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Permeable Membrane Mass Spectrometry of Products of
Electrochemical Oxidation of Carboxylate lons

Thomas J. Brockman and Larry B. Anderson*

Department of Chemistry, The Ohio State University, Columbus, Ohio 43210

The volatile products of Kolbe oxldation of carboxylate lons
in water and Me,SO solvents have been detected by perme-
able membrane mass spectrometry (PERMS). Deconvolution
of the mass spectral data by factor analysis allows estimation
of carbon dioxide, oxygen, and ethane during the course of
electrolysis. In water solutions, electrolysls of water occurs
in competition with the Kolbe oxidation, and it Is possible to
follow the Individual current efficiencies for these two pro-
cessés as a function of potentlal. In Me,SO solutions, the
oxidation of propionate and acetate led to the same products,
CO, and ethane, but In different stoichiometric proportions.
Efficlencles for ethane production are twice as large for pro-
pionate as for acetate.

The identification and measurement of many known and
unknown species generated during an electrochemical ex-
periment can be made by mass spectrometry (I—4). Permeable
membrane mass spectrometry (PERMS) provides a method
for selectively sampling solutes in a polar condensed phase
by single-stage extraction, directly into the source vacuum of
a mass spectrometer (4-10). When two or more components
permeate the semipermeable membrane, the cormposite
spectrum must be separated into a spectrum for each com-
ponent of the mixture to be analyzed. A block diagram of the
steps involved is shown in Figure 1.

Several general techniques are available for deconvolution
of spectra, including mass spectra (11). Of these methods
factor analysis (12) offers the advantage that under certain
conditions neither the presence nor the identity of the species
contributing to the composite spectrum need be known prior
to analysis.

In an electrochemical experiment, changes in electrode
surface concentrations of the reactants and products are
produced directly by variation of the electrode potential. After
subtraction of the potential-independent background, the
PERMS spectrum at each potential represents an analysis of
a different composition of these reactants and products. Such
a series of spectra containing the same components but varying
in proportion is ideally suited for deconvolution by factor
analysis (12).

In this paper we demonstrate the treatment of PERMS data
by factor analysis. The method is applied to analysis of
products of the Kolbe electrolysis under conditions where
product analysis has been reported in the literature. The
techniques should find immediate application to qualitative
identification of products of complex electrochemical reactions.
Further work may lead to a fully quantitative analysis of
electrode reactions by the PERMS method.

THEORY
Electrochemical Mass Spectrometry. Mass spectral
analysis of electroactive species by PERMS eritails the series
of steps illustrated in Figure 2. The present discussion
considers the case where the slow step in this series is step
3, the time required to transport analyte through the semi-
permeable membrane.

Step 3 is characterized by a half time, 7, ,, which has been
estimated by Calvo et al. (10) to be 12 s for transport of ethyl
2-furoate through a 25-um silicone rubber membrane. Al-
though 71/, can be expected to be greater or less than this value
depending on the identity of the analyte, membrane, solvent,
and temperature (13, 14), we have not observed 7y, values
to be less than 10 s or more than 100 s. As outlined in the
discussion below, under conditions used in this work, the
remaining four 7 values in Figure 2 are substantially smaller
than r,/, for membrane transport.

Electrode to Membrane Transport of Products. Before
they can partition into the membrane, the electrochemical
species that are produced at the electrode surface must be
transported by diffusion and/or convection to the membrane
surface. For the simplest reaction

O+neerR +rR+ ... +r.R, (1)

Nernst diffusion theory predicts (15) that the surface con-
centration of each of the species, Ry, is related to the elec-
trochemical current, ¢, by a reldtion such as

_ nFAeDk,s [Rk]e,s
)

where [R,],, is the concentration of species R, at the electrode
surface, n is the number of electrons transferred, F is the
Faraday, A, is the area of the electrode surface, D, ; is the
diffusion coefficient of species, Ry, in the solution, and 6,(t)
is the width of the diffusion layer.

In Figure 2 the half-time required for the concentration of
R; at the membrane surface, [R,], ., to reach a steady state
is represented as 7. The gold minigrid electrode used in these
experiments is a thin gold foil with a highly regular pattern
of square holes etched in its surface. Its backside has been
affixed in intimate contact with the outer surface of a silicone
rubber membrane (see Figure 3). Steady-state concentrations
of species R, are reached at the membrane surface when the
rate of transport to the membrane surface from the solution
equals the rate of transport away from the membrane surface
toward the MS source. The time for equilibration of molecules
between the solution and membrane, 7,, can usually be as-
sumed to be instantaneous.

Murray et al. (16, 17) have addressed the problem of mass
transport of electrode products from the minigrid surface into
the holes, where they encounter the silicone membrane surface
in our experiment. To achieve transverse homogeneity on the
solution side of the interface, the diffusion layer thickness,
8(t) from equation 2, must be larger than the hole dimension
of the minigrid electrode. For our 750 line per inch electrode
(wire thickness, 10 um; hole width, 24 um), 8,(¢) is greater than
the hole width for ¢ values longer than about 0.2 s (16, 17).

It should be recognized that the concentration at the
membrane/solution interface may not be uniform over the
hole surface, even when a steady-state concentration has been
reached. For example, if the partition coefficient

_ [Rk]m/s
B [Rk]s/m

(2)

Tg

3
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Figure 1. Steps in PERMS analysis of electrochemical products.
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Figure 2. Steps in mass transport from the electrode surface to the
detector of the mass spectromemter.

is very large, virtually every time a molecule, R;, reaches the
membrane/solution interface, it will be partitioned into the
membrane. Membrane regions that are very near the electrode
will have higher concentrations of R, than membrane regions
near the center of the hole. Nonetheless, virtually the same
time should be required to achieve steady-state mem-
brane/solution surface concentrations as would be the case
if K, were very small and very little of the electrochemical
product dissolved in the membrane. A typical case of K, =
1 has been schematically presented in Figure 3.
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Figure 3. Schematic diagram of diffusion profiles at the mem-
brane/electrode interface during PERMS analysis.

Membrane Equilibration. Equation 3 describes the
equilibrium concentrations at the membrane/solution inter-
face. It will be assumed here that this equality will be achieved
in times very short (r < 1 ms) relative to mass transport. This
is a common assumption made in studying similar heteroge-
neous equilibrium processes in chromatography (18) and
diffusion in polymers (19).

Membrane Transport. Once a solute has partitoned into
the membrane, its transport through the membrane, into the
MS source, and subsequent ionization and detection are
virtually identical with PERMS applications described pre-
viously (4, 6, 9, 10, 20). When steady-state mass transport
has been established at the membrane/solution interface, we
may treat the membrane surface as a mosaic of small areas
across any one of which the solute concentrations do not vary
significantly. For each small area it can be written

[Regls/mes = BjalRelesss (4)

and
_ [Rijlmys,ss
BT [Rijls/miss

where B;, is the proportionality constant between the
steady-state concentration of R, at each small homogeneous
area, A; and the concentration at the electrode surface.

Because the pressure at the interior surface of the silicone
membrane is much less than 1 P (4, 9), the concentration of
volatile solutes at the membrane/vacuum interface, [Ry]n /v
may be assumed to be virtually zero at all times. The flux
in mol em™ s7! of material, Ry, through the membrane at
steady state is (4, 20)

®)

([Rk,j]m/s,ss - [Rk]m/v)

(ﬂux)kJ = Dk,m I (6)

where [ is the membrane thickness. The number of moles of
species R, emerging per second into the vacuum that can be
attributed to the area, 4;, is

(rate)jyk = Aj(ﬂllX)k,j (7)




Combining eq 2, 4, 5, 6, and 7 yields

AjDk,kaBj,krkass .
th (8)
or, accounting for molecules coming from each of the small

areas, A;, the total mass flow rate, F,, of species R, in mol s
will be

(rate)j,k =

F, = Kka,mrlessiss %(AB ) (9)
P OnFADl T

Source Pressure. After passage through the tubing con-
necting the backside of the membrane to the source of the
mass spectrometer, the assemblage of molecules of all kinds
produces a pressure, p, in the source. However, it is the partial
pressure, p,/p, which determines the signal that is detected
as an ion current, h;, in the mass spectrum. In Henry’s law
region (i.e., at very low total pressure) the partial pressure of
species R, is equal to the ratio of the flow rate of R, into the
source divided by the sum of the flow rates of all species
contributing to the pressure, p.

e (10)

In practice during the PERMS experiment, p is dominated
by solvent, which leaks through the membrane, and by ad-
ventitious leakage of atmospheric gases (O; + N,) through
imperfect connections in the sampling train. Thus, the total
source pressure is virtually invariant during a PERMS run
and eq 11 is valid over a wide range of solute concentrations,
[Rk]e,s

pk,ss = Qkik,ss (11)

where t,, is the partial current producing species R, as de-
scribed below.

Transport of Electrochemical Reactants to the Mem-
brane. The electrochemical reactants, O,, in eq 1 are present
at the membrane surface before the start of electrolysis.
Because the rate of mass transport (convection plus diffusion)
in the solution phase is much larger than in the membrane
(i.e., 8, << 1), the mass flow rate of O, into the MS source
will be approximately

KDy n[O4]° Ay,
Fr° = —
l
where [0,]° is the bulk concentration of O, and 4,, is the area
of the membrane solution interface.

During steady-state electrolysis, [O}]s/mg < [O5]°, with the

number of moles of O, diffusing in from the bulk to area, 4;
being nearly equal to the moles diffusing out toward the

electrode surface
moles Ok in = B’j,k([ok]o - [Ok]s/m,ss)

moles O, out = B"j,k([ok]s/m,ss . [Ok]e,c,ss)

(12)

(13)
(14)

or, solving (13) and (14) for the steady state condition (moles
O, in = moles O, out, and F°, is small)

[0:]° + B;4[Ose 6]
1+ Bj,k

[Ok]s/m,ss = (15)

where B;), = B’;,/B"};. When limiting electrolysis is reached
([Oklecss = 0), eq 15 hecomes ~
- [O.]°
0, lim =
[ k]s/m,ss (1 + Bj,k) (16)

While equations 12-16, and others which may be derived
from them, are useful in understanding a general PERMS
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experiment, they do not apply to the Kolbe electrolysis dis-
cussed here. The electrochemical reactants are ionic species
such as acetate ion, for which Koac- in eq 12 is virtually zero.

Current Efficiency for Production of R;. In general,
the overall current, i,,, will involve more than one electrode
reaction and will produce more than one product.

i
0, + ne <R,

!
02 + nee” é R2
etc.

The current efficiency for production of species R, will thus
be

)
current efficiency for production of R, = ik_ 1m
i
and
%ik,ss = iss (18)
Combining eq 11 and 18 yields the expression
N
EIP %/ Qr
~ = 1.00 (19)
l’BS

This relation can be used to evaluate changes in the efficiency
of production of a particular product, P, /i, as a function of
independent variables such as electrode potential, solution
composition, electrode material, and so on.

Factor Analysis. A valid factor analysis of the data de-
rived from a PERMS study of an electrochemical reaction
assumes that the observed mass spectral ion current, H; , can
be expressed as a linear combination of terms

N
H;, = 1?—:1H % kP (20)
where H;, is the ion current at the jth value of m/e obtained
by analysis of mixture o, H®;, is the ion current at an m/e
value of j for the pure compound, R,, and p, , is the partial
pressure of compound R;, in mixture «. N is the total number
of compounds (factors) necessary to explain the observed data.

Factor analysis (12, 21) utilizes the variance in a data matrix
(D) to calculate the row matrix (C) equal to the relative
concentrations of the N components, and the column matrix
(R) equal to the calculated mass spectra of the N pure com-
ponents, where

D, = Zk:Rjkaa (21)

EXPERIMENTAL SECTION

Our general techniques of permeable membrane sampling and
electrochemical mass spectrometry have been described elsewhere
(4, 9, 10). The probe used in this work was a modification of
previous designs (see Figure 4). The probe body was a 20 cm piece
of 4 mm o.d. Pyrex tubing. A small piece of stainless steel screen
(75 wires/in.) was placed over the open end of the probe as a
porous mechanical support for the membrane/electrode. A small
piece of membrane/electrode (see preparation below) was posi-
tioned over the screen and electrically connected to a gold wire
contact with silver epoxy cement. After being baked for 6 h at
70 °C, the edge of the membrane was sealed to the probe body
with silicone rubber cement.

The membrane/electrode consisted of a 750 line/in. gold grid
(Buckbee Mears Co.) attached intimately to a 25 um thick silicone
rubber membrane (General Electric, Medical Products Division).
A small section (1 cm®) of membrane was soaked briefly in a
solution of 0% uncured silicone rubber cement and 40% toluene
and then placed on a flat Teflon sheet. Excess cement was
removed with a glass rod. A slightly smaller piece of gold grid
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Figure 4. Construction of membrane/electrode probe for PERMS study
of electrochemical products.

electrode was placed on the tacky membrane surface and
smoothed lightly. Membrane/electrodes were allowed to cure
overnight before removal from the Teflon sheet.

Reagents. Tetrabutylammonium hexafluorophosphate was
prepared by metathesis of tetrabutylammonium iodide (Aldrich
Chemical Co.) and ammonium hexafluorophosphate (Alfa Inor-
ganics) in 95% ethanol. The resultant crystals were recrystallized
twice from methanol. Me,SO was Baker Chemical Co. spectro-
metric grade. All other reagents were ACS reagent grade.

Apparatus. Potential and current control were provided by
a PARC Model 173 potentiostat/galvanostat.

The mass spectrometer was a Du Pont Model 21-490 single-
focusing instrument. It was operated at a source pressure of ca.
1.7 X 107® Pa which was maintained constant throughout & com-
plete run. The source temperature was 190 °C. It was scanned
magnetically at a rate of 5 s/decade from m/e 10 to 100 with a
100-Hz filter. The ionization voltage was 70 V and the acceleration
voltage was 1000 V.

The recorder was a Bell & Howell Datagraph Model 5-134 with
a chart speed of 0.5 in./s.

Procedure. The interior of the probe assembly (Figure 4) was
evacuated with a roughing pump for at least 10 min prior to
attachment to the MS source. After pumpdown the probe was
rinsed with solvent and then immersed in the solution. During
the run, all material passing through the membrane also passed
through the source of the mass spectrometer. ]

Electrolysis was initiated by setting the current or potential
to the desired value and the system allowed about 1 min to reach
steady state (a time long compared to 719, the half time for transit
through the membrane). Duplicate spectra were then taken at
this setting and the above procedure was repeated for all desired
current or potential values. All peaks in the spectrum were
measured to the nearest 0.1 mm.

Background Correction for Water. In the case of the
aqueous solutions, a relatively uncomplicated analysis, the
background spectrum (obtained by averaging the several spectra
gathered before electrolysis began) was subtracted from each
spectrum gathered during the remainder of the run. Because the
measured source pressure did not vary more than £10% during
the run, the ion currents properly represent the partial pressures
of the component ions contributing to that current. Such a
subtraction procedure may result in small positive or negative
fluctuations in the ion currents at m/e values where background
ions make a significant contribution to the total ion current. The
data so corrected formed the data matrix (D) in Table L.

Background Correction for Me,SO. In the case of Me,SO
solutions an additional step was necessary, because Me,SO, acetic
acid and propionic acid contribute to the ion current at virtually
all m/e values below 80. The data matrices in T'ables V and VI
were obtained by the following transformation:

H63,n¢
(Hi,a)corr = Hi,a - H (Hi,()) (22)
63,0

Table I. Data Matrix (D), for PERMS Analysis of
Oxidation Products of 0.10 M Sodium Acetate in Water
at a Gold Grid Electrode

potential (V vs. Pt wire)

m/e 1.0 1.1 11 1.2 1.3 1.4 1.6
12 0.1¢ "0.4 0.8 1.2 1.6 2.0 2.2
16 0.7 2.3 4.9 8.2 12.2 17.7 17.7
17 1.1 2.9 8.3 13.3 16.4 17.1 17.3
18 6.1 16.1 46.1 74.0 91.1 95.0 96.1
28 1.1 3.7 7.7 12.2 16.5 211 22.5
32 1.9 5.0 18,3 43.8 106.8 161.3 1913
43 0.1 0.3 0.6 1.0 1.3 1.7 1.8
44 7.6 26.6 54.6 87.1 117.1 149.6 159.6
45 0.3 0.9 1.9 3.0 4.1 5.2 5.6
0.10 0.48 1.18 2.44 4.40 6.68 11.6

Current, i (mA ecm™?)

@ Ion current values, H; , are relative, with units of mm.

Table II. The Normalized (R) Matrix Representing Mass
Spectra Necessary to Reproduce Data
Matrix (D), in Table I

m/e 1 2 3
12 0.00 0.00 1.62
16 -0.130 2.83 10.63
17 17.98 0.01 0.00
18 100.0 0.02 0.08
28 1.75 1.16 13.90
32 0.07 100.0 -0.04
43 0.05 0.06 1.22
44 11.85 7.46 100.0
45 0.55 0.35 3.27

where H,  is the mass spectrum of the background, taken when
the electrochemical current equals zero.

Because the number of different current levels at which mass
spectra were recorded was greater than the number of m/e values
used in the analyses, the data had to be analyzed in groups of
eight or nine spectra. The results obtained from the factor
analyses were then smoothed so that an overlapping spectrum
from each group had the same percentage of components.

RESULTS AND DISCUSSION

~ Acetate in Water. The background-corrected D matrix

in Table I was compiled from a series of mass spectra obtained
during electrolysis of a 0.100 M solution of sodium acetate
in water. The controlled potential was applied to a gold grid
PERMS electrode immersed in a continuously stirred solution,
and a mass spectrum was recorded when the current had
reached a constant value. At potentials above 1.6 V, formation
of bubbles on the electrode was observed and analysis results
were erratic.

Simple inspection of the R matrix (Table II) derived by
factor analysis of these data allows identification of the three
components whose spectra are necessary to explain the ob-
served variation in the composite PERMS spectra. They are
CQq, Oy, and H,0. Notably absent is the possible dimerization
product, ethane.

Factor analysis also yields the C matrix in Table III, which
estimates variation of the relative partial pressures, P;, of these
three components in the MS source. Previous studies (22)
have indicated that oxidation of acetate at gold in this medium
occurs by a carbonium ion mechanism, yielding CO, but no
hydrocarbon products. Oxidation of solvent water is un-
doubtedly responsible for the appearance of oxygen. If oxy-
genated products such as ethanol or formaldehyde are pro-
duced during electrolysis, this PERMS technique combined
with factor analysis does not identify them. We discuss the
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Table III. The Final Normalized (C) Matrix, Representing Partial Pressures of the Components of (R) for the Seven

Analyses (Columns) of (D) in Table 1

component no.

1 7.99¢ 21.10 60.39 96.93 119.3 124.4 125.9
2 2,13 5.60 20.48 49.02 119.56 180.6 214.1
3 8.80 31.72 62.38 98.02 128.4 165.1 174.8
@ Partial pressures are in mm, proportional to their contribution to the ion current, H; 4.
Table IV. Product Efficiencies and Current Efficiencies for Oxidation of 0.1 M Acetate in Water
product efficiencies current efficiencies 2 )
£, fos . . —— — Tiili, ico.lio
V vs. SCE mA/cm? Pgo,li Pg i, ico,llo io, i i=1 g
1.0 0.10 (88) (21) (0.95) (0.56) (1.5) (2)
11 0.48 66.1 11.7 0.71 0.31 1.02 2.3
1.2 1.18 52.8 17.4 0.57 0.46 1.08 1.2
1.3 2.44 40.2 20.1 0.43 0.52 0.95 0.80
1.4 4.40 29.2 27.1 0.32 0.71 1.03 0.45
1.5 6.68 24.7 27.0 0.27 0.71 0.98 0.38
1.6 11.6 15.1 118.5 0.16 0.49 0.65 0.33
variation of H,0 below as an uncorrected component of the
PERMS background. Lot
The ratios Pgo,/is and Po,/i, in Table IV vary with iy in
such a manner that the data from at least these two species
must be combined to account for the measured i;. In any o
potential region where Kolbe electrolysis and water oxidation 5 ° X
are the only potential varying currents, values of @; and @, g \
may be found which result in a constant value of 1.0 for the 2 N
sum on the left-hand side of eq 19. Values of 0.0108 and 0.0263 Gosr X
were calculated for 1/6); and 1/, respectively, by best fit = \
to our measured P; data from 1.1 to 1.5 V. The resultant € .
current efficiencies for production of CO,; and O, are sum- 3 T
marized in Table IV and Figure 5. )
The constancy of the sum of these current efficiencies is
consistent with an n value of 2in eq 1. The data at 1.0 V were . ]
neglected because of the large uncertainty in iy, Pco, and Py, 0 5 o
i {(mAcm™ =)

at these low levels. At the highest voltage studied, the current
efficiencies calculated are inconsistent with eq 18. This may
be a consequence of bubble formation resulting in changes
in the @ values. The consistency of the ratio i¢g,/ig, would
indicate however, that the ratio §,/@; does not vary detect-
ably, suggesting the partition and mass transport of CO, and
O, are affected similarly by the formation of bubbles at the
interface. The maximum value of current efficiency for CO,
production occurs at the lowest current density—an unfa-
vorable situation for optimization of Kolbe electrolysis. At
the highest current densities, the ratio i¢g,/io, approaches a
value of approximately 0.3, which may represent the ratio of
electron transfer limited rates for production of these two
products when the applied potential is substantially positive
of the formal potentials of both couples.

The practical value of information on the current efficiencies
is obvious. Simple PERMS studies of this type could lead
directly to optimization of such parameters as current effi-
ciency or power efficiency i;/ (i X V) with respect to elec-
trolysis potential, current density, solvent, background elec-
trolyte, electrode material or pretreatment, or other inde-
pendent parameters. Scale-up to macroscopic electrolysis
conditions can be reasonably delimited by the range of elec-
trolysis conditions found most efficient in a PERMS study.

Background Correction for Water. The factor analysis
described above identifies water as a species that varies with
the applied potential of the gold electrode. Because water is
the solvent and a major component of the background
PERMS spectrum, caution must be exercised in interpreting
these data. We have considered three possible explanations.
Water may permeate the membrane in chemical combination

Lo

Figure 5. Current efficiency vs. current density for the PERMS mea-
sured production of CO, (®) and O, (X) from 0.1 M acetate ion in water
at a gold electrode.

with one of the other detected species (CO, or O,). The
membrane permeability to water may be affected by appli-
cation of a potential (or current) to the gold electrode attached
to its outer surface. Alternatively, the ionization efficiency
of the MS source toward water could be affected by the
presence of the other species (such as CO, or O,) permeating
the membrane during the PERMS electrolysis experiment.

At the present time, we are unable to either prove or dis-
prove any one of these speculations. The first explanation
seems unlikely however because, in a separate study by
PERMS analysis of CO, produced chemically in aqueous
solutions (23), no relationship is observed between the solution
concentration of CO, and ion current at m/e 18 in the PERMS
spectrum. Similarly, we have been unable to verify the the
second explanation by detecting similar changes in the
background spectrum (principally due to water) as a function
of applied potential under conditions when no electrolysis
occurs.

We have therefore treated the potential dependent variation
of the water spectrum in our PERMS electrolysis experiment
as an uncorrected component of the background. It is an
inherent strength of the PERMS experiment combined with
factor analysis, that quantitative information is obtained
without prior identification of the exact species necessary to
make up the mixed mass spectra. Thus positively identified
components, such as water in this case, may be either included
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Table V. Data Matrix for PERMS Analysis during Oxidation of 0.01 M Sodium Propionate, 0.01 M Propionic Acid,

and 0.1 M TBAHFP in Me, SO Solvent

current density, mA/em?

m/e 20 40 60 80 100 120 140 1860
15 0.7¢ 1.0 1.5 2.0 2.4 2.8 3.1 3.2
27 0.2 0.5 0.6 0.9 1.1 1.4 1.5 1.7
28 7.8 15.9 21.8 29.7 375 452 509 554
29 1.3 2.6 3.6 50 6.1 7.4 24 91
30 0.4 0.9 1.2 1.7 2.1 2.5 2.9 31
44 1.0 2.0 3.9 5.0 6.0 6.7 7.2 7.6
46 1.7 2.5 3.8 4.9 5.9 6.9 7.8 81
47 5.0 7.3 111 144 174 20.3 23.0 23.8
48 2.2 3.2 4.8 6.3 7.6 8.8 10.0 104
76 1.8 1.2 4.0 52 6.3 7.3 83 8.6

@ Peak heights in mm.
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Table VI
0.1 M TBAHFP in Me,SO Solvent

Data Matrix for PERMS Analysis during Oxidation of 0.025 M Sodium Acetate, 0.025 M Acetic Acid, and

current density, mA/cm?

m/e 20 40 60 80 100 120 140
15 0.7¢ 1.6 2.9 4.4 5.7 6.8 8.0
27 0.2 1.1 2.1 3.1 3.9 4.6 5.3
28 3.2 16.2 30.8 45.3 56.6 66.4 76.1
29 0.6 2.8 5.4 8.0 9.9 11.6 13.4
30 0.2 1.0 1.9 2.8 3.5 4.1 4.7
44 1.0 1.8 2.5 3.2 4.0 4.9 5.8
46 0.7 1.6 2.9 4.3 5.6 6.7 7.9
47 2.2 5.0 8.8 13.2 17.2 20.5 24.0
48 0.9 2.0 3.5 5.3 6.9 8.3 9.7
76 0.8 1.7 3.0 4.6 6.0 7.9 8.3

@ Peak height in mm.

160 180 200 220 240 260 280
8.9 9.8 10.5 10.7 10.2 9.3 8.4
5.6 5.8 5.9 6.0 6.3 7.0 8.8

80.9 83.4 858 87.4 90.6 102.0 127.9

14.2 14.6 15.0 15.3 15.9 17.9 22.4
5.0 5.1 5.3 5.4 5.6 6.3 7.9
6.5 7.2 8.1 9.0 9.9 11.6 18.5
8.8 9.7 104 10.6 10.1 9.2 8.4

26,8 29.5 318 322 30.8 28.0 256.5

10.8 119 12,8 18.0 12.4 11.3 10.3
9.3 102 11.0 11.2 10.7 9.7 8.8

Table VII. R Matricies for Propionate and Acetate Oxidation in Me,SO
propionate oxidation components acetate oxidation components

m/e 1 2 3 1 2 3
15 0.0 33.1 0.1 14.1 0.6 -0.2
27 0.2 0.2 6.9 ~-0.2 0.6 3.1
28 11.0 2.3 100.0 4.6 18.0 100.0
29 1.3 0.2 17.6 1.5 4.8 15.8
30 0.7 0.1 6.2 0.1 5.9
44 100.0 0.0 100.0
46 1.2 32.9 34.1 1.0 0.6
47 1.8 100.0 100. 0 2.1
48 0.9 40.3 43.5 0.4 0.8
76 0.7 34.9 36.3 0.5 0.1

assigned Co, solvent C,H, solvent CO, C,H,

species

in or excluded from the interpretation of the electrochemical
data based on criteria independent of the mass spectral ex-
periment.

Carboxylate Ions in Me,SO. Background corrected D
matrices compiled from PERMS analysis of propionate and
acetate oxidation in Me,SO are shown in Tables V and VL
The corresponding R and C matrices derived by factor analysis
of these data are shown in Tables VII and VIII. In both cases
the Malinovskii IND function (12) indicates that three com-
ponents are necessary to account for the observed variation
of the mass spectra with current density. Inspection of the
R matrices suggests that CO, and C,Hg are produced by
electrooxidation of both these carboxylate ions, although our
analysis below indicates that the mechanisms are somewhat
different.

Each R matrix also contains a third species of uncertain
identity with a base peak at m/e 47. A search of the Mass
Spectral Research System data base suggested a fit of this

spectrum with 2-mercaptoethanol. If the procedure used to
correct for the background was only slightly in error, this third
component could be due to Me,SO itself. When the base peak
in the Me,SO spectrum (at m/e 63) is removed during nor-
malization and subtraction of background, the remaining
peaks (at m/e 72, 47, and 15) are all spectral components in
common with those of the unknown third species. Therefore,
in the following discussion we have considered species 3 to
be an uncorrected background component and have neglected
it in our analysis of electrochemical products.

The production efficiencies for propionate oxidation, Pco,/i
and Pg,y. /i, in Figure 6, do not vary in any systematic manner
over an order-of-magnitude change in the current density.
This observation is consistent with a single electrode reaction
producing both products and with a conclusion that the
current efficiency is virtually invariant for this process. The
product ratio, P,/ Pco,, shows slightly more variation, but
there is still no systematic trend. Assuming that Kolbe



ANALYTICAL CHEMISTRY, VOL. 56, NO. 2, FEBRUARY 1984 « 213

Table VIII. C Matricies for Propionate and Acetate Oxidation in Me,SO
propionate products acetate products
iy, mA/em? 1 2 3 1 2 3
20 1.1 5.3 4.0 9.4 1.1 11.4
40 1.9 12.9 21.0 19.5 2.2 15.8
60 2.7 21.3 40.2 26.2 4.4 25.3
80 3.4 32.0 58.8 36.4 56 33.4
100 4.3 41.7 73.9 45, 6.8 39.7
120 5.2 49.7 86.1 55.3 7.5 46.6
140 6.2 58.3 99.3 62.5 8.1 52.4
160 7.0 64.9 105 67.8 8.6 54.5
180 7.7 71.6 108 74.2 8.8 54.5
200 8.7 76.9 111 75.6 9.7 54.7
220 9.6 78.0 113 79.7 10.9 55,1
240 10.5 74.5 117 85.2 11.9 57.6
260 12.4 67.7 132 90.4 14.6 62.2
270 109 20.3 68.8
280 19.8 61.4 166 143 25.4 72.1
290 171 31.0 80.4
assigned CcoO, solvent C,H, solvent CO, C,H,
species
1or electrode reactions and information on production efficiency
for individual species.
ACKNOWLEDGMENT
o S B We wish to thank C. R. Weisenberger for his assistance in
_Lf‘_ . . this work.
¢ ® * . . Registry No. CO,, 124-38-9; O,, 7782-44-7; C,H,, 74-84-0;
osk . : propionate, 72-03-7; acetate, 71-50-1.
o % 5 & o LITERATURE CITED
o (1) Bruckenstein, S.; Gadde, R. R. J. Am. Chem. Soc. 1971, 93,
® % ) 793-794.
® o 0®° (2) Grambow, L.; Bruckensteln, 8. Electrochim. Acta 1977, 22, 377.
¢ (3) Willett, B. C.; Moore, W. M.; Salajeghheh, A.; Peters, D. G. J. Am.
9 ® Chem'; Soc. 1979, 101,B1’1(62;\}11l67.b C. R And L g
4) Pinnick, W. J.; Levine, B. K.; Welsenberger, C. R.; Anderson, L. B.
L2 ? Y8 22220000 8% @ Rl Ghom: 1980, 52, 1102-1105.
0 100 200 300 (5) Tow, J. G.; Westover, L. B.; Sonnaben, L. F. Am. Ind. Hyg. 1975,

{;o ,mA e @

Figure 8. Production efficiencles for Kolbe electrolysis at gold in Me,SO
medium: (X) CO, from propionate; (®) C,Hg from propionate; (®) CO,
from acetate; (®) C,Hg from acetate.

electrolysis of propionate produces CO, and C,Hg in equimolar
quantities, the method shows approximately 20-fold greater
sensitivity for ethane than for carbon dioxide.

Acetate oxidation shows similar behavior in Table VIII.
Peo,/iy and Pe,y, /i, vary little from 20 to 260 mA/cm?
However, the product ratio, Pc,u,/Pco, is only about half the
value observed for propionate. Because the experimental
conditions were virtually identical for Kolbe electrolysis of
propionate and acetate, these product ratios suggest that
during acetate oxidation one molecule of ethane is produced
for every two molecules of CO,. Obviously, this electroana-
lytical method can be useful in measuring yields of individual
products as well as providing stoichiometric information on
the reaction mechanism.

Diagnostic Application of the Method. Application of
the PERMS method to characterization of an electrochemical
reaction mechanism is based on the following range of mea-
surements and analysis. A series of MS analyses of mem-
brane-permeable products are taken during electrolysis at
either controlled potential or controlled current. This set of
mixed mass spectra is separated by factor analysis into spectra
of individual components whose proportion vary with change
in I or E and an unresolved background spectrum. Finally
quantitative comparison of product concentrations with
current density yields information on current efficiency of

36, 374,
(6) Weaver, J. C.; Mason, M. K.; Jarrell; T, A,; Peterson, J. W. Biochim.
Biophys . Acta 1976, 438, 296-303.
(7) Weaver, J. C.; Abrams, J. H. Rev. Sci. Instrum. 1979, 50, 478-481,
(8) Weaver, J. C.; Perley, C. R.; Reames, F. M.; Cooney, C. L. Biotech.
Letft. 1980, 2, 133-137.
(9) Calvo, K. C.; Weisenberger, C. R.; Anderson, L. B.; Klapper, M. H.
Anal. Chem. 1981, 53, 981-985.
(10) Calvo, K. C.; Weisenberger, C. R.; Anderson, L. B.; Klapper, M. H. J.
Am. Chem. Soc. 1983, 105, 8935.
(11) Kowalski, B. R. “Chemometrics: Theory and Applications”; American
Chemical Soclety: Washington, DC, 1977; ACS Symp. Series No. 52.
(12) Malinowski, E. R.; Howery, D. G. “Factor Analysis in Chemistry"”; Wi-
ley-Interscience: New York, 1980.
(13) Bard, A. J.; Faulkner, L. “Electrochemical Methods”; Wiley: New
York, 1980; p 325.
(14) Heineman, W. R.; Burnett, J. N.; Murray, R. W, Anal. Chem. 1968,
40, 1974-1978.
(15) Petek, M.; Neal, T. E.; Murray, R. W. Apal. Chem. 1871, 43,
1069-1074.
(16) Brockman, T. J. M.S. Thesis, The Ohio State University, 1982.
(17) Jost, W. “Diffusion In Solids, Liquids and Gases”, 3rd ed.; Academic
Press: New York, 1960.
(18) Giddings, J. C. “Treatise On Analytical Chemistry”; Elving, P. J., Ed.;
Wiley: New York, 1982; Part I; Vol. 5. p 138.
(19) Crank, J.; Park, G. S. “Diffusion In Polymers”; Academic Press: New
York, 1968.
(20) Lakshiminarayanaiah, N. In “Electrochemistry”; Thirsk, R., Ed.; The
Chemical Soclety: London, 1975; Vol. 5, p 164.
(21) Knorr, F. J.; Futrell, J. H. Anal. Chem. 1979, 51, 1236~1241.
(22) Tomilov, A. P.; Mairanovskii, S. G.; Tioshin, M. Ya.; Smirnov, V. A.
“Electrochemistry of Organic Compounds”; Wiley: New York, 1972.
(23) Cindea, E., private communication, 1983.

RECEIVED for review August 8, 1983. Accepted October 27,
1983. We also acknowledge the assistance of the National
Science Foundation for partial support of this work through
Grant No. CHE-8113224. This work was presented in part
at the 163rd Meeting of the Electrochemical Society, San
Francisco, CA, 1983.



