complex (three structures,

Il =1V, shown). Inll, the proton is shared between the basic

sites of both molecules. This structure has the geometry most

similar to that of the ior-zwitterion (). However, this structure

is the least stable of these iemolecule complexedIi(—IV).

In Il andlV, the base interacts with the quaternary ammonium

end of the molecule which is charged. These structures are

1;5906 similar to the lowest energy ab initio structures modeled by

] : 109.1°C Meot-Ne#8 for the clustering of quaternary ammonium ions with

25 136.4°C a range of solvent molecules. Structuilie is the most stable

e e of the ion—molecule complexes at both the AM1 and PM3

0 100 200 Time (s) 300 400 500 levels. However] is 11.5 kcal/mol more stable by AM1 but

i ) o ) o is 2.2 kcal/mol less stable by PM3. Frthe binding energy

Figure 1. Blackbody infrared radiative dissociation data of the is 1.55 eV at both AM1 and PM3. Fdl . this value is 1.05

protonated dimers of (a) DBetaine, (b) betainbetaine, and (c) and 1.66 eV at the AM1 and PM3 Ievels’ respectively. Thus

TMDB-betaine fit to unimolecular kinetics at the temperatures indicated. . . ’ ’
the energies of the different structures calculated by AM1 and

: L PM3 are inconsistent.
these parameters is calculated from the standard deviation of . - )
the slope and intercept of a linear least-squares fit to the data. It should be noted that the semiempirical calculations are done

This takes into account only random error. Potential sources in order to obtain vibrational frequencies and transition dipole

of systematic error include a nonuniform chamber temperature moments used in the master equation mOd.e.“ng' In.the
and/or differences in detection efficiency for dimer and mono- Medeling, these values are varied over a significantly wider
mer ions. Although these errors may significantly change the range than the range of values obtained from _thg_dlfferent
measured dissociation rates, they only have a small effect onStructures. Thus, the value B} does not depend significantly
the temperature dependence of these rates; i.e., the experiment n the choice of.structure. The structures themselves.obtamed
Arrhenius parameters are not strongly dependent on these rom the modeling do provide insight into the experimental
values? results.

With the exception of the TMébetaine dimer, there is a (38) Deakyne, C. A.; Meot-Ner, Ml. Am. Chem. S0d.985 107, 469—
strong correlation between the site of proton retention and the 474,

In[Betaine*Betaine+H]

192.1 °C 182.0 °C

1 199.8 °C
-2.04

Time (s)

In[TMDBeBetaine+H]"

N
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Figure 4. Kinetic method plots of the logarithm of the ratio of
protonated monomers versus gas-phase basicity of reference com-
pounds. Protonated betaine dimers were dissociated using blackbody
infrared radiation in a Fourier transform mass spectrometer. Gas-phase
basicity of betaine is determined using GB values for reference
compounds from both the old (dotted lifeand the revised (solid lin&)
scales of Lias.

betaineH* {

3
- A
kS

) (~40-60 points acquired over several days). The experimental
data are plotted with respect to the GB values of reference
compounds using values from both the 1988 GB Ztétlashed
line) and the revised 1997 scildsolid line) of Lias. From
the Figure 4 data, the GB of betaine anchored to the old and

[I1 AMi-24.2kealmol [y AMI-239keal/mol revised GB scale is 236.6 1 and 239.3+ 1 kcal/mol,
PM3 -38.1 keal/mol PM3 -36.5 keal/mol respectively. This is the first demonstration of the kinetic

Figure 3. Minimized structures for TM@&etaine dimer and energies  method to obtain GB values using BIRD. Due both to the

calculated at both the AM1 and PM3 semiempirical levels. Strudture  |imited number of reference bases with similar GB to betaine

is an |onTZW|tter|on complex;ll —IV are |on—molec_ule complexes. and to the limited dynamic range of FTMS, competition for

All energies are referenced to the betaifieFMG exit channel. the proton between betaine and the base is observed only in

the dissociation of betaine dimers with TMDB, TMG, and DBN.

, o ) The product ratio of [baskl*]/[betaineH™] changes from 0.23

Measured GB of Betaine. The kinetic method, first (3 gg\vhen the reference base is TMG and DBN, respectively,
developed by Cooks and co-workéPdas been used to obtain 5, increase in GB of only 1.9 kcal/mol. These results clearly
gas-phase basicities of a variety of molecdfesthis method jjjicate that the GB of betaine is between that of those two
is especially useful for compounds of low volatility which ses.

preclude the use of equilibrium measurements. In this method,  ~,oks and co-worket previously reported a value for the

the relative GB. of a molt_acule is obtaingd fro.m .the product ion B of petaine as 2329 0.8 kcal/mol (Lias, 1988 scale). This

abundance ratios resulting from the dissociation of a proton- 51,6 is 3.1 kcal/mol lower than that reported here, and this
bound dimer of the molecule ([M]) with a series of reference jttarence is outside the combined error bars of these two

Discussion

bases ([B]): experiments. Cooks’ value was obtained by the kinetic method
K, K, using the same reference bases used in this study. However,
MH* +B-—[M-H--B]" —=BH"+M  (10) these experiments were done on a triple quadrupole mass

. . . spectrometer; dimer ions were dissociated using collisionally
_The ratio of the product abundances is related to the d'ﬁerenceactivated dissociation (CAD) with 6 eV collisions with argon.
in GB between the two compounds by eq“21: Two related factors account for the discrepancy in these two
+ + experiments; both the temperature of the ions as well as the
In([MH "J[BH ) ~ (GBg — GBy)/RTe (11) kinpetic window of these exSeriments differ significantly.

The time frame of kinetic measurements with BIRD in FTMS
and CAD in a triple quadrupole instrument is-1600 and
0.000:-0.001 s, respectively. For the TMketaine het-
erodimer, BIRD kinetics are measured at chamber temperatures
to the effective temperaturddy). betwe_en .419 and 483 K. This represents an upper Iimit to the

effective ion temperature since the higher energy portion of the

The kinetic method plots for betaine dimers are shown in Boltzmann distribution is depleted under the conditions of this
Figure 4. The abundance ratios are averaged over all temper-ex eriment. This is consistrt)ant withTag of 425 K obtained
atures and times for which BIRD kinetic data were obtained <P ’ S ft =

from the slope of the kinetic method plot (Figure 4). In contrast,

(39) McLuckey, S. A.; Cameron, D.; Cooks, R. &.Am. Chem. Soc.  the T in the CAD experiment was reported as 783%KThe
1981, 103 1313-1317.

(40) Cooks, R. G.; Patrick, J. S.; Kotiaho, T.; McLuckey, S.Mass (41) Hunter, E. P.; Lias, S. GNIST Standard Reference Database
Spectrom. Re 1994 13, 287—-339. Number 69 February 1997 Release, http://webbook.nist.gov/chemistry/.

A plot of the known GB of a series of reference bases vs the
logarithm of the product abundance ratios gives a straight line
with anx-intercept equal to the GB of [M] (assuming that there

is no reverse activation barrier) and a slope that is proportional
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Scheme 1

_L» betaineeH" + TMG

betainesH'e TMG
T3 betaine + TMGeH*

Table 2. Product Ratio for the Dissociation of Protonated
TMG-Betaine Dimer by Different Activation Metho#ls

activation maximum collision ratio
method energy (eV) TMG:betaine

BIRD NA 0.23 N Quadrupole Kinetic Window_
SORKCAD 51 0.71 E,=1.20eV; A"=10's"
SORKCAD 6.4 0.87 ]
CAD 11.9 1.19

Normalized Population

FTMS Kinetic Window

log (K

a Sustained off-resonance irradiation collisionally activated dissocia- ~— E,=140eV; A"=10"s"
tion (SORI-CAD) applied for 2 s with 1.70 V peak-to-peak and for 1~ -10
s with 1.90 V p-p both at 771 Hz off-resonance. On-resonance
collisionally activated dissociation applied for 10 ms at 107 mypp 0 i J i 2 AP A
Nitrogen collision gas at a pressure 021076 Torr was used in the Energy (eV)

CAD experiments.

Figure 5. Calculated Boltzmann distributions for the TMé&taine

. , . dimer at 450 K and 780 K (top) representing the average dissociation
discrepancy between Cooks’ CAD and the BIRD experiments emperatures of blackbody infrared radiative dissociation in a Fourier

can be rationalized by a difference in transition state entropy transform mass spectrometer (FTMS) and collisionally activated
between retention of the proton by betaine and the referencedissociation in a quadrupole mass spectrometer, respectively. Wahrhatftig
bases. diagram (bottom) illustrating hypothetical dissociation processes, as
Reaction Entropy. To confirm that the reaction channels indicated, for the protoqated TM@etaine dimer. Kinetic windows for
for formation of protonated base vs protonated betaine have ~TMS (dotted-dashed line) and quadrupole mass spectrometer (dotted
. . . line) are displayed for reference.
different entropies, the energy dependence of the Thé&ine
dimer dissociation was investigated (Scheme 1). This dimer
was dissociated with sustained off-resonance irradiation colli-
sionally activated dissociation (SORCAD)*2 at two different
peak-to-peak voltages and with on-resonance CAD. The ratios
of [TMG-H™]/[betaineH™] from these experiments are given
in Table 2. This ratio increases from 0.23 for BIRD, the least
energetic method, to 1.19 for on-resonance CAD, the most
energetic method. In Cooks’ experiment, this value-i.9.
Despite the lower collision energy, the energy deposition in
Cooks’ experiment is higher than that in our on-resonance CAD
experiment due to the higher collision rate in the quadrupole
experiment which results in increased energy deposition into
the ion prior to dissociation. These results show that the
branching ratio for this dissociation process depends strongly
on the internal energy of the ion. If the entropy of the two
processes were the same, then the branching ratio would
approach unity with increasing energy deposition. In the BIRD
experiment Terr = 425 K), the proton is retained primarily by
betaine (82%). In the higher energy CAD experiments, the
proton is retained primarily by TMG (80% in Cooks’ CAD
experiment). This indicates the retention of the proton by TMG
is entropically favored. The GB values for betaine determined
by the BIRD and quadrupole CAD methods are consistent. For
dissociation of the TM@etaine dimer, proton retention by
TMG is entropically driven while retention of the proton by
betaine is enthalpically favored. The origin of this relative
entropy difference of the exit channels may be due to the
properties of the base or may be due to the transition state of
the ion—zwitterion channel occurring later along the reaction

and co-worker® and Cerda and Wesdemiofis.In this method,
branching ratios are measured at different effective temperatures
using bases that are structurally similar. The reference bases
used in this study are not structurally similar. However, it
should be possible to obtainraugh estimate of the magnitude

of the entropy difference by comparing the branching ratios in
the BIRD experiment with those in Cooks’ CAD experiment.

A significant caution that needs to be emphasized is that, in
order to obtain this value from the two different experiments,
several assumptions must be made. These include the assump-
tion that the product ion detection efficiencies in the two
different instruments are the same, that Tag obtained from

the kinetic method accurately reflects the internal energy of the
ions, and that\(AH®) has no temperature dependence. Within
the limits of these approximations, the effective entropy
difference between retention of the proton by TMG vs betaine
is 9 cal moit K715 This comparison is made using data at
only two different effective temperatures. Clearly, using data
at several different effective temperatures would provide a more
accurate value.

A 9 cal mol! K™ difference in entropy between the
transition states of these two channels corresponds to a 90-fold
difference in REX limit Arrhenius preexponentials between the
two dissociation channels. The effect of this entropy difference
in conjunction with differences iffe and kinetic window on
observed product branching ratios is illustrated in a Wahrhatftig
plot*¢ (Figure 5). The microcanonical dissociation constants
are calculated using RRKM theory for two competing processes.

profile. A longer range electrostatic potential for the 4on (43) Cheng, X.; Wu, Z.; Fenselau, G. Am. Chem. Socl993 115,
zwitterion interaction may result in a looser transition state with 4844-4848. o

relatively larger entropy than that of the iemolecule interac- | (34) Cerda. B. A; Wesdemiotis, @.Am. Chem. S04996 118 11884~
tion. Y

(45) The effectiw; entropy difference of the two c':om_peti'ng reaction
It is possible to obtain the magnitude of the relative entropy pathways for retention of the proton by TMG vs betaine is given by
difference of the two reaction pathways using a modified version + + + +
o - 1= RT, In((MH")/[BH - RT, In([MH"J/[BH
of Cooks’ original kinetic method as demonstrated by Fenselau encan INIMH VIBH Deso = R INIMHA VBH Doro

Teff,BIRD - Teff,CAD

(42) Gauthier, J. W.; Trautman, T. R.; Jacobson, DABal. Chim. Acta (46) Futrell, J. HGaseous lon Chemistry and Mass Spectroméwoiin
1991 246, 211-225. Wiley and Sons: New York, 1986.
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Table 3. Calculated Gas-Phase Proton Affinity and Basicity of value (239.2 kcal/mol) using the revised GB scale is gratifying.
Betaine All subsequent GB values are referenced to this revised scale.
_ proton affinity* gas-phase basicity Master Equation Modeling of the Experiment. The
basis set (kcal/mol) (kcal/mol) threshold dissociation energieE,) for these dimers can be
RHF/6-31g* 252.0 244.6 obtained from the measured zero-pressure limit Arrhenius
RHF/6-3L-g* 256.2 248.8 parameters using master equation modeling. Included in this
MP2/6-3H-g** 246.7 239.3

model are calculated rate constants for radiative absorption,
radiative emission, and dissociation. Three parameteray,

@ Vibrational frequencies for the calculation of zero-point energies, andE,) are adjusted in the master equation model. The first
enthalpy of heating to 298 K, and entropy contribution to gas-phase 1y, parameters are varied over a reasonable range to estimate
basicity evaluated at the RHF/6-31g* level and scaled by 0.91. . . . L

the uncertainty in the absolute radiative rates and the transition
state entropy, respectivelyk, is the value of interest and is
adjusted within the range of the first two parameters to fit the
experimental data. These three parameters are coupled. For
example, a decrease B§ results in an increase in the modeled
kuni, but @ simultaneous decrease in eitA&ror the transition
dipole scaling factor can offset this change. However, the
relative temperature dependence of these parameters may not
%e the same, and different modelegandA values may result.

experiment 239.2

One is enthalpically favoredsf = 1.2 eV,A® = 10®s71) and

is taken to represent the channel for retention of the proton by
betaine. The other has a relatively larger entropic component
(Eo = 1.4 eV,A* = 10 s7), i.e., a looser transition state, but

a slightly higher dissociation energy and is taken to represent
retention of the proton by TMG. The dissociation energies
reflect those determined for the respective dissociation processe
(vide infra), and theA>-factors represent a range of loose Th ble fit IV be obtained lativel
transition states. Although not strictly accurate, Boltzmann us, reasonable 1ils can only be obtained over a relatively
distributions are calculated at 450 and 780 K to simulate the "'V rgngg ot values. S o
internal energy distribution of the BIRD and quadrupole CAD Two criteria are used to determine if a fit is within thg Ilmlts
methods, respectively. The kinetic windows are determined by ©f our model. First, the modeleg, andA must both fall within

the slowest rate constants observable for these methods. Fofh€ error bars of the measured values. Second, the calculated
BIRD and quadrupole CAD, the slowest processes have Kuni must pg .Wlthln a factor of 2 of the e>.<pe.r|m.e.ntal values.
dissociation constants 0f0.001 and 10 00074, respectively. Reproducibility of absolu_te rate constants is significantly bette_r
At higher ion temperatures, the process with the ladjehas than a factor of 2, but this range should account for systematic
a larger rate constant, so this process is favored at the higher®I"or that may be present in either the temperature calibration
temperatures of the CAD process. At the lower temperatures OF the relative _detectlon_efflmency of th(_a ions. The error
of the BIRD method, the process with the lower dissociation "eported forg, is determined from the highest and lowest
energy Eo) is favored. Both activation methods yield an calculated values that will fit the experimental data, within these
accurate GB for betaine at the temperature of the experiment.crteria.

In principle, the BIRD technique can be used to determine  The effects of varying each of the adjustable fitting parameters
the entropy difference in reaction pathways from the temperaturein the master equation model &g, Eo, andA for the proton-
dependent change in the product branching ratio. However, nobound dimers oN,N-dimethylacetamideN,N-DMA) and amino
temperature dependence outside experimental error was obacids have been described previowSlyThe value of, is the
served for the product ion ratios for these dimers. This is most most critical factor for obtaining accurate fits to the experimental
likely due to the limited temperature range (82 for TMG). Ea. The exquisite sensitivity of the kinetics to the valuebf
The difference inTe between Cooks’ CAD experiment and makes possible extraction of this value from the zero-pressure
the BIRD experiment is 6 times larger than the temperature data with high precision. For these calculatidgswas initially
range of the BIRD experiment alone. Thus, it should be possible changed in 0.05 eV increments from 1.00 to 1.60 eV to bracket
to obtain a more accurate value of the entropy difference by the range ok, that fit the data. A finer grain step size (0.01
comparing the BIRD and CAD data within the limits of the €V) was then used to pinpoint the limits more precisely. A
assumptions stated previously. detailed description of the range of valuesgofand A~ that

Calculated GB of Betaine. The values of PA and GB  Were used follows.
calculated at increasing levels of theory are shown in Table 3.  Dissociation of proton-bound dimers is entropically favored
Polarization functions on both heavy atoms and hydrogens areand characterized by a “loose” transition stak€ ¢ 104 s™1).
required to accurately model thermodynamic functions for small There is clear evidence that the entropy of the transition for
molecules, and diffuse functions generally reproduce experi- dissociation depends on which species retains the proton (vide
mental values more accurately for negative i#hsSince neutral supra). In addition, the reference bases used to form proton-
betaine is a zwitterion, the addition of these functions should bound dimers with betaine in this study are structurally
provide more accurate values for GB. The effects of electron dissimilar and are likely to have different transition state
correlation can be considerable for protonation reactions. Thus,entropies for dissociation. For example, TMDP and TMDB
it is expected that the PA and GB values calculated at the MP2/ have two polar groups that can interact with the charge in the
6-31+g** level are the most reliable. At this level, the GB is complex. Dissociation of the complex can open up internal
calculated to be 239.3 kcal/mol at 298 K. Changing the scaling rotations if these molecules do not retain the charge. This would
factor for the frequencies (RHF/6-31g*) from the established result in a large activation entropy. In contrast, DBN and DBU
value of 0.9%6to either 0.90 or 0.92 results in=0.1 kcal/mol are bicyclic compounds that have no active internal rotors in
change in the calculated GB. Even a scaling factor of 1.0 results either the reactant or transition state. To take into account the
in a <1 kcal/mol change in GB. Thus, errors in the frequencies different transition state entropies possible for these complexes,
are unlikely to be a significant source of error in these four transition state frequency sets were constructed for each
calculations. However, higher level calculations are necessarydimer spanning the loose range of rapid energy exchange limit
to show whether the GB has converged to the true value. Arrhenius preexponential factors (6, 10'59, 10'6-2 and 1874
Nevertheless, the excellent agreement with our experimentals™1). The latter value is comparable to the largésfactor
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reliably measured for neutral molecule dissociations and should
be a reasonable upper limit for dissociation of these ionic
complexes as weft+47

Accurate transition dipole moments are critical for modeling
the experimentak,n but have only a minor effect on the
Arrhenius parameters. Experimental values for the systems
investigated here are not available. Valuesiafalculated at
the ab initio level are typically 1.4 times larger than experimental
values for small neutral molecules, but compare more favorably
for small ions?52948 A direct comparison of absolute transition
dipole moments calculated at the AM1 semiempirical level with
experimental integrated line intensities is not available, but AM1
calculations are fast and efficient at reproducing the expected
relative transition intensities to a fairly high level of accuracy.
For proton-bound dimers of amino acids and analogues, both
experimental results and ab initio calculations indicate that the
semiempirically derived values are approximately a factor of 3
too small?>4° For protonated betaine dimer, the integrated
absorption rates calculated at the ab initio RHF/6-31g* level
are~3.3 times larger:{ ~1.8 times larger) than those calculated
with AM1 values. However, due to the structural differences

in the reference bases used, a single scaling factor is not

Price et al.
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expected. A scaling factor between 1 and 3 was used in theserigure 6. Zero-pressure limit Arrhenius plots of the experimental data

calculations and should account for the uncertainty in the
absolute radiative rate constants for these dimers.

(®) and limiting case master equation modeled fits for the dissociation
of protonated TMGbetaine dimer with (a) transition dipole moments

The effects of these parameters on the modeling are illustratedcalculated at the AM1 level witi* = 10°° s and E, = 1.28 eV

for the protonated betaiiEMG dimer which has measured zero-
pressure limit Arrhenius parameters of 0.210.03 eV and
108-5£03 51, Figure 6 shows the experimental data and the
results of these calculations. For clarity, only those fits that
are at the limits of acceptability are included (best fits are not
on the graph). The experimental data can be fit usingealing
factor of 1 if the proton is on TMG (Figure 6a) and 2 if the
proton is on betaine (Figure 6b), independent®sf No fits
could be obtained for the other values. Kt between 1&
(dashed lines) and 10*s! (dotted lines)E, must be between
1.25 and 1.35 and 1.28 and 1.38 eV far acaling factor of 2
and 1, respectively, to fit the measured Arrhenius data to within
the precision of the experiment. The valuekgfwe report for

this dimer is 1.32+ 0.07 eV. The error bars include uncertainty
in both the experiment as well as the modeling. Itis emphasized
that the latter includes uncertainties in both the transition state

(dashed line) ané~ = 10'"“s! andE, = 1.38 eV (dotted line) and

(b) transition dipole moments 2 times larger than AM1 values With
=10%%st andE, = 1.25 eV (dashed line) and = 10'7“s™* andE,

= 1.35 eV (dotted line). These master equation fits represent the
maximum acceptable limit within the error of the experiment.

base and on betaine, respectively. Betaine has a large permanent
dipole (« = ~12 D). The dipole moments for the reference
bases are significantly smallex (< 3.5 D) The ~0.2 eV
higher binding energy when the base retains the charge is due
to a stronger iorrdipole interaction when betaine remains
electrically neutral, i.e., a zwitterion, throughout the reaction
profile.

Figure 7 illustrates the effects of the basicity of the reference
bases on the reaction potential. For the DBé&taine dimer
(Figure 7a), the more stable iewitterion complex is favored
and the dissociation occurs via the more enthalpically favorable

entropy and the radiative rate constants. Even with these largedissociation pathway (1.3% 0.08 eV), reflecting the 3.4 kcal/

uncertainties, values d, can still be obtained for a variety of
proton-bound dimers with high accura®®/° For example, the
binding energy of the proton-bound dimerNfN-dimethylac-
etamide obtained by this method is nearly identical to that
obtained by high-pressure mass spectron?tr¥he values of
E, obtained by this modeling and the range of the fitting
parametersA® andu scaling factor) are reported in Table 4
for each of the protonated betaibase dimers investigated.
Binding Energies. To the extent that the reverse activation
barriers for these reactions are negligible, the valuds,ofie
obtain from the master equation analysis should be equal to
the binding energies. With the exception of the TNd&taine

mol difference in GB between betaine and DBU. For the DBN
betaine dimer (Figure 7b), the difference in energy of the
competing exit channels is onky1.1 kcal/mol?? The ion—
zwitterion complex is still the most favored structure, but both
products are observed due to their similar energies. Both
channels will contribute to the measured binding energy, but
the 1.1 kcal/mol difference in product ion energy cannot be
distinguished within the error of the measurgg of 1.40 +
0.08 eV.

For the TMGbetaine dimer (Figure 7c), the relative energies
of the exit channels are the reverse of the previous example.
Dissociation to form protonated betaine~6.8 kcal/mol lower

dimer, a strong correlation is observed between the binding i, energy than the protonated base. On the basis of the higher
energy and the site of proton retention. The binding energy is pinding energy, the dissociating population is still primarily the
~1.4 and~1.2 eV when the proton remains on the reference jon—zwitterion structure at the temperatures used in the BIRD
experiment, even though the ieawitterion dissociation channel

is not the favored pathway for dissociation. The binding energy
of 1.32 + 0.07 eV measured for this complex is lower than

(47) Benson, S. Wrhermochemical Kinetics. Methods for the Estimation
of Thermochemical Data and Rate Parametdichn Wiley & Sons: New
York, 1968.

(48) Keim, E. R.; Polak, M. L.; Owrutsky, J. C.; Coe, J. V.; Saykally,
R. J.J. Chem. Phys199Q 93, 3111-3119.

(49) Jockusch, R. A.; Williams, E. R. Phys. Chem. Asubmitted for
publication.

(50) Dipole moments are calculated at the AM1 semiempirical level.
(51) For betaine and all the bases, except TMDP and TMDB, the relative
entropy factors are all within 2 kcal/mol.
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Table 4. Master Equation Model Fitting Parameters for Extracting
Threshold Dissociation Energy from Measured Arrhenius Values

modeled modeled photon modeled modeled Eo=145eV
reference proton absorptionrate E,range  log A
base site (sh2 (eV) range EoeV) M
betaine  betaine 3.8 b b 1.45+ 0.05
15.2 1.46-1.50 14.6-17.4
34.2 b b
DBU DBU 3.8 1.33-1.43 14.6-17.4 1.35+0.08
151 1.271.30 14.6-15.0
34.0 b b o oH
DBN DBN 3.8 1.43-1.48 16.2-17.4 1.40+0.08 \‘,3
15.0 1.33-1.42 14.6-16.2 CH2
33.9 b b H3C-N-CH3 T
TMG  betaine 2.3 b b 1.32+ 0.07 @ cHs g2
9.0 1.25-1.35 15.6-17.4 Base HaC =N~ Cha
203 b b ® cs
™G ™G 3.9 1.28-1.38 15.6-17.4 loneMolecule loneZwitterion
égg E E Figure 8. Energy diagrams for the dissociation of proton-bound dimers
TMDB  betaine 11 b b of betaine with a base of identical gas-phase basicity: (a) homodimer

4.4 1.18-1.25 15.6-17.4 of betaine and (b) a heterodimer of betaine with an equally basic
10.0 1.26-1.23 15.0-16.2 nonzwitterionic compound.
TMDP  betaine 1.2 b b
4.9 1.16-1.18 15.0 0.05 eV (average value for TMDB, TMDP, DMPA, and TBA).
DMPA  betaine 101'?8 bl.le.zo 65'(}17'4 This indicates that the iermolecule conformation of the dimer
73 b b is more favored. There are significantly more similar energy
16.4 1.16-1.25 15.6-17.4 structures for the iofrmolecule conformation than for the ien
TBA betaine 30-58 li 15125 bl5 0174 zwitterion structure. Thus, this iermolecule conformation is
78 114118 150-16.2 somewhat entropically favored.

The energy diagrams for dimers with constituents of equal

2Photon absorption rate calculated at the central experimental GB are shown in Figure 8. The simplest case is illustrated for

temperature assuming only the= 0 vibrational state is occupied. ; ; : - .
Average energy of the absorbed photon is between 1000 and 1560 cm the beta|.ne homodimers (Figure 8a). The reaction profile is
depending on both the temperature and the oscillator strength of theSymmetrical and has a measurég of 1.45 + 0.05 eV.

transitions? A fit was not possible with these parameters. Heterodimers with constituents of equal GB have an asymmetric

a

Eo=1.35eV AGB = -3.4 kcal/mol

b

Eo = 1.40 eV AGB =-1.1 kcal/mol

c
Eo=1.32eV AGB = +0.8 kcal/mol
d
Eo=1.20eV AGB 2 +1.9 kcal/mol

BetaineH 4 7

N
/

\
lon*Molecule loneZwitterion

potential. A hypothetical example is shown in Figure 8b. To
the extent thakE, values measured for the betaine heterodimers
accurately reflect the true binding energies of these complexes,
the exit channel leading to a protonated reference base has a
binding energy of~1.4 eV whereas the dissociation channel
from the ion—-molecule complex to protonated betaine as the
product has ai, of ~1.2 eV. The difference in these values
should be approximately equal to the difference in energy of
an ion—zwitterion vs ion—neutral complex. Thus, the ien
zwitterion complex should be the dominant structure in the gas
phase.

As discussed earlier, the energies of the-tawitterion and
ion—neutral complexes calculated at the AM1 and PM3
semiempirical levels are inconsistent. In addition, both methods
provide energies that are inconsistent with the experimental
values. Interestingly, the AM1 derived binding energies are
closer to these experimental values than those from PM3. AM1
values appear to overestimate the relative stability of the-ion
zwitterion vs ior-molecule complex, whereas this difference
is significantly underestimated by PM3. The experimental
results also suggest that the most stable structure of an
ammoniabetaine dimer should be an iemolecule complex,

Figure 7. Energy diagrams for the dissociation of proton-bound dimers not an ion-zwitterion as predicted by PM3,due to the
of betaine and reference bases of decreasing gas-phase basicity: (agignificantly lower GB of ammonia.

DBU, (b) DBN, (c) TMG, (d) TMDB, TMDP, DMPA, and TBA. The

AGB values reported correspond to the differences in gas-phase basicityConclusions

between betaine and the reference bases. The measured vdiye of

for betaine with each base is also indicated on the diagram. Dissociation energies of proton-bound dimers of betaine with

neutral molecules of similar gas-phase basicity were obtained
that for DBN and DBU and, in part, may reflect the lower exit from master equation modeling of measured BIRD kinetics. For
barrier height of the iorrmolecule product pathway. However, bases of higher or comparable gas-phase basicity, the binding
within the error bars, these values are indistinguishable. energies are-1.4 eV. For bases that are2 kcal/mol or more
When betaine is more basic than the reference basedy less basic than betaine, betaine retains the charge and the binding
kcal/mol or more (Figure 7d), the binding energy~4.20 + energy is~1.2 eV. For these bases, the most stable structures
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are ones in which the base interacts with the quaternary nitrogenhigher than that reported previoudf. This difference is

end of betaine which retains the charge. In contrast, for basesattributed to a difference in entropy for dissociation via an-on

of comparable or higher gas-phase basicity, the zwitterionic molecule vs ior-zwitterion channel. Due to the lower ion
structure is more stable. The higher binding energy of these internal energy and longer time frame of the BIRD experiment,
ion—zwitterion complexes is consistent with a significantly gas-phase basicities obtained by BIRD should be closer to those
stronger ion-dipole interaction due to the large dipole moment at standard temperature.

of neutral (zwitterionic) betaine. For a base with a gas-phase Increasing evidence indicates that zwitterions and salt bridges
basicity that is lower by~1 kcal/mol, the measured binding play an important role in the gas-phase structure and reactivity
energies indicate that the iezwitterion complex in which the of larger biomolecules. The results with betaine presented here

base is protonated is more stable, even though theriwlecule indicate that the measurement of binding energies of bieion
dissociation pathway in which betaine retains the proton is neutral complexes could be a useful probe for the presence of
favored. zwitterions in the gas phase.

In addition to binding energies, the gas-phase basicity of
betaine was obtained from the BIRD data using the kinetic
method and was found to be 239%21.0 kcal/mol. This value
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