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Abstract

In the last three decades, several extensive thermochemical ladders were constructed that connect molecules over a\
range of gas-phase basicities (GBs, i-eAG° protonation) and proton affinities (PAs, i.e:AH®° protonation). The data
include GB ladders from low pressure ion cyclotron resonance (ICR), GB and PA ladders from pulsed high pressure ma
spectrometry (PHPMS), absolute reference PAs from spectroscopic measurements, and ab initio calculations. Compari:
amongst the ladders identifies some systematic expansions or contractions @@y, mainly due to uncertainties in
temperature measurement. After global adjustments for these effects and anchoring to accurate local standards, all the «
are consistent, including the directly measured PA ladders from variable temperature PHPMS measurements. Bracket
experiments and association thermochemistry provide further independent verification of the GB and PA scales. The c
rived entropies of protonatior§f) from PHPMS measurements and theoretical calculations are structurally reasonable anc
mutually consistent, which supports the entropy results and the consistencies of the GB and PA scales. Special structt
effects such as internal hydrogen bonds in polyfunctional and biomolecules ions can also be quantified. The overall dz
suggest that the GB and PA scales, spanning a range of 120 kcall fooB8 reference compounds, have been established
within £0.8 kcal mot1, and theS, values within+1.5 cal mot1 K1, which may be the limits of accuracy of current meth-
ods. The gas-phase data, used in thermochemical cycles, allows calculating the solvation energies of ions. Molecular ¢
solvation effects can be separated, and the latter decomposed into continuum and hydrogen bonding terms. Altogether,
gas-phase data allows decomposing the energetics of organic acid—base chemistry into structurally sensible and quantitati
understandable factors.
© 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction: definitions and an overview istry, radiation chemistry, chemical ionization mass

spectrometry, catalysis, crystal structure, surface

Protonated species are central to many chemical chemistry, industrial catalysis, and many aspects of

processes, such as acid—base phenomena, astrochentriophysics such as protein conformation, enzyme

catalysis and membrane transport. The location of the

_— proton in these environments depends both on the
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E-mail address:m.mautner@chem.canterbury.ac.nz b'ndmg en.erg'es .Of the proton to bases ?‘nd C-)n

(M. Meot-Ner (Mautner)). the strong interactions of the protonated species with
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the surrounding medium. With the advent of mass PA(B) = AH{(B) + AH?(H*) - AH?(BH*) 3)
spectrometry it became possible to determine the in-
trinsic gas-phase basicities, as well as the acidities,
of individual molecules and to separate molecular
and solvation effects. These developments constitute
a major advance in fundamental acid—base chemistry.
The results of over three decades of work by numer-
ous researchers were integrated in an evaluated NIST
tabulation of data on over 2000 compounds which may

Such measurements define the PAs of primary ref-
erence standards to which other bases can be related
through proton-transfer equilibria (4). The equilibrium
constants yield the relative GB&dqs. (5) and (6)
and relative PAs are obtained from temperature stud-
ies usingEqg. (7) Networks of these values can yield
extensive thermochemical ladders.

be considered the current benchmfrk also referred BsHY + B, — BoHY +B; (4)

below as Hun/Lia. The GB and PA values for key stan- B.H+1P(B

dards were based mainly on recent PHPMS scales of k4 = [B2HT] P(By) (5)
[B1HT]P(B2)

Meot-Ner (Mautner) and Siecl], also referred be-
low as Mau/Sie, and of Szulejko and McMah{8]
also referred below as Szu/McM, and on ab initio G2 —RTINKa=AGy = AHy — TAS,

calculations of Radom and coworkelrs 5] also re- = GB(By) — GB(By) (6)
ferred below as Eas/Rad. The results were checked

for consistency with previous ICR6] and PHPMS dinks —AH; PA(B2) — PAB)) Ko
[7,8] ladders. This review will summarize the method dr  RT RT

used in the NIST tabulationd] and will show that,
with small global adjustments and re-anchoring, the
directly measured PA scal¢3,3] further support the o T (Eq. (8):
tabulated PA values.

The gas-phase basicity (GB —AGY) and proton dPAB)
affinity (PA = —AHj) are defined by the thermo- dr
chemistry of reaction (1). The difference is of course ~ HereC, is the molar heat capacity at constant pres-
TAS{, and in addition to this term, a useful term is sure. Most of the temperature dependence of absolute
the protonation entropg;(B) as defined byEq. (2) PA values results from th€py(H™) = (5/2)R term, as
If B is an anion, the thermochemistry of reaction (1) the difference betwee@,(B) andCp(BH™) in the last
reflects gas-phase acidities, which have been also tab-two terms is usually small. Moreover, this small dif-
ulated[8]. ference is usually comparable for most bases B, and
therefore the relative proton affinities of bases are es-
sentially independent of temperature in the usual range
GB = —AGS, PA = —AHS of interest between 298 and 60JXK. In fact, no cur-
vatures of van't Hoff plots were reported that would
reflect measurable changes of relative PA values in
equilibrium pairs.

The temperature dependence of proton affinities can
be obtained1] by differentiatingEq. (3)with respect

= Cp(H") + Cp(B) — Cp(BHT) (8)

H* +B — BHT 1)

Sp(B) = S°(BHT) — $°(B) = AS] + S°(H)

- GB(B) — PAB) + S°(HT) 2) The methods used in most equilibrium PA studies

T are ion cyclotron resonance (ICR) or pulsed high pres-

The absolute PAs of bases can be obtained from sure mass spectrometry (PHPMS), both time-resolved

threshold dissociation energies for reactions that form methods where the approach to equilibrium can be

BH™ from neutral precursors. These data, in conjunc- observed directly. Selected ion flow tube (SIFT) mass
tion with neutral thermochemistry, allow calculating spectrometry has been also appli®. The ease of

AHZ(BH™) which yields PA(B) usingEq. (3) variable temperature studies with PHPMS was used
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in early studies to obtain relative PAs afgl values
[7,10]. Qualitatively, the order of PAs of bases can be
obtained from bracketing experiments or from the dis-
sociation of proton-bound dimers. All the experimen-
tal methods have been reviewfd].

The concept of proton affinity applies to any species

527

the current scale, after a temperature correction that
was needed in the early ICR ddfg.

Well-defined temperatures and collisional thermal-
ization of the ions are obtained by high pressure meth-
ods that operate in the Torr range, first applied in
ion chemistry by Munson and by Field et §1.9].

that can be protonated, including stable molecules, aslons are also thermalized at well-defined temperatures

well as atoms, radicals and even clusters, nanoparti-

in flowing afterglow (FA) or SIFT studies that usu-

cles and solid surfaces. The present review concernsally operate at 0.2—0.4 Torr, which were applied by

the GBs and PAs of stable molecules where proton at-

tachment is often the only way to form the protonated
species.

2. Historical summary

The significance of intrinsic molecular acid—base

Bohme to equilibrium studies in the lower PA range
[10].

A significant advance in the high pressure meth-
ods was the introduction of time-resolved, PHPMS by
Kebarle that allowed verifying equilibrium in transfer
and association reactions, as well as kinetic measure-
ments over a wide temperature rarigé]. Both ICR
and PHPMS can verify the achievement of equilibrium

properties prompted intensive and prolonged research,by showing that BH™/B,H™ in reaction (4) reaches

starting in the 1960s when mass spectrometric meth-

ods became available, and continuing to date.

The first major compendium of GB and derived
PA data by Aue and Bowers in 1979 summarized the
prior history and included data on over 300 bases
[12]. The earliest PA determination was attributed
to Tal'roze and Frankevich in 1956, who bracketed
PA(H,0) between 163 and 172 kcal mdlusing high
pressure mass spectrometry (HPMBB] (current
value 165 kcal mol?) [1]. Other early measurements
included qualitative bracketing of the PAs of amines
by Munson also by HPM$14], while Beauchamp
and Buttrill [15] and Brauman and Blaif16] used
ICR to bracket the PAs of organic bases. The latter
classical study showed that increasing methyl sub-
stitution increases the PAs of amines systematically,
and that the irregular order in solution is caused by
solvation effects.

Quantitative measurements of proton-transfer equi-
libria were first carried out by Aue and coworkers us-
ing an ICR drift cell[17]. The groups of Beauchamp
and of Taft used trapped ICR cells developed by
Mclver [18]. The Taft group accumulated a large

a constant ratio with reaction time. Kebarle's group
applied PHPMS to establish an extensive GB ladder,
using measurements at 600K to avoid clustering at
lower temperature§/,8]. Moreover, the temperature
can be varied in PHPMS sources, with measurements
reported from 20 to 650 K, allowing temperature stud-
ies to determine relative PAs accordingdq. (7) The
method was soon adopted by Field and Meot-Ner and
coworkers by pulsing the original high-pressure mass
spectrometer for time-resolved studies and applying it
to ion thermochemistrj21].

The body of data from ICR, FA and PHPMS
studies was summarized in the 1984 NIST com-
pendium by Lias et al[22]. The majority of the
data in this and earlier tabulations resulted from rel-
ative GB values measured at a single temperature.
The PAs were calculated froifaq. (6) by assigning
Sp = RIn(o(B)/a(BHT)). However, protonation may
lead to larger entropy changes as discussed below,
especially in structurally complex molecules. These
uncertainties prompted the construction of a PA lad-
der by Meot-Ner (Mautner) and Sieck using directly
measuredA H; from temperature studieg2]. This

set of interconnected data that were analysed andstudy did not find significant unexpected entropy ef-

reviewed[6]. Much of the early data has been incor-

fects, but showed that the then accepted PA difference

porated in the current PA scale, or used as checks forbetweeri-C4Hg and NH;, which is commonly used as
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reference, needed to be expanded by 4kcattol 3. Absolute PAs from dissociation thresholds

[2]. The measured relative PAs by Mau/Sieck and bracketing

were anchored to the prevailing HAC4Hg) =

1959 kcal mol1, and using this, the results indicated 3.1. Threshold measurements

that PAs in the entire upper range should be raised

by 4kcalmot? if the value used for PA{C4Hs) To anchor the PA ladders, absolute values must be
was correct. However, earlier bracketing experiments established by non-equilibrium methods, usually from
from the same laboratory already suggested that thedissociation threshold measurements or ab initio cal-
reference value ofi-C4Hg should be lowered by culations. For example, PA@Elg) which is a useful
about 4 kcal mot?® [23], which was further confirmed  anchor in the central PA range, can be obtained from
by the equilibrium ladder of Szu/McM3] and by the dissociation threshold of reaction (9) that forms
more recent threshold measurements by Baer andi-CzH;™ usingEgs. (10) and (11)

coworkers[24] and by Traege[25]. In any case, the

, ) 2-C3H7X — s-C3H7T + X 9)
expansion betweenC4sHg and NH; and the rela-
tive PAs measured by Mau/Sie were later confirmed, H* + CH3CHCH, — 5s-CgH7™ (10)
subject to a global adjustment as discussed below.
When anchored to the new values of (BE4Hg) = PA(CH3CHCH,) = AH{ (H") + AHf(CH3CHCH,)
1922 kcal morl. or PA(NH3.) = 204.0Kkcal morl. — AHP(2-C3H7X) + AHI(X)
[1] the Mau/Sie values still suggest some adjust- o

— AHy (11)

ments in the upper PA range compared with previous
scales. The uncertainty of the absolute PA value may result
To check and extend the directly measured PA from uncertainties in the dissociation thresholds due to
scale, Szulejko and McMahd8] constructed a PA  vibrational bands and to poor signal/noise ratios near
ladder extending from N to t-C4HgNH> over a the threshold. Uncertainties are also associated with
range of 105 kcal moi® which allowed anchoring the  the thermochemistry of the neutralskig. (10) espe-
scale to the reliable reference values of(E®) = cially the radicals X. In fact, when the PA Eq. (11)
1419 kcal molt and PAC,H,4) = 1625 kcal mot?. is known, for example from equilibrium results, then
However, the Mau/Si¢2] and Szu/McM[3] scales Eqg. (11)can determine\ Hy of the radicals.
show some differences, especially in the middle range  Reaction (9) was studied by several research groups
between @Hg andi-C4Hg. To reconcile these con- [27-31] Recent measurements by Baer et al. used
flicts, Radom and coworkers performed ab initio G2 photoelectron—photoion coincidence (PEPICO) and
calculations of the GB, PA an§, values for com- gave PAgg(CsHg) = 177.4 + 0.5kcal mol?, lower
pounds over a wide PA randd,5] and Sieck also by 2.2 kcal mot? than the tabulated valyé], but in
performed a careful re-determination of some of the excellent agreement with the equilibrium and ab initio
conflicting PAS[26]. Both of these tests found that the values summarized iTable 4 The absolute stan-
Mau/Sie PA scale needed to be somewhat contracted.dards recommended by Hunter and L[a$ include
The present paper will show how all of the previous photofragmentation thresholds by the Berkowitz and
and recent data can be integrated into a consistentTraeger groups, PEPICO data by Baer and coworkers,
scale. and ab initio data by the Dixon, Pople and Radom
A major contribution of the gas-phase data is that research groups, as summarizedlable 1 The sta-
comparison with solution allows calculating the en- tus of the primary standards was discussed in recent
ergetics of ion solvation. This, in turn, allows and a paperd1,3].
guantitative evaluation of solvation factors, which will Table lillustrates some main features of the refer-
be also reviewed briefly. ence values. Over a range of 68 kcal momost are



M. Meot-Ner (Mautner)/International Journal of Mass Spectrometry 227 (2003) 525-554 529

Table 1

Protonation thermochemistry of primary absolute reference compounds at 298K in the NIST tabyidtion

Base AHP(BHY) ASp PA GB Method Reference

NH3 193.0 -15 204.0 195.7 Theory (5]

H,CCO 157.0 (0.4) 0.6 197.3 (0.7) 189.7 Pl ((§LCO) [31]

i-C4Hs 170.0 (0.3) 48 191.7 (0.3) 185.4 PEPICEC4Ho), PI (i-C4H10) [24,25]

CHsCHO 142.3 (0.1) 0.4 183.7 (0.4) 176.0 Pl{@0H) [32,33]

CH3CHCH, 190.9 (0.7) 2.9 179.6 (0.7), 172.7 Pl (2-GH7Br), PEPICO [27-31]
177.4 (0.5) (2-CzH7Br and 2-GH-Cl)

H,CO 169.3 (0.2) 2.3 170.3 (0.3) 163.3 Pl (gBH) [34]

H.S 192.3 (1.2) 1.0 168.5 (1.3) 161.0 PlB}), theory [4,5,35,36]

H.0O 146.2 1.2 165.2 (0.7) 157.7 PI £§B),, theory [4,5,37,38]

CoHy 215.5 (0.4) 2.8 162.6 (0.4) 155.7 Pl {8s), PEPICO (GHsl) [27,28,39]

co 197.3 (2.7) 1.0 142.0 (0.7) 134.5 Pl (HCOOH), theory [40,41]

co, 142.4 (0.5) 6.2 129.2 (0.5) 123.3 Pl (HCOOH), theory [41-44]

3Thermochemical values at 298 K, unit&:H?, PA and GB in kcalmot!, AS, = §°(BH*) — §°(B) in calmolr 1K1,

determined with uncertainties0.8 kcal mott. How- ties can be calculated independently. Moreover, it was
ever, only three compounds are in the lower half of this shown that for accuracy, bracketing can be refined by
range and there is a gap of 21 kcal mbbetween CQ@ plotting the reaction efficiencies, which fall of as5°

and GHyg, while the upper range is covered by seven of the proton-transfer reactions become positive, as il-

compounds with no gap exceeding 10 kcal ol lustrated inFig. 1 Analogous plots were applied sub-
The highest reference compound,CO lies as sequently in the “thermokinetic method”.
much as 70kcalmoft below the bases with the More quantitatively, it may be assumed that the

highest tabulated PA values (>255kcal mbl To reaction efficiency = k/keoliision reaches about half
decrease the gap at the top of the ladder, a possibleof its maximum value wheAG° = O (or approxi-
candidate reference compound may becCHOCH; mately whenA H® = 0), and therefore fronfrig. 1,
(PA = 2054kcalmoll) whose protonated form  PA(Et,CO) = PA(CgHsCH,*) = 1987 kcal mol?,
CH3CHOCH;™ may be obtained from the fragmen- Using the relative PA values iffable 4 this gives
tation of CHsCH(OCH),. In the highest range, the PA(NH3) = 2028kcalmol! and PAi-CsHg) =
PAs of alkylimines, up to 225kcalmol may be  1908kcal mol?, lower by 1.2kcalmot! than the
obtained from the fragmentation of amines such as values from the ladders, but within the uncertainty of
(CH3)3CNH, — (CH3)2C = NH>™ + CHs, where +1.6 kcalmot?® in AHZ(CgHsCHR®) [1] that enters
the product is protonate@H3)2C = NH with a PA the PA calculations. Similar results fg. 1byield

of 222.8kcal mot®. To use these measurements, ac- PA(4-MePyriding = PA(CgHsNH®) = 227.0kcal
curate thermochemistry of the neutral imines would mol~ in good agreement with 226.4 kcal mélfrom
also have to be obtained. Reference values to checkequilibrium valueg1]. Since the PAs of the reference
the upper (PA) range can be obtained also by associ-radicals are obtained from neutral bond dissociation

ation and bracketing as discussed below. energies and IPs, these data provide independent PA
reference values for the upper PA range.
3.2. Absolute PAs from bracketing Conversely, using the PAs of the bracketing bases in

Fig. 1from equilibrium data, the method can be used
Bracketing measurements are often used to obtainto derive the PAs of the radicals as @HsCH,*) =
relative GBs. However, in special cases, bracketing 1999 kcal mol! and PACgHsNH®) = 2264 kcal
was also used to obtain absolute PA val{23], by mol~1. Using auxiliary thermochemical data, these
using radicals as reference bases whose proton affini-values allow calculating the IPs of the radicals or
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Fig. 1. Reaction efficiencies of proton-transfer (a) frogHgCH3** and 3-F-GH4CHz** to oxygen bases and (b) fromgBsNH** to
nitrogen bases. The neutral bases are indicated on the upper aljg8issa
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the bond dissociation energieB°(CgHsCHy—H) reaction zone and the point of temperature mea-
and D°(CgHsNH-H) with an accuracy comparable surements. These factors are likely to increase at
to spectroscopic determinations for these complex extreme temperatures, affecting the calculation of
species. enthalpy changes from H° = —R(d InK/d1/T).

f. Incomplete equilibrium during observable reaction

times. This may affect the measurdvalues, es-
4. Sources of error in relative GBs and PAs pecially extreme temperatures where reactions with
from equilibrium studies positive or negative temperature coefficients may

become slow and prevent reaching equilibrium.
The absolute reference vglues above may be usedg. Interference by side reactions due to impurities,
to anchor Iadders“of.relanve PAs and GBs from dissociation, clustering or rearrangement. Irre-
pr.otc.)n-tr.ansfer equ_'l,'br,'a (4) arfigs. (5)(7) Uncer- versible clustering reactions ofiB* or BoH™ may
ta}lntles In .the equilibrium measqrgments have been deplete their intensities compared with the actual
discussed in deta[R,45]. The equilibrium constants

¢ Eq. (3)and derivedAGB val fromEq. (4 equilibrium values. Isomerization to non-reactive
.rom a- ( )an. , erivedA values fromeg. (4) forms or ion pyrolysis may also distort the mea-
involve uncertainties due to several sources.

suredK4. While the reactions may deplete either
a. Uncertainties in the measured signal intensities and  BiH™ or B;H™ preferentially, reaction cycles may

the corresponding ion number densitiesEiq. (4) keep the ratio BH*/BiH* constant with time at a
for example, due to noise or errors in small ion sig- non-equilibrium value due to steady-state kinetics.
nals. This can be significant in particular for large For example, fragments produced by ion pyrolysis
K values where the small ion signal {B™) and may protonate the neutrals and re-generatel B
the large signal I(BH™) may be on opposite ends or BoH™T resulting in steady states that appear as

of the dynamic range. In addition, systematic errors  equilibria. Isomerization of ions may create simi-
may arise due to mass discrimination, although this  lar artefacts. The errors introduced by these factors

can be usually calibrated. depend on the relative rates of the side reactions

b. Uncertainties in the partial pressures of the neu- compared with the equilibrium reaction. The ki-
trals, especially for involatile or strongly adsorbing netic factors can vary with temperature as cluster-
compounds, where the gas mixture in the ion cham-  ing is fast at low, while isomerization and pyrolysis
ber may differ from the nominal prepared mixture are fast at high temperatures. These effects were
composition. analyzed and illustrated by examplé$].

c. Uncertainties in the ion source temperatures that
are used to calculatc G° = —RTInK andAS° = The sources of error due to factaxsandb above
(AH° — ASO)IT. affect the values oA G® but not AH°® if they are in-

d. Incomplete thermalization of the reactants or dependent of temperature. Facterg often vary with
products. temperature and may be prominent at the low or high

In addition, the following errors may vary with  ends of temperature studies. They may affectAl®

temperature and may be especially significant at values from temperature studies more than A@°

the high or low ends of temperature studies. They measured at intermediate temperatures where the arte-

may cause small errors in measurad;; values  facts are small.

but may have more significant effects on the slopes The primary source of systematic errors appears

of van't Hoff plots and the derived Hj valuesand ~ to be associated with temperature measurements.

relative proton affinities. For example, in the early ICR instruments the ion-
e. Errors in the assigned ion source temperatures, orizing filament created temperature gradients and the

temperature gradients in the source between the overall effective temperature in the reaction cell was
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significantly higher than the nominal 300 K. Compar- with a 2% error as 490K instead of the actual 500 K.

isons with other datfil] showed that the\G° of Taft For a reaction with a true\H° = —20 kcal mot!
require expansion by a factor of 320/300 below™H and AS° = OcalmoltK~1, the assigned values at
and 350/300 above #D due to this effect. 500K would beAG°® = —19.6 kcalmoll, AH° =

In PHPMS reaction chambers, the gas equilibrates —20.6 kcalmol! and AS°® = —2.1calmortK~1.

thermally with the interior walls of the reaction cham- These errors are comparable to the usual uncertain-
ber and especially with the surface near the ion exit ties. As another example, an expansion in the exper-
pinhole or slit where the last thermal adjustment oc- imental GB scale by 4% (see below) would result if
curs before analysis. Errors may occur if the temper- the temperature assigned as 660 K was in fact 674 K,
ature is measured at a different point or if the gas i.e., higher by 2% than the nominal value. A compres-
does not equilibrate thermally with the walls of the sion in the GB scale of Szu/McM as discussed below
ion source. For exampleyG; (600K) values of Ke- could result from a temperature difference of compa-
barle and coworkerg,8] were found to fit the general  rable magnitude in the opposite direction.
GB scales better if expanded by a factor of 650/600 For testing these effects, a ladder of ionization ener-
suggesting an apparently higher effective temperature gies was constructed for aromatics with known spec-
than the nominal valu¢l]. On the other hand, de- troscopic IPs, but the results did not show a systematic
pending on the location of the source heatemea- expansior45]. Given the experimental uncertainties,
sured at the outer wall of a reaction chamber may be it is important to test the consistency of thermochemi-
lower than the heated interior walls where equilibrium cal values also by measuring equilibrium constants at
occurs. This gradient would increase with increasing varying pressures and compositions, comparing results
temperature and affect the slopes of van't Hoff plots. from various laboratories and instruments, comparing

For example, the variable temperature measure- results from alternate pathways through the ladders,
ments of Mau/Sie were conducted by decreasing the comparing absolute standards and theoretical values
temperature stepwise using a cooling tube through to the ladders, and comparing the derived entropies
the ion source block. The temperature was allowed with isoelectronic neutrals or with theory.
to equilibrate for 3-5min at each temperature before  An important conclusion form the above consider-
measurement. An expansion of the PA scale could ations is that the sources of error in the PHPMS GB
occur if the parts of the ion source where final equi- and PA measurements are largely independent from
librium occurs were lower at each step by 2% than the each other even when obtained in the same experi-
measured value. Indeed, the measurements of Sieckments. Therefore, the PHPMS GB and PA scales can
using the same apparatus but much longer thermal be considered as largely independent sources of data.
equilibration eliminated the expansion of the PA scale
[26].

The magnitude of potential errors due to temper- 5. Relative GBs and PAs from bracketing and
ature measurements are illustrated by the following from the kinetic method
examples. The correction of the early ICR results
as suggested by Hunter and Lif§ by a factor of Equilibrium cannot always be achieved during ob-
350/300 introduces a change of 18% errorAGB. servable reaction times. Equilibrium constants may be
Correspondingly, the GB span fromp@ to (CHs)3N determined then from the ratio of the forward and re-
need to be expanded by 10.3kcal mgl an effect verse rate coefficients measured by ICR or SIFT. If
larger by an order of magnitude than the uncertainty equilibrium constants still cannot be obtained, such
ascribed to the final integrated PA scale below. as for unstable or involatile molecules, the order of

In PHPMS measurements, assume that in a tem- gas-phase basicites can be obtained by bracketing from
perature studyl’ is measured accurately at 300K but reaction kinetics.
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The bracketing method relies on fast reactions
where the efficiency = k/Kcolision iS near unity. In
the first applications, it was assumed that reactions
are fast in the exothermic direction° < 0). How-
ever, Bohme et al[9] showed that rate coefficients
are related toAG®, as of course it follows from the
relation exg—AG,/RT) = K4 = kalk_4 that the fast
direction is determined bpaG°.

The relation between kinetics and thermochemistry
in fast reactions was formulated more generally by
Meot-Ner (Mautner}46] as follows. “Intrinsically fast
reactions” obeyEq. (12)in that they are fast in the
forward direction whereAG° < 0 and are slowed in
the reverse direction only to the degree required by
the thermochemistry. These relations include reactions
with AG® values near zero, where< 1 applies in
both directions. It was observed that such kinetics re-
sults when the energy barrier is negligit{es].

ra+r_g~1 (12)
Kan L (13)
r—4
K 1
(14)

"T11K " 1texp(AG/RD

We observed thaEqgs. (12)—(14)apply in reac-
tions with various combinations cfG° and AH®, in
charge transfer and proton-transfer, and in reactions
involving anions and cations. The results demon-
strated, for example, that significantly endothermic
reactions AH° > 0) can be nevertheless fast if
large entropy changes rend&G° < 0; we observed
similar behavior previously in the reactions of poly-
functional ions with internal hydrogen bond47]
and in charge transfer reactiof]. These observa-

tions demonstrate that bracketing reactions measure

relative GBs rather than PAs. This is particularly
significant in applying bracketing experiments to the
GBs biomolecules, as demonstrated by Gorman and
Amster[49], which commonly involve large entropy
effects due to intramolecular hydrogen bonding.
Subsequently, Bouchoux and coworkdf0,51]
used the rearranged form Bf. (14)in the “thermoki-
netic method”. In this applicationG represented the
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combined energyAG,.,.ion+ AGa but the added
energy barrier term\Gg is small, comparable to RT
for most proton-transfer reactiorjd9], which sup-
ports the conditions proposed earlier for intrinsically
fast kinetics[46]. Bouchoux and coworkerf0,51]
applied these relations in several series of reactions
to measure GBs and derived PAs such a€HC=0
(1953 + 0.7)kcalmol! and HC=NH (2055 +
1.2) kcal mol?, in reasonable agreement with theory
[5]. The authors also derived the thermochemistry of
these unstable molecules from these measurements.
Relative GBs may be also determined applying
the kinetic method to the collisional, metastable
[52,53] or black-body infrared dissociatidb4,55] of
proton-bound dimers B4+ - - By, where the compo-
nent with the higher GB retains the proton preferen-
tially. This method is particularly useful for involatile
compounds where equilibrium measurements are
impractical, but whose dimers can be generated by
laser desorption or electrospray. Again, the product
distribution ratios BHt/BoHT reflect the relative
GBs rather than PAs of the components. If the en-
tropy changes in the two channels are similar and
reverse barriers are absent, the product ratio is related
to the relative energies of the product ions, reflect-
ing the relative PAs of the components. The kinetic
and thermokineic methods were reviewed briefly by
Hun/Lia and results from these measurements were
included in the NIST Tablefl].

6. Properties of thermochemical ladders

The combined PA ladders Mau/Sjg] and Szu/
McM [3] in Fig. 2illustrate the properties of thermo-
chemical ladders.

- The ladders provide a network of redundant overlap-
ping paths between any two molecules, which de-
creases the uncertainty in the relative GBs or PAs.
If two compounds are connected through n alterna-
tive paths, the uncertainty is decreased by a factor of
n—1/2 vs. the uncertainty of a single measurement.
The ladders require complex iterative optimization
to assign the best GB or PA values.
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Fig. 2. Enthalpies of proton-transfer equilibria (kcal mbl from Meot-Ner (Mautner) and SiedR], left-hand ladder, and from Szulejko
and McMahon[3], right-hand side equilibria. (a) Results from association equilibria. (b) Results by Mautner and1Biel8ottom part
of the Szu/McM ladder not shown.
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- The uncertainty inABG or APA between any two  section and association reactions below support the
compounds increases with the number of steps that assigned values from the ladders. This range contains
connect them, due to cumulative error. Large PA many nitrogen compounds that allows a dense inter-
differences may require several connecting steps. locking ladder as irFig. 2 It also includes aliphatic

- Thermochemical ladders anchor relative GBs and and aromatics amines, larger polycyclic hydrocarbons,
PAs to absolute standards. Preferred standardsand many polyfunctional and biomolecules whose
should be highly accurate so that they don't in- PAs are increased by internal hydrogen bonding.
troduce significant external errors into the ladders.

Other compounds should be connected to them by

the fewest possible steps and in several redundant?7. Tests of thermochemical ladders. charge

ways. For this reason, it is advantageous to use transfer equilibria

local standards in various ranges of the ladders.

Comparing the distance between absolute standards An equilibrium ladder of charge transfer reactions
from spectroscopy and from the equilibrium ladder involving 14 aromatic hydrocarbons was constructed
tests the accuracies of both the spectroscopic andto test the accuracy of thermochemical ladders in
equilibrium measurements. which AH° values are obtained from temperature

- Thermochemical ladders can accentuate systematicstudies[45]. These results of the charge transfer lad-
errors that lead to the contraction or expansion of ders can be compared with the spectroscopic IPs of
the experimental scales as illustrated below. these compounds. Although they reflect vertical IPs

at OK, extrapolation to the 300-600K range of the
The PA scale can be divided into lower, mid- equilibrium results is less than 0.5 kcal mbI[56].

dle and upper part. The low PA range belowCH The IP ladder from 1,2,3,54E2(CHz)4 to CgFg
(<165 kcalmot?) contains mostly small molecules spanned 40.7 kcal mot in the measured H; . iion

including several useful independent standards suchand 40.3 kcal mol® in the AGg values, in reason-
as CO, CQ and GH4 and other important small  able agreement with the spectroscopic IP difference
molecules in astrochemistry such as, CH,, CO, of 42.3 kcal motl. The PHPMS measurements were
N2, NO and BO. However, relatively few molecules  also consistent with ICR equilibrium values that are
are in this range, allowing only a limited number of available through part of the randfe6]. For the indi-
overlapping paths in the ladder. vidual reactions in the ladder, the standard deviations
The middle range from pO to NHgz (165-204 kcal of the slopes and intercepts from the scatter of the van't
mol~1) contains a larger density of various com- Hoff plots and reproducibility among replicate runs
pounds. Independent standards in this range includewere +1 kcal mot! for AH® and +2 calmot1K—1
H,S, HLCO, HhCCO, CHCHCH, andi-C4Hg. The for AS, similar to proton-transfer measurements. The
lower section of this range includes astrochemical average difference betweent . ... between pairs
molecules such as #€0, H,S and HCN, and the of compounds and the respective spectroscopic IPs
upper part includes representatives of many major was=+0.6 kcal mot2.
organic classes such as alcohols, ethers, ketones, For a general estimate of error in thermochemical
aldehydes, carboxylic acids and esters, and their sul-ladders, note that two compounds may be connected
fur counterparts, as well aromatics such as benzene,by nsteps, usually througinalternative parallel paths.
alkylbenzenes, halobenzenes and polycyclics. If h° is the random uncertainty in a single step, the
The upper PA range above Ni>204.0 kcal mot 1) uncertainty of a single path of steps connecting two
does not contain independent standards over a spancompounds is/2 h°. One effect is that small errors in
of 70kcal mot! to the top of the current PA Tables. individual steps can accumulate to larger errors in mul-
However, the bracketing reactions in the previous tiple steps. If there aren independent parallel paths
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between the two compounds, the random uncertainty 1.4n'/2 calmol-1K~1in AS’ for differences between

is reduced by a factor afi-1/2 to a cumulative error  two bases connected hy steps in a PHPMS ther-

of ("m)¥/2h°. Of cause systematic errors such as an mochemical ladder. As noted, these uncertainties are

expansion or contraction of each step by a fatux- reduced by a factor ai~1/2 if mindependent paths

cumulate linearly td AG® which may be a significant  connect two bases.

number for two compounds separated by a large GB

difference. This effect is not reduced by pgrallel paths_. 8. The evaluation procedures of Hunter and Lias

It can be large enough so that a systematic error that is

undetectable in a single step becomes easily detected The NIST Tables of Hunter and Ligd] summa-

in an extended ladder as illustrated below. fize the evaluated data up to 1998. Although directly
For example, the thermochemical ladders can be ob- measured PA ang, values of Mau/Sie and Szu/McM

tained considering that the ladder was by 7-12 steps in\ere available, Hun/Lia did not use them because of

several alternative paths. To combine the uncertainties jnconsistencies (that will be resolved below). Rather,

in the |adder, ifh° is the Uncertainty ina Single Step, the evaluation was based on th&° values from ICR

the uncertainty of a glngle path ofsteps connecting  and PHPMS measurements and the ab initio calcu-

two compounds is'/?h°. For an average of 10 steps  [ations of Eas/Rad5]. The procedure of Hun/Lia is

the expected cumulative uncertaintyig¢0'/2 x 0.6 = summarized as follows.

+19kcalmol over the AH{, a0, SPan of The compounds in the Eas/Rad calculations were

53.1 kcal mot! of the charge transfer ladders. In com-  sed as primary standards. Relativesg@and GBso

parison, the measuredi Hj, o, SPan between the  valyes from equilibrium data for these compounds

ends of a ladder is smaller by 2.0kcal mbland the  were anchored to ammonia by using the relative GB

AG® span is smaller by 2.5 kcalmol than the spec-  values in the ladder to connect each base to ammonia,

troscopic span. For a ladder of 10 steps this yields an representing the thermochemistry of reaction (15).
estimated uncertainty of 2.0/%6 = +0.6 kcal mol-!

+ +
per step in the measured H;, ;... values and NH;™ +B — BH" + NHs (15)
2.5/10/2 = 0.8kcalmol! per step in theAGgy, The relative experimental G values, i.e.,
values, comparable to the above error estimates. AG35 00 and the respectiva His, ,qq from ab initio

A further charge transfer ladder was constructed PA values of Eas/Rad were usedHn. (16)
for polycyclic aromatic445]. The measured span of
AGgg (ionization) between 1,12-benzoperylene and ASje =
naphthalene was covered in alternative paths contain-
ing an average of 10 steps which gave a measured
span of 26.9 kcal mott, larger by 1.8 kcal moi® than It was also assumed thatH?,qg (theory) is inde-
the spectroscopic difference. This yields again an un- pendent of temperature at 298-600K. The resulting
certainty estimate of 1.8/1¢ = +0.6 kcalmot?! in ASS; was also assumed to be constant from 298
each individual equilibrium measurement. to 600 K. With these assumptiongg. (16)leads to
Together these tests suggest uncertainties of Eq. (17) which is effectively the relation used by
+0.6 kcalmotlin AH° andAG® and+1.4 cal mot? Hun/Lia to derive the GBsg values.
K=1 in AS values obtained from individual equi-
librium measurements. This is comparable with our
general experience and with the usual consistency of _ (250 o h
measurements for a given equilibrium from various - (ﬁ)) AH 15209 (tEOTY
sources. These values give a compounded uncer- 350 o
tainty of 0.%2kcalmol! in AH° and AG® and + <_> AG1s00 (PHPMS (17)

AH§5(298)(theory) — AG‘;S(BOO)(PHPMS
600

(16)

600



M. Meot-Ner (Mautner)/International Journal of Mass Spectrometry 227 (2003) 525-554

In other words, a value derived by Hun/Lia for
AGy5350 is composed of 41.7‘VAH§5(350)(theory)
and 58.3%AG‘1’5(600)(PHPMS). This value was then
compared WithAGi5(35o) from the ICR data of
TAFT, also anchored to ammoni®]. When con-
sistent within 1kcalmot!, the PA(B), GB(B) and
$(B) used in the calculation were considered to
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[3] because of discrepancies which the calculations of
Eas/Rad5] aimed to resolve. Guided by the theoret-
ical results, all the main PA scales can be rendered
consistent, as follows.

The original and adjusted GB scales for key com-
pounds are shown ifiables 2 and 3for compounds
where data are available from two or more of the PH-

be established, and absolute values were derived byPMS or ab initio sources. Both from the Tables and

anchoring to GBso(NH3) = 1958 kcal mol! and
PAsgg(NH3) = 204.0 kcal mol? [5]. The consistency

fromFig. 4of Eas/Radb5] it is evident that the Mau/Sie
GB scal€[2] is slightly expanded while the Szu/McM

can also be checked by comparing the derived PA scale[3] is compressed vs. the theoretical values. For

values with ab initio results and with the relative PAs
of the absolute standards from spectroscopy.

A further check was made by calculating the pro-
tonation entropies. Combined wit8,350(NH3) =
—1.5calmolrtK~1[5], Eq. (18)yielded theS,,350(B)
values. They may be also calculated fr&m. (19)by
deriving the absolute GB and PA values after anchor-
ing to ammonia.
AHi5 —

T
GB(B) — PA(B)
T
The resultings, values were compared with the the-

Gis
Sp(B) = + Sp(NH3) (18)

Sp(B) = + 5°(H™) (19)

example, the difference between ggMe>NH) and
GBgoo(C3Hs) is 44.3 and 41.9 kcal mot in Mau/Sie

[2] and Szu/McM[3], respectively vs. the calculated
43.2 kcal mot! [5]. Following such comparisons, the
relative Mau/Sie relative GB values were multiplied
by a factor of 0.96 and the Szu/McM relative GB val-
ues were multiplied by a factor 1.04 in the adjusted
scales inTable 3 The adjusted scales were anchored
to NH3 as recommended by Hun/Lfa]. Finally, the
GBgoo values were converted to G values using
the difference GByp — GB2gg calculated by Eas/Rad
[5] (see alsoTable 3 footnote a). Note that similar
global adjustments were also applied by Hun/[l&
due to temperature corrections, using an adjustment

oreticalS, values of Eas/Rad, and also examined as to by a factor of 350/306= 1.17 adjustment for the Taft
reasonableness in terms of structural effects and whendata[6] and 650/60C= 1.08 for the Kebarle/Lau GB

possible, by equating (BH™) with the entropies of
isoelectronic neutrals.

In effect, the procedure yielded composite values
from relative GB values from PHPMS and the ab initio

scaled7,8].

The compressions or expansions observed in the ex-
perimental ladders would not be noted in individual
equilibria. For example, in a typical equilibrium with

absolute PA values, which were also checked against AG° = 3.0 kcalmol™! the expansion of the Mau/Sie

the ICR results. The results test the internal and mu-

scale or the contraction of the Szu/McM scale would

tual consistencies of these scales. More details of the change the result only by 0.12 and.18 kcal mot 2,
procedure, and applications to sample molecules arerespectively, both within the typical 0.6 kcal mdlor

given by Hun/Lia[1].

9. GB and PA ladders and adjustments
9.1. Gas-phase basicities

As noted, Hun/Lig[1] did not use the experimen-
tal PA andS, values by Mau/Sig2] and Szu/McM

20% uncertainty. In fact, Eas/R#&] calculated the in-
dividual AGg,, and A Hg, values for 25 reactions in
the Mau/Sie and Szu/McM ladders, and found agree-
ment within +1 kcal mot-! for each reaction, within
the combined estimated uncertainties of the experi-
mental and theoretical values. Therefore, the experi-
mental error would not be identified in an individual
equilibrium measurement but it adds up to significant
cumulative differences in the ladders.
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Table 2
Relative gas-phase basicities and proton affinities at 600K of selected compounds (ké&mol
600 K& GB PA

Mau/Sie Sieck Szu/McM Eas/Rad Mau/Sie Sieck Szu/McM Eas/Rad
MesN 25.5 25.1 24.4 23.1
t-C4HoNH> 21.3 19.8 20.9 19.9
MeoNH 19.9 18.9 19.4 195 19.0 18.5
Pyridine 20.8 19.7 19.3 18.0
EtNH 14.9 14.8 15.1 14.3
MeNH; 10.7 10.9 11.6 11.3 11.9 11.2
Pyrrole 6.5 7.1 7.2 5.1 5.7 4.8
¢-C3H5COCHs 2.1 1.9 0.8 0.7
NH3 (0.0) (0.0) (0.0) (0.0) (0.0) (0.0)
Et,CO —2.4 -1.4 4.7 —-4.2
MeCOOEt -3.0 —-2.2 —-5.3 —-5.4
MezS -3.6 -2.9 -5.8 -5.9
MeCOOMe -6.0 —6.2 —-5.1 -9.1 —-8.7 -8.5
Me,CO -7.8 -7.6 —-6.0 —-7.5 -9.9 —-9.4 -9.8 -10.4
i-PrCN —10.6 -10.3 -9.2 —-13.4 -12.4 -10.3
i-C4Hg -9.2 -95 —7.7 -85 -12.4 -11.7 -11.8 -11.6
EtCN —13.3 —-12.9 —-12.3 —-15.7 —-14.9 —-15.1
Me,O -12.1 -10.5 -11.3 -16.0 -13.9 —-15.4
Toluene —14.4 —-13.7 —-12.8 —-18.4 -17.4 —15.8
CH,CHCN -16.1 —-14.4 -18.9 -17.1
HCOOMe —16.0 —15.2 —-14.0 —-151 —18.9 —18.0 —-15.4 —-17.6
MeCN -17.3 —-155 —-19.7 -18.1
MeSH —18.7 —16.6 —-21.4 —18.8
MeCHO —19.6 18.1) -18.1 —22.6 -20.3
CgHsF —22.6 —20.2 —-255 —22.2
MeOH —-22.4 —20.9 -21.4 —26.4 -21.8 —24.3
Benzene —-21.6 —19.6 —26.7 —-235
CH3CHCH; —24.4 -23.0 —23.8 -29.1 -25.1 —26.8
H>S —-32.7 —-33.2 —34.8 —-35.1
H,O —36.3 -37.7 —38.5 —-39.7
CoHg —-37.4 —38.0 —40.9 —41.5
CS, -34.3 -35.3 —42.2 —415
coO —58.7 —60.5 —61.6 —62.7
N20 —60.2 —65.7
CHgy —66.5 —73.3
CO —68.0 —70.0 —-74.1 —75.6
N2 —80.8 —83.2 —84.8 —86.5

2Relative GB values reported at 600 K. Relative PA values derived from ladders based on van't Hoff plots, N2juiSistly from
measurements at 450-650 K, Sig2k] at 520—-660 K, Szu/McM3] at temperature intervals mainly of 80-180 K about mean temperatures
ranging between 334 and 620K, mostly about 580 K. The van't Hoff plots in all studies were linear over the ranges studied indicating
that the relative PAs are independent of temperature in the measured range within experimental accuracy. Theoretical values of [Eas/Rad]
[5]. All values referenced to N

The adjusted PHPMS GB scales may be compared for all compounds except a somewhat low value for
with the theoretical values and with the tabulated MeSH by Mau/Sig2]. Notably, this agreement also
NIST [1] values. Table 3 shows good agreement applies to compounds in the low GB range below
among all the sources, with a scattet kcal molt H20. The only significant exception is38g where
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Table 3
Gas-phase basicities of selected compounds (kcalthait 298 K
298K GB

Mau/Sie adf  Sie? Szu/McM adj? Eas/Rafl  Hun/Liad Av.¢ Stdf GBygg — GBgoo?
MesN 219.3 219.9 2194 219.5 0.3 8.0
t-C4HoNH> 216.0 216.1 2151 215.7 0.6 8.7
MeoNH 2145 2151 214.8 214.3 214.3 0.3 8.6
Pyridine 214.8 214.7 214.7 214.7 0.1 8.1
EtNH, 209.8 210.3 209.8 210.0 0.3 8.7
MeNH; 205.9 206.9 207.1 206.6 206.6 0.6 8.8
Pyrrole 200.8 201.9 201.7 201.7 2015 0.5 7.8
¢-C3H5COCHs 196.9 196.8 196.7 196.8 0.1 8.0
NH3 (195.8) (195.8) 195.8 195.8 195.8 0.0 9.0
Et,CO 192.1 192.9 192.9 192.6 0.5 7.6
MeCOOEt 191.7 192.3 192.3 192.1 0.3 7.8
Me,S 190.9 191.4 191.5 191.3 0.3 7.5
MeCOOMe 188.9 189.3 189.3 189.0 189.2 0.3 7.8
Me,CO 187.0 187.8 188.3 186.9 186.9 187.4 0.6 7.7
i-PrCN 184.6 185.4 185.2 184.7 185.0 0.4 8.0
i-C4Hg 185.2 (185.6) 186.1 185.6 185.4 185.6 0.3 7.3
EtCN 181.9 182.7 182.3 182.4 182.3 0.4 7.9
Me2O 182.4 183.1 182.7 182.7 182.8 0.3 7.3
Toluene 180.0 181.0 180.5 180.8 180.6 0.5 7.0
CH,CHCN 179.1 180.2 180.1 179.8 0.6 7.8
HCOOMe 179.4 180.4 180.2 179.6 179.6 179.8 0.5 7.9
MeCN 178.1 179.2 178.8 178.8 0.6 7.9
MeSH 176.7 178.1 177.3 177.4 0.7 7.9
MeCHO 176.0 177.6 176.4 176.0 176.6 0.8 8.0
CgHsF 173.1 173.8 173.7 1735 0.4 8.0
MeOH 172.7 172.4 173.1 173.2 172.8 0.3 7.4
Benzene 172.6 173.0 173.4 173.0 0.4 6.6
CH3CHCH, 171.2 170.7 170.9 172.7 170.9 0.2 7.8
H>S 160.9 161.6 161.0 161.2 0.4 8.1
H,O 157.1 157.1 157.7 157.3 0.4 8.0
CoHa 1554 156.1 155.7 155.7 0.4 7.4
CS 157.1 157.5 157.2 157.3 0.2 6.0
CO 133.8 134.2 134.5 134.2 0.4 8.0
N2O 131.3 1311 131.2 0.1 7.1
CHy 1235 124.4 124.0 0.6 59
CO 122.4 123.0 123.3 122.9 0.5 6.3
N2 110.2 111.0 111.0 110.8 0.5 7.4

a Absolute GBgg values derived from relative Gigp values inTable 2by adjusting the relative values by a multiplier of 0.96 fat
and 1.04 for[3] and anchoring the adjusted values to dg#NH3) = 1868 kcalmol? [5]. The values were converted to 298K using
GB290g = GBgoo— (PAsoo— PA20g) — (6008, 600 — 298Sp, 208) + [600Sg,0(H™) — 2985555(H™)] (the last term in brackets: 9.96 kcal mot1).
The PAgsoo — PA2gg values used were as ifable 4 The S, 298 and $,,600 Values used were froifd], or if not available, fromS, 298 values
of [1] and estimated aSp 600 = Sp,208+ 1 cal mol1K~1 based on analogous compounds frfith

b Relative GRygg values from[26], anchored to GByo(i-C4Hg) = 1929 kcalmot? [5] and converted to GBg as in footnote a.

¢[5].

d[1].

€ Average of columns 2-6 (when numbers are available), excepCEIGH, average of columns 2-5.

f Standard deviation of columns 2—6 (when numbers are available), exce@HiEH, where standard deviation is of values in columns
2-5. Range of values for each compound is abowts?d.
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the GBygg value assigned by Hun/Lia is too high by anchored to CO for compounds belivZ4Hg and to

about 1.6 kcalmol! compared with the average of NHs for the higher compounds in the adjusted scales

the other values. (Table 9, excepti-C3H7CN which is tied to the lower
Table 3also shows the average &d3 values. As scale in the Szu/McM ladders. The adjustedsfiRA

noted, the tabulated Hun/Lia values which are included values in the PHPMS scales were converted togBA

in the averages are themselves an approximate averageising the theoretical difference By — PA2gg from

of the theoretical and of the HPMS values. The average Eas/Rad (or as iffable 4 footnote a).

standard deviation of the values for a given compound The adjusted Pgyg can be compared ifable 4

from the different sources is 0.4 kcalmédland the with the theoretical and tabulat§t] values. Again, all

average range is 0.8 kcal mal which can be used as  the data show good agreement, within 0.5 kcalThol

a measure of the uncertainty in the gBdata. for many compounds and within 1 kcal mdl for
most. Somewhat larger differences are observed in the
9.2. Proton affinities Hun/Lia[1] value for GHg which seems to be high by

2 kcal mol! as discussed above, and the Szu/M&M
The unadjusted P& scales inTable 2 show values for C3, CoH4 and HS which seem to be low

somewhat larger scatter. In particular, a systematic by 1-2 kcal mot! compared with the other sources.
expansion is noted in the Mau/Sie scales compared Included in this general agreement are the carefully
with the ab initio values (see figure 5 {]). This measured values of Sie¢R6] which are re-anchored
expansion was noted in the careful repeat measure-here t0i-C4Hg while retaining the relative PA values
ments of Sieck[26]. For example, the difference without adjustment. Note that Bdg(MeCHO) in the
between PAog(Me2NH) and PAsoo(CsHg) is 48.6 Sieck scale agrees well with the theoretical value
and 44.1kcalmoi! in Mau/Sie and Szu/McM, re- and also with the Hun/Lia value from spectroscopic
spectively vs. the calculated 45.3 kcal mb[5]. Fol- standards, giving an additional independent absolute
lowing such comparisons, the Mau/Sie relatives A  anchor for the PHPMS equilibrium ladders. The aver-
values[2] were multiplied by a factor of 0.94 and age standard deviation of the PA for a compound from
anchored to Péyo(NH3) = 2053 kcal mol? [5] in the various sources ifiable 4is 0.4 kcalmot?! and
the adjusted scale$able 2also shows that when an-  the average range is 0.8 kcal mbdlwhich indicate
chored to NH, the Szu/McM relative PA$§2] agree the uncertainty of the PAg data.
well with the theoretical values aboiwC4Hg, but are The adjustments can be justified by the properties
shifted up by an about constant 1.8 kcal moifor of thermochemical ladders discussed above. They
the lower compounds. In other words, the compounds yield a remarkably good agreement among the PA
below i-C4Hg agree with the ab initio values when scales from different experimental sources and from
anchored to CO, while the higher compounds agree theory. Note again the sources of error in the measured
better when anchored to NHas a local standard. GB and PA values in the PHPMS measurements are
This re-anchoring retains the PA values measured largely independent and therefore the two scales may
by Szu/McM [2] relative to NH but increases the be considered independent. The data therefore show
absolute values by 1.8kcalmdl in this range. We  an agreement among relative GBs from ICR and PH-
note in Fig. 2 that the upper range of Szu/McM is PMS, relative PAs from PHPMS, absolute GBs and
tied toi-C4Hg by 9 links, buti-C4Hg itself is tied by PAs from theory and PAs from independent standards,
only one direct and three indirect links (all through as well as reasonable entropies of protonation. The
Me,CO) to the scale below. Given the long distance agreement of the PHPMS relative PAs and deri8ed
and many steps between CO aRr@4Hs, the use of values with the Hun/Lig1] and theory increases the
a separate local standard for the upper scale appearsonfidence that averaged GB valueSable 3and PA
reasonable. Therefore, the Szu/McMdgé\scale was values inTable 4are accurate withig=0.5 kcal mot 2.
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Table 4
Proton affinities of selected compounds (kcal dlat 298 K
298K PA

Mau/Sie ad?  Sie® Szu/McM adj2  Eas/Rafl Hun/Liad Av.® std! PAsoo — PAsgg?
MesN 227.2 227.3 226.8 227.1 0.3 1.1
t-C4HgNH> 223.8 224.1 223.3 223.7 0.4 11
MeoNH 222.5 223.2 222.7 222.2 222.6 0.4 1.1
Pyridine 222.3 222.2 222.3 222.3 0.1 1.1
EtNH; 218.3 218.4 218.0 218.2 0.2 1.2
MeNH; 214.7 216.0 215.3 214.9 215.2 0.6 1.2
Pyrrole 208.9 209.8 208.9 209.2 209.2 0.4 1.2
¢c-C3HsCOCHs 204.9 204.8 204.3 204.7 0.3 1.2
NH3 (204.0) (204.0) 204.0 204.0 2040 0.0 1.3
Et,CO 199.7 199.9 200.0 199.9 0.2 1.2
MeCOOEt 199.1 198.7 199.7 199.2 0.5 1.2
Me,S 199.0 198.6 198.6 198.7 0.3 0.8
MeCOOMe 195.5 195.5 195.6 196.4 195.8 0.4 1.2
Me,CO 195.1 195.1 194.6 194.0 194.1 194.6 0.5 0.9
i-PrCN 191.7 192.0 192.2 192.1 192.0 0.2 1.0
i-C4Hg 192.1 (192.2) 192.0 192.2 191.7 192.0 0.2 1.5
EtCN 190.0 190.0 189.7 189.8 189.9 0.2 0.5
Me,O 189.6 189.0 189.3 189.3 189.3 0.3 0.6
Toluene 186.8 186.8 186.5 187.4 186.9 0.4 1.2
CH>CHCN 186.9 187.5 187.5 187.3 0.4 0.6
HCOOMe 186.8 186.6 187.3 187.0 187.0 186.9 0.3 0.8
MeCN 186.2 186.4 186.6 186.2 186.4 0.2 0.6
MeSH 184.3 185.6 184.8 184.9 0.7 0.9
MeCHO 183.2 184.1 184.1 183.7 183.8 0.4 0.9
CgHsF 180.3 180.3 180.7 180.4 0.2 1.0
MeOH 179.5 180.7 180.3 180.3 180.2 0.5 1.0
Benzene 179.2 179.0 179.3 179.2 0.2 1.0
CH3CHCH, 177.3 177.8 177.9 179.6 177.6 0.3 0.6
H>S 170.2 167.6 169.1 168.5 168.8 1.2 1.1
H>,O 164.7 163.9 164.5 165.2 164.6 0.6 1.1
CoHg 161.8 163.0 162.6 162.5 0.6 0.8
CS 161.8 160.5 163.0 163.0 162.2 1.2 0.8
CcoO (141.0) 141.7 142.0 141.6 0.5 0.9
N2O 137.0 137.5 137.2 0.3 0.8
CHy 129.0 129.9 129.4 0.6 1.2
CO 128.6 128.9 129.2 128.9 0.3 0.8
N2 118.0 118.0 118.0 118.0 0.0 0.7

2 Absolute PAgg derived by adjusting the relative By values[2] in Table 2by a multiplier of 0.94 and anchoring the adjusted
values to PRoo(NH3) = 2053 kcal mot? [5]. The relative PRgo values[3] were used without adjustment, but the PAsidf4Hg and
above (except-C3H;CN, see text) were anchored to &8(NH3) = 2053 kcalmol?! [5], increasing the Pdyo values of NH and the
compounds anchored to it by 1.8 kcal mblcompared with the original paper, while the PA values belaBsHg remained anchored to
PAoo(CO) = 1419 kcal mol. The PAsqo values in both scales were converted to 298 K using the difference tergyg PARA298 from
[5] or when not available, the values shown in column 9 as estimated from similar compounds.

b Relative PAqo values from[26], anchored to Péyo(i-CsHg) = 1850 kcal mot! [5] and converted to PAg as in footnote a.

¢[5].

d[1).

€ Average of columns 2—6 (when numbers are available), excepCEIGH, average of columns 2-5.

f Standard deviation of columns 2—6 (when numbers are available), excgfHitH, where standard deviation is of values in columns
2-5. Range of values for each compound is abowts?d.

9From the cycle of proton-transfer equilibria among,C8,0 and HBS [10] using the average of two equilibrium results for each
compound and PA values ¢5] as anchor.



542 M. Meot-Ner (Mautner)/International Journal of Mass Spectrometry 227 (2003) 525-554

10. Entropies of protonation given by the difference in absolute entropi§s =
§°(BH') — $°(B) (Eq. (2). In most early work,S,

The entropies of protonation are expressed most was approximated by changes due to rotational sym-
conveniently in terms of the “half-reaction entropies” metry numbers a$, = RIn(o(B)/a(BH™)). However,

Table 5
Entropies of protonation half-reactionS (cal mol1 K1) at 600K
600K S
Mau/Sié Sie Szu/McM Eas/Rafl Isoelectronié

MesN 0.6 2.0
t-C4HgNH> -0.6 -2.0 -2.0
Me;NH —0.6 —-1.5 0.1 0.0
Pyridine 1.2 1.6
EtNH; —-1.6 -0.5
MeNH; -2.3 -3.0 -0.8 -1.0
Pyrrole 11 1.0 2.8
¢c-C3H5COCH; 0.9 2.0 14
NH3 -1.3 —-15 -1.3 -15
Et,CO 2.6 25 2.5
MeCOOEt 2.6 35
Me,S 2.4 3.6
MeCOOMe 3.9 3.7 4.0
Me,CO 2.2 2.4 4.5 3.3
i-PrCN 3.4 3.3 0.0 3.4
i-C4Hg 4.1 3.2 55 3.9 55
EtCN 2.7 2.9 3.1
Me,O 5.2 4.5 54 25
Toluene 54 5.7 3.0 4.8
CH,CHCN 3.4 3.2
HCOOMe 3.6 4.1 0.5 2.7
MeCN 2.7 3.0 3.0 3.0
MeSH 3.2 2.4
MeCHO 3.7 3.7 19
CgHsF 3.6 15
MeOH 5.4 —-0.5 35 1.5
Benzene 7.2 5.0
CH3CHCH, 6.6 2.0 3.7
H.S 15 1.7 2.0
H,O 1.5 2.1 1.5
CoHg 4.0 4.3
CS 9.6 11.0 9.0
CcO 3.0 2.3 3.0
N2O 7.0 5.7
CHy 9.5 8.6
COx 8.0 7.9 7.0
N2 5.0 4.2 4.0

aCalculated from the unadjusted experimental relativesggBnd PAsoo values, anchored to NH[2].

b26].

c[3].

d[s].

€Sy,500 values from approximatin@p(BHﬂ by isoelectronic neutralf3]. $, 500 and S 600 vValues are assumed similar. For MeCN,
EtCN andi-PrCN, isoelectronicS; 298 values from[1] 42 cal mol1K correction to 600K.
fAverage from proton-transfer equilibria vs@ and HS, anchored t&, oo values from[5].
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Table 6
Entropies of protonation half-reactionSy) (cal mol1K~1) at 298 K
298K S

Mau/ Mau/Sie  Sie*d Szu/ Szu/ Eas/ Hun/ AV Std| S.600 — Sp.208”

Sietb adjac¢ McMae  Mcmaf Rad? Liah
MesN -0.4 0.3 1.0 1.3 0.8 0.7 1.0
t-C4HoNH> -1.6 -0.9 -3.0 -1.1 -1.4 -1.2 0.3 1.0
MezNH -1.3 -0.7 -2.2 -0.9 -0.6 -0.5 -0.6 0.2 0.7
Pyridine 0.2 0.7 0.5 0.5 0.6 0.1 1.1
EtNH, -2.3 -1.8 -1.3 -1.2 -1.4 0.3 0.7
MeNH; -3.0 -2.6 -3.7 -2.9 -1.6 -1.7 -2.2 0.7 0.7
Pyrrole 0.4 0.5 0.3 0.9 21 21 14 0.8 0.7
¢c-C3HsCOCHs -0.1 -0.1 1.0 -0.1 0.5 0.2 0.3 1.0
NH3 -15 -15 -1.8 -15 -15 -15 -15 0.0 0.3
Et,CO 1.6 1.3 15 24 2.1 2.0 0.5 1.0
MeCOOEt 1.6 13 25 3.0 1.2 1.7 0.9 1.0
MezS 0.8 0.5 21 2.2 1.6 0.9 1.6
MeCOOMe 2.9 24 2.7 3.0 3.1 1.2 1.2 2.1 0.9 1.0
Me,CO 1.0 0.5 1.2 3.2 34 2.1 21 1.8 1.1 1.3
i-PrCN 2.4 1.8 2.4 -1.0 -1.0 14 1.8 0.4 1.0
i-CaHs 4.0 3.4 3.2 55 5.0 3.9 4.8 4.1 0.8 0.0
EtCN 0.7 0.0 0.9 13 11 0.8 0.6 2.0
Me,O 3.8 3.0 3.0 5.2 3.9 3.9 4.0 0.9 15
Toluene 4.4 3.6 4.8 2.0 4.9 3.8 3.8 4.2 0.6 1.0
CHCHCN 14 0.6 1.2 1.2 1.0 0.3 2.0
HCOOMe 2.1 12 2.6 -1.0 1.6 1.2 1.6 0.6 15
MeCN 0.7 -0.1 11 1.0 1.0 0.8 0.6 2.0
MeSH 1.7 0.8 0.9 0.8 0.8 0.0 1.6
MeCHO 2.2 1.2 21 0.3 0.4 1.0 0.8 1.6
CeHsF 2.6 1.6 0.5 2.8 1.3 1.8 0.7 1.0
MeOH 3.6 25 -2.3 0.1 1.7 2.2 1.6 11 1.8
Benzene 6.3 5.0 4.0 6.0 6.0 5.7 0.5 1.0
CH3CHCH; 5.3 4.0 0.7 24 24 2.9 3.0 0.9 13
HzS 0.6 2.2 0.8 1.0 1.3 0.7 0.9
H,O 0.6 21 11 1.2 15 0.5 0.9
CoHa 3.0 4.1 2.9 2.7 3.3 0.8 1.0
CS 8.1k 9.5 111 7.5 6.7 8.4 2.4 15
CO 1.6 1.3 0.9 1.0 1.0 11 14
N2O 6.0 5.9 4.8 5.2 0.7 1.0
CHa 8.5 7.7 7.7 8.0 0.4 1.0
CO 6.4 5.8 6.3 6.2 6.1 0.3 1.6
N2 3.3 1.3 25 25 21 0.7 1.7

aCalculated from the relative Glgo and PAspo values anchored to NH[5] and converted to 298 K usin§ 600 — Sp,298 in column
11, i.e., Sy 208 (B) = [(PAsoo(B) — PAsoo(NH3)) — (GBgoo(B)—GBsoo(NH3))]/600 + Sp 600(NH3) — (Sp,600(B)theory—Sp,298(B)theory). The
last term in parentheses, listed in column 11, was obtained 8gpgg and S, 600 Values of[5], and when not available, 1 cal mdlk -1
was used. The reference valueSissoo(NHz) = —1.3 calmoitK~1 [5].

b From relative GBog and Phsgo values inTable 2from [2], Sv.208 calculated as in footnote a.

¢ From relative GBoo values adjusted by 0.96 and relativeggfvalues adjusted by 0.94 frofi], S, calculated as in footnote a.

d From [26], re-anchored t6-C4Hg.

€From [3], $,600 Values as published.

f From[3], relative GBsgg values adjusted by 1.04 and &# values fori-C4Hg and above re-anchored to NHb], S, values calculated
as in footnote a.

915].

"[a].

" Average of columns 3, 4, 6, 7 and 8 (when available), excepf@HCH, columns 3, 4, 6, 7.

) Standard deviation of columns 3, 4, 6, 7 and 8 (when available), excepCBEH, columns 3, 4, 6, 7. The range of numbers is
about 2x std.

kAverage from proton-transfer equilibria vs @ and BS, anchored td&, so0 Values[5] and converted to using th&, o0 — Sp,208
values[5].
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Table 7
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Thermochemistry of protonation of additional compounds at 600K, obtained from variable-temperature equilibrium measurements

GB (kcal mot1)2

PA (kcal mol1)P S (calmoltK—1)°

CsHsN(CHg)2 208.6
Azulene 206.7
i-CgH7NH2 204.0
3-F-pyridine 199.9
2-Methoxypropene 199.4
2-F-pyridine 195.5
CeHsNH> 194.4
Oxazole 193.5
Acetophenone 189.8
CH;=CHOCH; 189.8
NH3 186.8
Indene 187.9
CeHsCH,COCHs 184.6
CRCHzNH; 185.6
CeHsCHCH, 185.3
1-Me-naphthalene

i-C4H8 178.0
Naphthalene 178.6
CRCOCHs 155.8
CeHFs 149.8
CRCN 144.8
CeFs 140.5
SO 135.3
(CRs)2CO 132.9
ocCs 135.1
SOF; 129.7
CoHs 125.8
Xe 104.8

226.5 -0.4
2225 3.2
222.4 -11
217.0 11
214.6 4.2
212.3 1.7
211.4 1.2
210.0 2.1
206.9 1.0
205.5 3.4
205.3 -13
204.2 2.4
203.9 —-25
203.9 -1.0
201.3 2.9
198.8
193.6 3.4
191.9 7.5
1735 0.5
164.3 6.0
159.3 7.0
153.8 9.5
150.9 6.5
150.2 4.5
150.0 7.5
144.8 8.0
142.7 55
120.3 10.5

2GBs of naphthalene and above from relative GBEdfanchored to Nkl [5] and adjusted by a factor of 0.96. GBs aftzCH,COCHs
and of compounds below naphthalene fr§@h, anchored to CQ5] and adjusted by factor of 1.04 (see text).

bPAs of naphthalene and above from relative PA42)f adjusted by factor of 0.94 anchored to fNHPA of CsH5CH,COCH; from
[3] re-anchored to Nkl and of compounds below naphthalene fr{8h anchored to CO.

¢ Calculated from adjusted GB and PA values[®f, see text. Unadjusted GB and PA values give simfiavalues differing mostly
by +1calmorlK-1. S values for GHsCH>COCH; and for compounds below naphthalene frési

protonation may also create additional rotational de-

Up to the last decade, entropies of protonation

grees of freedom. Such entropy effects were observedwere measured by temperature studies only for a few

in the protonation of CSin early measurements by
Meot-Ner (Mautner) and FielfiLO] and attributed to
CS, (linean) — CSHT (bent) transition leading to an
Sp.208 value of &+ 2 cal mol-1 K1 (from equilibrium
with H20), which was also confirmed by the more re-
cent values of Szu/McM3] and Eas/Rad5]. Simi-
lar effects are observed & (Xe) [3] and in§(COy)
and$,(N20) in Tables 5-7Positive entropy changes
are also observed in the protonation of aromatics in
Tables 5-7due to planar— non-planar transitions
and loosening of the structure.

molecules, especially those with special structural
effects such as polyfunctional moleculg§48] and
aromatic hydrocarbonfs7]. Larger sets ofS, val-

ues became available from the PHPMS temperature
studies[2,3] and from the E3 calculations which
were claimed to yieldS, values accurate within
+0.3calmotiK-1[5].

In the experimental scales, Szu/Mcd] gave S,
values derived from measurements at 420-620K and
anchored td, 500(CO) = 3.0 calmol-1 K1, Exper-
imental §, oo values may be also derived from the
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Mau/Sie[2] scales usindeqg. (14) by anchoring the
AHg,,and AGg,, values to NH, calculatingS, val-
ues relative to NH and anchoring t&,,600(NH3) =
—1.3calmol1 K1 [5] to obtain absolute, values.
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ladders. No theoretical data are available for these
compounds, but given the accuracy of the adjusted
scales above, the GB and PA value§able 7should
also be reliable withint1 kcal motr-t and theS, val-

Alternatively, the same data can be used by using the ues+2 calmot1 K1, The data are listed at 600K as

absolute GB and PA values Trables 3 and 4nd cal-
culating the§, values usind=q. (2)

Entropies derived fromS, = (GB — PA)/T test
the mutual consistencies of the GB and PA scales.
A relative shift of GB vs. PA by 1 kcal mott would
changeS, 293 by 3.4 calmot! K—1 making$, values
a sensitive probe of internal consistency among GB
and PA ladders. The average std for the scatte,of
values for a given compound from various sources in
Table 6is +0.7 calmot* K—1 and the average range is
1.5 calmot K. Moreover, the data iffable 6also
agree within 2calmol'K—1 with estimates based
on isoelectronic analogues (i.e., usig(NHs") ~
Sp(CHs), Sp(MeOH,™) Sp(MeNHj), etc.), and
Eas/Rad5] showed that such comparisons are accu-
rate within 1.5calmot’ K= for most compounds.
This degree of accuracy of tig, values calculated
from PHPMS data shows that the GB and PA values
are mutually consistent within 0.5 kcal mdl which
is consistent with the above uncertainty estimates for
these values.

Table 6showsS; 298 derived both from the original

I

no calculations are available for conversion to 298 K,
but the data may be converted to 298 K to a good ap-
proximation using the (600—-298 K) conversion factors
for similar compounds ifables 3, 4 and.6

As above, the data may be judged by the
“reasonableness” of th§, values, such as similarity
with related compounds. For example, the primary
amines inTable 7 show small negatives, values,
the fluoropyridines show small positive values, and
the ethers show larger positi& values, all compa-
rable with related compounds ifable 5 The aro-
matic compounds azulene, indene and styrene show
large positiveS, values, with an especially the large
7.5calmotK—1 for naphthalene, consistent with
the value given by Hun/Li&l] based on the data of
Li and Stone[57]. The 2.9 calmot! K—1 for styrene
is similar toi-C4Hg, consistent with protonation of
the olefin group. Interestingly, dEisNH»> shows pos-
itive S, consistent with protonation on the aromatic
ring, while GHsN(CH3)> shows small negativé&,
comparable to amines suggesting protonation on ni-
trogen. These respective potonation sites a reasonable

and the adjusted PHPMS data. In the Mau/Sie data considering the basicities of the amine groups.

[2], the S, »9g values from the original or adjusted GB

The fact that thes, values inTable 7are consistent

and PA scales are similar, as both scales were com-within 3 calmottK—1 with similar compounds im-

pressed by similar amounts. In the Szu/M{3] data,
the § 298 values from the adjusted scales, especially
for t-C4HgNH>, MeaNH and MeOH, are more con-
sistent withS, values from other sources than the un-
adjusted values, providing further support for the
adjustments.

11. Protonation thermochemistry of
additional compounds

In addition to the compounds ifables 2—6exper-
imental PA andg, data are available for the additional
compounds inrable 7from the Mau/Sie or Szu/McM

plies that the GB and PA valuesTiable 7from which

they are derived are mutually consistent to better than
2 kcalmolt. The agreement is notable as this group
contains relatively involatile compounds such as azu-
lene, styrene and naphthalene, where inaccurate pres-
sure assignments could have caused significant errors
in GB andS,.

12. Proton affinities from association equilibria
The association of carbonium ions with neutral

molecules can lead to protonated bases. Early ex-
amples were presented in the work of Hiraoka and
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Kebarle[58] in the association of gHs* with CHy
leading to GHg™ [58] and of GHs* ands-C3H;™
with H, leading to GH;T and GHg* [59], and
the observations of Meot-Ner (Mautnefp0] on
the association 0§-C3H7+ andt-C4Hgot with HCN
presumably leading to the protonated isocyanides
i-C3H7NCH™ andt-C4HgNCH™. In the Mau/Si€[2]

and Szu/McM[3] work, reaction (20) was measured
andEgs. (18) and (19vere applied.

t-C4Hg™ + NH3 — 1-C4HgNH4™ (20)
AH?([-C4H9NH3+) = AH%O + AH?(t-C4H9+)
+ AH{ (NH3) (21)

PA(t-C4HgNH3) = A H{ (--C4HgNH2) + A H7 (HT)
— AH{ (t-C4Hot) — AH7 (NH3)
—AHiy (22)

Equilibrium (20) is useful as it connects the primary
standard-C4Hg directly to t-C4HgNH> in the upper
PA range, spanning a PA range over 30 kcalmah
one step, with an uncertainty ef1 kcal mot, com-
parable or better than the cumulative uncertainties of
4—6 proton-transfer steps. The datdable 8lead to a

M. Meot-Ner (Mautner)/International Journal of Mass Spectrometry 227 (2003) 525-554

PA difference of 3% + 1 kcal mol! betweeni-C4Hg
and t-C4HgNH [2] or 31.5kcalmot?! [3], both in
good agreement with 31470.4 from the PA scales in
Table 4

Association reactions can yield thermochemical val-
ues that are not available from direct measurements.
Examples foli-C3H7SH andi-C3H7NC are shown in
Table 8 Directly measured PA by PHPMS for these
compounds is impractical because of chemical com-
plications.

The association equilibria give PA values only if
the products are the covalently bonded ions. Alterna-
tively, non-covalent clusters may form. For example,
Yamdagni and Kebarlg5] reported that the associa-
tion of CG;Hs™ ands-C3H7 with Hy at low tempera-
tures yields loosely bonded clusters, while an energy
barrier for condensation is overcome at higher tem-
peratures leading the respective protonated alkanes.
Forming the loose clusters usually involves an entropy
change of-20 to —25 cal mol K1 while covalent ad-
dition usually—30 to—40 calmot 1 K1, In the asso-
ciation oft-C4Hg™ + H0, Meot-Ner (Mautner) et al.
[61] reported that a non-covalent cluster is formed
that is similar in energy to the covaleRC4HgOH,™

Table 8
Proton affinities of neutrals RM from association equilibria of carbonium iohsah neutrals R + MH — RMH™
Rt MH RMH* —AHg0c PA(RM)2P PA(RM) lit.2¢
CoHst Hz (CoHg)HT 11.¢ 12.¢ 161.6, 162.6 162.6
CHq (CaHg)H™T 6.6 143.2 149.5
sCaH7t H2S (s-C3H7SH)HT 320 191.2 192.0
HCN (s-CsH7NC)H* 39.6 206.8 204.8
t-C4Hg™ H>0 (t-C4HgOH)HT 11.8 189.9 191.8
CH30H (t-C4HoOCHg)H* 29.1 _ 205.2 201.1
NH3 (t-C4HgNH2)HT 46.9, 453 224.8, 223.3 223.2

aAll units kcal mot2,

bCalculated from association reactions asHqs. (17)-(19) using accessory thermochemistry from NIST Tablegpf//webbook.
nist.gov/chemistrly For AHf(i-C3H7+) the value of 193.0kcalmol was used as obtained from BBgHg) = 177.6kcalmot? in

Table 4
°[4].
d[58,59]
e[3].
f12].
9[87].
h[62].
31
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ion but of more positive entropy by 13 cal mdIK 1. structures and charge distributions in® and NH;
Subsequently, Norrmann and McMahi@?2] reported and their protonated counterparts.
thatt-C4Hg™* can form either clusters at high temper- In fact, the main molecular trend up the scale of

atures or covalent adducts at low temperatures with proton affinities is the increase in polarizabilities.
oxygen bases, the latter allowing PA determinations Small molecules with low polarizabilities are in the
(Table 8. lower PA range while complex organics with large
Association energies from various sources often polarizabilities are mostly in the upper PA range. In
vary by 1-2 kcal mot! [63] which may be assigned  homologous series such as alcohols, ethers, ketones,
as the uncertainty in the derived PA values. Within thiols and amines, the PAs increase with the sizes and
these limits, satisfactory agreement is observed in polarizabilities of the alkyl substituents and with their
Table 8with the PA data fron{1]. These association proximity to the protonated site. In addition to this
equilibria constitute a further independent source that electrostatic factor, electronic effects are of course
validates the PA scales. also significant, as reflected in the significance of the
proton acceptor (lone pair donor) atom. For example,
for organic bases with given alkyl substituent R, the
13. Structural effects, and intramolecular ionic PAs increase in the order PR,O) < PA(R2S) <
hydrogen bonds PA(R:NH). Electronic effects can sometimes reverse
the effects of polarizabilities, as for example in the
The GBs and PAs of molecules are affected by vari- effects of fluorine substitution.
ous structural factors. Attachment of the proton forms  In some cases protonation may cause significant
a strong covalent bond, attested by the proton bonding structural changes. For example, the protonation of
energies (PAs) of 100 to over 250 kcal mél Upon olefins opens the double bond and creates new molec-
attachment to a molecule, a substantial fraction of the ular rotors. The protonation of aromatics also opens
proton charge is transferred to the polarizable neutral. double bonds and destroys aromatisystems. How-
The magnitude of charge transfer from the proton and ever, in these groups too, the PA usually increases with

its relation to the PAs is illustrated iRig. 3 by the increasing polarizability. Structural effects on the PAs
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Fig. 3. Structures and Mullikan charge densities in the neutrals, protonated bases, and dimers of water and [@8infionthe dimers
H3O*-..OH, (bond strengthA Hy = 33.2 + 2kcalmolt), NHs*---NHz (bond strength= 22.0 + 2kcalmof?) and NH*. .. OH,
(AH} =201+ 2kcal mol1). Structures fron{88], bond strengths froni63].
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are reviewed in more detailed in the companion article  Table 9 shows the thermochemistry of represen-
by Deakyn€64]. tative internal bondsTable 9also shows the contri-
Particularly large structural effects are observed in butions of the enthalpy, entropy and free energy of
polyfunctional molecules where protonation leads to the internal bondsAPALg, AGByg and AS,, 1B,
the formation of cyclic structures with intramolecular respectively. These terms are calculated by com-
ionic hydrogen bonds. This effect stabilizes the ions parison with analogous monofunctional bases. A
and increases the PAs of the molecules. Forming the direct assignment of cyclisation energies can be also
internally bonded constrained structures also involves made computationally by calculating the energies
negative entropy changes comparable to the differ- of the linear and cyclised isomefg2]. The inter-
ences between linear and cyclic hydrocarb@t]. nal bond strengths and their contribution the PAs
However, the overall free energy effect is usually sta- and GBs increase with ring size as the strain de-
bilizing, i.e., GB values increase due to the internal creases and the hydrogen bond approaches optimized
bond although less than the increases in the PA values.geometry, as observed in the diaminesTable 9
The effect was observed first by Aue Bowers in the Multiple bonds and electrostatic interactions of ad-
increased basicities of diamingE2]. Early tempera-  ditional polar groups can add further stabilization
ture studies by Yamdagni and Kebd&] and by Aue [68]. A remarkably large increase in the £33 by
et al.[66] and by Meot-Ner (Mautner) et g¥8] used 38kcal mot! and in GBgg by 31.8 kcal mot? is ob-
proton-transfer equilibria to measure the enthalpy and served due to multiple interactions in the protonation
entropy contributions of intramolecular IHB formation  of 18-crown-6, compared with monofunctional ethers
in diamines and triamines. Further studies found in- [67,68] The dipeptide analogue GB-Ala-OCHs
ternal IHB effects in protonated polyethers and crown in Table 9also shows increased PA and GB due to
ethers[67,68], in diketoneg67,69] and in dialcohols  internal bonding in the ion, but the effects are smaller
[70]. Molecules that contain two different functional due to an unoptimized, strained hydrogen bond
groups such as amino alcohd#3] and methoxy al- [48].
cohols[71] were also investigated. The cyclic struc- The overall stability of the internal bond can be
tures in diamines, polyethers and methoxy alcohols characterized by the temperature required to open
were confirmed by ab initio calculations by Yamabe the bond,Top = AHjg/AS}g at which half of the
and coworker$72], as illustrated irFig. 4. The cyclic equilibrium ion population is in the open forfd8].

structures were also confirmed by,® and MeOH Increasing ring size decreasesHg ., increases

loss through metastable and collisional dissociation AHj,; and stabilizes the ion as expressedTgy in

[73]. all classes of compounds. These trends are reflected
1H* 12H*

776A
105k @778
""\12(‘0' -

Fig. 4. Intramolecular hydrogen bonds in protonated diam|ig§
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Table 9
Thermochemistry of intramolecular hydrogen bonds and their contributions to gas-phase basicity and proton affinity
Base APA? AGBgP —ASHe? Stability (Top)° Reference
Diamines
H2N(CHz)2NH, 6.7 43 8.1 824 [48]
H2N(CHz)aNH; 14.1 9.7 14.8 952 [48]
HoN(CHz)4NH, 17.9 12.8 17.2 1042 [48]
Dialcolhols, diethers
HO(CH,)30H 19.1 14.0 17.0 1127
CH30(CH,)30CH;s 16.0 14.2 6.0 2680
Mixed or multiple functional groups
HoN(CH,)30H 8.8 5.2 12.0 740 [48]
CH3O(CHy)30H 17.5 134 14.1 1238 [71]
18-Crown-6 38.0 31.4 22.0 1728 [68]

Dipeptide analogue
CH3CONHC(CH;)COOCH; 6.9 2.7 141 492 [48]

@Units APAg and AGBg in kcalmoll, AS,, 4 in calmolt K1, all at 298 K. Values represent changes due to internal bonding
as derived from comparison with monofunctional molecules.

b Increase in GBog (kcalmolt) due to IHB formation.

¢ Stability as represented by the temperature bbnd openingTop (K) = AHjg/ASjyE-

by increasing GB and PA with increasing ring size up ~ Bonding of ions BH" to solvent molecules involves
to 4-6 CH groups separating the hydrogen bonding partial charge transfer from the ion to the solvent as
groups, where the bond becomes optimized. In the observed in the dimers iRig. 3. The bond is efficient
examples iffable 9 Tp is above the thermal stability  if the base B is weak and the charge in Bifemains
of the compounds and the internal bond will be sta- largely localized on the proton. The basic reason for
ble at any temperature where the ion itself is stable. the relative solvent effects in the alkyammonium ions
Intramolecular IHBs are significant in polyfunctional in Table 10is that the protic hydrogens of NF
biomolecules as discussed below. have larger positive charges than, for example, in
MesNH*, and also more protic hydrogens. Conse-
guently, NH;* bonds more strongly to a water solvent
14. Comparison with solution basicities, and molecule than MgNH™ (bonding energies of 20.6
solvation factors and 14.5 kcal moi?, respectively[63]). These effects
increase further as more water molecules are added
Comparing the gas phase and solution basicities as observed ifable 10 For example, the solvation
reveals the major role of solvent effects. In clas- energies of MeNB", Me;NHo™ and MgNH™ by
sic examples, early studies by Brauman and Blair 4H,0O molecules are smaller than of §H by 9, 14
showed that the relative acidities of alcohols and ba- and 19 kcal mot!, respectively[74]. These values
sicities of amines are greatly compressed in solution are equal within experimental accuracy to the relative
vs. the gas phasid6]. For example AHp i ansier ~ SOIVation energies by bulk water which are smaller
from NHz* to CHgNH2, (CHz)2NH and (CH)sN than those of Ni™ by 6, 13 and 20kcal motf,
is —10.9, —18.1 and—22.8 kcal mot?, respectively respectively[6].
[1] in the gas phase, while in aqueous solution the  From such analysis, it is evident that effects of
values are compressed or reversed-th7,+5.0 and ion solvation on aqueous basicities are as signifi-
+3.7 kcal mot 1, respectively[6]. cant as the molecular effects. Gas-phase protonation
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Table 10
Solvation thermochemistry and solvation factors of alkylammonium®ons
PA(B)b AH8,4C'd AHaﬁaq(BHJr)C»e _AHgieIectricQf AHto:avitycg _AH?lydrophobié;h _AH?HBC'I

NH4™ 204.0 63 87 70 7 0 23
MeNHz ™ 214.9 54 81 61 13 12 20
EtNHz™ 218.0 57 80 55 10 17 22
MezNH,* 222.2 49 74 55 13 21 16
EtoNHo ™ 227.6 46 72 48 17 28 17
MesNH™ 226.8 44 67 51 15 28 6
EtsNHT 234.7 37 64 44 21 37 6
PyridineH" 222.3 41 66 50 16 27 10

aUnits kcal mot2.

bIa].

c[74].

dTotal attachment energies of 48 molecules to BH.

€ Solvation energy, i.e., enthalpy of transfer of BHrom gas phase to watg74] using the current PA values iBg. (23) may vary
these values by about 2 kcal mél

f Enthalpy of dielectric charging of solvent cavity.

9 Surface enthalpy of solvent cavity.

h Total enthalpy of bonding of alkyl CH hydrogens to water.

" Total ionic hydrogen bond energies of BHo solvent.

thermochemistry allows quantifying these large sol- molecules. Measurements of the gas-phase proto-
vation effects, using the Born—Haber cy@te12,74] nation energies therefore leaves the ion solvation
energiesSAHaﬁaq(BHJ“) as the only unknown,
which may be calculated frorkq. (23) Taft con-
structed an extensive list of ion solvation ener-
gies(SAHa_)aq(BHJF) relative to ammonid6], and
Table 10 shows some representative values. Free
7)) A — >BH'% + Aug energies of solvation can be treat_ed similar_ly.
Table 10shows that the solvation energies of the

In the absence of A (reactions of baré}the cycle jons decrease systematically with increasing alkyl sub-
represents absolute basicites, while when applied to stitution. A main factor is the decreasing hydrogen
protonated bases AHit represents relative basicities. pond energy to the first solvent molecules as the sub-
Of interest are the solvation energies, ie., enthalpies stitution increases the PAs and the charge becomes
of transfer from gas phase to solution of the ions, delocalized from the B—H proton to the substituents.
denoted asAHg ,,(BH'). The relative solvation  This trend is demonstrated by the solvation energy by
energies of A and B may be denotedsasH , 54(B) the first four HO molecules Table 10 which nearly
and of the ions a8 AHg_, ,((BHT), the relative en-  yeproduces the decreasing bulk solvation energies.
thalpies of protonation of two bases in the gas phase The solvation energies can in turn be decomposed

asd AHp(B)g and in solution a8 AHp,(B)ag- The  into contributing termg$74] according toEq. (24)
thermochemical cycle then yieldsy. (23)

(AH*; + By -—--oee- > BH, + A,

o + o o
AHg—>aq(BH )= AH cqyity + AH giglectric

+ AHﬁydrophobic‘}' AHIOHB (24)

The solvation energies are composed of the con-
The solvation energies of the neutrals and the agu- tinuum terms which are the dielectric solvation of the
eous enthalpies of protonation are known for many ion charge and the surface energy of the cavity that

o + o
SAHG , 0q(BHY) — 8 AHY  ,(B)
=4 AHSrot(B)aq -4 AHSrot(B)g (23)
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accommodates the ion, and the hydrogen bonding
terms of the interactions of the protic (IHB) and alky!l
hydrogens ( hydrophobic interactions) with water.
The first two terms can be calculated from con-
tinuum models. To find the hydrophobic term, we
used the solvation energy of the clustemia_)aq
(BHT-4H,0) obtained from cluster thermochemistry
and Born—Haber cycles, and an equation similar to
(24) for the solvation energy of the BH4H,O clus-
ter. The ionic contributions to hydrogen bonding are
contained in the cluster binding energy, and the di-
electric and cavity terms for solvating the cluster can
be also calculated. The remainder of experimental
solvation energy of the cluster yields the hydropho-
bic term. Once found, this term is then used as
AHﬁydrophobiéBHJf) for the solvation of the bare BH
ion itself, whose dielectric and cavity energy terms are
also calculated. The remainder the experimental sol-
vation energyAHSaaq(BHﬂ identifies the ionic hy-
drogen bond contributions to the solvation of the ion.
The results for alkylammonium ions are illustrated
in Table 10 All the terms exhibit reasonable trends.
The dielectric term decreases while the cavity surface
energy increases with ion size. The IHB contributions
decrease with the number and acidity of protic hydro-
gens, while the hydrophobic term due to interactions
of the alkyl hydrogens with water becomes more stabi-
lizing with increasing alkyl substitution. These trends
can be reproduced by the empiriéais. (25) and (26)

—~AHjyg = a+ 10ng,, kcal mol? (25)

Here the constan is 14 kcal mot?! for alkylox-
onium and—4kcalmol! for alkylammonium ions
andngy™ is the number of protic hydrogen on the
protonated functional group.

—AHjygrophobic= cH(b — 0.1nch) (26)

Here the constarti is 3.2 kcal mot for alkyloxo-
nium and 3.0 kcal moi® for alkylammonium ions, and
ncH is the total number of alkyl hydrogens on the sub-
stituents. Apart form the constants, each protic hydro-
gen contributes 10 kcal mot and each alkyl hydrogen
contributes 3 kcal mot* to the solvation energy. The

analysis also shows special effects, for example, the in-
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efficient solvation of aromatic ions such as pyridineH
due to decreased hydrophobic solvatj@d].

The analysis is made possible by the gas-phase PAs
and cluster thermochemistry. They allow calculating
the solvation thermochemistry of the ions and resolv-
ing the complex thermochemistry of ion solvation into
a few simple experiment-based and structurally rea-
sonable term$74]. The results allow estimating the
solvation energies of further ions.

15. Gas-phase basicities of biomolecules

lons of involatile biomolecules can be studied us-
ing matrix assisted laser desorption (MALOW5] or
electrospray[76] to generate the ions, in combina-
tion with HPMS [77] or drift celllion chromatogra-
phy [78,79} collisional dissociatiorj52,53] or black
body infrared radiative dissociation ZETRID/BIRD
[54,55] and Fourier transform ion cyclotron reso-
nance (FT-ICR)[80] to study the thermochemistry.
These studies show that the phenomena observed in
model molecules, such as internal and polydentate
hydrogen bonds, can significantly increase the GBs
of biomolecules. For example, FT-ICR bracketing
showed that internal IHBs in LysHand (GlyLys)H™"
result in increased basicitj49]. As in the bifunc-
tional molecules inTable § the internal IHBs in
biomolecules can also be increasingly optimized with
increasing size, and stabilized by additional polar
groups. For example, the PAs of glycine oligomers
Gly, increase with increasing size due to interac-
tions among polar groups in folded structuf@4].
Insight into these complex systems may be obtained
by cluster models of bioenergetif&2—84]

As further examples, intramolecular hydrogen
bonds were observed in the di-protonated (gramicidin
S)2H ion [85]. Folded conformations were also ob-
served in dinucleotides, and the degree of hydrogen
bonding in a given conformation appeared to be the
primary determinant in energf86]. The structures
of singly or multiply protonated biomolecules can
involve multiple internal bonds such ashig. 5, that
contribute to the basicites.
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o,

Fig. 5. Representative low-energy structures of gramicidin S-@#)2* ions in (a) vacuum and (b) water, obtained by molecular modeling
using a dielectric constant of 1.0 and 78, respectively. Intramolecular hydrogen bonding is indicated by dast&é]lines

The protonated gas-phase biomolecule ions show After the adjustments, good agreement is observed
effects that were observed in model polyfunctional among the main sets of data including independent
molecules: internal IHBs, multiple IHBs and IHB net- standards from spectroscopic threshold values, rel-
works, solvent bridges and competition between in- ative GBsgp values from PHPMS and Gg values
ternal and external solvation. Some of these featuresfrom ICR, relative PAs from PHPMS temperature
are illustrated irig. 5which also shows that internal  studies, and absolute GB and PA values from the-
IHBs may be displaced by external solvation. ory. Some of the assignments in the ladders are also
lonized gas-phase biomolecules generated by elec-supported independently by kinetic bracketing and
trospray also exhibit new features such as multiple by association thermochemistry. An important check
protonation. In fact, this was observed in relatively is that the entropies of protonation derived from the
simple molecules such as diprotonated diam[&$. GB and PA data are structurally reasonable and agree
The relative PAs of various basic sites on macro- with isoelectronic analogues. This confirms the inter-
molecules, and the effects of partial protonation on the nal consistency of the data GB and PA data as well
PAs of the remaining basic sites, need to be evaluatedas of the entropies of protonation themselves.
as they affect protein conformation and mass spec- Altogether, the consistency of the data from vari-
trometric sequencing. The large and rapidly growing ous independent methods suggests that the averaged
literature on gas-phase biomolecules requires a sep-GBygg values inTable 3and PA values iffable 4are
arate review. This subject constitutes new challenges accurate within+0.8kcalmot! and theS, values
in gas-phase ion chemistry. in Table 6are accurate withint1.5calmot1K—1.
These average values agree with and further support
the tabulated NIST values of Hunter and Ljak This

16. Summary accuracy may represent the limit of current methods
and it should be sufficient for most applications.

Gas-phase basicites and proton affinites have been The gas-phase proton affinities can identify struc-
measured by various methods over three decades. Ittural effects on the intrinsic molecular basicities.
now appears that the GB and PA values for a set of ref- Along with the experimental studies, much effort
erence bases from the main scales are all compatible.has been invested in calculating molecular proton
This consistency is achieved by anchoring to accurate affinities and the contributing structural effects. For
local standards and by correcting for global, usually example, internal hydrogen bonds that can increase
<10% contractions or expansions of the ladders, ap- the proton affinities of polyfunctional molecules and
parently resulting from temperature effects. biomolecules are the subjects of current research.
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Importantly, the gas-phase data allow quantifying
the solvation thermochemistry of ions and the physical
factors that contribute to ion solvation. This analysis
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