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bstract

Details on using analyte gas-phase basicity (GB) or proton affinity (PA) as an additional analysis dimension in GC/FT-ICR MS are reported.
on–molecule reactions of chemical ionization (CI) reagent ions with the GC separated C1, C2, and C3 aromatic neutral (viz., toluene, m-xylene,
nd mesitylene) and ketone (acetone, 3-pentanone, and 4-heptanone) molecules were monitored. A suite of CI reagent ions was generated by
elf-chemical ionization (SCI) of ethanol in an ICR cell. Multiplexed reactant ion monitoring (MRIM) of the CI reagent ions (RiH+) was used
or GB bracketing of the neutral analytes eluting from the GC column. The PAs of the conjugate bases (Ri) of the reagent/reactant ions spanned
wide range (∼170 to ∼200 kcal mol−1). A kinetic model was constructed to relate the degree of reactant ion depletion to analyte concentration

nd proton transfer reaction efficiency. Our experimental GB estimations, based on the thermokinetic data, were in broad agreement with the GB

alues reported in the NIST database and primary sources (experimental and ab initio). Experimentally measured MRIM chromatogram profiles
nd kinetic analysis were used to estimate analyte gas-phase pressures in the ICR cell and losses to the surfaces in the ICR vacuum chamber. The
RIM approach permits GB determinations of multiple analytes in a single GC run and provides an additional dimension to improve analytical

esolution in GC/FT-ICR MS.
2006 Elsevier B.V. All rights reserved.
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. Introduction

In conventional gas chromatography mass spectrometry
GC/MS) experiments, analyte retention time (RT) and mass
pectral appearances are used for unknown identification. The
etention times and analyte elution order depend on a number
f GC experimental variable parameters such as the column
ype, carrier gas type, temperature and/or pressure program-

ing. For this reason, analyte identifications by GC/MS and the
eference library searches rely on mass spectral data only. How-
ver, mass spectral library databases may not contain data for
truly unknown analyte [1] and additional analysis dimensions

ay be needed. To improve analytical resolution and unknown

dentification, it is desirable to introduce other dimensions of
nalyses that can provide complementary structural and/or ther-
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ochemical information. For example, determination of the
roton affinity (PA) or ionization energy (IE) of an analyte, con-
urrent with its GC/MS analysis and quantification, can provide
ata in an additional dimension to improve GC/MS analysis.

In this paper, we describe an analytical approach for con-
urrent identification of analyte gas-phase basicities (and pro-
on affinities) in GC Fourier transform ion cyclotron resonance
GC/FT-ICR) mass spectrometry. Moreover, we show that ana-
yte concentrations in the ICR cell can be estimated by using the
hermochemical/kinetic data.

Reviews on the merits of multidimensional analysis
pproaches in GC [2,3] and GC/MS [4] have been published.
n general, EI ionization is considered to be a “hard” ionization
echnique and EI mass spectra have rich fragment ion informa-
ion content for unknown identification; conversely, the “softer”

I mass spectra offer molecular weight, functional group [5,6],
nd proton affinity (PA) information.

Munson and coworkers previously reported on the utility of
eactant ion monitoring (RIM) for analyte quantification [7] and
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roton affinity bracketing [8]. They used chemical ionization of
ethane and other reagents to generate the desired reagent ions

t 0.5–2 Torr1 ion source pressures on a sector mass spectrom-
ter. More recently, Tabert et al. [9] reported on the potential
f using an array of four miniature CI cylindrical ion traps to
cquire multiplexed CI (and EI) mass spectra of a sample to
mprove analytical resolution. Grützmacher and coworkers used
ion-titration” to resolve a mixture of isomeric analytes using
T-ICR. In the “ion-titration” method, an isomeric reactant ion
ixture was generated and the analyte reactions with a suite of

eference bases were monitored to determine gas-phase acidities
nd relative abundance of the isomeric ions [10].

Here, we utilize multiplexed reactant ion monitoring (MRIM)
o acquire thermochemical data and analyte concentrations for
C eluting compounds. We use self-chemical ionization (SCI)
f ethanol to generate and trap various reactant ions inside the
CR cell. We show that, in a single GC/FT-ICR MS experiment,
egrees of CI reactant ion depletions can be monitored to obtain
hermochemical data for GC eluting analytes.

. Experimental

.1. Instrumentation

All experiments were performed on an in-house designed
11,12] 7-T GC/FT-ICR MS (IonSpec Corp., Forest Lake, CA).
he instrument is equipped with an SRI model 8610C GC (SRI

nstruments, Las Vegas, NV) and an in-house configured cryofo-
using GC/FT-ICR MS interface based on a Jacoby et al. design
13]. A 60 m (0.28 mm i.d., 3 �m crossbonded 100% dimethyl
olysiloxane stationary phase coating) MXT-1 capillary column
Restek Corp., Bellefonte, PA) was used for all GC experiments.
he vacuum chamber surrounding the ICR cell was maintained
t ∼87 ± 5 ◦C by a set of DC heating elements [14].

A brief description of the ICR cell, EI filament, and vacuum
hamber is provided below to give an idea of their relative loca-
ions and dimensions. The EI filament ribbon was supported and
solated by Macor blocks and mounted on one of the two trapping
lates of a ∼15 cm long × 6 cm diameter segmented cylindri-
al ICR cell. The ion cloud was trapped ∼7.5 cm away from
he EI filament and in the center of the ICR cell. The ICR cell
as located at the blind end of a ∼70 cm long × 10 cm diameter

nternally polished vacuum chamber. This vacuum chamber was
umped by two 220 L s−1 turbomolecular drag pumps through
separate vacuum housing. A third 220 L s−1 turbomolecular

ump was connected to an external ion source region (IonSpec
orp., Forest Lake, CA). In the experiments discussed here,
ll ions were generated in the internal ionization modes and
he external ion source was not used. Compared to the relative
umping speeds of the turbo pumps, conductance or gas flow
etween the external ion source region and the main chamber

as negligible. The ICR cell assembly was supported at the end
f a quadrupole ion-guide assembly. The EI filament and the
C transfer line were positioned centrally and on the oppos-

1 1 Torr = 133 bar.

t
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t
l
m
L
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ng trapping plates (i.e., “filament” and “quad” trapping plates,
espectively). The end of the ∼1 m long GC transfer line (from
he pulsed valve interface) was positioned on the z-axis at the
nd of the quadrupole rod assembly, ∼2 mm from the “quad”
rapping plate. Numerous 3 mm diameter holes were drilled in
he trapping plates (both on the EI filament and quadrupole side)
o improve gas flow out of the ICR cell.

.2. GC programming

The GC programming used in all experiments was as fol-
ows: initialize at 60 ◦C for 2 min, ramp at 3 ◦C/min to 180 ◦C
nd isothermal at 180 ◦C for experiments exceeding 42 min. The
arrier gas (He) head pressure was 15 psi.

.3. Chemicals and sample preparation

Mesitylene (98%), m-xylene (99+%), and ketones were pur-
hased from Sigma–Aldrich Chemical Company, Inc. (Milwau-
ee, WI). Ethanol (ACS/UPS grade 200 proof) and toluene
ACS certified purity) were purchased from Pharmco (Brook-
eld, CT) and Fisher Scientific, respectively; all chemicals were
sed as received. Two head-space sample mixtures were pre-
ared. First mixture contained toluene, m-xylene, and mesity-
ene and the second mixture contained acetone, 3-pentanone,
nd 4-heptanone. These mixtures were prepared by injecting
0.5 �L of each liquid into septum sealed 40-mL vials con-

aining N2 at 1 atm. The calculated 1.7 Torr partial pressure of
esitylene (the least volatile analyte) for a 0.5 �L liquid sample

n the 40-mL vial is below its saturated vapor pressure (SVP)
f 2.5 Torr at 25 ◦C [15]. For all of the GC/FT-ICR experiments
eported here, we used 50 �L head-space samples withdrawn
rom the 40-mL mixture vials.

.4. Introduction of the ethanol chemical ionization reagent

A 250 mL reservoir connected to a pulsed valve con-
ained ethanol at a pressure of ∼1 Torr. Conventional
reeze–pump–thaw cycles were used for ethanol degassing
rior to admittance to the evacuated 250 mL reservoir. Gaseous
thanol from the reservoir was used to generate the CI
eagent/reactant ions. The ethanol reagent was pulsed into the
ain vacuum housing through a port located ∼30 cm above the

wo turbomolecular drag pumps and ∼90 cm from the center of
he ICR cell (IonSpec Corp., Forest Lake, CA).

.5. Pressure measurements

The pressure transients of the ethanol SCI reagent and GC
ffluent pulsed into the ICR cell were recorded to estimate
nstrumental pump down characteristics. The analog output from
he Granville-Phillips (series 350) ionization gauge controller
Boulder, CO) was recorded using a LeCroy 9300C Series digi-

al oscilloscope (Chestnut Ridge, NY). The ion gauge tube was
ocated ∼90 cm from the ICR cell and ∼30 cm above the turbo-

olecular pump closest to the ICR cell (IonSpec Corp., Forest
ake, CA).
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Fig. 1. The ICR vacuum chamber pressure profiles during the CI GC/FT-ICR
MS data acquisition. The analog output from the Granville-Phillips (series 350)
ionization gauge controller (Boulder, CO) was recorded to construct the ICR
pressure profiles. After removing all of the trapped ions (ion quench labeled as
point 1), the ethanol reagent gas was introduced into the ICR cell via a pulsed-
valve during 0–8 ms interval (labeled as point 2). Ethanol was ionized at 70 eV
electron energy and reactant ions (i.e., ions at m/z 31, 43, 45, 47, 75, and 93)
were formed. The GC eluent was pulsed into the ICR cell (labeled as point 3) and
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C separated analytes (e.g., toluene, m-xylene, and mesitylene) were allowed to
eact with the reactant ions. After allowing ∼12 s for the ion–molecule reactions,
ass spectra were recorded (labeled as point 4). The retention time labeled with

he star corresponds to the detection of m-xylene (see Fig. 3).

The voltage output (Vo) of the ionization gauge controller is
linear function of the logarithm of the pressure. This voltage
utput (Vo) was converted to vacuum chamber pressure (P, Torr)
sing Vo = log(P) + C type relationship. In order to determine the
alue of C, we used two measurements at the steady pressures
f 4.8 × 10−6 Torr (for high pressure) and 2.8 × 10−10 Torr (for
ase pressure). Our experimentally measured value of −10.9 for
was in close agreement with the value of −11 provided in the
ranville-Phillips instruction manual (Catalog No. 350010). To
enerate the pressure plots shown in Fig. 1 (GC retention time
RT} versus ionization gauge pressure readout), the digitized
SCII data from the oscilloscope (sampling rate = 50 Hz) were

ransferred to a PC and plotted using Origin 7.0 (Northampton,
A).

. Kinetic schemes

.1. General comments

A bimolecular ion–molecule kinetic scheme similar to that
eported in references [16,17] was used to model the single ion
hromatograms (SICs) of CI reagent ions. Using the MRIM
pproach, analyte concentrations and proton transfer reaction
fficiencies could be determined simultaneously. Gas-phase
asicities were determined based on the thermokinetic method
f Bouchoux et al. [18]. In an earlier GC/MS work of Tran and
unson [8], the occurrence or non-occurrence of a proton trans-
er reaction was used for PA (or gas-phase basicity) bracketing.
ere, we use a thermokinetic method to determine analyte gas-
hase basicities with improved accuracy (±1 kcal mol−1)2 [18].

2 1 cal = 4.184 J.
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p
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n principle, the use of thermokinetic method [18] (instead of
sing the occurrence or non-occurrence of proton transfer reac-
ions) should yield more accurate GB results.

.2. Kinetic modeling

Only a single GC/FT-ICR MS experiment was required to
alculate gas-phase basicities and analyte concentrations for
ultiple analytes. Therefore, the need to perform auxiliary

xperiments on each analyte to measure its gas-phase basicity
nd/or concentration was avoided.

We used a bimolecular ion–molecule reaction (Eq. (1)) and a
seudo second order kinetic (Eq. (2)) scheme to model the atten-
ation of a reactant ion’s abundance in the presence of an analyte
n the ICR cell. The observed attenuation of the reactant ion’s
bundance, as measured from its selected ion chromatogram
SIC), was used to estimate the gas-phase analyte concentrations
n the ICR cell and basicities. In addition, auxiliary equations
ere used to extract further information content from the SIC,

uch as, reaction rate efficiencies for proton transfer and hence
he GB of an analyte. The procedure used to extract data from
IC profiles is described below in more detail.

Consider the proton transfer reaction between the ith CI
eagent/reactant ion (RiH+) and the jth analyte (Aj) occurring
n the ICR cell (Eq. (1)) with a rate constant of kij:

iH
+ + Aj → AijH+ + Ri (1)

[RiH
+]/dt = −kij[RiH

+][Aj] (2)

he disappearance of [RiH+] is governed by Eq. (2), where [Aj]
s the concentration of jth analyte in the ICR cell and [RiH+]
s the concentration of a given CI reagent ion (Aj) at a reaction
ime, t. In Eq. (1), AijH+ denotes the protonated product from
he reaction of the ith reagent with the jth analyte.

From the pressure measurements (see Section 4.1), it was
bserved that after the GC effluent introduction, the ion gauge
ressure reading decayed at a rate of 1.5 s per decade (or a time
onstant, τHe ∼ 0.65 s) for helium. The pressure decay time con-
tant (τj) for an analyte is proportional to m0.5

j where mj is the
nalyte molecular weight. The τj for a given analyte is estimated
sing Eq. (3) (from Graham’s law). After the GC effluent intro-
uction event, the analyte concentration at reaction time, t, is
iven by Eq. (4):

j = (τHe)(mj/mHe)0.5 (3)

Aj] = [Aj]0 exp(−t/τj) (4)

here [Aj]0 is the maximum analyte concentration in the ICR
ell environs after the GC effluent introduction event.

Substituting [Aj] from Eq. (4) into Eq. (2) and integrating
ields:

+
n([RiH ]) = kij[Aj]0τj exp(−t/τj) + constant (5)

t t = 0, [RiH+] = [RiH+]0, where [RiH+]0 is the abundance of
iH+ reagent ion (at the SIC “baseline”) when no analyte is
resent in the ICR cell (e.g., at a retention time of 1500 s in
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igs. 3 and 5). Hence

n([RiH
+]/[RiH

+]0) = −kij[Aj]0τj[1 − exp(−t/τj)] ≡ ln(εij)

(6)

or a given reagent ion (i) and an analyte (j) couple, the ratio
[RiH+]/[RiH+]0) in Eq. (6), will be denoted as εij in the text
elow. The reaction delay time (t) (in Eq. (6)) is referenced to
he analyte introduction (from the GC to the ICR cell).

Using the experimental τHe of ∼0.65 s for helium in Eq.
3), an estimated gas-phase pressure decay time constant (τmx)
or m-xylene (mol. wt. = 106) was estimated to be ∼3.35 s
0.65{106/4}0.5 s). The CI reaction time in some experiments
as 9 s which is ∼2.7τmx. Therefore, at the detection event, the
-xylene concentration had decayed to ∼0.07 of [Aj]0 which
ay be sufficient to produce “tailing” on the SIC GC peak. From
q. (6), the analyte concentration, [Aj]0 (molecules cm3), near

he GC effluent introduction event can be calculated assuming
Langevin rate constant (kLg) of 2 × 10−9 molecule−1 cm3 s−1

or an exothermic proton transfer reaction. To reduce experimen-
al errors we used a practical range of 0.05 to 0.95 for εij values
at the extreme values, small errors in εij yields large errors in ηij

see Eq. (9)}); as the analyte concentration approaches zero (i.e.,
t the lower concentrations), the [AijH+]/[RiH+]0 ratio becomes
inear in [Aj].

The CI dynamic range on our instrument is approximately
hree orders of magnitude and non-linear except at low ana-
yte concentrations. This small and non-linear dynamic range
recludes the determination of proton affinities for analytes
t either very low or high concentrations (or pressures) in
he ICR cell. The upper and lower experimental pressure lim-
ts (Torr) in the ICR cell can be estimated from Eq. (6)
sing (εij) values of 0.95 (lowest practical reactant ion deple-
ion) and 0.05 (highest practical reactant ion depletion); using
ij = 2 × 10−9 molecule−1 cm3 s−1, τj = 3.3 s, T = 360 K, and CI
eaction time of t = 9 s in Eq. (6), yields an estimated prac-
ical analyte pressure (i.e., [Aj]0) range of ∼3 × 10−10 to

2 × 10−8 Torr. For samples sizes that yield ICR cell analyte
ressures outside of this operational range, the amount of ana-
yte injected onto the GC column can be adjusted appropriately.
lternatively, one can use CI reagent ions that are not completely
epleted (acceptable range for the ion depletion is 5–95%) and
xtract relative reaction efficiencies and GB using the thermoki-
etic method [18].

.3. Gas-phase basicities and proton affinities

The rate constant (kij) for an endoergic proton transfer reac-
ion will be smaller than kLg and therefore εij will be larger
ompared to an exoergic proton transfer reaction. The proton
ransfer rate constant (kij) for a given reagent ion (i) and an ana-
yte (j) is obtained from Eq. (6) upon rearrangement (Eq. (7)).
or an exoergic proton transfer reaction (�Gij < −3 kcal mol−1),

ij is assumed to be near Langevin collision rate constant (kLg),
.e., kij = kLg:

ij = −ln(εij)/{[Aj]0τj[1 − exp(−t/τj)]} (7)

o
v
t
c
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he reaction efficiency (ηij) for a proton transfer reaction is given
y Eq. (8):

ij = kij/kLg (8)

here kLg is the rate constant for an exothermic proton transfer
eaction (assumed to be close to the Langevin rate constant of
2.0 × 10−9 molecule−1 cm3 s−1).
The ηij values were calculated using the reactant ion SIC min-

ma values corresponding to the analyte retention times where
he CI reagent ion depletions were at maximum. In our analysis,
n exact value for kLg was not required to calculate ηij. The ratio
ηij) was referenced with respect to fast proton transfer reac-
ions between an analyte and reactant ion(s) of lowest conjugate
roton affinity/affinities. Hence

ij = ln(εij)/ ln(εLg) (9)

here the subscripts ij and Lg denote endoergic and exoergic
near Langevin collision rate) proton transfer reactions to a given
nalyte, respectively. The value for εLg is calculated using the
IM data obtained on the reagent ion(s) of low or lowest conju-
ate base proton affinity for which kLg was assumed.

It should be noted that neither the analyte concentration in
he ICR cell nor the actual proton transfer rate constants need to
e known explicitly in order to estimate the GB of an analyte.
ur approach is similar to that used by Hatch and Munson [16]

nd Lin et al. [17] to obtain unknown rate constants referenced
o a reaction of a known rate constant, i.e., see Eq. (15) in Ref.
16].

Based on the thermokinetic method [18], the gas-phase basic-
ty of an analyte, GB(Aj), can be determined by using Eq. (10):

B(Aj) = GB(Ri) + RT ln(1/ηij − 1) − �Ga (10)

Gij = GB(Ri) − GB(Aj) = RT ln(1/ηij − 1) − �Ga (11)

here T is the effective temperature of the ions inside the ICR
ell (ICR vacuum chamber temperature ∼87 ◦C), GB(Ri) the
as-phase basicity of the conjugate base of the reactant ion, �Ga
n apparent activation barrier (normally small), and R is the gas
onstant (1.987 cal mol−1 K−1). In Eq. (11), �Gij is the ergicity
or proton transfer from RiH+ to Aj. For our purposes, we have
et �Ga = 0, and T = 360 K. See the discussion on Fig. 6 in Sec-
ion 4.5.2 for supporting commentary on assigning �Ga = 0.0.

Setting T = 360 K is a reasonable assumption under our ICR
onditions where the estimated maximum He pressure in the
CR cell was ∼7 × 10−4 Torr ensuring a high degree of ther-
alization for both reactants and products (see Section 4.4 for

urther details). It should be noted that the thermokinetic method
based on reaction efficiencies) measures the free energy change
i.e., �Gij, Eq. (11)) and not the enthalpy (i.e., �Hij) of a proton
ransfer reaction [18,19]. To estimate the �Hij value, a reason-
ble estimate of the entropy contribution (�Sij) to �Gij at the
iven temperature must be available (see Section 4).

To obtain the GB for an analyte, εij should be in the range

f 0.1 to 0.9 and ηij less than 0.7. For ηij > 0.7 or <0.05, small
ariations in ηij will cause large changes in GB(Aj) compared
o when 0.05 < ηij < 0.7; for example, as seen in Fig. 6, a small
hange in ηij on either side of the transition zone (i.e., transition
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Fig. 2. EI/SCI FT-ICR mass spectrum of ethanol at the GC retention time of
1550 s. The reactant ions were either EI (at m/z 31, 43, and 45) or SCI (at m/z
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one defined as 0.05 < ηij < 0.7) will result in large changes in
Gij. Therefore, for ηij < 0.05 and ηij > 0.7, the GB estimation,

sing Eq. (10), should be evaluated with caution.

. Results and discussion

.1. Pressure measurements

In Fig. 1, pressure transients for six mass spectral data acqui-
itions (RT = 1725–1825 s) are shown; the various events have
een labeled for the first mass spectral data point (labels 1–4
or RT ∼ 1731–1747 s) in the set. These events are: (1) ion
jection/removal from the ICR cell (where pressure was at its
owest), (2) introduction of the ethanol CI reagent, (3) GC eluent
ntroduction, and (4) mass spectral detection.

Typically, reagent (or reactant) ions were generated between
he events 2 and 3. For example, electron impact ionization
f the reagent gas occurred for 300 ms (t = 0–0.3 s after the
ulsed introduction of the CI reagent, here t = 0 is defined as
he time when CI pulsed valve opens) and subsequently SCI
as allowed to occur up to the GC eluent’s pulsed introduction

i.e., from 0 to 2.2 s). The GC eluent was pulsed into the ICR
ell at t ∼ 2.2–3.0 s. Mass spectra were recorded 15 s after the
I reagent introduction (label 4 in Fig. 1, where background
ressure was sufficiently low to excite and detect ions). For
xample, the star at the retention time ∼1763 s corresponds
o the elution and chemical ionization of m-xylene (e.g., cor-
esponding to a GC ion chromatogram peak for m/z 107 in
ig. 3); the resulting CI mass spectrum for m-xylene is shown

n Fig. 4b. The GC eluent was pulsed into the ICR cell (labeled
s point 3) and GC separated analytes (e.g., toluene, m-xylene,
nd mesitylene) were allowed to react with the reactant ions.
fter allowing ∼12 s for the ion–molecule reactions, mass spec-

ra were recorded (labeled as point 4). There was a 1 s delay
etween mass spectral points.

The maximum ethanol pressure of ∼2 × 10−7 Torr was
eached ∼200 ms after the 8 ms duration pulsed valve event.
imilarly, the maximum GC eluent pressure of ∼1 × 10−6 Torr
as measured ∼200 ms after the GC/FT-ICR interface pulsed
alve was opened. The GC eluent pressure decayed at an initial
ate of ∼1.5 s per decade from its peak value of ∼1 × 10−6

o ∼2 × 10−8 Torr. Subsequently, the pressure decayed more
lowly to reach a pressure of ∼2 × 10−9 Torr at the excite/detect
vent (label 4 in Fig. 2) which is higher than the base pressure
i.e., ∼2.8 × 10−10 Torr) of the instrument. The slower pressure
ecay rate at lower pressures and the non attainment of the instru-
ent base pressure 12 s after the GC eluent introduction was
ostly due to analyte and residual helium desorption off vari-

us surfaces. As shown in Fig. 1, the pressure transient profiles
ere reproducible.
The experimental temperature of the vacuum chamber sur-

ounding the ICR cell (87 ± 5 ◦C) was significantly lower than
he higher detector temperatures (≥200 ◦C) used in conven-

ional GC/MS; higher temperatures are used to reduce/eliminate
bsorption on “cold spots”. Heating the ICR cell environs
eyond ∼90 ◦C was impractical due to out-gassing of the heat
ensitive ICR cell components. The pressure decay rate is also

l
p
t
r

7, 75, and 93) product ions from ethanol. At the RT ∼ 1550 s, no GC eluting
nalytes (apart for the He carrier gas) were present in the ICR cell to react with
he reactant ions and hence ions at m/z 31, 43, 45, 47, 75, and 93 were not
ttenuated.

educed by the presence of ICR cell support components, such
s the quadrupole assembly, inside the vacuum chamber.

.2. Reactant ion and analyte literature gas-phase
hermochemical data

The gas-phase basicity of a base B, GB(B), is related to its
A(B) and protonation half-reaction entropy change{�pS◦(B)}:

B(B) = PA(B) − T {S◦
H+ + �pS

◦(B)} (12)

hereS◦
H+ is the translational entropy of H+ (26.9 cal mol−1 K−1

t 360 K), and �pS◦(B) = S◦(BH+) − S◦(B) is the protonation
alf-reaction entropy defined as the entropy difference between
he protonated base, S◦(BH+), and neutral base S◦(B). The NIST

pS◦ values in Table 1 were calculated using Eq. (12) and the
IST PA and GB298 data. It should be noted that both PA and
pS◦ vary slightly with temperature and this effect will not be

onsidered here to simplify the discussion. Student’s t-tests on
he PA and GB298 data (in Table 1) showed that the primary
ersus NIST data at the 90% confidence level are statistically
ndistinguishable.

Three primary literature sources on �pS◦ data were used to
alculate GB at T = 360 K, viz., from high pressure mass spec-
rometry (HPMS) data (500 K �pS◦) [20,21] and high level
uantum mechanics (linearly interpolated 500 K �pS◦ values)
22].

Table 1 contains the relevant thermochemical data for all ana-
ytes and reagent ions used in this study. The first column in
able 1 contains the chemical names of the neutral analytes (A)
nd neutral conjugate bases (R) of the reagent ions. Entries in
olumns 2 and 3 correspond to 298 K gas-phase basicities from
he primary sources in the literature and NIST. Proton affini-
ies from the primary sources in the literature and NIST are

isted in columns 4 and 5. The half-reaction entropy changes for
roton transfer (�pS◦) from the primary sources in the litera-
ure (500 K) and NIST (298 K) are listed in columns 6 and 7,
espectively. Columns 8 and 9 contain the calculated gas-phase
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Table 1
Literature gas-phase basicity, proton affinity, and half-reaction protonation entropy thermochemical data for all bases used or studied in present work

Base (analyte (A) or reagent (R)) GB298 (kcal mol−1) PA (kcal mol−1) �pS◦ (cal mol−1 K−1) GB360 (kcal mol−1)

Primary Ref. NIST Primary Ref. NIST Primary Ref. NIST Primary Ref. NIST

Formaldehyde (R) 163.4a 163.3 170.1a 170.4 3.5a 2.2 161.7 161.5
Acetaldehyde (R) 176.8a 176.0 184.1a 183.7 1.5a 0.2 175.0 174.1
Ethanol (R) ND 178.0 ND 185.6 ND 0.5 ND 176.1
Toluene (A) 180.8b 180.8 187.7b 187.4 3.0b 3.9 179.1 179.1
m-Xylene (A) 186.6c 186.9 192.3c 194.0 7.0c 2.2 185.1 185.1
Acetone (A) 187.1b 187.9 194.0b 194.1 3.0b 5.2 185.4 186.3
Ketene (R) 189.6a 189.7 197.0a 197.3 1.0a 0.5 187.7 187.8
Ether (R) 191.4b 191.0 198.1b 198.0 3.5b 2.5 189.7 189.2
3-Pentanone (A) 192.3b 193.3 199.3b 199.9 2.5b 3.9 190.5 191.6
Mesitylene (A) 192.7c 193.0 198.5c 200.0 6.5c 2.5 191.2 191.2
4-Heptanone (A) 195.0d 194.7 201.9d 202.0 3.0d 1.5 193.3 192.9

ND: no data available from Refs. [20–22]; used NIST PA and GB298 data to calculate NIST �pS◦ (�pS◦ = 26.0 + (GB298 − PA)/0.298) and hence
GB360 = PA − 0.360(26.9 − �pS◦). NIST: NIST online (http://nist.gov) chemistry webbook.

a Ref. [22].
b Ref. [20].
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c Ref. [21].
d J.E. Szulejko, Unpublished Proton Affinity Database Based on 1984–1998
anada (copies are available upon request from the authors).

asicities (GB360) based on the PA and �pS◦ values from the
rimary sources in the literature and NIST.

.3. Self-chemical ionization of ethanol reagent and proton
ransfer to analytes

In the absence of any analytes eluting from GC, only He
arrier gas atoms were present in the ICR cell and hence the
cquired mass spectra contained the “none consumed” or “non

ttenuated” CI reactant ions. For example, the mass spectrum
n Fig. 2 corresponds to RT ∼ 1550 s in Fig. 3, and the “none
onsumed” ions present in the mass spectrum include m/z 31,
3, 45, 47, 75, and 93; these ions are all from EI and SCI reactions

ig. 3. The chromatograms for sum (
∑

) of the protonated analyte ions (viz., m/z
3, 107, and 121—solid line, positive going curve showing product generation),
nd sum (

∑
) of reactant ions (viz., 31, 43, 45, 47s, and 75—dotted line, negative

oing curve showing reactant depletion) for a representative GC/FT-ICR MS trial
n the CI mode.
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S Data from Laboratory of Prof. T.B. McMahon University of Waterloo, Ont.,

f ethanol and their chemical identities are indicated in Fig. 2;
hermochemical data for reagent ions are provided in Table 1.

hen an analyte elutes from the GC transfer line and enters
nto the ICR cell, CI product ions can be formed. For instance,

ass spectra shown in Fig. 4a–c correspond to retention times of
oluene (RT ∼ 1357 s), m-xylene (RT = 1763 s), and mesitylene
RT = 2169 s). The degree of reagent ion depletion and product
on formation depends on the analyte pressure and ergicity of
he proton transfer reaction.

In the mass spectrum shown in Fig. 2, protonated ethanol
m/z 47) is the major peak (100% relative abundance) observed
n the SCI mass spectrum. The other peaks corresponds to ions at
/z 31 (protonated formaldehyde, an ethanol EI fragment ion),
/z 43 (largely protonated ketene, an ethanol EI fragment ion)

23], m/z 45 (protonated acetaldehyde, an ethanol EI fragment
on) [24] and m/z 75 (protonated ether, an ion–molecule reac-
ion product of protonated ethanol with neutral ethanol) [25],
nd m/z 93 (the proton bound dimer of ethanol, an association
eaction product of protonated ethanol with ethanol) [25]. The
A of the conjugate base of the reagent ion at m/z 93 (proton
ound dimer of ethanol, PA ≡ −�H ≡ 217.0 kcal mol−1 [26]
or EtOH + EtOH + H+ → {EtOH}2H+) is higher than any of
he analytes included in our study and therefore m/z 93 was not
ncluded in the MRIM kinetic analyses.

.4. Ion cooling considerations

On the �s timescale, most of the m/z 43 generated from
0 eV EI on ethanol is ketene protonated on the terminal C site
viz., [CH3CO]+). The minor component is ketene protonated
n the O site (viz., [CH2COH]+). This higher energy species,

CH2COH]+, may collapse quantitatively to [CH3CO]+ via a
roton transport catalysis mechanism [27] induced by collisions
ainly with helium eluting off the GC and to a lesser extent,

thanol.

http://nist.gov/
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ig. 4. The CI/FT-ICR mass spectra for (a) toluene (RT ∼ 1357 s in Fig. 3), (b)
-xylene (RT ∼ 1763 s in Fig. 3), and (c) mesitylene (RT ∼ 2169 s in Fig. 3).

The pumping speed for He (Sc ∼3 L s−1) in the environs
f the ICR cell can be estimated using Sc = Vc/τHe (from
cdPc/dt = PcSc) where Vc (∼2 L) is the approximate volume
f the vacuum chamber surrounding the ICR cell, τHe (∼0.65 s
alculated from the pressure decay observed in Fig. 1) is the
elium pump down time constant, and Pc is the ICR cell pres-
ure {Pc = Pcm exp(−t/τHe) where Pcm is the maximum He

ressure}. At the molecular flow region and with no physical
bstruction present, the conductance for our vacuum cham-
er {∼70 cm long (L) and ∼10 cm in diameter (D)} (Ion-
pec Corp., Lake Forest, CA) would be ∼170 L s−1 (12D3/L)

p
r
i
h
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28]. The maximum He pressure in the ICR cell (Pcm) is esti-
ated to be 7 × 10−4 Torr using the data shown in Fig. 1.
his pressure was estimated from a mass flow balance rela-

ionship {PiSt = (Pcm/C)·Sc} using the following data: the peak
on pressure gauge reading (Pi = 1 × 10−6 Torr, Fig. 1), the total
umping speed (St ∼ 400 L s−1) of the two turbomolecular drag
umps located ∼1 m from the ICR cell, an ion gauge correction
actor for He (C = 5) [29] and the estimated He pumping speed,
c ∼ 3 L s−1, near the ICR cell.

The reagent ions (and product ions) were thermal-
zed by the initially high He pressure of ∼7 × 10−4 Torr
resent in the ICR cell soon after the GC effluent
ntroduction event. Assuming a calculated Langevin col-
ision rate constant of kc = 7 × 10−10 molecule−1 cm3 s−1

e.g., αHe = 0.205 × 10−24 cm3) [15] for He with proto-
ated ethanol, the number of reactant ion/helium collisions
c = kc[He]0τHe[1 − exp(−t/τHe)]} for the first second of the
e pressure decay was estimated to be 7 × 103. A value of

He]0 = ∼1.9 × 1013 atom cm−3 was used for the maximum He
oncentration and τHe = 0.65 s was the He pump down time con-
tant. Even though He is a poor collisional thermalizing agent
ηHe ∼ 0.01 efficiency compared to near unit efficiency for poly-
tomics [30]), both the reactant ions and product ions should be
hermalized by the ∼70 effective collisions (i.e., cηHe). There-
ore, in principle, obtaining meaningful thermokinetic data on
C eluting analytes is a realistic goal.

.5. Multiplexed reactant ion monitoring (MRIM)

.5.1. MRIM chromatograms
Representative summed MRIM (dotted line, negative going

urve denoted as ∑ reagent ions in Fig. 3) and summed protona-
ed analyte (solid line, positive going curve denoted as ∑ analyte
ons or TIC) chromatograms are shown in Fig. 3. The top (solid
ine) and bottom (dotted line) plots in Fig. 3, show sum of the
rotonated analyte ion chromatograms (viz., m/z 93, 107, and
21) and sum of the reactant ion chromatograms (viz., 31, 43, 45,
7, and 75), respectively. Plots shown in Fig. 3 were normalized
ith respect to all ions considered (i.e., m/z 31, 43, 45, 47, 75,
3, 107, and 121). The chromatogram peaks in Fig. 3 for m/z 93,
07, and 121 contained only two or three mass spectra. A long
uty cycle of ∼15 s was used to reduce the ICR cell pressure
uring the detection of time domain transient signals (vis-à-vis,
ressure decay rates of >1.5 s per decade for He).

When the eluting analytes exit the GC/MS interface and
nter into the ICR cell (i.e., during their respective GC reten-
ion times of RT ∼ 1357 s for toluene, RT ∼ 1763 s for m-xylene,
nd RT ∼ 2169 s for mesitylene), the total reagent ion abundance
bottom dotted line) is attenuated; this reagent ion signal attenu-
tion is due to proton transfer from the reactant CI reagent ions
o the GC eluting analytes. The y-scale in Fig. 3 represents the
ormalized ion abundance; 0 and 1.0 range represents the “no
nalyte signal” and “maximum analyte signal” (solid line, top

lot in Fig. 3), respectively. Conversely, in Fig. 3, 0 to −1.0 range
epresents “no ion loss” and “total attenuation” of the reagent
on signals (dotted line, bottom plot in Fig. 3). The bottom plot
as been shifted (i.e., 2% below zero) for clarity and pictorial
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Fig. 5. The reactant ion monitoring plots for m/z 31 (conjugate base
PA = 170.4 kcal mol−1), m/z 45 (conjugate base PA = 183.7 kcal mol−1),
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Due to the small number of reactant ions (RiH+) used in this
study and their irregular GB(Ri) increments, it was not feasi-
ble to plot the proton transfer reaction efficiencies for a given
analyte versus the GB(Ri) for the suite of reactant ions. Oth-
/z 47 (conjugate base PA = 185.6 kcal mol−1), m/z 43 (conjugate base
A = 197.0 kcal mol−1), and m/z 75 (conjugate base PA = 198.0 kcal mol−1).

epresentation of the data. The two plots in Fig. 3 are mirror
mages of each other. For example, during the GC elution of all
hree analytes, the reactant ion concentrations inside the ICR
ell are attenuated.

The individual reactant ion chromatograms are shown in
ig. 5 and discussed below. The major reactant ion at m/z 47
protonated ethanol) was still present as a significant peak in all
I mass spectra shown in Fig. 4. Since the m/z 47 abundance is
ot low, this implies that the analyte concentrations in the ICR
ell were relatively low in spite of the large analyte injection
n the GC. See also the discussion below on analyte losses to
urfaces.

A 50 �L sample of head-space from a septum sealed 40-mL
ial containing a mixture of toluene, m-xylene and mesitylene
0.5 �L each of the liquid analyte in the vial) was injected on
he GC. The CI mode GC/FT-ICR mass spectra for toluene, m-
ylene, and mesitylene are shown in Fig. 4. The major peaks in
ll mass spectra (Fig. 4a–c) are labeled; the most abundant peak
or all three analytes was the protonated pseudo-molecular ion.

The MRIM chromatograms for reactant ions at m/z 31, 43,
5, 47, and 75 are shown in Fig. 5 as individually normalized
bundance plots. These single ion chromatograms are stacked
ccording to the NIST PA values of their corresponding con-
ugate bases (in a descending order from top to bottom). In
his set of five reactant ions, conjugated bases of the m/z 75
nd 31 have the highest (PA = 198.0 kcal mol−1) and lowest
PA = 170.4 kcal mol−1) proton affinities. The y-axis scale (0–1)
or all stacked single ion chromatograms are identical and their

eparation is 1.05 arbitrary units (y-axis scale for each plot is
ot shown here).

The chromatograms of m/z 31, 45, and 47 all have similar
epletions for a given analyte as would be expected for reactant
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(
h
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ons having much lower conjugate base gas-phase basicities than
he analytes. On the other hand, the reactant ions at m/z 43 and 75
xhibited less depletion in accord with the proton transfer ergic-
ty being either positive (∼2 kcal mol−1) or marginally negative
∼−1 kcal mol−1). It should be noted that the m/z 31 relative
bundance is very low (e.g., see Fig. 2) and hence statistical
oise becomes significant as noted for the much smaller reac-
ant ion depletion observed for toluene compared to either m/z
5 or 47 reactant ions.

.5.2. Thermokinetic plots of CH3CO+ or (C2H5)2OH+

eactant ions with analytes
ig. 6. Plots of MRIM determined proton transfer reaction efficiencies (ηij,
) from two reactant ions (a) CH3CO+ and (b) (C2H5)2OH+ to six analytes

1: toluene; 2: m-xylene; 3: acetone; 4: 3-penthanone; 5: mesitylene; 6: 4-
eptanone) vs. proton transfer ergicities (�Gij). The solid line is the theoretical
roton transfer reaction efficiency calculated using Eq. (11) with �Ga = 0.0.
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rwise, the gas-phase basicity of an analyte could have been
etermined straightforwardly using the thermokinetic method
18]. In the alternative, plots of proton transfer reaction efficien-
ies (ηij) from a specific reactant ion to six analytes versus the
rgicities (�Gij) are presented and discussed; the resulting plots
re compared to the reaction efficiencies predicted using Eq.
11).

Plots of MRIM determined proton transfer reaction efficien-
ies (ηij, �) from two reactant ions CH3CO+ and (C2H5)2OH+

o six analytes versus proton transfer ergicities (�Gij) are shown
n Fig. 6a and b, respectively. In Fig. 6, labeled numbers 1
o 6 correspond to toluene, m-xylene, acetone, 3-penthanone,

esitylene, and 4-heptanone, respectively. The solid line is the
heoretical proton transfer reaction efficiency calculated using
q. (11) with �Ga = 0.0. The agreement between experimental

�) and calculated (solid line) reaction efficiencies is generally
xcellent for our small set of reactant ions and analytes showing
hat �Ga = 0.0 is a reasonable approximation for data shown
n Fig. 6. A better agreement between the MRIM results and
q. (11) is obtained if �Ga ∼−0.35 or 0.25 kcal mol−1 for the

eactant ions CH3CO+ or (C2H5)2OH+, respectively. However,
Ga is small compared to other potential sources of experimen-

al errors, e.g., the literature GB(Ri) values (e.g., see Table 1).
arge experimental errors (e.g., small variations in reactant ion

elected ion chromatogram amplitude not related to analyte elu-
ion) result in relatively smaller errors in determining analyte
as-phase basicities using MRIM due to the presence of natural
og functions in Eqs. (9) and (10).

t
o

C

able 2
ummary of 360 K MRIM derived proton transfer reaction efficiency (ηij) and �G360

iH+ (reactant ion) Aj (analyte) ηij MRIM RE �Gij MRIM (kca

H3CHOH+

Toluene 1 <−3.0
m-Xylene 1 <−3.0
Acetone 1 <−3.0
3-Pentanone 1 <−3.0
Mesitylene 1 <−3.0
4-Heptanone 1 <−3.0

2H5OH2
+

Toluene 0.95 <−2.0
m-Xylene 1 <−2.0
Acetone 1 <−2.0
3-Pentanone 1 <−2.0
Mesitylene 1 <−2.0
4-Heptanone 1 <−2.0

H3CO+

Toluene <0.03 >2.5
m-Xylene 0.055 2.0
Acetone 0.077 1.8
3-Pentanone 0.950 −2.1
Mesitylene 1.000 <−2.0
4-Heptanone 0.950 <−2.0

C2H5)2OH+

Toluene <0.03 >2.5
m-Xylene <0.03 >2.5
Acetone <0.03 >2.5
3-Pentanone 0.700 −0.6
Mesitylene 0.850 −1.2
4-Heptanone 0.950 <−2.0

D: no data available from primary Refs. [20–22] on GB(C2H5OH); MRIM: �G360 =
Mass Spectrometry 257 (2006) 16–26

.5.3. MRIM �Gij results
A summary of MRIM calculated reaction efficiencies (ηij),

nd �G360 results are shown in Table 2. The first two columns
ontain the reactant ion [RiH+] and analyte [Ai] and the two sub-
equent columns contain the MRIM calculated proton transfer
eaction efficiency (ηij), and �G360 values. The last two columns
ontain primary literature and NIST �G360 data for comparison
ith the present �G360 MRIM data. In our MRIM analysis, we
ave assigned ηij = 1 for all proton transfer reactions with ergic-
ties less than −3.0 kcal mol−1, i.e., to obtain reference values
or εLg used in Eq. (9).

To obtain the MRIM data on aromatic or ketone ana-
ytes shown in Table 2, multiple GC/FT-ICR experiments were
erformed. The variation in the MRIM determined ηij val-
es from experiment to experiment was relatively small, viz.,
ηij < 0.05ηij.

.5.4. MRIM of aromatic analytes
It was observed that the reactant ion at m/z 75, protonated

oluene with a reaction efficiency of ∼0.03. In the present exper-
ments, the reactant ion at m/z 75 (if protonated ether) should not
e able to protonate toluene (endoergicity of ∼11 kcal mol−1) at
n observable rate. One can conjecture that m/z 75 may contain
ther protonated components (e.g., an alcohol of lower PA), or

he toluene contained trace amounts of co-eluting hydrocarbons,
r there is another reaction channel.

The MRIM determined �G360 ∼ 2.0 kcal mol−1 for the
H3CO+ and m-xylene pair was in fair agreement with

Results (comparison to literature values)

l mol−1) �Gij primary Lit. (kcal mol−1) �Gij NIST (kcal mol−1)

−4.1 −5.0
−10.1 −11.0
−10.4 −12.2
−15.5 −17.5
−16.5 −17.1
−18.3 −18.8

ND −3.0
ND −9.0
ND −10.2
ND −15.5
ND −15.1
ND −16.8

8.6 8.7
2.6 2.7
2.3 1.5

−2.8 −3.8
−3.5 −3.4
−5.6 −5.1

10.6 10.1
4.6 4.1
4.3 2.9

−0.8 −2.4
−1.5 −2.0
−3.6 −3.7

RT ln{1/(ηij − 1)}; Primary Ref.: see Table 1 for details; RE: reaction efficiency.
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he primary literature �G360 value of 2.6 kcal mol−1 and
he NIST �G360 value of 2.7 kcal mol−1. The difference of

0.6 kcal mol−1 between the MRIM and the primary litera-
ure or the NIST �G360 values may be the result of setting

Ga = 0.0 (an apparent activation energy) in our analysis in Eq.
10). Using a �Ga = −0.35 kcal mol−1 (see the above discussion
n Fig. 6), yielded a �G360 ∼ 2.4 kcal mol−1 for the CH3CO+

nd m-xylene pair which is in excellent agreement with the pri-
ary literature and NIST value of ∼2.6 kcal mol−1.

.5.5. MRIM of ketone analytes
The proton transfer reaction efficiency from m/z 43

CH3CO+) to acetone of 0.075 yielded a �G360 = 1.8 kcal mol−1

n reasonable agreement with the primary literature �G360 value
f 2.3 kcal mol−1 and better agreement with the NIST �G360 of
.5 kcal mol−1. The 360 K reaction efficiency of 0.075 from the
resent study is in excellent agreement with the 300 K reac-
ion efficiency of 0.078 given in Ref. [31] and the averaged
ate constant of 2.5 × 10−10 molecule−1 cm3 s−1 from ref [25].
sing the �Ga = −0.35 kcal mol−1 (see the above discussion
n Fig. 6), yielded a �G360 for the CH3CO+ and acetone cou-
le of 2.2 kcal mol−1 in poor agreement with the NIST value of
.5 kcal mol−1.

Using the reactant ion at m/z 75, the PT reaction effi-
iency to 3-pentanone analyte was 0.7. A reaction efficiency
f 0.7 according to the thermokinetic analysis yielded a
GB = −0.6 kcal mol−1. The present �GB = −0.6 kcal mol−1

s in better accord with the �G360 of ∼−0.8 kcal mol−1 [20]
ompared to the NIST �G360 of ∼−2.0 kcal mol−1 [26].

.6. Proton affinities and gas-phase basicities by MRIM

The MRIM 360 GB(Aj) (Eq. (10)) and PA(Aj) (Eq. (13))
esults were anchored using either ketene [22] or ether [20]
iterature basicity data. The procedure to estimate PA(Aj) by

RIM is described below in detail. Table 3 contains the PA
nd 360 K GB results obtained on four analytes (m-xylene, ace-
one, mesitylene and 3-pentanone) using the MRIM method and
omparisons to the literature.

The proton affinity of an analyte, PA(Aj), cannot be deter-
ined in single temperature experiments (360 K in this case)
ithout some reasonable estimation [31] of the entropy contribu-

ion (�Sij) to �Gij = �Hij − T�Sij = GB(Ri) − GB(Aj) (Gibbs
ree energy), where�Hij = PA(Ri) − PA(Aj) and�Sij is the equi-
ibrium entropy change for proton exchange between Ri and Aj.

In order to calculate the MRIM PA(Aj), the entropy change,
Sij (for the proton transfer reaction shown in Eq. (1)) is

equired. This can be estimated using the primary �pS data
n Table 1, viz., �Sij = �pS◦(Aj) − �pS◦(Ri). Then the MRIM
A(Aj) is given by Eq. (13), where �Gij is the 360 K MRIM
ata from Table 2 (or Table 3), �Ga = 0.0, and T = 360 K in our
xperiments:
A(Aj) = PA(Ri) − �Gij + �Ga − T �Sij (13)

ariable temperature proton transfer equilibrium experiments
ave shown that |�Sij| can be larger than 10 cal mol−1 K−1 Ta
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20,32,33]; at 360 K this would contribute more than
.6 kcal mol−1 to �Gij and hence the approximation
A(Ri) − PA(Aj) ≈ �Gij is not a reasonable assumption.
he absolute differences between the MRIM determined GB
alues for m-xylene, acetone, 3-pentanone, and mesitylene
nd the primary literature or NIST GB values lie in the
ange 0.2–0.6 kcal mol−1. The agreement between the MRIM
etermined PA values and the primary literature PA values
s excellent with the absolute differences laying in the range
.2–0.5 kcal mol−1. These differences may be due in part to
xperimental errors (both MRIM and primary literature) and
etting �Ga = 0.0 in Eqs. (10) and (13).

.7. Estimation of amount of gas-phase analyte present in
he ICR cell environs

The amount of analyte in the gas-phase (nj) for an analyte,
j, is given by Eq. (14):

j(mol) = [Aj]0Vc/(6.02 × 1023) (14)

here [Aj]0 is analyte concentration after the GC effluent pulsed
alve event obtained using Eq. (6) and where Vc (∼2000 cm3)
s the estimated volume of the ICR environs. To estimate the
CR cell pressure, it was reasonable to assume that the effective
olume (Vc) around the ICR cell environs was about 2000 cm3

approximately one-third of the volume of the cell vacuum
hamber). The surface area in the ICR cell environs was esti-
ated to be ∼1500 cm2 but for our purposes and to keep the

inetic model simple, analyte absorption on or desorption off
urfaces in the environs of the ICR cell was not considered here.

From the analysis of the MRIM SIC data shown in Fig. 5
sing Eqs. (6) and (14) (i.e., εij values), we estimate that more
han 90% of the analytes are lost to surfaces in the vicinity of the
CR cell for a ∼5 nmol injection on the GC. The GC peak width
as approximated as a 15 s wide square wave. In other words, in
ur MRIM analysis, the amount of reactant depletion would have
een much greater if there were no analyte losses to surfaces.
he analyte losses to surfaces can be reduced by increasing the
acuum chamber temperature. The current instrumental setup
nd out-gassing of the heat sensitive ICR cell components, such
s the transient pre-amplifier, do not allow heating the ICR cell
nvirons beyond ∼90 ◦C.

. Conclusions

We have demonstrated that it is possible to obtain gas-phase
asicities of analytes using MRIM in GC/FT ICR MS analysis.
sing a larger suite of reactant ions having smaller conjugate

ase gas-phase basicity increments, it should be possible to
btain analyte gas-phase basicities of near thermodynamic accu-
acy, ±0.5 kcal mol−1. The gas-phase concentration of analytes
n the FT-ICR can also be estimated using the MRIM approach.

[
[

[
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or the experiments reported here, analyte loses to surfaces
ere greater than 90%. In principle, MRIM could be extended

o resolve co-eluting isomeric analytes using the ion-titration
ethod [10].

cknowledgement

This material is based upon work supported by the National
cience Foundation under Grant No. CHE-0228971.

eferences

[1] S.D. Richardson, J. Environ. Monit. 4 (2002) 1.
[2] J. Beens, U.A.T. Brinkman, Trends Anal. Chem. 19 (2000) 260.
[3] N. Ragunathan, K.A. Krock, C. Klawun, T.A. Sasaki, C.L. Wilkins, J.

Chromatogr. A 703 (1995) 335.
[4] N. Ragunathan, K.A. Krock, C. Klawun, T.A. Sasaki, C.L. Wilkins, J.

Chromatogr. A 856 (1999) 349.
[5] J. Brodbelt, C.C. Liou, T. Donovan, Anal. Chem. 63 (1991) 1205.
[6] D.F. Hunt, J.F. Ryan, Chem. Commun. (1972) 620.
[7] C.W.J. Polley, B. Munson, Anal. Chem. 53 (1981) 308.
[8] V.T. Tran, B. Munson, Org. Mass Spectrom. 21 (1986) 41.
[9] A.M. Tabert, A.S. Misharin, R.G. Cooks, Analyst 129 (2004) 323.
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