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of Ions Formed by Low Temperature Plasma
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Abstract. Theextent of internal energy deposition upon ion formation by low temperature
plasma and atmospheric pressure chemical ionization was investigated using novel
benzylammonium thermometer ions. C–N heterolytic bond dissociation enthalpies of
nine 4-substituted benzylammoniums were calculated using CAM-B3LYP/6-
311++G(d,p), which was significantly more accurate than B3LYP/6-311++G(d,p), MP2/
6-311++G(d,p), andCBS-QB3 for calculating the enthalpies of 20 heterolytic dissociation
reactions that were used to benchmark theory. All 4-substituted benzylammonium ther-
mometer ions fragmented by a single pathway with comparable dissociation entropies,
except 4-nitrobenzylammonium. Overall, the extent of energy deposition into ions formed
by low temperature plasma was significantly lower than those formed by atmospheric

pressure chemical ionization under these conditions. Because benzylamines are volatile, this new suite of thermom-
eter ions should be useful for investigating the extent of internal energy deposition during ion formation for awide range
of ionization methods, including plasma, spray and laser desorption-based techniques.
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distributions, Ion effective temperature
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Introduction

Ambient ionization methods are useful for their ability to
rapidly and directly form ions from samples in their native

enviroments for detection by mass spectrometry with high
sensitivity and low detection limits [1]. Low temperature plas-
ma (LTP) is an emerging ambient ionization technique that
produces minimal fragmentation and is less susceptible to ion
suppression than spray-based ionization [2, 3]. In LTP, a high
frequency alternating electric field induces a dielectric barrier
discharge that ionizes ambient gas, resulting in a “cold” non-
equilibrium plasma [4]. In positive mode ionization, volatile
chemicals are ionized in the plasma by gas-phase proton trans-
fer reactions [5]. The energy imparted into ions by LTP ion
sources depends on the electrode geometry, which can be used

for chemical structure confirmation for portable mass spec-
trometers without tandem mass spectrometry capabilities [2].

One of the most fundamental characteristics of an ion source is
the relative extent of energy that is deposited into ions during the
ion formation process. Thermometer ions are useful for investi-
gating the extent of energy deposited into ions upon ion formation
and transfer [6–9], storage [10], and during ion activation [11].
Thermometer ions, such as the widely used 4-substituted
benzylpyridiniums, have sufficiently low bond dissociation en-
thalpies (BDEs) that they fragment predictably and primarily by a
single dissociation pathway [6–8]. The BDEs of 4-substitued
benzylpyridiniums depend strongly on the extent that the substit-
uent donates or withdraws electron density from the C–N bond.
Ion internal energy distributions can be estimated by comparing
the relative fragmentation of several thermometer ions with dif-
ferent substitutions to their corresponding BDEs [6].

Thermometer ions that are formed from neutral volatile mole-
cules are required to measure ion internal energy distributions for
gas-phase ionization techniques, such as LTP and atmospheric
pressure chemical ionization (APCI). However, a suite of ther-
mometer ions for characterizing the internal energy distributions
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of ions formed via the protonation of volatile molecules in the gas
phase has not been reported. Herein, we use novel
benzylammonium thermometer ions (Scheme 1), which are
formed frombenzylamines that are volatile unlikemore traditional
benzylpyridinium theromometer ions, to demonstrate that LTP
ionization can be significantly “softer” than APCI.

Methods
Experimental

Experiments were performed using a linear quadrupole ion trap
mass spectrometer (LTQ XL; Thermo Scientific). A custom
annular LTP ion source consisting of stainless steel 0.30 mmwire
electrode inserted 5mm into a glass capillary (i.d. 1.5mm, o.d. 1.8
mm) encased in a copper cylinder (i.d. 1.9 mm, o.d. 2.5 mm) was
used (Figure S1). To form a LTP, a 2 kV, 10 kHz square wave,
generated from a full bridge step-up transformer (6:1200) using 10
VDC input, was applied between the stainless steel and copper
electrodes. For ionization, benzylamine molecules were trans-
ferred to the LTP source by vapor pressure from a heated sample
solution (1.5 mL, 22–50°C) that was ca. 1 cm below the inlet to
the glass capillary. For APCI, a 3 μA corona discharge was
initiated and maintained by application of 3–4 kV to the APCI
needle of the APCI source. APCI solutions were either (1) directly
infused into the ionization chamber (10 μL min–1); or (2) intro-
duced by vapor pressure (see above).

Sample solutions contained 0.1 mM of the nine 4-substituted
benzylamines in water, methanol, or acetontrile. For in-trap colli-
sion induced dissociation (CID), an isolation window of 1.8 m/z
and normalized collision energies of 20% to 30% were used. For
in-source CID, a potential difference between the tube lens and
ion optics was applied (0–100 V; Figure S2). All internal energy
distributions were obtained using an in-source CID voltage of
35 V and all other voltages were kept constant.

Theory Using Gaussian 09 [12], vibrational frequencies of
geometry optimized structures were calculated to ensure that
the structures correspond to local ground state minima. BDEs
were obtained from the calculated zero point and thermal
internal energies (298 K).

The survival yield (SY) method was used to estimate ion
internal energy distributions. A key assumption is that the time
for dissociation is sufficiently long to exclude a kinetic shift [6],
which is suitable for comparing relative internal energy distri-
butions. SY values were calculated using [6]:

SY ¼ I precursorð Þ = I precursorð Þ þ ∑I fragmentð Þ
h i

ð1Þ

where I(precursor) and I(fragment) are the integrated abundances
of the precursor and fragment ions, respectively. Plotting SYs
versus calculated BDEs results in a breakdown curve [6, 7, 13].

The ion internal energy distribution is obtained from the derivative
of the breakdown curve fitted by a sigmoid [6]:

SY εð Þ ¼ 1þ exp ε0–εð Þ=βð Þ½ �−1 ð2Þ
where ε is the BDE, ε0 is the fitted modal average internal
energy, and (4β)–1 is the slope of the sigmoid curve at SY = 0.5.

Results and Discussion
Dissociation Pathways

For eight of nine 4-substituted benzylammonium thermometer
ions, in-trap CID resulted in the exclusive loss of a small neutral
(–17 Da) from the precursor ion (up to 99% dissociated), which
corresponds to the loss of an ammonia molecule (Scheme 1 and
Figure 1). In-trap CID of 4-nitrobenzylammonium resulted in two
product ions at m/z 136 and 106, which correspond to the loss of
an ammonia molecule (100% relative abundance) and the loss of
both an ammonia andNOmolecule (<10%). Because the loss of a
neutral NO fragment from the precursor ion was not observed
upon in-trap CID (Figure 1), the two fragment ion abundances
were combined for the SY analysis (Equation 1). The loss of NO
is a common CID pathway for even-electron ions containing a
nitro functional group [8, 14].

Calculations

Four computational methods were used to calculate the 298 K
benzylammonium thermometer ion BDEs: CAM-B3LYP/BS
[BS = 6-311++G(d,p)], B3LYP/BS, MP2/BS, and CBS-QB3
(Table 1). Experimental heterolytic BDEs for 20 reactions,
which included seven reactions corresponding to the loss of
an ammonia molecule from an alkylammonium, were used to
benchmark the accuracy of the computational methods
(Table S1 and Scheme S1). For example, the 298 K heterolytic
C–N BDE for benzylammonium (166.0 ± 3.7 kJ mol–1;
Scheme 1) was obtained using a thermodynamic cycle
(Equation S1), the experimentally measured benzylamine pro-
ton affinity, the homolytic BDEs of the benzylamine C–N bond
and the ammonia N–H bond, and the ionization energies of the
benzyl radical and H-atom [15–17]. For the eight other
benzylammoniums, there was insufficient data in the literature
to obtain BDE values.

The CAM-B3LYP/BS calculated benzylammonium C–N
BDE (163.4 kJ mol–1; Table 1) was 2.6 kJ mol–1 less than the
BDE value that was obtained from experimental data (166.0 ±
3.7 kJ mol–1; Table S1 and Equation S1). For the other three
computational methods, the errors in the calculated
benzylammonium C–N BDE values were all greater than 10 kJ
mol–1. Over all 20 heterolytic dissociation reactions, CAM-
B3LYP/BS was the most accurate of the four computational
approaches, with an average error of –8.0 ± 8.5 kJ mol–1

(Figure S3). These data indicate that CAM-B3LYP/BS should
provide reasonable accuracy for calculating the C–N BDEs of 4-
substituted benzylammonium thermometer ions.

Scheme 1. Benzylammonium thermometer ions. R = OCH3,
C(CH3)3, CH3, H, F, Cl, CF3, CN, and NO2
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Breakdown Curves

In Figure S4, the relative extent of fragment ion abundances is
plotted as a function of in-source CID voltage for all nine
benzylammoniums formed from aqueous solutions. For a giv-
en collision voltage, the extent of ion fragmentation generally
increased as the calculated C–N BDE values decreased. For
example, using an in-source CID voltage of 50 V, 4-methoxy-
benzylammonium (C–N BDE of 105.8 kJ mol–1) dissociated
nearly completely, and 4-trifluoromethyl-benzylammonium
(184.5 kJ mol–1) dissociated by less than 50%. (Figure S4).

The SY method requires a set of thermometer ions that have
equivalent dissociation entropies [7]. Although heterolytic dis-
sociation reaction entropies can be challenging to obtain, the
slopes of inflection points of SY plots can be used to compare
the relative fragmentation kinetics [6]. For eight of the nine
benzylammoniums, the slopes of the inflection points were
within 7%, whereas 4-nitrobenzylammonium had a slope that
was 31% lower than the average of the eight other ions (P <
0.01; Figure S5). This discrepancy is likely due to the inade-
quacy of the SYmethod to incorporate the secondary fragmen-
tation pathway (Figure 1 and Supporting Information), which is
consistent with results for benzylpyridinium ions [13].

Solvent and Sampling Effects

A key difference between benzylamines and more conventional
benzylpyridinium thermometer ions is that benzylamines are pro-
tonated during ionization (Scheme 1). To investigate the effect of
solvent, in-source CID breakdown curves of benzylammonium
ions formed by APCI were obtained from solutions containing
primarily water (gas-phase basicity of 660 kJ mol–1), methanol
(725 kJ mol–1), or acetonitrile (748 kJ mol–1) as the solvent. The
relative shapes of the CID breakdown curves depended signifi-
cantly on the solvent (Figure S5). In general, the inflection point
slopes increased as the solvent basicity increased and as the
capillary temperatures increased. These results are consistent with
the rate of the benzylammonium deprotonation reaction increas-
ing, which results in a greater proportion of unprotonated
benzylamine relative to observable benzylammonium, withFigure 1. Collision-induced dissociation spectra of (a)

benzylammonium, and (b) 4-nitrobenzylammonium

Table 1. Calculated 298 K Benzylamine Proton Affinities (PA) and
Benzylammonium BDEs.a All data in kJ mol–1

Substitution PA BDE

4-OCH3 932.2 105.8
4-C(CH3)3 930.4 134.5
4-CH3 927.7 139.7
4-H 919.2b 163.4c

4-F 906.5 152.8
4-Cl 905.0 152.0
4-CF3 883.6 184.5
4-CN 881.0 182.4
4-NO2 875.0 196.7
2,4,6-(OCH3)3

d 988.3 84.1
2,4,6-(CF3)3

d 900.1 262.1

a CAM-B3LYP/6-311++G(d,p). b Exp.: 922.7 ± 7.8 kJ mol–1 [15]. c Exp.: 166.0
± 3.7 kJ mol–1 [15, 16]. d Not used in study.

Figure 2. Comparison of low temperature plasma (LTP) ioni-
zation and atmospheric pressure chemical ionization (APCI) at
35 V in-source CID. Top: Benzylammonium thermometer ion
breakdown curves. Bottom: Ion internal energy distributions
from differentiated breakdown curves
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increasing solvent basicity and capillary temperatures. That is, the
fragmentation yields that are calculated are higher than the actual
fragmentation yields. However, the minimum in-source CID volt-
ages that were required to form fragment ions in appreciable
abundance (10%) and the inflection point voltages of the break-
down curves did not depend significantly on the solvent that was
used (Figure S5). Thus, the energy abscissae of the calculated ion
internal energy distributions did not depend significantly on sol-
vent (Figure S6). For example, the average of the calculated
internal energy distribution of the ions formed by LTP using
water, methanol, and acetonitrile were 123 ± 6, 123 ± 11, and
125 ± 6 kJ mol–1, respectively. Minor solvent dependencies can
significantly affect curve shapes when the average internal energy
is outside the range of bond dissociation energies (Figure S6).
These data indicate that the identity of the solvent does not
significantly affect the average internal energies of the ions that
were obtained by the SY method under these conditions.

Introducing the benzylamines to the APCI ion source by vapor
pressure at different sample solution temperatures resulted in
internal energy distributions that were nearly the same as those
obtained by directly infusing solutions into the ion source
(Figure S7). Additionally, the temperature of the sample solution
did not affect the ion internal energy distributions for APCI or
LTP. Thus, the benzylammonium thermometer ion method is not
significantly dependent on these two sampling methods.

Internal Energies

In Figure 2, the ion internal energy distributions for LTP and
APCI that were obtained by applying the SY method to eight
benzylammonium thermometer ions are shown. In all cases, the
extent of ion fragmentation was significantly less for LTP com-
pared with APCI. For example, using a capillary temperature of
250°C and 35 V in-source CID potential, less than 40% of
unsubstituted benzylammonium ions were fragmented by LTP
compared with more than 80% for APCI. For each capillary
temperature investigated (150–350°C), the average internal ener-
gies of the thermometer ions formed by LTP ionizationweremore
than 50 kJ mol–1 lower than those formed by APCI (Figure 2).

Conclusions
Novel benzylammonium thermometer ions were used to demon-
strate that low temperature plasma can be significantly softer than
atmospheric pressure chemical ionization. The modal average
internal energies were not significantly affected by the solvent or
sampling method. Volatile benzylamines are commercially avail-
able and can be applied to ionization methods that cannot readily
sample non-volatile neutral molecules, such as LTP and APCI.
The calculated BDEs of 4-substituted benzylammmonium ions are
ca. 60 kJ mol–1 lower than the corresponding benzylpyridiniums,
although spanning an equivalent energy range of slightly less than
100 kJ mol–1. Thus, competive reaction pathways to C–N bond
cleavage, which can compromise the accuracy of
benzylpyridinium thermometer ions [8], can be eliminated by
using benzylammonium thermometer ions. By incorporating

benzylamines with multiple benzyl substitutions (Table 1), it
should be possible to expand the range in the thermometer ion
BDEs by over 100% for more effectively comparing internal
energy distributions. It is anticipated that benzylammonium
therometer ions will be highly useful for characterizingmany other
ionization sources, including plasma and chemical ionization-
based ambient mass spectrometry ion sources, for which a well
developed suite of thermometer ions was not previously available.
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