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ABSTRACT: Previous attempts to characterize the internal energies of ions produced by electrospray ionization (ESI)
have chiefly relied upon benzylpyridinium ions, R-BnPy", as thermometer ions. However, these systems are not well suit-
ed for this purpose because of their relatively high dissociation energies. Here, we propose benzhydrylpyridinium ions,
R,R-BhPy*, as a new class of thermometer ions. DLPNO-CCSD(T)/CBS//PBEo-D3BJ calculations for R,R'-BhPy*
(R,R'= H,H'; Me,Me'; H,OMe'; Me,OMe'; OMe,OMe'; NPh,,NPh,') predict that these ions fragment by the loss of pyridine
via loose transition states. The computed threshold energies of these fragmentations, 0.70 < E, < 1.74 €V, are significantly
lower than those of the dissociation of the benzylpyridinium ions. The theoretical predictions agree well with results from
guided ion beam experiments, which find threshold energies of 1.79 + 0.11, 1.55 + 0.13, and 1.37 + 0.14 eV for the fragmenta-
tion of R,R'-BhPy*, R,R' = H,H'; Me,Me'; H,OMe', respectively. The determined thermochemistry for these systems is then
used to characterize the internal energies of ions produced by ESI from dichloromethane and methanol solutions under
standard conditions. Correlating the measured survival yields of five of the R,R'-BhPy* ions with the computed threshold
energies including explicit consideration of their dissociation rates, we derive energy distributions with maxima at
2.06 + 0.13/1.88 + 0.1 eV and widths of 0.86 + 0.07/0.86 + 0.06 eV (dichloromethane/methanol). These energy distribu-

tions are comparable to ion temperatures between 620 +20/590+20 and 710+ 20/680 20K (dichloro-

methane/methanol).

The advent of electrospray ionization (ESI) has revolu-
tionized mass spectrometry and analytical chemistry as a
whole." Despite its countless applications, the mechanism
of the ESI process is still not fully understood because of
its complexity.? In particular, it is important to know how
much energy is imparted to the analyte ions during the
ESI process and their transfer into the vacuum system of
the mass spectrometer. If sufficient energy is deposited
into labile ions, they will undergo fragmentation and,
thus, escape detection. Hence, the problem of the effec-
tive energy of the ions produced by ESI is of critical prac-
tical importance.

Measuring the internal energies of gaseous ions is not
trivial. Several spectroscopic studies have made use of
temperature-sensitive dyes to determine the temperature
of the ions in the ESI plume.3 Despite its elegance, this
type of experiment is not easily implemented and there-
fore does not lend itself for routine measurements. More-
over, it does not capture the effects of energetic collisions
between the analyte ions and residual gas in the region
following the ESI plume and during the ion transfer to-
ward the mass analyzer. The most common approach to
quantify the internal energies of ions produced by ESI

relies on the use of so-called thermometer ions. Such
thermometer ions are ions that fragment in a well-defined
manner once their internal energies exceed the threshold
energies, E,, associated with these fragmentations.* The
observation of surviving intact precursor ions implies that
their internal energy has not reached the threshold ener-
gy whereas the formation of fragment ions signifies the
opposite. It is common practice to use a set of related
thermometer ions with different E, values and to measure
the fraction of surviving precursor ions, the so-called
survival yield (SY), eq. (1),

Ip

SY =
IP+IF

(D

where Ip is the intensity of the intact precursor ion and Ir
that of the fragment ion.> Correlating the measured sur-
vival yields with the known E, thresholds then results in a
sigmoidal plot, whose derivative yields a Gaussian-like
function reflecting the internal energy distribution of the
ions under the probed experimental conditions.’ In a
more sophisticated treatment, the non-instantaneous
nature of the decomposition process is taken into ac-
count: ions, whose internal energy just exceeds the
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threshold, may dissociate too slowly to allow the observa-
tion of the fragmentation process within the experimental
time window. The extra energy required to accelerate the
fragmentation sufficiently such that it becomes observa-
ble is commonly referred to as kinetic shift and can be
estimated by rate calculations.®?

The vast majority of thermometer ions used so far for
characterizing the energetic conditions of the ESI process
correspond to benzylpyridinium ions, R-BnPy*.>® With
the known exceptions of NO,-BnPy* and I-BnPy*? these
ions decompose by the simple loss of pyridine in a single
fragmentation channel, which is an important require-
ment for thermometer ions (Scheme 1, top).”® By changing
the substituent in the para position of the benzyl group,
the electronic properties of the aromatic ring and, thus,
the dissociation energies of the R-BnPy* ions can be fine-
tuned in a straightforward manner. Moreover, the
R-BnPy* ions are easily synthesized and afford high ESI
signal intensities. These advantageous features explain
the popularity of these systems as thermometer ions.>%"4
However, until very recently, no sufficiently accurate
experimental values for the R-BnPy* dissociation energies
were available. Thus, earlier work applied threshold
energies determined by quantum chemical calculations,
whose accuracy was only rather limited.>®%"3 As a con-
sequence, the conclusions drawn from these early studies
are doubtful. Later calculations pointed to R-BnPy* disso-
ciation energies substantially higher than predicted origi-
nally.®416 This result was fully borne out by experiments
performed by Armentrout and co-workers.” Threshold
collision-induced dissociation (TCID) studies found
E,(R-BnPy*) = 1.93 + 0.08 V. Furthermore, this study
determined kinetic shifts, which were significantly lower
than previous estimates.®>*%" The relatively high E, values
reflect the fact that R-BnPy* ions are not well suited for
characterizing the ESI process under typical conditions
(for example, only 10% dissociation of OMe-BnPy*, the
most weakly bound system, resulting from in-source
fragmentation).” Indeed, harsher conditions have been
deliberately used in the ion transfer to facilitate the frag-
mentation of R-BnPy* thermometer ions and observe the
effects of different instrumental settings.® Clearly, ther-
mometer ions with lower threshold energies are needed
for characterizing the ESI process accurately.

Scheme 1. Comparison of conventional and new
thermometer ions and their fragmentation reac-
tions.
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We sought to develop such new thermometer ions and
at the same time to maintain the aforementioned ad-
vantages of the R-BnPy* ions. Our idea was to weaken the
C-N bond of the R-BnPy* scaffold and lower its dissocia-
tion energy by stabilizing the benzyl fragment ion
R-Bn*.®" To this end, we introduce a second aryl substit-
uent (Scheme1, bottom). The resulting benzhydrylium
ions, R,R'-Bh*, are well-known. Mayr and coworkers have
systematically studied their condensed-phase chemistry,
including their synthesis, and established them as refer-
ence electrophiles for determining the nucleophilicity of a
wide range of compound classes.”® Likewise, benzhy-
drylium ions have been established as valuable reference
electrofuges and Lewis acids.*>*f These investigations
included the reactions of R,R'-Bh* with pyridine to afford
benzhydrylpyridinium ions R,R'-BhPy* as well as the het-
erolytic dissociation of the latter.2%>

Here, we explore the suitability of benzhydrylpyridini-
um ions as thermometer ions for characterizing the ESI
process. First, we use high-level quantum chemical meth-
ods to calculate their dissociation energies. For selected
examples, we check the validity of the obtained values by
TCID experiments. Moreover, we calculate the fragmenta-
tion rates of the R,R'-BhPy* ions to estimate the kinetic
shifts associated with their dissociation under typical
conditions. We then apply the new thermometer ions to
characterize the effective energies imparted to analyte
ions during the ESI process and the subsequent ion trans-
fer into a commercial mass spectrometer.

COMPUTATIONAL AND
SECTION

Quantum Chemical Calculations. If not stated oth-
erwise, Gaussian 09> was used for geometry optimiza-
tions and harmonic vibrational frequency calculations.
Additional single point energy (SPE) calculations as well
as potential energy surface scans were performed with the
software package ORCA 4.0.2 Molecular structures in-
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volved in the dissociations of R,R'-BhPy* and R-BnPy*
ions were optimized with the dispersion-corrected hybrid
functional PBEo-D3BJ** and confirmed as energy minima
by analytical harmonic vibrational frequency calculations
(Gaussian o9 settings: ~ SCF=Tight, Int=UltraFine,
Opt=Tight). Within the geometry optimizations and fre-
quency calculations, def2-TZVP basis sets*> were applied
except for the NPh, NPh,-BhPy* system, where def2-SVP
basis sets were used.” Because of convergence problems
in the case of the optimization of Me-BnPy* with Gaussi-
an 09, geometries and vibrational frequencies of the cor-
responding species were computed with ORCA 4.0
(ORCA 4.0 settings: VeryTightSCF, GRID7, TightOpt). If
multiple conformers were conceivable for one compound,
their relative stabilities were assessed on the basis of
PBEo0-D3BJ calculations and only the most stable geome-
try was considered further. For the R,R'-BhPy* ions inves-
tigated by TCID experiments (RR'=H,H'; MeMe’;
H,OMe'), structures relevant to their dissociation reac-
tions were re-optimized with B3LYP* using 6-3u+G(d,p)
basis sets*” and also confirmed as energy minima by the
corresponding analytical harmonic vibrational frequency
calculations.

For all PBEo-D3B]J optimized structures, SPEs were cal-
culated with the DLPNO-CCSD(T) method*® (ORCA 4.0
settings: RHF, VeryTightSCF, TightPNO). These calcula-
tions were performed with cc-pVTZ as well as cc-pVQZ
basis sets* in combination with the corresponding cc-
pVnZ/C auxiliary Dbasis sets®*® (except for the
NPh,,NPh,"-BhPy* system, where cc-pVDZ,*® cc-pVTZ and
the corresponding cc-pVnZ/C basis sets®® were em-
ployed). This procedure allowed us to determine DLPNO-
CCSD(T) SPEs at the complete basis set (CBS) limit by
using two-point extrapolations for the Hartree-Fock and
the correlation energy as implemented in ORCA 4.0 (for
details, see the Supporting Information).?' In the follow-
ing, CBS(X,Y) denotes energies derived from the results of
the calculations for cc-pVXZ and cc-pVYZ basis sets
(X,Y=T,Q or D,T). For each compound, the zero-point
corrected energy, H°, was calculated as the sum of the
DLPNO-CCSD(T)/CBS(X,Y) SPE and the zero-point vibra-
tional energy obtained from the PBEo-D3B]J harmonic
vibrational frequency calculation.

In addition, relaxed and partially unrelaxed potential
energy surface scans for the pyridine loss of H,H'-BhPy*
and H-BnPy* were conducted with the PBEo-D3BJ/def2-
SVP method. Within these scans, the distance d(C-N)
between the benzylic carbon atom and the pyridine ni-
trogen was increased in 0.1 A steps up to +10 A relative to
the equilibrium bond length. For selected structures ob-
tained from the scans, DLPNO-CCSD(T)/cc-pVTZ SPEs
were calculated.

Synthesis of Thermometer Ions. Benzhydrylpyri-
dinium ions were prepared by the treatment of R,R'-BhCl
and NPh,,NPh,-Bh*BF,~ with pyridine (for details and
analytical data, see the Supporting Information, Fig-
ures S1-S7). Apart from the commercially available
H,H'-BhCl, the benzhydrylpyridinium precursors were
provided by the Mayr group (LMU Munich). Benzylpyri-

dinium chlorides were synthesized according to methods
outlined by Wysocki and coworkers.3* All other chemicals
and solvents (HPLC grade) were used as purchased.

TCID Measurements. Experiments were carried out
on two guided ion beam tandem mass spectrometers
(GIBMS), described in detail previously, and referred to
here as GIBMS1333% and GIBMS2.35% lons were generated
with an ESI source, with differences between the respec-
tive ESI sources and the following ion-transfer regions3®3?
of the two instruments explicitly discussed below. In both
cases, acetonitrile solutions were infused by a syringe-
pump at a flow rate of ~oamL h™ through a 35-gauge
stainless steel needle, biased at a voltage of approximately
2 kV between the needle and instrument inlet. The inlet
capillaries on both instruments were heated to ~350 K.
Ions entered the first differentially-pumped stage
(~107 Torr) of the instruments through the capillary, and
were subsequently collected and focused into radio-
frequency (rf)-hexapoles using 88-plate rf ion funnels
(IFs).3®4° The two instruments differ in the placement and
length of the hexapoles: the GIBMS1 hexapole (14 cm in
total length) spans two differentially-pumped regions
(where the second is ~107* Torr),3® whereas the two cou-
pled hexapoles of GIBMS2 (~36 cm in total length) span
only the first differentially-pumped region at ~107> Torr.?®
The part of the hexapole that spans the high-pressure
region of the GIBMS1 source is approximately one third
the length of the two coupled hexapoles in GIBMS2. Thus,
at the same pressure, the ions in GIBMS2 should undergo
about a factor of three more collisions (on the order of
10*) as those in GIBMS1. The unique feature of GIBMS: is a
hexapole that spans two differentially-pumped regions,
such that ions are thermalized at ~300 K with narrow
kinetic energy distributions.””3*# In contrast, the temper-
ature of the ions produced by GIBMSz has not been char-
acterized previously. In both instruments, ions were sub-
sequently mass selected using a magnetic sector momen-
tum analyzer. The GIBMS1 magnet can select precursor
ions with up to only m/z ~250, whereas for GIBMS2, this
range extends to m/z ~1000.37 Because the m/z ratios of
the Me,Me'-BhPy* and H,OMe'-BhPy* ions are higher
than the GIBMS1 range, studies were also performed on
GIBMS2 wusing the newly designed ESI/IF/hexapole
source.? Prior to entering an rf-octopole ion beam guide,
ions were decelerated to a controlled and well-defined
kinetic energy. A reaction cell, in which Xe gas was intro-
duced for the TCID experiments, partly surrounds the
octopole. Measurements were typically performed in
duplicate at Xe pressures of ~0.05, 0.1, and o.2 mTorr,
which are sufficiently low to ensure predominantly single
collisions. Precursor and resulting product ions reaching
the octopole exit were extracted and analyzed using a
quadrupole mass analyzer. lon intensities were measured
with a Daly detector.** GIBMS1333+ and GIBMS2% differ in
the length of the octopoles, with average ion flight times
from the reaction cell to the quadrupole analyzer in each
instrument estimated as 500 ps and 100 ps, respectively.3
Precursor and product ion intensities were measured as a
function of precursor ion kinetic energy in the laboratory
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(Lab) frame. As previously detailed, these intensities
were background corrected and converted to cross sec-
tions (with absolute and relative uncertainties estimated
as 20% and 5%, respectively) as a function of energy in
the center-of-mass (CM) frame. The data were processed
and converted to cross sections in two ways: using the
experimentally measured energy-dependent precursor ion
intensity and assuming a constant precursor ion intensity,
i.e., the average precursor intensity as determined for
energies above the absolute zero in the energy scale. Re-
ported modeling parameters (see below) were determined
from the average of the values obtained from these two
analyses. The full width at half maximum (FWHM) of the
precursor ion kinetic energy distribution was measured
using a retarding technique that has been described be-
fore,3 and also allows for the determination of the abso-
lute zero in the energy scale (with a +0.05 eV uncertainty
in the lab frame). The FWHM values of the precursor ion
kinetic energy distributions differed slightly for the two
instruments with typical values of ~0.1-0.2 eV (Lab) and
~0.3-0.4 €V (Lab) obtained on GIBMS1 and GIBMS2, re-
spectively. These differences are attributed primarily to
where the ions are extracted from the hexapole (which
essentially defines the zero of the kinetic energy scale of
the reactant ions). In GIBMSi, because the ions are ex-
tracted in a low pressure region (~107 Torr), they undergo
few collisions; whereas in GIBMS2, extraction occurs at
~107* Torr, such that ions can undergo collisions in the
extraction field, leading to a broader distribution of ener-
gies.

TCID Data Analysis. Threshold dissociation energies
at o K, E,, were determined from fitting the energy de-
pendent cross sections with a modified line-of-centers
model that incorporates Rice-Ramsperger-Kassel-Marcus
(RRKM) theory to account for kinetic shift effects. This
modeling has been discussed in detail previously,*+
where eq. (2) is used to model the data:

o®="2Y [ PE-oae @

Here, E corresponds to the relative kinetic energy of the
reactants, o, and n are scaling parameters, where the
latter is related to the efficiency of the collisional energy
transfer,3* E; corresponds to the rotational and vibrational
energy of the reactants for state i with population fraction
gi such that Xg; =1, € is the energy converted from transla-
tional into internal energy, P, is the dissociation probabil-
ity given by Pq=1- exp[-k(E*)t] where E* = E; + ¢ is the
internal energy of the energized molecule (EM), t is the
available experimental dissociation time (500 and 100 ps
for GIBMS1 and GIBMS2, respectively), and k(E*) is the
unimolecular dissociation rate constant. The latter is
obtained from RRKM theory using eq. (3):

d NY(E* — Ej)
hp(E)

with d corresponding to the reaction degeneracy,
NY(E* - E,) is the sum of rovibrational states of the transi-
tion state (TS), and p(E*) is the density of states of the

k(E*) = (3)

EM. Similar to the previous TCID study on benzylpyri-
dinium ions,” vibrational frequencies (scaled by 0.989)
and rotational constants needed for the modeling were
obtained from the B3LYP/6-31+G(d,p) calculations de-
tailed above. Modeling was performed on zero-pressure
extrapolated cross sections resulting in eight independent
data sets.® CID of the benzhydrylpyridinium ions studied
here results in cleavage of the C-N bond and exclusive
loss of pyridine. As demonstrated by our quantum chemi-
cal calculations (see below), this dissociation proceeds via
a loose TS, which is modeled at the phase space limit
(PSL) and treated as product like with the transitional
modes treated as rotors.”#4 Within the PSL calculations,
ion-dipole and ion-induced dipole interactions between
the products were taken into account. For pyridine, a
dipole moment of 2.190 D and a polarizability of 9.493 A3
were used.*® Moreover, the applied k(E*) values were
obtained by integrating k(E*,]) over a statistical distribu-
tion of angular momenta J. E,, n, and o, in eq. (2) were
varied and optimized fits to the experimental cross sec-
tions were obtained using a non-linear least squares
method. Uncertainties in the reported E, values were
determined from fits to independent data sets, from vary-
ing the n parameter by to.1, scaling the precursor ion
vibrational frequencies by +10%, scaling together the
vibrational frequencies for the EM and TS by *10%, scal-
ing the ion time-of-flight up and down by a factor of 2,
and by including the uncertainty in the energy scale
(x0.05 eV, Lab).

Kinetic Shift Calculations. Microcanonical dissocia-
tion rate constants, k(E), for pyridine loss from R,R'-BhPy*
and R-BnPy* were calculated as described above for the
modeling of the TCID data. Either the computed E, values
and the geometries/vibrational frequencies obtained from
the PBEo-D3B]J calculations or the experimentally deter-
mined threshold energies and the B3LYP/6-3u+G(d,p)
geometries/vibrational frequencies (scaled by 0.989) were
used in these calculations. Appearance energies of disso-
ciation, E,pp, relevant to our survival yield measurements
(see below) were calculated as energies for which
k(E,pp) =1/t holds (the difference between E,,, and E,
corresponds to the energy of the kinetic shift, Es).>% The
experimental time window t for ESI-induced dissociation
processes in the commercial instrument (see below) was
assumed to be 100 ps, similar to earlier thermometer-ion
studies with an ESI quadrupole mass spectrometer.®o¢h
We conservatively estimate the uncertainty of the applied
7 value to be a factor of 5 and therefore determined upper
and lower limits of the appearance energies for t = 20 and
500 ps.

Survival Yield Measurements and Analysis. An
equimolar mixture of benzhydryl- and benzylpyridinium
compounds (individual concentrations of 1 mm) in di-
chloromethane or methanol, respectively, was treated
with AgPFs (1.0 equiv. relative to the total concentration
in CI") to effect the precipitation of AgCl and suppress the
formation of unwanted (R,R'-BhPy),Cl,.,* (n = 2, 3) aggre-
gates during the ESI process. The resulting supernatant
solution was directly injected (flow rate of 0.3 mL h™) into
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the ESI source of a micrOTOF-Q II mass spectrometer
(Bruker Daltonics) located in Gottingen. Under standard
conditions, the ESI source was operated (see the Support-
ing Information) with an ESI voltage of —4500 V and ni-
trogen acting both as nebulizer gas (500 Torr backing
pressure) and dry gas (323 K, 5.0 L min™). Generated ions
entered the instrument and passed two rf IFs, a quadru-
pole mass filter, and a quadrupole-ion guide containing a
low pressure of nitrogen gas*’ before reaching a time-of-
flight (TOF) mass analyzer in a reflectron configuration.
Positive-ion mode mass spectra were recorded over a
mass range of m/z =50-1500 for 1 min in quadruplicate
and analyzed with the Compass Data Analysis 4.2 soft-
ware package (Bruker Daltonics). For each measurement,
the survival yields of the benzhydryl- and benzylpyridini-
um ions were determined according to eq. (1), with the
reported error bars corresponding to one standard devia-
tion. The mean survival yields of the thermometer ions
were then plotted against their E,p, values for t =20,
100 and 500 ps, respectively, and fitted to a logistic regres-
sion function in each case (see the Supporting Infor-
mation). From the derivatives of the logistic regressions
obtained for the different experimental time scales, the
mean and FWHM of the internal energy distribution of
the thermometer ions (including the uncertainties of
these values) as well as their approximate temperatures
were determined (see the Supporting Information for
details). In addition, the survival yields were also correlat-
ed with E, instead of E,,, energies.

RESULTS AND DISCUSSION

Computed Threshold Energies. The potential energy
surface scans for the pyridine loss from the benzhy-
drylpyridinium ion H,H'-BhPy* revealed that the C-N
bond cleavage features no reverse barrier, which was also
explicitly confirmed to be the case for H-BnPy* (Fig-
ure S8). Consequently, for this type of process, threshold
energies, E,, were calculated as reaction enthalpies AH®
and a loose TS model was applied for the calculations of
microcanonical dissociation rate constants as detailed
above. In addition, our quantum chemical calculations
clearly indicate that the formation of a tropylium moiety
in the course of the pyridine loss of H,H'-BhPy"* ions can
be already excluded for thermochemical reasons (Fig-
ure Sg) and does not have to be considered further in the
present context.”®

As we were aiming for thermometer ions with lower
dissociation energies than those of the benzylpyridinium
ions, we only considered benzhydrylpyridinium ions,
R,R-BhPy*, with electron-neutral or electron-donating
substituents (R,R'=H,H'; Me,Me'; H,OMe'; Me,OMe';
OMe,OMe'; NPh,,NPh,). A stronger electron-donating
character of the substituents is expected to increase the
stability of the R,R'-Bh* fragment ions and, therefore, to
lower the dissociation energy of the R,R'-BhPy* precursor
ions. Our computed E, values for the pyridine-loss reac-
tions of these systems are in the range of 0.70-1.74 eV
(Table1, Table S1) and, thus, below the calculated E,
range of 1.85-2.87 eV, which we obtained for a representa-

tive set of R-BnPy* ions (R = NO,, CN, H, CI, Me, OMe;
Table 1, Table S1). The good agreement of the calculated
E, values for the latter with the results from TCID exper-
iments” (Table 1) and former CCSD(T) studies*'® points
to the high accuracy® of the present DLPNO-
CCSD(T)/CBS calculations.

Table 1. Computed threshold energies, E,, for the
pyridine loss of benzhydryl- and benzylpyridinium
ions. Experimental values for the latter are given for
comparison.

! . E, (eV) . Eo (eV) E, (eV)
RR-BhPy calc? R-BnPy calc? TCID?
H,H' 1.74 NO, 2.87 3.04+o0.12
Me,Me' 1.52 CN 2.78
H,OMe' 1.41 H 2.52 258 0.5
Me,OMe' 133 cl 2.41
OMe,OMe' 118 Me 226  2.26+0.13
NPh,,NPh,' 0.70 OMe 1.85 1.93+0.08

@Results from DLPNO-CCSD(T)/CBS//PBEo-D3BJ calcula-
tions, for applied structures, see Figure Sio. "Experimental
values from ref. 17.

In line with expectations, the calculated relative gas-
phase stabilities of the benzhydrylpyridinium ions in-
versely correlate with the electrofugality parameters, Ey, of
the corresponding benzhydrylium ions. As Mayr and
coworkers have shown, the E; parameters themselves
show a linear correlation with the sum of the Hammett
constants Yo* for the substituents R,R' of each species.>*
These relationships can be used to identify further
R,R'-BhPy* ions with higher or lower E, values than those
considered here.

Temperature Calibration of GIBMS2. TCID experi-
ments were performed with two different GIBMS instru-
ments, GIBMS1 and GIBMS2, equipped with ESI sources
(see above). While GIBMS1 produces ions at a tempera-
ture of ~300 K after thermalization,73®4 the temperature
of the ions generated by GIBMS2 with its newly designed
ESI source and thermalization region3® has not been char-
acterized yet. As H,H'-BhPy* is sufficiently light to be
investigated with both GIBMS instruments (see above),
the thermochemistry measured for this thermometer ion
on GIBMS1 can be used to calibrate the temperature of
the ions produced by GIBMS2.

A representative composite of resulting zero-pressure
extrapolated CID cross sections for H,H'-BhPy* measured
on GIBMS1 and GIBMS: is shown in Figure 1. Here, within
the energy range studied, CID of H,H'-BhPy* results in
exclusive loss of pyridine. As shown in Figure 1, the prod-
uct ion cross sections for H,H'-BhPy* measured on the
two instruments have similar apparent thresholds and
reach similar absolute magnitudes at high energies. Mod-
eling the data from GIBMS1 with eq. (2) using a precursor
ion temperature of 300K vyields an E, value of
179 = o.11 eV (Figure 1, black dashed line). In contrast, an
E, value of 1.70 + 0.10 €V is obtained when the data meas-
ured on GIBMS2 are modeled using a temperature of
300 K (Figure 1, red dashed line). This lower o K threshold
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dissociation energy suggests that the temperature of the
ions produced by GIBMSz is underestimated in the mod-
eling. Indeed, modeling these data with a precursor ion
temperature of 360 K instead reproduces the E, value
from the GIBMS:1 results, yielding an E, value of
1.79 = 0.10 €V (Figure 1, blue dashed line). The optimized
modeling parameters of eq. (2) for H,H'-BhPy* discussed
here and for all other systems investigated are given in
Table 2. From the molecular parameters of the reactant
complexes and PSL TSs, we also derived entropies of acti-
vation, AST, which are fully consistent with loose transi-
tion states.

The comparison for the H,H'-BhPy* data suggests that
the ions produced by GIBMS2 after thermalization are
hotter by about ~60 K than those from the GIBMS:
source. As mentioned above, one of the differences be-
tween the two instruments is that the hexapole for
GIBMS: spans two vacuum regions.?® In contrast, for
GIBMSz2 the two coupled hexapoles®® span only the high-
pressure region. Thus, the ions likely undergo collisional
heating as they are transferred from the 107 Torr source
region into the higher vacuum region of the GIBMS2
instrument, as also suggested by the larger FWHM (see
above). This is also consistent with previous observations,
where precursor ions with wider kinetic energy distribu-
tions were produced when the hexapole was located only
in the 107 Torr source region.3® The H,H'-BhPy* results
allow the temperature of the ions produced by GIBMS2 to
be calibrated. Thus, in subsequent analysis of additional
systems studied with GIBMS2, the thermochemistry was
determined by modeling the cross sections using a pre-
cursor ion temperature of 360 K.
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Figure 1. Representative zero-pressure extrapolated cross
sections resulting from CID of H,H'-BhPy* measured on two
different instruments, GIBMS1 (black squares) and GIBMS2
(red circles), as a function of kinetic energy in the center-of-
mass (CM, lower x-axis) and laboratory (Lab, upper x-axis)
frames. Optimized fits to the experimental cross sections
using eq. (2) are indicated by the solid (dashed) lines, which
include (exclude) convolution over reactant internal and
kinetic energies. The results from GIBMS2 are modeled using
precursor ion temperatures of 300 (red lines) and 360 K (blue
lines). Solid red and blue lines are superimposable. Inset is

an expansion to more clearly show the o K threshold dissoci-
ation energies from the models (dashed lines).

Table 2. Summary of optimized parameters from
eq. (2) for models of TCID cross sections for the pyri-
dine loss of benzhydrylpyridinium ions. Entropies of
dissociation at 1000 K, AS', are also given.

R,R'- Instr. B
BhPy* (TinK) ° (eV) %o n ASt?
HH' MS1(300) 179+0m1 88+19 0901 8i1t4
MS2 (300) 1.70+010 1313 0.9x01 8ix4
MS2 (360) 1.79+010 1714 o0.9x01 8i1t4
Me,Me' MS2 (360) 1.55+013 154+30 1.0+0.2 78 +4
H,OMe' MS2(360) 1.37+014 14530 0.9*02 82zx4

G, in 107° cm?. PASt in ] mol™ K.

Experimental Threshold Energies. TCID experi-
ments were performed additionally on Me,Me'-BhPy* and
H,OMe'-BhPy* using GIBMS2. Within the energy range
studied, CID of these ions also results in exclusive loss of
pyridine. The resulting zero-pressure extrapolated cross
sections as a function of energy in the CM frame for all
three benzhydrylpyridinium ions (R,R'=H,H'; Me,Me';
H,OMe'") are shown in Figure 2. There is a shift to lower
energies in the apparent thresholds with different para
substitution of these ions following the order
H,H' > Me,Me' > H,OMe'. At elevated energies, the CID
cross sections of all three ions approach a similar maxi-
mum magnitude, as would be expected on the basis of
their similar sizes. Modeling the data using the calibrated
ion temperature of 360 K for the GIBMS2 source (Fig-
ure 2), gives E, values of 1.55 £ 0.13 eV and 1.37 £ 0.14 eV
(Table 1) for Me,Me'-BhPy* and H,OMe'-BhPy", respec-
tively. Here, the uncertainties include the propagated
uncertainty in the source temperature from the calibra-
tion using the GIBMS: results (for details, see the Sup-
porting Information).

R,R-BhPy + Xe — R,R“Bh’ + Py + Xe

2

cm’)

1004

-16

10

Cross Section (10

Energy (eV, CM)

Figure 2. A composite of zero-pressure extrapolated cross
sections (measured with GIBMS2) resulting from CID of
R,R'-BhPy* where R,R'= H,H' (black squares), Me,Me' (red
circles), and H,OMe' (blue triangles) as a function of kinetic
energy in the center-of-mass (CM) frame. Optimized fits to
the experimental cross sections using eq. (2) are indicated by
the solid (dashed) lines, which include (exclude) convolution
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over reactant internal and kinetic energies. Cross sections are
modeled using a precursor ion temperature of 360 K.

Computational vs. Experimental Results. The calcu-
lated E, values for the pyridine loss of the experimentally
investigated R,R-BhPy* ions (RR'=H,H'; MeMe';
H,OMe'; Table 1) are all within the experimental uncer-
tainty of the results from the TCID study (Table 2). In
total, a mean absolute deviation of only 0.04 eV has been
obtained for the computed threshold energies with re-
spect to the experimental values, which feature a mean
uncertainty of 0.13 eV (the result from GIBMS: is consid-
ered for R,R' = H,H'). This excellent agreement between
experiment and theory shows that our DLPNO-
CCSD(T)/CBS//PBEo-D3B] calculations yield accurate
threshold energies for the dissociation of benzhydrylpyri-
dinium ions. Therefore, the computed E, values for the
R,R-BhPy* ions that were not studied experimentally
(R,R'=Me,OMe'; OMe,OMe'; NPh,NPh,; Table1), are
also considered reliable. This conclusion matches the
expected accuracy of our computational approach for
reaction energies of closed-shell organic molecules.*®

Computed Kinetic Shifts. For the estimated experi-
mental time window 7 =100 ps, the rate calculations on
the basis of the calculated threshold energies yielded
kinetic shift energies, Eis, for the pyridine loss of benzhy-
drylpyridinium ions in the range of o.27-0.57 eV (Fig-
ure Su, top, Table S2). As it is usually the case for such
loose TS dissociations, higher E, values and more internal
degrees of freedom of the precursor ions increase the
kinetic shift. As very similar threshold energies were ob-
tained both from theory and experiments, the two sets
lead to comparable Eys values (Figure 12, Table S2). For
the pyridine loss from the considered benzylpyridinium
ions, the kinetic shift energies derived from the calculated
E, values were predicted to be in the range of 0.50-1.57 eV
for T =100 ps (Figure Su, bottom, Table S2), similar to
those found in the previous TCID study.” In contrast,
earlier studies had arrived at much higher Ej, values for
these latter reactions when considering a similar experi-
mental time scale as here, even though they assumed
incorrectly small threshold energies.®¢ For example, ki-
netic shift energies of 1.04 and 1.38 eV were predicted for
the pyridine loss of OMe-BnPy*on the basis of E, values of
1.30 and 1.55 eV, respectively,®¢ whereas we calculated
Eys = 0.50 €V (E, = 1.85 €V) for this system. The reason for
the overestimation of calculated kinetic shifts in earlier
studies®*#" is the application of a wrong TS model,
namely, a variant of rigid-activated complex RRKM theo-
ry, which is not appropriate for describing reactions with
no reverse barrier, such as the loss of pyridine from
R-BnPy*and R,R-BhPy* ions. Instead, such reactions
should be modeled with the assumption of a loose TS at
the phase space limit. Indeed, this approach results in
TCID threshold energies of R,R'-BhPy* and R-BnPy* ions,
that are in agreement with the E, values from reliable
quantum chemical calculations, as demonstrated in the
present and previous work."”

Internal Energy of Ions Produced with a Commer-
cial ESI Mass Spectrometer. For determining the inter-

nal energies of the new thermometer ions after ESI and
transfer to the mass analyzer of a commercial hybrid
quadrupole-TOF instrument (see above), we probed solu-
tions in dichloromethane and methanol. The latter is a
solvent typically applied for ESI, while the former has
been extensively used for studying the stability of R,R'-Bh*
ions and their adducts.*® To be useful for the characteriza-
tion of the ESI process, the R,R'-BhPy* thermometer ions
need to be stable in solution. '"H NMR measurements
confirmed that R,R'-BhPy* ions (R,R'=H,H'; Me,Me’;
H,OMe'; Me,OMe'; OMe,OMe') remain intact in di-
chloromethane at mM concentrations (Figure S7). The
stability of these systems in dichloromethane and in
methanol was also evident from the solutions being color-
less; the R,R'-Bh* fragment ions are intensely colored.>®
In contrast, the NMR-spectroscopic experiments on
NPh,,NPh,'-BhPy* pointed to the presence of significant
amounts of its benzhydrylium fragment ion in dichloro-
methane. This result is fully in line with the known disso-
ciation constant of NPh,,NPh,-BhPy* in this solvent.*®
Despite this complication, a survival yield of o could be
assigned to this system (see below) because the ESI mass
spectra did not show any NPh,,NPh,'-BhPy* ions.

The ESI mass spectra recorded for solutions of the
R,R'-BhPy* and R-BnPy* ions under standard conditions
permitted the determination of survival yields in a
straightforward manner. The survival yields for the ben-
zhydryl- and benzylpyridinium ions displayed unimodal
distributions in the range between o and 1 (Figure 3, top,
and Figures S13-S17; see Figures S18 and Sig for repre-
sentative raw data). Plotting the survival yields against
the E,, values derived from the computed E, energies
(Tables S2-S4) furnished the expected sigmoidal curves,
which could be fitted well by logistic functions (Figure 3,
top, red squares and line, and Figures S13-S17). For the
actual fitting, we only included the R,R'-BhPy* data
(R,R'=H,H'; Me,Me'; H,OMe'; Me,OMe'; OMe,OMe'") to
avoid possible problems arising from different numbers of
degrees of freedom (DOF) of the thermometer ions. If the
DOF numbers differ too much, significantly different
energy distributions would result for the individual ther-
mometer ions under thermal conditions and, thus, could
impair the analysis.5 From the fits, we can derive internal
energy distributions of the ions characterized by mean
values of 2.06+0.3/1.88+0m1eV and FWHMs of
0.86 + 0.07/0.86 + 0.06 eV for dichloromethane/methanol
(Figure 3, bottom, red line, and Figure S13-S17). These
energy distributions can be compared to Maxwell-
Boltzmann distributions for temperatures between
620 + 20/590 + 20 and 710 = 20/680 + 20 K (Figures S20-
S23).* The similar behavior found for dichloromethane
and methanol suggests that solvent effects play only a
minor role. The lower internal energies and temperatures
determined for methanol possibly indicate an enhanced
evaporative cooling for this solvent, in accordance with its
higher evaporation enthalpy.’® Preliminary studies show
that variations of the ESI and ion-transfer conditions have
only minor effects (changes of the mean energy of no
more than +0.10 eV for methanol as the solvent).’!



10
OMe-BnPy" p-o—
H-BnPy
0.8 4
H,H-BhPy"
o
2 06
>_
g Me,Me'-BhPy"
g 0.4
UJ +
H,OMe'-BhPy
0.2 Me,OMe'-BhPy"
NPh_,NPh_-BhPy
= OMe,OMe'-BhPy”
0'07 T T T T T T T T T T T T T T hd
0 1 2 3 4
E,_, (eV)
E=206¢eV
FWHM = 0.86 eV

E=211eV
FWHM = 1.35 eV

Internal Energy Distribution

0 1 2 3 4
Energy (eV)

Figure 3. Top: Measured survival yields for the applied
thermometer ions (sprayed from dichloromethane) plotted
against the appearance energies (for t =100 ps) obtained on
the basis of calculated (red squares) and experimental E,
values (black circles), and logistic regressions (red and black
line; R*>=0.98 and o0.91, respectively). For the regression
analysis, only the data points represented by filled symbols
were considered. Bottom: Derived internal energy distribu-
tions (red and black line).

If the survival yield analysis is based on E,p, values de-
rived from the experimentally determined (instead of the
computed) E, values (Table S2-S4), internal energy distri-
butions with similar mean values of
2.11 * 0.19/1.84 + 0.16 eV (dichloromethane/methanol) are
obtained (Figure 3, top, black squares and line, and Figure
S13-S17). However, the lack of data points at low E,p, val-
ues imposes less restrictions on the fits and, thus, leads to
significantly broadened FWHMs of
1.35 + 0.11/1.42 + 0.12 eV.

Plots of the survival yields against the two sets of
threshold energies E, (computed and experimental, Ta-
bles1 and 2, respectively) could also be modeled by lo-
gistic functions and afforded energy distributions, which
were shifted to lower energies by approx. 0.5 eV relative
to those derived from correlations with the appearance
energies E,,, (Figures S24 and S25). Thus, the neglect of
kinetic shifts changes the determined internal energies to
a relatively moderate extent.

CONCLUSION

Benzhydrylpyridinium ions R,R'-BhPy* are proposed as
new thermometer ions for the characterization of the ESI
process. Quantum chemical calculations at the DLPNO-
CCSD(T)/CBS//PBEo-D3BJ] level confirmed that their
dissociation energies (loss of pyridine) are significantly
lower than those of the corresponding benzylpyridinium
ions R'-BnPy*. Further calculations indicated that the
dissociation reactions proceed via loose transition states
and that the kinetic shifts associated with the fragmenta-
tion of the R,R'-BhPy* ions are only moderate for typical
experimental time windows. TCID measurements for
selected systems afforded threshold energies in quantita-
tive agreement with the theoretical results and, thus,
corroborate the latter. The measurements performed with
two different GIB mass spectrometers could also be used
to characterize the temperature of ions produced in the
ESI/IF/hexapole source of one of the two instruments for
the first time.

A set of five different benzhydrylpyridinium ions were
then employed to determine the internal energies of ions
generated in the ESI source of a commercial quadrupole-
TOF hybrid mass spectrometer. A survival-yield analysis
based upon the computed E,,, energies found energy
distributions with maxima at 2.06 + 0.13/1.88 + 0.1 eV and
FWHMs of 0.86 +0.07/0.86 £ 0.06 eV  (dichloro-
methane/methanol) for an operation under standard
conditions. The use of benzhydrylpyridinium ions as
thermometer ions holds great promise for the characteri-
zation of the ESI process using different configurations
and further mild ionization methods.
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