8700 J. Phys. Chem. A999,103,8700-8705

a,ow-Diaminoalkanes as Models for Bases that Dicoordinate the Proton: An Evaluation of
the Kinetic Method for Estimating Their Proton Affinities
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The effectiveness of the kinetic method for estimating the proton affinities of bases that di-coordinate the
proton is evaluated using,w-diaminoalkanes as model bases. The proton affinities of these diamines have
previously been examined using the equilibrium method and critically evaluated. Calculations using density
functional theory at the B3LYP/6-31+G(d,p) level confirm that protonatedw-diaminoalkanes have cyclic
structures with the proton covalently bound to one of the amino nitrogen atoms and hydrogen-bonded to the
other. Furthermore, this cyclic structure persists in the protonated heterodimer ion betwagmw-an
diaminoalkane and ammonia (the model reference base); binding of the two bases takes place via a second
hydrogen bond between the RifHand ammonia. Measuring the proton affinities under several collision
energies and extrapolating to zero collision energy yields proton affinities that are smaller than the reference
values by—2.8 kcal/mol, on average. Application of the Fenselau correction gives proton affinities that differ
from the reference values hi1.0 kcal/mol. These results indicate that the kinetic method is effective for
estimating the proton affinities of molecules that tend to have more than one potential protonation site.
Application of this method is particularly suited to biological molecules, such as peptides, where application
of the equilibrium method is impossible due to low sample volatility.

Introduction [Bi----H----B]"—=B+BH" (rate constant=k) (1)

The gas-phase structures of protonated and metalated amino
acids and peptides have received much attention in the past few
years! Much of this interest originates from enthusiastic . o
applications of mass spectrometry in the characterization andWhere_B IS a reference_ base whose pr(_)tpn_affln_ny is known,
measurement of biological ions after the advent of electro- and ||.3 |s_the b?se foryvhlch the [:;]ro(tj?rn afgnlty 's being measured.
spray ionizatioAand matrix-assisted laser desorption/ionization Application of transition state thedtjeads to
(MALDI). 3 An intrinsic understanding of peptide and protein . o, .
structures can be derived from the affinities of amino acids and In(ki/k) =In(Q /1Q) + [¢, — €,(1)l/RTey 3)
oligopeptides for the proton or the metal ion of interest.
However, amino acids and peptides are nonvolatile, thus making
them unsuitable ligands for the equilibrium metHodhe
conventional technique for measuring relative ion affinities.

—B,+BH" (rate constant= k) (2)

whereQ" and Q" are the partition functions of the activated
complexesg,(i) ande, are the activation energieR;is the gas
constant; and s is the effective temperature, a parameter in
temperature units that reflects the internal energy of the

The kinetic method, developed by Cooks and co-worRers, gissociating heterodimer. Assuming that abundances reflect rate
is an effective method for estimating the relative binding constants and that no reverse activation barriers &xist,
energies of twaimilar bases that bind to a central ion, typically

a proton. It is based on measuring the relative abundance of |n(B.HJ/[BH']) = In(Q"/Q") + [PA()) — PAIRT,; (4)

the product ions arising from the dissociation of the complex

ion, the ion-bound “heterodimer” of the bases. The logarithmic \here [BH*] and [BH'] are the abundances and Ppgnd PA

value of the relative abundance is proportional to the logarithm are the proton affinities of the reference base and the unknown

of the relative rate of dissociation of the two reaction channels, base, respectively. For structurally similar basg$~ Q, eq

and is used to estimate the relative binding energy of the two 4 reduces to

ligands for the ion. An attractive feature is that application of

the method doesot require generating a population of the In([B;H)/[BH]) ~ [PA(i) — PAJRT 5)

neutral base in the gas phase, thus permitting measurement of

relative ion affinities of nonvolatile bases or ligands, such as A plot of In([B;H*]/[BH *]) versus the proton affinities of a series

amino acids and oligopeptides. For the dissociation of a proton- of structurally similar, e.g., homologous, reference bases would

bound heterodimer of Band B, be linear with a slope of RTex and anx intercept of PA. This
approach constitutes the basis for many proton affinity measure-

*To whom correspondence should be addressed. Phone: (416) 650 Ments, whose results are typically in good agreement with those
8021, fax: (416) 7365936, E-mail: kwmsiu@yorku.ca. measured using the equilibrium methbd.
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Models for Bases that Dicoordinate the Proton

Despite its empirical success, the kinetic method’s basic

assumptions have generated much interest and discussion

particularly those that were highlighted in recent applicatfons.

For biological ligands, the appropriateness of the kinetic method

for evaluating their proton affinities is not immediately obvious.
An amino acid or peptide typically has more than one potential
protonation or metal-ligation site and therefore can potentially
di- and even tri-coordinate the central iburthermore, this
property makes identification of structurally similar reference
bases for these ligands difficult, if not impossible.

A fundamental difficulty of the kinetic method is that its
original derivation is based on assumption of thermal equilib-
rium, a condition unlikely to be applicable to a population of
dissociating ionsn vacua®® Norrman and McMahdihreported
recently that theT.s measured from a given metastably
dissociating heterodimer of protonated nitriles varied inversely
with the temperature of the high-pressure ion source in which
it was generated and thermally equilibrated. Holre¢sal.89
recently proposed the elimination of tigy term and discon-
tinuation of its application in the derivation of entropy changes
in complexation. Drahos and"Wey 8 however, found thafes
correlated well with the mean internal energy of ions dissociating
within the analytical time window and not with that of the whole
ion population.

Bojesen and Breindaflwere able to show that the relation-
ship

In([B;H"J/[BH]) ~ [PA(i) — PAIC (6)
whereC is a proportionality constant, could be derived without
invoking the assumption of thermal equilibrium for the precursor
ions. Applying quantum RRK theory, Craigt ale recently
demonstrated that for branching reactions

In(ki/k) O [, — €5(1)] ()

is an often valid condition even if the precursor ions have an
undefined energy distribution.

Given the empirical success of the kinetic method and the
lack of a viable alternative method for measuring proton and
metal ion affinities of nonvolatile biological molecules, we
decided to evaluate the accuracy of the kinetic method for
measuring the proton affinities afiodel basethat arebelieved
to “cyclize” on protonation, and hence be stabilized by
intramolecular hydrogen bondingnd whoseproton affinities
have been measured by means of the equilibrium me#mati
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Experimental Section

' Experiments were conducted on an atmospheric pressure
ionization mass spectrometer of triple quadrupole (QqQ) design
(TAGA 6000E, SCIEX, Concord, Ontario, Canada). The elec-
trospray probe was fabricated from an approximately 3-cm long,
33-gauge stainless steel tube (Hamilton, ca. 200i.d.) that
had been attached to a length of 1/16 in. o.d. stainless steel
tube with epoxy glue. The probe tip was electropolished prior
to use. The optimum probe position was established from time
to time, but was typically with the tip about-2 cm from the
interface plate and with the spray off-axis from the orifice.
Biassing of the probe tip was achieved via a 5@Murrent-
limiting resistor in series with a high-voltage power supply
(Tennelec, model TC 950) set typically between 2.5 and 3.5
kV. The electrospray current was monitored via a custom-built
microammeter that could be floated above ground.
Gas-phase proton-bound heterodimers of the amines were
generated by means of electrospraying 50/50 water/methanol
solutions containing a binary mixture of the amine bases,
typically 1 mM per base. To measure the relative abundance of
the protonated amine fragment ions, the protonated heterodimer
ion was mass-selected in the first quadrupole (Q1), fragmented
in g2 via collision with Ar, and the product ions mass-analyzed
in Q3 with a dwell time of 16-50 ms pemvz unit. Eacha,w-
diaminoalkane unknown base was paired with a minimum of
three secondary amines as reference bases. The proton affinities
of a number of 1-alkanamines were also measured as a
comparison; for these unknown bases, other 1-alkanamines were
used as reference bases. Collision-induced dissociation (CID)
was performed under constant center-of-mass enelgigsfor
all the pairs; a number d&.y, values, ranging from 0.6 to 2.5
eV, were employed. All CID experiments were carried out at a
constant collision gas thickness of 1010 atoms cm?,13
under which single collisions prevailed.

Computational Methods

DFT employing the hybrid B3LYP method (using Becke's
three-parameter exchange functidhabnd the correlation
functional from Lee, Yang, and P&ty with the 6-3H--+G(d,p)
basis séf in Gaussian 987 was used to calculate the optimized
geometries and vibrational frequencies of the amines, their
protonated ions, and the protonated heterodimers in which
ammonia was the reference base. The transition state structure
of protonated 1,4-diaminoalkane was found using a combination
of the synchronous transit-guided quasi-Newton method (QST2)

have been independently evaluated. The bonding in theseand the Berny transition-state algorithm in Gaussiat’98.
protonated bases serves to mimic di-coordination of amino acids The proton affinity of a base B is the standard enthalpy

and peptides to the protda,eMi®and success or failure of the
kinetic method in this evaluation may serve as an indication of

the appropriateness of the technique for measuring the proton

affinities of amino acids and peptides. In this exercisgy-

change AH®, 295 associated with reaction 8:

BH —B+H" (8)

diaminoalkanes were selected as model bases; our interest in AH® 508 = AEgjec + AEzpye(0) + AE;(298)+ 5RTI2 (9)

this class of bases was stimulated by the studies ofeuz1°
and Yamdagni and Kebarlé whose results strongly suggest

that protonation of these bases results in di-coordination of the

proton by the two amino nitrogen atoms.

We report here the proton affinities ofw-diaminoalkanes
measured in this exercise using two versions of the kinetic
method” and compare them with reference d&ave also
report the optimized structures of protonategy-diamino-

alkanes and that of the heterodimer of 1,4-diaminoalkane and

ammonia using density functional theory (DFT) at the B3LYP/
6-314++G(d,p) level of theory. Proton affinities are also
calculated and compared with the reference data.

In eq 9,AEeiec AEzpve(0), andAE(298) refer to the changes
in electronic energy, zero-point vibrational energy, and thermal
energy required to calculate the reaction in eq 8 at 298.15 K,
respectively. The constantR372, is the classical estimation of
the effect of gaining three translational degrees of freeddrii/(3
2) for the proton pludRT, the PV term for the proton.

Results and Discussion

Optimized Geometries of Protonated Monomers and
Heterodimers. The experimental results of Auet all® and
Yamdagni and Kebarlésuggest strongly that the proton in a
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Figure 1. Optimized geometries of neutral and protonated 1,4-
diaminobutane, and the transition state structure of interconverting
protonated 1,4-diaminobutane isome®; C; O, H.

protonatedx,w-diaminoalkane ion is di-coordinated to the two
amino nitrogen atoms. This interpretation was supported in
theoretical study in which the optimized structures of protonated

1,4- and 1,5-diaminobutane were determined using the SCF/

DZP level of theory, although the proton affinity of 1,4-
diaminobutane calculated at MP2/TZ2P//SCF/DZP was com-

pared with experimental data referenced to a scale that is

currently considered to be questionable.

Wang et al.

TABLE 1: Calculated B3LYP/6-31++G(d,p) Energies (in
Hartrees), Zero-Point Vibrational Energies, and Thermal
Energies (Both in kcal/mol)

electronic zero-point thermal
base energies energies  corrections
(A) a,w-diaminoalkanes
1,2-diaminoethane  —190.54364 69.3 35
1,3-diaminopropane —229.86036 87.2 4.4
1,4-diaminobutane  —269.17835 105.1 5.1
1,5-diaminopentane —308.49567 122.9 6.0
1,6-diaminohexane  —347.81310 140.7 6.9
(B) protonatedx,w-diaminoalkanes

1,2-diaminoethane —190.92137 79.1 3.1
1,3-diaminopropane —230.25012 96.9 3.7
1,4-diaminobutane  —269.57449 114.6 4.4
1,5-diaminopentane —308.88737 132.4 5.2
1,6-diaminohexane  —348.20345 150.9 5.9

began with an examination of the optimized geometries of
protonated monomers and heterodimers afv-diamino-
alkanes.

Preliminary structure optimization studies showed that the
neutrala,w-diaminoalkanes prefer structures in which the amino
groups are as far apart as possible. The geometric parameters
for all of the o,w-diaminoalkanes from optimization at B3LYP/
6-31++G(d,p) are remarkably invariant with-\H distances
of 1.017 A, C-N distances of 1.4651.466 A, and G-C
distances of 1.5331.539 A (with the exception of ethylene-
diamine in which the &C distance is 1.542 A). We illustrate
the geometries by using only one molecule, 1,4-diaminobutane
(Figure 1). The electronic, zero-point vibrational and thermal
energies are shown in Table 1. Structural information on the
othero,w-diaminoalkanes is given in the Supporting Informa-
tion.

Protonation has the dramatic effect of producing a cyclic
structure,1, in which the proton is covalently bound to one of
the amino groups and is hydrogen-bonded to the other amino
group (Figure 1). For 1,2-diaminoethane, the N----N angle
is constrained by the ring size to be 123.but as the number
of carbon atoms in the ring increases, then this angle also
increases and approaches 18the preferred value for a
hydrogen bond. Protonation results in substantial increases in
both C-N distances. The €NH3* distance is the larger one,
with distances between 1.509 and 1.520 A, whereas tHeid;
distance is around 1.4941.499 A (except in the most strained
ion, HoaN(CHo)oNHz+, where it is 1.471 A). The changes inC
distances resulting from protonation at nitrogen are much
smaller, with those adjacent to the-8®IHs™ bonds being shorter
than in the neutrab,w-diaminoalkanes, but by less than 0.01
A. The C-C bonds adjacent to the -NH, bonds in the

a Protonated,w-diaminoalkanes show even smaller changes, but

also are decreased relative to those in the parent bases.
Conversely, the other-€C distances in the center of the carbon
chains are slightly larger in the protonated amines.

The N—H distances in both the N§& and NH, groups in the
protonated amines are longer than those in the neutral molecules
and the proton involved in the hydrogen bond has the longest
bond. In protonated 1,4-diaminobutane thé-NH distance is

Since the objective of this study was to evaluate the accuracy 1,133 A, whereas the N-H distance is 1.545 A. These compare

of the kinetic method for biological ligands that have multiple
potential protonation sites using model ligands that di-

with a distance of 1.017 A in the neutral diaminoalkanes.
The transition structure for the intramolecular proton transfer,

coordinated the proton, it was essential that the chosen model1# (Figure 1), hasC, symmetry with the migrating hydrogen

basesp,w-diaminoalkanes, do indeed di-coordinate the proton
and, more importantly, that this di-coordination persists in the
protonated heterodimer between the-diaminoalkane and the

symmetrical between the two nitrogen atoms. The geometric
changes within the [N, backbone on going from the structure
at the minimum to the transition structure are all small. The

reference base. To determine if these conditions are met, webarrier to this rearrangement is very small (0.5 kcal/mol),
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TABLE 2: Reference Bases foro,w-diaminoalkanes

PA L
(kcal/ a,w-diaminoalkane
reference base mol 1,2 1,3 14 15 1,6
1. N-methyl methanamine 222.2¢
2. N-methyl ethanamine 2252
3. N-ethyl ethanamine 227.6 ¢« o
4. 2-methyl-N-(2-methyl-propyl)-1- 229.0 o ¢« o
propanamine

5. N-butyl-1-butanamine 2315 e o o o
6. N-(1-methylethyl)-2-propanamine 232.3 .
7. N-(1-methylpropyl)-2-butanamine 234.4 e o o o

aNIST evaluated data, see ref 12.

weaker than that with the terminal amino group. This is
consistent with the higher proton affinity of 1-pentanamine
(220.7 kcal/mol) compared with that of ammonia (204.0 kcal/
mol).

Upon collision activation, the most probable bond fission(s)
in the heterodimer occur at the H-bon8i8—H2, N1-H2, N1—
H1, andN2—H1. Cleavage ofN1—H1 or N2—H1 alone will
not lead to protonated 1,4-diaminobutane or protonated ammonia
product ions; these are only produced upon cleavage3of
H2 or N1—-H2, respectively. Under our experimental conditions,
Figure 2. Thg optimized structure of the protonated heterodimer ggch protonated heterodimer collided, on average, with only one
between 1,4-diaminobutane and ammonia. argon atom:; this means there was a low probability of multiple
activation events. Furthermore, the probability of multiple bond
fissions was lowest under the small&sf,. This is apparently

indicating that there is rapid interconversion between equivalent

structuresla and 1b. a reason the most accurate PAs were measured at the lowest
Ha Ha Hy center-of-mass collision energies. One of the tenets of the kinetic
O, O ~nh, O ~nH, method is that the structure of the protonated monomer and that
HoC }!i H,O : HZT ; of the monomer within the protonated heterodimer should be
Hzc\ ; T e H+ HaC T similar. The structural details of the protonated 1,4-diamino-
S/NHz \C/NHz \C/riH2 butane in the heterodimer of Figure 2 are very similar to those
: He He of the protonated 1,4-diaminobutane monomer shown in Figure
1a 1 1b 1. It is perhaps not surprising, at least from this perspective,

that the kinetic method is applicable in the present case.

The most stable structure of the protonated heterodimer Kinetic Method. Table 2 shows the seven secondary amines
between aro,w-diaminoalkane and a reference base was not used as reference bases for the fimaw-diaminoalkanes
immediately apparent. Protonation of one of the amino groups, examined. Although the secondary amine bases are not members
either on theo,w-diaminoalkane or on the reference amine, of a homologous series, they are nonetheless structurally very
results in an RNH" ion. This has three acidic hydrogen atoms similar and are the best that could be identified given the limited
and each can potentially hydrogen bond to one of the two number of evaluated amines with high proton affinitiés.
remaining RNH groups. Geometric optimization showed that The measured PAs of the,w-diaminoalkanes at different
the lowest energy structure of the heterodimer has two hydrogenEcny, values, their averages, resultant PAs after corrections, the
bonds, one intramolecular as in the isolated protonated diaminecalculated PAs, and the reference values are listed in Table 3.
and the other with the reference amine. Figure 2 shows the The measured proton affinities are apparently a function of
optimized structure for the heterodimer between protonated 1,4-center-of-mass energies, in accordance with previous observa-
diaminobutane and ammonia, the latter being selected as thetion.X:72In cases in which binding of the bases to the proton is
representative reference base for computational efficiency. It is comparable, such as measurements of PAs of primary amines
noteworthy that thesameoptimized structure was obtained with other primary amines as reference bases (Table 4), the PAs
irrespective of the initially guessed structure. Starting structures measured are little affected by collision energies: the average
included the ammonium cation, N# being di-coordinated by  standard deviation of the measurements in diffeEzptvalues
the two amino nitrogen atoms of 1,4-diaminobutane and the of the three 1-aminoalkanes is 0.2 kcal/mol, whereas that of
ammonium ion being attached to only one of the amino the five a,w-diaminoalkanes is 0.8 kcal/mol.
hydrogen atoms. For theo,w-diaminoalkanes, the measured PAs are all lower,

Comparison of the heterodimer structure (Figure 2) with that by an average of 2.8 kcal/mol, than their reference PAs
of the isolated protonated 1,4-diaminobutane in Figure 1 shows established by the equilibrium methbdyut are considerably
the proton between the two nitrogen atoms of the diamine in higher than the PAs of their equivalent monoamifas shown
the dimer ion to have a shorter NHH distance (1.070 A in Table 5. The calculated PAs are in good agreement with the
compared with 1.133 A) and the hydrogen bond distance to bereference PAs. These results are in accordance with the
much longer (1.763 A compared with 1.545 A), i.e., the bridging expectation that di-coordination of thiew-diaminoalkanes is
proton is not so extensively shared with the other terminal amino maintained in the dissociating heterodimer betweenctfe
group. The hydrogen between the Rtand NH; has a slightly diaminoalkane and the secondary amine.
shorter N-H bond (1.063 A) and a slightly longer Nf+--- From Tables 3 and 4, it is readily apparent that the Fenselau
NH; distance (1.807 A), indicating that this hydrogen bond is correction’ irrespective of its assumptioRsillows one to derive
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TABLE 3: Proton Affinities (PAs) of a,w-Diaminoalkanes, kcal/mol

base PASE:nin eV) PA average PAEcm=0° PA Fenselat PA cal¢® PA ref
1,2 224.7 (0.8), 224.6 (1.5), 224.1 (2.0) 2249.3 225.1 226.6 229.1 227.4
13 231.7 (0.6), 231.3 (1.2), 231.0 (2.0) 23%3.4 232.0 234.8 237.1 235.9
14 237.2(1.0), 236.0 (1.5), 235.7 (2.0), 234.5 (2.5) 23581 238.8 241.3 241.3 240.3
15 234.9 (1.0), 233.6 (1.5), 232.6 (2.0), 231.6 (2.5) 23R P4 237.0 239.0 238.6 238.9
1,6 232.8(1.0), 232.0 (1.5), 231.3 (2.0), 230.5 (2.5) 2370 234.3 240.8 237.2 238.9
average deviation from reference PA —2.8 +1.0 +1.2

2 Average of allE.m values and one standard deviatiéiExtrapolation tcEcm = 0. ¢ Fenselau method of correction, see ref Talculated in this
study using B3LYP/6-3%++G(d,p).¢ Calculated basicitiesAG® values) are 220.7, 227.9, 231.6, 229.1, and 227.0 kcal/mol, respecfid§T
evaluated data, see ref 12.

TABLE 4: Proton Affinities (PAs) of 1-Aminoalkanes, kcal/mol

base PASHE:min eV) PA average PAm=0 PA Fenselau PA ref
1-propanamine 216.0 (0.8), 216.1 (1.2), 215.9 (1.5), 214.9 (2.0) 2185 216.9 216.8 219.4
1-hexanamine 221.8(0.8), 221.7 (1.2), 221.8 (1.5), 221.9 (2.0) 208 221.7 221.7 221.7
1-octanamine 221.1(0.8),221.2 (1.2), 221.1 (1.5), 221.1 (2.0) 2200 221.1 221.0 222.0

See Table 2 for meanings of the PA columns.

TABLE 5: Reference PAs (kcal/mol) ofo,-Diaminoalkanes 237

and Their Equivalent 1-Aminoalkanes'? 1
a,w-diaminoalkane PA 1-aminoalkane PA 236 +
ethylenediamine 227.4 1-propanamine 219.4 —~ T
1,3-diaminopropane 235.9 1-butanamine 2202 ©235 —
1,4-diaminobutane 240.3 1-pentanamine 220.7 § i
1,5-diaminopentane 238.9 1-hexanamine 221.7 234 -
1,6-diaminohexane 238.9 1-heptanamine 220.7 x i

<
correctly accurate proton affinities of bases that are known to &
di-coordinate a proton, using monodentate reference Béses. 235
These two tables also show a proposed alternative correction -
procedure, which involves extrapolating the apparently linear 231 +-—— | | fo
relationship between measured proton affinity &gl to Ecm 0 05 1 15 2 25
= 0, for deriving a best estimate of the correct PA. Figure 3 Ecm (eV)
shows an example of such a correction for 1,5-diaminopentane. » o
The average deviation of the corrected proton affinities from Figure 3. Proton affinity of 1,5-diaminopentane verskign.
the reference proton affinities using the Fenselau correction was
found to be+ 1.0 kcal/mol, whereas that using the proposed
extrapolation method was2.8 kcal/mol. At this juncture, it is
perhaps not appropriate to decide, because of the small numbe
of bases considered (limited by the small number of evaluated
di-coordinating bases), whether one correction method is more
accurate than the other. The positive outcome is that both
methods estimate the proton affinities of the-diaminoalkanes
with acceptable accuracies.

Conceptually, the observation that the measured PA of the
lowestE., appears to best approach the real PA (see Table 3)
is in accordance with a consideration of the late transition state
in which the following equilibrium applies:

The AAS value is unlikely to be approximately zero in the
present situation where B di-coordinates the proton whereas
Fii does not. TheTes AAS term, however, can be minimized
when Ter is the lowest. Although the actual thermodynamic
significance of Ter is subject to question, the parameter is
nonetheless a reflection of the internal energy of the fo@s.
average, a precursor ion that is subject to a more energetic
collision (largerEcy) will have a higher internal energy and a
higher Ter. This means that th&s AAS term is the smallest
whenE.n, is the lowest in our experiments; as a resultEas
decreases, Ik(k) or In([Bi{H*]/[BH]) becomes an increasingly
accurate estimate ofPA. That is, eq 5 becomes increasingly
accurate a¥cy, decreases. For reference bases and unknown

N K N bases that are members of a homologous series, such as the
BH" +B=BH" +B (10) 1-alkanamines whose data are shown in TablAAS s very
close to zerd,and theTer AAS term is approximately zero
Provided equilibration of the excess energy within the precursor irrespective of Ec,. ConsequentlyAPA, and therefore the

ion is much more rapid than bond dissociation, then measured PA of the unknown base, is independerii.qfas
shown in Table 4.
AG, — AG=—RT4InK (12) The physical equivalence of extrapolating the dat&dp=
0 is to perform the collision-induced dissociation under an axial
where AG; is the free energy of protonation of Bnd AG is potential gradient of zero. Experimentally, this is difficult
that of B. Replacing\G with AH andAS, and InK with In(k/ because the abundances of the product ions are extremely low
K), and become unreliable; thus extrapolation is the only viable

means of obtaining accurate abundance ratio of the product ions
(AH, — T4 AS) — (AH — T AS = —RT In(k/K) (12) at Ec,y = 0. While no desc_ription cu_rrently exists that can
account for the apparently linear relationship between PA and
AAH — T4 AAS= APA — T4 AAS = —RT In(k/K) E.m, the observation that experimentally linearity occurs (Figure
(13) 3) simplifies the extrapolatioff. The attractiveness in this
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procedure is that there is no inherent assumption of the precursorl67-189. (c) Aue, D. H.; Webb, H. M.; Bowers, M. T. Am. Chem. Soc.

ions being in thermal equilibriuhowever, the ion energy at ~ 1976 98 311-317.
Ecm = 0 is undefined. (5) (a) Cooks, R. G.; Kruger, T. L. Am. Chem. So&977, 99, 1279~

T . L 1281. (b) Cooks, R. G.; Patrick, J. S.; Kotiaho, T.; McLuckey, SMass
We conclude that it is possible to apply the kinetic method spectrom. Re 1994 13, 287-339.

to estimate the proton affinities of bases that di-coordinate the  (6) Robinson, P. J.; Holbrook, K. AJnimolecular ReactionsNiley-
proton using reference bases that mono-coordinate. The esti{nterscience, London, 1972.
ia i (7) (a) Cheng, X.; Wu, Z.; Fenselau, &.Am. Chem. Sod993 115

mates are most accurate at Iqwe§t colhsmn energies. .The4844_4848. (b) Cerda, B.. Wesdemiotis. &.Am. Chem. S0d996 118
structure of the protonated 1,4-diaminobutane in a heterodimer 1gg4 11897
of 1,4-diar_nir_10butane and a reference base has_ be_en found to  (8) (a) Armentrout, P. BJ. Mass Spectrom1999 34, 74—78. (b)
be very similar to that of the protonated 1,4-diaminobutane Drahos, L.; Véey, K. J. Mass Spectroni999 34, 79-84. (c) Cooks, R.

i i ineti G.; Koskinen, J. T.; Thomas, P. . Mass Spectroml999 34, 85-92.
mor?.ombelr’ ghlch Ishn§0§ssary for the kllr(;.eé!c lmethOd to. bed(d) Bojesen, G.; Breindahl, T. Chem. Soc., Perkin Trans1994 1029~
applicable. Despite the inherent conceptual difficulties associated; 537 “(e) craig, S. L.; Zhong, M.; Choo, B.; Brauman, J. Phys. Chem.
with the kinetic method, it is the only method available (other A 1997 101, 19-24. (f) Norrman, K.; McMahon, T. Blnt." J. Mass
than bracketing) for nonvolatile bases such as biological ions, Speﬁtfomlg% 176 87-97. (9) Holmesyhl L.; Aubry, CIJ Mayer, P. M.
many of which contain more than one potential protonation or ﬂ,‘lazsyssbg:tﬁmﬁ&%gg 11%:)127205_709' () Cao, J.; Holmes, J. [Eur.
metalation site. As a consequence of our findings here, we are " g) (a) Bouchonnet, S.; Hoppilliard YOrg. Mass Spectron1992 27,
optimistic that the kinetic method will allow estimation of proton  71-76. (b) Zhang, K.; Zimmerman, D. M.; Chung-Phillips, A.; Cassady,
or metal ion affinities of biological molecules, such as amino C. J.J. Am. Chem. S0d993 115 10812-10822. (c) Zhang, K.; Chung-

acids and peptides, to an accuracy of a few kcal/mol.
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