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Abstract

Various thermochemical calculations require that mass spectrometric measurements provide absolute values for ratios of ion
abundances. High-pressure mass spectrometric measurements normally employ a small slit between a high-pressure reaction
chamber and the ion detection vacuum envelope. It is shown that the sampling of ions through a small slit depends classically
on the square root of mass when flow through the slit can be characterized as molecular. Calculations that require ion intensity
or abundance ratios, such as equilibrium constants or standard Gibbs energies of reaction, need to consider this mass effect.
The nature of mass discrimination in high-pressure and stationary afterglow experiments has been characterized for traditional
ion sampling through a thin slit and also for the various ion-diffusion processes present in these experiments. It has been shown
that thermodynamic values obtained considering this effect are in better agreement with other measurements free of mass
discrimination. (Int J Mass Spectrom 202 (2000) 147–160) © 2000 Elsevier Science B.V.
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1. Introduction

Measurements leading to the thermodynamic prop-
erties of gas-phase ions are extremely important tools
for the investigation of a variety of processes includ-
ing ionic solvation, organic reaction mechanisms, and
interstellar processes to name a few [1]. Techniques
that can lead to well-defined quantum and thermody-
namic states are particularly useful in this regard.
Pulsed-electron high pressure mass spectrometry is
one such technique whereby experimental conditions

are well-favoured for thermodynamic measurements
of a well-defined thermodynamic state for the system
under investigation.

Although several techniques can be used to deter-
mine gas-phase reaction energy profiles, only a few
techniques [for example high-pressure mass spectro-
metry (HPMS) and ion-cyclotron resonance (ICR)
mass spectrometry] lead directly to equilibrium dis-
tributions and hence the change in Gibbs free energy
for these reactions. For experiments investigated by
HPMS, it is believed that because of the high number
density of neutral gas particles, a meaningful thermo-
dynamic state, temperature, pressure, and thus reac-
tion profile are defined. For both of these techniques,* Corresponding author. E-mail: hovey@erdw.ethz.ch
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the change in standard state Gibbs energyDG8 can be
written

DG8 5 2RT ln Keq (1)

whereKeq is the equilibrium constant for the reaction
under investigation. A typical reaction (in this case for
proton transfer) can be written

B1H
1 1 B2 5 B2H

1 1 B1 (2)

where neutral species are designated as Bn. The
thermodynamic equilibrium constant is written in
terms of the activities of each participating species:

Keq5
aB2H

1 z aB1

aB1H
1 z aB2

(3)

In terms of gas-phase experiments at relatively low
pressure, we can assume that the gases and ions
behave as perfect gases. As such, after sufficient
reaction time the thermodynamic equilibrium constant
may be represented by:

Keq5
IB2H

1 z pB1

IB1H
1 z pB2

(4)

where I represents ion abundances as measured ex-
perimentally, andp represents partial pressures of
neutral species, where both quantities are used to
approximate number densities or absolute concentra-
tions.Keq is a function only of temperature when the
various concentrations are represented by partial pres-
sures (perfect gases) and as such it is assumed that the
ratio of ionic abundances equals the ratio of partial
pressures of the ions.

The enthalpy of a reaction is related by the tem-
perature dependence of the equilibrium constant:

S­ ln Keq

­T D
p

5
DH8

RT2 (5)

Variation of temperature in certain mass spectromet-
ric experiments allows calculation ofDH8 and subse-
quentlyDS8 via

S­DG8

­T D
p

5 2DS8 (6)

HPMS experiments normally use this derivative tech-
nique to determine the associated enthalpies for reac-
tions of type given by Eq. 2, whereas ICR experi-
ments normally rely on an extrathermodynamic
assumption of the entropy change to allow calculation
of the change in enthalpy.

A high ion source pressure in the HPMS experi-
ment favours equilibrium (when appropriate for a
given set of reaction conditions) as opposed to long
ion-trapping times favouring reaction and equilibrium
during the ICR experiment. Whereas ICR allows all
ions to be sampled with near identical efficiency [2],
because of itsin situnature, in HPMS and other forms
of mass spectrometry, ions are sampled through a
small orifice or slit [3], and are often subject to
external or internal (space-charge) fields that may
alter the “detection efficiency” of the sample. It is in
these cases where potential problems associated with
mass discrimination occur.

Most techniques involving mass spectrometry (es-
pecially those employing quadrupole mass filters)
have considered mass discrimination during ion sam-
pling. However, even though implied in early discus-
sions, it appears that a quantitative discussion of ionic
mass discrimination during sampling (prior to the
mass discrimination inherent in detection systems) in
HPMS and other related techniques, has largely been
ignored. Grimsrud and co-workers [4–6], however,
have considered the ion sampling process in HPMS in
some detail. They have identified several sources of
errors including the discrimination due to the prefer-
ential depletion of lighter mass neutral molecules in
the HPMS experiment [4,5].

2. Theory

2.1. Brief background

Various authors have presented accounts of the
HPMS experiment but none as complete as the main
developer—Kebarle [3]. It is important here to con-
sider the nature of the HPMS experiment including
theaveragedimensions and conditions existing inside
a typical reaction chamber.
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An HPMS experiment consists of a short electron
pulse acting on a mixture of a small amount of
reactant in a large excess of bath gas. The bath gas is
present in the HPMS experiment as a thermalizer
(ions and electrons), and often to aid in the ionization
process and as a source for third body collisions.
Following a short electron pulse, the conditions inside
the HPMS source can be described as an electrical
plasma containing electrons, positive ions, and nega-
tive ions. A detailed description of this condition has
been presented by Kebarle [3] and Hiraoka [7]. There
is a wealth of information [8] that has been published
regarding mobilities of ions and electrons in neutral
gases that can be used to directly determine the
conditions and potential mass discrimination of
HPMS and stationary afterglow experiments (of
which HPMS is an example).

A discussion of mass discrimination must first
begin by consideration of the energy or velocity
distribution of ions and gases. More than 100 years
ago Graham [9] noted that the escape of gases through
small orifices was a function of the gas density (hence
pressure) and the square root of the mass of the gas.
Graham’s law can be expressed:

f1
f2

5 SM2

M1
D1/2

(7)

wheref is the flux of gas leaving the orifice andMi is
the respective molecular weight of the gas.

A convenient starting point in the discussion of
gaseous physical properties rests in the kinetic theory
of gases [10]. In the absence of any external fields, the
Maxwellian velocity distribution can be written:

dn

dv
5

2N

Îp
S m

2kTD
3/2

v2 exp S2mv2

2kT D (8)

that results in an average particle velocityv# :

v# 5 S8kT

pmD1/2

(9)

wheren is the number of particles with massm, v is
the velocity,N is the total number of particles,k is
Boltzmann’s constant, andT is the absolute temper-
ature. Eq. (9) is an important result because it imme-

diately shows the dependence of the gas velocity on
the square root of mass that appears in a variety of
gaseous flow equations.

2.2. Stationary afterglow

Although most stationary afterglow experiments
have been replaced by the more versatile flowing
afterglow experiments, there are a variety of results
pertaining to static afterglow experiments of which
HPMS can be considered. The characterization of an
afterglow as having a substantial number of ionized
particles following initial ionization is true in the
HPMS experiment.

We begin by considering Fick’s law of diffusion
even though it is inherently based on a system of
identical particles interacting only through short-lived
two-body collisions [11]. Because the concentration
of ions is normally significantly less than the neutral
bath gas, the individual ions can be considered to be
interacting only with neutral gas and as such Fick’s
law should apply. Fick’s law can be written for the
diffusion of a gas in the absence of any externally
applied fields and shall be denoted as free diffusion:

Gi 5 2Di¹ni (10)

where G i is the diffusion current density that is
proportional to the free diffusion coefficientDi mul-
tiplied by the gradient and concentration of ionsni. In
the presence of an electric fieldG i becomes the sum of
free diffusion (driven by a concentration gradient) and
field-induced diffusion (driven by a permanent or
induced electric field) for particles of typei by:

G i 5 2Di¹ni 1 nimiE (11)

whereDi¹ni is the contribution to diffusion due to the
concentration gradient,nimiE is the contribution due
to field-induced mobility of the particle, andm i is the
corresponding ionic mobility.

In a stationary afterglow or HPMS experiment
characterized by an ionization pulse for sufficient ion
density, the electrical plasma thereby created is char-
acterized initially by ambipolar diffusion of positive
ions and electrons. In the special case of only one
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positive ion, or of several positive ions with the same
ionic mobility, the fluxes can be written:

G1 5 2D1¹n1 1 n1m1E (12)

Ge 5 2De¹ne 2 nemeE (13)

and after appropriate algebraic rearrangement consid-
ering that fluxes of positive ions and electrons are
approximately equal [11], and elimination of the
electric fieldE leads to the standard ambipolar diffu-
sion equation:

G 5 2Da¹n (14)

where

Da 5
D1me 1 Dem

1

me 1 m1 (15)

The ionic mobilities can be substituted into this
ambipolar diffusion equation (for a Maxwellian dis-
tribution and equal electron and ion temperatures):

D 5
mkT

e
(16)

and therefore

D1

m1 5
De

me
5

kT

e
(17)

then

Da 5
2D1me

me 1 m1 < 2D1 (18)

andDa is approximately equal to 2D1 because of the
very large difference between electron and ion mobil-
ities: me .. m1. Ambipolar electron-ion diffusion is,
however, only valid whilst an electrical plasma is
maintained (the case whereun1 2 neu ,, ne).

In an experiment with several long-lived ions (as is
normally the case for HPMS experiments) and elec-
trons, and for the case of two positive ions (denoted
by subscripts 1 and 2), we can write:

G1
1 5 2D1

1¹n1
1 1 n1

1m1
1E (19)

G2
1 5 2D2

1¹n2
1 1 n2

1m2
1E (20)

Ge 5 2De¹ne 2 nemeE (21)

at sufficiently high electron densities, the ion fluxes
are controlled by the ambipolar diffusion coefficients
as discussed above. In a similar fashion, the electron
density can be related to an effective diffusion coef-
ficient D* by:

Ge 5 2D* ¹n1 (22)

where

D* 5
De~m1 1 Km2! 1 me~D1

1 1 KD2
1!

m1 1 Km2 1 me
(23)

which is exactly analogous to a weighted ambipolar
diffusion coefficient given by Eq. (15) if the two
positive ion concentrations can be related arbitrarily
by K 5 n1/n2 (as can be assumed at some point in an
equilibrium reaction) and that if only two cations are
present,

Ge 5 G1
1 1 G2

1 (24)

noting thatD* reduces toDa whenn2 5 n1.
At sufficiently long times following the finite

ionization pulse or event, the diffusion of ionic
species changes from cation–electron ambipolar to
cation–anion ambipolar diffusion [12] or to free
diffusion if the concentration of ionic species are too
low. It is of primary importance here to consider the
flux of ions reaching the wall as a function of
experimental conditions. Following Massey [13], a
simple afterglow experiment can be characterized by
the time-dependent concentrations of the species.
Assuming that HPMS will ordinarily have a minimum
of two positive ions (concentrations designated byn1

and n2), some number of metastable speciesnm in
early stages, and some number of negative ions (n2)
in later stages, we can derive region specific formulae.

2.3. Region I: Ionization and cation–electron
ambipolar diffusion

A simple plot defining each of the three main
regions in a typical HPMS (at high ionization) or
stationary afterglow is given in Fig. 1. Region I is
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characterized by initial ionization and decay of meta-
stable species leading to cation–electron ambipolar
diffusion. It is sufficient here to start with two ionic
species present initially and not reacting with each
other to any great extent. Time dependent diffusion
equations can be written for the two ionic species in
the absence of sources or sinks for these species:

­n1~r , t!

­t
5 2D1a¹

2n1~r , t! (25)

­n2~r , t!

­t
5 2D2a¹

2n2~r , t! (26)

negative ion diffusion to the walls is hindered because
of the self-field created by positive ions and electrons,
and ionic distributions here are assumed free of
metastables. These equations can be solved easily for
the case of a spherical geometry (for example in our
mass spectrometer we have a slightly complicated
cylindrical shape that is easily approximated to a
sphere with the same characteristic length as the

cylinder). For a spherically symmetric ionic concen-
tration distribution, we can write [14]:

dn~r , t!

dt
5

Da

r2

­

­r F r2 ­r

­n~r , t!G (27)

that can be solved (with regard to the boundary
condition that ion intensity should vanish at the walls)
to yield:

n~r , t! 5 c2 exp ~Dac1t! sin ~Î2c1 r !/r (28)

where c1 and c2 are constants (determined by the
boundary conditions) and we take here only the
lowest (fundamental) solution of the equation (noting
that periodic solutions in multiples ofp correspond to
higher modes of diffusion that decay more rapidly
than the fundamental mode and can for the most part
be ignored). Because this equation describes most
regions of ionic diffusion, it is extremely informative
to show the solution of this equation in Fig. 2. The
solution of this equation is the ion density maximum

Fig. 1. Qualitative display of regions for various modes of diffusion in a typical HPMS experiment with initially high ionization density (at
t 5 0).
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of the center node representing the center of the
spherically symmetric ionic distribution. The ionic
intensity is seen to decay exponentially with time (t)
(becoming a flatter sine curve) and in addition the
approach to higher modes of diffusion are shown. It
can be shown that the ambipolar diffusion coefficients
Da and time allowed for diffusion have the same
effect on this plot although appropriate boundary
conditions would provide quantitative values for the
various profiles. Fig. 2 thus depicts the qualitative
shape for all time-dependent ionic distributions to be
discussed in following sections.

It is of current interest to examine the nature of
detected species, thus the nature of the wall current. In
stationary afterglow experiments, it is normally as-
sumed that the wall current is driven by the space
charge field generated by the large difference in
electron and cation mobilities, and thus potential mass
discrimination can only occur due to differences in the
ambipolar diffusion coefficientsif the process is
diffusion controlled. A small mass discrimination is
possible in this region due to differences in ambipolar

diffusion coefficients, however, it is not customary to
perform equilibria measurements in this region be-
cause of the presence of the space charge field.
Unknown ambipolar diffusion coefficients can be
reliably approximated to 2D1, as given by Eq. (18),
and subsequently free diffusion coefficients for ions in
an excess of neutral gas (as is the case for HPMS
experiments) can be approximated theoretically to the
classical result from Chapman and Enskog [15]:

D 5
3

8ngQd
FpkT~m 1 mg!

2mmg
G1/2

(29)

whereng is the concentration of neutral,m andmg are
masses of ionic and neutral components, andQd is the
momentum transfer cross section assumed here to be
constant [15]. Because the momentum transfer cross
section will be similar for similar ions in the same
neutral gas, the ratio of two ambipolar diffusion
coefficients can be written

D1a

D2a
<

D1
1

D2
1 5 Fm2~m1 1 mg!

m1~m2 1 mg!
G1/2

(30)

Fig. 2. Representative solution of diffusion Eq. (28) for typical HPMS experiment. Clearly shown is the exponential ion density decay with
time and the ionic distribution from the center (r 5 0) as well as the start of higher diffusion modes.
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If it is assumed that the wall current is the ionic flux
resulting from the diffusion process, then the mass
discrimination is small and ordinarily less than any
normal experimental uncertainties. For example, ex-
periments involving the first hydration step of Li1

would have a maximum ratio [Eq. (30)] of about 0.7
leading to a difference in Gibbs energy of about 0.2
kcal mol21 although at masses higher than 30, this
effect would be less than 0.93 (in the ratio of diffusion
coefficients where a ratio of 1 would be indicative of
no mass discrimination) in terms of hydration reac-
tions. These differences in mass represent a small
change in the evaluated standard Gibbs energy of
reaction and can be ignored here because it is not
customary to carry out measurements in the presence
of such a large space charge field because of other
potential problems. Naturally, a priori knowledge of
the ionic mobilities would alleviate the need for any
corrections because knowledge of rates of diffusing
species would then be known.

2.3. Region II: Cation–anion ambipolar diffusion

The elevated diffusion of ionic species because of
cation–electron ambipolar diffusion in early stages of
stationary afterglow experiments eventually leads to a
breakdown in the space charge field when the number
density of electrons decreases below a critical value.
At this point (shown schematically in Fig. 1) there is
an accompanied slope change in plots of lnn versust
curves corresponding to the boundary between these
two processes [16]. In this region the ionic intensities
of two ionic species can be written

­n1~r , t!

­t
5 2D1i¹

2n1~r , t! (31)

­n2~r , t!

­t
5 2D2i¹

2n2~r , t! (32)

whereD1i andD2i refer to the cation–anion ambipo-
lar diffusion coefficients given analogously to the
electron–ion coefficients by [12]:

Dni 5 2
D1D2

D1 1 D2 (33)

As such any mass discrimination that may occur here
would be a function of the ratio ofD1i/D2i where it
should also be noted thatD1i and D2i have values
intermediate between the free diffusion coefficients
D1 andD2.

To analyse the “worst-case” scenario, we assume
that the mass of the anionic species is located some-
where between the two cationic species. As an exam-
ple considering the hydration of a low mass ion such
as Li1, the maximum mass discrimination would be a
function of the ambipolar diffusion coefficient ratio of
approximately 0.83, corresponding to a difference in
free energy of approximately 0.1 kcal mol21. Equi-
libria involving higher mass ions would have a
significantly smaller mass effect (for example, for
hydration of an ion of mass 30 the ratio of ambipolar
diffusion coefficients would be less than 1.04, corre-
sponding to a difference of less than 0.02 kcal mol21

that would tend to 0 at higher masses). As such, in the
cation–anion ambipolar diffusion region, the potential
mass discrimination due to differences in free-diffu-
sion coefficients of the ions can be ignored [3].

2.4. Region III: Free diffusion

Eventually, as in the case of electron–cation am-
bipolar diffusion, the concentration of anions and
hence the overall ionic concentration falls below the
critical level (temperature dependent) to maintain
cation–anion ambipolar diffusion. Virtually indistin-
guishable from anion–cation diffusion would be the
resultant free diffusion process:

­n1~r , t!

­t
5 2D1

1¹2n1~r , t! (34)

­n2~r , t!

­t
5 2D2

1¹2n2~r , t! (35)

whereD1
1 andD2

1 are thefree-diffusion coefficients
of cations 1 and 2. It can be clearly seen that any
potential mass discrimination in an experiment con-
trolled by free diffusion would be given by the ratio
D1

1/D2
1, the same mass discrimination as illustrated

for the case of cation–electron ambipolar diffusion.
Examination of the shape of lnn versust plots would
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indicate that the slope between Region II (given by
the cation–anion ambipolar diffusion coefficient) and
Region III (given by the free-diffusion coefficient)
would be virtually indistinguishable. This corre-
sponds to a ratio of slopes ofD1i/D1

1 that can be
estimated to be less than,1.2 for very low mass ions,
and,1.02 for ions of mass above 30. As such this 2%
change in slope is unlikely to be discernible consid-
ering the low ion abundances in the free diffusion
region. Clearly, all of these regions can be accentu-
ated for reactions involving large mass differences
between reactant and product ions. Again, it can be
seen here, especially for higher masses, that any effect
due to mass discrimination would be significantly less
than normal experimental uncertainties.

3. Detected ions

It is clear from the above description that the ion
flux is produced by the small concentration gradient
present in any reaction chamber and is dependent on
the magnitude of the ionic mobilities. However,
superimposed on this relatively slow diffusional mo-
tion is the thermal motion of the various ions and
gases. A typical HPMS or stationary afterglow exper-
iment incorporates a small sampling orifice normally
designed to promote molecular flow through the ion
exit slit. For example, typical ion exit slit widths of 10
mm [3] and typical operating pressures of 3 mbar
would normally lead to molecular flow through the
slit. Under these conditions the mean free path of a
common bath gas, methane, would be 18mm. If an
ionic species such as Na1 behaved as a perfect gas
particle, its mean free path in methane would be 24
mm, where the contribution due to ion density would
be negligible [17]. The mean free paths of ions in the
presence of a polarizable neutral are altered due to the
mutual potential energy2(k 2 1)e2/8pNr4 between
the pair, wherek is the dielectric constant of the gas,
e the charge of the ion, andN the number density. As
such, the mean free paths of the ions may be reduced
by a factor of 3 or more [18] dependent naturally on
the polarizability of the neutral molecule. It is likely
that for certain common HPMS experimental condi-

tions outlined above (p # 3 mbar), employing ion
exit slits of 10 mm or less, the flow can indeed be
classified as molecular. The situation for molecular
flow becomes even more favourable at higher temper-
atures. Various HPMS experiments have employed
slightly larger slits or orifices in the attempt to
improve ion signal levels. The discussion that follows
pertains only to those cases where molecular flow
characterizes the ion exit conditions.

The average thermal velocity of ions (assuming a
Maxwellian distribution) is given by Eq. (9).

v# 5 S8kT

pmD1/2

(9)

The displacementux# u of a cloud of ions through a gas
by diffusion is given by the Einstein relation [19]:

ux# u 5 S4Dt

p
D1/2

(36)

This leads directly to the average velocity as a
function of timet:

v# 5 S D

ptD
1/2

(37)

Substitution of appropriate values into Eq. (9) (ther-
mal) and 37 (diffusional) shows immediately that the
thermal velocity of the ions far exceeds the average
velocity due to diffusion. The average lifetime of a
diffusion ion can be written:

t 5
1

D S r

p
D2

(38)

where t is the lifetime of the ionic species (time
required to reach the wall/slit) andr is the relevant
container dimension or distance to the wall/slit. The
diffusion velocity at the slit can be simply calculated
by:

v#slit 5 Îp
D

r
(39)

A typical diffusion coefficient, for example NO1 (in 1
Torr NO), has a coefficient of 42 cm2/s [12] that leads
to a diffusional velocity at the slit ofv#slit 5 149
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cm/s. However, the thermal velocity of NO1 under
these same conditions is approximately 300 times
larger than the diffusional velocity.

3.1. Particle exit: Near slit behaviour

In a system of equilibrated particles of differing
masses, the Maxwell velocity distribution yields [10]:

Nmf 5
pA

~2pmkT!1/2 (40)

where Nmf is the number of particles of massm
leaving a slit of areaA at a pressurep under molecular
flow conditions per unit time. In the absence of any
electric fields, the subsequent detected ion abundance
is mass dependent:

I x 5 c1

pxA

~mxkT!1/2 (41)

wherec1 is some system dependent constant. As such,
it is clear that in the absence of any other processes,
ions with lighter masses will be sampled more often
than those of higher masses in the ratio: (mhigh/
mlow)1/2 directly related to the equation derived by
Graham [9]. For this case of molecular flow, a
well-characterized mass discrimination results. For
the case of a well-defined continuum flow, no mass
discrimination would take place [4,5,20], although
this often is not an advantageous experimental condi-
tion. For certain HPMS experiments, especially those
involving clustering equilibria, it is possible that
collisions between ionic and other species in the
region close to the slit and outside of the ion source
may alter the equilibrium distribution of ionic species
for continuum flow through the slit. It is also clear that
effects of adiabatic cooling become nonnegligible for
high flow regimes [3].

It should be noted that although mass discrimina-
tion may occur via the diffusion process itself, this
will be associated by a change in the slope of lnn
versust plots. However, mass discrimination of the
type created by the near-slit thermal motion of the
ions will lead only to different absolute values (con-

sistent with time) of the detected individual ion
abundances so long as depletion of the source con-
centrations is controlled more by diffusion to the wall
than out of the slit.

3.2. Calculations and experimental comparisons

The equilibrium constant of a typical HPMS ex-
periment was given by Eq. (4):

Keq5
IB2H

1 z pB1

IB1H
1 z pB2

(4)

However, according to Eq. (41), the actual ion inten-
sities need to be weighted by the square root of mass.
As such, we can define the corrected equilibrium
constantKeq

corr in terms of these corrected ion intensi-
ties:

Keq
corr 5

IB2H
1 z pB1

IB1H
1 z pB2

3 SmB2H
1

mB1H
1
D1/2

(42)

It is clear that the described mass discrimination
would affect the calculated standard free energy and
entropy changes of a reaction, but not the enthalpy
change. Using Eq. (42) as a guide, corrected equilib-
rium constants, standard free energies, and entropies
are given (for a reaction Ion11 neutral15 Ion2 1

Neutral2) by:

Keq
corr 5 KobsSm2

m1
D1/2

(43)

DG8eq
,corr 5 DG8obs2

RT

2
ln

m2

m1
(44)

DS8eq
,corr 5 DS8obs1

R

2
ln

m2

m1
(45)

where experimentally determined quantities are listed
as “obs” and the true or corrected quantities as “eq,
corr.” As an example for the hydration of Li1, m1 5

7, m2 5 25, the correction toDG°eqwould be 0.8 kcal
mol21 at 600 K, significantly larger than the normal
stated HPMS uncertainty of60.2–0.5 kcal mol21.

Kebarle and Hogg [21] have measured the conduc-
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tances of their ion source exit orifice for He, air, and
Xe and noted that the ratio of conductances was
inversely proportional to the ratio of the square roots
of the molecular weight. They concluded that ob-
served ionic abundances depend on mass, although
this correction was not routinely reported in subse-
quent studies. As discussed earlier, Grimsrud and
co-workers have considered the effects of mass dis-
crimination of the neutral components [4,5]. The
present results suggest that not only neutral but also
ionic mass discrimination be considered. For those
reactions involving the measurement of ion abun-
dances for ions of widely different mass, such as
results from measurement of clustering and other
exchange equilibria, this mass discrimination makes a
significant contribution to measured abundances. For
reactions involving higher mass ions, the effect is
reduced and for mass discrimination effects are often
smaller than experimental errors. This is the case for
equilibrium reactions involving highly solvated ion
clusters where the mass difference between reactant
and product ions is small. However, for a large
number of reactions this effect should be considered.

We have compared calculated standard free energy
changes of reactions from HPMS measurements and
those obtained using ion cyclotron resonance1 equi-
libria results. Because the majority of HPMS mea-
surements have been obtained at elevated tempera-
tures and ICR measurements mostly near ambient,
comparison of results from the two methods is not
normally direct. Ideally, comparisons for reaction
equilibria measured by both techniques under identi-
cal conditions would yield the most meaningful re-
sults. However, this was not possible and most often

elevated temperature data from HPMS were com-
pared to ICR measurements using the appropriate
change in standard entropy (from the same experi-
mental investigation). The elevated temperatures of
the HPMS experiments assist in making conditions
closer to true molecular flow. We have compared the
free energy changes for several common reactions
that appear in both HPMS and ICR thermochemical
ladders [22–24]. We have limited these comparisons
to ratios of m1/m2 equal to or greater than 2. The
majority of comparisons were based on indirect cal-
culations involving the use of thermodynamic cycles.
This may have a slight advantage in that the free
energy changes might be more reliable because they
are averaged over 2–3 thermodynamic cycles, al-
though there are also associated additive experimental
uncertainties. The results of these comparisons are
presented in Table 1. There are 18 independent
reactions and 27 comparisons in total available in
Table 1 to compare HPMS and ICR results, with
limited duplicated HPMS data for certain reactions.
Of the 27 reactions considered, the mass correction
improved the agreement in 21 cases; 6 corrections
made the agreement worse. For values in very poor
agreement, the correction generally made the discrep-
ancies smaller. In cases where the correction made the
spread worse, the corrected values agree in all but one
case to the combined experimental uncertainty of the
two data sets. It should be noted that using the ICR
data from [24] at the originally stated temperature
improves these comparisons. Fig. 3 shows the im-
provement of the HPMS free energies from Szulejko
and McMahon [22] and Meot-Ner and Sieck [25]
compared with the ICR ladder [23,24] from Table 1.
It should be noted that the HPMS measurements of
Szulejko and McMahon [22] may not have had
strictly molecular flow conditions because of the
slightly larger ion exit orifices used, but a flow
intermediate between molecular and continuum. This
was also the case for Meot-Ner and Sieck [25] who
used 60mm orifices. However, under most conditions,
especially those at elevated temperatures, the flow can
be stated to be predominantly molecular where these
corrections should improve agreement between
HPMS and ICR measurements.

1 We have chosen to compare HPMS results with ion cyclotron
resonance because of the reduced mass discrimination possibilities
in ICR. Typical pressures in ICR measurements ('1025 mbar)
prevent the achievement of equilibrium during normal ion trapping
times ('1 s) for three-body association reactions but these condi-
tions are appropriate for equilibrium transfer reactions. Both types
of reactions are amenable to HPMS but we are restricted to
comparing only those reactions derived from both methods. Most
ICR experiments involve essentially in situ ion detection thereby
removing any mass discriminatory effects of having ions pass from
the source through a small ion exit slit.
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We have also compared results from HPMS and
ICR experiments for association reactions as listed in
Keesee and Castleman’s compilation [26]. Compari-
sons of these results are presented in Table 2 where all
HPMS results stem from direct measurements. Re-
sults for ICR experiments were obtained from ICR
data for a specific transfer equilibria involving a
reference compound combined with HPMS data for
the formation of the reference. As an example, Cl2

transfer to benzene is easily measured by HPMS:

Cl2 1 C6H6 5 Cl(C6H6)
2 (46)

whereas ICR results were derived from a cycle
involving:

Cl(C6H6)
2 1 t 2 BuOH

5 Cl~t 2 BuOH)2 1 C6H6 (47)

and auxiliary equilibrium information for

Cl~t 2 BuOH)2 5 Cl2 1 t 2 BuOH (48)

from HPMS experiments. Combining reactions (47)
and (48) leads to the desired reaction given by Eq.
(46). In this case, both HPMS and the ICR-cycle data
had to be corrected for mass discrimination because
the ICR cycle contained results from an HPMS
experiment. Reactions whose corrections for both
HPMS and ICR were identical were not considered.

Table 1
Thermochemical data comparison for proton transfer reactions

Reaction DG°HPMS DG°HPMS
,corr, a DG°ICR

b UdDG8corr

dDG8orig
Uc

HPMS ref.

CF3CH2NH3
1 1 NH3 5 NH4

1 1 CF3CH2NH2 22.13 21.59 21.92 1.57 [25]
C6H5CHCH3

1 1 NH3 5 NH4
1 1 C6H5CHCH2 22.88 22.32 22.35 0.05 [25]

CH3CO2C2H6
1 1 NH3 5 NH4

1 1 CH3CO2C2H5 23.69 23.18 23.63 7.28 [22]
24.26 23.76 23.63 0.20 [25]

(CH3)2SH1 1 NH3 5 NH4
1 1 (CH3)2S 24.29 23.89 23.73 0.28 [25]

(C2H5)2OH1 1 NH3 5 NH4
1 1 (C2H5)2O 23.76 23.31 23.95 3.43 [22]

CH3CO2CH4
1 1 NH3 5 NH4

1 1 CH3CO2CH3 26.78 26.33 26.51 0.66 [22]
28.74 28.28 26.51 0.80 [25]

(CH3)2COH1 1 NH3 5 NH4
1 1 (CH3)2CO 27.57 27.19 27.68 4.28 [22]

29.69 29.31 27.68 0.81 [25]
i -C4H9

1 1 NH3 5 NH4
1 1 i -C4H8 29.55 29.19 29.17 0.04 [22]

210.94 210.57 29.17 0.79 [25]
i -C3H7CNH1 1 NH3 5 NH4

1 1 i -C3H7CN 29.46 29.03 29.92 1.93 [22]
212.00 211.56 29.92 0.79 [25]

(CH3)2OH1 1 NH3 5 NH4
1 1 (CH3)2O 212.08 211.77 211.73 0.12 [22]

214.05 213.74 211.73 0.87 [25]
C2H5CNH1 1 NH3 5 NH4

1 1 C2H5CN 214.24 213.88 212.05 0.84 [25]
C6H5CH4

1 1 NH3 5 NH4
1 1 C6H5CH3 214.27 213.75 213.65 0.16 [22]

216.57 216.05 213.65 0.82 [25]
CH2CHCNH1 1 NH3 5NH4

1 1 CH2CHCN 217.61 217.26 214.51 0.89 [25]
CH3HCO2H

1 1 NH3 5NH4
1 1 CH3HCO2 214.44 214.05 214.72 2.37 [22]

217.02 216.63 214.72 0.83 [25]
CH3CNH1 1 NH3 5 NH4

1 1 CH3CN 218.69 218.42 215.47 0.92 [25]
CH3SH2

1 1 NH3 5 NH4
1 1 CH3SH 220.21 219.89 216.64 0.91 [25]

CH3CHOH1 1 NH3 5 NH4
1 1 CH3CHO 221.06 220.77 217.60 0.92 [25]

C6H7
1 1 NH3 5 NH4

1 1 C6H6 220.55 220.08 220.27 0.64 [22]
224.23 223.76 220.27 0.88 [25]

All the values are in kcal mol21 at 320 K.
a HPMS data corrected for mass discrimination.
b All ICR data are from [24] and recalculated for 320 K.
c The absolute value of the ratio of the difference between corrected HPMS and experimental ICR data and the difference between

experimental HPMS and ICR data. Values smaller than 1 indicate improved agreement between HPMS and ICR data after the correction has
been applied.

157J.K. Hovey, A. Likholyot/International Journal of Mass Spectrometry 202 (2000) 147–160



The agreement between ICR and HPMS improved for
66% of the reactions considered after applying the
appropriate mass corrections. These improvements
were small and did not affect the average agreement
as observed for the reactions listed in Table 1 because
of a few widely disparaging values obtained by
HPMS and ICR and because of the various cumula-
tive experimental uncertainties in making these cal-
culations.

From the classical theoretical discussion provided
earlier and supported by comparisons provided in
Table 1, it is suggested that the correction due to mass
discrimination during ion sampling in HPMS or other
similar experiments when a ratio of ion abundances
are required be applied. Even though experimental
uncertainties are often larger than this correction, it is
not normally insignificant except for the special case
of identical or near-identical mass ions (charge trans-
fer reactions). In some cases it might also be appro-
priate to include corrections due to differences in
ionic mobility, but these corrections (as discussed
above) are smaller than those due to sampling and for
the most part can be ignored (especially at higher
mass). Because of the tendency for further mass
discrimination related to the ionic flux to the slit, it is

suggested that this well-characterized discrimination
be considered.

It is desirable to make a comparative study of
specific reactions under identical conditions with
large mass ratios of reactant and product ions by
HPMS and ICR or similar methods. Such experiments
with our newly constructed high-pressure mass spec-
trometer equipped with a highly stable and known ion
source temperature are planned once we can also
attempt similar experiments using ICR or some other
nondiscriminatory technique.

4. Conclusions

We have examined and characterized the time-
dependent ionic profiles that occur in traditional
high-pressure mass spectrometric and stationary after-
glow experiments. It has been shown that the nature
of ionic flow out of an ion source leads to mass
discrimination effects related directly to the average
velocities of each individual ionic species during
conditions normally present in a HPMS or stationary
afterglow experiment. These mass discrimination ef-
fects are easily calculated and affect standard free
energy and entropy changes, but not the correspond-
ing standard enthalpy changes. It was shown that
experimental results corrected for mass discrimination
are (on average) in better agreement with results
without mass discrimination (for example from ICR).
As such, it is believed that results from HPMS
measurements should be consistently corrected for
mass discrimination dependent on the type of flow
present. It also appears less problematic to correct
molecular flow results for this mass discrimination
than continuum flow results for other problems [3].
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Fig. 3. Thermochemical ladder comparison for proton transfer
reactions at 320 K relative to ammonia. The data are taken from
Table 1. HPMS “A” data are from [22], HPMS “B” data are from
[25], and ICR data are from [24] recalculated at 320 K [23].
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