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Introduction

Previous work in this research groun on the
mechanism of the liguid-liquid extraction of metal chelates
has shown that many metal chelates hove both water and
organie solvent molecules as an integral part of the extracted
species (1-7), Two fundamental questions that are asked here
are 1) How fast do these adducts exchange and 2) What is the
overall activation energy? The work by Tord (8) of this
group showed that an ultrasonic pulse could possibly be used
to obtain this information.

The research reported here is based on building an
instrument that is 10 times more sensitive than Ford's, that
has a fresuency limit above 100 IMHz, and shows that overall
reaction rates and activation energies can be obtained. In
addition, proposals are made for further instrument improve-
ments that hopefully will lead to the determination of the
stepwise rate constants and energies.

The equipment used in this research was basically
that of Ford's but almost every device has either been replaced
or ontimized. The signal generator used previously employed
a Wien bridge oscillator. The wave form of this was not
constant and vould collarse after a period of tims. This was
replaced by a gingle integrated timing circuit. The double
rulse generator £till uses 3 dicerete monostable multivibrators.
Hovever, they have been modified to improve wave form and

pulse width accuracy. The entire pulse generator vas converted



from several individual 25 volt power supplies to a single
5 volt logic supnly.

Two majior short comincs of the instrument used by
Pordwere 1) it reauired @ semarate calibrated oscillator
frequency for each fregquency studied and 2) Dboth signals
were recombined through an impedance matching device that
destructively coupled. The solution to both these problems
wvas to multiplex both sample and reference pulses on one line,
The variable frequency power oscillator was then converted to
include both a high voltage and a low voltage output thus
serving as both a sample and reference source. The receiver
in turn would then select one or the other at the same rate
the signals are multiplexed and at a rate which makes them
appear coincident on the oscilloscone. The receiver itself
has been completely rebuilt to increase both its range and
sensitivity. This eliminated the need for the ftuned

amplifiers which nreviously were so cumbersome.

The Ultrasonic Method

It was believed that an ultrasonic pulse could be
used to measure the kinetics of various metal chelates.
Ultrasonics is particularly convenient for this, since an
equilibrium reaction is all that is needed. We can therefore
uge the "Ultro-gound® vaves to perturb the equilibrium of the
system, then allow it to return to its initial state. The
freaquency of the ultrasonic wave that is absorbed depends on the
mass of the absorbing species. The basic idea is to find a

frequency that will break up the species and then monitor how



it reforms. The instrument discussed in this thesis is capable
of measuring this overall effect.

Each system that one might study has its
characteristic relaxation time, T . If a2 system is a simple
one step reaction, then only one value for " would occur.

For & more complicated multi-step process, a whole spectrum
of T's would result.

As an example, assume the equilibrium described by Caldin

(9):

1) A+ 3B O

& W

Let a*, b* and c* equal the equilibrium concentration and a,
b and ¢ to be the actual analytical concentration at any time,
tes Then 5, E, and ¢ will be the time dependent equilibrium
concentration during perturbation such that a*, b* and c* vill
equal @, b and T at the initial and final equilibrium.

Let us now define y as the difference at time t
between the actual value (a2, b and ¢) and the equilibrium values
a¥, b and c'3 end ¥ as the difference at time + between the time
dependent equilibrium veluesa, b, ond ¢ and the eguilibrium
conzentrations a¥, b* and c*, This leads to:

% *
2 w=a-2 =b=0D»

i
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]

- — ane »* * =i
3) br:f'l'—a*:bm‘b = =0

or in terms of the time dependent variable:

* - - *

4) a =y + a a=y +a
* - - *

5) b:y-i-b b=,')’+b
* * -—

Y o -¢ -y c=c -y



The net forward rate expression for equation 1 is;

7 S8 -k, [a) [b) - Xy [e]

1l

—-dv * %* *
8) “Fe=kply+ally+v]-%k (¢ -y]
At equilibrium the rate is zero, therefore the expression for this
would yield:
' -4 - ¥ * ®
9) FE=o=ke[F+al[F+1] =k [c -7]
Setting equation 8 egual to egquation 9 we obtain:
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~ In practice, there will be very small perturbations of the

equilibria, therefore the y value will be small and it is



vossible to eliminate the y2 and ?2 terms. Eguation 11 would

then yields

!
o3
o

12) = (y =7 (ke [a + 11+

O
ct

Since,

18}

* *
ke (2= + b ) + ky,
it follows that,

14) y + T

=1
1

In equation 14,y becomes the forcing function. It
ig this value which is changed by some applied external
force. In this case, the ultrasonic vave induces a slight
pressure change vhich perturbs the eguilibrium.

It iz assumed that the ultrasonic wave is sinusoidal.
This is 2 good assumption because the driving function of the
ultrasonic transducer is an R. F. sine wave. This means the
pressure will also vary in a sinusoidal menner.

ﬁence:

15) ¥ = A sin w1t
Eouation 14 will then becomes

16) T‘(%%) + v = A sin ot
Solving this ecquation for y;

17) ¥ = A sinwt —‘t(-aeh-)

vhich uvon solving the differentisl equation, yields the following:



y T
18) vy = LW A sinwt - O*mii——nﬁ) A coswt
o B 2
T4+ w™ Yy T+ +

The first term of eocuation 18 is a sine function
and therefore the variation of y is in vhase with the
ultrasonic wave. The second term, however, is a cosgine
function and the varietions of y are out of phase with the
ultrasonic vave, It is this phase lag which is responsible
for the absorption of the acoustical wave.

We will nov define u asg the amount of absorption per
cycle,which is proportional to the coefficient of the second
term in eauvation 18, hence,

19) ue{ (W T

T Y

This absorption, vhich can be measured in terms of
the attenuation of the ultrasonic wave, is related exponentially
to the distance (X) traveled throuch the szmple.

20) T =1, X

vhere IO is the intensity of the wave at the transmitting crystal,
and I is the intensity at distance X. X is the absorption
coefficient mezsured in units of absorption (decibels) per
centimeter (%%). In its actual application, X will be
multiplied by 2 to take into account both half cycles of each
vave.,

"hat is needed now is a way of relstinzg O« which w

can readily measure to "¢ and fresuency. Since



21) f = %2;7.

and u is the absorption per wave, we can then relate f and u

by3

* O 2 iTes
22) u :D‘\h: -—*——?-w- = —_CD— o

vhere © is equal to the velocity of the sound vmve, Henee, if

A is nlotted varsus log f, the relaxation time (7)) cen be
-

f2
found. This plot fitse the curve:

23y K = A i B

£2 14 (£/£,)°

See Pigure 1 (9).
The frequency at the inflection point, f,, is then

related to T by:

) T= 1 __
2t

A 4n Pioure 1 refers to the sample vhere B refers to the

background. The background is caused by any substance which

the acoustic wave encounters between the transducers, other

than the sample., In nractice, B refers to the solvent of the

system and the membrane separating the solvent and sample.,

The background for most pure solvents is relatively low. The

bigger the difference between A and B, the easier it is to detect

the relaxation time. The magnitudes of A and B depend directly

on the type of cell arrangement used,

The cell used here is of the differential type (10).
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'IGURE 1

A plot of & versus log f
Py
showing the relaxation frequency fc.
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This is shovm in ®irure 2, The cell is Aivided into two
compartments, both of vhich are temperature controlled towithin
+ 0.1% brr meang of a water jacket and en cxternal constant
tenperature bath, The membrane wvhich divides the two
compartments is made of a material which is tronsparent to

the ultroconie vaves. Aretates vas used in this work but

¢

other materials such as Celaner and Mylar vill work as viell,
One compartment contains the species under study dissolved in
an copropriate solvent., The other compartment is filled
with the solvent itself, which acts as the reference,

Recall that eguation 20 related the ratio of the
intensity, I, to®A, the absorption coefficient and X, the

distance the wave traveled through the sample. In practice

there are three absorption coefficients of interest:
1 % vhich is due to the reference solution.

2) =X go1 Vich is due %o the solvent the species

diasgolved in and

1) X which is Aus to the snecies itself.

the initizl intensity of

03

The wvalue IO is defined a
the ultrasonic wave at the transmitter, T, @s the intensity
at the membrane and I as the intensity at the receiver,

Mow consider an ultrasonic wave traveling from the
transmitting transducers to the receiving transducer vhere it
first passes through the dissolved species and then through
the reference,

The intensity at the membrane is found by:
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FIGURE 2

The schematic of the cell and crystal mount.
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25) I =1, o= (k4 o 1) X,

The intensity at the receiver is found by:

26) I =1 g2 y) (Xy - Xy)

We cen now combine equation 25 and equation 26 for an
expression which describes the intensity throughout the
entire system.

27) % = o 2(Xy [otaotyy = of] + X5 %)

0]

% expressed in terms of db can be obtained as follows:
o)

based on the fact that db = 20 log ¥ ,
0

20 10g% - db = :2’_?%0_3 x 2 (X [oktodg g = o< ,]
0

4 XZCKT)
therefore:

28) b = =17.359 (X [k +9% 1 —oK.] + Xe<)

In practice Xy is moved and X? is kept constant. It is then
possible to get an expression in terms of the change in

attenuation (db) per change of ¥,. Equation 28 then becomess

_ﬁd‘b = o - + o
29) z>x1(17.37) sol T

Since the solvent is usually the same as the reference, Gﬁsol
and b(r cencel, leaving the value of CAto be:

- Adb

RSN & girrin)

Data arecollected in terms of A at a variety of
frequencies and plotted as prescribed by equation 23. One can

then obtain Tp, the relaxation time, from enquation 24.



(reneral MNascription of the Ulitrasonic Tnstriment

An ultrasonic wave is an zcoustic wave with a
frequency which is higher than the usual upper limit of the
zudio freauency (approximately 10 XHz). Although this can
mean frequencies up to and including microwave freguencies,
in practice the upper limit is considered to be several
hundred iz, A block diagram of this instrument is shovn in
Pigure 3. This includes the components needed to transmit
two out-of-vhase radio frecuency pulses (R. P.) through an
acoustical transducing cell and then measuring the
attenuation encountered.

In order to induce an acoustic wave of a determined
freouency, an acoustic transducer of some sort is required.

A way of returning the acoustical wave to some form which can

be measured is also required, The method of choice is a pair

of x-cut quartz crystals which are mounted on a drop plate

that face ecach other, These crystals are first coated with a
layer of chromium, then a layer of gold on both sides. This
enables electrical contzct to the crystals to be made. A high
povered radio freauency signal is applied to the crystal causing
it to wvibrate &t that frequency. This in turn will propagate a
pressure wave through the medium to the other quartz crystal
where it is again transduced back %o & voltage vave.

The gquartz crystal becomes a reactive part of an
ogscillator circuit and will be discussed in further detail.,

However, it is important to note that the crystals themselves,

T2
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FIGURE 3

A block diagram of the ultrasonic instrument.
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have a fundamental frequency of vibration. This is determined
by the thickness of the crystals and is found by:

2,870,000 Hz

31) f = e

vhere d is the thickness in millimeters (11). In the case of the
crystals in this instrument, d is 5.74 millimeters,

The crystals used in this vork are 500 KHz, and can
be driven to oscillate at higher harmonics. Although the
crystals will vibrate at every harmonic, it is onlf the odd
harmonics which will transduce pressure waves to the solution.
These are 1.5, 2.5, 3.5...9.5 MHz. This is because of the
standing wave configuration at the odd and even harmonics.

The nodes of the even harmonics occur at the face of the
crystals which corresponds to a zero amplitude vhile the nodesg
of the o0dd harmonics occur at the center of the crystals.

This results in maximum amplitude at the face of the crystals
for odd harmonies, In theory, one should be able to drive

the crystals at all freguencies above the fundamental harmonics
but this requires a great deal of power snd most crystal
confipurations are incapable of dissipating the heat generated
by the power reguirement to do this.

There are two vays in which the signal can be applied
to the transducers: either a continuous wave (C. W.) or a
pulsed wave. The pulsed system is the one of choice in this
apnlication because a continuous wave would be more prone to

echoes and reflection (both destructive and non-destructive)



and because it is feared that excess vibrations wouvld cause
excesgive heat and crack the crystals,

A vacuum tube power oscillator of variable frequency
wes used, This enables us to vulse the signal at the screen
of the tube using a low voltarce square wave, (See Figure 11).
A tuning capacitor enables us to "fine tune® to what ever
harmonic of the 500 KHz crystal vie choose. The range of the
oscillator is approximately 1 to 20 IMHz but can easily be
expanded to any freguency range desired,

The pulse generator involves a several shtep process.
This is necessary because two independent pulses are nesded.
One pulse is a high voltage nulse vhich drives the crystal
trancducer and the other is a lov voltose pulese vhich pasces

through a calibrated eattsnuator retwork, The width of zach

()

nulse e2n be varizsd as can the delay time between the tvwo,
The incoming pulses enter the power oscillztor at different

times through orne cable. This is accomplished by data

L

multinlexing, The cscillator itself has a high voltaze output
and a low voltage outrut. The two signels pass through the
cample and the attenuator, resnectively and are then
demultivlexed and the signals fed into a wide band detector,
The outmut is displayed on an oscilloscope as two out~of-
thase gausgian curves vith the ghase shift corresponding
to the initial delay time hetween the two pulses.

Measurements are then made based on the height of

the pezks which ig a direct measurement of signal strength.

In ite experimental use, the crystals,vwhich are at a fixed
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distance apart, are initially moved so that the transmitting
crvstal is near the membrane., This means the siemal is
traveling mostly through the reference solution. The
ammlitude of the signal coming through the cell is matched to
the reference signal by adjusting the attenuator, the pulee
width, and the magnitude of the R. . pulse.

The crystals are then moved horizontally with respect
to the membrane to some point vhere the signal passes through
more sample and less reference solution., If an absorption
has taken place, this would be indicated by a decrease in
output amplitude. The attenuvator nefwork can now be adjusted
to compensate for the attenuation by the sample. The amount

f this compensation by the attenuator (in db) divided by the

distance the crystal moved is the absorption coefficient

\ . db
in vnits of ol

A detniled descrintion of the instrumentation

In this section schematic diagrams are used to
illustrate instrument design. The resistor values are given
in ohms and the cenacitor values are given in microfarads

unless othervise indicated,

Nouble mulse renerator:

A block diagram of the double pulse generator is
shorm in Pigure 4. The signal generator does not need %o
have any particular wave form since it goes through e
Schmitt trigeser but it must remain constant. In the past a

Vien bridge oscillator was used, however, this particular



l6a



FIGURE 4

The block diagram of the double pulse generator.
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confipguration vas unrelinhle and feilure occurred often.
This ves rerlaced by a 555 monolithic timer (12), This is a
multipnrpose integrated circuit which in this instance is
vired in an astable free running oscillator configuration,
ag shovn in FTigure 5, The freguency is determined by the

registor-capacitor combination. The freauency is found by

1.44
(R, + 205) ©

) f

with

Rp = 820 ohm an? RB = 5,6K ohm and ¢ = O,1uf

The freaquency is found to be 1,198 Kz,
A four nosition rotary svitch is used to select either
the outnut of this timer or threse other nossible frequencies to

enter the Schmitt trigger:
1y 120 Hg
2) A0 Hz
from a2 full and half wave rectified AC voltagze from z filament
transformer, or
3)  An external source input.
This confisuration is shovm in Figure 6.
The Schmitt trigger is a basic type shown in

®irure 7. The output of this Schmitt trigeser is a 5 volt

square wave, This triggers four other devices:

18
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FIGURE 5

The schematic of the 555 oscillator.
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FIGURE 6

Schematic of the signal selection network.
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FIGURE 7

Schematic of the Schmitt trigger.



21

ALb

vL0+¥NZ

b

1
.VNOWZM

Al

Lo B

A Gl

A 9l

: 9l

xmmw

QITINA C.



1) Oscilloscope trigeer (Ficure 8)
2)  Monostable multi-vibrator (Pigure 9)
2 Delay monostzble multi-vibrator (Pigure 9)

4) Clock signal to data select logic (Pigure 10)

There are three discrete monostable multi-vibrators,
two of vhich are identiczl and the third which differs by non-
inversion of the output.

The Schmitt trigger will trip both the first
ronostable multi-vibrator snd delay monostable multi-vibrator
simultaneously., The delay monostable multi-vibrator will in
turn trip the second monostable mulfti-vibrator. A schematic
of the first and the second monostable multi-vibrator is shown
in Pisure 9. The delay monostable muiti-vibrator iz identisal
excent the outrut is taken at point A rather than point 2.
These are edge itrigzer devices; that is, a rising edsge trips
the pulse vhich will remain on for a determined length of time,
This time is controlled by a 1X ohm potentiometer which adjusts
the amount of feed back voltage. This effects the charging
of a capacitor., The first monostable multi-vibrator and the
second monostable multi-vibrator produce vositive pulses with

an incoming rising edge snd the delay monostable multi-vibrator

gives a negative pulse with an incoming rising edge. This means

that if the first nulee and the delay nulse trip simultaneously,
one will be the inverse of the other. The positive going edge
of the delay rulse will trip the second monostable mulii-

vibrator. Hence, the pulse width of the delay monostable

22



22a



FIGURE 8

Schematic of the oscilloscope trigger.
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PIGURE 9
The schematic of the monostable multi-vibrator
with the delay output at A and the first

and the second output at B.
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PIGURE 10

A schematic of the data select network.
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multi=-vibrator, in fact, determines the delay time. The
vvidth of both the first and the second pulses are adjustable
with their ovm 1K ohm pofentiometer. The pulse width of the
first and the second monostable multi-vibrator are adjustable
from 0 to 120 micro-seconds and the delay betwesen them can

be 2 to 140 micro-seconds. In actual use these values will
vary because the delay which is encountered by the signal
rasging through the sample will not remain constant and will
vary from samnle to sample.

It will be shovm shortly, that both the first and
the second nulses nced to be fed into one input of the powver
oscillator. This is done by data multiplexing. Since there
are only two bits of information, the 7451 "and-or-invert"
sate (12) was used with a2 J. K. Mlip-Tlov to provide the
selection information. The clock rate of the Flip-Flop will
determine at vhat rate the data are sampled, The Schmitt
trigger is well suited for the clock because the rate is such
that the eyve will not detect the switching and thus will
aprear to be simultaneous when you observe the results on the
oscilloscope. A schematic of the data select network is

shovn in Pigure 10. Wote that the Q output of the Flip-Flop

also goes out to the control pulse of the receiving unit. This

ie necessary to assure that the receiver "looks" at the right
sirnal at the right time. The output of this network goes
into a single stage pulse amplifier which inverts the pulses
and amplifies them to +40 volts which provides adeguate

pover to pulse the power oscillator,

26



Porer Oscillator

The wvover oscillator is a combination of geveral
types of configurations and closely resembles the Colpit
oscillator. The schemotic is shovm in Pigure 11. This is
a much gimplified version of that which vas originally used by
Ford. WNote that the screen is pulsed rather than the grid, as
igs commonly done. This eliminates the nzed for o nesative bies
supply vhich distorted the pulszs. The outnut has been
nodified to provide both a high voltaze R. F. nulse and a
low woltage pulse., The variable capacitor at the output is
used to adjust the final signale to be the seme, Each output
will show both the first and second nulge but the receiver has
the anpnropriate demultivlexing logic so the hish veltage first
rulge is looked at through the sample, while the low voltage
second pulse is looked at through the attenuator network.

This verhaps has been the most significant improvement because
this eliminzates the need for calibrated reference oscillators.
The reference signal is taken right off the power oscillator,

vhich means any deviastions in one will coincide precisely with

the other, thus negating the effect. It should be noted at this

point that the high voltagze pulse is in the order of 300 volts
pzak to peak, while the low voltase pulse is in the order of

30 millivolts but by the time the high voltage pulse vasses
throursh the cell, it is attenuated to the point where it is now
20 - 50 millivoltse. Hence, the high voltage and the low

voltare pulse are of the same order of magmitude by the time

27
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PIGURE 11

The schematic of the powver oscillator.
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they reach the receiver,

The attenuator netvork:

The attenuatorlnetwork is a commercially available
device made by the Daven Company of Wewark, New Jersey. It
has an inmut impedance of 75 ohms and a fregquency range of
Q0 to 225 MHz and can attenuate signals up to 100 db in

increments of 0.1 db.

The receiver:

The receiver has an innut switching network at the
front end for demultiplexing npurposes. Field effect transistors
(FETS) are used for this rather than digital logic as in
the transmitter because now znalos (R. F.) signals are being
switched and must retain all of their AC, dipolar character-
istics. Tigure 12 shows the schematic of this network. The
incoming control pulse which originated at the Q outnut of the
Flip-Flon showm in Pigure 10, sets up an RCA CA3046 transistor
arravy package (13), vhich in turn provides proper gating
information to 4 n-channel FTETS (2N4416). These 4 PETS provide
an electronic double nole double throw switch. This circuit
rrovides a low imnedance path to ground for the signal not
selected vhile allowing the selected signal to pass through
to the receiver without distortion.

The raceiver itself is comwiled of four sections.
This schematic is shovm in Ficure 13.

The first section is a wide band R, T, amnlifier.

The RCA CA 3040 wide band amplifier integrated circuit package
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FIGURE 12

The schematie of the FET R. F. switching network.
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FIGURE 13

The schema'tic of the wide band receiver.
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is used here (13). This is capable of amplifing sisgmals up
to 207 MHz. The design used here eliminates the need for
tuned video amplifiers at the higher freouencies, as was needed
in the past. This device operates on + 6 volt supply, while
the rest of the cirecuitry operates on + 15 volts. To satisfy
this situation 2 5.6 volt zener diode voltage supply was
used, thus enabling the entire receiver unit to operate from
a single + 15 volt modular supnly.

The second section of the receiver is the video
detector. The purpose of this is to detect the amplified
R. e signals and convert them to a DC signal which is
provortional to the intensity of the input. The result of this
is a wvave form which resembles the positive portion of the
envelope containing the R. 7. nulse, The detection device
used mreviously in this apnlication was a diode rectifier
vhirch literally rectifies the incoming signal to DC. This has
the disadvantage of beins unable to see any signal helow its
thrachold voltar~e (1 diode Arop). It also does not have the
snead wvhich would he required for high fraguencies. The type
of detector now used is 2 dual n-—channel FET sauare law
detector. The nrinciple of this detector is based on the
couare 1aw pronerties inherent in all FETS, The drain current
of the FET3 are AdAirectly nronortional to the incoming signal,
This ~current is measured by a three term expression:

33) Vipoh Tgm= Vgu* Vg * 2% sin® Wt



33

Vin ig the incoming R. P. signal end Id is the drain current.

Vac ig an AC term which will cancel due to the symmetry of the

. : g i 2 :
detector. V,, is 2 DC term upon vhich A~ sin” w t is suner-
imposed., An eguivelant expression would then bhes

2 2

34) Ty o= Vg, + AAT - BA

cos 2wt

The cosine term is removed by a low pass filter, with a time
constant of 2 micro seconds. This removes all AC above 500 KHz,
The TETS are biased by two 10K ohm trimmer potentiometers. The
final section of the receiver is e video amnlifier which
amplifies the filtered signal to avproximately 6 to 8 volt
peaks, which at this point appear Gaussion. A Fairchild 709
operational amplifier was used in a "follower with gain®
configuration (14). The entire receiving unit, including the
switch network, vas laid out on a single printed circuit board,

the lay out of which is shown in Figure 14,

Nata Recording

The primary device used for measuring wveak heights
is 2 Tektronic, Tnc. type 531A oscilloscope. This has a typ
142 dual trace plug-in module., This is a 15 )Mz scope vith a
rise time of 0.022 microseconds. The =cope is set to triseger

externally from the trigsger pulse shovm in Tisure 8.

Netailed decerintion of the eell

The cell vhich was nreviously showm in Pigure 2 is
basically the tywe used by Corsaro, Atkinson, and Perlis (10).

The sample container is equipped with a water jacket so isothermal
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FIGURE 14

The printed circuit board layout for the receivers.
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conditions may be maintained., Water from a Sargent-Welch
constant temperature bath is circulated through the cell by
an immersion pump. The bath can regulate temperature to within =
0.01°C. There are two halves of the cell which are divided
by a semi-permeable membrane which is prermeated only by the
ultrasonic wnves, Hach compartment will hold approximately
500 milliliters of solution. In practice, the right side is
filled with the solvent of the system and the left side contzins
the species under study dissolved in the solvent, A view of the
cell is shovm in Figure 15.

The auartz crystal transducers are mounted in stain=-
less steel crystal holders which were milled egnecially for
this purpose and are spring loaded and adjustable to maintain
the two crystal faces parallel. This is shovn in Pigure 16A
and 16B. The crystal transducers are mounted on a steel drop
nlate in such a way that the crystals fece each other and are
narallel, A view of this is shovm in Pigure 16C. The drop
rlate is mounted on a block of aluminum vwhich is driven by a
1 inch dizmeter threaded steel rod. This drive screw has 13
threads ner inch and is coupled to a motor through a gear
arrangement vhich yields a 3:1 reduction of motor speed, The
motor is a General Electric model number 5SIY54HB1., A cog
vheel at the left end of the drive screw, trins a micro switch
5ix times per revolution. This in turn is detected by a Sodero
tyve TCeZ5E.97 svace 40 ohm pulse counter. This drive system

enables the onerator to move the crystals horizontally with

35
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FIGURE 16
A. A view of the crystal transducer in its mounting.
B. A composite viewof the crystal and its mounting.

Ce A view of the crystal transducers mounted on the drop plate.
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respect to the cell membrane. The conversion factor for
translating counts to distance in centimeters is given by

eguation 35.
35) 1 count = 0.03258 cm

The quartz crystals are a reactive part of the
oscillator circuit and therefore the equivalent circuit must
be congidered. This is showm in Fisgure 17. The values of
the components shovm depend mostly on the resoncnce properties
of the quartz, but the mounting and loading of the crystals
also are important, C, is a function of the type of mounting.
Because of the type used here, this value is larger than the
author anticinpated; 27 nicoforads. This total value includes
the eapacitor values of the crystal, the mounting, and the
coaxial lead-in czble (RG 59U cable). R, Coy and L ars a
function of the quartz. R has a value of 12 ohme, C, has a
valuz of a few picofarads, and L is in the order of several
Henries, These velues can be measured on a bridge circuit in
solution and vill wvary from solution to solution.

The ecrystal mounts were milled to have a minimum
contact area with the crystal to give low damning. The mount
is at eleztrical ground, thus the front face of the crystal is
at ground., A Tzflon svacer is used to insulate the rear face
of the crystal from the mounting. There is a cavity behind
the crystal vhich is nartically filled with General Electric
gilicon cement to give a rough surface and prevent water from

entering the coaxial cable. The cable enters through the back
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FIGURE 17

The schematic of the equivalent circuit of the quartz crystal,
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hole of the mount and is stripped to expose the center lead., The
shield igs connected to the mount and the center lead is bent to
form a modified spring contact. When the crystal is placed over
the cavity, the wire will release and make electriczl contact
with the gold plating on the rear face of the crystal.

The crystals were made by Valpey in Holiston, Mass,
They are ground to 500 KHz with a layer of chrome and a layer
of gold on each face. They were cut from the x~plane.

Tigure 18 chows the view of the completed ultrasonic
instrument. Pigure 19 shows the profile of the data multi-

nlexing system.

Exrerimental Procedure

It was hoped that this instrument could be used to
determine equilibrium rate constants and activation energies

of metal chelate adducts.

Chemical descrintions

The wvanadium benzohydroxamic acid chelate was chosen
as the species of study because of its interest to this research
croup. It has been shovm that this chelate forms a ligand to
metal ratio of 2:1 as illustrated in Pigure 20 (15-16). Vhen
dissolved in n-~Butanol both solvent and available vater adducts
will bond to the chelate. Tt is the enersy of these bonds vhich
are to be studied, The vwreparation of the chelate is as follows:
Sodium vanadate (Fisher lot 763%885) was dried in a vacuum drying
oven for two days at 110°¢. Benzohydroxamiec acid (Bastman-Kodak
lot 771-2A) vas dried in a vacuum oven for two days at 50°C. 2 to

1 molar quantities of bhenzohydroxamic acid and sodium vanadate

40
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TMIGURE 18

A view of the ultrasonic instrument.
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FIGURE 19

The profile of the data selector logic.
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FIGURE 20

The structure of vanadium benzohydroxanic acid chelate.
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regpectively were weighed out and each dissolved in 500 ml of
distilled-deionized water.

The vH of the sodium vanadate solution was adjusted
to 5 with AT HCl., The benwohydroxamic acid solution was slowly
added to the sodium vanadate and the solution gradually changed
to a deep nurple color as the chelate was formed., he pH
of the mixture was further lowered to 2.4 and the resulting
precipitate was filtered on No. 42 Vhatman filter paper. The
vanadium benzohydroxamic acid chelate was dried in a wvacuunm
oven for 24 hours at 50°C. 65% yield was acheived with good
purity. The melting point was found to be 150% -~ 151%¢ by a
Figher-Johns melting point apparatus. 500 ml of a 0.1 M
solution vas made up in f—Butanol (Mallinchrodt reagent grade

lot BT Q).

Instrument Overations:

Certain segments of this instrument require a warm up
time. The oscilloscorve needs at least one hour of warm up prior
to use, The power oscillator has an external commercially
available power supply associated with it. This is nmade by
the Electronics [Meacurements Corp. in Eatontovm, New Jersey
and has 3 independently controlled voltage outputs. These
include a 6,3 volt filamént supply, a2 high voltage positive
supoly (V+)_and a low voltage negative supply (B ). This
enables the operator to keep the filaments nowered without
running the oscillator. This nower should be on two hours

prior to use. The Tavoie freouency meter chould be connected
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to 110 volt wall supply at least one week before using. It
incorporates several calibrated crystal oscillators which are
kept in ovens, the temverature of which must remain constant.
The pover should be on at least two hours before measurements
are made., This instrument is used in conjunction with the
low voltage output of the power oscillator, to determine
vhich harmonic of the 500 KHZ signal is being used,

Refore measurements can be made, the parallelism of
the crystals must be maximized. This procedure consists of
nlacing the crystals, which are mounted on a drop plate, in
distilled-~deionized water and applying a signal. The output
is displayed on the scope and ig maximized by adjusting the
spring loaded screws on the crystal mounts. This needs to be
repeated only when the crystal mounting is somehow changed.

The sample container is now filled. The solvent
(in this case 1-Butanol) is placed in the right compartment
and the sample, (vanadium benzohydroxamic acid) is placed
in the left. The crystals on the drop plate are moved over
to the right so that the transmitting crystal is almost
touching the membrane.

During this time, water from the constant temperature
bath should be circulating throush the water jJjacket of the
cell., It may take several hours for the temperature to
reach equilibrium. It is essential that drafts be avoided,

o]

as a 0.1°C change in temperature can eagily be seen in the

form of signal strength fluctuation.

*
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In preparation for engaging the R, P, pulse vower
oscillator, the operator must first check the double wvulse
generator which is shovm in Figure 21. A 75 ohm cosxial
cable is attached from the '"sync" output of the double pulse
generator to the external trigger input on the oscilloscone.
The pulse output is examined on the 10 volt rer cm scale,
This pulse should be a 40 volt square wave. There is a
three position pulse selector switch which chooses between
the first pulse position that passes through the sample
container, the second pulse position which vasses through the
attenuator network,and "operate" position,which is a
combination of both. This is described in PFigure 10. The
width of both pulses,and the delay between the pulses ecan
be adjusted by their respective controls on the front panel.
Each control should be adjusted to be sure that the first
pulse appears at the left of the scope and the second pulse
appears to the right., This shows that the pulses and the
oscilloscope are functioning properly. A cable connects the
output of the double pulse generator to the input of the
power oscillator. The power oscillator has a frequency
range of 1 to 10 MHz. 1In order to get the selectivity, it
was necessary to make both of the L. C. components of the
circuit variable., Different coils have been wound on
'3/4 inch plastic coil forms, which are of the "plug in"
variety. After an appropriate coil is chosen, the Val supply

can be applied., This is controlled by the electronics
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FIGURE 21
A, A view of the double pulse oscillator
B. A view of the electronic measurements power supply

Ce A view of the power oscillator



p—

47



48

measurements vower supply showvm in Figure 21. The magnitude
of this voltage will be adjusted to give the desired size

R. ™, pulse., Tt should be noted that since the crystals are

a functional component of the circuit, they should be

included by connecting a cable from the high voltage output

to the crystals. This affects the loading of the oscillator
and therefore should bz done before any freguency measurements
are made.

The low voltage output will serve double duty as a
frequency measurement output and as the low voltage signal
output which goes to the attenuator. The freguency of the
rulse can be measured by either the oscilloscope or the
frequéncy meter. Attaching the oscilloscope to this output,
the R, F. pulses will be seen., The time base is then
increased until the R, F. within the pulse can be seen as a
true sine wave, which defends the treatment of the acoustic
vave as being sinosoidal.

The frequency adjust control of the power oscillator
varies the capacitor value in the L. C. tank circuit and will
show a change in frequency on the oscilloscone as it is varied.
It is then possible to determine the maximum and the minimum
frequency for each coil, By knowing that only the odd harmonics
of the crystals will be traonsmitted through the sample
(i.e. 1.5, 2.5, 3.5, «cs 9.5 Miz), the usable frequency of
this coil can be Aetermined, 18 coils were wound in all

with different wire sizes and feedhack ratios. A lot of
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overlap cccurred, and four coils were chosenwhich covered the
entire spectrum of interest. With the tyoe of L. €. netvork
utilized here, the capacitor serves more as a trimmer than

a tuner.

The low voltage output is tapoed off the high
voltage output and incorporates another variable carpacitor,
This variable capacitor serves as a magnitude control for the
low voltage pulse and will come in very handy later for
comprarison purposes.

The receiver isg now connected by attaching a cable
from the receiving crystzal of the cell to the cell input of
the receiver., Another cable is connected from the
attenvator netvork output to the attenuator invut of the
receiver. The low voltage output is connected to the input
of the attenuator network and a cable connects the control
pulse output of the double pulse generator to the control
pulse input of the receiver., The oscilloscope is connected
directly to the receiver, thus completing the system. A

view of the receiver and the attenuator is shown in Figure 22.

Nata Collection:

The power oscillator is adjusted to 1.5 MHz. The
best way of assuring correct tuning is to watch the
nscilloscope and tune until a deflection is observed. The
.oscilloscope nov: displays two peaks; the left peak corresponds

to the sample and the risht peak corresponds to the reference.
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PIGURE 22
A, A wview of the receiver

B. A view of the R, 7, attenuation network
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The two peaks must be equalized,which is done by adjusting
the tap off control on the power oscillator, TIf necessary,
the attenuator network can be used to provide extra
attenuation. In either case, the total amount of attenuation
iﬁ db is noted. A change of 0.01 db ig readily detected with
the oscilloscope which is a factor of 10 more sensitive
than needed. The attenuator network is then offset by some
value. The amount of offset depends on the amount of
absorption which will be encountered. This value can
initially be set at Q.1 db and can be increased after the
crystals move if needed; The reference peak should now show
a decrease in height which corresponds to an attenuation of
0.1 db, The crystals are now moved to the left, thus
decreasing the height of the sample peak. ‘Yhen the peaks
become equal, the sample is said to have atténuated the
signal by a 0,1 db. This amount of attenuation divided by
the distance traveled, yields the absorption coefficient at
1.5 MHz, This should be repeated and should not vary more
than 1 or 2 in the second decimal place. If deviations of
larger than this occur, it is usually due to some outside
variable which should be corrected., It is usually found that
the discrerpency is due to non-constancy of temperature,.

Then reproducible absorption coefficients at
1.5 MHz have been obtained, another frequency is selected
and the absorption coefficient is determined at this

frequency by the same process. This is done until an entire
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anectrum of absorption coefficients are obtained at which
time the dataare fitted to the plot shown in Figure 1 and
the relaxation frequency can be determined. This is done at
several temperatures which, upon further analysis yields

equilibrium rate constants and the activation enzrgy.

Results and Discusaion

It was desired to obtain data at several temperatures
to study the affect of temperature on the equilibrium rate
constant, and ultimately determine the energy of aétivation.
The temperatures studied in this work, are 22.7OC, 25°C and
30.5°C. Tables 1 and 2 show the data obtained at 22.7°C and
30.500 respectively. Relaxation plots of these data are chowvm
in Pigure 23 and Figure 24, respectiveiy. The relaxation
frequency is ohtained from the inflection point of these
plots and the relaxation time is obtained via equation 24,
The 25°C data was obtained from previous work and vas used
as a check set of data. Since relaxetion processes are first
order, the equilibrium rate constant can be calculated as

simnly the inverse of the relaxation time.
%) T =g
k

vhere ¥ is in units of sec”'. Table 2 shows the kinetic
parameters obtained in this work. The equilibrium rate
constant is a funection of the absgolute temnerature and is
related to activation energy by:

dln k -5

37) -
A () 2




52a



TABLE 1
Absorption data at 22.7°C



Abgorvntion data at 20,700

16

f (MHz) cyg(on3 %%) §%{X1O ngﬁggg) loe T
2.5 0.938 1.50 6.39
3.5 4.24 3.46 6.54
4.5 3.33 1465 6.65
5¢5 6.65 2.19 65.74
6.5 Te16 1.70 6431
Te5 6.63 1.18 £.88
8.5 8450 1.18 6.93

9.5 10,26 1. 14 £.98
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TABLE 2

Absorption data at 30.5°C



Abvaerntion datn ot 30.500

£ (1H7) < (x10° £ %mmm@‘-ﬁ%%z) Tom f
2.5 1,30 2.08 6.39
3.5 4,43 3.60 6.54
4.5 6.45 3,19 6.65
5.5 7.55 2.50 6.74
6.5 1,42 3.35 6.81
Te5 1.89 3.36 6.88
8.5 2.30 Hr i 6.93

9.5 1.16 T.27 6.98
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FIGURE 23

Relaxation curve at 22.700
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FIGURE 24

Relaxation curve at 30.500
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TABLE 3

Kinetic parameters of vanadium benxohydroxamic acid.
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By intergrating this equation between the limits of
T == to T, and rearranging to the form of the general equation
vy =mx + b, it is found that:

3¥) Inky = P2 4 In ¥eo

o

RT

A plot of this equation is shovn in Figure 25, The activation

energy is determined by the slope:

39) M=

o

a
R

This value is found to be ~5.,6 Kcals mole—1. Koe which isg

commonly called the pre-exponential factor is determined by
extrapolating back to the y-axis and is found to be 3.44 x

1 s
10'2 sec 1.'

Coneclusion and 3Jumnary

The information obtained from this work describes
the overall equilibrium conditions which exist between a metal
chelate and the solvent adducts. The mechanism of this
reaction was assumeﬁ %o be a simple one step system, The
possibility exists that a several step relaxation is occurring.
To be able to predict the types of systems, further
imnrovements are required on the instrumentation.

To detect the presence of a multi-step relaxation,
the band width must be decreased and the frequency range
must be increased., The band vidth could be narrowed by
decreasing the harmonic of the ultrasonic transducer to

100 ¥Hz. This alone would increase the resolution by a
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FIGURE 25

A plot of 1ln k versus '_c])"
TK
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factor of 5. Next a more efficient transducer system would
be needed so that the higher harmonics can be obtained
without inducing prohibitive amounts of power. A nossibility
for this is the utilization of a2 push-null transducer. This
is made by sandwiching z resonant wedge between two crystals,
and driving one crystal 130° out of phase with the other,
This would literally rush and pull the wedge back and forth
in the solution. A diagram of a proposed model of this
confisuration is shovm in Figure 26,

Assuming the above crystal configuration behaves
as the author predicts, the driving signal does not need to
be anywhere near the intensity at which we are now overating.
This means that a low vowered signal source can be used.

The signal source proposed could he a TTL logic
oscillator which can easily deliver frequencies up to 100 MHz.
Each harrmionic could then be selected by choosing a
appropriate divide-by counter. Three decades of thumbwheel
switches could then se2lect frequencies from 0.1 to 99.9 MHz,
Mtimately a mini-computer could be used to scan thece
freqguencies and store the signal outvut of the wide band
receiver for each frequency. The crystzls would then be moved
a novn distance and the fregquencies would then be scanned
again. The difference in signal intencity could now he
determined immediately in terms of decibels per centimeter
and the relaxaztion plots could be displayed on the terminal

ascreen, This would be a true "Ultrasonic Spectrometar®,

buU
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- PIGURE 26

A proposed push=-pull ultresonic transducer






This vrork has shorm that the development of an
instrument capable of determining a detniled description of
the exchange ratec between metal chelates and solvent adducts,

is posgible, and that such an instrument would bscome a useful

analytical tool in studying extraction mechanisms.

h2
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This tﬁesis deseribes an instrument capable of
measurings reasction retes of 106 sec_1 and faster. It employs
a pulsed vltrasonic technigue whiech perturbs the equilibrium
of 2 metal chelate system and'then measures the rate at vhich
it returns to equilibrium. The chemical system studied was
the formation of solvent adducts with the Vanadium (V)
Benrzohyfroxamic acid chelate. Formation rates at various
temperatures were obtained and the overall energy of
activation was determined.

The perturbation of the equilibrium was induced
by arrlying a pulsed radio frequency signal to a quartz crystal
immersed in a sample. This transduces the R, F, wave to an
acoustical pressure wave vhich alters the equilibrium
conditions. The rate at vhich the eguilibrium is re-attained
cen then bhe measured.

This instrument can be avplied to aid in develoning
extraction mechaniems and improves the detection limits by

a factor of tan over our previous instrument,



