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Abstract

Proline proton affinity PA(Pro) was previously measured by extended kinetic methods with
several amines as reference bases using a triple quadrupole mass spectrometer (J Mass
Spectrom 2005; 40: 1300). The measured value of 947.5 +5 kJ.mol™! differs by more than
10 kJ.mol™! from previous reported experimental or calculated values. This difference may
be explained in part by the existence of relatively large entropy difference between the two
dissociation channels (AAS*ae = 31 £10 J.mol! K™!) and by the inaccuracy of the amines
proton affinity used as reference bases. In the present work, these experimental
measurements were reinvestigated by RRKM modeling using MassKinetics software.
From this modeling, a new PA value of 944.5 +5 kJ.mol™! and a AAS*ayec00k) value of 33
+10 J.mol* K'! are determined. However, the difference between experiment and recent
theoretical calculations remains large (10 kJ.mol™"). These RRKM simulations allow also
accessing to the effective temperature parameter (T.y) and to discuss the meaning of this
term. As previously reported, Tey mainly depends on the internal energy and on the
decomposition time as well. It also depends on the critical energies and on the transition
state. Considering the entrance of the collision cell as a new ion source, Tefis finally shown
to be close to a characteristic temperature (Tcxar).
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Introduction

In mass spectrometry, the notion of temperature is often used to describe the internal
energy of an ion population. Different terms are found in the literature to refer to a
temperature, such as thermodynamic (T), characteristic (Tcrar), collisional (Teoun), effective
(Tep), ete., all describing different conditions of excitation and/or decomposition of the
ions. The real thermodynamic temperature (T) characterized by a Maxwell-Boltzmann
distribution is reached in blackbody infrared radiative dissociation (BIRD) activation
technique.!. In BIRD the condition for the ions to be at thermal equilibrium at T during
the entire measurement is only realized for large ions which reach the limit conditions of
rapid energy exchange (REX limit).>* These REX limit conditions are also achieved in the
case of very soft collisional activation leading to a Maxwell-Boltzmann internal energy
distribution at equilibrium. In this case, the term “effective temperature”’ is used but the
“thermal collisional temperature” term would be more adequate to avoid any ambiguity
with the Ty term used for the kinetic method (discussed later).® For smaller systems, the
highest energy part of the Maxwell-Boltzmann distribution is truncated and one speaks
accordingly about truncated or depleted thermal distribution at equilibrium. Under these
conditions, obtaining thermodynamic data requires a more complex kinetic modeling using
Master Equation Modeling® # based on the Lindemann-Hinshelwood model.” '° This
model, first developed for collisional activation of an AB" ion on a neutral M, separates
the bimolecular activation (ki,con) and (k-1,con1) deactivation processes to form an activated
species AB"* which may decomposed by unimolecular processes (kd) (Scheme 1).
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Scheme 1. The three fundamental processes considered in the Lindemann-Hinshelwood
model.

In the case of BIRD, this model takes into account the competition of three rate constants
of IR absorption and emission and unimolecular decomposition of the ion,* these rate
constants being described by Einstein absorption and spontaneous emission law and by
RRKM-QET (Rice Ramsperger Kassel Marcus-Quasi-Equilibrium Theory) formalism.!"
12

Also based on this model, the non-equilibrium truncated Maxwell-Boltzmann
distribution is often used to describe the ion temperature’ that De Pauw, Vékey and
coworkers introduced as a characteristic temperature (Tcaqe).!> 14 In this case, the rate of
deactivation is negligible and activation and fragmentation are considered as consecutive
steps. This Tesqr thus corresponds to a thermodynamic temperature reached very rapidly by
the ions prior to their slow decomposition after activation. This model is used to describe
the fast activation processes that take place via multiple collisions in different API
(Atmospheric Pressure Ionization) sources.!*-! It is also used for multiple collisions taking
place in a triple quadrupole collision cell operating under high pressure conditions?* > or
in the higher-energy collisional (HCD) cell of an orbitrap spectrometer.?* Finally it is also
used to describe the ions produced by laser desorption in different techniques.?>?’



A third temperature, named effective temperature (Tef), was introduced in the kinetic
method which will be presented in more details below. While thermodynamic, equilibrium
truncated Maxwell-Boltzmann and characteristic temperatures are quite easy to define by
internal energy distributions and their evolution over time, an effective temperature as it is
described in the kinetic method® 2® is much more complex to conceptualize (Fig. 1).
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Figure 1. Different temperatures used in MS and evolution of the corresponding internal
energy distributions with time.

One of the most widely used experimental approaches to determine the thermochemical
data such as basicities and acidities is the kinetic method developed by Cooks et al. more
than 40 years ago.® 2 2° Other technics such as the “equilibrium method”*® or the
“thermokinetic method” are also available, but they are slow and less easily applied
compared to the kinetic method and hence justify the importance of understanding the
quality of the kinetic method data and its related effective temperature parameter.

Determining proton affinities (PA) using the kinetic method consists in comparing the
ko and k; relative rate constants of the competitive dissociations of selected hydrogen-bound
heterodimers [B, H' Bi] where B, is a base with an unknown proton affinity value, PA(B,),
and Bi, one with a known proton affinity value, (Scheme 2).

k_, B,+BH" (a)
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Scheme 2. The two competitive dissociation pathways of hydrogen-bound heterodimers
[Bo H" Bi].

One fundamental assumption of this method is that the ki/k, ratio is approximately equal
to the I(BiH")/I(B,H") abundance ratio obtained by MS/MS experiments. This ratio is
directly related to the proton affinity of both product ions and Ty following Arrhenius law

(Equ. 1).

In(ki/ko) ~ In[I(BiH")/I(BosH")] = [PA(Bi)- PA(Bo)]/RTes (1)



Under particular experimental conditions, In[I(BiH")/I(BoH")] shows a linear dependence
to PA(B;), characterized by a 1/RT.y slope and a PA(B,) x-intercept. This method is based
on different approximations discussed by Cooks®® and Armentrout,’! the most criticized
one being the neglect of the entropic effects. This method indeed requires the use of
reference bases which have the same chemical function group as the studied compound.
Different methods proposed by Fenselau and co-workers®?> and later improved by
Armentrout,® called extended kinetic methods (or full entropy kinetic methods) may be
used to consider and to determine the A(AS*) value for the studied partner pair, A(AS*)
being the activation entropies difference between the transition states of fragmentation
channels and not the entropy difference for the products. When this A(AS¥) term is not
equal to 0, the measured PA value may change with the effective temperature. In such case,
this measured value is then called the “apparent basicity” (i.e., GB?P).3* The experimental
parameter generally used to vary the effective temperature is the collision energy (or

laboratory energy, denoted Eiap). Thus, these extended kinetic methods®? ** employed the
following approximation (Equ. 2):
GB*(B,) = PA(Bo) - Tejr AAS* 4y (2)

with AAS . = A(ASH) = ASHB;H") - ASH(BoH")

In these methods, the reference bases B; are chosen or assumed to have an approximately
constant AS*(B{H") value for the reaction ; (the average A(AS?), denoted here AAS*ayg, is
then defined). Note that A(AS*) may differ from the difference of the entropy changes of
protonation (it is usually smaller for a high Ty of excitation).

It is well known that Tey is an empirical parameter and is not a true thermodynamic
temperature (because ions are not in thermal equilibrium), hence AAS*,y¢ cannot be correct.
Instead, the term “apparent entropy difference, AAS*ypp” is sometimes used.>> From Equ.
2, it appears therefore crucial to determine how Tey differs from T. As a consequence, one
of the most animated discussions of the past years was centered on the feasibility to
determine enthalpy and entropy differences by the extended kinetic methods. To answer
this question, Drahos and Vékey> have undertaken a study on the rigorous simulations of
kinetic method experiments from the RRKM-based MassKinetics software.’” The aim of
this study was to calculate theoretical CID (Collision-Induced Dissociation) spectra, based
on known thermochemical parameters and as a function of experimental conditions. In
agreement with other theoretical works,*®* their conclusions show that the extended
kinetic method introduced by Fenselau and co-workers provides accurate relative
energetics for competitive reactions. Nevertheless, depending on the AAS*,y, value, the use
of the extended kinetic method may give inaccurate AAS*,y, and eventually inaccurate PA
measurements.>® 40 41-4 A reported, small systems appear to lead to problematic situation.
Moreover, large AAS*. values and especially negative values (>35 J.mol'.K™! or <-15
J.mol ! K1) are also difficult systems to handle.’®*!:* They are characterized by nonlinear
“kinetic plots”™*® which complicate accurate extrapolations, especially for the higher
energies of excitation. Thus, large overall errors (standard deviations) are reported for the
extended kinetic method measurements.>® #!:43 It should be emphasized that these reported



errors significantly depend on the size of the studied system and they cannot be avoided by
more precise experiments.* 43

Another related debate concerns the effective temperature meaning. As shown by
Drahos and Vékey,*’ the effective temperature may be characterized by the decomposing
precursor ion population, by molecular parameters and by the experimental time windows.
They found a very good correlation between Tes and the mean internal energy of ions
dissociating in the time window of analysis. Using microcanonical description, the
meaning of effective temperature parameter in the kinetic method has been extensively
discussed by Ervin.*> Thus, internal energy distributions of decomposing precursor ion
populations and T values were also discussed from different numerical simulations where
(Eoy+Eo2))/2, DOF (degree of freedom), decomposition time, source temperature and pre-
exponential factor are varying parameters. For Laskin and Futrell,** the effective
temperature closely resembles the average value of the transition state temperature (T?).
The possible existence of two transitions state temperatures is also mentioned. Although
these studies are based either on metastable decomposition or on defined decomposition
energies, they allow however predicting coherent effective temperature properties.

In this work, we propose to approach the meaning of the effective temperature by using
a model system, proline, whose basicity was studied in one of our previous work. *® To this
end, we will first confront the thermodynamical data (i.e., PA and AAS*,y,) values obtained
experimentally and theoretically (from the MassKinetics software) Then, the effective
temperatures obtained from these simulations will be compared to Maxwell-Boltzmann
type internal energy distributions.

This example was chosen because the measured experimental value of the proton
affinity for the proline (PA(Pro) = 947.5 +5 kJ.mol")* differs from reported experimental
(ranging from 920.1 up to 938.9 kJ.mol!, see ref *°) or theoretical (PA(Pro) = 937 +8,%
931.8,31 935.0 and 934.1°2 and 935.1 kJ.mol! in this work) values. This difference may be
certainly explained by the existence of large entropy difference between the two
dissociation channels (AAS*aye = 31 £10 J.mol"! K'!). Because of this large AAS*, value,
Tep 1s playing a major role discussed in this work.

Methods

Studied molecules
The proton affinity values of the reference bases used (pyridine, cyclohexylamine, 3-
picoline, 4-vinylpyridine, 4-picoline and pyrrolidine), noted PA(B;), are reported in

supplementary material (Table S1). They are monofunctional systems and thus, ideal
reference bases because their gas phase properties are well-known.

Mass spectrometry

Experimental results and mass spectrometry conditions have been previously
published.*8

Theoretical methods



Kinetic modeling was performed using the MassKinetics Scientific Demo software.?”
53 Internal energy-dependent reaction rates were calculated by transition state theory
(RRKM formalism).
Besides kinetic modeling, electronic structure calculations were also performed using the
Gaussian 09 software package®* in order to evaluate PA(Pro) and also obtain the frequency
set and the critical energies (Eo) of the [Pro H" Pyr] heterodimer ion. To this end, the
composite G4 method>® was chosen to calculate PA(Pro) as it is known to provide high
accuracy thermochemical data. The other set of data were obtained at the B3P86/6-31+G*
level which was a good compromise between calculation time and accuracy. Detailed
results of calculations are given in the supplementary material.

Results and discussion

In our previous study,*® the proton affinity of proline and the entropy difference between
the formation of protonated proline and protonated amine references, applying the
extended kinetic methods, were determined as PA(Pro) = 947.5 +5 kJ.mol! and AAS* .. =
31 £10 J.mol'.K'!. In the present work, these thermochemical data are reinvestigated by
RRKM modeling of the “alternative method” proposed by Armentrout®® and the
“isothermal point’ or “isokinetic point” developed by Bouchoux and co-workers.>®

MassKinetics approach for the kinetic method studies.

For the [Pro H" Pyr] heterodimer, the “concentration” of the precursor ion and the
concentration of the two competitive ProH"™ and PyrH" product ions, calculated at different
points of the mass spectrometer using MassKinetics software, are reported in the supporting
information (Fig S1). The corresponding internal energy distributions of the precursor ion
for each stage of the mass spectrometer are also shown.

Fit of the experimental results using the proposed model

Main considerations about the studied system

The calculated intensity ratios of the two monomers (ProH" and BiH") are obtained after
optimization of 1) the assumed “thermal-like” internal energy distribution of ions leaving
the electrospray source, ii) the intrinsic thermo-kinetic properties of the studied system
(APA, Eo, AAS*,y,, AS?) and iii) the collisional parameters (number of collisions, efficiency
of collision). These three points are discussed below.

i) From the approach of Vékey and co-workers,'* which was here slightly modified, a
calibration of the mean internal energies <Ei,c> as a function of the cone voltage (V) and
source temperature (T) of our triple quadrupole has been proposed! (Equ. 3). In this
equation the Ewmerm (T) is the mean internal energy due to the source temperature at 0 V
cone voltage.

<Eine> = [405 x 10— 480 x 10" (DOF)] VT + Etherm (T) (3)



For the studied system [Pro H" Bi], a mean internal energy of 1.75 eV is estimated, which
corresponds to a characteristic temperature of Terer = 700 K. Note that in a Quattro I mass
spectrometer ions are not thermalized in the transfer hexapole HO due to a low pressure in
this region. Furthermore, calculated abundances of the product ions formed in the source
cannot be compared to experimental results measured in MS mode because protonated
monomer species (ProH" and BiH") are also present in the source with large excess and
with unknown concentrations. Therefore, in this case, the “survival yield” method
described by Vékey and co-workers!* cannot be used for the Tx,r measurement.

i1) Hypothetical microcanonical rate-energy dependency curves “log k.s vs. Ein”, for the
[Pyr H" Pro] dimer, are reported in Fig. 2. A cross point is expected in this case because an
inversion of the PyrH/ProH" ratio was observed for CID processes.*® It is obvious that
calculation of these curves depends on the thermodynamical data used (Eo and AS*). These
data cannot be measured using the extended kinetic methods, and only relative values (AEo
and AAS*,,) may be accessed.
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Figure 2. Hypothetical microcanonical rate—energy dependencies for protonated proline-
pyridine heterodimer. The modification of the four major parameters discussed in the text
and in the supplementary material is reported on these curves with the gray arrows: (1) the
difference of critical energies (AEo), (2) the difference of activation entropies (AAS*#®),
(3) the initial value used for the critical energy (Eo) and (4) the initial value used for the
activation entropy (ASY).

It is noteworthy that no reverse activation energy was assumed in the reaction pathway,
and thus the dissociation energy was close to the critical energy of fragmentation. The
critical energy of the reaction leading to the formation of protonated proline is first set at
Eo(ProH") = 1.0 eV. Thus, the critical energy of the alternative reaction channel (formation
of the protonated amine) is expressed in Equ. 4 where [AAH29sx - AAHok] is the thermal
enthalpy correction because Eo are defined at 0 K and PA are measured from reference
bases at 298 K.

Eo(BiH") = Eo(ProH") - {[PA(B;) - PA(Pro)] + [AAHa9sx - AAHok]} / 96.485 (4)



The pre-exponential factor for the reaction leading to the formation of protonated amine
is first set to A(B;H") = 105 5! (ASHBiH")600k) = 26 J.mol"'. K!) for this direct bond
cleavage. The transition state frequencies are those proposed by default by MassKinetics
software (the reaction coordinate frequency is 1200 cm™ and the 800, 800, 600, 600, 100
cm™! frequencies were changed into 395, 395, 329, 329 and 49 cm’!, respectively). A
detailed investigation of the transition state frequencies as it was done previously'® 4637 is
out of the scope of this paper. So, a large inaccuracy will be considered for AS* values.

i11) First, the efficiency of collision is chosen equal to 0.3. The average number of collisions
is set at 1.1 to fit the survival yield observed in the Q3 analyzer.

Table 1. Parameters used to obtain the best fitting of MassKinetics calculations.

(i) Source parameters
Tchar (K)
700 £200
(ii) Thermodynamical parameters
Eo(ProH") (eV)  Eo(BiH") (eV)  AS¥BiH") (J.mol.K™")

1.0 £0.1 Equ. 4* 26 + 40
(iii) Collisional parameters
Average number of collisions Efficiency of collision
1.1(0.2t05) 0.3+0.15

2 Eo(ProH") - {[PA(Bi) - PA(Pro)] + [AAH29sk - AAHok]}/96.485. For these thermodynamical parameters
chosen herein the thermal enthalpy correction [AAHa9sx - AAHk] is equal to 3.5 kJ.mol"'.

Ion abundances obtained from experimental and simulated mass spectra are used to plot
In[I(BiH")/I(ProH") vs. PA(Bi) curves for different laboratory energies (Eia). The best
simulation is obtained with PA(Pro) = 944.5 kJ.mol! and AAS%,. = 33 J.mol"'.K"!. Note
that for these conditions, PA(Pro) is 3 kJ.mol! smaller than the experimental value
and AAS*ayg is 2 J.mol' K! higher. All the different parameters used to carry out these
simulations are reported in Table 1. The experimental and calculated curves are proposed
in Fig. 3(a) and 3(b), respectively. These different plots cross at a common point called
“isokinetic point” which allows to obtain the AAS*,, and PA(Pro) values. These values
can also be obtained using Armentrout’s alternative method and then the calculated and
experimental plots GB*? vs. Ty are shown in Fig. 4. However, in the case of nonlinear
effects that can be obtained with the kinetic method, resulting from intrinsic properties of
the systems investigated and artifacts resulting from experimental issues, it is shown that
orthogonal distance regression (ODR)’® analysis of kinetic method data provides the
optimum way of acquiring accurate thermodynamic information.*¢
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Figure 3. (a) experimental plot of “In[I(BiH")/I(ProH")] vs. PA(Bi)” determined for
different CID conditions (M) 5 V; (®) 10 V; (A) 20 V; (V) 30 V; (®) 50 V¥ (b)
corresponding calculated plots of “In[I(BiH") / I(ProH")] vs. PA(Bi)” obtained using
MassKinetics software (parameters Table 1 are used for calculation). Fig. 3(a) Adapted
with permission from J Mass Spectrom 2005; 40: 1300. Copyright 2005 Wiley.

Moreover, note that the calculated point for 1 V collision voltage (which is not
accessible experimentally) confirms the non-linearity of the curve GB*P vs. Tes. The
theoretical point for T.;= 0 K (PA value introduced in the software) and a polynomial fit
are added on the Fig. 4. Thus, this non-linearity might explain the 3 kJ.mol™! difference
between the experimental and the theoretical PA values.
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Figure 4. Plot of “GB*P(Pro) vs. Tey” determined for different CID conditions (@)
experimental curve; (W) calculated by MassKinetics software (parameters Table 1 are used
for calculation). Calculated point at 1V and PA value used in MassKinetics software are
also indicated with black squares and polynomial fit with dotted line.



Effect of the different parameters used for calculations

In this work, the effects of the “relative” intrinsic thermo-kinetic properties (APA,
AAS*ave) used for simulations modelled by the RRKM-based MassKinetics program are
discussed. “Non-relative” parameters like Eo(ProH") and AS*(ProH") as well as
“transferred collisional energy” parameters like collisional efficiency, average number of
collisions and initial internal energy reached in the ion source prior collisional activation
into the collision cell are also investigated. These results are presented in the supplementary
material and enable to identify the parameters with the largest influence on the PA(Pro)
and T,y measurements. It indeed appears that PA(Pro) depends mostly on the AS*(BiH")
value which is defined herein with a large inaccuracy of +40 J.mol ™! K™! (see supplementary
material Fig. S2(d)).

These simulations do not allow the experimental determination of the Eo(ProH") and

AS*(ProH") values of proline. This is mostly due to not-fully controlled operational
conditions even if still adequate to kinetic method measurements (multiple collisions, non-
calibrated collision pressure and use of a tripe quadrupole). Using a guided ion beam mass
spectrometer (GIBMS) would allow to measure Eo(ProH") because of well-controlled
instrumental parameters (known and lower pressure value, extrapolation to zero collision,
better control of the kinetic energy distribution and better transition state description via
orbiting transition state).'® Because of the large AAS* value, the use of hindered rotors
would have certainly been necessary to access to AS*(ProH").
In the same way, the parameter with the largest effect on the effective temperature is the
chosen value for AS*(BiH"). This is coherent with the fact that Ty corresponds to the
transition state temperature as mentioned by Laskin and Futrell.** However, the shift of the
curves to smaller T,y with an increase of AS*(B;H") may be compensated by an increase of
the collisional efficiency value or a higher Eo(ProH") value (see supplementary material
Fig. S2). Nevertheless, large variations of the collision efficiency do not bring any
modification of the slope and Y-intercept for Tey = 0 K. Moreover, an increase of the
average number of collisions by a factor of five does not change significantly the calculated
effective temperature (see supplementary material Fig. S3 (a)). This is due to the fact that,
for a small system, each collision is efficient and, as a consequence, the heterodimer is
decomposed prior to a second collision.

For this example, the experimental and calculated AAS*., values obtained using
MassKinetics software are almost similar (AAS*ae = 31 J.mol' K!, AAS*,ye = 33 J.mol
K1, respectively). The slopes of the “GB®P vs. T.;*’ curves only depend on the AAS*,y,
value used for simulations and all others studied parameters have no effect (Fig S2(a) in
supporting information). Herein, AAS*,y, is given at 600 K instead of 400 K36 or 298 K*!:
43 used for previous simulation studies. Furthermore, as reported, the kinetic method
conditions are non-equilibrium, and as a consequence, the temperature for calculation of
AAS*o(r) is arbitrary.*® The AAS*, value is related to the effective temperature defined
in Equ. 2. Thus, the value of 600 K is chosen here because it is close to the mean effective
temperature derived from kinetic method plots in this study. Nevertheless, this choice is
not accurate and AAS*,pp is not equal to AAS*avgr=Tep).* Using AAS*ave208 k)= 25 J.mol"
LK or AASave 400 k) = 29 J.mol' K! or AAS*ave600 k)= 33 J.mol'.K! leads to similar
simulations.
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As discussed by Drahos and Vékey*! and also by Ervin and Armentrout,*® the accuracy
of experimental values obtained by “relative methods” mainly depends on the accuracy of
the PA(B;) values used as references bases and a systematic error of +5 kJ.mol! (+26) may
be considered (for AAS*ay < 35 J.mol'.K™!). Errors in the abundance ratio measurements
(£2 kJ.mol! is considered herein) and non-linearity of the kinetic method plots are also
included in these errors. This uncertainty must be taken into account for all experimental
measurements as well as for simulation results obtained with MassKinetics. For AAS*ayg
values, an error of £10 J.mol™'.K™! is also added for all relative measurements or calculation
results. As a conclusion from RRKM simulations PA(Pro) = 944.5 +5 kJ.mol! and
AAS*ave600 k)= 33 £10 J.mol™! K™! values were obtained. This PA value obtained by RRKM
modeling is closer to the reported theoretical values (937 £8,°° 931.8,3! 935.0 and 934.1°2
kJ.mol ") and 935.1 kJ.mol! (this work)) compared to the experimental one (947.5 kJ.mol"
1). Nevertheless, the difference between experiment and recent theoretical calculations
remains of 10 kJ.mol ™!

Calculation of the effective temperature

The effective temperatures derived from the slopes of the experimental curves (Fig.
3(a)) and from the calculated curves (Fig. 3(b)) are reported and compared Table 2 and Fig.
5 (denoted experimental and model 1, respectively).

Table 2. Ty as a function of Eib for the protonated proline-amine heterodimers obtained
from experimental curves and from calculation using the two models discussed in the text
(the parameters of Table 1 are used for calculation).

Euab (V) 5 30 100
Terr (K)

(1) Pyridine (Pyr) 445 700 945
(2) Cyclohexylamine (Cyclo) 445 670 900
(3) 3-Picoline (Pico) 410 660 980
(4) 4-Vinylpyridine 410 665 990
(5) 4-Picoline (380) (760) (1090)
(6) Pyrrolidine (385) (525) (1200)
Model 1? (simulated slopes) 470 657 820
Model 2° (average 1+2+3+4) 425 675 955
Experimental (slopes) 464 723 825

® Model 1 : slopes of the calculated curves “In[I(BiH")/I(ProH")]
vs. PA(Bi)” from Fig. 3(b);

® Model 2 : which characteristic temperature leads to the same
(I(BiH")/I(ProH") ratio than the one calculated in model 1?
(Measured above the smaller critical energy of the two
competitive processes).

11
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Figure 5. Tey vs. Eiap curves obtained from (®) experimental measurements (slopes of the
curves Figure 3 (a) (M) calculated from model 1 (slopes of the curves Figure 3 (b)); (&)
average value calculated from model 2 (Table 2). The black square corresponds to
calculated Teyat 1V (model 1).

During collisional process, a fraction of the kinetic energy of the ion is converted into
internal energy. The curve ‘d’ (Fig. 6) is the internal energy distribution of the precursor
ion calculated after the collision cell H2. A “hypothetic distribution”, corresponding to the
collision activation of the survival precursor ions where no decomposition in the gas cell
is considered, is called curve ‘dd’. This curve is calculated by the change of the critical
energy with a high hypothetic value in MassKinetics software (e.g., E¢=10 eV). In
MassKinetics software, the real number of collisions is accurately described by a “Poisson”
distribution (37%, 37%, 18%, and 8% for 0, 1, 2 and 3 collisions, respectively, with an
average of one collision). However, multiple-collision processes are unexpected for the
precursor ions because a large part is decomposed after the first collision prior to
consecutive collisions. Thus, the maximum energy transferred is related to the center of
mass energy Ecm = mar/(martmion)Eiab Which corresponds to an increase of 5.1eV for [Pro
H" Pyr] heterodimer and Eib = 30 eV (Fig. 6).

As expected, the internal energy distribution of the decomposing population (pink area,
Fig. 6) is not a thermal-like (Maxwell-Boltzmann) distribution. To estimate its effective
temperature a somewhat similar approach than that proposed by Drahos and Vékey*’ for
metastable decompositions is proposed (denoted model 2). Then, the energy calibration of
the collision cell is made by a similar way to that previously proposed for the energy
calibration of an ESI source!”. So, the entrance of the collision cell is assumed to be a new
ion source and the calibration of the collision cell is made like the calibration of an ESI
source where Tey 1s measured as Teia. From this approach, the effective temperature may
be defined as related to the question: which characteristic temperature leads to the same
(I(BiH"/I(ProH") ratio than the one experimentally observed? For convenience,
comparison to calculated ratio from model 1 instead of those of experimental is used to
avoid deviations due to experimental errors measurements and systematic errors due to the
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inaccuracy values of the reference bases. As proposed by Drahos and Vékey for metastable
decompositions,*’ this temperature is measured above the smaller critical energy of the two
competitive processes (not always Eo(ProH")) because only the excess energy is
considered. Nevertheless, two differences exist between the energy calibration of the
source (Terar) and that of the collision cell (Tep). First, the characteristic temperature is
related to a “thermal-like” internal energy distribution due to the slow heating regime
occurring for multi-collisional activation into an ESI source whereas for the effective
temperature a single collision is involved for the decomposition into the gas cell. The
second difference is related to the decomposition time window which plays an important
role in the kinetic shift (ks). For CID processes, the time to cross the hexapole H2, and as
a consequence the time to decompose, depends on the applied collisional energies (Eiap).
Thus, different kinetic shifts and different threshold energies (Ewmres = Eo + ks) are taken
into account for the different parts of the mass spectrometer. For instance, the time to cross
“HO + Q17 is equal to 190 ps and the corresponding Einres (C) 1s equal to 1.62 eV. For Ejap=
30 eV in H2, the corresponding decomposition time is 17 ps and Ewmres (D) 1s equal to 1.89
eV (Fig. 2).

E,=5.1eV

------- dd
----d
0.002 4 i —— ald =T,
.: Il'- - T/szﬂ‘: 700K
i
|I lI /Tl,m,,
= j
E ! 'I‘.
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T

I(PyrH )/I(ProH") = 1.840

0.000

E (eV)

int

Figure 6. Internal energy distributions of the precursor ions calculated at different points
of the mass spectrometer (‘d’ at point D, end of the collision cell). ‘dd’ is the resulting
curve of collisional activation if no decomposition occurs into the gas cell. ‘dd’-‘d’ is the
decomposing population into the gas cell. Calculated Tey as a Tenar (model 2) gives the
same [I(B;H")/I(ProH")] ratio than ‘dd’-‘d’ population (the pink area is the Ty internal
energy distribution considering that activated ions are decomposed prior to a second
collision).

An average effective temperature is obtained from the slopes of the experimental curves
“In(I(BiH")/I(ProH")) vs. PA(Bi)” (using different heterodimers). Note that using the model
2, an effective temperature may be calculated for each protonated heterodimer. All these
effective temperatures and the average measurement for four heterodimers (1 to 4), are
reported in Table 3. The heterodimers (5) and (6) are not taken into account for the average
measurement because they are located close to the isokinetic point (Fig. 3(a)). As a
consequence, the large uncertainty of the calculated effective temperature is due to the very
small variations of I(BiH")/I(ProH") ratio. For instance, in the case of system (6), the
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calculated In(I(4-picoH")/I(ProH")) is equal to 3.73, 3.73, and 3.84 for 5V, 30 V and 100
V, respectively, and the difference of effective temperatures measured (380 K, 760 K and
1090 K) is only due to different kinetic shifts. Note that, as reported by Armentrout,* the
“isokinetic point” which is also called “isothermal point” does not correspond to a constant
temperature. He proposed to call this point the “pseudo-isoequilibrium point” because it is
the point at which the apparent equilibrium constant K = ki/ko is the same for all effective
temperatures. This model 2 is in good agreement with the literature describing that the
effective temperature depends on decomposition time.'* 3% 44 Nevertheless, from Table 3
an expected effect of AE on Tz is not observed due to a small variation of AE. The case
of an increase of DOF is more complex. From previous studies*” * an increase of DOF
will lead to an increase of effective temperature. Using the model 2, a single simulation
leads to the following results: Teper = 700 K and Tey= 700 K (DOF of 90, Ve =10 V and
Eiab =30 eV); Tenar = 570 K and Ter = 630 K (DOF of 140). Thus, in this example a small
decrease of Ty with an increase of DOF is observed.

However, it should be noted that for simplification, model 1 and model 2 do not take into
account the variation of Eo(ProH"), AAS*.y,. and the variation of DOF with the nature of
the studied heterodimer and, as a consequence, an exact fit of experimental measurements
is not expected. Nevertheless, these results evidence that T.; parameter in Equ. 3 is not
very different to a characteristic temperature.

Conclusion

For the studied example, only well-defined proton affinity value (PA(Pro) = 944.5 +5
kJ.mol ') and activation entropy difference value (AAS*avg@00k) = 33 £10 J.mol'.K"!) allow
an accurate fit of the experimental curves “GB*P(Pro) vs. T.;’. The inaccuracy of the PA
determination using MassKinetics modeling is mainly due to the unknown ‘“absolute
values” which cannot be accessed by RRKM simulations like Eo(ProH") and AS*(ProH").
It is also due to inaccuracy of references amine values used. Nevertheless, it should be
emphasized that the PA value obtained by RRKM modeling is closer to the most recent
value obtained by calculations PA(Pro) = 935.0 and 934.1°? kJ.mol™! and 935.1 kJ.mol!
(this work)) compared to that experimentally measured by alternative kinetic methods
(PA(Pro) = 947.5 £5 kJ.mol ™).

No alternative methods and effective temperature parameter are necessary for
MassKinetics calculations because only the (I(BiH")/I(ProH") ratio and the survival yield
are required to fit experimental results. However, the effective temperatures measured from
calculated and experimental curves are close. The internal energy distribution of the ions
which are decomposed in the gas cell is not a thermal-like distribution. Nevertheless, for a
defined decomposition time, the “temperature calibration” of the collision cell by a
characteristic temperature shows that this decomposing population characterizes the
effective temperature (T.y), as previously suggested.
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