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1.0 INTRODUCTION

This report describes work carried out under Phase II of Office
of Naval Research-Defense Small Business Advanced Technology Contract
NO0014-83-C-0458, during the period June 15, 1983 to June 14, 1986.

The three year program of research was undertaken to develop an elec-
trochemical sensor for quantitating PN, in biological tissues and fluids.
Because molecular dinitrogen is not readily oxidized or reduced in an
aqueous solvent, the key to developing an electrochemical sensor for
dinitrogen was to find a reaction involving dinitrogen whose product
could be detected electrochemically. The findings that certain transi-
tion metal ions react in aqueous solution with molecular dinitrogen
(1-3) provided the impetus for this work. Results obtained in the
Phase I portion of the program under Contract No. N00014-82-C-0133
demonstrated the feasibility of using transition metal-dinitrogen
chemistry as a basis for a Np sensor (4). That program identified Ru
Pentaammine dinitrogen as a potential system for a Ny sensor, and illus-
trated how a reaction sequence cycling from Ru(II) to Ru(II)-dinitrogen
to Ru(III)-dinitrogen (unstable) and back to Ru(II) might be used for
measuring PNj.

The specific objectives of the Phase II research program were to
identify other transition metal ion-dinitrogen complex systems whose
chemical and electrochemical properties would be favorable for use in
quantitating PNy, and to develop methods for immobilizing those metal
ions so that the nitrogen complexing and electrochemical reactions of
interest would take place on an electrode surface under physiological
conditions.

To accomplish these objectives, the research program was organized
into four tasks:

1. Perform basic studies of selected transition metal
dinitrogen complexes including the kinetics of their
formation from molecular dinitrogen and their elec-
trochemical properties.

2. Prepare derivatized electrodes containing the di-
nitrogen complexing transition metal ions whose
properties appeared most favorable for developing
a N> sensing electrode.

3. Evaluate derivatized N; sensing electrodes for their
ability to measure Py, under hyperbaric conditions and
in simulated physiological solutions.




¥ 4. Develop appropriate electroanalytical methodology to

I obtain rapid and sensitive iterative measurements of

A PN2-

H

$$ The three year program culminated in an electrochemical sensor

56 for dissolved nitrogen which utilizes the reaction of Ru(II) ammine or
ethylenediamine cations with molecular N, in solution to measure the

.&? concentration of dissolved N2. As presently configured, the N2 sensor

:Qg is constructed of a glassy carbon electrode which is coated with an ion

=§h exchange polymer membrane (Nafion), containing one of the following

:5“ Ru(IIl) cations: Ru pentaammine, cis-Ru tetraammine or cis-Ru ethylene-

" diamine. The reduced form of the Ru cation on the electrode surface
reacts with Ny in solution to form a Ru(II)-N; complex. This complex

&Y is electrochemically detectable and distinguishable from the Ru(II)

!h? precursor. The concentration of N2 in solution, PNy, is quantified by

:4‘ measuring the rate of the reaction between the surface attached Ru(II)

iy cation and the N; in solution. The details of the preparation and

o evaluation of this N, sensor are provided in a manuscript appended to

7 this report, "Development of a N Sensor for Determination of PN, in
' Body Tissue," by T. J. Lewis and L. S. Robblee (5). The main body of
:ﬁ' the report which follows focuses on the solution studies of dinitrogen
N complex formation, the electrochemical properties of dinitrogen com-
:ﬁ: plexes, and the alternative immobilization strategies which were

wﬁf evaluated during the development of the N3 sensor.
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2.0 SOLUTION STUDIES OF DINITROGEN COMPLEX FORMATION

2.1 Survey of Transition Metal Dinitrogen Complexing Cations

2.1.1 Ruthenium

A number of Ru(III) compounds were surveyed to identify those
which react with N; in aqueous solution to yield an electrochemically
detectable product. The Ru(III) compounds were reduced with Zn amalgam
under Ar saturation and then transferred to N; saturated electrolyte for
in situ formation of Ru(II)-N; complexes. Cyclic voltammetry was used
to detect the formation of N; complexes and to determine the oxidation
potentials of those complexes.

Table 1 lists the Ru compounds tested, their oxidation and reduc-
tion potentials, and the potentials at which current peaks associated
with dinitrogen complexes were observed. Electrochemical potentials
are referenced to a saturated calomel electrode (SCE). Of the compounds
tested, cyclic voltammetry of the cis-dichloro, dibromo, and diaquo
tetraammines indicated that these compounds reacted with N> in a similar
manner to produce three new oxidative current peaks in the cyclic volt-
ammograms. Dinitrogen complex formation was also observed with cis-Ru
ethylenediamine, although cyclic voltammetry demonstrated only one or
two new oxidative current peaks, rather than three. No dinitrogen com-
Plex formation was observed with the trans-dichloro tetraammine, cis-
sulfatochlorotetraammine or cis-dichloro-bis-pyridine tetraammine com-
Plexes of Ru.

Based on these results, the cis-Ru tetraammine and cis—~Ru ethylene-
diamine complexes were selected for further study as candidate materials
for a Ny sensor, in addition to the Ru pentaammine complex which was
identified as a candidate material during Phase I of this program (4).
Characteristic of the Ru dinitrogen electrochemistry is the absence of
a reduction peak in the cyclic voltammogram for reduction of Ru(III)-Nj
back to Ru(II)-N; because of the rapid loss of Ny from the Ru(III)-Njp
species. The literature value for the rate of loss of Ny from
[Ru(NH3) sN3]1+2 is >>50 sec™! (6). The instability of Ru(III)-N, is
favorable for utilization of Ru dinitrogen complex chemistry in a Nj
sensor since the precursor N, complexing cation can be regenerated
electrochemically after oxidation of the Nj complex.

2.1.2 Osmium

Two osmium compounds, [Os(NH3)sN3]Cl; and [Os(NH3)5Cl]Cl, were
synthesized according to literature methods (2,7) and their electro-
chemical properties evaluated by cyclic voltammetry. Voltammetry of the
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TABLE 1

CYCLIC VOLTAMMETRIC DATA FOR RUTHENIUM COMPOUNDS
AND RUTHENIUM~DINITROGEN COMPLEXES

Compound Electrolyte
1
cis-[Ru (NH3) ¢C131C1 Acid
Acid
+ Zn Amalgam
2
cis-[Ru(NHj3) 4C12]C1 Buffer
+ 2Zn Amalgam
cis~{Ra(NH3) 4Br,]Bx Buffer
Buffer

+ Zn Amalgam

cis-[Ru(NH3) 4 (H20) 2 (TFMS) 3 Buffer

Buffer
+ Zn Amalgam

cis-[Ru(NH3) (C1S02]C1 Buffer

Buffer
+ Zn Amalgam

Redox Pounthlsz (=v) of

Rut3-aeRu*

-130

~-145
~140

-19%

-180

+280 (major)
=200 (minor)

+130 (major)

-200 (minor)

+680 (incr. in Ar;
decreased in Nj3)

trans-(Ru(NH3) 4C131C1 Buffer lst cycle: -300 to -200
2nd cycle: =300 (shoulder)
~380 (peak)
Buffer -200 (major)
=550 (appears on mul~
tiple cycles &
shifted to
=400 oV under Nj
cis-[Ru(en) C13)C1 Buffer -12%
Buffer ¢+ 2n - S0
Amalgam
cis-{Ru(en) 28r,]0r Acid -120
Acid ¢+ 2n - 80
Amalgam
cis-(Ru(bipyr)ClyiCl Buffer +455
Buffer + 2n +578
Amalgam
lacid = 0.1M H,SO4
2Buffer = 0.001M HS04-0.099M K,SO4, pH 3.3

O S L A L

EBox of Nz Complex(es)

_RED (=v)
=340

-280 +500
+700
+900

=305 (major) +450

=210 (shoulder) +600
+725

-~380

=320 (major) +500

=280 (shoulder) +700
+825

=375 (major)

-280 (shoulder, lst scan only)

-370 +500
+700
+87S

+170 (major)

=330 (minor)

+ 50 (major) Amb iguous

=340 (minor)

+550 (incr. in Ar;

decreased in Nj3)

-450

-450

=250 (shoulder)

-350 (major) None

-650 (appears in multiple

cycles) and seemed
to increase under N,
~350
-400 478
+780
=378

-280 plateau

600-850
+320

+380 None

‘. ” - -
R} ] U L e .
..3.‘!%“['5.‘ .Q“.IP“H ‘.\,\.l,', y '- 3 ‘,“' Kk I’ .



TRINE R R e Ty '."‘W'?T'YYT

5

B

&

[Os(NH3)5C1]+2 cation demonstrated a reduction potential at -1.15V vs.
SCE which is too cathodic to be useful in a physiological environment.
Voltammetry of the dinitrogen complex demonstrated an oxidation wave
- at 0.350V vs. SCE with a corresponding reduction wave at 0.180V vs.

- SCE. The reversibility of the [Os(NH3)5N2]+2/+3 couple was consistent
b with a higher degree of stability of the Os(III)-N, complex than was
observed for any of the Ru dinitrogen complexes studied. The rate

L

. constant for loss of Ny from Os(III)pentaamminedinitrogen is 2 x 10-2

.- sec™l (8). In view of these properties of the osmium ammines, e.g.,
the extreme cathodic potential for the Os(II/III) couple and the slow

:g dissociation of N; from the Os(III)-N2 complex, we concluded that a Njp

uj sensor could not be based on osmium - dinitrogen chemistry, and con-
centrated the research effort on the chemistry and electrochemistry of

|! the Ru ammine and ethylenediamine complex.

b " 2.2 Kinetics of Dinitrogen Complex Formation

si Kinetic studies of the formation of dinitrogen complexes of Ru

. tetraammine and Ru(bis)ethylenediamine were carried out using cyclic
voltammetry as described previously for Ru pentaammine dinitrogen (4).

j- The Ru(III) precursors in argon-saturated electrolyte were reduced

p{ with Zn/Hg in a separatory funnel having a stopcock connection to the

electrochemical cell. When the reduction was complete (75-90 minutes
as determined in preliminary cyclic voltammetry experiments), the

si reduced Ru(II) precursor was admitted to Np-saturated electrolyte in
the electrochemical cell.

R- The progress of the reaction between the Ru(II) precursors and

N

N, are illustrated in the cyclic voltammograms of Figures 1 and 2. The
first cycle in each set of voltammograms shows a single anodic peak at
-0.12V vs. SCE representing the oxidation of the precursor compounds,
cis—[Ru(NH3)4(H20)2]+2 (Figure 1) and cis-[Ru(en)Z(H20)2]+2 (Figure 2).
As the reactions proceeded, the magnitude of these two current peaks
decreased due to the complexation of the precursox compounds with Nj.

;- At the same time, 2 or 3 new anodic peaks appeared at higher potentials
o represent.rg the oxidation of the newly-formed dinitrogen complexes.
v The same sequence of reactions was observed with the dichloro,
-~ dibromo and diaquo salts of Ru(III) tetraammine as starting materials,
in both pH 3.3 sulfate buffer and in acid electrolyte. 1In the acid

o electrolyte, the anodic current peaks associated with dinitrogen com-
" pPlex oxidation were more sharply defined and occurred at slightly higher
' potentials than they were in the pH 3.3 buffer.

Y E? The dibromo and dichloro Ru ethylenediamine compounds differed

; o from the tetraammines and from each other in the location of anodic

) current peeks associated with N; complex formation. With the dichloro

] o form as the starting material, two anodic peaks at 0.475V and 0.78V vs.
5; SCE were observed to increase in magnitude as the reaction with N3

v W Py T 0 0 TR Ty e T e Ca W oy W W
e T o \},‘JS,.- a‘_-&'ﬂ»'_.* A
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3534 Fig. 1. Reaction of cis-[Ru(NH3)4(H,0)2]%*2 (1 mM in 0.1M H,SO4)

o with N3 (1 atm). Cyclic voltammograms were recorded
at different times during the reaction.
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Fig. 2. Reaction of cis-[Ru(en),(H30)2]%2 (1 mM in 0.1M H,S04) with N,

(1 atm). Cyclic voltammograms were recorded at different times
during the reaction.




progressed. A cathodic peak at 0.4V vs. SCE also increased in magnitude.
With the dibromo Ru ethylenediamine, a single broad plateau of anodic
current between 0.6-0.85V vs. SCE was observed after prolonged exposure
to Npy. It is not known at the present time why these two ethylenediamine
compounds behave differently toward dinitrogen.

The current (ip) in the anodic peaks at -0.12V vs. SCE provided
a direct measure of the Ru(II) precursor concentrations at any time
during the reaction with Np. For two reactions carried out with 1 mM
concentration of each Ru(II) precursor, plots of 1ln(ip) vs. time were
linear for 75-100 minutes with pseudo-first order rate constants (k') of
7.61 £ 1.22 x 10~5 sec™l and 8.78 % 0.11 x 10~5 sec~l for the formation
of [Ru(NH3)4(H20) (N2)1%¥2 and [Ru(en),(H0) (N2)1*2, respectively. These
are about twice what was found for the formation of [Ru(NH3)gN,]J*2. With
5 mM concentration of [Ru(NH3)4(H20)2]*2, plots of 1ln(ip) vs. time showed
two linear segments, the first extending up to 30 minutes with k' =
6.8 + 0.98 x 10~5 sec™l, and the second extending up to 150 minutes with
an increased slope of 1.038 % 0.01 x 1074 sec~l. The change in slope of
the In(ip) vs. t plots coincided with the appearance in the cyclic volt-
ammogram of an anodic peak at 0.5V vs. SCE, which was probably due to the
oxidation of a binuclear species [(cis-Ru(NH3)4(H20))2N2]+4. The increased
slope after 30 minutes of reaction was consistent with the participation
of cis-[Ru(NH3)4(H20)2]+2 in two reactions:

cis-[Ru(NH3) 4(H,0)21%2 + N + cis-[Ru(NH3)4(H0) (N2)1%2 + Hy0 (1)
CiS-[RU(NH3)4(520)2]+2 + cis-[Ru(NH3) 4 (H;0) (N2)1+2 -+ (2]

[ (cis-Ru(NH3) 4 (H30))oN;1% + H 0

2.3 Reaction of cis-Ru Tetraammine with Pyridine

One mechanism considered for immobilizing Ru complexes to an
electrode surface was ligand substitution of pyridine (py) for one of
the aquo ligands of cis-Ru(II) diaquotetraammine, cis—Ru(NH3)4(HZO)2]*2
or cis-Ru(II) diaquo-bis-ethylenediamine, cis-{Ru(en)3(H20)21%2 (9).
Accordingly, several experiments were performed to determine the optimum
conditions for forming the monosubstituted py compound and to obtain
electrochemical data for subsequent use in evaluating the immobiliza-
tion procedures.

The reaction between cis-[Ru(NH3)4(H20)2]+2 and py was carried
out in the same manner as the dinitrogen reactions, with cyclic volt-
ammetry being used to monitor the formation of py complexes. As reported
in the literature, the reaction proceeds at pH 7 via two successive sub-
stitution reactions (9):
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J20)21%2 + py + cis-[Ru(NH3) 4(H0) (py) ]2 + H,0 (3]
,0) (py)] + Py + cis-[Ru(NH3)4(py),1*2 + Hy0 (4]

mation of both products was readily observed by cyclic
) the different oxidation potentials of reactants and

) in Figures 3 and 4, pH had a marked effect on the

At pH 6.8 (Figure 3), both monosubstituted (IIa & IIc)
py complex was predominant as the reaction proceeded.
4), only the monosubstituted product (IIa and IIc) was
} 315 minutes of reaction. This was believed to be a

jg for the eventual immobilization of Ru tetraammine to
ce via py groups where attachment of Ru through only

d be the preferred mechanism.

J(I1) tetraammine reaction with py was carried out
n, cyclic voltammetry demonstrated the formation of

Py complex as well as three dinitrogen complexes
gnitude of the cathodic current peak at 0.0V vs. SCE
ction of the monosubstituted py complex, cis-[Ru(NH3)
ed to follow its formation during the reaction. The
} 0.0V vs. SCE with time is shown in Figure 6 for Ru-~-py
N, saturated solutions. The two curves were the same
inutes. After that time, the current attributed to the
to increase in Ar-saturated solution. However, in
ion, the current reached a maximum level in 120 minutes
slightly at longer reaction times. This leveling off
for cis-[Ru(NH3)4(H20)py]l*2 reduction suggested that
e py complex ceased, possibly because of diminished
e Ru tetraammine. An alternative possibility was the
of the py complex followed by its reaction with Nj

3) (pY)N21%2, several observations tended to support
lity.

} ipa (-0.12V vs. SCE) vs. t for the decrease in
2]1%2 were linear only for 30-40 minutes with a pseudo
nstant, k', of 2.2 x 10~4 sec”l. This was higher
ctions with py alone (1.01 x 10'4 sec~l) consistent
ition of the Ru complex in two reactions. However,
s, the 1ln ipa vs. t plot became curvilinear with
ing slope. The slower rate of cxs-[Ru(NH3)4(H20)2]+2
d with a continuing increase in anodic currents
{ complexes, suggested that these anodic peaks repre-
f mixed py-N; complexes as well as complexes containing
EE likely that cis-[Ru(NH3)4(py)N;]1*2 and cis-Ru(NH3)g4

ve similar oxidation potentials so that they could
d solely by electrochemical means.
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"'é‘ Fig. 3. Reaction of cis-[Ru(NH3)4(HZO)2]"‘2 (5 mM) with pyridine
N (12.36 mM) at pH 6.8 (Ar-saturated sulfate buffer).

N Cyclic voltammograms were recorded at different times
?.V;' during the reaction: 5 min (—); 20 min (...); 82 min
A8 (—-); 16 hr (---).

iy Peaks Ia and 1Ic: cis- [Ru(NH3)4(H20)2]+2 ¥ 43 !;

:3.:: Peaks 1IIa and 1IIc: cis—[Ru(NH3)4(Hz)0) QPI)I+2 T +3
Wy Peaks IIIa and IIIc: cis-[Ru(NH3)4(py)2)1¥2% +3
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Fig. 4. Reaction of cis-[Ru(NH3)4(H,0)21*2 (5 mM) with
) pyridine (12.36 mM) at pH 1.5 (Ar-saturated
,S 0.1M H,SO4) . Cyclic voltammograms were recorded

at different times during the reaction: 2 min
(***); 27 min (—); 80 min (—.—); 315 min (---).

ﬁ Peaks Ia and Ic: cis-[Ru(Nl-!3)4(1-120)2]"'2 f;i +3
Peaks IIa and IIc: cis-[Ru(NH3)4(H20) (py)]
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Reaction of cis-[Ru(NH3) 4 (H20) 2]"'2 (5 mM) with pyridine

(12.36 mM) and N3 1 atm , pH = 1.5, Cyclic voltammograms

were recorded at different times during the reaction:

o' (——); 18' (—); 50 min (~--); 110 min(— —); 320 j
min (.. .). !

Peaks Ia and Ic: cis-[Ru(NH3)4(ﬂzo)2]+2 f;; 3
Peaks IIa and IIc: cis~-[Ru(NH3)4 (H0) (py)] +
Peaks III: Oxidation of dinitrogen complexes
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S 2.3.1 Reaction of cis-Ru Pyridyltetraammine with N3

seate

i&k Although the results discussed in Section 2.3 suggest the forma-
aga- tion of a disubstituted pyridyl-dinitrogen complex of cis-Ru tetraammine,
KN nevertheless, subsequent results demonstrated a very limited substitution
Qﬁ@ of N2 into Ru complexes bound to surfaces by immobilized py groups (Sec-

o tion 3.2). To reconcile these differences, we embarked on a series of
R experiments exploring the rate of Nj binding by cis-{Ru(en)2(H20)pyl+2
xﬁ%, in aqueous solution and comparing it to the rate of N binding by the
gg? diaquo complex, cis-[Ru(enz)(H20)2]+2.

?“‘

ﬁﬁiﬁ To evaluate the relative rates of N, complex formation, a 1 mM

. solution of cis-[Ru(en)z(HZO)2]+2 was prepared in 0.1M HSO4 by 2Zn/Hg

) reduction of cis-[Ru(en)z(Cl)zl+1 under an Ar purge. After separating

f?&g the reductant, 1 mole equivalent of py was added to the solution of the

i{ \ Ru(II) cation and the reaction allowed to run to completion. The forma-
t?ig tion of the monosubstituted py complex was monitored by cyclic voltammetry.
fﬂb‘ Overnight stirring under Ar was required for complete conversion of the di-
o aquo species to the py complex. Next, N2 gas was bubbled through the

}C solution and the formation of the Ny complex was followed by the decrease

: 2$ in the current peak at 0.05V vs. SCE for the oxidation of the Ru(II)-py

' complex, and an increase in a current peak at 0.8-0.9V vs. SCE for the
) ﬁ oxidation of a Ru(II)-py-N, complex. After three days of reaction, there
ﬁ.ﬁ was only a 25% conversion of the Ru(II)-py complex to Ru(II)-py-N>. In
a contrast, a parallel reaction between cis-[Ru(en)z(HZO)zl+2 and Nz achieved
1q:ﬁ equilibrium within 5-6 hours (Figure 7).
§$, The slow reaction between N, and cis-[Ru(en)3(H0)pyl*2 compared
W to cis-[Ru(en)g(H20)2]+2 was confirmed through a competitive reaction
,_t4 experiment in which both reactants were present ir equimolar concentra-

i tions. The results of these studies, extrapolated to the surface-confined
”;. cis-[Ru(en)2(H0)pyl*2, suggested that the strong metal-to-ligand 7 inter-
fq@ action between py and Ru(II) interferes with the 7 interaction with Nj
kﬂ that is necessary for coordination of N3 to the metal center.
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3.0 IMMOBILIZATION OF Ru CATIONS TO ELECTRODE SURFACES

N
)
! . .
é:) Several different procedures were investigated to attach a Np-
ﬁ!u complexing Ru(II) cation to an electrode surface. These fell into four
‘ general categories: 1) in situ synthesis of the Ru bis-ethylenediamine
@gh complex on an ethylenediamine-silane derivatized electrode surface; 2)
z&ﬁ attachment of Ru complexes by a ligand substitution reaction with sur-
o face pyridine groups; 3) functionalization of the Ru complex with py-
:¢§’ silane or poly-4-vinylpyridine (PVP) prior to attachment to the elec-
At trode; and 4) noncovalent binding by electrostatic attraction to an ion
exchange polymer.
4‘\,"
f§, 3.1 In Situ Synthesis of cis-Ru bis-ethylenediamine
::? on SnO2-Coated Electrodes
l.:’l.
:&5' The preparation of the bis-ethylenediamine Ru(III) complex in
§{ = solution is a three-step synthesis (10):
1o 1
Wi (c)o (2)
?J: RuCl l<2 2°4 K [Ru (Ox) 3] *4H,0 en~oxalate
¥ 3 TH,0, EtOH 3 307752 H,0,reflux 7
reflux 4 hx potassium tris(oxalato)- 3 hr
ety ruthenium (III) hydrate
o
g
::':E}, (3)
3oy conc. HCl
ot [Ru(ox) (en) 2] [Ru(ox)2(en)] - 2H0 cor c
?ﬁl: oxalato bis(ethylenediamine) ruthenium (III) conc. HBr
A‘: bis(oxalato)ethylenediamine ruthenium (III)
Hasy
% *
e cis{Ru(en)3Cl5]ICl or cis-[Ru(en)2Br;,]Br
J?E cis-dichlorobis (ethylenediamine) cis-dibromobis (ethylenediamine)
;% ) ruthenium (III) chloride 1l-hydrate ruthenium (III) bromide 1l-hydrate
49' !
:c :.c
f&:} The reaction scheme for carrying out the synthesis of an electrode
s surface was adapted from the solution reaction as follows:
‘:.!:\:n
Wy
\‘;"l
|’,aﬂ'
e
Y
l::s
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1. Derivatize an SnO, electrode with ethylenediamine ligands employing
organosilane chemistry (11):

0CH3
o
2 3 3 2-7272 benzene
H3
(o)
\ .
Sn0_ —Si— (CHy) 3NHCH,CHNH,
o)

2. React the en-silane-SnO; electrode in a solution of Kj[Ru(ox)3]-4H50
to substitute the ethylenediamine ligand(s) for the oxalato ligands
resulting in attachment of Ru centers via coordination to ethylene-
diamine:

oxX

\

0—Si —{CHy)3—(en) + [Ru(ox)3]*3 ZEES_ f---(en) ‘ (a)

ox = oxalate ,/15:/

(A) + ethylenediammonium oxalate ————m= --(en) {

{(en-oxalate) ’/,f’/
ox




Cyclic voltammetry and energy-dispersive x-ray spectrometry con-
firmed the incorporation of Ru into the attached silane. However, the
electrochemistry was not representative of Ru bis-ethylenediamine, and
the attached Ru complex was not reactive toward N;. Accordingly, this
approach was abandoned in favor of other more promising procedures.

3.2 Attachment of Ru by Ligand Substitution Reactions

Tin oxide (SnO2) electrodes were derivatized with 4-(2-trimethoxy-
silyl)ethylpyridine (py-silane) (11) or poly-4-vinylpyridine (PVP) (12),
followed by soaking in Ru(II) tetraammine or Ru(II) bis-ethylenediamine
solutions. Ligand substitution involves a displacement of one of the
aquo ligands of the Ru(II) complex by a py group on the polymer coated
electrode as illustrated below:

aqueous

solution py M(L)X] + X

APy + [M(L)(X2)]

Electrode
where L = (NH3)4 or (en),; M = Ru; X = Hy0.

Quantitation of surface attached Ru was done by cyclic voltammetric
measurements of the current peaks which characterize the respective py-
substituted Ru compounds. Generally, the py-silanized electrodes in-
corporated much less Ru than the PVP-coated electrodes, and showed con-
siderable variation between electrodes. This was probably related to the
silanization reaction, e.g., a low and nonreproducible concentration of
surface attached py-silane, rather than the reaction between the Ru
compounds and the attached py. The PVP-coated electrodes incorporated
both Ru(II) tetraammine and Ru(II) bis-ethylenediamine with the concen-
tration of incorporated Ru proportional to the quantity of PVP on the
electrode surface and the soaking time of the electrodes in the Ru solu-
tions.

Both py-containing polymers gave stable attachments of the Ru(II)
complexes to the electrode surface and exhibited reversible electrochem-
ical behavior attributed to the monopyridine-substituted Rut2/+3 couple.
However, in spite of the favorable electrochemical properties and the
durability of the attachment, the immobilization strategy was rejected
because of an unacceptably slow rate of reaction between the surface
pyridine-substituted Ru(II) with solution N3. This slow rate of reaction
was subsequently shown to be related to the strong metal-to-ligand ¥ inter-
action between pyridine and Ru(II), which prevented the necessary ¥ inter-
action with N, as discussed in Section 2.3.1.
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3.3 Functionalization of Ru Complexes

The chloride salts of Ru tetraammine and bis-ethylenediamine were
dissolved in dry methanol, reduced with Zn/Hg, and reacted in methanol
with dissolved py-silane or PVP. The resulting py-substituted complexes
were applied to an electrode surface by transfer in methanol, followed by
solvent evaporation. The silane-containing complex was "annealed" to the
electrode by contact with H;0 which promotes silane hydrolysis. This
"methanol" synthesis had the advantages of 1) requiring less Ru salts for
a given number of electrodes, and 2) requiring less time than the soaking
method described in Section 3.2. However, these py-derivatized electrodes
suffered the same problems of limited Np binding and very slow rates of
N, binding as did the electrodes prepared by soaking py-derivatized elec-
trodes in Ru solutions.

3.4 Electrostatic Binding of Ru Cations

Since the covalent binding of Ru dinitrogen complex precursors to
an electrode surface was unsatisfactory for our purposes, a noncovalent
method was investigated as it would cause less perturbation of the
electronic structure of the Ru center. Of the noncovalent binding mech-
anisms possible, adsorption and electrostatic attraction, the latter
seemed most suitable for the Ru ammine and ethylenediamine complexes
which have multiple cationic charge per molecule.

The ion exchange polymer, Nafion (Dupont), is a perfluorosulfonate
polymer composed of a polytetrafluorcethylene (PTFE) backbone and pendant
side chains terminated with -SO3 Mt. The polymer is available from commer-
cial sources as a dry film or as a lower molecular weight polymer dissolved
in alcohol. The polymer was applied to a glassy carbon (GC) electrode
surface by micropipette transfer of 1 ul of a 0.5% (wt/vol) alcohol solu-
tion (thin film) or 0.5 ul of a 5% (wt/vol) solution (thick film) followed
by solvent evaporation. Once dried, the polymer is essentially irreversibly
bound to the electrode surface.

A Ru(III) cation was incorporated into the Nafion film by soaking
the GC/Naf electrode in a dilute aqueous solution containing the appropriate
Ru(I1I) cation, generally 10-25 uM Ru in 0.001-0.1M supporting electrolyte.
Ru(III) cation uptake into the polymer was monitored by cyclic voltammetry.
Equilibrium was established between the solution and the Nafion film within
about 10 minutes for thick films, and even shorter times for thin films.

3.4.1 Electrochemistry of Nafion- Bound Ru i

The cyclic voltammetric response of Nafion-bound Ru cations in
blank electrolyte was consistent with reversible, surface-confined
reactants for thin films of Nafion (13). Anodic and cathodic peaks
were only slightly separated (Ep = 0-20 mV) and the peak width at half

19
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- height was 90 mV. The peak potentials for the Ru +3 I +2 conversions
A were centered about -0.3V vs. SCE, slightly more negative than observed
‘Q in solution studies due to strong electrostatic interaction with the
:i Nafion polymer (14).
St
*j' 3.4.2 Stability of Nafion-Modified Electrodes
4{- Shelf life. Both the plain GC/Naf electrodes and the GC/Naf
' E electrodes with bound Ru(III) cation (GC/Naf~-Ru(III) electrodes) can
&&» conveniently be prepared in advance and stored several days or longer
s in a clean, dry atmosphere without any deterioration of properties.
oW Preparation for use requires only a short period of hydration in
distilled water or dilute electrolyte.
[ 4 %)
K g? Stability of GC/Naf-Ru electrodes in solution. During exposure
o :g to electrolyte solution, some loss of Ru occurs through ion exchange
¢§- or partition with the solution. Efflux was monitored with cyclic
S voltammetry using the magnitude of the current peaks at -0.30V vs. SCE

as a direct measure of Ru concentration. Factors affecting the efflux
rate were the following:

o~

» .-('
<ot
3}: a) Ru cation. No differences were observed between the tetra-
:fj ammine, pentaammine or ethylenediamine complexes of Ru in terms of
S efflux rate. However, the +3 oxidation state of the Ru center of all
three complexes was much more stably bound than the reduced +2 cation.
-~ This is fortuitous for the actual use of the Nafion-bound Ru cation as
3:} a N, sensor since the Ru center is maintained in the +3 state except
o for short times when making a PN, measurement.
1
b8 b) Electrolyte composition. The order of stability of the
J Nafion-bound Ru(III) cation toward electrolyte composition is the
- following: H2S04 = HCl1 > NaCl = serum or plasma > KpSO4 > KCl. Up
}%ﬁ to 24 hours of operation of the GC/Naf~Ru electrodes were possible in
LAY both physiological saline, pH 7.2 and whole serum or plasma. Air
Ko s saturation of electrolyte had no effect on the Rut2/+3 electrochemistry,
e although most experiments were performed in Ar or Nj saturated electrolyte.
Mt The longevity of the Nafion-bound Ru could be increased by the addition of
-1 a second layer of Nafion over the Naf/Ru film; however, there was some
‘ sacrifice of electrochemical properties, e.g., reversibility and kinetics
L of electron transfer.
c) Polymer loading of Ru. The initial rate of Ru efflux from
pod Nafion films followed first order kinetics and, as such, was in direct
ﬁ_ proportion to the initial concentration of Ru within the film. As
;{{ polymer sites became vacant, or if the polymer sites were not saturated
}4Q} initially, the rate of Ru cation efflux became slower than that predicted
'jbj by first order kinetics for a dissociation. Thus, lower loadings of Ru
80 appear advantageous for long term use of GC/Naf-Ru electrodes.
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4.0 OPERATION OF A GC/Naf-Ru ELECTRODE
AS A N SENSING ELECTRODE

o

The GC/Naf-Ru electrode is activated for N; measurement by apply-
ing a reducing potential of -0.5V vs. SCE to generate the N, complexing
Ru(II) cation on the electrode surface. After some time, t, at -0.5V
to allow N> complexation to proceed, the potential of the electrode is
slowly ramped to ca. 1.0V vs. SCE to oxidize the residual Ru(II) and the
newly formed Ru(II)-N; complex. The electrode potential can then be
returned to -0.5V to reactivate the Ru(II) cation and initiate a new N3
complexation reaction sequence, or, switched to open circuit to maintain
the Ru in the nonreactive Ru(II) state. Since Ru only reacts with N3
when it is in the reduced Ru(II) form, the reaction can be started and
stopped precisely by controlling the potential of the electrode. More-
over, oxidation of the Ru(IIl)-N; complex causes dissociation of the Ny
and restoration of the Ru(III) cation so that a new cycle of reaction
can be initiated at will. Thus reaction rates can be measured for short
times, and can be measured repeatedly to follow changes in solution Nj
tension.

s

The sequence of reactions occurring on the electrode surface are
summarized in the following scheme:

e-

=%

-0.5V SCE

Start ———————>|] GC/Naf-Ru(IlI) GC/Naf-Ru(II)

G

N2(aq)

0.0V vs. SCE

AL |
o
]

(unstable) GC/Naf-Ru(III)-N2

+1.0V vs. SCE

GC/Naf-Ru(11)-Nd

= B
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Experiments performed under N, pressures of 1 to 10 atm demon-
strated that the pseudo first-order rate constant, k', calculated from
the change in concentration of Ru(II) during time, t, was proportional
to PN;. These kinetic experiments are discussed in greater detail in
the manuscript (5) appended to this report.

Measurements made under dynamic conditions of changing Py, demon-
strated that the reaction rate increased when the Ny pressure over the
solution was raised, and decreased when the N pressure was lowered.

A typical result, illustrated in Figure 8, suggested that the actual

P = 100 psig P=0psig

-

3.0

T
1
o

scmcscanvebese

2.0

o

k' x 103 sec-1

A SRS SUUS A

1.0

N

‘uis ¢ = 3[CN] 03 °|34 [ON] “LoOS

1

0 50 100 150 200
Time, minutes

Fig. 8. Variation in reaction rate for Ru(II)-N; forma-
tion during equilibrium of solution PN2. Pseudo
first-order rate constant, k', determined for
4 min reactions of surface Ru(II) with solution
Na.

concentration of N2 in solution equilibrated slowly with the N2 pressure
in the gas phase above the solution during both the compression and de-
compression stages of the experiment. In this experiment, the pressure
changes were made as rapidly as possible. Future experiments might
employ different compression and decompression schedules, e.g., slow,
linear increases and decreases in pressure, or stepwise changes in
pressure, and follow the corresponding changes in solution PN with the
N> sensing electrode.
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5.0 CONCLUSIONS AND CONSIDERATIONS FOR FURTHER DEVELOPMENT

reex R

It is evident from the results of this study that the unique
reactivity of Ru pentaammine, cis-Ru tetraammine and cis-Ru ethylene-
diamine toward molecular N; can be utilized to achieve an electro-
chemical sensor for quantitating PN, in solutions. The Ru complexes
can be immobilized onto electrode surfaces through ion exchange into
an electrode bound cation exchange polymer, Nafion. The surface bound
Ru complexes react directly with Ny in aqueous solution. The reaction
between surface Ru complexes and solution N3 can be followed by electro-~
chemical techniques. At short reaction times, the reaction follows first
order kinetics with a rate constant 10 times greater than for the equiv-
alent homogeneous reaction. The electrode kinetics respond to a change
in PN, between 1-8 atm and the electrode sensitivity approaches 1/10
atm.

The N sensing system developed during this program was configured
on a glassy carbon electrode. It is probably the first sensor ever which
displays potentials for tissue PN, measurement. With additional develop-
ment, the sensing system of Nafion-bound Ru cation could be configured
X for implantation into animal tissues so that in vivo measurements of
y tissue N tension and exchange under hyperbaric conditions would become
il feasible. The availability of an implantable N> sensor for making direct

measurements of the rates of transfer of respiratory gases in different
y tissue locations would make a significant contribution toward the Navy
research programs in hyperbaric medicine, formulation of decompression
tables and the prevention of decompression illness.
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APPENDIX

DEVELOPMENT OF A N2 SENSOR FOR DETERMINATION
OF PN, IN BODY TISSUE

Manuscript to appear in:
Proceedings Volume, Electrochemical Sensors for

Biomedical Applications, ed. C.K.N. Li,
Electrochemical Society, NJ, 1986
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DEVELOPMENT OF A N2 SENSOR FOR DETERMINATION OF PNy IN BODY TISSUE

- -
="

T. J. Lewis and L. S. Robblee

i - EIC Laboratories, Inc., 111 Downey Street, Norwood, MA 02062
£ o
-:.t: w2 ABSTRACT

The cationic Ru complexes, [Ru(NH3)sH20]3%, [Ru(NH3)4(H20),]3+
’ and [Ru(en)2(H20)213+ have been immobilized onto electrode sur-
! faces through ion exchange into Nafion polymers. These com-
N plexes react directly with dinitrogen in aqueous solution when
the ruthenium complexes are reduced to Ru(II). Formation of
the nitrogen complexes on electrode surfaces was followed by
cyclic voltammetry and the electrode surfaces were character-

.M- -
-
) -
: ool h ]
Ll U o |

" ;E ized by FTIR. At short reaction times, the reaction follows

95? - first-order kinetics with a rate constant 10 times greater

dg than for the equivalent homogeneous Feaction. The electrode

:o::: g kinetics respond to a change in the "N and the electrode

o sensitivity approaches 1/10 atm. The minimum electrode re-

L sponse time at elevated PN, was 10 seconds.

3N

SR INTRODUCTION

o

} N e Decompression sickness is a consequence of bubble formation in

0 B tissues supersaturated with an inert gas. A primary goal of formulat-
ing decompression schedules for divers and other underwater workers is

df' the avoidance of bubble formation with its accompanying debilitation.

Qn o A central problem in predicting the onset of bubble formation is in-

) ' complete knowledge of inert gas solubility, transport, and exchange in

;Qs body tissues, particularly above atmospheric pressure (1). Bubbles,

L%

once formed, may be detected by ultrasonic means (2-4) or by electrical
conductivity measurements in some tissues (5), but this is of little

value in predicting or preventing their formation. Clearly, the direct
determination of tissue gas tensions and measurements of gas transport

o« o v -
™t

o gé and exchange rates between tissue compartments would provide.a more

:gp My accurate basis for formulating safe and efficient decompression regimes.
e )

- L One way of making in situ measurements of tissue gas tensions is by
AN means of microsensors implanted in the tissue of interest. Sensitive
U and specific sensors exist which are based upon electrochemical reac-
15 - tions of electroactive species at an electrode surface. For instance,

Clarke-type (6) oxygen electrodes use the reduction of molecular oxygen
o Tr R at a cat?o?ically polarized noble metal electrode for PN, measurements
i in vivo (7).

DA

1‘::20':, “ Nitrogen presents a formidable electrochemical detection problem
'2%55; since its oxidation and reduction is not possible within a potential
}vuu% range appropriate for an aqueous environment. For electrochemical
M i detection, dinitrogen must be involved in a preliminary chemical reac-

tion forming an electroactive product.
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KR The results by Allen and Senoff (8) demonstrated that simple ruthe-
R nium(II)pentaammine complex of dinitrogen {[Ru(NH3)5N2]2+} can be pre-
pared. Taube (9) showed that aquo Ru(II)pentaammine, [Ru(NH3)sH,0]2+,

. reacts directly with dinitrogen in solution to form [Ru(NH3)sN2]2+.
pr Page investigated the electrochemistry of [Ru(NH3)gN2]2+ (10? and
;*;. [Ru(NH3)gH20]2+ éll). Page 510,11) and Taube (133 studied the kinetics
o of formation of [Ru(NH3)5Np]¢* from [Ru(NH3)5H20]2+ and N2 in aqueous
s solution.

N The nitrogen binding chemistry and electrochemistry of bis-aquo
253 ruthenium(II)tetraammine, [Ru(NH3)4(H20)23*+ (12), has been shown to
‘32 mimic that of aquo ruthenium(II)pentaammine. The complex dinitrogen
2 ruthenium(11)bis-ethylenediaammine aquo, [Ru(en)2(H20)(N2)]2*, has been
L ) reported (14).
" Our goal has been to develop an electrochemical dinitrogen sensor
o based on the ruthenium chemistry described above, suitable for in vivo
hr: monitoring of the partial pressure of dinitrogen. We have immobilized
$b¢ appropriate ruthenium complexes to Nafion membrane coated electrodes
(XL and demonstrated that the reactions with nitrogen described for the
‘:i ruthenium complexes in solution also occur on the surface of electrodes.
b The rate constant for the formation of dinitrogen complexes of ruthenium
= is an order of magnitude more rapid when the ruthenium is confined to
P e a surface.
% EXPERIMENTAL
-t Chemicals. [Ru(NH3)5Cl]Cl$, purchased from Strem Chemicals, was
.Qj used without purification. Nafion 117, purchased from Aldrich Chemi-
R cals as a 5 wt/vol% solution in lower aliphatic alcohols and 10% water,
- was used as received or, in some cases, was diluted with absolute
L ethanol to 0.5 wt/vol% Nafion. [Ru(NH3)4C12]C1 was synthesized by Or.
) S. Pell., [Ru(en)yC12]C1 was prepared by a modification of a procedure
!ﬁ% by Broomhead (15). Water was doubly distilled from alkaline KMnO4 under
j¢‘ argon. Salts and acids were ultrapure from commercial sources when
155 available.
KX
X Electrode Materials. Glassy carbon electrodes possessing flat,

easily polished, circular working surfaces of 0.072 cm were purchased
e from Bioanalytical Systems. Counter electrodes consisted of platinum
i mesh or wire coil of substantially larger surface area than the working
’ electrodes. Saturated calomel electrodes (SCE) or sodium saturated
) calomel electrodes (SSCE) provided potential reference.

— Gases. Prepurified nitrogen was used as received. Argon was
A stripped of residual oxygen by passage through a 0.1IM solution of CrCl;
in 0.5M HpS04 followed by passage through distilled water. Cr(II) was

o continuously regenerated with Zn/Hg, present in the scrubbing solution.
..‘J'.

s Eauigment. Electrochemical experiments were carried out using an

o Amel Mode 1 potentiostat/galvanostat controlled by a Princeton Applied
-

oY)
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Research Corp. Model 175 function generator. Output was recorded on a
Bascom-Turner Model 4120 storage X-Y recorder. All electrochemical
experiments were conducted in a one compartment electrochemical cell
under a controlled atmosphere of argon, nitrogen or air. An IBM IR-38
combined with a Herrick Diffuse Reflectance accessory was used to char-
acterize modified electrode surfaces.

Solutions. Solution electrochemical studies were carried out in a
sulfate electrolyte, 0.001IM H2504-0.099M K2S04 pH 3.3 or 0.1M HpS0q
pH 1.1, unless otherwise indicated. Electrochemistry of surface modi-
fied electrodes was studied in a variety of electrolytes, including
0.1M HpS04, 0.1M HC1, 0.001M H2S04-0.099M K2504, 0.1M KC1, 0.1M NaCl
or phosphate buffered saline (PBS), 0.73M NaCl in 0.1M Sorensen phos-
phate buffer, pH 7.3.

Surface Modified Electrodes. Nafion was applied to electrode sur-
faces from alcoholic solution by dip or drip coating. In some instances,
the Nafion film was spin-coated onto circular electrodes. Upon sol-
vent evaporation (>4 hr for a 1 ul application), the Nafion was irre-
versibly adsorbed to the electrode surface. These electrodes are
referred to as GC/Naf. Thicknesses of wet Nafion films were calculated
using a density of 1.58 g/cm3 (16).

Incorporation of ruthenium cations was carried out by immersing a
Nafion-containing electrode in an aqueous solution of the appropriate
Ru(III) cation, 10 yM to 10 mM Ru(III), in 0.001-0.1M supporting elec-
trolyte. These electrodes are referred to as GC/Naf-Ru.

Preparation of Nitrogen Complexes of Ruthenium. [Ru(NH3)gNp]2+,
[Ru(NH3)4(H20)(N2) ]2+ and [Ru(en)2(H20)(N2)J2+ were prepared following
a published procedure for the preparation of [Ru(NH3)sN2]12*+ (9).

Hyperbaric Experiments. Reactions at pressures >1 atmosphere of
N,, air, and Ar were carried out in a Parr Pressure Reactor fitted with
e?ectrical feed-throughs for electrode connections. A magnetic stirrer
was used in the bulk electrolyte to promote equilibration between the
gas and aqueous phase. Before studying electrode kinetics at various
PN2, gas at elevated pressure was allowed to equilibrate with solution
for at least 20 minutes before acquiring data. In other experiments,
the internal pressure of the bomb was rapidly raised to 8 atmospheres
from 1 atmosphere or lowered from 8 atmospheres to 1 atmosphere in less
than 15 seconds. Electrode reactions were monitored during gas/solution
equilibration. In some instances, inlet gas was passed through the
electrolyte solution to insure rapid equilibration between gas at
elevated pressure and the solution.

RESULTS AND DISCUSSION

Ruthenium Cations in Nafion Films. Ruthenium cations were incorpo-
rated into electrode bound Nafion films through ion exchange. The
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,: ruthenium complexes as the chloride salts, [Ru{NH3)5C1]C12, [Ru(NH3)4
C12]C1 and [Ru(en)2C12]C1, were dissolved in water, in some instances

; containing the electrolyte, to a final concentration of 10 uM to 10 mM.

" The Ru cations were incorporated into the GC/Naf electrodes by soaking

N the electrodes in the Ru containing solutions. Ion exchange of the

K electroactive Ru cations into the GC/Naf was evgluated by cyclic volt-

e tammetry. Formal electrochemical potentials, E 's, of relevant electro-

’ active Ru complexes in solution and w;t?in Nafion membranfs Sre given

! in Table 1. T?S E®* for [Ru(NH3)5C112*/1%, [Ru(NH3)4C12]1+/0 and

i [Ru(en) 012]1+ in aqueous solution ranges from -0.19V to 0.23V vs.

ﬁ' SCE (11;. In the Nafion polymer, E°'s for these ruthenium complexes

KN were shift7g 80-100 mV cathodically, consistent with the behavior of
9 Ru(NH3)g3*/2* in solution and in a Nafion polymer 8}7). Upon reduc-
tion of the GC/Naf-Ru elactrodes (Ru = [Ru(NH3)5C1]¢*, [Ru(NH3)4C12]1*
or [Ru(en)2C12]1+) to generate Ru(II) on the electrode surface, the

K redox potentials of the complexes shifted anodically as aquo ligands
B displaced chloro ligands. This is consistent with the behavior of
;? these Ru(II) ions in solution (11).
it
:' For GC/Naf electrodes immersed in Ru containing electrolyte solu-
" tions, cyclic voltammograms (CVs) were recorded continuously between
, -0.5V and 0.0V vs. SCE to observe the growth of the wave associated with
§ the Ru*3 2 Ru*Z interconversions of the reversible ruthenium complexes.
o Solution concentration of Ru cations were micromolar and cyclic voltam-

e metric signals for these solution species were barely detectable at

nakgd reversible electrodes. Growth of waves associated with the

Ru*3 2 Ru*? process was rapid, the solution and film reaching equi-
librium with respect to Ru cation within minutes. Ion exchange dis-

55 tribution coefficients, kD (kD = [M*]fi1n/[MN*]4q), for these Ru

2 cations were 104, in good agreement with Martin for Ru(NH3)g3* exchanged

% into Nafion (17).

i The cyclic yoltammetry for the Nafion bound [Ru(NH3)5Hp0]3+/2+,
[Ru(NH3)4(H20)213+/2* and [Ru(en)2(H20)2]3*/2+ couples in blank elec-
b trolyte was consistent with reversible surface-confined reactants for
N thin (1 pl of 0.5 wt/vol¥ Nafion) films of Nafion (16). Anodic and
w cathodic peaks were not or only slightly separated (AE; = 0-20 mV) at
Tow sweep rates (v < 50 mV/s) and the peak width at ha?f height (AEpl/2)
was 90 mV. Formal potentials (E°'s) are given in Table 1. The Ep
values shifted from ~-0.2V vs. SCE in solution to about -0.3V vs. SCE
in the Nafion film which is explained by a strong electrostatic inter-
action between the Ru cations and the Nafion polymer (17). For thick
films of Nafion (0.5 ul of 5.0 wt/vol%), behavior suggestive of mass
transport limitations controlled the shape of the cyclic voltammograms
at v < 20 mV/s. The E®'s of the redox couples remained at ~-0.3V vs.
SCE (stil) shifted from the solution E°' value), however, AE, >0 and
: AEL1/2 >90 mV. The peak broadening is attributable to repulsive inter-
s actions (19) and spacial distributions of the redox centers within the
A films (20). The charge transport process has been explained by White
(21) as a combination of physical diffusion of the electroactive species
and an electron-transfer within the Nafion films.
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Apparent diffusion coefficients, Dapp., for [Ru(NH3)5(H20)]3+/2+
Ii within Nafion membranes were determined from chronocoulometric plots
of Q vs. t /2 and from chronoamperometric plots of i vs. t-1/2." These
plots showed excellent linearity (correlation coefficients always >0.99)
- over time intervals in which semi-infinite linear diffusion applies
(<1s). Dapp. for the oxidation of GC/Naf-[Ru(NH3)5(H20)]¢* was
2.1 x 10-9 cm?/sec.

", !! Contributions to Dapp. are made from electron hopping diffusion
5. (described by an electronic diffusion coefficient, Det) and true mole-
s . cular or ionic diffusion (described by the ionic_diffusion coefficient
Ly Do). Martin (16) and Anson (22) report Ru(NH3)g3*/2* diffusion in

A - Nafion is controlled by ionic diffusion. Our value of 2.1 «x 10-9

cml/sec fsr [Ru(NH3)5(H20)13+/2* is consistent with the value of
cm?/sec for Ru(NH3) + obtained_by Martin (16). The

3 3.4 x 10- +
3, 5 diffusion coefficient, D, for ERu(NH;;)s(Hzo)]?'*/2+ in aqueous solution
6 s

15 is 6.6 x 10~ /sec (11). That the film diffusion coefficient was

)y three orders of magnitude lower than the solution value indicates that

i gg the path for diffusion through the Nafion film is convoluted and ob-

£ structed, possibly by penetration of chain material. Diffusion may
M also be inhibited by electrostatic interactions.

E: ¢ Since the Ru cations are electrostatically, not covalently, bound

to the Nafion polymer, some loss of Ru can be expected through ion
exchange or partition with the solution. The rate of efflux was con-
veniently monitored electrochemically by using the magnitude of the

-
A E
"

o oxidation or reduction peaks at ~-0.3V vs SCE as a direct measure of
p T Ru concentration within the polymer. Factors which affected the over-
‘AN all rate of efflux were the following:
()%
D (a) Ru cation. No diffgrences were observed between the three Ru

l[ compounds [Ru(NH3)gH20)]3%, [Ru(NH3)4(H20)213*, and [Ru(en)2(H0)2]3*.
Ve - These Ru(III) cations were more stably bound than the Ru II§ cations,
a0 [Ru(NH3)5H20]2*, [Ru(NH3)a(H20)2]2* and [Ru(en)2(H20)2]2* due to the
R & greater charge density on the ions.
) ‘ ‘J-
.i (b) Electrolyte composition. The order of stability of the Nafion-

bound Ru cations toward electrolyte composition was as follows:

SR H2S04 ~ HC1 > NaCl > K2S04 > KC1. The stability of the Nafion-bound
Y Ru in NaCl electrolyte was increased by the application of a second
3 “ layer of Nafion over the Naf-Ru film.
4 X (c¢) Polymer loading of Ru. The initial rate of Ru efflux from Nafion
i films followed first order kinetics and, as such, was in direct propor-
SN tion to the initial concentration of Ru within the film. As polymer
e sites became vacant, or if the polymer sites were not saturated ini-

-
; tially, the rate of Ru cation efflux became slower than that predicted
> by first order kinetics for a dissociation. Apparently, a given Ru

h, éé cation interacts with more than one ion exchange site within the poly-
:, mer at low loading. Thus lower polymer loading of Ru is advantageous
Ky . for long term use of GC/Naf-Ru electrodes.
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Reaction of No with GC/Naf-Ru in HpSO4 and HC1.  The GC/Naf-Ru

electrodes prepared as described were evaluated as nitrogen sensing
electrodes. _Since most solution 3tudies on the direct formation of
[Ru(NH3)sN212* from [Ru(NH3)5H20]¢* and dissolved N have been per-
formed in electrolyte containing HySO4 (10,13), we used the same elec-
trolyte for initial studies with tﬁe GC/Naf-Ru electrodes. The labile
Ru(II) species was generated on the electrode surface by poising the
electrode at -0.5V vs. SCE. The progress of the N> complexing reac-
tion was followed by cyclic voltammetry using the decreasing magni%ude
of the current peak at ~-0.3V vs. SCE for the GC/Naf-[Ru(NH3)gHo0]<*
oxidation to indicate consumption of the precursor in forming surface
nitrogen complexes. This current peak also decreases due to efflux of
Ru(II? from the polymer but the two pathways can be distinguished.

For a given electrode, an initial potential cycle was made from
-0.5V to 1.0V back to -0.5V vs. SCE in Ar saturated electrolyte to
establish both the quantity of immobilized Ru and the background cur-
rent in the potential region 0.0V to 1.0V vs. SCE where nitrogen com-
plexes of Ru(Il) are expected to undergo oxidation (Figure la). The
electrode was then poised at -0.5V vs. SCE in Np saturated electrolyte
for a fixed time, wi%h occasional potential cycles made to 0.0V vs. SCE
to observe the Ru3*/Z* rsdox reactions. The current peak at ~-0.3V vs.
SCE for the GC/Naf-Ru3*/¢* couple progressively decreased with time
until it was only a fraction of its initial value (Figure 1b). A
subsequent potential cycle to 1.0V vs. SCE revealed two oxidation peaks
centered around 0.5V and 0.65V vs. SCE and a single reduction peak at
~-0.3V vs. SCE (Figure lc). This reduction was less than that observed
at the start of the experiment (Figure la) due to Ru(II) efflux. An
immediate second nycle to 1.0V vs. SCE demonstrated recovery of bound
Ru(II) precursor and the absence of oxidation peaks at 0.5V and 0.65V
vs. SCE (Figure 1d). The entire experiment was repeated several times
with the same sequence of voltammetric responses.

When the sequence of voltammetric measurements was carried out in
the absence of Np, using Ar or He to deaerate the electrolyte, no peaks
were 8bserved at 0.5V and 0.65V vs. SCE and the current peaks for the
Rudt/Z+ couple at ~-0.3V vs. SCE reflected only the change in Ru con-
centration due to efflux of Ru cations from the polymer.

Exposure of GC/Naf. electrodes to Ru(II)-N» complex prepared in
solution, followed by cyclic voltammetry measurements in blank electro-
lyte solution, resulted in voltammetric curves nearly identical to
those shown in Figures 1lc and 1d.

Infrared spectroscopy was used to characterize the GC/Naf.-Ru
electrodes. For infrared studies, the surface nitrogen complexes were
formed from the reaction of GC/Naﬁ-ERu(NH3)5H20]2*, GC/Naf-[Ru(NH3)4
(Hzo)z]2+ or GC/Naf.-[Ru(en);(Hp0)2] * with No at 100 psig in 0.018& HC
Nitrogen complex formation was monitored by cyclic voltammetry using
the decrease in the current peak of the precursor complex as criterion

32
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i for the reaction. After 90% decline in the Ru3*/2* precursor peak, the
electrodes were removed from potentiostatic control and dried. An FTIR
-spectrum of each electrode was acquired using a diffuse reflectance
4 sampling accessory as illustrated for ruthenium pentaammine in Figure 2,
e curve 1. Peaks attributed to the surface nitrogen complexes of ruthen-
ium pentaammine, ietraammine, and bis(ethylenediamine) occurred between
2100 and 2150 cm=* (23).

N Each electrode was examined by cyclic voltammetry between -0.5V
. and 0.8V vs. SCE after infrared characterization. Current peaks at
% 0.5V and 0.65V vs. SCE attributable to the oxidation of the surface
: nitrogen monomers and dimers were observed. The electrodes were then
potentiostated at 0.8V vs. SCE until all surface nitrogen species were
by decomposed, as determined by cyclic voltammetry for each electrode.
~ The infrared spectra of each electrode were again obtained and are
shown for ruthenium pentaammine in Figure 2, curve 2. Peaks attribu-
table to the surface nitrogen complexes of ruthenium pentaammine, tetra-

:ﬂ ammine, and bis(ethylenediamine) disappeared with the disappearance of

b the cyclic voltammetric waves associated with the surface ruthenium

-. nitrogen complexes.

-

’i Literature values for the peak positions of the N-N stretching
frequencies of the nitrogen complexes prepared in aqueous solution and

e the stretching frequences of the Nafion immobilized nitrogen complexes

.' are reported in Table 2. Infrared spectra of GC/Naf.-Ru(Il) electrodes
not exposed to Ny, and GC/Naf-Ru(III) exposed to dinitrogen only in

o0 the Ru(III) state, showed no absorption attributable to an N-N stretch.

W,

> Kinetics of GC/Naf-Ru Reaction with Np. The rate of formation of
surface ruthenium-nitrogen complexes was determined in an electro-

!I chemical pressure vessel with No pressures ranging from O to 80 psig.

= After 20 minutes equilibration at any given Np pressure, a GC/Naf.-Ru
electrode was poised at -0.5V vs. SCE (to convert and maintain the bound

< Ru in the labile Ru(II) state) for various times, e.qg., 1, 2, 4, 8, and

v 16 minutes. After these time intervals, two complete potential cycles
were made to 1.0V and back to -0.5V vs. SCE. The quantity of RB(II)

- complex present on the electrode as a function of time at each "Np was

o determined from the areas under the current peaks at ~-0.3V vs. S%E
during the first and second cycles of each set of measurements. The

, relevant areas are illustrated in Figure lc and 1d. Making two mea-

o surements for each time interval provided an internal calibration of

e the system and minimized errors arising from Ru(III) efflux from the
polymer.

Plots 8f 1n[Ru(II)]Q/[Ru(II)] vs. time were linear for each Ru(II)

cation and "Ny tested, Figure 3. %he slopes of these plots provided

., values for the pseuf? first-order rate constants (k') for each reaction.

. The logarithms of t 2 ys. 10g"No are shown in Figure 4. The linearity
and slope of these 1og-log plots indicates the formation of N> com-

. plexes obeyed first order kinetics with respect to [Nz], simifar to

R
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previous observations in solution studies (24). Deviation from 1in-
earity at the highest pressure suggests that the actual solution "Ny
was lower than indicated by gas pressure readings, or that contribution
from another process such as bis-ruthenium dinitrogen dimer formation
(10,11,13) was becoming important.

The reaction occurring on the GC/Naf. electrode surface is:

Ru(II) + Np T Ru(II)N; [1]
This reaction proceeds at the rate
d[Ru(I11)Ny1/dt = k[Ru(II)][Np] moles cm-Z2sec-l [2]

Since [N2] is essentially constant throughout the reaction, compared to
[Ru(II)], the reaction follows pseduo first-order kinetics and the rate
expression can be written as:

d[Ru(I1)Np1/dt = k'[Ru(II)] moles cm-Zsec-l [3]
where k' = k[Np] sec-1,

The pseudo first-order kinetics of reaction [1] permits the experi-
mental determination of k' from the ratio of initial [Ru(II)] to
[Ru(II)] at t seconds according to the relationship:

k* = (1/t)In[Ru(11)]o/[Ru(1I)]¢

Pseudo first-order rate constants fgr the formation of GC/Naf.-
Ru(IT)Ny for each Ru complex at various "Ny are given in Table 3. The
rate constants for formation of the nitrogen complexes on electrode
surface is 10 times greater than those reported for the solution reac-
tion (11). The threshold of our detection corresponds to ~2% conver-
sion of GC/Naf-Ru(II) according to equation [1]. At the high pressure
1imit in this study, a GC/Naf-Ru(Il) electrode has a response time of
10 sec and electrode sensitivity approaches 1/10 atm Nj.

Figure 5 illustrates the changes in k' under dynamic conditions of
changing N pressure in the electrochemical cell. At the start of the
experiment, the pressure in the cell was increased in a single step to
100 psig (in <20 sec), held at that level for 152 minutes and then
quickly released to bring the cell back to O psig (in <15 sec). Each
valug of k' was determined for a 4 minute reaction of GC/Naf-[Ru(NH3)s
Hy0]¢* with solution Ny at different times after raising or lowering
the Ny pressure. Each value of k' is shown on the plof as a bar in
order to indicate the time of the GC/Naf-[Ru(NH3)gH20]¢* + Ny reaction
in relation to the overall time of the experiment. The k' values
increased with time after the Ny pressure was raised and became con-
stant after about 100 minutes. When the pressure was released, k'
values decreased rapidly. The observed changes in the pseudo first-
order rate constants, k', during the pressurization and depressuriza-
tion of the cell with N> are presumed to be due to the changing con-
centration of dissolved Ny in solution.
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The final value of k', determined 1 hour after depressurization to

1 atm Ny was greater than the initial value of k' at 1 atm Ny (deter-
mined from a standard deviation of several electrodes at 1 atm NZ)’
This result is similar to that of Ross (25) who studied gas sensing
electrodes possessing a porous membrane and internal electrolyte. The
time response of such gas sensing electrodes was reported to be depen-
dent upon the electrode geometry, membrane properties and electrolyte.
In general it was determined that outgassing of a membrane containing
internal electrolyte was considerably slower than the reverse process.

CONCLUSTONS

The cationic Ry complexes, [Ru(NH3)5H20)]3+, [Ru(NH3)4(H20)2]3+
and [Ru(en),(Hs0)213* can be immobilized onto electrode surfaces
through ion exchange into an electrode bound cation exchange polymer,
Nafion. The ruthenium complexes are tightly bound within the Nafion
polymer even in 0.1M electrolyte solution and are more tightly bound
to Nafion than to cTassic cation exchange polymers. The cyclic vol-
tammetric responses of GC/Naf-Ru(II)/(III) electrodes are ideal-
Nernstian and mimic what is known for Nafion immobilized Ru(NH3)53+/2+.
The surface bound Ru(II) complexes react directly with Np in aqueous
solution. At short reaction times the reaction follows first-order
kinetics, with a rate constant 10 times greater than for the equiva-
lent homogeneous reaction. The electrode kinetics respond to a change
in the PN and the electrode sensitivity appanches 1/10 atm. The

%ectrode response time at elevated "Ny was ~10 sec. The
reaction between GC/Naf-Ru(11)/(111) electrodes and Ny are most well
behaved in dilute acid solution where efflux of the Ru from the elec-
trode surface is slow.
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TABLE 1

FORMAL REDUCTION POTENTIALS
OF RUTHENIUM COMPLEXES

E°(V vs. SCE)t

Aqueous Nafion
Solution Film

Ru(NH3)g3*
Ru(NH3)5C12+
Ru(NH3)5(H20)3*
Cis-Ru(NH3)4C1o*

-0.19 (11) -0.29 (17)
-0.21 (11) -0.34
-0.17 (11) -0.26
-0.32 (11) -

Cis-Ru(NH3)4(H20)C12+  -0.21 (11) -

Cis-Ru(NH3)4(Hp0)23*

-0.15 (11) -0.25

Cis-Ru(en)oClo* -0.30 § -
Cis-Ru(en)2(H20)23* -0.14 -0.24
TABLE 2

STRETCHING FREQUENCIES OF NITROGEN
COMPLEXES OF RUTHENIUM

cm-1 t
[Ru(NH3)gN2]C12 2105 (23)
[Ru(NH3)5N2](PF6)2 2167 (23)

cis-[Ru(en)2(N2)2][B(CeH5)a] 2220,2190 (14)
cis-[Ru(en)2(H20)N2][B(CeH5)4]2 2130 (14)

GC/Naf.-[Ru(NH3)gN2]C12 2133
GC/Naf.-[Ru(NH3)4(H20)N2]C12 2083
GC/Naf . -[Ru(en)2(Hp0)N21CT2 2085

t Numbers in parentheses refer to reference
from which the data were obtained. All
other values were determined by the authors.

§ (Ep)a not observed; value is (Ep)c + 0.03V.
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TABLE 3

PSEUDO FIRST-ORDER RATE CONSTANTS FOR NITROGEN
COMPLEX FORMATION IN NAFION POLYMERS

PN, k'

(atm) sec-l x 104

Ru(NH3)5(H20)2% + Np .0

b i

Ru(NH3)4(H20)22* + N2

N -t

Ru(en)g(HzO)z2+ + Ny

« s s e e e o e o ¢« o o e

WNWNO WNWNO wNwWwN

=HANNOTWN OO OIW HOAEN
. L] - L) . . - [ ] - L] . L] L] . L]
OLOOUV OFRONWYW NO~OW

—

1
1a IlouA 1b IlOuA a
b.
C.
V vs. SCE
——
0.5 0.0 0.5 1.0 -0.5 0.0 0.5 1.0 c.
RuIl N
IlOuA 2 IlouA
RulI-111 /
e 1
.V vs. SCE L

-0.5 0.0 0.5 1.0 -0.5 0.0 0.5 1.0

Fig. 1. Cyclic voltammetry of GC/Naf.-Ru
electrode in 0.1M HZS%ﬂ; N> saturated;
sweep rate, 50 mV sec™.
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Initial cycle.

Repetitive cycle at
different times up to
40 min.

First cycle to 1.0V
vs. SCE after 40 min
exposure to N2 (aq).

Second cycle imme-
diately after c.
Note absence of
Ru(II)-N2 peaks and
increase in peak A2
for Ru(Il) -~ (III)
conversion.
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;5 Fig. 2. The FTIR spectra of (1) GC/Naf.-[Ru(NH3)5Hp0]2+

upon reaction with N> and (2) after electrochemical oxi-
dation at 0.8V vs. SCE of electrode from (1).
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Fig. 3. Rates of reaction with N2 at different pressures
0 (psi as indicated on graph) for a GC/Naf.-Ru electrode in
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ray Fig. 4. Rate of reaction with Ny in 0.1M HpSO4 of GC/Naf.-Ru
electrodes where Ru is: 0 Ru(en)2; [] RuNg5; A RuNg.
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b Fig. 5. Variation in reaction rate for Ru(II)-Ny formation
ey during equilibration of solution "No. Pseudo first-order
R rate constant, k', determined for 4 min. reactions of sur-
%&h face Ru(II) with solution Ny.
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