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Abstract

The extended kinetic method is employed to determine the proton affinity (Pévat#nine and four other difunctional
molecules that can develop intramolecular hydrogen bonds after protonation, inciudiagine and three,,w-diamino-
alkanes. Proton-bound dimers of each of these molecules (AA) and reference bases of similar protonation enapy (B
formed by fast atom bombardment ionization and the dissociation kinetics of the AABikibns into the individual protonated
monomers are assessed as a function of internal energy using tandem mass spectrometry and low energy collisionally activ:
dissociation (CAD). This procedure accounts for any difference in the activation entropies of the competitive dissociation:
A(A§), which is assumed to be negligible in the conventional kinetic method (one internal energy), thereby leading to mor
accurate PA data. The proton affinities derived doAla (902 + 4 kJ mol?) and 1,2-diaminoethane (954 4 kJ mol1),

i.e., difunctional molecules that form relatively weak hydrogen bonds after protonation, are in excellent agreement wit
literature values. A PA of 92 4 kJ mol is found forg-Ala, the substantial rise vs. PA{Ala) reflecting an increased
intrinsic basicity upon moving the electron-withdrawing COOH group further away from the amine group and an improvec
hydrogen bonding arrangement with gheubstitution pattern. The PAs measured for 1,3-diaminopropane{8%3 mol-1)

and 1,4-diaminobutane (998 4 kJ mol1), which develop markedly stronger hydrogen bonds after protonation, are 9 and
13kJ mot?, respectively, lower than reported data. The underestimation is attributed to small reverse barriers and/or ¢
underestimation oA(A§). Our measurements confirm that measi) parameter obtained by the extended kinetic method

is not a thermodynamic quantity equal to the relative protonation entropy between AA,dnd B relative entropy between

the dissociating transition states at the actual, generally non-Boltzmann energy distribution of th&-/3\-Hdterodimers.
Recommendations are given, when to apply the extended kinetic method (involving activation entropy corrections) vis-a-v
its conventional variant. (Int J Mass Spectrom 222 (2003) 465-479)
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1. Introduction (branching ratio).

Proton attachment significantly influences the AA-HT-B 5 AA-HT + B; (1a)
structure and function of peptides and proteins in
solution [1]. It also is the most important mode of
ionization of such molecules in the gas phase, prior
to mass spectrometry analygiz-4]. The biological k) _[AG:t — AG(ilb)]

AA-HT-B L AA + B—H* (1b)

. . . In (1a
activity of a protonated peptide and its fragmenta- RTar
tions in the gas phase are affected by the proton Aapt Aast
location, which in turn is partly determined by the - _ ( ) ( ) (2)
intrinsic proton affinities of the peptide’s amino acid Reff R
constituents. For this reason, a large number of massAccording to transition state theof¥4,15], the natu-
spectrometry studies have been devoted to establish-ral logarithm of the branching ratio of competing uni-
ing the proton affinities of the 20 commanramino molecular reactions is a function of the free energies
acids [5,6]. In contrast, limited data are available of activation of these reactions (dg. (2), whereR
about B-amino acids, although these molecules are is the ideal gas constant afids the effective tem-
encountered in both natural peptides and peptide perature of the energized dimer ions; the free energy
drugs [7,8]. Lebrilla and co-workers have assessed term includes relative activation enthalpy and relative
the gas phase basicity @falanine Gcheme Y using activation entropy components, as showrEiq. (2)
bracketing methodf9]. The present study determines An effective instead of an actual temperature is used,
the proton affinity (PA) of this prototypg-amino because the AA-H-B; dimers probed do not have
acid by an expanded version of the Cooks kinetic a Boltzmann distribution of internal energies and are
method[10,11] which also considers entropy effects not in thermal equilibrium with their surroundings.
[12,13] Teif represents the temperature of a hypothetical Boltz-

Proton affinity determinations by the kinetic method mann distribution of AA-H —B; ions that fragment to
start with the formation of proton-bound dimers be- yield the branching ratio observed in the MS/MS spec-
tween the molecule of interest (for example, amino trum [16—18] Teft is not a thermodynamic quantity,
acid AA) and a set of reference bases)(Bhe rela- i.e., one referring to a system in thermal equilibrium
tive rates of dissociation of the proton-bound dimers and with a Boltzmann energy distribution; it can be
to the individual protonated monomeisgs. (1a) and  viewed as the excess energy per oscillator in the react-
(1b)), are obtained through tandem mass spectrom- ing dimer ions[19,20]and has been shown to depend
etry (MS/MS) experiments. The abundance ratio on the size, structure and average binding energy of the
between the AA-H and B-H" fragments in the  dimer, as well as on experimental conditidh§—22]
MS/MS spectrum of AA-H-B; is assumed to be

identical to the rate constant ratiklk;, of the com- —A(AHY) = —[AH@1a — AHap)]
petitive dissociations producing these fragments =PA(AA) — PA(B)) 3)
0
TH2 (|)| H,N |c|: Nz
2NN
H,C c CH OH H,C NH
~ N~ 2
CHy” om | CHy~
CH,
B-alanine o-alanine diaminoethane

Scheme 1.



I.-S. Hahn, C. Wesdemiotis/International Journal of Mass Spectrometry 222 (2003) 465-479 467

k PA(AA) — PA(B)) A(ASi) spectra as a function of collision energy, leads to a
In{—) = + 4) . .
ki RTeft R set of slopes and intercepts, which can now be plot-
_ ted against each other (intercepts paxis). Based
In (]é) ~ PA(AAF;T PAGB) (5) on Eg. (7) the new regression line delivers PA(AA)
i eff

from its slope andﬁ(AS*) from its y-intercept.

( k ) _ GB®P(AA) — PA(Bi)avg
- RTut

If reactions (1a) and (1b) proceed with no reverse
activation energies, the relative enthalpy of activation In
becomes equal (but with opposite sign) to the rela-

tive PA of the molecules compared in the dimer (cf. _ PABi) — PABIavg (9)
Eg. (3), andEq. (2)is converted toEq. (4) which RTeft
relates the experimentally measured branching ratios GBAPY(AA) — PAGB)) PAAA) — PAGB))
to relative proton affinities. For dimer ions composed Vavg _ 1/avg
of chemically similar bases (e.g., both amines), the Refr Reft
activation entropies of channels (1a) and (1b) are very A(ASH
o o A o + (10)
similar and A(AS™) ~ 0; under these conditions, R
Eq. (4)is simplified toEq. (5) the classical version of The described procedure has a serious shortcom-

the kinetic method10,11] For many molecules, in-  ing; the parameters R and GEPPAA)/ RTes
cluding B-Ala, however, chemically similar reference plotted against each other are obtained from the same
bases do not exist. This problem is bypassed by using regression line, vizEq. (8) Consequently, they are
the extended kinetic methgti2,13,23-35]where the  correlated and the new regression lines obtained from
reference bases selected are chemically different from sych data suffer from artificially high (almost perfect)
the molecule of interest (AA) but similar among each correlation coefficients and may lead to underesti-
other, so that (ASF) remains approximately constant  mated experimental uncertainti¢30]. Armentrout

within the AA-H*—B; series of heterodimers. has shown that the severity of this problem is abated
k PA(AA) A(ASi) PAB)) if the experimental datg, i.e., kk), are plott_eq
In )= Rt R -~ RT (6) vs. PABBj) — PA(Bi)avg i-€., Vs. the proton affini-
i eff eff . . .
ties of the reference bases relative to their average
GB2PP(AA)  PA(AA) A(AS*) value, as shown irEqg. (9) [30] The slopes and
RTer = RTerr R () y-interceg?ts oEq. (9)give 1:R|Tefff arr:d I[G BPPAA) —
PA(Bi)avgl /RTesf, respectively. If the latter intercepts
app, .
In (f) = GB™(AA) — PAB) (8) are plotted vs. the corresponding slopes, one obtains
ki Reff RTeft PA(AA) —PA(Bj)avg from the slope and;(ASi) from

With this requirement satisfie&q. (4)is transformed its y-intercept of the new regression line (Efy. (10).

to Eqg. (6) in which all parameters that remain con- The error limits of the final results are determined by
stant within the B series are enclosed in brackets. both the uncertainty in slope and intercept of the two
The term in brackets represents an apparent gas phaselots[30] as well as the uncertainty in PA(B31].

basicity of AA, defined inEq. (7) [13] Combination Here, we test the described procedure witihla

of Egs. (6) and (7yields Eqg. (8) known as the ex- and 1,2-diaminoethaneS¢heme )}, whose proton
tended version of the kinetic method. Plottingltk() affinities and protonation entropies are well known
vs. PA(B) for a series of AA-H—B; dimers gives [5,6], before applying the method Rr-Ala, for which

a regression line whose slope agédntercept pro- no pertinent experimental or theoretical data exist.

vide 1RTe¢ and GBPRAA)/ RTe, respectively (cf. Amino acidsa-Ala and B-Ala are isomers, differing
Eqg. (8). Repeating this experiment at several effec- in the position of their functional groups (geminal
tive temperatures, for example by acquiring MS/MS in a-Ala vs. vicinal in B-Ala); on the other hand,
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B-Ala and 1,2-diaminoethane carry vicinal, but differ- EBEhQ geometry (E, electric sector; B, magnetic sec-
ent functional groups§cheme L This comparison  tor; h, hexapole collision cell; Q, quadrupole). The
allows us to assess the effect of compositional and ge- sector parf37] was used to mass-select the desired
ometrical changes on the thermochemistry of proton proton-bound dimer (MS-1) for collisionally activated
attachment. dissociation (CAD) in the hexapole collision cell; the
An additional goal of this investigation is to eval- fragment ions produced in this process were subse-
uate the A(AS¢) term obtained via the extended quently mass-analyzed by scanning the quadrupole
kinetic method for proton-bound dimers dissociat- mass filter (MS-2).
ing without reverse barriers. Earlier studies from our  Heterodimers AA-H—-B; were produced by fast
group equatedx(ASi) to the thermodynamic entropy  atom bombardment (FAB) ionization, usingl2 keV
difference between the products of reactions (1a) and Cst as bombarding particles and glycerol as matrix.
(1b) which is numerically identical (opposite sign) The matrix, acidified with a few droplets of trifluo-
with the relative entropy of protonation of the bases roacetic acid, was saturated with the compound under
compared in the dimer, i.eA(ASi) = —A(ASH) = study (AA) and the reference base;Band 1-2uL
—[ASH(AA) — ASH(Bi)] [13]; a similar assumption  of the resulting solution were applied onto the sample
was made forA(A§) values deduced from metal holder and introduced into the FAB ion source. The
ion-bound dimer$24—-27] Laskin and Futrell indeed  secondary ions generated upon FAB were accelerated
found very good agreement between these quanti-to 8.0keV before mass selection of AATHB; by
ties in simulations using either RRKM or finite heat MS-1. After exiting MS-1, the selected AA-H-B;
bath theory[36]. In contrast, a more recent micro- precursor ion was decelerated to a laboratory frame
canonical analysis of the extended kinetic method by kinetic energy Ejap) of <100eV and entered the
Ervin [22] showed that the relative entropy obtained hexapole collision cell which was pressurized with
via Egs. (6)—(8)is neither—A(ASy) nor the (very Ar (5 x 10~ " mbar). Eja is related with the corre-
similar) thermodynamic entropy difference between sponding center-of-mass collision enerdy:) by
the transition states of reactions (1a) and (1b), but the formula Ec;, = m/(m + M), wherem is the
the relative entropy of the lattdransition states at  mass of the collision gas (40u) amd the mass of
the actual(and most likely non-Boltzmann-likiter- AA-HT-B;; Ecmy equals the maximum internal energy
nal energy distribution of the dissociating ions. The available for CAD[38]. The E¢,, energies employed
present study provides new information on this subject ranged between 3.5 and 8.9 eV. The fragments formed
through the examination of the test molecute#\la via CAD in the collision cell were dispersed through
and 1,2-diaminoethane, whose protonation entropies MS-2, detected and recorded in the respective CAD
are well known[5,6]. In this context, we also ex- mass spectrum (50—-100 summed scans). CAD spectra
amined 1,3-diaminopropane and 1,4-diaminobutane, of each AA—H"—B; ion were acquired at six different
which have significantly larger protonation entropies collision energies, and the reproducibility of relative
than the other test moleculd$,6,28,29] and for abundances in these spectra was better #adb.
which experiments by Holmes and co-workers, sug- A few AA-HT—-B; dimers were also subjected to
gested that their proton-bound dimers with amines metastable ion (MI) analysis in the EBE section of
may dissociate with significant reverse barrigg]. the instrument, in order to determine the kinetic en-
ergy releases accompanying the formation of AA—H
and B—H* fragmentg39]. For this, the 8.0 keV AA—
2. Experimental H*—B; ions were mass-selected by EB and allowed to
dissociate spontaneously in the field-free region be-
The experiments were performed with a modified tween the magnet and the second electric sector. The
Micromass AutoSpec-Q tandem mass spectrometer of fragments formed there were mass-separated through
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the latter sector and recorded in MI spectra composed thatA(A§C) remains approximately constant. fBust
of ca. 100 summed scans. Kinetic energy releasesalso be chosen such that the AALHB; dimers dis-
were calculated from peak widths at half height af- sociate to yield both protonated monomers, AA—H
ter correction for the main beam wid{89,40] the and B—H*, with detectable intensities. The gas phase
energy resolution adjusted in these experiments corre-basicities of AA and Bshould not differ too much
sponded to a main beam width at half height of 4.0V. from each other (>50 kJ mot), otherwise thév/k; ra-
The samples o-alanine, B-alanine anda,w-dia- tio (i.e., the ratio of the monomer ion abundances) may
mines), reference bases (amines and amino acids)be irreproducible. Further, it is desirable that GB(AA)
and trifluoroacetic acid were purchased from Sigma be bracketed by the;Bnembers. The reference bases
Chemical Co. (St. Louis, MO) and were used as found to fulfill these conditions were the amines and
received. The compounded uncertainties of the plots amino acids listed iTable 1along with their reported
according toEq. (10) which take into account the proton affinities and gas phase basicities (at 298 K).
standard deviations of slope/intercept from both The B series paired with each of the molecules investi-
Egs. (9) and (1Q)were calculated by a program pro- gated and the corresponding average proton affinities,
vided by Peter B. Armentrout (University of Utah). PA(Bj)avg and protonation entropie S4(Bi)avg, are
included inTable 1

3. Results and discussion . o
3.2. Dissociations and structures of AALEB;

3.1. Reference base selection
The low energy CAD spectra of all AA-H-B; het-
The extended version of the kinetic method requires erodimers examined in this studg{, < 10eV) con-
that the selected jBset consists of chemically simi- tain the AA—H" and B—H™ fragment ions expected
lar molecules with similar protonation entropies, so from the competitive dissociations (1a) and (1b). This

Table 1
Average proton affinities (kJ mot) and protonation entropies (J maIK —1) of the reference base setsBsed in AA-H—B; heterodimers
with a-alanine,-alanine andx,o-diamines

AA Bj (PA/GB)a PA(Bi)avg AS‘H(Bi)avgb
B-Alanine n-Propylamine (917.8/883.9)-hexylamine (927.5/893.5);butylamine 930.6 113.9

(934.1/899.9), imidazole (942.8/909.2); or cysteine (903.2/869.3), valine

(910.6/876.7), threonine (922.5/888.5), methionine (935.4/901.5) 917.9 113.9
a-Alanine Propargylamine (887.4/853.5), methylamine (899.0/864.5), allylamine 902.3 114.1

(909.5/875.5), benzylamine (913.3/879.4); or glycine (886.5/852.2),

cysteine (903.2/869.3), aspartic acid (908.9/875.0), valine (910.6/876.7) 902.3 114.4
1,2-Diaminoethane n-Hexylamine (927.5/893.5), imidazole (942.8/909.2), diethylamine 946.3 112.1

(952.4/919.4), di-propylamine (962.3/929.3); or threonine

(922.5/888.5), methionine (935.4/901.5), tryptophan (948.9/915.0) 935.6 113.9
1,3-Diaminopropane di-Propylamine (962.3/929.3), di-butylamine (968.5/935.3), 972.6 1111

2,2,6,6,-tetramethylpiperidine (987.0/953.9); or diethylmethylamine

(971.0/940.0), triethylamine (981.8/951.), trpropylamine (991.0/960.1) 981.3 103.7
1,4-Diaminobutane Triethylamine (981.8/951.), ripropylamine (991.0/960.1), 990.4 103.6

tri-n-butylamine (998.5/967.6)

All data from [6].

aproton affinity (PA) and gas phase basicity at 298K (GB) in kJthol

b AS4(B;) calculated from GB and PA based on the relationship=6BA — T ASy (T = 298K). The standard deviation of theSy
values within each Bset (a measure of their similarity) is1.7 Jmoft K—1.
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[B, + H]* [B-Ala + H]*
B, = n-propylamine ()
T 0 T so T T e0 T b T 10
n-hexylamine (b) [B; + HI*
R Y U YT " L I
Fx5+4
B. + HJ* .
[B;+ H t-butylamine (©)
I""l"'fl""I""l""é""I“r'/l'\'"‘l'"'b()'"'l*r"lr
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rx54
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Fig. 1. CAD mass spectra @-Ala—H™-B; heterodimers (B= n-propylamine,n-hexylamine t-butylamine, imidazole) at a center-of-mass
collision energy of 6.4eV.

[B-Ala + H]*
—x3.00—»
B, = cysteine [B, + HJ* @)
T T T T T T T T T T T T T T T T T
80 90 100 110 120 130 140 150 m/z
. +
valine [B; +H]
(b)
T T ML MR T MLMAAS ARAA | T T T Ty T 7 T T
80 90 100 110 120 130 140 150 m/z
threonine (B, + HJ* ©
T RALIMMAAS BLALEL M SLRLL AL LA | MR v T jl\ T T T T T T T
80 90 100 110 120 130 140 150 m/z
o [B, + HI*
methionine
yAS “
T T T T T T rrrrr T T T T T M 1 T T T
80 920 100 110 120 130 140 150 m/z

Fig. 2. CAD mass spectra @-Ala—H"—B; heterodimers (B= cysteine, valine, threonine, methionine) at a center-of-mass collision energy
of 5.4eV.
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is demonstrated iRigs. 1 and Zor two B-Ala—H"-B;

sets containing the amine and amino acid reference

bases listed iMable 1 No other significant fragment

is observed, consistent with the proposed structure, in

which the two bases are bridged through the proton.
AA-HT and B—H* also are the dominant frag-

ments in the Ml spectra of 8.0 keV AA=H-B;. In this

kinetic energy regime and with an energy analyzer for

mass separation of the fragment ions, the shapes anc=

widths of the fragment ion signals are very sensitive
to the dissociation mechanisf88—40] In dissocia-
tions proceeding with appreciable reverse barriers, a
portion of the reverse activation energy is released
into translational modes upon decomposition, causing
peak broadening and, often, flat- or dish-topped peak
shapes; the kinetic energies released in such reactions
calculated from peak widths at half heightpg),
generally exceed 50 meV. On the other hand, in the

471

1

—~

>
2

-5 4

imidazole

5 o
PA(B) - PAB)

-15 -10 5 10 15

avg

Fig. 3. Plot of Ink/k) vs. PAB;) — PA(Bi)avg (Eq. (9), for

absence of reverse barriers, the fragment peaks haved-Ala—H"—Bi heterodimers (B= n-propylamine,n-hexylamine,

gaussian shape and small widtig £ < 30 meV).
The AA-H™ and B-H' signals from metastable
AA-HT-B; are consistently gaussian-shaped and nar-
row; for example, theTgs values for theB-Ala—H*

and Thr-H products from metastabfeAla—H*—Thr

t-butylamine, imidazole) dissociating after collisional activation at
a center-of-mass collision energy of 6.4eV.

rized inTables 2 and 3together with the correspond-
ing standard deviations. Increases in collision energy

are 16 and 20 meV, respectively. Such results suggestconsistently raisdesr, as expected (vide supra), and

that the investigated proton-bound dimers decompose
to the protonated monomers without reverse barriers
(as required in uses of the kinetic method for the
derivation of thermochemical data); the veracity of
this conclusion is discussed later.

3.3. Proton affinities of molecules studied

Detailed experimental data will be presented for
B-alanine, which was the focus of our investigation.
The CAD spectra off-Ala—H"—B; dimers (B =
amines or amino acids) were measured at six different
collision energies. A plot of the branching ratios in
these spectra according Em. (9)leads to regression
lines, such as the one shown kig. 3 which was
constructed from CAD spectra of amine-containing
heterodimers acquired atcm = 6.4eV (Fig. D).
The negative slopes ®Tes) and interceptg[GBaPP
(B-Ala) —PA(Bj)avgl/RTesr) of these lines are summa-

also affect GBPP — PA(B;)avg due to the dependence
of GB@P on Te¢ (cf. Eq. (7). When the intercepts
of Eq. (9) are plotted against the respective negative
slopes, the regression linesy. 4 result, which ac-
cording toEq. (10)have slopes PAAA) — PA(Bi)avg
and interceptsx(Asi)/R. The values of these quanti-
ties from replicate measurements are listedable 4
Analogous treatment of the CAD data of AATHB;
dimers witha-alanine and the diaminoalkanes gives
rise to theEq. (10) slopes and intercepts given in
Table 4 representative plots, referring toAla and
1,2-diaminoethane, are illustrated Figs. 5 and 6
respectively.

The proton affinities of the test moleculesAla
and 1,2-diaminoethane determined in this study are in
excellent agreement with those reported in the NIST
databasg6] (Table §. Our value for 1,2-diamino-
ethane also matches within experimental error values
obtained previously by Siu and co-workg8] and
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Table 2

Experimental data fop-Ala—H"—B; dimers (B = n-propylamine,n-hexylamine t-butylamine, imidazolé)

Ecm (eV) 1RTert (Mol k1P Tet (K) [GBP — PA(B;)avgl/RTert GB?P — PA(Bj)avg (kJ mol1)d
5.5 0.279 (0.006) 432 (9) —2.830 (0.017) —10.2 (0.2)

5.9 0.239 (0.005) 504 (11) —2.769 (0.015) —11.6 (0.3)

6.4 0.196 (0.004) 614 (11) —2.486 (0.011) —12.7 (0.2)

6.8 0.166 (0.003) 726 (12) —2.459 (0.013) —14.8 (0.3)

7.2 0.148 (0.003) 812 (17) —2.450 (0.014) —16.5 (0.4)

7.6 0.122 (0.004) 987 (36) —2.338 (0.020) —19.2 (0.7)

The values in parenthesis give the corresponding standard deviations.
3PA(Bi)avg = 9306 kImol . ASH(Bi)avg = 11393 mort K1,
b Negative slope oEq. (9)
CIntercept ofEq. (9)
dIntercept divided by negative slope.

Holmes and co-worker29] via the extended kinetic  The mean value from both;Bsets, 927 kJmot!, is
method Table 5. It is noteworthy that both reference  25kJmot? higher than PA¢-Ala); hence,B-amino
base sets used far-Ala and 1,2-diaminoethane lead acids are significantly more basic molecules than
to the same PATable 5. Ab initio calculations have  isomerica-amino acids. One can view-Ala, B-Ala
shown that the most stable structures of protonated and 1,2-diaminoethane as substituted ethylamines.
a-Ala [41] and 1,2-diaminoethan@8] contain weak Comparison of their proton affinitie3dble 5 to that
hydrogen bonds between an ammonium center andof ethylamine (CHCH,NH»2; PA = 912kJmot?

an adjacent basic grous¢heme P the lengths of [6]) indicates that introduction of a COOH (car-
these bonds, 2.5A in protonatedAla vs. 1.87 A boxyl) group at thex-carbon of ethylamine lowers
in protonated diaminoethane, point out that carbonyl the proton affinity by 10 kJ mof, while introduction
substituents are less suitable electron donors for in- of COOH or NH at the B-position increase the PA
tramolecular H-bonds than amine groups. Our results by 15 or 32 kJmot!, respectively. The increase in
with a-Ala and diaminoethane attest that the extended PA from «-Ala to B-Ala is attributed to a decreased
kinetic method provides precise proton affinities for electron-withdrawing from Nkl by a COOH group
multifunctional bases which can develop weak hy- in B-position and a better hydrogen bonding with this

drogen bonds in their protonated forms. arrangementcheme 2[9]. The increase in PA upon
For B-Ala, identical proton affinities are obtained the transformation CECH,NH, — B-Ala, as com-

using amine or amino acid reference basesble 3. pared to the decrease observed uporsCHbNH, —

Table 3

Experimental data fop-Ala—H*—B; dimers (B = cysteine, valine, threonine, methionife)

Ecm (eV) 1RTerr (molkJ-1)P Tett (K) [GB3P — PA(Bj)avgl/RTeft® GB¥P — PA(Bj)avg (kJ mot1)d

4.4 0.151 (0.005) 798 (25) 1.545 (0.020) 10.3 (0.4)

4.9 0.147 (0.005) 821 (26) 1.498 (0.019) 10.2 (0.4)

5.4 0.135 (0.004) 890 (26) 1.325 (0.016) 9.8 (0.3)

5.9 0.117 (0.003) 1031 (25) 1.127 (0.011) 9.7 (0.3)

6.4 0.099 (0.002) 1219 (26) 0.943 (0.008) 9.6 (0.2)

6.9 0.091 (0.002) 1329 (25) 0.856 (0.007) 9.5 (0.2)

The values in parenthesis give the corresponding standard deviations.
3PA(Bi)avg = 917.9kImol . ASi(Bj)avg = 1139 I mol 1K1,
b Negative slope oEq. (9)
CIntercept ofEq. (9)
dIntercept divided by negative slope.



I.-S. Hahn, C. Wesdemiotis/International Journal of Mass Spectrometry 222 (2003) 465-479 473

3 0.0
2 -
5 -0.1
I_
£ o
=1 ~
« &
'_g'” g -0.2 o
~ 04 <
2] o
> |
g O r2=0.9599 —
Coad g 0.3
—_ A r2=0.9891 =
< g O r2=0.9893
m
%t, ) o 0O r2=0.9877
83 -0.4 H
S
-3
-0.5 T T T
0.0 0.1 0.2 0.3 04
-4 T T T | — T T VRT
0.00 005 0.10 0.15 020 025 0.30 035 040 eff
1/RT Fig. 5. Plots of [GBPP — PA(Bj)avgl/RTefr VS. 1RTert (EQ. (10),
for the dissociations of a-Ala-HT—B; heterodimers: @),
Fig. 4. Plots of [GBPP— PA(Bj)avgl/RTeft Vs. 1RTert (Eq. (10), B; = propargylamine, methylamine, allylamine, benzylaminhg),(
for the dissociations of B-Ala—H™—B; heterodimers: [{), B; = glycine, cysteine, aspartic acid, valine.
B; = n-propylamine,n-hexylamine,t-butylamine, imidazole; £),
B; = cysteine, valine, threonine, methionine.
Table 4
Thermochemical data for AA-H-B; dimers
Bi® PA(B)avg ASH(B)avg PA(AA) — PA(Bi)avg A(ASHR
(kI mot1)2 (Imortk—1a (kJ mol-1yb-c (kJ mol1yed
B-Alanine
Amines 930.6 113.9 —3.5(0.5) —-1.9 (0.1)
Amino acids 917.6 113.9 10.0 (0.8) —0.1 (0.1)
a-Alanine
Amines 902.3 114.1 -0.7 (0.3) -0.1 (0.1)
Amino acids 902.3 114.4 —0.8 (0.2) —0.1 (0.1)
1,2-Diaminoethane
Amines 946.3 112.1 3.2 (0.4) —-2.2 (0.1)
Amino acids 935.6 1134 16.9 (1.2) —0.8 (0.2)
1,3-Diaminopropane
Secondary amines 972.6 111.1 1.9 (0.5) —0.6 (0.1)
Tertiary amines 981.3 103.7 -0.8 (0.3) —-2.9 (0.1)
1,4-Diaminobutane
Tertiary amines 990.4 103.6 2.5(0.2) -1.9 (0.1)

The values in parenthesis give the corresponding standard deviations.

aSeeTable 1

b Slope ofEq. (10)

¢ Average values (and pooled standard deviations) from four plots accordifg.t¢10) for B-Ala—H*—amine dimers and from two
plots for the dimers containinf-Ala, a-Ala and 1,2-diaminoethane.

dIntercept ofEq. (10)



474 1.-S. Hahn, C. Wesdemiotis/ International Journal of Mass Spectrometry 222 (2003) 465-479

O r2=0.9731
0 r2=0.9448

[GBaPP(AA) — PA(B)) gl RT o

-3 T T T T T T
0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35

1/RT

Fig. 6. Plot of [GBPP — PA(Bj)avgl/RTett Vs. 1RTert (Eq. (10),
for the dissociations of AA—H-B; heterodimers with AA= 1,2-
diaminoethane:©), Bj = n-hexylamine, imidazole, diethylamine,
di-n-propylamine; (), Bj = threonine, methionine, tryptophan.

a-Ala further means that the stabilization provided
by H-bonding in protonated3-Ala outweighs the
destabilization incurred by the inductive effect of the
COOH group. Replacing the COOH group @fAla

with an NH group leads to 1,2-diaminoethane; this
molecule has an even higher PA because of the lesser
electron-withdrawing character of amine vs. carboxyl
substituents, and the higher basicity of aNH»
vis-a-vis aB-COOH group which leads to a stronger
H-bond.

Two reference base sets with markedly different av-
erage protonation entropies could be used in the deter-
mination of the proton affinity of 1,3-diaminopropane
(Tables 1 and b The PA resulting from dimers with
secondary amines as Bholecules is lower than the
PA obtained with tertiary amine34#ble 5. The mean
value from these experiments, 984 kJmol L, lies
slightly below the PA reported by NIST, 987 kJ mé|
[6], but is very similar to the PA measured by Siu
and co-workers usingegs. (6)—(8)of the extended

Table 5
Proton affinities (PAs, kJmol) of molecules studied
AA B; PA(AA)
This study Literature

B-Alanine Amines 927.1

Amino acids 927.6

Mean 927 (4)
a-Alanine Amines 901.6

Amino acids 901.5

Mean 902 (4) 902
1,2-Diaminoethane Amines 949.5

Amino acids 952.5

Mean 951 (4) 952 94¢, 949
1,3-Diaminopropane Secondary amines 974.5

Tertiary amines 980.5

Mean 978 (4) 987, 98%, 967
1,4-Diaminobutane Tertiary amines 993 (4) 100601, 974

a0btained by adding the relative affinities listed Table 4to PA(Bj)avg; mean values are also given if more than one heterodimer
series were used. The numbers in parenthesis are the compounded uncertainties in relativGataliel §nd PA(B)avg (4 kJ mot?

or better[6]).
bNIST databasg6].

CRef. [28], using extended kinetic metho&ds. (6)—(8), at 3—4 collision energies (lower limit).
d Ref. [29], using extended kinetic metho&ds. (6)—(8), with metastable and collisionally activated dimer ions (lower limit).
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CH3
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a-alanine 1,2-diaminoethane B-alanine

Scheme 2.

kinetic method at three different effective tem-
peratures (982kJmol) [28]. A lower value, viz.
967 kJ mott, was found by Holmes and co-workers,
based on AA-H-B; dimer dissociations at only
two different effective temperature$29]. With

the conclusions reached previously by Holmes and
co-workers [29] that the extended kinetic method

underestimates the proton affinities of difunctional
molecules which form strong hydrogen bonds af-
ter protonation (such as 1,3-diaminopropane and

1,4-diaminobutane, the most basic test molecule stud- 1,4-diaminobutane). Comparison of our PAs to those
ied [6], only one reference base set could be used, of Holmes and co-workers, also reveals that the under-

viz. the tertiary amines given ihable 1 Our PA with
this B set (993t 4 kJmol %, Table § is again some-

estimation is less severe when the entropy correction
is based on data from six (or more) different internal

what lower than the PA listed in the NIST database energiesTables 2—-3andFigs. 4—6§ than on data from

(1006 kJ mot?1) [6]. In this case, Siu and co-workers
reported a higher value (1010kJmé) [28], while

just two internal energief29]. (In this latter case,
the entropy correction is appraised from the position

Holmes and co-workers, reported a considerably of the intersection point of the two lines derived via

lower value (974 kJ moit) [29].
Ab initio calculations predict that protonated
1,3-diaminopropane and 1,4-diaminobutaBel{eme B

Eqg. (6) from metastable and collisionally activated
heterodimer ion$29].)
The underestimation of PAs for molecules that

form much stronger hydrogen bonds than protonated form strong hydrogen bonds in their protonated

1,2-diaminoethaneScheme P[28,42,43] This is ev-
ident from the calculated #NH™ - - . N bond lengths
and Nf—H- .. N bond angles which are 1.87 A/124
1.65A/150 and 1.61A/173 in the protonated 1,2-,
1,3- and 1,4-diaminoalkane, respectivgB8]; gen-
erally, the shorter the H-bond and the closer t0°180

the corresponding angle, the stronger the hydrogen

bonding interactiorj42,43] Our results concur with

H;
—NH C=NH
H,C 2 z
SR H C/ @
/ 2
H H
H,C ! | ;
/) H2C h
HoC— i, \C-——NHZ
H,
protonated protonated

1,3-diaminopropane 1,4-diaminobutane

Scheme 3.

forms could originate from (a) the presence of a
reverse activation energyEgy) in the dissociation
AA-HT-B; — AA-HT + B;j (where AA-H'" is

the strongly hydrogen-bonded species) and/or (b) an
underestimation ofA(AST) in these instances. The
relative entropy term is discussed later.

A reverse activation energy provides excess energy
to the transition state leading to AAZH+ B;; if a
substantial fraction of this energy is transferred into
translational energy of the products, a common means
of Erey disposal, large kinetic energy releaség )
would be observed for the AA—Hfragments (in tan-
dem mass spectra acquired at keV kinetic energies and
with an electrostatic analyzer as the mass separating
device)[38—40] The kinetic energy releases accompa-
nying the formation of protonated 1,3-diaminopropane
and 1,4-diaminobutane from metastable proton-bound
dimers are, however, small (s8ection 3.2, as are the



476 I.-S. Hahn, C. Wesdemiotis/ International Journal of Mass Spectrometry 222 (2003) 465-479

kinetic energy releases associated with the fragments3.4. Relative entropies from the extended kinetic
from all other AA—H"—B; heterodimers examined. method

Holmes and co-workerf29] and Lund and Bojesen

[44] made similar observations. A small kinetic en- Fora-Ala, theA(A§) values furnished by the exte-
ergy release does not necessarily preclude a reversended kinetic method match within experimental error
energy barrier. The rovibronic coupling between the the relative protonation entropies of the bases com-
electrostatically bound species in AATHB; could pared in the respective AA=H-B; dimers {Table §.

be weak, such that there is no clearly defined reaction This is also true for the heterodimers of 1,2-diamino-
coordinate for their separation. Under these condi- ethane with amines; in contrast, the heterodimers of
tions, the excess energy of the dissociating transition 1,2-diaminoethane with amino acids lead to a signifi-
state may not be significantly partitioned into transla- cantly smallerA(A§). Also for 1,3-diaminopropane
tional degrees of freedom of the products, but could and 1,4-diaminobutanelgble §, the experimentally
instead be dissipated into their rovibrational degrees deduced A(A§) amounts lie belowA(ASy) =

of freedom[45,46] If the amount, by which the PAs of  ASH(AA) — ASH(B;). The results for3-Ala follow
1,3-diaminopropane and 1,4-diaminobutane are under-the same trend as those for 1,2-diaminoethane, viz.
estimated, is assumed to be equal i, the reverse diﬁerentA(A§) values are obtained using amines or
barriers are quite smatk(13 kJ mot 1, cf. Table § and amino acids as reference bases {&ble §. Again,
would have little impact on the tandem mass spectra of A(A§) is markedly smaller with amino acid than
the corresponding heterodimers. Overall, the experi- amine B molecules, even though these &ts have
mental data would be consistent with but do not comparable averagaS4(Bi) values Table J); de-
conclusively prove the existence &y in the de- spite such discrepancy in(ASt), however, both sets
composition of proton-bound dimers of 1,3-diamino- yield identical proton affinitiesTable 5.

propane and 1,4-diaminobutane; quantum chemistry A(A§) is deduced by probing the competitive
methods are necessary to unequivocally solve this dissociations of AA—H—B; at different collision en-
problem. ergies, each corresponding to a distinct mean internal

Table 6
Comparison of relative entropies from extended kinetic methddsst), with the relative protonation entropies of the bases compared in
the heterodimersA(ASH) = ASH(AA) — ASH(B))

AA Bia _A(Ast) A(AS-|) (Teff)avg/(Ecm)avg
(Imolrtk-1yb (Imoltk—1ye (Kev—1yd
B-Alanine Amines 16 103
Amino acids 1 180
a-Alanine Amines 1 0 102
Amino acids 1 -1 100
1,2-Diaminoethane Amines 18 19 69
Amino acids 7 19 188
1,3-Diaminopropane Secondary amines 5 47 93
Tertiary amines 24 54 87
1,4-Diaminobutane Tertiary amines 16 69 89

aSeeTable 1for B; sets used.

b This study,+1Jmol1K~1 (cf. Table 4.

¢Calculated from PA and GB data given [i8]. SeeTable 4for averageAS,(B;).

dMean of effective temperatures sampled in CAD experiments, normalized by mean of the corresponding collision energies (see
Tables 2 and 3or actual Tes and Ecy, values of dimers composed @FAla and either amines or amino acids).
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energy and effective temperature (vide supra). The
mean value of the variou$e; sampled by a series
of AA-HT-B; dimers, divided by the mean value
of the corresponding center-of-mass collision ener-
gies, [Teff)avg/(Ecm)avg: Can be used as a qualitative

measure of the average internal energies of the dis-
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usually non-Boltzmann) energy distribution of the
dimers.

With both types ofx-Ala heterodimers and the het-
erodimers of 1,2-diaminoethane and amirm(zxst)
is found to be very similar with the thermodynamic
A(ASy) term (vide supra); this similarity might be

sociating dimers; these normalized average effective either coincidental or due to Boltzmann-resembling

temperatures are includedTable 6 The relationship
between Teft)avy/(Ecm)avg and A(ASF) for a-Ala,
B-Ala, 1,2-diaminoethane and 1,3-diaminopropane,
i.e., the molecules which could be paired with two
different types of reference baseRble 1), unveils
some useful insight about the nature @(A§), as
presented here.

Both types ofa-Ala—H*—B; dimers show the same
normalized Teff)avg and also yield the samA(AS¢)
(Table §. For the AA-H'—B; dimers of B-Ala,

internal energy distributions of the collisionally acti-
vated heterodimer ions of these molecules. It is note-
worthy that, when AA is paired with different;Bets,

the set of smaller PBAA) — PA(Bj)avg results in a
smaller Teff)avg/(Ecm)avg (S€€ corresponding entries
in Tables 4 and Grespectively). Apparently, the av-
erage internal energy deposited into AAHB; in-
creases with the relative proton affinity of AA vs; B
[16-20]

Eg. (7) can be rewritten as PA= GB2PP —

1,2-diaminoethane and 1,3-diaminopropane, on the TeﬁA(Asi) to more clearly show the dependence

other hand, distinct Ter)avg/(Ecm)avg and A(ASF)
values are observed with the twq Bets used; in all
three cases, thejBet associated with the higher nor-
malized effective temperature gives rise to a smaller
A(A§). Evidently, as the internal energy distribution
of AA-HT-B; shifts toward higher average internal
energies (and thus, high@gs), the relative entropy
decreases. Such a trend, vizAzﬁASi)/internal en-
ergy correlation provides credence to the conclusion
of Ervin that the relative entropies measured by the
extended kinetic method are proportional to the loga-
rithm of the ratio of the microcanonical sum of states
of the dissociation transition states the kinetically
selected internal energy distribution of the dissociat-
ing ions[22]. Changing the internal energy distribu-
tion (by changing the Bset) affects this ratio, which
should in turn aIterA(A§), as indeed observed.
Ervin’s study concerned specifically metastable ion
fragmentations[22], while our study focuses on
collisionally activated dissociations. Internal energy
distributions are broader upon CAD; nevertheless,

on A(Asi) of the proton affinities furnished by
the extended kinetic methodA(ASj") is negative
with the molecules studiedTéble 4, leading to
PAs that are higher than the corresponding?e5B
values. For the test molecules that form relatively
weak hydrogen bonds after protonation, vizAla
and 1,2-diaminoethane, thE A(A§) correction
produces the correct proton affinity (vide supra). It
is possible that the underestimation of PAs when
strong H-bonds are formed after protonation (as with
1,3-diaminopropane and 1,4-diaminobutane) origi-
nates from an underestimation of the absolute value of
A(A§). Note thatA(AS‘t) is assumed to be constant
for a given AA—-H"—B; series in the effective temper-
ature range sampled at the different collision energies
used in the CAD experiments. This assumption is not
rigorous, however. Ervin recently showed by RRKM
theory that theA(A§) value associated with the
dissociations of proton-bound alkoxide dimers varies
with Tef [22]. Likewise, theA(A§) values of the
individual reference bases within the AAXHB;

the analogous findings by Ervin and us attest that the set may be slightly different from each other. Both

A(A§) values derived from both metastable as well these factors could contribute to the underestima-
as collisionally activated dimer ions are not thermo- tion of the proton affinities of 1,3-diaminopropane

dynamic relative entropies but relative entropies of and 1,4-diaminobutane by the extended kinetic
the dissociating transition states at the actual (and method.
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4. Conclusions

The extended kinetic method is shown to yield ac-
curate proton affinities for molecules that carry weak
intramolecular interactions (hydrogen bonds) after
protonation, such as-Ala, B-Ala and 1,2-diaminoeth-
ane. In contrast, the proton affinities of species that

become strongly hydrogen-bonded when protonated,
such as 1,3-diaminopropane and 1,4-diaminobutane,

are slightly underestimated; the underestimation is
attributed to small reverse barriers in the dissocia-
tion of heterodimers of the latter molecules and/or
to variations in the relative activation entropy of
the competitive heterodimer dissociations during the
CAD experiments.

The relative entropy derived by the extended ki-
netic methodA(A§), is not a thermodynamic quan-
tity affiliated with a Boltzmann energy distribution

1.-S. Hahn, C. Wesdemiotis/ International Journal of Mass Spectrometry 222 (2003) 465-479

set) and forB-Ala (if it is paired with amino acids),
because in these case_e(ASi) is negligible at the
selected experimental conditioriBaple 4. Since the
internal energy distribution of the dissociating ions
and, hencex(Aij'), cannot be predicted a priori, it is
advisable to apply the kinetic method at several differ-
ent internal energies. If the resulting &Bvalues do
not change significantly with collision energy (see, for
example, right column ofable 3, there is no need to
proceed with entropy corrections and the average of
the apparent basicities should be reported as the PA.
Conversely, if GBPPis found to be sensitive to the col-
lision energy Table 2 right column), then application
of the extended kinetic method is called for, as it will
lead to a more accurate PA than the classical approach.
Proton affinity is a state function and does not
depend on the pathway through which it is deter-
mined. In sharp contrastA(AS*) values deduced

of dissociating dimer ions, but an entropy difference from non-equilibrium kinetic method measurements
related to the actual internal energy distribution of depend on the internal energy distribution of the dis-
the dissociating ions, as had been predicted by the sociating ions and, hence, on experimental conditions
RRKM modeling of Ervin[22]. Because the internal  (i.e., the pathway). Because of this distinctive charac-
energy deposited on a heterodimer strongly dependsteristic, an alternative means for determining the ne-

on experimental conditionsA(A§) data for the
same set of heterodimers may vary, inter alia, with
CAD conditions, the lifetime of the dimer ions and
the ionization method used to produce the dimer ions.
The extended kinetic method definitely pro-
vides an improvement in measured affinities for
certain molecules. Without full entropy correc-
tion, B-Ala—HT—amine dimers would have led to
PA(B-Ala) = 911-920kJmol!, depending on the
collision energy used (see right column Table 2
vis-a-vis the 927 4kJmol! deduced from the ex-
tended versionTables 4 and b Similarly, the proton
affinity of 1,2-diaminoethane would have been un-
dervalued by 9-14 kJ mot with the classical kinetic

cessity of entropy corrections is to pair the molecule
of interest with several different reference bases, so
that a thermochemical ladder can be constructed and
checked for self-consistency. For example, if A is
paired with X and Y, and Ia/kx) is found equal

to In(ka/ky) — In(ky /kx), the self-consistency cri-
terion is fulfiled (no dependence on pathway) and
the extended kinetic method needs not be employed.
The opposite scenario would indicate that full en-
tropy correction via the extended kinetic method is
necessary.
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