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ABSTRACT

Chemiluminescence-Most solution chemiluminescence that has been

reported, to date, can be placed into one of three categories: reactions
involving molecular oxygen or peroxides, oxidation of anion radicals,
and alternating current electrolysis of aromatic hydrocarbons.

Earlier work in our laboratory prompted a closer look at
possibilities for producing chemiluminescence by electron transfer to
a potential emitter, i.e. by reducing a compound to a luminescent species
by a one electron reduction process.

The over-all reaction for the first type of system studied can
be written as

RNH2+m + reductant> RNH,+ hv

The radical-cation of 1, 6-diaminopyrene proved to be an example of a
chéemiluminescent electron acceptor fitting this general type of reaction.
For the case where hydrazine was the reducing agent, it was shown that
the emitting species was the pnarent diamine. And for the case where the
naphthalene radical-anion was the reducing agent, it was shown that

enough energy is available to produce an excited state of 1, 6-diamino-

.
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pyrene by a simple one-electron reduction reaction.

The over-all reaction for the second type of system studied
can be written as

Mfo(n+1) + reductant -+ Mfon+hv

where M represents a metal ion and L a suitable ligand. The ¢omplexes
successfully used in the present study all had ruthenium as the central
metal ion (n=2). The ligands were 2,2'-bipyridine, 5-methyl—1,}0
phenanthroline, 5,6-dimethyl-~1,10-phenanthroline, and 3,5,6,8~
tetramethyl-1,10=phenanthroline (éll having x=3). For the case where
2,2'-bipyridine was the ligand, it was shown that the emitting species
was the ruthenium (II) chelate when either hydrazine or hydroxyl ion
were used as the reducing agent. It was also shown that the published
mechanism for hydrazine oxidation does not completely describe all of

the reactions occuring in the Ru(III)(bipyr)3012-hydrazine chemilumin-

escent system,

The results of this research, combined with the earlier studies,
indicate that electrpn-transfer reactions involving a potentially
luminescent acceptor show great promise for discovering new chemilumin-
escent reactionso

Photoluminescence~No previously published explanation of the

luminescence of tris-(2,2'-bipyridine) ruthenium (II) dichloride has been
completely adequate in explaining all of the experimental data. Evidence
is presented in this thesis that supports assignment of the emission

as charge-transfer, spin-forbidden luminescence. Spin-aorbit coupling
existing in the complex enhances the probability of singlet-triplet

transitions and yields an abnormally short-lived phosphorescence.
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In an EPA solvent, the rate constants for phosphorescence, triplet
internal conversion, singlet internal conversion, fluorescence and
intersystem crossing have been determined as:

kp =2,9 x 105 sec-l; kic = 3,1x 105 sec-l; kic =5 x 108 sec-i;

ke = 4 x 10° sec—l; and k, > 5 x 1010 gec™1 respectively.

Thesis Supervisor: David M. Hercules

Title: Associate Professor
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I. Chemiluminescence Introduction

Chemiluminescence can be defined, simply, as the production
of light by a chemical reaction. The phenomenon is not new and has
been recognized since 1877, when Radziszewski demonstrated that
lophine reacted with oxygen in alcholic potassium hydroxide produring
light (38). Two well known examples of chemiluminescent compounds .re
luminol (1) and luciginin (14). The general subject has been reviewed
recently by McCapra (29). Most solution chemiluminescence that has
been reported, to date, can be placed into one of three categories;
reactions involving molecular oxygen or peroxides (15), oxidation of
anion radicals (7, 8), and alternating current electrolysis of aromatic
hydrocarbons (51, 44, 18).

In the course of Lansbury;s (19) work on the alternating current
electrolysis of rubrene, it was discovered that the radical-cation
reacted with electron donors to produce chémilumineacence. These results
prompted a close look at other possibilities for producing chemilumines-
cence by electron transfér to a potential emitter, i. e. by reducing
a compound to a luminescent species by a oneelectron reduction process.,

The general scheme for an electron-transfer reaction can bz

written as

where A is the electron acceptor and D is the electron donor.

Generally, chemiluminescence should result from this type of reaction
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if three criteria are met. First, sufficient energy must be available
from electron-transfer to produce an excited state of the reduced
species. Second, the reduced species must be capable either of emitting
or energy transfering to a potential emitter. Third, the kinetics of
the reaction must be sufficiently rapid so that the rate of photon
production is detectable,

When init ally investigating the general electron-transfer reaction
shown in Equation I-1, two possibilities came to mind: the reduction
of aromatic hydrocarbon radical cations and the reduction of metal
chelates. Instead of experimenting with the unstable radical-cation
of rubrene, it seemed more advantageous to utilize Wurster's salts,
which are stable radical-cations derived from aromatic diamines. For
this family of compounds the overall reaction can be written as

RNH2+m + reductant -+ RNH2 + hv

The radical-cation of 1,6~diaminopyrene proved to be an example of
a chemiluminescent electron acceptor fitting this general type of
reaction,

The over-all reaction for the second type of system studied
can be written as

MLX+(n+1) + reductant - MLX+n + hv

where M represents a metal ion and L a suitable ligand. The complexes
”sdécessfully used in the present study all had ruthenium as the central
metal ion (n=2). The ligands were 2,2'-bipyridine, 5-methyl-1, 10-

ohenanthreline, 5,6-dimethyl-1,l10-phenanthroline and 3,5,6,8-tetramethyl-
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1,10-phenanthroline (all having x=3)T

The aim of the present chemiluminescence research was the
elucidation of the mechanism with respect to chemical reactions,
electron-transfer processes and the characteristics of the resultant
eicited molecular electronic states involved in the emission process.
The chemiluminescence of Ru(II)(bipyr)3012—hydrazine solutions was
chosen as a representative reduction reaction and is considered :i..
detail.

The results of this research, combined with the earlier
studies (19), indicate that electron-transfer reactions involving a
potentially luminescent acceptor show great promise for discovering

new chemiluminescence systems.

+ Chemiluminescence from a rutchernium chelate has also been observed by
J. P. Paris (unpublished studies, Juniata Colleg, Huntingdon, Pa., 1962).
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II., Photoluminescence Introduction

Because the origin of the luminescence of Ru(bipyr)3C12 was
not clearly established, an extensive investigation was undertaken
to elucidate the emission mechanism, Ruthenium is a group VIII
second-row transition element having a [Kr] 4d6 electronic configuration
in the dipositive oxidation state. 2,2° Bipyridine is a well know
chelating agent and is fully discussed in the review by Brandt, et al.
(3). Of the group VIII elements, cobalt, ruthenium, rhodium, osmium,
iridium and platinum have been rgported to form luminescent complexes
(9,55,32).

The first published account discussing the origin of the
luminescence of Ru(bipyr)3012 was by Paris and Brandt (35). These
authors used arguments similar to those of Jgrgenson (23) to assign
intense bands in the chelate absorption spectrum to d+ x* charge-
transfer transitions. Since the long wavelength band was attributed
to a &> m* transition, they treated the emission as #**d charge-trans-
fer fluorescence. In his Ph.D. thesis, however, Paris (34) described
the process as phosphorescence. An attempt to measure the emission
lifetime yielded an upper limit of 100 microseconds. Paris assumed
that the lifetime was abnormally short because spin-orbit coupling
made the spin-forbidden transition more allowed. He also suggested
that the taii on the long wavelength charge-transfer absorption band

could be due to a singlet-triplet transition.
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Porter and Schlafer (37) referred to the emission as a d* + d
phosphorescence and Crosby et al.(10) concurred with the d* > d trans-
ition type but concluded that the emission was fluorescence. The basis
for Crosby's assignment was two low intensity long wavelength |
absorption bands. Qne of these bands was assigned to a d + d* spin-
allowed transition, and the other to the corresponding spin-forbizZdien
transition. However, Palmer and Piper(33) pointed out that the spin-
allowed d - d* transition for Ru(bipyr)3C12 would lie to the blue of the
long wavelength charge-transfer band and could not possibly account for
the observed absorption. In a personal communication to Palmer and
Piper, Crosby stated that the absorption band attributed to the spin-
forbidden d + d* transition was due to an impurity in their chelate
preparation.

Subsequently, Crosby and Klassen(25) presented new evidence
indicating a charge-transfer assignment for the luminescence. They
synthesised a series of bis—-(bipyridine) ruthenium complexes having
widely different values of 10 Dq. In every case the emission started
at the long wavelength end of the charge-transfer absorption band.
Consequently, the energy of the emission did not follow the value of
10 Dq as would be expected for a d + d* transition. The long wave-
length tail in the absorption 8pectrum wag assumed to be a vibronic
component of the charge-transfer transition. They did not suggest
an emitting state multiplicity. However, Crosby and Demas (11) did
propose phosphorescence on the basis of the four micro-second emission

lifetime at 77°K.
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The purpose of the photoluminescence investigation is to
clarify the reported data and to establish the luminescence mechanism.
A charge-transfer spin-forbidden transition adequately explains all of

the experimental observations.
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III, Experimental
A. Chemicals

All inorganic and common organic chemicals were reagent grade
or better and were used without further purification, unless otherwise
noted,

All solvents were -eithexr Eastman "Spectfo—grade" solvents or
Matheson, Coleman and Bell "$pectroquality' solvents and were used
without further purification.

1,10 -Phenanthroline and its 5-methyl, 5-phenyl, 5,6-dimethyl

and 3,5,6,8-tetramethyl derivatives were purchased from G, Frederick

Smith Chemical Company and were used without further purification.

2,2 -Bipyridine was purchased from Eastman Organic Chemicals and

was twice recrystallized from ethanol (m.p. 68-69°C, uncorrected,
reported 70°C).

Pyrene was purchased from K and K Laboratories and was twice
recrystallized from ethanol (m.p. 151-152°C, uncorrected, reported
70°C).

Rubrene was purchased from Aldrich Chemical Company and was vacuum
sublimed several times. The resultant product was pure as indicated by
thin layer chromatography.

Ruthenium trichloride hydrate was purchased from Alfa Inorganic

Company and was used without further purification.

Tris-(2,2'-bipyridine) ruthenium dichloride was purchased from

G. Frederick Smith Chemical Company and was twice recrystallized from
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water, The final product was identified by Nuclear Magnetic Resonance
(NMR) with respect to ligand type and number of ligands.

Tris-(1,10-phenanthroline) ruthenium dichloride and the correspond-

ing complexes of the 5-methyl, 5-phenyl, 5,6-dimethyl and 3,5,6,8-
tetramethyl derivatives were prepared by a modification of the method

of Veening and Brandt(49). 200 ml of water containing 0.2gm of RuCl3
°H20, 0.5 gm of appropriate ligand and 2.5 gms of hydroxylamine

sulfate was refluxed for two hours. The resultant mixture was ccoled
and extracted several times with benzene. The volume of the .gqueous
layer was reduced to about 50 ml by boiling. The solution was filtered
hot and then cooled in an ice bath. The resultant precipitate was
recrystallized from water,

1.6-Diaminopyrene was prepared by a modified method of Vollman,

et al, (52). 10 gms of pyrene in 100 ml of glacial acetic acid, at
90°C, was mixed with stirring to 75 ml of nitric acid. A mixture
of 1,4 - and 1,6-dinitropyrene immediately precipitated. This mixture
was stirred for one-half hour at 100°C, cooled, and filtered. The
precipitate was thoroughly washed with ethanol. To separate the two
isomers, the above precipitate was added to 100 ml of pyridine, stirred
for several minutes, filtered and washed. The pyridine insoluble
1,6-dinitropyrene was dried in a vacuum desiccator (m.p. 294-296°C,
uncorrected, reported 309°C)..

1 gm of the purified 1,6-dinitropyrene was added to 20 ml-of

alcohol. This solution was brought to a boil and 10 ml of an aqueous
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60% sodium sulfide solution wgs slowly added. The mixture was refluxed
for a few hours until it definitely turned a davk green color., After
cooling, the solution was vacuum filtered in the absence of oxygen.

The precipitate was washed twice with deoxygenated water and twice with
deoxygenated alcohol. The resultant 1,6-diaminopyrene was dried in

a vacuum desiccator (m.p. 218=220°C, uncorrected, reported 232°C).

1,6-diaminopyrene radical-salt was prepared by a modified method

of Scott, et al.(42) 0.12 gms of 1,6-diaminopyrene were dissolved in
1000 ml of xylene by stirring overnight. This solution was continually
bubbled with nitrogen to prevent the oxidation of the diamine. A
solution of 0.05 gms of bromine in 5 ml of carbon tetrachloride was
dropwise added to the xylene solution until the diamine |
fluorescence disappeared. The precipitate was vacuum filtered and

washed with xylene. The radical salt was dried in a vacuum desiccator.

B. Solutions

Ru(bipyr)3012 is slowly air oxidized to the tripositive state
when it is in a 50% sulfuric acid solution. Thus; all such solutions
were prepared using previously deoxygenated solvents.

Ru(bipyr)3C12 decomposes over a period of several days in an
EPA solvent (5 parts diethyl ether; 5 parts iso-pentane; 2 parts ethyl
alcohol by volume). The product was not identified. All measurements
with this solvent were made within 24 hours of preparation; no

decomposition was evident.
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The 1,6-diaminopyrene radical salt slowly reacted with water
to form an unidentified product. All solutions containing this salt
were kept as dry as possible, and all measurements were taken within

an hour of solution preparation.

C. Spectral Instrumentation

Spectrophotometer - Absorption spectra were recorded using a

Cary Model 14 spectrophotometer.

Fluorometer - Emission spectra were recorded with a fluorometer
constructed from Aminco-Building Blocks. Figure III-1 shows the
component configuration and optical path., The monochromators are
Aminco Grating Monochromators (4-8401) equipped with variable slits
(D42-61041) and mounted on an optical bench (D65-61041). The
excitation monochromator is blazed for 30muwhile the emission
monochromatpr is blazed for 500mu. The sample chamber has provisions
for right angle excitation (C111-61041), front surface excitation
(C66-62140) and phosphorescence (C195-61041),

The detector is an E.M.,I. 9558 QA photomultiplier. The photo-
cathode is of a tri-alkali type (S20) which in conjunction:with the
quartz window yields a spectral range of 165 to 850mu. The applied
voltage is 1250 volts across the dynode chain, which for the partic-
ular tube employed yields a sensitivity of 300 amps/lumen. The dynode
chain is a linear configuration with all of the resistors being 200 K

ohm except for a 470 K resistor between the tenth and the eleventh
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FIGURE III-1

Fluorometer Constructed from Aminco Building Blocks

Top View

Key
B -~ Optical bench.

C - Thermoelectric cooler.
D = Detector.

E - Emission monochromator.
F - Fluorescence cell.

G - Grating,

L - Lamp.

M - Front surface mirrors.
S - Slit mechanism.

X - Excitation monochromator.
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dynodes., Instead of a resistor, a 150 volt Zener diode is used
between the photocathode and the first dynode. No capacitors were
used in the dynode wiring.

The photomultiplier is powered by a Kepco regulated d.c. supply,
Model ABC 2500M. At 1000 volts the a.c. ripple is about 20 millivolts.
This is a sufficiently low a.c. component for this particular applicat-
ion. The supply is connected for negative high voltage per the manual
and was modified by replacing the provided banana plug outlets with
chassis BNC connectors.

The photomultiplier temperature is held at -30°C by a thermo-
electric junction. The particular cooling chamber used is a Products
for Research Model TE-104. The dynode assembly mentioned above is
designed to mate with the cooler and was purchased from the same
corporation. The chamber was mounted directly to the optical bench
and alligned with the light beam exciting the emission monochromator.

The output from the photomultiplier anode was filtered by the

LRC network shown below:

( The amplifier used is a Hewlett Packard Model 412-A-VTVM. The
input impedance was utilized as the load resistor. The amplifier

output, connected to the recorder, was one volt full-scale regardless
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of the range setting,

The noise level of the fluorometer is quite low. With an input
impedance of 10 megohms the photomultiplier dark voltage is usually
about fifty microvolts.

The wavelength driving and monitoring systems are modifications
of those used by Aminco. The electrical schematic for the wavelenn~+h
driving system is shown in Figure III-2A. The scar switch allows the
motor to be driven clockwise (increasing the wavelength), counter-—
clockwise (decreasing the wawvelength) or to be turned off. The speed
adjustment controls the rate (in mu/sec) that the spectrum is scanned.
The jog switch bypasses the speed adjustment and operates the motor at
its fastest rate. The electrical schematic for the wavelength
monitoring system is shown in Figure III-2B., The grating is mechan-
ically coupled to the 30 K ohm variable resistor. The zero adjust
is a ten-turn variable resistor. The voltage output to the recorder
is the potential difference between the two variable resistors. The
gain (mu/in) adjustment is made with the recorder.

The recorder is a Hewlett Packard Model 7005B. The input
impedance is one megohm on both channels (x and y) for the ranges
in use,

Three lamps are currently available for use with the fluorometer;

Xenon, Mercury=Xenon, and Quartz-~Iodine. The Xenon and
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FIGURE III-2

A - Wavelength Driving System

B - Wavelength Monotoring System
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Mercury-Xenon lamps are those supplied by Aminco (416-992 and 416-993
respectively). The lamp housing (C188-=61041) and the lamp power supply
(D2-62000) are also supplied by Aminco. The Quartz-Iodine lamp is a
400 watt Sylvania product (400 T4Q/CL/F). The power supply for this
lamp is an 8 amp Variac connected to the house line through an 8 amp
Sola constant voltage transformer. The lamp is operated at 110 volcs.
Both sets of lamps are cooled with forced air when operating.

Lifetimes~Fluorescence and phosphorescence lifetimes were measured
on a spectrometer constructed from a TRW Nanosecond Spectral Source
System. The system is comprised of a Model 31A Nanosecond Spectral
Source, Modei 32A Decay Time Computer, Model 33A Photomultiplier
Unit, Model 34A Fluorescence Excitation Chamber, and two Model 35A
Relay Lens Assemblies. The signal, measured across a 50 ohm load
resistor, is pre-amplified with a Tektronix Model 1Al vertical plug-
in and displayed on the upper beam of a Model 556 Oscilloscope. The
Decay Time Computer output is pre-amplified with a Tektronix Medel B
vertical plug-in and displayed on fhe lower beam of the same oscillo-
scope . Fluorescence lifetimes as short as 1.7 nanoseconds can be
obtained directly from the Decay Time Computer.

A phosphorescence attachment was made to fit into the Model 34A
Fluorescence Excitation Chamber. To facilitate this modificatibn, the
Model 35A Fluorescence Sample Holder was removed and replaced with a
piece of sheet metal so constructed as to hold the Aminco phosphori-

meter dewar assembly. When measuring phosphorescence lifetimes of
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compounds emitting above 500mu, an RCA 7265 photomultiplier was used

to detect the emission. The photocathode of this tube is of the
tri=alkali type (S20), This tube was held in a Pacific Photometric
Instruments potted cryogenic housing Model 77. The detector assembly
could then be cooled to dry ice temperatures, reducing the dark current.
The vhotomultipler was powered by a Kepco regulated d.c. supply, Model
ABC 2500M,

When measuring phosphorescence lifetimes longer than 100 nano-
seconds, the Decay Time Computer was not used. In this case, the
photomultiplier output was displayed on the Model 556 oscilloscope
and recorded with a Tektronic Model C=12 camera and Polaroid Type
107 film. The pulsewidth of the source was insignificant in comparison
to such phosphorescence decays, and simple log intensity-versus-time
plots were used to calculate the lifetimes.

Chemiluminescence-Since the chemiluminescence of interest is

short lived its spectral distribution must be measured under flow
conditions. The reactants were placed into two 200 ml syringes which
were mounted on a Harvard Appartus Model 600-2-200 syringe pump.

The outlets of the syringes were connected with feflon tubing to a
special mixer. Figure III-3 shows the "T" mixer used to introduce
the chemiluminescing solution into the fluorometer cell compartment.
The mixer is constructed from 8 mm glass tubing having a 2 mm bore.
The special feature of the mixer is the platinum gauze which is glass

blown directly into the capillary. The gauze produced a turbulent flow
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FIGURE III-3

"T" Mixer - Side View

Key
Input for reagent A,
Input for reagent B.
Platinum gauze.
Output for reaction products.

Cross section of mixer viewed by the fluorometer.
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which greatly enhanced the mixing. While the solution was flowing, an
emission spectrum was recorded on the fluorometer. ©Since flow arti-
facts are frequently observed, the true spectrum was determined from a

composite of several runs.

D. Temperature Control

Above ambient-For spectral measurements sbove ambient, the

cell shown in Figure III-4 was employed. Temperature control of the
thermostating liquid was achieved with an Instrumentation Laboratory,
Constant Temperature Bath Model 127. Temperatures were measured with
a mercury thermometer placed in the thermostating bath.

Below ambient-a cryostat capable of maintaining constant

temperatures from.300° to 68°K was constructed. The entire unit, shown
in Figure III-5, is mobil, and the cryostat can be operated in the
spectrophotometer, fluorometer and the nanosecond spectral source
system.

An Air Products Cryo-tip nitrogen refrigerator Model AC-1-110
is utilized having a Spectroscopy Shroud WMX-1 modified to accomodate
one-centimeter square Beckman cells (described in Section III G.3).
The cell holder is specially made for our application and is shown in
Figure III-6. The shroud windows are Thermal American Spectrosil
A optically flat quartz discs, 13/4inches in diameter and 1/8 inch in

thickness.

Gas flow through the refrigerator is controlled with an Air
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FIGURE III-4

Thermostating Cell

Key

- Beckman cell.
- Thermostating liquid inlet,
- Mercury thermometer.

- Thermostating liquid outlet.

Rubber stopper.

Test tube.
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FIGURE III-5

Constant Temperature Cryostat

Key

Cryostat with the spectroscopy shroud.
Diffusion pump.

Electrical control panel,

Forepumps.

Gas control panel.

High pressure flexible nitrogen lines.
Lab jack.

Medium pressure flexible nitrogen lines.

Recorder.
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FIGURE III-6

Cryostat Cell Holder
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Products Model 0C-11 Gas Control Panel, which is connected to the
cryostat by flexible gas lines. This panel is modified by the
replacement of the provided high pressure shut-off valve with a
Whitey microregulation valve Model 22-R54-A, The source of gas is

a high pressure manifold connected to four tanks of prepurified
nitrogen, The output of this manifold is attached directly to a
high pressure regulator, which drops the nitrogen to 200-1500 pounds
per square inch. The medium pressure nitrogen is carried in 1/4 inch
copper tubing to several convenient locations in the laboratory. The
gas is then transferred to the Control Panel by a Swagelok flexible
metal hose., |

The shroud vacuum is maintained by a Welch Duo-seal vacuum pump
#1405B and a Consolidated Vacuum Corporation MCF-60 two inch water
cooled diffusion pump #8419. Since the volume of the space to be
evacuated is small, the shroud can be slowly 'roughed" through the
operating diffusion pump. A Vactron Lab Equipment Bellows Valve
CVB-50L-Q separates the cryostat from the vacuum system, facilitating
sample changes.

A second vacuum pump, Welch Duo-seal high capacity #1397B, is
used to evacuate the nitrogen lines. It also provides a vacuum for the
low pressure side of the refrigerator when operation below 80°K is
desired.

Temperatures are determined by use of a calibrated thermo-

couple which is wrapped around the cold tip of the netrogen refrigerator.



The voltage from this device, if measured with a Leeds and Northrup
Type K=3 Universal Potentiometer, is accurate enough to determine the
temperature to within one degree. Qualitative observation of temper-
ature changes is possible when the thermocouple output is displayed on

a Varian Model 10-A strip chart recorder.

E. Kinetic Measurements

1. Slow reactions

For slow reactions the reagents were mixed by stirring and
then transferred to spectrophotometer cell. The Cary 14 was utilized
by operating the instrument so that it displayed the absorption at a
particular wavelength as a function of time. Attempts to monitor
solution emission as a function of time failed.

2, Fast reactions

Basic Instrumentation-The basic instrumentation used

for studying fast reactions was the Durrum-Gibson Stopped-Flow Spec-
trophotometer. The principles of operation of this instrument are
set forth elsewhere.(6) Zero offset, filtering and triggering networks
were comstructed per the Durrum Manual.

Output-For very fast reactions the signal from the
photomultiplier is amplified by a Tektronix Type 2A63 differential
plug-in and is displayed on a 564 Storage Oscilloscope equipped with a

Type 3B3 time base. The data are then recorded with a Tektronix

Model C-12 camera and Polaroid Type 107 film.
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For moderately fast reactions the signal from the photomultiplier
is amplified by a Hewlett Packard Model 17501A Input Module and
displayed on a Model 7100B strip chart recorder.

Chemiluminescence Mode-To measure chemiluminescence

intensity, the input to the Durrum Mirror Box must be taped shut so
that room light is not detected. The output is the photomultiplier
signal as a function of time.

Absorption Mode-The light source for the absorption mode

is the 400 watt Sylvania Quartz=Iodine lamp described in conjunction
with the fluorometer° The lamp, operated at 100 volts d.c., is powered
by a series connection of Technipower Model L80-12M and L20-L2M
regulated power supplies. The monochromator is a Jarrel Ash 0.25

Meter Ebert, Model 82-40, The monochromated light is adjusted so that
it properly enters the Durrum Mirror Box., With no absorption, the
voltage applied to the photomultiplier is adjusted for a full-scale
deflection of the recording device. The output is the photomultiplier

signal as a function of time.

F. Miscellaneous Instrumentation

Electrochemical-Current-voltage curves were measurecd by

use of Heath Kit Model EUA=19A operational amplitiers and a Model
EUA-19-2 polarpgraphy module. The resmlts were displayed on a Houston

Model HR-100 x~y recorder,

The reference electrode was a saturated calomel electrode,
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unless otherwise mentioned. It was separated from the sample solution
by means of a vycor plug. For aqueous solutions, the indicator
electrode was contructed from a wax impregnated graphite rod. For
non-aqueous solutions a platinum electrode was employed. The counter
electrode was platinum and was separated from the bulk of the solution
by a glass frit.

Nuclear Magnetic Resonance-All nuclear magnetic

resonance spectra were recorded on a Varian Model A-60 NMR spectro-
meter.
Infrared-All infrared spectra were recorded on a Perkin

Elmer Model 237B infrared spectrometer.

Electron Paramagnetic Resonance-All electron paramagnetic

resonance spectra were recorded on a Varian Model 4502 EPR spectro-
meter equipped with a 9 inch magnet.

Absolute Fluorescence Spectra-The absolute emission spectra

for compounds emitting at wavelengths lower than 600mu were recorded

on a Turner Spectro Model 210.

G. Procedures
1., Fluorometer calibration
Wavelength-The emission monochromator can be calibrated
for wavelength accuracy by placing a mercury pen lamp in the sample
chamber and measuring its emission spectrum. The excitation monochro-

mator can be calibrated by placing a fluorescent solution in the sample
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chamber and running an excitation spectrum using the Mercufy-Xenon lamp.
Bandpass-The bandpass of the monochromators can be
identified with the half-width of any spectral line. Such results must
be corrected for other wavelengths since the bandpass is a cosine
function of the grating angle. The table below simmarizes the results

for the 3650 mercury line.

S1itwidth (mm) Bandpass (&) S1itwidth (mm) Bandpass (R)
1/8 ~10 3/4 50
1/4 30 1 80
1/2 40 2 140

Emission-The response of a fluorometer to emitted light
varies considerably as a function of wavelength. The intensity of

fluorescence, as measured, can be computed by the following equation.
F(A,A*)=2k.s(A) =¢-I(AY) - [1-T(A") ] III-1

where F (A,A') is the measured fluorescence intensity; S(A) is the
wavelength dependent instrumental sensitivity; ¢ is the quantum yield
of fluorescence; I (A*) is the intensity of the exciting wavelength
of light; T (A‘) is the transmission of the fluorescing solution at
the exciting wavelength; and k is a wavelength independent quantity
that depends upon the fraction of the total emitted quanta that arrive
at the detector.

If the total quanta emitted from a fluorescent substance are
denoted Q, then the spectral distribution will be dQ/dx if the

instrument output is linear in wavelength. If the instrument output



- 49 -

is linear in frequency, the spectral distribution is then dQ/dA, which
is equivalent to (dQ/d))-A2 (36).

To determine the wavelength dependancy of S(A), the photo-
multiplier-monochromator combination must be calibrated. One of the
easiest methods employs a U.S. National Bureau of Standards lamp,
which when properly operated emits energy according to Planck's
Blackbody equation (24,45).

(The output of the lamp, from 380 to 770 mu can be calculated
by the eéhation,

(0.56)3 (exp|c,/0.56 T.]-1) III-2
A3 (exp[c, /AT 1-1)

E(A\)=

where c, is a constant provided with the lamp; Tc is the color
temperature at which the lamp is operated; and 0.56 is the normalizing
wavelength in microns. To convert this energy output to quanta, it is

necessary to multiply by the wavelength since,

E = (number of quanta) - hc/)

total
Once the spectral response of the fluorometer to the standard

lamp has been measured, the sensitivity can be calculated. Since the

instrument is operated at finite bandpass, it is usual to express the

response as dR/dA. The calculated lamp output then becomes dQ/dX,

and the sensitivity and fluorescence intensity are likewise modified.

S(A) is then calculated in a straightforward fashion,
_ dr/d)
dQ/da

SV III-3
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Operationally, the light from the NBS lamp is allowed to
illuminate a microscope slide coated with magnesium oxide(48). This
slide is placed at 45° in the sample chamber and a spectrum is recorded
from the reflected light. Several experimental details must be taken
into account.

a) The light is very intense and the voltage on the photomultiplier
will have to be reduced so that the signal can be recorded. As
indicated in the Section III-C Fluorometer discussion, a Zener diode
should be placed between the photocathode and the first dynode. This
assumes that the characteristics of the tube do mnot change as the
supply voltage is lowered.

b) The magnesium oxide layer is formed by burning a strip of
magnesium metal and allowing the smoke to deppsit on a clean glass
surface, First, treat the strip with acetone to remove any rolling oil
that may be present- Then ignite the strip with burning ethanol,
since this will not contaminate the smoke or strip. Put two separate
layers on the glass plate, one on top of the other.

¢) The reflectivity of the magnesium oxide is as follows:

A % REFLECTED A % REFLECTED
240 96 400 97.4
260 94 420 97.7
280 91 440 97.9
300 92 460 98.2
320 93 480 98.4
340 93+ 500 98.6
360 94 600 99.4

380 95 700 99.7
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d) For any instrument where polarization is important, use two
reflective surfaces. Let the NBS lamp illuminate one surface which
in turn illuminates the second surface. The instrument will then
monitor the light reflected from the second surface.

e) Be positive that any area the photomultiplier "sees" is
flat black, excepting the illuminated magnesium oxide surface.

f) A check should always be made to see how valid corrections
made with one slit width are for another slit setting. Remember that
dR/dx implies a finite slit width.

g) Also remember that the bandpass of a grating monochromator
varies as a function of the cosine of the grating angle. 1f the
standard lamp varies as a function of bandpass, this affect probably
should be taken into account.

Figure III-7 shows the NBS lamp output in units of energy and
quanta, the measured response curve and the calculated sensitivity.
All of the data are normalized to unity at 560mu. It is to be noted
that the value of dR/d\ did not change upon going from 1/8 mm
slitwidth to a 1 mm slitwidth. Therefore, no correction was made for
bandpass or grating angle. No correction was deemed necessary for the
wavelength dependence of the magnesium oxide reflection. Figure III-7
also shows the calculated monochromator efficiency curve. These latter
data were determined by dividing the caléulated sensitivity by the
published response curve for the photomultiplier (13). The result
agrees with Aminco's data for their 500muiblazed grating.

Excitation-The intensity of an excitation source varies
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FIGURE ITI-7

Detector Calibration Curves

Key

NBS lamp output in energy.
Monochromator efficiency.
NBS lamp output in quanta.
Measured response,

Sensitivity.
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considerably as a function of wavelength. The source output can be
determined by use of the following consideration.

For the case of a fluorescent substance having a wavelength
independent quantum yield in solutions where T(A')< 17 the intensity

of fluorescence, as measured, can be computed by the following equation.
F(A,A")=k.s(A)°¢°I(A"Y) III-4

If an excitation spectrum is measured for such a case, the fluores-

cence intensity at any fixed emission wavelength then becomes,
F,(A")=k.I(A") III-5

It is then possible to directly determine I()A') since it is related
only by a constant to the measurable FX(A').

Operationally, a 2 x 10—2M solution of Rhodamine-B in ethylene
glycol is utilized (53,47,54). This solution has a quantum yield
independent of . In a 1 mm cell such a solution will absorb above
2,0 at all wavelengths lower than 600mu.

A front surface excitation spectrum is used to measure FXCA!)
and a 640mu high-pass filter is inserted before the emission mono-
chromator to insure that no scattered source output reaches the
photomultiplier.

Figure III-8 shows the measured output of both the Xenoncand -
Quartz-Iodine lamps. It is to be noted that the Xenon lamp output
did change upon going from 1 to 1/2 mm slitwidth. However the Quartz-

Iodine lamp output did not change. No correction was made for the
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FIGURE III-8

Spectral Distribution of Lamps

Key

X -~ Xenon lamp, lmm slitwidth.

Q - Quartz-iodine lamp.
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presence of the front surface mirror in the measuring configuration.

Calibration check~The fluorescence spectrum of a dilute

solution of fluorescein was measured, at the same excitation wave-
length, on both the Aminco and the Turner Spectro Model 210. The
Aminco data were corrected for instrumental sensitivity and normalized
to match the Turned spectrum at the emission maximum. Both curves

are shown in Figure III-9. The match is very good except at long
wavelengths where the Turner is known to overccmpensate. It is thus

shown that the calculated Aminco sensitivities are correct.

2, Quantum Yield

Wavelength Independent-By integrating the combinations

of Equations. III-1 and III-3 the following expression for relating
the area under the corrected emission curve to the quantum yield can

be derived.

A: 99 = dF/d) =ke¢-I(A')[L-T(A")] 111-6
“tda ds/dx

This equation is true as long as ¢ and k are independent of A.
If the same excitation wavelength is used for both the unknown,

u, and the standard, s, the following equation can be derived from

Equation III-6.
A‘,l 4)9« [ 1-TE]

A~ o, 11T,

I1I-7

For all the quantum yields measured, rubrene was used as the

standard. In dilute (T(A') >99%) n-hexane solutions, this compound
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FIGURE III-9

Fluorometer Calibration Check

Key

—— = Turner fluorescein spectrum,

0000 - Corrected Aminco fluorescein spectrum.
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has a quantum yield of unity. Equation III=-7 then simplifies to

6,0 Ayr[1-T
Ag-[1-Ty] 1II-8

When T(A") < 80%, it is best to account for the change in the
intensity of the exciting light as it traverses the sample cell(1l7).

The equation for the quantum yields, so corrected, becomes
L A - [1-Tg]-F

o Age l l—Tu] OFu IIT-9
where F = exp (-abc), and "a" is the molar absorptivity, b is the
distance between the front of the cell and the point of observation,
and ¢ is the molar concentration.

For all solutions requiring this correction, a 1 mm mask was

placed in front of the sample cell so that b=1/2 and F=exp(-~1/2°

absorption).

Wavelength Dependent-Equation III-4 can be used to

determine the quantum yield as a function of exciting wavelength. By
monitoring the fluorescence at a fixed wavelength, for a solution where
T (A') < 1% over all,of the wavelengths of interest, Equation III-4

is reduced to

F t
¢(1')=k-——i£1~l- III-10

1(x")
where F (A') is the measured excitation spectrum and I (A') is the
lamp intensity.
3. Deoxygenation and cells

All spectral measurements, except those in the ultra-

violet, were performed using Beckman one-centimeter square pyrex
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cells modified by the addition of 8 mm pyrex 10/30 outer ground
glass joints. All solutions were deoxygenated in these cells by
bubbling with nitrogen. The apparatus used is shown in Figure
I1I-10. The nitrogen, pre-saturated with solvent, is rapidly flowed
for several minutes to flush the system free of oxygen. Then the
bubbling capillary is lowered through stopcock S1 into the sample
solution. All solutions are bubbled for 15 minutes. The capillary
is removed through stopcock S1, which is then closed. The solution:
is frozen solid with liquid nitrogen and stopcock S2 is opened to
the house vacuum. The stems on the Beckman cells are then sealed

.f
by heating and collapsing the tubing.

*A‘comparison with vacuum degassing demonstrated that the deoxygenation
method described above was adequate for all of the measurements of

interest.
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FIGURE III-10

Deoxygenation Apparatus

Key

B - Capillary bubbler.

C - Beckman cell.

J - 10/30 ground glass joint.

N - Nitrogen inlets, from solvent bubblers.
S - Sealed section of the stem.

S1 - Two-way stopcock.
S2 = Three-way stopcock.

V = Vacuum inlet.
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IV. PHOTOLUMINESCENCE STUDIES
A. Results
1. Absorption and Emission Spectra

Chelate spectra-The room temperature absorption and emission

spectra of the Ru(bipyr)3Cl2 complex in water are shown in Figure
IV-1. Absorption bands appear at 5.40, 4.80, 4.20, 4.00, 3.50,
3.10, 2.90, 2.55, 2.37 and 2.20y !, The emission maximum appears
at 1.60u-1° No large solvent effects were observed on either the
locations of the maxima or the intensities of the bands. The spectral
data for several solvents are summarized in Table IV-1.

Low temperature absorption and emission spectra of the chelate
in an ethanol: methanol (5:1) glass are shown in Figure IV-2. The
most intense absorption band appears at 2.20 -1 while that for
emission appears at 1070u-1. Both the emission and absorption bands
exhibit a regular vibronic progression; the spacing of the absorption
band is ca. 0.171;1-l while that of the emission band is ca. 0.13u—1.

2,2'-Bipyridine spectra-Figure IV-3 shows the absorption and

emission spectra of 2,2'-bipyridine in 50% sulfuric acid. In this
medium, both nitrogens are protonated and the electrical properties
will be similar to those found in the coordinated compound. Absorption
bands appear at 5.10, 4.40 and 3.45u-1° The fluorescence maximum . -

appears at 3‘,0011“l and the phosphorescence maxima appear at 2.25 and

2.13,° L
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TABLE IV-1

Band Maxima and Intensities

Solvent 1 2 3 4 5 6 7 8
H,0 2.202  2.37 2,55 2,90 3.10 3.50 4,00 4.12
1.42b 1,19 0.53 0.59 1.04 £.35 2,33 2.72
50%H,S0,, 2.21 2.33 2.54 2.8 3.15 3.50 3.97 .12
1.34 1.10 0,50 0.58 1.04 8.40 2.40 2.60
DMSO:H,,0 2,20 2,32 2.54 2.8 3.08 —— m—— e
2:1 1.46 1.23 0.56 0.60 1.06
EtOH:MeOH 2.22 2.35 2.54 2.8 3.15 3,48 3.95 4.10
5:1 1.46 1.20 0.54 0.57 1.06 8.80 2.50 2.80
EPA 2.21 2.32 2.53 2.8 3,08 3.48 3.95 4.11
1.35 1.21 0.58 0.62 1,07 7.23 2,10 2,40

a) Band maxima in
b) Band intensities in liter/mole-cm
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FIGURE IV-1

Absorption and Emission Spectra of Ru(bipyr)3012

Key

Absorption, 1x10—4M in H_ O, lcm path length.

A - 205
B - Absorption, 5x10"*M in H,0, lem path length.
====- Emission, 5x10=4M in H,0.

2

Emission is corrected for photomultiplier-monochromator

response, and is in relative units.
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FIGURE IV-2

Low Temperature Absorption and Emission Spectra

of Ru(bipyr)3012

Key

Absorption and ----- emission spectra of Ru(bipyr)3C12
in an ethanol:methanol (5:1) glass at 77°K. The luminescence is

corrected for detector-monochromator response, and is in relative units.
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FIGURE IV=3

Absorption and Emission Spectra of 2,2'-Bipyridine in 50% H2804

Key

Absorption, ZonlO_SM, lem path length, room temperature.
5

M, 77°K.
5

~-——— Fluorescence, 2.5x10

°°°°° Phosphorescence, 2.5x10 °M, 77°K.

Both emission spectra are corrected for detector-monochromator

response, and are in relative units.



1.5

]
-

]
n o
o

ao$uDq J0SqQYy

Frequency (u')



-7 -

It was found that the half-width of the ligand band at 3.45u_1

is temperature dependent. Figure IV-4 shows this band measured at

o

both room temperature and 77 K. The half-width was 0‘,171\1-1 at

1

- L]
room temperature and 0.13u ~ at 77 K.

Infrared spectra-The infrared spectra of 2,2'-bipyridine and

the chloride salt of its ruthenium(II) chelate are shown in Figures
IV-5 and IV-6, respectively. Both spectra were recorded utilizing
potassium bromide pellets. A comparison of the two curves indicates
a one-to-one correspondence between most of the ligand and chelate
bands, However, at least two new bands are evident in the chelate
spectrum that are not in the ligand spectrum. They are located at
1450 cm ! and 1310 em L.

2, Temperature Dependent Spectral Properties

Spectral Data-Both the luminescence quantum yield and life-

time of Ru(bipyr)3012 are strongly temperature dependent. Figure

IV-7 shows the lifetime as a function of temperature in two different
glass forming solvent mixtures - ethanol: methanol and 50% HZSOAQ

The temperature at which the large increase in lifetime occurs
corresponds visually to glass formation. A comparable incrcase dnes
not occur in the quantum yield, which remains essentially the same

before and after glass formation. This result is shown in Figure

IV-8 for an EPA solvent.
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FIGURE IV-4

Temperature Dependence of the Half-width of the

Protonated Ligand 3.45 u—l Band

Key

Absorption at room temperature.

—-——-- Absorption at 77°K.
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FIGURE IV-5

Infrared Spectrum of 2,2'-Bipyridine

KBr Pellet
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FIGURE IV=-6

Infrared Spectrum of Ru(bipyr)3012

KBr Pellet
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FIGURE IV-7

Dependence of the Ru(bipyr)3C12

Lifetime on Temperature

Key

ss00e Ethanol:methanol (5:1).

AAAAA 507 H2804 o
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FIGURE IV-8

Dependence of the Ru(bipyr)3Cl2 Quantum Yield

and Lifetime on Temperature

Key

00000 Quantum yield.
AAAAA Lifetime.

Both in EPA solvent.
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Mathematical Treatment-The temperature dependence of the

luminescence quantum yield and lifetime, at temperature above glass
formation, is treated mathematically in a manner analogous to that
outlined by other workers (2, 28). The reciprocal of the lifetime
can be defined as the sum of all rate constants for reactions
depleating the concentration of the excited state responsible for

emission, This can be formulated as,

= + ' - /r 7.1
1/t k, + Ik an ¥ In kdm exp ( AHmv RT) Iv-1

where ke is the rate constant for the emission process; k'dn is

the rate constant for the nth temperature independent non-emissive
process; kdm is the frequency factor for the mth temperature dependent
non-emissive process; and AHm is the activation energy for the mth
temperature dependent process. The quantum yield can be defined in a
similar manner.

If the above mathematical analysis is correct, the value of ke
should be determinable at any temperature by dividing the luminescence
quantum yield, ¢, by the lifetime. The values of t, $ and ke are
shown in Table IV-2 for an EPA solvent. The value of ke is constant
at 2.9 x 105 secul, except for 80°K where the solvent glass formation
has started.

If it is assumed that only one temperature dependent process is
operative, and if we define 1/1'Eke+ﬁk'dn, then the Arrhenius equation

can be derived from Equation IV-1, as,
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TABLE 1V-2

Temperature Dependance of the Luminescence Quantum Yield and Lifetime*

T(K®) ¢ T (u sec) kg (sec”! x 10—5)
285 0.270 0.926 2.9
275 0.316 1.07 3.0
265 0.333 1.14 2.9
255 0.360 1.24 2.9
245 0.388 1.36 2.9
235 0,407 1.42 2.9
225 0.418 1.46 2.9
215 0.452 1.53 3.0
205 0.467 1.57 3.0
185 0.515 1.60 3.2
148 0.543 1.87 2.9
103 0.637 2.11 3.0
80 0.746 3.75 2,0

*Ru(bipyr) ,C1, in EPA, 5 x 1070 M
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log(l/t-l/r')=:$—%— +ig )

An analogous procedure yields the equation

- + -
log(1/d-1/d")=—pt T K V=3
e

where ¢ is the overall quantum yield of luminescence; and ¢'=

Arrhenius Plots-An Arrhenius plot of the lifetimes using Equation

IV-2, yields both the energies of activation and the frequency factors
found in Table IV-=3. All of the data in this table, except that for
EPA, were obtained at temperatures above ambient, where the rates

of the temperature independent processes were comparatively small.
Figure IV-9 shows a sample plot for a DMF solvent.

For EPA, the data were obtained at temperatures below ambient,
and the values of the temperature independent parameters (t' or ¢')
were emperically established so that the data best fit a linear plot.
Figure IV-10 shows a plot of the corrected data for the EPA solvent.

3. Wavelength Dependence of the Quantum Yield
The quantum yield luminescence for the Ru(bipyr)BCL2
complex was measured as a function of exciting wavelength at 77°K.
Figure IV-11 shows the Quartz-Iodine lamp output and excitation
spectra for a concentrated solution of the chelate in an ethanol:
Methanol glass. Three separate curves are shown:
‘a) the capillary masked in a front surface excitation config-

uration. This spectrum matches the lamp output quite well.
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TABLE IV-3

Arrhenius Constants from Lifetime Data*

Constants H,0 EPA DMF EtOH: MeOH.
A (em 1) 885 1,400 1,600 3,100
ky (sec™}) 1.2x108 5.0x108  2.4x10% 5.4x10%%

*for Ru(bipyr)3C12 at 5 x 10"5 M.
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FIGURE IV-9

Arrhenius Plot for R'.x(bipyr:)3012 in DMF



6.2—

Log ( Y¢)

6.0—

6.l1—

3.1

3.2

33

Ve (°k ' x10°)

34



_82_

FIGURE IV-10

Arrhenius Plots for EPA

Key

AAAAA Quantum yield with ¢'=0.480.
ooooo Lifetime, with t'=1.67 sec.
AH=1,400 cm-l, lifetime intercept is 8.70, quéntum yield

intercept is 3.22.
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FIGURE IV-11

Excitation Spectra of Ru(bipyr)301

2
Key
Lamp output.
----— Front surface excitation spectrum.

o

°®°" Normal 90° excitation spectrum.

-s=¢— Unmasked cell.
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b) the capillary masked in a normal 90° excitation configuration.
This spectrum shows a large discrepancy, probably due to changes in the
emission~intensity-distance profile across the tube diameter. This
profile change would be caused by relatively small increases in T (A').

c¢) the capillary in an unmasked configuration. This spectrum
is some linear combination of excitation curves (a) and (b). The
shape varies considerably as a function of the position of the quartz
capillary tube.

This particular set of spectra indicates that great care must
be taken to properly determine the wavelength dependency of the quantum
yield under the necessary experimental conditions. For Ru(bipyf)3C12
it is thus evident that no change in the quantum yield is observed.

4, Wavelength Dependence of the Emission Lifetime
The emission lifetime, for the Ru(bipyr)3012 complex

in an ethanol: methanol glass at 77°K, was measured @& a function of
exciting wavelength., The lamp used, provided by E. Meserve of TRW,
had spectral lines in the wavelength region 300 to 600 mp. Figure IV-12
shows the log intensity vs. time plots for both '"blue" and 'red"
excitation.‘ To the accuracy of the experiment no difference in the
lifetime was observed.

B. Discussion

1. Transition types

Figure IV=13 shows the orbital diagram for Ru(bipyr)30129
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FIGURE IV-12

Log Intensity vs., Time Plots for

Ru(bipyr)3C12 Emission

Key

ooooo Excitation with frequencies smaller than 1.95 u_l°

+++++ Excitation with frequencies larger than 2.04 prl.

Measured in an ethanol:methanol glass at 77°K.
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FIGURE TV-13

Orbital Diagram for Ru(bipyr)3C12
The diagram is consistent with D3 symmetry. The metal ion has
a [Kr]4d6 low~spin configuration. The ligands have all of the o and «

orbitals filled. 4 is the trigonal splitting.



e(d*) =—=

Energy —

0|(d)
e(d)

d—-d*

Metal

mT—m*

Ligands

e(m*)

as (r*)

o)



- 98 -

consistent with D3 symmetry, used in this paper for the classification
of transition types. Most discussion of the electronic properties of
Ru(bipyr)3012 have assumed an orbital diagram compatible with octahedral
microsymmetry of the ruthenium-nitrogen skeleton, even though the
overall symmetry of the complex is D3° The only significant difference
between the two symmetries is the separation of the tzg (d) orbitals
into al(d) and e(d) components {(t). The energy separation ,A, of these
components will depend upon the amount of trigonal splitting, which
has been determined to be OQZOu_l for this complex, As Palmer and
Piper have shown (33) this splitting is not necessarily related to a
geometric distortion from the Oh microsymmetry, but may also be due
to a degree of covalency in the bonding., Calculations in our laboratory
(16) have shown that sigma bonding alone can yield the trigonal splitting
observed in both this bipyridine complex and those discussed by Palmer
and Piper (33).

The electronic transitions of Ru(bipyr)3C12 can be separated
into four general categories as shown in Figure IV-=-13. The first are
the ligand n-+7n* transitions; ﬂ*az(w*) and m»e(n*). The second are the
d+d* metal transitions; e(d)+ e(d*) and al(d)‘%e(u*)° The third are
the charge-transfer d»n%* transitions; e(d)*az(n*) and al(d)*az(w*), and

e(d)+e(n*) and al(d)»e(w*)o The fourth is the drarge~transfer m-d*

+ In the notation used in this thesis (d) indicates a metal orbital
and (7) indicates a ligand orbital.
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transition, n+e(d*). Since the electronic states will be strongly
mixed, it is not proper, other than for classification, to treat the
ligand and metal orbitals as two separate manifolds.

The two low energy charge—transfer d+ w* transitions are both
electronically allowed. The e(d)~ az(w*) transition, designated,LCT,
is polarized perpendicular to the C3 axis of the complex, while the
al(d)+ az(ﬂ*) transition, designated |iCT, is polarized parallel to
the C3 axis, This agrees with the single crystal absorption data of
Palmer and Piper(33). According to their data the ||.CT band has a
low intensity. This is probably due to a lack of overlap of the al(d)
orbital with the a,(r) orbitals.

2. Absorption and Emission

A comparison of the chelate and protonated ligand
absorption spectra, Figure IV-1 and IV-3 respectively, aids in the
identification of the chelate n+n%* transitions. The bands in the
chelate spectrum at 3.503;1 and SO&Q)TI can thus be assigned as those
derived from the ligand w»az(w*) and mre(n*) transitions, respectively,
according to the nomenclature of Figure IV-13.

1 band in comparison

The unusual broadness of the ligand 3.45u
to the chelate 31,50;1—1 band is due to rotation about the 2,2'-carbon
bond, This is substantiated by the half-width data. At 77°K, the
3.45u") ligand band halfwidth is the same as that for the 3.50u"%

chelate band at room temperature.
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The two remaining intense bands, at ca. 2.311-1 and 4.lu-1, in
the chelate spectrum have been assigned as charge-transfer d>m* transitions
on the basis of Jorgensen's (23)assignments for similar complexes. Both
of these charge-transfer bands have two vibronic components resolved at
room temperature, 4020u-l and 4.00uu1 for the high energy transition and

1

2.37u " and 202011'1 for the low energy transition. There is a reversal

in the intensitites of the vibronic components of the £§,4alu-1 band in
comparison to those of the ca. 2.‘3u‘=’l band. This difference is probably
caused by a m>e(d*) charge-transfer transition. Assignment of the
bands of lower intensity cannot be made with certainty. The shoulder
at 4.80u-1 can be attributed to a m»>w* transition, since it also appears
in the ligand spectrum. The bands at 2090:u=il and 3.10';1‘_1 could be the
metal al(d)* e(d*) and e(d)»> e(d*) transitioms.
Crosby and Klassen (25) attributed the low temperature absorption
and emission progressions to a perturbed vibration of the arématic ripg.
Some doubt concerning this conclusion is found in the paper by
Schilt and Taylor (40), which compares the infra-red spectrum of 2,2'-
bipyridine with several of ifs metal chelates. The ring frequencies of
the free 2,2'-bipyridine were assigned to bands at 1450 cm-l and 1600 cm-l.
In all cases it was observed that the ring frequencies: were increased

upon coordination, Thus it is improbable that the 0.13;1"1 emission

progression is due to a perturbed virbration of the aromatic ring.
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Shilt and Taylor (40) obliterated a large segment of the spectral
region by measuring the infra-red spectra of the peréhlorate salts of
the metal chelates in Nujol mulls., This precluded their commenting on
the frequencies of interest to this study.

From the infrared spectra in Figures IV-5 and IV-6 it was noted
that at least two new bands are present in the chelate spectrum, those '
at 1450 cm ' and 1310 cm Y. With the amount of experimental data
presently available, it is impossible to determine with certainty
the origin of these bands. However, it is possible that both the
emission progression and the new infra-red bands are due to ruthenium-
nitrogen skeletal vibrations frj? structures such as:

\
>
- N—
N/
3. Long-Wavelength Absorption Band
The long-wavelength absorption tail in the vicinity of
1.8 - 1.9u -1 Cannot be due to the normal tailing of an electronic
transition because of the large frequency difference of 0.50u -1
between the emission and the absorption peaks. Crosby et al. (10)
suggested that this absorption tail was due to a d+ d* transition.
However, Palmer and Piper (33) demonstrated that the d-orbital split
(10 Dq) would be very large for the Ru(bipyr)3C12 complex, and any

d +d* spin-allowed transitions would appear at energies higher than the
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charge-transfer band at ca. 2.3u ‘l.

Crosby and Klassen (25) later assumed that the long-wavelength
tail was due to vibronic compoments of the |CT band. This assumption
leads to unresolvable difficulties, First, it can be demonstrated
that the emission observed cannot arise from a spin-allowed transition
associated with the CT band at ca. 2.3 wl. Using the equations
given by Suzuki (46) for determining intrinsic lifetimes from absorption
data, and the integrated band intensity (%) given by Palmer and Piper
(33), a value of 87 nanoseconds can be calculated if the emission came
from the excited state associated with the [CT band. The experimental
lifetime at 80°K is about four microseconds, inconsistent with such an
interpretation.

Second, Crosby and Demas (11), in assigning the emission as
phosphorescence, indicated that there is no gap between the end of
the absorption band and the start of the emission. If the singlet-
triplet energy split were very small, at room temperature the life-
time of the emission would be equal to that for the spin-allowed
transition, because of the thermal equilibrium established between
the lowest triplet and the lowest excited singlet states. This is not

experimentally observed.

+ Divided by three since there are three legands.
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If the long-wavelength absorption tail were due to the || CT
transition, the emission could then be due to fluorescence from
the excited state associated with this transition. The polarization
data of Palmer and Piper (33) show that the lCT transition is 26.5
times more intemnse than the "CT transition., This yields a calculated
fluorescence lifetime of 2.3usecs for emission from the lICT state.
However, if the emission were fluorescence, the absence of phosphores-
cence cannot be explained. The extent of spin-orbit coupling in a
molecule containing ruthenium, should yield a large rate of intersystem
crossing, thus significantly populating the lowest triplet level
and partiéily removing the spin-forbiddenness of phosphorescence.

This would result in a high population of the lowest triplet level
and both fluorescence and phosphorescence would be expected at 77°K,
Such is not observed. )

Paris (34) suggested that the absorption tail on the "CT band
was a singlet-triplet transition. Normally this type of transition
would be forbidden, but the spin-orbit coupling will partially remove
the applicability of the spin selection rules. An increase in the
strength of singlet-triplet transitions would also shorten the life-
time of phosphorescnece. It will be shown that Paris' interpretation
is consistent with all of our experimental data, that the long wave-
length absorption tail is most probably a singlet-triplet transition
and that the emission is the phosphorescence associated with this

transition.
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4., Tempreature Dependent Spectral Properties
Figure IV~7 shows the lifetime of Ru(bipyr)3Cl2 as a

function of temperature. This curve can be resolved into three sections.
The first is the large change occuring with glass formation. As
shown in Figure IV-8, this change does not occur in the quantum yield.
This indicates that the excited state rate constants important at these
temperatures are changed by a multiplicative factor which divides out
in the quantum yield expression. Assuming that the observed emis$ion
is phosphorescence, this multiplicative factor can probably be
associated with a decrease in spin-orbit coupling resulting from the
rigidity of the glass.

The second section of the lifetime-temperature curve is that
at temperatures from about 200°K and lower to the glass formation
point. In this region, there seems to be a process occuring that
involves a small energy of activation. Again assuming phosphorescence,
this can be tentatively assigned as due to an internal conversion
between an excited vibrational level of the lowest triplet state and
the ground state. The energy of activation would then be that
energy necessary to promote the molecule to the coupled vibrational
level of the triplet responsible for this internal conversion process.

The data are not sufficiently precise to determine AH or kd.
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The last segment of the curve is that at temperatures above
200°K, Here the assumption of only one important temperature dependent
process is valid. The nature of this process will be discussed in the
next section. The Arrhenius data in Table IV-3 obtained for several
solvents are reasonably similar. However, all mixed solvents, except
EPA, yielded anomalously large activation energies and frequency factors.
In Table IV=3, the ethanol: methanol solvent is shown as typical
example. The cause af the increased Arrhenius constants has not yet
been determined.

5. State Diagram

A state diagram corresponding to a phosphorescence
mechanism of luminescence for Ru(bipyr)3C12 is shown schematically
in Figure IV-14, All of the singlet state energies shown in the
diagram were determined directly from absorption spectra except that
the "CT state, The only triplet state energy directly determined
from absorption and emission spectra was the lowest triplet level.

The transition assignments for the triplet charge-transfer
states are consistent with the spectral data. A fluorescence life-time
of 2.3 usecs has been calculated in this paper for the !‘CT transition.
If the emission were phosphorescence associated with this transitionm,
spin selection rules would have to be completely removed in order to
yield the measured lifetime of 4 usecs. If these selection rules

were removed, singlet-triplet absorption bands would occur with the
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FIGURE IV-14

Ru(bipyr)3012 State Diagram

Kex
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=-=== Estimated energy levels.

All rate constants are in units of s:ec-'l
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same intensity as singlet-singlet absorption bands. The -
data do not indicate that this is true, therefore we have assigned
the lowest triplet level to the 1CT transition.

In pure solvents the Arrhenius data probably represent the
deactivation of the lowest excited triplet state by the thermal
population of the {lcT band. Since the energy of activation from
the Arrhenius plots would respresent the lowest triplet to lowest
excited singlet energy difference, the energy of the IICT singlet
is thus established.

Using the transition energies shown.in Figure IV-14, the value
of 10 Dg can be calculated to be 2096u-1, while the value of the
trigonal splitting can be calculated to be OQZOU_l. The magnitude
of this trigonal splitting is in agreement with that found by Palmer
and Piper (33) for the tris-bipyridine nickel(II) complex, and the
magnitude of 10 Dq is in agreement with the discussion in their
footnote 88,

The intrinsic fluorescence lifetime associated with the lpT
transition has been calculated, in this paver, to be 87 nanoseconds.
Using the rule that spin-forbidden transitions occur at rates of
lO6 less than those processes spin-allowed, a phosphorescence rate
constant (kp) of 12 sec_l is predicted for the lST transitioh.

If the emission rate constants (Ke) in Table VI-1 were taken to be

that of phosphorescence, then the spin-orbit coupling must enhance
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spin-forbidden processes by a factor of about 104. This enhancement
would also increase the magnitude of the intersystem crossing rate
constant (kix) to about 1011 to 1012, since molecules with no large
amounts of spin-orbit coupling have corresponding rates of 107 to
108,

Two consecutive excited state processes are involved in the
thermal deactivation of the excited triplet. Thus a complex mathemar.
tical relationship will be necessary to evaluate the Arrhenius data,
unless one of the rate constants associated with these two processes
is much larger than the other. Since the frequency factors in Table II

are of the magnitude of 108 to 109 sec-l and the intersystem crossing

rates are expected to be of the magnitude of 101l and 1012, the frequency
factors can be identified with the singlet internal conversion rate
constant (kic) and Equations IV-2 and IV-3 can be considered valid.

The assignment of the frequency factors as kic is in agreement
with the data in two respects. First, the calculations performed in
this paper predict an emission rate constant from the 'lCT singlet
of 4.3 x 105 sec_lg Since the values of kic are at least one
thousand times larger than the emission rate constant, only 10”
of the thermally populated singlets should emit. To the limit
of the instrumentation used, no luminescence to the blue of the

phosphorescence could be detected. Second, the quantum yield of

phosphorescence should vary with the exciting wavelength to the extent
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of kix/ (k ix+kie)’ depending on whether the excitation were on the
J_CT singlet or the ler triplet band., With the previously mentioned
value of kix and ki‘cg the ratio should be unity. Experimentally it

was determined that kix must be at least one hundred times larger

1
than kic'

The value of the rate constant for internal conversion between
the lowest excited triplet andthe ground state (kgc) can be determined
from the measured lifetime and kp, at any temperature where the thermal
population of the excited singlet is negligible. For EPA the life-

‘ -
time chosen was T and the value of kic determined was 3.1 x 105 sec lo
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V. Chemiluminescence Studies
A, Qualitative Observations
1. Chelate reactions
Two different types of systems producing chemiluminescence
by electron transfer to a potential emitter have been investigated. The
overall reaction for the first type of system studied can be written
as

MLx+m + reductant »«MLx+n +hv

where M represents a metal ion and L a suitable ligand.

The tetra-chlorc complexes of lead(IV), thallium(III) and tin
(IV) were reduced to the fluorescent lower stable oxidation state.
None of the reactions chemiluminesced. The lack of emission could be
due to a change in the ligand number or a geometric reorientation, both
of which would drain away the emxgy of any excited states produced.

Attemps to chemiluminesce the tris-bipyridine complex of
iridium(IV) were unsuccessful., The complex was synthesised in the plus-
three oxidation state. Most probably the strongoxidizing conditions
necessary to produce the higher oxidation state decomposed the -chelate.

One successful group of complexes was that containing ruthenium
(III) as the central metal ion. The ligands were 2,2'-bipyridine,.
S5-methyl -1,10-phenanthroline, 5,6-dimeithyl -1,10-phenanthroline, and
3,5,6,8-tetramethyl -1,10-phenanthroline . The correspondingl,10-

phenanthroline complex did not chemiluminesce. This is probably due to
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the reactive 5,6 position on the phenanthroline ring. It would not
be difficult for one of the reagents involved in either oxidation or
reduction to chemically attack these positions.

Experimentally, an acidic, aqueous solution millimolar in the
ruthenium(II) complex was treated with solid lead dioxide. The lead
dioxide was subsequently separated by centrifugation from the resglting
solution of the ruthenium(III) complex. The ruthenium(III) solution
was then added to aqueocus base and light emission was observed.
Subsequent spectroscopic examination of the reacted solution showed
that the rutheniﬁm complex had been reduced to its initial oxidation
state., The intensity of the emitted light depended upon thé strength
of the base used. When a solution of the Ru(III) (bipyr)3C13 complex
in 0.1N sulfuric acid was allowed to react with 9N NaOH, the orange
chemiluminescence was clearly visible in a dimly lighted room. The
duration of light emission was v ery short, generally less than one
second.

One other reducing agent gave a chemiluminescent reaction. If
the ruthenium(III) complex was generated in 0.1N HZSO4 and 0.1N
N2H4 in the same solvent was added, the emitted light was quite intense.
By choosing different ratios of chelate to reducer, the chemiluminescence
could be made to behave differently. At low ratios, i.e. 10-3M chelate
and 1M N2H4, the light emission occured only:-where the two solutions

first met. The intensity of the light was very high. At higher ratios,
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i.e. 5 x lO-SM chelate and 10“2M NZH&’ the light emission lasted for
ten to twenty minutes. However, the intensity was very low.

Other oxidizing and reducing agents were tried with little
success, Solid PbO2 is advantageous because it leaves nothing in the
solution to interfer with the reducing agent. Gaseous chlorine was
successfully employed as an oxidant, however, it had a tendency to
remain in the aqueous acidic solutions and react with most of the
reducers subsequently added. A survey of many oxidizers indicated
that most would produce the ruthenium(III) chelate but interfer later
in the chemiluminescence procedure. Hydrogen peroxide would not even
oxidize the ruthenium(II) chelate to the plus-three oxidation state.
Many reducing agents would not yield light. Examples from this group
3» NaZSO39 Nazszo3$ and SnClzo

The reversability of the reaction was demonstrated with a sodium

are TiCl

hydroxide reducing agent. A millimolar solution of the ruthenium(II)
chelate in 0.1IN HZSO4 was oxidized with PbOz. The resultant solution
was centrifuged and added to an equal volumeof 0.1N NaOH producing
chemiluminescence. The pH was restored to its initial value by the
addition of concentrated HZSO&. The whole procedure was repeated five
times. At the end of the series of reactions the solution was spectro-

scopically examined. No chelate has been decomposed, and the

spectral data did not indicate the presence of any compound other

than the chelate.
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None of the ruthenium(III) complexes could be generated in non-
aqueous solvents and none could be isolated in the solid form. In
attempting to generate the ruthenium(III) complexes in nonagueous
media, all of the combinations of the solvents dimethylformamide
acetonitrite, absolute e¢éthanol and dioxame with the -
oxidizers gaseous chlorine, solid lead dioxide and sodium bismuthate
were used. Several attmepts, under different conditions, were made
to isclate the ruthenium(III) chelates as soclids. The chelate would
always revert to the plus=two oxidation state just as the last trace
of aqueous solvent was removed. The electrochemistry of the ruthenium
(II) chelate in ultra-dry dimethylformamide and acetonitrite indicated
that no electrode process éorresponding to the ruthenium(II)-ruthenium

(III) chelate couple was occuring.

2, Aromatic Radical-cation reaction
The over-all reaction for the second type of system .

studied can be written as

RNH2+m + reductant - RNH2+hv

where RNH, represents an aromatic amine. The compound used in the

2
present study was l,6-diamimopyrene.
Experimentally there are two procedures leading to light

emission for 1,6-diaminopyrene. The first was analogous to the

ruthenium system. A dimethylformamide solution, millimolar in the
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diamine, was oxidized with solid lead dioxide or chlorine gas. The
lead dioxide was separated by centrifugation or the chlorine was
separated by bubbling with nitrogen gas. The resulting solution was
added to a DMF solution 0.1M in ‘hydrazine hydrate and light
emission was observed. The second procedure involved preparing the
radical bromide salt. The salt was added to a dimethylformamide
solution 0.1M in hydrazine hydrate, and light was produced. In both
cases the blue luminescence was visible in a darkened room to the
non-dark-adapted eye. The duration of light emission was about five
to ten seconds.

The naphthalene radical-anion could be used as a reducing agent
if the solvent employed was tetrahydrofuran. Experimentally, solid
1,6-diaminopyrene and solid lead dioxide were added to a few
milliliters of tetrahydrofuran, stirred for several minutes and then
filtered. The resultant solution contained an oxidized form of the
diamine, The radical-anion of naphthalene was generated by reacting
sodium with naphthalene in a tetrahydrofuran solvent. The two
solutions were reacted in the absence of oxygen.

Reaction of the 1,6~diaminopyrene-bromide radical salt with
the pyrene radical-anion did not yield light. No other radiéal—anibﬁs

were tested.
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-B, Results
1. Spectra
Using the experimental arrangement described in Section
ITI-C, chemiluminescence spectra were obtained for two systems.

Figure V-1 shows a comparison between the chemiluminescence and
phosphorescence spectra of Ru(bipyr)3012° Both spectra are uncorrected
for monochromator-photomultiplier response characteristics. The same
chemiluminescence spectrum was produced using either hydroxyl ion or
hydrazine as the reducing agent. The only chelate having sufficient
intensity so that a spectrum could be obgained was that with 2,2'-
bipyridine as the ligand,

Figure V-2 shows a comparison between the chemiluminescence and
fluorescence spectra of 1,6-diamiopyrene. Both spectra are uncorrected
for monochromator-photomultiplier response characteristics. The only
chemiluminescence reaction sufficiently intense to measure was that
using N2H4 as the reducing agent.

2, Electrochemistry
According to Schilt's data, the potential of the Ru(III)
(bipyr)3C13 & Ru(II) (bipyr)3012 couple crosses that for the oxygen-
water couple at a pH of about zero. His data cover the range from
pH = 2 to pH = 1 and indicate a gradual lowering of the chelate
potential toward high acidities. Since some of the chemiluminescence

work described in this thesis was done at pH's higher than 2, it was
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FIGURE V-1

Chemiluminescence and Phosphorescence Spectra of

Ru(bipyr) 3(112

Key

Phosphorescence.
000000 Chemiluminescence.
Both spectra are uncorrected for photomultiplier-

momochromator response characteristics.
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FIGURE V-2

Chemiluminescence and Fluorescence Spectra of

1,6~-Diamincpyrene

Key

Chemiluminescence.
o0 0 o o Fluorescence,
Both spectra are uncorrected for photomultiplier-

monochromator response characteristics.
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considered desireable to determine the chelate oxidation-reduction
potential in this range. By utilizing a wax impregnated graphite
electrode having a high oxygen overvoltage, the chelate potential
could be measured at pHs as high as 7. It was found that the half-
wave potential for the chelate couple remained constant at +1.270
volts vs. N.H.E. from pH=2 to pH=7., Figure V-3 shows the current
voltage curve for 10’3M Ru(bipyr)3C12 in IN HN03. Atthis pH .
the potential of the chelate couple is +1.238 volts vs. N.H.E.
The current voltage curve for l,6-diaminopyrene is shown
in Figure V=4(+). Both the oxidation of the parent diamine and the
radical cation are indicated. The half wave potential for the 1,6-
diaminopyrene % radical cation couple is +0.546 volts vs. N.H.E.,
while the half wave potential for the radical cationsdication couple
is +0.766 volts vs. N;H.E. The 1,6-diaminopyrene was millimolar
in dimethylformamide and the supporting electrolyte was 0.1M
tetrabutyl ammonium perchlorate.
3. Electron Paramagnetic Resonance

Figure V-5 shows the electron paramagnetic resonance
spectrum of the 1,6-diaminopyrene-bromide radical salt, millimolar
in dimethyl formamide, The center of the sweep is at 3420 gauss
and the sweep width is 25 gauss,

The solid radical salt gave a signal at the same sweep center

+ This data was obtained by Jack Chang.



- 122 -

FIGURE V-3

Current-voltage Curve for Millimolar
Ru(bipyr)3012 in IN HNO3

Kez

A - Solvent.
B - Chelate.
Reference electrode is saturate calomel., The scan rate is

2 volts/min.
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FIGURE V-4

Current-voltage Curve for Millimolar

1,6~-Diaminopyrene in Dimethylformamide

Reference electrode is Ag/AgCL with Eeg ™ +0.241 volts

vs. Nc.H.E. The scan rate is 2 volts/min.
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FIGURE V-5

Electron Paramagnetic Resonance Spectra for the

1,6-Diaminopyrene Radical Cation in Dimethylformimide

The center of the sweep is at 3420 gauss.
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but exhibited a structureless spectrum.

A solution of 1,6-diminopyrene in dimethyl formamide, when
oxidized with lead dioxide, did not have a measureable resonance
signal. This demonstrates that the lead dioxide oxidized 1,6-
diaminopyrene is not the radical cation but more probably the dication
or some other oxidized form of the diamine.

4, Chelate Auto-reduction Kinetics
As stated earlier, the cross-over point for the chelate
and oxygen-water oxidation-reduction couples is in the vieinity of
pH=0. As a result of this cross-over, in 507 sulfuric acid the
Ru(II) (bipyr)3C12 species is unstable and will slowly oxidize to
the plus three oxidation state.

In acid media with the proton concentration tenth normal or
greater, the Ru(III) (bipyr)3013 species is reasonably stable, i.e.
it has a half-time of disappearance of about seven hours. As the
pH is increased above pH=1, it would be expected that the Ru(III)
(bipyr)3C13 species would become less stable and would react with the
solvent in an auto-reduction reaction. This reaction does occur,
however it must have a high activation energy since the reaction
half-time is two to three hoursat pH=3. Figure V-6 shows both the th
absorption of Ru(III) (bipyr)3cl3 and the log of the absorption as
a function of time for the auto-reduction reaction at pH=3. Note

the non-linearity of the log plot at short times. This feature of
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FIGURE V-6

Auto-reduction of Ru(III)(bipyr)3CI at pH = 3

3

Key

Ru(III)(bipyr)3013 absorption.

o0 o0 0 0o o Log of the absorption.
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the reaction kinetics only appears at high pHs and could net be
explained with the available experimental data.
5. Chelate-Hydrazine Kinetics
The reaction kinetics of the Ru(III) (bipyr)3C13—

hydrazine chemiliuminescence system in 0, 1IN H2804 were studied by
use of the instrument described in Section III-E, It was possible
to monitor two properties of the chemiluminescing system, the Ru
(I11) (bipyr)3013 absorption and the chemiluninescence emission.
It was impossible to measure the Ru(II) (bipyr)3012 absorption
because of its high concentration and high molar absorptivity.

For this system there are essentially three different shapes
of stopped-flow curves. Figure V-7 shows the stopped-fiow curve
for chemiluminescence when the concentrations of reactants are

5 % 1074

M Ru(III) (bipyr)3Cl3 and 0,1M hydrazine., This curve is
typical of those formed at hydrazine to chelate ratics of about
1000:1, At no place on the curve is the decay a simple exponential.
At these high ratios of hydrazine to chelate it was nearly impossible
to follow the Ru(III) (bipyr)3C13 absorption.

Figure V-8 shows the stopped-flow curves for chemiluminescence
and Ru(III) (bipyr)3C13 absorption when the concentrations of

reactants are 5 x 10®4

M Ru(III) (bipyr),Clyand 2.5 x 107%M hydrazine.
This curve is typical of those formed at hydrazine to chelate ratios
of about 100:1. The spike in the chemiluminescence at the start

of the reaction is probably much higher than indicated, because
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FIGURE V-7

Chelate-Hydrazine Stopped-flow Curves

Key

Chemi luminescence emission intensity.

4

5x 10 M Ru(1II) (b1pyr),Cl,, 0.1M Hydrazine
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FIGURE V-8

Chelate~Hydrazine Stopped~flow Curves

Kez

~————— Chemiluminescence emission intensity.
- - - - Ru(III)(bipyr)3C13 absorption.
o0 oo o Computer predicted chemiluminescence.
@ @ 6 @ Computer predicted absorption.

4

5 x 107 *M Ru(IIT) (bipyr),Cl,, 2.5 x 10 M Hydrazine
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of slow instrumental response time. The chemiluminescence decay was:
definitely not exponential, and for several ratios of concentration
had a definite "hump" immediately following the spike. Under all of
the conditions where the absorption could be measured, its shape
was constant, Within one second the absorption would drop by about
a factor of two and then would exponentially fall to a value of zero
in essentially the same period of time that it took the chemilumines-
cence emission intensity to reach zero.

Figure V-9 shows the stopped=flow curves for chemiluminescence
and Ru(III) (bipyr)3013 absorption when the concentrations of the

reactants are 1 x 10""3

M Ru(III) (bipyr)3Cl3 and 1 x 10-2M hydrazine.
This curve is typical of those formed at hydrazine to chelate ratios
of about 10:1. Both the chemiluminescence emission intensity and
the Ru(III) (bipyr)3C13 absorption exponentially fall to zero.

The intensity of the chemiluminescence emission varies
considerably as a function of the reactant ratios. At low ratios,
the integrated emission intensity was about one-fourth of that at
intermediate ratios. At high ratios the intensity again drops.

For example, a mixture of 5 x 10_4

M Ru(III) (bipyr)3Cl3 and 1M
hydrazine yielded a very low level of light emission and had a

reaction with a half-time of less than five milliseconds.
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FIGURE V=9

Chelate-Hydrazine Stopped-flow Curves

Key

Chemiluminescence emission intensity.

- = - = Ru(III) (bipyr)3013 absoxrption.

3

1 x 1077M Ru(III) (bipyr) 4Cl,, 1 10~%M Hydrazine
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C. Discussion
1. Identification of Emitting Species
It is evident from Figure V-1 that the emitting species
in the Ru(III) (bipyr)3013 reduction reaction is the Ru(II) (bipyr)3
012 chelate.
As can be seen in Figure V-2, the chemiluminescence spectrum
of the l,6-diaminopyrene radical cation reduction reacgion does not
exactly match the fluorescence spectrum of 1,6~diaminopyrene. The
difference cannot be attributed to self absorption since the rising
portions pf the curves are identical. Most probably the long wave~
length component is due to the chemiluminescence from an impurity
produced by the lead dioxide oxidation procedure, It is evident,
however, that a significant percentage of the emission in the
chemi luminescence reaction comes from the parent diamine fluorescence.
2. Energy Considerations
It would be of interest to examipe the various oxidation-
reduction potentials involved in the chemiluminescence reactions to
determine whether enough energy is available fraom a simple one-electron
transfer between the donor and acceptor to leave the acceptor in an
excited electronic state. The average energy necessary to form an
excited state can be expressed in volts by converting the emission

0-0 band from u_l to volts, The conversion factor is 1 u—l = 1,24 volts,



- 140 -

From the Ru(II) (bipyr)3012 emission spectrum a value &
2.23 volts is determined for the energy required by the reduction
reaction to leave thechelate in the lowest excited triplet state.
The entropy term, T AS, shoudd also be considered. For the
ruthenium chelate, the entropy should have a value very nearly
zero for the change from the plus three to the plus two oxidation
states. The potential of the Ru(III) (bipyr)3CI3 é9Ru(II)(bipyr)3
Cl2 couple has been determined to be 1.270 volts vs. N.H.E. The
potentials of the hydroxide and hydrazine oxidation couples are
given by Latimer (27) as +0.401 and -0.23 volts vs. N.H.E. respec-
tively. Using these values, 0.8 to 0.9 volts of available energy
are calculated for hydroxyl ion as a reducing agent and 1.4 to 1.5
volts of available energy are calculated for hydrazine as reducing
agent. Both of these values are considerably below the energy
required to produce an excited state. Useof the hydroxyl and hydrazine
potentials, as given by Latimer, is probably not valid since these
reactions are not reversible and subsequently may have highly energetic
intermediate steps.

The average energy needed to form an excited singlet state of
1,6-diaminopyrene can be determined as 2.75 volts. The entropy

term, TAS, for aromatic compounds has been determined by Chandross(50)
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as 40,2 0.2 volts. This would make the overall energy needed to
produce an excited state 2.95 }0.2 volt. The potential of the 1,6-
diaminopyrene &= radical cation couple has been determined as +0.546
volts vs. N.H.E., One reducing agent yielding a chemiluminescence
reaction with the 1l,6-diaminopyrene radical cation was the napthalene
radical anion. The potential of the reversible naphthalene %=5 radical
anion couple is -2.254 volts vs. N.H.E. This yields an energy of 2.80
volts which is sufficient to produce an excited singlet state of 1,6-
diaminopyrene.

One reducing agent not yielding a chemiluminescence reaction
with the 1,6-diaminopyrene radical cation was the pyrene radical amion.
The potential of the reversible pyrene =5 radical anion couple is
-1,854 volts vs. N.H.E. This yields an available energy of 2.40
volts which is significantly below the required energy.

3. Reaction Kinetics
The kinetics of the Ru(III)(bipyr)3C13~hydrazine
chemiluminescence system was chosen for a detailed study for several
reasons: the.Ru(III)(bipyr)3C13 éas-Ru(II)(bipyr)3C12 couple is
reversible; there is no apparent degradating of the chelate to other
products; and the oxidation of hydrazine has been studied in detail
in the 1literature..
The Fe(III) oxidation of hydrazine has been discussed by

Higginson and Sutton (20, 21), Cahn and Powell (5), Higginson and
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Wright (22), and Roseninsky (39)., The mechanism proposed by these

authors can be written as:

Fe(III1) + N2H4-—E-lé Fe(II) + N,H,e (v-1)
kg
k fast 3
2N, H,- —2y N H, N, + 2NH, (V-2)
k
2N Hye 3y N)H, + NH, (v-3)
k
Fe(III) + NyHyo "4y N H,+Fe(II) ‘ (V-4)
k
2Fe(III) + N,H, f.'sas t; N,+2Fe (II) _ (V-5)

The above mechanism has been substantiated by labeling studies, kinetic
observations, and mathematical arguments. The mechanism was described
by these authors as generally being valid for many oxidizing agents.
Specifically they mentioned the metal ions Ce(IV), Fe(III), Mn(III),
T1(III) and V(V). On the basis of the purported generality it was
attempted to determine the rate constants for such a mechanism when

the oxidizing agent was Ru(III)(bipyr)3C13.

The experimental data for the Ru(III)(bipyr)3C13 oxidation of
hydrazine were presented in Section V-B. It was shown that there are
only two pieces of experimental information available for each set of
reactant concentrations, chemiluminescence intensity and Ru(III)(bipyr)3
Cl, absorption rate data.

3
The computer kinetic modeling program described in Section V1-A
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was used to test the applicablity of the reported hydrazine oxidation
mechanism to the chelate chemiluminescence system. The computer
approach consists of modeling the reported mechanism and varying all
of the reaction parameters until the computer output matches the
experminental data. The problem was computerized by utilizing the

following set of reactions:

Ru(III) + NH, ksa [Ru(II)];+N2H3 (V-6)

[Ra(tD) 1] EZyru(in) (v-7)

[Ru(rD) 1] X8y [Ru(11) ) (v-8)

k

2N H, 9? N,+2NH (v-9)

Ru(IID)+N,H,* k10 N,H, (V-10)

Ru(III)+N,H, X1y (V-11)

Ru(III)+I ‘f_l_z.> [Ru(II)]IZ + N, (V~12)

[Ru(rD) 1}, K134 ru(in) (v-13)
+

[Ru(II)],. k [Ru(II)]* (v-14)
12 “14+

[Ru(II)]* K15 YRu(IT)+hy (V-15)
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where the ligands are omitted in the mclecular formulas for the chelate;
the notation [ ]+ indicates an activated complex produced by the ith
reaction; [ ]* indicates an excited electronic state; I is an inter-
mediate in the N2H2 oxidation reaction; and hv is the light produced

by the reaction sequence.

In the computer‘treatment of the mechanism, the activated complexes
are created simply for mathematical reasons. Each reaction: yielding
products in an excited state will also yield products in the ground
state. The ratio of excited states produced to the total amount of
excited and ground states produced is defined as the chemiluminescence
yield. The activated complex allows a chemiluminescence yield to be
assigned to a reaction. For example, the ratio kg/(k, + kg) is the
chemiluminescence yield for the first reaction. The rate constants
associated with the disappearance of the activated complexes are
always made much larger than the rate constants for the reactions
producing the activated complexes. This assures that the activated
complexes will always have a steady state concentration near zero.

The reaction,

2Fe(III) + N H2 + 2Fe(II) + N

2 2
appearing in the Fe(III) oxidation of hydrazine is most prcbably a
sequence of two second order processes., For the Ru(III) oxidation of

hydrazine this reaction has been written with I as the hydrazine inter-

mediate between N2H2 and NZ'
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The dismutation reaction

2NH3° > NZHZ + N2H6

has been ignored in the Ru(III) mechanism since it has been shown

to be about 100 times elower than the dimerization readion(39).
4

By using second order rate constants of k6 = 8, k9 =1x10,
4 5
kig=5x 10", kj; =5x10° and ky, = 1 x 1010, quantum yields of
k8/(k7+k8) = 17 and k14/(k13+k14) = 99%; and using a first order

excited state phosphorescence rate constant of klO =1x 107, the

stopped flow data for the chemiluminescence reaction with reactant

4M Ru(III) and 2.5 x 10-2M N2H4 could be

concentrations of 5 x 10~
exactly matched. The computer data are shown in Figure V-8, along
with the experimental results.

The use of this set of reaction parameters yielded computer data
that were in qualitative agreement with the measured stopped-flow
experimental data. The shape of the chemiluminescence emission curves
was always correctly predicted, including the sharp spike before the
main portion of emission. The shape of the absorption curves was
matched even better than those for chemiluminescence. The absorption
would drop very rapidly and then exponentially decay within the same
time that it took the chemiluminescence emission intensity to go to
zero, However, it was impossible to find one set of parameters that
would yield the correct data for all of the experimental results.

It is apparent that the reaction scheme outlined by the other
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workers is not directly applicable to the oxidation of hydrazine by
the ruthenium chelate. It is felt that the general mechanism is
correct for dilute hydrazine solutions but is missing one..or more

important processes that appear at high hydrazine concentrations.
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VI. Appendices
A. Kinetic Modeling Computer Program

1. Object

The object of the program is to aid in the identification
of the mechanism of an experimental reaction by the controlled simulation
of a kinetic scheme utilizing digital computing techniques. Necessary
experimental data are one or more curves of concentration as a function
of time, initial starting concentrations as a function of time.
Operationally, the mechanism and its associated rate constants are varied
until the computer data matches the experimental values.

Similar programs have been reported by DeTar(12). The program
discussed here is much more general in scope and consumes less computer
time.

2. Method of Calculation

For a general reaction where any number of species react
to form any number of products, the rate of the reaction can be mathe-
matically defined as the product of the rate constant times all of the
reactants taken individually to the power of their stoichiometry. This
can be written as

sij
R, =k, T C,*? Vi-1
h | ji i

where C, is the concentration of the ith species; Rj and kj are the

rate and rate constant, respectively, for the jth reaction; and sy j
b4
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is the stoichiometry of the ith species in the jth reaction.

The rate of appearance of each individual species will be defined

a‘s’
Rja"' -"3‘;"' . -SSL Vi-2a
S, .
r,j 9t
for reactants, and
Ry= L. 4 VI-2b
]
1,5 9

The computer approach consists of making the time interval under

consideration small enough so that

A Ci dci
X VI-3

Assuming that this is possible, the change in concentration for each
species involved in the reaction can be calculated for the time
interval At. If Ay j is defined as the change in concentration for

the ith species in the jth reaction, this can be written as

A = -R,.. s, . At Vi-4a

i,] je 1,3
for reactants and

A VI-4b

= R,*s8 <At
i,] J 1,]
for products.

The concentration of each species at the start of the next time

interval is simply

t' t
Ci = Ci + Ai,j VI-5
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where t'-t = At, If more than one reaction occurs in the kinetic
scheme, the calculations are performed for all of the reactions before

a new time interval begins. Equation VI-5 then changes to

|

t t
C; =C + %y ; VI-6
where the summation is only carried out for those j reactions where

species i1 is a reactant or prpduct.

3. Program Description

Main-Figure VI-1 shows the flow diagram for the main
routine, MAIN. Besides controlling the flow of the program, the major
job accomplished by MAIN is the recognition of data sets.

The Fortran IV source deck listing for all of the routines is
shown in Table VI-1,

Input-Figure VI-2 shows the flow diagram for the input
routine, INPUT. The major job accomplished by INPUT is reading the
data necessary to define and run the kinetic scheme. The‘variable
JDATA allows some flexability in the type of input to be read. If
JDATA equals 1, a complete set of data is read; if JDATA equals 2,
trial constants and concentrations are read; if JDATA equals 3, trial
rate constants are read; and if JDATA equals 4, starting ccncentrations
are read. The exact meaning of the undefined terms in Figure VI-2 will

be discussed later.
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TABLE VI-1

Fortran Source Deck Listing



cCal
0032
CCN3
€G24
0095
0006
CCo7
cces
00929
0319
0C11
ccl2
0013
0014
CC15
cCleé
oc1L7
Jcl18
GC19
CC29
cc21
0c22
cc23
GC24
3025
U026
ccz7
ined

2CZC
1CZ

88

56

COMMCN NAME(13),NCOEF(12912)s¥SP(5),MCER(4),TRCI12),5C(12)
CCMMEN CCEF(12,12)4C(12)4NSPE(12),CP(5C1,12),LELC(501,12)
COMMCN TIME(501) oNDELTA{12),TCELTA(12),RATE(12),LELTA(12,12)
COMMCN FRAC(12),CSAVE(L12)5L112)

CCMMCN MAXC(12)sMAXCU12),TIMEC(12),TINMEC(12)

CCMMEN Y(945C1) s YMAX(12) s MAGC(S) s MAGL (&) o FAGY(S)

REAL=24 MAXCgMAXD

“EAD(5,100) NCCN

FCRMAT(I2)

[FINCCN) 99499,1

CCNTINLE

CALL INPUT{NSsNR,SCALEsNL3sJJJIINSPoNCER)

0 88 I=1ysNR

00 88 J=1sNS

CCEF(L9J)=NCCEF(I,4)

NCT=0

I1i=1

ITI1=J4JJ44

LC 2 [=14NS

NSPE([)=C

clry=sctn

CALL CALCUINL o NRgNSySCALEJNCT,IIIL4JJJd»I11)

CALL CQULTPUTINCTsNSsNRgNLySCALE»JJJJ,I1IT)

CALL PLCTUNSP,II1,NDER)

G0 1O 2Co

CCNTINLE

CALL EXIT

END



G001 SUBROUTINE INPUTINS ) NR,SCALENL»JJJJeNSPyNLER)

0002 COMMGN NAME(13),NCCEF(12412) sMSP(S),NCER(4)TRC(12),5C(12)

0913 COMMEN CCEF(12512)+CU12),NSPE(L2),CF(5C1,12),CELC(501,12)

cCO4 CCMMCN TIME(S0L) oNUELTA(L12),FCELTA{L12),RATE(12),DELTAL12,12)

00035 CUMMON FRAC(12)9CSAVE(12),L(12)

0006 COMMON MAXC(12),MAXD(12),TIMEC(L2),TIMEC(L12)

2007 CONMON YU9,501) 9 YMAX(12) ,MAGC(5) ,#AGL(4) MBGY(S)

ceces REAL®4 MAXC,MAXD

cco9 READ(5,4C0) JDATA

0010 43¢ FORMAT(IL)

0011 GO TC (41,42445,46), JCATA

cec12 41 READ(5454G1) INAMELL),1=1,13)

0013 4C1 FURMAT(L3A4)

0J14 S EAD(H,402) NSHNR

0015 432 FORMAT(212)

Q216 LC44 [=14NR

0017 44 - EAD(594C3) (NCCEF(IyJ)sd=1¢NS)

0718 403 FURMAT(1212)

0c19 CEADR(5,405) SCALL WMLy JJJIY

ce2) 405 FCRMAT(ELT.4,15,13)

0021 JEAD(5,500) NSPy{MSPUL)oMAGC(T)yI=145) o NCER, (MLER(J)4MAGLIJ) =144
1)

3022 S5CC FCRMAT(11I243%X,512)

€023 42 PEAC(5,404) {TRCUI)4[=14NR)

CC24 4C4 FORMAT(EELIC.4)

35025 REACI5,404) (SCOL),I=1,NS)

cC26 GC TCa7

cez27 45 ZEAL(5,454) (TRCUI),[=1,NR)

cc28 GC TC41

0029 46 PEAD(5,4C4) (SCLL)y[=14NS)

cC30 47 CUNTINLE

031 RETURN

0C32 ENC



000l SUBRCUTINE CALCUNLoNRyNSy SCALEJNCTy ITI1+JJJdds111)

0002 CCMMCN NAME(13)oNCCEF{12,12)4MSP({5),FCER(4),TRC(12),5C(12)
0003 CCMMCN CCEF{12,12),C(12)4NSPELL2),CP(5C1,12),CELC(501,12) ~
0004 L OMMCN TIME(SC1),NDELTA(L2),TDELTA(12),RATE(12),0DELTALL2,12)
€005 CCMMCN FRAC(12),CSAVE(L12),50L0(12) ’ )
0006 CCMMON MAXC(L12) o MAXD(L2) o TIMEC(L2),TIMEC(12)

0Ccov LOMMCN Y(S9,5G1L) s YMAX(12) oMAGCU5) 4 MAGC(4)4MAGY(I)
0CGC8 PEAL®4 NAXCoMAXD

€009 REAL®*4 NCELTA

0010 £O0 3 I=1,NL

cC1l1 0 5 J=1,NR

co1e KATE(J)=TRC(J)

0013 LG S5 JJ=14NS

0014 IF(CCEF(Jedd)) 54546

0015 e HATE(J)=RATELJ)*(C(JJ)#=COEF(J,d))

G0leé 5 CONTINUE

ccl7 BC 7 J=1sNR

0718 0C 7 JJ=1,NS

2019 7 UELTA(J9sJJ)=—1.CoRATE(J)*SCALESCCEF(Jydd)

€020 8 CCNTINLUE

0021 GO 11 JJ=1,NS

0022 NCELTA({JI)=0.0

0023 TCELTA(JJ)=C.C

0C24 - CC 11 J=1,NR

0025 [F(DELTA(J,JJ)) 2C03,11,2004

0126 2003 NDELTA(JJI)=NCELTA(JJI+CELTA(I,Jd)

00271 2504 TOELTA(JJ)=TOELTA(JII+CELTA(I,JJ)

cC28 11 CCNTINUE

0€29 CALL NEGCINSyNCTyNKsEH)

0n30 150 24 JJ=14NS

0031 IF(CIJJII+TOELTA(JI)I-LE-30) 2821,2021,2022

0032 2721 C(JJ)=0.0

ac33 5C TO 24

0N34 27322 CULJI)I=CLIIY+TODELTAVID)

0935 24 (ONTINUE

CC36 CALL PRINTPUI GNSsSCALE IT L4111, Jd34)

0037 3 (ONTINLE

0038 RETURN

0039 ENE



00C1
0092
0053
0C04
0005
0C0o6
0007
occs
0009
G013
0011
oci2
0C13
00la
2015
ccieé
Go17
gcls
3719
Ccc20
0221
0C22
0023
G024
0025
0c26
2327
cces
€Ceq
S35
2231
0C32
CC33
GC34
0235

SUBROUTINE NEGC(NS,NCT,NR,#)

COMMEN
COMMCN
COMMCN
COMMCN
L CMMCN
CGMMCN
REAL®=4
AEAL#®4

NAME(13)yNCCEF(12,12)4MSP(5),FCER(4),TRC(12),S5C(12)
CCEF(12,12)4C(12)yNSPE(L12),4CP(5C1412),CELC(5CL,12)
TIME(SC1)4NCELTA(12),TOELTA(12),RATE(12),LELTA(L12,12)
FRAC(12),CSAVE(12),L112)
MAXC(12)y#AXD(12),TIMEC{12),TIMEC(12)

Y{9,501) s YMAX(L12)MAGC(5),MAGE(4)4MAGY(S)

MAXC,MAXC

NCELTA

CC 2018 JJ=19NS
TF(CIJIIENCELTA(II)) 23,22,22
1F(CIJJI4NCELTA(JYI)+1E-O6#ClJJ)) 2020422422

C NCT=1

NSPE(JJI=NSPE(JJ)+]

SRATE=C.C

L0 2C05 J=1,4NR

[F(COEF(J,yJJ)) 2305,27C5,2C15

201% SRATE=SRATE+RATE(J)
2305 CCNTINLE
I'C 2C0€ J=14NR
FEF(COEF(JyJJd)) 200642°(6,2C016 T T
2°1€ FRAC(J)I=RATE(J)/SRATE
27C€ CCNTINLE
nC 2C11 J=1,4NR
LF(COEF(J,Jd)) 25311,27211,2014
214 GC 2017 IJ=14NS
IF(CCLF(Js1J)) 2012,2C17,2012
2012 UELTA(J1d)=(~1.L28C(JJ)#FRAC(JI=CCEF(JoIJ)I/CCEFII,IJ)
2717 CONTINUE
2711 CCNTINUE
SETURN
22 LCNTINLE
218 CCNTINUE
<ETURN
NC



0001
0002
00903
0C04
0005
0006
0007
oCcs
C009
00190
0011
ce12
cCl3
0014
0015
0016
oCc17
0018
0319
0029
oc21
0022
cc23
0024
0e2s
0026
ceQz27v
0Cc28
0c29
0030
0031
c232
C033
0N34
JC35
0036
oc37
0C38

1C02

SUBROUTINFE PRINTP(IoNS,SCALE,ITIL,I11,JJJJ)
CCWMCN NAME(13),NCOEF(12912)4MSP(5)4FCER(4)TRCIL12),5C(12)
CCMMCN COEF(12412)4C(12)4NSPE(12),CP(5C1412),LELC(501,12)
COMMCN TIME(50L1)  NCELTA(L2),TCELTA(12),RATE(L2),DELTA(12,12)
COMMCN FRAC(12),CSAVE(L2)4L(12)

COMMCN MAXC(12),MAXDI12),TIMEC(12),TIFEC(12)
COMMCN Y{9,5C1),YMAX(12)4MAGC(5) 4 MAGL(4)4MAGY(S)
UIMENSICN SLGPE(12)

REAL®4 MAXC,MAXLC

IF(I-1) 1CC3,1CC3,1CC4

U0 19 JK=1,NS

MAXCLJIK)=SC(JK)

TIMEC(JK)=C.?D

CP{1,JK)=SCLIK)

CSAVE(JK)=SC(JK)

CELC(LyJK)=(C(JK)I=SC(JIK))I/SCALE
“AXC(JK)=0ELC (1, JK)

TIMEC(JK)=C.O

TIME(1)=C.C

G 10536 JK=1,NS
SLCPE(JK)I=(CUJIK)-CSAVE(JK))/SCALE
[FISLCPE(JK)-MAXLIJK)) 1C02,1CC2,1CC5
MAXD(JK)=SLCPE (JK)

TIMED(JK)=SCALt=]

IF(C{JIKI-MAXC(JK)) 1CC6,410C6,1CCT

MAXCUJK)=C(JIK)

1TIMEC(JK)=SCALE#]

CSAVE(JK)=C(JK)

IFCI-TII1) 201G+774177

TTHI=1111+J4JJ

11I=111+1

'0 55 JK=1,NS

CPITITT,IK)=CLIK)

CELC(IIT,JK)=SLEPE(JIK)

TIME(LIII)=SCALE=]

CCNTINLE

RETURN

ENC



0001 SUBRGUTINE OUTPUT(NCT,NS,NR,NL,SCALE,JJJJ,111)
0002 COMMON NAME(13) NCOEF(12,12)4yMSP(5),MDER(4)4TRC(12),5C(12)
0003 COVMMON COEFT12,12),C112),NSPE(12),CPI5CT,12),DELCI501,127
0004 COMMCN TIME(501) ,NDELTA{12),TDELTA(12) ,RATE(12),CELTA(12,12)
0005 COMMON FRAC(12),CSAVE(12),L(12) T
0006 COMMON MAXC(12),MAXD(12),TIMEC(12),TIMEC(12)
0007 COMMON Y(9,501),YMAX(12),MAGC(5),MAGD (&), FAGY(SY ~—~~—~——— ~— —~ 7/
0008 REAL#4 MAXC ,MAXD
0009 TFINCT) 1005,1006,1005
i 0010 1005 WRITE(6,1007) o
0011 107 FORMAT(1HI1, 37HNEGATIVE CONCENTRATICNS WERE PRCCUCECY 7 T
B _ 0012 WRITE(€,1008)
0013 1008 FORMAT(1H0, THSPECIES, 13X, L4HTINES NEGATIVE) -
0014 DG 1009 JJ=1,NS
0015 TF(NSPE(JJ)) 1C1Cy1CC9,1010
} 0016 161C WRITE(€,1012) JJ,NSPE(JJ) B
0017 - 1612 FORMAT(1h ,3X,12,19X,15) I T h T
0018 1C09 CONTINUE
0019 100€ CONTINUE o T T T
o 0020 WRITE(€,423)
0621 "~ %473 FORMAT{1IH1,50X,30HGENERAL KINETIC PROGRAM FLO0300)
0022 WRITE(6+101) (NAME(T),I=1,13)
0023 101 FORMATU{1KO,15X,29HSYSTEN UNDER CCNSICERATICN = 1344) T
0C24  WRITE(€,4102)
0025 102 FORMAT(1hHO,60X,10HINPUT DATA) T ’ T ”"
L 0026 WRITE(6,103) NS
roezt T “103 FORMAT(1r0, 20X, 2CHNUMBER OF SPECTES = 127
0028 WRITE(E4104) NR
0029 104 FORMAT(1HO,2)0X,22HNUMBER OF REACTIGNS = ,12) . T T
0030 WRITEL6,105) NL
0031 105 FORMAT(1H0,29X,25HMAXINMUM PRCGRAV PASSES = LiXy,18) — — 77—~
- 0032 WRITE(€6,4106) SCALE
B BCEEED 106 FORMAT(1HO, 20X, 2Z5HEACH PROGRAM PASS EQUALS Yy IPETU .3, THSECCNTSY — — —
0034 WRITE(€,107) JJJJ
0035 107 FORMAT(1ED,20X,6HEVERY 4[3,47H PRUGRA¥ PASSES, VALUES ARE RETAINECD
1 FCR CLTPUT)
0036 WRITE(6,555) oo T e T T
0037 §55 FORMAT(1KO)
TTTTTQee3e T T CTUTWRITETE, 108Y - ”‘ -
B 0039 108 FORMAT(1HO,25X,20HTRIAL RATE CCNSTANTS,25X,22HINITIAL CONCENTRATIO
INS) oo TT T T e e e e e e
0040 CC 301 1=1,29
0041 IF(I-NR) 3€2,302,303 o - T T
0042 3C2 [F(I-NS) 4,4,3C5
TTTTTTTTO043 4 WRITE(6,108Y T, TRCTIV, I, 8CTYYy 7~ 777~ I
0044 109 FORMAT(LIH 923XySHRATE(51292H) 44X IPE1C.3 919X ERSPECIES(912,2H) 5
1X,E1C.3) CoT T T R
0045 GC TC 3C1
- 0046 303 IF(I-NS) 306,306,301 - o - T
0047 306 WRITE(6,11C) I,SC(I)
o 2048 11¢ FORMAT{1F ,85X,8HSPECTEST,12,2H) 75X, 1PEI0.3) T e
0049 50 TC 301
0050 305 WRITE(6,1L11) I, FRC(LY "~ 7777 - -
0051 111 FORMAT(1h 523X,SHRATE(,12+2H) 44X,1PEL1C.3)
0052 301 CONTINLE T
0053 WRITE(€,555)
0654 WRTTE (6o 110) ~ = o o e oo R
0055 112 FORMAT(1HO 44X ,45HCCEFFICIENT MATRIX CESCRIBING REACTICN SCHEME)
acse6 WRITE(6,113) o -
0057 113 FORMAT(1HO,21HCCLUMS EQUAL SPECIES) o e
0158 WRITE(6,114)
0059 114 FCRMAT({1K ,20HRChS EQUAL REACTICAS) o
cce60 BC 37 [=1,12
0061 37 Lt1y=1 e o
0962 WRITE(64115)(L(I)y1=1412)
0C63 115 FORMAT(1HOs10Xy12(1Hy12o1H)o1X)) _ e e
0064 0038 I=1,NR
CC65 38 WRITE(6,116) L{1),(NCOEF(L,J)sJ=1,NS) _
0066 116 FORMATILIH +3X91K(p12¢1H)93X912(1%Xs12,42X))
0067 WRITE(6,117) o
cne68 117 FORMAT{1H1,59X,14HPRCGRAM CUTPUT)
cn69 9 WRITE(6,4118)
0070 118 FORMAT(1IHO,50X, 35HCONCENTRATICON AS A FUNCTICN CF TINME) o
0071 WRITE(6,411G) (L(I),1=1,12)
0072 115 FORMAT(1HO ¢3X94HTIME 94X 91211 X4 SHSPECI51291F ), 1X))
0C73 PG 13 I=1,011_ .
0074 13 WRITE(6512C) TIME(T)4(CP(I4JJ)9JJ=14NS)
0175 120 FORMAT(1H ,13(1PEL1G.3)) o
0076 WRITE(6,121)
0077 121 FORMAT(1H1,50X,33HDERIVATIVES AS A FUNCTICN CF TIVME)
0078 WRITE(64122) (LUT),1=1,12)
0079 122 FORMAT(1RO,3X,4HTIME4X912{1XsSHOERV (4 1241F),1X))
0c80 0O 14 I=1,111
0081 14 WRITE(6,12C) TIMELI),(DELCIT,JJ)sJd=1sAS) ~
0082 RETURN
0083 NG




0091
00922
CcCO3
CCoO4
0095
3006
0007
cces
0009
0010
CC11
ca12
2013
a014
CC15
Cc016
0017
0018
cCl1l9
cc29
0021
cd22
cC23
0C24
0025
3026
co27
cezs
on29
00323
0C31
0032

0033
CC34
CC35
0036

237
cCc38

0039
0049
CCal
0C42
0043

73
71
15

76
171
501
394

18
5C2

563
992

87
503

591

74

SUBROUTINE PLOT(NSP,[1I,NDER)

COMMCN NAME(13),NCCEF(12,12),FSPI5) MOER(4),TRC(12),5C112)
CCVMCN CCEF(12,12),C(127,NSPE(12Y,CP(5G1,12),0ELC(501,12)
COMMCN TIVE(SC1),NCELTA(12),TCELTA(12) ,RATE(12),CELTA(12,12)
COMMCN FRAC(12),CSAVE(12)4L(12)

CCMMCN MAXC(12),MAXD(12) 4 TINEC(12),TIMED(12)

CCMMCN Y(9,531),YMAX(12),MAGC(5),MAGD(4),MAGY ()
REAL®4 MAXCoMAXL

IFINSP) 74,71,72

£C 73 I=1,NSP

AAN=MSP (1)

MAGY(I)=NAGC(I)

YFAX(I)=MAXC(NNN)

nC 73 J=1,111

Y(I1,3)=CP(JsANN)

1E(NDER) T77,777,75

DC 76 I=1,NDCR

NNN=MDER(T)

INSP=T¢NSP

MAGY (INSP)=MAGC( 1)

YMAX CINSP)=MAXD (NNN)

BC T€ J=l,111

Y(INSP,J)=CELC(J,NNN)

NYS=NSP+NDER

NCATA=III

WRITE(€,501) -

FORMAT (1F1,45X,19HPLGT RGUTINE FLG4CO)

IFINSP) 993,593,994

CCNTINUE

£O 78 1=1,NSP

WRITE(6,502) MSPULI), 1o TIMECIMSPUI))MAXC(MSP(I)),MAGC(I)
FORMAT(LH o5HSPEC{,1294H) = o[1,1CX, 18KTIME AT MAXIMLM = ,1PE1C.3,

110X LCHMAXIMUM = S 1PELC.3,1CX, LTHMAGNIFICATICN = X,12)

CCNTINLE

[F(NDER) 591,651,992

CC 87 I=1,NCER

TCER=T+NSP

WRITE(E4503) MLER(I)2ICER TIMEC(PCER(I)) 9y MAXT(NCER(ID}MAGC(T)
FORMAT(1H ,SHOERV(,12,4H) = ,11,10X,18~TIME AT MAXIMULM = ,1PELD.3,

110Xy LOHMAXINMUM = 41PE10.3910Xs LTEMAGNIFICATICN = X,13)

CONTINUE

CALL FLC4CC(NYS,NDATA)
CONTINLE

RETURN

LN



SUBRCUTINE FLO4GUINYS,NDATA)

COMMON NAME(13),NCOEF(12,12),¥SP(5) MDER(4)4TKC(12)s5C(12)
COMMCN COEF(12+12)+C{12),NSPE(12),CP(5C1412),CELC(501,12)
COMMCN TIME(S01),NOELTA(12),TCELTA(12),RATE(L12),CELTALL2,12)
CCMMCN FRAC(12),CSAVE(12),L112)

(OMMON MAXC(12),MAXDL12),TIMEC(L2),TIMEC(12)
COMMCN Y{9,521),YMAX{12),MAGC(5),¥AGC(4),MAGY(S)
UIMENSICN N{11)4NP(1C1),NY{9,5C1)
DATA N/'llll','2222"'3333"'4444','5555"'666€'{'7777"'e&EB','QQ
lqgl'l "04{.44.!/

00 33 J=1,NYS

IF(YMAX(J)) 31,31,3¢

G0 32 I=1,ADATA

NY(J,[)=1

WRITE(E4,34) J

FORMATULH 420X93LHYMAX WAS ZERC FCR CULRVE NUMEER ,12)
GC 1C 22

SCALE=YMAX(J)/10C.

L0 5 I=1,NCATA
NY(JpI)=(Y (S, [)=MAGY(J))/SCALEI#+L.S
FFINY(J,1)-121) $,5,2CC
7 NY(J,1)=101
5 CONTINUE
CCNTINLE
k\x:o

\NH=9

NF=0

CE 45 I=1,1C1

NP(I)=N(1C)

AX=NX+1

IFINX=1) 12413,12

IF(NX=-NH) 14,15,14

NH=NH+1C

NP(51)=N{(11)
GO TO 16

[FINX=-NF) 16413,16

20017 I=1,10141C

NPLD)=N(11)

NF=NF+10
s CCNTINUE

LG 18 J=1,4NYS

NN=NY (JaNX]

HPANN)=N(Y)

W ITE(E9102) NAXyNCLL) 9 (NPUI)oI=141CL)sN(LL)4NX
FORMAT(LIH 210X,14417,1C3A1,1X,14)
G 19 I=1,101
NP(TD)=N(10)

[FINX-NCATA) 11,20+2¢C
CCNTINLE

RETURN

=ND
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FIGURE VI-1

Main Routine, MAIN

Key

START - Program beginning.

STOP - Program end.

NCON ~ A variable used to determine if any data are present.

INPUT - Input subroutine.

INITIALIZE - Initializes any data before the program starts
calculating.

CALC - Calculating subroutine.

NEGC - Negative concentration subroutine.

PRINTP - Print preparation subroutine.

Output - Output subroutine.

PLOT - Plot preparation routine.

FLO400 - A standard printer plotting routine.



4 START

READ

NCON

STOP

CALL
H INPUT
INPUT
initialize
1 NEGC
CALL 1
CALC CALG
l PRINTP
CALL
OUTPUT r—-———i OUTPUT
CALL "
PLOT
PLOT 1

FLO40O
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FIGURE VI-2

Input Subroutine, INPUT

Key

MAIN - Statement in the main routine calling the subroutine.
JDATA - A variable used to determine the type of input to
be read,

RETURN - Statement returning control to the calling routine.



MAIN

READ
JDATA

trial rate
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|

a of speéies
e of reactions
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Calculation-Figure VI-3 shows the flow diagram for the
calculating subroutine, CALC. The major job accomplished by CALC is
the generation of concentrations and the derivative of the concentra-
tions as a function of time.

Each pass through the program, from INCREMENT COUNTER to FINISHED,
represents a time interval of duration At. The program calculates
the rates by use of Equation VI-1l. Then it calculates, by use of

Equations VI-4a, 4b, the changes in concentration, A , occuring

i,j
during the time interval. Equation VI-6 is used to determine the
total change in the concentration. When the last time interval has

been reached, control is passed back to the main routine.

Negative Concentrations-Figure VI-4 shows the flow diagram

for the negative concentration routine, NEGC. The major job accom-
plished by NEGC is the identification and correction of a negative
concentration produced by the calculating routine.

The key approximation in the program is the one concerning the
equality or near equality of ACi/At and dCi/dta Because the time interval
At is not infinitely small, there exists the chance that the sum of all

of the negative A will be greater than the value of Ci at the start

i,j

of the time interval. This can be corrected.

The first check made by NEGC is the sign of the expression

€ * 5 vVI-7



FIGURE VI=3

Calculating Subroutine, CALC

Kez

MAIN - Statement in the main routine calling the subroutine.
INCREMENT COUNTER - Keeps track of the number of time intervals
calculated.

AC - Represents the change in the concentration of a species
during the current time interval.

NEGC - Negative concentration subroutine.

PRINTP - Print preparation subroutine.

FINISHED ? - Stops calculations when the correct number of

time intervals has been reached.
RETURN ~ Statement returning control to the calling routine.
RETURN 1 - Statement returning NEGC control to SUMAC's

operation,



MAIN

increment
counter

calculate
rates

calculate
Ac's

]

RETURNI
sum Ads1‘

CALL

¢ 'I NEGC
NEGC

SaTculoTe |

concentations

I

CALL

PRINTP

NO

finished ?

YES

RETURN —’l MAIN
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FIGURE VI-4

Negative Concentration Subroutine, NEGC

Key

CALC - Statement in the calculating routine calling the
subroutine.
INCREMENT COUNTER - Keeps track of the concentrations checked.
CONC NEGATIVE ? - Enters the correction section if a negative
concentration is encountered.
FINISHED ? = Stops calculating when all of the concentrations
are positive.
RETURN - Statement returning control to the calculating

routine.

RETURN 1 - Statement returning control to the SUMAC's operation

in the calculating routine.



CALC

]

increment
counter

conc

negative
?

sum
rates-

RETURN

L

calculate
fractions

CALC

L.

calculate
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. 2

RETURN |

. 4

CALC
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where the summation is carried out for all j's where species i is a

reactant; and the A', .'s are the negative set of the A If this

i,j ij°
expression is found positive, the counter is incremented and the next
species is examined., This continues until all of the concentrations
are found positive.

If Equation VI-7 is found negative, a correction routine is
entered. First, the routine sets the maximum concentration of the
offending species, k, available to react, equal to Ck' Then the
routine parcels out this concentration to all of the reactions

where species k is reactant. This is achieved by calculating the

fractions

F, = lez R VI-8

where the summation is carried out fbr_all j where snecies k is a
reactant. The maximum concentration availahle for each reaction
is then Ck . Fj'
Also, all of the species apoearing in all of the reactionms
where k is a reactant, must have their values of Ai 3 adjusted.
b ]

This is done bv the equation

A = (- *F.°s, .)/s vVI-9
1,5 = C GFyosyg /5

where k is the offending species; j is any reaction where species

k appears as a reactant; and i is any species appearing in the jth

reaction,
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After making the appropriate corrections, the program control is
returned to CALC.

Print Preparation-Figure VI-5 shows the flow diagram for

the print preparation routine, PRINTP. The major job accomplished by

PRINTP is the saving of concentrations and derivatives for printing.
The initializing section performs some preliminary tasks for

the derivative calculation and maxima searching sections. The

derivatives are calculated by the expression

]
(.t -cit) /At -10

i
The time is calculated by multiplying the number of the particular
pass through the calculating routine times the value of At.

The maximum values of the concentrations and derivatives, determined
here, are used in the plot preparation routine and will be discussed
there,

Output-Figure VI-6 shows the flow diagram for the output
routine, OUTPUT. The major job accomplished by OUTPUT is the printing
of the program results.

If any n2gative concentrations were produced, information is
displayed that shows what species went negative and how many times
it did so. The routine then prints out the input data. Next it prints
the concentrations as a function of time and then the derivatives as a
function of time.

Plot Preparation-Figure VI-7 shows the flow diagram for
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FIGURE VI-5

Print Preparation Subroutine; PRINTP

_Key

CALC - Statement in the calculating routine calling the

subroutine.

FIRST PASS ? - Initializes data needed in the routine on the
first pass.
SAVE DATA ? - If data are to be saved for printing during this
pass through the calculating routine, the
saving section is entered.

RETURN - Statement returning control to the calculating routine.
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time
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¥

save
time
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FIGURE VI-6

Output Subroutine, OUTPUT

.. Key

MAIN - Statement in the main routine calling the subroutine.
CONCS NEGATIVE ? - If any concentrations were ever negative,
the related information is printed.

RETURN - Statement returning control to the main routine.
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FIGURE VI-7

Plot Preparation Subroutine, PLOT

Key

MAIN - Statement in the main routine calling the subroutine.
PLOT ? - If there are no data to be plotted, the routine

is bypassed.
FL0O400 - The plotting routine.

RETURN - Statement returning control to the main routine,
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the plot preparation routine, PLOT. The major job accomplished by PLOT
is the arrangement of the data before it is plotted.
First, the concentration and derivative arrays are rearranged
into a form compatible with the plotting routine FLO400. Codes are
printed which indicate to the programmer how to identify the species
or derivatives appearing in the plot. The maxima found in PRINTP
are printed along with the time at which they occured. Finally,
the magnification of each plot is printed.
PLOT calls FLO400 before returning control to the main routine.

Plotting Routine-No flow diagram is shown for the

plotting routine, FLO400, since it is a typical printer plotter.
Nine curves can be simultaneously plotted by FLO400, The data

for each curve ére normalized by the appropriate maximum found by

PRINTP., Each curve can be magnified so that small features in new

the data can be examined.

4, Coefficient Matrix
In order to describe a reaction mechanism in a manner
that allows the computer to perform the appropriate calculations, a
coefficient matrix is necessary. For the purpose of illustration, the

for following reaction scheme will be discussed,
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[1] + 2[2] —k'l')[3] |
[3] + 3[4] _.1%_252[5]
2(5] -5, (3] + 3[4]
[5] —L36]
(6] ‘!55')[7]
3[51] 133—"")[8]
where the numbers in brackets refer to species and the numbers

outside of the brackets refer to stoichiometry. For the above scheme

the coefficient matrix is

reactioa—=Pecies| ;. 5, . 3 . 4 5 .6 . 7 - 8 .
1 1 - 2 + -1 =+ 0 -0 0 0 *+ 0 -
2 | 0 - 0 . 1 =+ 3 +-2 ¢« 0 + 0 > 0 -
3 0 + 0 =+ -1 -3 + 2 + 0+ 0 * 0 .
4 0O - 0 =+ 0 =+ 0 ° 1 =1+ 0 = 0 =
5 0O + 0 =+ 0 .+ 0 -0 « 1 +=1 0 -
6 0 - 0 + 0 + 0 * 3 -0 o 0 -1 o

where the stoichiometry is entered as a positive number if the species
is a reactant and a negative number if the species is a product. A

value of zero is entered whenever a species does not appear in.a reaction.
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5. Input
Card (1):
a) a(l) punch in column one, if data are present.
b) a blank card, if no data are present.
Note: this means that several sets of data can be
processed on the same computer run. The last card of every data

deck, must be a blank card.

Card (2):

a) If a non-abbreviated form of the data is to be read
in, a (1) punch in column one is used.

b) If only trial rate constants and starting concentra-
tions are to be read in, a (2) punch in column one is used.

c) If only trial rate constants are to be read in, a
(3) punch in column one is used.

d) If only starting concentrations are to be read in, a
(4) punch in column one is used.

Note: the first set of data must have a (1) punch on
this card, since all of the input data are needed to execute the
program. However, each successive set of data can retain the key
parameters read in on the first set, and simply substitute new operational

parameters, i.e. trail rate constants and/or starting concentrations.
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Card (3):

The title of the program can be punched in any alphameric
form, This field is columns one through seventy-two. This title will
be printed with the output to identify the computer run.

Card (4):

a) Colums one and two contain the number of different
species appearing in the reaction scheme(NS).

b) Columns three and four contain the number of reactions
appearing in the reaction scheme(NR).

Next NR Cards:

These cards contain the coefficient matrix. Each of these
cards will have NS coefficients, each taking two colummns of ard space.

Examples: the coefficient for the reaction labeled (1) nandithe
species labeled (1) will be found in columms one and two of card one.
The coefficient for the reaction labeled (3) and the species labeled
(7) will be found in columns thirteen and fourteen of card three.

Note: These coefficients must be right adjusted. If the
coefficient is negative, a minus sign must appear in the odd numbered
column, Zero's do not have to be punched, the columns may be left
blank.

Next card:
a) Columns (1) through (10) contain the time scale in

the form +x.xxxE+xx, where x is any integer. The time scale is the
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unit of time that each program pass represents. For example, each
program pass could represent 0.001 seconds, therefore one-thousand
passes would give a total simulated time of one second.

b) Columns (11) through (15) contain the maximum number
of program passes. This value is right justified. A typical value
would be one-thousand as discussed above.

c) Columns (16) through (18) contair a print control.

If every pass through the program created data to eventually be printed
out, the volume of output would be enormous. The print control allows
only certain program passes to create output data. For example, if

the maximum number of passes is one-thousand and the print control is
ten, then every tenth program pass will create data to be used as
output, for a total of 100 pieces of data,

Next Card:

This card is the plot control. Up to five concentrations
and four derivatives can be plotted simultaneously.

Columns (1) and (2) contain the main plot control. If these
columns contain a (-1), nothing will be plotted; if they contain zero,
only derivatives will be plotted; if they contain an integer from 1
to 5, that many concentrations will be plotted. Columns (3) through
(22) contain sets of information for five species. The first two
columns in each set contain the species code, and the second two columns

contain the magnification code.
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Columns (26) and (27) contain the derivative plot control.
If these colummns are zero, no derivatives will be plotted; if they
contain an integer from 1 to 4, that many derivatives will be plotted.
Colums (28) through (43) contain four sets of information. These
sets are arranged in the same fashion as those mentioned above for the
concentrations.

For example, the data control card

0205011002 - ° - ¢ ° 010825 - - - ° punch

T )
01 26 column

indicates that two concentrations should be plotted, those of species
(5) and species (10); that one derivative should be plotted, that of
species (8); and that their corresponding curves should be magnified

by one, two and twenty-five, respectively.

Next set of Cards:

The next set of cards contains the trial rate constants.
The TRC for reaction one will be punched in columns (1) through (10)
in the form +x.xxxE+xx. The TRC for reaction two in columns (11)
through (20), reaction three in columns (21) through (30), reaction
four, etc. Each card contains only six TRC's so the seventh through
twelfth will be found on the second card of this set.

Next set of Cards:

The next set of cards contains the starting concentrations.

The SC for reaction one will be punched in colummns (1) through (10) in
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the form +x.xxxE+xx. The remainder of the values follow the format
of the trial rate constants.

6. Program Check

The program has been checked for several kinetic schemes
and has been found to be suitable for the calculations needed in this
thesis. The program yields correct values of reaction half-times for
first order, second order and parallel first order reactions. Howevar,
it is difficult to find a complex kinetic scheme where the values of
the rate constants and the concentrations are known with any degree
of accuracy. Equilibrium problems offer a logical program check.

Butler (4) discusses the equilibrium problems associated

with the salts of polyprotic acids. His example calculating the pH of and

a 0.1IM NaH PO4 solution, is easily programmed.

2

The reactions of interest are

k
1 - +
H3P04 ﬁ(?) H2P04 + H

- - +
HyP0, ?_?}—aHPOA + H

-2 k -3 +
HPO, ‘£:> PO, + H
kg
-3 -8 -13
where k,=5.90 x 10 °, k,=6.15 x 10 °, and kg-4.80x 10 7. All of the

back reactions, kz, k4 and k6’ are arbitrarily set equal to unity. The

starting concentrations are, H,P0,=0, H2P04'=0.1M, HPO4_2=O, and H+= 1

X 10"7M.
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Using 20,000 passes through the program with each time interval
being equal to 1 second, the reactions came reasonably close to
equilibrium, At the end of the program, the computer's values and
Butler's values, in parentheses, are; H,PO,= 3.098 x 10_4(3,1 x 10*4);
H,P0”,=9.896 x 1072(0.10); HPO, 2 3=
8.109 x 10712(8.6 x 107'%); and B+ = 1.847 x 107>(1.85 x 107°). In

= 3,282 x 10'4(3,3 x 10“4); PO~

every case the computers values were "going" in the correct direction.
Butler claims that his aumbers .are good to within 5% of the actual
values,

The total computer time involved in running this example was
2.85 minutes. Normally 1,000 passes through the program are

sufficient to obtain the degree of accuracy required.
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VI. Appendices
B. Nuclear Magnetic Resonance Studiest
1. Introduction

An analytical analysis of Ru(bipyr)3C12 was deemed
necessary since many spectral studies are sensitive to impurities that
could be present in the chelate preparation. A melting point is not
available for this compound since it readily decomposes. Elemental
analysis, at best, offers a crude estimation of both purity and
composition. Nuclear Magnetic Resaonance, NMR, was chosen since
it has found use in inorganic chemistry for determining ligand numbers
and structural properties of metal complexes(3l). Besides its analytical
function which parallels the results expected for elemental analysis,
NMR studies would also furnish information on charge distribution in
the chelated ligand and other special effects such as those caused by
the geometrical configuration of the complex.

2, Ligand Spectra

The ligand, 2,2'-bipyridine, I, has four nonequivalent
protons on each ring which give an NMR spectrum that can be completely
analyzed as repeated AX patterns. Only simple first-order spin-~spin
splitting theory need be invoked. Kramer and West (26) have reported
a detailed interpretation of this spectrum in a dichloromethane

solution. Not only are the peak positions for each proton widely

+ It is to be noted that all of the work described in this section
was done by both the author and Steven A. Carlson of our laboratory.
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separated; but also the principle splitting constants for H3 and H4

are about double these for H5 and H6° Thus although

4 3

O )

e—N N '
H3 and H6 appear as doublets in the spectrum, they can be differentiated
by their coupling constants. The assignment of H4 and H5 is similarly
facilitated.

Although dichloromethane was found suitable as a solvent for
studying the 2,2'-bipyridine spectrum, for solubiblity reasons a polar
solvent, such as ethanol or dimethyl sulfoxide, was required for
examining any chelate having this compound as a ligand. To facilitate
spectral comparisons, the ligand spectrum was also measured in the
same solvents, The spectrum of 2,2'~bipyridine in ethanol is shown
in Figure VI-8. It matches that found by Kramer and West in dicholro-
methane solution so far as peak shape and splitting constants, although
the peak positions move slightly downfield as the solvent becomes
more polar.

3. Protanted Ligand Spectra
Smith and Schneider (43) studied the effect of protonation
on the NMR spectrum of pyridine, II. In trifluorocacetic acid, TFA,

solutions, the proton peaks undergo a downfield displacement due to the
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FIGURE VI-8

NMR Spectrum of 2,2'-Bipyridine

15% w/w in ethanol, 500 cycle sweep width. Units are cps

downfield from tetramethylsilane.
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decrease in electron charge density at the individual carbon nuclei.

4
i(e i
6 N

Protons 2 and 6 are shifted downfield by 15 cps; proton 3 and 5, by
65 cps; and proton 4 is shifted downfield by 73 cps. The NMR spectrum
of 2,2'-bipyridine in TFA is shown in Figure VI-9. This spectrum has
downfield shifts similar to those found for acidified pyridine. Protons
4, 5, and 6 shift downfield 54 cps, 51 cps and 25 cps, respectively.
Proton 3 for 2,2'-bipyridine, which differs from that in pyridine
by being adjacent to the 2,2' bond, show$ a downfield shift on only
10 cps. This small shift gives rise to an interesting phenomenon.
As a DMSO solution of 2,2'-bipyridine is acidified with TFA, proton
4 (originally slightly upfield from proton 3) moves downfield faster
than proton 3. Between the point of monoprotonation and diprotonation,
the two protons become nearly equivalent and give rise to complex AB
spectra. An infinite variety of AB spectra can be obtained by changing
the solution acidity. Since all of the proton coupling constants are
known from spectra in neutral solutions, the complex AB spectra can
be interpreted with prior knowledge of the coupling constants.
Figure VI-10 shows the magnitude of the downfield shift as acid

is added drop by drop. It resembles a titration curve where the
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FIGURE VI-9

NMR Spectrum of Diprotonated 2,2'-Bipyridine

152 w/w in TFA, 500 cycle sweep width., Units are cps

downfield from tetramethylsilane.



———

G6v
106
L0686

816

926G
126

Geg
1% A

0G6s
GGS

X

"
=

x



- 191 -

FIGURE VI-10

Downfield Shift of the 2,2'-Bipyridine Protons

as a Function of Acidity

Key

oo o0 e0e Protons 4 and 5.
oo000o0 Proton 6,

++++ + Proton 3.
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first plateau represents monoprotonation and the second plateau
represents diprotonation. As expected, the downfield change upon
monoprotonation is approximately half that for diprotonation. Once
again proton 3 shows abnormal behaviofr. The reason for this is not
clear, but it may include steric hindrance between the 3 proton
on adjacent rings when the monoprotonated ‘form is hqld_g}anarx

When 2,2'-bipyridine is bonded to a ruthenium(Ii) ion in a metal ion
complex, a positive charge is introduced at the nitrogens. With three
ligands per chelate, each nitrogen experiences a net + 1/3 charge. If
the only effect on the ligand upon chelation were that of an increased
positive charge, the downfield shifts of the proton would be expected
to be about 1/3 of those found for the ligand in TFA. The change would
be 3 (eps for H-3, 18 cps for H-4, 17 cps for H-5 and 8 cps for H-6.

4, Chelate Spectra
Since the ruthenium(¥¥) complexes of interest are

diamagnetic, theif NMR spectra are not subject to the large contact
shifts found in paramagnetic species. Figure VI-1]1 shows the NMR
spectrum of Ru(bipyr)3Cl2 in ethanol. Protons 3, 4 and 5 are shifted
downfield, from the ligand positions in ethanol, by 35 cps, 18 cps
and 17 cps, respectively. Proton 6 was shifted upfield by 56 cps.

The downtield shifts of H-4 and H-5 agree with the value predicted
on the basis of a +2/3 charge on each ligand. However, H-3 is shifted

32 cps further downfield than expected. This is not unreasonable when
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FIGURE VI-11

NMR Spectrum of Ru(bipyr) 3Cl2

15% w/w in ethanol, 500 cycle sweep width. Units are cps

downfield from tetramethylsilane.
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the steric requirements of the complex are considered. Upon chelation
the ligand is forced into a planar configuration. Molecular models
domonstrate the presence of a large steric interaction between the H-3
protons on adjacent rings. This steric hindrance would be expeted to
cause an additional downfield shift ofthe H-3 peak position.

Instead of the 8 cps downfield, as expected, H-6 is found 56 cps
upfield. This large shift can be ascribed to the geometric position
of H-6. A molecular model of the chelate shows that each 6 proton
is held closely over one of the aromatic rings on an adjacent ligand.
Such protons, for example those in the metacyclophanes, are known to
be shifted upfield, and the magnitudes of these shifts are often 60
to 120 cps.

Miller and Prince (30) reported NMR spectra, for chelates similar
to Ru(bipyr)3C129 They studied complexes of 1,10-phenanthroline,III,

with various metal ions, including ruthenium.
65
{Or<O)
NN
Their results and conclusions prdvide excellent background material
for the 2,2'-bipyridine system. Proton 2 and 9 in the 1,10-phenan-
throline ligand have the same upfield shift die to chelation as proton

6 in Ru(bipyr)3C12. In fact the magnitude of the change is similar:

58 cps vs. 56 cps for 2,2'-bipyridine. Miller and Prince explained
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the shift as resulting from a metal-non-bonded hydrogen interaction
such as the type observed in directly bonded transition-metal hydrides.
In support of this, they found the magnitude of the upfield shift
increased as the size of the central metal ion decreased i.e., as the
M-N distance decreases. However, their results areequally compatible
with the idea of proton 2 and 9 being shielded by the aromatic rings
of the adjacent ligands. This is corroborated by models of the chelate
and the numerous examples of aromatic shielding in the literature.
Miller and Prince did their earliest work in aqueous solutions.
To gain more information on the large upfield shift of protons 2 and 9,
they used a DMSO solvent. They found small changes in protons 3 to 8,
and almost no change in position of protons 2 and 9. This is under-
standable since protons 2 and 9 are buried in the aromatic system of the
adjacent ligand where solvent molecules cannot penetrate.
When Miller and Prince examined the NMR spectrum for the neutral
complex Ru(phen)z(CN)2 in DMSO, they observed that the frequency of
the 2 and 9 protons was similar to that of the charged ruthenium(II)
complex, while the other proton frequencies resembled those of the
free ligand. This suggested that the upfield shift is not strongly

dependent on the charge of the complex.

5. Analytical Applications
Once the NMR spectrum of the chelate has been properly

analyzed, it is possible to state with absolute certainty that the
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ligands are 2,2'-bipyridine.

If an equimolar solution ¢f the chelate and 2,2'-bipyridine is
prepared and a spectrum recorded it is possible to determine the number
of ligands in the chelate. For example, the chelate 3 proton has peaks
at 551 and 543 cps while the free ligand proton has peaks at 530 and
526 cps. This allows integration of the area under the peaks. The
integration, for this example, gave a value of 3:1 for the chelate:
ligand ratios.

Purity can be checked to a certain extent. In the above example
the free ligand 6 proton peak occurs in a region of the chelate spectrum
that has no peaks. An examination Qf this area under high sensitivity
indicated that there must be less than 1% free ligand in the chelate
preparation.

The geometry of the chelate can also be ascertained by NMR, For
the tris-complexes of ruthenium this is not exceedingly important but
the bis-complexes should be checked since there are different possi-
bilities for their steric arrangement.

Other information is also available. For example, the NMR
spectrum of bis-(2,2',2"-terpyridine) ruthenium dichloride had' two waters
shifted downfield from their normal spectral positions. All indications
point to the ligands only being bonded on two of the nitrogens per
terpyridine, the other ruthenium coordination sites being occupied by

water,
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