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Abstract

The applicability of the kinetic method to the determination of the basicity of bidentate molecules has been assessed
considering several molecules M previously studied by equilibrium methog @éetone 1), 1,3-propanediold), glycerol
(3), 1,4-butanediol4), 1,3-propanolamines], 1,4-butanolamine6), 1,3-propanediaminéer) and 1,4-butanediamine)).
Protonated adducts [MHB" (where B is a reference base) were produced by electrospray ionisation and analysed by
tandem quadrupole mass spectrometry. Application of the classical correlation of the natural logarithm of the ratio of pee
intensities, In((MH1/[BjH] ™), with either the proton affinities (PA) or the gas phase basicities (GB) of the reference bases B
to deduce PA(M) or GB(M) has been examined. It is confirmed that only the use of several experiments at different collisio
energies (“extended” or “isothermal point” methods) may lead to meaningful results. Good agreement is observed betwe
the PA(M) values tabulated or obtained from the isothermal point for molecute Mand5-8. However, the present PA
values appear to be different from that obtained by equilibrium method in the case oP-dlolk is generally observed
that the measured “apparent” protonation entropies of all the bifunctional molecules examined are significantly less than tf
obtained by equilibrium methods.
© 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction sponding products. For example, the dissociation of
the proton-bound dimer [MHB" (Scheme 1 may
The “kinetic method” has been used to estimate lead to the differences in gas phase basicities, GB, or
thermochemical data for a wide range of organic proton affinities, PA, of M and Bthrough the ratio of
molecules for more than 20 years (for recent reviews peak intensities [MH}/[BiH]™. The desired quanti-
on the kinetic method sejd]). Basically, it consists  tative relationship and the significance of the data are
in relating the ratio of the peak intensities associ- however dependent upon a number of assumptions.
ated with two competitive dissociation channels to a Recently, critical discussions have been raised con-
difference in thermochemical properties of the corre- cerning the validity of the results given by the kinetic
method when entropy effects have to be considered in
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E-mail address. bouchoux@dcmr.polytechnique.fr ematic experimenta §u y on well-de me. Sys er_ns
(G. Bouchoux). has been undertaken in order to tackle this question
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[MH]* + B; 2. Experimental

ES-MS and collision-induced dissociation (CID)

[MHB;]* MS/MS was carried out on a Micromass (Manchester,
\ UK) tandem quadrupole (QhQ, where Q and h stand
M + [BH] for quadrupole and hexapole, respectively) Quattro

Il mass spectrometer equipped with an electrospray

ion source. Cone voltage was set to the lowest value

compatible with a good compromise between sensi-
until a recent past. Accordingly, a study in the labo- bility of detection and high yield of the protonated
ratory, involving MIKE and CID-MIKE experiments, ~ dimer, the value of 5V has been retained throughout
shows that the application of the kinetic method to this study. The capillary voltage was varied between
species M associated with important entropy changes 3-0 and 3.5kV to optimise the conditions for ob-
upon protonation leads to results at variance from pre- taining maximum intensity of the protonated dimers.
vious estimates based on proton transfer equilibrium Typical values for the other source parameters were:
constant measuremer{@]_ The goa| of the present counter electrode 0.5kV, rf lens 0.2V, skimmer 1.2V,
study is to further examine these situations when skimmer lens offset 5V and source temperature
experiments are conducted on a tandem quadrupole80°C.
mass Spec’[rometer7 an apparatus which has been The ions of interest were selected in the first
widely used to obtain thermochemical information by duadrupole and activated by collision in the rf-only

Scheme 1.

the kinetic method. hexapole using argon as the collision gas at a pres-
With the exception of acetonel) the stud- sure of 1.5-2x 10-3mbar. The dissm_:iation prod-
ied molecules (1,3-propanediol)( glycerol @), ucts were mass analysed by scanning the second

1,4-butanediol 4), 1,3-propanolamine5j, 1,4-buta- quadrupole of the QhQ device. Experimental data
nolamine 6), 1,3-propanediaming?), 1,4-butanedia- ~ have been collected at several different collision en-
mine @)) present two remote basic sites, a situation €rgies in the laboratory framéjap, situated between
which is expected to produce a strongly chelated pro- 0 and 24 V. The centre of mass collision energy has
tonated form and to consequently induce an increasePeen calculated by the usual conversion expression:
in proton affinity and a significant entropy change. Ecm = Elab - mtarget/ (Mtarget+ mion). A scan rate of
Accordingly, these molecules have been previously 1Sscan’ was used for both experiments with a data
studied by equilibrium methods at various tempera- acquisition duration of 1 min for each energy step
tures and their proton affinities and entropy of proto- and anvz scanning range of 30-250u. The acquired

nation (defined ag\ps°(M) = S°([MH] *) — 5°(M)) spectra were summed for interpretation.
have been deduced from the corresponding van't Hoff ~Sample solutions were prepared in methanol and
plots [7-12] Indeed, negative values afpS°(M) dissolved to achieve typically a concentration of

have been reported f(ﬂ'_& demonstrating for these 1074 M. All solutions were infused at a flow rate of
molecules an efficient entropy loss resulting from the 10-2mLmin~! with a Harvard Apparatus syringe
decrease of freedom when passing from the neutral PUmp (Southmatic, MA, USA). The samples, bases

molecule to its protonated form. and solvents of HPLC grade were purchased from
The applicability of the kinetic method to the deter- Sigma—Aldrich (St. Quentin Fallavier, France) and
mination of the basicity properties of moleculas3 used as received without any further purlflcatlon.

has been tested here by using a tandem quadrupole GB and PA values of the reference basesmgre
mass spectrometer, proton bound heterodimers werecoming from the Hunter and Lias compilati¢h2]
produced in an electrospray source. unless otherwise specified.
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3. Results and discussion
3.1. Experimental results

For each molecule M= 1-8, a series of reference
bases Bhas been used to produce the relevant pro-
ton bound dimer [MHE™ (for the details on these
experiments, see Tables A.1-A.8 and Figs. A.1-A.8
in Appendix A). The CIDs of [MHB]* were exam-
ined by the “kinetic method”, i.e., the natural loga-
rithm of the ratio of the fragment ion abundanggs=
In([MH] */[BiH]™) has been correlated with the gas
phase basicities GB{Bor the proton affinities PA(B
of the reference bases.BEachy; versus GB(B) or
PA(B;) plot has been treated by a linear curve fitting
procedure.

One advantage of the tandem quadrupole device
is the possibility to control the kinetic energy of the
selected protonated dimer [MHE before it enters
into collision with the target gas. A typical example is
presented irFig. 1 where the intensities of the frag-
ment ionsm/z 75 (protonated 1,3-diaminopropane)
andm/z 88 (protonated diethylmethyl amine) coming
from dissociations of the mass selected precungar
162 (protonated 1,3-diaminopropane/diethylmethyl
amine adduct) are plotted as a function of the cen-
tre of mass collision energ¥cm. At high collision

energies, since secondary fragmentations occur, the

intensities of the [MHT and [BH]™ ions and their
fragment were summed before evaluating

From these data the In([MH}[BjH] ™) versusEcm
curve may be traced. A linear relationship is generally
observed in a large part of the collision energy range as
illustrated inFig. 1. Note thatE;m = 0 eV is above but
close to the onset of the fragment iokgg, is thus not,
strictly speaking, the “centre of mass collision energy”
but rather a “centre of mass excess energy’, i.e., the
maximum excess energy imparted by the collision
to the dissociating protonated dimer. Extrapolation to
Ec.m = 0eVis expected to correspond to species spon-
taneously dissociating in the rf-only hexapole (i.e., the
“metastable ions”). The results discussed below corre-
spond toy; = In([MH] */[BijH]™) values determined,
via the linear fitting of the curves of the type presented
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Fig. 1. Typical representative curve of the fragment ions abundance
as a function of the centre of mass collision energy. Dissociation of
the proton bound dimer of 1,3-diaminopropane and diethylmethyl
amine. Upper tracesz 75 and 88 fragment ion abundance; lower
trace natural logarithm of the abundance ratio and linear curve
fitting.

in Fig. 1b at Ecmy, = 0, 2 and 4eV. These experi-
mental data together with relevant thermochemical pa-
rameters (GB(B, PA(Bi) and ApS544(Bi)) are given

in Appendix A the major results are summarised in
Tables 1 and 2They will be discussed after a brief
recall of the classical thermochemical approach of the
kinetic method, including the consideration of the en-
tropy effects.

3.2. Basic equations

As it is classical in applying the kinetic method to
the competitive process depicted Stheme lit is
first assumed that the product ion abundance reflect
the corresponding rate constants, one may thus write:

In <[MH]+> =In

[BiH]*

kmH

yi = e



Table 1

Summary of the proton affinities and gas phase basicities data for moldetles

M Proton affinity (kJmot?) Gas phase basicity (kJ md)
PA2es PAapp PA PAise® GBags GBapp GB GBiso® GB
(lin® (obs.p (Eq. (24)) (Iin® (obs.p (Eq. (26)) (Eg. (36))

1, Acetone 812.0 815.2 814.3 812460.2 [812.4+ 0.1] 782.1 784.7 782.2 78248 0.2 779.7
815.9 814.9 785.4 782.6
817.2 815.8 786.8 783.6

2, 1,3-Propanediol 876.2 850.4 837.9 85#:60.5 [858.3+ 0.8] 825.9 820.0 808.0 82738 0.2 846.3
848.5 827.6 818.1 797.7
845.2 810.3 814.7 780.3

3, Glycerol 874.8 840.7 835.8 8485 1.2 [848.2+ 1.6] 820.0 810.2 805.5 8184 0.5 844.5
838.7 819.7 807.9 789.4
835.4 796.3 804.1 766.0

4, 1,4-Butanediol 915.6 875.0 871.7 884+30.5 [883.3+ 0.1] 855.0 843.5 841.2 85248 0.5 885.2
872.7 860.1 841.1 829.7
868.4 840.2 836.8 809.8

5, 1,3-Propanolamine 962.5 945.3 936.0 95%.5.6 [953.8+ 0.3] 917.3 912.5 903.8 92138 1.2 929.4
943.4 933.2 910.5 901.0
940.5 929.5 907.4 897.4

6, 1,4-Butanolamine 984.5 961.1 955.5 97%#90.2 [971.9+ 0.1] 932.1 928.5 920.6 9394 0.2 951.6
956.4 947.5 923.8 912.3
944.6 933.7 911.8 898.0

7, 1,3-Propanediamine 987.0 971.0 966.3 98t.2.4 [981.1+ 0.3] 940.0 939.4 932.9 94946 1.7 955.5
966.6 960.5 935.1 926.9
958.7 952.0 927.4 917.5

8, 1,4-Butanediamine 1005.6 982.3 977.4 99+.®.2 [991.8+ 0.9] 954.3 951.1 944.5 9608 0.2 974.3
978.5 969.8 947.2 937.1
969.4 956.5 937.8 924.9

aFrom ref.[12].

b Intercept of the correlation line with theaxis.

¢x co-ordinate of the isothermal point. Into bracket, values obtained by using ¢iHh" /[BiH] ") + ApS°(Bi) vs. Phpog(B;) plot.
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Table 2
Summary of the entropy contributions associated with protonation of moletu#e€)t mol-1 K )
M Aps)(M)Iit Apsj(Bi)averagg ASP ASiOSOC Aps)(M)iso
1, Acetone 15.8+ 7.8 6.3+ 14 9.5+ 8.6 8.4+ 0.5 147+ 1.9
2, 1,3-Propanediol —61.8+ 4.3F 6.6 + 2.6 —68.4+ 6.9 —-129+ 1.0 —-6.3+ 3.6
3, Glycerol -7 6.6 + 3.9 —-81.6+ 3.9 —-21.2+ 09 —14.6+ 4.8
4, 1,4-Butanediol —-97.2+ 5.F 34+138 —100.6+ 7.7 —-21.0+ 15 —-17.6+ 3.3
5, 1,3-Propanolamine —43° —2.3+ 3.7 —40.7+ 3.7 —-193+ 2.1 —21.6+ 5.8
6, 1,4-Butanolamine —67 —-0.8+ 4.0 —65.3+ 4.3 —25.3+ 1.0 —26.1+ 5.3
7, 1,3-Propanediamine —49P (—86") 3.1+ 39 —52.1+ 3.9 —-31.0+ 2.7 —279+ 6.6
8, 1,4-Butanediamine —63° 41+ 34 —67.1+ 34 —-19.1+ 11 —15.0+ 45

aMean value of theApS’(B;) quoted in ref.[12], indicated errors are standard deviations. For details see Tables A.1-A.8.
b Defined asAS® = ApS°(M) — ApS°(Bi)averageand calculated using the literature values given in columns 2 and 3.
¢ Deduced from isothermal points usif. (3¢): ASZ, = yiso/R (R = 8.3145Imot1K—1).

dMean value from refs[15-18]
€From ref.[7].

f From ref.[8].

9 From ref.[9].

h From ref.[11].

If the decomposing species [MHB are consid-
ered to be at thermal equilibrium at a temperafiye
application of the transition state theory leads to:

. ([MH]+) o —aGH

NI RT
where AG" is the Gibbs free energy difference be-
tween the two transition structures TS([MH] and
TS([BiH]™) associated with reactions [MHE —

Bj + [MH]* and [MHB]* — [BiH]T + M, respec-
tively. When expressing the free energy difference

AGi'JF in terms of proton affinities of M and ;Band
introducing the difference in reverse activation enthal-
piesARHT = ARH¥(MH] )~ ARHF(BiHI) [AR
Hi([MH]“L) = H°(transition structure T$MH] *))—
H°(Bj + [MH] ) andARHi([BiH]Jf) = H°(tran-
sition structure TgBiH] ™)) — H°(M + [BiH]™M)],
Eqg. (1)should write[6]:

kmH
kg;H

1)

F T AT

(1a)

1
yi = R_T[PA298(M) — PA298(Bi) — ARH,

Similarly, using the gas phase basicities:

1
yi = - IGBaos(M) — GBoog(B)) — ArH

LT AST — 298A57] (1b)

where AS? = ApS°(M) — ApS°(Bi) (ApS°(X) =
SC(XH] ) — $°(X)).
Under these assumptions, the correlation lines:

i = a[PAgpp(M) — PA29g(Bi)] (1d)
i = b[GBapp(M) — GBogg(Bj)] (10)

would have a common slope= b = 1/RT, and an
x-axis intercept at:

PAappM) = PAsos(M) — ARHF + T AS¥ (2a)
GBapp(M) = GBooa(M) — ARH*
+ T AST —298A5° (2b)

where all the parameters relevant to the set of reference
bases Bhave to be averaged (i.eARH;t = (ARHii),
Ast = (asH) andas® = (As?)).

The usual approximatiofil] consists to consider
thatAGii ~ AGy (i.e., ARH," is negligible and that
ASii ~ AS?) and consequentlfEgs. (2a) and (2b)
reduce to:

PAgpp(M) = PAxog(M) + T AS°® (2d)

GBapp(M) = GBagg(M) + (T — 298) AS° (2)

In order to remove the uncertainties due to aver-
aging the AS’ it is obviously convenient, as far as
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possible, to select bases Bith comparableA,S°(B;)
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andT and (ii) the plot of PApgM)/RT versus 1RT

(thus not necessarily bases pertaining to the sameor PAgpy(M) versusT. In fact, as recently intuitively

chemical class). It is also possible to take explicitly
into account each individuah,S°(B;) by defining a
new variabley; such asy; = yi + ApS°(Bj)/R [2e].
Under these circumstances, thaxis intercept of the
plots y{ versus PAgs(Bj) or GBygg(Bi) becomes:

PALppM) = PA2gg(M) + T ApS° (M) (2d")
GBjpp(M) = GBgog(M) + (T — 298) ApS°(M)

(20")

Note, however, that most of the time the tabulated GBijso(M) = GB2gg(M) — ARH’JF — 298AS°

ApS’(Bi) are estimated by comparison with values

measured for similar compounds. The error inherent y, = =~
to these assignments is not easy to appreciate but it
cannot be ignored. It is sufficient to observe that an anq if the approximationAG¢

uncertainty of 8 Jmolt K~1 on A,S(B;) introduces
an error of one unit oy'!

3.3. Use of the “isothermal” point

If several experiments at various temperaturese
available, it is theoretically possible to deduce both
PA29g(M) and AS’, and thusApS(M), from Eq. (28)
by a van't Hoff like treatment. This approach (the
so-called “extended kinetic method” or “full entropy

analysis”) has been extensively used in the last years

(the first tentatives of entropy determination by the ki-
netic method were described in rg8]). The usual pro-
cedure consists in plotting RA(M)/RT versus 1RT.
From examination oEq. (24d), it appears that the slope
of the plot is PAgg(M) and the y intercept equals
ASIR. A better statistical approach, using a plot of
(PAapp(M) — PAaveragéBi))/RT versus IRT (where
PAaveragéBi) is the mean value of the Bég(B;)’s), has
been proposed by Armentrof2b] in order to remove

suggested4c] and established in more detai§],
PA29g(M) and AS’ may be directly deduced from
the first plots. Accordingly, the co-ordinates of the
point of intercept of the various correlation lines
yi = f(PA29g(Bj)) (or yi = f(GB29g(Bj))), i.e., the
“isothermal point”, are directly related to Bég(M)
(or GBpgg(M)) and AS. It follows from Egs. (1a)
and (1b)that:

PAiso(M) = PAgog(M) — ARH* (3a)
(3b)

t
AS 30

T~
]

AG? holds, the
preceding equations reduce to:

PAiso(M) = PA2gg(M) (34)

GBigy(M) = GBagg(M) — 298A5° (30)
AS°

Yiso = T (3d)

Again, if a plot of y{ = y + ApS°(Bj)/R ver-
sus PAgg(Bi) or GBygg(Bj) has been used, then the
co-ordinates of the isothermal point are:

PAo(M) = PAxgg(M) (3d")

GBl,,(M) = GBpos(M) — 298A,5° (M) 3
ApS°(M

Yoo = pT() (3¢)

The equivalency of the “extended method” plot and
the “isothermal” treatment is illustrated Fig. 2 For
several experiments involving a series of couples M
and B at various internal energies, effective temper-

cross correlation effects. As noted by the same author, aturesT,, Ty, T¢, etc. are deduced from the slope of

another way to obtain PAg(M) and AS’ is simply
to plot PAgpp(M) versusT (see Fig. 6 in ref[2b] and

the correlation lines; = f(PA298(Bi)) (Fig. 2(1)). For
each effective temperature the intercept of the regres-

Fig. 2bhere). This is exactly what is suggested by the sion line with thex-axis leads to a value of Rpy(M)

relationship ofEq. (24).

(Eq. (18)). To deduce PAgg(M) and AS’ the extended

These various procedures needs two graphical treat-method treatment implies a plot of BMM) versus

ments: (i) the plots leading to the couples B&M)

T, as presented iRig. 2(ll). In fact it is clear that the
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Fig. 2. Idealised diagram of the two plots used in the full entropy analysis method. Plot I: In{iB#H] ") vs. PA(B); plot Il: PAzp(M)
vs. the effective temperatuie The co-ordinates of the isothermal point (plot 1) allow directly the determination g5®8 and AS;,.

same information is directly obtained froRig. 2(l) 3.4. Comparison between experiment and theory

by considering the co-ordinates of the isothermal point

(Egs. (38 and (3¢)). e Before discussing the results given by the ki-
Application of the isothermal point technique to the netic method, the predictions given by the parent

determination of PAgg(M) and AS’ for the set of Egs. (28 and (2B) must be examinedTable 1

molecules M= 1-8 will be discussed in the following compares the PAgM) and GBypy(M) experimen-

section. tally determined forl-8 (i.e., the intercept of the
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Fig. 3. Observed difference B4g(M) — PAgp(M) compared to its theoretical valueT AS’ (Eq. (24)).

yi = f(PA29g(Bi)) or yi = f(GB29g(Bi)) plots with
the x-axis) to the results given bfgs. (28 and
(2b). The results obtained at three centre of mass
collision energiesEcm = 0, 2 and 4eV, are pre-
sented for each molecule Wigs. 3 and 4llustrate
these comparisons fdt¢,, = 0 and 4 eV.

It appears fromTable 1that, for acetone 1),
the agreement between experimentally determined
PAqpp(M) and GBypg(M) and their values deduced
from Egs. (28 and (2) is reasonable (i.e., the de-
viation is less than 5kJ mol) whatever the colli-
sion energy is. For the molecul2s8, the deviation
is situated in a limited range 0-12 kJ mélwhen
the data are obtained under low collisional energy
(Ecm = OeV, Table ). By contrast, the deviation
increases with increasing the collision energy to
attain ca. 40kJmott when E¢cy = 4eV. This is
best shown irFig. 3 where the difference between
PA29g(M) and the experimental point of intercept
PAgp(M) is plotted against its theoretical value de-

duced fromEq. (24), i.e., PAgg(M) — PAgpp(M) =
—T ASgyerage It is clear that the points correspond-
ing to Ecm = 0 eV are close to the line of unit slope.
By contrast, the points relevant tBc, = 4eV
are shifted to the right, particularly for the diols
2-4. A comparable observation is made Fig. 4
where GBgg(M) — GBapp(M) is plotted against its
theoretical value—(T — 298)AS’ (seeEq. (2b)).

In fact, in all the cases, the experimental value
of the apparent proton affinity, Rfy(M), or gas
phase basicity, GBM), is higher than the value
given byEgs. (28 and (2b), and the discrepancy
increases with increasing the collision energy (i.e.,
the temperaturd). This means that the corrective
action of theT AS’ term in Egs. (28§ and (2B) is
overestimated when using the experimental effec-
tive temperatur& and theAS’ difference estimated
from the literature data. This conclusion parallels
that made using MIKE and CID/MIKE data for the
diols 24, diamines7, 8 and other bidentate bases
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Fig. 4. Observed difference GB(M) — GBapp(M) compared to its theoretical value(T — 298)AS’ (Eq. (21)).

[6]. These observations are confirmed by consid-
ering the results given by the isothermal point
method, as discussed below.
Experimental values of R&(M) and GBso(M),
given by the isothermal point method, are given in
Table 1 In Table 2 the experimental entropy term
deduced fromEq. (3¢) is called AS;,, and com-
pared with its value expected from the literature
data,AS’. The corresponding protonation entropies
ApS’(M)iso and ApS’(M)jit are also indicated.
Considering first the proton affinitfig. 5shows
an excellent agreement between;g) and its
theoretical value Pgyg(M), for 1. The agreement
is only moderately good for 1,3-propanolamine
(5), 1,4-butanolamine€), and diamines/, 8. For
these four compounds, the mean deviation is ca.
10 kJ mot 1, with a maximum of 14 kJ mot* for 8.
It is clear fromTable landFig. 5that the situation
is even less comfortable for the dids4. For these
three compounds, the experimental proton affini-
ties PAgo(M) differ from PAgg(M) by 18.6, 26.2

and 31.3kJmol!, respectively. It is also notewor-
thy that, systematically, the experimental;d\V)
value is lower than its true value, Rgy(M).

The use of the variablg rather thary; has a neg-
ligible effect on the PAy(M) values (into brackets,
Table 1), the deviation between the two modes of
estimate does not exceed 1kJmbol(i.e., is less
than the sum of the standard deviations and far from
the possible error on the absolute PA(M) values).

Concerning now the entropy territable 2and
Fig. 6 illustrate the comparison between the ex-
perimental protonation entropy\pS°(M)iso Ob-
tained by using the co-ordinate of the isothermal
point (Eqg. (3¢)) and the corresponding literature
value (thus determined by the equilibrium method)
ApS’(M)jit. The tabulatedA,S*(M)jii values were
all determined by the equilibrium method at vari-
able temperature and derived from the intercept of
van't Hoff plots over a limited temperature range.
Deviation of up to 15Jmoft K~1 have been ob-
served for ApS’ of simple, monodentate, bases
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Fig. 5. PA(M) deduced from the isothermal poirEq; (34))
compared to its literature value (rgf.2]).

(such as acetone, isobutene, toluene, methyl for-
mate ori-propylcyanide) measured from different
laboratories[18]. Similar deviation may be ex-
pected for aminoalcoholS, 6 and diamines/, 8

as suggested by entropy calculations taking into
account the hindered internal rotations in both the
molecule and their protonated fornis3,14] Un-
less clearly specified in the original reference (see
Table 2, an uncertainty of+15Jmol1K~1 as
been supposed onpS’(M)jit, as reported in the
graph presented iRig. 6.

As seen fromFig. 6, the agreement is correct
only for 1 since its literature value\p,S’(M)jit is
15.8+£7.2 Imolt K~ while ApS°(M)iso is equal to
14.7+1.9 I mor 1K1 (Table 2. Itis an euphemism
to said that the comparison is less satisfactorily for
the bifunctional bases. For the didls4, the devia-
tions observed betweel, S°(M)iso andApS° (M)t
is considerable, the former represents less than 20%
of ApS’(M)jit. The situation is slightly less dramatic
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Fig. 6. Entropy difference\,S’(M) deduced from the isothermal poirEq. (3¢)) compared to its literature value (rdfl2]).
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for the two aminoalcohol§, 6, and the diamineg,

8 since, for these four molecules, the experimental
term ApS°(M)iso represent a percentage situated
between 25 and 60% &S’ (M)ji;. From these re-
sults, it is evident that the extended kinetic method
does not provide a protonation entropy comparable
to that given by the equilibrium method.

e The observed discrepancies may be interpreted by
a couple of ways. One may either consider that
Egs. (39—(3¢) (and thusEgs. (28 and (2b)) are
not suitable for the determination of the protonation
thermochemistry of bifunctional bases, or (and)
that the PA, GB andA,S values quoted in the
literature are subjected to significant errors, partic-
ularly for the diols2—4. These points are briefly
discussed below.

The role of reverse activation enthalpyRHi,
or activation entropyA81: , has been invoked to ex-
plain the difference between results obtained by the
equilibrium method on the proton transfer reaction:
M + [BiH]* — [MHB;]* — [MH]* + B;, and by
the kinetic method on the competitive dissociations
of the proton bound dimer [MHB" as depicted
in Scheme 1Although the same part of the cor-
responding potential energy surface is involved in
both experiment$, differences arise from the in-
ternal energy content of the involved species. For
example, [MHB] T is a reactive intermediate in the
equilibrium experiments and a species successively
thermalised in the ion source (Cl or ESI experi-
ments) and activated by collisions in the kinetic
method experiments. However, these differences
are expected to be taken into account by differences
in the effective temperaturé By contrast, the sets
of reactants and products are thermalised during
equilibrium experiments thus allowing the deter-
mination of AG®, not AGi, from the equilibrium
constant value. This latter point should be at the

1 This statement must be attenuated by the possibility of forma-
tion, for a given pair of molecules M and B, of protonated struc-
tures different from a proton bound dimer. Other ion—neutral com-
plexes or covalent species may exist as stable structures and their
interconnection on the potential energy surface and their possible
sampling during the kinetic experiments should be considered.

origin of results at variance from that obtained by
the kinetic method and may be taken into account
by usingEqgs. (3a)—(3c)or its precursoiEgs. (2a)
and (2b).

The incidence ofEgs. (3a) and (3bupon the
proton affinity and gas phase basicity determina-
tions is simply to shift PAq(M) (and GBsg(M)) by
the ARHjt term. The general comparison between
PAjso(M) and PAgg(M) presented irFig. 5 may be
taken as indicative of positivARHT' values. This is
not unexpected in the present cases since a greater
stabilisation should follow the formation of the
products B+ [MH]* by the strengthening of the
internal hydrogen bond in [MH] during its separa-
tion from B;. As indicated above, R&(M) is close
to PApgg(M) within ~10kJmot?! for five of the
molecules studiedl(and5-8). This is almost com-
parable to the absolute experimental error on these
quantities thus pointing to a limited participation
of ARHi for these examples. By contrast, the diols
24 exhibit differences Phgg(M)—PAso(M) in the
range 20-30kJmol which may be interpreted
by the existence of a significamsRHi, a firm
conclusion however deserves further investigation.

The discrepancies between thgS (M) values
obtained by the kinetic method and from vari-
able temperature equilibrium measurements is the
second major observatioitqg. (3c)states that the
entropy term accessible by the kinetic method is
only the activation entropy differencASt, thus
the ASso values quoted iTable 2corresponds in
fact to ASF. As a whole, our results means that
Ast represents only 20-80% of the difference in
entropy between [MH] + B; and M+ [BjH]*: the
entropy loss is less pronounced when considering
the transition structures than the products. Again,
this would be not surprising if the constraints due to
the internal hydrogen bond are less pronounced in
the transition state than in the products [MHj B;.
These questions should be clarified by a careful
examination of the structures involved, including
the transition states for dissociation. Finally, an-
other closely related view is to consider that the
ASterm determined by the kinetic method cannot
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be equated to a true thermodynamic entropy differ-
ence as recently suggestgtt,2f,4c,6] Rather, in

a microcanonical treatment of the kinetic method,
the measured\S should be related to the ratio of
the sum of rovibrational states of the transitions
states of both dissociation channf2sl].

4. Conclusion

The first conclusion that emerges from the present

study is that the application of the kinetic method to

G. Bouchoux et al./International Journal of Mass Spectrometry 228 (2003) 1035-1054

via a proper statistical rate constant evaluation. This
procedure, first introduced by Nielsen and Boje-
sen [19] and recently advocated by Brauman and
co-workers[20], Laskin et al.[2f,2g] and Ervin[2d],
should be developed in order to precise the relation-
ship between the observable and the thermodynamic
quantities.

Appendix A

Tables A.1-A.&ontain the various data used in the

polydentate bases should be imperatively conducted present study for each molecule M1-8: the natural

in the frame of the “extended kinetic method” or the
inherently equivalent “isothermal point” analysis. The

logarithm of the ratio of peaks height [MH][BiH]*
and the tabulated12] proton affinities, gas phase

simple treatment which make use of the intercept of basicities and protonation entropies of the reference

the In((MH]*/[BiH] ™) versus PA(B) (or GB(B))) plot

with the x-axis leads to erroneous results. As a conse-

guence, a careful re-examination of all the literature

bases B
The corresponding representative plois
In([MH] */[Bi{H]T) versus PA(B (in kIJmol ) are

data obtained during the years by the kinetic method presented irFigs. A.1-A.8for molecules M= 1-8,

for polydentate molecules is hopefully.

respectively. The equations of the linear fits obtained

The present results suggest that the co-ordinatesat Ec,y = 0, 2 and 4 eV are displayed together with

of the isothermal point in the In((MH}/[B;H] ) ver-
sus PA(B) plot may be only used to deduce a lower
bound for the proton affinity of a polyfunctional base
M. The equality PAo(M) = PA (M) = PAxgg(M)
(Egs. (38 and (34)) holds exclusively for the ace-
tone moleculel. The reasons for these discrepancies,
particularly for the diols2—4, should be clarified by
new experiments, or (and) by new computations.
The experimental entropy term S, seems to
be qualitatively related to the differencAS® =
S°([MH] * + Bj) — S°(M + [Bi{H]™"), but for all the
bidentate bases examinedS; appears to be sig-
nificantly less thamAS® when this latter is estimated
using protonation entropy obtained by variable tem-

the regression coefficient (Pr), tkéntercept (PAeff),
the isothermal proton affinity R4 (PAiso) and the
isothermal protonation entroppS;,, (DSiso). The
uncertainty on they; = In([MH]*/[BijH]") values
are generally less that0.4, thus error bars of-0.4
are indicated on thg values inFigs. A.1-A.8

The uncertainty given iffable 1on the measured
proton affinity and gas phase basicity are standard
deviations. It is worthwhile to emphasise that it rep-
resents only a lower limit on the expected precision,
which probably lies in the 5kJmol range. Other
factors should obviously be considered, first of all the
precision on the experimentgl values and the tabu-
lated PA(B) and GB(B) and, second, the number and

perature equilibrium constant measurement. These the choice of the bases.BOur first observation is that

observations are in keeping with other which lead to

PA(M) and GB(M) values obtained by a linear curve

the proposal that apparent entropy values obtained fitting procedure using either a weighting gf and

from the extended kinetic method are not valid ther-
modynamic entropieg2d,2f,4c,6] A more correct
approach to the kinetic method is to relage to

PA(B;) (with errors of+0.4 and+4.0kJ mot?, re-
spectively), or not, are essentially the same. However,
the incidence of a wrong PA or GB value is crucial.

energetic characteristics of the dissociations by a Accordingly, we generally observed that changing
complete calculation of the product ions abundances one PA(B) by 4kJmot ! produces a shift of ca.
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2kJmolt in the estimate of PA,. However, this un- respectively, by using only three points in the linear
predictable effect may be at the origin of larger devi- plots. In the same laboratory, RAvalues of 974.5 and
ations. An illustration is offered by the comparison of 980.5kJmot! were obtained for 1,3-diaminobutane

the PAgo values reported for diaminésand8 in refs. (7), using again two sets of three poifg]. Finally,
[4d,6] which differ by 6 and 22 kJ molt, respectively we note also that the R4 value is better determined
because of a different choice of PAjBand GB(B) if the correlation lines are defined by experimental
values for several reference basesAnother impor- points situated in both sides of the intercept. In the

tant point to consider is the number and the choice of present study, we tentatively limit such difficulties by
the selected bases. This may be illustrated again byusing a set of five to nine reference basgsrnBorder
the cases of diamines and 8. Wang et al.[2c] and to obtain a meaningful correlation line. As seen in
Hahn and Wesdemiotigl] obtained recently foB, Figs. A.1-A.8 in most of the cases, the regression
PAiso values as different as 1010 and 993 kJ ol coefficient is better than, or close to 0.99.

Table A.1
Thermochemical data for reference basesaBd natural logarithm of the experimental peak intensities rafies In([MH] */[BiH]™);
M = acetone 1)

Bi GB(Bi)? PA(B;)? ApS(Bi)? Vi
Ecm® = 0eV Eem? = 2eV Eem® = 4eV

n-C4H9CN 771.7 802.4 6 4.71 3.81 3.09
i-C3H7CN 772.8 803.6 6 4.33 3.64 2.71
t-C4H9CN 780.2 810.9 6 1.82 1.72 1.63
CsHs5CN 780.9 811.5 6 1.61 1.61 1.61
CH3CO,CHs 790.7 821.6 5 —-2.34 —-1.82 —-1.25
Cyclopentanone 794.0 823.7 9 —3.45 —2.44 -1.38

THF® 794.7 822.1 17 —-4.69 —-3.69 —-3.00

afFrom the compilation by Hunter and Lid$2]. Gas phase basicity (GB) and proton affinity (PA) in kJmolProtonation entropy
as defined byApS°(Bi) = S°([BiH]*) — $°(Bi) (in Jmolt K1)

b Centre of mass collision energy in eV.

¢Base used exclusively for thg = y; + ApS°(Bj)/R vs. PA(B) correlation (see text) because of its larygS’ value compared to
the mean value of the other six reference bases (6.3JKol').

Table A.2
Thermochemical data for reference basesaBd natural logarithm of the experimental peak intensities rafies In([MH] */[BiH]™);
M = 1,3-propanediol 2)

Bi GB(Bi)? PA(B;)? ApS'(Bi)? Vi

EcmP? = 0eV EemP =2eV EemP = 4eV
t-C4HoCN 780.2 810.9 6 8.11 6.32 4.54
Cyclo-GsH11N 784.4 815.0 6 7.84 6.20 4.55
CH3CO,CH;3 790.7 821.6 5 5.20 3.56 1.92
3-Pentanone 807.0 836.8 9 4.24 2.59 0.95
4-Heptanone 815.3 845.0 9 1.03 0.36 —-0.32
Methyl-cyclopropyl ketone 823.0 854.9 2 —0.58 -0.77 -0.97
(CyclopropylCO 850.6 880.4 9 —6.99 —5.61 —4.24

aFrom the compilation by Hunter and Lid$2]. Gas phase basicity (GB) and proton affinity (PA) in kJmolProtonation entropy
as defined byApS°(Bi) = S°([BiH]*) — $°(Bi) (in JmoltK—1).
b Centre of mass collision energy in eV.



1048 G. Bouchoux et al./International Journal of Mass Spectrometry 228 (2003) 1035-1054

Table A.3
Thermochemical data for reference basesaBd natural logarithm of the experimental peak intensities rafies In([MH] */[BiH]");
M = glycerol @)

Bi GB(Bi)? PA(B;)? ApS’(Bi)? Vi
Ecm? =06V Ecm® =26V Ecm® = 4eV

2-Pentanone 800.9 832.7 2 2.07 1.28 0.48
3-Methylbutanone 804.4 836.3 2 1.66 0.65 —0.36
3-Pentanone 807.0 836.8 9 1.52 0.47 —0.58
t-C4HgCOCH; 810.9 842.8 2 -0.19 -0.72 —-1.24
Cyclohexanone 811.2 841.0 9 —0.09 —-0.55 —1.00
t-C4H9OCH;z 812.4 841.6 11 —0.43 —0.51 —0.60
Cycloheptanone 815.9 845.6 9 —-1.68 -1.78 —1.88
Cyclooctanone 819.6 849.4 9 -3.13 -3.16 -3.19

aFrom the compilation by Hunter and Lig$2]. Gas phase basicity (GB) and proton affinity (PA) in kJmolProtonation entropy
as defined byA,S°(Bi) = S°([BiH]*) — S°(Bi) (in JmoltK~1).
bCentre of mass collision energy in eV.

Table A.4
Thermochemical data for reference basgsaBd natural logarithm of the experimental peak intensities rafties In([MH] */[BiH]™);
M = 1,4-butanediol 4)

B; GB(Bi)? PA(B;)? ApS(Bi)? Vi

Ecm® =0eV Ecm® =26V Ecm® = 4eV
Methyl-cyclopropyl ketone 823.0 854.9 2 4.95 3.52 2.08
3-Pentene-2-one 832.5 864.3 2 2.55 1.96 1.38
4-Methyl-3-pentene-2-one 846.9 878.7 2 -0.22 —-0.92 —-1.62
DMSO 853.7 884.4 5.8 —-2.16 —-2.79 —-3.60
N,N-Dimethyl formamide 856.6 887.5 5 —2.28 —-2.95 —-3.62
N-Ethyl acetamide 867.0 898.0 5 —-6.1 -5.29 —4.48
2-Chloropyridine 869.0 900.9 2 —8.57 —6.48 —4.40
2,4-Pentanediofie 836.8 873.5 -14 2.69 1.44 0.20
2,5-Hexanediorfe 851.8 892.0 —26 —1.67 -1.17 —0.68

aFrom the compilation by Hunter and Lig$2]. Gas phase basicity (GB) and proton affinity (PA) in kJmolProtonation entropy
as defined byA,S°(Bi) = $°([BiH]*) — $°(Bi) (in JmolrtK~—1).

bCentre of mass collision energy in eV.

¢Base used exclusively for thg = yi + ApS°(Bj)/R vs. PA(B) correlation (see text).

Table A.5
Thermochemical data for reference basesaBd natural logarithm of the experimental peak intensities raties In([MH] */[BiH]*);
M = 1,3-propanolamine5)

Bi GB(Bi)? PA(B;)? ApS(Bi)? yi
Ecm® =0eV Ecm® =26V Ecm® = 4eV

Pyridine 898.1 930.0 2 4.29 3.11 1.93
t-Butyl amine 899.9 934.1 -6 2.30 1.62 0.93
4-Methyl pyridine 915.3 947.2 2 0.19 —0.12 —0.43
Pyrrolidine 915.3 948.3 -2 —0.66 —1.42 —2.17
Diethyl amine 919.4 952.4 -1.9 —1.74 —-2.17 —2.59
i-Propylmethyl amine 919.4 952.4 -8 —-1.15 —1.48 —1.80
2,5-Dimethyl pyridine 926.9 958.8 2 —4.94 —3.90 —2.85
Dipropyl amine 929.3 962.3 -1.9 —4.66 —4.36 —4.05

aFrom the compilation by Hunter and Lig$2]. Gas phase basicity (GB) and proton affinity (PA) in kJmolProtonation entropy
as defined byA,S°(Bi) = $°([BiH]*) — S°(Bi) (in JmoltK~—1).
b Centre of mass collision energy in eV.
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Table A.6
Thermochemical data for reference basesaBd natural logarithm of the experimental peak intensities rafies In([MH] */[BiH]™);
M = 1,4-butanolamine@)

Bi GB(Bi)? PA(Bi)? ApS(Bi)? yi
Ecm® = 0eV Ecm® =26V Ecm® = 4eV

4-Methyl pyridine 915.3 947.2 2 3.74 2.23 0.71
Pyrrolidine 915.3 948.3 -2 3.46 1.12 -1.22
i-Propylmethyl amine 919.4 952.4 -8 2.87 0.98 —-0.92
2,5-Dimethyl pyridine 926.9 958.8 2 0.35 —0.47 —-1.30
Di-n-propyl amine 929.3 962.3 -1.9 -0.73 —-1.60 —2.47
Di-i-propyl amine 938.6 971.9 -1.9 —2.27 —2.74 —-3.22
Triethyl amine 951.0 981.8 5.6 —5.43 —5.57 -5.71
2,2,6,6-Tetramethyl piperidine 953.9 987.0 -1.9 —8.30 —6.35 —4.40

aFrom the compilation by Hunter and Lig$2]. Gas phase basicity (GB) and proton affinity (PA) in kJmolProtonation entropy
as defined byApS°(Bj) = $°([BiH]) — $°(Bj) (in Jmolr1K~1).
b Centre of mass collision energy in eV.

Table A.7
Thermochemical data for reference basesaBd natural logarithm of the experimental peak intensities rafies In([MH] */[BiH]");
M = 1,3-propanediamine7)

Bi GB(B)? PA(B;)? ApS(Bi)? yi
Ecm® =0eV Ecm® =26V Ecm® = 4eV

Dipropyl amine 929.3 962.3 -1.9 3.24 1.50 -0.20
1-Methylpyrrolidine 934.8 965.6 5.6 1.89 —0.25 —1.46
1-Methylpiperidine 940.1 971.1 5.6 0.26 -0.71 —-1.67
Diethylmethyl amine 940.0 971.0 5.6 -0.29 -1.35 —2.47
Triethyl amine 951.0 981.8 5.6 —4.44 —4.32 —-4.19
2,2,6,6-Tetramethyl piperidine 953.9 987.0 -1.9 —5.49 —4.90 —-4.31

aFrom the compilation by Hunter and Lig$2]. Gas phase basicity (GB) and proton affinity (PA) in kJmolProtonation entropy
as defined byApS°(Bi) = S°([BiH]*) — $°(Bi) (in JmoltK—1).
b Centre of mass collision energy in eV.

Table A.8
Thermochemical data for reference basesaBd natural logarithm of the experimental peak intensities rafies In([MH] */[BiH]");
M = 1,4-butanediaminegj

Bi GB(Bi)? PA(Bi)? ApS(Bi)? Vi

Ecm® = 0eV Ecm® = 2eV Ecm® = 4eV
Di-n-propyl amine 929.3 962.3 -1.9 4.75 2.87 0.97
1-Methylpyrrolidine 934.8 965.6 5.6 3.81 2.03 0.27
Diethylmethyl amine 940.0 971.0 5.6 3.29 1.47 —0.36
Tripropyl amine 960.1 991.0 5.6 —2.42 —2.28 —2.14
Tri-n-butyl amine 967.6 998.5 5.6 —-3.84 —-3.41 —3.00

aFrom the compilation by Hunter and Li$2]. Gas phase basicity (GB) and proton affinity (PA) in kJmolProtonation entropy
as defined byApS°(Bj) = $°([BiH]) — $°(Bj) (in Jmolr1K=1).
b Centre of mass collision energy in eV.
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Acetone
309.52-0.37967PA(Pr=-0.99857) (PAefi0=815.22)
_| 244.55-0.29972PA(Pr=-0.99697) (PAeff2=815.91)

= 176.84-0.21639PA(Pr=-0.99011) (PAeff4=817.22)
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DSis0=8.3868
I | | |
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Fig. A.1. Plot of y; = In([MH] */[B;H]™) vs. PA(B) for M = acetone 1), and correlation lines akcm = 0, 2 and 4eV.
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1,3-propanediol
182.25-0.21432PA(Pr=-0.99014) (PAeff0=850.36)
-4 — 143.77-0.16945PA(Pr=-0.99139) (PAeff2=848.46)
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Fig. A.2. Plot ofyj = In((MH] */[BjH] ™) vs. PA(B) for M = 1,3-propanediol Z), and correlation lines aEcm = 0, 2 and 4eV.
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glycerol
2 272.8-0.3245PA(Pr=-0.98278) (PAeff0=840.67)
218.23-0.2602PA (Pr=-0.98565) (PAeff2=838.7)
163.26-0.19542PA(Pr=-0.95362) (PAeff4=835.42)
PAiso=848.62

DSiso=-21.444
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Fig. A.3. Plot of yj = In([MH] */[BiH] ™) vs. PA(B) for M = glycerol @), and correlation lines aEcm = 0, 2 and 4 eV.

1,4-butanediol
238.72-0.27281PA(Pr=-0.98168) (PAeff0=875.05)
187.91-0.21533PA(Pr=-0.99636) (PAeff2=872.65)
ks 137.42-0.15826PA(Pr=-0.97055) (PAeff4=868.37)
PAiso=884.27

8- DSis0=-20.925

I ! ! | I
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Fig. A.4. Plot of yi = In([MH] */[B{H] ™) vs. PA(B) for M = 1,4-butanediol 4), and correlation lines akcyn = 0, 2 and 4eV.
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1,3-propanolamine
212.55-0.22501PA(Pr=-0.97578) (PAeff0=944.61)
188.92-0.20052PA(Pr=-0.98585) (PAeff2=942.15)
162.23-0.17273PA(Pr=-0.98904) (PAeff4=939.21)
4 - PAis0=962.46
DSiso=-33.386

| I I I
930 940 950 960

Fig. A.5. Plot of yj = In([MH] */[BjH]™) vs. PA(B) for M = 1,3-propanolamine5j, and correlation lines akcy = 0, 2 and 4eV.

1,4-butanolamine
5o 280.15-0.29141PA(Pr=-0.99054) (PAefi0=961.34)
191.95-0.20088PA(Pr=-0.99322) (PAeff2=955.54)
103.66-0.11026PA(Pr=-0.93345) (PAeff4=940.17)
PAis0=974.22

-8 DSiso=-31.22 E

T T I I
950 960 970 980

Fig. A.6. Plot of yi = In([MH] */[B{H] ") vs. PA(B) for M = 1,4-butanolamine@), and correlation lines aEcm = 0, 2 and 4 eV.
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1,3-propanediamine
351.8-0.36233PA(Pr=-0.99627) (PAeff0=970.96)
246.73-0.25525PA (Pr=-0.98501) (PAeff2=966.62)
157.63-0.16442PA(Pr=-0.96621) (PAeff4=958.66)
PAiso=981.18
DSis0=-30.795
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Fig. A.7. Plot ofyi = In((MH] */[BiH] ") vs. PA(B) for M = 1,3-propanediamine7}, and correlation lines akEcm = 0, 2 and 4eV.
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1,4-butanediamine
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Fig. A.8. Plot of yj = In([MH] */[BjH] ™) vs. PA(B) for M = 1,4-butanediamine8}, and correlation lines akcm = 0, 2 and 4eV.
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